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The multienzyme polyketide synthases (PKSs), nonribosomal poly-
peptide synthetases (NRPSs), and their hybrids are responsible for
the construction in bacteria of numerous natural products of clin-
ical value. These systems generate high structural complexity by
using a simple biosynthetic logic—that of the assembly line.
Each of the individual steps in building the metabolites is desig-
nated to an independently folded domain within gigantic poly-
peptides. The domains are clustered into functional modules, and
the modules are strung out along the proteins in the order in
which they act. Every metabolite results, therefore, from the suc-

Introduction

Natural products and their derivatives continue to be an im-
portant source of drugs and drug leads in many therapeutic
areas."" Prominent among them are the complex (or reduced)
polyketide (PK) and nonribosomal polypeptide (NRP) metabo-
lites, and their hybrids (Scheme 1).2~) These compounds exhib-
it a wide range of valuable pharmaceutical activities, from anti-
cancer (epothilone, 1) to immunosuppressive (cyclosporine,
rapamycin (2), and FK506), to anti-infective (erythromycin (3),
daptomycin (4), monensin (5), gramicidin (6)) properties. Al-
though structural diversity is a hallmark of these metabolites,
they are all generated by the linkage of simple building
blocks—acyl-CoAs in the case of PK metabolites, and proteino-
genic or modified amino acids in the case of NRPs—into long
chains. The basic functional groups arrayed along the chains
are further diversified by modification reactions, which include
reduction, oxidation, methylation, acylation, and glycosyla-
tion.®¥ Macrocyclization is also a fundamental feature of many
pathways and introduces the conformational rigidity, which en-
ables specific interactions with biological targets, and in the
case of NRP-derived compounds, confers resistance to proteo-
lytic degradation.”

Nature has evolved a particularly elegant solution to the
challenge of customizing a set of standard building blocks to
generate structural complexity: each step in the pathway is
designated to an independently folded enzymatic domain
within large polypeptides. In accordance with their products,
the multienzymes are known as polyketide synthases (PKSs),
nonribosomal synthetases (NRPSs), and mixed PKS-NRPS sys-
tems (Figure 1). Within the gigantic protein subunits, sets of
domains are organized into functional units called modules,
and each module is responsible for a specific round of chain
extension. The sequence of modules also directly correlates
with the order in which they act. As this biosynthetic logic
echoes the method of car manufacture invented by Henry
Ford, these polypeptides have been dubbed “molecular assem-
bly lines”. In fact, the colinearity between the genetic organiza-
tion and the sequence of enzymatic transformations in many
systems is so strong that multiple features of the product
structures can be predicted with confidence from inspection of
the gene sequences alone.®?

In these so-called “typel” PKSs (Figure 1), a functional
module minimally comprises an acyl transferase (AT) domain,
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cessive action of up to 100 individual catalysts. Despite the con-
ceptual simplicity of this division-of-labor organization, we are
only beginning to decipher the molecular details of the numerous
protein—protein interactions that support assembly-line biosyn-
thesis, and which are critical to attempts to re-engineer these sys-
tems as a tool in drug discovery. This review aims to summarize
the state of knowledge about several aspects of protein—-protein
interactions, including current architectural models for PKS and
NRPS systems, the central role of carrier proteins, and the struc-
tural basis for intersubunit recognition.

which recruits the building block from the cellular environ-
ment, and a ketosynthase (KS) domain, which accomplishes
carbon—carbon bond formation using thioclaisen condensation
chemistry. The extent of modification that occurs on the result-
ing P-keto group depends on the specific complement of
reductive domains present in the module: inclusion of a keto-
reductase (KR) domain results in a hydroxyl group, a DH-KR
enzymatic pair in a double bond, and a complete DH-ER-KR
tridomain in a fully reduced methylene group. In some sys-
tems, this set of domains is further augmented by O-, N-, and
C-methyltransferase (MT) functions. PKS assembly lines also
incorporate a module of domains to initiate the biosynthesis (a
“loading module”), while the finished product is cleaved off
the multienzyme by hydrolysis or, more typically, by macrocyc-
lization by a dedicated thioesterase (TE) activity.

The analogous basic biosynthetic apparatus in the NRPS sys-
tems (Figure 1) comprises an adenylation (A) domain responsi-
ble for selection of a specific amino acid and activation as its
aminoacyl adenylate, and a condensation (C) or heterocycliza-
tion (HC) domain, which catalyzes amide bond formation. HC
domains are variant C domains, which additionally carry out
cyclization of the thiol side chain of cysteine or the hydroxyl
side chain of serine or threonine onto the newly formed pep-
tide bond, resulting in the formation of thiazoline or oxazoline
rings. The complement of specialized processing enzymes in
NRPS modules can include epimerase (E), N- and C-methyl-
transferase, and oxidase (Ox) activities. Initiation of biosynthe-
sis is also assigned to a specific set of domains, while TEs or al-
ternatively reductase (R) functions are typically present at the
end of the assembly lines to terminate chain extension. Follow-
ing disconnection of PK, NRP, and hybrid intermediates from
the multienzymes, the structures are often subject to various
tailoring reactions, including acylations, oxidations, and glyco-
sylations, which are usually required to elaborate the metabo-
lites to their biologically active forms.”

[a] Dr. K. J. Weissman, Prof. R. Mliller
Pharmaceutical Biotechnology, Saarland University
P.O. Box 151150, 66041 Saarbriicken (Germany)
Fax: (+49) 681-302-5473
E-mail: k.weissman@mx.uni-saarland.de
rom@mx.uni-saarland.de
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Scheme 1. Structures and biological activities of representative polyketide (PK), nonribosomal polypeptide (NRP), and mixed PK-NRP natural products.
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channeling”"”—a highly efficient method of sub-

strate delivery employed by other multienzyme sys-

(.? tems, including the 2-oxoacid dehydrogenase com-
o 0 plexes and the biotin-dependent carboxylases."® This
< strategy is achieved by the inclusion in each PKS and
5% NRPS module (Figure 1) of a small (80-100 residues),
i noncatalytic domain, called a “carrier protein” (CP;
=§ either acyl carrier proteins (ACPs), aryl carrier proteins
HH (ArCPs), or peptidyl carrier proteins (PCPs), depending

SS on the particular building block incorporated by the
/= module).'”?” Each CP is modified by post-translation-
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Figure 1. Biosynthetic logic of multienzyme assembly lines. A) Domain and modular
organization of a generic PKS system, showing a typical loading module (LM), minimal
extension module (EM1), and a second extension module (EM2), which incorporates a
full “reductive loop”. Biosynthesis is terminated by an integral thioesterase (TE) domain.
B) Domain and modular organization of a generic NRPS system, showing a typical load-
ing module (LM), minimal extension module (EM1), and a second extension module,
which incorporates processing domains (EM2). C) Domain and modular organization of a
generic mixed PKS-NRPS system. Abbreviations are: AT, acyltransferase; ACP, acyl carrier
protein; KS, ketosynthase; DH, dehydratase; ER, enoyl reductase; KR, ketoreductase; TE,
thioesterase; A, adenylation; PCP, peptidyl carrier protein; C, condensation; N-MT,

N-methyl transferase; E, epimerase.

Despite the obvious benefits from a programming stand-
point, assembly-line biosynthesis is inherently inefficient, as it
depends on the successive action of tens (and up to hun-
dreds)'" of individual enzymes. Indeed, measured rates for
PK"='3 and NRP' ' biosynthesis in vitro (k. values are typi-
cally in the 0.1-10 min™' range) suggest that the multienzymes
are among the more sluggish catalysts in nature."® This pro-
cess would undoubtedly be slower were it not for “substrate
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al addition of a phosphopantetheine (PPant) pros-
thetic arm derived from coenzyme A to a conserved
Ser residue; this converts the domain from its inac-
tive apo to its active holo form. This priming reaction
is catalyzed by a recently identified superfamily of
enzymes called the phosphopantetheinyl transferases
(PPTases),”" which are exemplified by the broad spe-
cificity catalyst Sfp from the surfactin NRPS pathway
in Bacillus subtilis."*®

Tethering of the growing chains to the terminal
sulfhydryl of the PPant generates a thioester bond,
which is activated towards both Claisen condensation
and amide bond formation. An additional benefit of
this “multiple thiotemplated” logic of natural-product
assembly is that the substrates are sequestered away
from competing cellular processes."” Such micro-
compartmentation is particularly important in these
pathways, as many of the building blocks are divert-
ed from primary metabolism, or are used by one of
the many other PKS or NRPS assembly lines within
the producing organisms.”*?¥ Substrates covalently
attached to CPs can additionally be protected from
bulk solvent through interactions with the carrier
protein itself or other domains; this sequestration
provides an effective means to stabilize reactive in-
termediates."”?*! Finally, attachment to a carrier pro-
tein means that the true substrate is not simply the
growing PK or NRP chain, but the entire acylated
domain; this feature introduces an additional level of
molecular recognition, which can contribute to the
specific programming required in these systems.

The use of protein-bound molecules as substrates
potentially places protein—protein interactions at the
very heart of assembly-line biosynthesis of natural
products. Dissection of a typical cycle of chain exten-
sion in PKS systems shows that the ACP (in either its
holo or acylated form) must interact with every other
domain within the module (Figure 2):?** with the
AT to load the building block; with the KS to accomplish chain
elongation; with any reductive domains within the module to
customize the resulting -ketone; and with a KS or TE domain
located immediately downstream to initiate the next round of
chain extension, or alternatively, to terminate it. Similarly, in
NRPSs, the PCP domain must communicate with multiple part-
ners: with upstream A and C domains, any optional modifying
enzymes present in the module, and with a downstream C or
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Module n+1

Figure 2. Suite of ACP-based interactions that occur during each round of
chain extension on modular PKSs. A) The holo ACP cooperates with the AT
during extender-unit selection. B) Condensation is accomplished by coopera-
tion between the ACP and KS domains. (Although this is not accurately rep-
resented in the diagram, the KS and ACP domains are located on

opposite subunits within the overall homodimeric PKS.)

C) Reductive tailoring of the -keto functionality occurs by deliv- A)

ery of the substrate to the reductive domains, KR, DH, and then
ER. D) The fully processed intermediate is transferred to a
domain in the downstream module, either a KS or a TE.

TE (Figure 3).2” Another common feature of these
systems is that the component modules are distribut-
ed among multiple protein subunits. Consequently,
many ACP to KS intermodular transfers in PKSs occur
between domains located on different polypep-
tides.”” Similarly, peptide-bond formation catalyzed )
by a specific C domain might involve substrates teth-
ered to PCP domains that are embedded in separate
NRPS proteins. Therefore, forming the correct prod-
uct requires a specific ordering of the multienzymes;
each subunit must not only recognize its appropriate
partner protein, but discriminate against all improper
associations.” Finally, it has been revealed that for
an increasing number of systems, essential transfor-
mations are accomplished by catalytic domains that
are not located within the basic modules. For exam-
ple, several PKSs have been identified that lack inte-
gral AT domains within the multienzymes (the “AT-
less systems”?3%), and instead this function is typi-
cally provided by a discrete AT that delivers a
common building block to each ACP, in trans. Similar-
ly, discrete TE domains (“type II” TEs) in both PKS and
NRPS systems perform crucial proof-reading functions
by hydrolyzing aberrant substrates from the respec-
tive CP domains (Figure 4).5'-3

This analysis clearly shows that efforts to under-
stand these classes of biosynthetic enzymes must
focus on illuminating the molecular basis for the
many protein—protein recognition events that under-
lie the pathways. Questions of particular interest in-
clude the following: What is the structural arrange-
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ment of domains within each module that allows all of the in-
teractions to occur? What is the role (if any) of the noncatalytic
regions called “linkers” that separate the domains in maintain-
ing the modular structure or facilitating interdomain communi-
cation? How is the order of interactions controlled when the
carrier proteins have a “choice” of partners? What is the struc-
tural basis for the association between subunits, and how is in-
teraction specificity assured? How do the many domains that
operate in trans during chain assembly interact with their ACP-
bound substrates? The answers to these questions are also
likely to prove essential for optimizing the activity of genetical-
ly engineered assembly lines.

This review aims to summarize the current state of knowl-
edge about these and other aspects of protein—protein inter-
actions in PKS, NRPS, and mixed PKS-NRPS systems.

Module D)

n-1

Module n+1

Figure 3. Set of PCP-based interactions that occur during each round of chain extension
in NRPS systems. A) The amino acid to be added is activated as its adenylate by I) the

A domain, and then II) transferred to the PCP domain. B) If an N-methyltransferase is
present, it acts prior to the condensation reaction. C) The C domain catalyzes amide
bond formation between the growing chain bound to the upstream PCP domain (d site),
and the amino acid monomer tethered to the PCP (a site). D) Epimerization at the o cen-
ter occurs following condensation, as it is energetically preferred. E) The processed chain
is either used in chain extension by the downstream C domain, or transferred to the TE
prior to release from the synthetase.
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Figure 4. Roles of type Il TE domains in megasynthase systems. A) In modu-
lar PKS, type Il TEs are proposed to release from the ACP domains acyl
groups that have been produced by aberrant decarboxylation of chain ex-
tender units. B) Type Il TEs are proposed to play two functions in NRPS sys-
tems: removal of acyl groups added to the PCP domains during post-trans-
lational priming of the apo proteins, and release of amino acids that have
been loaded by mistake.

1. Modular Architecture

In theory, a high-resolution crystal structure of an entire
module or subunit derived from PKS and NRPS systems would
at once clarify many protein-protein interaction issues, includ-
ing the relative location of the domains within the complexes,
and the function of the intervening linker regions. To date,
however, such a structure has not appeared in the literature,
although efforts towards this goal are almost certainly in prog-
ress. Encouragingly, crystallographic information has recently
become available for the fatty acid synthase (FAS) of ani-
mals®¥—a multienzyme system the evolution of which is
closely linked to that of PKSs—as well as for the FAS of
fungi.®

1.1. The structure of animal FAS

The sequence of reactions performed by animal FAS parallels
that in PK biosynthesis, and the analogous domains (KS, ma-
lonyl-CoA/acetyl-CoA transacylase (MAT), DH, ER, KR, ACP, and
TE) occur in the same order in the primary sequence of the
proteins (Figure 5). Nonetheless, an important general distinc-
tion between PKS and FAS is that FAS multienzymes function
in an iterative manner, with the same set of domains used re-
peatedly to generate products of appropriate length. (In fact,
iteration is a programmed feature of some bacterial PKS mod-
ules, such as in the pathways to borrelidin®® and aureothin,®”!
but the majority of modules are “single use”.) Although the de-
tailed logistics of chain extension also differ between PKS and
FAS, the catalytic mechanisms employed by individual domains
are closely similar (for an in depth comparison between PKS
and FAS, see the recent excellent review by Smith and Tsai"*®).
These considerations suggest that modular PKS and FAS multi-
enzymes might have evolved from a common ancestor, a hy-
pothesis that is supported by phylogenetic analysis.** There-
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fore, structural information on the overall architecture of FAS is
likely to be relevant to modular PKS.

The crystal structure of porcine FAS was solved to 4.5 AB¥
yielding an overall X-shaped dimer (Figure 5) that was in good
agreement with an earlier 15 A structure determined by elec-
tron microscopy.®® Although it was not possible at this resolu-
tion to unambiguously trace the entire peptide backbone, by
fitting the observed electron density to the atomic-resolution
structures of homologous individual (type Il) bacterial proteins,
the authors were able to locate the majority of the functional
domains within the structure. This analysis revealed that the
large dimerization interface of FAS arises from self-association
of three individual domains—the KS, the ER, and the pseudodi-
meric DH. In contrast, the MAT and KR domains do not oligo-
merize, but are positioned on the periphery of the structure
through interactions with adjacent domains or linker regions.
The structure was also notable for the absence of the ACP and
TE, although the location of these domains directly adjacent to
the KR was suggested by a blurred volume of electron density
at the end of one arm of the dimer. The failure to unambigu-
ously place these two domains within the structure likely arises
from their high inherent mobility, a feature that could be facili-
tated by linker flexibility. This idea is bolstered by analysis of
the distances between active sites in each of the two asym-
metrical reaction chambers defined by the FAS structure
(Figure 5); from these measurements it is clear that the ACP
must be capable of significant motion in order to shuttle sub-
strates among the deep-set active sites within its partner do-
mains. Therefore, earlier models for substrate delivery by the
swinging arm of the ACP must be broadened to include the
concept of the ACP itself as a “swinging domain”.!"®

Despite the good agreement between the structure and
many earlier biochemical data, there is one troubling inconsis-
tency.***" Mutant-complementation studies have demonstrat-
ed that each ACP domain can interact with functional partners
located both on the same and opposite subunit. Such exten-
sive cross-talk is difficult to reconcile with the crystal structure,
as the two reaction chambers appear to be physically isolated
from one another. Thus, it is likely that fatty acid biosynthesis
is accompanied by large-scale conformational transitions
within the FAS multienzyme, and, therefore, that the solved
structure represents only a static picture of a much more
dynamic system.

1.2. The structure of fungal FAS

Although fungal FAS systems exhibit a type | organization, the
component domains are ordered differently and distributed
between two distinct subunits, o and 3, which together form a
dodecameric agfs architecture.*® However, it is relevant to
consider emerging structural information on fungal FAS here,
as they represent the only systems to date for which the
motion of the ACP domains has been rationalized clearly.***-*
Consideration of interdomain distances within the structures,
as well as the constraints of the flexible linker regions that
tether each ACP domain to two anchor points within the com-
plex, suggests that the diffusive motion of the ACP is chan-
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Figure 5. Domain organization and structure of porcine FAS. A) The linear domain organization of animal FAS. Abbreviations are: KS, ketosynthase; MAT, ma-
lonyl-CoA/acetyl-CoA-ACP transacylase; DH, dehydratase; ER, enoyl reductase; KR, ketoreductase; ACP, acyl carrier protein; TE, thioesterase. The linker regions
between the domains are also included, and drawn approximately to scale. B) Semitransparent surface representation of the 4.5 A crystal structure of the FAS,
showing the fitted domains. The white stars indicate the suggested locations of the missing ACP and TE domains. Reprinted with permission from ref. [34];
copyright 2006, American Association for the Advancement of Science. C) Front view of FAS with ribbon representations of the fitted domains colored as in
B). The hollow spheres in domain colors that surround the active sites denote the length of the phosphopantetheine arm, and reflect how close the ACP has
to approach the domains during the catalytic cycle. The active sites are connected in order of the reaction sequence, with the distances between them indi-

cated for the left-hand reaction chamber. Reprinted with permission from ref. [34]; copyright 2006, American Association for the Advancement of Science.

neled into a two-dimensional, circular trajectory around the re-
action chamber. Temporary docking of the ACP onto the indi-
vidual domains is proposed to occur through complementary
electrostatic interactions between a negatively charge recogni-
tion motif on the ACP domain, and a prominent positively
charged patch near the active-site cavity of each partner.
Indeed, such an interface was observed between the KS and
ACP domains in the crystal structures. The contact surface is
not extensive, however, and involves only ten residues on the
ACP; this is consistent with the need for the interaction with
the KS to be transient.***? Weaker docking against the remain-
ing domains would explain the finding that the ACP is not ran-
domly distributed among the active sites, but localized at the
KS domain. While it remains to be demonstrated whether
modular systems operate by similar principles, it is tempting to
speculate that the respective CPs might also follow such eco-
nomic trajectories during substrate translocation.

1.3. Structural information on modular PKS

It has been known for over a decade that modular PKS, like
animal FAS, are homodimeric.***” Several fragments (KS-AT di-
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domains, TE) retain their dimeric character when released by
limited proteolysis; this suggests that they contribute to the
overall subunit association. Chemical cross-linking”® and
mutant-complementation studies analogous to those per-
formed on animal FAS,“** have also demonstrated that inter-
subunit cross-talk is a fundamental feature of chain assembly
on PKS multienzymes. The strong parallels to animal FAS have
been reinforced by the recent publication of high-resolution
crystal or NMR structures for all of the domains, with the ex-
ception of the DH and ER activities.

The structures of KS and AT activities have been solved
within the context of two KS-AT didomains derived from the
PKS (DEBS) responsible for erythromycin biosynthesis (at 2.6
and 2.7 A; Figure 6).°°*" The overall structure of the didomains
closely resembles that of the equivalent KS-MAT region of FAS,
including an extensive dimerization interface formed by the
KSs. As in the FAS structure, the active sites of KS and AT are
separated by a distance (=80 A) that exceeds the reach of a
static ACP; this is consistent with the requirement for a swing-
ing ACP domain in PKS systems. In addition, the higher resolu-
tion of the PKS structures allowed clarification of the roles of
various linker regions, which were suggested by the FAS struc-
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Figure 6. Structures of PKS domains derived from DEBS. A) Crystal structure of DEBS KS,~AT, didomain at 2.7 A resolution. The domains and linker regions are
color coded, as follows: orange, N-terminal docking domain; blue, ketosynthase (KS); green, acyl transferase (AT); yellow, KS-to-AT linker; red, post-AT linker.
Residues 458-465 (indicated in gray) lacked electron density and were therefore modeled manually. (Reprinted with permission from ref. [51]; copyright 2006,
National Academy of Sciences, USA. B) Crystal structure of DEBS KR, at 1.79 A resolution, showing the secondary structural elements. The AT-to-KR linker
(“structural subdomain®) is shown in light blue, and the catalytic domain in dark blue. The NADPH and catalytic tyrosine are represented as sticks. Reprinted
with permission from ref. [67], copyright 2007, Annual Reviews. C) NMR solution structure of DEBS ACP,; ribbon diagram of the minimized mean structure is
shown. Reprinted with permission from ref. [55], copyright 2007, The Protein Society. D) Crystal structure of the DEBS TE solved at 2.8 A resolution. One sub-
unit in the monomer is shown in surface representation. The open substrate channel is indicated by the red arrow. Reprinted with permission from ref. [67];

copyright 2007, Annual Reviews.

ture.’¥ The KS-to-AT linker region between the two domains
interacts with the last a helix of the AT domain, to form an
overall afa fold. The linker C-terminal to the AT domain was
observed to wrap back over both the AT domain and the KS-
to-AT linker to interact with the KS, although this static config-
uration might have arisen through artifactual crystal contacts.
Thus, both “linkers” appear to be structured adapter domains
that serve to fix the relative positions of the KS and AT"

A folded linker region was also discovered during structure
elucidation of KR domains derived from the DEBS (Figure 6)
and tylosin (TYL) systems.”>*® In both cases, the crystallo-
graphic efforts were targeted at stable proteolytic fragments
of the PKS subunits, and encompassed the catalytic KR domain
and approximately 200 residues of the large upstream AT-to-
KR linker region.*”! The structures, obtained at 1.79 and 1.95 A
resolution, respectively, showed that both the AT-to-KR linker
region and the KR domain adopt similar folds that are charac-
teristic of the short-chain dehydrogenase (SDR) family of en-
zymes. Although the linker-KR fragment is monomeric, which
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is consistent with the monomeric nature of the FAS KR, the AT-
to-KR linker and KR domains interact with each other to form
an overall pseudodimer. On the basis of this observation, the
authors proposed that the unassigned electron density at the
tip of the porcine FAS structure might arise not from the ACP-
TE didomain, but from an analogous “structural subdomain” of
the FAS catalytic KR.5? However, there is no convincing se-
quence homology between the PKS AT-to-KR linker and the
corresponding DH-ER interdomain sequence of animal
FAS,**% and so it cannot be assumed that the two regions
will adopt a common fold. Finally, detailed insight into the
structure of PKS ACP domains was recently provided by the
publication of the NMR solution structure of a prototypical
ACP from DEBS (Figure 6).°" The ACP adopts a right-twisted
helical bundle topology, which is a conserved fold previously
observed for type | ACP from rat FAS,*® and many type Il ACPs
from both FAS and PKS systems.>7-6¢

The accumulated structural data have been combined to
produce a model for PKS reductive loops® and a closely simi-
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lar structure that additionally encompasses the KS and AT do-
mains®” in which the linker between the DH and ER domains
plays the role of the KR structural subdomain (AT-to-KR linker;
Figure 7). In both cases, the proposed organization bears a

Figure 7. Structural models for type | PKS modules. A) Structural model of
module 4 of DEBS, which incorporates a full reductive loop (DH-ER-KR).
Reprinted with permission from ref. [67]; copyright 2007, Annual Reviews.
B) Structural model of modules 3 or 5 of DEBS, which include only a KR
domain. Reprinted with permission from ref. [67]; copyright 2007, Annual
Reviews.

striking resemblance to the published FAS structure, although
the authors took the extra step of locating the ACP domain in
defined positions (at the C terminus of the KR®? and on a KS
docking site,”” respectively). In support of the models, it has
been shown that while the linker-KR fragment is monomeric, a
construct that additionally encompasses the DH and ER is a
homodimer;*? this is consistent with the role of the DH and
ER domains in promoting subunit self-association

Despite the inherent appeal of models for PKS architecture
that resemble that of FAS, these proposals are based largely
on homology modeling and computational docking.®%%”
Indeed, there are multiple issues with deriving the structure of
a PKS module by direct analogy with that of FAS. For example,
many PKS modules lack DH and ER domains, and so it is not
obvious in these cases how the overall stability of the PKS
dimer would be maintained. A variant model has been sug-
gested for PKS modules that include only a KR domain,®” and
in which the upstream AT-to-KR linker appears to substitute for
the missing DH and ER dimerization elements; indeed this
region can self-associate when expressed as a discrete pro-
tein.® However, in AT-less PKS modules even this portion of
the multienzymes appears to be absent.*” Another significant
concern is that in modular PKSs, many ACP are joined directly
to KS domains within the downstream module by short linker
regions (15-25 residues). Thus, while FAS ACPs are tethered on
their C-terminal ends to a monomeric TE domain—an arrange-
ment that does not appear to hinder their mobility—many
PKS ACPs are effectively attached to all the downstream mod-
ules within the polypeptide. A similar situation arises even for
modules at the end of the assembly lines, as the solved struc-
tures of PKS TE domains have shown them to be homodimeric
(Figure 6).*7% These architectural features would seem to
impose very significant constraints on the ability of the ACP
domain to traverse the large interdomain distances apparent
in the FAS structure. As it seems premature to propose struc-
tural models based on animal FAS, further insight into the spe-
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cific organization of domains within PKS modules (as well as
the relative arrangement of the modules themselves) awaits
real structural data obtained on larger portions of these
systems.

1.4. Structural information on NRPS/mixed systems

As with PKS systems, structure elucidation efforts on NRPSs
have not yet yielded overall structures for the multienzymes.
However, high resolution crystallographic or NMR spectroscopy
data are available for each type of domain, including the
stand-alone C domain VibH from the vibriobactin pathway”"
(which is likely to be representative of HC and E activities), the
phenylalanine-activating A domain from gramicidin synthe-
tase,”? an integral PCP from tyrocidine biosynthesis (TycC3-
PCP),*® and TE domains from the surfactin’® and fengycin”*
NRPSs. These structures have identified accurate boundaries
for the folded domains, and simultaneously of the intervening
linker regions. Inspection of each type of linker sequence
(refs. [57,73,75], and KJ.W. unpublished results) shows them
to be uniformly short (from zero length to ~30 residues), and
to incorporate a high proportion of proline, alanine, and
charged residues. Thus, unlike many PKS interdomain regions
that are likely to adopt specific folds, those present in NRPS
systems appear to share characteristics with “classical” linkers,
as exemplified by the interdomain sequences from the 2-oxo-
acid dehydrogenase complexes."® Although such linkers are
inherently flexible, a degree of rigidity is introduced through
the presence of trans Ala—Pro peptide bonds.”® These features
serve to keep tethered domains apart, while allowing them to
make essential interactions with other catalytic partners.

Several multidomain structures have also been reported,
including the didomain EntB protein from the enterobactin
NRPS (which contains functionally independent isochorismate
lyase (ICL) and aryl carrier protein (ArCP) domains),*” and a
PCP-C didomain from the module 5-6 junction in the tyroci-
dine synthetase (referred to hereafter as PCPs-Cy)." In the
EntB structure, PCP protrudes from the dimeric ICL domain—
an arrangement that presumably facilitates its interactions in
trans with its partner adenylation domain EntE, and the down-
stream NRPS module EntF. Although the PCP and C domains
are in intimate contact within the PCP;-C, structure, their
active sites are located ~50 A apart—a distance that exceeds
the reach of the 20 A phosphopantetheinyl prosthetic group.
Thus, this structure could represent a conformational state of
the system prior to peptide-bond formation. The 18-residue
linker region between PCP and C, while unstructured, partici-
pates in an intricate H-bonding network with both domains,
and presumably stabilizes their respective orientations. Howev-
er, the linker shows high inherent mobility, and should there-
fore accommodate the significant conformational adjustments
and/or domain rearrangements necessary to allow the PCP
and C domains to interact directly with each other.

Given the many analogies to PKS systems in terms of organi-
zation and reaction mechanism, it was anticipated that NRPSs
would also operate as functional dimers.”” Indeed, a shared
quaternary architecture would neatly account for the ability of
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NRPSs to form interfaces with PKS subunits in hybrid systems,
as well as the presence of both NRPS and PKS modules within
the same multienzymes.”®’® However, analysis by the same
methodologies used to demonstrate the homodimeric nature
of FAS and PKS (size-exclusion chromatography, analytical ul-
tracentrifugation, chemical cross-linking, and mutant comple-
mentation) failed to provide any evidence for physiologically
relevant dimerization of subunits derived from the purely
NRPS systems responsible for gramicidin (6), tyrocidine, and
enterobactin (7) biosynthesis.””®" In addition, all individual
NRPS domains whose structures have been solved, were puri-
fied as monomers.”" On the other hand, analogous studies of
the six-domain multienzyme VibF from the vibriobactin NRPS
clearly showed it to be dimeric,®" while gel-filtration studies of
a mixed PKS-NRPS enzyme from the yersiniabactin pathway
provided evidence for both monomeric and dimeric forms.””?
These findings have led to the proposal that NRPS subunits
might exhibit a continuum of functional oligomerization states
between monomers and dimers.””

2. CP-Based Interactions

Although the overall structure of PKS and NRPS modules re-
mains unknown, the available data strongly suggest that
mobile tethered elements (either the CP domains themselves
and/or their attached “swinging arm” cofactors) will be a criti-
cal architectural feature. Another important conclusion from
the ongoing structural work is that detailed insights into CP-
based interactions are unlikely to come from single crystallo-
graphic snapshots of intact multienzymes. Such static images
do not capture the dynamic aspects of chain extension (for ex-
ample changes of domain position, and internal conformation-
al motions), and furthermore, might not reveal the locations of
the carrier proteins themselves.® One promising, though as
yet untested idea, is to trap carrier proteins in the act of com-
municating with their partners by using specific mechanism-
based inhibitors.®?®¥ |n the meantime, information on CP-
based interactions is beginning to emerge from assays of spe-
cific interactions between the carrier proteins and their part-
ners in solution, coupled with studies of dynamic domain
behavior by solution-phase NMR spectroscopy.

2.1. ACP-based interactions

In analyzing ACP-based interactions, one useful starting point
is to conceptualize the domain’s movement as a “random
walk” through the module. Unregulated encounters with the
catalytic domains are possible because the enzymes can only
operate when offered suitable substrates. For example, if the
ACP were to present any of the reductive elements with a
dicarboxylic extender unit, catalysis could not take place
(Figure 8). After the chain is lengthened, the ACP could still
engage in nonproductive interactions with the reductive loop
activities without deleterious effects, as the DH domain can
only operate after the KR has acted, and the ER can function
only after catalysis by the DH. Therefore, the critical events in
substrate processing are to position the intermediates within
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Figure 8. Analysis of ACP-based interactions. When the ACP is charged with
carboxylated extender unit, its interactions (shown by black arrows) with the
DH, ER, and KR domains are unproductive (indicated by an X).

reach of each reductive activity. In fact, the only programmed
“choice” that each ACP has to make is to interact with domains
within its own module, or to transfer the chain to a domain
(KS or TE) located in the subsequent module. (The analogous
decision for ACPs positioned upstream of NRPS modules in
mixed systems, is when to participate in chain extension with
the downstream C domain.)

This analysis leads to two possible mechanisms by which in-
tramodular interactions can occur. In the first model, recogni-
tion by the catalytic domains is centered on the chain-exten-
sion intermediates (and possibly the Ppant tether), in the ab-
sence of a complex being formed with the ACP domain. The
enforced proximity of the domains within the multienzymes
obviates the need for specific interaction motifs between the
ACP and its partners, as the high effective concentration of the
substrates is sufficient to ensure catalytic efficiency. The deci-
sion to engage in an intra- or intermodular interaction would
then be controlled by the substrate specificity of the down-
stream domain in the next module. Alternatively, the ACP and
its partner domains, despite their covalent linkage, behave like
discrete proteins. Complementary electrostatic docking sites,
as postulated for fungal FAS,” could enable formation of ACP-
catalytic domain complexes at each stage of the chain-exten-
sion cycle. Such interfaces are unlikely to be strong, however,
as high affinity interactions would interfere with efficient sub-
strate shuttling. Programmed changes in partnership could
then be induced by subtle conformational changes on the ACP
as it contacts the various forms of the chain-elongation inter-
mediates, optimizing its surface features for recognition by the
next catalytic domain. In this way, the ACP random walk could
be constrained into a more economical series of protein—pro-
tein interactions with its partner activities.

2.1.1. Studies of ACP-based interactions

On the basis of domain boundaries revealed by limited pro-
teolysis“>*®*¥ and the high-resolution structures (Figure 6),°%°"
module 3 from the DEBS PKS was dissected into its individual
components (KS;, AT;, and ACP;; the KR present in the module
is inactive).®? Critically, KS; and AT,;, when expressed as inde-
pendent proteins retained their ability to self-acylate. Combin-
ing ACP; and acylated AT; resulted in transacylation to the
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ACP; domain; this suggests that the domains share a defined
interaction motif that enables reformation of an active chain-
transfer complex. Addition of KS; was sufficient to reconstitute
chain extension, although only in the presence of an AT,
domain that incorporated its C-terminal linker region. In the
KS—AT crystal structure, this linker appears to serve as a struc-
tural adaptor between the catalytic domains; this observation
suggests that docking between the ACP and KS requires resto-
ration of the native KS-AT didomain architecture. Furthermore,
KS; exhibited preferences among heterologous ACPs derived
from DEBS, as partners during chain extension.®*®® Taken to-
gether, these results strongly implied the existence of specific
molecular interfaces between the ACP and both its partner KS
and AT domains.

Direct evidence for an interaction motif can be provided by
identifying interface residues by using site-directed mutagene-
sis, as long as it can be demonstrated simultaneously that the
mutations do not disrupt the structure or intrinsic catalytic
properties of the domains. In the case of the KS-ACP interac-
tion, attention was focused on helix all by homology model-
ing™ and computational docking by using solved structures.®”
Indeed, mutation of proposed interface residues on helix all of
DEBS ACP, to their counterparts in DEBS ACP,, was sufficient
to switch the condensation specificity of ACP, from DEBS KS,
to KSg*' Residues along the length of helix all were also
shown to lie at the interface between ACP, and the DEBS-spe-
cific PPTase, which acts on the domain, in trans.”® Thus, helix
all is recognized by at least two of the ACP’s partner domains.
This mechanism is reminiscent of type Il FAS systems, in which
helix all serves as a universal “recognition helix“,¥~*> and high-
lights the fundamental mechanistic similarities between the
two pathways.

An interesting question is whether this helix is also involved
during chain transfer between ACP and KS domains located on
successive modules. It cannot be assumed that the chain trans-
fer and condensation complexes between ACP and KS do-
mains are identical, given the very different connectivities be-
tween the participating proteins (ACP,_,+KS, and KS,+ACP,
respectively). In fact, the existence of an alternative docking in-
terface for chain transfer has been suggested by a study of
modular “skipping”. This phenomenon was observed in an en-
gineered version of DEBS, in which an introduced module was
simply ignored, resulting in omission of the expected chain-ex-
tension step.®" In this case, the chain-extension intermediate
was shown to pass through the interpolated module by direct
ACP-to-ACP transfer.® This transesterification process requires
that the thiol groups on the ACPs come together in close prox-
imity, an arrangement that would arise naturally from simulta-
neous docking of two ACPs onto a single KS domain (Figure 9).
If a conformational switch within the upstream ACP is required
to interact with this alternative site on the KS domain, it could
form the basis for substrate-induced programming at inter-
modular junctions.

The basis for communication between ACP, and the adja-
cent TE domain in DEBS has recently been investigated by
using a combination of functional and binding assays.”® These
experiments did not provide any evidence for a strong inter-
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Figure 9. A two-site docking model for KS—ACP interactions. The existence
of distinct docking sites on the KS for the upstream (n—1) and downstream
(n) ACP domains explains how ACP-to-ACP chain transfer can occur in the
absence of a functional KS domain.

face between the TE domain and the apo ACP. An interaction
was observed between the TE and the holo ACP, and the affini-
ty of binding increased further by the presence of a model
substrate, butyrate. These data suggest that molecular recogni-
tion occurs between the TE and prosthetic group (as well as
attached substrates), and not with the ACP itself."” Similar
conclusions have recently been reached for several recombi-
nant KR domains from DEBS, which showed specificity for their
[-ketoacylthioester substrates, but not for the ACP domains to
which the substrates were tethered, or for the KS domains that
synthesized the intermediates.”

Taken together, these experiments show that control of
chain extension within PKS modules probably arises from a
combination of the two mechanisms outlined above. Matched
recognition motifs are likely to play a role within a subset of
interactions (KS+ACP and AT+ACP), and these might be
modulated by the internal conformational dynamics of the
ACP domains.®>®% |n the case of the KS+ACP interaction, a
higher affinity, longer-lived complex is probably required to
satisfy the mechanistic and stereochemical constraints of the
condensation reaction.***! The remaining intramodular inter-
actions (ACP +reductive activities), appear to be fostered by
physical approximation of the domains within the multien-
zyme subunits. Intermodular communication between the ACP
and the N-terminal domain of the downstream module within
the same polypeptide (a KS or TE in PKS systems, or a C
domain in mixed PKS-NRPS) should be facile as the domains
are tethered directly through short linker sequences.” These
linker regions show no evidence for sequence conservation
within and among PKS systems (KJ.W., unpublished observa-
tions) and therefore are unlikely to serve as a shared mecha-
nism for controlling the timing of intermodular interactions. In-
stead, changes in the conformational state of the ACP domain
and/or the inherent substrate preferences of the downstream
catalytic activities could suppress premature chain transfer be-
tween the modules.
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2.2. PCP-based interactions

By analogy with PKSs, several mechanistic schemes can be pro-
posed to account for the control of chain extension within
NRPSs. In these systems, tailoring of the constituent amino
acids can occur both before (for example, N-methylation) and
after (for example, epimerization, C-methylation) the condensa-
tion reaction in each module.” In the simplest model, recog-
nition is focused on the chain-extension intermediates. The in-
herent substrate specificities of the C domains at both their
donor (upstream module) and acceptor (same module) sites
would then control the directionality of chain elongation,”®®
while the timing of modification would be regulated by the
reaction chemistries (for example, epimerization, which is most
favorable following condensation).”” Alternatively, the se-
quence of PCP-based interactions (for example, with the N-
methyltransferase, upstream C domain, epimerase, and then
downstream C domain) could be regulated through formation
of successive PCP-catalytic domain complexes. Similar consid-
erations apply to mixed PKS-NRPS systems, in which NRPS
modules are fused directly to PKS modules within the same
polypeptide. In such cases, however, the PCP must choose to
present its substrate to the domains within its own module, or
to transfer the intermediate to the immediate downstream KS
domain.

2.2.1. Studies of PCP-based interactions

A particularly notable report® arose from re-examination of
the original TycC3-PCP NMR solution structure.®” Detailed
analysis of the NMR spectra revealed the existence of two dis-
tinct conformational states for both the apo and holo forms of
the domain (Figure 10). One of the conformations (the A/H
state) is shared by both forms (despite the absence of the
phosphopantetheine arm in the apo domain), and resembles

A) B)

A state

A/H state

REVIEWS

the classical four a-helix bundle structure.”’*? In the alterna-
tive A state of the apo protein, the lengths of helices al, all,
and alV are significantly reduced, and helix alll is missing en-
tirely; the corresponding loop region is buried within the core
of the structure between helices all and alV. The major differ-
ence between the alternative H conformation of the holo pro-
tein and the A/H state is that helix alll unravels and becomes
extended, inducing a significant relocation of helix all and
loop elements, including the region that contains the active
site Ser and its attached PPant. Together, these changes cause
the cofactor to migrate some 100 A across the face of the PCP,
repositioning the terminal thiol group by ~16 A. These data
therefore provide the first direct evidence that the PPant arm
“swings” during catalysis on NRPS multienzymes.

Using NMR titration experiments, the authors further dem-
onstrated that the PPTase enzyme selectively interacts with the
apo protein A state, and contacts some 25 residues along helix
all and the preceding loop, which are not fully accessible in
the A/H state. Thus, despite the almost complete absence of
sequence homology between ACP and PCP domains,®® both
exploit helix all as an interaction element. The type Il TE associ-
ated with the pathway exclusively recognizes the H state of
the holo domain, through a contiguous interaction surface
formed by the N-terminal part of helix all and the loop Il and
Il regions that flank it. Critically, in the A/H state, the corre-
sponding amino acids are not adjacent to each other, which
explains the selectivity of the TE for the H conformation. Al-
though these experiments with trans-acting domains did not
directly probe the control of chain extension, they bolster the
idea that conformational changes within the PCP domain
could contribute to programming within NRPSs.

Further support for the role of helix all in partner recogni-
tion has been provided by genetic engineering. A hybrid
TycC3 PCP domain was constructed by swapping helix all with
the equivalent region from a type Il ACP of bacterial FAS.”” Al-

H state

c
|

Figure 10. Ribbon diagrams of the average NMR solution structures of the TycC3 PCP domain. A) A state adopted by the apo protein. The PPTase Sfp interacts
exclusively with this conformation. B) A/H state shared by both the apo and holo domains. This state most closely resembles the classical four a-helix bundle
structure. C) H state adopted only by the holo protein. This state is recognized by the type Il TE. In each case, the position of the active Ser is indicated by an
asterisk. Reprinted with permission from ref. [98]; copyright 2006, American Association for the Advancement of Science.
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though wild-type PCP was not recognized by the ACP-specific
PPTase AcpS, the chimaeric PCP was efficiently phosphopante-
theinylated both in vivo and in vitro. The hybrid PCP failed to
interact with the neighboring E domain, suggesting that helix
all also participates in this interaction. In contrast, no effect
was observed on the rate of in cis aminoacylation by the A do-
main directly upstream. Therefore, either the A domain recog-
nizes an alternative motif on the PCP, or a specific interface is
not required for interdomain communication. Targeted muta-
genesis within helix all further demonstrated that a single-
point mutation was sufficient to alter the specificity of phos-
phopantetheinylation. Such “hot-spot” residues are typical of
protein—protein interaction surfaces.!"*”

A residue on helix all was also identified at the interface be-
tween PCP and the downstream C domain in the Tyc PCP,-C,4
crystal structure,” in which the A/H conformation of the PCP
suggests that it is primed for interaction with the upstream A
or Cdomains within its own module. In support of this hy-
pothesis, mutation of several residues in helix all of the TycB1
PCP compromised its ability to participate in chain extension
with the upstream C domain."®" However, mutation of helix all
within the PCP of TycA also impaired the ability of the domain
to cooperate with a downstream C activity located on the next
subunit, TycB.”? One possible explanation for this result is that
interactions between the TycA PCP domain and its aminoacyl
substrate induced a switch between its A/H and H conforma-
tional states,”™ presenting residues on helix all to the down-
stream C domain.

Additional interaction motifs for NRPS carrier proteins have
been revealed by a series of studies on the synthetase respon-
sible for biosynthesis of enterobactin (7) in Escherichia coli
(Figure 11).927%% Enterobactin is a cyclic trilactone siderophore
comprised of three N-(2,3-dihydroxybenzoyl)-serine (DHB-Ser)
residues. Assembly occurs on an NRPS that consists of two
modules, which are distributed among three proteins EntE,
EntB, and EntF (Figure 11). EntE is a DHB-specific A domain,
which delivers its cargo to the ArCP of the bidomain ICL-ArCP,
EntB. ArCP-bound DHB is then condensed with serine by the
Cdomain of the NRPS module EntF, to yield DHB-Ser. The
products of three such elongation cycles are themselves con-
densed by the terminal TE domain of EntF, which then releases
the final product enterobactin by macrolactonization. Both car-
rier proteins (ArCP and the integral PCP of EntF) are phospho-
pantetheinylated by the PPTase EntD. As the ArCP is a stand-
alone protein, all of its interactions (with EntE, EntD, and EntF)
occur in trans. Conversely, the EntF PCP cooperates in cis with
partners within its own subunit (the C, A, and TE domains).
Thus, the two contexts for carrier-protein recognition, in cis
and in trans, can be probed within a single system. Further-
more, E. coli are dependent on the production of enterobactin
for growth on iron-deficient media, which enabled a high-
throughput, selection-based method for investigating recogni-
tion determinants.

In total, approximately 80% of the residues on the ArCP sur-
face have been mutated, including helices al, all, alll, and the
intervening loops. The majority of amino acids were tolerant
to mutation, suggesting that the recognition motifs on the
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ArCP are more localized than the interface regions on the Tyc
PCP ¥ Another possibility, however, is that the particular selec-
tion methodology employed in these experiments was unsuit-
ed to revealing more subtle determinants of interdomain com-
munication. The EntD-ArCP and ArCP-EntF in trans interac-
tions are mediated, at least in part, by a small cluster of strong-
ly conserved residues on either side of the phosphopantethei-
nylated Ser (Figure 11). In the case of EntD (PPTase), the
interface is formed by loop I, while two of the three residues
in the EntF interaction motif are provided by helix alll, and the
third by helix all. In an independent study, the interface be-
tween the ArCP and EntE (A domain) was explored by rational
site-directed mutagenesis,®” and shown to involve residues on
loop Il and helices all and alll. Surface-exposed residues on he-
lix alll also make a critical contribution to the in cis interaction
between the EntF PCP and the downstream TE."® Like helix
all, the structure of helix alll is substantially altered during the
PCP A/H-to-H transition.®® Therefore, these results add further
weight to a model for NRPS operation in which substrate-in-
duced conformational switching in the PCP is used to program
alternative interactions with the domain’s up- or downstream
partners.”%

A module-dissection approach has also been applied to
EntF"% as well as to the NRPS subunit EpoB from the epothi-
lone mixed PKS-NRPS."* The HC domain, when excised from
EpoB, was able to recognize the remainder of its module (A-
Ox-PCP), but with reduced catalytic efficiency relative to the
intact protein. In the case of EntF, the isolated C domain was
completely incapable of interacting with the remaining three
domains (A-PCP-TE) in the subunit, while the A domain within
a C-A fragment was incompetent for transfer of seryl-AMP to
the severed carrier-protein partner, PCP-TE. Evidently, the affin-
ity of interaction between partner domains in these systems is
insufficient to reconstitute the active complexes from their
fragments. These data reinforce the idea that for both NRPS
and PKS systems, covalent tethering of catalytic and carrier-
protein domains into single multienzymes also plays a critical
role in optimizing their interactions.

3. Intersubunit Recognition

As a consequence of the multi-multienzyme architecture of
PKS, NRPS, and hybrid systems, intermodular interfaces are
formed by domains that lie within the same polypeptide, but
in addition, by domains located on discrete subunits (Fig-
ure 12). Therefore, in order to generate the correct product,
the individual proteins within the assembly lines must organize
themselves appropriately. This positioning requires not only
that each polypeptide recognize its specific partner, but that
improper associations are actively prevented. In principle, each
subunit may not only have to discriminate among multien-
zymes within its own assembly line, but all other modular PKS
and NRPS proteins that are present within the cell.”>' The
structural basis for correct end-to-end docking is therefore one
of the critical issues in understanding catalysis on modular
megaenzymes.
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Figure 11. Protein—protein interactions in enterobactin biosynthesis. A) Biosynthetic scheme for enterobactin (7)
assembly. Protein—protein interactions are indicated by double-headed, dashed arrows (black: in trans; gray:

in cis). The ArCP of EntB must interact in trans with the PPTase EntD, the standalone A domain EntE, and the C
domain of EntF, while the PCP of EntF interacts in cis with all of its modular partners, A, C, and TE. B) Localized
recognition surfaces on the EntB ArCP and EntF PCP domains identified by combinatorial mutagenesis. The
primary determinants of the interactions are shown in red, with secondary contributions from amino acids in
orange. Reprinted with permission from ref. [20]; copyright 2006, American Chemical Society.
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a-helical coiled coils."®"? This
observation led to the proposal
that these N termini are involved
in specific coiled-coil interac-
tions,""” which stabilize the
overall PKS homodimers. Shortly
after, studies on DEBS demon-
strated that these N-terminal
“linker” regions make specific in-
teractions with partner “linkers”
at the extreme C termini of the
previous PKS multienzyme (i.e.,
the sequences C-terminal to the
conserved ACP  domains).””
These regions will be referred to
hereafter as “docking domains”,
as this nomenclature reflects the
fact that they adopt three-di-
mensional folds (see below).”
Furthermore, matched pairs of
docking domains could be sub-
stituted by other such partners
without impairing the biological
function of  the hybrid
PKSs,""""4 and they could also
mediate chain transfer between
domains and modules that do
not normally cooperate with
each other.""*" Together, these
results suggested that docking
domains can function independ-
ently of their parent subunits—
that is, that they are portable—
and might adopt specific struc-
tures. However, it was not imme-
diately obvious how to study
their interactions directly, be-
cause PKS multienzymes bind to
even their correct partners
weakly, at least in vitro.“& 167
This issue was addressed by
solving the NMR solution struc-
ture of a complex of docking do-
mains from the DEBS system, by
fusing the elements together
through their respective C and
N termini.?® Attempts to study
the individual domains were
hampered by their sensitivity to
limited thrombolysis during pu-
rification,”® and tendency to ag-

gregate (KJ.W., unpublished results). Critically, an identical

The first hint as to how such discrimination might be accom-
plished in modular PKS came from recognition that the N ter-
mini of multienzymes, which house extender modules (i.e., the
regions N-terminal of the conserved KS domains), contain reg-
ularities in their amino-acid sequences typical of amphipathic

synthetic activity.?> '8

ChemBioChem 2008, 9, 826 — 848 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

fusion approach had already been applied in vivo with DEBS
and other PKS systems, with no apparent ill effects on the bio-
! The solved structure (Figure 13) re-
vealed that docking domains not only mediate specific intersu-
bunit interactions, but, as proposed earlier,

%] bromote associ-
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Figure 12. Multi-multienzyme organization of PKS, NRPS, and mixed PKS-NRPS systems. A) The 6-deoxyerythronolide B synthase (DEBS) responsible for eryth-
romycin biosynthesis incorporates three subunits, DEBS 1, 2, and 3. Two intermodular junctions are formed across intersubunit interfaces (boxed gray re-
gions). B) NRPS subunits TycA, TycB, and TycC cooperate to assemble the polypeptide tyrocidine. Chain extension occurs across two intersubunit interfaces
(boxed gray regions). C) Tubulysin is assembled by a hybrid PKS-NRPS that incorporates three NRPS subunits (TubB, TubC, and TubE), a PKS subunit (TubF),
and a mixed PKS-NRPS subunit (TubD). Both chain extension (NRPS-NRPS) and chain transfer (NRPS-PKS) are accomplished by domains located at intersub-
unit junctions (boxed gray regions). Abbreviations are: Ox, oxidase; C-MT, C-methyltransferase.

ation of each homodimer. The structure incorporates two sepa-
rate dimerization elements, an unusual intertwined four a-helix
bundle formed by the first two helices of the C-terminal
docking domain, and a coiled coil formed by the N-terminal
docking domain. Reassuringly, the coiled-coil motif was later
observed in the solved structure of the parent KS domain
(Figure 6).°7 The docking interaction is localized to a second
four a-helix bundle of different topology, formed when the
third helix of the C-terminal docking domain wraps around the
coiled-coil structure. A set of hydrophobic residues at the inter-
face likely contributes to the stability of the docked complex.
The structure also revealed several salt bridges at critical posi-
tions within the helical bundle (Figure 13); this suggests that
association (k,,) between correct subunits is driven by favor-
able electrostatic interactions,"*" while misdocking is discour-
aged by charge-charge repulsion. Differences in stability be-
tween the resulting docked complexes (k. could contribute
an additional layer of specificity. Replacement of particular heli-
cal segments within the docking complex by genetic engineer-
ing, yielded results in a minibiosynthetic system that were en-
tirely consistent with this proposed docking model.?? Taken
together, these data suggest that this artificially docked com-
plex captured the native interaction. Nonetheless, given the
size of the overall structure, it is difficult to imagine how the
docking domain region can be functionally equivalent to intra-
protein linkers of only 20-30 residues, which mediate chain
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transfer between ACP and KS domains within the same PKS
multienzyme.?®

The subunit termini from many other PKSs share a high level
of sequence homology with the DEBS-derived docking do-
mains, making it likely that they adopt similar three-dimension-
al folds. However, sequence analysis reveals a second group of
putative recognition elements, the structures of which might
differ?® Thus, specificity appears to arise in many PKSs
through the inclusion of sets of docking domains that are
structurally incompatible. Nevertheless, in many systems, multi-
ple docking interactions occur through DEBS-type docking do-
mains;?® for example, in the monensin (MON) PKS, the DEBS
class of docking domain is present at all seven intersubunit
junctions. Furthermore, analysis of all key residue positions
(both hydrophobic and charged within the docking four a-
helix bundle) shows that at least two docking domain pairs in
the MON PKS are functionally identical. Thus, contacts between
the docking domains alone are insufficient to insure interaction
fidelity.?®'> |n such cases, interactions between surface resi-
dues on the flanking ACP and/or KS domains are highly likely
to be involved in discriminating between correct and incorrect
docking partners."*¥ In support of this hypothesis, mutation of
single residues on the surface of the DEBS docking complex
significantly altered docking affinity."* This result demon-
strates that the targeted amino acids are unlikely to be solvent
exposed, but instead to lie within an interprotein interface that

ChemBioChem 2008, 9, 826 — 848
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posed for the E domains in or-
dering the subunits within the
synthetases through recognition
of the downstream C
domain.'*'?7 However, further
experiments demonstrated that
the interaction motif is actually
located C-terminal to the cata-
lytic E domain, at the very end
of the protein, and that the
N termini of NRPS subunits con-

Docking
(four a-helical
bundle)

Sesssssssses —
Dimerization

(coiled coil)

Figure 13. The structural basis for docking in modular PKS. A) PKS docking domains are located at the extreme C
and N termini of the subunits. The complex of docking domains solved by NMR spectroscopy models the junction
between polypeptides DEBS 2 and DEBS 3 in the erythromycin PKS. B) NMR solution structure of the DEBS dock-
ing complex. The dimeric C-terminal docking domain is shown in blue and yellow (three helices), while the dimer-

tain corresponding recognition
features. These regions have
been dubbed “communication-
mediating” (COM) domains.'®
COM domains are significantly
shorter than the respective C-
and N-terminal docking domains
of PKSs, approximately 20-30
and 15-25 amino acids, respec-
tively, and exhibit little mutual
sequence conservation.'®? Ag
in PKS systems, swapping of
matched pairs of COM domains
can also foster communication
between noncognate multi-
enzymes, demonstrating that
portability is a shared feature of
these elements."®73% Strikingly,
the decisive factor in establish-

ic N-terminal docking domain is shown in green and orange. Two dimerization elements are present, an inter-

twined four a-helical bundle formed by helices 1, 1, 2, and 2, and a coiled-coil motif formed by the N-terminal
docking domain. Docking between the two domains, results in formation of a second four a-helical bundle, as
indicated. The linker region between helices 2 and 3 is highly mobile, and therefore is represented as a dashed
line in the structure. C) Charged residues located at critical positions in the interface (see box in B) are likely to

ing a productive interface in
these  experiments was a
matched set of COM domains.

contribute to the specificity of docking.

includes either one or both of the ACP and KS domains. In
fact, it has been estimated that the adjacent domains make an
equal contribution to docking specificity."'¥ The precise way in
which the flanking domains interact with each other and/or
with the docking elements, remains to be determined.

These structural data together with considerations of molec-
ular symmetry, support a model for assembly-line biosynthesis
on PKS multienzymes™® in which the proteins align themselves
one after another, so that the crucial contacts occur between
the ends of the subunits (Figure 13). A recently proposed alter-
native architecture for DEBS in which the successive polypep-
tides are stacked in antiparallel fashion,”*” is more difficult to
reconcile with these data.

3.2. Multienzyme docking in NRPS

It has also been tacitly assumed that docking between succes-
sive enzymes in NRPS systems occurs at the subunit ends.
While the N-terminal domain of NRPS polypeptides is most
often a C domain (or its HC analogue), the C-terminal domain
can be a PCP or, more commonly, an E domain. A role was pro-

ChemBioChem 2008, 9, 826 — 848
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This result suggests that the

flanking domains make only a

minor contribution to the inter-
actions, although a role for specific PCP-C domain recognition
has been postulated.™*”

A structural model for COM-based interactions has been pro-
posed on the basis of sequence analysis, site-directed muta-
genesis, and structural data.*? Although the overall sequence
homology among COM domains is low, the amino-acid com-
position is relatively uniform. The C-terminal COM domains in-
corporate a higher than average proportion of acidic amino
acids, while N-terminal COM domains are biased towards polar
residues (Figure 14). This observation suggests that, as in PKS
systems, specificity is mediated largely by polar and/or electro-
static interactions between key residues. Indeed, reversal of
the charge of a single amino acid of a Tyc COM domain was
apparently sufficient to switch its partner specificity.'* Based
on the crystal structure of the VibH C domain”" and secondary
structure prediction, both C- and N-terminal COM domains are
believed to adopt a-helical structures. Therefore, docking be-
tween compatible pairs is proposed to result in the formation
of an antiparallel leucine zipper. Crucially, the five putative spe-
cificity determinants on each COM domain occur at approxi-
mately every third position, and so should be displayed on the
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Figure 14. Sequences of proposed sets of C- and N-terminal COM domains from twelve biosynthesis systems. The subunits from which the COM domains are derived are indicated. Abbrevia-
tions: Tyc, tyrocidine; Srf, surfactin; Acm, actinomycin; Bac, bacitracin; CDA, calcium-dependent antibiotic; Com, complestatin; Fen, fengycin; Grs, gramicidin; Lic, lichenysin; Mcy, microcystin;

Pps, pliplastatin; Snb, pristinamycin. Reprinted and adapted with permission from ref. [129]; copyright 2006, National Academy of Sciences, USA.
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same side of the respective helices. Confirmation of this pro-
posal from high-resolution structural information is eagerly
anticipated.

3.3. Multienzyme docking in mixed PKS-NRPS

Mixed PKS-NRPS systems can incorporate as many as four dif-
ferent types of intersubunit interfaces: PKS-PKS, PKS-NRPS,
NRPS-PKS, and NRPS-NRPS. As analogous PKS-PKS and NRPS-
NRPS junctions occur in purely PKS and NRPS systems, in prin-
ciple, the mechanisms of intersubunit recognition could also
be shared. However, it is immediately obvious from primary se-
quence analysis that this is unlikely to be the case. Putative
docking elements from mixed systems do not exhibit discerni-
ble homology to PKS docking domains or NRPS COM domains,
despite the high level of sequence similarity between the cor-
responding catalytic activities.**'*" Nevertheless, both C- and
N-terminal docking elements show obvious mutual sequence
similarities, and typically cluster according to their module of
origin (either PKS or NRPS)."®*" The exception is a group of PKS
C-terminal docking domains that operate at PKS-NRPS inter-
faces, which align instead with their counterparts from NRPS
modules. This analysis suggests that docking is likely to occur
in a common fashion at PKS-PKS junctions in many mixed sys-
tems, and by a second type of mechanism at PKS-NRPS and
NRPS-NRPS interfaces (Figure 15). However, many putative
docking domains from these systems fall outside of the identi-
fied sequence groups (for example, those that operate at
NRPS-PKS junctions), and so further types of interfaces are
possible. Thus, as in purely PKS systems, one probable determi-
nant of interaction specificity at intersubunit junctions is the
presence of architecturally orthogonal sets of docking
domains.

Similarly, sequence analysis suggests that multiple interfaces
within mixed assembly lines are formed by docking domains
that adopt the same overall fold (for example, between sub-
units MelC-D, MelD-E, and MelG-F in the melithiazol sys-
tem™"), Insight into the molecular basis for specificity at such
junctions was recently provided by the NMR solution structure
of a representative N-terminal docking domain, called TubCdd
(Figure 15)."*" TubCdd operates at the intersection between
NRPS subunits TubB and TubC in the tubulysin mixed mega-
synthetase, but members of its domain family are also present
at PKS-NRPS interfaces. The solution structure revealed that
TubCdd is a homodimer. This result suggests that while sub-
units in purely NRPS systems can be monomeric,””%” their
counterparts in hybrid PKS-NRPS are likely to oligomerize in
order to communicate effectively with their homodimeric PKS
partners, and that the docking elements actively contribute to
subunit self-association. This result argues against a proposed
structure for hybrid enzymes that consists of a dimeric PKS
core with monomeric NRPS loops.”” The study also revealed
that TubCdd adopts a novel affaa protein fold that features
an exposed B-hairpin, which serves as the binding site for the
C-terminal docking domain of the partner polypeptide. The
pattern of charged residues on the surface of the (3-hairpin ap-
pears to define an electrostatic “code” for docking at this type

ChemBioChem 2008, 9, 826 — 848
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Figure 15. Intersubunit docking in mixed PKS-NRPS systems. A) Sequence
analysis predicts that docking occurs by a common mechanism at PKS-NRPS
and NRPS-NRPS junctions in mixed systems, while an alternative recognition
architecture is operative at PKS-PKS interfaces. Docking elements at NRPS—
PKS intersections exhibit no apparent homology to other docking domains,
impling the existence of additional interface types."*" B) NMR solution
structure of the N-terminal docking domain from the NRPS subunit TubC
(TubCdd). Each monomer of the overall homodimeric complex exhibits a
novel affaa fold. Residues on either side of the dimeric complex that
contact the partner docking domain of TubB, are indicated.

of interface. Although the C-terminal partner of TubCdd,
TubBdd, is unstructured when expressed as a discrete protein,
it might fold through interaction with TubCdd. In either case,
recognition features within TubBdd are likely to be centered
on the short, acidic-charge cluster at its extreme Ctermi-
nus,® 3" as only this region is conserved throughout the dock-
ing-domain group. In future, it will be important to test fea-
tures of this docking model by genetic engineering of intact
multienzymes, as performed with the DEBS system.

Studies with the epothilone mixed PKS-NRPS system have
demonstrated that several of its constituent docking domains
are portable, and can mediate communication between both
cognate and noncognate partners.'**'*! However, the chain-
elongation efficiency of the resulting hybrids (at both PKS-
NRPS and NRPS-PKS junctions) was compromised,*? even
with native substrates. This result implies that, as in PKS sys-
tems, intersubunit communication involves additional molecu-
lar-recognition features that possibly include matched inter-
action interfaces between the flanking domains. A straightfor-
ward mechanism to introduce this added level of discrimina-
tion would be to optimize ACP or PCP domains to interact
only with a downstream C or KS domain, respectively; such a
feature would at least define the specific type of interpolypep-
tide junction. This alternative specificity should, in principle, be

ChemBioChem 2008, 9, 826 — 848
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reflected in systematic sequence differences between domains
in purely PKS or NRPS systems, and their counterparts in
mixed systems (for example, C-domain-specific ACPs and their
KS-preferring counterparts). However, neither ACPs nor PCPs
from mixed assembly lines exhibit any distinguishing sequence
features relative to the corresponding domains from entirely
PKS and NRPS systems.® And while analysis of KS domains
that function directly downstream of NRPS modules shows
that they form a unique branch within the KS phylogenetic
tree, the residues that differ have been implicated in adapting
their substrate specificity to accommodate peptidyl intermedi-
ates.” Thus, evaluating whether such recognition motifs exist
awaits high-resolution structural information on intersubunit
junctions, or direct interrogation of putative interface residues
by site-directed mutagenesis.

It is interesting that mixed assembly lines use an alternative
docking strategy to those in purely PKS and NRPS systems, de-
spite the conservation of catalytic functions. Such divergence
could reflect a different evolutionary origin of the docking ele-
ments in hybrid systems. Alternatively, the change in oligomer-
ization state of NRPS subunits on transition from purely NRPS
to mixed systems could have driven the development of alter-
native forms of docking at all relevant junctions (NRPS-PKS,
PKS-NRPS, and NRPS-NRPS). The factors favoring evolution of
a second docking solution for PKS-PKS intersections are less
obvious.

4. Domains that Operate in trans

This section describes several further protein—-protein interac-
tion issues in megaenzyme systems, about which relatively
little is known. Every PKS, NRPS, or hybrid system depends on
the in trans action of a PPTase enzyme or enzymes for post-
translational activation of the constituent carrier proteins. For
both ACPs and PCPs, recognition appears to be mediated by
residues in the loop Il and helix all regions, which lie directly
adjacent in the primary sequence to the active Ser.”**® Many
assembly lines also incorporate a typell TE editing func-
tion.”'¥ In the case of PCP domains at least, the PCP-TE inter-
face is also formed by residues on helix all, and adjacent loops.*®

A large and growing number of pathways feature further
trans-acting domains. Notable among them are the group of
“AT-less” PKS, which lack integral AT domains within each
module (Figure 16)."*% Instead, one or several ATs are encoded
elsewhere in the cluster, as monodomains,?*'**'*¢ tandem
ATs,'371381 or as genetic fusions with proteins of unrelated func-
tion, such as oxidase domains.*®'* ™% Each AT interacts itera-
tively with every carrier protein within the synthase to deliver
a common substrate, usually malonate. It has been proposed
that the sequences between the KS and KR domains within
the modules in many systems, which are likely to be relics of
functional ATs, serve as “AT docking domains” and restore the
normal positioning of the AT within the complexes."*"! Howev-
er, it is unclear why such a vestigial domain should interact
with an active copy of the AT particularly given the mono-
meric nature of the ATs observed in the KS-AT crystal struc-
tures.”®°" A reasonable alternative is that the trans AT domains
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Figure 16. Architecture of the “AT-less” leinamycin hybrid PKS-NRPS, showing the location of the proposed “AT docking domains” (ATp). The discrete AT (lo-
cated on the didomain LnmG), has been proposed to dock onto the AT, domains, in order to deliver the common substrate malonate to the ACP domains.

dock directly with the ACP domains through recognition of a
common surface feature. This hypothesis is supported by the
finding that exogenous MAT from Streptomyces coelicolor re-
stored the function of a DEBS module in which the native AT
domain had been disabled by active-site directed mutagene-
sis;"*? in this case, the complemented module lacked a puta-
tive AT docking domain.

The proposed role of the AT-docking domain has been ex-
plored directly within the context of the mycosubtilin assembly
line." Surprisingly, inclusion of the upstream AT-docking
domain in a recombinant ACP construct significantly reduced
the rate of malonate transfer by the discrete AT, FenF. The au-
thors postulated that FenF might form a long-lived or catalyti-
cally incompetent complex with the docking domain, in order
to control the timing of malonyl transfer. The need for such a
regulatory function is unclear, however, given that transfer of
malonate to the ACP can only occur when the active site is un-
occupied. FenF was also unable to discriminate significantly
between the two possible ACP substrates within the assembly
line, suggesting a role for additional recognition determinants
in the interaction. Taken together, these data indicate that the
residual fragments of AT domains found in AT-less systems are
not involved in AT docking, but further exploration of this
issue is clearly warranted.

Another modification that occurs in trans is the addition of
alkyl functionalities to the f-position of nascent chains, as
found in myxovirescin (8; Scheme 2), bacillaene, mupirocin,
and curacin, among other metabolites."> 131441481 |ntroduction
of such 3 branches requires a cassette of five proteins, com-
prising a 3-hydroxy-3-methylglutaryl-CoA synthase homologue
(HCS), a decarboxylase-type KS domain (which incorporates an
active-site Cys to Ser substitution), a discrete ACP, and two
enoyl-CoA hydratase homologues (ECH). The modification
cycle is proposed to begin with loading of the alkyl precursor
(either malonate or methylmalonate) onto the ACP, followed
by KS-catalyzed decarboxylation; alternatively the correspond-
ing alkyl chains are loaded directly onto the KS. Condensation
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A) Myxovirescin (8)

=
=

Scheme 2. Modification by f-alkylation. A) The mixed PK-NRP metabolite
myxovirescin (8) contains two alkyl groups (at C12 and C16, highlighted in
gray), which are introduced by the action of a 5-member “HMG gene cas-
sette”. B) Mechanism of 3-methylation. A stand-alone ACP is acylated with
malonate, presumably by the action of a discrete AT. The malonate is then
decarboxylated by a free-standing KS domain. The resulting acetate unit is
then added to an ACP-bound chain-extension intermediate by HMG-CoA
synthase (HCS), followed, sequentially, by elimination of water and decarbox-
ylation, which are catalyzed by two enoyl-CoA hydratase (ECH) homologues.
Recognition between the HCS, ECHs, and ACP might increase the efficiency
of the condensation, dehydration, and decarboxylation steps.
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of the resulting alkyl unit (as its enolate nucleophile) with the
p-keto group of the multienzyme-bound intermediate is ac-
complished by the HCS. Dehydration and decarboxylation cata-
lyzed by the ECH enzymes then furnish the final alkyl function-
ality. The timing of B-alkylation critically depends on selection
of the correct chain-extension intermediate by the HCS
enzyme, and must occur before the chain is processed further.
In principle, the HCS could be specific for a particular poly-
ketide intermediate. However, the demonstrated promiscuity
of HCS enzymes towards alternative acceptor substrates!'>> '
suggests that additional recognition features are required, and
likely include the modular ACP to which the substrate is teth-
ered. Indeed, data have been obtained that support the forma-
tion of a specific complex between the HCS and the discrete
ACP bearing the alkyl functionality."*’ Analogous interaction
motifs might also facilitate the efficient processing of the alky-
lated intermediate by the ECHs. Additional studies will be
required to fully elucidate the recognition requirements for [3-
branch incorporating enzymes.

A final feature of interest in several mixed PKS-NRPS sys-
tems is the in trans operation of domains that normally func-
tion in cis. This situation arises with the so-called “split mod-
ules” found primarily in myxobacterial systems, in which the
normal complement of domains that comprises a module is
shared between two different proteins (Figure 17).1313%8-
1901451500 Module splitting can occur at multiple sites (for exam-
ple, following the KS,"53% AT pH 40 o KRI351351491 (o-
mains) and is taken to an extreme in the andrimid PKS-NRPS,
in which 15 domains are distributed over nine proteins.!>" > |t
has been proposed, in some cases, that the splitting observed
on the genetic level might not be realized in the protein struc-
ture, due to translational by-passing."* Alternatively, however,
specific interactions between modular components (which
likely include the KS and ACP domains as these are always
located on the separate proteins of split modules) or supra-
molecular interactions among multiple polypeptides as pro-
posed for the bacillaene PKS-NRPS,"*¥ are sufficient to reform
the active complexes. Direct studies of split modules in vitro
will be required to understand this phenomenon.

5. Summary and Outlook

In type Il FAS and PKS systems in which all domains are pres-
ent as individual components, interactions between most if
not all of the proteins must arise through compatible molecu-
lar interfaces."” In contrast, within the modules of PKS, NRPS,
and their hybrids, the majority of CP-based interactions occur
with domains to which they are physically attached, albeit in
many cases indirectly. In principle, this arrangement allows the
number of essential protein—protein interactions to be reduced
relative to type Il systems, with the exception of those with
PPTase enzymes, and possibly TEIl functions. Nevertheless, at
least for several interactions within modular megasynthetases,
specific interfaces do play a role. In PKS systems, evidence sup-
ports the formation of KS—-ACP complexes,®>® " both during
the condensation reaction and to maintain the fidelity of inter-
subunit transfer. Correspondingly, C-PCP interfaces appear to
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Figure 17. Examples of biosynthetic systems that incorporate “split”-exten-
sion modules. In each case, the subunit names containing the split module
are indicated.

be operative in NRPSs.®*'°" The participation of such recogni-
tion motifs likely allows the systems to program one of the
most critical events in the pathways—the switch between
intra- and intermodular communication. Commonalities are
also evident in the particular surface features characterized to
date, which are used by the CP domains to recognize their
partners. Although it is logical that such contact loci should
center around the active Ser residues, both ACPs and PCPs
exploit residues in helices all and alll and the surrounding
loops." It is unlikely to be coincidence that these regions of
the proteins show the greatest structural flexibility.”®¢>*® This
observation supports the idea that conformational switching
within the CPs, possibly provoked by interaction with chain-ex-
tension intermediates, allow the proteins to adapt structurally
to one or the other of their specific partners, giving rise to a
programmed series of interactions at intermodular junctions.
Further commonalities are observed in the strategies to ach-
ieve docking specificity between subunits in PKS, NRPS, and
mixed systems, although the particular structural solution used
in each case differs. For both PKSs and PKS-NRPSs, more than
one type of docking element type may be present, which
would clearly tend to suppress mispairing of individual multi-
enzyme subunits at those interfaces. However, in all three sys-
tems, multiple interfaces are formed by docking domains that
adopt the same overall fold, and which therefore might be ex-
pected to compete for binding to “wrong” partners. Here, the
contribution of the docking domains to binding specificity ap-
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pears to depend upon precise interactions between a small set
of polar or charged residues that occupy critical positions in
the interfaces.®'%12131 |n PKS and mixed systems, at least,
the flanking catalytic domains are also likely to make a decisive
contribution. The underlying logic governing intersubunit rec-
ognition is therefore very similar. The reliance on charged
rather than hydrophobic residues at intersubunit junctions is
consistent with the overall weak affinity of intersubunit interac-
tions. This feature of the pathways might allow these systems
to cope with the mistakes in translation or protein folding that
likely arise with proteins of this size, as defective proteins can
be easily exchanged for functional alternatives.

Many of the protein-protein interaction models discussed in
this review await direct experimental evaluation. In addition,
the majority of CP-based interactions within PKS and NRPS
modules have yet to be probed comprehensively. Such experi-
ments should reveal whether further interdomain interactions
involve the formation of specific protein—protein complexes, or
whether proximity is also the primary determinant of interac-
tion efficiency in these cases. Research in the field is also likely
to focus on obtaining high-resolution crystallographic informa-
tion on larger, multidomain portions of the complexes, includ-
ing entire modules and subunits, and using NMR spectroscopy
to probe the dynamic aspects of these gigantic protein com-
plexes. In future, deciphering in detail the rules for recognition
of (acyl)carrier proteins, subunits, and trans-acting domains,
will undoubtedly improve our ability to productively engineer
megasynthetase systems towards the production of novel
drug candidates.

Acknowledgements

The authors gratefully acknowledge Profs. Peter Leadlay and Jim
Staunton for critical reading of this manuscript. We would also
like to thank the students and postdoctoral researchers whose
work contributed to this review. Their names appear in the refer-
ence list. Research in R.M.’s laboratory is supported by the Deut-
sche Forschungsgemeinschaft (DFG) and the Bundesministerium
fir Bildung und Forschung (BMB+F). KJW'’s work on protein—
protein interactions has been additionally supported by the Royal
Society, the Biotechnology and Biological Sciences Research
Council (BBSRC), and the Alexander von Humboldt Foundation.

Keywords: biosynthesis - natural products - nonribosomal
polypeptide synthetase - polyketide synthase - protein—protein
interactions

[1] J. Clardy, C. Walsh, Nature 2004, 432, 829-837.

[2] C.T. Walsh, Acc. Chem. Res. 2008, 41, 4-10.

[3]1 C.T. Walsh, Science 2004, 303, 1805-1810.

[4] J. Staunton, K. J. Weissman, Nat. Prod. Rep. 2001, 18, 380-416.

[5] J. Grunewald, M. A. Marahiel, Microbiol. Mol. Biol. Rev. 2006, 70, 121-
146.

[6] U. Rix, C. Fischer, L. L. Remsing, J. Rohr, Nat. Prod. Rep. 2002, 19, 542-
580.

[7]1 F. Kopp, M. A. Marahiel, Nat. Prod. Rep. 2007, 24, 735-749.

[8] G. L. Challis, J. Ravel, FEMS Microbiol. Lett. 2000, 187, 111-114.

846 www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

K. J. Weissman and R. Miiller

[9] S. Lautruy, R.J. Deeth, L. M. Bailey, G. L. Challis, Nat. Chem. Biol. 2005, 1,
265-269.
[10] T.P. Stinear, A. Mve-Obiang, P. L. Small, W. Frigui, M. J. Pryor, R. Brosch,
G. A. Jenkin, P. D. Johnson, J. K. Davies, R. E. Lee, S. Adusumilli, T. Garni-
er, S. F. Haydock, P. F. Leadlay, S. T. Cole, Proc. Natl. Acad. Sci. USA 2004,
101, 1345-1349.
R. Pieper, S. Ebert-Khosla, D. Cane, C. Khosla, Biochemistry 1996, 35,
2054-2060.
[12] R. Pieper, R.S. Gokhale, G. Luo, D.E. Cane, C. Khosla, Biochemistry
1997, 36, 1846-1851.

[13] M. Bycroft, K.J. Weissman, J. Staunton, P.F. Leadlay, Eur. J. Biochem.
2000, 267, 520-526.

[14] D.B. Stein, U. Linne, M. Hahn, M. A. Marahiel, ChemBioChem 2006, 7,
1807-1814.

[15] H.D. Mootz, D. Schwarzer, M. A. Marahiel, Proc. Natl. Acad. Sci. USA
2000, 97, 5848-5853.

[16] A.R. Fersht, Structure and Mechanism in Protein Science: A Guide to
Enzyme Catalysis and Protein Folding, W.H. Freeman Company, New
York 1998.

1 H. O. Spivey, J. Ovadi, Methods 1999, 19, 306-321.

] R. N. Perham, Annu. Rev. Biochem. 2000, 69, 961-1004.

] A. C. Mercer, M. D. Burkart, Nat. Prod. Rep. 2007, 24, 750-773.

]

]

m

J.R. Lai, A. Koglin, C. T. Walsh, Biochemistry 2006, 45, 14869-14879.

R.H. Lambalot, A. M. Gehring, R.S. Flugel, P. Zuber, M. LaCelle, M. A.

Marahiel, R. Reid, C. Khosla, C. T. Walsh, Chem. Biol. 1996, 3, 923-936.

[22] L. E. Quadri, P. H. Weinreb, M. Lei, M. M. Nakano, P. Zuber, C. T. Walsh,
Biochemistry 1998, 37, 1585-1595.

[23] M. Oliynyk, M. Samborskyy, J. B. Lester, T. Mironenko, N. Scott, S. Dick-
ens, S. F. Haydock, P. F. Leadlay, Nat. Biotechnol. 2007, 25, 447-453.

[24] H. Ikeda, J. Ishikawa, A. Hanamoto, M. Shinose, H. Kikuchi, T. Shiba, Y.
Sakaki, M. Hattori, S. Omura, Nat. Biotechnol. 2003, 21, 526-531.

[25] R. Castonguay, W. He, A.Y. Chen, C. Khosla, D.E. Cane, J. Am. Chem.
Soc. 2007, 129, 13758-13769.

[26] K.J. Weissman, H. Hong, B. Popovic, F. Meersman, Chem. Biol. 2006,
13, 625-636.

[27] R.S. Gokhale, C. Khosla, Curr. Opin. Chem. Biol. 2000, 4, 22-27.

[28] R.W. Broadhurst, D. Nietlispach, M.P. Wheatcroft, P.F. Leadlay, K. J.
Weissman, Chem. Biol. 2003, 10, 723-731.

[29] J. Piel, Proc. Natl. Acad. Sci. USA 2002, 99, 14002-14007.

[30] Y.Q. Cheng, G.L. Tang, B. Shen, Proc. Natl. Acad. Sci. USA 2003, 100,
3149-3154.

[31] M. L. Heathcote, J. Staunton, P.F. Leadlay, Chem. Biol. 2001, 8, 207-
220.

[32] D. Schwarzer, H. D. Mootz, U. Linne, M. A. Marahiel, Proc. Natl. Acad.
Sci. USA 2002, 99, 14083-14088.

[33] E. Yeh, R. M. Kohli, S.D. Bruner, C.T. Walsh, ChemBioChem 2004, 5,

1290-1293.
[34] S. Jenni, M. Leibundgut, T. Maier, N. Ban, Science 2006, 311, 1263-
1267.

[35] H. Jenke-Kodama, A. Sandmann, R. Muller, E. Dittmann, Mol. Biol. Evol.
2005, 22, 2027-2039.

[36] C. Olano, B. Wilkinson, S. J. Moss, A.F. Brana, C. Mendez, P.F. Leadlay,
J. A. Salas, Chem. Commun. 2003, 2780-2782.

[37] J. He, C. Hertweck, Chem. Biol. 2003, 10, 1225-1232.

[38] S. Smith, S. C. Tsai, Nat. Prod. Rep. 2007, 24, 1041-1072.

[39] F.J. Asturias, J. Z. Chadick, I. K. Cheung, H. Stark, A. Witkowski, A.K.
Joshi, S. Smith, Nat. Struct. Mol. Biol. 2005, 12, 225-232.

[40] S. Smith, Science 2006, 311, 1251-1252.

[41] C. A. Townsend, J. M. Crawford, T. Bililign, Chem. Biol. 2006, 13, 349-
351.

[42] E. Schweizer, J. Hofmann, Microbiol. Mol. Biol. Rev. 2004, 68, 501-517.

[43] 1. B. Lomakin, Y. Xiong, T. A. Steitz, Cell 2007, 129, 319-332.

[44] S. Jenni, M. Leibundgut, D. Boehringer, C. Frick, B. Mikolasek, N. Ban,
Science 2007, 316, 254-261.

[45] M. Leibundgut, S. Jenni, C. Frick, N. Ban, Science 2007, 316, 288-290.

[46] J. Staunton, P. Caffrey, J.F. Aparicio, G. A. Roberts, S.S. Bethell, P.F.
Leadlay, Nat. Struct. Biol. 1996, 3, 188-192.

[47] J. F. Aparicio, P. Caffrey, A. F. Marsden, J. Staunton, P.F. Leadlay, J. Biol.
Chem. 1994, 269, 8524-8528.

[48] C.M. Kao, R. Pieper, D.E. Cane, C. Khosla, Biochemistry 1996, 35,
12363-12368.

ChemBioChem 2008, 9, 826 — 848



http://dx.doi.org/10.1038/nature03194

http://dx.doi.org/10.1021/ar7000414

http://dx.doi.org/10.1126/science.1094318

http://dx.doi.org/10.1039/a909079g

http://dx.doi.org/10.1128/MMBR.70.1.121-146.2006

http://dx.doi.org/10.1128/MMBR.70.1.121-146.2006

http://dx.doi.org/10.1039/b103920m

http://dx.doi.org/10.1039/b103920m

http://dx.doi.org/10.1039/b613652b

http://dx.doi.org/10.1111/j.1574-6968.2000.tb09145.x

http://dx.doi.org/10.1038/nchembio731

http://dx.doi.org/10.1038/nchembio731

http://dx.doi.org/10.1073/pnas.0305877101

http://dx.doi.org/10.1073/pnas.0305877101

http://dx.doi.org/10.1021/bi952860b

http://dx.doi.org/10.1021/bi952860b

http://dx.doi.org/10.1021/bi962324z

http://dx.doi.org/10.1021/bi962324z

http://dx.doi.org/10.1046/j.1432-1327.2000.01025.x

http://dx.doi.org/10.1046/j.1432-1327.2000.01025.x

http://dx.doi.org/10.1002/cbic.200600192

http://dx.doi.org/10.1002/cbic.200600192

http://dx.doi.org/10.1073/pnas.100075897

http://dx.doi.org/10.1073/pnas.100075897

http://dx.doi.org/10.1006/meth.1999.0858

http://dx.doi.org/10.1146/annurev.biochem.69.1.961

http://dx.doi.org/10.1039/b603921a

http://dx.doi.org/10.1021/bi061979p

http://dx.doi.org/10.1016/S1074-5521(96)90181-7

http://dx.doi.org/10.1021/bi9719861

http://dx.doi.org/10.1038/nbt1297

http://dx.doi.org/10.1038/nbt820

http://dx.doi.org/10.1021/ja0753290

http://dx.doi.org/10.1021/ja0753290

http://dx.doi.org/10.1016/j.chembiol.2006.04.010

http://dx.doi.org/10.1016/j.chembiol.2006.04.010

http://dx.doi.org/10.1016/S1367-5931(99)00046-0

http://dx.doi.org/10.1016/S1074-5521(03)00156-X

http://dx.doi.org/10.1073/pnas.222481399

http://dx.doi.org/10.1073/pnas.0537286100

http://dx.doi.org/10.1073/pnas.0537286100

http://dx.doi.org/10.1016/S1074-5521(01)00002-3

http://dx.doi.org/10.1016/S1074-5521(01)00002-3

http://dx.doi.org/10.1073/pnas.212382199

http://dx.doi.org/10.1073/pnas.212382199

http://dx.doi.org/10.1002/cbic.200400077

http://dx.doi.org/10.1002/cbic.200400077

http://dx.doi.org/10.1126/science.1123251

http://dx.doi.org/10.1126/science.1123251

http://dx.doi.org/10.1093/molbev/msi193

http://dx.doi.org/10.1093/molbev/msi193

http://dx.doi.org/10.1039/b310648a

http://dx.doi.org/10.1016/j.chembiol.2003.11.009

http://dx.doi.org/10.1039/b603600g

http://dx.doi.org/10.1038/nsmb899

http://dx.doi.org/10.1126/science.1125411

http://dx.doi.org/10.1016/j.chembiol.2006.04.001

http://dx.doi.org/10.1016/j.chembiol.2006.04.001

http://dx.doi.org/10.1128/MMBR.68.3.501-517.2004

http://dx.doi.org/10.1016/j.cell.2007.03.013

http://dx.doi.org/10.1126/science.1138248

http://dx.doi.org/10.1126/science.1138249

http://dx.doi.org/10.1038/nsb0296-188

http://dx.doi.org/10.1021/bi9616312

http://dx.doi.org/10.1021/bi9616312

www.chembiochem.org



Deciphering Natural-Product Assembly on Molecular Production Lines

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]
[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]
[77]

[78]

[79]

ChemBioChem 2008, 9, 826 — 848

R.S. Gokhale, J. Lau, D.E. Cane, C. Khosla, Biochemistry 1998, 37,
2524-2528.

Y. Tang, A.Y. Chen, C.Y. Kim, D. E. Cane, C. Khosla, Chem. Biol. 2007,
14, 931-943.

Y. Tang, C.Y. Kim, I. I. Mathews, D. E. Cane, C. Khosla, Proc. Natl. Acad.
Sci. USA 2006, 103, 11124-11129.

A. T. Keatinge-Clay, R. M. Stroud, Structure 2006, 14, 737-748.

A. T. Keatinge-Clay, Chem. Biol. 2007, 14, 898-908.

C. D. Richter, D. A. Stanmore, R. N. Miguel, M. C. Moncrieffe, L. Tran, S.
Brewerton, F. Meersman, R.W. Broadhurst, K.J. Weissman, FEBS J.
2007, 274, 2196-2209.

V.Y. Alekseyev, C. W. Liu, D. E. Cane, J. D. Puglisi, C. Khosla, Protein Sci.
2007, 16, 2093-2107.

M. A. Reed, M. Schweizer, A.E. Szafranska, C. Arthur, T.P. Nicholson,
R.J. Cox, J. Crosby, M.P. Crump, T.J. Simpson, Org. Biomol. Chem.
2003, 1, 463-471.

E.J. Drake, D. A. Nicolai, A. M. Gulick, Chem. Biol. 2006, 13, 409-419.
S. C. Findlow, C. Winsor, T. J. Simpson, J. Crosby, M. P. Crump, Biochem-
istry 2003, 42, 8423-8433.

T. Weber, R. Baumgartner, C. Renner, M. A. Marahiel, T. A. Holak, Struc-
ture 2000, 8, 407-418.

T. A. Holak, S.K. Kearsley, Y. Kim, J. H. Prestegard, Biochemistry 1988,
27,6135-6142.

Y. Kim, J. H. Prestegard, Biochemistry 1989, 28, 8792-8797.

Q. Li, C. Khosla, J. D. Puglisi, C. W. Liu, Biochemistry 2003, 42, 4648-
4657.

A. K. Sharma, S. K. Sharma, A. Surolia, N. Surolia, S. P. Sarma, Biochem-
istry 2006, 45, 6904-6916.

B. F. Volkman, Q. Zhang, D. V. Debabov, E. Rivera, G. C. Kresheck, F. C.
Neuhaus, Biochemistry 2001, 40, 7964-7972.

G. Y. Xu, A. Tam, L. Lin, J. Hixon, C. C. Fritz, R. Powers, Structure 2001, 9,
277-287.

H.C. Wong, G. Liu, Y. M. Zhang, C.O. Rock, J. Zheng, J. Biol. Chem.
2002, 277, 15874-15880.

C. Khosla, Y. Tang, A. Y. Chen, N. A. Schnarr, D. E. Cane, Annu. Rev. Bio-
chem. 2007, 76, 195-221.

S. C. Tsai, L. J. Miercke, J. Krucinski, R. Gokhale, J. C. Chen, P.G. Foster,
D. E. Cane, C. Khosla, R. M. Stroud, Proc. Natl. Acad. Sci. USA 2001, 98,
14808-14813.

S.C. Tsai, H.X. Lu, D.E. Cane, C. Khosla, R. M. Stroud, Biochemistry
2002, 41, 12598-12606.

D.L. Akey, J.D. Kittendorf, J. W. Giraldes, R.A. Fecik, D.H. Sherman,
J. L. Smith, Nat. Chem. Biol. 2006, 2, 537-542.

T. A. Keating, C. G. Marshall, C. T. Walsh, A. E. Keating, Nat. Struct. Biol.
2002, 9, 522-526.

E. Conti, T. Stachelhaus, M. A. Marahiel, P. Brick, EMBO J. 1997, 16,
4174-4183.

S.D. Bruner, T. Weber, R. M. Kohli, D. Schwarzer, M. A. Marahiel, C. T.
Walsh, M. T. Stubbs, Structure 2002, 10, 301-310.

S. A. Samel, B. Wagner, M. A. Marahiel, L. O. Essen, J. Mol. Biol. 2006,
359, 876-889.

S. A. Samel, G. Schoenafinger, T. A. Knappe, M. A. Marahiel, L. O. Essen,
Structure 2007, 15, 781-792.

R. N. Perham, Biochemistry 1991, 30, 8501-8512.

S. A. Sieber, U. Linne, N. J. Hillson, E. Roche, C. T. Walsh, M. A. Marahiel,
Chem. Biol. 2002, 9, 997-1008.

B. Silakowski, H. U. Schairer, H. Ehret, B. Kunze, S. Weinig, G. Nordsiek,
P. Brandt, H. Blocker, G. Hofle, S. Beyer, R. Muller, J. Biol. Chem. 1999,
274, 37391-37399.

S. Weinig, H. J. Hecht, T. Mahmud, R. Mdiller, Chem. Biol. 2003, 10, 939-
952.

S. A. Sieber, M. A. Marahiel, Chem. Rev. 2005, 105, 715-738.

N. J. Hillson, C. T. Walsh, Biochemistry 2003, 42, 766-775.

B. Wilkinson, J. Micklefield, Nat. Chem. Biol. 2007, 3, 379-386.

A. S. Worthington, H. Rivera, J. W. Torpey, M. D. Alexander, M. D. Bur-
kart, ACS Chem. Biol. 2006, 1, 687-691.

C. Y. Kim, V. Y. Alekseyev, A.Y. Chen, Y. Tang, D. E. Cane, C. Khosla, Bio-
chemistry 2004, 43, 13892-13898.

A.Y. Chen, D. E. Cane, C. Khosla, Chem. Biol. 2007, 14, 784-792.

A.Y. Chen, N. A. Schnarr, C. Y. Kim, D. E. Cane, C. Khosla, J. Am. Chem.
Soc. 2006, 128, 3067-3074.

[92

[93

[94]
[95]

[96]
[97]
[98]

[100]

[101
[102]

[103]

[117]

[118

[119]
[120]
[121

[122]
[123

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

L. M. Worsham, L. Earls, C. Jolly, K. G. Langston, M. S. Trent, M. L. Ernst-
Fonberg, Biochemistry 2003, 42, 167-176.

Y. M. Zhang, M.S. Rao, R.J. Heath, A.C. Price, A.J. Olson, C. O. Rock,
S. W. White, J. Biol. Chem. 2001, 276, 8231-8238.

Y. M. Zhang, B. Wu, J. Zheng, C.O. Rock, J. Biol. Chem. 2003, 278,
52935-52943.

Y. M. Zhang, H. Marrakchi, S. W. White, C. O. Rock, J. Lipid Res. 2003, 44,
1-10.

C. Rowe, I. Bohm, I. Thomas, B. Wilkinson, B. Rudd, G. Foster, A. Blacka-
by, P. Sidebottom, Y. Roddis, A. Buss, J. Staunton, P.F. Leadlay, Chem.
Biol. 2001, 8, 475-485.

I. Thomas, C. J. Martin, C. J. Wilkinson, J. Staunton, P. F. Leadlay, Chem.
Biol. 2002, 9, 781-787.

L. Tran, M. Tosin, J. B. Spencer, P.F. Leadlay, K. J. Weissman, ChemBio-
Chem 2008, 9, 905-915.

L. H. Du, C. Sanchez, B. Shen, Metab. Eng. 2001, 3, 78-95.

C.T. Walsh, H. W. Chen, T. A. Keating, B. K. Hubbard, H.C. Losey, L.S.
Luo, C.G. Marshall, D.A. Miller, H. M. Patel, Curr. Opin. Chem. Biol.
2001, 5, 525-534.

S. Lautru, G. L. Challis, Microbiology 2004, 150, 1629-1636.

U. Linne, M. A. Marahiel, Biochemistry 2000, 39, 10439-10447.

A. Koglin, M. R. Mofid, F. Lohr, B. Schafer, V. V. Rogov, M. M. Blum, T.
Mittag, M. A. Marahiel, F. Bernhard, V. Dotsch, Science 2006, 312, 273-
276.

M. R. Mofid, R. Finking, M. A. Marahiel, J. Biol. Chem. 2002, 277, 17023~
17031.

D. Reichmann, O. Rahat, M. Cohen, H. Neuvirth, G. Schreiber, Curr.
Opin. Struct. Biol. 2007, 17, 67-76.

R. Finking, M. R. Mofid, M. Marahiel, Biochemistry 2004, 43, 8946-8956.
J.R. Lai, M. A. Fischbach, D.R. Liu, C. T. Walsh, J. Am. Chem. Soc. 2006,
128, 11002-11003.

J.R. Lai, M. A. Fischbach, D.R. Liu, C. T. Walsh, Proc. Natl. Acad. Sci. USA
2006, 103, 5314-5319.

Z. Zhou, J. R. Lai, C. T. Walsh, Chem. Biol. 2006, 13, 869-879.

D. E. Ehmann, C. A. Shaw-Reid, H. C. Losey, C. T. Walsh, Proc. Natl. Acad.
Sci. USA 2000, 97, 2509-2514.

W. L. Kelly, N.J. Hillson, C.T. Walsh, Biochemistry 2005, 44, 13385-
13393.

S. Omura, H. lkeda, J. Ishikawa, A. Hanamoto, C. Takahashi, M. Shinose,
Y. Takahashi, H. Horikawa, H. Nakazawa, T. Osonoe, H. Kikuchi, T. Shiba,
Y. Sakaki, M. Hattori, Proc. Natl. Acad. Sci. USA 2001, 98, 12215-12220.
J. . Aparicio, I. Molnar, T. Schwecke, A. Kénig, S. F. Haydock, L. E. Khaw,
J. Staunton, P. F. Leadlay, Gene 1996, 169, 9-16.

L. Tang, Y.J. Yoon, C.Y. Choi, C.R. Hutchinson, Gene 1998, 216, 255-
265.

A. Lupas, Curr. Opin. Struct. Biol. 1997, 7, 388-393.

S. Y. Tsuji, D. E. Cane, C. Khosla, Biochemistry 2001, 40, 2326-2331.

N. Wu, S. Y. Tsuji, D. E. Cane, C. Khosla, J. Am. Chem. Soc. 2001, 123,
6465-6474.

R.S. Gokhale, S.Y. Tsuji, D. E. Cane, C. Khosla, Science 1999, 284, 482-
485.

1 N. Wy, D. E. Cane, C. Khosla, Biochemistry 2002, 41, 5056-5066.

C. D. Reeves, S. L. Ward, W. P. Revill, H. Suzuki, M. Marcus, O. V. Petra-
kovsky, S. Marquez, H. Fu, S.D. Dong, L. Katz, Chem. Biol. 2004, 11,
1465-1472.

P. Caffrey, D. J. Bevitt, J. Staunton, P.F. Leadlay, FEBS Lett. 1992, 304,
225-228.

R.S. Gokhale, D. Hunziker, D. E. Cane, C. Khosla, Chem. Biol. 1999, 6,
117-125.

R. McDaniel, C. M. Kao, S.J. Hwang, C. Khosla, Chem. Biol. 1997, 4,
667-674.

C. M. Squire, R.J. Goss, H. Hong, P.F. Leadlay, J. Staunton, ChemBio-
Chem 2003, 4, 1225-1228.

R. B. Rose, J. A. Endrizzi, J. D. Cronk, J. Holton, T. Alber, Biochemistry
2000, 39, 15062-15070.

G. Schreiber, Curr. Opin. Struct. Biol. 2002, 12, 41-47.

K. J. Weissman, ChemBioChem 2006, 7, 485-494.

M. Thattai, Y. Burak, B.l. Shraiman, PLoS Comput. Biol. 2007, 3, 1827-
1835.

847

www.chembiochem.org



http://dx.doi.org/10.1021/bi971887n

http://dx.doi.org/10.1021/bi971887n

http://dx.doi.org/10.1016/j.chembiol.2007.07.012

http://dx.doi.org/10.1016/j.chembiol.2007.07.012

http://dx.doi.org/10.1073/pnas.0601924103

http://dx.doi.org/10.1073/pnas.0601924103

http://dx.doi.org/10.1111/j.1742-4658.2007.05757.x

http://dx.doi.org/10.1111/j.1742-4658.2007.05757.x

http://dx.doi.org/10.1110/ps.073011407

http://dx.doi.org/10.1110/ps.073011407

http://dx.doi.org/10.1039/b208941f

http://dx.doi.org/10.1039/b208941f

http://dx.doi.org/10.1016/j.chembiol.2006.02.005

http://dx.doi.org/10.1021/bi0342259

http://dx.doi.org/10.1021/bi0342259

http://dx.doi.org/10.1016/S0969-2126(00)00120-9

http://dx.doi.org/10.1016/S0969-2126(00)00120-9

http://dx.doi.org/10.1021/bi00416a046

http://dx.doi.org/10.1021/bi00416a046

http://dx.doi.org/10.1021/bi00448a017

http://dx.doi.org/10.1021/bi0274120

http://dx.doi.org/10.1021/bi0274120

http://dx.doi.org/10.1021/bi060368u

http://dx.doi.org/10.1021/bi060368u

http://dx.doi.org/10.1021/bi010355a

http://dx.doi.org/10.1016/S0969-2126(01)00586-X

http://dx.doi.org/10.1016/S0969-2126(01)00586-X

http://dx.doi.org/10.1074/jbc.M112300200

http://dx.doi.org/10.1074/jbc.M112300200

http://dx.doi.org/10.1146/annurev.biochem.76.053105.093515

http://dx.doi.org/10.1146/annurev.biochem.76.053105.093515

http://dx.doi.org/10.1073/pnas.011399198

http://dx.doi.org/10.1073/pnas.011399198

http://dx.doi.org/10.1021/bi0260177

http://dx.doi.org/10.1021/bi0260177

http://dx.doi.org/10.1038/nchembio824

http://dx.doi.org/10.1093/emboj/16.14.4174

http://dx.doi.org/10.1093/emboj/16.14.4174

http://dx.doi.org/10.1016/S0969-2126(02)00716-5

http://dx.doi.org/10.1016/j.jmb.2006.03.062

http://dx.doi.org/10.1016/j.jmb.2006.03.062

http://dx.doi.org/10.1016/j.str.2007.05.008

http://dx.doi.org/10.1021/bi00099a001

http://dx.doi.org/10.1016/S1074-5521(02)00214-4

http://dx.doi.org/10.1074/jbc.274.52.37391

http://dx.doi.org/10.1074/jbc.274.52.37391

http://dx.doi.org/10.1016/j.chembiol.2003.09.012

http://dx.doi.org/10.1016/j.chembiol.2003.09.012

http://dx.doi.org/10.1021/cr0301191

http://dx.doi.org/10.1021/bi026903h

http://dx.doi.org/10.1038/nchembio.2007.7

http://dx.doi.org/10.1021/cb6003965

http://dx.doi.org/10.1021/bi048418n

http://dx.doi.org/10.1021/bi048418n

http://dx.doi.org/10.1016/j.chembiol.2007.05.015

http://dx.doi.org/10.1021/ja058093d

http://dx.doi.org/10.1021/ja058093d

http://dx.doi.org/10.1021/bi0261950

http://dx.doi.org/10.1074/jbc.M008042200

http://dx.doi.org/10.1074/jbc.M309874200

http://dx.doi.org/10.1074/jbc.M309874200

http://dx.doi.org/10.1194/jlr.R200016-JLR200

http://dx.doi.org/10.1194/jlr.R200016-JLR200

http://dx.doi.org/10.1016/S1074-5521(01)00024-2

http://dx.doi.org/10.1016/S1074-5521(01)00024-2

http://dx.doi.org/10.1016/S1074-5521(02)00164-3

http://dx.doi.org/10.1016/S1074-5521(02)00164-3

http://dx.doi.org/10.1006/mben.2000.0171

http://dx.doi.org/10.1016/S1367-5931(00)00235-0

http://dx.doi.org/10.1016/S1367-5931(00)00235-0

http://dx.doi.org/10.1099/mic.0.26837-0

http://dx.doi.org/10.1021/bi000768w

http://dx.doi.org/10.1126/science.1122928

http://dx.doi.org/10.1126/science.1122928

http://dx.doi.org/10.1074/jbc.M200120200

http://dx.doi.org/10.1074/jbc.M200120200

http://dx.doi.org/10.1016/j.sbi.2007.01.004

http://dx.doi.org/10.1016/j.sbi.2007.01.004

http://dx.doi.org/10.1021/bi0496891

http://dx.doi.org/10.1021/ja063238h

http://dx.doi.org/10.1021/ja063238h

http://dx.doi.org/10.1073/pnas.0601038103

http://dx.doi.org/10.1073/pnas.0601038103

http://dx.doi.org/10.1016/j.chembiol.2006.06.011

http://dx.doi.org/10.1073/pnas.040572897

http://dx.doi.org/10.1073/pnas.040572897

http://dx.doi.org/10.1021/bi051124x

http://dx.doi.org/10.1021/bi051124x

http://dx.doi.org/10.1073/pnas.211433198

http://dx.doi.org/10.1016/0378-1119(95)00800-4

http://dx.doi.org/10.1016/S0378-1119(98)00338-2

http://dx.doi.org/10.1016/S0378-1119(98)00338-2

http://dx.doi.org/10.1016/S0959-440X(97)80056-5

http://dx.doi.org/10.1021/bi002463n

http://dx.doi.org/10.1021/ja010219t

http://dx.doi.org/10.1021/ja010219t

http://dx.doi.org/10.1126/science.284.5413.482

http://dx.doi.org/10.1126/science.284.5413.482

http://dx.doi.org/10.1021/bi012086u

http://dx.doi.org/10.1016/j.chembiol.2004.08.019

http://dx.doi.org/10.1016/j.chembiol.2004.08.019

http://dx.doi.org/10.1016/0014-5793(92)80624-P

http://dx.doi.org/10.1016/0014-5793(92)80624-P

http://dx.doi.org/10.1016/S1074-5521(99)80008-8

http://dx.doi.org/10.1016/S1074-5521(99)80008-8

http://dx.doi.org/10.1016/S1074-5521(97)90222-2

http://dx.doi.org/10.1016/S1074-5521(97)90222-2

http://dx.doi.org/10.1002/cbic.200300671

http://dx.doi.org/10.1002/cbic.200300671

http://dx.doi.org/10.1021/bi001996t

http://dx.doi.org/10.1021/bi001996t

http://dx.doi.org/10.1016/S0959-440X(02)00287-7

http://dx.doi.org/10.1002/cbic.200500435

www.chembiochem.org



[124]
[125]
[126]
[127]
[128]
[129]
[130]
[131]
[132]
[133]
[134]

[135]

[136]

[137]

[138]

[139]

848

BIO

A. Ranganathan, M. Timoney, M. Bycroft, J. Cortés, I. P. Thomas, B. Wil-
kinson, L. Kellenberger, U. Hanefeld, I.S. Galloway, J. Staunton, P.F.
Leadlay, Chem. Biol. 1999, 6, 731-741.

K. J. Weissman, ChemBioChem 2006, 7, 1334-1342.

U. Linne, D.B. Stein, H. D. Mootz, M. A. Marahiel, Biochemistry 2003,
42, 5114-5124.

T. Stachelhaus, H.D. Mootz, V. Bergendahl, M. A. Marahiel, J. Biol.
Chem. 1998, 273, 22773-22781.

M. Hahn, T. Stachelhaus, Proc. Natl. Acad. Sci. USA 2004, 101, 15585-
15590.

M. Hahn, T. Stachelhaus, Proc. Natl. Acad. Sci. USA 2006, 103, 275-280.
C. Chiocchini, U. Linne, T. Stachelhaus, Chem. Biol. 2006, 13, 899-908.
C.D. Richter, D. Nietlispach, R.W. Broadhurst, K.J. Weissman, Nat.
Chem. Biol. 2008, 4, 75-81.

S.E. O'Connor, C. T. Walsh, F. Liu, Angew. Chem. 2003, 115, 4047-4051;
Angew. Chem. Int. Ed. 2003, 42, 3917-3921.

F. Liu, S. Garneau, C. T. Walsh, Chem. Biol. 2004, 11, 1533-1542.

S. C. Wenzel, R. Muller, Curr. Opin. Chem. Biol. 2005, 9, 447-458.

R. A. Butcher, F. C. Schroeder, M. A. Fischbach, P.D. Straight, R. Kolter,
C.T. Walsh, J. Clardy, Proc. Natl. Acad. Sci. USA 2007, 104, 1506-1509.
M. Royer, L. Costet, E. Vivien, M. Bes, A. Cousin, A. Damais, |. Pieretti, A.
Savin, S. Megessier, M. Viard, R. Frutos, D. W. Gabriel, P. C. Rott, Mol.
Plant-Microbe Interact. 2004, 17, 414-427.

A. K. El-Sayed, J. Hothersall, S. M. Cooper, E. Stephens, T.J. Simpson,
C. M. Thomas, Chem. Biol. 2003, 10, 419-430.

V. Simunovic, J. Zapp, S. Rachid, D. Krug, P. Meiser, R. Mller, ChemBio-
Chem 2006, 7, 1206-1220.

O. Perlova, K. Gerth, A. Hans, O. Kaiser, R. Miller, J. Biotechnol. 2006,
121, 174-191.

[140]

[141]
[142]

[143]
[144]
[145]
[146]
[147]
[148]
[149]
[150]

[151]

[152]
[153]

K. J. Weissman and R. Miiller

M. Kopp, H. Irschik, S. Pradella, R. Muller, ChemBioChem 2005, 6, 1277-
1286.

G. L. Tang, Y. Q. Cheng, B. Shen, Chem. Biol. 2004, 11, 33-45.

P. Kumar, A. T. Koppisch, D. E. Cane, C. Khosla, J. Am. Chem. Soc. 2003,
125, 14307-14312.

Z.D. Aron, P.D. Fortin, C.T. Calderone, C.T. Walsh, ChemBioChem
2007, 8, 613-616.

V. Simunovic, R. Miiller, ChemBioChem 2007, 8, 497-500.

V. Simunovic, R. Miiller, ChemBioChem 2007, 8, 1273-1280.

C.T. Calderone, W. E. Kowtoniuk, N. L. Kelleher, C. T. Walsh, P. C. Dorre-
stein, Proc. Natl. Acad. Sci. USA 2006, 103, 8977-8982.

C.T. Calderone, D.F. Iwig, P.C. Dorrestein, N.L. Kelleher, C. T. Walsh,
Chem. Biol. 2007, 14, 835-846.

Z. Chang, N. Sitachitta, J. V. Rossi, M. A. Roberts, P. Flatt, J. Jia, D. H.
Sherman, W. H. Gerwick, J. Nat. Prod. 2004, 67, 1356-1367.

B. Julien, Z. Q. Tian, R. Reid, C. D. Reeves, Chem. Biol. 2006, 13, 1277-
1286.

B. Silakowski, G. Nordsiek, B. Kunze, H. Blocker, R. Muller, Chem. Biol.
2001, 8, 59-69.

M. Jin, M. A. Fischbach, J. Clardy, J. Am. Chem. Soc. 2006, 128, 10660-
10661.

P.D. Fortin, C. T. Walsh, N. A. Magarvey, Nature 2007, 448, 824-827.

P. D. Straight, M. A. Fischbach, C. T. Walsh, D. Z. Rudner, R. Kolter, Proc.
Natl. Acad. Sci. USA 2007, 104, 305-310.

Received: December 12, 2007
Published online on March 20, 2008

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemBioChem 2008, 9, 826 — 848



http://dx.doi.org/10.1016/S1074-5521(00)80020-4

http://dx.doi.org/10.1002/cbic.200600185

http://dx.doi.org/10.1021/bi034223o

http://dx.doi.org/10.1021/bi034223o

http://dx.doi.org/10.1074/jbc.273.35.22773

http://dx.doi.org/10.1074/jbc.273.35.22773

http://dx.doi.org/10.1073/pnas.0404932101

http://dx.doi.org/10.1073/pnas.0404932101

http://dx.doi.org/10.1073/pnas.0508409103

http://dx.doi.org/10.1016/j.chembiol.2006.06.015

http://dx.doi.org/10.1038/nchembio.2007.61

http://dx.doi.org/10.1038/nchembio.2007.61

http://dx.doi.org/10.1016/j.chembiol.2004.08.017

http://dx.doi.org/10.1016/j.cbpa.2005.08.001

http://dx.doi.org/10.1073/pnas.0610503104

http://dx.doi.org/10.1094/MPMI.2004.17.4.414

http://dx.doi.org/10.1094/MPMI.2004.17.4.414

http://dx.doi.org/10.1002/cbic.200600075

http://dx.doi.org/10.1002/cbic.200600075

http://dx.doi.org/10.1016/j.jbiotec.2005.10.011

http://dx.doi.org/10.1016/j.jbiotec.2005.10.011

http://dx.doi.org/10.1002/cbic.200400459

http://dx.doi.org/10.1002/cbic.200400459

http://dx.doi.org/10.1016/S1074-5521(03)00286-2

http://dx.doi.org/10.1021/ja037429l

http://dx.doi.org/10.1021/ja037429l

http://dx.doi.org/10.1002/cbic.200600575

http://dx.doi.org/10.1002/cbic.200600575

http://dx.doi.org/10.1002/cbic.200700017

http://dx.doi.org/10.1002/cbic.200700153

http://dx.doi.org/10.1073/pnas.0603148103

http://dx.doi.org/10.1016/j.chembiol.2007.06.008

http://dx.doi.org/10.1021/np0499261

http://dx.doi.org/10.1016/j.chembiol.2006.10.004

http://dx.doi.org/10.1016/j.chembiol.2006.10.004

http://dx.doi.org/10.1016/S1074-5521(00)00056-9

http://dx.doi.org/10.1016/S1074-5521(00)00056-9

http://dx.doi.org/10.1021/ja063194c

http://dx.doi.org/10.1021/ja063194c

http://dx.doi.org/10.1038/nature06068

http://dx.doi.org/10.1073/pnas.0609073103

http://dx.doi.org/10.1073/pnas.0609073103

www.chembiochem.org




DOI: 10.1002/cbic.200700572

Cooperative 2:1 Binding of a Bisphenothiazine to Duplex DNA

Frédéric Rosu,*™®! Valérie Gabelica,”’ Edwin De Pauw,” Patrick Mailliet,” and Jean-Louis Mergny

Drugs based on the phenothiazine scaffold have a wide variety
of therapeutic applications. They are used for the treatment of
mental diseases, in antihelminthic therapy, and for their anti-
bacterial pathogen inactivation properties. They generally ex-
hibit low toxicity and mutagenicity."? Phenothiazines are also
used as DNA photosensitizers, and their binding mode to
double-stranded DNA is highly structure and sequence depen-
dent. For example, methylene blue intercalates in poly(dG),
poly(dC), but binds via the minor groove in poly(dA),
poly(dT).®! In the course of a screening affinity of bisphenothia-
zine ligands for various DNA sequences and structures, we ser-
endipitously found that ligand RP12274 cooperatively

forms a 2:1 complex with duplex DNA.

*[b]

concentration of free ligand is determined from mass balance
equations. The equilibrium binding constants defined in Equa-
tions (1) and (2) can therefore be determined in a model-free
manner.”) Mass spectra were recorded from solutions with
varying drug concentrations (Figure 1, lower panel), and the
binding constants are given in Table 1. For duplexes DK33 and
DK66, K, is more than 100 times larger than K;, indicating a co-
operative 2:1 binding.

K, = [1:1]/[ligand][DNA] (1)
K, = [2: 1]/[ligand][1 : 1] 2)

ESI-MS allows the resolving of complex mixtures
and determining all stoichiometries that are present

Table 1. Binding constants of RP12274 for double-stranded DNA.

simultaneously in the injected sample.” In the ESI- ESI-MS™ SPRE

MS spectra (Figure 1), the peak of the 2:1 complex Ky M) Ky M7 Ky Im~'] Ky Im~']

(two ligands bound to one duplex) is much larger | DK33  (2.8+0.7)x10* (5.5+0.9)x 10°

than the peak of the 1:1 complex for d(CGTAAATT- | DK66  (21£04)x10" (3.0+£0.8)x10° [AATT]  (1.1£02)x10°  (1.1+0.8)x10°
DKI00  (1.6+03)x10° (1.7408)x10° [CG]  (1.24£03)x10° -

TACG), (DK33) and d(CGCGAATTCGCG), (DK66). How-

ever, only a low intensity peak of 1:1 complex is ob-
served for the duplex d(CGCGGGCCCGCG), (DK100).
For each mass spectrum, the equilibrium concentra-

[a] Mean values and standard deviations are obtained from eight drug/DNA ratios.
[b] See Supporting Information materials and methods for the oligonucleotide se-
quences.

tions of free DNA, 1:1, and 2:1 complexes are deter-
mined from the corresponding peak areas, and the
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- |
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Surface plasmon resonance (SPR) experiments were per-
formed as an independent method to determine the binding
constants of RP12274 to an AT- and a GC-rich duplex. Two
biotin-labeled hairpin oligonucleotide sequences with [CGA-
ATTCG] and [(CG),] stems were used (Figure 2 and Supporting
Information). Experiments were performed in ammonium ace-
tate, to allow comparison with the ESI-MS experiment. With
the AT-rich duplex, the maximum RU value obtained at satura-
tion is clearly larger than with the 100% GC duplex (with the
same oligonucleotide loading quantity on the chip). The satu-
ration RU for AATT and RP12274 is twice as much as for the
minor groove binder netropsin (RU,,=45) which is known to
form only 1:1 complex in the AATT site.” As the preferred stoi-
chiometries had been revealed by the ESI-MS spectra, a two-
binding constants model [Eq. (4)] was used to obtain the affini-
ty constants from the SPR sensorgrams for [AATT], and a single
binding site model was chosen for the [(CG),] data [Eq. (3)].
When eq. (4) was used for [(CG),], the K, value was close to
zero. Again, a significant cooperativity, with K, 1000 times
greater than K, is revealed from the SPR measurements
(Table 1). Results obtained with the more commonly used HBS
buffer showed similar results to those obtained with NH,OAc
(see Figure S1 in the Supporting Information).

The binding mode of the bisphenothiazine RP12274 to
duplex DNA cannot be intuitively predicted from the structure.
On the one hand, the trimethyl-propanaminium chains likely
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Figure 1. ESI-MS spectra of solutions containing 8 um RP12274 and 5 um DNA A) DK33 = (CGTAAATTTACG), duplex, B) DK66 = (CGCGAATTCGCG), duplex, and
C) DK100 = (CGCGGGCCCGCG),. Graphs of the relative abundance of the free duplex (e), the 1:1 (m), and 2:1 (¥) complexes versus the drug molar fraction
added to a 5 pm duplex solution are shown in the lower panel.
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Figure 2. SPR sensorgrams for binding of RPR12274 to A) AATT and B) [CG],. The concentration of unbound ligand [molL™"] in the flow solution varies from
7.5 nm for the lowest curve to 12.5 pm for the top curve. C) Binding curves used to determine the equilibrium binding constants for RPR12274 interacting
with (@) AATT duplex and (m) CG duplex.

cause steric problems upon intercalation. On the other hand, that matches the DNA groove, which is not the case here. We
typical minor groove binders usually have a crescent shape used circular dichroism (CD) spectroscopy to characterize the
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binding mode of RP12274 to the three duplexes DNA (Fig-
ure S2). With the AT-rich duplexes, a positive CD signal is
observed between 291 and 370 nm. Positive CD signal for the
ligand is a signature of minor groove binding mode.”® Iso-
elliptic points are observed indicating the presence of only
two species in equilibrium (according to ES-MS, the free DNA,
and the 2:1 complex).

Altogether, our experimental data suggest a model involving
minor groove binding of two ligands in A/T tracts. We used
molecular modeling to test hypothetical structures for the 2:1
complex with RP12274. In a first step, the possible stacked
dimer geometries were explored using PM6 level of theory.
Figure 3A shows two views of the energy minimized dimer.
The two molecules are staggered, and the repulsion between
the four ammonium groups is minimized, all positive charges

A) B)

Figure 3. A) Geometry optimization of the dimer: side view and top view. B) Structure of the 2:1 complex be-
tween the RP12274 dimer and the duplex (CGCGAATTCGCG)2 obtained after molecular dynamics.

being >9 A from each other. In the second step, the dimer is
docked in the AT-rich region of the minor groove of duplex
DK66, and the system is allowed to relax prior to the molecular
dynamics. In the resulting complex (Figure 3B), both pheno-
thiazine aromatic rings have extended van der Waals contacts
with the minor groove. Ammonium groups interact with phos-
phates, giving a large electrostatic stabilization of the complex.

Cationic ligands are more prone to interact with the AT-rich
groove as the electrostatic potential is more negative in this
region,” and this explains the preference of RP12274 dimers
for AT sequences. Minor groove binders adopting a preferential
2:1 stoichiometry are typically polyamide monocations that
can form head-to-tail dimers, such as distamycin A'®'? and
lexitropsins.'*™ Dications usually do not form dimers because

ChemBioChem 2008, 9, 849 - 852
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of charge repulsion, with the notable exception of diamidines
DB293 and some of its derivatives which form antiparallel
dimers in the minor groove.'>'®'”! RP12274 is dicationic, but
its chemical structure is very different from that of DB293. This
bisphenothiazine scaffold can therefore be exploited for future
design of new minor groove binding agents having photosen-
sitizing properties.

Experimental Section

Electrospray mass spectrometry (ESI-MS): ESI-MS experiments
were performed on a Q-TOF Ultima Global (Micromass, now
Waters, Manchester, UK) with its standard ESI source. The capillary
voltage was set to —2.2 kV, the cone voltage to —35V, and the RF
Lens1 to —60 V. The hexapole collision voltage of 10V was used
for full scan MS. Source block and
desolvation temperatures were set
to 70°C and 100°C, respectively.
Spectra were acquired from 1000
to 2000 m/z and only a portion of
the mass range is shown on
Figure 2 for clarity. As the starting
concentrations are known, the con-
centration of the free DNA, the 1:1,
and the 2:1 complex at equilibrium
are calculated from the relative in-
tensities of the species in the mass
spectra as described in reference
[51.

Surface plasmon resonance (SPR):
SPR measurements were performed
with a four-channel BlAcore 2000
optical biosensor system (Biacore
Inc.) and streptavidin-coated sensor
chips (SA). The sensor chips were
first conditioned with three consec-
utive 1 min injections of NaCl (1 m)
in NaOH (50 mm) followed by ex-
tensive washing with buffer. The
same amount of each oligomer
was immobilized on the surface by
noncovalent capture (350 response
units, or RU). One of the flow cells
was left blank as a control. Steady-
state binding analysis was per-
formed with multiple injections of
RP12274 at different concentrations over the immobilized DNA
and the reference surfaces during 6.25 min at a flow rate of
10 uLmin~" and at 25°C. Dissociation with buffer follows each in-
jection. The instrument response (RU) in the steady-state region is
proportional to the amount of bound drug and was determined
by averaging over a 60 s time span. The values from the steady-
state region of the sensorgrams were fitted with either Equation (3)
for a single binding site, or Equation (4) for two binding sites,
using Sigmaplot software for nonlinear least squares optimization
of the binding parameters to obtain the affinity constants.

1
RU = RUpnacK; [drug]m 3)
_ 1+ 2K, [drug]
RU = RUnsik, [drug] 1+ K, [drug] + K, K, [drug]? “)
www.chembiochem.org 851
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Molecular modeling: Molecular modeling was performed using
Mopac 2007 (openmopac.net) with PM6 theory to optimize the
phenothiazine dimer. The duplex+ phenothiazine dimer was pre-
pared and optimized using AMBER99 force field within Hyperchem
7.5 software (Hypercube, Inc.). The starting duplex d(CGCGAATT-
CGCG), was the solution structure deposited in the Protein Data
Bank with code 1GIP. RP12274 drug was manually docked in the
minor groove and energy minimized in the force field generated
by the duplex until an energy gradient of 0.5 kcalmol 'A™") was
reached (Polak-Riebiere conjugate gradient algorithm). Then the
whole complex was immerged in of periodic box (40x40x50 A)
containing 2640 water molecule (TIP3P potential). After relaxation
of the water molecules, the whole system was submitted to 0.2 ns
unconstrained molecular dynamics. The final structure (Figure 3B)
was obtained after removing the water molecules and counterions.
When the RP12274 drugs are docked in the major groove, the
complex is unstable (several ps) and the drugs goes “out” of the
duplex because of the absence of favorable contact.
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BODIPY-Based Fluorescent Redox Potential Sensors that Utilize Reversible

Redox Properties of Flavin

Yasuyuki Yamada,®® Yumiko Tomiyama,® Akinori Morita,’“? Masahiko Ikekita,“ ¥ and Shin Aoki*®

Living cells are continuously exposed to various stresses, such
as reactive oxygen species (ROS), reactive nitrogen intermedi-
ates (RNI), UV light, ionizing radiation, and metal ions."” In con-
trolling intracellular redox systems (e.g., redox potential, E%, of
cytosols are —0.28 to —0.22 V vs. SHE at pH 7.0), thiol-disulfide
equilibria of intracellular thiols, such as glutathione (GSH) and
thioredoxin, play critical roles in controlling the whole redox
status and regulating structures and functions of proteins.”
For example, more than 95% of GSH exists as a reduced form
in cells and the depletion of GSH levels induces oxidative
stresses. In order to understand the mechanisms involved in
oxidative signals, antioxidant defense systems, and related in-
tracellular phenomena, fluorescence sensing systems that re-
spond to environmental redox potential are considered to
afford a potentially powerful

methodology. However, most O
fluorescent probes of ROS and Me NﬁNACOZH
RNI®® jrreversibly react with jiji s A

these species and examples of Me T N0
sensors that reversibly respond Me

to thiol-disulfide equilibria have
been limited.®

Our strategy for fluorescence
sensing of thiol-disulfide equili-
bria is to utilize flavins, which
are well studied cofactors or
photoreceptors utilized in natu-
ral flavoproteins, including de-
hydrogenases, oxygenases, DNA
photolyases, and thioredoxin re- Me
ductases.””” Recently, we report-
ed an artificial DNA photolyase®
that consist of a Zn®*-1,4,7,10-
tetraazacyclododecane com-
plex® as binding site for cis-syn

1ox (3-CMFlyy)

reduction oxidation

1red (3-CMFlieq)
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Table 1. Electrochemical and photochemical properties of redox poten-
tial sensors and flavins in HEPES (100 mm, pH 7.0) containing DMSO
(30%) at 25°C.

E V¥ Dpe” Pro, ™ lox/hea

(Amax 512 nM)1
riboflavin —0.41 ~0 0.15 >50
1 (3-CMFI) —0.44 ~0 0.16 >50
2 —0.44 0.05 0.31 10
3 —0.41 0.07 0.35 9

[a] Potential vs. Ag/AgCl in 100 mm HEPES (pH 7.0) containing 30%
DMSO. Typical cyclic voltammetric curves of 1 and 2 are shown in Fig-
ure S1. [b] Values relative to @; of fluorescein (®;=0.90) in 0.1 M NaOH.
[c] Ratio of fluorescence intensity of the oxidized form (/,,) to that of the
reduced form (/.g) at 512 nm (A, =450 nm).

BODIPY unit

4 R= %
OAc OAc

Scheme 1. Structures of fluorescent sensors that respond to redox potential.

thymine photodimer (T[c,sIT) and a 3-carboxymethyllumiflavin
(1,0 unit as photosensitizer. Interestingly, the redox potential
of 1., (—0.44 V vs. Ag/AgCl or —0.24 V vs. SHE; Table 1) is close
to that of intracellular thiols, so that the flavin moiety of 1., is
reduced by thiols, such as dithiothreitol (DTT), in aqueous solu-
tion.®'? Because 1,, emits modest fluorescence (quantum
yield of emission (@)=0.16; Table 1) and its reduced form,
1..q is almost nonfluorescent, we postulated that 1,, could be
a reversible fluorescent sensor that responds to thiol-disulfide
equilibria. However, cell staining with 1 and its ethyl ester was
unsuccessful, possibly due to their rather high hydrophilicity
and low quantum vyields of emission.

On the basis of these results, we designed and synthesized
bora-3a,4a-diaza-s-indacene (BODIPY)-based fluorophores 2, 3,

.. (IWILEY
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and 4, which consist of flavin as a controller of photochemical
properties of BODIPY,"" and L-proline as a linker to connect
the flavin and BODIPY units.'>'® It was hypothesized that
emission of BODIPY would be strong when the flavin of 2 was
in an oxidized form, and would be suppressed by electron
transfer when the flavin was reduced (Scheme 1).

The redox potentials (E”) of 2 and 3 are almost identical to
those of 1 and riboflavin, as determined by cyclic voltammetry
(CV) experiments (Table 1 and Figure S1 in the Supporting In-
formation). UV absorption spectra of the oxidized form of 2
(2,,) in 100 mm HEPES (pH 7.0) containing 30% DMSO (Fig-
ure S2) are nearly the sum of UV absorption of 1., and L-prolyl-
BODIPY (for the structure, see Scheme S1); this indicates negli-
gible electronic interactions between the oxidized flavin and
BODIPY units. In contrast, in UV absorption spectra of the re-
duced form of 2 (2,.4), @ small shoulder was observed at 530-
540 nm; this suggests some interaction between BODIPY and
the reduced form of flavin.!™

A plain curve in Figure 1A displays the fluorescence emis-
sion of 2., (5 um). Upon reduction with Na,S,0, (1 mm), fluo-
rescence emission of 2 at 512 nm was considerably quenched
(Figure 1A, dashed curve). The ratio of emission intensity of 2,
and 2. lox/leqs @t 512 nm was approximately 10 (Table 1).1>'
Reoxidation of 2,4 with H,0, (10 mm) or by exposure to air re-
stored its emission to almost the same intensity as that of 2,;
this implies a reversible response to redox status in solution.

It was found that the molar absorption coefficient (&) of 2 at
450 nm changed between —0.42 V and —0.36 V vs. SHE in DTT-
based redox buffers (E” of DTT is —0.31 V vs. SHE at pH 7.0 and
25°C) according to the change in redox of aqueous solutions
(Figure 54)."” The redox potential fluorescence emission profile
of 2 at 512nm (4,=450 nm; Figure 1B) gave a sigmoidal
curve between —0.40V and —0.36 V vs. SHE, which is about
ninefold increase in emission. From this curve, the midpoint
potential for 2 was determined to be approximately —0.38V
vs. SHE™ which is close to that of 1 (ca. —0.39V vs. SHE)
under the same conditions (Figure S5).

Figure 2 displays the results of dual staining of Hela cells
with 2., and MitoTracker Red CMXRos dye,” which is a mito-
chondrion-selective dye. After incubation of Hela cells with 2,
(1 um) and Mitotracker (20 nm) for 30 min at 37°C, phase-con-
trast microscopic images of viable cells were analyzed (Fig-
ure 2A) and bright, punctate staining patterns were observed
(Figure 2B); this indicates that 2., permeated the cellular mem-
brane. The merged image of Figure 2B and the staining pat-
terns of Mitotracker (Figure 2C) indicated that 2, is located in
the cytosol, and to some extent in the nucleolus and/or peri-
nuclear region as well as in mitochondria (Figure 2D); these
experiments were repeated at least three times. After treat-
ment with Na,5,0, (10 mm), intracellular fluorescence de-
creased considerably; this implies that 2, was reduced to 2,
(Figure 2E). Retreatment of the cells shown in Figure 2E with
H,O, (10 mm) restored the bright fluorescence (Figure 2F) to
the same extent as observed in Figure 2B; this demonstrates
that 2 reversibly responds to the redox potential in living cells.
We also tried fluorescent staining of Hela cells with 319"
However, only very weak fluorescent images were observed
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Figure 1. A) Fluorescence emission spectra (4, =450 nm) of 2., (—) and
2,4 (----- ) in 100 mm HEPES buffer (pH 7.0) containing 30% DMSO at 25°C;

[2]: 5 um; a.u.: arbitrary units. B) Change in fluorescence emission intensity
at 512 nm of 2 (5 um) as a function of the redox potential of the buffer solu-
tion. Experiments were performed in buffer solution (100 mm; HEPES was
used for pH 7.0, 7.4, and 8.0, and TAPS for pH 8.6) containing 30% DMSO,
DTT,.q and DTT,, ([DTT,ql + [DTT,,]=50 mm).

(Figure 2G), possibly due to the poor cell-permeability of 3. In
contrast, 4, in which all the hydroxyl groups are acetylated,
afforded bright fluorescent images (Figure 2H); this indicates
that 4 was more cell-membrane permeable than 3. Even after
24 h treatment with 1 um 2, or 4., most cells (90%) were
viable; this implies that these sensors cause negligible cell
damage_[z1,221

In summary, we have presented the BODIPY-based fluores-
cent sensors 2, 3, and 4, the fluorescent intensities of which
can be controlled by the redox status of a flavin unit; these
sensors can reversibly respond to thiol-disulfide equilibria in
solutions and in living cells. This methodology could produce
useful sensing systems for redox potentials in bioorganic, bio-
inorganic, analytical, and medicinal chemistry, and cell biology.

ChemBioChem 2008, 9, 853 - 856
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Figure 2. Microscopic images of HelLa cells. A) Phase contrast image of HelLa
cells stained with 1 um 2,, and 20 nm Mitotracker for 30 min at 37 °C. B) Flu-
orescent image of Hela cells stained with 1 um 2, and 20 nm Mitotracker
for 30 min at 37°C (irradiated with visible light at 475 nm to observe 2).

C) Fluorescent image of Hela cells stained with 1 um 2., and 20 nm Mito-
tracker for 30 min at 37 °C (irradiated with visible light at 562 nm to observe
Mitotracker). D) Composite of Figures 2B and 2C. E) Fluorescent image of
Hela cells after addition of 10 mm Na,S,0, to the cells shown in Figure 2B.
F) Fluorescent image of Hela cells after addition of 10 mm H,0, to the cells
shown in Figure 2E. G) Fluorescent image of Hela cells stained with 1 um
3, for 30 min at 37 °C (irradiation at 475 nm). H) Fluorescent image of Hela
cells stained with 1 um 4, for 30 min at 37 °C (irradiation at 475 nm; expo-
sure time was 0.67 s for all images).
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T. Carell, L. T. Burgdorf, L. M. Kundu, M. Cichon, Curr. Opin. Chem. Biol.
2001, 5, 491-498.

BODIPY-flavin dyads reported by Daub etal., in which BODIPY and
flavin are fused directly, showed only weak fluorescence in organic sol-
vents (@;=0.0007-0.0023 in CH;CN/toluene): C. Trieflinger, K. Rurak, J.
Daub, Angew. Chem. 2005, 117, 2328-2331; Angew. Chem. Int. Ed. 2005,
44, 2288-2291.

Negligible interaction between oxidized flavin and BODIPY units of 2,
was observed in the 'HNMR spectra. We could not the measure
'HNMR spectra of 2,4 because 2., was easily oxidized. We cannot
exclude the possibility that the low emission intensity of 2,4 is due to
some interactions, such as m-m stacking between BODIPY and the
reduced flavin unit.

We synthesized several analogues that have flavin and BODIPY units
connected by different linkers, such as L-pipecolic acid and piperidine-
4-carboxylic acid. Among them, 2 was found to have the largest 1.,/
ratio value; details will be described elsewhere.

The I ,/l,.q values of 2 were dependent on the excitation wavelength
(emission at 512 nm) and buffer system used. As shown in Figure S3,
the largest I, /l..q (ca. 13-fold) was obtained by excitation at 440 nm in
100 mm HEPES (pH 7.0) containing 30% DMSO. In this work, we chose
a common wavelength (450 nm) to excite 1-4 for comparison.

Redox potentials of the DTT-based redox buffer were calculated from
the Nernst equation, as described in the Supporting Information. Redox
equilibria of 2 in DTT-based redox buffer were obtained in 2 h.

The difference between this value (—0.38 V vs. SHE) and the E” value
obtained from CV (—0.24Vvs.SHE calculated from —0.44V vs.Ag/
AgCl; Table 1) was attributed to the different electrodes and solvents
used in CV.

Fluorescence-titration curve against the redox potential of 3 was similar
to that for 2 (Figure S6). The midpoint potential of 3 (ca.
—0.34 V vs. SHE) was slightly more positive (AE” =40 mV) than that of
2 (ca. —0.38V for Figure 2 in the text). This difference was close to the
difference in E” values observed in CV (AE” =30 mV) of 2 and 3 listed
in Table 1.

Fluorescent intensity of 3 was affected by the percentage of DMSO in
the buffer (Figure S7). The percentage of DMSO (10~30%) in the sol-
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BIO

vent system hardly affected the E” values of 3 in CV experiments (data slightly (5~10%) quenched (Figure S8), possibly due to photoreduction
not shown). of the flavin unit® Improvements with respect to this point are now
[21] We could not detect the formation of superoxide anion radicals, which underway.

might be generated upon photoirradiation of 2, in aqueous solutions
and in living cells, due to lack of appropriate sensors for ROS with a
fluorescence emission that can be distinguished from that of 2.

[22] When 2, was excited at 450 nm in the presence of Et;N (50 mm) and Received: November 24, 2007
DTT,, in HEPES (50 mm) including DMSO (30%), emission of 2, was Published online on March 12, 2008
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Directed Evolution of Galactose Oxidase: Generation of Enantioselective

Secondary Alcohol Oxidases

Franck Escalettes and Nicholas J. Turner*?

Optically pure secondary alcohols are highly valuable chiral
building blocks that can be prepared by a number of methods,
especially asymmetric reduction of ketones or resolution based
approaches. In the latter case, lipases or esterases are frequent-
ly used as catalysts for the acylation/deacylation of racemic al-
cohols™ and recently methods have been developed for recy-
cling the unreactive enantiomer leading to dynamic kinetic res-
olution (DKR) processes.”” An alternative strategy to DKR which
we have recently pursued is deracemisation™ in which for our
purposes an enantioselective oxidase enzyme is combined
with a nonselective chemical reductant™ to generate optically
pure products in high yield (>50%). In order to extend this
approach beyond amino acids®™ and amines® to encompass al-
cohols we required access to enantioselective alcohol oxidases
with appropriate substrate specificity.

Certain alcohol oxidases (for example, from Pichia species)
are well documented but tend to have rather restricted sub-
strate ranges and are generally specific for the oxidation of pri-
mary alcohols to the corresponding aldehydes.” Whilst some
secondary alcohol oxidases are known,® for example, pyranose
oxidase and glycolate oxidase, they do not possess the broad
substrate specificity required for general application. Recently,
progress has been made in the development of chemocata-
lysts for the enantioselective oxidation of secondary alcohols.”
Against this background we sought to develop enantioselec-
tive alcohol oxidase enzymes of broad synthetic utility using
galactose oxidase (GOase) as our starting point."” GOase is a
soluble, Cu-dependent enzyme that catalyses the O, depen-
dent oxidation of the C6-OH of p-galactose 1 to the corre-
sponding aldehyde 2 (Scheme 1 A). Wild-type GOase has a rela-
tively narrow substrate specificity,” " possessing highest activi-
ty towards specific sugars (p-galactose 1, raffinose, guar gum)
and simple primary alcohols (for example, dihydroxyacetone,
benzyl alcohol). A striking example of its high specificity is
given by its activity towards p-glucose which is about 10%fold
less reactive than p-galactose. Moreover, in the context of our
interest, the wild-type enzyme displays no activity towards sec-
ondary alcohols.

As a model system we sought to identify variants of GOase
that could catalyse the enantioselective oxidation of 1-phenyl-
ethanol 3 (Scheme 1B). We recognised that it would be neces-
sary to change three key features of the enzyme to achieve

[a] Dr. F. Escalettes, Prof. N. J. Turner
School of Chemistry, University of Manchester
Manchester Interdisciplinary Biocentre
131 Princess Street, Manchester M1 7DN (UK)
Fax: (+44) 161-275-1311
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Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.
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Scheme 1. A) Reaction catalysed by wild-type galactose oxidase (GOase);
B) Enantioselective oxidation of 1-phenylethanol 3 using variant GOases.

galactose
oxidase

variant

this goal, namely 1) change in specificity from a 1° to a 2° alco-
hol oxidase, 2) capability for enantioselective oxidation, and
3) the ability to bind nonpolar rather than polar substrates.

The starting points for our studies were the GOase variants
M, and M, recently reported by Sun et al.'*'¥ The M, variant
contains six mutations compared to the wild-type enzyme
(Ser10Pro, Met70Val, Pro136, Gly195Glu, Val494Ala, Asn535Asp).
This variant has been shown to give higher expression levels
of a more stable and active enzyme in E. coli although its sub-
strate specificity is essentially the same as the wild type. The
M, variant was derived from M, and contains a further three
mutations (Trp290Phe, Arg330Lys, GIn406Thr), all located at
the active site. This variant, which had been selected on the
basis of its improved activity towards p-glucose,™ was also
characterised against a range of substrates and reported to
have very weak activity towards racemic but-3-en-2-ol and
butan-2-ol although no data on enantioselectivity was given.

The genes encoding GOase M, and M, variants, which were
generated from the wild-type gene' by site-directed muta-
genesis, were cloned into the pET16b vector followed by
expression in E. coli. Both variants were purified by Ni-affinity
chromatography and then assayed against racemic 1-phenyl-
ethanol as substrate. Although no activity was observed with
the M, variant, we were encouraged to observe weak activity
with the M; variant. Moreover, the M; variant also appeared to
be enantioselective with the R enantiomer showing approxi-
mately 30-fold greater activity than the S enantiomer (data not
shown). We therefore decided to subject the M; variant to fur-
ther rounds of random mutation coupled with screening to
optimise the activity toward 1-phenylethanol.

Based upon earlier reports,®™ we developed a colorimetric
solid-phase assay (see below) which allowed us to assess the
activity of individual clones when grown on agar plates. This
screening method, which relies upon capture of the hydrogen
peroxide biproduct produced in the oxidation reaction, is ver-
satile, in that different substrates can easily be introduced into
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the assay, and also reasonably high-throughput allowing up to
100000 clones to be readily screened per round of evolution.
Libraries of M; GOase were generated using error-prone PCR
(ep-PCR) in which the average number of amino acid muta-
tions per gene was about 3-4. These libraries were used to

(R)-1-phenylethanol

(S)-1-phenylethanol

Figure 1. Solid-phase assay of wild type, M; and M;_s GOases using 1-phenyl-
ethanol 3 as substrate A) R enantiomer B) S enantiomer.

transform E. coli and the result-

. . . HO OH

ing colonies  (approximately &M
80000) screened on solid-phase HO OH
against but-3-en-2-ol (substrate OH
concentration =200 mm) as 1

substrate rather than 1-phenyle-
thanol in view of the greater
solubility of the former sub-
strate. Approximately 120 colo-
nies were picked which showed
improved activity compared to
the parent M;. One of them,
M;_s appeared to show good
activity and high enantioselec-
tivity when reassayed against
(R)-1-phenylethanol using the
solid-phase assay (Figure 1).

The wild-type (WT) GOase,
M;, and M,_; variants were all
purified by Ni-affinity chroma-
tography and characterised ini-
tially against p-galactose 1 and
1-phenylethanol 3 as substrates
(Table 1).

The M,_s variant was found to
possess a significantly higher 22 23
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Table 1. Kinetic (k. and Kj,) values for GOase variants using either p-gal
1 or 3-fluoro-1-phenylethanol 5 as substrate.

GOase Substrate ke [s71 Ky [mm] kea/Kn IM~"'s7']
WT p-gal 1 156+ 6 15.0£2.0 10400 + 1440
M, p-gal 1 54+7 1800 £ 400 31+7

M, (£)-3 0.34+0.06 178 +62 1.5+0.6

M;_s (£)-3 3.6+0.05 220+1.0 163+8

M;_5 (R)-3 3.54+0.04 74+06 479439

M;_5 54 (£)-3 3.6+0.07 163+£13 220418

M;_5 3, (£)-3 3.1+0.05 13.8+£1.0 2274+16
Misays  (£)3 294005 106407 270420

ke (12-fold) and lower K, (eightfold) value towards 1-phenyl-
ethanol 3 compared with the parent M; variant resulting in an
increase in specificity constant (k./Ky) of >100-fold. Corre-
spondingly, the relative decrease in activity towards p-galac-
tose in going from WT to M, to M,_; was approximately 2000-
fold (data not shown) implying a significant change in sub-
strate specificity. The purified M; and M,_g variants were then
characterised against a broader panel of secondary alcohols.
The M,_s variant was found to exhibit good activity against a
range substituted 1-phenylethanol analogues 4-8, often with
higher rates of oxidation (Figure 2). Other secondary alcohols
containing an aryl group (1-phenylallyl alcohol 11, indanol 12,
and 1-pyridine ethanol 13) were also oxidised at useful rates.
However, alcohols 9, 10, 14, and 15 were poor substrates. It is
interesting to note that a vinyl group is tolerated (11), but not

oH F OH oH OH
@Me @XMe F\©)\Me /©)\Me
F
3 4 5 6
oH OH OH oH
Br MeO MeO oH
7 8

9 10 "

OH OH o OH OH OH
X" "Me Me Me 7 "Me
Nl/ \ / \/
Fs
12 13 14 15 16
OH OH OH OH OH
cl O,N Me
17 18 19 20 21
OH OH OH OH OH OH
MeO O,N N N
M ~ ~
MeO
OMe

24 25 26 27
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Figure 2. Substrate specificity of M; and M;_; GOase variants towards a
range of secondary alcohols.

the sterically similar ethyl group (9), indicating subtle differen-
ces in reactivity.

In order to obtain further improvements in activity, a second
library of variants was generated, using M;_; as parent, and
screened separately against both 1-phenylethanol 3 ([S]=
100 mm; 240000 clones) and 3-fluoro-1-phenylethanol 5 ([S]=
50 mm; 120000 clones) as substrates. Two variants were isolat-
ed with improved activity towards 3 (M;_s_,, and M5 ;_3,) and
four with enhanced activity towards 5 (Mss0s Mj_s a0
Ms_s 212 M3_5.015), (Scheme 2). Although no significant improve-

1-phenylethanol M3—5—24, M3—5—32
M, _ ePPCR AR

M
15t generation 8-5 ._2nd generation
Trp290Phe + Lys330Me‘\‘
é:gigg%s 3-fluoro- M3_5-205, M3_5-209
n r
phenylethanol My 5212 Ma_s015

additional mutations present

Ma_5 04 + Thr130Ser
3-5-32 + Met278Thr, Asp517Val, Tyr576His
Ma_s 005 + Thr138Ala, Ser425Pro, lle498Val, Asp517Gly
Ms_5_009 + Lys370Asn, Ala391Ser
Ma_5012 + Tyr43Phe, Ser291Cys
Ms_5015 + Asn413Tyr, Tyr436Phe

Scheme 2. GOase variants derived from 1 and 2™ round random mutagen-
esis/screening experiments.

ments in k., were observed, three variants possessed reduced
Ky, values (Table 1), including the M;_s_,,5 variant (K,,=10.6 mm
compared to 22.0 mm for the M;_; parent), indicating the value
of lowering the substrate concentration in the solid-phase
assay in order to select for Ky, variants.

The M;, M5, and M, 55 variants were then directly com-
pared for their ability to enantioselectively oxidise racemic 3-
fluoro-1-phenylethanol 5 (monitored by chiral HPLC). These re-
actions were carried out in the presence of O, and also horse
radish peroxidase, both of which are known to stimulate the
activity of GOase." In all cases, selective oxidation of (R)-5 to
the corresponding ketone was observed although with differ-
ent rates (Figure 3). The reaction involving the M; variant gave
ee =67 % after 24 h whereas both the M;_ 5 (12 h; 99% ee) and
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Figure 3. Enantioselective oxidation of (+)-3-fluoro-1-phenylethanol 5 using
M;, M35, and M;_s_,,5 variants.

M;_s515 (12; 90% ee) variants were considerably more active.
Increasing the concentration of horse radish peroxidase had a
dramatic effect resulting in an ee of 99% at 50% conversion
after only 2 h under optimised conditions with the M,_; variant.
Finally, these conditions were then applied to the kinetic reso-
lution of a range of secondary alcohols. After 3 h, the ee of the
remaining alcohol was determined and in many cases found to
be 99% indicating very high enantioselectivity at a conversion
of approximately 50%. For some substrates (4, 11, 16, 24, 27)
the enantiomeric excesses after 3h were lower although
longer reaction times led to higher values. However for alco-
hols 12 (ee=61%) and 25 (ee=78%) prolonged incubation
with the enzyme resulted in no further increase in ee suggest-
ing lower intrinsic enantioselectivity (Scheme 3).

OH GOase M, g ﬁ\ /OLH
17 g2 1~~gz ot 17 R2
R R peroxidase, 3h R R R R
alcohol eel% alcohol eel%
3 99 18 99
4 61 19 99
5 99 20 96
6 99 21 99
7 99 22 99
8 99 23 99
11 45 24 15
12 50 25 45
16 65 26 99
17 99 27 67

Scheme 3. Kinetic resolution of a range of secondary alcohols using the
GOase M;_; variant (ee values determined by chiral HPLC).

The observed selectivity of these GOase variants for the R
enantiomer of 5 is consistent with the report by Minasian
etal."” who demonstrated by isotopic labelling that during
the oxidation of both p-galactose 1 and benzyl alcohol 16 it is
the pro-S hydrogen atom that is selectively removed.

The M,_; variant contains a single mutation at position 330
compared to M; (Lys—Met; Arg in WT). This active-site residue
has previously been identified as important in controlling sub-
strate recognition. Mutation from Arg (WT) to Lys improves
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(R)-1-phenylethanol
Thr406(GIn)
Phe64 i"j;o(j’)
’K P .'WCU
iz gt Tyr272
Phe& Phe290(Trp)

Figure 4. Model showing (R)-1-phenylethanol 3 docked into active site of GOase M,_s variant (wild-type residues in brackets).

activity towards p-glucose™ and b-fructose."® Arg330 is be-
lieved to interact directly with the substrate p-galactose by
forming two hydrogen bonds to the C3- and C4-OH groups."
Figure 4 shows a model of the GOase M,_; variant generated
from the available crystal structure of the wild-type enzyme.
The R enantiomer of 1-phenylethanol 3 appears to bind very
well with the C1 methyl group occupying a small hydrophobic
pocket generated by amino acid residues Phe194 and Phe464.
Binding of the S enantiomer would require interpolation of the
C1 methyl and phenyl groups which is highly unfavourable. In-
troduction of Met at 330 clearly results in a more hydrophobic
active site that is well suited to binding 1-phenylethanol and
structurally related compounds. The mutations present in the
second generation variants derived from M,_ are difficult at
this stage to interpret in that they are varied in nature and
indeed a number occur on the surface of the protein
(Figure 4).

In summary we have identified variants of GOase that pos-
sess good activity (k. >200 min~") towards a range of secon-
dary alcohols based upon the 1-phenylethanol template and
high enantioselectivity (ee=99%) in the kinetic resolution of
(£)-3-fluoro-1-phenylethanol. We are currently examining ap-
plication of these catalysts in the preparative deracemisation
of racemic secondary alcohols.
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LOV1 Protein From Chlamydomonas Reinhardtii is a Template For the
Photoadduct Formation of FMN and Methylmercaptane.

Karin Lanzl, Gilbert Noll, and Bernhard Dick*?

Nature has developed several photoactive proteins that func-
tion either as converters of solar energy into chemical energy
(photosynthesis),™ DNA photodamage repair enzymes (photo-
lyases),? or light sensors.® Until recently, in all of these sys-
tems only two types of primary photochemical reactions have
been identified: The photoexcited chromophore either under-
goes electron transfer as chlorophyll in photosystems or flavin
in photolyases. Or it performs a cis/trans isomerization around
a double bond as in retinals, phytochromes, and xanthopsins.™

Three classes of blue-light sensing proteins have been de-
scribed which contain a flavin cofactor as chromophore.™ The
cryptochromes,™® which are frequently associated with circadi-
an rhythms, contain flavin adenine dinucleotide (FAD), as do
the BLUF (blue light sensing using flavin) proteins.”’ The third
class are the phototropins,”® which are composed of (usually
two) LOV (light oxygen voltage sensitive) domains and a
kinase domain. Each LOV domain noncovalently binds a flavin
mononucleotide (FMN). The primary photoproduct is the cova-
lent adduct of a cysteine residue to FMN.®'? The correspond-
ing model reaction with methylmercaptane (MM) instead of
cysteine is shown in Scheme 1.

7 i
JOSS DS ee
—_—

g o 1 sO 2
~, ]

$ CH,
CH;

Scheme 1. Photoreaction of FMN (1) with MM leading to the adduct (2) with
a covalent bond between S and C4a. R is the ribityl-monophosphate group.

When this was discovered, it was a completely new reaction
type for a biological photosensor system. The adduct has a
sulfur atom with an aliphatic residue attached to the carbon
atom C4a of flavin, and a hydrogen atom attached to N5. To
the best of our knowledge, no stable compound with these
structural characteristics has been reported so far. One can
speculate that the protein is required to guide the reaction to-
wards this product and to protect it from decomposition.
Herein we show that compound 2, that is, the adduct of FMN
and MM, can indeed be synthesized inside the binding pocket

[a] K. Lanzl, G. Néll, Prof. B. Dick
Institut fiir Physikalische und Theoretische Chemie, Universitct Regensburg
Universitdtsstrasse 31, 93053 Regensburg (Germany)
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of a LOV protein domain in which the cysteine residue of the
wild type has been replaced by the photochemically inactive
amino acid glycine. In the absence of the protein, the photore-
action between FMN and MM yields the fully reduced hydro-
quinone form FMNH, or the anion FMNH™ (Scheme 2).

'TMN —— °FMN CH,SH
hv 0,
FMN FMNH’ CH,S" ---- > CH,;SSCH,
e
FMNH FMNH
A1 o

a0
FMNH' HSCH,; =---- FMN "™ FMN +CH,S

SCH,

Scheme 2. Mechanism of the photoreaction of FMN with MM. Dotted
arrows indicate reactions outside the protein, the bold array marks the
specific reaction guided by the protein.

As a mold for the reaction the mutant LOV1-C57G of the
first LOV domain of the photoprotein of the green alga Chla-
mydomonas reinhardtii was prepared. In this protein the cys-
teine at position 57 is replaced by glycine. Irradiation of this
photoinactive mutant LOV1-C57G in the absence of reducing
agents leads to the formation of the triplet state of FMN as the
only intermediate, identified by the characteristic band at
715 nm.1"% This decays back to the ground state with a time
constant of about 5 ps in the presence of oxygen. When
oxygen is removed, the decay time increases to about 27 ps.
When [-mercaptoethanol (3-ME) is added and oxygen is re-
moved, irradiation leads to the formation of a new species
with absorption maxima at 575 and 615 nm which is assigned
to the neutral FMNH radical."®' Isosbestic points at 490.5,
389.5, 380.5, and 340.5 nm indicate that the reaction leads to a
single product (or a mixture of products with a fixed ratio):
When oxygen is admitted to the sample, the original spectrum
of FMN in LOV1-C57G is completely recovered.

Irradiation of FMN-loaded LOV1-C57G protein in the pres-
ence of MM (CH,SH) with light of 460 nm wavelength resulted
in bleaching of the flavin absorption bands as shown in
Figure 1. Three isosbestic points at 323.5, 375, and 403 nm in-
dicate that this reaction is also unique. Hence the data were
analyzed in terms of a two component model

A(At) = o &1(A) X, (1) + €0 £2(4) X2(1) (1)
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Figure 1. Top: Sequence of absorption spectra of LOV1-C57G with MM. Irra-
diation occurred in steps of 1.05 s duration, the last spectrum was recorded
after a total irradiation time of 16.6 s. Below: Spectra of reactant a and pro-
duct b extracted from the data by principal component analysis. Curve c is

the spectrum of the photoadduct in LOV1-wt.

where g,(1) and &,(1) are the absorption spectra of the reactant
and the product, ¢, is the initial concentration of the reactant,
and x,(t), x,(t) are the corresponding mole fractions. The result
of this deconvolution is shown in the bottom part of Figure 1.
The spectrum of the product has a single absorption band in
the near UV with a broad maximum at 379 nm. The spectrum
of the photoadduct of FMN and cysteine occuring in the wild-
type (that is, functioning) LOV domain is shown as curve . It
has a maximum at 390 nm. Based on the similarity of the spec-
tra we assign curve b to the photoadduct of MM and FMN
inside the LOV protein. This assignment is supported by the
CD spectra measured before and after irradiation. As seen in
Figure 2, these spectra are very similar to the corresponding
CD spectra measured for the dark state and adduct state of
wild-type LOV2."" The negative peak of the CD signal at
370 nm indicates that the corresponding species is chiral. As
flavin and MM are both nonchiral compounds, a reaction in
free solution would result in a nonchiral product.

The absorption band of the flavin chromophore recovers in
the dark on a time scale of about 10 h. The photoproduct de-
composes, one product being the original flavin. Attempts to
separate the photoadduct from the protein mold through de-
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Figure 2. CD-Spectra of the system LOV1-C57G + MM (full lines) and wild-
type LOV2 (dashed lines, adapted from ref. [11]) before (left) and after (right)
irradiation.

naturation with 1% of SDS or addition of urea lead to immedi-
ate appearance of the characteristic spectrum of free water sol-
vated FMN, showing broad bands and a loss of vibrational fine
structure. Apparently the photoadduct decomposes within sec-
onds when the protecting protein cage is removed. All at-
tempts to identify the species by mass spectrometry failed.
The mass spectrum of the reaction mixture, measured after re-
placement of the phosphate buffer by an ammonium acetate
buffer, did not show the pattern typical for the various ioniza-
tion states of a protein, and could hence not be deconvoluted.
We believe that this is due to the known strong tendency of
LOV domains to form dimers and higher aggregates. When the
reaction mixture was passed through a column immediately
before mass spectrometry analysis, the mass spectrum of the
protein was obtained, but the chromophore was lost.

Irradiation of a sample containing FMN and MM in the
absence of LOV protein leads to the spectrum of the doubly
reduced hydroquinone form of FMN as the only product
(Figure 3). When this reaction mixture is stirred in the presence
of air, the hydroquinone is immediately oxidized back to the
quinone form of FMN. On the other hand, oxygen does appa-
rently not disturb the adduct formation inside the protein. If
oxygen is removed from a sample of LOV1-C57G with MM
before irradiation, the photoadduct is still formed, but the
FMN semiquinone radical is observed as a byproduct. In the
presence of oxygen, this semiquinone radical is oxidized back
to the fully oxidized FMN, thus increasing the yield of the
adduct.

The thermal backreaction in LOV1-wt is catalyzed by a
base."” The instability of the photoadduct 2 might be due to
acid- or base-catalyzed decomposition. We performed ab initio
calculations at the RHF and DFT-B3LYP level with the 6-31G**

ChemBioChem 2008, 9, 861 - 864
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Figure 3. Sequence of absorption spectra of FMN in aqueous solution in the
presence of MM during photolysis with the light of a blue LED at 460 nm. Ir-
radiation occurred in steps of 5 s duration. The thick lines are the spectrum
of free FMN (a), spectrum of the hydroquinone (b, extrapolated from the
data).

basis set for the photoadduct as well as the N5-deprotonated
compound and the S-protonated compound using the
GAMESS"™ program. In these calculations the ribityl chain and
phosphate group of FMN were replaced by a methyl group,
that is, FMN was represented by lumiflavin. Whereas the struc-
ture of the neutral adduct could be optimized with either RHF
or DFT methods, no structure with a bond between C4a and S
could be obtained for the N5-deprotonated or S-protonated
species.

Our observations can be rationalized by the following reac-
tion mechanism (see Scheme 2): Irradiation at 460 nm excites
FMN to the first excited singlet state, which decays by intersys-
tem crossing to the lowest triplet state within a few ns.'” The
reactive triplet species *FMN abstracts a hydrogen atom from
CH,SH, leading to the product radicals CH;S" and FMNH'. This
reaction might occur in two separate steps, as the sequence of
an electron transfer and a proton transfer. Inside the protein,
the proton might be provided not by the species CH,SH'" but
by an amino acid residue, and the two radicals CH;S" and
FMNH" are not necessarily produced in close proximity. Hence,
in addition to the adduct formation by recombination of these
radicals, other reactions must be taken into account. Two CH,S’
radicals can recombine and form the stable disulfide CH;—SS—
CH,. In aerated solution, FMNH" is readily oxidized back to FMN
by molecular oxygen. Outside of the protein, two FMNH" radi-
cals can disproportionate into FMN and the fully reduced hy-
droquinone form. At pH 8 the latter will exist in the deproton-
ated form FMNH™. Disproportionation is not possible inside
the protein because of the constraints imposed upon the mini-
mum distance between two flavin units. Hence, if no CH,S" rad-
ical is available in the immediate neighborhood of the FMNH"
radical, the latter will accumulate as a byproduct. This is
indeed observed either after prolonged irradiation when all
oxygen in the solution has been consumed, or immediately
when the experiment is performed in oxygen free solution. If
two radicals RS" and FMNH" encounter, the adduct can be

ChemBioChem 2008, 9, 861 — 864
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formed. This is observed with MM, but not with BME. Appa-
rently, PME is too large to enter the binding pocket of the
FMN in the LOV protein. Protonation of the adduct at the
sulfur atom leads to spontaneous dissociation into CH;SH and
FMNH™ without barrier. Deprotonation of the adduct at N5 re-
sults in decomposition into FMN and the thiolate anion CH,S™,
again in a barrierless process.

The adduct postulated by us is a flavin derivative with a thi-
oalkyl residue at the C4a-position and a hydrogen atom at the
N5-position. We conclude that such compounds are only
stable in a protein cage but not in aqueous solution. There
are three reports on compounds with a bond between a sulfur
atom and C4a of a flavin."*'® In no case could the compound
be isolated, and one report has been questioned by later
work.'”? In summary, no evidence exists that the structural unit
2 is stable in aqueous solution. We propose that it is readily
hydrolyzed either by protonation at the sulfur atom or by de-
protonation at N5. However, it can be formed and stabilized
for many hours in the flavin binding pocket of a LOV protein
domain. We conclude that the protein not only plays a decisive
role in guiding the reaction towards this product, but also in
keeping it stable. We assume that the reaction proceeds along
the same mechanism as the cysteine adduct formation in the
wild-type protein, albeit with lower quantum yields and rate
constants. Although the semiquinone form of FMN was ob-
served under oxygen free reaction conditions, this is not yet
conclusive proof that it is an intermediate in adduct formation.
Time-resolved measurements are under way which will hope-
fully resolve this question.

Experimental Section

The mutated gene fragment of LOV1 was a kind gift of Prof. He-
gemann (Humboldt University Berlin). It was digested with EcoRlI
and Hindlll and cloned into the His-p2x-vector, which was derived
from the pMalp2x-vector (New England Biolab) by excising the
MBP-encoding segment and inserting a DNA sequence encoding
ten histidines into the EcoRl site. Then the fusion protein was ex-
pressed in E. coli strain BL21 and purified via a nickel-nitrilotriace-
tate (Ni-NTA) column according to the instructions of the supplier
(Quiagen, Hilden, Germany). The protein was diluted in 10 mm
phosphate buffer, pH 8, containing 10 mm NaCl, and 100 pm phe-
nylmethanesulfonyl fluoride. Saturated solutions of methylmercap-
tane (Aldrich) were prepared by bubbling through the buffer.

For irradiation two high-intensity LEDs (Conrad, Luxeon Ill Emitter
LXHL-PBO9) with a power of 1 W at 460 nm were mounted oppo-
site to each other and with a spacing of 1 cm to allow the insertion
of a standard quartz cuvette (rectangular cuvette: 10x2 mm). After
every irradiation step of 1-15s duration an absorption spectrum
was recorded with a Lambda 9 spectrophotometer (Perkin-Elmer).
The temperature was maintained at 20°C by a thermostat.

Mass spectra were obtained with a SSQ 7000 (Finnigan MAT)
equipped with an ESI source. A C4 column (50x2, 1 mm Vydac-
214TP, 5 Micrometer) was used in the GC-MS coupling.
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Involvement of Two Distinct N-Acetylglucosaminyltransferases and a Dual-
Function Deacetylase in Neomycin Biosynthesis

Kenichi Yokoyama,®' Yasuhito Yamamoto,” Fumitaka Kudo,"

and Tadashi Eguchi*®

Neomycin is one of the clinically important 2-deoxy- OH OH
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and inhibit protein synthesis" These compounds DOS (1) Ho—p e o N
have attracted attention through their potential as oH N-Ac paromamine (3) paromamine (4)

anti-HIV®? and antiplasmid® agents owing to their
unique nucleotide recognition ability. Structural di-

versification of aminoglycosides is therefore a promis- Hz

ing approach for the generation of novel bioactive H
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HO

AcHN
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compounds. Glycoside diversification by the use of S HN ring |
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glycosyltransferases is an attractive way to carry this OH o OH
out.”* However, in the biosynthetic pathway of ami- (|\,1\l::31|(‘:)) ring 11l
) . o
noglycosides,”” only a phosphoribosyltransferase has HO OH o of on o OH .
: . . . H .
been characterized, even though many putative gly- ribostamycin (5) WN&Q%JH HZNWH ring IV
cosyltransferase genes have been identified in the 0 6 7 (R=0H) o
H : 7 i oxidation
biosynthetic gen.e clusters. neomycin C:_| o tion
The only readily apparent glycosyltransferase gene (R=NH,,8)

in the neomycin biosynthetic gene cluster is neoD
(neo8).®” The deduced product (NeoD) belongs to
the GT4 family, members of which catalyze retaining
glycosyl transfer reactions with NDP-sugars.'” Com-
parative genetics has revealed that neoD-homologous genes
are conserved among all the reported gene clusters of DOS-
containing aminoglycosides, and are thus proposed to be in-
volved in the formation of a common biosynthetic intermedi-
ate, paromamine (4, Scheme 1).! Recently, 2'-N-acetylparoma-
mine (3) was proposed to be a biosynthetic intermediate
according to the deacetylase activity toward 3 of BtrD, an
enzyme encoded in the butirosin biosynthetic gene cluster.™
Thus, NeoD was presumed to catalyze N-acetylglucosaminyla-
tion of DOS. To confirm the function of NeoD, the enzymatic
activity of the recombinant NeoD protein was investigated.
NeoD was co-expressed with molecular chaperone GroES
and GroEL in E. coli to increase the amount of soluble protein
(Figure 1A)."” Because NeoD showed low binding affinity for
any kind of resin, even Ni affinity resin when expressed as a
His-tagged protein, the cell-free extract of E. coli expressing
NeoD was used for enzymatic assays. After incubating re-
combinant NeoD with UDP-GIcNAc and DOS, enzyme reaction
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Scheme 1. Sequential glycosylation and deacetylation steps in neomycin biosynthesis.

A) B) C)
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50 50 = 50 ;

-
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25 e S ! 26 - . 25 =
M1 2 M1 23 4 M 12

Figure 1. SDS-PAGE of enzymes used. A) Lane 1: cell-free extract of E. coli
BL21(DE3) harboring pREP4-groESL and pET21neoD; lane 2: cell-free extract
of E. coli BL21(DE3) harboring pREP4-groESL and empty pET21a vector.

B) Lane 1: cell-free extract of E. coli BL21(DE3) expressing NeoK; lane 2: NeoK
after DEAE Sepharose column chromatography; lane 3: NeoK after chroma-
tography with Superdex Hi-Load 200; lane 4: NeoK after MonoQ chroma-
tography. C) Lane 1: cell-free extract of E. coli BL21(DE3) expressing NeoL;
lane 2: NeoL purified with TALON resin. Lanes M: molecular weight markers.

products were treated with 2,4-dinitrofluorobenzene (DNFB),
and the derivatives were analyzed by HPLC. As a result, about
80% of DOS was consumed, and a new product was observed
at a retention time of 18 min (Figure 2A). This peak was not
observed in a control reaction with the cell-free extract of
E. coli harboring an empty plasmid (Figure 2B). The new peak
showed m/z 696.4 by LC-ESIMS analysis, indicating that bis-
(2,4-dinitrophenyl)-3 (IM—H]~ 696.3) was produced. The NeoD
reaction product was further isolated from a large-scale
enzyme reaction (4 mL) and its structure was confirmed by
NMR and FABMS to be 3 (Supporting Information). Another
possible glycosyl donor, UDP-glucose, and other possible gly-
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Figure 2. HPLC results of the DNP-derivatized enzyme reaction products;
elution was monitored at 350 nm. A) NeoD reaction with UDP-GIcNAc (2)
and DOS (1); B) as in (A), but without NeoD; C) NeoL reaction with N-acetyl-
paromamine (3); D) as in (C), but without NeoL; E) NeoK reaction with UDP-
GlcNAc (2) and 5; F) as in (E), but without NeoK; G) NeoL reaction with 6;
H) as in (G), but without NeoL. See Experimental Section for HPLC condi-
tions.

cosyl acceptors, paromamine, neamine, and ribostamycin were
not accepted. These results clearly show that NeoD catalyzes
the glycosylation of DOS with UDP-GIcNACc to give 3 in neomy-
cin biosynthesis.

The biosynthesis of neomycin requires another hexose trans-
fer step for the formation of the second neosamine moiety,
ring IV. The inability of NeoD to catalyze the glycosylation of ri-
bostamycin indicated the presence of another glycosyltransfer-
ase. The putative biosynthetic gene clusters for structurally re-
lated aminoglycosides, paromomycin (par, AJ628955) and livid-
omycin (/iv, AJ748832), have been identified from the produc-
ing microorganisms. Comparison of these gene clusters with
that of neomycin revealed two conserved genes, neoK (neo15)
and neoH (neo12), indicating their involvement in the biosyn-
thesis of the common ring IV structure. NeoH showed moder-
ate sequence homology to radical SAM (S-adenosyl-L-methio-
nine) proteins and is thus presumed to catalyze epimerization
or oxidation to modify the ring IV. In contrast, NeoK showed
low similarities (<20%) to the C-terminal 150 amino acids of
uncharacterized glycosyltransferases in the GT4 family. Thus,
we investigated the function of NeoK as a potential glycosyl-
transferase involved in the attachment of ring IV.

The NeoK protein expressed in E. coli was purified to homo-
geneity by DEAE Sepharose column chromatography, gel filtra-
tion, and MonoQ column chromatography until it became a
single band in SDS-PAGE (Figure 1B). Purified NeoK was then
incubated with ribostamycin and UDP-GIcNAc. LC-ESIMS analy-
sis of the 2,4-dinitrophenyl (DNP) derivative of the enzyme
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reaction products showed the generation of a new peak with
m/z 1320.5 and m/z 1486.4 corresponding to the tetra- and
penta-DNP-2""-N-acetyl-6""-deamino-6"'-hydroxyneomycin C (6,
Figure 2E). These peaks were not observed in the reaction
without NeoK, ribostamycin, or UDP-GIcNAc, and also in the re-
action with the cell-free extract of E. coli harboring the empty
plasmid. The penta-DNP 6 might be derived through a DNP
derivatization of the primary alcohol of ring IV. To further con-
firm the function of NeoK, the reaction product was isolated
from the large-scale NeoK reaction using 10 mg ribostamycin
and excess UDP-GIcNAc (15 mg), and the structure was deter-
mined by NMR and FABMS. From 'H NMR, the presence of the
GIcNAc moiety was confirmed by observation of a singlet acet-
amide methyl proton signal at 2.2 ppm (3H) and a characteris-
tic double doublet for H2”" at 3.8 ppm. The signal for the
anomeric proton of the GIcNAc moiety had a coupling con-
stant of J=3.6 Hz, suggesting an a-glycosidic linkage. The sub-
stituted position was confirmed by long-range coupling be-
tween H1”" (4.85 ppm) and C3” (84.5 ppm) observed in the
HMBC spectrum. These results unambiguously showed that
the NeoK reaction product was 6 and prove that NeoK is a gly-
cosyltransferase that catalyzes the retaining glycosylation of
ribostamycin with UDP-GIcNAc as a sugar donor to generate 6.
Enzyme assays in the presence of various metals revealed
NeoK to use divalent metal cations such as Mg** and Mn?",
whereas Zn** and Cu?* completely inhibited the reaction, pos-
sibly through metal exchange or allosteric effects (Figure 3).

140 -
120 |
100
80 |
60 |

40 |

relative activity /%

20 |

Mg Ca Mn Co N Cu 2Zn — EDTA

Figure 3. Metal requirement of NeoK. NeoK (1.5 um) was incubated with
UDP-GIcNACc (2.5 mm) and ribostamycin (2.5 mm) at 28°C for 4 h in the ab-
sence (-) or presence of 2 mm divalent metal ions, or 10 mm EDTA as indi-
cated.

NeoK and its homologous proteins do not belong to any of
the known glycosyltransferase families on the CAZY website
(http://www.cazy.org/index.htm|)™ and therefore constitute a
new glycosyltransferase family. According to the secondary
structure prediction by 3D position-specific scoring matrix,!'¥
NeoK has moderate similarity in its secondary structure with
GT-B-fold glycosyltransferases,"” GtfD,"® and MurG."® GT-B-
fold glycosyltransferases generally have NDP-sugar binding
sites mainly in their C-terminal domain."” Partial similarity in
the C-terminal sequence of NeoK with GT4 glycosyltransferas-
es, which also have a GT-B fold, may indicate a similar binding
mode for the NDP-sugar. On the other hand, N-terminal do-

ChemBioChem 2008, 9, 865 - 869



www.chembiochem.org



mains of GT-B-fold glycosyltransferases are generally responsi-
ble for the binding of the sugar acceptor. The characteristic se-
quence of the N-terminal domain of NeoK could be associated
with its recognition of the characteristic structure of ribostamy-
cin (Supporting Information).

Functional characterization of NeoD and NeoK as N-acetyl-
glucosaminyltransferases indicated the presence of two deace-
tylation steps. However, only one BtrD-homologous deacety-
lase, NeolL, was encoded in the neo gene cluster, indicating re-
petitive use of NeoL. Thus, NeoL was expressed in E. coli as an
N-terminal Hiss-tagged protein to confirm the deacetylation
activity toward 3 and 6. Neol was purified with TALON cobalt
affinity resin (Figure 1C) and incubated with 3 or 6. As a result,
both substrates were efficiently consumed, and a new peak
with m/z 820.3 was generated by the reaction with 3 (Fig-
ure 2C) and a peak with m/z 1444.2 was generated by the re-
action with 6 (Figure 2G), which correspond to the DNP deriva-
tives of 4 and 6"’-deamino-6""-hydroxyneomycin C (7), respec-
tively. Furthermore, the reaction products were isolated and
confirmed to be 4 and 7, respectively, by NMR and FABMS. In
both cases, the methyl proton signals of the acetamide group
present in the NMR spectra of both substrates disappeared,
and the signals for 2'-H or 2'’-H shifted ~1 ppm upfield from
those of the substrates, showing that the acetamide groups
were converted into amino groups. These results clearly prove
that NeoL is a deacetylase that recognizes both 3 and 6 as
substrates.

The substrate recognition mechanism of NeolL is an intrigu-
ing issue, as NeoL seems to recognize strictly the N-acetylglu-
cosamine moiety of aminoglycosides. In the biosynthesis of
neomycin, aminotransferases NeoB (Neo6) and NeoN (Neo18)
were also reported to work repetitively to generate DOS and
two neosamine C moieties, respectively.””'® On the other hand,
NeoD and NeoK strictly recognize sugar acceptors in the glyco-
sylation events. Accurate substrate recognition by these en-
zymes could be necessary for the construction of the charac-
teristic framework of neomycins. Knowledge of these relaxed
and strict substrate recognition properties toward similar sub-
strates would be valuable for the future modulation of enzyme
substrate specificities.

In conclusion, we have characterized two glycosyltransferas-
es and a repetitively working deacetylase involved in neomycin
biosynthesis. The combination of N-acetylglucosaminylation
and subsequent deacetylation can also be observed in the
biosynthesis of other secondary metabolites," indicating its
generality in the biosynthesis of glucosamine-containing sec-
ondary metabolites. Notably, NeoK was characterized as a
member of a novel family of glycosyltransferase. This finding
may indicate that many other glycosyltransferases remain to
be discovered which could find potential use as tools for gly-
coside diversification.

Experimental Section

Expression of NeoD, NeoK, and NeoL: The neoD, neoK, and neol
genes were amplified by PCR using cosmid cfra10® as a template
to introduce an Ndel/Hindlll restriction site into the neoD and neoK
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gene fragments and an Ndel/Xhol restriction site into the neol
gene fragment. After confirmation of the DNA sequences, each
gene was introduced into corresponding overexpression vectors as
follows: The neoD gene was introduced into the Ndel/Hindlll site
of the pET21a plasmid to obtain pET21neoD. The neoK gene was
introduced into the Ndel/Hindlll site of the pET30b plasmid to
obtain pET30neoK. The neol gene was introduced into the Ndel/
Xhol site of pColdl plasmid (Takara) to obtain pColdneoL. The con-
structed plasmids were separately introduced into E. coli BL21-
(DE3). In the case of NeoD, E. coli BL21(DE3) was transformed with
pET21neoD and pREP4-groESL"? for co-expression of NeoD with
the molecular chaperone. The E. coli BL21(DE3) carrying the expres-
sion plasmids were grown at 37 °C until ODgy,~0.6-1.0. The expres-
sion was induced by the addition of isopropyl-3-p-thiogalactopyra-
noside (IPTG, 0.2 mm), and the culture was continued at 15°C for
24 h. The cells were harvested by centrifugation and stored at
—30°C until use.

Enzyme preparation: The wet cells of the E. coli expressing NeoD,
NeoK, or NeolL were suspended in a 10-fold excess of buffer A
(HEPES-NaOH (pH 7.0, 50 mm), 10% glycerol) and disrupted by
sonication. Cell-free extract was prepared by removing cell debris
by centrifugation at 15000 rpm for 30 min at 4°C. The cell-free ex-
tract was directly used for the NeoD reaction. NeoK and NeoL were
further purified as follows.

NeoK was first purified with DEAE Sepharose Fast Flow (Amersham
Biosciences) column chromatography by a linear gradient of NaCl
(0-0.25 ™) in buffer B (Tris-HCI (pH 8.0, 50 mm), 10% glycerol). The
fractions containing NeoK were combined, concentrated, and
loaded onto a Superdex Hi-load 200 gel filtration column (Pharma-
cia Biotech) equilibrated with buffer B containing NaCl (100 mm).
The NeoK obtained was further applied to a MonoQ column (Phar-
macia Biotech) equilibrated with buffer B and eluted by a linear
gradient of 60—160 mm NaCl in buffer B. The purified NeoK was
concentrated, and the buffer was exchanged to buffer A by pas-
sage through a 5-mL HiTrap desalting column (Pharmacia Biotech).

Cell-free extract containing NeoL was applied to TALON cobalt af-
finity resin, washed with imidazole (20 mwm), and eluted by imida-
zole (200 mwm) in buffer A. Because NeoL was strongly adsorbed to
the membrane filter, the imidazole was removed by ammonium
sulfate precipitation.

Enzyme assays: Glycosyltransferase assays: NeoD-containing cell-
free E. coli extract (20 pL) or purified NeoK (9.3 um) was incubated
with a sugar acceptor (DOS, paromamine, neamine, or ribostamy-
cin, 3 mm) and a sugar donor (UDP-Glc, UDP-GIcNAc, or UDP-glu-
cosamine, 3 mMm) in HEPES-NaOH (pH 7.0, 50 mm), 10% glycerol,
MgCl, (2 mm) (final volume: 40 pL) at 28°C for 12 h.

Deacetylase assays: NeoL (8.0 um) was incubated with N-acetylpar-
omamine (5mm, 3) or 2"-N-acetyl-6""-deamino-6"'-hydroxyneo-
mycin C (5 mm, 6) in HEPES-NaOH (pH 7.0, 50 mm), 10% glycerol,
MgCl, (2 mwm) (final volume: 40 uL). Compounds 3 and 6 were pre-
pared by the use of NeoD and NeoK, respectively, as described
below.

Following all enzymatic reactions, ethanol (40 uL) was added to
the reaction mixture, and the precipitant was removed by centrifu-
gation. DNP derivatization of products was performed using pub-
lished a method® with slight modifications. An aliquot of the su-
pernatant (20 pL) was treated with 5% 2,4-dinitrofluorobenzene in
methanol (20 pL), DMSO (10 pL), and 2m NaOH (2 ulL) at 60°C for
1 h. The reaction mixture was extracted with ethyl acetate (500 pL).
After removal of the solvent by a centrifugal evaporator, the resi-

867

www.chembiochem.org



www.chembiochem.org



BIO

due was dissolved in methanol (100 pL) and analyzed by HPLC and
LC-ESIMS.

HPLC analysis: HPLC was performed on an L-6250 Intelligent
Pump instrument (Hitachi) equipped with an L-4000H UV detector
(Hitachi) and a D-2500 Chromato-Integrator (Hitachi). An aliquot of
the solution (5 pL) was injected into the HPLC system equipped
with a Pegasil ODS column (4.6x250 mm, Senshu). The elution
was made by a linear gradient of 60—80% aqueous methanol
(30 min, 1 mLmin™") to analyze 3, and 50—60% aqueous acetoni-
trile (30 min, 1 mLmin~") to analyze the other aminoglycosides.
The elution was monitored at 350 nm.

LC-ESIMS analysis: LC-ESIMS analysis was performed on an LCQ
mass spectrometer (Finnigan) coupled with Nanospace HPLC (Shi-
seido) equipped with a Nanospace SE-1 UV detector (Shiseido). An
aliquot of the solution (2 uL) was injected into the HPLC system
equipped with an RP-18 GP column (Kanto). For the analysis of 3,
the elution was made by 10% aqueous methanol for 10 min, fol-
lowed by a linear gradient of 50—80% aqueous methanol for
35 min at a flow rate of 50 uLmin~". For the analyses of the other
aminoglycosides, the elution was made by 10% aqueous acetoni-
trile for 5 min, followed by a linear gradient of 50—80% aqueous
acetonitrile for 40 min at a flow rate of 50 uLmin~". The elution
was monitored at 350 nm. The ESI mass spectrometer was operat-
ed in the negative-ion mode

Metal requirement of NeoK: NeoK (1.5 pm) was treated with di-
valent metals (MgCl,, CaCl,, MnCl,, CoCl,, NiCl,, CuCl,, ZnCl,, 2 mm)
or EDTA (10 mm) at room temperature for 0.5 h. NeoK was then in-
cubated with UDP-GIcNAc (2.5 mm) and ribostamycin (2.5 mm) at
28°C for 4 h.

Isolation of N-acetylparomamine (3) by large-scale NeoD reac-
tion: The cell-free extract of E. coli expressing NeoD (4 mL) was
incubated with DOS (5 mm, 3 mg) and UDP-GIcNAc (8 mm, 20 mg)
at 28°C for 12 h. The reaction was quenched by the addition of
ethanol (4 mL) and centrifuged at 15000 rpm for 20 min. The su-
pernatant was then passed through a DOWEX AG1X8 (OH™ form)
column and unbound compounds were collected. The collected
solution was neutralized with AcOH and applied to Amberlite
CG50 (NH,* form). The column was washed with aqueous NH,OH
(50 mm) followed by elution with aqueous NH,OH (1 ™). Solvent
was removed in vacuo by a rotary evaporator and the counteran-
ion was exchanged to SO, by passing through a DOWEX AG1X8
(50,2~ form) column to obtain N-acetylparomamine sulfate
(3.5 mg) as colorless powder. '"H NMR (400 MHz, D,0): 6=1.38 (q,
J=12.7 Hz, 1H, H-2,), 1.90 (s, 3H, Ac), 2.09 (dt, J=4.2, 12.7 Hz, 1H,
H-2.,), 295 (m, 2H, H-1, H-3), 3.27 (t, J=9.3 Hz, TH, H-6), 3.30 (t,
J=9.4Hz, 1H, H-4), 3.35 (t, J=9.3 Hz, 1H, H-4'), 3.43 (t, J=9.3 Hz,
1H, H-5), 3.59-3.64 (m, 2H, H-3', H-6"), 3.71 (m, TH, H-5), 3.76 (dd,
J=20, 12.0 Hz, 1H, H-6'), 3.83 (dd, J=3.8, 10.9 Hz, 1H, H-2), 5.11
(d, J=3.7Hz, 1H, H-1); ®CNMR (100 MHz, D,0): 6=21.9, 31.5,
494, 50.2, 53.8, 60.6, 69.9, 70.8, 73.0, 74.0, 75.2, 84.9, 98.8, 174.3;
HR FABMS: m/z [M+H]" 366.1888, calcd for C,,H,s05N;: 366.1877.

Isolation of 2"’-N-acetyl-6"'-deamino-6""-hydroxyneomycin C (6)
by large-scale NeoK reaction. Purified NeoK (10 um, 1.1 mg) was
incubated with ribostamycin sulfate (5.1 mm, 10.0 mg) and UDP-
GIcNAc (7.7 mMm, 15.0 mg) in HEPES-NaOH (50 mm, pH 7.0, 3 mL),
10% glycerol, MgCl, (2 mm) at 28°C for 12 h. The enzyme reaction
product was purified by the same procedure used to isolate N-
acetylparomamine described above. 2’-N-acetyl-6""-deamino-6""'-
hydroxyneomycin C sulfate (9.3 mg) was obtained as colorless
powder. "H NMR (500 MHz, D,0): =124 (q, J=12.5 Hz, TH, H-2,)),
1.96 (m, 4H, Ac, H-2,,), 2.82 (m, 2H, H-1, H-2'), 2.9 (ddd, J=4.1, 9.5,

868

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

12.3 Hz, 1H, H-3), 3.01 (dd, J=7.4, 13.5Hz, 1H, H-6'), 3.22 (dd, J=
3.0, 13.5 Hz, 1H, H-6'), 3.28 (t, J=9.5 Hz, 1H, H-6), 3.29 (t, J=9.5 Hz,
1H, H-4), 3.43 (t, J=9.5 Hz, 1H, H-4), 3.44 (t, J=9.3 Hz, 1H, H-4"),
3.58-3.89 (m, 10H, H-3', H-5, H-5", H-2"", H-3"", H-5"", H-6""), 4.08
(dt, J=3.0, 6.2 Hz, 1H, H-4"), 4.15 (dd, J=5.0, 7.0 Hz, 1H, H-3"),
4.23 (dd, J=2.0, 48 Hz, 1H, H-2"), 493 (d, J=3.6 Hz, 1H, H-1"),
5.30 (d, J=2.1 Hz, 1H, H-1"), 5.55 (d, J=3.7 Hz, 1H, H-1"); *C NMR
(125 MHz, D,0): 6=21.9, 34.4, 40.9, 49.8, 50.3, 53.5, 55.0, 60.4, 61.6,
69.8, 70.4, 70.6, 71.3, 72.2, 72.6, 73.1, 74.6, 76.5, 80.8, 81.1, 84.5,
96.9, 97.9, 109.3, 174.4; HR FABMS: m/z [M+H]" 658.3131, calcd for
CysH,450,5Ns: 658.3147.

Isolation of paromamine (4) by large-scale NeoL reaction: Puri-
fied NeoL (2.0 um, 0.13 mg) was incubated with N-acetylparoma-
mine sulfate (2.7 mm, 25mg) in 2mL 50 mm HEPES-NaOH
(pH 7.0), 10% glycerol at 28°C for 12 h. The enzyme reaction prod-
uct was purified by the same procedure used to isolate N-acetyl-
paromamine described above, to obtain paromamine sulfate
(2.3 mg) as colorless powder. '"H NMR (500 MHz, D,0): 6 =1.44 (q,
J=125Hz, 1H, H-2,), 214 (dt, J=4.1, 125 Hz, TH, H-2,), 2.97-
3.08 (m, 3H, H-1, H-3, H-2), 3.35-3.41 (m, 3H, H-5, H-6, H-4'), 3.51
(t, /=93 Hz, 1H, H-4), 3.64-3.72 (m, 2H, H-3', H-6'), 3.78-3.81 (m,
2H, H-5, H-6), 533 (d, J=4.0Hz, 1H, H-1); “CNMR (125 MHz,
D,0): 6=31.8, 49.0, 50.3, 54.7, 60.4, 69.6, 71.5, 73.1, 73.8, 75.2, 84.8,
98.9; HR FABMS: m/z [M+H]* 324.1783 calcd for C;,H,c0;N;:
324.1771.

Isolation of 6’-deamino-6""-hydroxyneomycin C (7) by large
scale NeolL reaction. Purified NeoL (2.0 um, 0.19 mg) was incubat-
ed with 2"-N-acetyl-6"-deamino-6""-hydroxyneomycin C sulfate
(5.0 mm, 14.0 mg) in HEPES-NaOH (50 mm, pH 7.0, 3 mL), 10% glyc-
erol at 28°C for 12 h. The enzyme reaction product was purified by
the same procedure used to isolate N-acetylparomamine described
above to obtain 6"-deamino-6"'-hydroxyneomycin C sulfate
(13.7 mg) as a colorless powder. 'H NMR (500 MHz, D,0): 6 =1.33
(@, J=12.7 Hz, TH, H-2,), 2.02 (dt, J=4.2, 12.7 Hz, 1H, H-2.), 2.8
(dd, J=3.6, 10.3 Hz, TH, H-2""), 2.91-2.96 (m, 3H, H-1, H-3, H-2'),
3.08 (dd, J=7.5, 13.5 Hz, 1H, H-6'), 3.28 (dd, J=3.4, 13.6 Hz, 1H, H-
6'), 3.31 (t, J=9.5Hz, 1H, H-4'), 3.35 (t, J=9.6 Hz, TH, H-4""), 3.38
(t, J=9.5Hz, 1H, H-6), 349 (t, J=94Hz, 1H, H-4), 3.56 (t, J=
9.7 Hz, 1H, H-3"), 3.59-3.72 (m, 5H, H-5, H-3', H-5", H-5"", H-6""),
3.78 (dd, J=2.2, 124 Hz, 1H, H-6""), 3.82 (dd, J=2.8, 124 Hz, 1H,
H-5"), 3.92 (ddd, /=33, 7.5, 9.8 Hz, 1H, H-5), 4.09 (dt, J=238,
6.1 Hz, 1H, H-4"), 419 (dd, J=4.8, 6.9 Hz, 1H, H-3"), 429 (dd, J=
2.0, 47 Hz, 1H, H-2"), 5.00 (d, J/=4.6Hz, 1H, H-1"), 531 (d, J=
1.9 Hz, 1H, H-1"), 5.63 (d, J=3.7 Hz, 1H, H-1); PCNMR (125 MHz,
D,0): 6=33.1, 40.5, 49.4, 50.4, 54.61, 54.64, 60.4, 61.3, 69.4, 69.6,
71.1, 71.2, 72,9, 73.3, 74.8, 75.1, 80.0, 80.9, 84.8, 97.1, 98.4, 109.5;
HR FABMS: m/z [M+H]* 616.3017, calcd for Cy3H,s0,,Ns: 616.3041.
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70S Ribosomes Bind to Shine-Dalgarno Sequences without Required

Dissociations

Shuntaro Takahashi,” Ryoko Akita,® Hisao Matsuno,® Hiroyuki Furusawa,” Yoshihiro Shimizu,” Takuya Ueda,”

and Yoshio Okahata*™

In all living systems, proteins are synthesized on ribosomes by
translating sequences of mRNA. Translation processes are com-
plex and highly regulated by various translation factors togeth-
er with ribosomes. It is known that translation initiation is the
most dynamic step in building an initiation complex composed
of a ribosome, mRNA, and an initiator tRNA."? In bacteria, it is
thought that the 70S ribosome must dissociate into a 30S and
50S subunit triggered by initiation factors to interact with
mRNA. It is generally accepted that the free 30S ribosomal sub-
unit binds to a Shine-Dalgarno (SD) sequence, a 3-10 nucleo-
tide purine-rich sequence (for example, AGGAGG), on a mRNA
in the first step of the initiation translation, and then the 50S
subunit is recruited to the mRNA-30S complex with an initiator
tRNA on an AUG start codon downstream of the SD se-
quence.” On the other hand, the preassembled 70S ribosome
can translate only a leaderless mRNA lacking the SD sequence
with an AUG start codon at the 5" terminus of the mRNA.™*! Al-
though most free ribosomes exist in the 70S form under phys-
iological conditions,”” very few studies have investigated the
binding of 70S to a mRNA with a SD sequence.” The inter-
action of the intact 70S ribosome with the SD sequence has
either been overlooked or not established in the literature.

In this communication, we report that the intact 70S ribo-
some can bind directly to mRNA with the SD and AUG sequen-
ces without a required dissociation. Binding kinetics were stud-
ied using a mRNA-immobilized 27 MHz quartz-crystal micro-
balance (QCM; Figure 1), which is known to be a very sensitive
mass measuring device in aqueous solutions. QCM resonance
frequencies decrease linearly upon mass increases on the QCM
electrode to the nanogram level.” Calibrations of the 27 MHz
QCM in aqueous solutions are described in the Supporting In-
formation (S1), and 1 Hz of frequency decrease was calibrated
as an increase in 0.18 ngcm™2 of ribosomes in aqueous solu-

70S ribosome

@ ﬁ fMet-tRNAMet

27-MHz QCM Koff

Stirring bar

(8| [ Biotinylated mRNA

T T~ [—NeutrAvidin
—

27-MHz QCM

AFFINIX Q4

Figure 1. Experimental setup for measuring the binding kinetics of ribo-
somes (705, 505, 30S, and crosslinked 70S) with/without fMet-tRNA™® to a
biotinylated mRNA-NeutrAvidin-immobilized 27-MHz quartz-crystal micro-
balance (QCM, AFFINIX Q4) in aqueous solutions.

by methionyl-tRNA synthetase and then formylated by me-
thionyl-tRNA formyltransferase.”” mRNAs were prepared by in
vitro transcription using a T7 RNA polymerase. For biotinyla-
tion of the 3’ terminus of the mRNA, the transcript was oxi-
dized with NalO, and then modified with biotin hydrazide. We
prepared several kinds of biotinylated mRNAs with SD + AUG
or SD+UUG sequences, the mRNA without the SD sequence
(non-SD), the mRNA in which the SD sequence is hybridized
with the antisense DNA (anti-SD), and the mRNA in which a 5'-
untranslated region (5-UTR) is hybridized with the antisense
DNA (anti-UTR). The sequence of the transcripts are shown in

tion.

E. coli 70S ribosomes and 30S and 50S ribosomal subunits
were prepared and purified as described previously.” Initiator
tRNAs (tRNA™) were prepared from an overexpressed strain
and purified.” fMet-tRNA™* was enzymatically methionylated
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Table 1, and preparation methods of mRNA and the sequence
of antisense DNAs are described in the Supporting Information
(S2 and S3). AFFINIX Q4 with four 500 pL cells equipped with a
27 MHz QCM plate at the bottom of each cell was used as a
QCM instrument.”® Biotinylated mRNA was linked by avidin-
biotin interactions on a QCM plate covered with NeutrAvidin™
as previously reported.”* After immobilization of mRNA, ribo-
somes were injected into aqueous buffer (10 mm HEPES-KOH,
pH 7.3, 100 mm NH,CI, 5 mm Mg(OAc),, 0.5 mm CaCl,, 25°C) in
a QCM cell. Experimental procedures are described in the Sup-
porting Information (S4).

Figure 2 A shows typical time courses of frequency decreases
(mass increases) corresponding to additions of 30S, 50S, and
70S ribosomes in aqueous solutions. The 30S subunit showed
relative binding to mRNA with SD and AUG sequences (SD +
AUG), but the 50S subunit showed little specific binding. The

870 % InterScience © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2008, 9, 870 - 873





Table 1. Kinetic parameters for binding of ribosomes to mRNA-immobilized on a 27 MHz QCM.?!
Run  Combination® Am,,. Molar ratio of K, Kon Kot
[ng cm™?] 70S versus 30S  [10’m '] [10*m~'s] [107*s7]
5 SD AUG ¢
1 (SD+AUG), 30S Z@ﬂw 48+8 1 56+1.5(62)9 16+5 27428
(508)
2 (SD+AUG), 508 5Ir=\—5'—=-°ﬂﬂ - - <01 - -
SDAUG -
5' 70S 52 @
3 (SD+AUG), 70S —_— ) 110415 0.8 43+1.0 (6.8) 18+7 26429
4 (non-sD), 70 s & IN\Ww Fom - - <01 - -
non-SD
\wr
5' AU I
5  305-(SD+AUG), 505 L:\S%?EG:W ﬂﬂ 91+16 12 04+0.1 - _
6  antisD-(SD+AUG) 705 5__J \tS_DAHG “Jm - - <0.1 - -
anti-SD
5' 70S <
7 antiUTR-(SD + AUG), 70S s — 3 48+3 0.4 12+2.0 - -
anti-UTR
5 -
8 (SD+AUG), 70S +tRNA |=—.—=:—0;ﬂﬂ 120+9 0.9 10£1.6 - -
9 (SD+UUG), 70S+tRNA  ° — ﬂﬂ 144454 1.1 26412 - -
10 (SD+AUG), cross-70S @\'SD AUG w - <0.1 - -
e ——
n (AUG), cross-70S % -—Qﬂﬂ 130+161 1.0 27445 (9.2)9 5.0+4.0 54+1.7
[a] 10 mm HEPES-KOH, pH 7.3, 100 mm NH,CI, 5 mm Mg(OAc), 0.5 mm CaCl,, 25°C. [b] Sequences of mRNA. SD + AUG: 5-GGGAGAUUCCCCAUGAUAA-
CAUGGAUUCACAGGAGGCACAAUACAUGAAAAACUAGUCCGGGUACCGAGCUCGAAUU-3, SD+UUG: 5-GGGAGAUUCCCCAUGAUAACAUGGAUUCACAGG-
AGGCACAAUACUUGAAAAACUAGUCCGGGUACCGAGCUCGAAUU-3', non-SD: 5-GGGAGAUUCCCCAUGAUAACAUGGAUUCACUCACGCCACAAUACAUGAAA-
AACUAGUCCGGGUACCGAGCUCGAAUU-3, AUG: 5-GAUGAGCACAAAAAAGAAACCAUUAACACAAGAGCAGCUUGAGGACGCACGUCGCCUUAAAGCAAUUUA-
UGGGAAUU-3'. [c] Association constants determined from k. /Kq.

70S ribosome unexpectedly bound to the internal SD se-
quence, because it has been accepted that only the free 30S
subunit can bind to the internal SD sequence.*® 70S and 30S
showed little specific binding to the mRNA without the SD se-
quence (non-SD; see Run 4 in Table 1). When the concentration
of ribosomes was increased, saturation binding behaviors were
observed (Figure 2B) and the maximum amount bound
(Am,,,,) and the association constant (K,) were obtained from
curve fitting analyses of Figure 2B. The results are summarized
in Table 1, together with the binding rate constant (k,,) and
the dissociation rate constant (k.z), which were obtained from
curve fitting binding time courses as in Figure 2 A" Although
the Am,,,, value of the 70S was larger than that of the 30S, the
molar ratio of the maximum bound 70S and 30S was calculat-
ed to be 1.04+0.2 considering their molecular weights (2520
and 930 kDa, respectively (Runs 1 and 3 in Table 1).

ChemBioChem 2008, 9, 870873
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With these results, we considered cautiously two models of
70S binding onto the mRNA: 1) the 70S ribosome could bind
directly to mRNA without dissociating into each subunit or
2) the 30S subunit, which might exist as an equilibrium mixture
of the 70S ribosome, binds first to the mRNA and then the 50S
subunit binds to the 30S-bound mRNA. To examine the possi-
bility of the second binding route, we added several experi-
ments. Dissociations of 70S to each subunit of 50S and 30S
have been known to decrease with the increase of Mg?™ ions
and the binding constant has been estimated to be approxi-
mately 10°m~" in the presence of 5 mm Mg(OAc),." In our ex-
periments, 2-25 nm of the 70S ribosome was used in the pres-
ence of 5mmMg?™ ions, which indicates that the population
of the free 30S subunit is negligibly small. In addition, binding
amounts of 70S to the mRNA did not increase when the Mg**
concentrations increased from 5 to 50 mm. This indicates that

871

www.chembiochem.org



www.chembiochem.org



BIO

A)
¢ [Ribosome] = 2 nm
' © 0
i T @ 4
20 | 3 "\t g,
- Porg,, O |4 2
AF/Hz \ e
0 | %
% 8
\'ebwt‘mm&ti%
0 5 10 15 20
t/mn ——
B) 90 |-
Am/ng cm™

0 5 10 15 20 25

[Ribosome] / nM ———»

Figure 2. A) Typical time courses of frequency decreases (mass increases) of
the mRNA (SD + AUG)-immobilized QCM, responding to the addition of

2 nm of ribosomes, and B) their saturation binding curves. Bindings of a) 70S
ribosome to mRNA, b) 30S subunit to mRNA, c) 50S subunit to mRNA, and
d) 50S subunit to the 30S-bound mRNA (10 mm HEPES-KOH, pH 7.3, 100 mm
NH,Cl, 5 mm Mg(OAc),, 0.5 mm CaCl,, 25 °Q).

5 mm of Mg ions is enough to diminish the free 305 (see the
Supporting Information S5 and Figure S1). The maximum
amount of 70S bound to the mRNA was not affected in the
presence of tenfold excess of 50S, which decreases the popula-
tion of free 30S in an equilibrium mixture of 70S (see Support-
ing Information S6 and Figure S2). These results indicate that
the direct binding of 30S is negligible under these conditions.
As shown in Figure 2, curve d, 50S hardly bound to the 30S-
bound mRNA. The K, value of 50S to the 30S-mRNA complex
was found to be 4x 10°m~", which was tenfold lower than K,=
43x%x10°m~" of 70S to the mRNA (Run 5, in Table 1). Therefore,
the second binding route (the recombination of 50S onto the
30S-bound mRNA) is excludable.

To confirm whether the 70S ribosome formed the ribosome-
mRNA complex properly, we observed the 70S binding in the
presence of the initiator tRNAs (see the Supporting Informa-
tion S7 and Figure S3). The K, value of the 70S ribosome
(Run 3: 43x10°’M™") increased more than twice in the pres-
ence of fMet-tRNA™ that recognizes the AUG start codon
(Run 8: 10x 10’ m™"). The K, value of the 70S ribosome showed
a large decrease (Run9: 26x10’m™") in the case of mRNA
with UUG sequences instead of AUGs, which cannot be recog-
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nized by fMet-tRNA™<', These results also support the hypothe-
sis that the intact 70S ribosome can include fMet-tRNA™¢ and
recognize both the SD sequence and the AUG start codon
without the ribosome dissociating into its subunits.

We further dissected the binding mode of 70S to the SD se-
quence on mRNA. It is generally considered that the 30S sub-
unit laterally binds to the internal SD sequence on mRNA, and
that the 70S ribosome can only bind to leaderless mRNA with
an AUG start codon at the 5’ terminus and translates through
sliding along the mRNA from its 5" terminus.? In our experi-
ments, the 70S ribosome could not bind to the SD sequence
blocked with antisense DNA (anti-SD, Run 6 in Table 1), but
showed a specific binding capability to mRNA whose 5-UTR
was blocked with anti-UTR DNA (Run 7). The aforementioned
results indicate that the intact 70S ribosome and the 30S sub-
unit cannot bind to the 5’ terminus and then slide to the inter-
nal SD sequence, but can hold laterally to the SD sequence. X-
ray structural studies showed that 70S ribosomes have a cleft
at the interface of each subunit.™ Thus, the anti-SD in 70S
ribosome could bind to the internal SD sequence that would
pass this cleft laterally without ribosomal dissociation.

To verify this hypothesis, we prepared a crosslinked 70S ribo-
some, which was reported to not translate mRNA with an
internal SD sequence, but to synthesize proteins from mRNA
from an AUG start codon at the 5’ terminus.”'? The cross-
linked 70S hardly bound to the internal SD sequence (Run 10
in Table 1), but could bind to the 5’ terminus of the AUG
sequence with fMet-tRNA™* (Run 11). These results imply that
the crosslinked 70S ribosome can only access the 5 terminus
of the 5" AUG sequence via short sliding, and cannot bind to
the internal SD sequence due to blocking from the crosslinker
that prevents the lateral binding of mRNA to the ribosomal
cleft. Both the k,, and k. values for the binding of the cross-
linked 70S ribosome to the 5 terminus of the AUG sequence
were three times lower than those for the binding of the
normal 70S ribosome to the internal SD sequence (Runs 11
and 3, respectively). These results support the suppositions
that the lateral-binding mode of the 70S ribosome is faster
than the terminal-binding mode of the crosslinked ribosome,
and that the intact 70S ribosome can bind to the internal SD
sequence laterally with a binding rate similar to that of the
free 30S subunit (Runs 3 and 1, respectively).

In conclusion, we first propose that the intact 70S ribosome
can bind laterally to internal mMRNA SD sequences without dis-
sociating into each subunit as an additional pathway to form
an initiation complex, in addition to the general pathway
where the free 30S ribosome binds to the SD sequence. The
present study shows that 70S ribosomes fundamentally have a
binding ability to mRNA without initiation factors such as IF3,
which would be required in the absence of initiation factors in
evolution history. In fact, the 70S ribosome-mRNA complex
can start translation in the absence of initiation factors.” This
indicates that 70S can potentially translate the programmed
mRNA without initiation factors. We speculate that IF3 can
adjust a position of mMRNA and tRNA of a 70S-tRNA-mRNA
complex and helps to translate efficiently without subunit dis-
sociation. We are now studying biochemically the translation

ChemBioChem 2008, 9, 870-873
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process from the 70S-mRNA complex. The QCM technique is
useful to determine these complicated molecular interactions
by measuring binding kinetics and absolute bound amounts
(ratio) to the nanogram level.
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Novel Insight into Inhibitor Binding of Highly Symmetric HIV-1 Protease

Jorg Wollmann, Christiane Baumert, German Erlenkamp, Wolfgang Sippl, and Andreas Hilgeroth*

Retroviral proteases such as HIV protease belong to the family
of aspartic proteases. They consist of two identical polypeptide
chains with a centered active site cavity." The crystal structure
of HIV protease proved to have a complete C,-symmetry of
this active site cavity with enzyme subsites S1/S1” and S2/52'.2
Peptide derived inhibitors of HIV protease have been devel-
oped from the natural HIV peptide substrate origin or from
known inhibitors of other aspartic proteases. Some approaches
have been carried out to develop nonpeptidic HIV-1 protease
inhibitors which promised better oral bioavailability compared
to the peptidic compounds.®* The class of cyclic ureas 1 fol-
lowed the principle of C,-symmetry which was thought to be
favorable with respect to a symmetric binding of these com-
pounds to the symmetrically arranged enzyme subsites.” The

introduction of a hydroxy group into the original N-benzyl
functions R which bind to the S2/52’ subsites increased activity
and in the case of structurally related azacyclic ureas the N-
benzyl substitution patterns have been extended to corre-
sponding methoxy functions. Both functional groups showed
hydrogen bonding to the amide functions of the protein back-
bone.”! However, these changes in the substitution patterns of
the aromatic N-benzyl residues R in cyclic urea template 1 did
not increase the poor bioavailability of the early structures.
The substituents which bind to the S1/51' region remained un-
changed with both being benzylic substituents.

We developed highly symmetrically built nonpeptidic HIV
protease inhibitors 2 which possess totally C,-symmetric prop-
erties. As we failed to cocrystallize HIV protease and one of our
early compounds with NH, N-acyloxy, and N-alkyl substituents
so far, we decided to approach to the improvement of inhibi-
tor affinities to the target enzyme by analyzing structure-activ-
ity relationships with respect to the cyclic urea type. We used
the best compound of our early derivatives with N-benzyl sub-
stitution in compound 2, H17," as a template to introduce
functional groups within the aromatic phenyl substituents
which may serve as hydrogen bond acceptor functions, that is,
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methoxy groups and nitrogen atoms, as well as hydrogen
bond donor functions such as hydroxy groups for the enzyme
subsites. With the determined affinity constants K;, the binding
mode to the enzyme subsites will be discussed in comparison
to the binding mode of the urea type.

1,4-Dihydropyridines 3 have been prepared either by a cy-
clocondensation reaction of an aromatic aldehyde, ethyl pro-
piolate, and an amine compound in acetic acid® or in the case
of the N-picolyl derivative 3d by an alkylation reaction of the
NH 1,4-dihydropyridine via the generated 1,4-dihydropyridine
anion. Cage dimers 4 have been given by a solution dimeriza-
tion reaction of the 1,4-dihydropyridine monomers on excita-
tion of the 1,4-dihydropyridine chromophore at wavelengths
A>270 nm by [2+2] cyclocondensation reactions. Alcoholic
target compounds 5 were yielded by ester group reductions at
low temperatures with lithium aluminum hydride. The hydrox-
yphenyl derivatives 5h and i have been given from the benzyl
protected precursors. In the case of compound 5h the removal
of the protection group succeeded by the use of lithium alumi-
num hydride, whereas in the case of derivative 5i, thioanisole
in trifluoroacetic acid has been used.”

In the first series of novel HIV protease inhibitors 5 a-d we
introduced a pyridyl residue into our cage dimeric skeleton by
the replacement of the original phenyl moieties R' and R? of
the monomeric adducts 3 (Scheme 1). Such a pyridyl function
with the free nitrogen electron pair promised hydrogen bond-
ing possibilities to the protein backbone of either the S1/5S1" or
the S2/S2" subsites of the enzyme. In the series of cyclic ureas
the S2/S2' subsites proved to accommodate lipophilic substitu-
ents with possibilities to increase binding affinities by the in-
troduction of hydrogen bonding meta substituents whereas
para substituents of the residues R in cyclic urea template 1
were less promising.”’ We decided to place the pyridyl nitro-

EtO,
o R O OPEL
< 0 R?
EtO
|
RZ)
3 4
R' R’
b a 3-pyridyl ~ Ph
— b 4pyridyl Ph
c P 3-pyridyl
d Ph 4-pyridyl
e 4-MeOPh Ph
f Ph  4.MeOPh
[¢] 4-MeOPh 4-MeOPh
h 3-HOPh Ph
i

4-HOPh Ph

Scheme 1. General synthesis of target compounds 5. A) hv, 2> 270 nm, THF,
6 weeks, 25°C; B) LiAlH, (2 equiv), THF, 24 h, —8°C.
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gen atom both into the meta and the para position of the
phenylic moieties in compounds 5a and b with R' = 3-pyridyl
and 4-pyridyl, respectively.

Affinity constants indicated that the meta positioning of the
nitrogen in the 3-pyridyl substituted compound 5a is more fa-
vorable than the para positioning in compound 5b (Table 1).

Table 1. HIV protease affinity constants of cage dimers.”!

Compd K [um] Compd K [um]
5a 1.8+0.4 5b 47+1.0
5c 25+09 5d 47+16
5e 25+9.0 5f 57£1.0
59 0.7£0.9 5h 0.6£0.1
5i 83+£20 H17 7.8+2.0

[a] Mean of two determinations.

The same sensitivity of the hydrogen bonding substitution in
either the meta or the para position of the aromatic R' residue
was also found for corresponding hydroxyphenyl residues R’
with the meta substitution in the 3-hydroxyphenyl residue in
derivative 5h and a resulting affinity constant of 0.6 um, being
more favorable than the para substitution in the 4-hydroxy-
phenyl residue with a resulting affinity constant of 8.3 um in
derivative 5i. The differences in activity from the meta to the
para substituted aromatic residues suggested a binding to the
S2/S2’ subsites of the enzyme because we have comparable
substitution patterns of our aromatic residues as in the corre-
sponding cyclic urea compounds with meta as well as para
substituted phenyl residues R which bind to the S2/52" sub-
sites and unsubstituted benzyl substituents which bind to the
S1/51’ subsites.”™

To further investigate the binding mode of the derivatives
we carried out docking studies with the energetically mini-
mized starting structures of constructed compounds 5a and
5b and compared it with the X-ray structure of azacyclic urea
A-98881 (Figure 1B-D). The interaction of the 3-OCH,/4-OH
substituents of A-98881 with the backbone NH groups of
Asp29, Asp30, Asp29’, and Asp30’ (52/S2’ subsites) is shown in
Figure 1B. The inhibitor's hydroxy oxygens in the S2/52" sub-
sites make hydrogen bonds to the backbone NH groups of
Asp30/30. The distances between the methoxy oxygens and
the backbone NH functions of Asp29/29’ are slightly longer
with 3.3 and 3.4 A but still suggestive of significant hydrogen
bonding interactions. In the docking results, the central cage
dimeric 1,4-dihydropyridine unit of all inhibitors has an orienta-
tion between the active site aspartates, Asp25/25’, and the flap
11e50/50" residues which is similar to the binding mode ob-
served for the cyclic urea A-98881.

Surprisingly, we found an increased binding strength of 5a
that can be explained by the establishment of two hydrogen
bonds between the pyridine nitrogens and two water mole-
cules which are bound to the carboxylate and backbone NH
functions of Asp29/Asp29’. These two water molecules have
been already recognized as binding partners for HIV protease
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inhibitors.”™ Only for 5a (and not for 5b) the nitrogen atoms
are in close proximity to the two water molecules affiliated
with Asp29/29’ (Figure 1C and 1D). Thus, compound 5a
shows an unexpected subsite binding different from the cyclic
ureas. It is interesting to note, that in the case of compound
5i, the docking solution suggested that the 3-hydroxy groups
replace the affiliated waters and make direct hydrogen bonds
to Asp29/29’ resulting in an increasing of the inhibitor affinity
(docking solution not shown). Also, the meta position is neces-
sary to establish the hydrogen bonds towards Asp29/29'.

We then replaced the N-benzyl substituent in our target
compounds by a picolyl substituent. We positioned the nitro-
gen atom again in both the meta and para position of the aro-
matic residue in compound 5¢ and d with R?=3-pyridyl and
4-pyridyl, respectively. The determined affinity constants to HIV
protease were surprising. Again we found similar differences in
the enzyme affinities between the meta nitrogen positioning
in compound 5c¢ and the para positioning in compound 5d
with each being less active compared to the compounds with
the pyridyl residue positioning in compound 5a and 5b, re-
spectively. To closer investigate the binding mode of these
compounds of lowered activities compared to compounds 5a
and 5b we again docked the minimized structures to the
enzyme subsites of HIV protease (Figure 1E).

Interestingly, we found a binding mode different from the
pyridyl substituted derivatives with a binding of the picolyl res-
idues to the S1/S1’ subsites of the enzyme. The comparably
lowered affinities of 5¢ and 5d may result from the lack of a
hydrogen bond to the backbone region of Asp29/29" and
Asp30/30 (distance greater than 4.5 A). So the picolyl residues
with the additional methylene functions are preferably found
within the S1/S1’ binding pocket without showing hydrogen
bonding.

So the results of the docking studies show that correspond-
ing positioned hydrogen bond acceptor functions within aro-
matic residues do not result in similar binding properties to
the enzyme subsites.

To further investigate the subsite directed inhibitor binding
properties of HIV protease we evaluated the effect of an intro-
duced methoxy function as potential hydrogen bond acceptor
function into the para position of both the phenyl and the N-
benzyl function of the cage dimeric skeleton 2. Methoxy func-
tions in azacyclic ureas such as in A-98881 were reported to
cause increased inhibitor activities by binding to the S$2/52
enzyme subsite whereas the benzylic substituents bind to the
S1/51" subsite.”

The introduction of the methoxy function into the phenyl
substituent R' in compound 5e led to a decrease in inhibitory
activity compared to the unsubstituted phenyl derivative H17
with a K; value of 7.8 um." The decrease in activity suggests a
binding of the aromatic residue of compound 5e to the S1/51’
region of the enzyme, because if the methoxyphenyl function
would bind to the S2/5S2’ subsite an increase in activity would
have been expected compared to the unsubstituted phenyl
derivative H17. Docking studies confirmed this assumption
with a binding of the methoxyphenyl residue to the S1/S1’
subsite as shown in Figure 1F.
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The introduction of the methoxy function into the N-benzyl
substituent in compound 5 f was comparably more favorable
with a K; value of 5.7 um,”” so that it may be concluded that
the methoxy benzyl substituted residue R? binds to the $2/52'
subsite of the enzyme similiar to the cyclic urea compounds.
This was again confirmed by docking of the compound to the
enzyme’s subsites (Figure 1G). The binding of the N-methoxy-
benzyl substituent to the S2/52’ subsite may also be preferred
because of the larger space demand of this substituent com-
pared to the methoxyphenyl substituent.

We then introduced the methoxy function into the para po-
sition of both the phenyl and the benzylic functions in com-
pound 5g. Surprisingly, this compound exhibits the almost
highest affinity constant in the nanomolar range. It may be
concluded that the completely substituted derivative with the
highest degree of symmetry is favorable with respect to a to-
tally symmetric binding to the active site cavity of HIV pro-
tease. This contradicts many previous observations which sug-
gested that the the binding mode of nonsymmetrical inhibi-
tors were much more advantagous with respect to their higher
affinity for the active site cavity of HIV protease.”'™ Docking
studies show that the totally symmetric substitution patterns
in derivative 5g lead to a most favorable binding of the com-
pound with possible hydrogen bonding of the methoxy func-
tions to the NH functions of the amino acids Asp29/29’ (dis-
tance 3.1-3.2 A) and Asp30/30’ (distance 3.4-3.5 A) within the
S2/S2’ subsite (Figure 1G).

We reported interesting observations: The inhibitor binding
towards HIV protease subsites is determined not in the first
place by the possibility of hydrogen bonding of functional
groups but by additional relevant steric effects. This could be
demonstrated by our series of compounds in which we conse-
quently placed hydrogen bond acceptor/donator functions in
substituents which could bind to both the S1/S1’and the S2/
S2’ subsite. As our results were supported by docking studies
this method is a valuable tool to further substitute our com-
pounds and thus increase activity. The highest activity of the
totally symmetric structure could be explained by the docking
studies whereas structural features did not suggest the ob-
served improved activity.

Experimental Section

Target compound synthesis: Selected monomer 3a was given by
a cyclocondensation reaction of pyridine 3-carbaldehyde (1.07 g,
10 mmol), ethyl propiolate (1.96 g, 20 mmol), and benzyl amine
(1.05 g, 10 mmol) in freshly distilled acetic acid (1 mL).”’ Hydrolysis
work up procedure of the cyclocondensation product 3a which
has been given after stirring in a water bath for 1 h followed ex-

traction with chloroform, drying over sodium sulfate and, finally,
removal of the organic layer. Spectral data of selected compound
3a: '"HNMR (CDCly): 6=1.16 (t, J=7.2 Hz, 6H; COOCH,CH,), 4.04
(g, J=7.2 Hz, 4H; COOCH,CH,), 4.60 (s, 2H; NCH,), 5.03 (s, 1H; 4-
H), 7.26-7.29 (m, 4H; 2-, 6-H of Ph, 2-, 6-H), 7.37-7.45 (m, 4H; 5-H
of pyr, 3-, 4-, 5-H of Ph), 8.00 (s br, TH; 6-H of pyr), 8.41 (d, J=
5.3 Hz, TH; 4-H of pyr), 8.56 (s, 1H; 2-H of pyr); IR (ATR): v=1696
(CO), 1582 (N-C=C-CO); MS (ESI) m/z (%): 415 (100) [M+H]*. Alkyla-
tion of the corresponding N-unsubstituted monomer (0.93 g,
3.1 mmol) with picolyl bromide hydrobromide (0.56 g, 9.3 mmol) in
dry dimethylpropylene urea (DMPU) after N-hydrogen abstraction
using a sevenfold excess of sodium hydride (0.52 g, 21.7 mmol)
yielded compound 3d after work up procedure with ice water hy-
drolysis, filtration of the precipitating oil, and purifying by column
chromatography over silica gel using an eluent mixture of chloro-
form/acetic acid ethyl ester/methanol (75:25:5).

Selected monomer derivative 3a (0.50 g, 1.2 mmol) has been dis-
solved in dry THF (30 mL) in a quarz flask. Irradiation was carried
out under nitrogen atmosphere using Ultra Vitalux lamps® at wave-
lengths A > 270 nm with an irradiation distance of 60 cm.””’ During
irradiation, cage dimer 4a crystallized from the solution and irradi-
ation was continued until no more starting compound could be
detected by TLC. During evaporation of the solvent under atmos-
phere pressure the isolated yields of the dimer 4a were collected
and recrystallized from alcohol. Spectral data of selected com-
pound 4a: 'HNMR (CDCly): 8=1.01 (t, J=7.2Hz, 12H;
COOCH,CHs), 4.00 (q, J=7.2 Hz, 8H; COOCH,CH,), 4.27 (s, 2H; 6-,
12-H), 4.28 (s, 4H; 2-, 4-, 8-, 10-H), 4.45 (s, 4H; NCH,), 6.97 (dd, J=
8.1, 5.0 Hz, 2H; 5-H of pyr), 7.27-7.32 (m, 10H; ArH of Ph), 7.78 (d,
J=28.1Hz, 2H; 6-H of pyr), 8.36 (d, J=5.0 Hz, 2H; 4-H of pyr), 8.42
(s, 2H; 2-H of pyr); IR (ATR): v=1721 (CO); MS(ESI) m/z (%): 785
(100) [M-+H]™.

Selected cage dimer 4a (0.05 g, 0.07 mmol) was dissolved in dry
THF (20 mL) under warming. After stirring at RT for 1 h the solution
was cooled to —8°C and a twofold molar excess of lithium alumi-
num hydride (1 M solution in THF) was added dropwise. After addi-
tional stirring at the low temperature the solution was diluted with
ice water at 0°C and extracted with chloroform for several times.
The organic layer was then dried over sodium sulfate and filtered.
After evaporation to dryness the oily residue was dissolved in
chloroform. Diethylether and petrol ether (bp 30-50°C) were
added dropwise until dimming. The resulting precipitating crystal-
line alcoholic compound 5a was recrystallized from methanol.
Spectral data of compound 5a: 'H NMR ([Dg]DMSO): 6 =2.95 (s,
4H; 2-, 4-, 8-, 10-H), 3.00 (ABX, J=10.2, 4.3 Hz, 4H; CHzOH), 3.18
(ABX, J=10.2, 43 Hz, 4H; CH,OH), 3.71 (s, 2H; 6-, 12-H), 4.13 (s,
4H; NCH,), 452 (t, J=43 Hz, 4H; OH), 6.94 (dd, /=8.2, 6.5 Hz, 1H;
5-H of pyr), 7.12 (d, J=6.5 Hz, 1H; 6-H of pyr), 7.25 (m, 3H; 5-H of
pyr, 4-H of Ph), 7.36 (m, 8H; 2-, 3-, 5-, 6-H of Ph), 7.68 (d, /=6.5 Hz,
1H; 6-H of pyr), 8.06 (d, J=8.2Hz, 1H; 4-H of pyr), 8.25 (d, J=
8.2 Hz, 1H; 4-H of pyr), 8.30, 8.43 (2 x s, 2H; 2-H of pyr); IR (ATR):
v=3250 (OH); MS(ESI) m/z (%): 617 (100) [M+H]".

Figure 1. A) GOLD docking solutions for A-98881 and the inhibitors under study. Only the important amino acid residues Asp25/25’, Asp29/29', and Asp30/30’
are displayed. Nitrogen atoms are colored dark gray, whereas oxygen atoms are colored gray. Hydrogen bonds between the inhibitors and the enzyme are
shown as red dashed lines. B) A-98881 shows hydrogen bonds to the backbone NH functions of Asp29/29" and Asp30/30’. C) Favorable docking solutions for
5a were obtained when considering two conserved water molecules (indicated as balls). The meta pyridyl nitrogen makes hydrogen bonds to the water mol-
ecules. D) Docking solution for 5b where no hydrogen bonds to the water molecules are observed. E) Comparison of the docking solutions for 5¢ (light gray
carbon atoms) and 5d (dark gray carbon atoms), where the picolyl residues are located in the S1/51" subsite. F) Docking solution for 5e. The methoxyphenyl
substituents are located in the S1/51" subsites where no hydrogen bonding possibilities exist. G) Comparison of the docking solutions for 5 f (white carbon
atoms) and 59 (light gray carbon atoms). Only in case of 5g the 4-methoxy groups are located close to the backbone NH functions of Asp29/Asp29’ and

Asp30/Asp30'.
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HIV protease affinity: K; values have been determined by the use
of the IC,, values of competitive HIV protease inhibition in a fluo-
rescence assay with a fluorogenic HIV protease substrate hexa-
peptide, Abz (2-aminobenzoic acid)-Thr-lle-Nle-Ph(p-NO,)-GIn-Arg-
NH," and the measurement of increased fluorescence upon
cleavage at 410 nm. Assays were carried out in buffer solutions at
pH 6.25 after preincubation of protease and varying inhibitor con-
centrations.

Docking study: All calculations were performed on a Pentium IV
1.8 GHz based Linux cluster. The molecular structures of the inhibi-
tors were generated using the MOE modeling package (Chemical
Computing Group)."? The structures were energy minimized using
the implemented MMFF94 s force field and the conjugate gradient
method, until the default derivative convergence criterion of
0.01 kcalmol™'A~" was met. The PDB entry 1PRO was chosen as a
starting point for the docking studies since the co-crystallized
cyclic urea inhibitor A-98881 in this X-ray crystal structure most
closely resembled the compounds under investigation. In advance
of docking the novel inhibitors into the binding pocket it was first
tested whether the docking program GOLD 3.2"¥ is able to repro-
duce the experimentally observed binding mode of A-98881. The
inhibitor structures were docked within a sphere (radius 15 A)
around amino acid Asp25. All torsion angles in each compound
were allowed to rotate freely. Goldscore was chosen as the fitness
function. For each molecule, 30 docking runs were performed. The
top-ranked poses for each ligand were retained and analyzed
together with the HIV-1 protein structure within MOE (Chemical
Computing Group). The top ranked docking solution showed an
rmsd value of 0.35 (heavy atoms), which indicated an excellent re-
production of the binding mode in the crystal structure (data not
shown). This result gave confidence for using GOLD for the dock-
ing of the novel HIV protease inhibitors. Compounds 5a-5i were
subsequently docked to the active site of HIV-1 protease as de-
scribed above. The resulting GOLD solutions were clustered on the
basis of the heavy atom rmsd values (1 A). The top-ranked poses
for each ligand were retained and analyzed using the MOE soft-
ware.
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Different Hydration Changes Accompanying Copper and Zinc Binding to
Amyloid f3-Peptide: Water Contribution to Metal Binding

Haijia Yu, Jinsong Ren, and Xiaogang Qu*®

The pathological hallmark of Alzheimer’s disease (AD) is the
accumulation of extracellular amyloid plaques.™ The primary
component of the plaques,” amyloid B-peptide (AB) is a met-
alloprotein. Both copper and zinc can bind to Af and the
levels of copper and zinc in the amyloid plaques are heavily in-
creased and considered related to AP toxicity.** Recent NMR™
and EPR® studies on the full-

length AP have suggested that

used to calculate the binding constants according to a 1:1
model.F>'%'7) The sample was excited at 278 nm and the fluo-
rescence emission spectrum was recorded. Typical data for
Cu®" and Zn’" binding to A in the absence or presence of an
osmolyte (betaine) are shown in Figure 1A and B. From the
preliminary data, the apparent binding constants can be esti-

copper and zinc binding to Ap A) 104
cause deprotonation. Theoretical 084
calculations also show that T ‘
copper binding results in release < 06
of water.” Therefore, it is impor- -
tant for deciphering the role of 0‘4'| . .
metal ions in AD to uncover the
. (5,91 B) 104
hydration  changes®™ upon
metal binding to AP. However, T 08+
to our knowledge, there is no ©
report to show how hydration & 061
changes occur upon copper and
zinc binding to AP. Herein we 0-4'| . .

report that both copper and zinc
binding to AP} cause dehydration
and their hydration changes
were different as studied by the
osmotic stress method. Zinc
binding causes water molecules
to be released more than twice
as much as copper binding and
leads to even more destabilised
and aggregation prone A than
following copper binding.

The osmotic stress method has been widely used as a direct
in vitro probe to quantify hydration changes accompanying
drug binding to DNA"®™ Ca?* binding to protein,"™ and
DNA-protein interactions. We and others have shown that
hydration changes are related to drug properties."" In the
present study, we choose three commonly used osmolytes—
sucrose, betaine, and triethylene glycol—whose size and physi-
cochemical properties differ.’®™ Fluorescence titrations were
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Figure 1. Binding isotherms for the interaction of Ap with Cu®>* (m) and Zn?* (e) in 20 mwm Tris buffer in the ab-
sence A) or presence B) of osmolyte (0.5 m betaine). The Af peptide concentration was fixed at 3 um in the titra-
tions and 1:1 binding model was used to fit the fluorescence titration data. The sample was excited at 278 nm
and the emission spectra were recorded. Details as described in experimental section. Experimental errors were
12% and 18% for Cu** and Zn?", respectively. C) Relationship between the binding constant and the osmolyte
concentration. In(K/K,), the change in binding free energy was plotted against solution osmolality. Data for Cu
binding were shown as filled symbols. Data from Zn?* binding were shown as open symbols. The different sym-
bols indicate different osmolytes: triethylene glycol (m,0); betaine (®,0); sucrose (A,A).

2+

mated under our conditions. In the absence of osmolyte, the
apparent binding constants were 4.6x10°m~' and 5.9x10°m™"
for Cu®* and Zn?", respectively, in agreement with previous re-
ports that apparent dissociation constants in Tris buffer are in
the micromolar range."®'” Intriguingly, the apparent AP bind-
ing constants for Cu** and Zn?" were both significantly in-
creased (Figure 1A and B) in the presence of betaine that per-
turbs water activity. The apparent binding constants for Cu**
and Zn’" binding to AP in the presence of three osmolytes
(sucrose, betaine, and triethylene glycol) at several different os-
molalities were determined (Figure 1C). Clearly, the apparent
binding constants were increased with an increase in the os-
molyte concentration and the three osmolytes exerted similar
effects on the binding constants within experimental errors,
showing that decreasing water activity enhanced Cu?* and
Zn’* binding to AP. The solid lines through the data in Fig-
ure 1C were obtained by global fits to the data for all three
different osmolytes used. From the slopes of the least-squares
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lines, it is possible to quantify the involvement of water in the
metal-Af interaction. Assuming that the osmolytes are exclud-
ed from the vicinity of AB, which was supported by the similar
effects of three different osmolytes,"®™ the change in hydra-
tion is given by the equation:'®"

dln (K,/K,)/0[0sm] = —An,,/55.5.

Where In(K/K,) is the change in binding free energy, “Osm”
is the osmolality of the solution, and An,, is the difference in
the number of bound water molecules between the complex
and free reactants. In contrast with small drug binding to
DNA,"®™ the positive slopes of the best-fit lines in Figure 1 in-
dicate that An, is negative, showing that water is released
upon complex formation. Within experimental errors, the An,,
values are —84(£9) for Cu** and —177(£20) for Zn**, showing
that a large number of water molecules were released upon
metal binding.

Up till now, hydration contribution to metal binding to AB
has not been considered. The entropy of releasing the ordered
water molecules to bulk solvation is favourable for the com-
plex formation. The value of the AS hydration term was calcu-
lated™' by this equation: ASgarion=1.3+0.4 calK™"mol™"x
An,, where 1.340.4 calK 'mol™" is the average difference be-
tween the partial molar entropy of water in the bulk state and
water in the hydration shells of amino acid residues at 298 K,
and An,, is the estimates for the number of water molecules
released to the bulk state upon the binding of Cu®>" and zZn®*
to AP. The estimated values are 109435 and 230+
72 calK"'mol™" for Cu®" and Zn?* binding, respectively. The
hydration contributions to the binding free energy, TASyqation
are 32.5+10.4, and 68.5+22.4 kcalmol™" for Cu®** and Zn?*",
respectively (Table 1). These values are fourfold and eightfold
larger than the net metal-Ap binding free energy change,
AG,=-7.7 (Cu*™) and
—7.9 kcalmol™ (Zn*"), showing
that hydration is playing an im-
portant role in controlling Cu?*
and Zn?* binding to AP.

Many AP NMR signals ranged
from E3-V18 which are not just
limited to the coordination sites
of His6, His13, and His14,
become too weak to detect.
This is because of metal induced
deprotonation,”) and indicates
that metal binding may disrupt
the protein hydration shell. The-
oretical calculation” shows that
both Cu*" and AP release water

Ellipticity/ mdeg ——

release cannot originate from water dehydration of the metal
only.?” The major contribution may come from the AP and/or
metal-induced AB conformational transition.*”

Different dehydration changes may be due to the different
properties of Cu’™ and Zn”". Previous studies have shown that
the two metal ions have different binding modes to AB: Cu**
coordinates to the Nmt atom of a histidine residue, whereas
Zn’* ligates to the Nt atom; Cu*" binding™ is more pH de-
pendent than Zn?*. We found that bis-ANS fluorescence was
significantly enhanced and underwent a blue shift upon Zn**
binding to AP. However, bis-ANS fluorescence hardly changed
for Cu>* binding to AB or AB alone (see Figure S1 in the Sup-
porting Information), indicating that the AB-Zn>* complex is
more hydrophobic®” and compact as shown in our CD studies
(Figure 2 A). This was in accordance with size-exclusion chro-
matography and pulse field gradient NMR diffusion results
which show that the radius of the AB-Zn>* complex is smaller
and its structure is more compact than with copper binding.”?
These differences may cause more water molecules to be re-
leased upon Zn?* binding.

Water is an integral part of protein structure. Water release
would influence protein stability and conformation. As shown
in Figure S2, Zn binding caused A to be even more destabi-

Table 1. Summary of metal binding free energy change and hydration
contribution to the binding at 25 °C.

Metal-AB AG,® An, TAShyaration™
Complex [kcal mol™'] [kcal mol™"]
Cu**-AB -7.7 —84+9 32.5+104
Zn**-AB -7.9 —177+£M 68.5+224

[al AG,=—RTInK; [b] ASpdaton=1.3£0.4 calk-'mol™" (the average differ-
ence between the partial molar entropy of water in the bulk state and
water in the hydration shells of amino acid residues) x An,, at 298 K.

1001

Aggregation/%
N B O ®
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molecules when the complex is L L L

¢ o h | 190 200 210 220
ormed, indicating that a large 2/nm
number of water released can

be the sum of the release from
metal ions, AP, and metal-in-
duced AP conformational transi-

tion. The large number of water AR ratio at 2:1.
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Figure 2. A) Far ultraviolet CD spectra of AP in the absence (black squares) or presence of metal ions. At 1:2 ratio
of M**/AB: Cu*" (e); Zn*" (A); At 1:1 ratio: Cu** (0); Zn>* (). AB1-40 concentration was 50 um in Tris buffer.
Effect of metal ions on the aggregation of AB: B) Total aggregation of A} measured by OD,,, assay; C) Turbidity
analysis performed by monitoring the absorption at 405 nm; D) The enhanced ThT fluorescence at 482 nm. M?*/
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lised than Cu binding, and made Af more aggregation prone.
This was consistent with the fact that more water molecules
were released upon Zn’" binding. Our CD data of AP before
and after Cu*™ and Zn?*" binding also indicated that Zn*"
binding had a stronger effect on AP conformation although
both Cu?* and Zn*" could regulate the secondary structure of
AP (Figure 2 A). Additional experiments with the OD214 assay
and turbidity analysis (Figure 2B and C) showed that both
Cu®" and Zn’* accelerated AP aggregation in several hours
after incubation at 37°C in comparison with A} alone, consis-
tent with our previous results.”® Cu®*- or Zn**-induced aggre-
gate was not a fibrous structure. This was supported by no
fluorescence enhancement of ThT (a commonly used specific
fluorescence dye for detection of fibrous structure formation)
upon Cu?* or Zn’* binding compared to AP alone (Figure 2D),
consistent with our AFM morphology studies in the absence or
presence of Cu** or Zn** (Figure S3). We have carried out the
aggregation and ThT assays with the same stoichiometry of
metal to AP as the CD studies (Figure S4-S6). There was no
ThT fluorescence enhancement observed for both metal ions.
AB aggregations in the absence or presence of Cu?" and Zn?*
can be described as follows (Scheme 1): Cu®* and Zn** bind-

A/\/ Slow ) ) )
AP Monomers Fibrillar aggregates
H,0 | Metal At oy = -84
ARy gy = =177

e .. &

Scheme 1. Representative illustration of A} aggregation in the absence or
presence of metal ions.

Nonfibrillar Aggregates

ing induced an Af} conformational transition, released a large
amount of water molecules by forming a Cu**- or Zn**-Ap in-
termediate,”? followed by rapid AB nonfibrillar amorphous ag-
gregations. However, in the absence of Cu?" and Zn?", the ag-
gregation of AP is a nucleation-dependent process®¥ and the
ordered fibrils characterised by [-sheet conformation were
formed in several days.”® Cu*" or Zn?" induced AP destabilisa-
tion and rapid aggregation show that the less stable Cu®>"- or
Zn*"-Ap intermediate® is more prone to aggregate than AB
itself.

There is increasing evidence to show metal ions playing an
important role in AD. Physiological levels of copper and zinc
can accelerate AP aggregation,” and trace levels of copper
and zinc may initiate seeding and oligomerisation of AB.*
Metal chelation has been considered as a potential therapy for
Alzheimer’s disease and used in clinical trials.”*”" Dehydration
occurs upon Zn*" or Cu’" binding to AP and Zn’" binding
causes even more water molecules to be released. These re-
sults indicate that water is a participant involved in metal-Ap
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interactions and hydration plays a dominant role in metal
binding. This would provide new insight to decipher the role
of metal ions in Alzheimer’s disease.

Experimental Section

Materials: Triethylene glycol, betaine, sucrose, and 1,1,1,3,3,3-hexa-
fluoropropan-2-ol (HFIP) were obtained from Acros Organics. Zinc
chloride, copper chloride, 4,4'-dianilino-1,10-binaphthyl-5,5"-disul-
fonic acid (bis-ANS), and thioflavin T (ThT) were purchased from
Sigma.

Sample preparation: AP40 was purchased from Sigma (lot
no0.091K49551) and prepared as previously described.”® The AB40
peptide was first dissolved in 1,1,1,3,3,3-hexafluoropropan-2-ol
(HFIP) at the concentration of 1 mgmL™". The solution was shaken
at 4°C for 2 h in a sealed vial for further dissolution and was then
stored at —20°C as a stock solution. Before use, the solvent HFIP
was removed by evaporation under a gentle stream of nitrogen.
Then, the peptide was dissolved in 20 mm Tris buffer, pH 7.4.

Absorption experiments: Thermal curves of protein were deter-
mined by using a Varian Cary300 Conc UV/Vis spectrophotome-
ter.? Samples in the presence or absence of metal ions were
heated at a rate of 1°C min~', while continuously monitoring the
absorption at 280 nm.

CD measurements: The influence of metal ions on protein secon-
dary structure was recorded on a Jasco-J810 spectropolarimeter
with a cell path of 0.1 cm.”>? The parameters were controlled as
0.1 nm intervals, 2 seconds response, and each sample was an
average of three scans in a speed of 5nmmin~' over the wave-
length range from 195 nm to 250 nm.

Fluorescence detections and determination of binding con-
stants: Fluorescence data were collected on a Jasco-FP6500 spec-
trofluorimeter.”®?”) The binding constants of metal ions with A
were determined by fluorescence titration at 25°C."*'” The excita-
tion wavelength was 278 nm and the emission intensity at 306 nm
was monitored as a function of continuous increasing concentra-
tion of metal ions. AB40 peptide concentration was fixed at 3 pm
whereas metal ion concentration was varied between 0.6 um to
10 um.

Bis-ANS was dissolved in Tris buffer (pH 7.4) to a concentration of
10 um. AB in each sample was added to a final concentration of
1 uMm in the experiments. The emission spectra were recorded from
420-620 nm with the excitation wavelength at 360 nm.”"

Aggregation assay: Af (10 um) in the presence or absence of
metal ions (20 um) was incubated at 37°C for 3 h. Individual sam-
ples were then measured using different methods:

1) OD,,, assay. The aggregated A was sedimented by centrifuga-
tion. The optical density at 214 nm of the supernatant and the
sample before centrifugation was measured. The fractions of
aggregates were calculated.

2) Turbidity analysis. Turbidity analysis has been widely used to
examine AP aggregations according to the absorption differ-
ence at 405 nm.”®? There is no absorption at 405 nm when
the peptide is in soluble state, and the absorption at 405 nm
gets increased when the peptide aggregates. All sample solu-
tions were mixed by vortexing and the absorption at 405 nm
was measured.
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3) ThT fluorescence assay. Optimum fluorescence intensity meas-
urements were obtained at the excitation and emission wave-
lengths of 444 nm and 482 nm, respectively, and the final con-
centration of ThT was 10 pum.

4) Atomic force microscope (AFM) imaging. Aliquots of 10 uL of
each sample were placed on a freshly cleaved mica sub-
strate.”>?”) After incubation for 5 min, the substrate was rinsed
with water twice and dried before measurement. Tapping
mode was used to acquire the images under ambient condi-
tions.
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Enzymatic Glycosylation of Peptide Arrays on Gold Surfaces

Nicolas Laurent,” Josef Voglmeir,” Adam Wright,®' Jonathan Blackburn,” Nhan T. Pham,"
Stephen C. C. Wong,” Simon J. Gaskell,” and Sabine L. Flitsch*®

Post-translational modifications (PTM) of proteins occur in the
secretory pathway of all eukaryotic organisms. For example,
phosphorylation, acetylation, glycosylation, methylation and
ubiquitinylation represent the major types of protein modifica-
tions."? Of these modifications, glycosylation is chemically the
most complex, occurring either at an Asn residue (N-glycosyla-
tion)® in a conserved motif Asn-Xaa-Ser/Thr (in which Xaa can
be any amino acid except Pro) or at a Ser/Thr residue (O-glyco-
sylation) and playing a key role in the biosynthesis, folding, se-
cretion and regulation of proteins. Introduction of a -p-glu-
cosyl-N-acetyl group (3-GIcNAc) on a serine/threonine residue
by O-N-acetyl-B-p-glucosaminyltransferases (OGT) in nuclear
and cytoplasmic proteins compete with phosphorylation of
the same site® and is associated with protein functional regu-
lation or diseases such as cancer, Alzheimer’s disease or diabe-
tes.”¥ The O-mannose-linked serine or threonine is common
in yeast; fucose is essential in ABO blood-type antigen deter-
mination® and in Notch receptor signalling."” O-B-xylosyltrans-
ferases initiate proteoglycan biosynthesis." Understanding the
pattern and biological implications of post-translational glyco-
sylation has been a major challenge, and in recent years the
development of a platform for the general, fast and reliable
identification of enzyme specificity has attracted considerable
attention from researchers around the world."”? Nagahori and
Nishimura have developed a way of monitoring glycosyltrans-
ferase activity in solution on gold nanoparticles by using mass
spectrometry."® Freire et al. have used surface-enhanced laser
desorption/ionisation time-of-flight mass spectrometry (MALDI-
ToF MS) for detecting enzymatic conjugation reactions in solu-
tion." Whilst these studies have demonstrated the use of
mass spectrometry as an excellent analytical tool, such enzyme
assays in solution require additional purification/liquid han-
dling steps and have a limited scope for further miniaturisa-
tion. The demands of high-throughput screening are better
met by microarrays, in which the enzyme substrate remains
immobilised on the array surface throughout enzymatic reac-
tion and analysis. Here, we report such a (peptide) microarray
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platform for monitoring glycosyltransferases involved in pro-
tein O-glycosylation using the label-free MALDI-ToF MS analysis
as a readout.>'®

For initial proof-of-principle studies we have chosen a
member of the human UDP-N-acetyl-a-p-galactosamine:poly-
peptide N-acetylgalactosaminyltransferase family (ppGalNACT).
ppGalNACTs are type Il membrane glycosyltransferases located
on the lumenal side of the Golgi apparatus and initiate the
biosynthesis of mucin-type glycoproteins by introducing an a-
GalNAc moiety on a serine or threonine residue of proteins.!'”
To date more than 20 isoforms of the ppGalNACT family have
been identified, displaying both tissue-specific and spatial and
temporal expression during development and in adults."®
However, their substrate specificities remain largely unknown.
The isoform T2!"¥ (541 amino acids, M,,=61.1 kDa) was chosen
for this study. The gene was obtained from bacterial cDNA-
clones. The N-terminal transmembrane domain was replaced
by a hexahistidine tag and cloned into pPICza, a Pichia pastoris
vector used for expression and secretion.”® Culture superna-
tants were assayed against different peptide substrates, and
amongst the peptides tested, the previously reported GA-
GAPGPTPGPAGAGK sequence (1)?" was found to be the opti-
mal substrate giving a high rate of glycosylation in 2 h in a so-
lution-phase assay (data not shown). The lysine residue on the
C terminus of 1 allowed for easy immobilisation on gold surfa-
ces using well established chemistry (Scheme 1).%?

To immobilise the peptide substrate, the gold surfaces were
first coated with a mixture of alkane thiolates presenting a car-
boxylic acid and tri(ethylene glycol) groups in a molar ratio of
1:20. After activation as N-hydroxysuccinimidyl (NHS) ester, the
carboxylic acid was used to immobilise the peptide through
coupling with the lysine residue. The tri(ethylene glycol)
spacers are well known to prevent nonspecific protein adsorp-
tion.”® MALDI-ToF MS analysis of the resulting monolayer (Fig-
ure 1A) showed a main peak at m/z 2295, corresponding to
the sodium adduct of the mixed disulfide formed by the pep-
tide-terminated alkane thiol and the tri(ethylene glycol) alkane
thiol. To a lesser extend, the sodium adduct of the peptide-ter-
minated alkane thiol (m/z 1876) and of the peptide-terminat-
ed/carboxylic acid mixed disulfide (m/z 2485) were also detect-
ed. Such dimeric species are commonly observed on gold sur-
faces."”® A mixture containing a crude extract of ppGalNACT2,
UDP-GalNAc and MnCl, was then applied to the surface and
left overnight at 37°C in a wet chamber to prevent evapora-
tion. The resulting monolayer was then analysed by MALDI-ToF
MS (Figure 1B). The mass spectrum indicated a complete shift
of the main peak by 203 mass units, corresponding to the
addition of a GaINAc moiety (m/z 2498, sodium adduct of the
GalNAc-peptide/tri(ethylene glycol) mixed disulfide). A secon-
dary signal at m/z 2080 (GalNAc-peptide alkane thiol) was also
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Scheme 1. Schematic representation of the immobilisation of peptide 1 and subsequent enzymatic glycosylation with ppGalNAcT2. PBS = phosphate-buffered

saline.

seen. No signal was detected at m/z 2295, thus suggesting
complete glycosylation of the peptide substrate. To demon-
strate the applicability of this platform in multiple screening,
an array was generated by spotting solutions of different pep-
tides onto the same self-assembled monolayer (SAM)-coated
slide. The use of PBS buffer in combination with 6 m guanidini-
um hydrochloride allowed discrete spotting of as little as
0.02 pL of each solution by preventing evaporation during the
overnight coupling step and keeping the drops well separated
on the surface.

For this study, ten peptides (1-10) were synthesised and
tested for ppGalNACT2 activity (Table 1). Peptide 2 has the
same sequence as the model peptide 1 except that the threo-
nine was replaced by a serine and was chosen because serine
glycosylation is reported to be slower than that of threonine
residues. Peptides 3 and 4 are truncated sequences derived
from 1. Peptides 5-7 were chosen to contain potential natural
glycosylation sites, since they are fragments of a mucin (Muc1)
tandem-repeat sequence PGSTAPPAHGVTSAPDTRPA, to which
the flanking amino acids GA- and -AGK at the N and C termini,
respectively, were added. 8 is a known substrate for OGT (O-
GlcNAc transferase) derived from the RNA polymerase I CTD®
and 9 (so-called EA2 peptide) was chosen as presenting several
Ser and Thr potential glycosylation sites. 10, a fragment from
Drosophila syndecan, has previously been described as a sub-
strate for O-xylosyltransferase.”*”

All peptides were printed in duplicate in array format and
could be reproducibly identified by MALDI-ToF MS analysis
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(Table 1). After treatment with the enzyme ppGalNACT2,
MALDI-ToF MS analysis showed a full conversion of 1-4 to
their corresponding glycopeptides. Analysis of the glycosyla-
tion of the Muc1 fragments 5-7 (Figure 2) revealed an order of
substrate specificity: peptide 5 appeared to be the best sub-
strate among the three, since it was fully glycosylated after
overnight reaction (m/z 2246). Next, 6 appeared to be only
partially glycosylated, with both the starting peptide and the
newly-formed glycopeptide detected (m/z 2085 and 2288, re-
spectively) on the array. Finally, peptide 7 was not glycosylated

Table 1. Peptides synthesised and tested for ppGalNACT2 activity.
Peptide Sequence m/z? +ppGalNACT2
UDPGaINAC®

1 GAGAPGPTPGPAGAGK 2295 2498

2 GAGAPGPSPGPAGAGK 2281 2484

3 GAPGPTPGPAGK 2039 2241

4 AcPTPGPAGK 1799 2018**

5 GAPGSTAPPAGK 2043 2246

6 GAHGVTSAPAGK 2085 2085, 2288

7 GAAPDTRPAAGK 2144 2144

8 YSPTSPSKR 2033* 2236*

9 PTTDSTTPAPTTK 2353 2756, 2959, 3162
10 DDDSIEGSGGR 2246* 2246*
[a] Masses indicated (m/z) correspond to the sodium adduct of the mixed
disulfide formed by the (glyco)peptide-terminated and the tri(ethylene
glycol)-terminated alkanethiols except for *: proton adduct and **: potas-
sium adduct of the species was the main signal detected.

ChemBioChem 2008, 9, 883 - 887
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glycosylates Thr in GSTAP more efficiently than Thr
at GVTSA.”®

MALDI-ToF MS analysis also revealed that peptide
8, previously described as a substrate for OGT, was
recognised by ppGalNAcT2 and can thus incorporate
either a BGIcNAc or an aGalNAc residue depending
on the enzyme. The EA2 peptide 9 showed a more
complex glycosylation pattern, with a mixture of
two, three or four aGalNAc residues added under
the tested conditions (Figure 3). Finally, peptide 10
was not a substrate for the enzyme.

In conclusion, we have demonstrated that peptide
arrays on SAM-coated gold surfaces can be interro-
gated reliably by MALDI-ToF MS analysis and can be
efficiently glycosylated with glycosyltransferases. It is
interesting to note that glycosylation of immobilised
fragments derived from natural mucin reflected a
preferential order of glycosylation in good agree-
ment with other reported assays. These data suggest
that the arrays give similar results to other in vitro
assay system. Obtaining quantitative data with
MALDI-Tof MS will be more challenging because of
differences in ionisation efficiency, although Naga-
hori etal. have described a quantitative inhibition
essay using MS.'¥ By using a peptide with several
potential glycosylation sites like the EA2 peptide 9,
direct evaluation of the number of GalNAc residues
added was possible.

The methodology described here provides a val-
uable platform for easy detection of glycosyltransfer-
ase activity and specificity, which is label-free and
can be performed with small quantities of material
in a high-throughput format. Systematic studies of
donor and acceptor specificity of several ppGalNAcTs
isoforms are part of the work currently in progress
in our group. In addition, the methodology can also
be used for the efficient chemo-enzymatic synthesis
of novel glycopeptide arrays by a combination of
chemical synthesis and immobilisation and sub-

aGalNAc
HE A g O O g O g~ O N-Peptide sequen't glycosylation. This is p.articularly useful.for
H such linkages as aGalNAc-serine and -threonine,
m/z 2080 [M+Na]’ which are chemically difficult to synthesise. Such gly-
copeptide arrays will be useful for further screening
of protein-carbohydrate interactions, in particular by

cIXGaI NAc
S\/\/\/\/V\/\/\/\/Owo/\/o\/\of\, O‘/\O/\’OJLH—Peptide

S\/\/\/\/\/\/\/\/\/O\/\ONO\/\OH
m/z 2498 [M+Na]"

Figure 1. A) MALDI-ToF MS spectrum of immobilised peptide 1 on a mixed monolayer.
B) MALDI-ToF MS spectrum of immobilised peptide 1 after enzymatic glycosylation with
ppGalNACT2. C) Structure and expected masses of the alkanethiols and mixed disulfides

detected.

at all, and only the starting peptide was observed after over-
night incubation (m/z 2144). These results are consistent with
other study of Muc1 glycosylation showing that ppGalNAcT2

ChemBioChem 2008, 9, 883 — 887
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using surface plasmon resonance spectroscopy.

Experimental Section

Synthesis of the peptides 1-10: Synthesis was per-
formed under standard Fmoc-solid-phase peptide syn-
thesis conditions with a CEM Liberty peptide synthesiz-
er. Amino acid (5 equiv), benzotriazol-1-yl-oxytripyrro-
lidinophosphonium  hexafluorophosphate  (PyBOP;
5equiv) and  NN-diisopropylethylamine  (DIPEA;
10 equiv) were used for the coupling steps, 20% piperi-
dine/DMF for the Fmoc-deprotection steps. After completion, the
resin-bound peptide was thoroughly washed with DMF, DMF/
MeOH (1:1) and dichloromethane, then cleaved from the resin
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D) Size of the 4x5 array compared to a five-pence coin.

with trifluoroacetic acid/triisopropylsilane/water (95:2.5:2.5, v/v/v).
Precipitation in cold diethyl ether, centrifugation and removal of
the solvent afforded the desired peptide as a white solid.

Preparation of gold-coated slides: Microscope glass cover slips
(13 mm diameter, no. 2 thickness) were obtained from Agar Scien-
tific. The cover slips were cleaned in “Piranha” solution (H,50,/H,0,

1, CAUTION! very reactive oxidising agent) for 20 min, rinsed
with distilled water and dried under a stream of nitrogen. An ad-
hesion layer of 5 nm of chromium and subsequent 100 nm of gold
were sputtered onto the glass cover slips with a Denton Vacuum
Desk Il sputter coater.

Preparation of the monolayers on gold surface: Before SAM for-
mation the gold-coated glass slides were cleaned with piranha so-

ChemBioChem 2008, 9, 883 - 887
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lution and thoroughly rinsed with deionised water and ethanol
and dried under a stream of nitrogen. The substrates were then
immersed overnight in a DMSO solution of thiols presenting a car-
boxylic acid and a tri(ethylene glycol) group (final concentration
0.1 mg mL~", molar ratio 1:20). The monolayers were rinsed with
DMSO, ethanol and dried under a stream of nitrogen. N-hydroxy-
succinimide (NHS)-activation of the carboxylic acid was performed
by dipping the surfaces into a DMF solution of EDC=1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide [EtN =C=N(CH,);NMe,-HCl]
(0.2 M) and NHS (0.05 m) for 2 h followed by washing and drying as
above.

Peptide immobilisation: Peptides were dissolved in a 100 mm
phosphate buffer solution containing 6 M guanidinium hydrochlo-
ride, and the pH was adjusted with 2m NaOH (pH 8, final concen-
tration 50 mm). The NHS-activated monolayers were treated over-
night with 50 uL of peptide solution and were then rinsed and
dried as above. In array format, 0.02 pL of solution were manually
spotted with an Eppendorf pipette.

Cloning and expression of ppGalNAcT2: The human ppGalNACT2-
gene was obtained from Geneservice Ltd., UK (IMAGE-clone
#5553465). Cloning and production of soluble human ppGalNAcT2
was performed in the yeast Pichia pastoris according to Bourgeaux
etal.® with slight modifications. The coding sequence corre-
sponding to amino acids 51 to 571 was inserted in 3" of the a-
factor signal sequence of a pPICZaB expression vector (Invitrogen,
UK, Paisley) modified to introduce an N-terminal hexahistidine tag.
After transformation into E. coli TOP10F cells by heat-shock and
plating the cells on LB/half-salt agar containing zeocin (25 ugmL™';
Invitrogen, UK, Paisley), positive clones were selected after PCR
screening and by sequencing to confirm the reading frame. 10 pug
of the expression construct plasmid DNA was linearised according
to the supplier’s instructions and used to electroporate Pichia pas-
toris-competent cells (GS115), which were then plated on YPDS
agar containing zeocin (100 ugmL™"). Selected colonies of recombi-
nant Pichia pastoris were inoculated into 50 mL of BMGY medium
containing 100 pgmL™" Zeocin. After overnight incubation at 30°C
with continuous shaking (200 rpm) in baffled flasks, cells were col-
lected by centrifugation at 1500g. The cells were washed once in
BMMY and resuspended in 400 mL of methanol-containing BMMY
medium to a final ODgy, of 1.0 and incubated at 16°C. Every 24 h
samples of the cultures were removed and extra methanol was
added to maintain a concentration of 1% (v/v). The culture
medium was concentrated 50-fold by using Vivaspin concentrators
(M, 30000 cut-off).

Enzymatic glycosylation: SAMs presenting the peptide substrate
were incubated overnight at 37°C with a mixture consisting of
ppGalNACT2 (5 uL of a 50-fold concentrated solution obtained as
described above), UDP-GalNAc (5 mm stock solution, 10 ul), 2-
amino-2-methylpropane-1,3-diol (AMPD) buffer (pH 7.4, 5 pl),
MnCl, (1™ stock solution, 0.5 L) and sterilised water (29.5 pL) and
then rinsed with deionised water and ethanol and dried under a
stream of nitrogen.

MALDI-ToF MS analysis: The targets were attached to a modified
MALDI-ToF sample plate using adhesive tape, coated with a solu-
tion of 2,4,6-trihydroxyacetophenone (THAP; 10 mg.mL ™' in ace-
tone) and loaded into a Voyager-DE STR Biospectrometry MALDI-
ToF mass spectrometer (PerSeptive Biosystems) operating with a
337 nm nitrogen laser. Mass spectra were acquired using reflector
ToF, positive-ion mode with an accelerating voltage of 20 kV and
an extraction delay of 200 ns.
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Small-Molecule Inhibitors of Sodium lodide Symporter

Function

Nathalie Lecat-Guillet,” Goulven Merer,” Roman Lopez,® Thierry Pourcher,”

Bernard Rousseau,™ and Yves Ambroise*™

The Na*/I- symporter (NIS) mediates iodide uptake into thyroid
follicular cells. Although NIS has been cloned and thoroughly
studied at the molecular level, the biochemical processes involved
in post-translational regulation of NIS are still unknown. The pur-
pose of this study was to identify and characterize inhibitors of
NIS function. These small organic molecules represent a starting
point in the identification of pharmacological tools for the char-
acterization of NIS trafficking and activation mechanisms. The

Introduction

The sodium/iodide symporter (NIS) is an intrinsic membrane
glycoprotein that catalyzes the active accumulation of iodide
from blood into the thyroid follicular cells. This transport repre-
sents the first step in the biosynthesis of thyroid hormones T4
and T3 which regulate many biological processes.” Other
monovalent anions, such as ClO,~, SCN~, and BF,” are also
transported by the Na*/I~ symporter.>® The NIS is located in
the basolateral membrane of thyrocytes and concentrates
iodide against a 20- to 40-fold chemical gradient. The Na™ gra-
dient is the driving force for I~ transport and is maintained by
the ouabain-sensitive Na*/K* ATPase. NIS characterization at
the molecular level has been made by cloning the rat, human,
mouse, and porcine forms.*” The human NIS is a 643-residue
polypeptide, and was proposed to have 13 transmembrane
segments.® Subcellular localization, expression, and activity of
NIS was also shown to be regulated by thyroid-stimulating
hormone (TSH)® through diverse control mechanisms includ-
ing phosphorylation by regulatory proteins.”” In a recent
study, 543, T49, 5227, T577, and S581 were identified as in vivo
phosphorylation sites, and it was proposed that the phosphor-
ylation status of these amino acid residues is correlated with
the functional activity of NIS."" Taken together, these studies
indicate that NIS maturation, localization, and activity are
modulated at the post-translational level. Since the discovery
of NIS, thorough biochemical analysis has elucidated the
mechanism of basolateral iodide transport!'>'® and revealed
the key role of NIS in thyroid diseases such as thyroid cancer,
autoimmune disease, and congenital hypothyroidism." Fur-
thermore, the application of NIS as a novel cytoreductive gene
strategy has opened up a promising field of research for the
diagnosis and therapy of cancer outside the thyroid gland.™™
Although many efforts have been made to characterize the
sodium iodide symporter, little is known about the trafficking,
activation, or deactivation mechanisms. Small organic inhibi-
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screening of a collection of 17020 druglike compounds revealed
new chemical inhibitors with potencies down to 40 nm. Fluores-
cence measurement of membrane potential indicates that these
inhibitors do not act by disrupting the sodium gradient. They
allow immediate and total iodide discharge from preloaded cells
in accord with a specific modification of NIS activity, probably
through distinct mechanismes.

tors of iodide uptake can be used to generate bifunctional
photoaffinity probes that may lead to the identification of NIS
partners or other proteins that are involved in the regulation
of iodide uptake.'® NIS-directed molecules designed for affini-
ty chromatography may lead to new approaches in protein pu-
rification and would allow testing of NIS function after recon-
stitution in a totally controlled environment. Such compounds
may also be interesting for the diagnosis and treatment of
thyroid dysfunction, or in the case of human contamination,
by radioactive iodine species."”

Our approach to identify human NIS (hNIS) blockers involved
high-throughput screening of a diverse compound collection.
For this study, a fully automated radioiodide uptake assay was
established for the rapid and quantitative screening of individ-
ual compounds in a 96-well format. We used a methodology
based on the measurement of '®I~ uptake in HEK293 cells
permanently transfected with hNIS. The primary screen of a
17 020-member library identified 61 hits. The compounds were
subjected to extensive secondary analysis and chemical charac-
terization. Ten new inhibitors were identified that block iodide
uptake in the submicromolar to micromolar range by disrupt-
ing NIS function.
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Results

High-throughput screening of a 17 020-compound library

The screen of the full library was performed by using an auto-
mated radioiodide uptake assay developed by our research
group.'™® Radioiodide taken up by HEK293 cells expressing the
human Na*/I~ symporter can be easily determined by scintilla-
tion counting. In our previous work, the functional capacity of
hNIS-HEK293 cells was demonstrated by isotopic flux measure-
ments. The time course of iodide entrapment was shown to
reach a steady state after 90 min at room temperature, indicat-
ing that efflux and influx of iodide occurred at the same rate.
Quantitative evaluation of trapped versus total iodide at
120 min was calculated to be >20%, representing a ~70-fold
gradient of iodide. Perchlorate at 50 pm was shown to strongly
decrease NIS-mediated iodide uptake and to trigger iodide dis-
charge on preloaded cells by specific NIS inhibition. Further-
more, we demonstrated that iodide uptake was sodium de-
pendent, ouabain sensitive, and strongly reduced at +4°C. All
these experiments demonstrated that iodide accumulation in
HEK293 cells was quantitatively due to the presence of func-
tional hNIS."® Additional evidence was obtained by measuring
the inhibitory potencies of anions that block iodide transloca-
tion by competition for the iodide binding and transport site
of NIS. The results revealed the following series: PF;~ > ClO,” >
BF,” >SCN™>NO;™ >10,” >N;>Br~, in agreement with pub-
lished results.”?

In the primary screen, each compound was tested at a final
concentration of 50 um on confluent hNIS-HEK293 monolayer
cell cultures. This yielded 163 compounds that inhibited iodide
uptake by >90%, representing a hit rate of 1%. The results of
a representative set of 20 plates are shown in Figure 1. The

lodide uptake / %

0 400 800

1200 1600

Sample Number

Figure 1. Primary high-throughput screen (HTS) results: data (e) from a rep-
resentative set of 20 plates showing iodide uptake in hNIS-HEK293 cells
after an incubation time of 2 h with Na'?’| (10 um, 0.5 pCi per well) and the
library compound (50 um). Averaged iodide uptake (n=4) in the presence
of ClO,” at 107w is also shown (O). Data were normalized for each plate
using the mean value of eight negative controls (no compound) and are
shown as a percentage. Hits were defined as those that blocked iodide
uptake by >90%. In this initial series, 1600 samples were tested, and 12 hits
were identified.
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Z factor calculated over the entire HTS was 0.5, indicating a
good degree of confidence in the biological activities assumed
by both a high signal dynamic range and low data variation."
We then generated a new set of plates for re-screening the
163 hits along with a few weaker inhibitors having unique
structural characteristics. Re-screening of the selected com-
pounds was performed twice independently and at four differ-
ent concentrations (5x107°mM, 5x107°m, 5x107’mM, and 5X
1078 m). We found that 61 compounds strongly and consistent-
ly inhibited iodide uptake at 50 um in both confirmation
screens. Preliminary 1Cy, values ranged from 2x107°m to 5X
1077 M. These 61 best compounds were selected for further
characterization. Chlorofluoro(hydroxybenzyl)anilines, tetrahy-
dro-f3-carbolines, and dihydropyrimidinones were the most
represented families, and other compounds having unique
structural features were also identified.

False-positive elimination and purity/identity verification

A series of secondary assays was established to characterize
false positives within the 61-member sub-library. A first test
was set up for the identification of compounds that may
quench the radioactive signal. Solid and liquid scintillation
detection can suffer from quenching, a phenomenon that de-
creases the light output from the sample. In this context, scin-
tillation quenching consists of either chemical quenching, in
which other substances compete for the energy of the radia-
tion, or color quenching, in which substances absorb the pri-
mary or secondary light emission.”™ To eliminate such com-
pounds, we measured the radioactivity of a solution of Na'*|
(10 pm, 0.5 pCi per well) in a 96-well ScintiPlate with no cells in
the presence of the tested compounds (50 pum), and compared
the data with negative controls (that is, no compounds). We
found that none of the 61 samples quenched the '*| radio-
active signal.

A second assay was set up for the titration of free iodide in
the compound samples. Any overload of free iodide is unwant-
ed in our assay, as it results in isotopic dilution of | and
signal decrease. Library suppliers generally report a sample
purity of >85% from LC-MS and/or 'H NMR analysis, two tech-
niques that cannot measure inorganic species. Unfortunately,
the presence of inorganic salts in compound samples is
common, considering the technical difficulties of purifying the
great number of molecules generated by combinatorial
chemistry and parallel synthesis. In this context, the 61 samples
were assayed for the presence of iodide by using the Sandell-
Kolthoff reaction.?" The method uses the very specific catalytic
effect of iodide on the reduction of the yellow cerium ion
(Ce*™) to colorless Ce*™ by arsenious acid (As*™). Six samples
revealed significant amounts of iodide, corresponding to a 15-
75 um overload of “cold” iodide during the primary screen.
These compounds were abandoned.

To narrow the number of compounds for further biochemi-
cal studies, we categorized compounds into classes of chemi-
cally related molecules by visual inspection. For each structural
class we chose one or two compounds with the best efficiency
(ICs value), assuming that other compounds in the same class

ChemBioChem 2008, 9, 889 — 895
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act by the same mechanism of action. We also selected com-
pounds on the basis of attractive chemical features, including
chemical stability, water solubility, and ease of synthesis. The
resulting sub-library of 14 compounds was re-supplied (Chem-
bridge) and analyzed by 'HNMR and LC-MS for purity and
verification of identity. Ten samples were found to conform to
the expected compound with >95% purity (Figure 2); these

H
A\
” Br ﬁ NO, B3 g
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O V@ SO
OH O O :O F
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ITB-10 dysidenin

Figure 2. Structures of the most potent iodide uptake inhibitors; dysidenin
is also shown.

were named ITB-1 to ITB-10 for “iodide transport blocker”. The
four other samples contained significant amounts of byproduct
resulting from compound degradation or incomplete purifica-
tion and were consequently abandoned.

Concentration-dependent inhibition of iodide uptake

For each of the 10 compounds (ITB-1 to ITB-10), we established
the dose-response curve in hNIS-HEK293 cells as well as in the
rat thyroid-derived cell line FRTL5 (Figure 3). Inhibition of
iodide uptake in hNIS-HEK293 cells was dependent on com-
pound concentration, with 1Cs, values from 0.4 um (ITB-9) to
12 pum (ITB-6), confirming that the screen had identified potent
inhibitors. Hill slopes were close to 1+0.3. In comparison, the
positive control CIO,” inhibited iodide uptake with an ICs,
value of 1 um. Concentration-dependent inhibition in FRTL5

A)12 B) 12
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Figure 3. Dose-response curves of A) ITB-6, B) ITB-9, C) NaClO,, and D) dysi-
denin on hNIS-HEK293. hNIS-HEK293 cells in 96-well plates (Isoplate-96)
were incubated at 20 °C for 60 min (dysidenin was incubated for 120 min)
with the indicated compounds (at 1.1078-1.107*m) in the presence of Na'I
(10 pm, 0.2 uCi per well). Cells were washed at 4°C before EtOH (30 pL) was
added. Cell-associated radioactivity (expressed as counts per min (CPM) per
cell) was determined after the addition of scintillation cocktail followed by
gentle shaking overnight. Shown are the results of one experiment repre-
sentative of at least three independent experiments with mean values +SD
(n=4). Experimental data were fitted by nonlinear regression to the four-pa-
rameter sigmoidal Hill equation using an “in-house” application developed
in Visual Basic for Excel.

cells was also established for compounds ITB-1-ITB-10, and the
activities were significantly better, with 1C5, values ranging
from 40 nm (ITB-5) to 1.3 um (ITB-6) (Table 1). Dysidenin was
also tested as a reference compound, and we observed that in-
cubation for 120 min was necessary (no inhibition at 60 min)
to obtain only partial inhibition (~50%) of iodide uptake in
hNIS-HEK293 cells, whereas complete inhibition was observed
for the FRTL5 cell line. Moreover, large variability in the data
was always observed in assays of dysidenin (n>4), in contrast
to the ITB compounds.

Fluorescence measurements of membrane potential

We measured the influence of ITB-1-ITB-10 on membrane po-
tential of cultured hNIS-HEK293 cells using the voltage sensor
probes CC2-DMPE and DiSBAC,(3). We found that neither our
inhibitors (50 um) nor ClO,~ (50 um) provoked significant vari-
ations on the fluorescence emission ratio 460 nm/580 nm,
showing that there was no alteration of the membrane polari-
zation status. Ouabain at 50 um progressively depolarized the
membranes within the first 35min as a result of Na'/K*

Table 1. IC,, values of ITB-1-ITB-10, dysidenin, and NaClO, in hNIS-HEK293 and FRTL5 cells.
ICso [um]
Cell line ITB-1 ITB-2 ITB-3 ITB-4 ITB-5 ITB-6 ITB-7 ITB-8 ITB-9 ITB-10 NaclO, dysidenin
hNIS-HEK293 2 3 0.7 9 3 12 6 4 0.4 7 1 21
FRTL5 0.4 0.3 0.3 1 0.04 0.6 0.3 0.4 2 0.2 6
[a] Necessitated longer incubation time; partial inhibition.
ChemBioChem 2008, 9, 889 - 895 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 891
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ATPase inhibition and sodium redistribution across the plasma
membrane.

Time-dependent inhibition of iodide uptake

We monitored time-dependent iodide uptake in hNIS-HEK293
cells in the presence of ITB-1-ITB-10, ClO,~, dysidenin, and
ouabain. As expected, iodide uptake was immediately and
totally blocked by CIO,~ (50 um) throughout the experiment
(Figure 4). In contrast, 50 um ouabain did not perturb NIS activ-
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Figure 4. Time-dependent iodide uptake in hNIS-HEK293 cells in the pres-
ence of inhibitors. lodide uptake was measured at 2, 5, 8, 12, 20, 30, 60, 90,
120, and 150 min on hNIS-HEK293 cells after incubation at 20°C in the pres-
ence of Na'*l alone (10 pm, 0.2 pCi per well, m), and ITB-5 (e), ITB-10 (0),
NaClO, (2), ouabain (¢), and dysidenin (x). For clarity, results are split (A
and B). All inhibitors were tested at 50 um. Shown are the results of a repre-
sentative experiment with mean values £SD (n=3).

ity during the first 20 min before iodide was quantitatively dis-
charged. We observed that ITB-1, ITB-2, ITB-10, and dysidenin
showed a time-dependent iodide uptake profile similar to that
of ouabain. In contrast, compounds ITB-3-ITB-9 inhibited
iodide accumulation immediately and continuously, as if they
directly blocked NIS-mediated iodide translocation.

Compound-mediated iodide discharge and cell viability

We tested compounds ITB-1-ITB-10 for their ability to dis-
charge iodide from preloaded hNIS-HEK293 cells (Figure 5).
Rapid iodide efflux was observed in each case immediately
after the addition of the inhibitor at 50 um (only ITB-9 is
shown). lodide discharge was near complete (>80%) after
60 min, and NaClO, (50 um) was not significantly more potent
than ITB compounds. In contrast, dysidenin mediated iodide
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Figure 5. Time-dependent iodide efflux by ITB compounds. hNIS-HEK293
cells were incubated at 20°C with Na'*| (10 um, 0.2 uCi per well) for 60 min
before ITB-9 (0), NaClO, (), dysidenin (o), and no compound (m) were
added. All inhibitors were tested at 50 pum. Trapped iodide was measured at
5,10, 15, 30, 45, 60, and 120 min after the addition of inhibitors, followed by
overnight shaking in scintillation cocktail. The experiments are representa-
tive of two independent experiments. Standard deviation bars (<5%, n=4)
are omitted for clarity.

efflux only after 60 min, and to a significantly lower extent
(<30%).

hNIS-HEK293 cell viability was also tested in the presence of
ITB-1-ITB-10. None of the selected compounds was toxic at
concentrations up to 200 puMm. In contrast, ouabain was toxic to
the cells below 1 um. The microplates were further allowed to
stand for two additional days in the presence of compounds,
and in each case cell growth was not affected.

Discussion

A small number of organic molecules have been reported to
block iodide uptake in NIS-expressing systems. However, most
of them are not specific for the Nat/I~ symporter. Ouabain
and other cardiotonic glycosides strongly decrease iodide
uptake in thyroid cells through Na™/K*™ ATPase inhibition.””
These compounds abolish the energy required for iodide trans-
location by disrupting the Na* gradient across the lipid bilayer.
Harmaline has been reported to inhibit iodide transport by
competing for the sodium binding site of NIS.”*) However, har-
maline is not selective and targets other Na*-dependent trans-
porters by the same mechanism.?*? Van Sande et al. reported
in 1990 that dysidenin, a hexachlorinated peptide-derived mol-
ecule extracted from the toxic sponge Dysidea herbacea, can
block iodide accumulation in dog thyroid slices,”” in plasma
membrane vesicles prepared from bovine thyroid,””® and in rat
thyroid cells.”” From isotopic flux measurements, it was pro-
posed that dysidenin is a “pseudocompetitive” inhibitor of NIS.
However, the structural complexity of the marine toxin has dis-
couraged chemists from proposing a synthetic methodology
amenable to chemical modifications. For this reason, dysidenin
has never been used as a chemical tool to characterize or iso-
late the NIS molecule.

We have used an automated high-throughput screen of a
17 020-compound library to identify a series of potent inhibi-
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tors of NIS-mediated iodide transport. The selection was based
on the magnitude of iodide uptake inhibition in HEK293 cells
expressing the human sodium/iodide symporter (hNIS-
HEK293). The screening was successful in 100% of the 96-well
plates as determined by '®|” transport measurements in posi-
tive (with ClO,”) and negative (no compound) controls. A total
of 61 chemical samples were selected after re-screening the
hits at different concentrations. The presence of iodide was ex-
amined in the 61 samples by the Sandell-Kolthoff method. The
results showed that six samples were contaminated with free
iodide in quantities sufficient to cause isotopic dilution during
the assay, and these were therefore discarded. An additional
round of selection was performed. Several members were elim-
inated on the basis of structural similarities, leaving one or two
compounds representing each chemical class. Finally, 14 com-
pounds were re-supplied in milligram quantities for secondary
analysis. Because the quality and stability of each member of a
large chemical library is difficult to check, it was essential to
verify compound identities and purities. '"H NMR and LC-MS
analysis identified ten samples with satisfactory purities
(>95%), and eliminated four samples containing undesirable
by-products.

The ten inhibitors were evaluated on cultured rat thyroid-
derived cell line FRTL5 and HEK293 expressing hNIS. The inhibi-
tion potencies were confirmed for all tested compounds in
both cell lines, and IC,, values were found to be in the micro-
molar to sub-micromolar range (ICs,=40nm for ITB-5 on
FRTLS5). The superior inhibition potencies consistently observed
in the rat thyroid cell line may be explained by discrepancies
in the post-translational regulation of the transporter caused
by lower expression of regulator proteins and/or higher NIS
protein levels in HEK293 relative to FRTL5 cells. None of the in-
hibitors showed cellular toxicity in its respective range of activ-
ity. Seven compounds were found to have an immediate effect
on iodide uptake (ITB-3 to ITB-9). By comparison with the
time-dependent inhibition profile of iodide uptake by the Na*
/K* pump inhibitor ouabain, it is unlikely that they disrupt the
sodium gradient. Three other compounds (ITB-1, ITB-2, and
ITB-10) were found to provoke a delayed inhibition similar to
that of ouabain, a result that may suggest a sodium gradient
disruption mechanism. However, these three compounds are
not toxic toward cells at concentrations up to 200 um, whereas
ouabain provokes cell death at sub-micromolar concentrations
(not shown). These results suggest that ITB-1, ITB-2, and ITB-10
do not disrupt the membrane sodium gradient, which is
essential for cell viability. To verify this hypothesis, we tested
compounds ITB-1-ITB-10 for their influence on membrane
potential using the voltage sensor probes CC2-DMPE and
DiSBAC,(3).2” None of the inhibitors was found to depolarize
the plasma membrane on hNIS-HEK293. This result shows that
the sodium gradient is maintained during iodide uptake dis-
ruption, and strongly suggests that ITBs are direct inhibitors of
NIS activity.

The 10 inhibitors immediately discharged iodide preloaded
cells, and no lag phase was observed. This result suggests the
presence of dynamic mechanisms that maintain NIS activity.
Nevertheless, a direct and disruptive binding of the inhibitor
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on the symporter cannot be excluded. The differences in the
inhibition behavior observed in the time-dependent inhibition
experiments (Figure 4, Table 2) between ITB-1, ITB-2, and ITB-
10 on one hand, and ITB-3-ITB-9 on the other, may be ex-
plained by the presence of distinct mechanisms for the disrup-
tion of NIS activity.

Table 2. Inhibition characteristics of the inhibitors.”

Immediate inhibition Delayed inhibition

3,4,5,6,7, 8,9 NaClO, 1, 2, 10, dysidenin, ouabain

[a] The inhibitors are categorized according to their action toward NIS-
mediated iodide uptake.

Previous studies have suggested that the marine toxin dysi-
denin is an inhibitor of the Na*/I~ symporter. Herein, we found
that the inhibition of iodide uptake by dysidenin was incom-
plete (~50%) in HEK293 cells expressing hNIS, whereas it was
complete in FRTL5. We also noticed that the marine toxin re-
quired prolonged incubation times for observable inhibition.
This behavior was confirmed in measurements of time-depen-
dent I~ accumulation in the presence of dysidenin: no inhibi-
tion was detected during the first 30 min before weak inhibi-
tion occurred. Dysidenin also mediated a poor and deferred
iodide discharge of preloaded hNIS-HEK293 cells. These results
are not compatible with a specific inhibition of the Na*/I
symporter, although we cannot exclude the presence of a se-
lective action of the marine toxin for the murine, canine, and
bovine forms over the human form of NIS. Nevertheless, the
poor aqueous solubility of dysidenin (cloudy solution at 20 um)
should be considered in the interpretation of biological activi-
ty. The insilico prediction of its partition coefficient (logP >
5)B" provides strong evidence for considerable solubilization in
membranes, a potential cause of the perturbation of ion per-
meation.

Conclusions

The small-molecule inhibitors identified herein will allow a
broad investigation of the intracellular signaling pathways in
which they are involved. Their simple structure is amenable to
the preparation of radioactive or biotinylated photoprobes de-
signed for the identification and purification of target proteins.
They also represent lead compounds for the synthesis of new
anti-thyroid drugs. Chemical modifications are possible, and
the preparation of derivatives with improved drug properties
such as higher activity, greater specificity, and improved
ADMET characteristics offers considerable opportunities for the
treatment of thyroid dysfunction.

Experimental Section

Chemicals and solutions: Carrier-free Na'®’| (GE Healthcare, Chal-
font St.Gilles, UK) was diluted with distilled water (5 mCimL™").
This stock solution was kept at room temperature and used for no
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more than two months. The uptake buffer consisted of a Hank's
balanced salt solution (HBSS, Sigma-Aldrich) supplemented with
HEPES (10 mm, Sigma-Aldrich). Stock solutions of positive control
ClO,~ (Sigma) were prepared by dilution in the uptake buffer
(HBSS/HEPES 10 mm) at 10x the final concentration and stored at
+4°C for up to one week. Working solutions of Nal/Na'*| (100 pm,
50 uCimL™") in uptake buffer (HBSS/HEPES 10 mm) were prepared
daily. A sample consisting of a mixture of isodysidenin/dysidenin
(7:3) extracted from Dysidea herbacea was kindly provided from
Prof. J.-C. Braekman (Université libre de Bruxelles, Belgium) and
was subsequently purified by HPLC. Briefly, a sample (50 mg) was
passed through a Zorbax-SIL column (25 cmx21.4 mm) eluting
with CHCly/hexanes/MeOH 60:40:0.1 at 5 mLmin~". Pure dysidenin
(13 mg) was collected between 26.4 and 44.0 min, and character-
ized by LC-MS, *C NMR, "H NMR, and polarimetry.??

Cell lines: HEK293 cells stably expressing the human Na*/I~ sym-
porter (hNIS) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen) supplemented with 10% heat-inactivated fetal
bovine serum (Invitrogen), 2 mm L-glutamine (Sigma), 100 UmL™"
penicillin (Sigma), 0.1 mgmL™" streptomycin (Sigma) at 37°C, and
5% CO,. FRTL5 cells (generously provided by Prof. B. Rousset,
INSERM, Lyon, France) were cultured as described elsewhere with
slight modifications.® Briefly, FRTL5 cells were cultured in Coon’s
modified F12 medium (Biochrom) supplemented with 5% heat-
inactivated fetal bovine serum (Invitrogen), 2 mm L-glutamine
(Sigma), 100 UmL™" penicillin (Sigma), 0.1 mgmL™' streptomycin
(Sigma), 10 pgmL~" insulin (Sigma), 10 nm hydrocortisone (Sigma),
10ngmL™" Gly-His-Lys acetate (Sigma), T mUmL™" TSH (Sigma),
5ugmL™" transferrin (Sigma) at 37°C, and 5% CO,. For iodide
uptake assays, hNIS-HEK293 cells (3.5x10* cells per well) and
FRTLS5 cells (4x 10* cells per well) were plated in 96-well microtiter
plates (Isoplate-96 or ScintiPlate-96, PerkinElmer) using a Multidrop
384 instrument (Thermo Labsystems) and cultured for three days
to reach a confluent monolayer cell culture. For the HEK293 cell
line, microtiter plates were previously treated with poly-L-lysine
(Sigma) to prevent cell wash-out.

High-throughput screening: The chemical library (Diverset, Chem-
bridge) consisted of a diverse collection of 17020 druglike small
molecules representing a biologically relevant pharmacophore di-
versity space. The compounds were provided in 96-well plates at
10 mm in DMSO. For screening, bar-coded daughter plates were
prepared at 500 um by dilution with uptake buffer (HBSS/HEPES
10 mm). Each daughter plate contained 80 different individual
compounds, with the first and last columns used for negative (5%
DMSO in uptake buffer) and positive (NaClO,: 107°m, 107> m,
10~*m) controls. Final DMSO content was 0.5%. We observed that
DMSO had no significant effect on iodide uptake up to a concen-
tration of 2%. Screening was carried out on a Genesis workstation
200 (Tecan) equipped with a Carousel BC (Tecan), a Cytomat 2C
cell incubator (Kendro), a microtiter plate washer PW384 (Tecan),
and a 6-detector Microbeta Trilux microplate B-counter (Perkin
Elmer). The system was controlled using Gemini 4.00 and FACTS
4.81 software packages (Tecan). Output files were generated from
FACTS software in text (txt) format. Data were analyzed using a
custom application developed using Microsoft Visual Basic for
Excel.

Optimization and validation procedures of the automated assay
are described in detail elsewhere.'® The high-throughput screen
was performed on hNIS-HEK293 cells plated on poly-L-lysine-
coated 96-well ScintiPlates (PerkinElmer). Briefly, daughter plates
with compounds and controls as well as working microplates (with
cells) were loaded in the carousel, and the automated sequence
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was initiated. Confluent cell culture microplates were washed
(PW384) with uptake buffer (HBSS/HEPES 10 mm) such that 80 pL
per well of fresh buffer remained at the end of the cycle. Com-
pounds and controls from daughter plates were distributed (10 pL
per well), followed by 10 pL per well of the Nal/Na'?| working solu-
tion (100 um, 50 uCimL™"). The microplates were left to stand at
204+1°C for 2 h, then washed (PW384) with the uptake buffer
(HBSS/HEPES 10 mm) and each well was counted for radioactivity
(Microbeta Trilux).

Compound toxicity: hNIS-HEK293 cells were plated in 96-well
clear polystyrene microplates (3.5x10* cells per well) using the
Multidrop 384 and allowed to grow for 2 days at 37°C and 5%
CO,. The compounds as well as ouabain (final concentrations of 1,
5, 50, and 200 um) were added such that the final volume was
200 pL, and the cell culture was allowed to stand for one addition-
al day at 37°C and 5% CO,. The effect of compounds on cell
growth was quantified by the resazurin test and compared with
reference wells with no compounds.® Briefly, 40 ulL of a resazurin
(Sigma) solution (0.48 mm in PBS) was added to each well, and the
plates were allowed to stand for 5 h at 37°C and 5% CO.. Fluores-
cence signals (4., =560 nm) at 590 nm were recorded on a Spectra-
max Gemini XS microplate spectrofluorometer (Molecular Devices),
and compared with those of wells with no compounds (0.5%
DMSO).

lodide detection in compound samples and scintillation quench-
ing: lodide concentration was determined using the modified San-
dell-Kolthoff method.?" Samples were tested in 96-well clear poly-
styrene microplates by diluting stock solutions of compounds in
NaCl (4gL™), sodium arsenite (8 mm, prepared from As,0; and
NaOH) in a total volume of 230 uL per well. The reaction was start-
ed after the addition (20 pL per well) of a solution consisting of
ammonium cerium(lV) sulfate (40 mm) in sulfuric acid (3.6 N). The
absorbance at 420 nm was recorded on a SpectraMax Plus 384 in-
strument (Molecular Devices) after 20 min and compared with Kl
standards (0, 5, 10, 15, 20, 25, 30 ugL™"). The absence of scintilla-
tion quenching due to the compound was checked in 96-well Scin-
tiPlates. The compounds (50 pum final) and Na'*| (10 um, 0.5 uCi
per well final) were distributed in the 96-well microplate such that
the total volume did not exceed 30 ulL, to ensure proximity with
the solid scintillator incorporated into the bottom of the polystyr-
ene plastic well. The radioactivity was measured (Microbeta Trilux)
and compared with that of negative controls (no compound).

IC;, determination, time-dependent iodide influx and efflux: The
concentration-dependent inhibition of iodide uptake was mea-
sured using a procedure similar to automated high-throughput
screening with minor modifications. hNIS-HEK293 cells (3.5x10*
cells per well) or FRTL5 cells (4x10* cells per well) were plated in
Isoplate-96 (PerkinElmer) and allowed to grow at 37°C and 5%
CO, for three days. The selected compounds at various concentra-
tions and Na'?l (10 pm, 0.2 pCi per well final) were added succes-
sively to the monolayer cell culture in uptake buffer (HBSS/HEPES
10 mm). The plates were left to stand at 20+ 1°C for 60 min (hNIS-
HEK293) or 45 min (FRTL5) before the cells were washed with cold
buffer (HBSS/HEPES 10 mm at +4°C), and the remaining superna-
tant was discarded. EtOH (30 pL per well) and scintillation cocktail
(160 uL per well, Analytic Unisafe 1, Zinsser) were successively
added, and the plates were shaken overnight at room temperature
before the radioactivity was measured (Microbeta Trilux). Time-
dependent iodide uptake and discharge were measured on hNIS-
HEK293 cells using the same procedure by varying the incubation
time after the addition of compound (50 pm final) and Na'®|
(10 pum, 0.2 pCi per well final).
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Fluorescence measurements of membrane potential: hNIS-
HEK293 cells plated (3.5x10* cells per well) in poly-L-lysine-coated
96-well black-walled microplates were allowed to grow three days
at 37°C and 5% CO,, and equilibrated in HBSS/HEPES (10 mm,
100 pL) as described above. The voltage sensor probes CC2-DMPE
and DiSBAC,(3) were used according to manufacturer’s instructions
(Invitrogen). CC2-DMPE and DiSBAC,(3) were both at final concen-
trations of 4 um for optimal readout. Background-corrected fluores-
cence signals (1,,=410 nm) at 460 nm and 580 nm were recorded
immediately after the addition of compound for one hour using a
Spectramax Gemini XS microplate spectrofluorometer (Molecular
Devices).

Compound verification: LC-MS analysis was performed on a
system equipped with a binary gradient solvent delivery system
(2525, Waters), a sample injector (2767, Waters), a photodiode
array detector (2996, Waters), an evaporative light-scattering detec-
tor (PL-ELS 1000, Polymer Laboratory), and an electrospray ioniza-
tion mass spectrometer (Micromass-ZQ, Waters). Each selected
compound (20 ug) was applied to a 10x4.6 mm X-terra 5 pm C;g
(Waters) equilibrated with CH;CN/H,0=5:95 and 0.1 % formic acid.
Samples were eluted by increasing CH;CN to 100% (8-13 min).
'H NMR spectra were recorded on a Bruker Avance DPX 400 spec-
trometer in [Dg]DMSO.

Glossary: FRTL: Fischer rat thyroid low serum; HEK: human embry-
onic kidney; ADMET: absorption, distribution, metabolism, elimina-
tion, toxicity.
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The Acylation and Phosphorylation Pattern of Lipid A from
Xanthomonas Campestris Strongly Influence its Ability to
Trigger the Innate Immune Response in Arabidopsis
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Lipopolysaccharides (LPSs) are major components of the cell sur-
face of Gram-negative bacteria. LPSs comprise a hydrophilic het-
eropolysaccharide (formed by the core oligosaccharide and the
O-specific polysaccharide) that is covalently linked to the glyco-
lipid moiety lipid A, which anchors these macromolecules to the
external membrane. LPSs are one of a group of molecules called
pathogen-associated molecular patterns (PAMPs) that are indis-
pensable for bacterial growth and viability, and act to trigger
innate defense responses in eukaryotes. We have previously
shown that LPS from the plant pathogen Xanthomonas cam-
pestris pv. campestris (Xcc) can elicit defense responses in the
model plant Arabidopsis thaliana. Here we have extended these
studies by analysis of the structure and biological activity of LPS
from a nonpathogenic Xcc mutant, strain 8530. We show that

Introduction

Lipopolysaccharides (LPSs) are ubiquitous and vital compo-
nents of the cell surface of the majority of Gram-negative bac-
teria.'"? They are amphiphilic macromolecules composed of a
hydrophilic heteropolysaccharide (which comprises the core
oligosaccharide and O-specific polysaccharide or O-chain) that
are covalently linked to a lipophilic moiety, termed lipid A,
which anchors these macromolecules to the outer membrane.
LPSs that do not possess the O-chain are termed rough LPSs
or lipo-oligosaccharides (LOSs). LPSs are involved in membrane
functions that are essential for the survival of the Gram-nega-
tive bacteria, that is, the formation of a rigid and efficient barri-
er to antimicrobial substances, and the ability to resist harsh
environments that might include those that are encountered
by pathogens during disease in eukaryotes. LPSs are also key
molecules in the recognition process of the host defense
system of eukaryotes during infection. LPSs represent one of a
group of molecules termed pathogen-associated molecular
patterns (PAMPs); these are conserved and are generally indis-
pensable microbial structures that are able to elicit innate
immune responses in diverse eukaryotes. In animal and insect
cells, the recognition of PAMPs is often mediated by LRR (leu-
cine-rich repeat) proteins such as Toll in Drosophila and the
Toll-like receptors (TLR) in mammals.*"® Recognition of LPSs in
mammalian cells occurs through the lipid A moiety, which is
responsible for most of the biological effects of LPS in animals.
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this Xcc strain is defective in core completion and introduces sig-
nificant modification in the lipid A region, which involves the
degree of acylation and nonstoichiometric substitution of the
phosphate groups with phosphoethanolamine. Lipid A that was
isolated from Xcc strain 8530 did not have the ability to induce
the defense-related gene PR1 in Arabidopsis, or to prevent the
hypersensitive response (HR) that is caused by avirulent bacteria
as the lipid A from the wild-type could. This suggests that Xcc
has the capacity to modify the structure of the lipid A to reduce
its activity as a PAMP. We speculate that such effects might occur
in wild-type bacteria that are exposed to stresses such as those
that might be encountered during plant colonization and dis-
ease.

Lipid A toxicity in animals strongly depends on its structure,
and is also influenced by the covalently linked core region,
which possesses immunogenic properties.'

LPSs can be recognized by plants to elicit or potentiate a
range of plant defense-related responses that include induc-
tion of pathogenesis-related (PR) proteins, production of reac-
tive oxygen and nitrogen species and prevention of the hyper-
sensitive response (HR), a programmed cell death that is trig-
gered by avirulent bacteria.”® In comparison with animal and
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human cells, little is known about the mechanisms of LPS per-
ception by plants and the cognate signal transduction path-
ways that lead to these responses. Recent findings have sug-
gested that the lipid A moiety might be at least partially re-
sponsible for LPS perception by Arabidopsis thaliana, which
leads to a rapid burst of NO, a hallmark of innate immunity in
animals.® By using synthetic O-antigen polysaccharides (oligo-
rhamnans) it has been shown that the O-chain of LPS is recog-
nized by Arabidopsis, and that this recognition leads to elicita-
tion of a specific gene transcription response that is associated
with defense."” We have previously addressed the issue of the
molecular basis of elicitation of plant defenses by LPS through
determination of the structure of the LOS of the plant patho-
gen Xanthomonas campestris pv. campestris (Xcc) wild-type
strain 8004"" and examination of the effects of LOS and frag-
ments that were obtained by chemical treatments on the
immune response in Arabidopsis thaliana. Intact LOS and the
lipid A and core oligosaccharides that are derived from it were
all able to induce the defense-related genes PRT and PR2 in
Arabidopsis, and to prevent the hypersensitive response (HR)
caused by avirulent bacteria."”

We have extended our studies on the molecular basis of rec-
ognition and induction of LOS-mediated plant defense re-
sponses by analysis of the structure and function of LOS from
the nonpathogenic mutant strain 8530 of Xcc.'? We show that
LOS from Xcc mutant strain 8530 is defective in core comple-
tion, and introduces chemical modification to the lipid A
region. Importantly these alterations in the lipid A structure
render it inactive in elicitation of PRT gene transcription and
the prevention of HR. This suggests that Xcc has the capacity
to modify lipid A to affect its activity as a PAMP. Such effects
might occur in wild-type bacteria that are exposed to stresses
such as those that might be encountered during plant coloni-
zation and disease.

Results

Structural characterization of the fully deacylated LOS
fraction

LOS was isolated from Xcc strain 8530 as outlined in the Exper-
imental Section. The fatty acid composition, compositional and
linkage analysis of carbohydrates that was obtained by GLC-
MS for isolated LOS are reported in Table 1. All monosacchar-
ides are in the b configuration, and fatty acids are in the R con-
figuration. The approach to define the primary structure of
LOS from Xcc 8530 mutant was to employ two chemical degra-
dations followed by compositional, 2D NMR spectroscopic and
MS analyses of the obtained compounds.

Compositional and MALDI-TOF analysis of completely
deacylated LOS

The LOS fraction was completely deacylated by anhydrous
hydrazine followed by hot KOH. The compositional analysis
(Table 1) of the obtained product, OS1 revealed the presence
of 3-deoxy-b-manno-oct-2-ulosonic acid (Kdo) and 6-GlcpN (1:2

ChemBioChem 2008, 9, 896 — 904
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Table 1. Monosaccharides and fatty acids components of LOS, OS1 and
0S2. All monosaccharides are in the b configuration and fatty acids with
R configuration. The diagnostic ion fragments observable by GLC/MS
analysis of carbohydrate (as partially methylated alditol acetate deriva-
tives) and of fatty acids (as O-methyl ester derivatives) are also present in
the table.

Assignment Characteristic ion peaks LOS 0OS1 0S2
(m/2)

6-substituted-GIcNp 117, 159, 189, 233 X X
terminal-Kdop 72,161, 206, 205, 250,294  x X
terminal-GalpA 118, 162, 163, 207 X - X
10:0 (3-OH) 103, 184, 201 X - -
iso and iso-ante 11:0 (3-OH) 103, 198, 215 X - -
12:0 (3-OH) 103, 212, 229 X - X
iso and iso-ante 13:0 (3-OH) 103, 226, 243 X - X
10:0 74, 87, 155, 186 X - -
11:0 74, 87, 169, 200 X -

ratio); no uronic acids were detected. Phosphate assays gave
positive results.

The isolated oligosaccharide OS1 was analyzed by MALDI-
TOF mass spectrometry (Figure 1). The negative-ion mass spec-
trum showed two peaks at m/z 719.4 and 799.4 (Am/z 80).

P: 1Kdo-2GIcN-2P
719.4

80 S: 1Kdo-2GIcN-3P

Intensity / %

660 720 780 840 900
Mass (m/z)

Figure 1. Negative-ion MALDI-TOF mass spectrum, acquired in reflector
mode, of OS1 that was obtained by full de-acylation of LOS from Xcc 8530
mutant.

Species P at m/z 719.4 matched with a bis-phosphorylated tri-
saccharide with two hexosamine and a Kdo residues while spe-
cies S at m/z 799.4 (Am/z 80) differed from the previous one
by the presence of an additional phosphate group.

NMR characterization of OS1

In agreement with the above MS data, the NMR analysis (DQF-
COSY, TOCSY, NOESY, ROESY, *'P'H and "C,'HHSQC, "C'H
HMBC) of OS1 showed the existence of a mixture of two oligo-
saccharides that differ by the phosphorylation pattern. The
anomeric region of the '"H NMR spectrum showed two anome-
ric signals, each split into two spin systems; this accounts for a
different magnetic environment (A/A’, B/B’, Figure 2, Table 2),
Spin systems A, A’, B and B’ were all identified as 2-deoxy-2-
amino-glucose residues (GlcN), as indicated by their high *Jyy
ring proton values (all around 8-10 Hz), which are diagnostic
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Table 2. 'H, "C (italic) and *'P (bold) NMR chemical shifts (ppm) of deacylated core-lipid A backbone (0S1) of LOS from Xcc 8530 mutant. Chemical shifts
are relative to internal acetone and external ag. 85% phosphoric acid.
Chemical shift & ("H/"*C/*'P)
Unit 1 2 3 4 5 6 7 8
A 5.56 3.29 3.81 3.38 4.08 4.22/3.77
6-0-GIcN | 91.1 55.1 70.3 70.16 73.0 69.5
297
A 5.55 3.23 3.82 3.38 4.08 4.22/3.77
6-0-GIcN | 91.1 55.1 70.3 70.16 73.0 69.5
297

B 4.81 2.99 3.77 3.68 3.64 3.54
6-3-GIcN Il 100.0 56.1 73.2 74.1 74.6 62.2

5.17
B’ 4.89 2.95 3.75 3.90 3.64 3.54
6-3-GIcN I 100.0 56.1 73.2 74.1 74.6 62.2

5.17
C 1.84/2.07 4.39 4.15 3.75 3.89 3.87/3.66
t-a-Kdo 174.9 100.3 36.4 69.5 69.9 71.8 70.1 63.9

6.90
c 1.80/1.97 4.06 4.05 3.74 3.89 3.87/3.66
t-a-Kdo 174.9 100.3 36.4 66.6 67.2 71.8 70.1 63.9

4P 4P 1P
o-D-Kdo-(2—86)-p- D-GlcN-(1—=6)-o.- D-GlcN

T o
o du\uu uf J‘\....J‘L....Wm L

Figure 2. The 'H NMR spectrum of OS1 that was obtained by full de-acyla-
tion of LOS from Xcc 8530 mutant. Capital letters refer to each identified
spin system as described in the text and denoted as in Table 2.

of gluco-configurations. The 'H,"*C HSQC spectrum showed the
correlation of H2A/A’ and B/B’ with nitrogen-bearing carbon
signals. The high-field shift of the proton resonances of H2 was
indicative of the absence of acylation at these positions. The
chemical shifts of H1 and C1 of residue A and A, the *Jy; 1,
coupling constant (3.2 Hz) and the intra-residual NOE contact
of H1 with H2 were all in agreement with an a-anomeric con-
figuration of both residues A and A’. Residues B and B’ were
both identified as B-configured residues as indicated by the
chemical shifts of H1 and C1, the *J,,, value (8.4 Hz) and the
intra-residual NOE contact of H1 with H3 and H5.

Because of the absence of the anomeric proton signal, the
spin system of Kdo C/C’ (Figure 2) was identified by starting
from the diastereotopic H3 methylene protons that were
found in a shielded region at 6 =1.84 ppm C/0=1.80 ppm C’
and 6=2.07 ppm C/1.97 C' (H3,, and H3,, respectively). The

eqr
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o configuration at C2 was assigned by the chemical shift
values of H3,,, and by the values of *J;; g, and *Juy, gy

The downfield shift of the carbon resonances allowed us to
locate the positions of the glycosylation at 06 of A/A’” and B/
B’; C/C’ were terminal residues.

The inter-residual NOE contacts of the NOESY and the scalar
correlations that are present in the HMBC spectra were used to
infer the sequence of residues in the oligosaccharide chain and
to confirm the glycosylation positions. The inter-residual NOE
contacts of H1 B with H6,, A and of H1 B’ with H6,, A’ al-
lowed us to identify the B-(1—6) linkage between the GIcN
residues of the lipid A. The weak downfield shift of C6 of B
and B’ (0=62.2 ppm) was in agreement with the o-(2—6)
ketosidic linkage of Kdo C with residue B and of Kdo C' with
residue B'.

The *P'H HSQC spectrum (Figure 3) showed three cross
peaks, whose *'P chemical shifts were in accordance with the
presence of phosphate groups. Two of these signals, at 6 =
2.97 and 5.17 ppm that correlated with the proton signals at
0=5.65/5.55 and 3.68 ppm were identified as H1 of a-GIcN A/

' H-1 A/A’ .

4.5

0
H-4 B/B'

55

6.5

e 7

H-4 C 7.5

565554535251 5 494847464544434241 4 3938

Figure 3. The *'P,'H HSQC spectrum of OS1. Capital letters refer to each
identified spin system as described in the text and denoted as in Table 2.

ChemBioChem 2008, 9, 896 — 904
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A’ and H4 of -GlcN B/B’, which compose the lipid A back-
bone. The third phosphate group was linked at O4 of one of
the two a-Kdo residues, namely residue C, as suggested by
both H4 and C4 C resonances that were downfield shifted by
phosphorylation (0=4.39 and 69.5 ppm, respectively, Table 2).
In agreement, a cross peak between the 3'P signal at 0=
690 ppm and H4 C at 6=4.39ppm was found in the
3'P'H HSQC spectrum (Figure 3).

Thus, these results, in accordance with the MALDI-MS char-
acterization, can be summarized in a mixture of two oligosac-
charides [Eq. (1)] that differ in the nonstoichiometric phosphor-
ylation of the terminal Kdo residue (gray-colored phosphate
group):

4p 4p 1P 1)
-D-Kdo-(2—=6)-B-D-GleN-(1—=6)-c-0-GIcN

Structural characterization of the de-O-acylated LOS fraction

To detect the presence of alkaline-labile substituents (i.e.,
phosphate residues) that were likely lost by harsh alkaline
treatment, the LOS was only de-O-acylated by mild hydrazinol-
ysis and the obtained product (0S2) underwent complete
chemical and NMR investigations, which revealed the presence
of a mixture of oligosaccharides."” The NMR spectra were re-
corded on a solution of 1% deuterated SDS with 5 pL of 32%
NH,OH (298 K, pD 9.5).

In full accordance with the GLC-MS analysis of OS2 (Table 1),
the '"HNMR spectrum (Figure 4) showed an additional spin
system with respect to OS1, residue D. It was identified as 2-
deoxy-2-amino-galacturonic acid (GalNA) as indicated by its
*Juspa and s values (3 Hz and 1 Hz, respectively), which are
diagnostic of a galacto-configuration. Moreover, the chemical
shifts of H1 and C1, the *J, 4, coupling constant (3.2 Hz) and
the intra-residual NOE contact of H1 with H2 were all in agree-

D
o-D-GalA
4P 4p 1P
&-D-Kdo-(2—6)-p-D-GleN-(1-6)-0.-D-GlecN
G/G’ F E

% J\u I/ R

57 55 53 51 49 47 45 43 41 39 37 35

Figure 4. Section of the 'H NMR spectrum of OS2 that was obtained by
de-O-acylation of LOS. Capital letters refer to each identified spin system
as described in the text and denoted as in Table 3.

ChemBioChem 2008, 9, 896 — 904
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ment with an a-anomeric configuration of residue D; the long-
range correlation in the HMBC spectrum of both H4 and H5
with a carboxylic group revealed the nature of uronic acid of
this residue. The chemical shifts and multiplicity of the H1
signal suggested that it was coupled to a phosphate signal.
The assignment of the other spin systems that were already
detected in the previous analysis was straightforward (Table 3).
A complete 2D NMR analysis led to the identification of an oli-
gosaccharide that contained the same saccharidic backbone as
previously described, which differed by the phosphorylation
pattern of residue G (a-Kdo). In the 3'P NMR spectrum, signals
could be recognized in two different regions of the spectrum.
One signal was found in the chemical shift region that is
typical of a monophosphate di-ester group, at d=—0.9 ppm,
whereas three signals, at 0 =3.3, 5.3 and 6.9 ppm, were recog-
nized as monophosphate monoester groups. The location of
these phosphorus-containing groups was deduced from the
3'P'H HSQC spectrum (Figure 5). The phosphate groups at 6 =
3.3 and 5.3 ppm, which were correlated to proton resonances
at 0=5.33 and 3.77 ppm were attributed to H1 of E and H4 of
F, respectively. Thus, as expected, two phosphate groups could
be assigned to the di-acylated lipid A, and were linked to O1
of a-GIcN of E and to 04 of B-GIcN of F. The signal at 6=
—0.9 ppm correlated to two protons at 6=5.55 ppm and
4.76 ppm, H1 of D and H4 of G, respectively. Thus, the phos-
phodiester group cross-linked the anomeric position of a-gal-
acturonic acid at the O4 of Kdo residue G. Furthermore, an al-
ternative Kdo residue, G/, was identified in a lesser amount and
carried a simple monophosphate monoester group at position
4 (Table 2 and Figure 5).

From the above data, the following oligosaccharide [Eq. (2)]
was identified (the a-p-GalA residue is gray colored to indicate
its nonstoichiometric presence):

o-D-GalA
4P 4P 1P (2)
o-D-Kdo-(2—=6)-B-D-GlcN-(1—=6)-a-D-GlcN

To obtain information on the intact molecule and on the pri-
mary structure of lipid A, the intact LOS was analyzed by
MALDI-MS (Figure 6). The negative-ion MALDI mass spectrum
showed peaks that corresponded to molecular ions in the
mass range of m/z 1900-2400 Th (L1-L4), and peaks that were
related to fragments that arose from the glycoside bond cleav-
age between the Kdo and the lipid A moiety" and were at-
tributable to the lipid A (LA1-LA2). The lipid A portion, analo-
gously to wild-type LPS lipid A, showed a remarkable hetero-
geneity due to the fatty acid variability. The group of peaks
around m/z 1477.6 (LA1), matched with penta-acylated Lipid A
species that carried two GIcN and two phosphate groups with
acyl chains of different length (Am/z 14), which were distribut-
ed on the disaccharide backbone. These ions were identified
as penta-acylated lipid A molecules that carried (R)-12:0 (3-OH)
and/or (R)-13:0 (3-OH) in amide linkage, different ester-linked
3-hydroxy fatty acids [(R)-10:0 (3-OH), (R)-11:0 (3-OH), (R)-12:0
(3-OH), (R)-13:0 (3-OH)] and one secondary fatty acid, 11:0 or
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Table 3. 'H, C (italic) and *'P (bold) chemical shifts (ppm) of de-O-acylated core-lipid A backbone (0S2) of LOS from Xcc 8530 mutant. The sample was
solved in 1% deuterated SDS solution with 32% NH,OH (5 uL, pD 9.5). Chemical shifts are relative to internal acetone and external ag. 85% phosphoric
acid.
Chemical shift 6 ("H/™*C/*'P)
Unit 1 2 3 4 5 6 7 8
E 533 3.77 3.90 3.66 3.93 4.07/3.80
6-0-GlcN 92.7 54.9 71.1 69.3 71.3 68.3
3.3
F 455 3.84 3.76 3.77 3.65 3.88/3.69
6-B-GIcN 102.9 552 74.5 71.0 74.2 63.4
5.3
G 2.17/1.80 476 422 3.88 3.93 3.89
t-a-Kdo 174.1 100.9 323 72.0 71.4 70.9 70.1 63.3
-0.9
G’ 2.26/n.d. 4.46 4.00 n.d. n.d. n.d.
t-a-Kdo 174.1 100.9 321 73.3 70.7
6.92
D 5.55 3.84 3.91 426 4.42 -
t-a-GalA 96.0 69.5 70.0 71.1 73.8 170.9
—-0.9
n.d.=not determined.
° \ -1 sugar and fatty acid composition that was identical to the Xcc
H-1D H-4 G 0 wild-type,"¥ but differed by the degree of acylation and
1 phosphorylation. Thus, while the Xcc wild-type’s lipid A was
2 mainly hexa-acylated, Xcc 8530 mutant’s lipid A species were
L i mainly penta-acylated, and both polar heads were nonstoichio-
H-1E 5 metrically substituted by PEtN groups (see below).
H 4';: 6 The molecular ions of the intact LOS were also identified.
. 7 The group of ions labeled L1 was consistent with a LOS that is
H-4 G' 8 composed of a bis-phosphorylated penta-acylated lipid A
9 (LA1), one Kdo, one phosphate and one hexuronic acid; spe-
10 cies L2 carried a PEtN on the lipid A backbone (LA2). Species
56 54 52 5 48 46 44 42 4 3.8

Figure 5. The *'P,'H HSQC spectrum of 0S2.

L2=LA2+Kdo + P + HexA
PEtN

L1=LA 1+ Kdo + P + HexA

1477.61600.6
2.\ i 6

1200 1560 1920 2280

Mass (m/z)

2640 3000

Figure 6. Negative-ion linear MALDI-TOF mass spectrum of intact LOS from
Xanthomonas campestris pv. campestris 8530 mutant strain.

10:0. The ion group LA2 around m/z 1600.6 (Am/z 123) was at-
tributable to the presence of an additional residue of 2-amino-
ethyl phosphate (PEtN) and to a small amount of a hexa-acylat-
ed lipid A species. The lipid A from the Xcc 8530 mutant had a
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L3 differed by the presence of a second PEtN moiety that is
likely present on the polar heads of the lipid A. Small amounts
of hexa-acylated species were also present (L4).

On the basis of compositional analysis, NMR spectroscopy
and MALDI-MS measurements, the complete structure of the
LOS from Xcc was determined (Scheme 1).

The effects of lipid A on induction of the defense-related
gene PR1

Induction of PRT gene expression in the treated leaves was an-
alyzed by real-time RT-PCR on extracted RNA (Table 4). Accu-
mulation of the PRT transcript was observed in response to
treatment with Xcc lipid A 20 hours after treatment. The level
of transcript decreased over time, and no accumulation was
evident at 24 h. In contrast, no PRT transcript accumulation
was detected in response to Xcc strain 8530 lipid A alone.

The effect of lipid A on the hypersensitive response

In many different plants, pre-treatment with LPS, LOS or lipid A
can prevent the hypersensitive response (HR) that is induced
by avirulent bacteria, a phenomenon that has been termed lo-
calized induced resistance (LIR).” The lipid A from Xcc 8530 did
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Scheme 1. The complete structure of the LOS from Xanthomonas campestris pv. campest-
ris 8530 mutant strain. The dotted lines indicate nonstoichiometric substitutions. The
penta-acylated species lacks one of the two secondary fatty acids; the hexa-acylated spe-
cies was present in a nonstoichiometric amount. Dotted methyl groups on fatty acids are
present as a possible single substitution. A mild acid hydrolysis allowed the separation of
the lipid A from the core region, and the detailed lipid A analysis via MS. The sugar se-
quence was obtained by completely de-acylating the sample; a fine analysis of the phos-
phorylation pattern and the location of the galacturonyl-phophate was obtained by MS
and NMR spectroscopic analysis of the de-O-acylated sample. A detailed MS analysis of

the intact LOS confirmed the lipid A and the core structure.

Table 4. PR1 gene induction in Arabidopsis ecotype Col-0 after lipid treat-
ment.

Time after Xcc 8004 (wt) Xcc 8530(mutant)
treatment [h] lipid A lipid A
4 0 0
12 + 12%** +1 (ns)
20 + 213%** +1 (ns)
24 4 GExx 0

+: fold upregulated compared to water-treated tissue, after normaliza-
tion to 18SrRNA; ns: not significant; ***=p < 0.001. The experiment was
repeated three times.

not prevent the hypersensitive response in Arabidopsis, while
lipid A from the wild-type Xcc strain 8004 did.

Discussion

This paper reports for the first time the characterization of the
complete structure of an LPS molecule with a deep rough phe-
notype from a plant pathogenic bacterium. The Xcc mutant
strain 8530 produces a deep-rough LOS (Scheme 1) in which
the core region is substantially truncated to contain a single
Kdo residue to which a galacturonyl phosphate is attached.
Furthermore, the lipid A moiety of the LOS from the mutant
shows considerable alteration with decreases in the degree of
acylation and non stoichiometric substitution of both polar
heads by phosphoethanolamine groups. Xcc strain 8530
(Scheme 1) is derived from the wild-type strain 8004
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(Scheme 2), and carries a Tn5 insertion in rfaX, a gene
of unknown function."” Comparison of the structure
of the core oligosaccharides of Xcc strain 8530 with
the wild-type Xcc strain (described in ref. [11]), sug-
gests that strain 8530 is defective in the transfer of a
mannosyl residue to the Kdo present in the inner
core (compare Schemes 1 and 2). However RfaX has
no amino acid similarity to glycosyl transferases and
the identity of the transferase involved and the role
of RfaX in this process remains obscure.

The mechanism of plant defense activation in re-
sponse to general elicitors is suggested to be ana-
logoues to the innate immune system in vertebrate
and invertebrate organisms, where the term patho-
gen-associated molecular patterns (PAMPs) was intro-
duced to describe the molecules recognized by host
pattern recognition receptors (PRRs). PAMPs are usu-
ally indispensable for microbial fitness and have mo-
lecular structures that are shared by many related mi-
crobes but not with their host. The recognition of mi-
crobial PAMPs allows the host to distinguish between
self and nonself, and to signal unequivocally the
presence of infection. Bacteria, viruses and other mi-
crobes are thus recognized as invading pathogens
through the recognition of molecular signatures for a
given pathogen class. Plants have evolved and main-
tained a capacity to recognize several general elici-
tors, which are pathogen surface molecules and can
be considered to be PAMPs, these bind to PRRs and trigger
the expression of immune response genes and the production
of antimicrobial compounds. LPS, peptidoglycan, glucan,
mannan and some proteins are all surface-derived compounds
that can act as general elicitors of immunity in both plants and
animals [ and refs therein Tha minimal structural requirement of a
PAMP for elicitor activity can be different between plant and
mammalian hosts. In order to pursue the study on innate im-
munity mechanisms in plants, and to clarify the structure-ac-
tivity relationship of Xcc LOS, we have already demonstrated
that both lipid A and core oligosaccharide were able to up-reg-
ulate, in two temporal phases, PR-1 and PR-2 genes that are re-
lated to innate immune response in Arabidopsis."" In this work,
we have continued the chemical dissection of the LOS mole-
cule by exploiting our expertise in molecular biology.

Our results show for the first time that the acylation and
phosphoethanolamine substitution of lipid A influences its abil-
ity to trigger the innate immune response also in plants and
thus to act as a PAMP. When introduced into host plants, bac-
terial populations of Xcc strain 8530 decline by two to three
orders of magnitude over 24 h, whereas those of the wild-type
increase.” This in planta behavior of the mutant might be due
in part to the increased sensitivity of the strain to plant-
released antimicrobial compounds; increased sensitivity to a
range of chemicals can be demonstrated in vitro. As has been
already demonstrated for a number of Gram-negative bacte-
ria,"® modification in the lipid A-core region can be very varia-
ble, can be regulated by environmental conditions, and can
modulate bacterial virulence. It has been established for mam-
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Scheme 2. The complete structure of the LOS from Xanthomonas campestris pv. campestris wild-type strain 8004.

malian pathogens that the addition of phosphoethanolamine
groups as well as changes in the acylation pattern of lipid A
can provide increased resistance to some antimicrobial com-
pounds,"® and attenuate, or eventually antagonize the endo-
toxic properties of the lipid A. It is tempting to speculate that
similar alterations in lipid A in the Xcc deep rough mutant rep-
resent an adaptive response of Xcc to increased stresses that
are experienced because of the absence of the outer core. This
raises the possibility that similar alterations might occur in the
wild-type lipid A during plant disease, under the stress condi-
tions that are encountered and/or in response to specific
environmental cues. In animals, the activation of the innate
immune system is performed by the natural mixture of vari-
ously acylated lipid A species produced by each bacterium.
Porphyromonas gingivalis, for example, produces a LPS with
significant heterogeneity in the acylation pattern of lipid A,
which contains both penta-acylated and tetra-acylated struc-
tures."””? These differently acylated structures have opposing
effects on the activation of Toll-like receptor 4 (TLR4).'® The
acylation pattern of P. gingivalis lipid A can be influenced by
hemin, a component that is found in the microenvironment of
the gingival cervicular fluid."” Thus, by altering the relative
amount of the different lipid A structures in response to an en-
vironmental cue, P. gingivalis is able to modulate the triggering
of innate host response. Reduction of the inflammatory poten-
cy of bacterial LPS in mammalian tissues can also involve the
activity of deacylating enzymes of host or bacterial origin that
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cleave acyl Chains,[w] and refs therein

OH which greatly reduces its sensing

via TLR4. Whether alterations in

the acylation pattern or phos-

phoethanolamine substitution of
o— Xcc lipid A occur in the host and

are triggered by specific plant

environmental cues is unknown.
—0_ / The different ability of lipid A
/P§o from Xcc wild-type and Xcc 8530
mutant strains to act as PAMPs
may reflect differences in the
lipid A molecular conformation,
which is strongly influenced by
both the net negative charge, its
distribution within the hydro-
philic headgroup and by the
degree of acylation.”®?" These
o O on differences in shape have conse-
quences for the biological acti-
vity of lipid A and derivatives in
human cells; only conical mole-
cules exhibit endotoxicity,
whereas cylindrical molecules
are inactive.”?? A similar rela-
tionship between conformation
and biological activity might
occur for plant systems, and can
then influence the capacity to
bind and trigger the activation
of plant immune receptors. With respect to the wild-type Xcc
lipid A, one of the main structural differences reside in the
presence of species with both phosphate groups substituted
by PEtN groups. The charged groups in Xcc LOS have already
appeared to have a key role in recognition of both lipid A and
core oligosaccharide by putative plant receptors."" In fact, fully
de-phosphorylated Xcc LOS from the wild-type strain 8004
gives rise to a molecule with a single negative charge on the
Kdo residue of the inner core that is unable to induce any
tested defense response in A. thaliana.™" In a similar fashion,
the substitution of both phosphate groups in Xcc strain 8530
with phosphoethanolamine groups would amend the net
charge of the lipid A with possible consequences for binding
of the molecule to putative plant receptors.

Experimental Section

Bacterial growth and LOS extraction: The Xcc strains used were
strain 8004, a rifampicin-resistant mutant of a wild-type isolate of
Xcc,” and strain 8530, a Tn5 mutant of strain 8004.” Both strains
were cultured in peptone yeast extract-glycerol medium (NYGB) at
28°C.%Y Freeze-dried cells were extracted three times with a mix-
ture of aqueous 90% phenol/chloroform/petroleum ether (2:5:8,
v/v/v). After removal of the organic solvents under vacuum, the
LOS fraction was precipitated from phenol with water, washed first
with aqueous 80% phenol, and then three times with cold ace-
tone, and lyophilized to 4.3% of the dry mass. To get rid of all the
cell contaminants, the LOS fraction was further subjected to enzy-
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matic hydrolysis with RNase, DNase, and proteinase K, followed by
size-exclusion chromatography on Sephacryl S-300 in 50 mm
NH,CO; (yield: 3% of dried cells). Sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE 13.5%) was performed as de-
scribed; gels were stained with silver nitrate.?5")

Chemical degradation of LOS for structural analysis: For isolation
of 0S1 and 0S2, LOS (30 mg) was treated with anhydrous hydra-
zine (2 mL), stirred at 37 °C for 90 min, cooled, poured into ice-cold
acetone (20 mL), and allowed to precipitate. The precipitate was
then centrifuged (3000g, 30 min), washed twice with ice-cold ace-
tone, dried, dissolved in water and lyophilized (oligosaccharide
0S2, 32 mg, 80% of the LOS). An aliquot of product (15 mg) was
de-N-acylated with 4m KOH as described,'” to give OS1. Salts
were removed by gel permeation chromatography with Sepha-
dex G-10 (Pharmacia) column (50%x 1.5 cm) to yield the resulting
oligosaccharide OS1.

Chemical degradation of LOS for plant tests: Free lipid A was ob-
tained by hydrolysis of the LOS (20 mg) with 10 mm sodium ace-
tate buffer pH 4.4, (100°C, 3 h). The solution was extracted three
times with CHCl;/MeOH/H,0 (100:100:30, v/v/v) and centrifuged
(4°C, 5000g, 15 min). The organic phase contained the lipid A, and
the water phase contained the core oligosaccharide.

General analytical methods: Determination of sugars residues and
of their absolute configuration, GLC and GLC-MS were all carried
out as described.”®?* Monosaccharides were identified as acetylat-
ed O-methyl glycosides derivatives. After methanolysis (2m HCl/
MeOH, 85°C, 24 h) and acetylation with acetic anhydride in pyri-
dine (85°C, 30 min) the sample was analyzed by GLC-MS. Linkage
analysis was carried out by methylation of the complete core
region as described.’>" The sample was hydrolyzed with 4m
trifluoroacetic acid (100°C, 4 h), carbonyl-reduced with NaBD,, car-
boxy-methylated, carboxyl-reduced, acetylated and analyzed by
GLC-MS.

Total fatty acid content was obtained by acid hydrolysis. LOS was
first treated with 4m HCl (4 h, 100°C) and then neutralized with
5M NaOH (30 min, 100°C). Fatty acids were then extracted in
CHCl;, methylated with diazomethane, and analyzed by GLC-MS.
The ester-bound fatty acids were selectively released by base-cata-
lyzed hydrolysis with 0.5mM NaOH /MeOH (1:1, v/v, 85°, 2 h), then
the product was acidified, extracted in CHCl;, methylated with di-
azomethane, and analyzed by GLC-MS. The absolute configuration
of the fatty acids was determined as previously described.®*'

NMR spectroscopy: For structural assignments of OS1, 1D and 2D
"H NMR spectra were recorded in D,0 (0.5 mL) at 300 K, pD 7 (un-
corrected value) on a Bruker 400-DRX and on a Varian INOVA 500
spectrometer. For structural assignments of 0S2, 1D and 2D
'H NMR spectra were recorded in a solution of 1% deuterated SDS
(sodium dodecyl sulfate) with 32% NH,OH (5 uL) at 298 K, pD 9.5
(uncorrected value). Spectra were calibrated with internal acetone
[0,=2.225 ppm, O=31.45 ppm]. *'P NMR experiments were car-
ried out by using a Bruker DRX-400 spectrometer; aqueous 85%
phosphoric acid was used as an external reference (6 =0.00 ppm).
ROESY was measured by using data sets (t1xt2) of 4096x256
points with mixing times between 200 ms and 700 ms. Double
quantum-filtered phase-sensitive COSY experiments were per-
formed with 0.258 s acquisition time, by using data sets of 4096 x
256 points. TOCSY were performed with spinlock times from 20 to
100 ms, by using data sets (t1xt2) of 4096 x256 points. In all ho-
monuclear experiments, the data matrix was zero-filled in the F1
dimension to give a matrix of 4096 %2048 points and was resolu-
tion enhanced in both dimensions by a cosine-bell function before

ChemBioChem 2008, 9, 896 — 904

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Fourier transformation. Coupling constants were determined on a
first-order basis from 2D phase-sensitive DQF-COSY.®** HSQC and
HMBC experiments were measured in the 'H-detected mode via
single quantum coherence with proton decoupling in the C
domain by using data sets of 2048256 points. Experiments were
carried out in the phase-sensitive mode. A 60 ms delay was used
for the evolution of long-range connectivities in the HMBC experi-
ment. In all heteronuclear experiments, the data matrix was ex-
tended to 2048x 1024 points by using forward linear prediction
extrapolation.®”

Mass spectrometry: MALDI mass spectra were acquired in nega-
tive polarity with a Voyager STR instrument (Applied Biosystems)
that was equipped with nitrogen laser (1=337 nm) and provided
with delayed extraction technology. lons that were generated by
the pulsed laser beam were accelerated through 24 kV. The mass
spectra that are reported were the result of 256 laser shots.

The MALDI spectrum of native LOS was measured in linear mode,
and sample preparation was performed according to the thin layer
procedure that has been widely described®® by using 2,4,6-trihy-
droxyacetophenone (THAP) as a matrix; MS analysis of the oligo-
saccharide sample was performed in reflector mode by using a
matrix solution of dihydroxybenzoic acid (DHB; 50 mgmL™") in
0.1% TFA/ACN (8:2), by the classic dried drop method: a sample/
matrix solution mixture (1 pL, 1:1, v/v) was deposited onto a stain-
less-steel MALDI sample plate and left to dry at room temperature.

Plant tests: Lipid A from both Xcc wild-type and the mutant Xcc
strain 8530 were tested for their ability to suppress HR and induce
PR1 gene expression in A. thaliana accession Columbia (Col-0). The
HR suppression test was carried out exactly as described in Bedini
et al. (2005)." For the defense-gene-induction test, six-week-old
Arabidopsis leaves were inoculated with Lipid A (50 ygmL™") that
had been dissolved in water. Control leaves were infiltrated with
water. Plants were placed at 25°C with 16 h of light, and leaves
were harvested 4, 12, 20 and 24 h after the inoculation.

Total RNA extraction and cDNA synthesis: Total RNA was extract-
ed from treated plant material by using RNAwiz™™ (Ambion, Hun-
tingdon, UK), any contaminating genomic DNA was removed by
the DNA-free™ Kit (Ambion) by following the manufacturers in-
structions. cDNA synthesis was performed by using iScript™ cDNA
Synthesis Kit (Bio-Rad). A final concentration of 35 nguL™" of re-
versely transcribed total RNA was used. A nonRT-control (without
reverse transcriptase added) was made for each sample.

Quantitative Real time RT-PCR and statistical evaluations: The in-
duction of PRT gene expression was analyzed by quantitative real
time RT-PCR. Primer design, quantitative real time RT-PCR and stat-
istical evaluations were performed as described in ref.[11]. The
experiment was repeated three times.
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Covalent Linkage Mediates Communication between ACP
and TE Domains in Modular Polyketide Synthases
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Kira J. Weissman*® ¢

Polyketide natural products such as erythromycin A and epothi-
lone are assembled on multienzyme polyketide synthases (PKSs),
which consist of modular sets of protein domains. Within these
type | systems, the fidelity of biosynthesis depends on the pro-
grammed interaction among the multiple domains within each
module, centered around the acyl carrier protein (ACP). A de-
tailed understanding of interdomain communication will there-
fore be vital for attempts to reprogram these pathways by genet-
ic engineering. We report here that the interaction between a

Introduction

Polyketide secondary metabolites from bacteria are a valuable
source of pharmaceuticals, agrochemicals, and veterinary
agents."? Biosynthesis of these compounds is governed by
enzyme complexes called polyketide synthases (PKSs), which
catalyze a series of sequential condensation reactions of
simple carboxylic acid precursors. PKSs are classified according
to their architectural configurations: while type Il PKS enzymes
exist as discrete proteins,” type | PKSs are large multienzymes,
in which the individual catalytic domains are covalently teth-
ered together. A type | arrangement also occurs in the closely
related fatty acid synthases (FASs) of animals.”) Within type |
PKSs, repeated sets of domains are grouped into modules,
with each module catalyzing a different cycle of chain exten-
sion. For example, the 6-deoxyerythronolide B synthase (DEBS)
responsible for biosynthesis of the antibiotic erythromycin A
comprises six modules distributed among three gigantic multi-
enzyme subunits: DEBS 1, DEBS 2, and DEBS 3 (Figure 1).5¢
Each chain extension module houses three core domains—ke-
tosynthase (KS), acyl transferase (AT), and acyl carrier protein
(ACP)—which are required in order to select specific building
blocks and to accomplish C—C bond formation. These func-
tions can be optionally augmented by varying combinations of
[-carbon-processing enzymes, including ketoreductase (KR),
dehydratase (DH), and enoyl reductase (ER) domains. Chain
release and cyclization is typically performed by a terminal
thioesterase (TE) activity. As there is colinearity between the
biosynthetic template and synthetic steps, predictions can be
made for many elements of polyketide structure by examining
the domain composition of the associated PKS. This modularity
has also inspired an approach to generating novel polyketide
analogues called combinatorial biosynthesis, in which specific
portions of individual PKS are “mixed-and-matched” to pro-
duce hybrid synthases.”
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representative ACP domain and its downstream thioesterase (TE)
is mediated largely by covalent tethering through a short “linker”
region, with only a minor energetic contribution from protein-
protein molecular recognition. This finding helps explain in part
the empirical observation that TE domains can function out of
their normal context in engineered assembly lines, and supports
the view that overall PKS architecture may dictate at least a
subset of interdomain interactions.

A central component of PKS and FAS systems is the ACP, a
small (~10 kDa) acidic protein or domain present in many met-
abolic pathways, where it plays a common role in tethering
growing biosynthetic intermediates while they are extended
and modified by the constituent enzymes. The structures of
several discrete (so-called “type II") ACPs®'? and of the ACP,
domain of DEBS" have been solved, and consist in each case
of a distorted bundle of three or four a-helixes. Chain exten-
sion intermediates are attached to the ACP in thioester linkage
via a 4-phosphopantetheinyl (Ppant) moiety, a prosthetic
group appended to a highly conserved serine residue at the
base of helix all. To accomplish a typical round of polyketide
chain extension, the ACP interacts with all of the other do-
mains within its own module: 1) the AT, which loads the ex-
tender unit, 2) the KS, which catalyzes chain extension, and
3) all of the reductive domains that process the resulting f3-
ketone. In addition, the ACP transfers the fully processed inter-
mediate either to a downstream KS in the next module, or to
the TE. The molecular details of these interactions—the spatial
relationships among the domains as well as the nature,
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Figure 1. A) The erythromycin PKS (6-deoxyerythronolide B synthase, DEBS) consists of a loading module, six chain-extension modules, and a chain-terminat-
ing thioesterase (TE), distributed across three giant polypeptide chains named DEBS 1, 2, and 3. Each chain-elongation module contains an acyl transferase
(AT), a ketosynthase (KS), and an acyl carrier protein (ACP) domain, and an optional combination of reductive domains (DH, dehydratase; ER, enoyl reductase;
KR, ketoreductase). B) Graphical representation of protein constructs used in this study. His, indicates the presence of a hexameric histidine tag.

strength, and dynamics of their interfaces—are key to a
deeper understanding of the biosynthetic process. The basis
for ACP communication is also of particular interest for future
genetic engineering efforts, as the ability to obtain functional
hybrid synthases by substituting individual domains or mod-
ules depends critically on deciphering how interdomain inter-
actions are coordinated and regulated.

In type Il FAS and PKS systems in which domains are present
as individual components, interactions between the proteins
must occur through compatible molecular interfaces. A variety
of structural and mutational studies have identified helix all of
FAS ACPs as a universal recognition element,"*'” and model-
ing of the interface between type Il PKS ACP and KR domains
has also implicated this helix.'"® Swapping of ACP domains be-
tween different type Il PKS or FAS systems often leads to par-
tial or complete loss of function, which might be explained, at
least in part, by the existence of highly specific recognition
motifs on these domains."2" In comparison with other re-
gions of the proteins, helix all is more highly conserved
among known ACPs, including those from typel| PKSs.*?
Recent experiments have shown that residues in helix all of
ACP, from the erythromycin-producing PKS (DEBS) mediate
its interactions with phosphopantetheinyl transferases
(PPTases),”™® the enzymes responsible for converting ACPs from
their apo to holo forms by attachment of Ppant.*” Further-
more, computational docking and site-directed mutagenesis of
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DEBS ACPs support the role of helix all and the adjacent loop
region in recognition between ACP and KS domains.**! To-
gether, these data suggest that type | ACP domains may use
structural features similar to those present on type Il ACPs to
interact with partner enzymes. However, it is also possible that
the structural arrangement and covalent linkage of ACPs to
other domains within type | PKSs suffice to ensure productive
contacts.

To gain further insight into ACP-based communication, we
have explored in detail the interaction between DEBS ACP,
and the downstream TE domain to which it is directly joined
within the multienzyme through a linker of eleven amino acid
residues.”*?”" Qur analysis both by surface plasmon resonance
and isothermal titration calorimetry confirmed that the sepa-
rate proteins do interact, albeit with relatively modest affinity,
and that the association is enhanced by the presence of the
Ppant arm and the acyl chain. However, we also show that the
TE is dramatically less effective at hydrolyzing a butyryl group
(@ model of the polyketide acyl group) from a discrete ACPg
than from an ACP4 domain to which it is covalently tethered.”®
Taken together, our results suggest that a major determinant
of the efficiency of TE catalysis of acyl chain transfer from the
ACP is the covalent linkage of the two domains into a single
polypeptide, with only a minor contribution from recognition
of a specific interface or of the phosphopantetheine-bound
moiety. Thus, despite the obvious mechanistic similarities be-
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tween type | and type Il PKS systems, there appear to be signif-
icant differences in key protein-protein interactions within
these multienzymes. If other ACP-based interactions within
each PKS module turn out to be similarly governed by covalen-
cy and proximity, it should significantly advance genetic engi-
neering of these systems.

Results
Design of the experimental system

To evaluate the contribution of covalent linkage to interdo-
main interactions, we elected to compare the ACP,TE di-
domain of the erythromycin-producing PKS (DEBS)?® with the
ACP, and TE components expressed as discrete proteins. Previ-
ous studies have established that the ACP; domain of ACP,-TE
can be quantitatively phosphopantetheinylated in vitro,”® and
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that the TE can hydrolyze a wide range of model substrates
derivatized as their nitrophenyl esters.”*3® ACP, was success-
fully expressed as a C-terminal translational fusion with GST,
from which it was released by cleavage with PreScission
Protease, and with an N-terminal Hisg tag (Figure 1). Domain
boundaries were selected on the basis of literature prece-
dent.®" We confirmed the structural integrity of each ACP spe-
cies by treatment with the broad-specificity phosphopante-
theinyl transferase Sfp,*? followed by analysis by high-pressure
liquid chromatography-mass spectrometry (HPLC-MS). Modifi-
cation by phosphopantetheine was quantitative, and the ACP,
could be produced fully acylated with the polyketide mimic
butyrate by incubation with butyryl-CoA and Sfp (Figure 2). Bu-
tyryl-ACP; was found to be stable under the acidic conditions
required to quench TE-catalyzed hydrolysis, which permitted
kinetic analysis of the rate of chain release from ACP;.
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Figure 2. HPLC-MS traces showing acylation of ACP4 constructs with butyrate after 1 h incubation with Sfp and butyryl-CoA. A) Acylation of untagged ACP,.

B) Acylation of N-terminally Hiss-tagged ACP,.
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The recombinant TE domain was designed to include all of
the ACP.-TE linker region, a construct closely similar to that
used previously to study TE domain specificity.®® The TE was
obtained both as a GST fusion protein and with a C-terminal
Hise tag. Although the DEBS TE normally accomplishes chain
release by macrolactonization with the aid of a distal hydroxyl
nucleophile on the polyketide intermediate, alternative hydro-
lytic release of model substrates is also efficient.”*3” We there-
fore chose to evaluate the catalytic activity of the TE by using
a commercially available nitrophenolate ester. Both forms of
the TE were found to catalyze hydrolysis of p-nitrophenylbuty-
rate with a k, of 8.3+0.2 s, comparable to that of the ACP-
TE didomain (8.140.3 s™'), demonstrating that the discrete TEs
were properly folded and catalytically competent (Figure 3).

v/ pmminT'—

= TE
+ ACP-TE

—1 + 1T T 1 ¥ 1 v 1 7 71 F 1 ¢+ T 7
0 200 400 600 800 1000 1200 1400 1600
[Substrate] / ym ——

Figure 3. Hydrolysis of the model substrate p-nitrophenyl butyrate by re-
combinant TE and ACP.-TE. The data were fit to the Michaelis-Menten equa-
tion by nonlinear regression.

Hydrolysis of butyryl-ACP by covalently tethered TE is rapid

We next attempted to quantify the rate of release of butyrate
from butyryl-ACP,; housed within the ACP,-TE didomain. The
ACP,-TE (3 um) was incubated with butyryl-CoA and Sfp
(300 pm) for various periods, followed by quenching with gla-
cial acetic acid and analysis by HPLC-MS. This experiment pro-
vided no evidence of a butyryl moiety on either the ACP, or
the TE domains. Although the majority of the ACP; protein
was in its phosphopantetheinylated holo form, a small propor-
tion of the domain was apo even after 1 h incubation, suggest-
ing that transfer of the butyryl-pantetheine group to ACP; was
slow under the assay conditions (Figure 4). We therefore re-
peated the experiments with a 100-fold higher concentration
of Sfp (30 nm), so that transfer of the butyrate substrate to
ACP, was not expected to be rate-limiting. Again, however, at
all time points tested (1-60 min), the major peak in the HPLC-
MS chromatogram corresponded to holo-ACP, with no evi-
dence of butyryl groups on either the ACP or TE domains
(Figure 4). This result suggested that transfer of the butyryl-
phosphopantetheine moiety to ACP,, transesterification to the
TE, and TE-catalyzed hydrolysis all occurred within the “dead
time” of the experiment—that is, as soon as the butyryl group
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was present on the ACP, it was transferred to and hydrolyzed
by the TE domain.

In principle, it was possible that the Sfp had preferentially
utilized a minor CoA contaminant in the commercial sample of
butyryl-CoA during the phosphopantetheinylation reaction,
thus generating holo-ACP directly. To rule out this possibility,
we constructed an active site Ser to Ala mutant in the TE
(TEg3000a; NumMbered as for DEBS 3) to disable both its acyl
transfer and hydrolytic activities (this mutation had previously
been shown not to disrupt the overall folding of the upstream
ACPBY). Incubation of the mutant ACP,-TE didomain with bu-
tyryl-CoA and Sfp, followed by HPLC-MS analysis, showed that
butyryl-ACP, was formed quantitatively and stably (Figure 4).
The finding that holo-ACP,; was observed at all time points
with the ACP4-TE wild-type didomain therefore suggests that
initial formation of butyryl-ACP; is followed by immediate TE-
catalyzed release.

Hydrolysis of butyryl-ACP by discrete TE is inefficient

We next examined hydrolysis of butyryl-ACP¢ by discrete TE-
Hise (Figure 5). As controls, we analyzed the concentration de-
pendence of the initial rate of hydrolysis by a fixed amount of
TE of the butyryl-ACP; mimics butyryl-CoA and butyryl-pante-
theine (see the Experimental Section). These reactions were
carried out in the presence of Ellman’s reagent—>5,5'-dithiobis-
(2-nitrobenzoic acid) (DTNB)—and the rate of release of free
thiol was measured by UV-visible spectroscopy.*” Only low
rates of hydrolysis were observed for these simple thioesters,
at all concentrations tested (Figure 5B).

Butyryl-ACP¢ (1 um) was generated as described above and
incubated with increasing amounts of discrete TE (1, 3.1, 10,
31, and 100 equivalents). Analysis of the ACPg at various time
points by HPLC-MS showed that release of butyrate was dra-
matically slowed in relation to the very rapid hydrolysis by the
ACP,-TE didomain (compare Figures 5A and C with Figure 4).
The effect of removing the tether is expressed in a greatly de-
creased k., (0.046+0.002 s7"), rather than in greatly weakened
binding (the apparent K, of treating the TE as the “substrate”
was 1.2+£0.2 um (Figure 5A)).

Direct analysis of ACP binding to TE by SPR

Surface plasmon resonance (SPR) was used to assess binding
of the TE to various forms of ACP, (apo, holo, and butyryl).
Initial attempts to couple untagged ACP; to the SPR chip by
standard amine chemistry were successful, but no binding was
detected either to discrete TE-Hisy domain, or to Sfp as a posi-
tive control. Unfortunately, direct immobilization often decreas-
es or completely abrogates binding to analytes in SPR,2® be-
cause the binding surface is occluded by the immobilization.
In the case of ACPg, sequence analysis suggests that coupling
should have occurred exclusively through the N-terminal Gly
residue. As an alternative, we immobilized Hiss-tagged ACP; on
a Ni-NTA chip. Although no signal was observed when the TE
was applied to bound apo-ACP,, an interaction was detected
between the TE and both holo- and butyryl-ACP, (Figure 6).
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Figure 4. HPLC-MS traces showing incubation of ACP,-TE constructs with Sfp and butyryl-CoA. A) Wild-type ACP,-TE. B) ACP,-TE containing active site S3049A

mutation.

Flowing Sfp over apo-ACPg also resulted in a significant signal
(Figure 6).

Although the sensorgrams revealed a clear trend of increas-
ing binding affinity (apo <holo < butyryl), attempts to fit the
data to a simple one-site binding model (Langmuir isotherm)
were not successful. It is possible that the chip surface con-
tained a heterogeneous population of ACP, domains,®® even
though immobilization through the His; tag ought to have
yielded a single orientation of ACPg on the chip. There was cer-
tainly a low, but consistent, level of non-specific binding be-
tween untagged ACP; and the Ni-NTA surface, probably due to
the acidic character of the ACP, domain (pl 5.3). This non-spe-
cific binding also frustrated attempts to analyze the interdo-
main interaction by flowing ACP; over the TE bound to the
chip through its Hisg tag. We also immobilized His¢-tagged TE
by using an anti-His, antibody. However, the TE domain at-
tached in this way did not interact with ACP4 to any measura-
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ble extent (data not shown). Putative recognition sites for the
ACP, have been proposed to lie close to the subunit interface
on the TE?” and this arrangement might be sensitive to per-
turbation caused by immobilization.

Direct analysis of ACP binding to TE by ITC

As an alternative to SPR, isothermal titration calorimetry (ITC)
was used to measure the binding affinity. The major advantage
of this technique is that binding is assessed between native,
unmodified proteins in solution, removing the requirement to
immobilize either partner.?” The mutant TEg,0, (100 um) was
titrated at 20°C with either apo-, holo-, or butyryl-ACP; (all at
2 mwm; Figure 7). This analysis revealed the same trend in bind-
ing affinity as had been seen with SPR. Titration with the apo
protein did not produce any detectable signal. The holo pro-
tein did show detectable binding, although the heat signal
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Figure 6. SPR analysis of the interaction between ACP; and TE. Sensorgrams
of the interaction of TE with apo, holo, and butyryl forms of ACP, at 400 um
are shown.

was insufficient for a reliable K; to be calculated. For butyryl-
ACPq, the data could be convincingly fit to a one-site binding
model, yielding a K; value of 18+ 1 um (Figure 7).

Discussion

Comparison of type Il and modular type | PKSs, which catalyze
a closely similar set of reactions, suggests that at least some
domains within PKSs interact through specific recognition sur-
faces. Indeed, subtle changes in the natures of these interfaces
during catalysis might form the basis for specific programming,
in which each module catalyzes a single cycle of chain exten-
sion before handing on the polyketide chain to the neighbor-
ing downstream module. Further, failure to maintain the integ-
rity of such interprotein interfaces in engineered PKSs may ac-
count for the observed inefficiency! or inactivity®®*? of these

hybrids. This remains an appealing mechanism. Our results
suggest, however, that an additional and indispensable contri-
bution to efficient communication between the ACP and TE
domains is their covalent tethering through a linker.*” The lack
of sequence conservation in this interdomain region among
modular PKSs (see the Supporting Information), the shorter
length of the sequence (10-45 residues) in relation to other
linkers that adopt folded structures (for example, KS-AT (100
residues);"*"" AT-KR (280 residues)***? in a typical PKS), and an
amino acid composition rich in Pro, Ala, and charged resi-
dues™ are all consistent with the idea that this region serves
as a flexible tether that promotes the close approach of the
two domains. This region of the DEBS subunit is also suscepti-
ble to limited proteolytic cleavage™—further evidence that it
is unstructured in its native context. Such properties have
been demonstrated for the analogous linker region bridging
the ACP and TE activities of animal FASs.” Indeed, it has fur-
ther been shown that a FAS TE domain released from the up-
stream ACP by limited proteolysis retained activity with acyl-
CoA substrate but not with the remainder of the multien-
zyme,“¥ consistent with the lack of a strong protein—protein
interaction in the absence of a tether between the ACP and TE
domains.*” Covalent tethering is also likely to position the
substrate optimally relative to the TE active site; indeed, our
kinetic data suggest that nonproductive binding modes are
favored in the absence of the linker region.

Nevertheless, the kinetic data for hydrolysis of butyryl-ACPg
by the TE (Figure 5) indicate a contribution from molecular rec-
ognition. To localize the region on ACP, that is involved in
binding the TE, we evaluated the interaction between the TE
and either apo-, holo-, or butyryl-ACP4 by both ITC and SPR.
Neither approach (Figures 6 and 7) provided any evidence for
binding between the TE and the apo-ACP. An interaction was
observed between the TE and the holo protein, and the affinity
of binding was increased further by the presence of a butyryl
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Figure 7. Representative ITC analysis of TEg;o,04 (100 pm) titrated with A) apo-ACP,, B) holo-ACP,, and C) butyryl-ACP, (all at 2 mm).
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chain. Taken together, these data suggest that the most signifi-
cant interaction occurs between the TE and the prosthetic
group (as well as the attached acyl moiety), and not with the
ACP itself. Surprisingly, we did not observe a significant rate of
hydrolysis of the model substrates butyryl-CoA or panthethein-
yl butyrate by the TE, even at high substrate concentrations.
However, pantetheine lacks the terminal phosphate of Ppant,
while CoA incorporates an additional AMP moiety, making the
compounds only imperfect mimics of the Ppant arm. Thus,
one plausible interpretation of this result is that the single
phosphate group of Ppant makes a significant contribution to
substrate recognition by the TE. An alternative explanation is
that the Ppant interacts with the ACP domain, adopting a spe-
cific conformation that enhances its binding to the TE. Howev-
er, for the majority of ACP domains characterized to date, con-
tacts have not been observed between the protein and the
prosthetic arm.®**4 These data also argue against the possi-
bility that phosphopantetheinylation and/or acylation induce
changes in the ACP structure that result in tighter binding to
the TE. Indeed, no evidence that ACP, of DEBS exhibits confor-
mational heterogeneity in solution was reported." Together,
these results suggest that the increase in affinity observed in
the SPR and ITC experiments was due to recognition by the TE
of the groups tethered to the ACP domain, although further
data will be required to rule out the alternative explanations
conclusively.

The fact that the interaction between the ACP and the TE is
substantially governed by proximity accounts, at least in part,
for the empirical observation that TE domains can effect effi-
cient chain release from multiple non-cognate ACP domains in
engineered systems.***®*Y Thus, the primary determinant of
its function would seem to be specificity for the substrate acyl
group attached to the ACP and the presence of a suitably posi-
tioned nucleophile with which to accomplish lactonization or
hydrolysis.*%** Similar conclusions supporting the role of prox-
imity have recently been reached for recombinant PKS KR do-
mains, which showed specificity for their [3-ketoacylthioester
substrates, but not for the ACP domains to which the sub-
strates were tethered, nor for the KS domains that synthesized
the intermediates.®” The primacy of covalent linkage in gov-
erning the interaction between the DEBS TE domain and the
ACP is encouraging for future genetic engineering efforts, be-
cause it suggests that as long as the proper architectural rela-
tionship is maintained and the substrate contains appropriate
recognition features for the TE, then efficient chain transfer
and release will occur.

Experimental Section

Cloning procedures: The following constructs were amplified by
PCR from pACP-TEHis:® untagged ACP¢ (primers; 5-TGT-
TGGATC CGC GGC CCCGGC GCG GGA GAT GACGTCGCAGGAGTT-

GCTGG-3' [forward] and 5-GAGTCGAATTCTCGAGCTGCTGTCCT-
ATGTGGTCG-3' [reverse]); His-ACPg (primers; 5-GAAATAATTTIG-
TTCATATGG CGG CCCCGGCGC GGG AGATGA CGT CGCAGGAGTTGC-
3" [f] and 5-GAGTCGAATTCTCGAGCTGCTGT CCTATGTGGTCG-3'
[r]); and TE (primers; 5'-GATATA GGATCCGACAGCGGGACTCC-3' [f]
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and 5-CGAGGAATTCTTAGCTATTCCCTCCGCCC-3' [r]). Untagged
ACP; and TE were subsequently cloned into pGEX-6P-1 previously
digested with BamHIl and EcoRIl. His-ACP; was cloned into
pET28b + previously digested with Ndel and EcoRIl. pKJW63 (TE-
Hise) was constructed by amplification of the linker-TE region from
pIB023 (primers; 5’-AAT TCATAT GGA CAGCGGGACTCCCGCCCGG-
GAA-3' [f] and 5-TTGCGGCCGCTGGAATTCCCTCCGCCCA-3'). The
resulting PCR product was subcloned into pUC18, before digestion
and subsequent cloning into pET29b+ previously digested with
Ndel and Notl.

Site-directed mutagenesis of ACP,-TE: Plasmid pACP-TEHis®*! was
mutated by QuickChange mutagenesis (Stratagene) according to
the manufacturer’s instructions with use of the mutagenic primers,
5'-GGT GGC CGGTCA CGCCGCGGGGGCAC-3' (sense) and 5-GTG-
CCCCCGCGGCGTGACCGGCCACC-3 (antisense), encoding for the
active site S3029A mutation (the modified sequence is underlined).
The mutant plasmids were then sequenced between naturally
occurring Sacl and Dralll sites within the ACP¢-TE gene, and the
correct sequences were then excised as Sacl-Dralll fragments and
cloned into unmutated pACP4-TEHis previously digested with both
Sacl and Dralll.

Expression and purification of untagged constructs from their
GST fusion proteins: Expression constructs (ACP,, TE) were trans-
formed into E. coli BL21 (DE3) CodonPlus-RP cells. Cultures were
grown in LB medium (2L) supplemented with carbenicillin
(100 ugmL™") and chloramphenicol (34 ugmL™") to an ODgy, of 0.8,
and induced with isopropyl-p-p-thiogalactopyranoside (IPTG;
0.2 mm); expression was carried out overnight at 22°C or 37°C.
Following expression, cells were harvested by centrifugation and
frozen at —20°C. Cell pellets were resuspended in Tris-Triton X buf-
fered saline (TTBS; 20 mm Tris-HCl (pH 7.4), 150 mm NaCl, 0.1%
Triton-X), supplemented with protease inhibitor cocktail (Roche),
benzonase (Novagen, 8 U), and ready-lyse lysozyme (Epicentre Bio-
technologies, 250 kU), and left to incubate on ice for 30 min. Cells
were ruptured by sonication (Misonix, Inc.), and the protein super-
natant was isolated by centrifugation at 21000g for 30 min. The
cell lysate was then applied to a glutathione agarose column. The
column was washed with 5 column volumes of TTBS and 5 column
volumes of TBS (20 mm Tris-HCl (pH 7.4), 150 mm NaCl) before
equilibration in PreScission Protease cleavage buffer (50 mm Tris-
HCl (pH 8.0), 100 mm NaCl, 1 mm EDTA, 1 mm DTT). On-column
cleavage was performed with PreScission Protease (GE Healthcare,
100 U) in 1 column volume of cleavage buffer, at 4°C overnight.
The target fusion partner was eluted in cleavage buffer and then
concentrated and exchanged into PBS (50 mm NaPi (pH 7.0),
150 mm NaCl) with a PD-10 column.

Expression of Hiss-tagged proteins: Expression constructs (Hisg-
ACP, ACP-TE-Hisg, TE-Hiss) were transformed into E. coli BL21 (DE3)
CodonPlus-RP cells. Cultures were grown in LB medium (2 L) sup-
plemented with kanamycin (50 ugmL™") and chloramphenicol
(34 pgmL™") to an ODyy, of 0.8, and induced with IPTG (1.0 mm);
expression was carried out overnight at 22°C or 37°C. Following
expression, cells were harvested by centrifugation and frozen at
—20°C. Cell pellets were resuspended in chilled Ni-NTA buffer
(50 mm sodium phosphate buffer (pH 8.0), 300 mm NaCl, 0.1%
Triton-X), supplemented with protease inhibitor cocktail, benzo-
nase (8 U), and ready-lyse lysozyme (250 kU), and left to incubate
on ice for 30 min. Cells were ruptured by sonication, and the pro-
tein supernatant was isolated by centrifugation at 21000g for
30 min. Cell lysate was incubated with Ni-NTA resin (Sigma, 5 mL)
for 1 h at 4°C. The resin was then transferred to a column, and
washed with 10 column volumes of Ni-NTA buffer containing
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imidazole (20 mm). His-tagged protein was eluted with imidazole
(250 mm) in Ni-NTA buffer (pH 7.0). Imidazole was removed by
buffer exchange on a PD-10 desalting column into PBS (50 mm
sodium phosphate buffer (pH 8.0), 150 mm NaCl).

Phosphopantetheinylation and acylation of ACP,: Untagged
ACP (3 um) was incubated with Sfp (31 nm), in buffer (50 mm NaPi
(pH 6), 10 mm MgCl,, 5 mm DTT, 1 mm CoASH (or acyl-CoASH)) in a
100 pL reaction volume.”? Reactions were allowed to proceed at
37°C for 1 h, before quenching with glacial acetic acid (1 uL) and
snap freezing in liquid nitrogen. Samples were subsequently stored
at —80°C until analysis by HPLC-MS. Analysis was performed on a
HP 1100 (Hewlett-Packard, Wilmington, DE, USA) high-pressure
liquid chromatography system coupled with an LCQ Classic (Ther-
moFinnigan, San Jose, USA) mass spectrometer fit with an electro-
spray ionization source. Samples were applied to a reverse phase
column (Vydac, Protein C4, 5 um, 250x4.6 mm, 300 A) and eluted
with a linear gradient from 25-95% acetonitrile/water containing
trifluoroacetic acid (0.1 %), over 20 min at a flow rate of 1 mLmin™".
The eluent was monitored by use of a diode array detector at 214
and 280 nm. The mass spectrometer was set to a spray voltage of
4.5 kV and a capillary temperature of 200 °C. The HPLC-MS system
was controlled with Xcalibur (version 1.1, ThermoFinnigan, San
Jose, CA, USA), and mass spectrometric data were processed and
transformed by use of Bioworks software (version 1.1, ThermoFinni-
gan).

Assays for thioesterase activity: Purified TE-His and ACP-TE-Hisg
(1.31 um) were incubated with varying concentrations of p-nitro-
phenyl butyrate (Sigma) in buffer (200 mm NaPi, 2.5 mm Tris buffer
(pH 7.0), 50 um EDTA, 5 um DTT).”? Reactions in duplicate were
performed at 30°C and monitored with a UV spectrophotometer
(Shimadzu) at 400 nm. Reactions were measured against the back-
ground rates of hydrolysis in the absence of the proteins.

Synthesis of butyryl pantetheine: bp-Pantethine (276 mg,
0.498 mmol) was dissolved in dry isopropanol (5 mL) under argon;
the solution was degassed by bubbling in argon for 40 min.
Sodium borohydride (92 mg, 2.432 mmol) was added, and the mix-
ture was heated to reflux (85°C) for 16 h. Once the reaction was
judged complete by TLC analysis, the mixture was allowed to cool
to room temperature and diluted with methanol (10 mL); acetic
acid (2.8 mL) was then added to destroy the excess hydride, and
the mixture was concentrated in vacuo. The crude product, a trans-
parent oily liquid, was carried on to the next step without purifica-
tion. Analytical data for p-pantetheine: R 0.55 (ethyl acetate/
methanol 3:1), '"H NMR (400 MHz, D,0): 6 =3.90 (s, 1H; CH), 3.44 (1,
*Jun=6.0 Hz, 2H; CH,), 3.43 (d, *Jyy=11.0 Hz, 1H; CH,,0H), 3.31 (d,
3Jyn="11.0 Hz, 1H; CH,,OH), 3.29 (t, *J,,=6.5 Hz, 2H; CH,), 2.57 (t,
*Jyu=6.5Hz, 2H; CH,), 244 (t, *},y=6.0Hz, 2H; CH,), 0.84,
0.81 ppm (s, 3H; C(CH,),); *C NMR (100 MHz, D,0): 6=174.1, 173.0
(CONH), 74.8 (CH), 67.3 (CH,OH), 41.2 (CH,), 37.6 (C(CHs),), 34.4,
34.3,22.1 (CH,), 19.4, 18.1 ppm (C(CH,),); ESI-MS: 578.8 [2M+Na]*,
301.1 [M+Na]*, 278.8 [M+H]", 261.2 [(M—H,0)+H]".

p-Pantetheine was directly dissolved in dry THF (7 mL) at 0°C in
the presence of triethylamine (0.42 mL, 3.013 mmol); butyryl chlo-
ride (0.10 mL, 0.963 mmol) was added dropwise. The reaction was
stirred at 0°C for 1 h and at room temperature for a further 3 h,
after which the solvent was removed under reduced pressure.
Water and ethyl acetate (10 mL of each) were then added to the
crude residue; the organic phase was isolated, dried over MgSO,,
filtered, and concentrated to afford the final product as a clear oil
(213 mg, 61% over two steps). For enzymatic assays, a small
amount of this material was further purified by semipreparative
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HPLC (Polar RP 80 A-column, 250% 10.00 mm, 4 um, 2.5 mLmin™",
from 100% water to 100 % acetonitrile in 30 min, t;=17.5 min). An-
alytical data for p-butyryl-pantetheine: '"H NMR (400 MHz, D,0): 6 =
3.91 (s, 1H; CH), 3.43 (d, *}yy=11.0 Hz, TH; CH,,0H), 3.41 (t, *Jyp=
7.0 Hz, 2H; CH,), 3.32 (d, *J4=11.0 Hz, 1H; CH,,0H), 3.30 (t, *},,=
6.5Hz, 2H; CH,), 2.97 (t, *J,,=6.5Hz, 2H; CH,), 2.55 (t, *Jyu=
7.5 Hz, 2H; CH,), 2.39 (t, *J,4=7.0 Hz, 2H; CH,), 1.58 (sextet, >}, ;=
7.5 Hz, 2H; CH,), 0.84 (t, *J,,y=7.5 Hz, 3H; CH,CH,), 0.84, 0.81 ppm
(s, 3H, C(CH,),); *CNMR (100 MHz, D,0): 6=204.4 (SCO), 174.7,
173.6 (CONH), 75.4 (CHOH), 68.0 (CH,OH), 45.0, 38.3 (CH,), 38.2 (C-
(CHJ),), 35.0, 349, 27.6 (CH,), 20.1, 18.7 (C(CH,),), 18.6 (CH,),
12.2 ppm (CH,CH,); HR-ESMS: found 349.1786; required: 349.1797
M+H]".

Assay for hydrolysis of butyryl-pantetheine and butyryl-CoA:
Varying concentrations of substrate were incubated with the TE-
Hisg (1 um) in buffer (50 mm NaPi buffer (pH 7.4), 150 mm NaCl,
0.2mm 5, 5'-dithiobis-(2-nitrobenzoic acid) (DTNB)). Free thiol
groups were then detected by reaction with DTNB, with monitor-
ing at 412 nm using a UV/Vis spectrophotometer (Shimadzu). Reac-
tions were measured against the background rates of hydrolysis in
the absence of the TE.

Detection of hydrolysis of butyryl-ACP, and butyryl-ACP.-TE by
HPLC-MS: Preformed untagged butyryl-ACP¢ (1 um) and TE-His
(varying) were incubated at 37°C for the indicated periods in
buffer (50 mm NaPi buffer (pH 7.4), 150 mm NaCl) (Figure 5). The
reactions were quenched with glacial acetic acid (1 uL), and the
products were analyzed by HPLC-MS, as described previously.
ACP,-TE-Hisg (1 um) was incubated at 37°C with Sfp (31 nm) in
buffer (50 mm NaPi (pH 6), 10 mm MgCl,, 5 mm DTT) containing
butyryl-CoASH (1 mm) for 1, 5, 15, 30, and 60 min. The reactions
were quenched with glacial acetic acid (1 pL), and the products
were analyzed by HPLC-MS. For the hydrolysis of butyryl-ACP,
data obtained from two independent determinations were fit to
the Michaelis-Menten equation by nonlinear regression (Sigma-
Plot).

Surface plasmon resonance (SPR): SPR experiments were per-
formed on a Biacore 2000 instrument (Biacore AB).

Direct immobilization of ACP, was performed with a CM5 chip (Bia-
core AB). The chip was activated by injection of freshly prepared N-
ethyl-N'-(3-dimethylaminopropyl)carbodiimide (EDC; 0.2m) and N-
hydroxysuccinimide (NHS, 0.05m; 1:1, 200 uL) at a flow rate of
5uLmin~' at 25°C. ACP; was coupled to the chip by injection of
protein (500 ugmL™") in running buffer (10 mm HEPES-KOH buffer
(pH 7.4), 150 mm NaCl, 3 mm EDTA, 0.005% P20 surfactant) for
3 min, followed by ethanolamine (1.0m, 100 pL) to deactivate any
remaining active ester sites. ACPs (800 response units (RUs)) was
immobilized on the CM5 surface. Binding experiments were con-
ducted by injection of TE at different concentrations in running
buffer (10 mm HEPES (pH 7.4), 150 mm NaCl, 50 um EDTA, 10 mm
imidazole and 0.005% P20 surfactant) at a flow rate of 10 uLmin™"
for 3 min. As a control, Sfp (10 pm) was flowed over ACP¢ immobi-
lized to the CM5 surface, under the same conditions.

Immobilization of His,-ACPg was performed with an NTA chip (Bia-
core AB). The chip was coated with nickel ions by injection of NiCl,
(500 um, 20 ub) at a flow rate of 20 uLmin~". Hiss-ACP, (500 RU)
was captured on the Ni-coated chip by injection of protein sample
(200 nm) at a flow rate of 5 uLmin~' for 10 min. Kinetic analysis for
the interaction of ACP; with untagged TE was carried out by injec-
tion of TE at different concentrations in running buffer (10 mm
HEPES-KOH buffer (pH 7.4), 150 mm NaCl, 50 um EDTA, 10 mM imi-
dazole, and 0.005% P20 surfactant) at a flow rate of 10 yLmin™'
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for 3 min. The experimental surface was regenerated by injection
of regeneration solution (10 mm HEPES-KOH buffer (pH 7.4),
150 mm NaCl, 300 mm EDTA, and 0.005% P20 surfactant) at a flow
rate of 20 uLmin~" for 3 min. Untagged TE was also injected into a
flow cell without immobilized His,-ACP, to control for refractive
index changes and nonspecific binding.

Immobilization of TE; was performed with a CM5 chip (Biacore AB).
The chip was activated by injection of freshly prepared EDC (0.2 m)
and NHS (0.05m; 1:1, 200 pL) at a flow rate of 5 uLmin~" at 25°C.
Anti-His, mAb (AbCam) was coupled to the chip by injection of
protein (50 pgmL™") in sodium acetate buffer (10 mm, pH 4.0) for
3 min, followed by ethanolamine (1.0m, 100 pL) to deactivate any
remaining active ester sites. Anti-His; mAb (1000 RU) was immobi-
lized on the CM5 surface. TE-Hisg was captured by flowing the
domain over the chip at 50 ygmL™" in running buffer. Binding
experiments were conducted by injection of ACP, at different con-
centrations in running buffer at a flow rate of 10 pLmin™' for
3 min.

Data were analyzed with the aid of the BlAevaluation software
package (Biacore AB).

Isothermal titration calorimetry: Calorimetric titrations were per-
formed with PBS (50 mm NaPi (pH 8.0), 150 mm NaCl) in a MicroCal
VP-ITC microcalorimeter. The sample cell of the calorimeter was
filled with TEs, mutant (0.1 mm) to a volume of 1.4 mL, and the
system was allowed to equilibrate thermally at 20°C. Pulses of the
ligand solution (2 mm apo-, holo-, or butyryl-ACPs, 10 pL) were
then injected into the sample at 3 min intervals (it was not possi-
ble to increase the concentration of the ACP species further, due
to limited solubility). Raw ITC data from two independent determi-
nations were integrated by use of the Microcal Origin software,
and background heats from ligand to buffer titrations were sub-
tracted. The integrated heats for titration with butyryl-ACP, were
fit to a single binding site model with stoichiometry set at 1:1.

Note Added in Proof

Recent crystallographic studies of the ECH2 decarboxylase CurF
have shown that 20-fold discrimination against CoA-bound sub-
strates is likely to arise from the presence in the active site of a ty-
rosine, which blocks a basic side chain of arginine from entering.
In CoA-binding enzymes, this Arg interacts with both phosphate
groups of CoA. Thus, in this case, discrimination is against the two
phosphate groups of CoA in favor of the single phosphate group
of the ACP-bound substrate. Such a mechanism might also be
operative in the TE domain. T. W. Geders, L. Gu, J. C. Mowers, H.
Liu, W. H. Gerwick, K. Hakansson, D. H. Sherman, J. L. Smith, J. Biol.
Chem. 2007, 282, 35954-35963.
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Small Molecule Inhibitors Targeting HIV-1 Reverse

Transcriptase Dimerization

Dina Grohmann,” Valentina Corradi,™ Mira Elbasyouny,” Annika Baude,”
Florian Horenkamp,”® Sandra D. Laufer,” Fabrizio Manetti,” Maurizio Botta,*® and

Tobias Restle*!!

The enzymatic activities of human immunodeficiency virus type 1
(HIV-1) reverse transcriptase (RT) are strictly correlated with the
dimeric forms of this vital retroviral enzyme. Accordingly, the de-
velopment of inhibitors targeting the dimerization of RT repre-
sents a promising alternative antiviral strategy. Based on muta-
tional studies, we applied a structure-based ligand design ap-
proach generating pharmacophoric models of the large subunit
connection subdomain to possibly identify small molecules from
the ASINEX database, which might interfere with the RT subunit
interaction. Docking studies of the selected compounds identified
several candidates, which were initially tested in an in vitro subu-
nit association assay. One of these molecules (MASO) strongly re-

Introduction

Human immunodeficiency virus 1 (HIV-1) reverse transcriptase
(RT) plays a pivotal role in the retrovirus life cycle and hence
many of the clinically used drugs are targeted at this
enzyme."’ However, particularly with regard to the emergence
of highly resistant viral strains, the development of new and
more potent inhibitors remains indispensable. The biologically
relevant form of HIV-1 RT is a heterodimer consisting of a p51
and p66 subunit.? The small subunit p51 is a N-terminal pro-
teolytic cleavage product of the large subunit p66. The corre-
sponding polypeptide chains can be divided into a N-terminal
polymerase domain, a C-terminal RNase H domain, which is
missing in p51, and a so called connection domain.”’ Whereas
p66 harbors all enzymatic activities, the RNA- and DNA-depen-
dent DNA polymerase activity and RNase H activity, p51 is cru-
cial for the structural integrity of the enzyme. Several years
ago, we showed that the enzymatic activities of this retroviral
polymerase are strictly correlated with the dimeric forms.>*%
Thus, the development of inhibitors targeting the dimerization
of the RT represents a highly promising alternative antiviral
strategy.®®

Several molecules have been described to modulate the
dimer stability of RT. Among them, certain non-nucleoside RT
inhibitors (NNRTIs) have been shown to stabilize the dimer,””
whereas others impair the stability of RT."*"'? In addition, pep-
tides have been described to prevent dimerization of RT in vi-
tro and one of them (Pep-7) could be shown to abolish the
production of viral particles in infected cells."*" More recent-
ly, it could be shown that the latter peptide interacts preferen-
tially with the p51 subunit within the heterodimer and thereby
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duced the association of the two RT subunits p51 and p66. Most
notably, the compound simultaneously inhibited both the poly-
merase as well as the RNase H activity of the retroviral enzyme,
following preincubation with t,, of about 2 h, indicative of a
slow isomerization step. This step most probably represents a
shift of the RT dimer equilibrium from an active to an inactive
conformation. Taken together, to the best of our knowledge, this
study represents the first successful rational screen for a small
molecule HIV RT dimerization inhibitor, which may serve as at-
tractive hit compound for the development of novel therapeutic
agents.

destabilizes the dimer conformation which eventually triggers
dissociation."”

Mechanistic studies revealed that dimer formation occurs in
a two-step process,”'® which involves the rapid association of
the two subunits into an inactive dimer, followed by a slow
conformational change vyielding the mature enzymatically
active form. The subunit association is predominantly mediat-
ed by hydrophobic interactions between the two connection
subdomains. Here a tryptophan repeat motif, an extraordinary
cluster of six tryptophans, is important for RT dimerization as
shown by mutational studies."*?” Interestingly, this tryptophan
cluster is highly conserved amongst primate lentiviral RTs.

This study describes a structure-based ligand design ap-
proach aimed to identify small molecules, which interfere with
HIV-1 RT heterodimer stability and thereby eventually inhibit
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the retroviral enzyme. We provide a “proof of principle” that a
large dimeric macromolecule such as HIV-1 RT with an inter-
face of >4500 A? can be successfully targeted by a small mole-
cule dimerization inhibitor.

Results

Effect of mutations in the p51 subunit on HIV-1 RT
dimerization and polymerase activity

To start with, we performed computational and mutational
studies to unravel the contribution of individual amino acids
for the HIV-1 RT heterodimer stability, which then served as
the starting point for the development of small molecules that
block interactions in the connection subdomain (see section
below). Analysis of crystallographic structures of HIV-1 RT re-
vealed amino acids K331, N363, and D364 in the p51 subunit
with putative contributions to subunit interaction. According
to our studies, K331 forms a salt bridge to D364 and N363 un-
dergoes a m-m interaction with W410 (p66), which in addition
interacts via an edge to face interaction with W401 (p51)
(Figure 1). Accordingly, the residues K331, N363, and D364 in
p51 were individually mutated to an alanine and the proteins
were expressed and purified separately. Heterodimer formation
was induced by mixing equimolar amounts of both subunits
and the dimerization process was followed by HPLC gel filtra-
tion analysis (Figure S1a) and polymerase activity assays
(Figure S1b). The mutant K331A showed a drastically reduced
ability to associate with the p66 subunit. The N363A mutation
showed a similar effect but to a lesser extent, whereas the
D364A mutation had no effect on the dimerization nor the
activity of the enzyme.

Structure-based ligand design approach

Based on the mutational studies described above, we followed
a structure-based ligand design approach for the identification
of novel compounds disturbing the RT subunit interaction by
interrupting the interactions described above which target the
p66 tryptophan cluster. Starting from the crystallographic
structure of the p66 subunit (1RTH),?" three different three-
dimensional pharmacophoric models of the p66 connection
subdomain were generated taking into account the receptor
flexibility. In particular, p66 was first submitted to molecular
dynamics (MD) calculations from which six snapshots were
chosen on the basis of the maximum root-mean-square devia-
tions affecting dihedral angles of both W402 and WA410 resi-
dues. Next, for each snapshot, a grid centered on W402, also
including W410 and additional residues, was coded by means
of a GRID Molecular Interaction Field?*? approach into profit-
able interaction regions with three probes (namely DRY, N1,
and O), corresponding to hydrophobic contacts, hydrogen
bond donor, and hydrogen bond acceptor groups, respectively.
Points corresponding to the best interactions between amino
acid groups and probes were transformed into parts of the
pharmacophores, termed pharmacophoric features (Figure S3).
The pharmacophoric models were then used as three-dimen-

ChemBioChem 2008, 9, 916 - 922
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Figure 1. X-ray structure of HIV-1 RT (1RTH). The p66 subunit is color coded
as follows: polymerase domain (dark green), connection domain (yellow),
and RNase H domain (light green). The p51 subunit is shown in blue and
the p66 tryptophan cluster (aa 398-414) in red. Key amino acids for dimer
stability W402P%, W410P%, K3317°", N363"°!, D364"', and W4017*' are depict-
ed as balls and sticks.

sional queries to perform a virtual screening of databases of
commercially available compounds. With this aim, entries of
the ASINEX Gold Collection able to fit at least one of the phar-
macophoric models and to fully satisfy Lipinski's Rule-of-
Five,** were chosen as hit compounds and docked into the
p66 connection subdomain (Figure 2 A and Figure S4).

Effect of selected compounds on HIV-1 RT subunit
association and enzymatic activities

The structure-based ligand design approach described above
allowed us to identify ten candidates, which were initially
tested in an in vitro subunit association assay. For this purpose
the heterodimeric form of HIV-1 RT was reversibly dissociated
by the addition of acetonitrile (final concentration 12-14%).
Upon reduction of the acetonitrile concentration to 0.8% by a
simple dilution of the samples, reassociation of RT was initiated
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Figure 2. A) Flowchart of the rational drug design procedure. B) Structure of
the selected compounds.

and could be easily followed by size-exclusion chromatography
or the increase of the enzymatic activities.”! Applying this pro-
cedure, we identified two compounds, namely MASO and
MAS1 (Figure 2B), which showed a dose-dependent inhibition
of the dimerization process (Figure S2). MASO proved to be
about five times more active than MAS1 in this assay. Incuba-
tion of the compounds with heterodimeric RT for up to a week
at 4°C or 25°C on the other hand did not induce monomeriza-
tion of the protein. Next, we tested whether these molecules
do interfere with the enzymatic activities of RT. Figure 3A
shows a dose-dependent, simultaneous inhibition of both the
polymerase and the RNase H activity by MASO (MAS1 did not
show any effect) yielding IC, values of 155 and 111 um, respec-
tively. Most notably, inhibition of RT could only be observed
following a preincubation of enzyme and MASO with t,, of
about 2 h (Figure 3B).

Effect of MASO on HIV-1 RT heterodimer stability

To examine if MASO had an effect on dimer stability, for exam-
ple the equilibrium between enzymatically inactive and active
dimers, which could explain the results described above, we
performed transient kinetic studies following changes of the
intrinsic RT fluorescence upon acetonitrile-induced heterodi-
mer dissociation in the presence or absence of the compound
using a stopped flow device. As reported earlier, the intrinsic
fluorescence emission of RT increases up to 25% upon dissoci-
ation of the heterodimer."”"®?! As shown in Figure 4, there
was doubling of the observed RT heterodimer dissociation rate
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Figure 3. Simultaneous inhibition of HIV-1 RT polymerase and RNase H activ-
ity by MASO. A) HIV-1 RT (100 nm) was incubated for 6 h at 20°C in the pres-
ence of increasing amounts of MASO before polymerase (o) or RNase H (2)
activity was determined. Data were analyzed using a hyperbolic equation
yielding an ICs, value of 155 pm for the polymerase and 111 um for the
RNase H activity. The fits reach for 19% (+9) and 14% (+ 7) residual poly-
merase and RNase H activity, respectively. At MASO concentrations far
beyond 1 mm, solubility problems were encountered causing varying and
uncontrollable inhibitor concentrations. B) Effect of RT/MASO-preincubation
time on both enzymatic activities. Data were analyzed using an exponential
equation yielding rates of 0.35 (0.08) and 0.3 (£0.07) h™' for the poly-
merase (0) and the RNase H (o) activity, respectively. During preincubation
no significant reduction of enzymatic activities was observed in the absence
of the compound (data not shown).

constants  from  0.077(40.0002) s~
caused by MASO.

Though, as already described in the previous section, this
phenomenon could only be observed after preincubation of
RT with the compound. By plotting the apparent dissociation
rate constants on the RT/MASO preincubation time we found a
time dependent increase of these rates with a rate of 0.47-
(40.06) h™'. This number translates into t,, of about 1.5 h (Fig-
ure 4B) and is in remarkably good agreement with the rate
derived for the correlation of preincubation time and degree
of inhibition of enzymatic activities.

to  0.188(£0.0004) s
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Figure 4. Transient kinetics of acetonitrile-induced HIV-1 RT dissociation in
the presence or absence of MASO. A) RT (2.5 um) and MASO (1 mm) were
preincubated at 20 °C for the following time intervals (t): red: control with-
out MASO, t=0 h; blue: t=0 h; cyan: t=1.5 h; green: t=3.0 h; magenta:
t=9.0 h; and dark cyan: t=16 h, following a rapid mix with 28 % acetonitrile
(final concentration of 14% after mixing) in a stopped flow device. The in-
crease in intrinsic tryptophan fluorescence of RT upon dissociation of the
heterodimer was followed. Excitation was at 290 nm, and emission was de-
tected via a cut-off filter (320 nm). The experimental data were fitted to a
double exponential equation plus offset (single exponential in case of the
control) yielding rates of 0.077(40.0002) s™' (control without MASO, t=0 h),
0.088(+0.0002) s (t=0 h), 0.135(£0.0005) s™' (t=1.5 h), 0.165(+0.0005) s~
(t=3.0 h), 0.188(£0.0004) s~' (t=9.0 h), and 0.183(40.0007) s' (t=16 h) for
the first phase. The second phase observed in the presence of MASO is most
likely due to quenching effects of the compound interacting with the fully
exposed binding pocket. To exclude any effects on dissociation independent
of MASO, control experiments were performed. No significant change of the
rate after up to 16 h of preincubation of RT in the absence of the compound
could be observed (data not shown). B) Dependence of the observed disso-
ciation rate constants on the RT/MASO preincubation time. Data were ana-
lyzed using an exponential equation yielding a rate of 0.47(+£0.06) h™".

Specificity of inhibition by MASO

Finally, we analyzed the specificity of MASO for the HIV-1
enzyme. For this matter, polymerase assays were performed
with HIV-2 RT, Avian Myeloblastosis Virus (AMV) RT, and E. coli

ChemBioChem 2008, 9, 916 - 922
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Figure 5. Determination of polymerase activity of different enzymes in the
presence of MASO. Polymerases (60-150 nm) were preincubated with 1 mm
MASO for 16 h at 20 °C. Polymerase activities were analyzed as described in
the Experimental Section.

DNA Pol | (Klenow fragment, KF). As shown in Figure 5, MASO
decreased the polymerase activity of HIV-2 by about 60%,
whereas the activity of the AMV RT and KF remained unaffect-
ed.

Discussion and Conclusion

With an interface of >4500 A**” and a binding affinity in the
range of 107'°m"” the HIV-1 RT heterodimer represents a par-
ticularly challenging target especially for small molecule drugs.
This might be one of the reasons why, although initially pro-
posed some 17 years ago,”) nobody has so far succeeded in
successfully developing drugs interfering with RT dimerization.
As briefly outlined in the Introduction, there are several exam-
ples of molecules which do in fact modulate dimer stability to
some extent. However, none of them is capable of really block-
ing the enzyme. Certain peptides, on the other hand, could be
identified as powerful inhibitors. However, peptides possess
inherent properties that make them highly unattractive for
downstream drug development. Thus, the intention of the
present study was the identification of small molecules which
affect HIV-1 RT dimer stability by applying a structure-based
ligand design approach. As opposed to earlier studies we
focused strictly on compounds obeying Lipinski’s Rule-of-Five
as a prerequisite for potential further development towards a
clinical application.

The structure-based ligand design approach revealed ten
compounds, which were initially screened applying a well es-
tablished redimerization assay."” Herein, we could identify two
molecules (MASO and MAST1), which affected the p51/p66 sub-
unit association reaction while being incapable of promoting
any dissociation of the dimer even after extended incubation.
A careful examination of the effect of these two compounds
on the enzymatic activities of the retroviral enzyme showed an
identical simultaneous dose-dependent inhibition pattern of
both the polymerase and the RNase H activity by MASO where-
as the second compound was inactive.
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Remarkably, the degree of inhibition of both enzymatic ac-
tivities was strictly correlated with the preincubation time of
enzyme and inhibitor with a t;,, of about 2 h. This observation
strongly supports the notion that inhibition is mediated by a
slow equilibrium, conformational change of the enzyme rather
than by a simultaneous direct interaction of the compound
with the two active sites of the enzyme, which are approxi-
mately 65 A apart. Moreover, in the latter case the compound
would have to bind both active sites with equal affinities,
which would be rather implausible.

A highly likely scenario to rationalize the underlying mecha-
nism of MASO-mediated inhibition is a shift in dimer equilibri-
um from an active dimer to an inactive dimer (see Figure 6 for

inactive inactive

p66 + p51 pé6/p51

Figure 6. Proposed mode of MASO action. MASO is supposed to interfere with the dimer equilibrium!”'® by shift-
ing the equilibrium from an active to an inactive dimer by trapping the enzyme in the inactive conformation. As
the structures of the intermediate inactive dimer and the monomeric species are not known, the structures
shown here for illustration purposes are all derived from the structure of an active heterodimer. The protein is
color coded as follows: fingers (blue), palm (magenta), thumb (green), connection (yellow), and RNase H (red).
Active site residues (polymerase as well as RNase H) are depicted as yellow spheres. The proposed binding site of
MASO is encircled. The star distinguishes structural states of the system that otherwise have the same composi-

tion.

illustration). This would explain the simultaneous inhibition of
both enzymatic activities as both activities are confined exclu-
sively to the mature heterodimer.>** If indeed the compound
interferes with the dimer equilibrium this should affect dimer
stability and such an effect should in principle be measurable.
To address this question we performed transient dissociation
studies. For this purpose, we analyzed acetonitrile-induced
heterodimer dissociation in the presence or absence of the
compound. As anticipated, MASO increased the apparent rate
of subunit dissociation. Again, the observed effect, increase in
dissociation rate constant, was strictly correlated with the pre-
incubation time of enzyme and inhibitor with a t,, of about
1.5 h. This is in remarkably good agreement with the value ob-
tained for the inhibition of the enzymatic activities and strong-
ly supports the proposed concept that MASO traps the enzyme
in an inactive state.

Whereas we currently do not have direct proof that MASO
does in fact exactly bind to the pocket it was selected for (p66
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tryptophan repeat motif, Figure S4), the data provided in
Figure 5 are in strong support of this notion. Apart from HIV-1
RT, we also observed inhibition of the closely related HIV-2 RT,
albeit to a slightly reduced level. Both enzymes possess a tryp-
tophan cluster which is conserved amongst primate lentiviral
RTs. The different levels of inhibition could be explained by
some minor sequence variation in this region (Figure S5). The
likewise heterodimeric AMV RT,”¥ on the other hand, is not af-
fected by MASO. Even though all three RTs (HIV-1, HIV-2,%® and
AMV) do presumably share a similar overall folding (the X-ray
structure of AMV RT is not known), only enzymes containing a
tryptophan cluster (AMV RT has no such motif) are affected.

Why MAS1 failed to inhibit polymerase and RNase H activity
remains unclear. At least two
scenarios are likely: 1) the two
compounds do have different
binding modes and only MASO is
able to trap the enzyme in its in-
active dimer form or 2)it is
simply a matter of the binding
constant. MAS1 appears to bind
about five times weaker than
MASO (see Figure S2). Likewise, it
might be a combination of both.

In conclusion, to the best of
our knowledge, this study repre-
sents the first successful rational
screen for a small molecule HIV
RT dimerization inhibitor, which
may serve as an attractive hit
compound for the development
of novel therapeutic agents. Ob-
viously, concentrations in the
low three-digit um range re-
quired to cause an inhibitory
effect are still fairly high. Then
again, there are numerous exam-
ples in the literature where the
initial hit compounds showed
inhibition in the micromolar range (for example, HIV-1 RT
NNRTIsE?), which eventually turned into powerful inhibitors
with 1C5, values in the low nanomolar range by rather few
modifications, considerably increasing affinity.

active

p66/p51*

Experimental Section

Mutagenesis of the p51 subunit of HIV-1 RT: The desired muta-
tions were introduced as described previously®" using the plasmid
p6HRT515? followed by transformation of E.coli M15/pDMI.1
cells.

Protein purification: Recombinant heterodimeric wild-type HIV-
Tgmo @s well as p66 subunits and HIV-25,4, RTs were expressed in
E. coli and purified as described.®*>¥ Purification of His-tagged HIV-

1 p51 was carried out according to a protocol described previous-
36

ly.%¥ Enzyme concentrations were determined using an extinction
coefficient at 280nm of 260450m 'cm™' (HIV-1 RT),
238150m'em™  (HIV-2 RT), 136270m 'cm™' (p66), and
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124180m~'ecm™' (p51). Avian Myeloblastosis Virus (AMV) RT was
purchased from Invitrogen (Karlsruhe, Germany). E. coli DNA Pol |
(Klenow fragment, KF) was purified by a Ni-NTA column and
enzyme concentration was routinely determined using an extinc-
tion coefficient at 280 nm of 55330m 'cm'.

Polymerase assay: RNA-dependent DNA polymerase activity was
measured at 37°C for 10 min with poly(rA)/oligo(dT),,_;s as sub-
strate and 10-20 nm of enzyme. All experiments were routinely
performed in reaction buffer containing Tris/HCI (50 mm pH 8.0),
KCl (80 mm), MgCl, (8 mm), DTT (0.1 mm), BSA (10 pgmL™"), and
PHITTP (20 um). In the case of KF, DNA-dependent DNA poly-
merase activity was measured at 37 °C for 10 min with DNase | acti-
vated salmon sperm DNA (Invitrogen, Karlsruhe Germany) as sub-
strate in a reaction buffer containing Tris/HCI (50 mm pH 8.0), DTT
(1 mm), and MgCl, (10 mm). 2x 10 pL of the reaction mixtures were
loaded onto approximately 2 cm? DEAE filters (Whatman) and al-
lowed to dry. The filters were washed twice with SSC buffer (0.15m
NaCl, 15 mm sodium citrate pH 7.0) to remove free dNTPs. After a
final wash with ethanol (100 %), filters were dried again, and subse-
quently filter retained radioactivity was quantified in a scintillation
counter.

RNase H assay: RNase H activity was measured at 37°C for 15 min
in a buffer containing Tris/HCl (50 mm pH 8.0), KCl (80 mwm), MgCl,
(8 mm), DTT (0.1 mm), and BSA (10 pgmL™") with 5'-**P-labeled 35/
52 mer RNA/DNA substrate (130 nm) and enzyme (15-20 nwm).
Products were analyzed by denaturing PAGE (15 % polyacrylamide/
8M urea) and quantified by scanning the dried gel using a phos-
phorimager (Typhoon™ 8600, GE Healthcare).

HPLC size exclusion chromatography: Association of separately
expressed and purified HIV-1 RT subunits was followed after mixing
of equimolar amounts of both (1.175 um) in a final volume of
100 uL at 4°C. Subsequent association of the two subunits was
monitored by HPLC size exclusion chromatography. Chromatogra-
phy was performed using a Superdex 200 HR 10/30 column (GE
Healthcare). The column was eluted with Bis-Tris Propane/HCI
(10 mm pH 7.0) and ammonium sulfate (100 mm) at 0.5 mLmin™".
Prior to mixing of the p66 subunits with p51, preformed p66 ho-
modimers were dissociated by treatment with acetonitrile (15 %)
on ice followed by dilution of the samples in acetonitrile free
buffer.” Reassociation of acetonitrile treated HIV-1 RT heterodimers
was followed after complete dissociation of the heterodimers in a
buffer containing MES (50 mm pH 6.0) by adding acetonitrile to a
final concentration of 12-14% and incubation at 20°C for 10 min.
Reassociation of the subunits was initiated in the absence or pres-
ence of MAS compounds by a 15-fold dilution into acetonitrile free
polymerase reaction buffer (see above) with a final enzyme con-
centration of 1 um and followed by HPLC size exclusion chroma-
tography.

Stopped flow measurements: Experiments on the kinetics of ace-
tonitrile-induced HIV-1 RT heterodimer dissociation were per-
formed using a stopped flow apparatus (SX 20, Applied Photophy-
sics Ltd, Leatherhead, England). 2.5 pm of RT (1.25 um final concen-
tration) in Tris/HCl (50 mm pH 8.0), MgCl, (10 mm), KCl (50 mm),
and DTT (1 mm) were rapidly mixed 1:1 with a solution of acetoni-
trile (28% in H,0). Excitation of the samples was at 290 nm using a
Xe high-pressure arc lamp and detection was through a filter with
a cutoff at 320 nm. As reported earlier, the intrinsic fluorescence
emission of RT increases up to 25% upon dissociation of the hete-
rodimer."” Data were collected using the software package provid-
ed by Applied Photophysics and analyzed using the program
“GraFit” (Erithacus software).
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Computational studies: To build structure-based pharmacophoric
models of the p66 connection subdomain, a molecular dynamics
(MD) simulation was performed on the p66 subunit (taken from
the crystallographic structure of the HIV-1 RT, entry TRTH®" of the
Brookhaven Protein Data Bank), using the software packages
NAMDB” (version 2.5) and CHARMM275¥ force field. Hydrogen
atoms were added by means of the psfgen package. The p66 subu-
nit was embedded in a sphere of water molecules (60 A radius) ap-
plying spherical boundary conditions. The starting structure was
optimized with 1000 steps of conjugate gradient energy minimiza-
tion to remove unfavorable contacts. MD simulation was carried
out at 310 K for 1 ns, collecting snapshot structures every 1 ps. The
Langevin Dynamics procedure, with a dumping factor of 5 ps™',
was used to control the temperature. From the MD trajectory, six
snapshots, characterized by different conformations of relevant
residues of the connection subdomain (in particular, W402 and
W410), were chosen. For each snapshot, a 39x33x 14 A grid (NPLA
parameter set to 0.25 A), centered on W402, was defined. Molecu-
lar interaction fields (MIFs, by means of the software GRID, ver-
sion21,2% Molecular Discovery Ltd.: Pinner, Middlesex, UK) be-
tween residues within the grid and three probes (hydrophobic,
DRY; hydrogen bond donor, N1; hydrogen bond acceptor, O) were
computed to describe hydrophobic interactions and hydrogen
bond contacts. The best interaction points (that is, minimum
energy points of the MIFs calculated for each probe) between
probes and both W402 and W410 were identified for each snap-
shot (using MINIM and FILMAP programs included in the GRID
package) and converted by means of the DS Viewer Pro 6 software
(Accelrys, Inc., San Diego, CA, USA) into portions (called features)
of pharmacophoric models. In particular, the center of each phar-
macophoric feature (a sphere with a 1.5 A radius) was placed at
the same coordinates of each best interaction point. Minima identi-
fied by computing MIFs with the DRY probe corresponded to hy-
drophobic features (defined by aliphatic groups and aromatic moi-
eties), whereas minima for N1 and O probes were replaced by the
center of hydrogen bond donor and acceptor features, respective-
ly. Excluded-volume spheres (corresponding to residue W398,
W402, W410, and W414) were added to each of the six models to
better define size and shape of the binding site and to avoid the
identification of compounds during the next virtual screening pro-
cedure that may overlap portions of the protein, thus causing
steric protein-ligand clashes.

Finally, the six pharmacophoric models derived from the selected
MD snapshots were merged into three pharmacophoric hypothe-
ses using the Merge Hypothesis/Features option of the View Hy-
pothesis Workbench module of the software Catalyst 4.8 (Catalyst
4.8; Accelrys, Inc., San Diego, CA, USA). The merging was carried
out on the basis of the distance tolerance value. As a result, Hypo1
was obtained by merging pharmacophoric models derived from
three snapshots, Hypo2 merging models from two snapshots,
whereas Hypo3 corresponded to one pharmacophoric model as
obtained from the corresponding MD snapshot (Figure S3).

Catalyst was also used to apply the virtual screening procedure. All
the compounds of the Asinex Gold Collection (www.ASINEX.com/
prod/gold.html) were converted in a Catalyst database by means
of catDB (maxconfs option set to 100). The screening was carried
out using the Fast Flexible Search module. Compounds satisfying
all the pharmacophoric features of at least one model were re-
trieved. Selected compounds were then filtered on the basis of Lip-
inski's Rule-of-Five,*** to retain only drug-like entries. Finally, only
compounds showing the highest fit value to the pharmacophoric
models were kept.
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Selected compounds were docked into the p66 connection subdo-
main using AutoDock 3.0.5 (The Scripps Research Institute, La Jolla,
CA, USA) as a docking simulation tool. To prepare the input struc-
tures of the selected compounds for docking calculations, a geom-
etry optimization was performed using the Gaussian03 program
(semiempirical hamiltonian AM1,5% Gaussian, Inc., Wallingford, CT,
USA). Charges were computed by a Hartree-Fock calculation with
a 6-31G(d)“” basis-set, according to the Merz-Singh-Kollman pro-
cedure.”"*? Finally, the structures of the compounds, together
with charge values, were imported into AutoDockTools to automat-
ically define rigid root and rotatable bonds.

To prepare the protein structure for docking calculations, three
snapshots (one for each pharmacophoric model) were chosen.
Their structures were imported into AutoDockTools and manipulat-
ed by removing nonpolar hydrogens, while Kollman united-atom
partial charges and solvent parameters were added.

The Lamarkian Genetic Algorithm (LGA)*? was used to perform
docking simulations. For each compound, the following protocol
was applied: 200 independent LGA runs, a population size of 400
individuals, and a maximum number of 1000000 energy evalua-
tions. Results differing by less than 1A in positional root mean
square deviations were clustered together. Results of the docking
simulations were analyzed on the basis of the cluster analyses and
the values of the binding/docking energy. Residues involved in the
binding of MASO are shown in Figure S4.
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A Molecular Dynamics Study of the ASC and NALP1 Pyrin
Domains at Neutral and Low pH

Zrinka Gattin and Wilfred F. van Gunsteren*®

The pyrin domain is one of four subfamilies of the death domain
superfamily of proteins, all members of which share a similar
three-dimensional fold with a structure comprising five or six an-
tiparallel a-helices. The pyrin domain of the ASC (six-helical fold)
and of the NALP1 (five-helical fold) proteins were simulated at
two different pH values, 3.7 and 6.5, with two different force-field
parameter sets, and the molecular dynamics simulation trajecto-
ries were compared to NMR experimental data. The two force
fields that were used did not show very different results. The sim-
ulations of NALP1 at pH 6.5 largely satisfied the experimental
NOE atom-atom distance bounds that were measured at pH 6.5,
and preserved its tertiary structure. The simulations at pH 3.7

Introduction

Until recently, the death domain superfamily of proteins was
thought to consist of three subfamilies, the death domain
(DD), the death effector domain (DED), and the caspase recruit-
ment domain (CARD) proteins. In 1997 a fourth member of the
death domain superfamily was found"? and recognized based
on sequence alignments, secondary structure predictions and
homology modeling.®™ It was named the pyrin domain (PYD
or PAAD, DAPIN, PLM, PYRN, PyKE589) after the first protein in
which it was discovered, pyrin (or marenostrin), a protein that
regulates inflammatory signaling in myeloid cells."®™ Al-
though no strong sequence similarity between the death
domain subfamilies was found, they share a similar three-di-
mensional fold called the Greek key, which is an interaction
domain that contains six antiparallel a-helices.

There are at least 19 genes that encode pyrin domain pro-
teins in the human genome."”? Mutations in the part of the
genome that encodes the pyrin domain are connected with
many hereditary diseases such as familial Mediterranean
fever™? (FMF), familial cold autoinflammatory syndrome
(FCAS), chronic infantile neurological cutaneous and articular
syndrome (CINCA), and Muckle-Wells syndrome (MWS); this
points to the role of pyrin domain proteins in the control of
inflammatory response.>'® Pyrin domains interact through
specific homotypic protein-protein interactions (PP)* that me-
diate interactions among proteins that are involved in the acti-
vation of inflammatory caspases (e.g., caspase-1) and NF-
kB."151%211 Although the nature of the interaction of pairs of
pyrin domains is not yet resolved, experimental and molecular
modeling studies suggest a role of charged and hydrophobic
residues.”>?

ChemBioChem 2008, 9, 923 — 933
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showed a denaturation of the protein. The simulations of ASC at
pH 3.7 only satisfied the experimental NOE atom-atom distance
bounds that were measured at pH 3.7 if either three acidic side
chains (Asp48, Glu64 and Asp75) or only two (Glu64 and Asp75)
were not protonated. This indicates that the ASC tertiary struc-
ture is stabilized by salt bridges at low pH. A corresponding anal-
ysis for NALP1 at pH 3.7 only yielded one possible salt bridge, but
this did not stabilize the tertiary structure at low pH. The results
show that the particular protonation states of acidic side chains
in the protein interior might be crucial to properly modeling
these proteins at low pH.

Two proteins that have at their N terminus the pyrin domain
and at their C terminus the CARD domain, the NALP1?¥ (also
called DEFCAP, CARD7 or NAC®*?%) and ASC™ (also called
TMS1 or Pycard®? %) have raised our interest. NALP1 was the
first NALP-family protein to be discovered by its sequence
homology to APAF-1.%%? The role of the NALP1 protein in
apoptotic pathways was suggested to be either via direct asso-
ciation with caspase-2 and caspase-9,%” or indirectly through
the interaction with APAF-1 and a subsequent enhancement of
the apoptosome function,”® or an activation of the proinflam-
matory caspases together with the ASC protein.*' ASC was
initially identified as a detergent-insoluble protein that forms
filament-like structures (specks) in cells that are undergoing
retinoic-acid-induced apoptosis.”® ASC is abundantly ex-
pressed in many epithelial cells and leukocytes, hair follicles
and peripheral blood lymphocytes.®” The PYD of ASC interacts
with the PYD of several NALP’s, whereas ASC's CARD recruits
the CARD of procaspase-1,">*3" thereby producing an intra-
cellular complex, the inflammasome. For more detailed reading
on the topics of apoptosis, inflammation or the pyrin domain,
we suggest the review articles of Reed et al.,®? Mariathasan
and Monack®¥ and Kohl and Griitter.”!

As previously mentioned, in the current study we consider
the pyrin domains of two human proteins, NALP1?¥ and
ASC,” for which structures have been determined by NMR
spectroscopy, albeit at different pH values (Figure 1). Although

[a] Z Gattin, Prof. Dr. W. F. van Gunsteren
Laboratory for Physical Chemistry, ETH Ziirich
Hoenggerberg, HCl G236, 8093 Ziirich (Switzerland)
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both pyrin domains are members of the same pyrin
domain subfamily, the ASC pyrin domain has six anti-
parallel helices, which fold is common to the pyrin
domain subfamily, whereas the NALP1 pyrin domain
lacks the third helix.

Until now only two additional structures of pyrin
domains from human proteins have been determined
by NMR spectroscopy analysis, and they contain the
third helix.®**! The structure of the single domain
protein, human ASC2 was determined by two differ-
ent groups,®**¥ although they reported different
structures. Espejo and Patarroyo™® reported a five-
helical structure that was based on NMR spectrosco-
py data that lacked the third helix, while the NMR
spectroscopy analyses of Natarajan et al.®*” document
the third helix, and differences in the orientation of
helices 2 and 4.

Here we investigate whether molecular modeling
and molecular dynamics (MD) simulations could pro-
vide us with the reason for the absence of the third
helix in NALP1 PYD. Several MD simulations were
performed with two GROMOS force fields, 45A45738
and 53A6,%°Y from which we analyze the possible
effect of pH, amino acid sequence and force field.
The performed simulations are summarized in
Table 1.

The older GROMOS 45A4 force field does not yield
sufficiently negative solvation free energies of polar
moieties in water.*¥ Therefore, the charge distribu-
tions and van der Waals parameters of such moieties
were recalibrated against experimental hydration free
energies, to give the 53A6 force field. The 53A6 pa-
rameter set describes the solvation free energies of
polar and nonpolar moieties in various solvents very
well 41

Table 1. Overview of the simulations that were performed. Two GROMOS force field parameter sets, 45A4 and 53A6, were used in the simulations.””
Simulation label Force field Box pH Number of Protein total
parameter set type counterions charge'®
ASC_45A4 3.7 45A4 t 3.7 12 +12
ASC_53A6_3.7 53A6 t 3.7 12 +12
ASC_45A4 6.5 45A4 C 6.5 2 -2
ASC_53A6_6.5 53A6 C 6.5 2 -2
ASC_3sb_45A4_3.7 45A4 C 3.7 3sb 9 +9
ASC_3sb_53A6_3.7 53A6 C 3.7 3sb 9 +9
ASC_2sb_45A4_3.7 45A4 C 3.7 2sb 10 +10
NALP1_45A4 6.5 45A4 t 6.5 2 -2
NALP1_53A6_6.5 53A6 t 6.5 2 -2
NALP1_45A4_3.7 45A4 C 3.7 12 +12
NALP1_53A6_3.7 53A6 C 3.7 12 +12
NALP1_1sb_45A4_3.7 45A4 C 3.7 1sb 1 +1
NALP1_1sb_53A6_3.7 53A6 C 3.7 1sb 1 +1
[a] The pH values indicate different charge states for the ionizable (side chain, N and C terminal) moieties. The index “sb” indicates that the side chains of
Glu52 in NALP1 (“1sb”) or of Asp48, Glu62 and Asp75 in ASC (“3sb”) or only of Glu62 and Asp75 in ASC (“2sb”) are not protonated at low pH, which ena-
bles them to form salt bridges with Lys47 (NALP1) or (Lys24), Arg5, and Lys26 (ASC), respectively. All simulations are of 10 ns duration. Box type: cubic (c)
or truncated octahedron (t); counterions: either Na™ or CI™. The simulation label contains the following information: protein name, sb if nonstandard pro-
tonation state of particular side chains, force field parameter set, and pH value, all separated by underscores.
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shown in Figure 2. The RMSD was calculated by ex-
cluding the third loop residues (27 to 40), which
made it feasible to capture just the RMSD movement
of the helices. For the two simulations at pH 3.7, the
RMSD values increased within 10 ns of simulation
time to a value of 0.9 nm and 0.8 nm when the force
fields 45A4 and 53A6, respectively, were used. For
the two simulations at pH 6.5, the behavior of the
RMSD is quite the opposite; it reaches a plateau
value of approximately 0.25 nm and 0.17 nm after
3 ns of simulation time for force fields 45A4 and
A 53A6, respectively. The increase in backbone RMSD
Y to a value of about 0.9 nm for the simulations at
pH 3.7 shows that the ensemble that is sampled by
MD at pH 3.7 is structurally different from the NMR
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Figure 2. Backbone atom-positional root-mean-square difference (RMSD; excluding the
third loop residues 27 to 40), of the trajectory structures with respect to the energy-mini-
mized NMR structure as a function of time for the pyrin domain of the ASC protein (ASC
PYD). Full lines correspond to the simulations with the GROMOS 53A6 force field, and
dotted ones to the 45A4 one. Red lines are the simulations at pH 3.7, black lines at

10 spectroscopy structure at pH 3.7, whereas the ensem-
ble that is sampled by MD at pH 6.5 is close to the
NMR spectroscopy structure at pH 3.7. This significant
change in the simulated behavior of ASC PYD in
going from pH 6.5 to pH 3.7, which is at odds with
the NMR spectroscopy structure at pH 3.7, indicates
that for the stabilization of the ASC structure at low

pH 6.5, green lines at pH 3.7 with Asp48, Glu64 and Asp75 deprotonated, and the blue

line at pH 3.7 with Glu64 and Asp75 deprotonated.

In the sequence of the NALP1 pyrin domain in the region
where we would expect the third helix to form (just before the
fourth helix), a proline residue (at position 46) occurs, see
Figure 1, which explains the absence of the third helix in
NALP1. The simulations of NALP1 at pH 6.5, the pH for which
the structure was experimentally determined,”” show a stable
fold. However, the simulations of ASC at pH 3.7, the pH for
which the structure was experimentally determined,”® show
unfolding, see Figure 2. In the pH 3.7 simulations all Asp and
Glu residues were protonated, which prevented them from
forming strong salt bridges with Arg or Lys residues. The ab-
sence of salt-bridge interactions was considered to be a possi-
ble cause of the unfolding of ASC at pH 3.7.” Therefore, we
investigated the role of salt bridges Lys47-Glu52 in NALP1,
and Lys24-Asp48, Arg5-Glu62 and Lys26—Asp75 in ASC.

Results and Discussion
ASC PYD

We simulated the ASC pyrin domain at two pH values, at
pH 3.7, at which its NMR spectroscopy structure was deter-
mined, and at pH 6.5, at which the NMR spectroscopy structure
of the NALP1 pyrin domain was determined. At both pH
values we used two GROMOS force fields: parameter sets 45A4
and 53A6 (Table 1).

The atom-positional root-mean-square deviations (RMSDs) of
the simulation trajectory structures from the energy-minimized
NMR spectroscopy structure (pH 3.7) for the backbone (N, C,
C) atoms in the simulations ASC_45A4 3.7 and ASC_53A6_3.7,
and in the simulations ASC_45A4_6.5 and ASC_53A6_6.5 are

ChemBioChem 2008, 9, 923 — 933
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pH, the chosen protonation states of Asp and Glu

residues might not be appropriate. In other words,

some electrostatic interactions, such as salt bridges

or charge-dipole interactions, are likely to play a sta-
bilizing role.

The atom-positional root-mean-square fluctuations (RMSFs)
for the C, atoms that were calculated for the whole 10 ns of
the trajectories are shown in Figure 3, left panel for the simula-
tions ASC_45A4_3.7 and ASC_45A4_6.5, and in Figure 3, right
panel for the simulations ASC_53A6_3.7 and ASC_53A6_6.5.
The two simulations at pH 3.7 show large fluctuations, not
only in the loop region but also in the helical parts, in particu-
lar the third and fourth helices, whereas the two simulations at
pH 6.5 show slightly enhanced fluctuations only in the loop
region and at the chain termini. The big fluctuations at pH 3.7
are due to the unravelling of the fold.

In Figure 4, the secondary structure assignments as a func-
tion of time for the 45A4 simulation at pH 3.7 show that the
helical structural elements are gradually lost, while they are
preserved at pH 6.5 (data for the force field 53A6 are not
shown).

A summary of the NOE atom-atom distance bound analysis
can be found in Table 2. A total of 1117 NOE upper bounds
(obtained at pH 3.7) were used in the analysis.”? For the simu-
lations at pH 3.7 the NOE analysis was done on an ensemble
of structures that were taken from the last 2 ns of the simula-
tion, because the backbone atom-positional RMSD from the
starting structure is only stabilized after 8 ns (see Figure 2). For
the simulations at pH 6.5 the NOE analysis was done on the
ensemble of structures from the full 10 ns. The difference in
the tertiary structure that was induced by the different pH
states is strongly reflected in the NOE upper bound violations.
At pH3.7, a 10 to 30-fold increase of average NOE upper
bound violations compared to pH 6.5 is found for both force
fields (45A4 and 53A6).
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Figure 3. Atom-positional root-mean-square fluctuations (RMSF’s) of the C, atoms of ASC PYD in 10 ns simulations
with force field 45A4 (left) and with 53A6 (right). Full thick black lines represent the simulations at pH 6.5, thick
dashed lines that at pH 3.7, dotted lines those at pH 3.7 with Asp48, Glu64 and Asp75 deprotonated, the thin
black line that at pH 3.7 with only Glu64 and Asp75 deprotonated, and the thin dashed lines represent the NMR
bundle (20 structures). The positions of the 6 helices in the protein sequence are indicated with bars at the

bottom of the graph.

NALP1 PYD

We also simulated the NALP1 PYD domain at two pH values, at
pH 6.5, at which its NMR spectroscopy structure was deter-
mined, and at pH3.7. At both pH values we used two
GROMOS force fields: parameter sets 45A4 and 53A6 (Table 1).

The atom-positional RMSDs of the simulated trajectory struc-
tures from the NMR spectroscopy structure (pH 6.5) for the
backbone (N, C, C) atoms, excluding the third loop residues
(33 to 48), for the simulations NALP1_45A4_6.5 and NALP1_
53A6_6.5, and the simulations NALP1_45A4_3.7 and NALP1_
53A6_3.7 are shown in Figure 5. The RMSD values for the two
simulations at pH 6.5 reach a plateau value of approximately
0.3 nm after 5 ns of simulation, but in the simulations at pH 3.7

residue sequence number

trajectories are  shown in
Figure 6, left panel, for the simu-
lations NALP1_45A4 6.5 and
NALP1_45A4_3.7, and in
Figure 6, right panel, for the sim-
ulations NALP1_53A6_6.5 and
NALP1_53A6_3.7. The two simu-
lations at pH 6.5 show large fluc-
tuations in the loop region and
at the chain termini, but not in the helical parts, whereas the
simulations at pH 3.7 show big fluctuations, particularly for the
second and fourth helix.

The secondary structure assignments in Figure 7 show that
at pH 6.5 the helical structural elements are preserved. For the
simulations at pH 3.7 no substantial loss of secondary structure
is observed as it was for the ASC simulation at pH 3.7.

A summary of the NOE atom-atom distance-bound analysis
can be found in Table 2. A total of 1126 NOE upper bounds
(obtained at pH 6.5) were used in the analysis.”?” For the simu-
lations at pH 3.7, the NOE analysis was done on an ensemble
of structures that were taken from the last 2 ns of the simula-
tion. For the simulations at pH 6.5 the NOE analysis was done

Table 2. Number of NOE atom-atom distance upper bound violations and average violations in the simulations.”’
Simulation label pH Averaging Number of NOE upper bound violations Average violation
time period [ns] 0.1<d<0.2 [nm] 0.2<d<0.3 [nm] d>0.3 [nm] [nm]
ASC_45A4 3.7 3.7 2 24 14 59 0.057
ASC_53A6_3.7 3.7 2 27 24 77 0.054
ASC_45A4 6.5 6.5 10 4 2 0 0.002
ASC_53A6_6.5 6.5 10 7 0 1 0.003
ASC_3sb_45A4_3.7 3.7 10 (2) 9(7) 1(5) 4(10) 0.005 (0.009)
ASC_3sb_53A6_3.7 3.7 10 (2) 19 (29) 4 (19) 8 (46) 0.009 (0.032)
ASC_2sb_45A4_3.7 3.7 10 (2) 9(17) 3 (6) 1(4) 0.005 (0.007)
ASC_NMR 3.7 20 struct. 0 0 0 0.001
NALP1_45A4 6.5 6.5 10 19 6 8 0.009
NALP1_53A6_6.5 6.5 10 1 7 3 0.006
NALP1_45A4 3.7 3.7 2 39 32 124 0.122
NALP1_53A6_3.7 3.7 2 42 28 141 0.114
NALP1_1sb_45A4_3.7 3.7 10 (2) 30 (39) 24 (17) 12 (102) 0.017 (0.209)
NALP1_1sb_53A6_3.7 3.7 10 (2) 18 (32) 13 (16 29 (78) 0.021 (0.102)
NALP1_NMR 6.5 20 struct 0 0 0 0.001
[a] For the simulations of ASC PYD a total number of 1117 NOE’s that were obtained at pH 3.7,% and for the simulations of the NALP1 PYD a total number
of 1126 NOEs that were obtained at pH 6.5Y were considered. The simulation labels are defined in Table 1. The index “NMR" indicates the NMR bundle of
20 structures for the ASC and NALP1 proteins.
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Figure 4. The secondary structure assignment (DSSP) of the ASC pyrin domain was calculated according to ref. [68], and was simulated with force field 45A4

at pH 6.5 (top), at pH 3.7 (middle) and at pH 3.7 with Asp48, Glu64 and Asp75 deprotonated (bottom). +: a 3-helix, |: a 4-helix, ¢: a 5-helix, “b": a bend, and
a e:aturn.
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Salt bridges at low pH

As previously mentioned, the structure of ASC PYD
as experimentally determined at pH 3.7 was not re-
produced when simulated at pH 3.7, but it was when
the simulations were performed at pH 6.5. The only
differences between these two simulations were the
protonation states of the 14 acidic amino acids (Asp
and Glu) and the corresponding number of counter-
ions. From the literature it is known that electrostatic
interactions in salt bridges can play a stabilizing role.
With this in mind, we searched for distances between
the carboxyl C atoms in Asp and Glu side chains and
the amine N atoms in Lys side chains, or amide N
atoms in Arg side chains that are shorter than 1 nm.
In this search, three distances between basic and
acidic side chains were found (Figure 8) for ASC PYD,

t/ns

Figure 5. Backbone atom-positional RMSD (excluding the third loop residues 33 to 48),
of the trajectory structures with respect to the energy-minimized NMR structure as a

function of time for the pyrin domain of the NALP1 protein (NALP1 PYD). Full lines cor-
respond to the simulations with the GROMOS 53A6 force field, and dotted ones to the
45A4 one. Red lines are the simulations at pH 3.7, black lines at pH 6.5 and green lines

at a pH of 3.7 with Glu52 deprotonated.
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R5-E62, K24-D48 and K26-D75.

To test whether these contacts might play a stabi-
lizing role, we performed simulations at pH 3.7 in
which we left Asp48, Glu62 and Asp75 unprotonated
while all other acidic amino acids were protonated
(see Table 1). Figure 8 shows that all three contacts
are conserved in the simulation at pH 3.7 with the
deprotonated Asp48, Glu52 and Asp75 side chains.

The atom-positional RMSDs of the trajectory struc-
tures from the energy-minimized
NMR  spectroscopy  structure
(pH 3.7) for the N, C, C back-
bone atoms, excluding the third
loop residues for the simulations
ASC_3sb_45A4_3.7 and ASC_
3sb_53A6_3.7 are shown in
Figure 2. The RMSD values for
the simulations with force field
45A4 and 53A6 at pH 3.7 reach a
plateau value of approximately
0.3 nm and 0.4 nm, respectively,
after 6 ns of simulation time, in

contrast to the simulations at
| q L. ] F

20
residue sequence number

0 20 40 60
residue sequence number

80

Figure 6. Atom-positional root-mean-square fluctuations (RMSF’s) of the C, atoms of NALP1 PYD in 10 ns simula-
tions with force field 45A4 (left) and with 53A6 (right). Full thick black lines represent the simulations at pH 6.5,
thick dashed lines represent those at pH 3.7, dotted lines represent those at pH 3.7 with Glu52 deprotonated, and
the thin dashed lines represent the NMR bundle (20 structures). The positions of the 5 helices in the protein

sequence are indicated with bars at the bottom of the graph.

on the ensemble of structures from the full 10 ns. The differ-
ence in the tertiary structure that was induced by the different
pH states is strongly reflected in the NOE upper bound viola-
tions. At pH 3.7, a 10 to 20-fold increase of the average NOE
upper bound violations compared to pH 6.5 is found for both
force fields (45A4 and 53A6).

928

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

pH 3.7, which lack the three
side-chain contacts.

The atom-positional RMSFs for
the C, atoms that were calculat-
ed for the whole 10 ns of the
trajectories are  shown in
Figure 3, left panel, for the simu-
lations ASC_3sb_45A4 3.7
(dotted line) and ASC_3sb_
53A6_3.7 in Figure 3, right panel. In contrast to the RMSFs of
the simulations at pH 3.7 without the side-chain contacts
(dashed lines), the two simulations show only large fluctua-
tions in the loop region. The secondary structure assignments
(Figure 4) show that the helical structural elements are pre-
served during both simulations.

Also, the NOE analysis in Table 2 shows that the simulated
ensemble now largely satisfies the NOE upper bounds. The
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Figure 7. Secondary structure assignment (DSSP) of the NALP1 PYD that was simulated with force field 45A4 at pH 6.5 (top), at pH 3.7 (middle) and at pH 3.7
with Glu52 deprotonated (bottom). +: a 3-helix, | : a 4-helix, #: a 5-helix, “b”: a bend, and a e@: a turn.
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Figure 8. Atom-atom distances of three salt-bridge contacts as a function of
time for ASC PYD for the simulations with force field 45A4. Upper panel: dis-
tance between the amide N atom of Arg5 and the carbonyl C atom of
Glu62. Middle panel: distance between the amine N atom of Lys24 and the
carbonyl C atom of Asp48. Bottom panel: distance between the amine N
atom of Lys26 and the carbonyl C atom of Asp75. Black lines represent the
simulations at pH 6.5, red lines the simulations at pH 3.7, green lines the
simulations at pH 3.7 with Asp48, Glu64 and Asp75 deprotonated, and blue
lines the simulations at pH 3.7 with only Glu64 and Asp75 deprotonated.

three side-chain contacts clearly stabilize the ASC structure at
pH 3.7.

To verify that these contacts represent salt bridges, an analy-
sis of the side-chain configurations was performed (local orien-
tation of the charged part of the residues, results not shown)
for the simulations at pH 6.5 and at pH 3.7 with the deproton-
ated Asp48, Glu52 and Asp75 side chains. It was found that
the orientation of Asp48 changed such that it did not make a
salt-bridge contact. Instead, Asp48 made a charged hydrogen
bond interaction with protonated Asp51, whereas Lys24 made
a tightly charged interaction with the backbone C=0 of resi-
due 47. The other two side-chain contacts that involve the de-
protonated Glu52 and Asp75 side chains appeared to stay in
salt-bridge form through the full simulation time. To test
whether these two out of the three salt-bridge contacts are
sufficient to stabilize the tertiary structure, a simulation with
only deprotonated Glu52 and Asp75 side chains was per-
formed.

The atom-positional RMSDs of the trajectory structures from
the energy-minimized NMR spectroscopy structure (pH 3.7) for
the N, C,, C backbone atoms, excluding the third loop residues
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for the simulation ASC_2sb_45A4_3.7, are shown in Figure 2.
Through the 10 ns simulation time there was no indication
from the RMSD analysis that the ASC protein in the ASC_2sb_
45A4 3.7 simulation was less stable than ASC in the simulation
with deprotonated Asp48, Glu52 and Asp75 side chains. The
RMSD value for the simulation with the 45A4 force field
reached a plateau value of approximately 0.2 nm.

The atom-positional RMSFs for the C, atoms that were calcu-
lated for the whole 10 ns of the trajectories are shown in
Figure 3, left panel, for the simulation ASC_2sb_45A4_3.7 (thin
line). There are no significant differences in the RMSF of the
ASC_3sb_45A4 3.7 and ASC_2sb_45A4 3.7 simulations. The
secondary structure assignments (not shown) show that the
helical structural elements are preserved during the simulation.

Also the NOE analysis in Table 2 shows that the simulated
ensemble for the ASC_2sb_45A4 3.7 simulation satisfies the
NOE upper bounds. The two salt bridges play an essential role
in stabilizing the ASC structure at pH 3.7.

A similar salt bridge distance analysis was performed for the
NALP1 protein. In this case only one salt-bridge contact in the
protein was found, Lys47-Glu52. Simulations at pH 3.7 with
Glu52 deprotonated were performed and analyzed as before:
the atom-positional RMSD from the NMR spectroscopy struc-
ture is shown in Figure 5, the atom-positional RMSF values are
in Figure 6, the secondary structure analysis is in Figure 7, and
the Lys47-Glu52 salt-bridge distance is in Figure 9. These data
show that this single salt bridge is not able to stabilize the
NALP1 structure at low pH.

The results that were obtained show that the particular pro-
tonation states of acidic side chains might be of crucial impor-
tance to the stability of the tertiary fold of the protein at low
pH. At this point one could think of calculating the pK, value
of the mentioned Asp and Glu side chains by solving the Pois-
son-Bolzmann (PB) equation,”® thus modeling a continuum
solvent around the protein. A variety of difficulties are encoun-
tered when calculating pK, values by solving the PB equation.
On the one hand, there are several parameters for which a
value has to be chosen, or that can be determined by fitting
to a given set of pK, values: the partial atomic charges and
van der Waals radii of atoms™*? and values for the dielectric
constant inside and outside the protein.***" On the other
hand, the accuracy of a continuum solvent model can be ques-
tioned, especially for protonation sites close to the continuum
solvent. There the choice of the computational grid comes
into play: whether a grid point lies just within the protein or
just outside the protein can affect the calculated pK, values
significantly. Efforts have been made to alleviate this problem
by introducing single explicit water molecules.®**" In addition,
calculations that are based on a single structure of the protein
neglect structural fluctuations and seem to be less accurate
than calculations that are based on ensembles.*? Alternative
methods to compute pK, values are based on microscopic
polarization models®**¥ or the analysis of Gaussian fluctua-
tions.™ A review that compares different methods for calculat-
ing pK, values of proteins can be found in ref. [56]. For these
reasons we did not calculate pK, values.
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vent-solute contacts, while posi-
tionally restraining only the back-
bone atoms of the solute by using
a harmonic interaction with a force
constant of 2.5x10* kJmol'nm~2
Bond lengths were constrained by
application of the SHAKE algo-
rithm® with a relative geometric
tolerance of 107 Long-range in-
teractions were handled by using a
triple-range  cut-off  schemel!®*%
with cut-off radii of 0.8 nm and
1.4 nm. Short-range van der Waals
and electrostatic interactions were
evaluated at every time step based
on a charge-group pair list.
Medium-range interactions, be-
tween 0.8 and 1.4 nm cut-off radii,
were evaluated at every fifth step,
at which time the pair list was up-

t/ns

Figure 9. Atom-atom distance of one salt-bridge contact, between the amine N atom of the Lys47 side chain and
the carbonyl C atom of the Glu52 side chain, as a function of time for NALP1 PYD. Black, red and violet lines rep-
resent the simulations with force field 53A6, whereas brown, orange and magenta lines represent the simulations

dated. Outside the longer cut-off
radius of 1.4 nm, a reaction-field
approximation® was used with a
relative dielectric permittivity of
61.1%

with force field 45A4. Black and brown represent the simulation at pH 6.5, red and orange at pH 3.7, and violet

and magenta at pH 3.7 with Glu52 deprotonated.

Experimental Section

Computational methods: The simulations (Table 1) were carried
out in explicit solvent by using the GROMOS96 biomolecular soft-
ware®”*® and force field parameter sets 45A4573 and 53A6.5%%
The initial coordinates were taken from the NMR structure of
NALP1 (PDB entry: 1pn5®¥) and of ASC (PDB entry: 1ucp®®?). The
simple-point-charge (SPC) water model®® was used to describe the
solvent molecules. Aliphatic CH, groups were treated as united
atoms.”*”

The different pH values were mimicked by different protonation
states of acidic residues.®™ For all simulations at both pH values
the N termini were protonated, and the C termini were deprotonat-
ed. All acidic residues were protonated (Asp, Glu) at pH 3.7 (zero
charge), only in the simulations with salt bridges (“sb”) were specif-
ic acidic residues left deprotonated. His residues were deprotonat-
ed at pH 6.5, and protonated at pH 3.7, whereas Arg and Lys were
protonated at all pH values. The total charge of a given protein
and the corresponding numbers of counterions to neutralize the
system are shown in Table 1.

Simulation setup: Periodic boundary conditions were applied
based on a truncated octahedron or a cubic box (see Table 1). The
protein in each simulation was solvated in water by enforcing a
minimum distance of 1.2 nm or 1.4 nm between any atom and the
nearest box wall for a truncated octahedron or a cubic box, respec-
tively. In all simulations counterions were present in different quan-
tities (shown in Table 1), such that the overall charge of the system
was zero. Counterions were placed randomly in the simulation box
with a minimal distance between the protein atoms and the ions
of 0.35 nm. Steepest-descent energy minimization was performed,
in which the protein atoms were positionally restrained by using
a harmonic interaction with a force constant of 25X
10* kJmol™'nm ™2 A succeeding steepest-descent energy minimiza-
tion of the system was performed with the goal of relaxing the sol-
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The initial velocities of the atoms

were assigned from a Maxwell dis-

tribution at 100 K, followed by a

2.5 ps period of MD simulation
with harmonic position restraining of the solute atoms with force
constants of 2.5x10*kJmol 'nm~2 Succeeding equilibrations of
50 ps each, with force constants of 2.5x10% 2.5x10', 2.5x
10° kJmol~'nm™2 and no restraining were performed on the sys-
tems at 150, 200, 250 and 298 K, respectively.

After an initial equilibration period of 200 ps, the simulations were
continued for 10 ns and the analysis was based on configurations
that were saved every 0.5 ps. The simulations were performed at
298 K (the experimental temperature of the ASC system was 301 K,
whereas for NALP1 it was 293 K). Solute and solvent temperatures
were maintained independently by weak coupling to two tempera-
ture baths of 298 K with relaxation times of 0.1 ps.*® The pressure
was calculated by using a molecular virial, and maintained by weak
coupling to a pressure bath (isotropic coordinate scaling)®® with a
relaxation time of 0.5 ps by using an isothermal compressibility of
4.575%10™ (kJmol~'nm~?)". The equations of motion were inte-
grated by using the leap-frog algorithm by using a timestep of
2 fs.

Analysis: Analyses were performed with the software GROMOS +
4 o7

The atom-positional root-mean-square deviations (RMSD) from the
reference structures were evaluated based on all backbone atoms
(N, C,, Q) of all residues, except for the loop part of the molecule
(residues 27 to 40 for ASC and residues 33 to 48 for NALP1). The
superposition of structures was performed by using the same set
of atoms. The reference structures were energy-minimized PDB
structures. Atom-positional root-mean-square fluctuations (RMSF)
over a period of simulation were calculated after superposition of
centers of mass and performing a rotational atom-positional least-
squares fit of the trajectory structures on the reference structure
(energy-minimized PDB structures). The secondary structure assign-

931

www.chembiochem.org



www.chembiochem.org



BIO

ment was done by using the program DSSP, based on the Kabsch-
Sander rules.®®

Comparisons to NMR experimental data were made through an
analysis of proton-proton distances compared to nuclear Overhaus-
er effect (NOE) upper bounds. For ASC PYD at pH 3.7,%% 1117 NOE
upper bounds were available, and for NALP1 PYD at pH 6.5,** 1126
NOE upper bounds were available. Proton—proton distances at
298 K were averaged by using 1//° averaging, that is, r=({r"%)~"".
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Fusion Peptides and Transmembrane Domains of Fusion
Proteins are Characterized by Different but Specific

Structural Properties

Katrin Weise™ ® and Jennifer Reed*™

Membrane fusion is essential for many biological processes.
Though there have been many structure and fusion studies of cel-
lular and viral fusion proteins in the last years, their functional
mechanism remains elusive. In particular, the structural modes of
operation of the transmembrane domains and viral fusion pep-
tides of fusion proteins during membrane fusion have not been
elucidated, although work on de novo designed fusogenic pep-
tides suggested that conformational flexibility was necessary. In
addition, the use of different and incompatible measurement cri-
teria has made a comparative overview difficult. Here, we report
a systematic structural analysis of viral fusion peptides from
different fusion protein classes and transmembrane domains of
viral and cellular fusion proteins by using circular dichroism spec-
troscopy. The data that were obtained demonstrate that class |

Introduction

The entry of enveloped viruses into the cell requires the viral
membrane to fuse with the target cell membrane. Since mem-
branes do not fuse spontaneously, membrane fusion is mediat-
ed by complex protein machinery in living systems. These
highly specialized fusion proteins are type | integral membrane
proteins and present a large ectodomain, a single transmem-
brane sequence, a small C-terminal end inside the viral mem-
brane and a specific segment that is involved in membrane
fusion that is known as the fusion peptide."” Based on their
molecular architecture, viral fusion proteins are classified into
at least two classes, class | and class IL.1"*! Despite their struc-
tural differences, both class | and class Il fusion proteins share
a number of common features; this suggests that both classes
act by a single, universal mechanism to cause membrane
fusion.

Fusion peptides (FP) are hydrophobic sequences of the
fusion-promoting subunits of fusion proteins that are highly
conserved within each family of viruses.”! They are composed
of 20 to 30 mostly apolar amino acid residues, and in general,
are enriched in alanines and glycines.* This unusual amino
acid composition suggests that fusion peptides might be con-
formationally flexible, and might alter their structures depend-
ing on the environment™ It was proposed that high helicity
alone is not sufficient for the fusion activity of the FP. Instead a
dynamic equilibrium between helix and non-helix forms of the
FP in the membrane environment appears to be essential for
the fusion process.® Thus, structural flexibility should stand as
a criterion for the fusion activity of a fusion peptide.”'”
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viral fusion peptides show a structural flexibility between helix
and irregular secondary structures, whereas fusion peptides of
class Il viral fusion proteins are characterized by a stable random
coil and turn structure. Thus, conformational flexibility does not
seem to be a universal criterion for the fusion activity of a fusion
peptide. On the contrary, the transmembrane domains of fusion
proteins are distinguished by a structural flexibility between helix
and sheet structure that is similar to de novo designed unnatural
peptides with high fusion activities (M. W. Hofmann et al. PNAS
2004, 101, 14776-14781). Thus, the conformational behavior of
the fusogenic unnatural peptides most closely resembles that of
fusion protein transmembrane domains, and allows them to be
used to gain a deeper understanding of the membrane fusion
process.

The FP acts in an early stage of fusion, and its insertion into
the target membrane leads to a destabilization of the target
membrane, and therefore the FP catalyzes the membrane
fusion reaction by reducing the activation energy of the pro-
cess.”®*" In contrast, the role for the transmembrane domain
(TMD) of viral fusion proteins lies in the later stages of mem-
brane fusion. It was suggested that the TMD facilitates fusion
pore formation and is obligatory for full pore enlargement.
These processes require the TMD to span both membrane leaf-
lets to allow membrane destabilization."? The greater abun-
dance of glycine residues in fusion protein TMDs produces
conformational diversity, which appears to be related to
fusion."™ However, the mechanism by which the TMDs of
fusion proteins facilitate pore formation remains unknown.™

Structural and functional analyses have revealed remarkable
mechanistic similarities between viral and intracellular fu-
sion."*'% Both SNARE-mediated fusion and viral fusion appear
to be driven by protein folding, releasing enough energy to

[a] Dr. K. Weise, Prof. Dr. J. Reed
Department Mechanisms of Biomolecular Interactions
German Cancer Research Center
Im Neuenheimer Feld 280, 69120 Heidelberg (Germany)
Fax: (+49)6221-423259
E-mail: j.reed@dkfz-heidelberg.de

[b] Dr. K. Weise
Present address:
Physical Chemistry I-Biophysical Chemistry, University of Dortmund
Otto-Hahn-Strasse 6, 44227 Dortmund (Germany)
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overcome the energy barrier for the membrane fusion process.
Thus, conformational flexibility would need to be a universal
property of fusion-promoting protein sequences. A previous
work of our group has indicated that the fusion activity of de
novo designed unnatural peptides depends on the ratio of a-
helix--promoting leucine and [-sheet-promoting valine resi-
dues, and is enhanced by secondary-structure-destabilizing
proline and glycine residues within their hydrophobic cores. It
was shown that for these unnatural peptides, high fusogenicity
is correlated with structural flexibility between a-helical and -
sheet structure."” To investigate whether the observed confor-
mational flexibility between a-helix and B-sheet is an ubiqui-
tous characteristic of membrane fusion-promoting domains or
a special feature of unnatural fusogenic peptides, we carried
out a systematic structural analysis of naturally occurring mem-
brane fusion-promoting domains. Therefore, fusion peptides of
distinct viral fusion proteins (HA2, HIV-1, RSV, TBEV, and VSV
G protein) and transmembrane domains of cellular (Stx 1A and
Syb 1) and viral (VSV G protein) fusion proteins were analyzed
by circular dichroism spectroscopy according to their secon-
dary structure. Here we report structural properties that are
characteristic for the distinct fusion-promoting domains. The
results show that viral fusion peptides possess structural prop-
erties that are different from those of fusion protein TMDs. In
addition, the results demonstrate that the conformational flexi-
bility of the previously analyzed fusogenic unnatural peptides
reflects the structural behavior of naturally occurring trans-
membrane domains of viral and cellular fusion proteins.

Results

To carry out a systematic structural analysis of different mem-
brane fusion-promoting domains, fusion peptides of different
viral fusion proteins and transmembrane domains of two
SNARE proteins as well as the transmembrane domain of vesic-
ular stomatitis virus G protein were examined with CD spec-
troscopy. The conformational flexibility of these naturally oc-
curring peptide sequences, that is, their ability to adopt secon-
dary structures depending on the environment, was deter-
mined by performing polarity titrations by using aqueous
buffer solution and trifluoroethanol (TFE). TFE is known for its
structure-stabilizing properties and for enhancing the amount

of regular secondary structures in proteins."® It also can emu-

late in some respects the apolar conditions of a membrane en-
vironment. To check for oligomerization of the hydrophobic
peptides in aqueous buffer solution, concentration depend-
ence studies were carried out (data not shown). To achieve
this, CD spectra of the peptides were recorded in Tris-HCI
(5mwm, pH7.5) at concentrations of 10 ugmL™", 100 pgmL™'
and 500 pgmL™" in a 1.0 cm, 1.0 mm and 0.2 mm quartz cuv-
ette, respectively. For all fusion-promoting domains, no con-
centration dependence of the CD spectra could be detected;
this indicates that the peptides exist as monomers. In addition,
association between peptide molecules can be detected by
performing denaturation experiments. Again, no sigmoid curve
and thus no association between the analyzed peptide mole-
cules could be detected by heating a solution of 100 pgmL™"
(~38 um) peptide in glycine-HCl (50 mm, pH 2.6) from 20°C up
to 90°C (data not shown). In analogy to lysozyme, denatura-
tion experiments were carried out at a low pH in order to
bring the melting temperature T,, as far as possible within the
temperature range that is available to a water-based system.

Inverse micelles were chosen to reflect the conditions in bio-
logical membranes."” Because of its optical transparency, the
inverse micelle system is much better suited for CD measure-
ments than phospholipid vesicles. The latter show a severe
asymmetric scattering in the far-UV region so that to minimize
this effect, the use of thinner cuvettes (0.2 mm) and therefore
a higher peptide concentration is necessary, which is not
appropriate for such hydrophobic peptides. For this reason,
secondary structures were studied in a 50 mm AOT/isooctane/
water inverse micelle system. The sequences of the analyzed
peptides are given in Table 1.

Viral fusion peptides

It is known that human immunodeficiency virus (HIV-1) enters
the cell by directly crossing the plasma membrane at neutral
pH. In contrast, the influenza virus (HA2 for the membrane-
anchoring subunit of haemagglutinin A) is endocytosed after
binding to the target cell surface. The low-pH environment of
the endosome activates the viral fusion protein, and therefore
allows fusion of the enveloped virus with the endosome mem-
brane.’?” Because of the two different entry routes of these

Table 1. Sequences of the analyzed peptides®

Peptide

Sequence

Classification

influenza virus haemagglutinin A (HA2)
human immunodeficiency virus type 1 (HIV-1)
rous sarcoma virus (RSV)

tick-borne encephalitis virus (TBEV)

vesicular stomatitis virus G protein (VSV-FP)
vesicular stomatitis virus G protein (VSV-TMD)
syntaxin 1A (Stx 1A)

synaptobrevin 1 (Syb 1)

control peptide L16

L16 without GCGKKKK

GLFGAIAGFIENGWEGMIDG GCGKKKK
AVGIGAVFLGFLGAAG GCGKKKK
RIFASILAPGVAAAQALR GCGKKKK

DRGWGNHCGLFGKG GCGKKKK viral class Il
QGTWLNPGFPPQSCGYATVTD GCGKKKK viral class Il
FFFIIGLIGLFLVL GCGKKKK viral class Il
KIMIIICCVILGIVIASTVGGIFA GCGKKKK cellular
MMIMLGAICAIIVWVIVIYF GCGKKKK cellular
LLLLLLLLLLLLLLLL WGCGKKKK artificial
KKKW LLLLLLLLLLLLLLLL KKK artificial

viral class | (N-terminal FP)
viral class | (N-terminal FP)
viral class | (internal FP)

[a] all peptides contained free, unmodified termini
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enveloped viruses, the structural analysis of the FP of HA2 was
carried out at neutral (pH 7.5) and acidic/fusogenic (pH 5.0)
pH, whereas the FP of HIV-1 was analyzed only under neutral
conditions. Polarity titrations demonstrated that the fusion
peptides of HA2 and HIV-1 exhibit identical structural behavior
under fusogenic conditions (Figure 1). Both fusion peptides
showed a high content of random coil and turn structure, and
a small amount of sheet in a 10 mm Tris—HCI buffer solution
(Table 2). While changing the polarity of the environment from
polar to apolar, a structural transition mainly from random coil
and turn structure to a-helix took place (Figures 1 and 2). In a
90% TFE solution, HA2 FP contained equal amounts of
random coil and turn (50%) as well as helix. In comparison to
HA2, the structural change was less pronounced for the HIV-1
fusion peptide. The same conformational flexibility between a-
helix and random coil/turn structure, but in reverse order,
could be observed for both peptides by starting the polarity ti-
trations from TFE and adding buffer with fusogenic pH (data
not shown). For the FP of HA2, polarity titrations were also

J. Reed and K. Weise

taken at neutral pH. Upon lowering the pH from 7.5 to 5.0, an
increase in a-helical structure of 10-20% in the polarity range
between 20% and 90% TFE could be detected. Furthermore,
the rise in a-helix with decreasing pH occurred at the cost of
[B-sheet, which appeared as a transient form between 0% and
40% TFE in the polarity titration at neutral pH (data not
shown). In inverse micelles, a structural difference existed for
both fusion peptides (Figure 3). The FP of HA2 showed a high
content of regular secondary structure (74 %) with nearly equal
amounts of a-helix (38%) and (3-sheet (36 %), whereas the HIV-
1 FP contained a smaller amount of regular secondary struc-
ture (28%). In addition, HIV-1 FP consisted of 26% o-helix and
only 2% f-sheet under these conditions. However, both fusion
peptides have a large amount of a-helix in this inverse micelle
system.

As the fusion of the rous sarcoma virus (RSV) envelope with
the plasma membrane occurs at neutral pH,*?% the structural
analysis of the RSV fusion peptide was carried out at pH 7.5.
The polarity titration experiment showed a structural flexibility

between a-helix and random
coil/turn structure for the RSV FP

1004 100
< 901 HA2 < 90 HIV-1 (Figure 1). The fusion peptide of
E 805‘\A E 80 . RSV presented a large amount of
2 gg — 2 gg T A 4 random coil and turn in buffer
% 50 \> % 50 solution, and underwent a struc-
2 40- ’_,_,./‘ > 40 tural transition to a-helix with an
© 1 © — . .
© 30 S 30 _— increasing TFE content (Table 2).
g 201 - g 20 N :
8 10j7<, 8 10 74. Simultaneously, the small
(2]
0 e e e " 04 e oy, amount of f-sheet stayed nearly
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 constant over the whole range
0,
TFE/% TFE/% of polarity. Therefore, the struc-
90, RSV 100 TBEV tural behavior of the RSV FP
& 38" s gg A, — during polarity titrations was
% 60 g 70 comparable to that of HA2 and
g 50] —, . S 60 HIV-1 fusion peptide. The same
2 401 /0>4<><‘ 2 ig conformational change could be
-‘é’ 304 > § 30 obtained in reverse by starting
204 & 20 . e .
§ 10!74o\.\./._. S % I *— the polarlty.tltratlon with TFE,
2 % e e e« and by adding buffer solution
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 (data not shown). Measurements
TFE/ % TFE 1 % in inverse micelles showed a sec-
1004——_, 100- ondary structure for the RSV
£ 901 \*SV L 90 L16 fusion peptide that consisted of
o 807 —_ o 804 43% o-helix and 1% [-sheet
3 704 5 701 & (Fi 3). Th dat |
§ 60 Helix \ 8 0] igure 3). These data were also
% 50] —e— Sheet * % 501 in agreement with the structural
& 401 —a—Coil+Tum / 2 40 properties of the fusion peptides
S 301 o I 30 a a—a
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o 10./// g 0] conditions, in that they too
0 showed large amounts of a-heli-
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Figure 1. Polarity titrations of viral fusion peptides and L16 as a negative control. Polarity titrations were carried
out by starting with 10 mm Tris—HCI buffer solution and adding TFE while maintaining a peptide concentration of
100 pgmL~" (~38 um). For each fusion peptide, the polarity titration is shown at fusogenic pH, that is, pH 7.5 in
the case of HIV-1 and RSV FP, and pH 5.0 in the case of HA2, TBEV and VSV FP. For the negative control L16, the
polarity titration is shown at pH 7.5. In the graphic, secondary structures are indicated as follows: e: a-helix, @: -
sheet, and A: random coil/turn. Data points represent the means of 2-3 independent measurements.
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cal structure.

Like the influenza virus, the
tick-borne  encephalitis  virus
(TBEV) enters the cell via the en-
docytotic pathway, that is, fusion
of the endosomal membrane
with the viral envelope occurs
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Table 2. Data of the polarity titrations for the viral fusion peptides and the negative control peptide L16%
2° structure TFE content [%)]
0 20 40 60 80 90
HA2 a-helix 040 19+4 37+1 39+1 4442 50+4
B-sheet 16 £1 10+£3 0+0 0+0 1£1 0+0
coil + turn 84+1 71+1 63+1 61+1 5541 50+4
HIV-1 a-helix 040 18+1 31+1 3241 3440 3440
B-sheet 12+2 10+£1 0+0 0+0 0+0 0+0
coil + turn 88+2 7240 6941 68+ 1 66+0 66+0
RSV a-helix 040 30+3 41+4 46+1 40+2 47 £1
B-sheet 15+£2 16+2 12+4 941 1241 141
coil + turn 85+2 54+1 47 £1 45+0 48+3 42+0
TBEV a-helix 040 040 0+0 0+0 0+0 0+0
p-sheet 1M+3 14+2 17+4 20+0 20+0 14+1
coil + turn 89+3 86+2 83+4 80+0 80+0 86+1
VSV-FP a-helix 0+0 441 10+1 22+0 3141 49+2
p-sheet 0+0 0+0 0+0 0+0 0+0 0+0
coil + turn 1000 96+ 1 90+1 78+0 69+1 51+2
L16 a-helix 0+0 12+3 71+1 69+1 70+1 69+1
B-sheet 19+2 51+6 4+1 0+0 0+0 040
coil + turn 81+2 37+8 25+1 31+1 30+1 31+1
L16 without GCGKKKK a-helix 0+0 25+13 56+4 55+4 57+2 55+6
B-sheet 18+1 43+5 16+7 12+£10 9+10 8+6
coil + turn 82+1 32+18 28+ 11 33+13 34+12 37+M
[a] Polarity titrations were carried out by starting with 10 mm Tris—=HCI buffer solution and adding TFE while maintaining a peptide concentration of
100 pgmL~" (~38 pum). For each fusion peptide, the polarity titration is shown at fusogenic pH, that is, pH 7.5 in the case of HIV-1 and RSV FP, and pH 5.0
in the case of HA2, TBEV and VSV-FP. For the negative control L16, the polarity titration is shown at pH 7.5.

under acidic conditions.®?” Therefore, polarity titrations of the
TBEV fusion peptide were carried out at neutral and acidic pH.
The experiments showed that the pH did not influence the
structural behavior of the TBEV FP during the polarity titration.
In addition, the secondary structure of the TBEV FP stayed
nearly constant over the whole range of polarity (Figures 1 and
2, Table 2). Identical results could be obtained by carrying out
the polarity titration by starting with TFE (data not shown).
Nearly the same secondary structure could be detected for the
TBEV FP in inverse micelles (Figure 3). Under these conditions
the FP of TBEV showed a small content of regular secondary
structure (16%) with a much larger amount of [3-sheet (14 %)
than o-helix (2%). Thus, the TBEV FP is characterized by a
stable random coil and turn structure.

Vesicular stomatitis virus (VSV) enters the cell by receptor-
mediated endocytosis followed by low-pH-induced membrane
fusion.""® Hence, polarity titrations were taken under acidic
and neutral conditions. By starting the polarity titration from
10mm Tris-HCl pH5.0 a conformational transition from
random coil and turn to a-helix could be observed with de-
creasing polarity (Figures 1 and 2, Table 2). Increasing the pH
from 5.0 to 7.5 had no effect on the structural behavior of the
VSV FP. Again, the conformational transition was reversed
when starting the polarity titration from TFE (data not shown).
Thus, in titration experiments the VSV FP showed the same
structural flexibility as the fusion peptides of HA2, HIV-1 and
RSV. In contrast to them, however, experiments in inverse mi-
celles showed a pure random coil and turn structure for the FP
of VSV under these conditions (Figure 3).

Compared to the viral fusion peptides, L16, which is an oli-
goleucine peptide that showed no fusion activity in a standard

ChemBioChem 2008, 9, 934 — 943
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fluorescence dequenching assay (2.3% liposome fusion after 1
hour) and therefore functions as a negative control (cf.
ref. [17]), revealed a completely different structural behavior in
polarity titration experiments. There is neither conformational
flexibility between a-helical and random coil/turn structure,
nor a stable secondary structure as for the TBEV fusion pep-
tide. Instead, a kind of two-phase transition between first
random coil/turn structure and mainly (3-sheet and second -
sheet and a-helix occurs (Figures 1 and 2, Table 2). A similar
structural behavior as for the viral fusion peptides was detect-
ed in inverse micelles: the L16 peptide showed 49% a-helix
(SD£5%) and 6% (-sheet (SD +6%). This can be explained by
the similar secondary structure of the peptides in a solvent of
low polarity (as TFE), whereas the structural behavior differs at
intermediate solvent polarity.

The host-guest peptide system that was used in this study
was introduced by Han and Tamm a few years ago.”” In this
system, the guest peptide (like the FP of the viral fusion pro-
tein of HA) is linked via a flexible linker (GCG) to a host peptide
(KKKK) that solubilizes the entire peptide. Han and Tamm were
able to show that the highly charged host peptide ensured
that the peptides remained monomeric in solutions of low
ionic strength. In addition, our concentration dependence
studies and denaturation experiments (see above) strengthen
the case for the monomeric properties of the analyzed pep-
tides. Finally, the linker region that consists of the sequence
Gly-Cys-Gly is expected to be conformationally flexible, and
thereby allows the uncoupling of secondary structure induc-
tion across the host and guest peptide boundary. The host-
guest fusion peptides are thought to preserve the native,
physiological fusion domain structure, because the host pep-
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Figure 2. Representative examples of the CD spectra for the polarity titrations by starting from pure buffer solu-
tion. For each kind of fusion-promoting domain one example is given: HA2 stands for the structural change from
random coil/turn to a-helix (class | fusion peptides), TBEV represents the stable random coil/turn structure of
fusion peptides from class II, and VSV-FP shows the structural change from random coil/turn to a-helix of FPs be-
longing to class Ill. The viral TMD of VSV G protein as well as the cellular TMD of Stx 1A show a structural change
between f-sheet and a-helix which seems to be characteristic for fusion-promoting transmembrane domains. The
CD spectra of the control peptide L16 reflect a kind of two-phase transition between first random coil/turn struc-
ture and mainly -sheet and second f3-sheet and a-helix. The secondary structure contents of the analyzed CD
spectra are given in Table 2 and 3. Color coding of the single CD spectra is identical for all graphs except VSV-
TMD, which is given separately in the legend.

J. Reed and K. Weise

tide replaces, in a sense, the
entire polar ectodomain of the
viral fusion protein. As the ecto-
domain and fusion peptide form
two separately folded domains
at least in HA2, structural influ-
ence on the guest peptide by
the host peptide should not
occur™ Nevertheless, we ana-
lyzed the same L16 control pep-
tide with a different solubiliza-
tion system, in which the L16
carries three lysines and one
tryptophan at the N terminus,
and three lysine residues at the
C terminus (Table 1). Lysine resi-
dues were used because it was
shown that lysine solubilizes the
peptide and promotes the mon-
omeric form.”? The results show
the same kind of structural
change for the polarity titration
experiments as for the L16 that
was carrying the sequence
GCGKKKK (Table 2). Again, a kind
of two-phase transition between
first random coil/turn structure
and mainly p-sheet and second
[-sheet and a-helix occurs. Only
a slightly larger amount of a-
helix can be detected for the
L16-GCGKKKK (up to 15%). In a
standard fluorescence de-
quenching assay the KKKW-L16-
KKK showed nearly the same
fusion activity as the L16-
WGCGKKKK (8.3% and 2.3% lip-
osome fusion after 1 hour, re-
spectively; cf. ref.[17]). Further-
more, nearly the same secondary
structure was detected for both
peptides in the inverse micelle

< 100 Il Helix n system (KKKW-L16-KKK 63 +8%
S 90 (S:Zﬁftmm % a-helix, 4+4% B-sheet and L16-
3 gg ? é Z WGCGKKKK 49 5% o-helix, 66 % [B-sheet). This comparative
% 60 Z z % % , analysis was done for two additional peptides, LV16 and
z 38 % Z %’ g 7 LV16G8P9 (cf. ref. [17] and unpublished results), coming to the
2 301 Z é ,/é Z é ___7 same conclusion of nearly equal structural properties for both
§ fg g % Z ' Z |§ IZ solubilization systems (data not shown). Hence, the host and
® =10 ' Ié AU R linker sequence GCGKKKK seems to have no or only a minor
A

WA w8 8 (@Rl PP oo

effect on the structure of the guest peptide. An analysis of

these water-insoluble peptides without a solubilization system

Figure 3. Secondary structures in inverse micelles. The examined fusion pep-
tides and transmembrane domains were measured in an inverse micelle
system that consisted of 50 mm AOT/isooctane and 40 pum peptide. The sec-
ondary structure content of each fusion-promoting domain is given as fol-
lows: black columns: a-helix, light grey columns: -sheet, and patterned col-
umns: random coil/turn. Data are shown as means +SD (n=10-15).
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TMDs of fusion proteins

The transmembrane domain (TMD) of vesicular stomatitis virus
(VSV) G protein was analyzed under neutral and acidic condi-
tions because the virus enters the cell via the endocytotic
pathway (cf. VSV FP). Polarity titrations at fusogenic pH 5.0
showed a conformational flexibility of the VSV-TMD between
a-helix and B-sheet (Figures 2 and 4). Because of poor peptide
solubility in buffer solution at pH 5.0, the polarity titration was
started from 15% TFE. Decreasing the polarity of the surround-
ings by adding TFE led to a structural change from (-sheet to
a-helix. Simultaneously, the amount of random coil and turn
stayed nearly constant over the whole range of polarity. Conse-
quently, there was a complete transition from one kind of reg-
ular secondary structure to the other with a transition point at
~22% TFE (Figure 4 and Table 3). Nearly the same structural
behavior was observed for the VSV-TMD by carrying out the
reverse polarity titration (data not shown).

Whereas the conformational transition was equivalent for
both polarity titrations by starting from TFE and adding buffer
with different pH, a remarkable difference was detected for
polarity titrations by starting from a buffer solution with a dif-
ferent pH. The VSV-TMD showed only 16% [-sheet but 84 %
random coil and turn structure in 10 mm Tris-HCl pH 7.5.
While adding TFE, a structural change from random coil and
turn to a-helix took place between 20% TFE and 40% TFE,
which was followed by a change from [-sheet to a-helix in the
range of 40% TFE to 60% TFE. The secondary structure con-
tent of the VSV-TMD was identical at 90% TFE for both pHs. As
the structural transition at pH 5.0 is the one that takes place
under fusogenic conditions, conformational flexibility between
helix and sheet appears to be crucial for the fusion process.

The same structural flexibility could be observed for the
transmembrane domain of the SNARE protein syntaxin 1A
(Stx 1A, Figures 2 and 4, Table 3). Changing the polarity from
polar to apolar led to a structural transition from -sheet to a-
helix with a transition point at ~339% TFE. The reverse polarity
titration gave the same results (data not shown). Intracellular
fusion of neurotransmitter-filled presynaptic vesicles occurs at
neutral pH. Thus, the TMDs of the SNARE proteins syntaxin 1A
and synaptobrevin 1 (Syb 1) were measured only under neutral

80
Z’f 70 Stx 1A
‘L:: 60
g 50 \ 0/.
£ 401 —a /
§ 30 . 4 A
S 20 \.
§ 10 /’ T
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Figure 4. Polarity titrations of the examined transmembrane domains. Polari-
ty titrations were carried out by starting with 10 mm Tris—-HCI buffer solution
and adding TFE while maintaining a peptide concentration of 100 ugmL™"
(~38 um). For each TMD, the polarity titration is shown at fusogenic pH, that
is, pH 7.5 in the case of Stx 1A and Syb 1 TMD, and pH 5.0 in the case of
VSV-TMD. In the graphic, secondary structures are indicated as follows: e: a-
helix, ®: B-sheet, and A: random coil/turn. Data points represent the means
of 2-3 independent measurements.

conditions. In comparison to the TMD of syntaxin 1A, the TMD
of synaptobrevin 1 possessed a more restricted conformational

Table 3. Data of the polarity titrations for the transmembrane domains®

2° structure

TFE content [%)]

0 20 40 60 80 90
VSV-TMD a-helix 0+0 24+£1 43+1 48+0 4942 49+2
B-sheet 50+£5 27+£3 5+1 6+1 6+1 714
coil + turn 50+5 4942 52+2 46+1 45+3 4441
Syb 1 a-helix 0+0 25+1 2441 25+1 2540 25+1
B-sheet 57+0 39+1 38+2 4040 37+£1 39+£1
coil + turn 43+0 36£1 38£1 35+1 38+1 36+0
Stx 1A a-helix 0+0 1441 38£2 50+2 5542 56+3
B-sheet 63+1 46+2 25+6 1842 1241 1M+1
coil + turn 37+1 40£1 37+4 32+0 33+£3 33+2

the case of VSV-TMD.

[a] Polarity titrations were carried out by starting with 10 mm Tris—-HCI buffer solution and adding TFE while maintaining a peptide concentration of
100 pg mL™" (~38 pm). For each TMD, the polarity titration is shown at fusogenic pH, that is, pH 7.5 in the case of Stx 1 A and Syb 1 TMD, and pH 5.0 in
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flexibility (Figure 4 and Table 3). As the TMD of Stx 1A, the
TMD of Syb 1 showed a high amount of -sheet in buffer solu-
tion. However, the addition of TFE resulted in a smaller in-
crease in a-helix such that no transition point could be ob-
served. Nearly the same structural behavior was obtained for
the TMD of Syb 1 by carrying out the reverse polarity titration
(data not shown). Finally, the secondary structures of the two
SNARE protein transmembrane domains were measured in an
inverse micelle system (Figure 3). Under these conditions, both
TMDs showed a high content of regular secondary structure
with nearly equal amounts of a-helix (Syb 1: 219%, Stx 1A:
20%) and B-sheet (Syb 1: 34%, Stx 1A: 35%).

No similarities can be observed between the results for the
TMDs and the control peptide, L16. Whereas the structural be-
havior of the TMDs is characterized by a direct conformational
change between a-helix and B-sheet during polarity titrations,
the conformational behavior of L16 is distinguished by a kind
of two-phase transition (see above). Furthermore, the secon-
dary structure of L16 in inverse micelles differs from that of the
TMDs in that it shows a much higher amount of a-helix (49%
+5%) than p-sheet (6% +6%). Interestingly, the structural
behavior of the naturally occurring transmembrane domains of
viral and cellular fusion proteins is mimicked by the previously
analyzed fusogenic de novo designed unnatural peptides. It
was shown that for these unnatural peptides, high fusogenicity
is correlated with structural flexibility between a-helical and f3-
sheet structure.'”? In a length dependency study of the same
peptides that contain alternating leucine and valine residues,
the highest fusogenicity (58.4%) was detected for a peptide
with a hydrophobic core of 16 amino acid residues (LV16),
whereas a peptide of 12 residues was too short to span the
entire membrane and therefore showed less fusion activity in a
standard fluorescence dequenching assay (LV12: 26.6%; M. W.
Hofmann and D. Langosch, personal communication). Further-
more, fusion activity decreased again for peptides with longer
hydrophobic cores (LV20: 35.5% and LV24: 17.5%), which is
due to a loss in the structural flexibility between a-helix and f3-
sheet (unpublished results). A similar correlation between the
length of the hydrophobic peptide core and fusogenicity in
vitro was detected by Lorin et al. for peptides that consist of
alanine and leucine, which are a-helix-promoting residues.”
Whereas the peptide of 14 residues that can only traverse one
monolayer both exhibits the lowest membrane-binding affinity
and shows no significant fusogenicity, peptides of 18 and 22
residues both cross the whole membrane, and show higher
membrane-binding affinities as well as fusogenicities. In addi-
tion, these hydrophobic TM model peptides were shown to be
transmembrane helices in membranes.?®! In contrast to the LV
peptides, Lorin et al. did not find an optimum for the length of
the hydrophobic peptide core. A critical length requirement of
17 amino acid residues has also been found for the TMD of
HA.”Y Hence, the length of the transmembrane domain seems
to have a critical function in the later steps of membrane
fusion, where the formation and enlargement of the aqueous
fusion pore takes place.

9240

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Reed and K. Weise

Discussion

Structural properties of viral fusion peptides

It has been shown that synthetic fusion peptides are a good
model for studying membrane-associated structures and pro-
cesses that function in viral fusion.”’ Several studies have re-
vealed a direct correlation between the properties of the iso-
lated and intact systems, and thus support the use of small
peptides as models for investigating the full protein-mediated
fusion process.””?! However, in previous studies fusion pep-
tides from different viruses were analyzed under varying exper-
imental conditions, which makes a direct comparison of their
structural behavior difficult.”=?” The present CD study allows
us to directly compare the conformational properties of differ-
ent fusion peptides. From the results, it is obvious that the
fusion peptides of HA2, HIV-1 and RSV have similar structural
behavior, regardless of the placement of the FP in the fusion
protein (N-terminal for HIV-1 and HA2 or internal for RSV). The
fusion proteins of these viruses are identified as belonging to
the viral fusion protein class 1.>*?%=% Therefore, fusion pep-
tides of class | viral fusion proteins seem to show a structural
flexibility between o-helix and random coil/turn structure
under fusogenic conditions. Furthermore, the measurements in
inverse micelles point towards an insertion of the fusion pep-
tide into membranes as a helix. The presence of a fairly stable
N-terminal (HA2 and HIV-1) or C-terminal (RSV) helix in the
fusion peptide sequence appears to be necessary for a tilted
insertion of the FP into the membrane, which causes distortion
of the bilayer, and therefore catalyzes the membrane fusion
process.®3 The results for these fusion peptides are in agree-
ment with the experiments of other groups that analyzed
the secondary structure of these FPs under related condi-
tions.?"3'*4 The detected structural flexibility can be assigned
to the greater abundance of glycine and alanine in the fusion
peptide sequence. Mutational analyses have shown that dis-
tinct glycine residues (Gly1, Gly4 and Gly8 of HA2 FP; Gly10
and Gly13 of HIV-1 FP) are critical for fusion activity.?>3¢

In contrast to the above-described class | fusion peptides,
the FP of tick-borne encephalitis virus is distinguished by a
stable random coil and turn structure. The observed structural
stability for the TBEV FP region can be explained by a high
constraint that is due to multiple interactions. These interac-
tions include several internal hydrogen bonds, one salt bridge
(Asp98 and Lys110), and one disulfide bond (Cys74 and
Cys105).5” Consequently, the TBEV FP inserts into membranes
as a loop via an aromatic anchor that is formed by Trp101 and
Phe108.5% Since both the fusion peptides of alphaviruses (e.g.,
semliki forest virus) and flaviviruses (TBEV) are located in a
loop that is embedded between two B-strands,®” it is tempt-
ing to speculate that the fusion peptide of semliki forest virus
will also interact with the membrane via aromatic residues (i.e.,
conserved Trp89 and Phe95) and will show a similar stable
random coil and turn structure as the TBEV FP. Given that both
fusion proteins of flaviviruses and alphaviruses are characteris-
tic representatives of the viral fusion protein class I,
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fusion peptides of this class seem to be characterized by a
stable random coil and turn structure.

The FP of VSV, which possibly belongs to a third class of
viral fusion proteins,"?” showed structural flexibility between
a-helix and random coil/turn structure that is similar to the
class | viral fusion peptides. The importance of the conserved
Gly124 for fusion activity was demonstrated by mutational
analysis.”” However, a structural difference was detected in
inverse micelles that points toward a different interaction with
the target membrane. Whereas class| fusion peptides are
thought to insert into the target membrane as a helix, the VSV
FP did not show a-helical structure in inverse micelles (100 %
random coil and turn structure). These findings would support
the hypothesis that the interaction of the VSV FP with the
target membrane occurs mainly at the membrane surface, that
is, the fusion peptide does not insert into the membrane."
Like VSV, the fusion glycoprotein B (gB) of herpes simplex virus
type | (HSV-1) lacks an obvious fusion peptide, but similarity to
the fusion peptides of VSV and class Il fusion proteins strongly
suggests the sequences "*VWFGHRY'® and *®RVEAFHRY?* act
as a fusion peptide.*>*! In gB, W174, Y179, and A261 seem to
be important for fusion, but only F262 is positioned similarly
to the aromatic residue in the fusion loop of VSV G protein.”
The conformation of the fusion loops of HSV-1 appears to be
suboptimal for membrane insertion because the hydrophobic
residues in the putative fusion loops of gB are surrounded
exclusively by charged residues, which has been postulated to
prevent insertion. This strengthens the argument for a mem-
brane surface interaction of class Ill fusion peptides, since HSV-
1 and VSV have been proposed to represent this new class of
viral fusion proteins."*¥

Structural properties of fusion protein TMDs

The structural properties of viral fusion peptides also differ
from those of fusion protein transmembrane domains. Both
the TMD of VSV G protein and the TMD of syntaxin 1A showed
a conformational flexibility between a-helix and [-sheet under
fusogenic conditions. The observed high grade of structural
flexibility can be attributed to two main features. First, both
TMDs include one (Stx 1A) or two (VSV) glycines that are locat-
ed in the interior of the TMD. Glycine is known for its helix-
destabilizing effect in this position because it forms a flexible
hinge and therefore induces a kink into the helix.*! Second,
both TMD sequences present a greater abundance of (-
branched amino acid residues. It was speculated that residues
with B-branched side chains impart structural flexibility to fuso-
genic TMD helices.”® Thus, local deformation or even transient
unfolding of these helices might facilitate the restructuring of
the lipid bilayer in fusion. Mutational analysis confirmed the
importance of such flexibility-promoting residues for the
fusion process.'04>4¢!

For several reasons it can be presumed that the TMD of VSV
G protein and Stx TA exist as a transmembrane helix. First,
single-pass TMDs such as the VSV G protein and Stx 1A TMD
tend to be helical®”’ Second, the appearance of the GxxxG
(VSV) or SxxxG (Stx 1A) motif points toward an involvement in
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high-affinity association of transmembrane helices.*® Third,
these TMDs consist of around twenty mostly hydrophobic
amino acid residues, which would just span the hydrophobic
part of the bilayer in an a-helical structure.™ Finally, the ob-
served large amounts of a-helix (20-56 %) in membrane-mim-
etic environments (TFE and inverse micelles) argue for a helical
structure of the TMDs in membranes. Since transmembrane
domains are known to participate in oligomerization of many
different integral membrane proteins, the interactions between
a-helical TMDs might contribute to the formation of a prefu-
sion stalk intermediate. Because of the similar structural prop-
erties of the VSV-TMD and Stx 1A TMD the results of this work
support the hypothesis of a common mechanism for viral and
intracellular membrane fusion during the later stages of pore
formation, at least.

In comparison, a restricted structural flexibility between a-
helix and p-sheet was observed for the transmembrane
domain of synaptobrevin 1. The smaller grade of structural
flexibility of the Syb 1 TMD can be explained by a lesser abun-
dance of glycine residues in the TMD sequence. Moreover, the
location of the single glycine is not as central as in the Stx 1A
transmembrane domain, and the SxxxG motif is also missing.

There is evidence, that the pre-transmembrane region of the
fusion protein is also involved in viral membrane destabiliza-
tion during the membrane fusion process. To our knowledge it
is not yet clear if and how the pre-transmembrane region is
functionally connected to the TMD. However, Langosch et al.
were able to show that TMD peptides alone are sufficient to
drive fusion of liposomes. In addition, there is proof that the
TMDs of cellular and viral fusion proteins fulfill similar structur-
al requirements and might represent autonomous functional
domains, which seem to act at a late step in membrane
fusion."®*¥! Finally, the arrangement of residues within the con-
served amino acid motif in cellular TMD indicated that mem-
brane-spanning and cytoplasmic interaction domains are in-
dependent structural units."” Furthermore, observations with
natural fusion proteins support the results of our study in the
sense that structurally flexible TMDs are required for fusion.

Conclusions

By taking together the results for the viral fusion peptides, the
present study allows a direct comparison of the structural
basis by which fusion peptides from different fusion protein
classes’ anchor in the target membranes to be made. Thus,
given the noticeably different structural behavior of fusion
peptides from the different classes that were examined here,
the initial steps in the fusion process might be achieved by a
variety of mechanisms. Furthermore, structural flexibility seems
to be a prerequisite for fusion activity in the case of fusion
peptides from fusion proteins of class| and VSV, but not for
those fusion peptides that belong to fusion protein class Il. As
a consequence, conformational flexibility is not a universal
property of fusion peptides. In addition, viral fusion peptides
show structural behavior that is different to that of previously
analyzed unnatural fusogenic peptides."”
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In summary, the results for the fusion protein TMDs support
the hypothesis of Tamm et al., which states that the TMD of
the t-SNARE (in this case Stx 1A) could serve the function of
the TMD of the viral fusion protein (VSV G protein), whereas
the TMD of the v-SNARE (Syb 1) could serve the role of the
viral fusion peptide.”” However, the structural behavior of the
Syb 1 TMD differs from that of viral fusion peptides in that it
shows large amounts of B-sheet during polarity titration ex-
periments. In addition, the results demonstrate that the struc-
tural behavior of fusion protein transmembrane domains is
reflected by the previously analyzed unnatural fusogenic pep-
tides."” Consequently, conformational flexibility between o-
helix and (-sheet is a phenomenon that takes place not only
in de novo designed fusogenic peptides, but is a characteristic
feature of naturally occurring transmembrane domains of
fusion proteins. This would allow further studies on unnatural
fusogenic peptides to get a deeper understanding of the
membrane fusion process.

Experimental Section

Peptide sequences: Naturally occurring membrane fusion-promot-
ing domains include fusion peptide sequences of viral fusion pro-
teins and transmembrane domains of viral and cellular fusion pro-
teins. For the present structural analysis, fusion peptide sequences
from viruses of different fusion protein classes were used. Class |
contains the fusion peptide of influenza virus haemagglutinin A
(HA2), GLFGAIAGFIENGWEGMIDG, human immunodeficiency virus
type 1 (HIV-1), AVGIGAVFLGFLGAAG, and rous sarcoma virus (RSV),
RIFASILAPGVAAAQALR. The fusion peptide of tick-borne encephali-
tis virus (TBEV), DRGWGNHCGLFGKG, belongs to the viral fusion
protein class Il. The fusion peptide of vesicular stomatitis virus
(VSV-FP), QGTWLNPGFPPQSCGYATVTD, appears to be part of a new
class of viral fusion proteins."?” In the second part of the present
structural analysis TMDs of two SNARE proteins, syntaxin 1A
(Stx TA) KIMIIICCVILGIVIASTVGGIFA and synaptobrevin 1 (Syb 1)
MMIMLGAICAIIVVVIVIYF, as well as the transmembrane domain of
vesicular stomatitis virus G protein (VSV-TMD), FFFIIGLIIGLFLVL,
were analyzed. The L16 is an oligoleucine peptide of 16 amino
acid residues that showed no fusion activity in a standard fluores-
cence dequenching assay (2.3% liposome fusion after 1 hour) and
therefore functioned as a negative control (cf. ref. [17]). For better
solubility and handling, a so-called host sequence, amino acids
GCGKKKK,?" was added to all peptide sequences at the C terminus
of the fusion peptide and transmembrane domain as well as the
negative control peptide L16.

Peptide synthesis and concentration determination: The natural-
ly occurring peptide sequences were synthesized in the peptide
synthesis department (Rudiger Pipkorn) of the German Cancer
Research Center in Heidelberg, Germany, by standard solid-phase
peptide synthesis (SPPS) technique. The carboxyl group was acti-
vated with O-(benzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium hexa-
fluorophosphate (HBTU) and the free a-amino group was blocked
with N-(9-fluorenyl)methoxycarbonyl (Fmoc). Peptides were puri-
fied by high-performance liquid chromatography (HPLC). In addi-
tion, peptide purities were checked by MALDI mass spectrometry
and were >90% for all samples. Peptide concentrations were de-
termined spectrophotometrically by using tryptophan or tyrosine
absorbance at 280 nm or 275 nm and an extinction coefficient of
5600m~"'cm™' or 1400 M~ 'cm™', respectively. In the case of simulta-
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neous presence of tyrosine and tryptophan, the extinction coeffi-
cient was calculated according to Pace et al.*® The concentrations
of peptides that contained only phenylalanine were determined by
measuring the absorbance between 250-260 nm and by using an
extinction coefficient of 200m 'cm™'. Concentration determina-
tions were carried out on an Ultrospec3000 spectral photometer
(Pharmacia; Freiburg, Germany).

Circular dichroism (CD) spectroscopy: CD spectra were obtained
by using a Jasco J-710 automatic-recording spectral polarimeter
(Jasco, Easton, MD) that was calibrated with {-androsterone
(0.05%) in spectral grade dioxane. CD spectra were routinely
measured from 190 nm to 240nm in a 1.0 mm dichroically
neutral quartz cuvette at 20°C by using a time constant of 4 s per
scan, a scanning speed of 5.0nmmin~' and a sensitivity of
100 mdegcm ™. Spectra were the signal-averaged accumulation of
four scans with the baseline subtracted. For polarity titration ex-
periments, peptides that were dissolved at 1 mgmL™' in either
Tris—HCI buffer (10 mm, pH 7.5 or 5.0) or in 100% trifluoroethanol
(TFE) were brought to the respective buffer/TFE ratios while main-
taining a peptide concentration of 100 ugmL™" (~38 um). For
measurements in inverse micelles, sodium bis(2-ethylhexyl)sulfo-
succinate (AOT)/isooctane/water micelles were prepared by inject-
ing the aqueous peptide solution into a solution of AOT (50 mm)
in isooctane and shaking for 2 min. The effective peptide concen-
trations were 40 um and spectra were taken immediately after in-
verse micelle preparation. Signals were averaged eight times, and
spectra were measured from 195 to 240 nm. Inverse micelles were
prepared with 0.3, 1.0, 1.4, 2.0 and 3.0% aqueous peptide solution.
Since the water content had no influence on the peptides’ secon-
dary structure (data not shown), the main values were calculated
from these five measurements. All CD spectra were converted to
mean residue ellipticity (6,,), and secondary structures were calcu-
lated from the CD spectra that were normalized to 6, by using
the program PEPFIT"
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Specific Isotope Labeling of Colicin E1 and B Channel
Domains For Membrane Topological Analysis by Oriented
Solid-State NMR Spectroscopy

a, b, c

Christopher Aisenbrey,"

Julia Georgescu,® ' Ulrike Harzer,” and Burkhard Bechinger*® "

An approach is presented to selectively label the methionines of
the colicin E1 and B channel domains, each about 200 residues
in size, and use them for oriented solid-state NMR investigations.
By combining site-directed mutagenesis, bacterial overexpression
in a methionine auxotroph E. coli strain and biochemical purifi-
cation, quantitative amounts of the proteins for NMR structural
investigations were obtained. The proteins were selectively la-
beled with N at only one, or at a few, selected sites. Multidimen-
sional heteronuclear correlation high-resolution NMR spectrosco-
py and mass spectrometry were used to monitor the quality of

Colicins are plasmid-encoded bacterial toxins that are released
into the environment under stress situations. Several members
of the family are membrane-active and carry a pore-forming
domain at their C terminus." The C-terminal domains of coli-
cins have been shown to insert into bilayers and to form volt-
age-gated channels in black lipid membranes, a process that
involves significant structural transitions of the protein.**' To
better understand membrane insertion and permeation, sever-
al colicins and their channel-forming domains have been stud-
ied by X-ray crystallography, and the structures of the soluble
states have been determined (e.g., refs.[3,6]). The three-di-
mensional folds of the channel domains closely resemble each
other, and in addition they share structural similarities with the
Bcl-2 family of proteins that are involved in apoptosis, and
other bacterial toxins such as proteins that are secreted by
diphtheria, tetanus, and botulinum, as well as the Bacillus thur-
ingiensis & toxin. The colicins therefore provide interesting
model systems to study the structures as well as the biophysi-
cal interactions that govern protein insertion and pore forma-
tion.

In aqueous solution or in the crystals, the pore-forming coli-
cin domains adopt globular folds that are characterized by ten
a-helices that are arranged in a three-layered structure.®® The
hydrophobic core consists of a hairpin of helices 8 and 9,
which is surrounded by amphipathic and hydrophilic regions.
To match the interfacial properties of the lipid bilayers, mem-
brane insertion is associated with pronounced changes in the
tertiary arrangement of the colicin channel domains, and two
models have been suggested to describe the membrane-asso-
ciated structures of the closed colicin channels. The first is the
umbrella model in which the two hydrophobic helices are ar-
ranged in a transmembrane orientation, and the amphipathic
helices intercalate into the interface;” this model was later re-
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isotopic labeling. Theredfter the proteins were reconstituted into
oriented phospholipid bilayers and investigated by proton-decou-
pled "N solid-state NMR spectroscopy. The colicin E1 thermolytic
fragment that carries a single >N methionine within its hydro-
phobic helix 9 region exhibited >N resonances that are character-
istic of helices that are oriented predominantly parallel to the
membrane surface at low temperature, and a variety of align-
ments and conformations at room temperature. This suggests
that the protein can adopt both umbrella and pen-knife confor-
mations.

fined to be a dynamic array of loosely connected helices, in
which the large protein surface allows close interactions with
the lipid environment® The second model is the pen-knife
model in which the helices all orient approximately parallel to
the surface and form tightly packed structures.”) Whereas ex-
perimental evidence has been collected in support of the um-
brella model for colicin E1® or colicin 1a,"” data in support of
the pen-knife model exist for the colicin A channel,”® which
shares close sequence homology to the colicin B C-terminal
domain (Figure 1). Both membrane structural arrangements of
the protein helices agree with a model in which the lipids are
part of the channel lining,” which is analogous to the proposi-
tions that have been made for antibiotic peptides."” Interest-
ingly, during voltage gating the colicin A or colicin la channel
domains are capable of translocating large hydrophilic protein
domains across the membrane."” To understand the mecha-
nisms of pore formation and immunity, a description of the
topological arrangements and their dynamic properties in
membranes is necessary. For example, the question remains
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ColA 389 ..VAEKAKDE RELLEKTSEL IAGMGDKIGE HLGDKYKAIA KDIADNIKNF QGKTIRSFDD AMASLNKITA
ColB 309 .VKKEQENDE KTVLTKTSEV IISVGDKVGE YLGDKYKALS REIAENINNF QGKTIRSYDD AWSSINKL
ColEl 345 .......... ...IKDAVDA TVSFYQTLTE KYGEKYSKJA QELADKSK.. .GKKIGNVNE ALAAFEKY
ColEl hel = —=--e--- I---=-- == -- 1 [------ II----- ] [------ III-----
ColA hel [=] [oimimone IV----] . A 1 [=] [Emmmmmn VI------- ] [----VII-
ColA 457 NPAMKINKAD RDALVNAWKH VDAQDMANKL GNLSKAFKVA DVVMKVEKVR EKSIEGYETG NWGPLMLEVE
ColB 378 NPSLKINATD KEAIVNAWKA FNAEDEGNKF AALGKTFKAA DYAIKANNIR EKSIEGYQTG NWGPLYLEVE
ColEl 399 VLNKKFSKAD RDAIFNALAS VKYDDWAKHL DQFAKYLKIT GHVSFGYDVV SDILKIKDTG DWKPLFLTLE
ColEl hel --] [, ; S— [-Va] [--Vb--] | ; [—==<NTII=
ColAa hel ----1 [rormmmm—- VIII------- 1 [romm=m—— IX------- ] [====- X----]

ColA 527 SWVLSGIASS VALGIFSATL GAYALSLGVP AIAVGIAGIL LAAVVGALID DKFADALNNE IIRPAH 592
ColB 448 SWVISGWASA VALSLFSLTL GSALIAFGLS ATVVGFVGVV IAGAIGAFID DKFVDELNHK IIK 510
ColEl 469 KKAADAGVSY VVALLFSLLA G......... TTLGIWGIAI VTGILCSYID KNKLNTINEV LGI 522
ColEl hel ---] [-=-=- VIII---] [=====- IX----- ] [--X-]

Figure 1. The alignment of the C-terminal sequences of colicin A, B and E1. The numbers represent the amino acid positions in the full-length protein se-
quence. a-Helical structures of colicin A®® and colicin E1° are indicated by the bars above or below the protein sequences, respectively. The 3,,-helical struc-
tures in colicin A are indicated by a double bar (=) and the extended hydrophobic regions around helices 8 and 9 are shown in bold. Whereas the colicin E1
sites that were modified by site-directed mutagenesis and labeled with >N methionine are indicated by a gray background, methionine residues in the wild-
type sequences of colicin E1 and B are shown in white on black. For the constructs shown in this paper, M370 of colicin E1 has been replaced by leucine. The
wild-type (5 Met) and the M354L mutant (4 Met) of colicin B have been investigated.

whether, despite their functional relationship and the similarity
of their structures in solution, the various colicins indeed
adopt different topologies in membrane environments, such as
those that are described by the umbrella and pen-knife
models.

Solid-state NMR spectroscopy has proven to be a valuable
method for the investigation of membrane-associated poly-
peptides (for reviews see refs. [13-15]). By using this technique,
the first structures of bilayer-inserted peptides’® or of mem-
brane receptor-associated peptides have been determined.!'”
Furthermore the tilt angles of the helices with respect to the
bilayer normal are accessible by using this method."®*¥ In con-
trast to diffraction or solution NMR methods, the structural
analysis of biological macromolecules by solid-state NMR spec-
troscopy does not require the formation of crystals or the fast
reorientation of molecules, and therefore allows for the investi-
gation of polypeptides in their natural bilayer environment.
Solid-state NMR spectroscopy is also sensitive to the aggrega-
tion, dynamics and orientational mosaic spread of the mem-
brane-associated molecules.#***' However, the strong de-
pendence of the spectral line shapes on dynamical interchange
can be detrimental to high-resolution structural investigations
when conformational equilibria occur on intermediate or slow
timescales because the spectral lines are too broad. In the
past, solid-state NMR spectroscopy has often only realized its
full potential when isotopic labels were introduced at specific
sites. The preparation of samples for this type of investigation
has taken advantage of the versatility of solid-phase peptide
synthesis and the availability of a large number of amino acid
building blocks that are labeled with stable isotopes.

By using single-site-labeled peptides it has thus been possi-
ble to analyze their secondary structure when associated with
uniaxially oriented membranes,"®** and to investigate the
alignment of a-helical domains with respect to the membrane
surface."®?"? The "N chemical shift information from "N-la-
beled amide bonds has proven particularly useful because it
provides a direct indicator of the approximate helix-tilt angles
of peptides that are reconstituted into oriented membranes."”

ChemBioChem 2008, 9, 944 - 951
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Whereas transmembrane helices resonate at about 200 ppm,
those that are aligned parallel to the membrane surface are
found at < 100 ppm. Therefore, the method seems particularly
well suited to investigate the helix topologies of membrane-
bound colicins, and to distinguish between the umbrella and
the pen-knife model.

To prepare proteins in the quantities that are necessary for
structural studies, strategies of bacterial overexpression and
biochemical purification have been developed. Early on, these
were used to prepare and uniformly "N label colicin channel
domains or proteins of the Bcl-2 family, which were thereafter
reconstituted into oriented phospholipid bilayers and investi-
gated by solid-state NMR spectroscopy. By using this approach
the helices of membrane-associated Bcl-x, and t-Bid, two pro-
teins of the Bcl-2 family, were found to be oriented approxi-
mately parallel to the membrane surface.”*?” In contrast, the
N solid-state NMR spectra of oriented colicin channel do-
mains are characteristic for the presence of a wide range of dif-
ferent alignments.’%3" Although these latter spectra have pro-
vided a first global view on the orientational distribution of
the peptide bonds and concomitantly of the helices of mem-
brane-associated colicins, specific assignments are needed to
provide a clearer interpretation of the spectral intensities. Strat-
egies are therefore required that allow one to label only one
or a few residues of membrane-inserted proteins at a time,
and thereby to investigate selectively their local structure and
dynamics by NMR spectroscopy.

In order to monitor the alignments and topological changes
of helical domains in membrane proteins of the size of colicin
channel domains or Bcl-2 proteins, we optimized biochemical
labeling schemes and produced protein samples in quantita-
tive amounts. The colicin E1 and B channel domains carry only
a reduced number of methionines that can be moved by site-
directed mutagenesis without changing the functionality of
the protein (Figure 1). It was essential to optimize the fermen-
tation conditions so that we could label the remaining methio-
nine/s in the sequence without extensive dilution or scram-
bling. Finally, proton-decoupled solid-state "N NMR spectros-

945

www.chembiochem.org



www.chembiochem.org



BIO

copy of the membrane-associated colicin E1 thermolytic frag-
ment directly reveals the coexistence of several conformers
and/or alignments; this is suggestive of conformational flexibil-
ity of the membrane-inserted protein.

Results

By using site-directed mutagenesis in combination with an op-
timized fermentation protocol, it was possible to obtain coli-
cin E1 and colicin B thermolytic fragments that were labeled at
a single or a few selected sites. The fermentation medium con-
sisted of a minimal medium that was complemented by the 20
common L-amino acids: 19 of them nonlabeled, and the "°N-la-
beled analogue of methionine. To reduce the dilution of the
label, it was essential to inoculate the fermentor with a bac-
terial culture that had been already grown in this medium.
Furthermore the scrambling of methionine by transaminase
reactions could be avoided by using a methionine auxotroph
E. coli strain for the expression of the proteins.

Selective labeling was verified by recording the 2D HSQC
spectra of the purified products. Indeed, when the above-de-
scribed considerations were observed, the spectra were charac-
terized by a number of peaks that correspond exactly to the
number of methionines in the sequence (Figure 2). One peak is
observed for each of the colicin E1 mutants L452M, part of
helix 6 (Figure 2A), L467M (helix 7, Figure 2B), or L483M (helix
8, Figure 2C), V500M (helix 9, Figure 2D) or 516M (helix 10, Fig-
ure 2E). Furthermore Figure2G and H are characterized by
four and five intensities as expected for the colicin B wild-type
protein and its M454L mutant, respectively. The high degree of
methionine labeling and the limited amount of scrambling is
further supported by HPLC-ESI-MS when at the same time Cys,
Ser, Asp and Asn exhibit molecular weights predominantly at
m/z ratios of the naturally abundant compound (not shown).

After the labeling protocol had been established, Val500 was
converted into a methionine. In the crystal structure of coli-
cin E1, which is thought to represent the globular conforma-
tion in aqueous environments, this site is located within helix
9, that is, within the predominantly hydrophobic helix-loop-
helix region (Figure 1). The alignment of this loop constitutes
the main difference between the umbrella model, in which
helices 8 and 9 are transmembrane, and the pen-knife model,
in which all helical domains are aligned approximately parallel
to the membrane surface. After site-directed mutagenesis,
single-methionine labeling with "®N during bacterial overex-
pression, preparation of the thermolytic fragment, and recon-
stitution into oriented phospholipid bilayers at a protein-to-
lipid ratio of 0.4 mol% (19.4 mg of protein), the sample was in-
serted into the magnetic field of a 9.4 Tesla solid-state NMR
spectrometer with the membrane normal parallel to the mag-
netic field direction. Notably, the label concentration was quite
low because the protein was “diluted” by the presence of
lipids, water and glass plates. As a consequence, several days
were required to record the spectra, that is, a time period simi-
lar to that necessary for acquisition of multidimensional solid-
state NMR spectra.*®=? However when the sample was frozen,
a predominant peak at 85 ppm was obtained; this indicates
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Figure 2. HSQC spectra of thermolytic fragments of colicin E1 (A-F) or coli-

cin B (G, H) that had been labeled with '°N at methionine positions (A-E, G,
H) or uniformly (F). A) colicin E1 L452M, B) L467M, C) L483M, D) V500M,

E) 516M, F) uniformly labeled thermolytic fragment of colicin E1; G) thermo-
lytic fragment of colicin B and H) M454L. A comparison of G and H provides
the assignment of L454.

that the protein is macroscopically well aligned, and that in
the gel state the "N-'H vector (helix 9) is oriented approxi-
mately parallel to the membrane surface (Figure 3B). In con-
trast, signal intensities between 70 and 220 ppm are observed
at room temperature that therefore cover most of the chemi-
cal shift range. The chemical shift anisotropy indicates that the
protein is immobilized by the membrane, and reveals the exis-
tence of a distribution of conformations and/or helix align-
ments (Figure 3A). The oriented spectrum of the cold sample
that is shown in Figure 3A was obtained after the room tem-
perature measurement (Figure 3B), and it excludes the possi-
bility that the membrane alignment had degraded much
during the acquisition period at ambient temperatures. Fur-
thermore, the proton-decoupled *'P NMR spectra from before
and after acquisition of the "N spectra that are shown in

ChemBioChem 2008, 9, 944951
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Figure 3. Proton-decoupled solid-state >N NMR spectra of 0.4 mol % colicin
E1 thermolytic fragment labeled at a single °N methionine position (V500M)
after reconstitution into oriented POPC/POPS (3:2) membranes. The mem-
brane normal is oriented parallel to the magnetic field direction, A) at 25°C
and B) at —7°C. The number of acquisitions were A) 110000 and B) 60 000.
The spectral intensities at 40-50 ppm arise from the phosphatidylcholine
headgroups. The correlation between helix alignment and "*N chemical shift
is sketched on top of panel A; the arrow indicates the direction of the mem-
brane normal/magnetic field direction.

Figure 3 are indicative of a constant quality of sample align-
ment and the absence of extensive lipid degradation during
this time period (Figure S1). When other single-site labeled
proteins were investigated, the signal intensities were too low
to be analyzed in further detail (not shown).

Discussion

The preparation of oriented membrane samples for solid-state
>N NMR spectroscopy required the production of several milli-
grams of pure thermolytic colicin fragments that were labeled
at a single site. In our hands, it has proven important to define
conditions that avoid scrambling or dilution of the isotopic
label by transaminase reactions. The experimental require-
ments are more stringent than for example, those for solution
NMR experiments as, due to the exchange broadening and the
correspondingly lower resolution in the solid-state, it is more
difficult to separate background signals from the methionine
resonances. Furthermore, the low protein concentration results
in low signal intensities that require several days of data
acquisition; this defines the limits of what can reasonably be
achieved with a 9.4 Tesla solid-state NMR spectrometer. The

ChemBioChem 2008, 9, 944 - 951
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recording of the solid-state NMR spectra that is shown was,
therefore, only possible after the fermentation conditions had
been optimized.

The oriented membrane samples encompass approximately
0.5-1 umol (10-20 mg) of protein. Although it has been possi-
ble to record solution NMR spectra of considerably less pro-
tein, or MAS solid-state NMR spectra of as little as 20 nmol of
receptor-associated ligand,***¥ the signal intensities of the
membrane proteins that are investigated here are diminished
due to the inherent mobility and the orientational heterogene-
ity. Whereas an isotropic line width in the range of a few ppm
or less is typically observed under MAS conditions, the aniso-
tropy of the "N chemical shift interaction is about 170 ppm
and depends on the detailed properties of the labeled site.
Therefore the line width of these oriented membrane samples
can be rather broad (cf. Figure 3A). However, because this re-
flects the dynamics, mosaic spread and topological heteroge-
neity of the protein in the membrane, these spectra provide
important information about the proteins’ structure and func-
tioning.®™ Indeed, at room temperature the hydrophobic
domain of colicin E1 that encompasses helix 9 exhibits a broad
range of orientations, topologies and/or conformations (Fig-
ure 3A), but a more homogenous in-plane alignment upon
freezing the sample is observed (Figure 3B). These tempera-
ture-related differences could be due to a more superficial as-
sociation of the protein with the bilayer at low temperature.
Furthermore, the signal intensities of more hydrophilic helices,
which are probably only loosely or not at all membrane associ-
ated, remained too weak to be analyzed. Previously we and
others have observed a large decrease in the N solid-state
NMR signal intensities of °N-labeled amides that are located
within mobile loop regions,®™ or when part of helices that ex-
hibit motions on an intermediate timescale.?**¥ |t has been
suggested that this is due to motional averaging of the 'H-""N
dipolar couplings, which interferes with efficient cross-polariza-
tion.B?

In previous investigations, 1D and 2D proton-decoupled
solid-state "N NMR spectra of membrane-associated colicin E1
and B channel domains, in which all nitrogen atoms have been
labeled uniformly with "N, indicated that approximately one
fourth of the "*N amides resonate at °N chemical shift frequen-
cies >180 ppm, which is a chemical shift that is indicative of
NH vectors that are aligned approximately parallel to the
membrane normal.®>3" Although this intensity distribution is
suggestive of the presence of a transmembrane helical hairpin,
and therefore the umbrella model, this interpretation remains
speculative in the absence of more detailed spectral assign-
ments. In particular, it is difficult to unambiguously discern on
these previous spectra®®" two “helical wheels""®? that en-
compass about 30-40 residues; this would provide a more reli-
able indication of a stable transmembrane helical loop. Signal
intensities at about 200 ppm could also arise from residues
that are in nonhelical conformations,*? or helices other than
helices 8 and 9 (Figure 1). Furthermore, signals from side-chain
nitrogen atoms might be present in the spectra, but because
their size and position strongly depend on their motions and
alignments, they remain difficult to assess in a quantitative
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manner. Most importantly, however, the data that are shown in
Figure 3 A indicate that at room temperature the conformation
of the colicin E1 pore-forming domain is characterized by the
coexistence of several orientational, topological and/or confor-
mational states at the site of residue 500. The orientational dis-
tribution relative to the glass plates/B, field can be explained
by the presence of a variety of conformations, and the spec-
trum is consistent with, for example, the coexistence of both
the umbrella and the pen-knife model. In addition, the
3P NMR spectra of the same sample (Figure S1) are indicative
of protein-induced distortions in lipid alignment; this thereby
suggests that changes in membrane curvature in the proximity
of the colicin E1 channel domain have occurred that are con-
comitant with possible modulations of the protein orientation
relative to the magnetic field direction. These observations
have consequences also for the interpretation of the spectra
from the uniformly labeled samples because the simultaneous
presence of different topological/conformational states results
in the N signals of many, if not all, of the labeled sites being
spread over a wide chemical shift region.

Here we have shown that the V500M site (helix 9 in the X-
ray structure, Figure 4) exhibits a distribution of orientational

il

Figure 4. Model of the membrane equilibria of colicin and colicin-like pro-
teins according to refs. [49] and [50]. The proteins adopt a globular structure
in solution, which partially or fully unfolds upon membrane insertion. De-
pending on the environmental conditions and interactions with other pro-
teins or with other colicin domains,”* the hydrophobic helices 8 and 9 (in
red) are oriented parallel or perpendicular to the membrane surface. It re-
mains possible that other helices adopt transmembrane alignments for ex-
ample, due to transmembrane electric potentials. The enlargement shows
the PDB 2188 structure®® with the valine 500 site in blue.

and/or conformational states in a temperature-dependent
manner. It remains possible that other environmental factors
such as the lipid composition, interactions with other proteins
such as TolA, or transmembrane electric fields have an effect
on the membrane helical topologies of the colicin E1 pore
domain. Our data are in agreement with fluorescence spectros-
copy investigations on single-tryptophan mutants that are indi-
cative of equilibria between at least two helix topologies of
this protein.*’* |n these experiments, the colicin E1 channel
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domain was inserted at 0.6 mol% into POPC/POPG (3:2) large
unilamellar vesicles in aqueous buffer, at pH 4 and 100 mm
NaCl."? Whereas the solid-state NMR experiments that are pre-
sented in Figure 3 were performed at neutral pH and in the
presence of supported bilayers, the acidic conditions that were
used in the fluorescence experiments also ensure colicin E1-
membrane association in more dilute suspensions. By studying
a number of tryptophan mutants, the combination of acryl-
amide quenching, fluorescence quantum yield, fluorescence
decay times and red-edge excitation shift lead to a model
where the helix 8-loop-helix 9 loop exchanges between differ-
ent conformations.*'™! The data suggest that an in-planar
alignment is in equilibrium with a more membrane-inserted
configuration, the latter being characterized by helices that are
tilted with respect to the membrane normal. In particular, the
fluorescence spectroscopy experiments position the loop
region (residue 492) in the hydrophobic bilayer center; this is a
finding that excludes a stable transmembrane alignment of
helices 8 and 9 under the investigated conditions.”"

In another series of experiments, the unfolding events of the
colicin E1 channel domain have been characterized by a stop-
ped-flow approach in which the protein and 100 nm vesicles
were mixed under acidic conditions.” FRET between a fluores-
cence dye that was attached to Cys509 and single tryptophans
was used to monitor the time-dependent changes in intramo-
lecular distances during membrane insertion. These experi-
ments indicate that unfolding, helix extension and membrane
insertion occur within about 500 ms, and result in a highly
mobile surface-associated state.® The solid-state experiments
that are presented here (Figure 3A) are indicative that, once
equilibrated, several topological states coexists that are in slow
exchange on the 107*s timescale. At least one reversible fold-
ing intermediate has been discernible also for colicin B by
using DSC, fluorescence and CD spectroscopies.**

The data that are presented in Figure 3 agree well with an
extended 2D helical array of colicin E1 in the membrane®
where the interactions of individual helices are important de-
terminants for their membrane alignment.*”’ Notably, the hy-
drophobic region of colicin E1 is too short to span the POPC
bilayer twice in a stable manner,”*"* and the loop region that
connects helices 8 and 9 lacks residues that could stabilize a
transmembrane helical loop configuration (Figure 1). The re-
sulting conformational flexibility might help to readily respond
to external stimuli such as transmembrane electric fields, lipid
composition or interactions with other proteins. The functional
and structural data thereby reveal a flexible structure of the
colicin E1 channel domain in membrane environments."”

In previous studies, Kienker et al®” have been able to trap
individual states of the colicinla channel domain at both
pH 6.2 and 8, and have shown that the topology of the helical
hairpin loop 8-9 is in dynamic equilibrium, where its accessibil-
ity from the trans side of the membrane is a function of the
experimental conditions (Figure 4). A number of other observa-
tions that are correlated with membrane insertion were ob-
served by solid-state NMR spectroscopy; these include a re-
duced number of interhelical contacts,"® increased motional
amplitudes of the protein backbone and side chains, and aug-
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mented average correlation times; these dynamic features cor-
relate with optimal channel activity.”"*? The timescales that
were tested by these experiments include microsecond mo-
tions such as small-amplitude reorientation of entire helices or
exchange between conformational substates® as well as co-
operative segmental motions (tens of ms).5?

Whereas the authors of these former studies have elegantly
provided indirect evidence of the dynamic properties of colicin
channel domains, for example by exploring the channel prop-
erties of free and trapped intermediates of colicin 13,*” in the
present study a topological equilibrium of the colicin E1 helix 9
is directly visualized by the "N solid-state NMR spectra. Al-
though variable alignments have also been observed when
investigating membrane-associated peptides®*¥ this concept
is less common for larger membrane proteins. However, it re-
mains possible that such loosely folded membrane structures
occur more often but escape our attention as such conforma-
tional flexibility is difficult to visualize by crystallographic tech-
niques. Detergents, on the other hand, are known to promote
the unfolding of tertiary structures, which leaves considerable
doubts about the validity of solution NMR structures of mem-
brane proteins that are obtained in micellar environments.*>*¥
Therefore, the strategy presented here, which uses solid-state
NMR spectroscopy of proteins that have been reconstituted
into lipid bilayers, can provide a valuable supplementary view
on the conformational heterogeneity and structural transitions
of these proteins.

Experimental Section

Genes and plasmids: The autotrophic strains E. coli JM101 that
bear the plasmid pColE1:Tn3M420/516"% or pES3 that codes for
colicin B,*® respectively, were used to overexpress the colicin pro-
teins. The pColE1 plasmid was a gift of Cheryl M. Hubbel, UCLA
and was originally developed in the Levinthal laboratory.®™ The se-
quence carried two additional methionines at positions 420 and
516, which were changed back to encode the wild-type lysine
(position 420) and isoleucine (position 516), respectively (Figure 1).
Site-directed mutagenesis was used to create sequences that carry
single methionines in the pore-forming domain at either L452M,
L467M, L483M, V501M or 516M. These modifications were under-
taken by using the site-directed mutagenesis kit from Stratagene.
The bacteria and plasmids were handled according to standard
protocols as described in ref. [57]. Oligonucleotide design and cy-
cling conditions followed the recommendation of the manufactur-
er. The quality and function of the mutation was evaluated by re-
striction analysis, double-strand sequencing and spot tests.*® The
mutated clones showed the same lytic activities as the wild-type.

Preparation of the proteins: Overexpression and purification of
thermolytic fragments of colicin E1 (colE1) and colicin B (colB) were
based on published protocols.”*® Single colonies of the plasmid-
bearing cells were picked and transferred to 2 mL of LB media. Fur-
ther incubation was performed at 37°C and by shaking at 250 rpm
for 10 h. To dilute “N-methionine that was omnipresent in the LB
culture medium, this overnight culture (2 mL) was used to first
inoculate medium (100 mL) that had been selectively labeled with
*N-methionine.*®" The composition of the medium followed the
protocol of ref. [60] and contained sufficient concentrations of all
of the 20 most common L-amino acids at their natural isotopic
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abundance, with the exception of methionine, which was replaced
by 50 mgL™' "N-methionine (Promochem, Wesel, Germany). All
media were supplemented with 50 pgmL™" ampicillin. The cells
were grown in Erlenmeyer flasks for 16 h under shaking at
250 rpm. Only then was the overnight culture used to inoculate a
BioFlo 3000 5-L fermentor (New Brunswick Scientific, New Jersey,
USA) with the same medium that had been selectively enriched
with "®N-methionine. The cells were grown at 37°C, pH 7.4 and an
airflow of 3-4 Lmin~' until an optical density at 600 nm of 1 was
reached. At that time, protein expression was induced by adding
mytomicin C  (Sigma, Germany) to a final concentration of
0.26 mgL™". The fermentation was stopped after 2.5 h or when the
optical density at 600 nm reached a plateau. The contents of the
fermentor were harvested and cooled on ice. Afterwards the cells
were concentrated and washed with low-salt TrisCl buffer (500 mL)
by centrifugation (30 min, 6000g). Cell lysis was performed by
using a French pressure cell at 6000 psi (Thermo, Electron Corpora-
tion, USA). Cell debris was removed by centrifugation at 10000g
for 1 h. The supernatants that contained the colE1 or colB proteins
were applied a CM Sephadex C-50 or SH Sephacryl R100 column
(Amersham Pharmacia Biotech), respectively. Proteins were eluted
by augmenting the salt concentration to 300 mm. Thereafter the
eluate was dialysed once against a 100-fold volume of 20 mm
TrisCl, 2 mm NaOAc, 6 mm [-mercaptoethanol at pH 7.8 by using a
SpectraPor MWCO 10 kDa membrane. The C-terminal domains of
colE1 or colB were obtained after incubation with 1% (w/w) ther-
molysin (Boehringer-Mannheim) for 2-4 h at 37°C. The reaction
was stopped by the addition of 10 mm EDTA. After dialysis against
the same buffer, the proteins were applied on a Sephacryl-100 HR
gel filtration column (Amersham Pharmacia Biotech) by following
the protocol that was described by the manufacturer (“Gel Filtra-
tion, Principles and Methods”, Amersham Bioscience) and finally
concentrated with a Centricon3 system (Amicon-Millipore, Schwal-
bach, Germany). Most of the colicin proteins showed concentra-
tions in the range of 0.8-1 mm, which was well suited for the prep-
aration of NMR spectroscopy samples.

Mass spectrometric analysis of the hydrochloric acid hydroly-
sate: For mass spectrometric analysis 0.5-1 mg of pure protein
was decomposed into its amino acids by acidic hydrolysis.*" The
proteins were dialyzed and lyophilized against double-distilled
water before adding the hydrolysis mixture that consisted of 6 m
HCI (500 pL), liquid phenol (5 ul) and dodecanethiol (5 pL). This
mixture was frozen, and the glass container was sealed under
vacuum prior to incubation at 110°C for 24 h. Thereafter, the solu-
tion was lyophilized, dissolved in a redry solution of ethanol/water/
triethylamine (2:2:1, v/v/v) and lyophilized again. The resulting
amino acid mixture was derivatized®® for 20 min in ethanol/water/
triethylamine/phenylisothiocyanate (500 pL, 7:1:1:1, v/v). Before
measurements, the mixture was lyophilized and dissolved in 20%
acetonitrile (150 pL).

To determine the degree of "N labeling, derivatized protein hydro-
lysates were subjected to LC-MS analysis. The experimental setup
consisted of a micro-HPLC pump (ABI140C), auto-sampler (PE200)
and UV detector (ABI785 A) in row with a single-quadrupole mass
spectrometer (ABI165, all from Applied Biosystems, Weiterstadt,
Germany). In each case, a sample (10 pL) was injected, and the
amino acids were separated on a reversed-phase HPLC column
(Nucleosil C8, 125x1 mm, 5u, 120 A, Macherey & Nagel, Diren,
Germany) with a flow of 40 uLmin". A linear gradient from 5% to
95 % eluent B over 45 min was applied (eluent A: 0.1% TFA in H,0;
eluent B: 0.1% TFA in acetonitrile). For MS detection, an ESI source
was used in the positive ion mode with an ionization voltage of
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4700V and an orifice voltage of 10 V. During the whole run, MS
full-scan spectra were recorded between m/z 100 and 1000 (2.7 s
per scan). For relative quantification of the corresponding "N/"N
amino acid derivatives, ion chromatograms were extracted, and
the resulting peaks were integrated with the vendors “Biotoolbox”
software. The mass windows that were used for extraction (+
0.5 Da) were for methionine ("°N: 286.1 Da, '*N: 285.1 Da), cysteine
("®N: 258.0 Da, “N: 257.0 Da), serine ('°N: 242.1 Da, "“N: 241.1 Da),
aspartic acid (N: 270.1 Da, "*N: 269.1 Da) and asparagine (2x"°N:
405.1 Da, °N-""N: 404.1 Da, 2 x "N: 403.1 Da).

Multidimensional solution NMR spectroscopy: For heteronuclear
solution NMR spectroscopy, purified protein (2-4 mg) was dis-
solved in 10 mm citrate (400-550 ul) at pH 7.0 or 20 mm phos-
phate buffer at pH7.5. HSQC spectra were recorded on an
Avance 500 NMR spectrometer by using a commercial triple-reso-
nance NMR probe (Bruker, Rheinstetten, Germany). The GARP de-
coupling sequence was used on the "N channel during acquisition
to eliminate the 'H-""N couplings. The intense water signal was re-
duced by a WATERGATE sequence.®® A matrix of 128 rows, each of
2048 data points was acquired by using 64 scans per t, increment
and TPPI. The spectral widths in the t, and t, domains were typical-
ly 2500 Hz and 8800 Hz, respectively, and the processing matrix of
1024 x 256 points. Before Fourier transformation, QSIN apodization
functions were applied.

Solid-state NMR spectroscopy: To reconstitute the colicin thermo-
lytic fragments into membranes,®” POPC or POPC/POPS small uni-
lamellar vesicles (Avanti Polar Lipids, Alabaster, AL) were prepared
by extrusion through 50 nm polycarbonate filters (Avestin, Ontario,
Canada). The protein was added to the appropriate amount of
small unilamellar vesicles (50 mg phospholipid per mL) and the
resulting dispersion was incubated at room temperature for 1 h.
Thereafter the samples were concentrated to a final volume of
about 1 mL by using centrifugal concentrators with a vertical
paddle (Macrosep, Pall Filtron, Northborough, MA). The lipid-
protein dispersion was evenly spread onto the center of 25 cover
glasses (9x22 mm), slowly dried and equilibrated in 93% relative
humidity before the glass plates were stacked on top of each
other.

For solid-state NMR measurements, the samples were tightly
sealed, inserted into flat coil NMR probes,®® and introduced into
the spectrometer with the bilayer normal parallel to the magnetic
field direction. Proton-decoupled "N NMR spectra were acquired
by using a Bruker Advance 400 spectrometer that was operating at
9.4 Tesla. A cross-polarization pulse sequence®® was applied by
using experimental conditions that were identical to those that re-
sulted from the previous optimization of the spectral parameters,
to afford best signal intensity and low RF heating by using uni-
formly labeled colicin E1 and B samples.*® Typically the following
parameters were used: 'H B, field of approximately 40 kHz, 1.3 ms
contact time, 3 s recycle delay, spectral width: 40 kHz, 256 data
points. During acquisition the sample was cooled with a stream of
air at room temperature. An exponential apodization function that
corresponded to a line-broadening of 300 Hz was applied before
Fourier transformation. NH,Cl (41.5 ppm) was used as a reference,
and corresponded to 0 ppm for liquid NH;. To check the quality of
sample alignment and to ensure that the sample did not show
lipid degradation, proton-decoupled *'P NMR spectra®® were
acquired before and after the multi-day solid-state "N NMR acquis-
itions.

Abbreviations: DSC: differential scanning calorimetry, ESI: electro
spray ionization, FRET: fluorescence resonance energy transfer, MS:
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mass spectrometry, NMR: nuclear magnetic resonance, PC: phos-
phatidylcholine, POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline, POPG: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol,
POPS: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine.
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A Multimeric Quinacrine Conjugate as a Potential Inhibitor
of Alzheimer’s }-Amyloid Fibril Formation

Gunnar T. Dolphin, Sabine Chierici, Myriam Ouberai, Pascal Dumy,* and Julian Garcia*

Amyloid formation and accumulation of the amyloid (-peptide
(AB) in the brain is associated with Alzheimer’s disease (AD)
pathogenesis. Therefore, among the therapeutic approaches in
development to fight the disease, the direct inhibition of the AP
self-assembly process is currently widely investigated and is one
of the most promising approaches. In this study we investigated
the potential of a multimeric display of quinacrine derivatives, as
compared to the monomer quinacrine, as a design principal for
a novel class of inhibitors against A fibril formation. The pre-
sented multimeric conjugate exhibits a cluster of four quinacrine

Introduction

Alzheimer’s disease (AD) is characterized by the accumulation
of insoluble fibrillar aggregates of amyloid -peptide (Ap) and
the degeneration and death of neurons in brain regions that
are concerned with learning and memory processes.! Abnor-
mal protein deposition is also a shared characteristic of other
age-related neurodegenerative diseases, such as Parkinsons’s
and Huntington’s diseases®™ and of the prion diseases.”®

In AD two peptides have been identified in the fibrillar dep-
osition in the brain, the amyloid B-peptides AB,_s and AB;_s,."
Normally, AP exists as a random coil, but through formation of
intermediate oligomers misfolds into protofibrils, and further
aggregation of the protofibrils forms amyloid.”® It is widely
accepted that the formation of fibrils is implicated in the neu-
rotoxicity associated with AD, but still there is much discussion
on which aggregation state of AP is toxic and on the toxicity
mechanisms.®"?

Several approaches aimed at blocking the neurotoxic activity
of AP are presently pursued: such as reduction of amyloid pro-
duction by inhibiting the enzymes beta- and gamma-secretase,
which produce AR, stimulation of the immune system to
remove AP from the brain by immunizing with AB frag-
ments,"? and direct inhibition of the AP self-assembly pro-
cess."®' Especially the identification of inhibitors of protein
deposition or fibril formation should provide drugs with neuro-
protective effects for the suppression or prevention of the
transition from monomeric to oligomeric and polymeric AP
species. It may also be a critical step towards a better under-
standing of the role of fibrils in neurodegenerative processes
and disease progression.

The search for potent drugs such as amyloid aggregation in-
hibitors led to the discovery of compounds inhibiting specifi-
cally and efficiently amyloid aggregation in vitro. Molecules
issued from random screening as well as short amyloid peptide
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[a]

derivatives on a rigid cyclopeptidic scaffold. Herein is reported
the synthesis of the conjugate, together with the in vitro inhibito-
ry evaluation of AP,_,, fibrils using the thioflavin T fluorescence
assay, and imaging with atomic force microscopy. Our data show
that the multimeric compound inhibits AP, fibril formation
with an ICs, value of 20+ 10 um, which contrasts with the non-
active monomeric analogue. This work suggests that assembling
multiple copies of acridine moieties to a central scaffold, for mul-
tiple interactions, is a promising strategy for the engineering of
inhibitors against A fibril formation.

sequences mimicking and inhibiting amyloid aggregation are
the two main classes of inhibitors. In the past few years, non-
peptidic amyloid aggregation inhibitors have been identified
in the literature and is an important approach in the develop-
ment of therapeutic agents."®?" This approach was initially
based on the finding that the small dye, Congo red, interacts
specifically with amyloid fibrils and inhibits their formation.”?
Molecules such as melatonin, furansulfonic acid derivatives,
small polyphenol molecules, and the well-known antibiotic
Rifampacin, anthracyclones, benzofuran derivatives have been
reported.”? Although a structure-activity relationship is not
easy to distinguish from all these works, many of the inhibitors
are either “flat molecules bearing a lipophilic bi- or tri-(hetero)-
cyclic scaffold and having a basic nitrogen on one of these
rings”,”¥ or have a polyphenolic structure.”

Unexpectedly, only a few works have investigated the acri-
dine derivatives as $-amyloid inhibitors although these flat het-
erocyclic scaffolds should display an ideal drug-like profile. The
first acridine cores reported to inhibit or interact with the f3-
amyloid polymerization process in AD are diaryl heterocyclic
compounds and 9-acridone derivatives.”>?* More recently, the
search for radioactive probes for imaging the amyloid-f3 pep-
tide in vivo and for the detection of AD allowed the identifica-
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ChemBioChem 2008, 9, 952 - 963



www.chembiochem.org



Multimeric Quinacrine Conjugate

tion of a fluorinated acridine orange analogue with high affini-
ty for AP aggregates.”’?®

On the other hand, acridine compounds including quina-
crine have been more extensively studied for the treatment of
the prion diseases, and effective inhibitory activities on PrP*
replication in vitro have been reported.”=# Although the se-
quence of the prion protein and of the AP peptides are quite
different, the mechanism of their aggregation may be similar,
and compounds that are able to interact with the prion pro-
tein could also be active on f-amyloid peptides. In support of
this, some well-known A binding compounds such as tetracy-
cline and thioflavin T are reported to exhibit binding to prion
peptides similar to that observed with quinacrine.*™ Moreover,
as both diseases lead to aberrantly folded proteins, rich in f3-
sheet structure that have a high tendency to form aggregates,
the inhibitor binding might be more conformation-dependent
rather than sequence-dependent. Such conformation-depen-
dent interaction is reported for polyphenols which do not in-
teract with the amyloidogenic monomer but rather with amy-
loidogenic structures.”**? From this, it appeared interesting to
study the quinacrine core and its ability to interact with AP
and to inhibit the amyloid polymerization process by analogy
with its antiprion effect. To date, such effects on A fibril for-
mation has not been investigated.

Further, the search for new AP peptide aggregation inhibi-
tors is hampered as the interactions and mechanism of inhibi-
tion is not well understood. Common to most known inhibi-
tors is the presence of two substituted aromatic groups sepa-
rated by a short spacer, such as curcumin and NDGA.**39
From this common feature, it is believed that these aromatic
compounds interact with hydrophobic and aromatic amino
acids of the misfolding peptides, such as phenylalanine 19 and
20 in AP that are important for fibril formation. As fibril forma-
tion proceeds through hydrophobic interactions to form inter-
mediate oligomers with undefined structure, molecules that
can interact with these different states on the fibril-folding
pathway may prove to be important drug candidates against
AD. When designing compounds as potential inhibitors, we
postulated that a multimeric arrangement of aromatic residues
would be capable of multiple simultaneous interactions with
these different states and thus lead to more potent inhibitors
because of multimeric effects.®” Further, we expected that the
multimeric arrangement of aromatic residues would be more
potent if they were directionally constructed as a cluster by
the aid of a well-defined and rigid scaffold.

Multivalency is a well known and efficient process used by
nature to enhance the affinity of binding in biological phe-
nomena such as recognition.®”” Recently, May et al. showed
that the multivalency strategy may be beneficial to enhance
the antiprion activity of acridines using covalent dimers.”
Their conclusion that “this strategy may be generally applica-
ble to other diseases of protein conformation, in which species
along the pathway to the aggregated endpoint are character-
ized by high protein concentrations” supports our inhibitory
multimeric approach in Af} peptide aggregation. It was only re-
cently (during the revision of this manuscript) that a multimer-
ic approach was investigated in the field of Af} peptide aggre-
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gation inhibitors.*® This research showed that branched KLVFF
tetramers are more potent inhibitors of 3-amyloid aggregation
compared to the monomeric KLVFF peptide. Moreover as we
had in our research group a convenient and proved cyclopep-
tidic tool allowing the multimeric presentation of ligands, this
encouraged us to investigate its multimeric strategy.

In light of the above, we first focused our investigations on
the quinacrine derivative 7 as an inhibitor of the Af} polymeri-
zation process by analogy with its antiprion effect. Simultane-
ously, we prepared its multimeric form 6, exhibiting a cluster
of acridines on a cyclopeptidic core for enhanced inhibitory
properties by multiple interactions (Scheme 1). These com-
pounds were investigated in vitro as potential inhibitors of Ap
fibril formation. Their design, synthesis, and the inhibitory re-
sults, using fluorescence spectroscopy with thioflavin T (ThT)
and atomic force microscopy (AFM), are reported in detail in
this paper.

Results
Design of the fibril inhibitor candidates

In this first approach, we have chosen the quinacrine deriva-
tive, compound 7 (Scheme 1), as a starting point for the
design and synthesis of a potential amyloid inhibitor. There-
after we prepared a mutimeric version, compound 6, which
displays four copies of the quinacrine derivative covalently at-
tached to a well-defined and rigid scaffold (Scheme 1). We
postulated that a covalent multimeric assembly of the acri-
dines could be a more potent inhibitor because of the well-
known local concentration effect.®” Indeed, this multimeric ar-
rangement is capable of interacting through multiple molecu-
lar contacts with one A monomer or several monomers ag-
gregated in oligomers or fibrils, thus enhancing the inhibition
process. This multivalency approach has been first validated
on the prion disease in a recent study where bis-acridines
showed increased antiprion activity, around tenfold in vitro,
compared to the corresponding monomeric compounds.” In
our conjugate, the conformational restriction imparted by the
scaffold may also be beneficial for the interaction of the acri-
dine cores to AP peptides by minimizing the entropically con-
formational rearrangement before binding as noted for the
bis-acridines on the prion protein. We also prepared as a refer-
ence compound the monomeric analogue 8 that bears only
one copy of the quinacrine derivative on the scaffold
(Scheme 1). This compound was designed to determine wheth-
er the multimeric arrangement of compound 6 increases the
affinity towards Ap.

The scaffold used in this study to present the heterocyclic
quinacrine molecules in a multimeric and well-defined spatial
orientation is a backbone-cyclized decapeptide. The two prolyl-
glycine sequences, as  type-ll turn inducers, constrain the
peptide backbone conformation into an antiparallel $-sheet.*”
As a result the cyclic peptide displays an “upper-face” with
four residues (here and commonly lysine) and a “lower-face”
with two residues (arginine residues here), see Scheme 1.
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Scheme 1. Left, schematic representation of the inhibitor candidates. Right, molecular model of the multimeric quinacrine compound 6. The quinacrine deriv-
atives and oxime linkages are in red, the cyclic peptide scaffold with four functionalized lysines is represented as a turquoise ribbon and below the scaffold

can be seen the two arginine side chains for increased solubility (Insight II).

These kind of templates, first proposed by Mutter and cow-
orkers as structure inducing devices,***" has found useful ap-
plications in the past as protein mimics (for a recent review
see Singh et al”?). It has been used in our laboratory for the
construction of vectors for neovasculature targeting in tumor
therapy,™ for multivalent presentation of carbohydrates,**”
or more recently as a scaffold to construct a f-amyloid peptide
model.“ Taking advantage of the synthetic versatility of this
platform, we designed our candidate to display, via lysine side
chains of the upper face, the clustering of the acridine cores
and on the lower face, arginine side chains, Scheme 1. We
placed the arginine residues to improve the poor solubility of
the acridine molecules that may usually limit their in vivo use.
Further, in future designs this lower face can be used to adjust
the pharmacokinetic properties, the cytotoxic effects, or the
membrane breaching properties by addition of other func-
tions. This functionalization possibility is an important feature
of this scaffold that allows, for example, the attachment of cell
penetrating peptides (CPP)**® for transport across the blood
brain barrier (BBB).*”!

In our quinacrine analogue (Scheme 1), we have only kept
the aliphatic side chain found in quinacrine at the nitrogen,
position 9. This choice is based on studies with potent antipri-
on quinacrine derivatives, which revealed that a side chain on
the nitrogen at this position is essential for antiprion activity,*?
unlike the chlorine and methyloxy substituent usually found
on the quinacrine core." At the 4 position of the aromatic
core, we introduced a spacer arm allowing its grafting to the

954

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

central cyclic scaffold. This linker may be beneficial to improve
the conformational flexibility of the quinacrine cores on the
scaffold surface, to easily reach a bioactive conformation.

Synthesis of the fibril inhibitor candidates

As chemoselective ligation by oxime bond formation is a con-
venient strategy widely used to assemble peptides®®>? and
improved in our laboratory***” to conjugate biomolecules to
cyclodecapeptidic scaffolds, its use has been found advanta-
geous in our study. This method allows the ligation, without
any coupling reagent in aqueous solution, between unprotect-
ed fragments, where one holds an oxyamine function and the
other an aldehyde or ketone function. For the synthesis of our
inhibitor, candidate 6 required a peptidic scaffold bearing
glyoxylyl aldehyde functions on the upper lysine side chains,
and a quinacrine analogue displaying the oxyamine group as
the suitable complementary function (Scheme 2). For this pur-
pose, the quinacrine derivative 4 was functionalized in the 4
position by an aminooxy spacer. Quinacrine 4 and the scaffold
5 were both synthesized separately and combined together
using the oxime bond ligation.

The key cyclopeptidic scaffold 5 (Scheme 2), with the two ar-
ginine residues and the four glyoxylyl aldehyde functionalized
lysine side-chains, was prepared using standard Fmoc/tBu
strategy from the linear peptide presenting Boc and Pmc at
the lysine and arginine side chains respectively. Cyclization of
the scaffold and introduction of the four glyoxyl-aldehyde

ChemBioChem 2008, 9, 952 - 963
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easily obtained in this way, in
CH,Cl, buffered with DIEA. Treat-
ment of 3 with the commercially
available 2-amino-5-diethylami-
nopentane, in methanol at 70°C
for three days, produced the
protected 9-aminoquinacrine in-
termediate with the quinacrine
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Scheme 2. Strategy for the assembly of the multimeric compound 6: a) see ref. [45], b) CH;CN/AcONa buffer 0.1 m

pH 4, 1:1, 15 h, 57 %.

functionalized lysine side chains were performed as previously
described by Grigalevicius et al.*’

The preparation of the quinacrine analogue 4 was based on
a previous synthetic work on dibasic 9-aminoquinacrine-4-car-
boxamides by Atwell etal.”® Starting from the acridone 1
(Scheme 3), bearing a carboxylic acid group in the 4 position,

H
(1) O” "OH ! !N/\/\O/N\\rOEt

HZN/\/\O TOEt

<) HNJ\/\/'\(/

o2
—_— ™
2NJ\/\’N\/ O N/

@) o H/\/\O/NH2

53% yield

Scheme 3. Synthesis of the quinacrine analogue 4. a) SOCl,, 80°C, 2 h;
b) CH,CI,, DIEA, 2; c) 2-amino-5-diethylaminopentane, MeOH, 70°C, 3 days;
d) HCI(g), CH,Cl,.

allowed us to introduce an appropriate spacer arm as an
aminooxypropylamine. The aminooxy part of this linker 2 was
protected with an N-hydroxyacetimidate and was incorporated
on the quinacrine core after activation of the acridone 1 with
thionyl chloride. The 9-chloroquinacrine-4-carboxamide 3 was
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side chain at the 9 position. Fi-
nally acidic treatment with HCI
(9) gave the oxyamine-function-

N alized quinacrine 4 with 53% of
e overall yield from acridone 1.
0PN~ N2 The aminooxylated quinacrine

H 4 was then incorporated
4) (Scheme 2) to the upper face of

the scaffold 5 in acetonitrile with
sodium acetate buffer following
the typical chemoselective liga-
tion procedure previously de-
scribed.®  The reaction was
monitored by analytical RP-HPLC
and was complete within 15 h.
The conjugate 6 was isolated in
57% vyield after semipreparative
RP-HPLC purification (Figure 1A)
and was characterized by MS-ESI
(Figure 1B). The reference compounds, quinacrine derivative 7
and monomeric conjugate 8 (Scheme 1), were prepared by the
oxime ligation of the acridine core 4 with respectively, acetone
or a scaffold bearing only one glyoxylyl aldehyde function on
the upper face.

In vitro inhibition studies of amyloid f-fibril formation by
quinacrine compounds

Initially we examined the effects of the monomeric quinacrine
analogue 7 and its multimeric version 6 on the inhibition of
ARB,_4 fibril formation by following the specific binding of thio-
flavin T (ThT) to amyloid fibrils. The ThT assay is the simplest
way to identify amyloid structures, and to follow their forma-
tion and disaggregation in the search for inhibitor compounds.
ThT is highly specific and sensitive for the characteristic cross-f3
sheet structure of amyloid fibrils and its binding is easily fol-
lowed by fluorescence spectroscopy because of a large excita-
tion spectral red shift, which allows selective excitation of
bound ThT®¥ The ThT assay can be performed by studying
aliquots of amyloid fibril mixtures added to a ThT solution or
by studying, in situ, ThT added to the fibril forming mixtures,
as it has been shown to have little effect on the assembly

process.>*¢

Multimeric 6 dose dependently inhibits Ap fibril formation

The inhibition studies of AB,_, fibril formation were performed
in the presence of 10 um ThT, in stagnant solution buffered
with HPO,* (50 mm), pH 7.4 and NaCl (100 mm) at 37°C. We
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Figure 1. A) RP-HPLC profile of purified compound 6 at 214 nm. (Nucleosil
120A 3 um C,q particles, 30x4 mm; 1.3 mLmin™"; linear gradient 95:5 C:D
to 40:60 in 15 min; solvent D: 0.1% TFA and 9.9% H,0 in acetonitrile and
solvent C: 0.1% TFA in water). B) Electrospray mass spectrum of compound
6, the spectrum shows multiple charged species. The calculated weight is
3091.9 Da, found 3091.2 Da [M+H]".

co-incubated Af,;_4 with 0, 0.1, 1.0, 10, 20, 50, and 100 um of
the multimeric compound 6 and studied for a period of
14 days the change in ThT fluorescence. In Figure 2, the results
for 6 show complete inhibition with concentrations higher
than 50 uM. When Af,_4, was incubated with 20 um or less of
compound 6, fibrils were formed as seen by the sigmoidal in-
crease of the ThT fluorescence. A sigmoidal curve is consistent
with the nucleation-dependent polymerization model.”® From
the above results an IC;, value for the fourfold quinacrine com-
pound 6 is estimated to 20+ 10 pum (see the Supporting Infor-
mation). In Figure 2 we can also see an increase in the lag
phase of fibril formation with 10 and 20 pm of 6 in a dose de-
pendant manner as compared to the sample without inhibitor,
this indicates an inhibitory effect on oligomer formation
during the nucleation phase. The decay of fluorescence signal
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Figure 2. Inhibition studies of AB,_4 (50 um) fibril formation with the four-
fold quinacrine compound 6. Concentrations of 6 are: 0 um (-m-), 0.1

(= 4++), T UM (=0-), 10 um (-0-), 20 um (-o-), 50 um (-—@-—) and 100 um
(----- VACEEER ). Kinetics were monitored by ThT fluorescence at 480 nm with
excitation at 440 nm. The data obtained with 0 to 20 um of 6 are fitted with
extended-exponential functions. The data are representative of three inde-
pendent experiments.

for the low inhibitor concentrations at the end of the study is
probably due to instability of the assay such as precipitation of
amyloid.

As seen in Figure 2, the inhibition study of 6 at 100 pum
shows some background fluorescence. This background is due
to the fluorescence from the quinacrine moieties and was not
observed at 20 um or lower concentrations of 6. However,
monomeric quinacrine 7 displayed a strong fluorescence in the
ThT fluorescence region, which prevented its study of fibril in-
hibition by the ThT assay (Supporting Information). The reason
we were able to study the multimeric 6 and not the monomer-
ic compound 7 is most probably due to self-quenching of the
quinacrine fluorescence, in compound 6, as the four quina-
crines form a cluster on the cyclic-decapeptide scaffold.

Confirmation of multimeric 6 inhibition of Ap fibril forma-
tion by AFM

The inhibition of fibril formation by the fourfold quinacrine
compound 6 was confirmed by visualization with atomic force
microscopy (AFM). When analyzing the AFM image of the
AB,_4 mixture co-incubated with 6 (100 um) after 14 days (Fig-
ure 3A), we see that no amyloid fibrils have been formed. This
can be compared with the control mixture of Ap,_4, without in-
hibitor where a number of long protofilaments can be seen
(Figure 3B). These protofilaments have lengths to about 4 um
and the heights of the fibrils are 4 nm.

Multimeric 6 has enhanced inhibitory activity than the mo-
nomer 7 and the monomer conjugate 8

As compound 7 has a strong fluorescence in the same range
as thioflavin T, it was essential to evaluate the extent of fibril
formation by visualizing with AFM. To compare results be-

ChemBioChem 2008, 9, 952 - 963
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Figure 3. AFM images (height data) of inhibition studies of Af,_,, obtained
at the end of the aggregation reaction (14 days; scan size 10 um). A) Co-
incubation with the fourfold quinacrine compound 6 (100 um). No fibrils are
observed. B) With no inhibitor compound long protofilaments are observed
with a height of 4 nm. The Z scale is placed to the right of the images,
colors from black to white correspond to the Z range (height).

tween the multimeric 6 (100 um) and monomer 7, we have
studied 7 at 100 um as well as at a fourfold higher concentra-
tion (400 um) as there are four quinacrine units on the conju-
gate 6. Figure 4A is an AFM image of the Af,_4 mixture, which
has been co-incubated with 7 (100 um) for 14 days. Here can
be seen that this compound has no inhibitory effect on Af,_4
fibril formation, as number of long protofilaments can be de-
tected, also with lengths to about 4 um and heights of 4 nm
(as in the control study, Figure 3B). At the fourfold concentra-
tion of 7 (400 pm), fibrils were observed but to a lesser extent
(Figure 4B). We cannot determine exactly an IC, value for 7,
because of background fluorescence, but from the AFM study
an ICs, value can be estimated to be much larger than 100 pum.
Thus the fourfold quinacrine conjugate 6 is a much more
potent inhibitor of AB,_,, aggregation than the monomer 7.

As another control experiment we have prepared a deca-
peptide with one quinacrine moiety, compound 8, compared

ChemBioChem 2008, 9, 952 — 963
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Figure 4. AFM image (height data) of protofilaments formed from Ap,_,, co-
incubated with the monomeric quinacrine 7 at A) 100 pm and B) 400 um.
The filaments have a height of 4 nm (scan size 10 um).

to four to prove multimeric effects. The inhibitory effect of
compound 8 was determined by AFM as it also has a strong
fluorescence in the ThT region. With 100 um of this compound
we found no inhibitory activity in the inhibition study of AP,_,
fibril formation, thus an ICs, value can be estimated to be
>100 um (Figure 5).

To determine if the cyclic decapeptide scaffold of our multi-
meric compound alone induces antiamyloidogenic activity, we
prepared a scaffold without quinacrine moieties as a control
compound. This control 9 contains acetylated lysine residues
instead of lysinyl-quinacrine functions. In AB,_4, fibril formation
studies followed by ThT fluorescence, this control 9 showed, at
100 pm, a very weak inhibition effect (Supporting Information).

Together AFM and ThT studies revealed an induced inhibito-
ry effect with our multimeric conjugate 6 with an IC,, value of
20+£10 pum, where as the monomeric compounds 7 and 8 at
100 um showed no inhibitory effect. To compare the inhibitory
activity with other reported inhibitors of A fibril formation
using our assay conditions, we included tetracycline in our
study (Supporting Information). Tetracycline has a reported ICs,
value of 50 um in a inhibition study of 220 um of Ap;_,,.*
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Figure 5. AFM image (height data) of protofilaments formed from Af,_,, co-
incubated with the monomeric conjugate 8 at 100 um.

With our experimental conditions, using AP,_4, We have deter-
mined an IC;, value of 30 um for tetracycline this is comparable
to that previously reported and to our conjugate 6.

Multimeric 6 inhibits fibril growth on preformed fibril seeds

The inhibitory effect of 6 on AP, fibril formation was also
studied by the ThT assay in the presence of preformed Af,_4
fibrils as seeds. The kinetics revealed exponential-like formation
of fibrils with a strongly reduced lag phase (Figure 6). Incubat-
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Figure 6. Inhibition studies of AfB;_4 (50 um) fibril formation with the four-
fold quinacrine compound 6, in the presence of sonicated preformed AB;_4
fibrils (2.5 pm). Concentrations of 6 are: 0 um (m), 0.1 pMm (+), 1 um (0), 2 um
(), 10 um (o) and 100 um (A). The data are representative of two independ-
ent experiments.

ing AP,_4 with increasing concentrations of 6 showed a dose
dependent decrease of the final fluorescence level. No forma-
tion of fibrils was observed with 100 um of 6 in the ThT kinetic
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data and this was confirmed by AFM imaging (data not
shown). From this study an apparent ICs, value of 2+ 1 um for
compound 6 was determined.

Seeding experiments were also performed with the control
compounds 7 and 8, the decapeptide scaffold 9 with acetylat-
ed lysines and tetracycline. The effects of compounds 7 and 8
were determined by visualizing with AFM. In the presence of
400 um of 7, formation of snake-like fibrils was observed, and
normal fibril growth was seen with 100 um of 8, showing that
these monomeric forms of quinacrine do not inhibit fibril
growth (Supporting Information). Thus, again the specificity of
multimeric 6 on fibril inhibition was shown as monomers 7
and 8 show no inhibitory activity. The decapeptide scaffold 9
and tetracycline were followed by the ThT assay in the seeding
study. The control 9 showed weak inhibitory activity at
100 pm. For tetracycline we determined an ICs, value of 80 um,
we have not found a previous report of a seeding study with
tetracycline (Supporting Information).

Finally, we studied the ability of compound 6 to disaggre-
gate preformed amyloid fibrils. In the studied concentration
range from 0 um to 100 uMm, no decrease of the fluorescence
was observed in the ThT assay. Fibrils were also observed by
AFM imaging after co-incubating for eight days with 100 um of
the quinacrine compound 6 (data not shown). Thus, com-
pound 6 does not markedly dissociate preformed amyloid fi-
brils in the studied concentration range. With the control scaf-
fold with four N-acetylated lysine residues 9, we observed no
inhibitory activity in the destabilization study followed by ThT
fluorescence (Supporting Information). Disaggregation studies
were however not performed on monomeric compounds 7
and 8. Indeed, as no inhibition was observed in experiments
with or without fibril seeds, it is unlikely that they could dis-
aggregate fibrils.

Discussion

The aggregation and formation of fibrils from A is widely ac-
cepted to be a key factor in the development of AD. The cyto-
toxic mechanisms, however, are still not well understood and
the identity of the aggregation state that inserts toxicity re-
mains unclear. The toxicity has been proposed to arise from
unstructured assemblies during the nucleation phase, fibrils,
amyloid, or combinations of these. For this reason different
therapeutic approaches are pursued that target different
stages in the accumulation of Af} and formation of amyloid.
Important strategies include, stimulating the immune system
to remove AP from the brain,""™ direct inhibition of the AB self-
assembly process,"®'” and reduction of AP production."
However, strategies that preferentially target AB;_4 produc-
tion may actually worsen the disease course in AD as recently
pointed out by McGowan and co-workers®”” They have
crossed transgenic mice that selectively express high levels of
APB1_4 and AP,_4, and thereafter compared the cerebrovascular
AP deposition in the bitransgenic and singly transgenic litter-
mates. From their studies they could see that levels of AR,
and AP, had opposing effects on AP deposition, where
ABi_4 inhibited amyloid deposition and A, promoted it.
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They also observed that increasing levels of AR, in the bi-
transgenic mice protected them from premature-death, which
was observed in the AB,_,, transgenic mice.

For these reasons, the development of drugs that inhibit AP
aggregation seems to be a more promising therapeutic ap-
proach in the prevention and control of AD compared to the
strategies that preferentially target AB,_, production. Follow-
ing this approach, we have investigated in this report the po-
tential of a multimeric quinacrine conjugate 6 as a lead inhibi-
tor compound against fibril formation associated with AD. Our
drug candidate exhibits a directional and well-defined cluster
of four quinacrines that was easily prepared by the oxime-liga-
tion strategy. We performed in vitro analysis of the inhibitory
effects of this compound, where we monitored the formation
of APi_4 fibrils directly using fluorescence spectroscopy with
ThT. We showed herein that the quinacrine compound 6
displays an antiamyloidogenic effect and dose dependently
increased the lag phase of fibril formation. This lag phase
increase indicates an inhibitory effect during the nucleation
phase, such as inhibition of oligomer formation. Complete
inhibition of fibril formation was observed at 50 um of com-
pound 6 by the ThT assay and this was confirmed by imaging
with AFM where no fibrils were observed. From this study we
have estimated the IC;, value to 20+ 10 um.

To evaluate the multimeric inhibitory effects of the fourfold
quinacrine compound 6 we compared 6 with the monomeric
quinacrine derivative 7 on the inhibition of AB,_,, fibril forma-
tion. As a result of strong fluorescence from the monomeric
quinacrine, we were only able to study fibril formation by
AFM. We found no observable decrease in the amount or
change of the fibril structure with a 100 um concentration of 7
as compared to the control without inhibitor. In a comparison
of monomer 7 and the fourfold quinacrine compound 6 we
have to consider the fact that compound 6 holds four times
more of the quinacrine moiety than 7. For this reason we have
studied the inhibition effects of 7 at 400 um by AFM. The for-
mation of fibrils also observed at this concentration indicates
that the multimeric presentation of 6 enhances its inhibitory
activity. Further, the results from the control experiment per-
formed with the monomeric conjugate 8, strengthen the evi-
dence of multimeric effects of the inhibitor compound 6.
Indeed, with 100 um of 8 we found no inhibitory activity in the
inhibition study of AP, fibril formation. The control com-
pound 9, which is the scaffold alone, was studied to see if it in-
duces inhibitor activity. With this compound at 100 um, only a
slight decrease of the ThT fluorescence was observed. Together
these results demonstrate that the induced inhibitory activity
of compound 6 arises from the fourfold cluster of quinacrines
that are attached to the decapeptide scaffold.

To determine if the inhibitory effect of compound 6 was en-
tirely due to an increase of the lag phase, we performed seed-
ing experiments, where preformed fibrils were added to the
AP:_4 aggregation mixture. This procedure eliminates the pro-
cesses during the lag phase, allowing us to follow only the ex-
ponential growth and inhibition of the AP, fibrils. In this
study we observed a dose dependent decrease of the final
fluorescence level. In the aggregation mixture with 100 pm of
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the fourfold quinacrine compound 6, no formation of fibrils
was observed in the ThT assay or by AFM imaging. From this
study we determined an apparent ICs, value of 2+1 um for
compound 6. We conclude from the seeding experiment that
compound 6 inhibits fibril growth and that inhibition is not
only due to inhibition of oligomer formation during the lag
phase. The apparent ICs, values obtained from the inhibition
experiments, with and without preformed fibrils as seeds, are
2+1 and 20+ 10 um, respectively. The difference of these two
values may be due to differences of inhibitory mechanisms
(see below), but also to the very nature of the assay as de-
scribed by Findeis et al.*® As mentioned by them, the assay is
reliable for the identification of potent inhibitors of Af poly-
merization but accurate determination can be difficult.

The control compounds 7-9 were also studied with seeding
experiments. The results from these studies correlate well with
the studies that were performed without the addition of pre-
formed fibrils and thus fibril formation was observed for all
controls. Interestingly, in the presence of 7 at 400 um forma-
tion of snake-like fibrils were observed, this may be due to the
mere high concentration of compound 7 that changes the
morphology of the forming fibrils (Supporting Information).

We further analyzed the inhibitory mechanisms of com-
pound 6 with disaggregation studies. However, the disaggre-
gation ability of compound 6 on preformed amyloid fibrils was
not very strong, as we were able to observe fibrils by AFM
imaging from a mixture of preformed fibrils and 100 um of 6
after an incubation period of eight days.

Even though compound 6 was not able to disaggregate pre-
formed AP,y fibrils, it has from the unseeded and seeded ex-
periment an ICy, value of 2010 um and 2+ 1 um for AB;_4
fibril formation and inhibition, respectively, and thus can be
compared with other reported inhibitors. For example, the
antiamyloidogenic activity of tetracycline was determined
here, with our experimental conditions, to have an ICs, value
of 30 um which is similar to that previously reported (IC;, value
of about 50 um).”™ Another reported inhibitor is 2-amino-4-
chlorophenol with an ICs, value of 10 um. Nordihydroguaia-
retic acid (NDGA) is a polyphenolic natural product isolated
from the creosote bush Larrea tridentata.®™® NDGA is expected
to bind to free AP and has a reported ICs, value of 0.16 um, it
is also a potent oxygen radical scavenger.®” The modified A
fragment cholyl-LVFFA is a -sheet breaker peptide which uses
the important recognition sequence LVFFA of the AP sequence
to bind to the growing fibrils and disturb and dissociate them;
it has a reported ICs, value of about 5 um."® Rifampicin, a sem-
isynthetic antibiotic drug also suggested to scavenge hydroxyl
free radicals,®? is an another reported inhibitor of Ap fibril for-
mation with an ICs, value of 6 um.”® From the above, our mul-
timeric conjugate is highly competitive as an inhibitor against
AP polymerization, also its ability to delay polymerization is of
interest as was observed with the AP fragment LVFFA.®®

When considering the antiamyloidogenic mechanisms of in-
hibitors, one should consider the peptide interactions that
induce and stabilize the fibril structure. It is believed that hy-
drophobic interactions play an important role in Af aggrega-
tion. Also the aromatic residues are expected to contribute to
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the stability, specificity, and directionality of the fibrils cross-3
sheet structure, by means of aromatic stacking and their rigid
properties.® The two phenylalanines at positions 19 and 20 in
the AP sequence have been determined to be essential for
amyloid formation.*™ Thus, it is conceivable that potential
inhibitors would have hydrophobic and aromatic components
that could interfere with the hydrophobic and aromatic stack-
ing interactions that are formed during the different stages of
fibril formation. In addition to hydrophobic interactions, poten-
tial inhibitors would also be able to form hydrogen bonds with
the AP backbone amides thus disturbing B-sheet formation.?¥
As detailed information of known inhibitors and their interac-
tions with fibrils are not available, with the above reasoning
one can speculate on the mechanisms of fibril inhibition. Forlo-
ni et al. have proposed the antiamyloidogenic activity of tetra-
cycline to be related to hydrophobic, aromatic, and specific
hydrogen bond formation with residues of AB.”” Felice et al.
have suggested that some di- and tri-substituted aromatic
compounds, such as 2-amino-4-chlorophenol, bind to the hy-
drophobic region of AP by hydrophobic and/or m-wt interac-
tions thus blocking associations between Af3 molecules which
would lead to fibril formation.”® Rifampicin is also known to
bind to AP through hydrophobic interactions thus inhibiting
its aggregation.”®”

Regarding the antiamyloidogenic mechanism of the current
multimeric quinacrine compound 6, the folding interactions
during the nucleation phase (oligomer formation) as well as
during the formation of fibrils should be taken into account.
This is due to the fact that compound 6 induced a longer lag
phase and also inhibited further fibril growth in the seeding
study with preformed fibrils. The propensity of 6 to bind to
specific regions of AB,_4, may occur through a number of inter-
actions as described above. The planar aromatic structure of
the quinacrine cores together with multimeric interactions may
bind Af through m-m interactions thus blocking associations
between A molecules and inhibiting fibril formation. In the
same way, the aromatic core could bind A} molecules through
hydrophobic interactions. Also in addition, the current com-
pound could interact with AP through a number of polar inter-
actions such as by the basic functions on the 9 position of the
quinacrine, the oxime attachment to the scaffold, and the
scaffold itself. The fact that there was no detectable inhibition
with the monomeric compound 7 and especially with the
monomeric conjugate 8 implies that the inhibitory mechanism
of compound 6 is a result of the multiple quinacrines that are
directionally displayed in a convenient manner on the central
scaffold. As May etal. explained the improved activity of
dimers of acridine as antiprion inhibitors compared to the cor-
responding monomers “Conformational restriction has been
used extensively in drug design to pre-organize ligands into a
bioactive conformation” and “a rigid scaffold can correctly
position and orient key structure features without having to
undergo an entropically costly conformational rearrangement
before binding”.*!

It is also reasonable to consider that our multimeric com-
pound could bind specifically to Af through a mechanism yet
unknown, which leads to the observed antiamyloidogenic
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properties. Further NMR studies could be of interest to give
answers about this mechanism and the interactions of this
conjugate with free AP.

Other reports have shown binding of 9-aminoacridine com-
pounds to f-sheet rich peptides.®>® Such as Phuan et al. that
recently reported a chemical proteomic approach where they
functionalized a Sepharose matrix with a bis-9-aminoacridine
compound.?¥ From binding studies with the prion protein
from scrapie-infected cultured cells, termed PrP, they observed
selectivity of the 9-aminoacridine matrix for the misfolded and
B-sheet rich PrP* as compared to the normally folded PrP<.
From experimental studies they conclude that this selectivity
must be due to conformational and/or oligomeric differences
between PrP® and PrP*. They suggest that the possible mecha-
nism of action of antiprion 9-aminoacridine compounds on
inhibiting PrP* replication may occur by modification of tem-
plating epitopes for PrP® conversion or by altering the stability
of PrP* oligomers. In view of this study, our quinacrine com-
pound 6 could also interact with cross 3-sheets formed during
oligomerization.

It is interesting to note, as pointed out by Cohen and Kelly
that fibril disaggregating compounds may shift the equilibrium
of AB aggregation from fibrils to toxic oligomers."® Consider-
ing this, the inhibitory effect of our multimeric quinacrine com-
pound on AP fibril formation, displays an interesting profile
where preformed fibrils are not disaggregated but fibril
growth is inhibited. Such an inhibiting profile is interesting for
the treatment of AD patients, where fibrils are not transformed
into toxic oligomers and further fibril growth is inhibited, facili-
tating free AP clearance by proteolytic degradation.

When considering the potential therapeutic use of our multi-
meric acridine compound 6 and especially its potential use as
a drug against AD, two major questions arise. What about its
cytotoxicity as a DNA intercalating agent and the ability of this
high-molecular weight molecule to pass through the blood
brain barrier (BBB)? In this preliminary study, these two param-
eters have not been evaluated and should be taken into ac-
count in further investigations. Nevertheless some comments
about these are discussed below.

The cytotoxicity of 9-aminoacridine compounds,***¥ poten-
tial inhibitors of prion replication, and of 9-aminoacridinecar-
boxamide derivatives® is undoubtedly dependent on their
ability to interact with DNA. The cytotoxicity-structure relation-
ship is not easy to evaluate. Not only do the substituents of
the acridine heterocycle appear to be key factors in determin-
ing cytotoxicity but also the steric hindrance and the restrict-
ing conformational flexibility of the heterocycles as reported
for bis-acridine intercalators.®” In light of this, the rigid scaffold
of our conjugate 6 could result in a lower cytotoxicity than the
multimeric acridine version. Moreover the possibility of an easy
chemical modulation of our assembly, especially on the lower
face, could help to overcome the problem and to achieve a
convenient balance between desirable bioactivity and cytotox-
icity.

As for the ability to cross the blood brain barrier (BBB), it is
an important issue that needs to be addressed for drugs that
are intended to be active in the human brain. The penetration
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to the central nervous system is one of the major hurdles for
compounds that are effective in vivo against AD. The in vivo
potential of our multimeric compound lies in the fact that it
can be further functionalized with targeting and membrane
breaching properties. An example of a modified version of our
quinacrine complex, would be to attach a cell penetrating pep-
tide (CPP) such as Tat to the central scaffold.””*® Tat is a short
11 residue sequence, derived from the HIV transactivator of
transcription,” which has been shown to be able to transport
large proteins across the BBB. Conjugation of a CPP can occur
on the opposite side of our scaffold that currently holds two
arginine residues.

In conclusion, we show in this study that the designed mul-
timeric acridine conjugate dose-dependently inhibits fibril for-
mation from fresh AP, in vitro. We demonstrated that not
only does our compound inhibit fibril formation, but that its
antiamyloidogenic activity is due to the multimeric assembly
of the four acridines. Even though the toxicity is unknown and
the exact mechanism remains unclear, this multimeric com-
pound should be considered as a lead for the development of
a new class of well-defined inhibitors against amyloid fibril for-
mation in Alzheimer’s disease. Indeed, the possibility of chemi-
cal modulation of our assembly opens up the opportunity to
further optimize its inhibitory properties for in vivo use as a
therapeutic agent and as a tool to study fibril formation mech-
anisms.

Experimental Section

Materials: All chemical reagents, protected amino acids, chlorotri-
tyl® resin, and solvents were purchased from Sigma Aldrich, Fluka,
Acros, Carlo-Erba, or France Biochem S.A. and were used without
further purification. Synthetic AP,_,, was prepared as previously de-
scribed.®™® The 9-oxoacridan-4-carboxylic acid 1 was obtained as
described by Atwell etal.”® The linker (Ethyl-N-hydroxyacetimi-
date)propylamine 2 was built up by reaction of ethyl-N-hydroxy-
acetimidate with 3-bromopropylphtalimide followed by selective
removal of the phtalimide.

Reversed-phase HPLC analyses were performed on Waters equip-
ment using C;g columns. For the HPLC analyses of compounds 1-
3, a Waters p-bondapack column 120 A 10 um, 300x 3.9 mm? was
used and operated at 2 mLmin~' using a linear A-B gradient of 0
to 100% B in 10 min (solvent A: phosphoric acid solution in water,
pH 2.5; solvent B: MeOH/H,0, 95/5, v/v). For HPLC analyses of com-
pounds 4-7, a Nucleosil column 120 A 3 um, 30x4 mm? was oper-
ated at 1.3 mL.min~' with UV monitoring at 214 nm and 250 nm
using a linear C-D gradient (5 to 60% D in 15 min run time; solvent
C: H,0 containing 0.1% TFA; solvent D: CH,CN containing 9.9%
H,O and 0.1% TFA). For HPLC purification of 4-7, the preparative
column, Delta-Pak™ 300 A 15 um, 200x25 mm? was operated at
22 mLmin™" with linear C-D gradient programs in 30 min run time.
'H and "*C NMR spectra were recorded on Bruker AC300 spectrom-
eters. Mass spectra were obtained by electron spray ionization
(MS-ESI) on a VG Platform Il in the positive mode.

Synthesis of N-[propyl(ethyl-N-hydroxyacetimidate)]-9-chloro-
quinacrine-4-carboxamide 3: The 9-oxoacridan-4-carboxylic acid 1
(1.46 mmol) was chlorinated by SOCI, as previously described.®®
The obtained 9-chloroquinacrine-4-carbonyl chloride was then
cooled to —10°C under argon and to this was added in one por-
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tion an ice-cold solution of (Ethyl-N-hydroxyacetimidate)propyl-
amine 2 (350 mg, 2.19 mmol) and diisopropylethylamine DIEA
(381 pL, 2.19 mmol) in anhydrous CH,Cl, (3 mL). After being stirred
for 10 min at —10°C, the reaction solution was warmed to room
temperature and left for a further 2 h. The mixture was diluted
with CH,Cl, (10 mL), washed twice with 10% aqueous Na,CO;, and
once with saturated aqueous NaCl. The organic layer was then
dried on Na,SO, and evaporated. The compound 3 was obtained
as yellow brown oil in quantitative yield and used without further
purification. The structure of 3 was confirmed by 'H and *C NMR
analyses (300 and 75.5 MHz, CDCl;). HPLC: t;=9.7 min; MS-ESI:
calcd 399.8, found 400.0 [M+4H"].

Synthesis of N-[propyloxyamine)]l-9-amino(5-diethylaminopen-
tane)quinacrine-4-carboxamide 4: The crude 3 was dissolved
(1.46 mmol) in HPLC grade MeOH (3 mL) and the commercially
available 2-amino-5-diethylaminopentane, was added in one por-
tion. The mixture was heated at 70 °C under stirring until the disap-
pearance of the starting material (seven days). The solvent was
evaporated to get the N-[propyl(ethyl-N-hydroxyacetimidate]-9-
amino(5-diethylaminopentane)quinacrine-4-carboxamide  as a
brown oil. This intermediate was dissolved in anhydrous CH,Cl,
and the mixture was cooled at 0°C before adding gaseous HCl. No
precipitation of the salt was observed. The solvent was evaporated
under high vacuum to get a brown powder (630 mg, 72%). The
crude was dissolved in solvent C and purified by RP-HPLC (5 to
60% D in 30 min, t;=12 min) to get 53% of pure compound 4
from the starting material 1. HPLC: t;=7.7 min; '"H NMR (300 MHz,
D,0): 6=0.95 (t, 3H; CH;), 0.98 (t, 3H; CH;), 1.36 (m, 2H; CH,), 1.53
(d, 3H; CH,), 1.71 (m, 2H; CH,), 2.00 (m, 2H; CH,), 2.85 (m, 6H;
3CH,), 347 (t, 2H; CH,), 415 (t, 2H; CH,), 440 (m, 1H; CH), 7.34-
7.43 (m, 3H; H2, H5 et H7), 7.82 (dd, *J(HH)=7.4 Hz, “JHH)=
0.9 Hz, 1H; H6), 7.96 (d, *J(H,H)=8.5 Hz, TH; H1 or H8), 8.02 (dd,
1H; H8 or H1), 8.09 ppm (d, 3J(H,H)=8.4Hz, 1H; H3); *CNMR
(75.5 MHz, D,0): 6=8.2, 8.3, 20.3 (3CH,), 20.5, 27.3, 33.7, 36.9, 47 4,
47.6, 51.0 (7CH,), 55.8 (CH), 73.4 (CH,), 110.8, 114.7, 118.6, 118.8
(4C,0), 119.4 (CH,), 1224 (C,p0), 122.9, 125.2, 135.0, 136.4 (4CH,,),
158.3 (CO), 162.7 (q, CF;), 169.0 ppm (CF;COOH); MS-ESI: calcd
451.6, found 452.2 [M+H]*.

Synthesis of glycoxyl-aldehyde functionalized cyclic-decapep-
tide scaffold 5: The cyclic scaffold was prepared following the pre-
viously reported strategy by Grigalevicius et al.*’ First the linear
peptide, K(Boc)-R(Pmc)-K(Boc)-P-G- K(Boc)-R(Pmc)-K(Boc)P-G, was
built up on chlorotrityl® resin (300 mg) with a loading of
0.6 mmolg ™, by standard solid phase procedures. Coupling condi-
tions were, N-Fmoc amino acids (1.5 equiv), PyBOP (benzotriazol-1-
yloxy)tris  (pyrrolidino)phosphonium hexafluorophosphate) (1.5
equiv), and DIEA (4 equiv) in DMF. No-Fmoc removal was per-
formed in piperidine solution (20% in DMF). The linear peptide
was cleaved from the resin with a solution of 1%TFA in CH,Cl,.
After evaporation of solvent, the crude was precipitated and
washed in diethyl ether to get a white powder (88%). Thereafter,
the quantitative cyclization was performed under high dilution for
3 h in acetonitrile with PyBOP as coupling reagent and DIEA to
adjust the pH to 8-9. After solvent removal, the cyclic peptide was
precipitated and washed in ether (quantitative yield). The removal
of Boc and Pmc protecting groups from the lysine and arginine
residues was achieved in TFA acidic conditions during 3 h (140 mg,
77 %). The lysine side chains were thereafter coupled with protect-
ed serine residues, BocSer(tBu)OH, using standard coupling condi-
tions. The Boc and tBu on the serine residues were removed with a
solution of TFA/TIS/H,0 (95:2.5:2.5) for 2 h, then serine oxidation
was carried out in water during 1 h using an excess of NalO,. The
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solution was diluted with water and purified by RP-HPLC (t;=
10 min, 5 to 40% D in 30 min) to afford the glycoxyl-aldehyde scaf-
fold 5 (69 mg, 32% for the three last steps). HPLC: t;=5.8 min;
MS-ESI: calcd 1357.50, found 1357.5 [M+H]", 1427.4 [M+4H,0+
Hl", 715.2 [M4+4H,0 4+ 2 H**.

Synthesis of the multimeric compound 6: The scaffold 5 (20 mg,
12.62 pumol included TFA salts) was dissolved in AcONa buffer
(0.1 mm, pH4) (3mL). The oxyamine-quinacrine 4 (45 mg, 75.60
umol) was dissolved in CH;CN (3 mL) and added to the mixture
and stirred at room temperature for 15 h. The reaction was fol-
lowed by RP-HPLC. The product 6 was isolated after RP-HPLC pu-
rification (tz=18 min, 5 to 60% D in 30 min) as a yellow powder
(24 mg, 57%). HPLC: t;=11.1 min; MS-ESI: calcd 3091.9, found
619.0 [M+5HP*, 773.8 [M+4H]*", 10314 [M+3HP*, 1546.6
[M4-2H1**, 3091.2 [M4-H] ™.

Synthesis of the compound 7: The oxyamine-compound 4
(38 mg, 0.068 mmol) was dissolved in 4 mL of acetone/solvent D
(CH;CN containing 9.9% H,0 and 0.1% TFA), 1/1. The solution was
stirred at room temperature for 3 h and then evaporated. No pre-
cipitation of the compound was observed by adding ether, di-
chloromethane, or ethyl acetate. The crude was dissolved in sol-
vent D and purified by RP-HPLC (5 to 60% D in 30 min) to get
27 mg of pure compound as a TFA salt (52%). HPLC: t;=9.2 min;
'H NMR (300 MHz, D,0): 6=1.06 (t, 3H; CH,), 1.10 (t, 3H; CH,), 1.52
(m, 2H; CH,), 1.66 (d, *J (H,H)=6.3 Hz, 3H; CH.), 1.81, 1.83 (2’5, 6H;
2CH,), 1.89 (m, 2H; CH,), 2.06 (m, 2H; CH,), 2.92-3.05 (m, 6H;
3CH,), 3.60 (t, 2H; CH,), 4.19 (t, 2H; CH,), 4.68 (m, 1H; CH), 7.50-
7.59 (m, 2H; H2, H7), 7.68 (d, *J(H,H) =8.4 Hz, 1H; H5), 7.96 (dd, *J-
(HH)=7.4Hz, 1H; H6), 8.17-8.21 (m, 2H; H1, H8), 8.33 ppm (d, >
(H,H)=8.3 Hz, 1H; H3); *C NMR (75.5 MHz, D,0): 6=8.3, 84, 15.6,
20.4 (4CH,), 20.6 (CH,), 21.1 (CH,), 28.2, 33.8, 37.7, 47.6, 47.7, 51.1
(6CH,), 55.7 (CH), 71.3 (CH,), 118.7, 114.8 (2C,,,), 119.5 (CH,,.), 119.8
(C,o), 1230, 125.1, 1350, 1365 (4CH,,), 1589 (CO), 160.4
(CF,COOH), 168.6 ppm (CF;COOH); MS-ESI: calcd 491.7, found
492.2 [M4-H]™, 246.3 [M+2H]*".

Synthesis of the monomeric compound 8: Compound 8 was pre-
pared as previously described for 6 by ligation of the oxyamine-
acridine 4 and the cyclic scaffold c[K(COCHO)-R-A-P-G-A-R-A-P-G].
HPLC: t;=11.8 min; MS-ESI: calcd 1450.8, found 363.7 [M+4H]*",
484.7 [M+3HPP", 726.7 IM+2HI*", 1452.0 [M+H] .

Synthesis of the scaffold 9: The scaffold 9 c[K(Ac)-R-K(Ac)-P-G-
K(Ac)-R-K(Ac)-P-G], was prepared by acetylation of the cyclopep-
tide c[K-R-K-P-G-K-R-K-P-G], intermediate in the synthesis of 5,
using a mixture of Ac,O/Py/DMF, 1/2/7. After 30 min under stirring,
the solvents were removed and compound 9 was precipitated and
washed in ether. HPLC: tz=11.0 min; MS-ESI: calcd 1300.7, found
434.5 [M4+3HP", 651.4 [M+2H]*", 1301.7 [M+H] .

Preparation of AB,,, peptide stock solution: For aggregation
assays, a stock solution of AP, was prepared as follows: AB;_4
(2.7 mg) was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (200 L)
to disassemble preformed aggregates, thereafter it was lyophilized.
One mL of pure water was added to the lyophilized peptide and
the solution was centrifuged at 120009 to remove eventual aggre-
gates. The stock solution was divided into portions and stored at
—20°C until use. The stock concentration of Af,_4 was 500 pum.

Preparation of inhibitor stock solutions: Inhibitors were dissolved
in DMSO. Stock solutions of 10 to 20 mm were first prepared,
thereafter they were diluted with DMSO to the following concen-
trations 5 mm, 500 um, 50 um, and 5 pm. Final concentrations of
DMSO in inhibition studies were 2 %.

962

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

P. Dumy, J. Garcia, et al.

Aggregation measurement of Af,_,,: Aggregation of AP, was
performed in 96-well black polypropylene microplates (Greiner). To
each well an aliquot of the peptide stock solution was mixed into
the aggregation buffer giving a final composition of Af3;_4, (50 um)
and ThT (10 um) in sodium phosphate (50 mm) and NaCl (100 mm)
pH 7.4. Thereafter 2 uL aliquots of the inhibitor compounds were
added, giving the aggregation mixture a total volume 100 pL. Mi-
croplates were sealed with a plastic sheet and incubated in a Mo-
lecular Devices Spectra MAX Gemini XS microplate reader at 37 °C.
Kinetic data were fitted with the stretched exponential function:
F(t) = F(oo)—AFexp(—(kt)"), where F(t) is the fluorescence at time t,
F(oo) is the fluorescence after complete fibril formation, AF is the
difference in fluorescence between t(0) and t(co), k is the rate con-
stant, and values larger than 1 for the parameter n indicate a sig-
moidal transition with an initial lag-phase.””

Aggregation measurement with preformed fibrils: The seeding
experiment was identical to the aggregation measurement of
AP, with the addition of preformed fibrils (2.5 um). The pre-
formed fibrils of AP, were prepared from the aggregation
measurement of Af,_, without inhibitor compounds (described
above). Fibrils were sonicated for ten seconds immediately before
use.

Fibril destabilization: The preformed fibrils of AP, were pre-
pared as described above, by following the formation of fibrils
with the ThT assay. The fibrils were mixed and sonicated (2x10s)
and left overnight before the destabilization study. The experimen-
tal conditions were identical to the aggregation measurement of

A[3140'

Determination of IC;, values: The IC;, values were determined
from the fluorescence values obtained at the end of the kinetic
studies. Thereafter we plotted these values against Log of the
inhibitor concentration. Fitting the data with a sigmoidal function
in the Igor Pro software (WaveMetrics) the ICs, value was obtained
at the fluorescence halfway point.

Fluorescence spectroscopy: Microplates were analyzed in a Molec-
ular Devices Spectra MAX Gemini XS microplate spectrophotome-
ter at 37°C. Measurements of ThT binding were recorded once or
twice daily using bandpass filters of 440 nm for excitation and
480 nm for emission and a cut-off filter of 475 nm was used.

Atomic force microscopy: An aliquot (3 pL), from each inhibition
study was withdrawn at the end of the aggregation reaction and
deposited onto freshly cleaved mica sheets for AFM inspection.
The sample was incubated on mica for 2 min followed by three
washes with water (5 plL) to gently remove the material not ad-
sorbed to the substrate. The mica was dried in air for one hour.
In-air AFM images were acquired in noncontact mode in a vibra-
tion insulated environment, using a PicoPlus microscope (Molecu-
lar Imaging), equipped with a PicoScan-3000 controller. For imag-
ing, we used single beam aluminum-coated cantilevers (type
NSC36/ALBS, umasch) with Rc <10 nm, 110-130 um lengths and
nominal spring constant 0.6 Nm~'. The drive frequency was be-
tween 200 and 400 kHz.
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Linear Analogues of Human

B-Defensin 3: Concepts for

Design of Antimicrobial Peptides with Reduced
Cytotoxicity to Mammalian Cells

Shouping Liu,” Lei Zhou,*® Jing Li,™*" Anita Suresh,” Chandra Verma,'® Yong Hwee Foo,”
Eric P. H. Yap, Donald T. H. Tan,®® ¢ and Roger W. Beuerman*® ®!

A series of engineered linear analogues [coded as F6, W6, Y6, A6,
S6 and C(Acm)6] were modeled, designed, synthesized and struc-
turally characterized by mass spectra, circular dichroism, hydro-
phobicity analysis and molecular modeling. We have screened
antimicrobial activity, hemolysis to rabbit erythrocytes, and cyto-
toxicity to human conjunctival epithelial cells. No significant
hemolytic effect was observed for hBD3 or from five of the six
analogues [F6, Y6, A6, S6 and C(Acm)6] over the range of 3-
100 ugmL™". The six linear analogues have reduced cytotoxicity
to human conjunctival epithelial cells over the range of 6-

Introduction

The defensins are small cationic and cysteine-rich molecules
with molecular weights between 3-6 kDa, and are about 45
amino acids in length. Based on the spatial distribution of the
three cysteine intramolecular bonds, mammalian defensins can
be divided into two major groups termed a and (-defensins.
0-Defensins make up a third group, but to-date are found only
in nonhuman primates, and have only 18 amino acids." De-
fensins are an important component of the innate immune
system and provide an initial antimicrobial barrier for mucosal
surfaces such as the surface of the eye, oral tissues, the air-
ways and lungs, and also the skin.*® As antimicrobial agents
they show broad-spectrum activity against Gram-positive and
Gram-negative bacteria, fungi and enveloped viruses, and also
against bacteria that have demonstrated resistance to the
currently used antibiotics.” Because of this ability, they have
come to be known as “natural antibiotics”. Interest in the de-
fensins has also been aided by an increase in bacterial strains
with resistance to the standard antibiotics, an increase in the
population with reduced immunity, and the water solubility
of defensins, which makes them potentially rapidly deploy-
able in response to a pathogen release into the environ-
ment.'”? Current efforts are focused toward designing ana-
logues of defensins that have properties that are appropriate
for therapeutic application. However, as improvements to the
structure-activity relationship are attempted, issues such as
charge density and hydrophobicity emerge because analogues
can interact with both the membrane of a pathogen as well
as the membrane of human cells. Toxicity to human cells, of
both native forms and of analogues, has been a concern.!'"'?
Peptide analogues have been developed with diverse cap-
abilities, and it appears that the disulfide bonds can be rear-
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100 ugmL~" compared to hBD3. By tuning the overall hydropho-
bicity of linear hBD3 analogues, reduced cytotoxicity and hemoly-
sis were obtained while preserving the antimicrobial properties.
The decreased cytotoxicity of the linear analogues is suggested to
be structurally related to the removal of disulfide bridges, and
the flexible structure of the linear forms, which seem to be associ-
ated with loss of secondary structure. These results suggest a
new approach for guiding the design of new linear analogues of
defensin peptides with strong antibiotic properties and reduced
cytotoxicity to mammalian cells.

ranged or removed with preservation of antimicrobial activi-
ty. 13151

The B-defensins have been discovered more recently than
a-defensins, and have been given special attention because
they are found in skin and epithelial cells that line mucosal sur-
faces.”'® In B-defensins, the disulfide bridges that likely stabi-
lize these molecules are Cys1-Cys5, Cys2-Cys4 and Cys3-Cys6
while the a-defensins, which are largely produced by the
Paneth cells of the intestine and neutrophils, have bridges at
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Cys1-Cys6, Cys2-Cys4 and Cys3-Cys5. However, in the eye,
both of these are active in response to injury, as has been
found in tears.®' Within the family of PB-defensins, hBD1,
hBD2 and hBD3 have been the most extensively studied; addi-
tionally hBD4-6 have been recently reported. Further, genome
bioinformatics studies have pointed to the existence of an ad-
ditional 28 -defensins that have yet to be found by proteomic
studies."®2% Studies of the tissue distribution of hBD3 by using
RNA levels found only low levels in most tissues, except in oral
mucosa and more recently in epithelial cells from the ocular
surface.””?" Of the B-defensins, hBD3 has been of particular
interest as it appears to possess better broad-spectrum anti-
microbial activity than either hBD1 or hBD2.??

The goal of this study was to design analogues of hBD3 that
exhibit good antimicrobial properties and display reduced tox-
icity to human cells. We designed and synthesized linear ana-
logues of hBD3 by retaining the same net positive charge
(4 11), and by replacing the six bridging cysteine residues with
residues of varying hydrophobicities. Factors including linearity,
hydrophobicity, antimicrobial activity, hemolysis and epithelial
cell cytotoxicity were determined. Within this group of linear
analogues, the overall hydrophobicity was generally but not
specifically related to decreased cytotoxicity to human ocular
surface cells; however, antimicrobial capability remained at the
same level as native hBD3.

Results and Discussion
Synthesis of analogues of hBD3

The solid-phase synthesis of six linear analogues of hBD3 with
45 residues was performed by using Fmoc chemistry. The pep-
tide sequences are illustrated in Scheme 1. In the analogues,
all cysteine residues were uniformly replaced by one of the fol-
lowing amino acids: alanine (A), serine (S), cysteine that was
protected by Acm [C(Acm)], tryptophan (W), tyrosine (Y), or
phenylalanine (F). The six analogues were coded as follows:
A6, S6, C(Acm)6, W6, Y6 and F6, respectively. Physicochemical
properties of the peptides are shown in Table 1 (sequence
length, numbers of hydrophobic and aromatic residues, net
charge, relative hydrophobicity) and Table 2 (retention time in
HPLC). The UV spectroscopy and mass spectrometry (MS) of
these peptides are shown in Figure S1 in the Supporting Infor-
mation.

C1-C5

C3-Cé I

Cc2-C4

GIINTLOKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK

—————————— C-—-—--C---—-C---=---——C------CC----

—————————— §----—-§--==§---——-—--5--——--§5---- 56
—————————— A——-——-A--—-A---—————-A--———-AA---- AB
—————————— D S e e 4 S e
—————————— Fo---—-F--—-F-———————-F-————-FF--—— F6
—————————— W——————W————W-————————W-—————WW---- W6

Scheme 1. Sequence of wild-type hBD3 and its linear analogues.
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Table 1. Physicochemical properties of the peptides.

Variant Number of residues Net positive Relative
total hydrophobic charge hydrophobicity™
(aromatic)
C(Acm)6 45 14 (2) n n.c.
S6 45 14 (2) n 283
A6 45 14 (2) n 235
wt-hBD3 45 14 (2) n 20.5
Y6 45 14 (8) n 12.7
F6 45 14 (8) n 1.5
W6 45 14 (8) n 6.1

[a] The overall hydrophobicity was calculated based on the hydrophobici-
ty scale of Hopp-Woods hydrophilicity scale.”®’ The lower value corre-
sponds to lower hydrophilicity or higher hydrophobicity; n.c., not calcu-
lated.

Table 2. The overall hydrophobicity of the peptides in terms of retention
time (tg) in RP-HPLC-MS.
Variant tz [min]

500 pgmL™" 100 pg mL™"
C(Acm)6 20.15+£0.19 20.94+0.21
S6 20.33+£0.25 20.44+0.15
A6 22.36+£0.07 22.36+0.28
wt-hBD3 23.24+£0.03 24.28+0.13
Y6 23.85+0.16 24.40£0.05
F6 27.65+0.13 28.25+0.12
W6 29.29+0.03 29.66 +0.06

Compared with native hBD3, the six linear analogues of
hBD3 are of the same length and net positive charge (+ 11) be-
cause they are designed and synthesized by uniform replace-
ment of the six bridging cysteine residues in hBD3 with six
residues of varying hydrophobicities (viz., F W, Y, A, S and C-
(Acm)). Therefore, these linear analogues provide a well-de-
fined model to study the effect of overall hydrophobicity, sec-
ondary structure conformation, removal of the native disulfide
bridges on antimicrobial, hemolytic and cytotoxic activities.

Molecular hydrophobicity

We have measured the relative molecular hydrophobicity by
RP-HPLC-MS in terms of retention time at 500 pgmL™' and
100 pgmL™" (Table 2). RP-HPLC is an approach that is common-
ly employed for comparisons of peptides or amino
acid side chains on antibacterial peptides.*'* Be-
cause the stationary phase of C18-modified silica is
hydrophobic and the mobile phase (water/acetoni-
trile) is hydrophilic, a longer retention time is a mea-
sure of greater hydrophobicity. The measured order
for the relative molecular hydrophobicity of the pep-
tides was as follows: W6 >F6>Y6>native hBD3 >
A6 >S6 >C(Acm)6. The relative hydrophobicities of
the peptides were also calculated based on the
Hopp-Woods hydrophilicity scale®®! (Table 1). The
scale is a hydrophilic index in which apolar residues
have been assigned negative values, and is typically
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used to identify antigenic regions based on hydrophilic patch-
es. For each peptide, the values that correspond to each resi-
due were summed to give an overall measure. The general
trend in computed hydrophobicity of the peptides by using
this scale matched that of the experimental HPLC retention
time data. C(Acm)6, was excluded because Acm has not been
parameterized in the Hopp-Woods scale.”®

CD spectroscopy

Previous X-ray and NMR spectroscopic studies of human f-de-
fensins (hBD1-3)*=7 have shown that the tertiary structures
are similar, and have a short a-helical segment before a triple-
stranded antiparallel -sheet, all rigidly held together by three
disulfide bonds. It follows that in the absence of the con-
straints that are imposed by these disulfide bonds, the linear
analogues of hBD3 are likely to be flexible and random in
aqueous solution, and they could adopt conformations that
are dictated by the environment."*'! Therefore, it was of inter-
est to examine the solution conformations of the linear ana-
logues in different media. CD spectroscopy of the hBD3 deriva-
tives was carried out in aqueous solution in the presence of
50% organic modifier trifluoroethanol (TFE), and in the pres-
ence of 20 mm SDS micelles, which is a membrane-mimetic
(Figures 1, 2, and 3). TFE has been widely used in protein struc-

0.04+ e = e —
_ 0164
G — C(Acm)B
£
5 —0.36 — 86
£
g AB
D . b
g -0.56 ve
o
2 076 » ==in
X
= X — W6
—0.961 | hBD3
-1.16
190 200 210 220 230 240 250 260

Alnm

Figure 1. CD spectra of hBD3 and its linear analogues in water.

ture studies because it can induce stable, structured conforma-
tions from otherwise unstructured/random peptides in aque-
ous solution.®**"" The membrane-mimicking SDS was chosen
because it is most similar to the prokaryotic membrane, and is
therefore a good model for the natural target of an antibiot-
ic.4 While all of the tested peptides appeared unstructured in
aqueous solution, they displayed an observable level of struc-
turing in the presence of 50% TFE or 20 mm SDS micelles, as
was determined by CD spectroscopy.

The CD spectrum of wild-type hBD3 agrees very well with
that of native hBD3, which was reported elsewhere.'**? The
spectra of the six linear analogues and wild-type hBD3 in aque-
ous solution were similar, and suggested a mix of random and
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Figure 2. CD spectra of hBD3 and its linear analogues in 50% TFE solution.
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Figure 3. CD spectra of hBD3 and its linear analogues in 20 mm SDS mi-
celles.

B-hairpin conformations, although to different extents because
the intensities at the negative extrema varied (Figure 1). The
absence of prominent crossover at wavelengths of 195 nm
was indicative of an absence of significant amounts of structur-
ally distinct conformers, while the minima at ~200 nm was
suggestive of transient B-hairpin or turn-like conformer. This
suggests that the existence of disulfide bonds and the type of
Cys-replacing residues impose no significant effect on the
secondary structure of hBD3 derivatives. The minima at ~195-
200 nm for native defensin has been observed previously in
the case of native HNP-1“" and BNBD-12,"*¥ and is characteris-
tic of peptides that contain -sheet or B-turn secondary struc-
ture with some amount of random coil.*? Thus, the secondary
structure seems to be preformed in the peptides independent
of the presence of multiple disulfide bridges or the Cys-replac-
ing residues. This observation is in accordance with the result
that was reported by Kluver et al.,"® and is further supported
by molecular dynamics simulations (Figure 4) that show that
the linear variants adopt a variety of conformations in aqueous
conditions.
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Figure 4. Mobility of main-chain atoms of hBD3 and linear analogues S6, F6
and W6 in water and TFE environments.

In the presence of 50% TFE in water, all linear analogues as
well as native hBD3 underwent a marked conformational tran-
sition (Figure 2). Their CD spectra became red-shifted with
clearly observable double minima at wavelengths of 209 and
222 nm, and strong positive peaks at 190-193 nm. Such a
spectrum is characteristic of a-helical structures.*"! Because the
N terminus of native hBD3 can assume a helical conformation,
it might be reasonable to conclude that the presence of TFE
increased the proportion of helical conformation in these pep-
tides.”? The a-helical content of the six analogues and wild-
type hBD3 perceptibly increased in the presence of TFE, which
is known to stabilize this type of conformation;* this is also
seen in our molecular dynamics simulations (Figure 5). The
negative ellipticity near 205 nm and crossover at 200 nm for
Y6, F6, C(Acm)6 and A6 spectra in TFE suggest populations
with B-hairpin conformations. A pronounced positive peak at
~195 nm for F6 indicates the presence of a -sheet conforma-
tion. The double minima at ~205 nm and ~223 nm, with a
crossover at ~200 nm indicates the presence of populations
with both B-hairpin and helical conformations.

Examination of the populations of hydrogen bonds from our
molecular dynamics (MD) simulations show that in the wild-
type, the induction of structure in the presence of TFE (in con-
trast to water) is brought about by an increase in the number
of side-chain-side-chain interactions, whereas in S6 this is
brought about by an increase in hydrogen bonds that involve
the backbone atoms. In both of these systems, an increase in
order is seen in the N-terminal helical regions. In contrast, the
bulky side-chains of Phe in F6 and Trp in W6 lead to a larger

ChemBioChem 2008, 9, 964 - 973
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Figure 5. Snapshots of folded conformations of hBD3 and linear analogues
S6, F6 and W6 in water and TFE environments.

increase in interactions that involve the side-chain atoms. The
increase in order is seen in the middle and the C-terminal ends
of these two analogues. The larger increase in order in S6 is
understandable because upon the reduction in the dielectric
(TFE), it is easier for the smaller side chain of Ser to bridge
polar atoms in the backbone than it is for the bulkier Trp. This
is also seen in the fluctuations of the systems (Figure 4), where
we see that in TFE, the larger increase in order in wild-type
and S6 results in a clear decrease in their mobility relative to
that in F6 and Wé.

The CD transition also occurs in 20 mm SDS micelles, which
simulates the anisotropic lipid environment of bacterial mem-
branes. The six analogues and wild-type hBD3 increased their
a-helix content in the SDS environment. The negative minima
at ~205 nm and shoulder at 222 nm for W6 indicates a pro-
pensity for a helical conformation in SDS micelles. While
having a greater proportion of the molecule that develops an
a-helix structure has been correlated with strong hemolytic
properties, no obvious correlation has been reported to date
between the degree of a-helix formation and antibacterial
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activity.””) The broad minimum for hBD3 with a slight dip at
208 nm could arise as a result of the presence of both helical
and p-sheet structure. In the case of BNBD12, CD spectra sug-
gested that the presence of disulfide bridges did not “con-
strain” the peptides into adopting ordered conformations in
aqueous medium.* If the molecule is rigid, it would be ex-
pected to resist any major solvent-induced conformational
changes. However, in the presence of TFE and SDS, the CD
spectra of linear analogues and wild-type hBD3 change
dramatically; this indicates possible interactions between the
peptides and the membrane-like environment. Thus, disulfide
bridges do not necessarily dictate the presence of rigid secon-
dary structures. Kluver et al. carried out only a minimal study
of CD spectra in water and their results were essentially indif-
ferent."™ Our CD values in two of the three media that we
used were informative, and our simulations corroborated those
findings.

Antibacterial activity

The LDs, and LDy, of wild-type hBD3 and its full-length linear
analogues were determined against two Gram-negative bacte-
ria (E. coli and P. aeruginosa) and two Gram-positive bacteria
(B. cereus and S. aureus) (Table 3). Our results for full-length
linear hBD3 analogues showed that the replacement of the six
cysteine residues with other residues had a measurable effect
on the antibacterial activity. W6, S6 and F6 have antibacterial
activities that are comparable to hBD3, while Y6, C(Acm)6 and
A6 are less potent. W6 has the lowest LD, against E. coli and
S. aureus (lower than 5pgmL~"), and a comparable LDs, to
hBD3 against P aeruginosa and B.cereus (lower than
8ugmL™"). S6 and F6 also have low LDs, values (less than
10 pgmL™") against the four pathogens. For C6, Y6 and A6, the
LD, values against pathogens are in the range of 10-
20 ugmL~". The results indicate that the series of synthesized
linear analogues, especially W6, S6 and F6 have comparable
killing activity against E. coli, P. aeruginosa and S. aureus com-
pared to the cyclic or noncyclic 40-residue hBD3 derivatives,"
which were measured in terms of the minimum inhibition con-
centrations (MIC). The LDy, concentrations for S6, W6 and F6
are in the range of 5-20 pgmL~', which is comparable to that
of wild-type hBD3 and other cyclic or linear hBD3 analogues.™

The fact that the 45-residue full-length linear variants of
hBD3 are as active as their wild-type counterpart with native
multi-disulfide bridges suggests that the presence of the three

R. Beuerman et al.

disulfide bonds is not essential for antimicrobial activity. These
observations and results are consistent with other stud-
ies.">*** However, reduced hBD2 (linear hBD2) was reported
earlier to be inactive against bacteria; this indicates that both
the native structure of hBD2 and its charge-based interaction
with the membrane are critical for the activity of this pep-
tide.”® The reason for the loss of antimicrobial activity of linear
hBD2 might be due to its low net positive charge of +6.

W6 is the most potent antimicrobial peptide in our series.
The high activity is likely due to the presence of six tryptophan
residues. This tryptophan-rich variant can be compared with
other tryptophan-containing antimicrobial peptides, for exam-
ple, tritrpticin,”*? indolicidin®>" and lactoferricin,®*** in which
the tryptophan has been reported to be an essential constitu-
ent.”>*¥ The aromatic indolyl side chain of tryptophan is capa-
ble of m—m stacking interactions, and can participate in hydro-
gen bonding, particularly in an interfacial environment.>>=%
Structurally, this could possibly arise from the fact that during
our MD simulations, there is a propensity for W6 to be the
most extended. This could possibly enhance its ability to rapid-
ly aggregate into ordered helices and insert into membranes
in a cooperative manner, as has been shown elsewhere for
helical peptides.”

From the results of the pathogen-killing ability of the full-
length linear peptides (Table 3), the antimicrobial activity ap-
pears to be related to the replacement residues of six cysteines
in hBD3. For example, W6, F6 and S6 show potent antimicrobi-
al activity against Gram-positive and Gram-negative bacteria;
however, Y6, A6 and C6 display less potency against Gram-pos-
itive bacteria. As was found by others, we also conclude that
the replacement of cysteine by alanine (A), tryptophan (W) or
carboxamidomethylated cysteine [C(Cam)] did not significantly
change the antibacterial activity compared to the fully disul-
fide-bridged hBD3 peptides;!'® however, interestingly, the MIC
of variants of the N and C-terminal fragment peptides of hBD3
were dependant on the type of amino acid (A or W) by which
the cysteine residues were replaced.

It was observed that the overall hydrophobicity of this series
of full-length analogues of hBD3, which is represented as their
RP-HPLC retention time has no correlation with their antimicro-
bial activity. However, the activity of hBD3 derivatives was
shown to be dependent on overall hydrophobicity, and not on
the organization of secondary structure elements." Increasing
the hydrophobicity of some antimicrobial peptides above a
certain level led to the loss of recognition selectivity between

Table 3. Pathogen killing ability of wild-type hBD3 and its linear analogues.
Peptide P. aeruginosa E. coli S. aureus B. cereus
LDso [ugmL™"1 LDy [ugmL™'1  LDso[ugmL™']  LDg [ugmL™'1  LDs[ugmL™"l  LDgo [mgmL™"1  LDg [mgmL™"1  LDgg [ugmL™]
hBD3 27 1.4 9.3 12.4 5.5 12.2 39 6.2
C(Acm)6 1.2 24.7 18.7 24.9 25 91 19.6 47.8
S6 4.7 6.2 9.3 12.4 9.8 24.5 1.3 24.75
A6 103 24.5 18.7 24.9 20.8 50 19.6 47.9
Y6 9.4 215 13 24.8 17.7 24.9 18.7 248
F6 9.2 124 924 17.7 10.1 24.4 9.4 125
Wé 5.1 12.2 4.8 1.9 1.5 104 7.4 124
968 www.chembiochem.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2008, 9, 964 - 973
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prokaryotic and eukaryotic membranes, thereby causing an
increase in cytotoxicity."® The observed hydrophobicity of the
13-amino acid a-helical PTP7 derivatives by RP-HPLC retention
time correlated well with the activity against Gram-positive
bacteria; however, antimicrobial activity against Gram-negative
bacteria, such as E. coli, did not correlate with RP-HPLC reten-
tion time.®4

The exact mechanism of the hBD3-mediated antimicrobial
activity is not clear. Previous studies suggest that the antimi-
crobial activity of hBD3 derivatives depends on their ability to
contact the anionic pathogen cell membrane via electrostatic
interactions that are mediated by the cationic peptide resi-
dues, and subsequently, to infiltrate the membrane by hydro-
phobic interactions. The key determinants of this action are
the net positive charge and the overall hydrophobicity of the
peptide. In our study, the overall hydrophobicity of the pep-
tides was calculated based on an empirical scale (Table 1), and
also measured by an experimental HPLC approach (Table 2).
Among the linear analogues, the most hydrophobic, W6, and
the most hydrophilic, S6 are potent antimicrobials; this sug-
gests that the other structural determinants for the mainte-
nance of high antimicrobial activity should include positive
charge density, which is associated with folding and hydrophil-
ic surface area, and a delicate balance between the hydrophilic
surface area and hydrophobic surface. MD simulations suggest
that both W6 and S6 tend to have the most “extended” con-
formations, and their propensity to have helical regions might
be enhanced cooperatively. The structural feature of the facial-
ly amphiphilic conformations is thought to be responsible for
their ability to kill cells by disrupting phospholipid mem-
branes.®*® In addition, by controlling the hydrophobic/hydro-
philic balance of amphiphilic macromolecules, it is possible to
obtain high selectivity between antimicrobial activity and he-
molytic activity/cytotoxicity against host cells.®?

Hemolytic activity and cytotoxicity to mammalian cells

It is well established that cationic peptides not only interact
with pathogens, but can also be toxic to mammalian cells. Bac-
terial cell membranes consist of anionic phosphatidylglycerol
as a major component, while eukaryotic cell membranes
mainly contain zwitterionic phosphatidylcholine and phospha-
tidylethanolamine, which are susceptible to hydrophobic inter-
actions.®™ It has been proposed that the hemolytic effects of
cationic antimicrobial peptides are directly linked to the hydro-
phobicity of these peptides.® High levels of hydrophobicity
are known to decrease the selectivity between the desired
bacterial target membranes and mammalian host cell mem-
branes.”™ Therefore, the linear analogues and wild-type hBD3
were tested for their ability to induce hemolysis in fresh rabbit
red blood cells (RBC; Figure 6). W6, the most hydrophobic of
the analogues, also shows the most potent hemolytic effect; it
gives to 4.9-24.9% hemolysis over the concentration range of
50-200 ugmL~". The results show that W6 has potent antimi-
crobial activity, but displays low selectivity between antimicro-
bial activity and hemolytic activity, the high hemolytic activity
is likely due to the hydrophobicity,’®* or the possibility that it
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Figure 6. Hemolytic effects of hBD3 and its linear analogues on rabbit eryth-
rocytes. Freshly isolated rabbit red blood cells (100 pL) were diluted to 8%
(v/v) in sterile and mixed with equal volume of defensin analogues to ach-
ieve the targeted concentrations in 96-well plates in triplicate. The plate was
incubated at 37°C for 60 min with occasional gentle agitation. The superna-
tant was transfered to a fresh 96-well plate at the end of the incubation
after brief centrifugation. The hemoglobin protein that was released in the
supernatant was determined by measuring the absorbance at 414 nm. The
averaged readings from the positive control (0.1% Triton X-100) were set as
100% and the hemolytic activities of samples were calculated as a percent-
age of the positive control. The experiment was repeated 3 times with trip-
licate wells for each sample.

[62

lacks hydrophobic/hydrophilic balance.®? Analogues C(Acm)6
and A6, which had low hydrophobicity displayed less hemoly-
sis of 1.5-2.3% in the concentration range of 3-100 pgmL™",
while F6, Y6, S6 and wild-type hBD3 showed the least amount
of hemolysis of less than 1% in the concentration range of 3-
100 ugmL~". While no significant hemolytic effect was ob-
served in wild-type hBD3 or from five of the six analogues [F6,
Y6, S6, A6 and C(Acm)6] in the concentration range of 3-
100 ugmL™', W6 showed a significantly increased hemolytic
effect on rabbit erythrocytes in the same concentration range.

Hemolytic activity is conventionally used as a measure of cy-
totoxicity and a model for mammalian cells because red blood
cells are, in general, extremely fragile.®>%%") The hemolysis
analysis reflects the systemic effect of the drug administration.
As part of the innate immune system, which is associated with
moist mucosal surfaces, and topical applications for eye,
mouth or lung, the toxicity of the synthetic molecules to sur-
face epithelial cells is also relevant. In the present study, the
potential toxicity of the analogues to epithelial cells was ana-
lyzed by using primary cultured human conjunctival epithelial
cells. Surprisingly, all six analogues showed improved cytotox-
icity to epithelial cells at the tested concentration compared to
wild-type hBD3 (Figure 7). It was also clear that the six ana-
logues fell into two groups, one group included C(Acm)6, A6
and S6 and showed negligible cytotoxicity to epithelial cells at
concentrations up to 200 ugmL™', the other group included
F6, W6 and Y6, and showed IC, values at concentrations of
30-50 pgmL~' compared to an ICy, of around 12.5 ugmL~" for
wild-type hBD3.
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Figure 7. Cytoxicity of hBD3 and its linear analogues on human conjuctiva
epithial cells. Primary normal human conjunctival epithelial cells were pre-
pared as described in the Experimental Section; 2x 10* cells per well per
100 pL were incubated with defensin analogues at the desired concentra-
tions for 24 h before the cell death was determined by the reading of re-
duced resazurin (resorufin) at 579,/584¢,,. The readings from wells without
analogues were set as 100% and used to calibrate the readings that were
obtained from treated wells. Each experiment was repeated three times.

It has been previously suggested that the cytotoxicity of an-
timicrobial peptides is related to greater hydrophobicity.? 558
The cytotoxicity levels of linear analogues show general corre-
lation with hydrophobicity values, but native hBD3 with three
disulfide bonds does not fit the pattern. The order for the
overall hydrophobicity is as follows: W6 >F6 > Y6 > wild-type
hBD3 > A6 > C(Acm)6 > S6 (Tables 1 and 2). However, regardless
of the overall hydrophobicity of the linear analogues, they
showed reduced cytotoxicity compared with wild-type hBD3 in
the concentration range of 6.25-200 pgmL™', with the overall
order of epithelial cell cytotoxicity as follows: wild-type
hBD3 > W6 > F6 > Y6 > S6 > A6 > C(Acm)6. Moreover, they can
be put into three clusters based on cytotoxicity values: one
cluster consists of A6, S6 and C(Acm)6 with low hydrophobicity
and the lowest cytotoxicity over the concentration range of
6.25-200 ugmL~", a second cluster is made up of W6, F6 and
Y6 and had the highest hydrophobicity and mid-level cytotox-
icity, and a third cluster is represented by the single wild-type
hBD3 with medium hydrophobicity and the highest cytotoxici-
ty among the series.

To understand the discontinuity in the hydrophobicity—cyto-
toxicity relationship between the linear analogues and wild-
type hBD3, we compared the critical physicochemical parame-
ters of these peptides. First, net charge could be a factor; how-
ever, the six linear analogues have the same length and the
same net positive charge of + 11, as does hBD3. Therefore, at
the sequence level, the differences in physicochemical proper-
ties of the cysteine-replacing residues should determine most
of the differences between the peptides. Second, the linear an-
alogues and wild-type hBD3 appear to have similar 2D confor-
mations in aqueous solution, as well as in 50% TFE solution
and 20 mm SDS micelles. All the peptides are predominantly
“random-coil” in water and acquire detectably distinct popula-
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tions of helical conformations upon exposure to membrane-
mimetic environments. Third, the primary three-dimensional
structural difference between the linear analogues and wild-
type hBD3 lies in the linearity of the molecular backbone of
the analogues due to the replacement of six cysteine residues
of hBD3 with other residues compared to the pseudo-cyclic di-
sulfide-bridge backbone of native hBD3. The overall folding of
wild-type hBD3 is stabilized by the native disulfide bridges,
whereas the folded structures of all linear analogues are likely
to be more flexible and less restrained owing to the lack of
strong disulfide bridges; they are primarily stabilized by weak
hydrogen bonds and hydrophobic interactions. These peptides
have different overall hydrophobicities (estimated by the
change in free energy) and relative hydrophobicity, which are
associated with the three-dimensional folding. By tuning the
overall hydrophobicity of linear hBD3 analogues, reduced cyto-
toxicity, reduced hemolysis and antimicrobial competency
were obtained.

Kluver et al. reported a series of analogues of hBD3 that had
40, 27, and 17 amino acid residues with or without disulfide
bonds. In comparing structural parameters between the 45-res-
idue wt-hBD3 and 40-residue analogues, the effect of the 5-
amino-acid (GIINT) N-terminal fragment of hBD3 on cytotoxici-
ty has been ignored or has not been considered." Compared
to the work by Kluver etal.,, we have successfully created a
series of new model peptides of well-defined structurally ho-
mogenous analogues, which are used to examine the effects
of structural variation of hBD3 on antibacterial activity, cytotox-
icity, and conformational preferences; all analogues are full-
length linear analogues, which include the N-terminal se-
quence and have the same positive charge and the same
length (full length) as wt-hBD3 does, and have broader physio-
chemical properties, for example, six different cysteine-substi-
tuted residues [S, A, C(Acm), F, Y and W] and a bigger range of
overall hydrophobicity.

We have proposed and elucidated the structural parameters
for the reduced cytotoxicity to mammalian cells. The decreased
cytotoxicity of the linear analogues is first suggested to be
structurally related to the removal of disulfide bridges, and the
flexible structure of the linear forms, which seem to be associ-
ated with loss of secondary structure. Moreover, by tuning the
overall hydrophobicity of linear hBD3 analogues, reduced cyto-
toxicity and hemolysis were obtained, and were controllable
while preserving antimicrobial properties. Therefore, based on
previous reports (ref. [13] and others), our work provides addi-
tional evidence for the suggestion that linear analogues of
hBD3 have reduced cytotoxicity to host cells, but comparable
antimicrobial activity to wt-hBD3.

Based on the analysis of these structural parameters, we can
hypothesize how the structural determinants govern and con-
trol the cytotoxicity of this group of defensin peptides. The
native cyclic structure of wild-type hBD3, as stabilized by the
disulfide bridges, is one of the main structural determinants of
its high cytotoxicity. In other words, the linearity of analogues
and the resultant flexible conformation of these analogues in
the absence of structural restraints that are imposed by bridg-
ing disulfide bonds are key structural parameters that are asso-

ChemBioChem 2008, 9, 964 973



www.chembiochem.org



Linear Analogues of Human [3-Defensin 3

ciated with their reduced cytotoxicity. A study that used a-heli-
cal peptides, showed that partial disruption of secondary struc-
ture can lead to a decrease in cytotoxicity to host cells.®® Qur
observations of the disruption of secondary structures and de-
crease in host-cell cytotoxicity in systems that are more com-
plex than a-helical peptides extend the suggestion that the
loss of secondary structure is a possible general mechanism
which might be useful for a more efficient design of defensins
analogues.

Conclusions

While human f-defensin 3 (hBD3), like other defensins, is struc-
turally characterized by high cationic capability and amphiphi-
licity, there are a variety of structural determinants (high net
positive charge, sequence and residue distribution, amphiphilic
conformation, hydrophobicity and folding) that might play a
part in antimicrobial activity, hemolysis and cytotoxicity. We
have designed and synthesized a series of well-defined struc-
turally homogenous full-length linear analogues of hBD3 that
provide a good model for further investigation into the effects
of the following structural factors on antimicrobial activity,
hemolysis and cytotoxicity of the peptides: native disulfide
bridges or native cyclic structure of wild-type hBD3, the lineari-
ty and flexibility of analogues in the absence of native disulfide
bridges, the physicochemical properties of the Cys-replacing
residues, and the overall hydrophobicity of peptides.

We have observed that all linear hBD3 derivatives, especially
W6, S6 and F6 have potent antimicrobial activity. We have dis-
covered that a series of six linear analogues exhibit decreased
cytotoxicity to human conjunctival epithelial cells compared to
wild-type hBD3. It is suggested that the presence of the three
disulfide bridges that restrain the native hBD3 into a pseudo-
cyclic form is one of the main structural determinants of its
high cytotoxicity. Conversely, the linearity and the flexible
nature of the Cys-replaced analogues due to the absence of
the stabilizing forces of native disulfide bridges are key struc-
tural factors that underlie their reduced cytotoxicity. Our obser-
vations provide additional evidence that partial disruption of
secondary structure can lead to a decrease in cytotoxicity to
host cells. Additionally, our finding suggests that the cytotoxic-
ity can be controlled by modulating the overall hydrophobicity
of the defensin molecules.

Linear constructs of hBD3-based peptides provide a simple
architecture for design compared to the cyclic structure of
wild-type hBD3, which contains specific disulfide bridges. From
a chemical synthesis point of view, the incorporation of specific
patterns of disulfide bonds and subsequent purification and
identification is time and resource consuming. Compared to
the synthesis, identification and purification of wt-hBD3 and
certain other cyclic peptides with disulfide bonds, it is much
easier and quicker to synthesize, identify and purify linear ana-
logues. The development of potent defensin-based antibiotics
with low-to-no toxic effects on host cells, high microbial selec-
tivity and lower costs of production could be designed and
developed with the guide of novel concepts from the present
discovery.

ChemBioChem 2008, 9, 964 - 973
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Experimental Section

Solid-phase peptide synthesis (SPPS): Recombinant wild-type
hBD3 was purchased from CytolLab Ltd (Rehovot, Israel). Fluorenyl-
methoxycarbonyl (Fmoc)-protected L-amino acids and resin were
purchased from Advanced ChemTech (now Advanced Automated
Peptide Protein TECHNOLOGIES, AAPPTEC) (Louisville, KY, USA) and
used with the following side-chain protective groups: Arg(pbf),
Lys(Boc), Tyr(But), Trp(Boc), Thr(But), Ser(But), GIn(Trt), Glu(OBut),
Asn(Trt), Cys(Acm), and Fmoc-Lys(Boc)-Wang resin (substitution
0.72 mmolg™"). Syntheses of the six linear analogues of hBD3 were
carried out on Apex 396 (Advanced ChemTech) by Fmoc chemistry.
Acylation (coupling reaction) was carried out with HBTU-HOBT in
DMF at a synthesis scale of 0.04 mmol. Fmoc deprotection was car-
ried out with 20% piperidine in DMF. The resulting peptidyl resins
were treated with a freshly prepared mixture of TFA/TIS/phenol/
thionisole/water (90:1:2.5:5:1.5, the ratio of volume percent) for 2—
3 h at room temperature. The crude peptides were precipitated by
filtration into ice-cold diethyl ether, separated by centrifugation,
washed three times with ice-cold diethyl ether and dried by auto-
mated evaporation or under vacuum at room temperature. For fur-
ther purification, the crude products were dissolved in a solvent
that contained 5% acetonitrile and 0.1% TFA in H,O and loaded
onto a semipreparative HPLC column (Delta PAK C18, 300x 7.8 mm
I.D., 15 um, 100 A, Waters Associates, Milford, MA, USA) at a flow
rate of 3 mLmin~'. The Waters HPLC system was equipped with a
2690 separation module, an auto-sampler and a 996 photodiode
array detector (PDA; Waters Associates, Milford, MA). Gradient elu-
tion was started at 80% A/20% B (eluent A: 0.01% TFA in water;
eluent B: 0.01% TFA in acetonitrile) and linearly changed to 65%
A/35% B in 20 min. The chromatogram was monitored by PDA at
210 nm. Final products were characterized by analytical LC-MS (Mi-
cromass Platform LCZ, Manchester, UK) by using a Delta PAK C18,
150x3.9mm ID.: 5pum, 100 A (Waters Associates, Milford, MA,
USA) at a flow rate of 0.2 mLmin~". A linear gradient of eluent B,
which was increased from 18% to 38% over 32 min was used.
For RP-HPLC-UV chromatogram and MS spectrum of the six linear
analogues of hBD3, see the Supporting Information.

Molecular hydrophobicity analysis: The overall molecular hydro-
phobicity of the peptides was measured by reverse phase (RP)-
HPLC-ESI-MS under the same experimental conditions, that is, pep-
tide concentration (measured at 500 or 100 ugmL™", respectively),
injection volume (5 uL) and the flow rate of 0.2 mLmin™" in the
gradient 18-38% of eluentB in 32 min, and was compared in
terms of the retention time of the peptide peak.

The relative overall hydrophobicities of hBD3 analogues were cal-
culated and determined by using the amino acid hydrophilicity
scale of Hopp-Woo0ds.”® The Hopp-Woods scale was derived for
predicting potential antigenic sites of globular proteins that are
likely to be rich in charged and polar residues.

CD spectroscopy: The linear analogues and wild-type hBD3 were
analyzed by circular dichroism spectroscopy by using a Jasco J-810
spectropolarimeter in dilute aqueous solution (pH 5.0-5.5) or in
50% (v/v) trifluoroethanol (TFE) in deionized H,0 or 20 mm sodium
dodecyl sulfate (SDS). The six linear analogues were examined at
concentrations of 125 pgmL™", while the wild-type hBD3 was at
100 pygmL~". CD measurements were performed at 27°C within a
wavelength range of 190-260 nm. Every sample and solvent was
scanned three times, and the solvent CD was subtracted from that
of the sample solution.

Molecular modeling: To obtain structural insights into the nature
of the folded conformations of the analogues, molecular dynamics
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(MD) simulations were carried out for four peptides (wild-type
hBD3, S6, F6, W6) in two different environments (water and mem-
brane-like TFE); a continuum model of the solvent was used in the
form of the Generalized Born solvation model.?” Simulations were
performed by using the AMBER 8.0 package and the parm99 force
field,”™ by following the protocol that was outlined by others.”*
These methods are increasingly being used to study the folding of
peptides and indeed small proteins.?**' Briefly, the initial structures
that were used for the simulations were prepared as follows: for
the wild type, the known NMR spectroscopic structure (PDB code:
1KJ6) was used;?” for the analogues, extended conformations
were created with the LEaP module of AMBER. Each peptide was
subject to “folding” simulations in the two different solvents. The
solvents were mimicked by altering the dielectric parameters. The
systems were first energy minimized and then heated to 325 K%
over 50 ps. This was followed by fully unrestrained production runs
of 5ns duration for each simulation, which was carried out by
using the sander module of AMBER. Structures were saved every
1 ps for analysis, analyzed by using the ptraj module of AMBER,
and visualized by using VMD™ and Pymol.”® Analysis was carried
out over the last 3.5 ns of the simulations (this was done because
this was the period over which the peptides were found to have
folded states in equilibrium, as judged by various parameters).

Antimicrobial analysis: Antibacterial activities of the wild-type
hBD3 and analogues were determined for Escherichia coli (ATCC
25922), Staphylococcus aureus (ATCC 25923), Pseudomonas aerugi-
nosa (ATCC 27853) and Bacillus cereus (NCTC 2599) by measuring
bacterial growth in liquid broth in the presence of the serially dilut-
ed peptides. Each bacteria strain was grown to mid-logarithmic
phase in Mueller-Hinton Broth (MHB) and diluted to OD 0.1 at
600 nm in a mixture of equal volumes of 10 mm potassium phos-
phate buffer and MHB. This bacteria suspension gave a concentra-
tion of 10’ CFUmL™". The suspension was then mixed with an
equal volume, 50 pL, of a defensin analogue at a particular concen-
tration in 10 mm potassium phosphate buffer in sterile 96-well
plates. The inner surface of the microplate cover was pre-treated
with 0.05% Triton X-100 in 20% ethanol to prevent the condensa-
tion of water droplets. The mixture was cultured for 3 h in a micro-
plate reader (Tecan Genios Plus, Zirich, Switzerland) at 37°C for
3 h with 10 s orbital shaking and 10 s settling time. The incubation
facilitates the reaction between the bacteria and the defensins.
After 3 h, the 96-well plate was taken out of the Tecan Genios Plus
and 2X MHB (100 pL) was added into each well. This part of the
assay allowed the surviving bacteria to grow so that the bacterial
concentration could be determined by using Brewster’s proce-
dure.”” The growth kinetics of the bacteria in the 96-well plate
was monitored over 18 h as OD620 in 15 min intervals with the
computer-controlled microplate reader (Tecan Genios Plus) that
was running Magillan v5.03 software, and a 620 nm filter at 37°C.
The ODs were then plotted out, and the LD;, was determined as
the concentration of peptide at which 50% of the viable cells were
killed. For an accurate determination of the bacterial concentra-
tions, the OD readings and bacteria numbers were calibrated by
using a tenfold serial dilution of cell suspension by starting at
10’ CFUmL™' that was made in 200 uL of an equal volume mixture
of potassium phosphate buffer and MHB.

Cytotoxicity analysis: Cytotoxicity of the analogues was analyzed
on primary cultured human normal conjunctival epithelial cells
(HCEs) by measuring cell viability by using CellTiter-blue (Promega,
Singapore). Wild-type hBD3 was used as a control in all analyses.
The HCEs were isolated from cadaver conjunctiva tissue by dispa-
sell digestion and cultured in serum-free Keratinocyte Growth
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Medium (KGM, Cambrex, Walkersville, MD, USA) according to pro-
tocols that were described in detail.”? The protocol was approved
by the Institutional Review Board of the Singapore Eye Research
Institute. Passage 2-3 HCEs were used.

To evaluate the effect of the defensin analogues on cell survival,
HCEs were seeded at a density of 2x10* cells/well in KGM in black
96-well plates (Corning Life Sciences, Acton, MA, USA) with a trans-
parent bottom in the presence of different concentrations of de-
fensin analogues, and the cells were incubated for 24 h. Resazurin
was added 4 h before the end of the incubation. The amount of
reduced resazurin (resorufin) that was generated by live cells was
measured at 560/590 nm by using a microplate reader (Tecan Gen-
iosPro, Tecan Asia, Singapore). A cell/fluorescence standard curve
was generated at each time to ensure the linearity of fluorescence
in the range used with the cells.

Hemolysis assay: The hemolytic activity of defensin analogues
was determined by the amount of hemoglobin that was released
from rabbit erythrocytes. Fresh rabbit red blood cells (RBCs) were
isolated from the whole blood of New Zealand white rabbits by
centrifugation at 2509 for 10 min. RBCs were further washed (4 x)
and diluted to 8% (v/v) in sterile PBS. Defensin analogues were di-
luted in sterile PBS to 2x the desired concentrations. Diluted RBCs
(100 pb) and an equal volume of defensin analogues in PBS were
added to 96-well plates in triplicates. The plate was incubated at
37°C for 60 min with occasional gentle agitation. At the end of in-
cubation, the plate was spun at 150g for 5 min and the superna-
tant (100 pL) was transferred to a clean 96-well plate. The amount
of hemoglobin in each well was determined by measuring the ab-
sorbance at 414 nm with a microplate reader. Rabbit procedures
were approved by the IACUC of SingHealth and were according to
the standards of the Association for Research in Vision and Oph-
thalmology.

Abbreviations: Acm, acetamidomethyl; Boc, tert-butyloxycarbonyl;
DMSO, dimethyl sulfoxide; EDT, ethane dithiol; ESI-MS, electrospray
ionization mass spectrometry; Fmoc, fluorenylmethoxycarbonyl;
HBTU, 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate; HOBT, 1-hydroxylbenzotriazole; LDs,: the concen-
tration of peptide solution at which 50% of the viable cells are
killed; Pbf, 2,2,4,6,7-pentamethyl-dihydrobenzofurane-5-sulfonyl;
TFA, trifluoroacetic acid; TIS, triisipropyl silane; Tris—HCI, tris(hydroxy-
methyl)laminomethane hydrochloride; Trt, trityl.
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Streptomyces Phospholipase D Mutants with Altered
Substrate Specificity Capable of Phosphatidylinositol

Synthesis

Atsushi Masayama,” Tetsuya Takahashi,”” Kaori Tsukada,” Seigo Nishikawa,” Rie Takahashi,®
Masaatsu Adachi,” Kazushi Koga,™ Atsuo Suzuki, Takashi Yamane,'” Hideo Nakano,” and

Yugo Iwasaki*®

The substrate specificity of a phospholipase D (PLD) from Strep-
tomyces antibioticus was altered by site-directed saturation mu-
tagenesis, so that it was able to synthesize phosphatidylinositol
(Pl). Mutations were introduced in the pld gene at the positions
corresponding to three amino acid residues that might be in-
volved in substrate recognition, and the mutated genes were ex-
pressed in Escherichia coli BL21 (DE3). High-throughput screening
of approximately 10000 colonies for Pl-synthesizing activity iden-
tified 25 Pl-synthesizing mutant PLDs. One of these mutant
enzymes was chosen for further analysis. The structure of the Pl

Introduction

Phospholipase D (PLD, E.C. 3.1.4.4)) is an enzyme that hydrolyz-
es phospholipids into phosphatidic acid (PA) and the corre-
sponding alcohols. PLD also catalyzes transphosphatidylation,
in which the polar head groups of phospholipids are ex-
changed with the coexisting alcohol. By exploiting this activity,
various phospholipids can be synthesized enzymatically from
naturally abundant phospholipids such as phosphatidylcholine
(PC) or lecithin.

PLDs from microorganisms such as Streptomyces are widely
used for industrial phospholipid syntheses, because of their
broad substrate specificity toward alcohol compounds as well
as the ease of enzyme preparation. Most natural types of phos-
pholipids [i.e., PC, phosphatidylethanolamine (PE), phosphati-
dylserine (PS), or phosphatidylglycerol (PG)] can be synthesized
from commercially available lecithin and appropriate acceptor
alcohols by using Streptomyces PLD." However, no Streptomy-
ces PLD is capable of synthesizing phosphatidylinositol (PI)
from lecithin and myo-inositol, possibly because of steric hin-
drance towards the bulky inositol molecule in the substrate
binding pocket, and also because of relatively lower activity
towards secondary alcohols than primary alcohols, as pointed
out by D’Arrigo et al."®@ Although some PLDs with plant ori-
gins™” are reported to catalyze PI synthesis, these enzymes are
not easily available for industrial purposes.

Pl is now attracting attention because it has certain biologi-
cal effects.”) For example, Sparks's research group reported
that soybean Pl stimulated a reverse cholesterol transport
pathway in rats.®* They also reported that orally administered
Pl increased high-density lipoprotein cholesterol levels in hu-
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synthesized with the mutant enzyme was analyzed by HPLC-MS
and NMR. It was found that the mutant enzyme generated a
mixture of structural isomers of Pls with the phosphatidyl groups
connected at different positions of the inositol ring. The phospha-
tidylcholine-hydrolyzing activity of the mutant PLD was much
lower than that of the wild-type enzyme. The mutant enzyme
was able to transphosphatidylate various cyclohexanols with a
preference for bulkier compounds. This is the first example of
alteration of the substrate specificity of PLD and of Pl synthesis
by Streptomyces PLD.

mans;® this illustrates the therapeutic value of PI. In addition,
Yanagita reported that dietary Pl can lower the levels of triacyl
glycerol in the serum and liver of mice.?¥

Currently, Pl is produced industrially by extraction from natu-
ral sources such as soybean lecithin. However, the Pl contents
of such natural sources are not very high (approximately 15 %
in soybean phospholipids),”” and the extraction processes re-
quire large amounts of solvent. Furthermore, Pl extracted from
natural sources is a heterogeneous mixture of Pl molecular
species with different fatty acid residues, which might be prob-
lematic if the Pl is intended for use as a fine chemical. There-
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Phosphatidylinositol-Synthesizing Phospholipase Mutants

fore, the PLD-mediated process is promising as an alternative
for PI production. Here we describe the creation of mutated
S. antibioticus PLD (Sa-PLD) with Pl-synthesizing activity by site-
directed saturation mutagenesis.

Results
Mutation strategy

The strategy employed in this study for altering the enzyme'’s
specificity was to modify the substrate binding pocket, so that
the bulky acceptor (i.e., myo-inositol) can access the active site.
Figure 1 shows a structure model of the substrate binding
pocket of Sa-PLD in complexation with dihexanoylphosphati-
dylcholine (diC6PC). This model was constructed from two ter-
tiary structures: the ligand-free wild-type (WT) Sa-PLD (struc-

Figure 1. Structure model of Sa-PLD complexed with the substrate. A) Overview. B) Sub-
strate binding site. The model was drawn with the Swiss PDB viewer. The substrate is col-
ored in CPK mode (carbon, white; oxygen, red; phosphorus, purple). The catalytic histi-
dine residues are colored in blue, W187 in yellow, Y191 in red, and Y385 in green. The
green oval indicates the space that was expected to accommodate the head groups and
the acceptor.

ture 1, PDB code: 2ZE4) and its inactive H168A mutant in com-
plexation with diC6PC (structure 2, PDB code: 2ZE9). The
diC6PC portion in structure 2 was superimposed onto structure
1. The model structure thus constructed is very close to that of
the phosphatidyl-enzyme intermediate in which the dibutyryl-
phosphatidyl moiety is covalently bound to PLD from Strepto-
myces sp. PMF (PMF-PLD).”’ The head group choline moiety
and portions of acyl groups were not visible, due to poor elec-
tric density in structure 2.

According to the reaction mechanism proposed for PMF-
PLD,*¥ H170 attacks the phosphorus atom to form the phos-
phatidyl-enzyme intermediate (first step), followed by cleavage
of the intermediate by water (hydrolysis) or alcohol (transphos-
phatidylation; second step). Both reaction steps are considered
to be Sy2-type nucleophilic substitutions with in-line attacks of
the phosphorus atom by the nucleophiles from the side oppo-
site to the leaving group. Taking the proposed reaction mecha-
nism into consideration, we estimated that the polar head
group, which was invisible in the structure model of Sa-PLD
(Figure 1B), might be positioned at the opposite side of the
H168 with the phosphorus atom in-between. We also reckoned
that the second nucleophile (i.e., water or alcohol) should

ChemBioChem 2008, 9, 974 — 981
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arrive from the opposite side of the H168 to attack the phos-
phorus atom of the phosphatidyl-enzyme intermediate. On the
basis of the above estimation, we found that a space sur-
rounded by W187, Y191, and Y385 should be suitable to
accommodate the head group moiety or the acceptor com-
pound. It therefore seemed reasonable to alter this space by
modifying these three residues so that a bulky myo-inositol
molecule could enter, and so we constructed the mutated pld
gene library by introducing mutations into the three positions.

Screening for Pl-synthesizing mutants

Screening of approximately 10000 colonies for Pl-synthesizing
activity by the high-throughput method (Scheme 1) identified
48 positive clones. DNA sequencing of those positive clones
revealed that some of them had the same mutations, resulting
in the identification of 29 different mutants. Each of
the 29 mutant enzymes was prepared from a liquid
culture, and its Pl-synthesizing activity was tested
with dioleoylphosphatidylcholine (DOPC) and myo-
inositol as the substrates. Out of the 29 clones, four
were found to be pseudopositive (i.e., negative),
and finally 25 were identified as independent Pl-syn-
thesizing mutants (see the Supporting Information).
The mutated amino acid sequences of the mutants
were various, and we could not find any common
rule for the mutation pattern for the Pl-synthesizing
activity. Out of the 25, we selected one of the mu-
tants (187F/191R/385Y, or FRY) for the subsequent
experiments.

Structure determination of Pl synthesized by FRY

Figure 2A demonstrates a TLC separation of the

products of the Pl synthesis reaction by the FRY
mutant. Two spots with R; values of 0.39 and 0.32 were ob-
served. After a 12 h reaction time, the upper and lower spots
corresponded to 11% and 21% of the total phospholipids,
respectively. Since myo-inositol has six hydroxy groups, which
are not chemically equivalent, there are six possible structures
for the enzymatically synthesized Pls (Figure 2B). We thus ex-
pected that the two spots might be structural isomers of Pl
with the phosphatidyl group connected at different positions
of the inositol ring.

The lipids corresponding to the two spots were purified by
silica gel column chromatography (Figure 2A, lanes 2 and 3).
From 180 mg (0.23 mmol) of DOPC, 2.0 mg (0.0023 mmol) of
the upper spot compound and 2.5 mg (0.0029 mmol) of the
lower spot compound were obtained. The isolation yields were
1% (upper spot) and 1.2% (lower spot). '"H NMR analyses of
the two compounds revealed that the lower spot was 1-Pl
and/or 3-Pl, and the upper spot was 4-Pl and/or 6-PI (Support-
ing Information).

Figure 2C shows HPLC-MS chromatograms of the chemically
synthesized authentic Pl and the reaction products. The Pl iso-
mers elute in the following order: 4(6)-Pl, 5-Pl, 2-PI, and 1(3)-PI
(Supporting Information). Analysis of the enzymatic reaction
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lipid, which was then coupled with NBDH. Note that the chemical structures of the aldehyde-containing lipid and its NBD derivative were not determined.
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Figure 2. Identification of the Pl isomers synthesized with FRY. A) TLC separation of the phospholipids. From the enzymatic reaction products (lane 1), the two
Pl isomers were purified by silica gel column chromatography (lanes 2 and 3). B) The possible structures of Pl isomers. “Ptd” indicates the dioleoylphosphatid-
yl group. C) HPLC-APCI-MS separation profiles of chemically synthesized Pl isomers (upper), and the enzymatic reaction products (lower). Total ion chromato-

grams (TIC) and extracted ion chromatograms (EIC) at m/z of 861.5 are shown. Note that the peak intensities might not exactly represent the actual phospho-

lipid composition, due to differences in ionization efficiencies.

products by the HPLC method revealed two peaks with m/z
values of 861.5 (IM—H]"), confirming that both the peaks were
structural isomers of dioleoyl-PI (M,,=862.6). The more rapidly
eluting peak (corresponding to the upper spot on TLC) had
the same retention time as the standard 4(6)-Pl, while the
slower peak (the lower spot on TLC) had the same retention
time as the standard 1(3)-Pl. The HPLC result confirmed again
that the FRY mutant had generated 1(3)-Pl and 4(6)-Pl, but not
2-Pl and 5-Pl.

We could not distinguish 1-PI from 3-PI or 4-PI from 6-Pl be-
cause the structural symmetry of the myo-inositol moiety hin-
dered the separations of these isomers by the HPLC method,
and because the NMR analysis was unable to distinguish the
symmetrical structure in its intact form.
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Comparison of WT and FRY

The WT and FRY enzymes were purified to homogeneity (Fig-
ure 3A) and used for kinetic analyses. Figure 3B and C show
plots of PLD activity versus substrate concentration for WT and
FRY, respectively, in DOPC hydrolysis. In both cases, the plots
show sigmoidal curves. These kinetic profiles are due to the
physical state of the substrate, and it has been suggested that
these sigmoidal curves fit the Hill model much better than
they do the Michaelis-Menten equation.”” We therefore ap-
plied the Hill equation and calculated the K}, and V,,,, values.
The K, values of both enzymes were similar, whereas FRY
showed a much lower V,,, than the WT (Table 1).

ChemBioChem 2008, 9, 974 - 981
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Figure 3. Kinetic analysis of the WT and the FRY mutant. A) SDS-PAGE analy-
sis of the purified enzymes. The positions of the enzymes are indicated by
an arrow. PLD activity versus substrate concentration plots of: B) the WT and
C) FRY. Hill plots of the data are shown in small insets.

Table 1. Kinetic parameters of the WT and FRY in DOPC hydrolysis.

Enzyme Ky [Imm] Vinax [umol min™" Vo Kin Hill

per mg protein] coefficient
WT 1.5+0.1 4700490 3.1x10° 25403
FRY 3.0+0.6 1.8+0.2 0.6 1.6+04

Figure 4 compares the transphosphatidylation activities of
the WT and of FRY toward various cyclohexanols as acceptor
compounds. Since transphosphatidylation competes with hy-
drolysis, the enzyme’s ability to transfer the phosphatidyl
group to the hydroxy group of the acceptor can be evaluated
from the PX/PA values. Formation of the transphosphatidylated
products (PX) was confirmed by identifying them with the aid
of HPLC-MS (data not shown). When the reaction product of
the 1,2,3-triol was subjected to periodate oxidation, the PX
completely disappeared (Supporting Information). This sug-

ChemBioChem 2008, 9, 974 — 981
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gests that an outer hydroxy group (1- or 3-OH), but not the
center one (2-OH), of the 1,2,3-triol was linked to the phospha-
tidyl group.

In the cases of cyclohexanol and of cyclohexane-1,4-diol, the
WT enzyme generated the corresponding PX more efficiently
than the FRY. In contrast, FRY transferred the other accept-
ors—especially the 1,2-diols, triols, and myo-inositol—more ef-
ficiently than the WT. It seemed that the FRY mutant preferred
cyclohexanols with two or more hydroxy groups that are close
to each other, or ones with sterically bulkier (or larger) struc-
tures.

Discussion

The studies on protein engineering of Streptomyces PLDs re-
ported so far have mainly focused on enhancing the stability
or activity”) Hence, the current work is the first example of
alteration of the substrate specificity of PLD. Until now, two
plant PLDs had been reported to catalyze Pl synthesis,”? but
the structure of the enzymatically synthesized Pl had not been
fully analyzed. Since industrial production of Streptomyces
PLDs by fermentation has already been established by several
companies, adding the PI-synthesizing activity to a Streptomy-
ces PLD is of value for practical purposes.

The amino acid residues for the mutation (W187, Y191, and
Y385) were chosen on the basis of the tertiary structure model
of Sa-PLD in complexation with the substrate. These residues
were oriented in the space that was expected to accommo-
date the head group or the acceptor compound in the sub-
strate binding pocket. The reaction mechanism proposed in
PMF-PLD,”® where H170 acts as the first nucleophile to attack
the phosphorus atom, helped us to identify this space. Since
the nucleophilic attack by H170 is an in-line Sy-2-type reaction,
the nucleophile and the leaving group (i.e., head group)
should be located on opposite sides of the phosphorus.

Of the three residues, Y385 seems to be a residue that limits
the size of the head group of the substrate in PMF-PLD (Y390
in PMF-PLD).®® A computer-assisted substrate docking model
in PMF-PLD also suggests that the head group contacts with
that residue.”” These suggestions are true for Sa-PLD because
15 Pl-synthesizing mutant enzymes had amino acid replace-
ment at position 385, and because one of the mutants had a
replacement only at that position. However, no change was
observed at position 385 in the other 10 mutants, suggesting
that the other positions (187th and 191st) are also involved in
the substrate recognition.

Out of the 25 positive mutants, only three had a single mu-
tation at one of the three positions, while the others had two
or three mutations. This result indicates that the mutation
strategy we employed here, in which the three residues were
mutated simultaneously, was effective for altering the en-
zyme's specificity. A similar mutational strategy for inverting
the enantioselectivity of Burkoholderia cepacia lipase was dem-
onstrated by Nakano's research group.” They constructed a
combinatorial library by replacing four amino acid residues in
the substrate binding pocket by use of a single-molecule PCR-
linked in vitro expression (SIMPLEX) technique. They isolated
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Figure 4. Comparison of the transphosphatidylation abilities of the WT and of

FRY with various cyclohexanols as acceptors. A) TLC patterns of the reaction

products. The positions of the phospholipids are shown as indicated. PX denote phosphatidylated products. B) The structures of the acceptors. Note that the
1,3-diol, 1,4-diol, 1,2,3-triol, and 1,3,5-triol used were mixtures of cis—trans isomers of unknown compositions. C) Transphosphatidylation abilities toward vari-
ous cyclohexanols. The average PX/PA values obtained from three independent experiments are shown.

mutant lipases with inverted enantioselectivity towards p-nitro-
phenyl 3-phenylbutyrate. A more systematic and versatile strat-
egy, namely a combinatorial active site test (CAST), was pro-
posed by Reetz’s research group.'” They constructed small li-
braries by introducing mutations into two or three amino
acids, the side chains of which resided next to the binding
pocket, to isolate improved mutant enzymes such as a li-
pase, %" an epoxide hydrolase,"® and a cyclopentanone
monooxygenase."® Interestingly, Reetz's research group suc-
cessfully further improved the enzymes by iterative CASTing or
by combining mutations of different variants obtained from
the initial CASTing. In our case, further improvement of PLD
would be possible by repeating the mutation and screening
with the mutant PLD (e.g., FRY) as the template.

Simultaneous mutation at three amino acids yields 20°=
8000 variants, while theoretically at least 23964 colonies
should be screened to achieve 95% coverage of this library
size."™ Moreover, if the degeneration of codons is taken into
account, the number of colonies that should be screened in
order to obtain reasonable coverage should be much larger.
This means that our screening size of 10000 colonies was not
sufficient to cover most variants in the library, implying that
other positive clones might have been missed out. One ap-
proach to find such missed positive mutants would be the use
of fuzzy neural network-assisted (FNN-assisted) screening.™
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This strategy extracts hidden rules underlying sequences of
variants and enzyme activity from the screening data with the
aid of a bioinformatic algorithm, and it predicts better mutants
that might have been missed out in the screening. Applying
the FNN-assisted method for PLD engineering should facilitate
the isolation of better mutant PLDs.

In our previous study, we speculated that H442 located on
the C-terminal half domain of Sa-PLD functions as the nucleo-
phile, from the result of a labeling experiment using an engi-
neered PLD reconstituted from N-terminal and C-terminal
halves.'"? However, this conclusion, including the tertiary struc-
ture of PLD-PMF, was refuted by several reports.””’ The tertiary
structure of the intact Sa-PLD also does not support our previ-
ous conclusion. In addition, our present finding that altering
the space located opposite to the H168 surely changes accept-
or recognition implies that H168 is the nucleophile, and that
our previous conclusion for the full-length Sa-PLD is incorrect.

The principle of the high-throughput screening method em-
ployed here is based on three factors: 1) Pl forms an insoluble
calcium salt, while PC does not, 2) the glycol group of the ino-
sitol ring is cleaved by periodate oxidation to form an alde-
hyde, and 3) the aldehyde group reacts with 4-hydrazino-7-ni-
trobenzofurazan (NBD-hydrazine, NBD-H) to form the strongly
fluorescent NBD-hydrazone.® Out of the 48 clones isolated by
the screening, only four were pseudopositive, according to the
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TLC analysis. This indicates that the screening method worked
well. The method should be useful for screening mutated PLDs
with activities for synthesizing other artificial phospholipids
with glycol-containing compounds such as oligosaccharides.

It is remarkable that the FRY mutant generated 1(3)-PI and
4(6)-Pl, but not 2-PI and 5-Pl. The formation of each Pl isomer
depends on how the enzyme recognizes the myo-inositol mol-
ecule. In the reaction mechanism of PMF-PLD, H448 acts as a
general base that deprotonates the water or the acceptor.
Therefore, the substrate binding pocket should accommodate
the myo-inositol molecule in a suitable orientation so that
H442 of Sa-PLD (corresponding to H448 of PMF-PLD) can de-
protonate the particular hydroxy group of the ring. FRY might
recognize the substrate orientation by forming hydrogen
bonds between side chains and the hydroxy groups of the
ring. myo-Inositol has one axial (2-OH) and five equatorial hy-
droxy groups (1-, 3-, 4, 5-, and 6-OH) in its chair conformation.
The axial 2-OH might therefore react with the phosphatidyl
group with greater difficulty than the equatorial hydroxy
groups, because, to do so, the inositol ring would have to be
positioned in a very different orientation. FRY might not be
able to accommodate the inositol in such an orientation to
place the axial 2-OH close to H442, which could be the reason
why 2-Pl was not formed by FRY. The reason for 5-PI not being
formed is not as clear as that for 2-Pl, but interactions between
the hydroxy groups (especially 2-OH) and some side chains in
the binding pocket could be involved.

Among the cyclohexanols tested for transphosphatidylation,
the 1,3- and 1,4-diols reacted better than the others in the
presence of both WT and FRY. This superior reactivity of the
1,3- and 1,4-diols can be explained in terms of low degrees of
steric hindrance due to the absence of vicinal hydroxy groups.

As for the 1,2-diols, the cis-1,2-diol has one equatorial and
one axial hydroxy group, while the trans-1,2-diol has two equa-
torial groups.™ The equatorial-axial conformation in cis-1,2-
diol is the same as that for 1-OH and 2-OH (or 3-OH and 2-OH)
in myo-inositol. In the FRY-mediated reaction, the cis-1,2-diol
was transphosphatidylated better than the trans-1,2-diol
(Figure 4). Moreover, in the PI synthesis, the amount of 1(3)-PI
was approximately twice that of 4(6)-Pl. These results again
imply the involvement of the axial hydroxy group (e.g., 2-OH
in myo-inositol) at the vicinal position of the phosphodiester-
forming hydroxy group for the proper substrate orientation.

The transphosphatidylated product of the 1,2,3-triol was re-
vealed to have the phosphatidyl group at an outer hydroxyl
group (1-OH or 3-OH), but not at the center one. This is be-
cause the enzyme attacked the triol from the easily accessible
(less intricate) side. This is in agreement with the case of the
1,3,5-triol, which reacted better than the 1,2,3-triol.

The kinetic analysis showed a significant difference between
the WT and FRY in PC-hydrolyzing activity. The K, value of FRY
was 3.0 mm. While slightly higher, the Ky, value is comparable
to that of the WT. In contrast, the V,,,, value of FRY had dra-
matically decreased and the catalytic efficiency of the FRY
mutant was approximately 5200 times lower than that of the
WT. FRY has two amino acid substitutions, W187F and Y191R,
in the substrate binding pocket of Sa-PLD.
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Considering the involvement of the mutations W187F and
Y191R in PC hydrolysis, the significant decrease in the catalytic
efficiency might be explained in two possible ways. Firstly, the
positive charge provided by the Y191R mutation might have
hindered the stable binding of the positively charged quater-
nary ammonium group of the choline moiety through electro-
static interaction.

Secondly, the substitutions might affect stabilization by
cation—-7 interactions between the aromatic residues W187
and/or Y191 and the quaternary ammonium group of the sub-
strate. The cation-m interactions represent a genre of protein—
ligand recognition motifs,"™ and a number of G protein-cou-
pled receptors and neuroreceptors bind to ligands through
these interactions."®®! The contributions of this type of inter-
actions to catalysis and binding for enzymes have also been
investigated."*" In Bacillus cereus phospholipase C (PLCy), re-
moval of the putative cation-m interaction resulted in a > 200-
fold decrease in k., this suggests that an aromatic residue
(F66 in PLCg) plays an important role in stabilizing the positive
charge on the quaternary ammonium group of the substrate
diC6PC through a putative cation-m interaction."*? Considering
the size of the substrate binding pocket in Sa-PLD, it is possi-
ble for the choline moiety to enter into cation-m interactions
with W187, Y191, and/or Y385. Since the aromatic ring of tryp-
tophan is believed to enter into stronger cation—s interactions
than tyrosine or phenylalanine,”*@ the mutation on W187 of
Sa-PLD seems to affect the hydrolytic activity substantially.

In conclusion, we have achieved the creation of Pl-synthesiz-
ing Streptomyces PLDs. However, the mutant PLD has two
drawbacks. One is its very low catalytic efficiency (5200-fold
decrease), requiring large amounts of enzymes to achieve a
practical reaction rate, and the other is its low selectivity
toward the position in myo-inositol, resulting in the generation
of mixtures of several Pl isomers. Further study will be necessa-
ry in order to isolate other mutants capable of synthesizing
particular Pl isomers specifically with reasonable catalytic effi-
ciency.

Experimental Section

Chemicals: NBD-H was purchased from Fluka. myo-Inositol, cyclo-
hexanol, and cyclohexane-1,4-diol (cis and trans mixture) were
obtained from Wako (Osaka, Japan). cis-Cyclohexane-1,2-diol and
trans-cyclohexane-1,2-diol were obtained from Aldrich. Cyclohex-
ane-1,3-diol (cis and trans mixture), cyclohexane-1,3,5-triol (cis and
trans mixture), and cyclohexane-1,2,3-triol (cis and trans mixture)
were obtained from Tokyo Chemical Industries (Tokyo, Japan).
DOPC was obtained from NOF Corporation (Tokyo, Japan). Soybean
Pl (99%) was obtained from Sigma. Soybean lecithin (SLP-PC70,
containing approximately 70% PC), was provided by Tsuji Oil (Mie,
Japan). Nitrocellulose membranes (Hybond-C) were obtained from
GE Healthcare (Little Chalfont, UK).

Library construction strategy for introducing mutation: Muta-
tions were introduced into the pld gene at the codons correspond-
ing to W187, Y191, and Y385 by overlapping PCR with use of a
PPELB-PLD-KS-II-CAT plasmid as the template (Supporting Informa-
tion). Firstly, a 1748 bp DNA fragment, (fragment 1) including chlor-
amphenicol acetyltransferase (cat) gene, T7-lac promoter, ribosome
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binding site (RBS), pelB signal, and an N-terminal portion of the pld
gene was amplified by PCR with primers PL-F1 (5'-CGTTGTAAAAC-
GACGGCCAGTGA-3') and OL-R1 (5-GCCGTTGATCCCGCCCGTGATG-
GCCGTCT-3'). With the same template, another 617 bp fragment
(fragment 2) was amplified with primers OL-F1 (5'-ATCACGGG-
CGGGATCAACGGCNNSAAGGACGACNNSCTCGACACCGCCCACCCG-
3) and OL-R2 (5-GCCCCCGCTGCCGACGGCGCCGCGGTTGGCGG-
GATCGC-3'), introducing “NNS” mutations at the sites correspond-
ing to W187 and Y191. Then, a 496 bp fragment (fragment 3) was
amplified with primers OL-F2 (5'-GGCGCCGTCGGCAGCGGGGGCNN-
STCCCAGATCAAGT-3') and PL-R1 (5-TAACCCTCACTAAAGGGAAC-
AAA-3'), introducing an “NNS” mutation at the codon for Y385.
Fragments 2 and 3 were connected by overlapping PCR by using
the primers OL-F1 and PL-R1 to obtain a 1092 bp fragment (frag-
ment 4). Finally, fragments 1 and 4 were connected with the pri-
mers PL-F1 and PL-R1 to yield a 2815 bp DNA fragment containing
cat, T7-lac promoter, RBS, pelB signal, and the full-length pld with
NNS mutations at the three codons.

The 2815 bp DNA fragments thus obtained were cut with Spel and
Xhol and ligated with Spel and Sall-digested vector plasmid,
pPETKmS1-term. The ligation mixture was then introduced into
E. coli DH5a. host cells and streaked on LB-agar plates supplement-
ed with chloramphenicol (30 ugmL™") and kanamycin (50 ugmL™").
The cat gene included in the 2815 bp fragment enabled the selec-
tive growth of colonies possessing the recombinant plasmid with
the inserted DNA fragment. Fresh LB liquid medium (1 mL per
90 mm diameter plate) was added to the colonies on the LB-agar
plates. The cells were suspended in the liquid medium, and the
cell suspension was recovered. From this cell suspension, the plas-
mids were prepared. The plasmid solution (mixture of PLD-express-
ing plasmids with various combination of mutations) thus obtained
was used as the plasmid library.

High-throughput screening for Pl-synthesizing mutant enzymes:
A portion of the plasmid library was introduced into the expressing
host, E. coli BL21 (DE3), and grown on LB-agar plates supplement-
ed with kanamycin and chloramphenicol. Nitrocellulose mem-
branes were put on the plates to transfer the colonies. While the
LB plates were stored at 4°C as the master plates, the membranes
were placed on other agar plates containing a synthetic broth (a
culture medium optimized for PLD production by the recombi-
nants""®) and incubated at 30°C for 8 h. The membranes were then
transferred onto other fresh agar plates of the synthetic broth con-
taining isopropyl B-b-thiogalactopyranoside (1 mm) and incubated
further for 16 h at 30°C to induce the expression of the pld gene.
Since the recombinants were designed to excrete PLD out of the
cells,"® the synthesized PLD was expected to be adsorbed on the
surface of the membrane at the positions of colonies.

After the induction, the membranes were washed briefly in sodium
acetate/acetic acid buffer (50 mm, pH 5.6) containing Triton X-100
(0.5%) with the aid of a sonicating washing bath for 1 min to
remove the cell debris. The membranes were then soaked into the
substrate solution containing soybean lecithin (10%), myo-inositol
(20%), and CaCl, (2%) and were incubated at 37°C for 16 h for the
enzyme reaction. The Pl generated by the action of the mutated
PLD was expected to form a water-insoluble calcium salt and to
precipitate on the surface of the membrane at the position where
the reaction occurred. After washing of the membranes with water
to remove the remaining substrates, the membranes were soaked
in NalO, solution (10%) for 10 min for periodate oxidation, in
which the inositol ring of Pl was cleaved to form an aldehyde-con-
taining lipid. The membranes were rinsed with water, and then an
aqueous solution containing NBD-H (0.05 %) and DMSO (10%) was
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spread onto the membranes (0.2 mL of the above solution was put
on a 90 mm diameter membrane and spread by hand in a plastic
sealing bag). NBD-H itself is a weakly fluorescent compound, but it
shows strong fluorescence when it turns into a hydrazone after
spontaneous coupling with an aldehyde."® The positive clones dis-
playing Pl-synthesizing activity were detected as strongly fluores-
cent spots on the membranes under UV light (365 nm), and the
colonies corresponding to the positive spots were recovered from
the master plates. The principle of the screening is shown in
Scheme 1.

PLD-catalyzed Pl synthesis: A mixture containing DOPC (1 mg,
1.27 pmol) dissolved in ethyl acetate (100 pL), myo-inositol (18 mg,
0.1 mmol) in sodium acetate buffer (50 mm, pH 5.6, 90 uL), and
PLD solution (either the culture supernatant of the mutant E. coli
or purified enzymes, 10 uL) was incubated at 37°C with shaking
for 16 h. HCl (1™, 50 ul) and chloroform/methanol 2:1 (by vol.,
200 pL) were then added in order to stop the reaction. After centri-
fugation, the lower layer containing the lipids was recovered.
Approximately 5 L of the resultant lipid solution was spotted on a
silica gel TLC plate and developed with chloroform/petroleum
ether/methanol/acetic acid (4:3:2:1, v/v). Phospholipids were vi-
sualized by spraying with Dittmer-Lester reagent."”

For the preparation of NMR samples, the Pl-synthesis reaction was
performed as follows. A mixture consisting of DOPC (180 mg,
0.23 mmol) dissolved in ethyl acetate (18 mL), myo-inositol
(1080 mg, 6 mmol), the purified mutant PLD (2.5 mg), and sodium
acetate buffer (50 mm, pH 5.6, 6 mL) was allowed to react at 37°C
for 12 h with stirring. The reaction was stopped by addition of HCI
(1M, 18 mL). The lipid was extracted with chloroform/methanol
(2:1,v/v, 72mL) and dried with anhydrous sodium sulfate; the
solvent was then evaporated. The residual lipids were chromato-
graphed on a silica gel column (Wakogel C-300) with use of chloro-
form/petroleum ether/methanol/acetic acid (4:3:2:1, v/v). When
necessary, the inositol ring of Pl was acetylated by treatment of
the lipid (2 mg, 2.3 pmol) with pyridine/acetic anhydride (2:1, v/v,
1 mL) containing 4,4-dimethylaminopyridine (0.1 mg, 0.8 umol) at
room temperature for 14 h, followed by purification on a small
silica gel column.

High-performance liquid chromatography-mass spectrometry
(HPLC-MS) analysis of the phospholipids: HPLC-MS analysis of
the phospholipids was performed with an HPLC system (Promi-
nence, Shimadzu, Kyoto, Japan) fitted with a mass spectrometer
(Model LCMS-2000EV, Shimadzu) and an atmospheric pressure
chemical ionization (APCI) probe. The mass spectrometer was oper-
ated in the negative ion scanning mode with a scanning range of
m/z 600-1100.

A silica gel column (4.6x 150 mm, 3 um particle size, Phenomenex,
Torrance, CA) was used at a flow rate of 0.5 mLmin™". A binary gra-
dient system was employed as described by Rombaut et al."® with
slight modification, with use of solvent A [chloroform/methanol/
0.97m formic acid-triethylamine buffer (pH 3.0) 87.5:12:0.5, v/v]
and solvent B [chloroform/methanol/0.97 m formic acid-triethyl-
amine buffer (pH 3.0) 28:60:12, v/v]. The elution program was a
linear gradient with 0% solvent B at 0 min to 40% solvent B at
16 min. The mobile phase was brought back to the initial condi-
tions after 17 min, and the column was allowed to elute with
100% solvent A until 21 min. Standard Pl isomers were chemically
synthesized from DOPA and appropriately protected myo-inositols,
as described,™ and used for peak identification (Supporting Infor-
mation).
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Enzymatic synthesis of phosphatidylcyclohexanols: A mixture
consisting of DOPC (1 mg, 1.27 umol) dissolved in dichloromethane
(100 pL), cyclohexanols (cyclohexanol, cis-cyclohexane-1,2-diol,
trans-cyclohexanediol, cyclohexane-1,3-diol, cyclohexane-1,4-diol,
cyclohexane-1,2,3-triol, cyclohexane-1,3,5-triol, and myo-inositol,
100 umol), and either the WT-PLD (1.25 ng) or a mutant PLD (1 pg)
dissolved in sodium acetate buffer (50 mm, pH 5.6, 100 pL) was in-
cubated with mixing at 30°C for 18 h. The lipids were extracted
and analyzed by TLC. The developing solvents were chloroform/
acetone/methanol/acetic acid/water 65:20:10:10:3 (for cyclohexa-
nol, cis-cyclohexane-1,2-diol, trans-cyclohexanediol, cyclohexane-
1,2,3-triol, and cyclohexane-1,3,5-triol), chloroform/methanol/25%
ammonia 65:35:5 (for cyclohexane-1,3-diol and cyclohexane-1,4-
diol), and chloroform/petroleum ether/methanol/acetic acid 4:3:2:1
(for myo-inositol). Phospholipids were visualized with Dittmer-
Lester reagent, and phospholipid compositions were calculated
with the aid of NIH image software.

Other methods: Mutant PLDs were prepared from the culture
supernatants of recombinant strains of E. coli (and purified when
necessary) as described previously."® The hydrolytic activity of PLD
was assayed with DOPC as the substrate."® The kinetic parameters
of PLD were measured with the final substrate concentration rang-
ing from 0.25 to 10 mm. Data were determined from at least three
independent experiments.

"HNMR spectra were recorded on a Bruker AMX 600 (600 MHz)
spectrometer. NMR samples were dissolved in CDCl; or CD;0D,
and chemical shifts were reported in ppm relative to tetramethyl-
silane (0 =0.00 ppm) in CDCl; or in ppm relative to the residual
undeuterated solvent (CD;0D as 6 =3.35 ppm). The spectra were
measured at 27 °C unless otherwise noted.
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E)

Ludger Wessjohann*!

The membrane-bound enzyme 4-hydroxybenzoic acid oligopre-
nyltransferase (ubiA) from E. coli is crucial for the production of
ubiquinone, the essential electron carrier in prokaryotic and eu-
karyotic organisms. On the basis of previous modeling analyses,
amino acids identified as important in two putative active sites
(1 and 2) were selectively mutated. All mutants but one lost their
ability to form geranylated hydroxybenzoate, irrespective of their
being from active site 1 or 2. This suggests either that the two
active sites are interrelated or that they are in fact only one site.

Prenyl-converting or -transferring enzymes are re-
sponsible for the formation or modification of over
60000 naturally occurring isoprenoid-containing
compounds, approximately half of which are terpe-
noids, while the other half are chimeric compounds OH
of moieties from other biosynthetic origins coupled
to isoprenoids (meroterpenoids). All organisms pos-
sess essential isoprenoids. The biosynthesis of this
huge class of compounds is of great interest not
only for biochemists and biologists, but also for me-
dicinal and organic chemists."'” Isoprenoids exhibit antimicro-
bial, anti-inflammatory, antiviral, and anticancer activity, with
Paclitaxel (Taxol®) as one prominent example.""”" Chemical
synthesis of terpenoids is often complicated and requires a
multitude of synthetic steps.

This is especially true for meroterpenoids and other chimeric
compounds that demand regioselective bond formation be-
tween the isoprene moiety and the non-isoprene component.
Aromatic prenyltransferases catalyze such reactions: that is, the
formation of C—C bonds between an aromatic substrate and
an isoprenoid diphosphate as electrophile (see, e.g., Scheme 1
for the reaction of UbiA-enzyme).®2®

Understanding the catalytic mechanism and modes of sub-
strate recognition by prenyltransferases might allow new prin-
ciples for chemical synthesis to be elucidated. Biosynthetic en-
zymes might subsequently be improved by applying structure-
based rational protein design, targeted mutagenesis, or direct-
ed evolution.

Prenyl-converting enzymes are classified into terpene syn-
thases (cyclases), prenyltransferases, isomerases, and other
prenyl-converting enzymes not assigned to one of the first
three groups (e.g., geranylgeranyl hydrogenase or squalene
epoxidase). Prenyltransferases consist of oligoprenyl pyrophos-
phate synthases, protein prenyltransferases, and aromatic
prenyl transferases. X-ray structures are only known for a very
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With the aid of the experimental results and a new structure-
based classification of prenylating enzymes, a relevant 3D model
could be developed by threading. The new model explains the
substrate specificities and is in complete agreement with the
results of site-directed mutagenesis. The high similarity of the
active fold of UbiA-transferase to that of 5-epi-aristolochene
synthase (Nicotiana tabacum), despite a low homology, allows a
hypothesis on a convergent evolution of these enzymes to be
formed.

COOH

ubiA-transferase
2+ + PPOH
OH n

GPP,n=2 GHB, n=2

Scheme 1. Chemoenzymatic synthesis of 3-geranyl-4-hydroxybenzoate (GHB) catalyzed
by UbiA-prenyltransferase (n=2).

few prenylating enzymes. They give some insight into sub-
strate specificity and allow the deduction of possible catalytic
mechanisms. Only a single X-ray structure from the aromatic
prenyltransferase class is known; however, Orf2 from Strepto-
myces sp.?* catalyses the prenylation of a diverse set of naph-
thols in vitro. Its natural substrates and products are not yet
known. This soluble enzyme displays a new type of antiparallel
[,a-barrel fold with no structural relation to other terpene cy-
clases or to UbiA-transferase. In contrast to the TIM barrel, the
central solvent-filled barrel of Orf2 contains binding sites for
the aromatic and isoprenoid substrates. From bioinformatic
analyses it is not related to most other aromatic prenyl trans-
ferases.

The membrane-bound p-hydroxybenzoic acid oligoprenyl-
transferase (UbiA) from E. coli consists of 290 amino acid resi-
dues encoded by the ubiA gene and has been known since
1972.5% The enzyme is involved in the biosynthesis of bacto-
prenol and of prenylated quinones such as ubiquinone, re-
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quired for cell-wall biosynthesis and respiration, respectively. In
vivo, the enzyme transfers diphosphorylated acyclic trans-oli-
goprenyl moieties (diphosphorylated terpene alcohols) to the
meta-position of p-hydroxybenzoic acid (Scheme 1).5" Despite
the similar enzymatic reactions of the UbiA enzyme and the
Orf2-prenyltransferase they possess different folds. Secondary
structure predictions (see below) indicate an all a-helix fold for
UbiA, which is membrane-bound and which could not be solu-
bilized without irreversible destruction. As a result, no X-ray
structure for UbiA or for similar (aromatic) prenyltransferases
has been obtained. Similarity searches based on amino acid
sequence alignments with all entries in the protein database®?
gave no relevant homologous proteins. Some years ago, we
suggested a reaction mechanism and a first, tentative model
of UbiA, based on the photosynthetic reaction center as tem-
plate (PDB code: 1PRC, 21% amino acid sequence homolo-
gy).%¥ The model indicated two sequentially separated active
sites, one represented by Asp71 and Asp75, and another by
Asp191 and Asp195. The existence of two putative active sites
was also suggested by Ashby and Edwards and by Melzer and
Heide.*3

Two related diphosphate-binding sites are required for iso-
prenoid synthases: one to activate the prenyldiphosphate, and
one to fix the prolonging isopentenyl diphosphate (IPP). In
theory, for (aromatic) prenyltransferases, if they are evolution-
arily related, only one of these sites is required: the activating
one. However, from models available at that time it remained
unclear whether one site was dysfunctional, or whether both
sites were still “active” sites, and whether or not they were
independent of each other.

To validate the hypothesis of the existence of two sites in
UbiA enzyme, site-directed mutagenesis of individual amino
acid residues in the putative active sites was performed. Partial
or no loss of enzyme activity on mutation of any single amino
acid believed to be essential for only one of the two sites
would indicate that the other site was independently active
(or, in the worst case, that the mutated residues were not in-
volved in the formation of an active site). Otherwise, an obser-
vation of complete loss of activity, irrespective of the mutation
site being at active center 1 or 2 (misfolding excluded), could
hint either at interdependence of the two sites or at the exis-
tence of a common site, suggesting that the preliminary
model would need revision. Structural classification of a set of
prenyl-converting enzymes belonging to the all a-helical pro-
tein fold family should provide insight into structural and evo-
lutionary relationships within this group of aromatic prenyl-
transferases and related enzymes.

Results

Mutagenesis and enzyme activity

From the first model of the UbiA enzyme, five amino acid resi-
dues (D71, D75, R137, D191, and D195) were assumed to be
crucial for catalytic activity at either of the two sites.’® They
were mutated to alanine.
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By a modified method adapted from Takagi etal.,®® the
genes carrying the desired mutations were obtained by using
high-fidelity DNA polymerase.®’*"! Starting from the plasmid
pALMU3B® containing the UbiA-prenyltransferase gene, the se-
lected residues were replaced to produce the corresponding
D71A, D75A, R137A, D191A, and D195A single mutants. After
plasmid validation by DNA sequencing and recombinant ex-
pression of the enzymes, the catalytic activities of the mutants
were compared to that of the unmodified enzyme obtained
from pALMU3 expression.

All enzymes were tested for their ability to produce geranyl
hydroxybenzoate (GHB) from geranyl diphosphate (GPP) in the
standard assay.*"** Only the wild-type showed significant ac-
tivity, while R137A showed strongly reduced formation of GHB,
with 5% relative conversion (Figure 1).
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Figure 1. HPLC (254 nm) of the reaction mixture (cf. Scheme 1): 1) internal

HPLC standard (p-hydroxybiphenyl); 2) starting material and byproducts;

3) product GHB. A) Reaction in the presence of unmodified UbiA enzyme

(from pALMU3) gives GHB (3) at 5.36 min. B) R137A mutant gives reduced
formation of GHB (5% rel.).

For all other mutants, no (<1%) product was observed,
even on increasing the enzyme concentration. To distinguish a
specific consequence of the mutation from some other effect
based on misfolding, it was not possible to apply methods
useful for soluble enzymes (e.g., CD spectra). However, UbiA is
also able to hydrolyze GPP in the presence of MgCl, without
forming GHB. This hydrolysis is not dependent on the aromatic
substrate. This phosphatase activity of UbiA is overlaid by
background activities of abiotic hydrolysis and of residual un-
specific phosphatases, which can be present in the membrane
fraction used. Fluoride unspecifically inhibits most (alkaline)
phosphatases but not UbiA, unless it is used at concentrations
that bind all free Mg** as fluoride. To avoid excessive MgF, for-
mation, fluoride concentrations in the assay were kept below
twice the MgCl, concentration. Inhibition of unspecific phos-
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phatases was tested at different NaF concentrations, with a
maximum of inhibitory activity found between 0.5 and 1.0 mm
NaF.

Rudimentary hydrolase activity of the aromatic prenyltrans-
ferase (phosphorylase activity) with the unspecific phosphatas-
es inhibited (Figure 2) should reflect the portion of phospha-

0.5 -
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0.4 -

g 035
0.3 -
0.25 4
0.2 -
0.15 -
0.1 4
0.05 -

[geraniol] /

wt D71A D75A

R137A

D191A D195A

Figure 2. Degradation of geranyl diphosphate to geraniol by residual phos-
phatase activity of ubiA mutants and wild-type (wt at 37°C for 2 h in the
absence of 4-hydroxybenzoic acid). White columns: without phosphatase
inhibitor. Dark gray columns: 1 mm concentration of NaF (phosphatase in-
hibitor). Light gray columns: abiotic background hydrolysis of GPP by heat-
denaturized enzyme extract.

tase activity of UbiA and background hydrolysis. Abiotic back-
ground hydrolysis of GPP was determined by denaturizing the
enzyme extract at 95°C. Ideally, background hydrolysis should
be equal in all samples, but different contents of proteins, salt,
and buffer give variation between the different clones. In all
cases, residual phosphatase activity above background levels,
not due to unspecific phosphatases, was detected. Phospha-
tase activity stemming neither from unspecific NaF-sensitive
phosphatases nor from UbiA is possible but improbable, be-
cause UbiA enzyme is known for such phosphatase activity
and was highly overexpressed.

Since all aspartate mutants, irrespective of their location in
putative active site 1 or 2, resulted in a complete loss of GHB
formation but still showed some residual hydrolysis activity, all
these residues would appear to be part of one common active
site. The low activity of the R137A mutant, however, indicates
that the residue is located in the vicinity of the active site, per-
haps stabilizing the structure, but possibly not involved in sub-
strate binding. The previously published active site and the
UbiA protein model consequently have to be revised.

Structural classification of prenyl enzymes

On the assumption that all prenyl transfers to carbon m-sys-
tems must follow certain chemical systematics, it was hoped
that there would be unrevealed evolutionary relationships be-
tween the different groups of prenylating enzymes. Some anal-
yses of evolutionary relationships of these enzymes, such as
trans-IPPSs and terpene cyclases, have been published.!4*-*
For the start, all prenylating enzyme structures available from
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the protein database® were classified with the aid of the

SCOP (structural classification of proteins) database.*” The da-
tabase describes structural and evolutionary relationships of
proteins for which three-dimensional structures are available.
The proteins are divided into domains that are subsequently
classified into a hierarchy of four levels: class, fold, superfamily,
and family. Each level represents a specific degree of similarity:
proteins of the same superfamily often share low sequence
identities, but their structural—and often also functional—
characteristics suggest a probable common evolutionary origin
or a convergent development from different origins. In the
case of UbiA, both secondary structure and the transmem-
brane helix predictions suggest that it belongs to the class of
all-a-helical structures. Accordingly, only this class is discussed
(Figure 3).

Homology modeling of UbiA alone failed to generate a cor-
rect model because of the lack of a related X-ray structure. The
structural classification of prenyl enzymes revealed similar
folds, despite low sequence similarities (Figures 3 and 4). This
offers the chance to model an unknown protein structure on
the basis of secondary structure alignments instead of se-
quence alignments. This more relevant method is called
threading and is available in PRIME,*® among others.

Terpene cyclases™” of type | are classified together with dif-
ferent isoprenyl pyrophosphate synthases™® (IPPSs) such as
trans-IPPSs and squalene synthase. Terpene cyclases of type Il
share a common superfamily with the B-subunit of protein
prenyl transferases. Besides the structural similarity, sequences
and reaction mechanisms also hint at common ancestry: both
type | terpene cyclases and the IPPSs shown (not all IPPSs in
general) contain aspartate-rich motifs, which overlap during
structural superposition. In type | terpene cyclases and trans-
IPPSs these motifs bind metal ions, triggering the departure of
a pyrophosphate (OPP) leaving group,”’*® as has been pro-
posed for squalene synthase.” trans-IPPSs and squalene syn-
thase each contain two aspartate-rich motifs, on helixes D and
H“” and on helixes C and H,"*¥ respectively, whereas type | ter-
pene cyclases only contain the motif on helix D. A conserved
sequence on helixH of typel terpene cyclases is poor in
aspartate.*”!

Despite high structural similarity of type | terpene cyclases
and trans-IPPSs the sequence identity (Figure 4) within these
groups is not significantly higher than between the groups;
farnesyl diphosphate synthase (FPPS) of Staphylococcus aureus
(1RTR, group a), for example, is more similar to (+)-bornyl di-
phosphate synthase of the plant Salvia officinalis (1N1B,
group b, 32.4%, 15.9%) than to FPPS of the eukaryote Gallus
gallus (1FPS, group a, 29%, 23.2%). This emphasizes the inde-
pendent evolution of FPPSs in prokaryotes and eukaryotes, as
proposed by Bohlmann, by Meyer-Gauen and Croteau,"” and
by Tachibana et al.*" Despite their being structurally related,
the sequence identity of UbiA within the groups a and b is
very low, as are the identities within this group (Figure 4). This
finding, however, offers a completely new view, and an oppor-
tunity for the remodeling of UbiA through the formation of a
similar fold following a classification by SCOP (Figure 3). In
combination with the experimental results on substrate specif-

ChemBioChem 2008, 9, 982 — 992
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Figure 3. Classification of all-a prenyl-converting enzymes determined with the aid of the SCOP database. The numbers below each node of the trees repre-
sent the SCOP codes of a specific entry. For each enzyme a representative PDB entry is shown (e.g., 1ezf for squalene synthase from Homo sapiens). PDB en-
tries can occur several times if their domains appear in different families. Boxes: a=IPPSs, b =type | terpene cyclases, c=type Il terpene cyclases, d =protein

prenyltransferases.
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1DI1_1JFG 1N1B 1PS1 SEAU 1FPS 1RQJ 1RTR 1V4E 1EZF UBIA

155 172 17.9 200 1000

Figure 4. Residue identities of pairwise alignments of prenyltransferases from Figure 3a,

b and UbiA with use of BLOSUM30 as substitution matrix (gap costs: start=7, gap
extent=1). The alignment of two sequences produces two scores: values above the di-
agonal of the matrix give results of the substitution matrix divided by the length of the

chain in the rows, values below the diagonal are formed by dividing by the length of the

chain in the column. 1DI1: aristolochene synthase (Penicillium roqueforti), 1JFG: tricho-
diene synthase (Fusarium sporotrichioides), IN1B: (4+)-bornyl diphosphate synthase,
chloroplast enzyme (Salvia officinalis), 1PS1: pentalenene synthase (Streptomyces sp.,
strain UC5319, 5EAU: 5-epi-aristolochene synthase (Nicotiana tabacum), 1FPS: farnesyl
pyrophosphate synthetase (Gallus gallus), 1RQJ: farnesyl pyrophosphate synthetase
(Escherichia col)), 1RTR: farnesyl pyro-

phosphate synthetase (Staphylococcus 1

L. Wessjohann et al.

thase are shown in Figure 5. In contrast to UbiA, 5-

173 epi-aristolochene synthase is not a membrane-
18.7 bound enzyme, and according to the SCOP classifi-
:ig cation it consists of two domains: an N-terminal
120 domain (Figure 2, family 48240), and a C-terminal
19.1 domain (family 48 583) starting at amino acid residue
151 K221 and including the catalytically active site. The
:;l secondary structure alignment starts with E243 and
139 ends at N523 of the template (cf. Figure5, corre-

sponding to UbiA residues number 4 to 271, respec-
tively). In the X-ray structure, this sequence is fol-
lowed by an unresolved gap of five amino acids.
Except for a small helix at position 149-156 (num-
bering for UbiA is used), all predicted helices for
UbiA agree with those of the X-ray structure of 5-
epi-aristolochene synthase. The catalytically active
site for the recognition of the pyrophosphate of the
substrate of 5-epi-aristolochene synthase is formed
by the amino acid residues D301 and D305, both

49

aureus, strain MW2), 1V4E: putative 5EAU: ~~~ELAQVSRWWKDLDFVTTLPYARDRVVECYFWALGVYFEPQYSQ~~~~
octoprenyl-diphosphate synthase UBIA: MEWSLTQONKLLAFHRLMRT~DKPIGALLLLWPTLWALWVATPGVPQLWIL
(Thermotoga maritima), 1EZF: squalene SS-5: ~~~-HHHHHHHHH-------------- HHHHHHHHHHH- - - - - - HH~ o~~~
synthetase (Homo sapiens), UBIA: 4-hy- SS-U: ~~~~- HHHEHHHH------~--------- HHHHHHHHH------------
droxybenzoate oligoprenyltransferase

(Escherichia coli); gray highlighted back- 50 71 87

ground: upper left area=type | ter- SEAU: ~~~mm~ ARVMLVKTISMISIVDDTFDAYGTVKELEAYTDAIQRWDINEID
pene cyclases, lower right area=IPPSs; UBIA: AVFVAGVWLMRAAGCVVNDYADRKFD~~~n~~n~~n~~~ GHVKRTANR~~PLP
bold values mark sequence identities SS-5: ~~mmm~ HHHHHHHHHHHHHHHHHHHH - - - - HHHHHHHHHHHHH- - - - - - -
above 25%. 88-U: ----- HHHHHHHHHHHHHHHHHHHH - ~ ~ ~ ~ e e e = HHHHHH- - ~~- - -
o ) ) 88 137
icity and on amino acid muta- 5EAU: RLPDYMKISYKAILDLYKDYEKELSSAGRSHIVCHAIERMKEVVRNYNVE
genesis this gives a starting UBIA: SGAVTEKEARALFVVLVLISFLLVLTLNTMTILLSIAALALAWVYPFMKR
point to generate a reasonable SS-5: ----HHHHHHHHHHHHHHHHHHH--------- HHHHHHEHHHHHHHHHHH
structural model of UbiA SS-U: ---HHHHHHHHHHHHHHHHHHHH--------- HHHHHHHHHHHHHHHHHH
138 171
Modeling of UbiA enzyme 5EAU: STWFIEGYTPPVSEYLSNALATTTYYYLATTSYLGMKSATEQDFEWLSKN
UBIA: YTH~~~~~n LPQVVLG~~AAFGWSIPMAFAAV~SESVP~~~mmm LSCW
Threading started with predic- SS-5: HHHHHH------ HHHHHHH- - - - - HHHHHHHHHH- - - - - - HHHHHHHH- -
tion of the secondary structure SS-U: HH-~wmmmmommmmmmmno oo oo HHHHHHH - ~ = - - - o o o -
of the protein to be modeled by
the standard d N 172 191 228
€ standard secondary struc- SEAU: PKILEASVIICRVIDDTATYEVEKS~RGQIATGIECCMRDYGISTKEAMA
ture prediction method imple- UBIA: LMFLANILWAVAYDTQYAMVDRDDDVKIGIKS~~~TAILFGQYDKLIIGI
mented in PRIME (SSpro).*” SS-5: --HHHHHHHHHHHHHHHH-HHHHH-~- -~ - - - HHHHHHHHH - - - HHHHHH
From the predicted similar struc- SS-U: -HHHHHHHHHHHHHHHHH-HHHHHH-------~~~- HHHHH- - -HHHHHH
tures, the prenylating enzyme 5- 990 270
o 7
epi-aristolochene synthase from
P . y SEAU: KFQNMAETAWKDINEGLLRPTPVSTEFL~~~~~~~ TPILNLARIVEVTYI
Nicotiana tabacum (PDB code: UBIA: LQIGVLALMAIIGELN~~~n~~n~~~ GLGWGYYWSILVAGALFVYQQOKLIAN
5EAU) proved to be the most SS-5: HHHHHHHHHHHHHHHH-------- - - -~~~ ~~~~HHHHHEHEHHHEHE - -
promising template for model- SS-U: HHHHHHHHHHHHHHH-~~~~~~~~------------HHHHHHHHHHHH- -
ing of UbiA (see the Experimen-
tal Section).*® The secondary 271 300
5EAU: HN

structure prediction and the
predicted transmembrane heli-
ces (PsiPred serve
MEMSAT3"**%) for UbiA aligned
with the actual secondary struc-

ture of 5-epi-aristolochene syn-  underlined.
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UBIA: REREACFKAFMNNNYVGLVLFLGLAMSYWHF

/51521 and Figure 5. Alignment of the amino acid sequence of 5-epi-aristolochene synthase (SEAU) for the domain 243-523
with that of UbiA based on secondary structure alignment (H=helix, in rows SS-5 the actual secondary structure
of 5EAU, and in rows SS-U the helical structure of ubiA predicted by PRIME and SSpro). The residues of the pro-
posed active site are highlighted in bold, while the residues subjected to site-directed mutagenesis are

ChemBioChem 2008, 9, 982 — 992
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complexing one magnesium cation, D444 and E452 binding a
second magnesium cation, and R264 (highlighted in Figure 5).
There is another glutamate (E379) in close proximity to the py-
rophosphate binding site that shows no direct interaction with
the diphosphate moiety.

All the aspartate residues mutated in UbiA appear relevant
for substrate or Mg?* binding on consideration of the new
template. From this alignment, a revised model of UbiA was
developed with PRIME. A PROCHECK™® analysis of the resulting
structure, after energy and loop refinement with the OPLS
force field of PRIME"” gave a Ramachandran plot with only
74% of the residues in most favored areas and six in disal-
lowed regions. The model was therefore refined again with
CHARM M22%® with the Born solvation model® implemented
in MOE.® Three remaining outliers in disallowed regions of
amino acid residues in the Ramachandran plot occurring in
loop regions outside the active site were corrected manually.
Finally, PROCHECK analysis showed 87.6% backbone dihedral
angles in most favored regions, 11.2% in additionally allowed,
and 1.2% in generously allowed regions, planarity of the pep-
tide bonds, realistic hydrogen bond energies, and side chain
dihedral angle distributions. PROSA analysis®" is based on stat-
istical analyses of several distances (e.g., C;-C; distances) of X-
ray structures of proteins. A potential of mean force was de-
rived and used to evaluate the suggested folding of the UbiA
model (Figure 6). Except for the N- and C-terminal parts, the
energy profiles of the two proteins are similar. While the N ter-
minus of the model of UbiA
shows a more negative energy,
the opposite can be seen at the
C terminus of the template. The
overall negative and similar
energy profile for the two po-
tentials indicates that the model
of UbiA represents a reasonable
native-like fold, especially in the
central region, where the active
site is located.

The secondary structure of
the model of UbiA (Figure 7,
inside top view), includes the
ligand in the active site. The
putative location in the mem-
brane is displayed in Figure 8.

The lipophilic potential at the
Connolly  surface  (Figure 9)
shows a deep lipophilic binding
pocket for the prenyl chain but
also a predominantly lipophilic potential at the outer surface
of the protein, in order to locate it within the membrane. The
active site of UbiA was compared to the template 5-epi-aristo-
lochene synthase with both substrates included (Figure 10).
Geranyl pyrophosphate is bound to UbiA in a similar way as
the non-native substrate trifluorofarnesyl diphosphate in 5-epi-
aristolochene synthase. The pyrophosphate group is com-
plexed through a magnesium cation, which itself is bound by
the two aspartates 71 and 75. Whereas the P -phosphate

ChemBioChem 2008, 9, 982 — 992
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Figure 6. PROSA plot of the template 5-epi-aristolochene synthase fragment
243-523 (thin line) in comparison with the model of ubiA (bold line).

group of the template forms a salt bridge with Arg264 (right
side), Arg137 in UbiA replaces the second magnesium dication
of the template protein and recognizes the P, -phosphate
group through hydrogen/ion pair bonding. Salt bridges with
Asp191 and Asp195 fix the conformation of Arg137 itself. Only

Figure 7. Stereorepresentation of the secondary structure, giving an inside top view of UbiA-prenyltransferase
with the docked substrates 4-hydroxybenzoate (PHB) and geranyl pyrophosphate (hidden under PHB; only the
phosphates can partially be seen) The activated electrophilic prenyl residue appears ideally shielded from water
hydrolysis by PHB.

these slight differences between the active sites of the two
proteins cause Arg72 to be able to bind the carboxylic acid
group of the second substrate, p-hydroxybenzoate, which
does not need to be accommodated in the template. Unlike in
the template, Asp191 is available for a new function. It sup-
ports binding and activation of the second substrate through
H-bonding to the phenolic hydroxy group.

The geranyl moiety is located in a hydrophobic pocket and
mainly recognized by the electron-rich Trp152, which is ideally
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www.chembiochem.org



www.chembiochem.org



CHEMBIOCHEM
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Figure 8. UbiA secondary and tertiary structure side view with putative loca-
tion of the membrane. Substrates 4-hydroxybenzoate (PHB) and geranyl
pyrophosphate are located in the centre of the membrane bundle.

Figure 9. All-trans-geranylgeranyl pyrophosphate in the proposed active site
of UbiA with lipophilic potential at the Connolly surface. The brown areas
deep in the binding pocket show the stabilizing hydrophobic interactions
between the prenyl ligand and the enzyme, also leaving space for longer
prenyl chains. The aromatic substrate clearly shields the activated prenyl
cation from water attack.

positioned to stabilize an intermediate allylic cation formed
after diphosphate abstraction (in a similar way as in the tem-
plate protein; cf. Figure 10A and B),. Additionally, the first iso-
prene moiety of geranyl pyrophosphate stabilizes the binding
and orientation of the p-hydroxybenzoate in the active site. In
this position, p-hydroxybenzoate is ideally placed for reaction
with the activated isoprenyl residue. The prenyl C, atom
bound to the pyrophosphate is in close proximity to the meta-
position of p-hydroxybenzoate perpendicular to the aromatic
ring system; that is, it has an ideal overlap with the m-orbitals.
Proton transfer from the hydroxy group of p-hydroxybenzoate
to Asp191 would enhance the negative partial charge at the
meta-position and initiate the catalytic reaction.*® Subsequent
or concerted cleavage of the pyrophosphate from the isopren-
yl residue would be supported by proton transfer from Arg137
to the pyrophosphate P,. Attack of the C, atom of the iso-
prene to the aromatic ring would form a o-complex. Proton
transfer from the meta-proton of p-hydroxybenzoate to the P;-
phosphate group would complete the reaction. Mechanistic
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Figure 10. A) Active site of the template X-ray structure of 5-epi-aristolo-
chene synthase (atom-typed) with the artificial ligand trifluorofarnesyl di-
phosphate (magenta). B) Active site of the UbiA model (atom-typed) with p-
hydroxybenzoate (green) and geranyl pyrophosphate (magenta). For clarity,
all hydrogen atoms not essential for substrate recognition are omitted.

details and substrate specificity of p-hydroxybenzoic acid deriv-
atives have already been explained on the basis of quantum
mechanical calculations.”® The new protein model and reac-
tion model support those calculations.

The mutational studies (cf. Figure 2) showed a detrimental
effect for the mutants D71A and D75A. The model indicates
that both are responsible for the fixation of the magnesium
ion and with this, the recognition of the diphosphate. Muta-
tions of Asp191, Arg137, and Asp195 to alanine also resulted
in significant losses of activity, which are now equally well ex-
plained. Aspartate 191 directly binds to the p-hydroxybenzoate
and likely activates the intermediate phenolate. The influence
of Asp195 is indirect, through stabilization of the side chain of
Arg137, which itself forms a salt bridge with the disphosphate
and thus contributes to the recognition and correct position-
ing of the prenyl substrate relative to p-hydroxybenzoate. All
results of the mutations are now consistent with the model
and indicate that one unique active site is formed by two
sequentially distant parts.

With longer chain length (e.g., farnesyl pyrophosphate, gera-
nylgeranyl pyrophosphate) the reaction velocity decreased.’*®?
Longer oligoprenyl diphosphates in vitro might be less soluble
or might form micelles or vesicles.”®%2%* Octaprenyl pyrophos-
phate is one of the natural substrates of UbiA, involved in

ChemBioChem 2008, 9, 982 — 992
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ubiquinone biosynthesis,®® and can be docked to the active

site of UbiA similarly to geranylgeranyl pyrophosphate
(Figure 11). In a back-folded conformation of the substrate, a
multitude of hydrophobic amino acid residues of the enzyme
can interact with long substrates and may cause decreased
reaction velocity by slower diffusion.

Several geranyl-derived ligands have been synthesized and
tested by Fulhorst et al®® Removal even of the distal C-7
methyl group from geranyl pyrophosphate or the reduction of
the distal C-6 double bond reduced the conversion rate to
about 32% of that of geranyl pyrophosphate. Doing the same
at the diphosphate-proximal C2 double bond resulted in total
loss of activity. The proximal isoprene group of geranyl pyro-
phosphate is recognized ideally by the side chain of W152. In
5-epi-aristolochene synthase, the substrate is recognized in a
nearly identical manner but with a spatially differently located
tryptophane. Interactions of isoprene moieties with aromatic
side chains are commonly observed in X-ray structures of pro-
teins (e.g., 1KZO, 1LTX, or 1N4P). Ab initio calculations with
JAGUAR® and a 6-31G** basis set predicted a considerable
interaction energy of 30.6 kimol™' between an indole and a
dimethylallyl unit. This indicates that aromatic rings can offer
specific recognition properties for isoprenoid chains. Thus, any
modification, such as removal of the C-3 methyl or C-2 double
bond at the proximal isoprene unit of geranyl pyrophosphate
would either reduce the affinity to the enzyme or cause a
change in the electronic stabilization or the docking conforma-
tion (e.g., by reduction of the double bond), thus disturbing
the ideal positioning of the activated prenyl for a reaction with
p-hydroxybenzoate. In addition, such changes would result in
significantly reduced electronic stabilization of an intermediate
cationic charge. Insertion of any hydrophilic group close to the
diphosphate, such as ether or ester groups in geranyl deriva-
tives, would lead to severe or complete loss of activity because
a stabilizing hydrophobic interaction and the cationic interac-

FULL PAPERS

tion with tryptophan would be prevented or strongly reduced.
In concordance, the hydrophilic all-trans-8-(2-methylamino-
benzoyloxy)-3,7-dimethyl-2,6-octadienyl diphosphate showed a
conversion rate of 19% relative to geranyl pyrophosphate. In
this case, the aromatic moiety can interact with Asp184 and
Arg262, located deeper in the binding pocket (Figure 12). Also,
more modifications are tolerated with increasing distance from
the diphosphate.®?

Discussion and Conclusions

A new protein model of the oligoprenyl p-hydoxybenzoate
transferase (UbiA) from E. coli has been developed, placing the
enzyme in the SCOP family 48583. The model is supported by
quality analyses with theoretical methods and by site-directed
mutagenesis and by its classification of prenyl-converting en-
zymes based on 3D structural alignments (SCOP), and it ex-
plains the most important aspects of substrate specificity. The
proposed structure represents the first 3D structure of a mem-
brane-bound aromatic prenyltransferase. The earlier suggestion
of the existence of two independent catalytic active sites must
be discarded. The very low sequence homology of UbiA with
other isoprenoid-converting enzymes, but also the (contradict-
ing) existence of two typical active site elements common to
such enzymes—here combined to one site only—suggest a
convergent evolution. This may have started from an early
ancestor isoprenoid prolongation enzyme with the typical two
substrate sites, with subsequent evolution into a “one-sub-
strate” enzyme as in terpene cyclases, which possess similar
“united” active sites. Eventually, further modifications would
have allowed access and conversion of a nonisoprenoid
second substrate.

Figure 11. Stereoview of all-trans-geranylgeranyl pyrophosphate docked to the active site of UbiA. The hydrophobic tail of the prenyl substrate is bound by

several hydrophobic amino acid residues.
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Figure 12. Stereoview of the docking arrangement of all-trans-8-(2-methylamino-benzoyloxy)-3,7-dimethylocta-2,6-dienyl diphosphate, showing the

interactions with Asp184 and Arg262.

Experimental Section

Chromatography: HPLC (Lichrosphere 100, 5 um RP 18) was per-
formed on a Merck D-7000 instrument with integrated photo
diode array detector. Samples were chromatographed with metha-
nol/water mixtures 80:20 containing formic acid (0.2%), flow rate:
1 mLmin~'. GC-MS spectra were performed on a MD800 GC 8000
(Fisons Instruments, column DB-5MS: J&W 20m x 0.25 mm,
0.25 um film thickness). The probes were measured at 70 eV El,
source temperature 200 °C, injection temperature 250°C, interface
temperature 300°C, carrier gas He, flow rate (0.8 mLmin™"), split-
less injection. Temperature program: start at 40°C, hold for 5 min,
raise to 180°C at 10°Cmin ", raise to 290°C at 50°Cmin ', hold at
290°C for 3 min.

A) Prenyltransferase assay (standard, GHB formation): For the ac-
tivity assays, unlabeled GPP was produced in two steps from gera-
niol.®® Diethyl ether was freshly distilled from sodium/benzophe-
none. Other solvents and chemicals obtained from commercial
sources were used without purification. The 1 mm assay contained
in a final volume (100 pL, 10 uL) of a 10 mm p-hydroxybenzoic acid
solution; (10 uL DMSO; 10 uL 10 mm MgCl,; 10 pL 10 mm) geranyl
diphosphate, and 50 uL enzyme preparation in 50 mm Tris/HCl
buffer (pH 7.8 in 10 mm 1,4-dithioerythrol) filled to 100 uL total
assay volume with 50 mm Tris/HCI of pH 7.8 (i.e., 10 uL). After incu-
bation for 2 h (37°C, shaking), the reaction was stopped by addi-
tion of aqueous formic acid (2%, 20 pL). Products were extracted
with ethyl acetate (0.5 mL), which was removed in vacuo, and the
remainder was dissolved in methanol (100 ulL), containing p-hy-
droxybiphenyl (25 pum) as an internal HPLC standard. The samples
were analyzed for the formation of GHB by HPLC.

B) Prenyltransferase assay (geraniol formation, phosphatase in-
hibition): The enzyme preparation contained a suspension of
membrane-bound protein in tris-HCI buffer (pH 7.8, in 10 mm DTT).
NaF solution (10 mm, 10 uL, 100 nmol, in 50 mm Tris-HCI buffer,
pH 7.80), MgCl, solution (10 mm, 10 uL, 100 nmol, in 50 mm Tris-
HCl buffer, pH 7.80), the enzyme preparation (50 pL), Tris-HCI
buffer (50 mm, pH 7.80, 10 pL), and DMSO (10 uL) were placed in a
1.5 mL Eppendorf tube. Finally, a GPP solution (10 mm, 10 pL,
100 nmol, in 50 mm Tris-HCI buffer, pH 7.80) was added. The result-
ing mixture (final volume of 100 pL) was incubated at 37°C. After
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2 h, the aqueous layer was extracted with ethyl acetate (500 pL).
After rapid centrifugation at 4000 rpm, the organic layer was parti-
ally (450 pL) transferred to a 1 mL vial and concentrated to dryness
under reduced pressure. The evaporation residue was dissolved in
methanol (100 uL), containing limonene as an internal standard,
and analyzed by GC-MS. The formed geraniol was quantified with
the aid of a geraniol calibration curve.

Mutagenesis and protein expression: All site-directed mutagene-
sis experiments used PCR with AccuPrime Pfx Supermix (Invitro-
gen).F%38% For the production of the single mutants, the proce-
dure was performed with use of the pALMU3-vector as tem-
plate.*” For replication and expression of the genes, the mutated
constructs were cloned by transforming them into competent
E. coli DH10B cells (Invitrogen), as an intermediate step. All mutat-
ed constructs were validated and approved by sequencing (MWG
Biotech AG, Ebersberg, Germany). The transformed cells were
grown at 37°C in LB medium (500 mL) supplemented with ampicil-
lin (50 pngmL™"). When the ODg,, of the medium was between 0.9
and 1.5, the gene expression was stopped without further induc-
tion. The cells were harvested by centrifugation at 5000 rpm for
10 min. The bacterial pellet was resuspended in Tris/HCl buffer
(50 mm, pH 7.8 in 10 mm 1,4-DTT, pH 7.8) and lysed by treatment
in a French press. All washing and lysis steps were carried out at
4°C. The membrane fraction containing the UbiA-enzyme was con-
centrated by ultracentrifugation at 40000 rpm and resuspended in
Tris/HCI (50 mm, 10 mm DTT buffer, pH 7.8).

Molecular modeling and bioinformatics: All relevant protein
structures from the protein database® were classified with
SCOP™ (structural classification of proteins; release 1.71). Homolo-
gy modeling was performed with the aid of threading and SSpro
available in PRIME of Schrédinger’s modeling software tools.! 6%
From this secondary structure prediction, proteins with experimen-
tal structures showing the greatest similarity were selected. Two of
the predicted structures appeared to belong to the group of
prenyl enzymes of the all-a-domain class assigned by the SCOP
analysis.

These are a pentalenene synthase from Streptomyces sp. UC5319
(PDB code: 1PS1)*Y and a 5-epi-aristolochene synthase from Nicoti-
ana tabacum (PDB code: 5EAU).”” For both templates, models of
UbiA have been created with PRIME. However, from the alignment

ChemBioChem 2008, 9, 982 — 992
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of the secondary structure elements and the known active site of
the pentalenene synthase it became obvious that a model based
on this template cannot be of relevance for UbiA and is therefore
not discussed further.

The model based on 5-epi-aristolochene synthase was refined by
CHARMM22%® with the Born solvation model®® implemented in
MOE.®™ The stereochemical quality of the model was verified with
PROCHECK.”® An analysis with PROSA Il is a strong test of whether
the model represents a native-like fold or not® Since UbiA is a
membrane-bound protein, only C,- and Cg-potentials were used in
the PROSA Il analysis. The additionally available surface potentials
parameterized in PROSA Il are only valid for soluble proteins and
are therefore irrelevant for UbiA. Geranyl pyrophosphate as the
basic substrate and a magnesium cation were manually placed
into the active site by reference to the corresponding arrangement
of the substrate in the 5-epi-aristolochene synthase, and this was
followed by 10 ps molecular dynamics simulation for relaxation
and final energy minimization of the complex. During this simula-
tion, the protein structure was completely fixed, except for those
side chains pointing into the active site.

Finally 4-hydroxybenzoate was docked with GOLD (Genetic Opti-
mized Ligand Docking, Cambridge Crystallographic Data Centre,
1998, Cambridge, UK) with standard parameter settings.”'”# The
structure can be downloaded from the internet from http://
www.ipb-halle.de/tools-and-databases/protein-models/. Molecular
graphics figures were created with Pymol” and the molecular sur-
face potentials with MOLCAD"® with the aid of the modeling pack-
age SYBYL."”

Abbreviations: PHB, 4-hydroxybenzoic acid; GPP, geranyl diphos-
phate; GHB, geranyl hydroxybenzoate; PCR, polymerase chain reac-
tion; ORF, open reading frame; UbiA, 4-hydroxybenzoic acid oligo-
prenyltransferase encoded by the ubiA gene from E. coli; IPPS,
isoprenyl pyrophosphate synthase; FPPS, farnesyl diphosphate
synthase.

Acknowledgements

We thank HWP of the state of Saxony-Anhalt and the Deutsche
Forschungsgemeinschaft within the framework of the priority
program 1152 “evolution of metabolic diversity”, grant Br1329/
10-1 for financial support, Lutz Heide for the plasmid pALMU3,
and Birgit Drager, Kazufumi Yazaki, and especially Marco-Aurelio
Dessoy for many valuable discussions and suggestions.

Keywords: mutagenesis phosphatase activity -
models - threading - transferases

protein

[1] S. Lee, C. D. Poulter, J. Am. Chem. Soc. 2006, 128, 11545-11550.

[2] Z. Wu, J. Wouters, C.D. Poulter, J. Am. Chem. Soc. 2005, 127, 17433-
17438.

[3] D.T. Fox, C. D. Poulter, Biochemistry 2005, 44, 8360-8368.

[4] L. M. Eubanks, C. D. Poulter, Biochemistry 2003, 42, 1140-1149.

[5] JW. Brandt, M. A. Dessoy, M. Fulhorst, W.Y. Gao, M. H. Zenk, L. A. Wess-
johann, ChemBioChem 2004, 5, 311-323.

[6] S.B. Richard, A. M. Lillo, C.N. Tetzlaff, M. E. Bowman, J.P. Noel, D.E.
Cane, Biochemistry 2004, 43, 12189-12197.

[7] S.B. Richard, J. L. Ferrer, M. E. Bowman, A. M. Lillo, C. N. Tetzlaff, D. E.
Cane, J. P. Noel, J. Biol. Chem. 2002, 277, 8667-8672.

[8] C.D. Poulter, E. A. Mash, J. C. Argyle, O.J. Muscio, H. C. Rilling, J. Am.
Chem. Soc. 1979, 101, 6761-6763.

ChemBioChem 2008, 9, 982 — 992

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[9] S. Sauret-Gueto, P. Botella-Pavia, U. Flores-Perez, J. F. Martinez-Garcia, C.
San Roman, P. Leon, A. Boronat, M. Rodriguez-Concepcion, Plant Physiol.
2006, 141, 75-84.

[10] S. Takahashi, T. Koyama, Chem. Rec. 2006, 6, 194-205.

[11] J. Bohlmann, G. Meyer-Gauen, R. Croteau, Proc. Natl. Acad. Sci. USA
1998, 95, 4126-4133.

12] S. L. Cole, R. Vassar, Neurobiol. Dis. 2006, 22, 209-222.

13] S.J. McTaggart, Cell. Mol. Life Sci. 2006, 63, 255-267.

14] K. M. Swanson, R. J. Hohl, Curr. Cancer Drug Targets 2006, 6, 15-37.

15] F. Bouvier, A. Rahier, B. Camara, Prog. Lipid Res. 2005, 44, 357-429.

16] N. Ferri, R. Paoletti, A. Corsini, Biomarkers 2005, 10, 219-237.

17] E. Swiezewska, W. Danikiewicz, Prog. Lipid Res. 2005, 44, 235-258.

18] R. Barkovich, J. C. Liao, Metab. Eng. 2001, 3, 27-39.

19] P. A. Edwards, J. Ericsson, Curr. Opin. Lipidol. 1998, 9, 433-440.

20] K. H. Altmann, J. Gertsch, Nat. Prod. Rep. 2007, 24, 327-357.

1] D. G. I. Kingston, D. J. Newman, Curr. Opin. Drug Discovery Dev. 2007, 10,

130-144.

[22] L. Wessjohann, Angew. Chem. 1994, 106, 1011-1013; Angew. Chem. Int.
Ed. Engl. 1994, 33, 959-961.

23] J. Dubois, Expert Opin. Ther. Pat. 2006, 16, 1481-1496.

24] D.T. Bergstralh, J. P. Y. Ting, Cancer Treat. Rev. 2006, 32, 166-179.

25] S.H. Chen, J. Hong, Drugs Future 2006, 31, 123-150.

26] V. Srivastava, A.S. Negi, J. K. Kumar, M. M. Gupta, S. P. S. Khanuja, Bioorg.
Med. Chem. 2005, 13, 5892-5908.

[27] R.J. Hohl, Adv. Exp. Med. Biol. 1996, 401, 137-146.

[28] L. Wessjohann, B. Sontag, M. A. Dessoy in Bioorganic Chemistry High-
lights and New Aspects (Eds.: U. Diederichsen, T. K. Lindhorst, B. Wester-
mann, L. A. Wessjohann), Wiley-VCH, Weinheim, 1999, pp. 79-88.

[29] T. Kuzuyama, J. P. Noel, S. B. Richard, Nature 2005, 435, 983-987.

[30] I. G. Young, F. Gibson, R. A. Leppik, J. A. Hamilton, J. Bacteriol. 1972, 110,
18-25.

[31] L. Wessjohann, B. Sontag, Angew. Chem. 1996, 108, 1821-1823; Angew.
Chem. Int. Ed. Engl. 1996, 35, 1697-1699.

[32] H. M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T. N. Bhat, H. Weissig,
I. N. Shindyalov, P. E. Bourne, Nucleic Acids Res. 2000, 28, 235-242.

[33] L. Brauer, W. Brandt, L. A. Wessjohann, J. Mol. Model. 2004, 10, 317-327.

[34] M.N. Ashby, S.Y. Kutsunai, S. Ackerman, A. Tzagoloff, P. A. Edwards, J.
Biol. Chem. 1992, 267, 4128-4136.

[35] M. Melzer, L. Heide, Biochim. Biophys. Acta Lipids Lipid Metab. 1994,
1212, 93-102.

[36] M. Takagi, M. Nishioka, H. Kakihara, M. Kitabayashi, H. Inoue, B. Kawa-
kami, M. Oka, T. Imanaka, Appl. Environ. Microbiol. 1997, 63, 4504-4510.

[37] J. Cline, J. C. Braman, H. H. Hogrefe, Nucleic Acids Res. 1996, 24, 3546—
3551.

[38] D.J. Sharkey, E. R. Scalice, K. G. Christy, S. M. Atwood, J. L. Daiss, BioTech-
nology 1994, 12, 506-509.

[39] K. Momose, H. Rudney, J. Biol. Chem. 1972, 247, 3930-3940.

[40] A.J. Chen, P. A. Kroon, C. D. Poulter, Protein Sci. 1994, 3, 600-607.

[41] A. Tachibana, Y. Yano, S. Otani, N. Nomura, Y. Sako, M. Taniguchi, Eur. J.
Biochem. 2000, 267, 321-328.

[42] S. C. Trapp, R. B. Croteau, Genetics 2001, 158, 811-832.

[43] J. Pandit, D. E. Danley, G. K. Schulte, S. Mazzalupo, T. A. Pauly, C. M. Hay-
ward, E.S. Hamanaka, J.F. Thompson, H.J. Harwood, J. Biol. Chem.
2000, 275, 30610-30617.

[44] C.A. Lesburg, G.Z. Zhai, D.E. Cane, D. W. Christianson, Science 1997,
277, 1820-1824.

[45] A. Andreeva, D. Howorth, S. E. Brenner, T. J. P. Hubbard, C. Chothia, A. G.
Murzin, Nucleic Acids Res. 2004, 32, D226-D229.

[46] Prime 1.2, Protein Structure Prediction Suite, 2005, Schrodinger, LLC, New
York, USA, 2005.

[47] D.W. Christianson, Chem. Rev. 2006, 106, 3412-3442.

[48] P.H. Liang, T. P. Ko, A. H. J. Wang, Eur. J. Biochem. 2002, 269, 3339-3354.

[49] J. Cheng, A.Z. Randall, M.J. Sweredoski, P. Baldi, Nucleic Acids Res.
2005, 33, W72-W76.

[50] C. M. Starks, K. W. Back, J. Chappell, J. P. Noel, Science 1997, 277, 1815-
1820.

[51] K. Bryson, L. J. McGuffin, R. L. Marsden, J. J. Ward, J. S. Sodhi, D. T. Jones,
Nucleic Acids Res. 2005, 33, W36-W38.

[52] L.J. McGuffin, K. Bryson, D.T. Jones, Bioinformatics 2000, 16, 404-405.

[53] D.T. Jones, W.R. Taylor, J. M. Thornton, FEBS Lett. 1994, 339, 269-275.

991

www.chembiochem.org



http://dx.doi.org/10.1021/ja063073c

http://dx.doi.org/10.1021/ja056187h

http://dx.doi.org/10.1021/ja056187h

http://dx.doi.org/10.1021/bi047312p

http://dx.doi.org/10.1021/bi0205303

http://dx.doi.org/10.1002/cbic.200300743

http://dx.doi.org/10.1021/bi0487241

http://dx.doi.org/10.1074/jbc.C100739200

http://dx.doi.org/10.1021/ja00516a053

http://dx.doi.org/10.1021/ja00516a053

http://dx.doi.org/10.1104/pp.106.079855

http://dx.doi.org/10.1104/pp.106.079855

http://dx.doi.org/10.1002/tcr.20083

http://dx.doi.org/10.1073/pnas.95.8.4126

http://dx.doi.org/10.1073/pnas.95.8.4126

http://dx.doi.org/10.1016/j.nbd.2005.11.007

http://dx.doi.org/10.1007/s00018-005-5298-6

http://dx.doi.org/10.2174/156800906775471743

http://dx.doi.org/10.1016/j.plipres.2005.09.003

http://dx.doi.org/10.1080/13547500500216660

http://dx.doi.org/10.1016/j.plipres.2005.05.002

http://dx.doi.org/10.1006/mben.2000.0168

http://dx.doi.org/10.1039/b515619j

http://dx.doi.org/10.1002/ange.19941060906

http://dx.doi.org/10.1002/anie.199409591

http://dx.doi.org/10.1002/anie.199409591

http://dx.doi.org/10.1517/13543776.16.11.1481

http://dx.doi.org/10.1016/j.ctrv.2006.01.004

http://dx.doi.org/10.1358/dof.2006.031.02.953585

http://dx.doi.org/10.1016/j.bmc.2005.05.066

http://dx.doi.org/10.1016/j.bmc.2005.05.066

http://dx.doi.org/10.1038/nature03668

http://dx.doi.org/10.1002/ange.19961081527

http://dx.doi.org/10.1002/anie.199616971

http://dx.doi.org/10.1002/anie.199616971

http://dx.doi.org/10.1093/nar/28.1.235

http://dx.doi.org/10.1007/s00894-004-0197-6

http://dx.doi.org/10.1016/0005-2760(94)90193-7

http://dx.doi.org/10.1016/0005-2760(94)90193-7

http://dx.doi.org/10.1093/nar/24.18.3546

http://dx.doi.org/10.1093/nar/24.18.3546

http://dx.doi.org/10.1046/j.1432-1327.2000.00967.x

http://dx.doi.org/10.1046/j.1432-1327.2000.00967.x

http://dx.doi.org/10.1074/jbc.M004132200

http://dx.doi.org/10.1074/jbc.M004132200

http://dx.doi.org/10.1126/science.277.5333.1820

http://dx.doi.org/10.1126/science.277.5333.1820

http://dx.doi.org/10.1021/cr050286w

http://dx.doi.org/10.1046/j.1432-1033.2002.03014.x

http://dx.doi.org/10.1093/nar/gki396

http://dx.doi.org/10.1093/nar/gki396

http://dx.doi.org/10.1126/science.277.5333.1815

http://dx.doi.org/10.1126/science.277.5333.1815

http://dx.doi.org/10.1093/nar/gki410

http://dx.doi.org/10.1093/bioinformatics/16.4.404

http://dx.doi.org/10.1016/0014-5793(94)80429-X

www.chembiochem.org



[54]

[55]
[56]

[57]

[58]

[59]
[60]

[61]
[62]
[63]

[64]

[65]

992

BIO

D.T. Jones, W.R. Taylor, J. M. Thorton, Biochemistry 1994, 33, 3038-
3049.

D.T. Jones, FEBS Lett. 1998, 423, 281-285.

R. A. Laskowski, M. W. Macarthur, D.S. Moss, J. M. Thornton, J. Appl.
Crystallogr. 1993, 26, 283-291.

M. P. Jacobson, D. L. Pincus, C.S. Rapp, T. J. F. Day, B. Honig, D. E. Shaw,
R. A. Friesner, Proteins Struct. Funct. Bioinf. 2004, 55, 351-367.

A. D. MacKerell, D. Bashford, M. Bellott, R. L. Dunbrack, J. D. Evanseck,
M. J. Field, S. Fischer, J. Gao, H. Guo, S. Ha, D. Joseph-McCarthy, L. Kuch-
nir, K. Kuczera, F. T. K. Lau, C. Mattos, S. Michnick, T. Ngo, D. T. Nguyen,
B. Prodhom, W. E. Reiher, B. Roux, M. Schlenkrich, J. C. Smith, R. Stote, J.
Straub, M. Watanabe, J. Wiorkiewicz-Kuczera, D. Yin, M. Karplus, J. Phys.
Chem. B 1998, 102, 3586-3616.

E. Pellegrini, M. J. Field, J. Phys. Chem. A 2002, 106, 1316-1326.

MOE (The Molecular Operating Environment) Version 2006.08, Chemical
Computing Group, Inc., Montréal, Canada, 2007.

M. J. Sippl, J. Mol. Biol. 1990, 213, 859-883.

M. Fulhorst, L. Wessjohann, 2007; unpublished results.

S. Ghosh, S. J. Lee, K. Ito, K. Akiyoshi, J. Sunamoto, Y. Nakatani, G. Ouris-
son, Chem. Commun. 2000, 267-268.

G. Pozzi, V. Birault, B. Werner, O. Dannenmuller, Y. Nakatani, G. Ourisson,
S. Terakawa, Angew. Chem. Int. Ed. Engl. 1996, 35, 177-180; Angew.
Chem. 1996, 108, 190-192.

S. Takajo, H. Nagano, O. Dannenmuller, S. Ghosh, A. M. Albrecht, Y.
Nakatani, G. Ourisson, New J. Chem. 2001, 25, 917-929.

[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]

[74]

[75]
[76]

[771

L. Wessjohann et al.

J. A. Hamilton, G. B. Cox, Biochem. J. 1971, 123, 435-443.

Jaguar 6.0, Schrodinger, LLC, New York, USA, 2007.

V. J. Davisson, A. B. Woodside, T. R. Neal, K. E. Stremler, M. Muehlbacher,
C. D. Poulter, J. Org. Chem. 1986, 51, 4768-4779.

J. Cline, J. C. Braman, H. H. Hogrefe, Nucleic Acids Res. 1996, 24, 3546—
3551.

M. Siebert, A. Bechthold, M. Melzer, U. May, U. Berger, G. Schroder, J.
Schroder, K. Severin, L. Heide, FEBS Lett. 1992, 307, 347-350.

G. Jones, P. Willett, R. C. Glen, J. Comput.-Aided Mol. Des. 1995, 9, 532-
549.

G. Jones, P. Willett, R. C. Glen, A.R. Leach, R. Taylor, J. Mol. Biol. 1997,
267, 727-748.

J. W. M. Nissink, C. Murray, M. Hartshorn, M. L. Verdonk, J. C. Cole, R.
Taylor, Proteins Struct. Funct. Genet. 2002, 49, 457-471.

M. L. Verdonk, J. C. Cole, M. J. Hartshorn, C. W. Murray, R. D. Taylor, Pro-
teins Struct. Funct. Genet. 2003, 52 609-623.

Pymol 2007, DeLano Scientific, LLC, South San Francisco, USA, 2007.
MOLCAD (MOLecular Computer Aided Design), J. Brickmann etal., TU
Darmstadt; Germany.

SYBYL 7.0. 2007. Tripos, Inc., 1699 South Hanley Rd., St.Louis, MO
63144-62917.

Received: September 28, 2007
Published online on March 13, 2008

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemBioChem 2008, 9, 982 — 992



http://dx.doi.org/10.1021/bi00176a037

http://dx.doi.org/10.1021/bi00176a037

http://dx.doi.org/10.1016/S0014-5793(98)00095-7

http://dx.doi.org/10.1107/S0021889892009944

http://dx.doi.org/10.1107/S0021889892009944

http://dx.doi.org/10.1002/prot.10613

http://dx.doi.org/10.1021/jp973084f

http://dx.doi.org/10.1021/jp973084f

http://dx.doi.org/10.1021/jp0135050

http://dx.doi.org/10.1016/S0022-2836(05)80269-4

http://dx.doi.org/10.1039/a908827j

http://dx.doi.org/10.1002/anie.199601771

http://dx.doi.org/10.1002/ange.19961080211

http://dx.doi.org/10.1002/ange.19961080211

http://dx.doi.org/10.1039/b101802g

http://dx.doi.org/10.1021/jo00375a005

http://dx.doi.org/10.1093/nar/24.18.3546

http://dx.doi.org/10.1093/nar/24.18.3546

http://dx.doi.org/10.1016/0014-5793(92)80710-X

http://dx.doi.org/10.1007/BF00124324

http://dx.doi.org/10.1007/BF00124324

http://dx.doi.org/10.1006/jmbi.1996.0897

http://dx.doi.org/10.1006/jmbi.1996.0897

www.chembiochem.org



