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The Structural Diversity of Acidic Lipopeptide Antibiotics
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Introduction


There has been a steady rise in the prevalence of multidrug-re-
sistant, especially Gram-positive, and other pathogens. Further-
more, concerns were expressed about the clinical effectiveness
of glycopeptides in treating infections due to Staphylococcus
aureus.[1] Thus, there is an urgent need for new antibiotics with
a novel mode of action. Since the 1960s, new antibiotics have
largely been developed by making minor modifications toACHTUNGTRENNUNGexisting drug classes, in particular, penicillins, cephalosporins,
macrolides and quinolones, so that activity against bacteria
that have become resistant to the previous generation of
drugs is recovered. In fact, daptomycin (Cubicin, Cubist Phar-
maceuticals) is the first nontopically used natural antibiotic in a
new structural class, namely the acidic lipopeptides, that has
entered clinical use since then.[2]


Daptomycin was discovered in the early 1980s.[3] The United
States FDA approved daptomycin for the treatment of serious
skin and soft tissue infections in 2003 and for methicillin-resist-
ant S. aureus (MRSA) infections of the bloodstream (bactere-
mia) in 2006.[4] The A21978C complex to which daptomycin be-
longs is produced through the action of nonribosomal peptide
synthetases (NRPSs)[5–8] in Streptomyces roseosporus.[3] Dapto-
mycin is a macrocyclic compound comprising 13 amino acids,
including three with d-stereochemistry and a linear n-decanoyl
fatty acid tail. The macrocycle contains ten residues, and the
terminal kynurenine (Kyn13) is connected to the hydroxyl
group of Thr4 by an ester bond to form a macrolactone.


In addition to daptomycin, the best known representative of
the acidic lipopeptide antibiotics, there are a number of other
ten-membered cyclic lipopeptides. These natural products are
also secondary metabolites produced by soil bacteria andACHTUNGTRENNUNGinclude the depsipeptides, the calcium-dependent antibiotics
(CDAs) produced by the model streptomycete Streptomyces
coelicolor A(3)2[9] and A54145 produced by Streptomyces fra-
diae[10] (Table 1).[11] Other cyclic lipopeptides antibiotics pro-


duced by actinomycetes include friulimicin[12] produced byACHTUNGTRENNUNGActinoplanes friuliensis[13] and the amphomycins,[14] laspartomy-
cins[15] and glycinocins.[16] Within these lipopeptides, the posi-
tioning of d-amino acids or achiral amino acids is conserved,
as is the Asp-X-Asp-Gly motif in the macrocycle. Some of the
amino acids are heavily modified during biosynthesis. Tailoring
enzymes,[23, 24] which include oxygenases, oxidases, methyl-
transferases and others are responsible for these modifications,
and thus, provide a large number of nonproteinogenic amino


[a] M. Strieker, Prof. Dr. M. A. Marahiel
Chemistry and Biochemistry Department, Philipps-University Marburg
Hans-Meerwein-Strasse, 35032 Marburg (Germany)
Fax: (+ 49) 6421-282-2191
E-mail : marahiel@staff.uni-marburg.de


Acidic lipopeptide antibiotics are a new class of potent antibiot-
ics, which includes daptomycin, A54145, calcium-dependent anti-
biotics (CDAs), friulimicins/amphomycins, laspartomycin/glycino-
cins and others. The importance of this novel class is exemplified
by the success story of the clinically approved daptomycin, which
is used for the treatment of skin infections and bacteremia
caused by multidrug-resistant bacteria, including methicillin-re-
sistant Staphylococcus aureus and vancomycin-resistant entero-
cocci. The potency of acidic lipopeptides is inherent in their
chemical structure. The nonribosomally synthesized peptide cores
consist of eleven to 13 amino acids, which are rigidified by the


formation of a ten-membered ring. An N-terminal fatty acid,
which facilitates insertion into the lipid bilayer of bacterial mem-
branes, completes the structure. All these antibiotics contain mul-
tiple nonproteinogenic amino acids as well as different lipid tails ;
this yields remarkable structural diversity. This review summarizes
the observed structural variety through a detailed description of
the composition of the acidic lipopeptides. Furthermore, engi-
neering approaches towards novel lipopeptides are presented.
Recent discoveries in the field of tailoring enzymes, which enable
structural plurality mainly by amino and fatty acid precursor bio-
synthesis, are highlighted.


Table 1. Important producer strains of acidic lipopeptide antibiotics[a,b]


Compound Producer


A-1437 Actinoplanes sp. (= Actinoplanes friuliensis DSM 7358)[17]


A21978C/ S. roseosporus NRRL11379[3]


daptomycin
A54145 S. fradiae NRRL18158[10]


S. refuineus spp. thermotolerans[18]


amphomycin S. canus ATCC 12237[14]


aspartocin S. griseus var. spiralis ATCC13733[19]


S. violaceus var. aspartocinius ATCC 13734[19]


CDA S. coelicolor A3(2)[9]


S. violaceoruber Kutner 673[9]


S. lividans[20]


friulimicin A. friuliensis DSM 7358[12]


glycinocin Actinomycete AW 998[16]


laspartomycin S. viridochromogens ATCC 29814[15]


parvuline S. parvulus var. parvuli NRRL 5740[21]


tsushimycin S. griseoflavus ATCC 21139[22]


[a] Please note this table does not list all acidic lipopeptide producers,
only those that are related to this review. [b] Table drawn on the basis of
Baltz et al.[11]
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acids and a fascinating structural diversity. The inherent pool
of unusual amino and fatty acid building blocks of the acidic
lipopeptide antibiotics can be used for the manipulation of
their biosynthesis. By employing biocombinatorial or otherACHTUNGTRENNUNGengineering approaches, the generation of structurally distinct
or hybrid compounds is possible. This is an important aspect,
because resistance to daptomycin in S. aureus and Enterococ-
cus spp. during prolonged treatment has already been ob-
served.[25]


In this article we present an overview of the acidic lipopep-
tide structures, with focus on the common and unusual build-
ing blocks of each molecule. Approaches to enhance the struc-
tural plurality by genetic engineering, chemoenzymatic and
mutasynthesis methods are traced, and in the last part of this
review, recent advances in the field of the precursor and build-
ing block biosynthesis are discussed in detail.


Structures of Acidic Lipopeptide Antibiotics


In addition to their cyclic nature, a key structural feature of
lipopeptide antibiotics is the long-chain fatty acid, which is in-
variably attached to the macrocyclic peptide core. All members
of this class of antibiotics are produced by NRPSs with varia-
tion of the fatty acid tail. Straight- and branched-chain fatty
acids that significantly differ in the degree of saturation and
oxidation state are frequently found and contribute to the
high structural diversity of this class of compounds (Figure 1).
In particular, the lipid portion impacts the biological properties
of these molecules; antimicrobial behavior and toxicity are dra-
matically affected by the nature of the incorporated fatty acid
group.[27] The length of the fatty acid chain is variable and
ranges from 6–16 carbons. CDA has the shortest fatty acid, an
epoxidized hexanoic acid, which in contrast to other lipopep-ACHTUNGTRENNUNGtides with their complex fatty acid mixtures, is invariant. The
longest fatty acid tail, containing 16 carbon atoms, is found in
glycinocin B (for a more comprehensive review on acidic lipo-
peptide structures, refer to ref. [11]). An overview of the acidic
lipopeptides can be found in Figure 1, where all the variants
are listed.


Cyclic lipodepsipeptides


A21978C/daptomycin


The peptide core of the A21978C complex (Figure 1, 2–4), pro-
duced by Streptomyces roseosporus, consists of 13 amino acids.
The characteristic ten-membered ring is built by macrolactoni-
zation between Thr4 and the C-terminal Kyn13.[3] Other non-
proteinogenic and d-amino acids are present in A21978C,


namely d-Asn2,[28] ornithine (Orn6), d-Ser11 and 3-methylgluta-
mic acid (MeGlu12). The most famous representative of the
A21978C complex, daptomycin (Figure 1, 1), was originally
found as a minor component,[3] but showed superior biological
activity compared with other members of the A21978C
family.[27] Thus, the fermentation process was optimized to
yield high-quantity daptomycin production by feeding decano-
ic acid.[29] Although the complex was known since the early
1980s, the biosynthetic gene cluster was not described before
2005. It encodes for three NRPSs: DptA, DptBC and DptD. The
catalytic domains are predicted to couple five, six and two
amino acids, respectively, with three epimerization domains
present, consistent with the three d-amino acids found in the
antibiotic.[28]


A54145


Streptomyces fradiae produces the lipopeptide A54145, a com-
plex antibiotic mixture active against Gram-positive bacteria.[30]


The identities of the acyl side chains were established as iso-
decanoyl (Figure 1, 5, 8, 12), n-decanoyl (Figure 1, 6 and 7) and
anteiso-decanoyl (Figure 1, 9–11).[31] Seven of the 13 amino
acids are nonproteinogenic, including three d-configured pep-
tide building blocks. The six amino acids d-Glu2, 3-hydroxy-l-


asparagine (hAsn3), sarcosine (Sar5), d-Lys8, 3-methoxyAsp
(MeO-Asp9) and d-Asn11 are found in all A54145s, whereas
MeGlu12 is only observed in 7–9 and 11. The higher complexi-
ty of A54145 compared to that of A21978C is also due to the
variation at position 13, where either Ile (5–8, 10 and 11) or Val
(9 and 12) is incorporated. The assumption that d-amino acids
are present at positions two, seven and eleven was made after
the biosynthetic gene cluster was characterized and three epi-
merization domains were found in the corresponding mod-
ules.[32] Four NRPSs are also encoded by the biosynthetic gene
cluster—LptA, LptB, LptC and LptD—responsible for the incor-
poration of five, two, four and two amino acids, respectively,
into the growing peptide chain.


Calcium-dependent antibiotics (CDAs)


In 1983, Hopwood et al.[9] isolated a substance from S. coeli-
color A3(2) fermentations that inhibited the growth of Gram-
positive bacteria in the presence of CaII ions. Because of this
activity, the substance was named CDA. Originally four
(CDA1b, CDA2b, CDA3b and CDA4b) of the nine currently
known CDAs were structurally characterized (Figure 1, 13–
16).[33] Macrolactonization of the CDAs occurs through the side
chain of Thr2 and the C-terminal Trp11. The exocyclic tail only
consists of one additional amino acid, and the fatty acid acyl


Figure 1. Comprehensive overview of the chemical structures of the acidic lipopeptide antibiotics. The cyclic depsipeptides A21978C/daptomycin, A54145,
CDA and the cyclic peptides friulimicins, laspartomycins and glycinocins are shown. The macrolactonization site is shaded in orange, and the macrolactamiza-
tion is shaded in rose. d- and unusual amino acids are highlighted in blue, and sites where tailoring enzymes act are in red. Next to the structure, the peptide
cores are represented schematically. The position of the conserved Asp-X-Asp-Gly-motif is accentuated in green. The red dashed-line boxes resemble the
NRPSs responsible for the incorporation of the framed amino acid(s) (if known). Next to the schemes, the observed variants of the lipopeptide antibiotics are
listed. Abbreviations: Orn, ornithine; MeGlu, 3-methyl-glutamic acid; Kyn, kynurenine; hAsn, 3-hydroxyasparagine; Sar, Sarcosine; MeOAsp, 3-methoxyAsp;
Hpg, 4-hydroxyphenylglycine; phAsn, 3-phosphohydroxyasparagine; DTrp, 2’,3’-dehydrotryptophan; Dab, diaminobutyric acid; Pip, pipecolinic acid; Dap, di-ACHTUNGTRENNUNGaminopropionic acid. This figure is influenced by refs. [11] and [26] .
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chain is invariant and exclusively found to be 2,3-epoxy-hexa-
noyl. Nonproteinogenic amino acids can be found for the first
four characterized CDAs at positions nine and ten. Asn9 is
either hydroxylated (Figure 1, 15 and 16), or in a subsequent
reaction, phosphorylated (Figure 1, 13 and 14) at the b posi-
tion. The tenth residue, Glu10, is methylated in two cases (14
and 16). The C terminal Trp was found to be a third site of
amino acid modification by Hojati et al.[34] and led to the dis-
covery of three new CDA variations that each contain Z-2’-3’-
dehydro-Trp (DTrp, Figure 1, 17–19). In the same work, the or-
ganization of the biosynthetic gene cluster was determined. It
revealed three NRPSs—CDA peptide synthetases 1–3—which
are responsible for the incorporation of six, three and two
amino acids, respectively. Recently, two further CDA derivatives
have been isolated from genetically manipulated S. coelicolor,
in which the asnO and hasP genes were knocked out.[35]


AsnO[36] is an iron(II)/a-ketoglutarate (aKG) oxygenase, which
hydroxylates l-Asn at the b position (also, see the section on
tailoring enzymes), and hasP is a putative phosphotransferase.
Accordingly, CDA variants produced by this strain lack the
phosphohydroxy group at Asn9 (Figure 1, 20 and 21). CDA is
also produced in some closely related Streptomyces species
(Table 1).[12, 20]


Cyclic Lipopeptides


The following antibiotics also consist of a ten-membered ring,
but are true peptides in that the macrocycles are formed by
macrolactamization. This family of undecapeptide antibiotics
can be further divided into two subgroups, the amphomycins/
friulimicins and the laspartomycins/glycinocins.[11] All represen-
tatives of this subclass are very similar. They differ only at one
position in the peptide core and in the branching of the fatty
acids.


Amphomycins/friulimicins


Since the discovery of amphomycin,[14] similar or identical anti-
biotics have been reported under different names; this has
caused significant confusion in this substance class. In 2000,
Wink et al.[12] reported the structural elucidation of eight bio-ACHTUNGTRENNUNGactive lipopeptides isolated from Actinoplanes friuliensis. That
work and an extensive review by Baltz et al.[11] clarified the
former uncertainties in the literature. These lipopeptides can
be divided into the friulimicins and the A-1437 compounds.
The peptide core of A-1437s (Figure 1, 22–25) is rigidified
through a linkage between diaminobutyrate (Dab2) and Pro11.
An exocyclic Asp residue with different fatty acid substituents
completes the structures. The study of Wink et al.[12] revealed
that the different A-1437s are identical to previously de-
scribed[11, 14, 19, 21, 22] lipopeptide antibiotics (see Figure 1 for de-
tails). The friulimicins A–D (Figure 1, 26–29) only differ in the
exocyclic amino acid, which is Asn1 instead of Asp1. Unusual
amino acids, such as l-threo and d-erythreo-2,3-Dab, d-pipeco-
linic acid (d-Pip) as well as l-threo-3-methyl-Asp (MeAsp) are
found at positions two, nine, three and four in the peptide
core, respectively. Later studies revealed that the minor friuli-


micin components contain Asp4 instead of MeAsp4.[37] Initially,
only a fragment of the friulimicins gene cluster was known,[37]


but the entire gene cluster has been described recently.[13] It
shows an unusual organization; the first peptide-synthetase-
encoding gene, pstA, is divided from the next synthetase, pstB,
by nine genes. The gene products PstC and PstD complete the
assembly line. PstA, PstB , PstC and PstD have one, two, six
and two adenylation (A) domains, respectively, responsible for
the incorporation of the corresponding number of amino acids
into the peptide core. The presence of two epimerization do-
mains is consistent with the observed d-Dab9 and d-Pip3 resi-
dues.


Laspartomycins/glycinocins


Laspartomycin was originally isolated and characterized as a
lipopeptide antibiotic related to amphomycin in 1968,[15] but
its molecular weight and structure remained unknown. Novel
purification methods led to the determination of the structure
of the major component, laspartomycin C (Figure 1, 31).[38]


Compared with 22–30, diaminopropionate (Dap2) facilitates
ten-membered ring formation rather than Dab2. In addition,
the fatty acid side chain is 2,3-unsaturated. Furthermore, the
second d-amino acid is d-Thr9 instead of d-Dab9. Gly4 replaces
the MeAsp4 residue, and Ile substitutes the Val residue at posi-
tion ten. Two additional peptides were isolated during laspar-
tomycin C purification, but these species were not structurally
characterized.[38]


Glycinocin A, a compound of the glycinocins family
(Figure 1, 31–34) was shown to have an identical structure to
that of laspartomycin C (31).[16] Glycinocin B (32) and C (33)
have the same peptide core as that of 31 and differ only in the
length of the fatty acid tail. Glycinocin D (34), on the other
hand, has the same lipid part as does 31, but instead of
having Ile at position eleven, it has Val. To the best of our
knowledge, no biosynthetic gene cluster for either laspartomy-
cin or glycinocin production is known.


Approaches towards Novel Lipopeptides


Combinatorial biosynthesis


Daptomycin (1) is the only approved drug for clinical use
within the acidic lipopeptide antibiotics, and Friulimicin B (27,
MerLion Pharmaceuticals) is in phase I clinical trials. Due to
their structural diversity resulting in various antimicrobial activ-
ities, the acidic lipopeptides have the potential for the manu-
facture of combinatorial antibiotics with altered activity.[39, 40]


The daptomycin producer Streptomyces roseosporus is amenda-
ble to molecular genetic manipulations, and the gene cluster
has been cloned, sequenced[28] and expressed in Streptomyces
lividans.[20] The potential of genetically manipulated S. roseo-
sporus to produce hybrid lipopeptides has been extensively
studied.[41–43] Miao et al.[41] applied four strategies in the genetic
manipulation of S. roseosporus to biocombinatorially synthesize
lipopeptides by multiple and individual NRPS module ex-
change, resulting in modifications within the lipid chain and
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amino acids. In prior work, the manipulation of Streptomyces
roseosporus by conjugal, E. coli-derived plasmid DNA was de-
scribed.[44] This technique, which can be used to integrate plas-
mid DNA site-specifically[45] into the chromosomal DNA of
Streptomyces species, was used for multimodule swapping and
slightly modified for module exchange.


As stated above, the daptomycin gene cluster contains
three NRPS-encoding genes (dptA, dptBC and dptD).[28] DptD is
responsible for the incorporation of MeGlu12 and Kyn13 into
the peptide core. The last NRPS subunits of the related lipo-
peptides A54145 and CDA (LptD and CDAPS3) also incorporate
the penultimate amino acid, MeGlu, and the last amino acid,
Ile/Val, for LptD as well as Trp in the case of CDAPS3. DptD
modules 12 and 13 were exchanged with the corresponding
lptD and cdaPS3 modules for the biosynthesis of new hybrid
lipopeptides.[42] In both cases, hybrid lipopeptides were gener-
ated, with Ile13 and Trp13, respectively, instead of Kyn13. LptD
complementation yielded 25 % of the original production and
50 % of CDAPS3.


Module exchanges at positions d-Ala8 and d-Ser11 with dif-
ferent combinations of corresponding A54145 modules (d-Lys8
and d-Asn11) in the DptBC NRPS subunit and the combination
with DptD substitutions produced additional novel derivatives
of daptomycin.[43] To increase the possible outcome in terms of
novel lipopeptides, the dptD substitutions were introduced
with and without the dptI gene, which was shown to be essen-
tial for the Glu12 methylation[46] (also, see the section on tailor-
ing enzymes). In total, 30 different hybrid pathways were gen-
erated. From the theoretically possible 90–120 novel hybrid
molecules, 60 lipopeptides were detected by mass analysis.
The maximum yield was 50 % of the A21978C1 control, and
some of the hybrid NRPSs were found to produce truncated
products or failed to produce lipopeptides entirely. Single
amino acid changes at positions 12 and 13 showed less in
vitro activity.


To determine the influence of interdomain linkers in terms
of efficient hybrid lipopeptide production, module exchanges
at nucleotide sequences encoding interpeptide linkers in dptD
were carried out.[47] Amino acid substitutions, deletions or in-
sertions in the intermodule linker had no negative effects on
lipopeptide yields. Hybrid DptD subunits were generated by
fusing the twelfth (MeGlu12) module to the last modules of
cdaPS3 (Trp) or lptD (Ile/Val). By inserting these module genes
into the flexible linker between the peptidyl carrier protein
(PCP) and condensation domain (C), recombinants were
gained, which produced hybrid lipopeptides with Trp13 and
Ile13/Val13 at levels comparable to those of A21978C. The sub-
stitution of the dtpD Kyn13 C-A didomain with the A54145
d-Asn11 C-A didomain, leaving the PCP-thioesterase (TE) linker
of dptD intact, yielded recombinants, which produced com-
pounds containing d-Asn13 in moderate yields.[47]


Mutasynthesis


Mutasynthesis usually refers to blocking a biosynthetic path-
way by deleting a specific gene encoding an enzyme in the
pathway. The resulting mutant, which is unable to produce


downstream intermediates and products, is then fed an ana-
logue of one of the intermediates, which can be incorporated
into the pathway leading to the biosynthesis of a natural prod-
uct analogue with modified functionality. Mutasynthesis has
been successfully applied in the field of secondary metabolite
biosynthesis to obtain natural products with different struc-
tures.[48, 49] Two examples from the Micklefield group exemplify
how this approach to structurally diverse natural products was
applied on acidic lipopeptide, namely CDA, biosynthesis.


The nonproteinogenic 4-hydroxyphenylglycine (35, Hpg,
Scheme 1) is incorporated into CDAs 13–21 (Figure 1). The
Hpg synthesis requires HmaS, a 4-hydroxymandelate synthase,


to convert 4-hydroxyphenylpyruvate (36) to 4-hydroxymande-
late (37).[34] Two additional enzymes, the 4-hydroxymandelate
oxidase (Hmo) and the 4-hydroxyphenyl-glycine transaminase
(HpgT), complete Hpg biosynthesis (Scheme 1).


Hojati et al.[34] deleted the hmaS gene of the CDA biosyn-
thetic gene cluster, generating a mutant unable to synthesize
CDA. Feeding with the 4-fluoro (38) and 4-dehydroxy (39) ana-
logues resulted in the biosynthesis of the corresponding ana-
logues of CDA. Antibiotic activity was restored in these ana-
logues but not quantified.


The second approach targeted fatty acid incorporation. A
mutasynthesis strategy was developed that enabled the direct-
ed biosynthesis of CDAs with alternative fatty acid moieties.[50]


This relies on the key Ser!Ala point mutation in the PCP of
module 1 of the CdaPS1, which prevents the phosphopante-
theinylation and subsequent accumulation of the N-epoxyhex-
anoyl-l-serinyl-S-PCP intermediate;[6, 7] this allows for the incor-
poration of exogenously supplied, synthetic N-acyl-l-serinyl N-
acetylcysteamine (N-acyl-SNAC) thioester analogues. The SNAC
moiety mimics the PCP domain and is a valuable tool for the
characterization of polyketide synthase and NRPS enzymes in
vivo and in vitro.[26, 51, 52] The authors tested C5, C6, C7 and C10
analogues and gained pentanoyl and hexanoyl CDAs in detect-
able yields.[65]


Chemoenzymatic synthesis


Chemoenzymatic synthesis combines organic synthesis with
natural product biosynthetic enzymes. This approach was suc-
cessfully applied to the synthesis of analogues of daptomycin,
CDA, A54145 and combinations thereof.[26, 53–55]


Scheme 1. Hpg biosynthesis in Streptomyces coelicolor. In the mutasynthesis
approach towards diverse CDA analogues, the hydroxymandelate synthase
gene hmaS was knocked out.[34]
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For the chemoenzymatic synthesis of nonribosomal pep-
tides, the last catalytic domain of the assembly line, a TE, is
used. In many NRPSs, the TE is a peptide cyclase that catalyzes
the release of the mature peptide chain from the assembly line
by intramolecular cyclization. Often, the TE-encoding gene
fragment can be cloned and expressed in E. coli. Subsequently,
the 30 kDa recombinant TEs catalyze the macrocyclization of
activated thioester substrates, mimicking the PCP-bound linear
peptide. The peptides can be synthesized through solid-phase
peptide synthesis (SPPS).[26]


Gr�newald et al.[53] applied this method to the generation of
CDA and daptomycin derivatives. The recombinant CDA cy-
clase efficiently catalyzed ring formation from linear peptidyl
thioester substrates based on a sequence analogous to that of
natural CDA. The cyclase catalyzes the formation of two regio-ACHTUNGTRENNUNGisomeric macrolactones, which arise from the simultaneous nu-
cleophilic attack of the two adjacent Thr2 and Ser1 residues.
The substitution of either of these residues by alanine led to
the selective formation of a decapeptide or undecapeptide lac-
tone ring. Despite this relaxed regioselectivity, the CDA TE
showed strong stereoselectivity; hence, only l-Ser or l-Thr was
accepted for enzyme-mediated cyclization. Another finding
was that the elongation of the fatty acyl group of the thioester
substrate from acyl to hexanoyl yielded solely the decapeptide
lactone with a significantly improved cyclization/hydrolysis
ratio. In a later study, Gr�newald et al.[54] used the CDA TE to
generate daptomycin derivatives. Linear CDA undecapeptide
thioesters with single exchanges at six daptomycin-specific res-
idues were successfully cyclized. The simultaneous incorpora-
tion of all six of these residues into the peptide backbone and
the elongation of the N terminus of CDA by two residues yield-
ed a daptomycin derivative that lacked only the b-methyl
group of MeGlu for synthetic reasons. Bioactivity studies of
these chemoenzymatically generated lipopeptides revealed the
important role of nonproteinogenic amino acids and CaII, as
expected. Single substitution of the four acidic residues in the
peptide backbone to Asn or Gln suggested that only Asp7 and
Asp9 were essential for antimicrobial potency. These findings
might explain the conserved Asp-X-Asp-Gly motif.


In a more recent study, Kopp et al.[55] used the TEs from
A54145 and daptomycin NRPSs to catalyze the macrocycliza-
tion of linear daptomycin and A54145 peptides. Derivatives of
these acidic lipopeptides were generated as well as hybrid
molecules of both compounds. The bioactivity of these cyclic
lipopeptides was also examined and revealed new insights
into the structure-activity relationship of the acidic lipopeptide
family. Thereby, the general importance of the two conserved
Asp residues was confirmed. Compared with authentic dapto-
mycin, the chemoenzymatic variant showed approximatelyACHTUNGTRENNUNGsixfold reduced bioactivity due to the incorporation of Glu12
rather than MeGlu12, resembling the results from Gr�newald
et al.[54] and Nguyen et al.[43] Furthermore, the A54145 TE was
able to catalyze both macrolactonization and macrolactamiza-
tion. It was found that the exocyclic amino acids Trp1, d-Glu2
and hAsn3 were not important for antimicrobial behavior. Fur-
thermore, different ring sizes were gained by shifting the Thr4
residue to positions three and five, in the linear substrate to


gain nine- and eleven-membered rings, respectively. Thus, this
method provides a rapid approach towards diverse lipopep-ACHTUNGTRENNUNGtides.


Tailoring Enzymes


Tailoring enzymes are often found within NRPS gene clusters.
These enzymes catalyze the formation of nonproteinogenic
amino acids or enhance the structural diversity of secondary
metabolites by post-assembly-line functionalization. These
structural changes improve the biological activity of secondary
metabolites and provide the producer with an evolutionary ad-
vantage by, for instance, making the antibiotic more stable to
protease cleavage by the target strains. Tailoring events are
ubiquitous in nonribosomal peptide synthesis and can take
place on amino acids bound to the PCP domain of the assem-
bly line in cis by the corresponding catalytic domains integrat-
ed into the NRPS or in trans.[23] The cyclization of cysteine to
thiazoline during bacitracin biosynthesis[56] and halogenation
of Thr during syringomycin E[57] biosynthesis are noteworthy
examples of how tailoring affects activity and stability, respec-
tively. In contrast, to vancomycin-type antibiotics, in which tai-
loring events mainly take place in a post-assembly-line fash-
ion,[58] recent studies on the origin of nonproteinogenic amino
acids in acidic lipopeptides suggest that pre-assembly-line
modifications, that is, amino and fatty acid building block bio-
synthesis, are more common for this antibiotic class. Altogeth-
er, twelve nonproteinogenic amino acids are present in the
acidic lipopeptides (Figure 1). Six of these (Hpg, Kyn, Dab, Dap,
Pip and Orn) have been extensively discussed before[11] and
will not be covered in this review. Instead, our focus will be on
recent studies addressing methylation, hydroxylation and de-
hydrogenation events as well as on the epoxidation of the
hexanoic acid tail of CDA.


Methylation


One common feature of daptomycin, A54145 and CDA is the
presence of a b-methylated Glu residue at the same relative
ring position. Whereas CDA and A54145 lipopeptides are pro-
duced as mixtures of compounds containing MeGlu or
Glu,[30, 32] the fermentation of Streptomyces roseosporus results
exclusively in MeGlu-containing peptides.[46] As mentioned ear-
lier, the MeGlu-containing acidic lipopeptides exhibit a higher
bioactivity than do the Glu-containing analogues.[30, 46, 54, 55, 59]


Following the determination of the CDA biosynthetic gene
cluster,[34] a gene, sco3215, was predicted to encode an S-ade-
nosyl methionine (SAM)-dependent glutamate-3-methyl-trans-
ferase (GlmT). Genes homologous to glmT are found in the
daptomycin (dptI)[46] and A54145 (lptI)[32] pathway. It was ob-
served previously that the fermentation of deletion mutants of
S. coelicolor (DglmT) and S. roseosporus (DdptGHIJ) led to the
production of CDA and daptomycin analogues containing ex-
clusively Glu instead of MeGlu.[46, 59] The complementation of
the DdptGHIJ mutant by dptI or glmT and the complementa-
tion of DglmT with synthetic MeGlu restored the biosynthesis
of the MeGlu-containing compounds.[46, 59] These results
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showed that GlmT, DptI and LptI are methyltransferases in-
volved in the biosynthesis of MeGlu residues in CDA, daptomy-
cin and A54145. By the characterization of recombinant GlmT,
DptI and LptI, Mahlert et al.[60] determined the substrate specif-
icity of the methyltransferases. Combined with the in vivo re-
sults,[59] the complete mechanistic details of the biosynthesis of
MeGlu and its incorporation into the acidic lipopeptides are
now available (Scheme 2).


It was shown that GlmT, DptI and LptI are indeed all SAM-
dependent methyltransferases.[60] But instead of catalyzing the
methylation of Glu directly, all these enzymes act exclusively
on aKG (40), leading to 3-methyl-2-oxoglutarate (41). Together
with a branched-chain aminotransferase (IlvE) from the primary
metabolism of S. coelicolor, the mechanism was established.
The coupling of the methylation and transamination reaction
led to the synthesis of MeGlu starting from aKG. The subse-
quent activation and incorporation of MeGlu by the adenyla-
tion domain of the tenth module of the CDA and the twelfth
module of the daptomycin/A54145 NRPS will lead to the corre-
sponding acidic lipopeptide antibiotics. For compounds 5, 6,
10, 12, 13, 15, 18 and 20, Glu instead of MeGlu is found, and
this is most likely due to the relaxed substrate specificity of
the corresponding adenylation domain. However, this hypothe-
sis has not yet been proven.


The methylation of an Asp residue observed at position four
of the amphomycins/friulimicins 22–30 was not fully examined
biochemically, but there is genetic evidence that this methyl
group results from the mutase-catalyzed rearrangement of Glu
into MeAsp.[37] This notion was validated by in the vitro activity
of the gene products predicted to show the described mutase
activity in the friulimicin pathway, GlmA and GlmB, which were
expressed heterologously in S. lividans. The disruption of these
genes in A. friuliensis caused a 60 % reduction in the yield of
MeAsp-A54145. Whether this is due to a leaky recombinant
phenotype or to production by an alternative pathway is un-
clear.[37]


Hydroxylation


Hydroxylated asparagines are found at position nine in the
peptide core of some CDAs (Figure 1, 15, 16, 18 and 19 and
subsequently phosphorylated 13, 14 and 17) and at position


three of A54145 (Figure 1, 5–12). Additionally, a methoxylated
Asp is found at position nine in A54145. For the latter modifi-
cation, a mechanism was proposed by a sequence analysis of
the genes from the A54145 biosynthesis cluster.[32] The gene
lptK was annotated as an O-methyltransferase because it had
high sequence homology to known enzymes, and lptJ was an-
notated as a regulatory protein with sequence homology to
the putative regulatory enzyme SyrP, which is a gene product
of the syringomycin biosynthetic gene cluster in Pseudomonas
syringae.[61] The SyrP sequence was recently re-examined and
showed high homology to iron(II)/aKG-dependent hydroxylas-
es. The biochemical characterization of SyrP revealed hydroxyl-
ation activity on Asp bound to the PCP of the eighth module
of the syringomycin NRPS.[62] Therefore, a possible MeOAsp
precursor pathway is that LptJ hydroxylates Asp at the b posi-
tion, while tethered to the PCP, followed by O-methylation
through LptK catalysis.


The hydroxylation of the asparagine residue in the CDAs is
carried out by the enzyme AsnO,[36] an iron(II)/aKG-dependent
oxygenase. These enzymes couple the oxidative decarboxyla-
tion of aKG to succinate with the generation of a reactive
iron(IV)-oxo species, which can abstract a hydrogen from an
aliphatic carbon to yield hydroxyl and substrate radicals. Sub-
sequent radical recombination gives the hydroxylated prod-
uct.[63] The asnO gene was amplified from chromosomal S. coe-
licolor DNA and heterologously expressed in E. coli. The re-
combinant enzyme was extensively characterized biochemi-
cally and shown to specifically act on free l-asparagine
(Scheme 3), which was subsequently activated, epimerized and


incorporated into the CDA peptide chain. DasnO S. coelicolor[35]


was found to produce CDAs 20 and 21 with Asn instead of
hAsn. This is most likely due to a relaxed substrate specificity
of the adenylation domain of the ninth module of the CDA
peptide synthetase. Compounds 20 and 21 were isolated in
poor yield which suggests that hAsn is the preferred substrate
of the adenylation domain.


It is postulated that the observed phosphorylation of the
hAsn residue in the CDAs 12, 14 and 17 is carried out by the
gene product of hasP. The hasP gene product exhibits moder-
ate sequence similarity with the spectinomycin phosphotrans-
ferase (SpcN),[64] which is involved in the phosphorylation of an
aminoglycoside antibiotic; hasP is, therefore, likely to encode
the required 3-hydroxyasparagine phosphotransferase.


Scheme 2. Mechanism of MeGlu precursor synthesis. The SAM-dependent
methyltransferases DptI, LptI and GlmT transfer a methyl group to aKG (40)
leading to 3-methyl-2-oxoglutarate (41). Subsequent amino group transfer
from valine to 41 catalyzed by branched chain aminotransferases yields the
MeGlu.


Scheme 3. Mechanism of hAsn formation during CDA and A54145 biosyn-
thesis. AsnO hydroxylates Asn, coupled with the oxidative decarboxylation
of aKG to succinate.
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The X-ray structure elucidation of AsnO with a bound hy-
droxylated asparagine (PDB ID: 2OG7) facilitated the determi-
nation of the stereochemistry of hAsn, which was found to be
trans configured.[36] The AsnO structure in complex with the
products of the reaction, namely succinate and hAsn, allowed
for the identification of the product-binding residues, which
should be identical to the substrate-binding residues. The Asp
side chain of the AsnO residue 241 was found to bind the car-
bamide function of the Asn substrate. By changing this residue
to Asn, the AsnO variant D241N was able to hydroxylate ste-
reospecifically Asp to yield l-trans-hydroxyaspartate (hAsp).[65]


The described work shows how modifying enzymes can be
manipulated to yield more structural diversity in terms of pre-
cursor synthesis.


For A54145, the gene lptL within the biosynthetic gene clus-
ter[32] of S. fradiae shares high sequence homology with AsnO,
and therefore, the gene product should also catalyze hAsn pre-
cursor formation in the same manner as does AsnO. Thus, lptL
was cloned and expressed in E. coli, and the recombinant
enzyme was able to stereospecifically hydroxylate l-asparagine
with aKG as the co-substrate (M. Strieker, unpublished results).


Dehydrogenation


The a-series of the CDAs (17–21) exhibit a C-terminal Z-2’S-3’S-
dehydrotryptophan (DTrp) residue.[34] Little is known about the
nature of the enzymes involved in the dehydrogenation of
amino acid residues during NRPS biosynthesis. Nevertheless,
related enzymes activities have been characterized, namely the
tryptophan side chain oxidase from Pseudomonas[66] and the l-
tryptophan-2’-3’-oxidase from Chromobacterium violaceum.[67]


No gene was identified within or outside the CDA biosynthetic
cluster whose product shares sequence homology to any of
these enzymes. Amir-Heidari et al.[68] indirectly supported the
stereochemical course of the Trp dehydrogenation. By feeding
a Trp auxotroph S. coelicolor strain with synthetic C3’-deuterat-
ed tryptophans, it was possible to follow the fate of the C3’
deuterium labels during CDA biosynthesis using mass spectros-
copy. The possibility of hydroxylation followed by dehydration
was ruled out because no hydroxylated Trp-containing inter-
mediates were observed. It is suggested that the dehydrogen-
ation of Trp during CDA biosynthesis takes place directly, as in
the case of l-tryptophan-2’-3’-oxidase from Chromobacterium
violaceum.[67] This oxidase was shown to catalyze the dehydro-
genation of N-Boc-l-Trp to the DTrp derivative by abstracting
the C3’-proS-proton with syn stereochemistry,[69] which was
also observed in the feeding experiments. The unidentified
enzyme responsible for DTrp formation during CDA biosynthe-
sis should, therefore, follow the logic of the l-tryptophan-2’-3’-
oxidase.


Fatty acid tailoring


The mechanism of the incorporation of 2,3-epoxyhexanoic acid
as an invariant fatty acid tail in the CDAs (Figure 1, 13–21) was


determined recently by Kopp et al.[70] It was found that the tai-
loring of the unique 2,3-epoxyhexanoyl moiety of CDA is medi-
ated by acyl carrier protein (ACP). It was shown that a new
type of FAD-dependent oxidase (HxcO) with intrinsic enoyl-
ACP epoxidase activity and a second enoyl-ACP epoxidase
(HcmO) are responsible for the generation of the epoxidized
fatty acid tail. HxcO and HcmO were predicted to be a fatty
acid oxidase and epoxidase, respectively, both acting on acyl-
CoA substrates.[33] Nevertheless, the experiments by Kopp
et al.[70] with a set of acyl-CoA, acyl-ACP and chemoenzymati-
cally derived CDA substrates demonstrated that only ACP-teth-
ered fatty acids were accepted by HxcO and HcmO. In addition
to the physiological substrate, hexanoyl-S-ACP, HxcO accepted
a range of ACP-bound 4–10-carbon substrate analogues. In
contrast, HcmO epoxidation activity showed more restricted
substrate specificity and was limited to hex-2-enoyl- and cro-
tonyl-S-ACP substrates. The characterization of the putative de-
hydrogenase, HxcO, showed the time-dependent formation of
2,3-epoxyhexanoyl-S-ACP and minor amounts of the expected
hex-2-enoyl-S-ACP product. Using chiral reagents for amide li-
gation, the configurations of the epoxides generated were de-
termined.[70] The epoxide generated by HxcO was (2R,3S)-con-
figured, and the HcmO product had the opposite configuration
based on HPLC analysis.


As two epoxidases displaying different stereochemistry were
found within the CDA gene cluster, one can speculate about
the molecular logic underlying the CDA epoxyhexanoic acid
biosynthesis. It was suggested[70] that hexanyol-ACP is pro-
duced by FabH4 and FabH3, putative b-ketoacyl-ACP synthases
encoded within the fab operon,[34] together with enzymes from
primary metabolism. Subsequently, fatty acid tailoring by HxcO
occurs on the ACP-bound hexanoyl moiety and results in the
(2R,3S)-2,3-epoxyhexanoyl product. Alternatively, the hex-2-
enoyl-ACP, either a side product of HxcO or derived from pri-
mary metabolism, can be epoxidized directly by HcmO during
fatty acid synthesis on the ACP (Scheme 4).


Based on the finding that two epoxidases exist in the CDA
cluster, it is suggested that HxcO has gained its epoxidation ac-
tivity during evolution. HcmO and HxcO produce the two pos-
sible 2,3-epoxyhexanoyl enantiomers, but it remains unclear if
both enantiomers are transferred from the ACP to the first
module of the CDA peptide synthetase.


Scheme 4. Proposed mechanism of the fatty acid tailoring events leading to
2,3-epoxyhexanoyl, the fatty acid tail of the CDAs (see the text for details).
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Outlook


Since daptomycin made its way into US clinics in 2003, a great
deal of research has been carried out in the field of acidic lipo-
peptide antibiotics. The findings revealed the potential to fully
understand and manipulate the molecular mechanisms under-
lying the remarkable structural diversity exhibited by these
compounds.


With this information, engineering approaches to yield novel
antimicrobial agents were successfully applied. The examples
of the biocombinatorial synthesis of hybrid acidic lipopeptides
show that, in general, it is possible to engineer NRPS assembly
lines. This approach, however, is time-consuming, “wild-type”
yields are rarely obtained and no hybrid has exhibited better
bioactivity than that of its parent compound. Nevertheless, this
branch of NRPS research is very young, and little is known
about the mechanisms that provide a functional NRPS assem-
bly line. Therefore, the presented efforts are remarkable find-
ings and might facilitate more efficient biocombinatorial syn-
theses of NRPS products in vivo in the future. The possible
combination of mutasynthesis and biocombinatorial ap-
proaches might also prove useful. Together with work covering
NRPS interdomain and interpeptide docking sites[47, 71, 72] and on
interactions modulating conformational switches[73] as well as
the recent 3D structural elucidation of an NRPS termination
module,[74] biocombinatorial methods might become more fea-
sible soon. Chemoenzymatic approaches have the advantage
that they are quick and can be employed to generate large li-
braries of hybrid lipopeptides in a reasonable time span; how-
ever, they are also inefficient due to the hydrolysis of the acti-
vated TE substrates. Once a hybrid molecule with improved
bioactivity is found by this method, one could employ more
efficient biocombinatorial approaches.


Furthermore, detailed mechanisms have been proposed
through the biochemical, microbial and/or bioinformatical
characterization of precursor syntheses carried out by modify-
ing enzymes. More knowledge in this field is necessary to pro-
vide insights into how nature’s unique ability to generate
structural diversity can be adopted to build novel antibiotic
building blocks. Further research routes towards new lipopep-
tides, together with the elucidation of the structural diversity-
causing tailoring steps, is necessary to yield potent antimicro-
bial agents, as increased resistance is only a question of time.
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Bacterial Cell Wall Studies
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1. Introduction


One of the most essential structures a bacterium possesses is
its cell wall. It forms a suit of armour and allows the bacterium
to withstand high differences in osmotic pressures between
that of its cytoplasm and that of the environment. It also helps
the cell maintain its shape and provides an anchor for pro-
teins[1] and other cell envelope constituents such as Braun’s lip-
oprotein[2] and polysaccharides.[3] The cell wall plays a role in
all segments of the bacterial growth cycle, and its construction
requires a complex and elaborate ensemble of biochemical
and assembly processes; these properties make it an important
structure. Because of its importance for bacterial cell survival
and its high accessibility, the cell wall is a target for antibiotics.
This is illustrated by the fact that many of the known antibiot-
ics, such as penicillin,[4] vancomycin[5] and bacitracin,[6, 7] attack
the bacteria at the level of cell wall synthesis. However, bacteri-
al resistance against antibiotics is causing severe problems in
healthcare. Resistant strains have even been reported against
vancomycin, which used to be the antibiotic of last resort to
treat infections of the infamous methicillin-resistant Staphylo-
coccus aureus (MRSA) bug.[8] Hence, the demand for new anti-
biotics is now bigger than ever. In the search for these antibi-
otics, the bacterial cell wall and its whole synthesis pathway
are perfect leads, because the cell wall still provides many un-
characterized areas that might serve as a target for antibiotic
agents.


This review focuses on biochemical methods that can beACHTUNGTRENNUNGapplied to unravel unknown areas and mechanisms involved
with the bacterial cell wall that might serve as a target for anti-
biotic agents, and in particular, their use in the field of proteo-
mics to characterize the cell wall proteome, the so-called “wal-
losome.”


2. Peptidoglycan Synthesis


The bacterial cell wall mainly consists of peptidoglycan, which
is a huge macromolecule consisting of a multilayered network
of linear glycan chains interlinked with each other by short
peptide moieties. The glycan chain is composed of alternating
b-1,4-linked N-acetylglucosamine (GlcNAc) and N-acetylmuram-
ic acid (MurNAc) residues (Figure 1.) The carboxyl group of
each MurNAc unit is substituted by a small peptide that con-
tains amino acids in the d-configuration, which is a typical
characteristic of peptidoglycan. By crosslinking to each other,
the peptide moieties on the MurNAc residues form peptide
bridges interlinking the glycan strands.[9–11] Since the peptides
are arranged helically along the glycan stands, it is possible to
form crosslinks in all directions.[10] In this way a multilayered,
three-dimensional network is formed[12]


The synthesis of peptidoglycan occurs in different stages. It
starts in the cytoplasm where the aminosugar subunits uri-
dine-5’-diphosphate-GlcNAc (UDP-GlcNAc) and UDP-MurNAc-
pentapeptide are synthesized. In Escherichia coli, UDP-MurNAc-
pentapeptide is synthesized in six steps, starting with the
transfer of an enolpyruvate (PEP) to UDP-GlcNAc by MurA.
Subsequently, MurB catalyses the reduction of the PEP moiety
to d-lactate; this yields UDP-N-acetylmuramate. After this, four
ATP-dependent aminoligases—MurC, MurD, MurE and MurF—
catalyze the stepwise addition of the pentapeptide chain to


Because of its importance for bacterial cell survival, the bacterial
cell wall is an attractive target for new antibiotics in a time of
great demand for new antibiotic compounds. Therefore, more
knowledge about the diverse processes related to bacterial cell
wall synthesis is needed. The cell wall is located on the exterior
of the cell and consists mainly of peptidoglycan, a large macro-
molecule built up from a three-dimensional network of amino-ACHTUNGTRENNUNGsugar strands interlinked with peptide bridges. The subunits of
peptidoglycan are synthesized inside the cell before they are
transported to the exterior in order to be incorporated into the


growing peptidoglycan. The high flexibility of the cell wall synthe-
sis machinery towards unnatural derivatives of these subunitsACHTUNGTRENNUNGenables research on the bacterial cell wall using labeled com-
pounds. This review highlights the high potential of labeled cell
wall precursors in various areas of cell wall research. Labeled pre-
cursors can be used in investigating direct cell wall–antibioticACHTUNGTRENNUNGinteractions and in cell wall synthesis and localization studies.
Moreover, these compounds can provide a powerful tool in the
elucidation of the cell wall proteome, the “wallosome,” and thus,
might provide new targets for antibiotics.
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the d-lactate. This results in the complete UDP-MurNAc-penta-
peptide molecule.[13–18]


The following steps still occur on the cytoplasmic side, but
the location is now on the membrane surface.[19] This amounts
to the transfer of the phospho-MurNAc-pentapeptide of UDP-
MurNAc-pentapeptide to a special membrane-bound lipidACHTUNGTRENNUNGacceptor, undecaprenyl-phosphate, yielding lipid I. This step is
catalyzed by the integral membrane protein MraY (Figure 2,
step B).


In the second membrane-bound step, UDP-GlcNAc is cou-
pled to lipid I by the glycosyltransferase MurG resulting in li-ACHTUNGTRENNUNGpid II (Figure 2 C). Thus, lipid II contains a complete monomer
unit of the peptidoglycan layer of E. coli, GlcNAc-MurNAc-pen-
tapeptide. In E. coli, MurG is the last protein known to be in
contact with lipid II on the inside of the bacterial cytoplasmic
membrane, so the next step in the cycle involves the transfer
of lipid II across the cytoplasmic membrane to the exterior in
order to get incorporated into the growing peptidoglycan
chain (Figure 2 D). The mechanism by which this membrane
transport occurs has been elusive so far. However, recent stud-
ies claim the involvement of the putative flippase MviN in this
process.[20, 21]


The following steps are also membrane-bound but take
place on the exterior side of the cytoplasmic membrane and
involve the activity of glycosyltransferases and transpeptidases.
The glycosyltransferases catalyze the formation of the linear
glycan chains that contain repeats of the alternating aminosu-
gars. Transpeptidases catalyze the formation of peptide cross-
links between the glycan strands and the incorporation of the
glycan strands into the existing peptidoglycan (Figure 2 E). Al-
though monofunctional transglycosylases and transpeptidases


exist, the main peptidoglycan synthesizing activity
stems from bifunctional proteins. These are often re-
ferred to as penicillin binding proteins (PBPs) because
antibiotics of the b-lactam class specifically inhibit
them. E. coli possesses twelve PBPs of which PBP1a
and PBP1b are the major bifunctional transpeptidase-
transglycosylases.[22]


After the GlcNAc-MurNAc-pentapeptide moiety is
released by the action of PBP1b,[23, 24] a free undeca-ACHTUNGTRENNUNGprenylpyrophosphate molecule is generated. The
membrane-bound undecaprenyl carrier is transported
back to the cytoplasmic side of the membrane by an
unknown mechanism (Figure 2 E). After the removal
of one phosphate group from the undecaprenolpyro-
phosphate[25–27] (Figure 2 A), the molecule can be re-ACHTUNGTRENNUNGused in a new cycle of peptidoglycan synthesis.


3. Peptidoglycan Recycling


Not only is the undecaprenyl carrier molecule re-ACHTUNGTRENNUNGcycled, but E. coli also possesses an efficient recycling
pathway for peptidoglycan building blocks (for a
review, see ref. [28]). This recycling pathway includes
the breakdown of the cell wall by the action of lytic
transglycosylases and endopeptidases (Figure 3 A).
These enzymes release monomeric anhydro-MurNAc-


l-Ala-d-Glu-m-DAP-d-Ala from the peptidoglycan into the peri-
plasm. Most often these muACHTUNGTRENNUNGro ACHTUNGTRENNUNGpep ACHTUNGTRENNUNGtides are degraded to tripep-
tide derivatives by the action of l,d-carboxypeptidases. The
muropeptides can enter two different recycling pathways. The


Figure 2. Membrane-bound cycle of peptidoglycan synthesis. Starting from
the cytoplasmic side; after the A) dephosphorylation of undecaprenylpyro-
phosphate, B) UDP-MurNAc is attached to undecaprenylphosphate by MraY,
forming lipid I. C)After this, MurG catalyzes the addition of UDP-GlcNAc,
which results in lipid II, carrying one complete peptidoglycan subunit. D)
Subsequently, lipid II is transported across the membrane through an un-
known mechanism. E) Thereafter, the peptidoglycan subunit is cleaved of
the undecaprenyl carrier and incorporated into the growing peptidoglycan
chain. F) Finally, the undecaprenylpyrophospate is transported back to the
cytoplasmic side, by a mechanism that is also unknown, allowing for the be-
ginning of a new cycle. For a review, see ref. [19] .


Figure 1. A general schematic representation of two peptidoglycan subunits. Amino acid
positions of the pentapeptide are numbered 1–5. In addition to the composition of the
pentapeptide, the length (n) and composition of the interpeptide bridge also varies
among the bacterial species (for a review see ref. [44]). Figure 1 is adapted from
ref. [101].
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first possibility involves a periplasmic amidase (AmiA) which
cleaves the muropeptide into a disaccharide and a tripep-
tide.[29] Subsequently, the tripeptide can be transported across
the cytoplasmic membrane by the general oligopeptide trans-
port system Opp[30] or the specific murein peptide permease
Mpp.[31] The other possibility is that the intact muropeptides
are taken up by AmpG[32, 33] and subsequently degraded by the
specific amidase activity of AmpD.[34, 35] This yields anhydro-
MurNAc (anhMurNac), GlcNAc and free tripeptides. The latter
are coupled to UDP-MurNAc by the specific tripeptide ligase
Mpl, resulting in UDP-MurNAc-tripeptide.[36] This molecule is


the normal substrate of MurF and the peptide has now re-en-
tered the cell wall synthesis pathway.


The aminosugars of the peptidoglycan are also recycled
(Figure 3 B). NagZ cleaves the GlcNAc-anhMurNAc to release
GlcNAc and anhMurNAc.[37] GlcNAc is phosphorylated by the
specific kinase activity of NagK, thereby returning to the path-
way for UDP-GlcNAc synthesis.[38] The anhMurNAc molecule is
first phosphorylated by AnmK.[39] Subsequently, MurNAc-6P is
converted to GlcNAc-P by the action of the MurQ etherase.[40]


AnhMurNac is also directly taken up into the cell by the action
of MurP.[40] Likewise, GlcNAc can be imported by NagE.[41] Al-
though peptidoglycan recycling also occurs in Gram-negative
species other than E. coli, Gram-positive bacteria lose about
50 % of their peptidoglycan every cell cycle, and no mecha-
nism of cell wall recycling is known in Gram-positive bacte-
ria.[42]


4. Variations in Peptidoglycan Composition


Although peptidoglycan always consists of glycan strands in-
terlinked by peptide bridges, the composition of the amino-ACHTUNGTRENNUNGsugars and peptides shows great variation among the various
bacterial species.[11, 43, 44] In a few bacteria, the glycan chain dis-
plays minor variations including O- or N-acetylation, which
probably occur at late stages of cell wall maturation.[11]


The peptide moiety is usually synthesized as a pentapeptide;
however, due to peptidoglycan maturation, sometimes tri-,
tetra- or hexapeptides are also found.[12, 45–48] Not only can the
length of the peptides vary, but also the amino acids of the
peptide moiety show variation among different bacterial spe-
cies. Variations occur at all the peptide positions but especially
the amino acid at position three is prone to variation
(Figure 1). At this position a diamino acid is usually found, and
the most common are meso-diaminopimelic acid (DAP) and l-
lysine. DAP is present in virtually all E. coli and other Gram-neg-
ative bacteria but can also be found in other species like some
lactobacilli, clostridia, bacilli, corynebacteria and propionibacte-
ria.[11] By contrast, l-lysine is rarely observed in Gram-negative
species.[49] Less frequent variants at position three also occur
among the bacterial kingdom. The amino acids at the other
positions can also show variations; however, these are not
common.[11]


5. High Flexibility of the Cell Wall Synthesis
Machinery


In addition to the high level of variation in the composition of
peptidoglycan among the diverse bacterial species, the cell
wall synthesis machinery also shows a high tolerance towards
unnatural substrates. MraY and MurG display broad substrate
specificity since these proteins proved capable of lipid II syn-
thesis utilizing (fluorescently) labeled substrates as well as
prenyl carriers with prenyl chain lengths varying from 2–25 iso-
prene units.[50, 51] Recent studies showed that only a limited
number of conserved residues were essential for the activity of
MurG[52] or MraY.[53] Both MurG and MraY are present in virtually
all species of the bacterial kingdom, and homologues of MraY


Figure 3. Recycling of peptidoglycan in E. coli. A) Recycling of peptidoglycan
peptides. B) Recycling of peptidoglycan aminosugars.
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even exist in eukaryotic systems. In addition, the MGD protein
of Spinacia oleracea, which catalyses the transfer of a galacto-
syl group from UDP-galactose onto a diacylglycerol acceptor,
shows sequence similarity with E. coli MurG.[54] Also, in eukary-
otic systems such as Arabidopsis thaliana and the moss Physco-
mitrella patens, homologues of mray, various mur genes and
even genes encoding for PBPs can be found.[55] Bacteria can
also show tolerance towards unnatural amino acids in their cell
wall. For instance, mutants of E. coli lacking a diaminopimelate
epimerase were found to have a larger amount of ll-diamino-
pimelic acid (ll-DAP) than meso-DAP incorporated into their
peptidoglycan layer.[56, 57] Moreover, in vivo experiments
showed that DAP could be totally replaced by meso-lanthio-
nine or l-allo-cystationine in the peptidoglycan of E. coli.[58]


6. Studies on Bacterial Cell Wall Inhibitors
Using Labeled PG Derivatives


The high flexibility of the bacterial cell wall synthesis machi-
nery makes peptidoglycan subunits ideal tools in cell wall re-
search because it opens up the possibility to employ precur-
sors modified by a wide variety of labels. Many pioneering
studies on the biosynthesis of peptidoglycan involved the use
of radiolabeled precursors,[59–61] and they were involved in the
elucidation of the mode of action of different antibiotics[62, 63]


and the discovery of the recycling pathway[30] . Beside their use-
fulness for analyses of bacterial cell wall metabolism, radiola-
beled peptidoglycan and its precursors are also of great inter-
est for investigations of host-bacteria interactions. For exam-
ple, the injection of [14C]-DAP-labeled peptidoglycan fragments
in Drosophila allowed for the demonstration of the role of the
amidase activity of the peptidoglycan-recognition protein
(PGRP)-LB in the response to bacterial infection and innate im-
munity mechanisms in flies.[64] Although radiolabeled cell wall
precursors remain a valuable tool in cell wall studies, the high
flexibility of the bacterial cell wall synthesis machinery opened
up the possibility to employ precursors modified by a wide va-
riety of labels. This drastically expanded the possibilities to
study cell wall synthesis and inhibitors thereof in great detail.


The molecular mechanism of action of different classes of
antibiotics and the various interactions they form with cell wall
precursors has been extensively studied with labeled versions
of these precursors. One of the earliest studies using labeled
peptidoglycan derivatives employed UDP-MurNAc-pentapep-
tide that was chemically modified at its lysine residue with the
spin-label Tempyo (2,2,5,5-tetramethyl-N-oxylpyrroline-3-car-
bonyl).[65, 66] A spin label provides information about its micro-
environment and mobility, and the labeled UDP-MurNAc-pen-
tapeptide was used to study the interactions with the antibiot-
ics vancomycin and ristocetin during various stages of in vitro
peptidoglycan synthesis.


In another study, the interactions of lipid II, labeled with
pyrene at its lysine, with the peptide antibiotic nisin were in-
vestigated.[67, 68] This antibiotic kills bacteria through so-called
targeted pore formation.[69] By the analysis of the characteristic
excimer fluorescence of pyrene, lipid II was shown to be an in-
tegral part of the nisin pore. The size, stoichiometry, and stabil-


ity of the nisin-lipid II pore complex were elucidated by means
of this technology.[70]


Furthermore, the molecular basis for the inhibition of MraY
from E. coli by two classes of antibiotics, the mureidomycins
and the liposidomycins was assayed with a fluorescence-based
enzyme assay.[71, 72] UDP-MurNAc-pentapeptide, dansylated at
its DAP, was used as a substrate. This allowed for the kinetic
characterization of mureidomycin A, tunicamycin and liposido-
mycin B. This method was subsequently expanded to a high-
throughput assay to screen for inhibitors of MraY.[73] A high-
throughput approach was also reported to identify glycosyl-
transferase inhibitors. This involved the displacement of a
UDP-GlcNAc derivative, fluorescently modified at its N-acetyl
group, from the glycosyl donor binding site, and this screen
was successfully applied to E. coli MurG.[74, 75]


Aside from being a valuable tool for interaction studies and
inhibitor screenings, chemically modified precursors them-
selves could be promising candidates for a new type of antibi-
otic. Fluorinated carbohydrate derivatives are extensively ap-
plied in medical sciences as substrate mimics for the inhibition
of enzymatic processes, because most enzymes are not able to
differentiate between the fluorinated and original compounds.
Lipid I analogues, fluorinated at the C-4 position of the
MurNAc residue, were shown to be potent inhibitors of
MurG,[76] and when Gram-positive bacteria were incubated in
the presence of UDP-MurNAc pentapeptide fluorinated at the
position C-4, significant inhibition of growth was observed.[77]


As muramic acid is specifically present in all bacteria, a fluori-
nated muramic acid derivative could be an ideal candidate.


7. Use of Labeled Peptidoglycan Derivatives in
PG Synthesis Studies


In order to study the reactions catalyzed by enzymes in the
lipid-linked cycle of bacterial peptidoglycan biosynthesis, fluo-
rescently labeled cell wall precursors have been extensively ex-
ploited. As the quantum yield of certain fluorophores increases
significantly in hydrophobic surroundings, enzymatic reactions
involving changes in the hydrophobic environment of specific
substrates are ideally suited for fluorescence assays.


The investigation of enzymes utilizing lipid I and lipid II has
long been hindered by the difficulty of acquiring these sub-
strates in useful quantities from natural sources. In an effort to
overcome this problem, several groups have now reported the
chemical synthesis of lipid II.[51, 78, 79] Alternatively, a semisynthet-
ic approach was developed to synthesize large quantities of
lipid II and variants.[50] This involves supplying bacterial mem-
brane preparations rich in MraY and MurG with polyisoprenyl
phosphates, UDP-MurNAc-pentapeptide and UDP-GlcNAc. Flu-
orescent lipid II was produced with UDP-MurNAc-pentapeptide
modified at its lysine residue with a fluorescent label.


The positioning of labels on the pentapeptide moiety is of
importance for the study of enzymes catalyzing the formation
of peptide crossbridges. For instance, UDP-MurNAc-pentapep-
tide was fluorescently derivatized at various positions and
used for enzymological studies on E. coli membrane-bound en-
zymes.[80] This strategy was based on the enzymatic prepara-
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tion of analogues containing d-cysteine instead of d-alanine at
positions four and five, which subsequently were fluorescently
labeled with pyrene maleimide.


Furthermore, an assay based on fluorescence resonance
energy transfer (FRET) was developed for MurG.[81] In this way,
the kinetic parameters for the enzymatic processing by MurG
were determined with UDP-N-acetylglucosamine, fluorescently
labeled at the C-6 position with indole-3-acetic acid and lipid I
labeled with dansyl at the DAP residue. In line with this, fluo-
rescent assays were developed to study the polymerization
of a fluorescently labeled lipid II derivative by E. coli PBP1b[82]


and the glycosyltransferase domains of Thermotoga maritima
PBP1a[83] and Streptococcus pneumoniae PBP2a.[84]


Labeled cell wall precursor derivatives have also been uti-
lized as an effective tool to study surface display on living bac-
teria. UDP-MurNAc-pentapeptide was modified with fluores-
cein or a ketone group. Bacteria were cultured in the presence
of the modified precursors, and the groups were displayed on
the bacterial surface through cell wall biosynthesis.[85–87] For in-
corporation of the precursors in Gram-negative bacteria, addi-
tional EDTA treatment was required to permeabilize the outer
membrane. When Lactobacilli were treated with the ketone-
modified precursor, oligomannose was coupled with the
ketone moiety on the bacterial surface through an aminooxyl
linker. The adhesion of these cells onto a lectin-containing sur-
face increased significantly compared to that of native bacte-
ria. Since bacterial adhesion is an important event in the infec-
tion of host cells and in the interaction between bacteria, con-
trolling the adhesion properties of the bacterial surface could
provide benefits to the development of novel bacterial
drugs.[88] Furthermore, this bacterial engineering technique is
potentially applicable to various types of ligand–receptor inter-
actions.


Another important application of labeling the cell wall is in
the research on peptidoglycan metabolism throughout the
bacterial cell cycle. Peptidoglycan segregation was studied
with the ability of E. coli to incorporate d-cysteine through an
unclear mechanism of periplasmic amino acid exchange into
its peptidoglycan.[89] Following the biotinylation of the cysteine
thiol groups, the distribution of modified peptidoglycan in pu-
rified peptidoglycan sacculi could be traced and visualized by
immunodetection with fluorescence and electron microscopy
techniques. In this way, it was shown that at the initiation of
cell division, there is a localized activation of peptidoglycan
synthesis at the potential division sites, while the diffuse inser-
tion of precursors occurs along the cylindrical part of the cell
surface during cell elongation. Moreover, the peptidoglycan in
polar caps was shown to be metabolically inert in this study.
This method was further applied to reveal mechanisms of bac-
terial morphogenesis.[90–92]


Recently, a new method was developed to label peptidogly-
can components in vivo, which can be used for multiple areas
of cell wall synthesis research.[93] This method involves the in-
corporation of labeled peptidoglycan precursors into the cell
wall by means of the cell wall recycling pathway. In this way, it
was shown that E. coli is capable of importing exogenous
murein tripeptide, fluorescently labeled at its lysine with N-7-


nitro-2,1,3-benzoxadiazol-4-yl (AeK-NBD), into the cytoplasm
where the ligase Mpl introduces it into the peptidoglycan bio-
synthesis route (Figure 4). Mpl has been shown to have broad


substrate specificity, accepting tri- to pentapeptides containing
either DAP or lysine.[94] Control experiments showed that the
labels had entered the cell wall synthesis pathway as both flu-
orescently labeled lipid II could be extracted from treated bac-
teria and fluorescent labels were shown to be present in isolat-
ed cell walls. This method of incorporation of reporter groups
in the cell wall of bacteria does not require the (mis)treatment
of the cells in any way. Using the fluorescent approach, pepti-
doglycan synthesis and recycling in relation to cell growth and
division was studied.[93]


8. The use of Labeled Peptidoglycan Deriva-
tives in the Search for the lipid II Flippase


Labeled peptidoglycan precursors were also applied in the
quest for what can be considered the holy grail of cell wall re-
search, the transport mechanism of lipid II. In order to get in-
corporated into the growing peptidoglycan chain, lipid II has
to be transported across the bilayer. The mechanism by which
this occurs largely remains a black box in bacterial cell wall
synthesis. Fluorescence spectrometry studies that used lipid II
labeled with a dansyl group showed that the rate of unassisted
lipid II movement was not sufficient to support peptidoglycan
synthesis in bacteria.[95] Recently, the transbilayer movement of
lipid II was analyzed through a fluorescence assay for the de-
termination of phospholipid membrane asymmetry.[96] For this
purpose, the fluorescent label 7-nitro-2,1,3-benzoxadiazol-4-yl
(NBD) was attached to the lysine residue of the MurNAc-penta-
peptide moiety of lipid II. The sensitivity of the NBD label on
lipid II for reduction by dithionite (this leads to the nonfluores-
cent 7-amino-2,1,3-benzoxadiazol-4-yl, ABD) enables determi-
nation of the topology of lipid II. In this way, it was confirmed
that lipid II does not flip-flop spontaneously across the bilayer
of model membranes.[96] Additionally, when membrane-span-
ning peptides, known to induce flip-flop of some phospholi-
pids,[97] were incorporated in model membranes, no significant
transmembrane movement of the precursor could be detect-


Figure 4. Wild-type E. coli W3899 cells incubated with AeK-NBD, analyzed by
fluorescence microscopy. Image of the cells in fluorescence (left) and differ-
ential interference contrast mode (right).
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ed.[96, 97] However, lipid II translocation could be demonstrated
in E. coli inner membrane vesicles by using NBD-labeled pre-
cursors.[96] These observations provided strong evidence that a
protein is needed for the translocation of lipid II across the bi-
layer.


The studies described above provided the parameters that
allow lipid II translocation in isolated bacterial membrane sys-
tems. This paved the way for the identification of proteins in-
volved in this process through the use of lipid II carrying pho-
toactivatable crosslinkers.[98] For this purpose, UDP-MurNAc-
pentapeptide was labeled with N-hydroxysuccinimidyl-4-azido-
salicyclic acid (NHS-ASA). The resulting UDP-MurNAc-pentapep-


tide-ASA was labeled with 125I to enable the specific detection
of crosslinked proteins (Figure 5 A). This radiolabeled ASA pre-
cursor was used as a substrate for lipid II synthesis in right-
side-out vesicle preparations (RSOs) of E. coli and resulted in a
set of crosslinked proteins (Figure 5 B). The labeling of proteins
obtained in this way is specific, since the band pattern of ra-
diolabeled proteins in lane 2 is different from the Coomassie
pattern in lane 4. A combination of two-dimensional gel analy-
sis and mass spectrometry was used to identify proteins that
were in contact with lipid II under these conditions and result-
ed in an interesting set of candidates. These involved compo-
nents of the multidrug efflux pump AcrAB-TolC. Strikingly,
many components of the protein translocon were also found
(SecY, SecA and SecD) including YidC, which is suggested to
bind to the sec translocon in the membrane.[99] The role of
these proteins in lipid II translocation remains unclear as of yet.


9. Prospects


Exploiting the high tolerance of the bacterial cell wall synthesis
machinery with labeled peptidoglycan derivatives can open a
panorama of possibilities in cell wall related research. These
compounds can be used to study interactions between anti-ACHTUNGTRENNUNGbiotics and peptidoglycan components. Secondly, our novel
method of labeling the cell wall of E. coli with reporter groups
in vivo paves the way for a proteomics approach. Using photo-
crosslinking approaches in combination with click chemistry,[100]


proteins interacting with the cell wall or its precursors can be
identified, allowing for the clear elucidation of the “wallo-
some.” The identification of the components can result in new
targets for antibiotics. Furthermore, site-specific information on
lipid II binding sites in penicillin-binding proteins can be ob-
tained by photo-crosslinking in combination with mass spec-
trometry techniques. Finally, the use of labeled peptidoglycan
derivatives can give more insight into the spatial and temporal
arrangement of peptidoglycan synthesis.
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Strategies for the Discovery of New Natural Products by
Genome Mining
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1. Introduction


Although our scientific knowledge of natural products has only
developed over the last 100 years or so, the practical applica-
tion of antibiotics existed for a long time before the term was
even known. Ancient cultures already knew that the use of cer-
tain crude plant extracts or moldy curd of cheese and soy-
beans had certain therapeutic benefits. Evidence for exposure
to antibiotics in an archaeological population was presented
by Basset and his colleagues when they showed traces ofACHTUNGTRENNUNGtetracyclines at therapeutic levels found in bones from theACHTUNGTRENNUNGancient Sudanese–Nubian civilization (350 AD).[1] In mediaeval
Europe, different plant extracts, as well as “magic” unguents
and many different blood-curdling elixirs, were used to fight
infections and diseases, and some of them actually helped
without there being a real understanding of what was happen-
ing.[2] Although many cultures used antibiotics, the general
principles of antibiotic action were not understood until the
twentieth century.


The development of modern antibiotics was led by a few
key individuals who showed that material derived from micro-
organisms could be used to cure or protect against infectious
diseases. An effective vaccine that protected against anthrax,
for example, was developed by Toussaint, Greenfield, and Pas-
teur in 1880 and 1881.[3] This whole-cell vaccine (although not
an antibiotic) demonstrated the medicinal potential of bacte-
ria. When Sir Alexander Fleming noticed a halo of inhibition of
bacterial growth around a contaminant mold on a Staphylococ-
cus plate culture in 1928, he ushered in a new era. With the
further development of penicillin into a medicine by Florey
and Chain in the 1940s and its following mass production and
success, the golden age of antibiotics had begun.[4, 5] During
the following 60 years, the pharmaceutical industry was deeply


engaged in the search for new natural products ; this search
almost exclusively relied on the detection of bioactivity inACHTUNGTRENNUNGextracts from natural sources and purification of the corre-
sponding compounds. Many natural products with antibacteri-
al, antifungal, antiparasitic, anticancer, and immunosuppressive
properties were discovered.[2]


In the late 1990s, the one strain/many compounds (OSMAC)
approach began to reveal nature’s chemical diversity and
showed that, depending on the environment and cultivation
conditions, single strains of fungi or bacteria often have the
potential to produce a variety of different natural products.[6]


With the development and establishment of new genetic engi-
neering techniques in recent years, the molecular basis for this
phenomenon has begun to be understood.[7]


About a decade ago, various factors contributed to a de-
crease in interest in natural products as part of the drugACHTUNGTRENNUNGdiscovery process. On the one hand there was very frequent
rediscovery of already known natural products, technical chal-
lenges associated with their purification and structure eluci-ACHTUNGTRENNUNGdation, as well as the financial cost of new natural productACHTUNGTRENNUNGdiscovery. On the other hand the advent of combinatorial
chemistry promised to provide an overabundance of new com-
pounds to screen for biological activity. As a result, the large
pharmaceutical companies started to realign their strategies,
and a mass-withdrawal from new natural product discovery
and natural products research ensued.


[a] M. Zerikly, Prof. G. L. Challis
Department of Chemistry, University of Warwick
Coventry CV4 7AL (UK)
Fax: (+ 44) 24-7652-4112
E-mail : g.l.challis@warwick.ac.uk


Natural products have a very broad spectrum of applications.
Many natural products are used clinically as antibacterial, anti-
fungal, antiparasitic, anticancer and immunosuppressive agents
and are therefore of utmost importance for our society. When in
the 1940s the golden age of antibiotics was ushered in, a “gold
rush fever” of natural product discovery in the pharmaceutical in-
dustry ensued for many decades. However, the traditional process
of discovering new bioactive natural products is generally long
and laborious, and known natural products are frequently redis-
covered. A mass-withdrawal of pharmaceutical companies from
new natural product discovery and natural products research has
thus occurred in recent years. In this article, the concept of


genome mining for novel natural product discovery, which prom-
ises to provide a myriad of new bioactive natural compounds, is
summarized and discussed. Genome mining for new natural
product discovery exploits the huge and constantly increasing
quantity of DNA sequence data from a wide variety of organisms
that is accumulating in publicly accessible databases. Genes en-
coding enzymes likely to be involved in natural product biosyn-
thesis can be readily located in sequenced genomes by use of
computational sequence comparison tools. This information can
be exploited in a variety of ways in the search for new bioactive
natural products.
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Genomics has resulted in the deposition of a huge quantity
of DNA sequence data from a wide variety of organisms in
public databases. At present, there are more than 1150 com-
plete microbial genome sequences (http://www.ncbi.nlm.nih.
gov/sutils/genom_table.cgi). This large quantity of publicly ac-
cessible DNA data has paved the way for exploitation of new
bioinformatics tools for the discovery of novel natural prod-
ucts. This endeavor has been underpinned by substantial and
continuous increases in the understanding of the genetics and
enzymology of natural product biosynthesis made throughout
the 1990s,[8] which has greatly facilitated the identification and
analysis of gene clusters likely to encode natural product bio-
synthetic pathways in sequenced genomes. These advances
allow the OSMAC approach to be applied to the detection of
metabolites—produced only under certain conditions—that
are postulated as the final products of novel secondary metab-
olite gene clusters discovered by genomics. However, the
recent advances in genomics have also stimulated the devel-
opment of a variety of new approaches for the identification
of novel natural products, including several elegant methods
not available in the pre-genomic era.[9–13]


Many microbial natural products such as polyketides and
nonribosomal peptides are biosynthesized by modular mega-
synthases and synthetases.[8] It has been shown that in many
cases the number of modules in such an assembly line corre-
sponds to the number of metabolic building blocks incorporat-
ed into the final product, although several exceptions to this
rule have been observed recently.[14] The presence or absence
of domains with tailoring functions in modules allows, in many
cases, the way in which a building block gets modified during
the process of its incorporation into a natural product to be
predicted.[8] Furthermore, substrate specificity can be predicted
by sequence analysis of particular domains within each
module.[15–18] The acyl transferase (AT) domains of polyketides
synthases (PKSs) and, analogously, the adenylation (A) domains
of nonribosomal peptide synthetases (NRPSs) are responsible
for recognition of the correct substrates from among the many
molecules in the cellular pool.[8] The AT and A domains catalyze
tethering of their substrates as thioesters to the adjacent acyl
carrier protein (ACP) domains or peptidyl carrier protein (PCP)
domains in PKSs and NRPSs, respectively.[8]


Several groups have applied sequence analysis tools to the
prediction of novel metabolic products of NRPSs and PKSs
over the last eight years. Actinobacteria, in particular thoseACHTUNGTRENNUNGbelonging to the Streptomyces genus, are known to be prolific
antibiotic producers. They produce the majority of clinically
used antibiotics of natural origin, such as streptomycin, tetra-
cycline, neomycin, or chloramphenicol. One particular strain,
which has been studied extensively and is often regarded as a
model streptomycete, is Streptomyces coelicolor A3(2).[19] In
2001, the S. coelicolor genome sequencing project was com-
pleted.[20] It was one of the first sequenced microbes that was
shown to have more gene clusters encoding biosynthetic
pathways for natural products than there were known natural
products of the organism. These gene clusters encoding bio-
synthetic systems not associated with production of a known
metabolite are often referred to as “cryptic.” Previously un-


known natural products of S. coelicolor, including several novel
compounds, have been discovered as products of such cryptic
biosynthetic gene clusters.[21–25] New natural products have
also been discovered in several other sequenced organisms by
genome mining; one example is the novel triterpenoid thalia-
nol in Arabidopsis thaliana, a model plant.[26] These findingsACHTUNGTRENNUNGestablished genome mining as a powerful new tool for novel
natural product discovery. They also demonstrated that theACHTUNGTRENNUNGreservoir of novel natural products has not yet been used up
and that the traditional screening-based strategies for bioac-
tive natural product discovery can be usefully augmented and
extended by the genome mining concept. Contrary to theACHTUNGTRENNUNGapparent perception of many large pharmaceutical companies,
numerous novel natural compounds with structural complexi-
ties and bioactivities that are unlikely to be achieved by com-
binatorial chemistry—on which pharmaceutical companies
nowadays mostly rely for discovery of new lead compounds—
remain to be discovered.


This concepts article discusses recently developed strategies
for the discovery of new natural products by genome mining
and illustrates them with important recent examples. Genome
mining has resulted in the discovery of many novel natural
products : the reader is directed to other sources for a compre-
hensive list of these.[27]


The first approach presented can be applied when an in-
sight into the structural features of the metabolic products of
a biosynthetic assembly line encoded by a cryptic gene cluster
can be derived from bioinformatics analyses. These insights
can lead to the prediction of putative physicochemical proper-
ties, which can then in turn be used to target only metabolites
with the predicted properties; this facilitates isolation and
characterization.


For cryptic gene clusters in which the substrates of theACHTUNGTRENNUNGencoded biosynthetic enzymes can be predicted, two other
approaches are discussed. The first one, the “genomisotopic
approach,” combines initial genomic sequence analysis with
an isotope-incorporation-guided fractionation strategy. The
second approach relies on in vitro analysis of the reaction cata-
lyzed by purified enzymes when incubated with the predicted
precursors.


If the substrate specificities of a cryptic biosynthetic system
cannot be predicted with sufficient accuracy and confidence,
more generic approaches are required. Two related strategies
that have already proven successful in this area are the combi-
nation of biosynthetic gene knockouts with comparative meta-
bolic profiling and heterologous biosynthetic gene expression
with comparative metabolic profiling. The former involves in-ACHTUNGTRENNUNGactivation of a biosynthetic gene presumed to be essential
within the cryptic biosynthetic gene cluster, followed by chro-
matographic comparison of the metabolites extracted from
the wild-type organism and the non-producing mutant. The
metabolites present in the wild-type but missing in the mutant
are likely to be products of the cryptic gene cluster and can be
isolated and structurally characterized. The latter approachACHTUNGTRENNUNGinvolves cloning and expressing the entire biosynthetic gene
cluster in a heterologous host. Again, with the appropriateACHTUNGTRENNUNGanalytical techniques the metabolic profiles in culture superna-
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tants or extracts are compared. Metabolites lacking in the wild-
type host but present in the heterologous host containing the
cloned cryptic biosynthetic gene cluster are likely to be prod-
ucts of the cryptic biosynthetic pathway.


All the above approaches combine an elaborate and refined
strategy to discover, isolate, and characterize novel natural
products. All of them (with the exception of the in vitro re-ACHTUNGTRENNUNGconstitution approach), however, would fail to yield new com-
pounds if the cryptic biosynthetic gene cluster were not ex-
pressed (under typical growth conditions) in the organism in
question. Thus, in addition to empirical manipulation of culture
conditions, three rational approaches that exploit knowledge
in the field of regulation of biosynthetic gene expression to
solve the above problem are also presented.


2. Identification of the Products of CrypticACHTUNGTRENNUNGBiosynthetic Gene Clusters by Prediction of
Physicochemical Properties


As mentioned above, many microbial natural products such as
polyketides and nonribosomal peptides are biosynthesized by
modular mega-synthases and synthetases. The principles un-
derlying the relationship between the organization of the mul-
tienzymes and the structures of their metabolic products are
now quite well understood,[8] and models to predict the sub-
strate specificities of domains responsible for building block
selection in each module of nonribosomal peptide synthetases
(NRPSs) and polyketide synthases (PKSs)[15–18] have been devel-
oped.


Applying such bioinformatics tools to cryptic biosynthetic
systems can give important insight into the structural features
of the metabolic product(s). Such structural information can
lead to the prediction of putative physicochemical properties,
which allows only metabolites with the predicted properties to
be targeted. This can greatly simplify the analytical challenge
of identifying the metabolic products of cryptic biosynthetic
gene clusters (Scheme 1).


Several novel metabolic products of cryptic biosynthetic
gene clusters have been discovered by these techniques. One
recent example is salinilactam (Scheme 1), which was discov-
ered by mining the recently sequenced genome of the marine
actinomycete Salinispora tropica.[28] Sequence analysis of a
novel modular PKS system encoded within the genome sug-
gested it was responsible for assembly of a lysine-primed poly-
ene macrolactam. Polyenes absorb UV light at characteristic
wavelengths. This predicted physicochemical property was
used to guide the isolation of several related polyene macro-
lactams, one of which was salinilactam A (Scheme 1). The struc-
tural proposal for salinilactam A was developed by a combina-
tion of detailed predictive sequence analyses of the PKS with
NMR and MS analyses.


Whereas the fact that genetic manipulation is not needed in
order to identify the putative metabolic product(s) of cryptic
biosynthetic gene clusters in this approach may seem advanta-
geous, such manipulations will ultimately be required to con-
firm that the identified metabolite(s) is/are indeed the prod-
uct(s) of the gene cluster. Furthermore, the prediction of a


compound’s structural features must be done with a high
degree of confidence, because the corresponding physico-
chemical properties hugely depend on it. It is important also
to bear in mind that the predicted physicochemical properties
of the putative metabolic product of a cryptic biosynthetic
gene cluster might be similar to those of other common natu-
ral products, thus raising the possibility of being misled by this
approach.


Despite these caveats, this method is a powerful tool. The
particular strength of this approach lies in its rapidity and in its
ability to significantly focus the search for metabolic products
of cryptic biosynthetic gene clusters; this allows large numbers
of culture extracts to be analyzed and many different growth
conditions, as well as extraction methods and analysis tech-
niques, to be tested with relatively little effort, and potentially
allows the problems connected with low gene expression and
silent gene clusters to be bypassed in an empirical manner.


3. The Genomisotopic Approach


Another approach to the discovery of natural products by
genome mining has been dubbed the “genomisotopic ap-
proach” by its authors.[29] This tool, reported by William Ger-
wick and co-workers in 2007, works by combining predictions
of substrate specificity for cryptic biosynthetic pathways dis-
covered from genomic data with the exploitation of stable-iso-
tope-labeled precursor incorporation (Scheme 2). A gene clus-


Scheme 1. Principles underlying the prediction of the physicochemical prop-
erties of a putative metabolic product (or products) of a cryptic biosynthetic
gene cluster and the structure of salinilactam A, a novel natural product
identified by application of this approach.
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ter encoding an NRPS system was identified in the Pseudomo-
nas fluorescens Pf-5 genome, but its “encoded” natural product
was unknown. The gene cluster was analyzed with bioinfor-
matics tools, and the substrate specificities of the domains of
each module of the NRPS were predicted. This led to the hy-
pothesis that the product of the cryptic gene cluster should be
a novel lipopeptide containing four leucine residues. The strat-
egy used to identify and purify this putative new compound
from P. fluorescens involved the feeding of cultures with 15N-la-
beled leucine, which as a predicted precursor should be incor-
porated into the lipopeptide. 1H–15N HMBC NMR experiments
were used to identify metabolites containing the labeled leu-
cine in culture extracts and fractions from chromatographic
separations of the extract. This led to the isolation and struc-
ture elucidation of the novel metabolite orfamide A as the
major product of this cryptic NRPS system (Scheme 2).


The example of the discovery of orfamide A indicates that
the genomisotopic approach may be a valuable tool for new
natural product discovery. In the broader context, the genomi-
sotopic approach has the potential to be a quite general tool
allowing the isolation not only of novel nonribosomal peptides
but also of natural products belonging to other structural
classes for which reliable predictions of biosynthetic enzyme
substrate specificity can be made. Its strength lies in its poten-
tial for rapid isolation of new compounds without the need for


any genetic manipulation of the producing organism, which in
some cases can be very difficult.


When the substrate specificity of the cryptic biosynthetic
system is harder to predict, it becomes more difficult to identi-
fy appropriate labeled precursors that can be fed and used for
NMR-guided isolation experiments. Besides the accuracy with
which the substrate prediction from DNA sequencing data can
be made, another limiting factor can be the availability of ap-
propriate labeled precursors. Furthermore, for best results the
fed substrate concentration and time of feeding have to be
empirically optimized and the incorporation must occur to a
reasonably high level in a direct and specific way. Incorpora-
tion of labeled precursors into other metabolites unrelated to
the cryptic biosynthetic gene cluster of interest could cause
the researcher to chase a red herring.


The potential disadvantages of the genomisotopic approach,
as discussed above, makes other genome mining tools such as
the heterologous gene expression or gene knock-out approach
combined with comparative metabolic profiling potentially
more general and powerful. As with the prediction of physico-
chemical properties approach, the linkage between novel com-
pounds isolated by the genomisotopic approach and the cryp-
tic gene cluster proposed to direct their biosynthesis needs to
be established. This can be done, for example, by a gene
knock-out experiment to inactivate a biosynthetic gene and
abrogate metabolic production, or by transferring the gene
cluster to a heterologous host and demonstrating that the me-
tabolite is produced. Thus, genetic manipulations are ultimate-
ly needed.


Continuing developments in the field of bioinformatics and
NMR spectroscopy should help evolution of the potential of
the genomisotopic tool, which is currently limited in someACHTUNGTRENNUNGrespects, as discussed above, but nevertheless represents aACHTUNGTRENNUNGvaluable and rapid genome mining approach for the identifica-
tion and isolation of novel natural products.


4. The In Vitro Reconstitution Approach


As its name implies, in the in vitro reconstitution approach one
or more biosynthetic enzymes encoded by the cryptic gene
cluster of interest is/are produced in pure recombinant form
and incubated with the predicted substrate(s) to investigate
what products are formed (Scheme 3). This approach was ap-
plied to the elucidation of the metabolic products of a cryptic
putative antibiotic biosynthetic system discovered by analysis
of the Bacillus halodurans C-125 genome sequence.[30] The se-
quences encoding the putative biosynthetic enzymes and their
ribosomally synthesized substrates were overexpressed in
E. coli and the resulting recombinant proteins were purified,
mixed, and incubated with the appropriate co-factors; this led
to the formation of the two-component lantibiotic haloduracin
(Scheme 3).[30] The a- and b-components of this antibiotic com-
plex were also identified as metabolic products of B. halodur-
ans C-125. The structures of these compounds were proposed
on the basis of a combination of bioinformatics, chemical
modification, and MS analyses.


Scheme 2. The “genomisotopic” approach for identifying the putative meta-
bolic product(s) of a cryptic biosynthetic gene cluster and the structure of
orfamide A, a new natural product identified by this approach.
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A problem commonly encountered in the other methods
described in this article—that a cryptic biosynthetic gene clus-
ter is not expressed in the wild-type organism (or in a heterol-
ogous host)—does not affect the in vitro reconstitution ap-
proach, which removes the biosynthetic genes from their natu-
ral regulatory context and expresses them under the control of
a heterologous (usually inducible) promoter. On the other
hand, using this approach to identify the product of a complex
biosynthetic pathway would usually require separate overex-
pression of each biosynthetic gene and purification of the re-
sulting overproduced protein, so the discovery of a fully elabo-
rated metabolic product by this approach is likely to be very
laborious.


The in vitro reconstitution approach represents a powerful
approach for defining the functions of genes and potentially
for discovering novel natural products, but may only find wide-
spread application for relatively simple cryptic biosynthetic
pathways, because other approaches require less effort and
offer the potential for more rapid results.


5. The Biosynthetic Gene Inactivation/
Comparative Metabolic Profiling Approach


Comparison of metabolite profiles in wild-type and mutant
strains has been widely used to identify genes that direct the
production of known natural products. For new natural prod-
uct discovery by genome mining this approach can be turned
on its head. Genes within a cryptic biosynthetic gene cluster
can be inactivated, and the profiles of metabolites produced
by the wild-type and the mutant strains can be compared by
an appropriate analytical technique such as HPLC or LC-MS to
identify the product of the cryptic gene cluster (Scheme 4).
The discovery of the novel S. coelicolor nonribosomal peptide
coelichelin was one of the first examples in which this ap-
proach was applied successfully (Scheme 4).[21, 23]


In 2000, the discovery of the cch gene cluster in the partially
completed genomic DNA sequence of S. coelicolor A3(2) was
reported, and it was predicted that this gene cluster encoded
a cryptic nonribosomal peptide synthetase (NRPS).[21] The sub-
strates of the putative NRPS were predicted by sequence anal-


Scheme 3. Outline of the in vitro reconstitution approach for identifying the
metabolic products of cryptic biosynthetic enzymes, together with the struc-
ture of haloduracin, a novel two-component antibiotic identified as a meta-
bolic product of B. halodurans C-125 by this approach.


Scheme 4. Principles of the gene knockout/comparative metabolic profiling
strategy, together with the structure of coelichelin, a new nonribosomal
peptide discovered by this strategy in combination with the prediction of
physicochemical properties approach.
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ysis, and it was proposed that this NRPS system catalyzes the
assembly of a new ferric-iron-chelating tripeptide, which was
called coelichelin.[21]


The predicted hydroxamic acid functional groups of coeli-
chelin suggested that it functions in S. coelicolor as an iron-
chelating siderophore. This provided information of vital im-
portance for its identification: it indicated that for the cch clus-
ter to be expressed, an iron-deficient medium would be re-
quired, and it also suggested that coelichelin should be easily
identifiable by its conversion into the corresponding ferric-hy-
droxamate complex, which should absorb light at predictable
wavelengths because of ligand-to-metal charge-transfer transi-
tions. The predicted physicochemical properties of coelichelin
and growth conditions to enhance expression of the cch gene
cluster were exploited in comparative metabolic profiling ex-
periments of wild-type S. coelicolor and a mutant in which the
NRPS-encoding cchH gene had been inactivated. This strategy
led to the identification of a tris-hydroxamate tetrapeptide as
the product of the cch gene cluster, providing the first exam-
ple of a quite unexpected biosynthetic phenomenon: theACHTUNGTRENNUNGassembly of a tetrapeptide by an NRPS containing only three
modules.[23]


In general, the gene knock-out/comparative metabolic profil-
ing approach provides a powerful tool for discovery of novel
natural products by genome mining. Structural predictions for
the metabolic products of cryptic biosynthetic gene clusters
are not required for this method to be effective. However, if
such predictions are available, the approach can be combined
with predictions of physicochemical properties or the genomi-
sotopic approach to increase its power and utility further. Nev-
ertheless, its success depends on various factors. One potential
obstacle is the construction of metabolite non-producing mu-
tants. For some organisms, limited or no genetic tools are
available. This makes the construction of knockout mutants dif-
ficult or impossible. Additionally, the change in metabolite pro-
file between the wild-type strain and the mutant has to be
large enough to allow it to be easily identified.


6. The Heterologous Gene Expression/
Comparative Metabolic Profiling Approach


An approach similar to that described in the previous section
involves heterologous expression of the cryptic biosynthetic
gene cluster in combination with comparative metabolic profil-
ing. Like the gene knock-out/comparative metabolic profiling
approach, this strategy is especially useful when the substrate
specificity of a cryptic biosynthetic system cannot be predict-
ed. One big advantage of this approach in relation to the in
vitro reconstitution approach is that purified biosynthetic en-
zymes encoded by the cryptic gene cluster are not required;
this saves a lot of time and effort. The metabolite profiles in
the culture supernatants or extracts obtained from the wild-
type host and from the host containing the cloned cryptic bio-
synthetic gene cluster are compared by an appropriate analyti-
cal technique such as LC-MS. Metabolites absent in the wild-
type host but present in the host containing the cloned cryptic
biosynthetic gene cluster are likely to be products of the cryp-


tic biosynthetic pathway (Scheme 5). Compounds identified by
this analysis can be purified and structurally characterized. An
interesting recent example of a family of novel compounds
discovered by this approach is the methylenomycin furans,
which are the products of a cryptic three-gene cluster imbed-
ded within the S. coelicolor methylenomycin biosynthetic gene
cluster (Scheme 5). These compounds were shown to act as in-
ducers of methylenomycin production and are likely to be the
first in a new family of autoinducers used by Streptomyces spe-
cies to regulate antibiotic production.[25]


This method can be used to investigate cryptic biosynthetic
gene clusters from a wide range of organisms that direct the
production of a variety of natural product classes. One poten-
tial drawback of this approach is the possibility that the natural
product biosynthetic gene clusters are too large (typically
>40 kb) to be cloned easily into a single vector (for example,
a cosmid vector). A homologous recombination approach to
overcome this generic problem was pioneered by Hopwood
and co-workers in the 1980s.[31] They used DNA derived from
two clones containing different but overlapping fragments of
the red cluster, which directs undecylprodiginine and strepto-ACHTUNGTRENNUNGrubin B biosynthesis in S. coelicolor, to “retrieve” a single clone
containing the entire gene cluster by homologous recombina-
tion with the S. coelicolor chromosome. The resulting plasmid


Scheme 5. The heterologous expression approach, together with the struc-
ture of methylenomycin furan 1, which is representative of a novel family of
autoinducers of antibiotic biosynthesis discovered in S. coelicolor by this ap-
proach.
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was introduced into the heterologous host Streptomyces parvu-
lus ; this resulted in production of red-pigmented prodiginine
antibiotics and indicated that the entire gene cluster had been
cloned. Recently, this approach has been extended by M�ller
and co-workers to the assembly of clones containing an entire
biosynthetic gene cluster from two cosmid clones containing
different partial fragments of the gene cluster.[32] However, the
largest gene cluster thus far assembled by such technology is
~60 kb. Many natural product biosynthetic gene clusters (espe-
cially NRPSs and modular PKSs) are significantly bigger than
this (for example, the 128 kb daptomycin biosynthetic gene
cluster). The ability of homologous recombination approaches
to assemble entire large biosynthetic gene clusters from cos-
mids or clones with larger inserts (such as bacterial artificial
chromosomes, BACs) containing gene cluster fragments re-
mains to be demonstrated.


Expressing a cryptic biosynthetic gene cluster in a well-stud-
ied host with a well-characterized metabolic profile can be a
significant advantage. Growth conditions to maximize expres-
sion of the cryptic gene cluster can be easier to optimize and
comparison of metabolic profiles can be less difficult, especially
if the heterologous host produces fewer metabolites than the
original organism in which the cryptic biosynthetic gene clus-
ter was identified.


7. Activation of Silent Cryptic Biosynthetic
Gene Clusters by Manipulation of Regulatory
Genes and Chromatin Remodeling


None of the above strategies for identifying novel metabolic
products of cryptic biosynthetic gene clusters is likely to be ef-
fective if the gene cluster of interest is poorly expressed or not
expressed at all. As a result, the organism (or heterologous
host) containing the cluster of interest does not produce the
corresponding metabolite in sufficient quantities for detection,
isolation, and characterization.


Whether a cryptic biosynthetic gene cluster is expressed in
the first place can be rapidly established by using the reverse
transcription polymerase chain reaction (RT-PCR). This method
is highly sensitive, allowing a very low number of RNA mole-
cules to be detected. The abundance of specific RNA mole-
cules within cells can be qualitatively determined and used as
an indication of gene expression. Real-time PCR or northern
blot analysis can be used to compare levels of gene expression
in a more quantitative manner.


Environmental factors—that is, different growth condi-
tions—can lead to silent gene clusters being expressed in, for
example, the coelichelin example discussed above. Empirical
variation of growth conditions is thus one method for activa-
tion of silent cryptic biosynthetic gene clusters.


An alternative approach involves the manipulation of regula-
tory genes to activate the expression of silent gene clusters
(Scheme 6). Two examples have been reported. The first in-
volved manipulation of pleiotropic regulators of secondary me-
tabolism, whereas the second involved overexpression of path-
way-specific activator genes.[33, 34] Both of these approaches
were investigated in Aspergillus nidulans.


LaeA, a nuclear protein, has been shown to function as a
global regulator of secondary metabolism in the Aspergillus
genus. Deletion of laeA blocks the expression of some secon-
dary metabolic gene clusters, including a variety of well known
gene clusters such as the one that directs production of peni-
cillin.[33] In contrast, overexpression of laeA triggers increased
expression of certain secondary metabolic gene clusters, result-
ing in increased transcription of, for example, the penicillin
gene cluster and consequently increased product formation.[33]


This method has strong potential as a strategy for activating
silent cryptic biosynthetic gene clusters in Aspergillus species
but it has yet to be demonstrated by the discovery of a novel
Aspergillus natural product through awakening of the expres-
sion of a silent biosynthetic gene cluster. As with some of the
approaches described above, this approach also involves com-
parative metabolite profiling. The wild-type metabolite profile
can be compared to those of mutants with the pleiotropic reg-
ulator of secondary metabolism—that is, laeA—either deleted
or overexpressed. The differences in the metabolic profiles
should allow potential products of gene clusters that have had
their expression activated to be identified.


In the second approach, putative pathway-specific activator
genes from within silent cryptic biosynthetic gene clusters
were expressed under the control of an inducible promoter.
Upon addition of the inducer a gene cluster that would nor-
mally be silent was expressed. On use of this method in Asper-
gillus nidulans, aspyridones—novel products of a cryptic hybrid
PKS-NRPS system—were discovered (Scheme 6). These meta-
bolic products were identified by comparative metabolic profil-
ing of the wild-type and mutant strains.[34]


Scheme 6. Steps involved in the identification of metabolic products of
silent cryptic biosynthetic gene clusters by the manipulation of a pathway-
specific activator. Aspyridones are novel products of a hybrid PKS-NRPS dis-
covered by this strategy.
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The example of the discovery of aspyridones by manipula-
tion of pathway-specific regulatory genes and the example of
manipulation of the laeA pleiotropic regulator of secondary
metabolism show the potential of this approach for activation
of silent cryptic biosynthetic gene clusters and discovery of
novel natural products. This approach offers a potentially
much faster and more rational way to activate or optimize me-
tabolite production than the empirical OSMAC approach. How-
ever, it is not without potential drawbacks. It can only be effec-
tive if appropriate candidate regulators of cryptic biosynthetic
gene clusters can be identified and if the host of the cryptic
cluster can be genetically manipulated. Although this approach
promises to be a powerful tool for identifying novel metabolic
products of silent cryptic biosynthetic gene clusters, its poten-
tial for new natural product discovery in the broader context
(that is, beyond Aspergilli) has yet to be demonstrated.


In a related recent approach, DNA methyl transferase and
histone deacetylase inhibitors were used to examine the effect
on secondary metabolite production in fungi, in the expecta-
tion that chromatin remodeling induced by these compounds
might result in the activation of silent biosynthetic gene clus-
ters. Comparative metabolic profiling of a Diatrype sp. treated
and not treated with the DNA methyltransferase inhibitor 5-
azacytidine led to the discovery of a novel family of glycosylat-
ed polyketides.[35]


Promising approaches for the activation of silent biosynthet-
ic gene clusters in Streptomyces species have also recently
been developed. One of these involves addition of N-acetylglu-
cosamine to minimal media or deletion of the dasR gene that
encodes an N-acetylglucosamine-responsive regulatory protein,
both of which appear to induce antibiotic production.[36] An-
other involves selection for drug resistance mutations, which
result in mutated ribosomes with altered protein and ppGpp
biosynthesis activities.[37] Such mutants also appear to overpro-
duce antibiotics. However, none of these approaches has thus
far been applied to the discovery of novel metabolic products
through activation of silent cryptic biosynthetic gene clusters.


8. Conclusion


As we have demonstrated with the few selected examples dis-
cussed in this article, genome mining is a powerful approach
for new natural product discovery. It offers several advantages
over traditional approaches. For example, the ability to predict
structural features of cryptic biosynthetic gene clusters greatly
facilitates “dereplication” to avoid rediscovery of already
known compounds or compound classes and significantly ac-
celerates the process of spectroscopic structure elucidation of
novel metabolites. Additionally, the coupling of genome se-
quencing with transcriptional analyses and genetic manipula-
tion of regulatory genes allows semi-rational and rational ap-
proaches for maximizing the diversity of bioactive metabolites
produced by a given strain to be used instead of the tradition-
ally employed empirical approach. Furthermore, genome
mining links the discovery of novel natural products directly
with the genes that direct their biosynthesis; this thus provides
all the information required to produce analogues of the natu-


ral product by combinatorial biosynthesis[38] for structure–activ-
ity relationship (SAR) and absorption-distribution-metabolism-
excretion (ADME) investigations.


The central prerequisite for genome mining as an approach
for new natural product discovery is obviously the availability
of a complete genome sequence or genomic sequence data.
While the acquisition of such data used to be expensive and
time-consuming, the continuing, rapid advances in DNA se-
quencing technology mean that this is no longer the case. It is
conceivable that, in five years time, an instrument capable of
delivering high-coverage sequence data for an average micro-
bial genome within 24 h will be standard in many researchACHTUNGTRENNUNGlaboratories. Literally thousands of cryptic natural product bio-
synthetic gene clusters should thus become available, making
the discovery of the metabolic products of these clusters the
bottleneck.


The various strategies for identifying the metabolic products
of cryptic biosynthetic gene clusters have different strengths
and weaknesses, depending on the accuracy with which the
structures of the products can be predicted from bioinformat-
ics analyses, the physicochemical properties of the natural
product, the size of the gene cluster, and whether it is ex-
pressed in laboratory cultures. When choosing the best ap-
proach, these various factors need to be carefully considered.


Genome mining for new natural product discovery is far
from being a mature science. Doubtless, several further strat-
egies for discovering the metabolic products of cryptic biosyn-
thetic gene clusters will be added to the already impressive
and versatile pool of approaches available. Nevertheless, the
potential of this approach has clearly been demonstrated. With
further exploration and development, it will likely become an
integral part of natural product discovery in the majority ofACHTUNGTRENNUNGindustrial and academic laboratories.
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Photogenerated Quinone Methides as Protein Affinity Labeling Reagents


Jiangsong Jiang,[b] Dexing Zeng,[a] and Shuwei Li*[a]


Photoaffinity labeling is a powerful approach for the study of
protein–ligand and protein–protein interactions, especially for
the characterization of low-affinity and transient binding.[1] In
this technique, a molecule capable of generating a reactiveACHTUNGTRENNUNGintermediate upon UV light illumination is incorporated into a
ligand or a protein, enabling it to form a covalent bond with
its interacting partners. These stable complexes can then be
analyzed by robust but harsh tools that usually disrupt nonco-
valent protein complexes—such as SDS-PAGE, HPLC, and MS—
to identify target proteins and recognize binding interfaces.
Therefore, novel phototriggered affinity labeling reagents with
improved properties, including efficient photolysis at longer
wavelengths, high reactivity of photogenerated intermediates,
and inertness of intermediates to solvent water, should greatly
facilitate the elucidation of protein–protein interaction net-
works. Here we report that photogenerated quinone methides
(QMs) can be used as excellent photoinitiated affinity labeling
reagents.


QMs are naturally occurring reactive metabolic intermediates
in the biosynthesis of phenol-related biopolymers, such as mel-
anin and lignin,[2] and have a variety of applications in organic
synthesis[3] and biotechnology.[4] Their roles as DNA crosslinking
and alkylating agents have been extensively investigated as
well.[5] As a result, many parent molecules that release QMs
upon UV illumination are already available.[6] However, most of
them require short-wavelength UV light, which can damage
biological macromolecules.


To overcome this problem, we synthesized two new QM pre-
cursors containing photocaging groups: PC-1 and PC-2
(Scheme 1). When a PC-1 or PC-2 group is released by UV light,
a fluoride ion is spontaneously eliminated to generate a highly
reactive QM, providing an electrophilic intermediate that can
rapidly form stable Michael addition products with nucleo-
philes. We found that both PC-1 and PC-2 could be deprotect-
ed with 365 nm UV light, but that PC-2 was removed more
rapidly than PC-1 at this wavelength (see the Supporting Infor-
mation). Furthermore, visible light at 400 nm could be em-
ployed to remove PC-2, if the biomolecules in studies were ex-
tremely sensitive to UV light.


To use QMs as affinity labeling reagents, it is also important
to know what amino acids are capable of reacting with them.
Previous studies indicate that QMs crosslink with the side
chains of Cys, Lys, and His, as well as the a-amine of each
amino acid residue, although the thiol group in Cys is by far
the best nucleophile and can readily outcompete reactions be-
tween QMs and other amino acids.[7] However, because most
of those experiments were preformed in solutions in which
free QMs and amino acids were simply mixed together,[8] the
observed reactivities of amino acids with QMs might be differ-
ent from what really occurs in an affinity labeling reaction in
which an amino acid is within a short distance (several �) of a
nearby QM. To mimic this situation, we therefore designed a
template molecule containing both a QM precursor and an
amino acid under investigation, in which the QM precursor
and the amino acid side chain were brought into proximity
through a flexible backbone (Figure 1). A chromogenic group
(R) with strong absorbance at 473 nm was also included to
help the analysis of final products by HPLC. Because our initial
data suggested that a thiol scavenger might significantly im-
prove the specificity of crosslinking between QM-containing li-
gands and their targets, we tested the template molecules in
the presence of excess amounts of b-mercaptoethanol (bMe).
Once the QM is formed by UV light, it can go through three
competing pathways: intramolecular addition with the nucleo-
phile in the side chain of the amino acid, intermolecular addi-
tion with bMe, and reaction with water. We examined nine
amino acids (Lys, Arg, Ser, Met, Trp, Tyr, His, Asp, Asn), repre-
senting all functional groups existing in the 20 naturally occur-
ring proteinogenic amino acids except for the thiol of cysteine.
Even though the concentration of bMe was much higher than
those of the template molecules, the e-amine of Lys, the imida-
zole of His, and the carboxylate of Asp/Glu were still able to
form significant amounts of intramolecular cyclic adducts, im-
plying that their reactivities with the nearby QMs were high
enough to compete with a great excess of bMe in solution.
The phenol of Tyr and the indole of Trp could also react with


Scheme 1. Structures of two QM precursors and their phototriggered re-ACHTUNGTRENNUNGactions. PC = photocaging group, PC-1 =a-methyl-l-(2-nitrophenyl)ethyl,
PC-2 = (a-methyl-2-nitropiperonyl)methyl, Nu = nucleophile.
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this intramolecular QM if thiol was absent, but these reactions
were completely suppressed by the presence of excess bMe.
Other amino acids, including Arg, Met, Ser, Asn, and hydropho-
bic residues, could not react with this QM (Figure 1 B and the
Supporting Information). This result revealed that proximity
could accelerate reactions between QMs and weak nucleo-
philes so that QMs should display broader reactivity profiles
with amino acids on the surfaces of proteins during affinity la-
beling than with those in free solution.


To apply QMs for affinity labeling in a biological system, we
prepared a peptide conjugate (pep-1) containing a photogen-
erated QM precursor, an acid labile linker, a short 11-mer pep-
tide (DADEpYLIPQQG) adopted from the 988–998 residues of
epidermal growth factor receptor (EGFR), and a biotin tag (Fig-


ure 2 A). The EGFR (988–998)
peptide was chosen from an au-
tophosphorylation site (Y992) of
EGFR, a receptor tyrosine kinase
that plays critical roles in many
aspects of cell development. Be-
cause the function of EGFR is
regulated in vivo by protein ty-
rosine phosphatase 1B (PTP1B),
which removes the phosphate
group from Y992, the EGFR
(988–998) peptide is an excellent
substrate for PTP1B and is com-
monly used for the measure-
ment of PTP1B activity. In addi-
tion, this peptide binds tightly
with an inactive mutant of
PTP1B (PTP1Bm, C215S).[9] There-
fore, the pep-1/PTP1Bm system
should form a crosslinked com-
plex upon UV irradiation, serving
as a good model for study of
the properties of QMs during af-
finity labeling. In this design, the
biotin tag allows us not only to
detect labeled proteins by West-
ern blot, but also to enrich them
for further identification of cross-
linked sites by standard LC-MS/
MS analysis. Nevertheless, cross-
linked peptides generated from
trypsin digestion of labeled pro-
teins are usually large and
branched, so they tend to ionize
poorly in MS, and their fragmen-
tation often results in mass spec-


tra that are too complicated to be interpreted, making it diffi-
cult to determine where crosslinking takes place.[10] The acid-
labile linker allows us to achieve a label transfer in which the
bulk of pep-1 is cleaved from the crosslinked peptides to leave
a small phenol-like tag (+ 217 Da) on the crosslinked sites,
greatly facilitating their identification.


To demonstrate the effect of thiol scavengers on the specif-
icity of QM-based labeling reactions, we performed a dithio-
threitol (DTT) titration experiment (Figure 2 B) in which
PTP1Bm and pep-1 were kept at 10 nm and 1 mm, respectively,
in eight tubes of 100 mg protein extracts from Escherichia coli,
but the concentrations of DTT in them varied from 0 to 5 mm.
All samples were then irradiated with UV light under the same
conditions, separated by SDS-PAGE, and blotted with streptavi-


Figure 1. A) Structures of the template molecules (I) and three possible product types that might be obtained
upon UV illumination, consisting of the intramolecular adducts (III), the bMe adducts (IV), and the water adducts
(V). Structures II are the QM intermediates. R is a chromogenic group with maximum absorbance at 473 nm. X is
the side chain of one of the nine amino acids tested. B) Representative HPLC chromatograms of final products re-
sulting from two amino acids—His (reactive) and Ser (unreactive). In the presence of a thiol scavenger (bMe), the
intramolecular adduct between the QM and the imidazole of His (in left chromatogram: peak III) is still observed,
as well as the bMe adduct (in both chromatograms: peaks IV). No intramolecular adduct is formed between the
QM and the hydroxyl of Ser. Peaks I (in both chromatograms) are the unreacted template molecules. Numbers in
parentheses are the m/z (mass/charge) ratios of the corresponding peaks. The first values are those measured by
MS and the second values are calculated.


Figure 2. A) Structure of pep-1, consisting of a QM precursor, an acid-labile linker, an EGFR (988–998) sequence, and a biotin. A small phenol-like tag
(+ 217 Da) is left on a labeled peptide after a label transfer procedure as described in the text. B) DTT titration experiment. DTT concentration. Lane 1: 0 nm ;
lane 2: 0.1 mm ; lane 3: 1 mm ; lane 4: 10 mm ; lane 5: 100 mm ; lane 6: 500 mm ; lane 7: 1 mm ; lane 8: 5 mm ; lane 9: control (0 nm, no UV irradiation); lane 10: pro-
tein ladder. All samples (1–9) contain protein extracts from Escherichia coli (100 mg), PTP1Bm (10 nm), and pep-1 (1 mm). C) PTP1Bm concentration dependence
experiment. PTP1Bm concentration. Lane 1: control (0 nm, no UV irradiation); lane 2: 0 nm ; lane 3: 1 mm ; lane 4: 100 nm ; lane 5: 25 nm ; lane 6: 10 nm ; lane 7:
5 nm ; lane 8: 1 nm ; lane 9: 0.1 nm ; lane 10: protein ladder. All samples (1–9) contain protein extracts from Escherichia coli (100 mg), DTT (100 mm), and pep-1
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(1 mm). WB: Western blot, CB: Coomassie blue staining. The PTP1Bm bands in WB are indicated with an arrow. D) MS/MS spectra of two peptides (H25–R33
and C121–K131) from PTP1Bm with the phenol-like modification on their cysteine residues (indicated by an asterisk). Identified b- and y-series ions are la-
beled. The second peptide (C121–K131) contains a missed trypsin cutting site (K128). Ir : relative intensity, m/z : mass/charge ratio. E) Crystal structure of the
PTP1Bm bound to a truncated EGFR peptide (988–993) (PDB ID: 1PTU). The peptide is displayed in stick mode and its N terminus is marked. The surface of
PTP1Bm is shown in gray. The sulfur atoms of two cysteines (C32 and C121) are displayed in CPK mode.
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din-peroxidase conjugate to visualize labeled products. As a
comparison, another gel loaded with the same set of samples
was stained with Coomassie blue to show the total amount of
proteins in them. When the concentration of DTT was low,
multiple protein bands were observed; these might be caused
by nonspecific labeling between pep-1 and some other pro-
teins. Once the concentration of DTT was higher than 100 mm,
however, only the strong PTP1Bm and a faint unidentified pro-
tein band were still visible, indicating that thiol could indeed
dramatically improve the specificity of this light-activated affin-
ity labeling reaction. Because reduced glutathione, a thiol-
containing molecule, is present in various living cells in the
100 mm to 10 mm range,[11] QM-based affinity labeling would
potentially be highly specific even inside cells.


Next, to test the sensitivity of this technique, we performed
a PTP1Bm concentration dependence experiment (Figure 2 C)
in which most conditions were the same as in the DTT titration
experiment. The concentration of DTT was kept at a constant
100 mm, whereas that of PTP1Bm was changed from 0.1 nm to
1 mm. Even at 0.1 nm, the PTP1Bm band was still clearly visible,
indicating that minute amounts of PTP1Bm could be labeled
with pep-1 even in the presence of a 106-fold excess of a thiol
scavenger (100 mm vs. 0.1 nm).


We then tried to identify which residues of PTP1Bm reacted
with pep-1. After the labeled PTP1Bm had been digested with
trypsin, the crosslinked peptides were enriched by monoavi-
din-agarose and were then briefly incubated with acid before
LC-MS/MS analysis. Two cysteine-containing peptides (H25-
R33:HEASDFPC*R and C121–K131:C*AQYWPQKEEK) were
found to contain the expected tag (+ 217 Da) on their cysteine
residues (Figure 2 D), indicating that they were the cleaved
products of crosslinked peptides upon acid treatment. Even
though PTP1Bm contains several cysteine residues, no other
cysteine-bearing peptides were found to be crosslinked. By in-
specting the crystal structure of PTP1Bm bound to a truncated
EGFR peptide (988–993) (1PTU in the Protein Data Bank),[12] we
found that these two cysteines lie near the N terminus of this
short EGFR peptide (Figure 2 E), implying that a suitable geom-
etry is required for this affinity labeling reaction and suggest-
ing that this QM-based labeling could be applied to mapping
of interaction sites of proteins with unknown structures. Fur-
thermore, we found no evidence of crosslinked products be-
tween pep-1 and other residues, confirming that QMs reacted
preferably with cysteine, yet posing an interesting question of
how efficient the labeling reaction would be if no cysteine resi-
dues on the target proteins were near to the QM.


To summarize, we have demonstrated that photogenerated
QMs can be used as light-controllable protein affinity labeling
reagents. The reactions between QMs and nucleophiles are


less heterogeneous than those of other photogenerated active
intermediates, such as carbenes and nitrenes, making it easier
to identify labeled species.[13] In addition, the labeling reaction
is highly specific between interacting protein–ligand and pro-
tein–protein pairs when a thiol scavenger is present. Finally, a
wide choice of photocaging groups that are structurally similar
to PC-1 and PC-2, but have distinct properties—including pho-
tolysis quantum yield, water solubility, and inertness of photol-
ysis by-products—are available, offering great flexibility for dif-
ferent biological applications.


Keywords: crosslinked peptides · label transfer · mass
spectrometry · photoaffinity labeling · quinone methides


[1] a) Y. Tanaka, M. R. Bond, J. J. Kohler, Mol. Biosyst. 2008, 4, 473–480; b) Y.
Hatanaka, Y. Sadakane, Curr. Top. Med. Chem. 2002, 2, 271–288; c) D.
Robinette, N. Neamati, K. B. Tomer, C. H. Borchers, Expert Rev. Proteomics
2006, 3, 399–408.


[2] D. C. Thompson, J. A. Thompson, M. Sugumaran, P. Moldeus, Chem.-Biol.
Interact. 1993, 86, 129–162.


[3] a) J. P. Lumb, K. C. Choong, D. Trauner, J. Am. Chem. Soc. 2008, 130,
9230–9231; b) A. E. Mattson, K. A. Scheidt, J. Am. Chem. Soc. 2007, 129,
4508–4509.


[4] a) S. W. Li, D. X. Zeng, Chem. Commun. 2007, 2181–2183; b) S. W. Li,
D. X. Zeng, Angew. Chem. 2007, 119, 4835–4837; Angew. Chem. Int. Ed.
2007, 46, 4751–4753.


[5] a) P. Wang, Y. Song, L. Zhang, H. He, X. Zhou, Curr. Med. Chem. 2005, 12,
2893–2913; b) Q. Zhou, S. E. Rokita, Proc. Natl. Acad. Sci. USA 2003, 100,
15452–15457.


[6] a) E. E. Weinert, R. Dondi, S. Colloredo-Melz, K. N. Frankenfield, C. H.
Mitchell, M. Freccero, S. E. Rokita, J. Am. Chem. Soc. 2006, 128, 11940–
11947; b) P. Wang, D. W. Brousmiche, C. Z. Chen, J. Cole, M. Lukeman, M.
Xu, Pure Appl. Chem. 2001, 73, 529–534; c) E. Modica, R. Zanaletti, M.
Freccero, M. Mella, J. Org. Chem. 2001, 66, 41–52; d) J. A. Chang, A. J.
Kresge, H. Q. Zhan, Y. Zhu, J. Phys. Org. Chem. 2004, 17, 579–585.


[7] L.-C. Lo, Y.-L. Chiang, C.-H. Kuo, H.-K. Liao, Y.-J. Chen, J.-J. Lin, Biochem.
Biophys. Res. Commun. 2004, 326, 30–35.


[8] P. G. McCracken, J. L. Bolton, G. R. J. Thatcher, J. Org. Chem. 1997, 62,
1820–1825.


[9] A. J. Flint, T. Tiganis, D. Barford, N. K. Tonks, Proc. Natl. Acad. Sci. USA
1997, 94, 1680–1685.


[10] a) O. Jahn, K. Eckart, H. Tezval, J. Spiess, Anal. Bioanal. Chem. 2004, 378,
1031–1036; b) B. Liu, L. Burdine, T. Kodadek, J. Am. Chem. Soc. 2006,
128, 15228–15235.


[11] H. Bremer, M. Duran, J. Kamerling, Disturbances of Amino Acid Metabo-
lism: Clinical Chemistry and Diagnosis, Urban and Schwarzenberg, Balti-
more, 1981, pp. 80–82.


[12] a) M. Sarmiento, Y. A. Puius, S. W. Vetter, Y. F. Keng, L. Wu, Y. Zhao, D. S.
Lawrence, S. C. Almo, Z. Y. Zhang, Biochemistry 2000, 39, 8171–8179;
b) Z. Jia, D. Barford, A. J. Flint, N. K. Tonks, Science 1995, 268, 1754–
1758.


[13] A. Sinz, ChemMedChem 2007, 2, 425–431.


Received: October 23, 2008
Published online on February 5, 2009


638 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 635 – 638



http://dx.doi.org/10.1039/b803218a

http://dx.doi.org/10.2174/1568026023394182

http://dx.doi.org/10.1586/14789450.3.4.399

http://dx.doi.org/10.1586/14789450.3.4.399

http://dx.doi.org/10.1016/0009-2797(93)90117-H

http://dx.doi.org/10.1016/0009-2797(93)90117-H

http://dx.doi.org/10.1021/ja803498r

http://dx.doi.org/10.1021/ja803498r

http://dx.doi.org/10.1021/ja068189n

http://dx.doi.org/10.1021/ja068189n

http://dx.doi.org/10.1039/b700109f

http://dx.doi.org/10.1002/ange.200700633

http://dx.doi.org/10.1002/anie.200700633

http://dx.doi.org/10.1002/anie.200700633

http://dx.doi.org/10.2174/092986705774454724

http://dx.doi.org/10.2174/092986705774454724

http://dx.doi.org/10.1073/pnas.2533112100

http://dx.doi.org/10.1073/pnas.2533112100

http://dx.doi.org/10.1021/ja062948k

http://dx.doi.org/10.1021/ja062948k

http://dx.doi.org/10.1021/jo0006627

http://dx.doi.org/10.1002/poc.767

http://dx.doi.org/10.1016/j.bbrc.2004.11.003

http://dx.doi.org/10.1016/j.bbrc.2004.11.003

http://dx.doi.org/10.1021/jo962088y

http://dx.doi.org/10.1021/jo962088y

http://dx.doi.org/10.1073/pnas.94.5.1680

http://dx.doi.org/10.1073/pnas.94.5.1680

http://dx.doi.org/10.1007/s00216-003-2353-8

http://dx.doi.org/10.1007/s00216-003-2353-8

http://dx.doi.org/10.1021/ja065794h

http://dx.doi.org/10.1021/ja065794h

http://dx.doi.org/10.1021/bi000319w

http://dx.doi.org/10.1126/science.7540771

http://dx.doi.org/10.1126/science.7540771

http://dx.doi.org/10.1002/cmdc.200600298

www.chembiochem.org






DOI: 10.1002/cbic.200800718


Dispersed Phantom Scatterer Technique Reveals Subtle Differences in
Substrate Recognition by Phospholipase D Inactive Mutants


Carlo Morasso,[a, b, c, e] Tommaso Bellini,[c] Daniela Monti,*[a] Mattia Bassi,[d] Davide Prosperi,*[b, e] and Sergio Riva[a]


Phospholipase D (PLD; EC 3.1.4.4) catalyzes the hydrolysis of
phospholipids, for example, it transforms phosphatidylcholine
(PC) into phosphatidic acid (PA) and choline (Scheme 1). In the


presence of alcohols, competing transphosphatidylation reac-
tions have also been observed; this makes PLDs suitable for
the synthesis of modified phospholipids of interest for the
pharmaceutical and food industries.[1]


PLDs are ubiquitous enzymes that are found in most mam-
malian cells as well as in plants and microorganisms. In eukary-
otic cells, PLDs have been proposed to play an important role
in several cellular functions,[2] and to participate in various
signal-transduction cascades.[3, 4] PLDs are part of a superfamily
of proteins, the so-called PLD superfamily,[1, 5–8] and show func-
tional similarity and share the presence—usually in two
copies—of the conserved HxK(x)4D (HKD) motif. A structural
and mechanistic relationship among the members of this su-
perfamily has been suggested.[1] Specifically, prokaryotic PLDs,
which are smaller and less complex than the corresponding
eukaryotic enzymes, are particularly suitable models for a more


thorough investigation of the common catalytic mechanism
and of the role of conserved residues in this superfamily.


The gene coding for a PLD from Streptomyces PMF (PLD-
PMF) has been cloned and expressed in E. coli to afford a re-
combinant PLD in a soluble and active form.[9] Furthermore,
the role of specific amino acids in the HKD domains for the
catalytic activity of PLD-PMF has been evaluated by site-direct-
ed mutagenesis experiments.[10] Specifically, the essential role
for catalysis of histidines 167 and 440 and lysines 169 and 442
of the two highly conserved HKD domains has been demon-
strated by isolating and characterizing the corresponding
enzyme variants PLD-H167N, PLD-K169S, PLD-H440N and PLD-
K442S (numbered according to the literature[9]). The activity of
these variants was completely lost even if the proteins did not
present any significant structural modification.[10] X-rays analy-
ses of PLD-PMF crystals that had been soaked in short-chain
substrates and products have lately suggested a general reac-
tion mechanism through an SN2-type associative pathway
(Scheme 2).[11] Specifically, it has been shown that the forma-
tion of the phosphohistidine intermediate (I) involves the con-
served histidine of the N-terminal HKD domain (H167); this
supports the hypothesis that H167 acts as the nucleophile by
attacking the phosphorus atom of the phospholipidic sub-
strates. It has been suggested that the conserved histidine of
the C-terminal HKD domain (H440) plays a complementary role
in the catalytic mechanism; it probably acts in the releasing of
the leaving group (e.g. , choline) and in the activation of the
entering nucleophile (water or an alcohol). The role of other
conserved residues, namely the two lysines 169 and 442, has
not been fully clarified yet, and their role in substrate binding
and transition-state stabilization has only been hypothesized.


Despite the recent advances in unraveling the catalytic
mechanism of bacterial PLDs, little structural knowledge of the
nature of substrate recognition in the active site of PLDs is
available. Specifically, the identification of the choline-binding
pocket might allow the design of new enzyme variants with al-
tered substrate specificity.[12] To this end, selectively inactivated
PLD mutants can be quite useful, because X-ray analyses of
wild-type PLD-PMF crystals that had been soaked with short-
chained substrates clearly indicate that released choline diffus-
es out of the active site.[11]


Before starting time-consuming X-ray analyses of PLD-PMF
mutants in the presence of phospholipids, it would be advisa-
ble to evaluate the residual (if any) substrate-binding ability of
these proteins. The interactions of substrates and their ana-
logues with inactivated enzymes can be investigated with vari-
ous analytical techniques, such as intrinsic fluorescence, NMR
spectroscopy and surface plasmon resonance (SPR),[13–17] the
latter has also been used to evaluate the interaction of some
chimeric bacterial PLDs with PC vesicles.[18] In fact, none of


Scheme 1. The hydrolysis of phospholipids by phospholipase D (PLD).
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these techniques can provide a complete description of the
mechanisms involved in these enzymatic processes, in terms of
both quantification of the interactions and interpretation of
the mechanism of recognition. For this reason, there is a con-


tinuous search for new methodologies that are capable of pro-
viding additional information on such phenomena.


In this light, we have recently developed the so-called dis-
persed phantom scatterer (DPS) technique, which has been
successfully applied to study the interactions between different
ligand–receptor systems, like antibiotics–peptides, avidin–bio-
tinylated molecules and protein A–antibodies.[19–21] DPS ex-
ploits the variations in the intensity of the light that is scat-
tered by a suspension of diluted colloids while molecular inter-
actions take place at their surfaces. The keystone of the
method is the use of fluoro-elastomeric nanoparticles with a
radius of (39�1) nm and a refractive index (nnp) of 1.325 at the
working wavelength and temperature (1.332 is the refractive
index of H2O (nw) under the same conditions). The scattered
light of this material is at least three orders of magnitude less
intense than that of ordinary commercial polystyrene latex
spheres, and makes these colloids optically “phantom”. The
very weak observed scattering is essential to the DPS tech-
nique in that it does not mask the subtle variations in the scat-
tering cross section due to molecular interactions. Because am-
phiphilic molecules in solution spontaneously adsorb onto
these hydrophobic phantom nanoparticles (PNPs), these
mono ACHTUNGTRENNUNGdisperse colloids can be considered as a “substrate or-
ganizer”: they favor the ordering of the molecules into a spher-
ical mono ACHTUNGTRENNUNGlayer that is analogous to the molecular packing of
cell membranes. Once coated, PNPs can interact with other
molecules (“ligands”) via the molecular groups (“receptors”)
that the amphiphiles expose to the aqueous solution. The ef-
fects on the intensity of the scattered light (IS) from the build
up of the self-assembled amphiphilic monolayer and from the
adhesion of other molecular species on top of it, can be de-
scribed in the Rayleigh–Gans approximation, which is valid for
scatterers that have low optical contrast with water.[22] Accord-
ingly, IS can be expressed as Equation (1):


IS ¼ a N ðvPNP DnPNP,w þ vA1 DnA1,w þ vA2 DnA2,wÞ2 þ b ð1Þ


where a and b are experimental constants. Parameter a de-
pends on the specifics of the experimental setup, and b indi-


cates the amount of spurious
collected light, which is either
scattered from impurities (dust,
contaminants) or strays after re-
flections from cuvette walls ; A1
and A2 are the receptor and the
ligand molecules, respectively;
vPNP, vA1 and vA2 are the volumes
of the nanoparticles and of the
adsorbed species A1 and A2, re-
spectively; N =f/vPNP is the
number density of PNPs (f is
the volume fraction), nPNP is the
refractive index of the nanopar-
ticles, nw is the refractive index
of water, and DnPNP,w = nPNP


2�nw
2


is the optical contrast. Analo-
gously nA1 and nA2 are the recep-
tor and ligand refractive index,


respectively, DnA1,w = nA1
2�nw


2 and DnA2,w = nA2
2�nw


2. Equa-
tion (1) indicates that the body of the PNP and the various mo-
lecular species adsorbed onto it contribute to IS through the
product (volume) � (optical contrast). The DPS technique is
based on the fact that when DnPNP,w of PNP is quite small, even
small amounts of adsorbed molecules can affect IS significantly.
This is possible because organic molecules have a typical re-
fractive index that is around 1.5, which is definitely higher than
nPNP and nw. Hence, when anchored onto the PNPs, organic
molecules effectively increase the light scattered from the par-
ticles. Therefore, measurements of IS enable quantification of
the molecular mass adsorbed on the PNPs and hence the de-
termination of the amount of adsorbed receptors and bound
ligands. The same procedure can be extended to any addition-
al group of molecules that further increment the amount of
molecules bound to the PNPs through molecular interactions.
As an example, Figure 1 A shows the absorption profile of a
commercial surfactant, n-pentaethylene glycol monododecyl
ether (C12E5). In the same experiment, after completion of the
C12E5 monolayer, bovine serum albumin (BSA) was added to
the PNP suspension. As expected, the lack of a further increase
in IS, indicates the absence of unspecific C12E5–BSA
interactions.


In this work, we have investigated the possibility of using
the DPS technique to obtain qualitative and quantitative infor-
mation on the molecular recognition of natural substrates by
specifically inactivated PLD-PMF variants. Besides our general
interest in a better definition of the role of specific active-site
amino acids in the catalytic mechanism of this enzyme, there
were additional reasons to consider this technique as particu-
larly well suited for studying PLD–substrate interactions. First
of all, phospholipids, the natural PLD substrates, are amphiphil-
ic molecules and therefore it was reasonable to expect that
they could efficiently adsorb onto the surface of PNPs and be


Scheme 2. A general reaction mechanism through an SN2-type associative pathway for phospholipase D-catalyzed
hydrolysis of phospholipids. It has been shown that the formation of the phosphohistidine intermediate (I) in-
volves the conserved histidine of the N-terminal HKD domain (H167); adapted from ref. [1] .
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used as receptors. Moreover, inactive PLD-PMF variants ob-
tained in our previous work[10] could be considered to be ideal
ligands for testing the ability of this technique to discriminate
extremely subtle structural differences in the enzyme active
site, because the overall structures of the mutants are indistin-
guishable from one another and from the wild-type enzyme.
Previously reported SPR analysis of the effects of specific muta-
tions in other bacterial PLDs on substrate recognition showed
variances in the shape of the association/dissociation curves
that could not be easily rationalized.[18, 23] This has often ham-
pered the exact determination of the corresponding binding
constants, and thus gives only “semiquantitative” information
on the mutants’ affinities for phospholipids, for example, the
respective maximal response values expressed as SPR reso-
nance units.


Because PC has poor solubility in water, in the experiments
described here we used the water-soluble lysophosphatidyl-
choline (LPC, Scheme 1), a compound that is usually recog-
nized by bacterial PLDs with similar KM values to PC.[24] Once
added to the nanoparticle suspension, LPC was quickly ad-
sorbed on the PNPs and created a monolayer that was poten-
tially capable of specific interactions with PLD (Figure 1 B). In a
control experiment, in which BSA was added after LPC coating,
only a very moderate increase in IS was observed (Figure 1 C);
this indicates that unspecific interactions were weak enough
so as not to interfere with the analysis of PLD-PMF mutants. As
a final preliminary test, the recognition of PNP-adsorbed LPC
by wild-type PLD-PMF was evaluated by measuring the
amount of choline released after the addition of the active
enzyme by using a coupled choline oxidase–peroxidase assay
(see the Experimental Section for details) and compared with
the results obtained in the presence of free LPC. In both cases,
more than 70 % of the LPC (initial concentration 0.5 mm both
for fully covered PNPs and in solution) was hydrolyzed in less
than 2 min; this is a reasonable result when one considers the
specific activity of PLD-PMF for this substrate (about
4.2 U mg�1).


DPS measurements of binding affinity must be performed at
the equilibrium and the affinity constants can be extracted
from the measured fraction of ligands associated to receptors
at various concentrations. The sensitivity of the method is opti-
mized when the total concentration of receptors on PNPs is of


the order of the binding constant that characterizes the inves-
tigated interaction. The binding constants of PLDs for their
substrates are usually in the sub-mm range,[17, 18] a concentra-
tion at which LPC would cover only a small portion of the total
nanoparticles’ surface. In order not to leave the PNP surfaces
bare, particles were fully coated with LPC-C12E5 mixtures. The
concentrations were chosen so that the coated PNPs carried a
total of approximately 0.8 mm LPC, while the large majority of
the particle surface was coated by a layer of the noninteracting
C12E5 surfactant (see the Experimental Section for details).
PNPs prepared in this way were then used in binding experi-
ments with the inactive mutants PLD-H167N, PLD-K169S, PLD-
H440N and PLD-K442S to qualitatively evaluate binding phe-
nomena and, if possible, to extrapolate the corresponding
binding constants of these proteins for LPC. As an example,
Figure 2 A shows the adsorption curve of PLD-H440N on LPC/
C12E5-coated PNPs. Protein addition resulted first in a marked
increase in IS, which later leveled off to a saturated value corre-
sponding to the saturation of available LPC molecules on the
PNP surface. The observed curve agreed with the notion that
the PLD-H440N–LPC recognition event is a first-order process.
This was demonstrated by the good match of first-order Lang-
muir isotherm to the data (Figure 2 B). Through the fitting pro-
cedure, a dissociation constant (Kd) value of ~52 nm was deter-
mined for the receptor–ligand complex formation.


Similar binding experiments allowed us to determine the
dissociation constants of the other inactivated enzyme variants
(Figure 2 C). Although a limited number of mutants were used
in this study, the observed exquisite sensitivity of the DPS
technique in response to subtle active-site modifications was
remarkable. The PLD-H440N and PLD-K169S variants showed a
stronger affinity for LPC in comparison with the PLD-K442S
mutant; their Kd values were one order of magnitude lower
than the one estimated for the latter protein. Surprisingly, a
similar stable interaction between LPC–PNPs and the mutant
PLD-H167N was not observed at all (Figure 2 C and Table 1).


As previously discussed, X-ray analysis of substrate-soaked
PLD-PMF crystals[11] allowed the identification of H167 as the
nucleophile in a catalytic mechanism that invokes the forma-
tion of a covalent intermediate between the substrate and the
wild-type enzyme (Scheme 2). The observed lack of binding of
PLD-H167N to LPC-PNPs indicates that this amino acidic substi-


Figure 1. A) Scattered light intensity IS was measured as the surfactant C12E5 (10 mm, &) and BSA (50 mm, *) were added to PNPs. I0, Ib and Ic indicate the
values of scattered light intensity for bare PNPs, the residual light collected when the amount of C12E5 coating is such that it produces perfect optical match-
ing with water, and the value of IS when PNPs are fully covered by C12E5, respectively. B) Adsorption profile of lysophosphatidylcholine (LPC, 5 mm, &) on
phantom nanoparticles. C) Scattered light intensity measured when BSA (100 mm, *) was added to LPC-coated PNPs.
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tution affects not only enzyme activity but also substrate rec-
ognition. On the other hand, the measured tight substrate
binding by mutants PLD-K169S, PLD-H440N and PLD-K442S
raised the question of whether the formation of a covalent in-
termediate by nucleophilic attack of the H167 residue to the
substrate still occurred. Because all three mutants were com-
pletely inactive from a catalytic point of view, this event
should have been followed by a dead-end state in which phos-
phatidic acid remained bound to the protein while a stoichio-
metric amount of choline was released. To verify this hypothe-
sis, incubation of LPC-PNPs with mutants PLD-K169S, PLD-
H440N and PLD-K442S was repeated, and after concentration
of the water phase by ultrafiltration and lyophilization, the
possible release of a stoichiometric amount of choline was
tested by using the choline oxidase–peroxidase assay. Choline
was not detected in any of these samples; this suggests that
the observed binding of the three enzyme variants with the
LPC-PNPs was exclusively mediated by noncovalent interac-
tions. At this stage it is not clear if the inability to form the co-
valent intermediate by the PLD-K169S, PLD-H440N and PLD-
K442S mutants should be ascribed to the specific amino acids
introduced by site-directed mutagenesis, that is, asparagine in
position 440 or serine in position 169 or 442, or if the wild-
type residues are essential in these positions to coordinate the
nucleophilic attack of H167 to give a covalent intermediate.


In summary, we have described a new application of the dis-
persed phantom scatterer (DPS) technique, which allowed us
to qualitatively and quantitatively evaluate substrate recogni-
tion by inactivated PLD-PMF mutants. Significant differences in
substrate binding were measured—a result that could not be
predicted a priori ; this highlights the capability of the DPS
technique to “see” interaction events at a molecular level. Spe-


cifically, the use of DPS seems to have some distinct advantag-
es over other methods in the case of phospholipid-acting en-
zymes. In fact, the substrate (or a substrate analogue) can be
organized onto the surface of PNPs at a desired concentration
with optimal display of the polar head group, while the hydro-
phobic chains are packed into the surfactant monolayer, which
limits the occurrence of unspecific interactions. We can surmise
that more detailed information on the PLD-PMF substrate-rec-
ognition process might come from binding studies of addition-
al enzyme variants (generated from inactive mutants with high
substrate affinity, i.e. , PLD-H440N or PLD-K169S) with phospho-
lipid decorated PNPs.


Experimental Section


Materials : Penta(ethylene glycol)monododecyl ether (C12E5) was
purchased from Fluka. Lysophosphatidylcholine was purchased
from Avanti-Lipids. Water was deionized and ultrafiltered by a
MilliQ apparatus from Millipore Corporation. Perfluorinated spheri-
cal latex particles with a radius of (39�1) nm and refractive index
(nnp) 1.325 were supplied by Solvay Solexis (Bollate, Italy).


Preparation of PLDs : Wild-type and mutant PLD-PMF variants
were produced and purified as previously described.[9, 10] Briefly, the
wild-type expression vector, pETPLD, was produced by in-frame
cloning of the DNA fragment that encoded the mature phospholi-
pase D from Streptomyces sp. strain PMF (PLD-PMF) downstream of
the Erwinia carotovora pelB leader sequence of pET27b(+) (Nova-
gen, Merck KGaA, Darmstadt, Germany) and site-directed mutagen-
esis was performed by using the QuikChange II� XL Site-Directed
Mutagenesis Kit (Qiagen) and pETPLD as a template. Freshly trans-
formed E. coli BL21ACHTUNGTRENNUNG(DE3)pLysE(+) (Novagen, Merck KGaA, Darm-
stadt, Germany) harboring either pETPLD or mutant plasmids were
cultured in LB medium (50 mL) that contained kanamycin
(50 mg mL�1) and chloramphenicol (25 mg mL�1) and incubated at
37 8C and 220 rpm until OD600 = 1 was reached. The cultures were
used to inoculate fresh medium (500 mL) and growth of recombi-
nant E. coli was carried out at 30 8C and 220 rpm until OD600 = 1
was reached. Isopropyl-b-thiogalactopyranoside (IPTG) was then
added (final concentration 0.1 mm) and the culture was incubated
at 25 8C for 24 h. Secreted enzyme variants were purified to elec-
trophoretic homogeneity from culture supernatant by ammonium
sulfate precipitation and ion-exchange chromatography on Fracto-
gel TSK CM-650 (M) and Fractogel EMD DEAE-650 (S; both from


Figure 2. A) Interaction between the mutant PLD-H440N and LPC dispersed in a layer of noninteracting surfactant C12E5 (see the Experimental Section for
details). B) Langmuir isotherms of the interaction between PLD-H440N and LPC/C12E5-coated PNPs. The continuous lines represent the best fit with a first-
order binding process. Dashed lines are obtained by setting Kd equal to the extrema of the confidence interval given by the fitting procedure (Table 1).
C) Langmuir isotherms for the interactions between the various PLD mutants with lysophosphatidylcholine. *: PLD-K169S; &: PLD-H440N; *: PLD-K442S;
&: PLD-H167N.


Table 1. Dissociation constants between different PLD mutants and LPC/
C12E5-coated PNPs.


Enzyme variant Kd [m]


PLD-H440N 5.2�1.6 � 10�8


PLD-H167N no binding
PLD-K442S 4.6�0.9 � 10�7


PLD-K169S 6.6�1.6 � 10�8
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Merck) as previously described. SDS-PAGE was performed with
polyacrylamide gels (10 %, w/v) according to Laemmli,[25] and pro-
teins were stained with Coomassie blue R-250 solution (0.25 %,
w/v) in EtOH (50 %, v/v) and acetic acid (10 %, v/v). Protein concen-
tration was determined with the Bio-Rad protein assay, according
to Bradford,[26] by using BSA as a standard.


Enzyme and choline release assays : Homogenous PLDs were as-
sayed by using the natural substrates phosphatidylcholine (PC) and
lysophosphatidylcholine (LPC) in the spectrophotometric choline
oxidase–peroxidase coupled assay described previously.[27] Choline
release after interaction of LPC-PNPs with PLD variants was deter-
mined by using an adapted protocol. Samples were prepared by
separating LPC-PNPs and proteins from soluble fractions with a
Nanosep� 10K Omega centrifugal device (MWCO 10 000 Da, Pall
Life Science, New York, USA), and then lyophilized and resuspend-
ed in deionized H2O (100 mL). A mixture of choline oxidase solution
(15 mL; 50 U mL�1 in 0.1 m Tris-HCl buffer, pH 8.0), peroxidase solu-
tion (50 mL; 100 U mL�1 in 0.1 m Tris-HCl buffer, pH 8.0) and 4-ami-
noantipyrine (4-APA)/phenol reagent (700 mL) was added to the
sample. The sample was then prepared to a final volume of 1 mL
with Tris-HCl buffer (0.1 m, pH 8.0), mixed and incubated at 37 8C
for 30 min. The 4-APA/phenol reagent was freshly prepared by
mixing phenol solution (2 mg mL�1; 2 mL) in Tris-HCl buffer (0.1 m,
pH 8.0), 4-APA solution (3 mg mL�1; 2 mL) in Tris-HCl buffer (0.1 m,
pH 8.0), and Tris-HCl buffer (0.1 m, pH 8.0; 21 mL). The amount of
released choline was estimated spectrophotometrically at 550 nm
in comparison with a linear calibration curve obtained with choline
(0–0.1 mm) under the same assay conditions.


Elastic light-scattering experiment : PNPs produced in aqueous
dispersions were dialyzed before use to remove undesired physi-
sorbed byproducts. All experiments were carried out in phosphate
buffer (2 mm, pH 7.0). Each experiment used a suspension at a PNP
volume fraction f= 10�3 (1.5 mL). PNP suspensions were stable in
H2O because the particles bore a net negative charge. PNP concen-
tration could be simply determined by measuring the density of
the dispersions, given the high density (1�2.1 g cm�3) of the bulk
fluoroelastomeric material from which they were made. Experi-
ments were performed by repeatedly adding aliquots (6 mL) of a
mixture of surfactants (10 mm C12E5/14 mm LPC) and measuring IS


until no more increment of scattered light was observed. The IS


measurements were performed by taking sets of 80 independent
intensity acquisitions after each addition and analyzing the data to
eliminate intensity spikes due to dust impurities. Typically, full coat-
ing of the PNPs surface was achieved after the addition of 90 mL of
the LPC/C12E5 mixture. This yielded a final LPC concentration on
the nanoparticle surfaces of about 0.8 mm. LPC–PLD binding experi-
ments were performed by repeatedly adding aliquots (6 mL) of a
PLD solution (50 mm) to the LPC/C12E5-coated PNP suspensions
and measuring IS after each addition as previously described. From
the measured IS, it was possible to extract parameter R, which is
proportional to the adsorbed volume vPLD of the ligand [Eq. (2)]:


R ¼
ffiffiffiffiffiffiffiffiffiffi


Is�Ib


p
ffiffiffiffiffiffiffiffiffiffi


I0�Ib


p �
ffiffiffiffiffiffiffiffiffiffi


Ic�Ib


p
ffiffiffiffiffiffiffiffiffiffi


I0�Ib


p ¼ vPLDDnPLD,w


vPNPDnPNP,w


ð2Þ


where I0, Ib and Ic are the light scattered from the bare particles,
the background light measured in the conditions of best optical
matching between PNP and H2O (Figure 1 A, Ib) and the light scat-
tered by PNPs fully coated with LPC/C12E5, respectively. The total
amount of PLD adsorbed on the particles, and hence the parame-
ter R, can be well approximated by a Langmuir isotherm [Eq. (3)]:


R ¼ R0


½A2�t þ Kd þ ½S0� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi


½A2�t þ Kd þ ½S0�ð Þ2�4½A2�t½S0�
p


2
ð3Þ


where [S0] is the molar concentration of the binding sites, Kd is the
dissociation constant and R0 is an experimental parameter that sets
the saturated value of R at the limit of large ligand concentration.
By fitting the Langmuir isotherm to the data, we determined Kd


and R0. In the case of mutant PLD-K442S, the dissociation constant
was higher than that observed with the other enzymes. In this sit-
uation, an accurate measurement would have required higher con-
centrations of ligand, and hence too much material. In this case,
we held R0 fixed to a value that was obtained by averaging those
from fittings to the data from mutants PLD-H440N and PLD-K169S.


Elastic light-scattering experiment : The 908 angle polarized scat-
tered light from a HeNe (5 mW, 632 nm) laser beam was collected
and measured by using a RCA 931B photomultiplier. A convention-
al spectrophotometer cuvette (4 mL) held in a suitably designed
cell holder and equipped with a ministirrer and a water flow circuit
to control the working temperature (30 8C), which was measured
by a thermistor, was used. All proteins and surfactants were inject-
ed by using motorized commercial pumps (Ismatec Reglo piston
precision pump and Kent Scientific Genie syringe pump; Torring-
ton, CT, USA). Stirring, temperature and injections were controlled
by a computer, through a suitable interface that was designed ad
hoc to program DPS experiments. Experiments were performed
with a programmed sequence of injection, stirring and data
acquisition.
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Toll-like receptor 4 (TLR4) is a toll-like receptor (TLR) family pro-
tein that organizes an innate immune response that distin-
guishes nonself and endogenous danger signals.[1] Specifically,
TLR4 recognizes lipopolysaccharide (LPS) from the cell wall of
Gram-negative bacteria, as well as endogenous signals such as
HSP60, HSP70, and fibrinogen.[2] Agonism of the receptor is de-
pendent upon a homodimeric TLR4 signaling complex thatACHTUNGTRENNUNGincludes myeloid differentiation factor 2 (MD2).[3] The assembly
of the TLR4–MD2 complex initiates a MyD88-dependent signal-
ing cascade, which relocates nuclear factor-kB (NF-kB) from
the cytoplasm to the nucleus.[4] Transcription by the NF-kB pro-
moter directs the production of a number of proinflammatory
cytokines including TNFa, IL-1b, IL-6, and IFN-g.[2] Recent evi-
dence suggests that TLR4-mediated elevations in the expres-
sion of these cytokines in glia cells and astrocytes in the cen-
tral nervous system (CNS) initiate and propagate several debili-
tating disease states such as chronic pain and sepsis.[5–7] The
lack of good clinical treatments for chronic pain has made its
effectors, including TLR4, popular targets for new therapeu-
tics.[5]


Chronic pain occurs in epidemic proportions worldwide.[8]


The disease typically arises from two types of injuries : 1) tissue
injuries that lead to inflammatory pain, and 2) nerve injuries
that lead to neuropathic pain. Microglia in the CNS recognize a
variety of signals associated with inflammatory or nerve injury
and subsequently release a variety of inflammatory mediators
in response, including TNFa, IL-1b, IL-6, PGE-2, COX-2, and ATP.
The release of these molecules stimulates other glia to respond
in a proinflammatory manner, and also results in neuronal ac-
tions. Stimulation of nociceptive pain neurons by glial inflam-
matory mediators leads to hypersensitivity and enhanced pain
states. This centrally mediated pathological pain causes exag-
gerated pain sensitivity in healthy and undamaged tissues. The
hypersensitive state leads to intense and exaggerated pain


being sensed from both painful (hyperalgesia) and/or nonpain-
ful stimuli (allodynia).[2, 8]


Previous research has indicated that TLR4 plays a major role
in the development of chronic pain.[9–11] TLR4 is now well docu-
mented to become activated by so-called “endogenous
danger signals”. These are substances released by stressed or
damaged cells (such as the HMGB-1, and HSP proteins, etc.)
that signal distress of host cells through TLR4 signaling, which
leads to glial release of proinflammatory mediators. In fact,
TLR4-knockout mice that have undergone nerve injury do not
develop allodynia and show reduced glial activation with
lower levels of pain-related mediators.[12] Moreover, hypersensi-
tivity can be attenuated in chronic pain rats by using a TLR4
antisense oligonucleotide.[12]


TLR4 signaling is dependent upon the formation of a homo-
dimer, which is mediated by the accessory protein MD2.[13, 14]


Specific point mutations to MD2 (for example, Cys95Tyr),
which prevent its association with TLR4, significantly diminish-
es TLR4 signaling.[15] TLR4-based peptides or TLR4-MD2 fusion
proteins can also attenuate signaling by competing for MD2 or
LPS respectively .[16, 17] Given the wide array of agonists that
TLR4 recognizes, it is not clear whether a peptide that targets
TLR4 directly would agonize or antagonize the receptor. The
recently reported high-resolution X-ray crystal structure of the
murine TLR4–MD2 complex revealed several molecular recog-
nition sites on the TLR4–MD2 interface that could serve as po-
tential targets for a peptide.[18] A charged patch spanning from
Asp99 to Glu111 (critical charged residues are underlined in
Table 1) of MD2 was projected to be critical to the nanomolar
binding affinity of MD2 and TLR4. These charged residues are
projected by a short a helix (Ser103–Lys109) and a random-coil
protruding loop (Cys95–Tyr102) that is constrained by a disul-
fide bridge between Cys95 and Cys105. Herein, we employed
a chemical biology approach by utilizing the minimal TLR4-
binding region of MD2 to block the TLR4–MD2 association.
The in silico, in vitro, and whole-cell data demonstrated for the


Table 1. Sequence alignment of human and murine MD2. Underlined res-
idues are identified as critical binding residues. Disulfide-forming cys-
teines are highlighted in bold. The italicized residue is mutated in the
negative control.


Name Sequence


human[a] R90KEVICRGSDDDYSFCRALKGETVNTTISFS120


murine[a] R90KEVLCHGHDDDYSFCRALKGETVNTSIPFS120


MD2-I CRGSDDDYSFCRALKGE
MD2-II ARGSDDDYSFCRALKGE


[a] Sequence alignment from Kim et al.[18]
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first time that an MD2-based peptide inhibitor can suppress
the TLR4 signaling in live cells ; this suggests novel strategies
of using peptidomimetic and small-molecule agents to target
a variety of CNS disorders.


A 17-residue peptide (MD2-I) was synthesized to reproduce
the TLR4-binding region of the MD2 protein that contains all
the critical interacting residues (Table 1). We rationalized that
the disulfide bridge between Cys95 and Cys105 and the secon-
dary structures of the peptide help to retain the geometry of
the critical residues in 3D space and mimic that of the TLR4-
binding regions of the full-length MD2. Previous studies with
MD2 mutants showed that the disulfide-forming Cys95 residue
is critical for MD2 binding TLR4.[15] As such, a mutant MD2-I
peptide (MD2-II) with Cys95 replaced with an Ala residue was
also synthesized. Formation of the disulfide bond in MD2-I was
verified with mass spectrometry (Figure S2 in the Supporting
Information). Further, circular dichroism (CD) experiments were
performed to determine if MD2-I retained the structural fea-
tures of full-length MD2. In the presence of 10–30 % trifluoro-ACHTUNGTRENNUNGethanol (TFE) in aqueous solution, the CD spectra of MD2-I and
II show a-helical characteristics with two negative peaks at 208
and 222 nm (Figure S3). This demonstrates that the truncated
peptides retain the secondary structures of the full-length
MD2. Because both peptides are observed to have similar sec-
ondary structures, their binding modes to TLR4 are expected
to be the same, which allows the direction comparison of their
inhibitory potency to be made.


To determine if the truncated MD2 sequence would retain
its affinity for TLR4, the binding energy of MD2-I and full-
length MD2 were first computed by using Rosetta in the inter-
face mode (Table S1). MD2-I has a slightly higher affinity (DG =


�7.8 kcal mol�1) than the full-length MD2 (DG =


�5.5 kcal mol�1) when docked against a truncated version of
the human TLR4 receptor (PDB ID: 2z65). When docked against
a humanized version of the full-length, murine TLR4 receptor
(PDB ID: 2z64) the affinity of MD2-I (DG =�7.1 kcal mol�1) was
slightly lower than the affinity of full-length MD2 (DG =


�9.1 kcal mol�1). Collectively, these computational simulations
predicted that MD2-I should retain some affinity for TLR4,
thereby competing with the full-length MD2 for the TLR4-
binding site. (Figure 1)


The inhibitory effects of MD2-I on lipopolysaccharide (LPS), a
native ligand of the TLR4–MD2 complex, was studied in live,
stably transfected HEK293 cells that express TLR4 along with
its accessory proteins. Cells were incubated with 10 mg mL�1


LPS that was conjugated with fluorescein isothiocyanate (LPS-
FITC) in the absence or presence of the MD2 peptides and
scanned in a flow cytometer. Cells that were incubated for two
hours with LPS-FITC only show a half-decade shift downfield,
which is indicative of LPS-FITC binding to the TLR4–MD2 com-
plex on the cell membrane. Cells that were co-incubated with
LPS-FITC and 0.1 mm MD2-I show almost no shift after two
hours; this suggests that MD2-I blocks LPS-FITC binding to the
TLR4–MD2 complex (Figure 2). Cells that were co-incubated


Figure 1. Computationally simulated protein–protein interface between
TLR4 and MD2-I suggesting that MD2-I adopts a similar conformation to the
TLR4-binding region of MD2. The constraint disulfide bridge marked by an
arrow.


Figure 2. Flow cytometry results showing the binding of TLR4-overexpress-
ing HEK293 cells binding to LPS-FITC in the presence and absence of pep-
tide inhibitors. A) Overlay of native HEK293 cells (gray) and HEK293 cells in-
cubated with 10 mg mL�1 LPS-FITC (black). B) Overlay of HEK293 cells incu-
bated with 10 mg mL�1 LPS-FITC (black) and co-incubated with 10 mg mL�1


LPS-FITC and 0.1 mm MD2-I (gray). C) Overlay of HEK293 cells incubated
with 10 mg mL�1 LPS-FITC (black) and co-incubated with 10 mg mL�1 LPS-FITC
and 0.1 mm MD2-II (gray).
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with LPS-FITC and MD2-II show a half-decade shift downfield
that is analogous to the shift that was seen with LPS-FITC
alone; this indicates that MD2-I behaves similarly to Cys95Tyr
MD2 mutants. Together these data suggest that MD2-I not
only blocks the binding of LPS to TLR4-expressing cells, but
also behaves in a similar fashion to MD2 and its mutants; this
suggests that MD2-I is in fact blocking the TLR4–MD2 inter-ACHTUNGTRENNUNGaction.


MD2-I is also shown to be effective at blocking the down-
stream proinflammatory effectors of TLR4 in HEK293 cells and
murine macrophages. The same HEK293 cells that stably ex-
press TLR4 also contain a secreted alkaline phosphatase report-
er gene (SEAP) located downstream from the NF-kB promot-
er.[19] These cells were treated with a gradient of LPS ranging
from 0.01 to 100 ng mL�1 and a constant 0.1 mm dose of MD2-
I or MD2-II (Figure 3). Cells that were incubated with LPS show


a level of SEAP activation that ranges from 89 % at low concen-
tration to 401 % at high concentration when compared to a
blank control. Cells that were co-incubated with MD2-II show
slightly reduced levels of activation (87–332 %), but cells treat-
ed with MD2-I show significantly reduced levels of activation
(101–193 %). These results demonstrate that MD2-I, but not
the control peptide MD2-II, blocks LPS-induced activation. Fur-
thermore, the reduced level of maximum TLR4 activation in
the presence of MD2-I indicates that MD2-I blocks LPS binding
as a non-competitive inhibitor. This result is consistent with
MD2-I targeting an allosteric site of the TLR4–MD2 association,
lending further support to the peptide inhibitor design.


In addition to the NF-kB pathway, LPS activation of TLR4 has
also been shown to activate phosphoinositide 3 kinase (PI3K);
this triggers translocation of Akt1 to the plasma membrane in


murine macrophages.[20] Murine MD2 has two mutations in the
C95–E111 binding loop (Arg96His, Ser98His). Neither of them
have been identified as critical residues in the TLR4–MD2 inter-
action, which suggests that human MD2 peptides should func-
tion properly in a murine model.[18] RAW 264.7 cells transfected
with an Akt1-GFP reporter[21] were treated with MD2-I and
MD2-II then activated with LPS. In the absence of LPS, Akt1-
GFP is uniformly diffused throughout the cytosol (Figure S4 A).
Addition of LPS causes a rapid translocation of Akt1-GFP to the
plasma membrane lowering Akt1-GFP concentration in theACHTUNGTRENNUNGcytosol. Cells that were treated with MD2-I show almost no
change in Akt1-GFP diffusion when LPS is added (Figure 4 A
and Figure S4 C). A small dose of complement 5a (C5a,
25 ng mL�1) confirms that these cells were active, but their abil-
ity to signal through TLR4 was inhibited (Figure S4 D). MD2-II
did not show the same ability to block TLR4 agonism. After ad-
dition of LPS, these cells showed a very similar activation pro-
file to untreated cells (Figure 4 B). These data concur with the
SEAP reporter gene studies in a more complex system. Because
Akt1 is right downstream of TLR4 in the signal transduction
pathway,[20] these data provide strong evidence that MD2-I


Figure 3. SEAP reporter gene activity with MD2-I (triangles) and MD2-II
(squares) compared to blank control (diamonds). Confluent cells in 96-well
plates were incubated with LPS (0.01 ng mL�1 to 100 ng mL�1) or co-incubat-
ed with LPS and MD2-II (0.1 mm) or MD2-I (0.1 mm) in CSF buffer for 24 h.
SEAP levels were quantitated by using Applied Biosystems Phospha-Light
Chemiluminescent Reporter Gene Assay System according to manufacturer
specifications. Samples were detected on a Beckman Coulter, DTX 880 plate
reader with 1000 ms integration time per well. Data are expressed as % lumi-
nescence against a control sample that contains only buffer and peptide.


Figure 4. Comparison of MD2-I and MD2-II inhibition of LPS-induced TLR4
activation. Murine macrophages were treated with 100 mm A) MD2-I (&) or
B) MD2-II (~) at 35 s. After two and a half minutes LPS was added to a final
concentration of 200 ng mL�1. If no visual response was observed after an
additional two and a half minutes C5a (25 ng mL�1) was added to confirm
that the cells were responsive (A). LPS response curve (^) was collected with
no peptide pretreatment.
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blocks TLR4-mediated signaling by directly interacting with
TLR4. Murine macrophages express a variety of TLRs and
immune receptors. Inhibiting LPS-induced agonism of TLR4
suggests that MD2-I is specific for TLR4 over other TLRs.


In summary, we have demonstrated that a short peptide cor-
responding to the TLR4-binding loop can prevent the full-
length MD2 from binding to TLR4. Subsequently, the peptide
can inhibit LPS-induced expression of proinflammatory cyto-
kines, which are linked to TLR4 agonism both in human cells
and in murine cells. By using a Cys95Ala mutant of MD2-I, we
have shown that the activity of the peptide correlates well
with full-length MD2 mutants; this suggests that the peptide is
specifically blocking the TLR4–MD2 interaction. These studies
pave the way for the development of more drug-like small-
molecule peptidomimetic antagonists of TLR4, which might
eventually find applications in drug discovery.


Experimental Section


Peptide synthesis : All peptides were synthesized in the CEM Dis-
cover microwave by using the standard FMOC chemistry that was
outlined by Bacsa and Kappe with modifications.[22] Three equiva-
lents of HCTU coupling reagent (Pepnet, Louisville, KY, USA) and
three equivalents of amino acid (ChemPep, Miami, FL, USA) were
used per coupling. Each coupling was performed in duplicate and
coupling times were reduced to 2 min. After cleavage and workup,
peptides were characterized by using Perseptive Biosystems
MALDI-TOF Mass Spectrometer. Purification of peptides was carried
out on a Waters 600E HPLC equipped with a SepaxGP-C8 reversed-
phase, 21.2 � 250 mm column over a 50:50 to 0:100 (H2O, 0.1 %
TFA/acetonitrile, 0.1 % TFA) gradient for 30 min. Fractions were
characterized with MALDI mass spectrometry and lyophilized to
dryness.


Computational studies : Human-specific interface sequence posi-
tions (TLR4: F160L, G234N, K263R, D264N, T290A MD2: H96R,
H98R) were modeled onto the murine TLR4–MD2 complex by
using the alignment provided by Kim et al. to investigate structural
differences. Binding energy calculations and side-chain simulations
were performed with the molecular modeling program Rosetta,[23]


in which low-energy combinations of side-chain conformations
were identified by using Monte Carlo optimization with simulated
annealing.[24] Binding energies were calculated by subtracting the
calculated energy of each unbound protein from the calculated
energy of the complex. The side-chain conformations of the mutat-
ed residues were built by choosing the rotamer with the lowest
energy when modeled in the context of the complex. Neighboring
side-chains and backbone conformations were held fixed in the
positions that were observed in the crystal structure. For the mod-
eling described here, a version of the energy function that signifi-
cantly dampens repulsion energies to allow for small atom–atom
clashes that might be accommodated by small changes in side-
chain and backbone conformation was used. It is referred to asACHTUNGTRENNUNGRosetta_DampRep.[25] Dunbrack’s backbone-dependent rotamer li-
brary supplemented with rotamers that vary c1 and c2 one stan-
dard deviation away from their most probable values was also
used in these calculations.[26]


Circular dichroism studies : Far-UV circular dichroism spectra were
collected in 0.1 cm quartz cells by using a Jasco J-810 spectropo-
larimeter at 25 8C. The cuvette holder had a temperature controller
with the external temperature probe. Scanning was performed in


step-scanning mode with a 4 s response time. The CD signals were
averages of three repeated scans with 1 nm/sec spacing from 260
to 190 nm. Baseline correction was done by using the solvent-only
scans. Solvent for CD experiments were 30% TFE in H2O. The MD2-I
(95 mm) of the peptides was calculated by the UV absorbance
at 280 nm with the extinction coefficient 1615 m


�1 cm�1 and
1490 m


�1 cm�1. The data were converted to mean residue ellipticity
[q] in deg cm2 dmol�1 by using the equation [q] = (qobs/10 Lc)/r,
where qobs is the ellipticity measured in millidegrees, l is the optical
path length (cm), c is the concentration of the peptide (m), and r is
the number of residues.


Flow cytometry : Cells were lifted on the day of experiment and
centrifuged at 1000 rpm for 5 min. Medium was decanted and re-
placed with cerebral spinal fluid (CSF) buffer (124 mm NaCl, 5 mm


KCl, 0.1 mm CaCl2, 3.2 mm MgCl2, 26 mm NaHCO3, and 10 mm glu-
cose, pH 7.4) to a final concentration of 1 � 106 cells mL�1. Cells
were aliquoted (800 mL per tube) into 5 mL sorter tubes (Becton
Dickinson, Franklin Lakes, NJ, USA) and coincubated with of
100 ng mL�1 LPS-FITC (100 mL; Sigma) and H2O (100 mL) or a 1 mm


peptide solution (100 mL). After 2 h, flow data was collected by
using a MoFlo DakoCytomation cell sorter that was equipped with
a 488 nm argon laser. Summit Software v4.0 was used to collect
and quantify the data. A total of ten thousand events were collect-
ed for each tube.


SEAP Assay : Human embryonic kidney 293 (HEK293) cells that
were stably transfected with TLR4, necessary assembly and signal-
ing proteins (MD2, CD-14, LPSBP, etc.) and a secreted alkaline phos-
phatase (SEAP) reporter gene were obtained from InvivoGen (HEK
blue-4 cells; San Diego, CA, USA). Cells were cultured in DMEM
supplemented with 10 % FBS, penicillin (100 U mL�1), streptomycin
(100 mg mL�1), l-glutamine (2 mm), 1 � normocin (InvivoGen, ant-
nr-1) and 2 � HEK Blue selection (InvivoGen, hb-sel). Cells were im-
planted in 96-well plates 48 h prior to drug treatment and incubat-
ed at 37 8C. On the day of treatment, media was removed from the
96-well plate and replaced with CSF buffer that contained a mix-
ture of LPS and peptide. After 24 h, a sample of CSF buffer (15 mL)
from each well was collected and transferred to an opaque white
96-well plate (Microfluor 2, Thermo Scientific, Waltham, MA, USA).
Each well was treated with 1 � dilution buffer (45 mL), covered with
a microseal (Bio-Rad, MSB1001, Hercules, CA, USA), and incubated
for 30 min at 65 8C. After 30 min, plates were cooled to room tem-
perature on ice and SEAP assay buffer (50 mL) was added to each
well. After a 5 min incubation, disodium 3-(4-methoxyspiro{1,2-
dioxetane-3,2’-(5’-chloro)tricyclo[3.3.1.13,7]decan}-4-yl) phenyl phos-
phate (50 mL; CSPD) diluted 1:20 with reaction buffer was added to
each well. After 20 min, the luminescence of each well was mea-
sured by using a Beckman Coulter, DTX 880 plate reader (Fullerton,
CA, USA) with Multimode Analysis Software. Raw luminescence
scores were expressed as a percentage of luminescence against a
control that contained only peptide.


Murine macrophage Akt1-GFP imaging : LPS-induced activation of
Akt1-GFP was studied in RAW264.7 mouse macrophages. These
cells were stably transfected to express GFP-tagged Akt1 and gra-
ciously provided by Dr. John Evans.[21] Cells were cultured in DMEM
that was supplemented with 10 % FBS, penicillin (100 U mL�1),
streptomycin (100 mg mL�1), glutamine (0.292 mg mL�1), and HEPES
(20 mm) in 5 % CO2 at 37 8C and plated at 2 � 105 cells mL�1 24 h
prior to imaging on 3.5 cm MatTek glass-bottomed dishes. At the
time of experiment, media was removed and cells were washed
with HBSS (2 � ) that was supplemented with 25 mm HEPES buf-
fered to pH 7.4. Conditioned HBSS (1.0 mL) was added to the cells
for imaging. Media was conditioned by a 24 h incubation with
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RAW264.7 cells. A Nikon inverted microscope with 60 � oil immer-
sion objective, GFP/RFP dichroic mirror, corresponding single-band
excitation and emission filters, and CoolSNAP ES camera was used
to carry out imaging. Excitation was provided with a mercury
lamp. Images were taken every 7.5 s. Background fluorescence was
captured for five frames. Peptides were added in a 200 mL dose to
a final concentration of 100 mm. Twenty more frames were collect-
ed before 200 mL of LPS (200 ng mL�1 final) was added. If no visual
response occurred after twenty frames, C5a (25 ng mL�1) was
added to the plates to confirm if the cells were responsive. Translo-
cation of Akt1-GFP was quantified by using ImageJ and expressed
as normalized change in cytoplasmic fluorescence (arbitrary units)
over time.
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Cooperative Effects on Radical Recombination in CYP3A4-Catalyzed
Oxidation of the Radical Clock b-Thujone


Yongying Jiang[a, b] and Paul R. Ortiz de Montellano*[a]


Oxidation of hydrocarbons by cytochrome P450 enzymes is
commonly thought to involve hydrogen abstraction by a ferryl
species comparable to that of peroxidase Compound I (Cpd I),
followed by recombination of the resulting carbon radical with
the equivalent of an iron-bound hydroxyl radical.[1, 2] This radi-
cal rebound mechanism, which was first proposed in 1978, is
supported by a variety of experimental results, including: 1) re-
arrangement and inversion reactions prior to the radical re-
combination step, 2) the large magnitude (up to kH/kD�13) of
the intrinsic isotope effect for hydrogen abstraction, and
3) computational modeling of the reaction pathway. However,
radical clock substrates, in which the radical undergoes a rear-
rangement at a known rate prior to radical recombination,
have provided conflicting evidence on the radical lifetime. Al-
though several radical clocks support a radical recombination
mechanism, the so-called ultrafast radical clocks
yield radical lifetime estimates that are more consis-
tent with a transition state than an actual intermedi-
ate.[3] This discrepancy has led to the postulate that
hydroxylation might involve either a concerted inser-
tion into the C�H bond or multiple oxidizing spe-
cies. An alternative explanation is provided by com-
putational studies that invoke a reaction manifold
with a radical intermediate that exists in two differ-
ent spin states.[4] A further possible explanation is
provided by the observation that ultrafast radical
clocks generally involve primary radical rearrange-
ments, whereas slower radical clocks generally in-
volve secondary radical rearrangements. The recom-
bination rates of primary and secondary radicals
could be differentially susceptible to modulation by
interactions with the active site and the iron-oxo
species. However, there is little direct evidence that
the radical complex exists in two different spin
states, or that the radical recombination rates can be
influenced by the active-site environment.


CYP3A4 is responsible for a majority of all P450
catalyzed drug oxidations in humans. One of the sa-
lient features of CYP3A4 catalysis is that it is subject
to homotropic and heterotropic cooperativity (allos-


terism) in that one substrate molecule can alter the oxidation
rate and/or regionselectivity of another.[5] The molecular basis
of P450 allosterism remains incompletely understood. Current-
ly, most results fall into three models: multisubstrate binding,
peripheral effector binding and conformational heterogenei-
ty.[6] Progesterone has specifically been shown to function as
an allosteric modulator of its own CYP3A4 catalyzed oxidation
as well as that of other substrates.[7, 8] Given that allosterism
tunes the CYP active-site environment, its effect on the reac-
tion of a radical-clock substrate might provide valuable mecha-
nistic information associated with the CYP mechanism. In this
communication, we report that the oxidation of a radical clock,
b-thujone (1, shown as its C4 radical in Scheme 1), by CYP3A4
is subject to the concentration-dependent, heterotropic, co-ACHTUNGTRENNUNGoperative effect of progesterone binding on the manifold of


products that derive from C4 oxidation. The results are consis-
tent with acceleration by progesterone of the radical recombi-
nation that traps the C4 radical with concomitant suppression
of all the rearrangement pathways.


We have previously shown that a- and b-thujones function
as two-zone radical clocks in that C4 oxidation triggers two
concurrent timing reactions, one which involves ring opening
of the cyclopropyl ring and the other inversion of the stereo-
chemistry of the C4 methyl group (Scheme 1).[9] The a- and b-
thujone, C4 radical, ring-opening reaction rates are 4.4 � 107


Scheme 1. Reaction manifold showing the intermediate generated by C4 hydrogen ab-
straction from b-thujone and the products that derive from this initial intermediate.
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and 1.0 � 108 s�1, respectively, both of which are consistent
with the lifetimes of radical intermediates. This is also consis-
tent with the observation of a significant extent of methyl in-
version in these reactions. In addition to hydroxylated prod-
ucts, this reaction manifold gives rise to two minor desaturated
products, one with a C4=C10 double bond and another (6, car-
vacrol), in which the ring aromatizes to give a phenol product.
The formation of these two products was attributed to a
second oxidation of the C4 radical intermediate. The latter was
previously shown to be generated from a cationic intermedi-
ate.[10]


In this study, the CYP3A4 reaction of a- or b-thujone
(100 mm) was carried out in the presence of concentrations of
progesterone rising from 0 to 150 mm. The incubation mixture
contained purified, recombinant, human CYP3A4, NADPH-cyto-
chrome P450 reductase, and cytochrome b5 in a 1:2:1 ratio,ACHTUNGTRENNUNGrespectively, all in a reconstituted lipid environment.[11] The
identified metabolites include 7-hydroxyl-aACHTUNGTRENNUNG(or b)-thujone, 7,8-
dehydro-a-thujone, 2-hydroxyl-aACHTUNGTRENNUNG(or b)-thujone, 4-hydroxyl-a-
thujone (3), 4-hydroxyl-b-thujone (2), carvacrol (6) and the
ring-opened product 5.[9] These are all the major metabolites
formed in the reaction and account for �95 % and �90 % of
the total yield for a- and b-thujone, respectively. 4,10-Dehydro-
thujone was previously identified in the reactions of the thu-
jones with P450cam and P450M3, but not with mammalian
P450 enzymes.[9] This metabolite was found to conjugate with
glutathione in the CYP3A4 solution, and the conjugate could
not be extracted with the hydrophobic metabolites (data not
shown). It was reported recently for norcarane that desatura-
tion products and their secondary metabolites might compro-
mise its use in measuring radical lifetimes.[12, 13] This was not
observed in the CYP3A4 oxidation of thujones, for which no
secondary metabolites of the desaturated products were de-
tected at a significant level (>1 %; Figure S1 in the Supporting
Information).


The distribution and yields of the metabolites in the CYP3A4
oxidation of b-thujone in the presence of various concentra-
tions of progesterone are summarized in Tables 1 and S1. Not
unexpectedly, a decrease from 15.4 to 11.7 % in the proportion
of 7-hydroxylation of b-thujone is observed as the progester-
one concentration increases from 0 to 150 mm. A smaller pro-
gesterone-dependent decrease is also seen in 2-hydroxylation
and the desaturation of the isopropyl group. These conven-
tional metabolic shifts reflect repositioning of the substrate
prior to the oxidation step and provide no information on the
reaction mechanism. However, the alterations in the product
distributions that stem from the oxidation of C4, the carbon
that is pivotal for the radical-clock mechanisms of b-thujone
(Scheme 1), are more informative. As shown in Figure 1, the
proportion of 4-hydroxy-b-thujone (2), the unrearranged prod-
uct, increases systematically from 65.6 to 78.3 % as the proges-
terone concentration increases from 0 to 150 mm. In contrast,
there is a corresponding systematic decrease in the yield of 4-
hydroxy-a-thujone (3), in which the methyl stereochemistry is
inverted (from 10.7 % to 6 %), metabolite 5, in which the cyclo-
propyl ring is opened (from 0.61 % to 0.24 %), and carvacrol
(6), the aromatic product produced by cyclopropyl-ring open-


ing and cation formation (from 3.5 % to 1.5 %). A direct correla-
tion exists between the decrease in the combined rearrange-
ment products (3+5+6) and the increase in the unrearranged


Table 1. Allosteric effects of progesterone on the CYP3A4 metabolism of
b-thujone at C4.[a, b]


PG 4OHbT 4OHaT ROP Carv. k1
[c]


[mm] (2) (3) (5) (6) [�1010 s�1]


0 65.6 (1.00) 10.7 (1.00) 0.61 (1.00) 3.5 (1.00) 1.3
5 68.9 (1.05) 9.9 (0.92) 0.54 (0.88) 3.3 (0.94) 1.5


25 72.8 (1.11) 8.4 (0.78) 0.4 (0.66) 2.5 (0.71) 2.0
50 74.2 (1.13) 7.5 (0.70) 0.39 (0.64) 2.2 (0.63) 2.1
80 75.8 (1.16) 7.0 (0.65) 0.33 (0.53) 1.9 (0.54 2.5


100 77.2 (1.18) 6.6 (0.62) 0.28 (0.46) 1.7 (0.49) 3.0
150 78.3 (1.19) 6.0 (0.56) 0.24 (0.39) 1.5 (0.43) 3.5


[a] The yield of the product is given as a percent of the total products. In
the parenthesis is the relative amount of the product at a given proges-
terone concentration relative to the yield, which was set at 1.0 for each
metabolite, in the absence of progesterone. The plot in Figure 2 is based
on these relative yields. The abbreviations are: PG, progesterone; 4OHbT,
4-hydroxy-b-thujone (2) ; 4OHaT, 4-hydroxy-a-thujone (3) ; ROP, ring-
opened product 5 ; Carv, carvacrol (6). [b] The results are the average
values from a set of three incubations. [c] The value of 1.0 � 108 s�1 for
the rate of the cyclopropyl-ring opening of b-thujone was employed in
calculating the recombination rates; k1 = (1.0 � 108) � ([4HObT] + [4HOaT])/ ACHTUNG-TRENNUNG[ROP].


Figure 1. Relative yields [%] of 4-hydroxylated b-thujone (2), 4-hydroxylated
a-thujone (3), cyclopropyl ring-opened thujone alcohol (5) and the aromat-
ized product carvacrol (6) formed during the oxidation of b-thujone by
CYP3A4 in response to increasing progesterone concentrations.
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alcohol (2, Figure 2). This shows that the loss in the rearranged
products is quantitatively correlated with the increase in for-
mation of the unrearranged alcohol (2). While it has been well


documented that allosterism alters the reaction rates and re-
gioselectivity of CYP oxidation on the different reaction sites of
a substrate, to our knowledge, this is the first report of alloster-
ic modulation of the product distribution profile derived from
a single reaction site. This differs from a conventional metabol-
ic shift in that it can only happen after the hydrogen abstrac-
tion reaction. As all these reactions stem from initial C4 oxida-
tion, this result demonstrates that the changes in the product
profile depend on progesterone allosteric effects associated
with or subsequent to the C4 hydrogen abstraction reaction.


The oxidation of a-thujone, in contrast to b-thujone, shows
a progesterone concentration-dependent increase in 2-hydrox-
ylation compensated by a decrease in 7-hydroxylation, but no
systematic changes are observed in the products from C4 oxi-
dation (Table S2 in the Supporting Information). While the for-
mation of 4-hydroxy-b-thujone (2) and carvacrol slightly de-
creases with increasing progesterone concentration, the trends
in the formation of the other two C4 products are ambiguous.


The results from the oxidation of b-thujone indicate that the
alteration of the CYP3A4 active-site cavity caused by the simul-
taneous binding of progesterone decreases the apparent life-
time of radical 1, which is generated from b-thujone by the ac-
tivated P450 species. The apparent radical recombination rate
changes from 1.3 � 1010 s�1 in the absence of progesterone to
3.5 � 1010 s�1 in the presence of 150 mm progesterone (Table 1).
These numbers represent the ratio of the C4 products 2, 3 and
5 over the ring-opened product 5, multiplied by the rate of
the ring-opening reaction.[9] The apparent change in the radical
lifetime can be rationalized if the binding of progesterone
either : 1) restricts the motion of the b-thujone radical in a
manner that favors radical recombination, which effectively


ACHTUNGTRENNUNGaccelerates the trapping of the unrearranged radical, or 2) re-
duces the rates of the rearrangements themselves. In either
case, the decrease in the formation of all the rearrangement
products results in an apparent change in radical lifetime. If
the observed radical lifetime reflects the ratio between high-
spin and low-spin Cpd I species, as suggested by theory,[4] this
result would indicate that the low-spin Cpd I species with a
lower energy barrier increases in response to progesteroneACHTUNGTRENNUNGallosterism. However, the observed apparent radical-rebound
rate change is more likely to result from allosterically induced
physical changes in the enzyme active site.


The observation of products derived from cationic inter-
mediates has been used as an indicator of the involvement of
alternative oxidizing species in the P450 catalytic cycle, one of
which involves a direct insertion of the hydroxyl cation into
the C�H bond.[3] In the present study, the cationic product, car-
vacrol (6), decreases in a trend very similar to that of the radi-
cal rearrangement products 5 and 3 as a result of the proges-
terone allosteric effect (Figure 1). The coordinated changes we
observed among the four C4 products strongly suggest that
the cationic product carvacrol shares the same precursor as
the other radical products and is a secondary product of the
C4 radical. This is consistent with our previous observation
that the C4 product distribution profile was not altered by a
highly-deuterated medium.[9]


In conclusion, we have observed that progesterone exerts
heterotropic cooperative effects on the C4-derived oxidation
product profile in the CYP3A4-catalyzed oxidation of b-thu-
jone. Our results demonstrate that 1) all the C4-derived prod-
ucts stem from a common radical precursor, and 2) the rate of
radical recombination, which gives the unrearranged hydroxy-
lated product, is accelerated by the allosteric effector. This is
the first demonstration that the apparent timing of a radical
clock can be specifically altered by modulation of the active-
site topology or other properties by an allosteric effector.


Experimental Section


Chemicals : Synthesis of b-thujone (�99 %) and the metabolite
standards have been reported previously.[9]


l-a-Dilauroyl-sn-gly-ACHTUNGTRENNUNGcero-3-phosphocholine (DLPC), l-a-diloleoyl-sn-glycero-3-phospho-
choline (DOPC), and l-a-dilauroyl-sn-glycero-3-phosphoserine
(DLPS) were purchased from Avanti Polar Lipids Inc. (Alabaster, AL,
USA). These lipids were used to reconstitute the membranes re-
quired for the CYP3A4 reaction.[11]


Enzymes : Human CYP3A4, rat cytochrome P450 reductase (CPR)
and rat cytochrome b5 were expressed and purified according to
published protocols.[14–16] Optical spectra were recorded by using a
CARY UV-visible scanning spectrophotometer (Varian) in potassium
phosphate buffer (100 mm, pH 7.4) at 20 8C.


GC-MS analyses of thujones and their metabolites : The GC-MS
instrument and methods used to analyze thujones and their me-
tabolites were previously described.[9]


Enzyme incubations : The CYP3A4 reconstitution system was pre-
pared according to a published protocol.[11] The CYP3A4/cyto-
chrome P450 reductase/cytochrome b5 ratio was 1:2:1. a- or b-thu-
jone (100 mm in CH3CN) and the corresponding amount of proges-


Figure 2. Increase in the yield of the unrearranged compound 2 versus the
combined yields of the rearranged products 3 + 5 + 6 ; the graph shows a
direct correlation between the increase in concentration of 2 at the expense
of the rearranged products. The data points, from left to right, correspond
to the following progesterone concentrations: 0, 5, 25, 50, 80, 100 and
150 mm.
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terone in methanol (5 mL) were added to the reconstituted enzyme
solution. The mixture was incubated at 37 8C for 3 min, and the re-
action was then initiated by the addition of NADPH (1 mm). The
final reaction volume was 1 mL, and contained CYP3A4 (1 mm) and
substrate (100 mm). The reaction mixtures were incubated at 37 8C
for 1 h and quenched by the addition of ice-cold ethyl acetate
(2 mL). The aqueous phase was saturated with NaCl and further ex-
tracted with ethyl acetate (2 mL). Separate control reactions were
carried out either without enzymes or NADPH. The combinedACHTUNGTRENNUNGorganic extracts were dried over anhydrous Na2SO4, filtered and
concentrated to 50–100 mL under a stream of nitrogen at room
temperature for the GC-MS analysis of a 3.0 mL aliquot.
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Differential Regulation of Protein Subdomain Activity with Caged Bivalent
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The functional characterisation of biomolecules requires the
development of precise tools that act either as inhibitors orACHTUNGTRENNUNGactivators of signalling pathways. The most common tools for
target validation are, among others, so-called loss-of-function
strategies that include siRNA, antisense and genetic knock-out
approaches.[1] These act on the genetic or mRNA level and
cause the disappearance of the protein of interest from the
proteome of the cell or organism under investigation. Because
every protein is embedded in a complex network of biomole-
cules the loss of one member often causes secondary effects
that contribute to altered phenotypes but are not necessarily
related to the protein of interest.[2] Similarly, off-target effects
caused by the unintended down-regulation of other than the
targeted mRNA might lead to misinterpretation of functional
data.[3] Alternative approaches thus make use of small mole-
cules and macromolecular tools that act directly at the protein
and protein subdomain levels to investigate the function of
the protein of interest.[4]


Macromolecules that bind and inhibit proteins include pep-
tide aptamers, antibodies and nucleic acid aptamers.[5] In the
last case, we have recently developed aptamers that bear pho-
tolabile groups at defined positions, so-called caged aptamers,
whose activity with regard to protein function inhibition can
be exogenously regulated with UV-A light,[6] either by sterically
blocking the interaction site[7a] or by induction[7b] of the forma-
tion or depletion[7c] of the active conformation. These kinds of
inhibitors pave the way for the regulation of protein function
with spatiotemporal resolution. Furthermore, we have recently
constructed the bivalent aptamer HD1–22 (Figure 1), which si-
multaneously targets and accordingly inhibits the regulatory


exosites I and II of thrombin.[8] The serine protease thrombin is
a key player in the blood clotting cascade. It converts fibrino-
gen into fibrin, activates platelets and augments the clotting
cascade by upstream activation of clotting factors. Both exo-
sites of thrombin are required for the activation of coagulation
cofactors and platelets. Thrombin’s exosite I recruits fibrinogen,
which is cleaved to fibrin by the active site, leading to clot for-
mation. Exosite II is the domain to which heparin can bind—
mediating the binding of antithrombin (AT), which then blocks
the thrombin active site.[9] Here we report that derivatives of


Figure 1. HD1–22 is a bivalent aptamer consisting of the two parts HD1 and
HD22, which are connected through a poly-dA linker. Each part targets a dif-
ferent regulatory site on the serine protease thrombin.


Figure 2. A), B) Cartoon representation of the mutants of the aptamer HD22,
together with their sequences. C) Result of filter retention studies with these
mutants and thrombin. In the case of the mutants G9A, G24A and T7C the
bars coincide with the base line. For further results of filter binding studies
with the mutants G23A and C4A see the Supporting Information.
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HD1–22 bearing cages in different positions offer po-
tential for the exogenous and differential control of
protein subdomain activity.


The bivalent aptamer HD1–22 is made up of the
aptamer module HD1, a 15-nucleotide G-quadruplex-
forming nucleic acid that binds to the exosite I,[10]


and a second aptamer module, termed HD22, also
forming a G-quadruplex motif that has been shown
to bind to thrombin’s exosite II.[11] The two modules
are connected through a dA15-linker. Although photo-
reactive variants of the aptamer HD1 have been re-
ported previously,[7] no such variations of the HD22
aptamer are known. Thus, we first determined nu-
cleotide positions of the aptamer HD22 that are sen-
sitive to mutations, by defining several mutants of
the aptamer HD22 and analysing them for thrombin-
binding activity by filter retention analysis. As shown
in Figure 2, mutation at positions T7, G9 and G24 re-
sults in complete loss of binding capacity. These find-
ings are in accordance with previously reported data
that show the importance of the formation of the
G-quadruplex and the presence of the hinge regions
(C5–T7 and G23–T25), most probably involved in
high-affinity binding.[11]


The mutation at position C4 resulted in a weakly
binding aptamer (Figure 2 C and Figure S1 in theACHTUNGTRENNUNGSupporting Information), whereas mutation at posi-
tion G23 had almost no effect on high-affinity bind-
ing of the aptamer [KD value of (6.2�1.4) nm for
G23A, relative to (11.9�1.1) nm for HD22 ;[8] Fig-ACHTUNGTRENNUNGures 2 C and S1]. From these data we chose posi-
tions G9 and G24 to be modified with photolabile
groups, thus allowing access to light-sensitive HD22
variants. To test this, we synthesized the HD22 deriv-
atives G9cage and G24cage bearing the photolabile o-
nitrophenylpropyl (NPP) group at the exocyclic posi-
tion O6 in the indicated guanine nucleobases (Fig-
ure 3 A and B; for the mechanism of the uncagingACHTUNGTRENNUNGreaction see refs. [6f] and [12]).


Filter retention analyses were performed to eluci-
date the light-dependent activities of the two modi-
fied aptamers. As shown in Figure 3 C and D, the in-
teracting activities of both caged aptamers can clear-
ly be regulated by light. The nonirradiated variants showed
almost no or rather low binding to thrombin, whereas uponACHTUNGTRENNUNGirradiation the binding activities of the aptamers could be re-
stored.


We next elucidated whether G9cage and G24cage allow light-
control of thrombin’s exosite II function, by employing a fluo-
rogenic peptide cleavage assay.[8, 13] In brief, heparin binds to
the exosite II of thrombin and accelerates AT-mediated inhibi-
tion of thrombin. Because HD22 interacts with exosite II it
competes with heparin binding and counteracts the heparin
effect. Thrombin was incubated in the presence of heparin and
with increasing concentrations of G9cage and G24cage without or
with UV-A irradiation, and the kinetics of AT-mediated throm-
bin inhibition were monitored through the hydrolysis rates of


a simultaneously added fluorogenic peptide. As shown in Fig-
ure 3 E and F, both aptamers obviously reveal light-dependent
competition with heparin binding, resulting in increased rates
of thrombin activity after irradiation. However, high concentra-
tions of the non-irradiated caged aptamers also induce the
preservation of thrombin activity.


On the basis of these findings we defined caged bivalent
anti-thrombin aptamers. These aptamers were designed to be
light-dependent with regard either to the exosite I or to the
exosite II activity. In this way it should be possible to generate
ligands that target distinct protein subdomains, thereby inhib-
iting the associated signalling cascade and protein activity
without interfering with the other domain and vice versa. The
light-dependent release of the photolabile protecting group


Figure 3. A), B) Representation of the caged derivatives G9cage and G24cage bearing the
caged nucleoside dGNPP at the indicated positions. C), D) Results of filter retention studies
with these caged aptamers and thrombin before and after irradiation. E), F) Results of
studies assessing the exosite II function of thrombin with increasing concentrations of
G9cage (E) or G24cage (F) before (black bars) and after irradiation (grey bars). Normalized
values were obtained by using HD22 as reference.
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subsequently offers exogenous control over the
second protein subdomain, thus enabling protein
functions to be switched off precisely at a desired
time point. To test this hypothesis we designed the
HD1–22 derivatives C4, G6 and G39, each bearing
one photolabile protecting group at the indicated
position (Figure 4). The derivative G39 is equivalent
to the previously discussed G9cage, which showed a
slightly better response to light irradiation than
G24cage, while the derivatives G6 and C4 are analo-
gous to compounds used in fprevious studies in
which we showed that the activity of HD1 can be
turned ON[7b] or OFF,[7c] respectively, with light.


Functional analyses were performed by conducting
fibrinogen-based clotting assays to assess the func-
tion of exosite I on the one hand, whereas on the
other hand exosite II-related assays, as described
above, were conducted to address inhibition of
thrombin’s exosite II. As shown in Figure 5 A, the
caged bivalent aptamer G6 clearly shows light-de-
pendent inhibition of thrombin-mediated clot forma-
tion. The position chosen for caging effectively turns
the exosite I inhibiting property off until uncaging, a
result similar those that we had previous observed
with HD1 alone.[7c] On the other hand, irradiation of
G6 had only little effect on the interference of exosi-
te II function (Figure 5 B).


In the derivative G39, however, the exosite II func-
tion was light-inducible (Figure 5 D)—similarly to
what we observed with the HD22 derivative G9cage.
However, irradiation also showed an effect on the
exosite I function of G39 (Figure 5 C). To explain this
it is necessary to consider the dissociation constants
of the reference compounds: HD1 is a weaker binder


[(123.1�7.2) nm] than HD22
[(11.9�1.1) nm] and the fusion
aptamer HD1–22 binds most
strongly [(4.9�1.6) nm] , as re-
ported previously.[8] Thus, turn-
ing on of a second interaction
domain in the aptamer also
leads to a higher affinity—hence
the apparent increase in efficien-
cy of G39 upon irradiation. In
fact, the same is visible for G6
(Figure 5 B), but to a smaller
extent because of the smaller
differences in affinity between
HD22 and HD1–22. In further
support of this point, we have
included dose dependence stud-
ies with the reference com-
pounds in the Supporting Infor-
mation.


Figure 4. The caged derivatives C4, G6 and G39 are designed in such a way that the HD1 part can be turned OFF
or ON, or the HD22 part can be turned ON by UV-A irradiation.


Figure 5. Results of studies assessing the exosite I (A, C, E) and exosites II B, D, F) func-
tions of thrombin in the presence of increasing concentrations of the caged bivalent ap-
tamers before (black bars) and after (grey bars) irradiation. Normalization was done by
using the respective saturation values of HD1–22 (A–D, F) or HD1 (E) as reference.
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These data indicate that both aptamers exhibit reciprocal
light-dependent activities with regard to exosite I and exosite II
of thrombin. The bivalent aptamer C4 bears a 5’-extension de-
signed to allow light-dependent deactivation of exosite I bind-
ing through inhibition of module HD1 of the bivalent aptamer.
As would be expected, this aptamer interferes with exosite II in
an almost light-independent fashion. Arguably there is a small
drop in activity, which would be expected because of the
slight loss in affinity observed upon deactivation of the HD1
module. Inhibition of thrombin-dependent clot formation,
however, was shown to be clearly light-dependent, although
the C4 molecule is less active than the parent bivalent aptamer
HD1–22. These observations are consistent with previously de-
scribed results obtained with the HD1 module in combination
with a similar 5’-extension.[7c] In addition, the extended HD1
aptamer proved to be less efficient in inhibiting thrombin-de-
pendent blood clotting than the aptamer HD1.


In conclusion, we have demonstrated that the combination
of the caging technology with bivalent aptamers enables
access to tailored molecules with superior activities, now exo-
genously controllable in a reciprocal manner. To the best of
our knowledge, this is the first study to show that it is possible
to modulate individual domain activity in aptamers—and
therefore also domain activity in proteins—with light. In partic-
ular, in the caged aptamer G6, we present a molecule that,
before light activation, even enhances the activity of thrombin
because it inhibits its natural inactivation by antithrombin with
the HD22 part, even in the absence of heparin.[13] After irradia-
tion, the activity is completely reversed: the HD1 part is acti-
vated, and its function now dominates, whereas the HD22 part
now synergistically enhances the antithrombin activity. Be-
cause aptamers are available by in vitro selection, and because
sophisticated selection schemes allow different protein sites to
be addressed, our approach should be easily adaptable to
other aptamers and target proteins. It can thus be regarded as
a general strategy for precise analysis of biomolecular function,
not only limited to spatiotemporal control but also refined by
individual protein subdomain activities.
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Efficient and Chemoselective Surface Immobilization of Proteins by Using
Aniline-Catalyzed Oxime Chemistry


Edith H. M. Lempens, Brett A. Helms, Maarten Merkx, and E. W. Meijer*[a]


The immobilization of proteins on surfaces is important in
many areas of life sciences, ranging from surface plasmon reso-
nance analysis of specific protein–protein and protein–drugACHTUNGTRENNUNGinteractions to the screening of entire proteomes on protein
microarrays.[1] While protein chips potentially offer many of the
same advantages as DNA chips, their development has been
hampered by a lack of immobilization methods that are at the
same time chemoselective and generally applicable. Protein
immobilization methods that target amine or thiol groups at
the protein exterior are widely used, but typically result in het-
erogeneous conjugation at multiple sites on the protein, thus
offering limited possibilities to control the activity of the im-
mobilized protein.[2] In recent years several site-specific immo-
bilization strategies have been developed based on bioorthog-
onal ligation reactions such as native chemical ligation, Stau-
dinger ligation or the Diels–Alder reaction.[3] While these meth-
ods typically result in a homogenous surface representation of
proteins, their routine application has been hampered by the
need to introduce a peptide tag or non-natural amino acid
into the protein of interest. In addition, the slow reaction rates
of some of these ligations require long incubation times and/
or the use of high protein concentrations. Here we present an
efficient protein-immobilization method based on catalyzed
oxime ligation that is both chemoselective and broadly appli-
cable to proteins that possess a freely accessible N terminus.
Surface plasmon resonance (SPR) was chosen to demonstrate
the scope of the new immobilization strategy, because it
allows direct and real-time detection of the amount of immo-
bilized ligand and characterization of the binding properties.
The strength of the new method is illustrated by the genera-
tion of homogenous protein G’ surfaces, which can be used in
antibody microarrays.


Our approach takes advantage of two recent advances in
the field of oxime chemistry (Scheme 1). The first innovation is
the site-specific introduction of N-terminal ketones into pro-
teins by using oxidation with pyridoxal 5’-phosphate (PLP) op-
timized by Francis and co-workers.[4] Although this reaction is
not quantitative, and the yield also depends on the nature of
the N-terminal amino acid, PLP oxidation is unique in that it
can be applied to almost any protein, provided the N-terminal
residue is not blocked. A second important finding is that


oxime ligations can be significantly accelerated by using ani-
line as a small-molecule organocatalyst.[5] Here we show that
aniline-catalyzed oxime ligations allow very efficient immobili-
zation of native proteins and peptides to surfaces modified
with alkoxyamines without loss of activity (Scheme 1). While at-
tachment of PLP-oxidized proteins to an aminooxy functional-
ized surface has been reported recently,[6] the present study is
the first comprehensive study that demonstrates the broad
scope and remarkable efficiency of oxime ligation for surface
immobilization, in particular when catalyzed by aniline.


Commercially available carboxylate-functionalized SPR chips
were modified with alkoxyamine groups via a newly developed
bifunctional linker (1, Scheme 1). The surface-bound carboxylic
acid groups were activated inside the BIAcore instrument with
EDC and NHS, followed by injection of the protected aminooxy
derivative 1 (250 mm) in 50 mm borate buffer at pH 8.5. The re-
maining activated esters on the chip were quenched with 2-
ethanolamine. Compound 1 was prepared from commercially
available tBoc-protected aminooxyacetic acid and Cbz-protect-
ed ethylenediamine followed by catalytic hydrogenation
(Scheme S1 in the Supporting Information). Deprotection of 1
on the chip was achieved by taking the chip out of the BIA-
core instrument and incubating it overnight in 1 m phosphoric
acid buffer at pH 2.[7] Regeneration of the surface with succes-
sive treatments of 100 mm HCl, 50 mm NaOH, and 0.5 % SDS
was performed to remove noncovalently bound organics from
the surface. At the end of this procedure, about 160 responsive
units of the aminooxy-derivative were immobilized in the
sample channel of the biosensor chip (160 RUs ~160 pg mm�2


~1 mmol m�2). A reference surface functionalized with 2-etha-
nolamine was prepared to allow correction for buffer effects.


First the efficiency of aniline-catalyzed oxime ligation on
these aminooxy-functionalized chips was studied by using S-
peptide as a model peptide. The S-peptide (SKETAAAKFERQH-ACHTUNGTRENNUNGMDS-NH2), which forms the active RNA-hydrolyzing enzyme
RNase S upon binding to S-protein, was prepared by Fmoc-
mediated solid-phase peptide synthesis. In this case, introduc-
tion of an N-terminal glyoxyl group was achieved by oxidation
of an N-terminal serine residue by NaIO4, a method that results
in essentially complete conversion to the aldehyde.[8] A 12 s in-
jection of 1 mm oxidized S-peptide in 100 mm anilinium ace-
tate, pH 4.5, resulted in as much as 130 RUs of immobilized
peptide. Subsequent pulses of 12 s resulted in the additional
immobilization of 130 RUs per injection; this showed that the
reaction is very reproducible and that the immobilization level
is highly tuneable (Figure 1). Importantly, no immobilization
was observed in the reference channel under any of the condi-
tions tested.


Since some proteins are not stable at pH 4.5, we also tested
the efficiency of the oxime ligation at higher pH (Figure 1 B).
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Although the rates at higher pH are threefold (pH 6) or tenfold
(pH 7) lower, oxime ligations are still relatively efficient at these
pH values in the presence of p-methoxyaniline as a catalyst,[5]


and more than sufficient for typical BIAcore applications. Fur-
thermore, because aldehydes are known to be more reactive
in oxime ligations than ketones, we also tested the immobiliza-
tion efficiency using an S-peptide containing an N-terminal
ketone (Figure S1). The ketone-functionalized peptide showed
an eightfold decrease in activity compared to the glyoxyl-func-
tionalized peptide. However, this rate of immobilization is still
orders of magnitude faster than many other ligation reactions.
Furthermore, no significant decrease in immobilized S-peptide
was observed after overnight incubation of the chip under a
constant flow of running buffer, thus confirming a recent study
that showed that oxime bonds are very stable at neutral pH.[9]


Incubation of the immobilized S-peptide with 250 mm methox-
ylamine in 100 mm anilinium acetate at pH 4.5 for one hour re-
sulted in a 60 % loss of immobilized S-peptide, showing that
bond cleavage is only possible under these nonphysiological
conditions.


To confirm that the binding properties of the S-peptide
were unperturbed by the oxime ligation, the binding of S-pro-
tein was studied over a concentration range of 1 to 250 nm at
different peptide densities (Figure S2). Fitting to a 1:1 binding
model yielded a KD of 2.7 nm, a value that is similar to those in


previous reports on other immobilization strategies[3c] or inde-
pendent techniques.[10]


To verify that the oxime ligation proceeds with similar effi-
ciency and specificity for larger, folded proteins we tried immo-
bilizing the S-protein instead of the S-peptide. The native S-
protein contains an N-terminal serine and, like the S-peptide,
can be quantitatively oxidized with NaIO4. To prevent oxidation
of sensitive residues, such as Met, Trp or Cys, the reaction was
carried out with 1.2 equiv of NaIO4 for 5 min at 4 8C. Injection
of 100 mm oxidized S-protein for 5 min over an aminooxy chip
resulted in 587 RUs of immobilization, thus making catalyzed
oxime ligation several orders of magnitude more efficient than
protein immobilization by native chemical ligation.[3c] Titration
experiments with S-peptide yielded a KD of 5.9 nm, which isACHTUNGTRENNUNGessentially the same as that observed for the binding of S-pro-
tein to immobilized S-peptide (Figure S3).


These results show that the aniline-catalyzed oxime ligation
is a very efficient method for surface immobilization. Injection
times of a few seconds at millimolar concentrations of oxidized
peptide yield immobilization levels that are sufficient for any
type of kinetic or thermodynamic quantification of a biomolec-
ular interaction. The surface density of ligands can be tuned
easily by sequential injections, something that is not possible
with the commonly used amine coupling.


Scheme 1. Strategy for the site-specific immobilization of peptides and proteins on a biosensor chip surface by using aniline-catalyzed oxime chemistry. N-ter-
minal aldehydes or ketones can be introduced into proteins either by oxidation of N-terminal amino acids with pyridoxal 5’-phosphate (R1 = R2 = amino acid
side chain) or by oxidation of N-terminal serine (R3 = CH2OH, R2 = H) or threonine (R3 = CHCH3OH, R2 = H) residues with NaIO4.
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Next, we tested whether proteins obtained by PLP oxidation
of their N-terminal residue are also efficiently immobilized on
aminooxy-functionalized chips. PLP oxidation has been report-
ed to result in only partial conversion to the N-terminal ketone
(10–80 %).[4] For our application this is not expected to present
a problem, as nonoxidized protein will not react and will be re-
moved under the flow conditions during immobilization. Over-
night incubation of the model protein glutathione S-transfer-
ase (GST) with 10 mm pyridoxal 5’-phosphate in phosphate
buffer at pH 6.5 resulted in 22 % conversion of the N-terminal
methionine into the corresponding ketone (Figure S4). Injec-
tion of only 5 mm GST for 1 min in 100 mm anilinium acetate at
pH 4.5 was sufficient to generate 150 RUs of immobilized GST,
thus confirming the remarkable efficiency of aniline-catalyzed
oxime ligation in protein-surface immobilization. No immobili-
zation was observed in the reference channel, and again no


decrease in immobilized GST was observed after overnight in-
cubation of the GST-immobilized chip under a constant flow of
running buffer. To confirm that the immobilized GST could
engage in specific interactions, a binding experiment was per-
formed with a single domain antibody against GST. Fitting of
the steady-state response levels to a one-site binding model
gave an overall KD of 184�10 nm (Figure S5), which is in
agreement with ELISA experiments performed previously in
our group (unpublished results).


After showing the generality of the method, we tested it
with a highly relevant problem from the field of antibody mi-
croarrays, in that we directly compared the performance of
oxime ligation with that of classical amine coupling in the gen-
eration of antibody-functionalized chips. Protein G’ binds to
the Fc parts of mammalian immunoglobin (IgG) and is fre-
quently used as a docking protein to ensure homogenous sur-
face presentation of IgGs. However, the potential gain in bind-
ing capacity that results from homogeneous IgG presentation
has been shown to be severely attenuated by random immobi-
lization of protein G’ itself.[11] Indeed, immobilization of 20 RUs
of protein G’ by classical amine coupling results in a chip sur-
face that binds only 17 RU of IgG at saturating concentrations
of IgG (250 nm ; Figure 2). Assuming a 1:1 binding ratio be-
tween protein G’ and IgG, 130 RUs of IgG are expected; it fol-
lows that only 13 % of protein G’ immobilized in this fashion is
capable of binding IgG. In contrast, the same amount of pro-ACHTUNGTRENNUNGtein G’ immobilized by oxime ligation showed 97 RUs of IgG
binding, thus demonstrating that most of the protein G’ immo-
bilized in this way was able to bind IgG (Figures 2 and S6 A).
Note that immobilization of 20 RU of protein G’ required incu-
bation with 5 mm PLP-treated protein G’ (27 % of the N-termi-
nal methionines were oxidized to a ketone) in 100 mm anilini-
um acetate at pH 4.5 for only 36 s, whereas a five-minute injec-
tion of 1 mm protein G’ was required to reach the same immo-
bilization level when using amine coupling. The immobilization
of protein G’ was also performed on BIAcore C1 chips, which
lack the dextran layer and are more similar to classical chip sur-
faces. Although longer injection times were needed to obtain
reasonable immobilization levels (due to the fact that fewer
aminooxy groups can be introduced onto C1 chips than onto
CM5 chips) similar kinetic parameters were obtained (Fig-ACHTUNGTRENNUNGure S6 B). We anticipate that oriented protein G’ surfaces pre-
pared by our new immobilization strategy lead to increased
sensitivity and are therefore ideal for incorporation into anti-
body microarrays used for measuring the concentrations of
low-abundance proteins in complex biological mixtures.


In conclusion, aniline-catalyzed oxime ligation provides a
fast, selective and broadly applicable method for protein and
peptide immobilization. The chemoselectivity of the method
ensures the generation of homogenous protein surfaces and
results in fully active proteins with dissociation constants that
are similar to those obtained by other techniques. Provided
the protein’s N terminus is accessible and not blocked by post-
translational modifications, the method presented here can be
applied to many proteins without recombinant modification,
with the exception of proteins containing Q, W, H, P, or K as an
N-terminal residue.[4d] In those cases and for proteins in which


Figure 1. Surface immobilization of S-peptide by catalyzed oxime ligation.
A) A 12 s pulse of 1 mm NaIO4-treated S-peptide in 100 mm anilinium ace-
tate pH 4.5 (i) results in 130 RUs of immobilized peptide after two regenera-
tion steps with 10 mm glycine pH 1.5 (ii). Subsequent injection of 150 nm S-
protein (iii) results in specific binding to the S-peptide functionalized chan-
nel. Finally, two regeneration steps with 10 mm glycine pH 1.5 (iv) were per-
formed to remove the noncovalently bound S-protein from the surface. The
sample channel is shown in red and the reference channel in black. B) Effi-
ciency of peptide immobilization at various pH values and in the presence
or absence of aniline derivatives as catalysts. Reference-subtracted immobili-
zation levels are shown of an aminooxy biosensor surface functionalized by
sequential injections (4 � 12 s) of 1 mm S-peptide in various buffers (100 mm


anilinium acetate, pH 4.5; 100 mm anisidine in HBS-EP, pH 6.0; 100 mm anisi-
dine in HBS-EP, pH 7.0; 100 mm ammonium acetate, pH 4.5; HBS-EP, pH 6.0;
or HBS-EP, pH 7.0) at room temperature.
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the N terminus is functionally important, recombinant proce-
dures have recently become available that allow site-specific
introduction of ketone functionalities at any place in a pro-
tein.[12] We therefore expect that aniline-catalyzed oxime liga-
tion will become the method of choice for surface immobiliza-
tion of proteins and peptides in a wide variety of protein-
based analytical applications.


Experimental Section


Chip modification : All experiments were performed on a BIAcore
T100 (GE Healthcare) with HBS-EP at pH 7.4 as the running buffer.
A flow rate of 10 mL min�1 was used unless otherwise stated. Ami-
nooxy derivative 4 was immobilized by standard amine coupling in
flow cells 2 and 4 of a CM5 (or C1) sensor chip by using the Wizard
software tool for immobilization. Amine coupling involved activa-
tion of the surface by using a 7 min injection of an equimolar mix-
ture of EDC and NHS (1.0 m) followed by a 7 min injection of 1
(250 mm) in borate buffer (50 mm, pH 8.5). Then ethanolamine·HCl
(1.0 m) was injected over the surface for 7 min to block unreacted
sites. Ethanolamine·HCl was immobilized in reference channels 1
and 3 by using a similar approach. Deprotection of the tBoc
groups was achieved by ejecting the chip out of the BIAcore and
placing it overnight in phosphoric acid buffer (1 m, pH 2). The next
day, the chip surface was rinsed with deionized water followed by
regeneration with 2 � 30 s pulses of HCl (100 mm), NaOH (50 mm)
and 0.5 % SDS over all channels at a flow rate of 100 mL min�1.
Chips that were prepared according to the above procedure were


used directly in ligation experiments, or were stored at 4 8C in HBS-
EP buffer at pH 7.4 until needed.


NaIO4 oxidation : An N-terminal aldehyde was introduced into the
S-peptide or S-protein by treatment with 1.2 equiv of NaIO4 in
sodium phosphate buffer (0.01 m, pH 7.0) at 4 8C. After 5 min, the
reaction was quenched by addition of ethylene glycol and purified
by reversed-phase HPLC.


PLP oxidation : GST/protein G’ (33 mm) was dissolved together with
pyridoxal 5’-phosphate (6.7 mm) in phosphate buffer (50 mm,
pH 6.5) and incubated overnight at 41 8C. To quantify the conver-
sion of the PLP oxidation, site-selective attachment of PEG poly-
mers was performed, followed by SDS-PAGE analysis. Thereto, a
5 kDa PEG-alkoxyamine was synthesized according to literature
procedures[13] and ligated to the N-terminal ketone, showing 22 %
conversion in case of GST (Figure S3) and 27 % conversion for pro-
tein G’.


Peptide/protein ligation to aminooxy-modified chips : Peptides
(1 mm) or proteins (5–100 mm) were dissolved in anilinium acetate
(100 mm, pH 4.5) and injected over flow cells 1 and 2 (or 3 and 4)
at a flow rate of 10 mL min�1. Subsequent regeneration with glycine
(10 mm, pH 1.5) yielded the peptide- or protein-modified surface
ready for binding experiments.
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Structurally Refined b-Lactones as Potent Inhibitors of Devastating
Bacterial Virulence Factors


Thomas Bçttcher and Stephan A. Sieber*[a]


With decreasing efficiency of antibiotic therapies against hospi-
tal- and community-acquired bacterial pathogens, the treat-
ment of infectious diseases again represents a tremendous
challenge for medicinal research. This challenge seems to be
particularly difficult if one considers the sophisticated resist-
ance strategies, which are effective against almost all currently
available antibiotics, developed by bacterial pathogens, such
as Staphylococcus aureus.


The exploitation of novel antibacterial targets with low pro-
pensity for resistance, together with their corresponding inhibi-
tors, is therefore a formidable aim for chemical and biological
research.[1] Previously, we utilized a chemical proteomic strat-
egy, called activity-based protein profiling (ABPP, pioneered by
Cravatt and co-workers[2, 3]), to identify functionalized b-lac-
tones as selective and specific irreversible inhibitors of the key
virulence regulator complex ClpP in S. aureus and correspond-
ing methicillin-resistant (MRSA) strains.[4, 5] Alternatively, ClpP
can be hyperactivated by acyldepsipeptides that cause self-di-
gestion of bacteria.[6] ClpP controls the expression of several
devastating bacterial virulence factors including hemolysins,
proteases and DNases, which are key players in the elimination
of the host immune response and severe pain development.[7]


Most aggressive strains additionally produce pyrogenic toxin
superantigens (PTSAs) such as enterotoxins and toxic shock
syndrome toxin 1 (TSST-1).[8] Unlike other virulence factors,
PTSAs have been found to be the direct cause of severe dis-
eases, such as toxic shock syndrome, which is responsible for
high mortality rates in infected patients. Drugs that could elim-
inate or reduce the expression of PTSAs would be promising
candidates for the treatment of severe infectious diseases with
no other current treatment options. Although no direct link
has been established between PTSA expression and ClpP activ-
ity, it is assumed that at least enterotoxin B—which has even
been considered as a biological warfare agent—is under its
control.[9] ClpP might therefore represent such a target for in-
hibition of PTSA expression. Since ClpP is highly conserved in
many pathogens, this strategy could represent a global ap-
proach for the treatment of infectious diseases, through dis-
arming of the bacterial virulence repertoire and subsequent
elimination by the human immune response. Targeting of viru-
lence offers many advantages over conventional antibiotics,


such as preserving the useful, cooperative microorganisms in,
for example, the digestive tract, and exerting a weaker selec-
tion pressure on pathogens, which could result in decreased
resistance.[10, 11]


In previous experiments we were able to show that one of
our b-lactone probes (D3, Scheme 1) was able to abolish the
hemolytic and proteolytic activities of S. aureus and significant-


ly reduced their expression in MRSA through ClpP inhibition;
this confirmed previous results obtained with a ClpP knockout
mutant.[5, 7] Because the efficiency of D3 greatly exceeded that
of other b-lactones in our initial library, we speculated that
structural refinement of this lead compound might yield even
higher potency for ClpP inhibition. Here, we present an opti-
mized inhibitor for ClpP and investigate its ability to abolish
the production of the devastating PTSAs and other crucial viru-
lence factors.


[a] T. Bçttcher, Dr. S. A. Sieber
Center for Integrated Protein Science Munich (CiPSM)
Department of Chemistry and Biochemistry
Ludwig-Maximilians-Universit�t M�nchen
Butenandtstrasse 5-13, 81377 Munich (Germany)
Fax: (+ 49) 89-2180-77656
E-mail : stephan.sieber@cup.uni-muenchen.de


Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/cbic.200800743.


Scheme 1. D3 is a lead compound for ClpP labeling and inhibition. Syntheti-
cally refined compounds of D3 were tested for improved ClpP inhibition
and for their biological effects on virulence factor expression.
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We started with the chemical refinement of the long-
chained aliphatic b-lactone D3 through the synthesis of novel
derivatives, by substitution of the alkyne linker in the C4 posi-
tion with structurally diverse moieties (Scheme 1). In our previ-
ous library the alkyne linker was an invariant residue that was
used for the introduction of a rhodamine or biotin tag after in
vivo target binding (by ABPP click chemistry for SDS-PAGE and
avidin bead affinity enrichment[4]).


To investigate whether the alkyne moiety is an essential
component for ClpP inhibition, the substitution at the C4 posi-
tion was varied with a selection of ligands including small (R1),
cyclic (S1), aliphatic (T1) and aromatic (U1) residues
(Scheme 1). To estimate the individual potencies of the new b-
lactone inhibitors for ClpP-binding, intact S. aureus cells were
incubated under in vivo conditions at various concentrations
of R1, S1, T1 and U1. After cell lysis the D3 probe was added
in order to label the remaining unbound active sites. Subse-
quent click chemistry[12–14] with rhodamine azide and fluores-
cent gel analysis allowed the determination of the strength of
the inhibitor–enzyme interaction—potent inhibitors should
lead to significant decreases in the D3 fluorescence signal. In
fact, R1 and U1 were able to reduce D3 labeling significantly
(Figure S1 in the Supporting Information). This is consistent
with peptidase activity assays of recombinant ClpP, which was
inhibited by R1 with an EC50 of 3 mm and by U1 with an EC50


of 7 mm (Figure S2 in the Supporting Information). However,
the hydrophobic nature of U1 caused solubility problems in
the assay buffer and restricted the evaluation of full peptidase
inhibition (although detection of EC50 for U1 was possible). No
inhibition of ClpP activity could be observed for S1 and T1
below 40–60 mm (these compounds showed poor solubilities
at higher concentrations).


The biological potencies of all new compounds and their ef-
fects on virulence factor expression were tested by several
agar-plate-based experiments with which pathogen-mediated
hemolysis and proteolysis as well as lipase and DNase activities
could be easily visualized. Hemolysins are critical virulence fac-
tors of S. aureus and disrupt sheep erythrocytes mainly
through the action of a- and b-toxins.[15] These toxins are the
major causes of brain abscess development and scleral inflam-
mation, respectively.[16, 17] Hemolysis assays with antibiotic sen-
sitive S. aureus NCTC 8325 revealed that inhibitor U1, which
has a phenylethyl group in position C4, exhibited greatly in-
creased potency (4.9-fold) with an effective dose (ED50) of
7 nmol relative to the best previous lactone D3 (ED50 =


34 nmol) ; all other inhibitors were biologically less active (Fig-
ures 1 A and B, Figures S3 and S4 in the Supporting
Information).


Although these results are encouraging, the major challenge
in antibacterial research is the treatment of devastating infec-


Figure 1. Inhibition of extracellular virulence by b-lactones. A) Inhibition of virulence factors and the relative improvement of the structurally refined inhibitor
U1 (250 nmol) relative to the most potent b-lactone (D3) of the initial ABPP probe generation. B) Inhibition of hemolysis in antibiotic-sensitive S. aureus
NCTC 8325, and C) inhibition of hemolysis in the MRSA strain DSM 18 827 and the toxin-producing strain DSM 19 041. D) Inhibition of proteolysis in
NCTC 8325 by lactone U1 as determined by agar-plate-based assays, and E) partial inhibition of lipolytic and DNase activities.
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tions caused by enterotoxin-producing and multiply resistant
S. aureus strains. We therefore investigated the effects of ClpP
inhibition by U1 in a methicillin-resistant S. aureus strain
(MRSA, DSM 18 827) and in a highly virulent toxin-producing
clinical S. aureus isolate (DSM 19 041). Indeed, treatment of
both strains with U1 (125 nmol) resulted in complete inhibition
(clinical isolate) as well as significantly reduced (80 %) hemoly-
sis (MRSA; Figures 1 C and S5 in the Supporting Information).


Compound T1, which is the most bulky lactone of the opti-
mized generation, was the only one that had virtually no effect
on hemolysis (Figure S4 in the Supporting Information); this in-
dicates that aromatic residues at the C4 position are preferred
ligands for ClpP binding.


Because our synthetic route provided the trans-b-lactone U1
as a racemic mixture, we were interested to see whether it was
one or both enantiomers that contributed to ClpP inhibition.
We therefore separated the two enantiomers by chiral HPLC
(see the Supporting Information) and tested them separately
in hemolysis assays. Enantiomer 1 showed slightly reduced
(1.3-fold) antihemolytic potency in relation to enantiomer 2,
the activity of which was comparable to that of the racemate
(Figure 2). The racemic mixture was therefore at least equal to
the better single enantiomer in potency.


Proteolysis is an additional crucial virulence strategy used by
many pathogens for tissue invasion and escape from the host
immune response.[18] Corresponding assays again revealed U1
to be the most potent compound (ED50 = 2 nmol, 5.5-times
more potent than D3) for the full inhibition of extracellular
proteolysis (Figure 1 A and D). In addition, DNases and lipases
are important for bacterial evasion of host response. Staphylo-
coccal lipase, for instance, has been demonstrated to strongly
reduce the phagocytic killing of S. aureus by granulocytes.[19]


Application of U1 to S. aureus grown on test agar showed sig-
nificantly reduced lipolytic and DNase activities (Figures 1 A
and E, Figure S6 in the Supporting Information). However,
basal levels of both exoenzyme activities were observed even
at the highest lactone doses. Compounds T1 and M1, which is


a control lactone that does not inhibit ClpP, again showed no
effect in these tests (Figure S4 in the Supporting Information).


Finally, we investigated the effect of U1 on S. aureus PTSA
expression, which is the direct cause of severe diseases, such
as staphylococcal food poisoning (SFP) and toxic shock syn-
drome (TSS).[8] Unlike other virulence factors, the regulation of
these toxins has not been addressed in previous genetic ClpP
knockout experiments. Here, we show through a sandwich
ELISA immunoassay toxin test (see the Supporting Information)
that chemical ClpP knockout by treatment with U1 (2.5 mm)
resulted in significantly reduced secreted protein levels of im-
portant toxins, including enterotoxin B (SEB, 68 % reduction) in
strain DSM 19 041 and enterotoxin C3 (SEC3, 89 % reduction) in
the MRSA strain Mu50 (Figure 3). Unlike enterotoxin A (SEA),


which was not significantly inhibited, SEB and SEC3 belong to
the same group of enterotoxins and constitute—together with
toxic shock syndrome toxin 1—the most relevant PTSAs for in-
fectious diseases. Interestingly, a significant reduction in TSST-1
expression of 90 % after treatment with 2.5 mm U1, and even
75 % with only 156 mm U1, was observed in the MRSA strain
Mu50 as shown by a reverse passive latex agglutination TST-
RPLA test (Figure S7 in the Supporting Information). These re-
sults emphasize the unprecedented utility of the customized
ClpP inhibitor U1 for global inhibition of virulence in S. aureus.
This is especially important with regard to the untreatable
MRSA and virulent strains such as Mu50 and DSM 19 041,
which produce high levels of PTSAs.


In conclusion, we have optimized the structure of a previ-
ously identified long-chained aliphatic b-lactone probe for
S. aureus ClpP binding by screening diverse ligands at the lac-
tone C4 position. Inhibitor U1, with a phenylethyl side chain in
the C4 position, represented the best candidate out of this fo-
cused screen and showed four- to fivefold increased potency
in the reduction of crucial virulence factor expression levels, in-
cluding the devastating PTSAs. The decoration of this inhibitor


Figure 2. Agar plate hemolysis assays for both enantiomers and for the
racemic mixture of lactone U1 with S. aureus NCTC 8325.


Figure 3. Immunoassays of inhibition of important S. aureus pyrogenic
toxins. Immunoassays with filtered bacterial culture supernatants in the
presence (control) and absence of lactone U1 (2.5 mm). Inhibition (%) was
determined for enterotoxins A (SEA), B (SEB), C (SEC) and D (SED) and for
toxic shock syndrome toxin 1 (TSST-1). Strong effects were found for SEB
(strain DSM 19 041) and for SEC and TSST-1 (MRSA strain Mu50).
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therefore seems to resemble the active site requirements of
ClpP and it might be a promising candidate for further investi-
gation of its role in virulence regulation. The phenotypic prop-
erties after lactone treatment exactly correspond to the ob-
served down-regulation of virulence factors reported for a
DClpP mutant. So far, however, PTSA-producing strains have
not been subjected to genetic ClpP knockout studies. Our re-
sults indicate that SEB, SEC3 and TSST-1 are also under the
control of ClpP. Future in vivo studies should reveal the poten-
tial use of ClpP inhibitors in antibacterial therapy. In fact, tar-
geting of this virulence regulator might represent an attractive
strategy for neutralizing the harmful effects of bacterial patho-
gens and help the host immune response to eliminate the dis-
armed bacteria. Previous studies have already shown that a
S. aureus ClpP knockout strain displays significantly reduced
pathogenesis in a murine skin abscess model.[7]


Experimental Section


Synthesis of b-lactones : b-Lactones were prepared from S-phenyl-
undec-10-enethioate and various aldehydes as described in the
Supporting Information.


Competitive ClpP labeling : For competitive ClpP labeling experi-
ments, live cells were incubated at various lactone concentrations
(or with DMSO for control experiments) for 2 h at room tempera-
ture and were washed three times with PBS (5 mL) to remove
excess lactone. Cells were lyzed by sonication in PBS (1 mL) and
the cytosolic fractions were adjusted to protein concentrations of
1 mg mL�1. Compound D3 (50 mm) was added to each sample and
the mixtures were incubated for 1 h at room temperature, followed
by addition of click chemistry (CC) reagents.


EC50 measurement : ClpP EC50 values for the different lactones
were measured through inhibition of the turnover of the fluoro-
genic substrate N-succinyl-Leu-Tyr-7-amidomethylcoumarin (Succ-
Leu-Tyr-AMC).


Biological assays : Hemolysis was tested with sheep blood (5 %)
agar plates and proteolysis was assessed on lysogenic broth (LB)
agar plates containing skimmed milk (1 %). Lipolytic activity was
tested on tributyrin agar (Sigma–Aldrich) with emulsified tributyrin
(1 %) and DNase activity was assessed on DNase test agar. Sterile
circles of Whatman� cards (5.5 mm diameter) were placed on the
agar plates and inoculated with the corresponding lactone/DMSO
(2.5 mL) and a dilution of a stationary phase culture of Staphylococ-
cus aureus (2.5 mL). Plates were incubated, overnight, at 37 8C, and
the zones appearing around the circles were quantified. For PTSA
testing, immunoassays were performed with sterile filtered culture
supernatants of S. aureus liquid cultures grown with lactone U1 or


DMSO to stationary phase. SEA, SEB, SEC3 and SED were examined
by using a sandwich ELISA immunoassay and TSST-1 by reverse
passive latex agglutination.


Acknowledgements


We thank Prof. Thomas Carell for his generous support, and ac-
knowledge funding by the Emmy Noether program, the DFG
(SFB 749), the Rçmer-Stiftung, the Fonds der Chemischen Indus-
trie, the CiPSM, and the Studienstiftung des Deutschen Volkes
(T.B.). We thank Kerstin Kurz for excellent technical assistance.


Keywords: beta-lactones · antibiotics · inhibitors · MRSA ·
virulence


[1] F. von Nussbaum, M. Brands, B. Hinzen, S. Weigand, D. H�bich, Angew.
Chem. 2006, 118, 5194; Angew. Chem. Int. Ed. 2006, 45, 5072.


[2] M. J. Evans, B. F. Cravatt, Chem. Rev. 2006, 106, 3279.
[3] B. F. Cravatt, A. T. Wright, J. W. Kozarich, Annu. Rev. Biochem. 2008, 77,


383.
[4] T. Bçttcher, S. A. Sieber, Angew. Chem. 2008, 120, 4677; Angew. Chem.


Int. Ed. 2008, 47, 4600.
[5] T. Bçttcher, S. A. Sieber, J. Am. Chem. Soc. 2008, 130, 14 400.
[6] H. Brçtz-Oesterhelt, D. Beyer, H. P. Kroll, R. Endermann, C. Ladel, W.


Schroeder, B. Hinzen, S. Raddatz, H. Paulsen, K. Henninger, J. E. Bandow,
H. G. Sahl, H. Labischinski, Nat. Med. 2005, 11, 1082.


[7] D. Frees, S. N. Qazi, P. J. Hill, H. Ingmer, Mol. Microbiol. 2003, 48, 1565.
[8] M. M. Dinges, P. M. Orwin, P. M. Schlievert, Clin. Microbiol. Rev. 2000, 13,


16.
[9] C. W. Tseng, G. C. Stewart, J. Bacteriol. 2005, 187, 5301.


[10] A. E. Clatworthy, E. Pierson, D. T. Hung, Nat. Chem. Biol. 2007, 3, 541.
[11] L. Cegelski, G. R. Marshall, G. R. Eldridge, S. J. Hultgren, Nat. Rev. Micro-


biol. 2008, 6, 17.
[12] R. Manetsch, A. Krasinski, Z. Radic, J. Raushel, P. Taylor, K. B. Sharpless,


H. C. Kolb, J. Am. Chem. Soc. 2004, 126, 12809.
[13] A. E. Speers, G. C. Adam, B. F. Cravatt, J. Am. Chem. Soc. 2003, 125, 4686.
[14] M. Whiting, J. Muldoon, Y. C. Lin, S. M. Silverman, W. Lindstrom, A. J.


Olson, H. C. Kolb, M. G. Finn, K. B. Sharpless, J. H. Elder, V. V. Fokin,
Angew. Chem. 2006, 118, 1463; Angew. Chem. Int. Ed. 2006, 45, 1435.


[15] G. M. Wiseman, Bacteriol. Rev. 1975, 39, 317.
[16] I. Walev, U. Weller, S. Strauch, T. Foster, S. Bhakdi, Infect. Immun. 1996,


64, 2974.
[17] R. J. O’Callaghan, M. C. Callegan, J. M. Moreau, L. C. Green, T. J. Foster,


O. M. Hartford, L. S. Engel, J. M. Hill, Infect. Immun. 1997, 65, 1571.
[18] F. D. Lowy, N. Engl. J. Med. 1998, 339, 520.
[19] J. Rollof, J. H. Braconier, C. Soderstrom, P. Nilsson-Ehle, Eur. J. Clin. Micro-


biol. Infect. Dis. 1988, 7, 505.


Received: November 12, 2008
Published online on February 10, 2009


666 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 663 – 666



http://dx.doi.org/10.1002/ange.200600350

http://dx.doi.org/10.1002/ange.200600350

http://dx.doi.org/10.1002/anie.200600350

http://dx.doi.org/10.1021/cr050288g

http://dx.doi.org/10.1146/annurev.biochem.75.101304.124125

http://dx.doi.org/10.1146/annurev.biochem.75.101304.124125

http://dx.doi.org/10.1002/ange.200705768

http://dx.doi.org/10.1002/anie.200705768

http://dx.doi.org/10.1002/anie.200705768

http://dx.doi.org/10.1038/nm1306

http://dx.doi.org/10.1046/j.1365-2958.2003.03524.x

http://dx.doi.org/10.1128/JB.187.15.5301-5309.2005

http://dx.doi.org/10.1038/nchembio.2007.24

http://dx.doi.org/10.1038/nrmicro1818

http://dx.doi.org/10.1038/nrmicro1818

http://dx.doi.org/10.1021/ja046382g

http://dx.doi.org/10.1021/ja034490h

http://dx.doi.org/10.1002/ange.200502161

http://dx.doi.org/10.1002/anie.200502161

http://dx.doi.org/10.1056/NEJM199808203390806

http://dx.doi.org/10.1007/BF01962601

http://dx.doi.org/10.1007/BF01962601

www.chembiochem.org






DOI: 10.1002/cbic.200800747


Fluorescence Detection of a Protein-Bound 2Fe2S Cluster
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A variety of mitochondrial dis-
eases have been correlated with
the reduced activities of en-
zymes that require iron–sulfur
metalloclusters to function.[1]


While the chemistry and struc-
ture of Fe�S proteins have been
intensively studied by using ab-
sorbance, circular dichroism,
electron paramagnetic reso-
nance, Mçssbauer, and Raman
spectroscopy,[2–7] these ap-
proaches have not been helpful
in diagnosing mitochondrial dis-
eases that arise from Fe�S-clus-
ter biosynthesis defects. These
spectroscopic methods cannot
measure Fe�S-cluster synthesis
kinetics for individual proteins in
biopsies, since multiple metallo-
proteins are present, each of
which contributes to the ob-
served spectra. Furthermore, the
lack of signals for some Fe�S
clusters (diamagnetic centers), a
requirement for high metal-
locluster concentrations, and the
need for cryogenic temperatures
present challenges when using
these spectroscopic tools to
study the kinetics of metalloclus-
ter synthesis (and degradation)
reactions.[2–7] Herein, we describe
a novel fluorescent assay for
monitoring the Fe�S-cluster con-
tent of a protein that lacks many of these limitations (Fig-
ure 1 A). By using green fluorescent protein (GFP) variants to
report on the 2Fe2S content of human glutaredoxin 2 (Grx2),
our approach should be useful for studying Fe�S-cluster deg-
radation and synthesis reactions in complex samples.


Grx2 is a glutathione-dependent oxidoreductase that is
monomeric when it lacks a metallocluster and dimeric upon
coordinating a 2Fe2S cluster.[8, 9] Since GFP variants have been


reported that exhibit altered fluorescence upon dimerization[10]


and metal binding,[11, 12] we hypothesized that Grx2 dimeriza-
tion could be used to alter the fluorescence of GFP-Grx2 pro-
tein fusions. To first test whether GFP-Grx2 oligomerizes, pro-
tein overexpressed in Escherichia coli was purified and subject-
ed to gel filtration analysis. Like Grx2,[9] GFP-Grx2 elutes as two
peaks (Figure 1 B). A comparison of the elution volumes for
these peaks with standards indicates that GFP-Grx2 (MW =


46.5 kDa) exhibits apparent molecular weights (56 and
130 kDa) consistent with the presence of an elongated mono-
mer and dimer.


To examine whether the two GFP-Grx2 species differ in co-
factor content, their absorbance and circular dichroism (CD)
spectra were compared. The absorbance spectrum of mono-
meric GFP-Grx2 contains two peaks (280 and 470 nm) that are
interpreted as arising from the extinction of aromatic amino


Figure 1. A) GFP-Grx2 fusion proteins exhibit quenched fluorescence upon Fe�S-cluster binding and dimerization.
B) The elution profile of purified GFP-Grx2 (16 mg), chromatographed with a Superdex 200 column in HEG buffer,
is compared with that of protein standards of known molecular weight (MW). The inset shows an SDS-PAGE analy-
sis of GFP-Grx2 from each elution peak (5 mg each). C) Absorption spectra for monomeric and dimeric GFP-Grx2
(2 mm each). CD spectra for D) monomeric and E) dimeric GFP-Grx2 (8.4 mm each). Spectra are shown for samples
in HEG buffer that have been baseline corrected for buffer absorbance and ellipticity.
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Department of Biochemistry and Cell Biology, Rice University
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acids and the GFP chromophore, respectively (Figure 1 C). Di-
meric GFP-Grx2 additionally absorbs across the visible spec-
trum with a distinct peak at 320 nm, similar to Fe�S-cluster-
bound Grx2.[9] Monomeric and dimeric GFP-Grx2 also exhibit
distinct CD spectra (Figure 1 D and E). The spectrum for mono-
meric GFP-Grx2 has one ellipticity maximum (at 280 nm) and
one minimum (at 470 nm). In contrast, dimeric GFP-Grx2 has a
spectrum with four ellipticity maxima (at 260, 305, 440, and
560 nm) and two minima (at 370 and 470 nm). The additional
peaks observed in this spectrum occur at similar wavelengths
and relative intensities as those attributed to the 2Fe2S cluster
in dimeric Grx2,[9] implicating this species as a metallocluster-
bridged dimer [(GFP-Grx2)2-2Fe2S].


To determine if 2Fe2S clusters affect GFP-Grx2 fluorescence,
we acquired spectra for identical concentrations of monomeric
and dimeric protein. Although both spectra exhibit maximal
excitation and emission at similar wavelengths (Figure 2 A), the
fluorescence intensity of (GFP-Grx2)2-2Fe2S is 48 % lower than
that of GFP-Grx2. To test if other fluorescent proteins are more
sensitive as 2Fe2S biosensors, protein fusions having Grx2
fused to blue (BFP) and cyan (CFP) fluorescent proteins were
characterized. Both BFP-Grx2 and CFP-Grx2 are produced as
mixtures of monomeric and dimeric proteins, and they exhibit
absorbance and CD spectra consistent with the dimer having a
2Fe2S cluster (data not shown). In addition, the dimeric forms
of these proteins exhibit less fluorescence than the monomers
(Figure 2 B and C), similar in magnitude to that observed with
GFP-Grx2 (36 % for BFP-Grx2 and 51 % for CFP-Grx2).


The ability of GFP-Grx2 fluorescence to report on changes in
the cofactor content of Grx2 was investigated by characteriz-
ing spectral changes that arise from removing glutathione
(GSH) and adding ascorbate, conditions that destabilize the
2Fe2S cluster coordinated by Grx2.[9] Under these conditions,
the fluorescence of (GFP-Grx2)2-2Fe2S increased 71 % after a
10 h incubation. In contrast, the fluorescence of monomeric
GFP-Grx2 only increased 4 % over the same time course (Fig-
ure 3 A). A fit of the fluorescence increase for (GFP-Grx2)2-
2Fe2S to a single exponential yields a rate that is identical to
the rate at which the ellipticity for this protein diminishes (Fig-
ure 3 B). This indicates that this fluorescence increase occurs
concomitantly with 2Fe2S cluster loss.


To determine the conditions under which CD and fluores-
cence are capable of accurately measuring changes in the
2Fe2S content of a protein, we examined the effect of GFP-
Grx2 dimer concentration on the coefficient of variation (CV) of
its fluorescence and ellipticity. Steady-state measurements over
a range of GFP-Grx2 dimer concentrations revealed that the CV


Figure 2. Effect of dimerization on the fluorescence of A) GFP-Grx2, B) BFP-Grx2, and C) CFP-Grx2. Spectra were acquired in HEG buffer with emission and exci-
tation wavelengths that yielded the highest fluorescence intensity. The fluorescence of each dimeric fusion protein (c) is reported relative to that of the
corresponding monomeric protein (a).


Figure 3. Kinetics of A) fluorescence and B) ellipticity changes in dimeric (*)
and monomeric (&) GFP-Grx2 arising from treatment with ascorbate (5 mm).
Fluorescence (lex = 470 nm and lem = 506 nm) is reported relative to that
measured for each sample one minute after the addition of ascorbate. Ellip-
ticity was monitored from 360 to 370 nm, baseline corrected for HE buffer,
and measurements from 360 to 370 nm were averaged to improve the
signal to noise ratio. The solid lines represent single exponentials having a
kobs = 0.006 min�1.
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for fluorescence is less than 1 % when protein concentrations
are �200 nm and only 2.6 % for 100 nm (GFP-Grx2)2-2Fe2S
(Figure 4). In contrast, the CV for ellipticity is >27-fold higher
than that of fluorescence for protein concentrations ranging
from 100 nm to 2 mm and 16-fold higher at the highest con-
centration analyzed (5 mm). This indicates that fluorescence
analysis will provide a more accurate estimate of the changes
in the 2Fe2S cluster content of GFP-Grx2 when submicromolar
protein concentrations are used for analysis.


We have shown that the fluorescence of our engineered bio-
sensor composed of GFP and Grx2 is sensitive to changes in
the 2Fe2S content of Grx2. Our approach has several advan-ACHTUNGTRENNUNGtages over existing methods for monitoring the kinetics of
changes in the Fe�S-cluster content of a protein, including the
ability to 1) measure changes in the cofactor content of a pro-
tein present at submicromolar concentrations in a reaction,
2) detect changes in the cofactor content in small volumes
that are compatible with high-throughput methods, and
3) assess the cofactor content of a single protein in complex
reactions such as cell extracts. Further improvements in the
sensitivity of our biosensor by using directed evolution strat-
egies[13] will aid in developing assays that can analyze Fe�S
cluster synthesis rates in biopsy samples and diagnose patients
with mitochondrial myopathies that arise from defects in Fe�S
cluster assembly.[14]


Experimental Section


Materials : E. coli, enzymes for DNA manipulation, oligonucleotides,
and bacterial growth media were obtained from EMD Biosciences,
New England Biolabs, Fischer Scientific, and BD Biosciences, respec-
tively. All other reagents were obtained from Sigma—Aldrich.


Plasmid construction : Gene fusions encoding full-length fluores-
cent proteins fused to the N terminus of the processed mitochon-
drial isoform of Grx2 (residues 42–164)[15] were cloned into pET28b
(EMD Biosciences) by using SacI and NotI sites to produce vectors
that express (His)6-tagged fusion proteins.


Protein expression and purifica-
tion : Rosetta2 E. coli harboring
vectors for expressing fusion pro-
teins were grown in LB at 37 8C, in-
duced with IPTG (0.1 mm) at A600


�1, and grown for 6–18 h at 23 8C.
Harvested cells were resuspended
in PBSIG (50 mm phosphate,
pH 7.0, 300 mm NaCl, 10 mm imi-
dazole, 2 mm GSH) containing
MgCl2 (1 mm), lysozyme
(300 mg mL�1), and DNase I
(2 U mL�1). Resuspended cells were
frozen at �808C, thawed, and cen-
trifuged at 40000 g. The cleared
lysate was applied to a nickel-talon
affinity column (Qiagen, Inc) equili-
brated with PBSIG. Protein was
eluted with imidazole (250 mm), di-
alyzed against HEG buffer (50 mm


Hepes 7.0, 0.5 mm EDTA, and 2 mm


GSH), and stored at �808C.


Gel filtration chromatography : Protein molecular masses were es-
timated by comparing their elution to that of standards of known
molecular weight from a Superdex 200 column equilibrated in HEG
buffer using an AKTA FPLC system (GE, Inc.). The standard curve
was generated with amylase (200 kDa), alcohol dehydrogenase
(158 kDa), bovine serum albumin (66 kDa), and carbonic anhydrase
(29 kDa).


Spectroscopy : Absorbance, CD, and fluorescence spectra were ac-
quired with a Varian Cary 50 UV/Vis spectrophotometer, a JASCO
815 spectropolarimeter, and a SLM AMINCO Series 2 spectropo-
larimeter. For kinetic measurements, GSH was removed from GFP-
Grx2 samples by loading 1 mL of dimer (24 mm) or monomer
(32 mm) on a HiTrap desalting column pre-equilibrated in HE buffer
(50 mm HEPES 7.5 and 0.5 mm EDTA). Protein eluted from this
column was diluted to 3 mL in HE buffer, ascorbate was added to
a final concentration of 5 mm, and ellipticity and fluorescence
changes were monitored at 25 8C with a JASCO 815 spectropo-
larimeter having a FMO-427 Scanning Emission Monochromator.
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Mapping the Limits of Substrate Specificity of the
Adenylation Domain of TycA
Benoit R. M. Villiers and Florian Hollfelder*[a]


Introduction


Natural products are well-recognized as a central repertoire of
molecular scaffolds with diverse functional potential that has
yielded biochemical tools, drug leads and useful drugs.[1] Many
of these natural products such as nonribosomal peptides or
polyketides are synthesized by large enzymes, nonribosomal
peptide synthetases (NRPSs) or polyketide synthases (PKSs),
which can be seen as molecular “assembly lines”.[2, 3] The pros-
pect of using these assembly lines for making altered natural
products is crucially dependent on the tolerance and limita-
tions of substrate recognition by the domains involved. Protein
catalysts are usually described in textbooks as very specific for
one unique substrate, selected from the cellular cocktail of
hundreds of alternative compounds to ensure metabolic fideli-
ty. If this high degree of substrate specificity were absolute, it
would pose substantial limitations for the potential applica-
tions of enzymes, because substrate analogues would not be
accepted and processed in the same way as the natural prod-
uct. In recent years, this hardline view of enzyme specificity
has been softened by the observation of enzyme promiscui-
ty.[4–6] Enzyme promiscuity is defined as the ability of someACHTUNGTRENNUNGenzymes to turn over different substrates, and the growing
number of enzymes identified as catalytically promiscuous in-
dicates that promiscuity is not a rare but a rather widespread
intrinsic feature of enzymes.[5–8]


It has been postulated that enzyme promiscuity played a
role in evolution, where a duplicated gene might have relieved
the original gene copy from selective pressure, allowing it to
mutate randomly and adapt a new function by enhancing an
existing promiscuous activity.[5, 8, 9] A consequence of this sce-
nario is the definition of evolutionary links between related ac-
tivities based on enzyme promiscuity.[10] Conceptually, this idea
allows for the approximation of the evolutionary distanceACHTUNGTRENNUNGbetween two activities, which could ultimately give rise to a


systematic understanding of the phylogeny of catalysis. For
NRPSs, this phylogeny of catalysis could complement previous
sequence alignments of adenylation domain (A-domain) sig-ACHTUNGTRENNUNGnatures.[11, 12] Furthermore, such relationships might not just
report on evolutionary history, but might also provide a guide
for future directed evolution as how to efficiently traverseACHTUNGTRENNUNGdiversity space with evolutionary stepping stones and short-
cuts to accelerate directed evolution efforts, thereby economis-
ing the screening or selection effort. In an extreme view, the
relevance of promiscuity for protein engineering has been
stated as “one cannot evolve what is not already there”,[13]ACHTUNGTRENNUNGexplaining the surge in interest in catalytic promiscuity.


This logic can also be brought to bear on the question of
how specificity evolved in NRPSs—and could help to realize
the long-term objective of combinatorial biosynthesis to create
biosynthetic enzyme assembly lines with new and alteredACHTUNGTRENNUNGspecificities—by pointing to the best strategy for evolving
modules with new specificities. Combinatorial biosynthesis at-
tempts to manipulate the enzymes involved in the biosynthe-
sis of such natural products to make analogues chemoenzy-
matically accessible by reprogrammed biosynthesis. Examples
are the NRPSs (such as those of daptomycin,[14] balhimycin[15]


and surfactin[16]) and the PKSs.[3, 17, 18] The modularity of the nat-
ural product assembly lines, in principle, offers prospects for
their reprogramming to create novel functional natural prod-
ucts with new or altered properties. Module and domain swap-


The catalytic potential of tyrocidine synthetase 1 (TycA) was
probed by the kinetic characterization of its adenylation activity.
We observed reactions with 30 substrates, thus suggesting some
substrate promiscuity. However, although the TycA adenylation
(A) domain was able to accommodate alternative substrates,
their kcat/KM values ranged over six orders of magnitude. A com-
parison of the activities allowed the systematic mapping of the
substrate specificity determinants of the TycA A-domain. Hydro-
phobicity plays a major role in the recognition of substrate ana-
logues but can be combined with shape complementarity, confer-


ring higher activity, and/or steric exclusion, leading to substantial
discrimination against larger substrates. A comparison of the
kcat/KM values of the TycA A-domain and phenylalanyl-tRNA syn-
thetase showed that the level of discrimination was comparable
in the two enzymes for the adenylation reaction and suggested
that TycA was also subjected to high selective pressure. The spe-
cificity patterns observed and the quantification of alternative ac-
tivities provide a basis for exploring possible paths for the future
directed evolution of A-domain specificity.
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ping have been frequently investigated in this regard.[17, 19] Un-
fortunately, NRPSs modified in this way are often considerably
impaired and exhibit low activity, presumably due to the dis-
ruption of crucial interdomain contacts[20] limiting the produc-
tion of the desired altered natural products.[14, 21] Altering the
specificity of NRPS domains by the manipulation of individual
residues—either by directed evolution[22] or by rational rede-
sign[23]—is attractive because it offers a less invasive approach
to the tailoring of NRPS domains for combinatorial biosynthe-
sis than does the transplantation of domains from other
enzyme systems.


In this paper, we explore the substrate specificity of the ade-
nylation activity of tyrocidine synthetase 1 (TycA; Figure 1 A),
an NRPS module that is involved in the biosynthesis of the
cyclic, decapeptide, antibiotic tyrocidine A by activating the
first amino acid building block (l-Phe). The multi-modular en-
zymatic architecture of the tyrocidine biosynthetic system is
shown in Figure 1 A. The first specificity-determining step of
nonribosomal peptide synthesis is the reversible activation of
the amino acid building blocks by the adenylation of their car-
boxylates under ATP consumption and in the presence of a


magnesium ion. This step is carried out by A-domains (Fig-
ure 1 B), such as the TycA A-domain studied here. NRPS A-do-
mains belong to a superfamily of adenylate-forming enzymes
including the acyl-coenzyme A synthase and luciferase families.
They share no sequence or structure homology with class I
and class II aminoacyl-tRNA synthetases, which are different
adenylate-forming enzymes bearing different folds.[25]


The activation of amino acids by the NRPS A-domains isACHTUNGTRENNUNGfollowed by the formation of a thioester (by the thiolation
domain, T-domain) and a peptide bond (by a condensation
domain, C-domain). Although a large number of A-domains
have been studied, completely nonspecific A-domains have
been elusive so far. This makes it important to probe the spe-
cificity of existing domains, and TycA, representing a large
number of enzymes with homologous A-domains, is used here
as a model NRPS A-domain. The crystal structure of the A-
domain of gramicidin S synthetase 1 (GrsA),[26] a close homo-
logue of TycA, and sequence alignments have helped to define
a specificity-conferring code consisting of ten amino acids
lining the binding pocket.[11, 12] GrsA is the best-characterized
A-domain, but the measurement of the kinetic parameters


Figure 1. The tyrocidine biosynthetic system and the enzymatic reaction catalyzed by A-domains. A) The enzymatic assembly line of the cyclic decapeptide
antibiotic tyrocidine A consists of three polypeptide chains (TycA, TycB and TycC), which are composed of one, three and six modules, respectively, each of
which is responsible for the incorporation of one monomeric amino acid into the nascent peptide chain. Each module can be further divided into individual
catalytic domains: adenylation domains (A, red), thiolation domains (or peptidyl-carrier protein domains, T, green), condensation domains (C, grey), epimeriza-
tion domains (E, blue) and thioesterase domains (TE, violet) for peptide cylization. TycA, studied here, is composed of an A-domain, a T-domain and an E-
domain and is often referred to as PheATE since its natural substrate is l-Phe. B) A-domains catalyze the reversible formation of a reactive aminoacyl adeny-
late at the expense of ATP. The ATP/PPi-exchange reaction is used to test substrate acceptance. By adding radiolabeled pyrophosphate ([32P]PPi), the equili-ACHTUNGTRENNUNGbrium is shifted to the left, leading to the formation of radiolabeled ATP that can be adsorbed onto activated charcoal. The formation of radiolabeled ATP is
proportional to the activity of the A-domain.[24]
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ACHTUNGTRENNUNGdefining its substrate specificity has been limited to very few
substrates that are chemically and sterically similar to the natu-
ral substrate, l-Phe.[27] The physico-chemical and thermody-
namic forces driving substrate binding and catalysis in NRPS
A-domains have never been investigated comprehensively to
quantify and understand substrate specificity in this class of
homologous enzymes, which typically show 30–80 % sequence
identity.[25]


We report herein an extensive survey of the substrate specif-
icity of the adenylation activity of TycA using a discontinuous
ATP/pyrophosphate ACHTUNGTRENNUNG(PPi)-exchange assay shown in Figure 1 B.
This assay has been used to determine the adenylation rates
for aminoacyl-tRNA synthetases[28] and NRPS A-domains[24, 29]


and relies on the reversibility of the amino acid adenylation.
For NRPS A-domains, it has been shown that the results ob-
tained by this assay correlate well with the amino acid loading
assays on the T-domain (using radiolabeled amino acid trans-


Table 1. Michaelis–Menten parameters[a] for substrate analogues[b] of TycA in the order of their kcat/KM values within their category.


Category No. R or full * kcat KM kcat/KM Relative catalytic
structure ACHTUNGTRENNUNG[min�1] [mm] [min�1 mm


�1] efficiency


amino acids


1 l 118.5�0.7 12.0�0.3 � 10�3 9887�325 1


2 d 113�2 24�2 � 10�3 4650�383 4.7 � 10�1


3 l 18.8�0.3 83�6 � 10�3 227�20 2.3 � 10�2


4 l 105�3 3.2�0.3 33�4 3.3 � 10�3


5 �ACHTUNGTRENNUNG(CH2)3�CH3 l 92�2 7.4�0.6 12.6�1.4 1.3 � 10�3


6 l 42�2 3.4�0.2 12.2�1.4 1.2 � 10�3


7 l 8.3�0.7 1.45�0.29 5.7�1.7 5.8 � 10�4


8 l 11.3�0.2 2.1�0.2 5.4�0.5 5.5 � 10�4


9 d 51�13 13.9�4.1 3.7�2.2 3.7 � 10�4


10 l 27.9�0.8 8.3�0.7 3.4�0.4 3.4 � 10�4


11 l 22.5�1.6 8.1�1.2 2.8�0.6 2.8 � 10�4


12 �ACHTUNGTRENNUNG(CH2)2�S�CH3 l 23.2�0.5 10.9�0.7 2.1�0.2 2.1 � 10�4


13 �ACHTUNGTRENNUNG(CH2)2�S�CH3 d 29.4�1.3 21�2 1.37�0.20 1.4 � 10�4


14 l 13.8�0.3 11.0�0.8 1.26�0.12 1.3 � 10�4


15 �ACHTUNGTRENNUNG(CH2)2�CH3 l 36.1�0.7 53�3 0.68�0.05 6.9 � 10�5


16 d 7.2�0.4 26�3 0.28�0.05 2.8 � 10�5


17 l 13.5�0.2 103�4 0.130�0.008 1.3 � 10�5


18 �CH2�CH3 l 23.9�0.7 506�28 47�4 � 10�3 4.8 � 10�6


19 �ACHTUNGTRENNUNG(CH2)2�SH l 2.24�0.08 68�6 33�4 � 10�3 3.3 � 10�6


20 l 0.62�0.03 19.5�2.1 32�5 � 10�3 3.2 � 10�6


21 �CH3 l 17.4�1.8 577�82 30�8 � 10�3 3.0 � 10�6


22 l 6.6�0.8 544�97 12.2�3.7 � 10�3 1.2 � 10�6


23 �CH2�OH l 1.60�0.08 249�43 6.4�1.5 � 10�3 6.5 � 10�7


24 �CH2�SH l 0.89�0.05 158�18 5.6�1.0 � 10�3 5.7 � 10�7
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fer[27] or mass spectrometry[30]). However, the determination of
the kinetic parameters for alternative substrates has been limit-
ed by the sensitivity of the assay,[27] which, being discontinu-
ous, is also labour-intensive.


We have previously adapted the classic ATP/PPi-exchange
assay to a 96-well format allowing for the measurement of
four plates (or 384 time points) per day, with high sensitivity,
surpassing the performance of previous protocols.[31] We now
systematically explore the ability of TycA to process substrate
analogues, taking advantage of the assay procedure to provide
accurate quantitative detail for 30 alternative substrates, which
differ by six orders of magnitude in kcat/KM. The analysis of the
trends in substrate recognition is made possible by studying
an unprecedentedly large number of alternative substrates
and reveals patterns that characterize the factors governing
substrate specificity in the TycA A-domain active site. These
patterns provide a basis for approximating how remotely
these other activities are related functionally and allow an as-
sessment of the difficulty of directed evolution approaches in
reprogramming A-domains in combinatorial biosynthesis.


Results


Kinetic parameters for 30 substrates


Tables 1 and 2 list Michaelis–Menten parameters for the 30
substrates studied. In addition to the native substrate, l-Phe
(1), kinetic parameters were accessible for compounds with
both smaller and larger side chains including hydrophobic and
polar groups. The substrates were mostly natural or unnatural
amino acids but also included N-methylated amino acids, a b


amino acid, a dipeptide and compounds with alternative ste-
reochemistry at Ca.


Typical Michaelis–Menten plots for the best (l-Phe, 1) and
worst (l-Cys, 24) measurable substrates are shown in Figure 2 B
and D, respectively. The rates shown were derived from time
courses for which examples are shown in Figure 2 A (for l-Phe,
1) and C (for l-Cys, 24). All time courses and Michaelis–Menten
plots for the other substrates listed in Tables 1 and 2 are
shown in Figure S1 in the Supporting Information.


Generally, conventional saturation curves were observed, but
Gly (29) and l-Pro (30) exhibited substrate inhibition (Table 2).
This means that higher substrate concentrations were inhibito-
ry, giving rise to an uncompetitive inhibition pattern, and that
an inhibition constant could be determined (Table 2). These
two amino acids are small (Gly, 29) or relatively compact (l-


Table 1. (Continued)


Category No. R or full * kcat KM kcat/KM Relative catalytic
structure ACHTUNGTRENNUNG[min�1] [mm] [min�1 mm


�1] efficiency


N-methylated amino acids 25 l 10.7�0.4 4.2�0.4 2.6�0.4 2.6 � 10�4


26 l 0.38�0.02 7.7�1.1 50�10 � 10�3 5.1 � 10�6


b amino acid 27 l 1.00�0.02 0.95�0.07 1.05�0.09 1.1 � 10�4


dipeptide 28 l 5.0�0.3 7.4�1.0 0.67�0.13 6.8 � 10�5


Conditions: [PheATE-His] = 0.1 or 1 mm (see Figure 2 or Figure S1), [MgCl2] = 10 mm, [HEPES] = 50 mm, pH 8.0, [EDTA] = 1 mm, [NaCl] = 100 mm, [32P]PPi :
0.045 mCi per reaction, [PPi] = 0.1 mm, [ATP] = 2 mm. [a] Typical time courses and Michaelis–Menten plots are shown in Figure 2. Figure S1 (Supporting Infor-
mation) contains these data for the remaining substrates. For some substrates (for example, 6, 9, 16, 18, 20, 21, 22, 24, and 28) concentrations >5 KM


could not be reached, so the statistical error indicated might underestimate the actual error in these data sets. [b] l-Phe (1), d-Phe (2), b-cyclohexyl-l-ala-
nine (3), 4-amino-l-Phe (4), l-norleucine (5), l-Tyr (6), l-homophenylalanine (7), l-Trp (8), d-Tyr (9), l-Ile (10), 3-nitro-l-Tyr (11), l-Met (12), d-Met (13), l-Leu
(14), l-norvaline (15), d-Leu (16), l-Val (17), l-2-aminobutyric acid (18), l-homocysteine (19), l-His (20), l-Ala (21), l-Thr (22), l-Ser (23), l-Cys (24), N-
methyl-l-Phe (25), N,N-dimethyl-l-Phe (26), l-b-homophenylalanine (27), Gly-l-Phe (28).


Table 2. Kinetic parameters[a] for substrates exhibiting substrate inhibi-
tion.


No. Structure * k0cat [min�1] K 0M [mm] KSI [mm]


29 n.a.[b] 0.23�0.06 116�50 249�114


30 l 0.71�0.23 1695�681 903�437


Conditions: [PheATE-His] = 1 mm, [MgCl2] = 10 mm, [HEPES] = 50 mm,
pH 8.0, [EDTA] = 1 mm, [NaCl] = 100 mm, [32P]PPi : 0.045 mCi per reaction,
[PPi] = 0.1 mm, [ATP] = 2 mm. [a] The time courses and the substrate inhib-
ition plots are shown, respectively, in Figure S1 BA and BB for Gly (29),
and Figure S1 BC and BD for l-Pro (30) (see the Supporting Information).
[b] Not applicable.
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Pro, 30), so that the binding of a
second substrate molecule at
the active site is conceivable.[32]


For some substrates, a full satu-
ration profile could not be ob-
tained due to limiting substrate
solubility (see the Supporting In-
formation).


In our discussion, we use the
Michaelis–Menten parameters to
describe the binding and catal-ACHTUNGTRENNUNGysis of alternative substrates.
Second order rate constants
(kcat/KM) were used to describe
relative specificity.[33] Given the
relatively low turnover rates,
substrate association is likely to
be fast relative to the catalytic
turnover, allowing for an approx-
imation of substrate binding by
KM. Nonproductive activation
(that is, the hydrolysis of the
miscognate aminoacyl adeny-
lates, or pretransfer editing)[34]


has been explicitly ruled out by
Luo et al. in the highly homolo-
gous GrsA A-domain.[27, 35]


The dynamic range covered
by these substrates varies
50 000-fold in KM, 300-fold in kcat


and 106-fold in kcat/KM. In most
cases, the data points adduced
for the calculation of initial rates
correlate extraordinarily well
(correlation coefficients R>
0.992), demonstrating that the
assay procedure produced high-
quality data, even for the sub-
strates whose activity was mar-
ginal, allowing for the measure-
ment of kcat/KM as small as 6 �
10�3 min�1 mm


�1. Activities
against substrates with a second
order rate constant (kcat/KM) ap-
proximately tenfold below this
value could not be detected,
providing a lower limit for possi-
ble assignments at 10�2–
10�3 min�1 mm


�1.
Five substrates had been


tested previously in the same
assay with the highly homolo-
gous GrsA A-domain, which
shares an identical binding
pocket (Figure 3)[26] and exhibits
79 % amino acid sequence ho-
mology (or 64 % amino acid


Figure 3. Substrate binding interactions in the GrsA A-domain. The structure of the GrsA A-domain[26] was used as
a model of the TycA A-domain based on their high homology. Sequence alignments exhibit 79 % amino acid se-
quence homology (or 64 % amino acid identity, as determined by BLAST[36]) and indicate that they have identical
residues in the binding pocket. The homology modeling of the TycA A-domain by analogy to the GrsA A-domain
with SWISS-MODEL[37] showed a perfect superposition of the binding pocket residues between both structures.
A) The 3D structure generated from PDB ID: 1AMU[26] using PyMOL (v0.99). The ten binding-pocket residues[11] are
shown in blue, the natural amino acid substrate l-Phe (1) in red and the ATP breakdown product AMP in green.
B) A 2D representation of the binding pocket with l-Phe (1). The labels follow the numbering in GrsA. In TycA
Asp235 corresponds to Asp223, Ala236 to Ala224, Trp239 to Trp227, Thr278 to Thr266, Ile299 to Ile287, Ala301 to
Ala289, Ala322 to Ala310, Ile330 to Ile318, Cys331 to Cys319 and Lys517 to Lys506.


Figure 2. Determination of Michaelis–Menten parameters for substrate analogues of TycA by the ATP/PPi-ex-
change assay. A) Linear time courses and B) Michaelis–Menten plot for the best substrate, l-Phe (1) ; C) Linear time
courses and D) Michaelis–Menten plot for the worst substrate, l-Cys (24). Conditions: [PheATE-His] = 0.1 mm for l-
Phe and [PheATE-His] = 1 mm for l-Cys, [MgCl2] = 10 mm, [HEPES] = 50 mm, pH 8.0, [EDTA] = 1 mm, [NaCl] =


100 mm, [32P]PPi : 0.045 mCi per reaction, [PPi] = 0.1 mm, [ATP] = 2 mm.
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identity, determined by BLAST[36]) with the TycA A-domain. OurACHTUNGTRENNUNGresults are broadly consistent with this previous study. As in
GrsA,[27]


l-Trp (8), l-Tyr (6) and l-Leu (14) were amongst the
best proteinogenic substrates (Table 1). However, the extent to
which l-Phe (1) was favored was much more pronounced for
the TycA adenylation activity ; kcat/KM is three orders of magni-
tude higher for l-Phe (1) than it is for the second-best protei-
nogenic amino acid substrate, l-Tyr (6), whereas in GrsA, this
discrimination is only 13-fold over l-Trp (8), 16-fold over l-Leu
(14) and 300-fold over l-Tyr (6).[27] Given that the active-site
residues in TycA and GrsA are identical, the reason for thisACHTUNGTRENNUNGdifference in discrimination is not clear but might be ascribed
to distinct complex conformational dynamics. Alternatively,
changes in the “second shell” amino acids close to the binding
pocket might contribute to this change in specificity.


Diversity of alternative substrates


The collection of substrates studied encompasses the following
groups in comparison to the native substrate:


1) l versus d amino acids: The TycA A-domain exhibits only a
two- to fourfold stereoselectivity for l over d isomers, as
measured by kcat/KM (Table S1). Similar kcat values together
with an increased KM indicate that binding is slightly com-
promised but that a similar catalytic conformation can be
reached, which leads to a nearly identical turnover number.
The selectivity is much less pronounced than that observed
for the downstream C-domain donor site, ProC.[38] The toler-
ance can be explained in terms of functional evolution by
the lack of d-Phe (2) in cells but remains remarkable, as it
indicates that the substrate has some flexibility in binding
while still maintaining the proper alignment of the reactive
centre. Indeed, the GrsA A-domain structure[26] had already
indicated that l- and d-Phe can be accommodated with
little or no change in protein conformation. Similarly, the
kcat/KM values of l- and d-Tyr differ only by threefold, and
again the difference is mainly due to an increase in KM (al-
though the parameters in this case are less reliable due to
the lack of full saturation, see Figure S1P).


2) a versus b amino acid: The introduction of b homo amino
acids into nonribosomal peptides would decrease their sus-
ceptibility to degradation by proteolysis and broaden their
structural diversity.[39] We detected activity for one such b


homo amino acid, l-b-homophenylalanine (27), although
kcat/KM is dramatically decreased by 104-fold compared to
that of l-Phe (1). Both kinetic parameters are affected by
100-fold, but relative to their respective dynamic range in
this study, kcat is much more affected than KM. Despite the
identity of the side chain (corresponding to a limited
change in KM), there appears to be little flexibility regarding
the alignment of the ammonium and carboxylate binding
contacts that position the substrate for catalysis between
Asp223 and Lys506 (corresponding to Asp235 and Lys517,
respectively, in GrsA numbering (Figure 3)).[11, 26] Thus, the
extension of the amino acid backbone has a much larger
effect on kcat than does the substitution of various side


chains that differ more strongly in structure from the native
substrate; only three substrates—20, 24 and 26 in
Table 1—show lower kcat values.


3) Modification at the amino terminus: To further probe the
alignment of the substrate between Asp235 and Lys517, N-
terminally modified substrates were tested. The introduc-
tion of N-methylation at the amino terminus increases the
steric demands for the interaction between the substrate
ammonium group and Asp235. N-methyl-l-Phe (25) and
N,N-dimethyl-l-Phe (26) were accepted as substrates and
showed decreases in catalytic efficiency of three and five
orders of magnitude, respectively (Table 1). These results
demonstrate that even electronically conservative and
merely steric changes at the ammonium group are penal-
ized and severely impair catalysis. This observation is also
confirmed by the kinetic parameters obtained with the di-
peptide Gly-l-Phe (28) (Table 1), where the amine function
is sterically and electronically altered by acylation. The acy-
lation of the amino group of l-Phe (1) causes a decrease of
four orders of magnitude in catalytic efficiency. This 104-
fold discrimination between the kcat/KM values for l-Phe (1)
versus the dipeptide demonstrates stringent control of the
length of the substrate (and subsequently of the final pep-
tide product).


4) Amino acids that were not accepted as substrates: Finally,
no activity was detectable for some amino acids bearing
polar side chains (that is, the amide-containing l-Gln (35)
and l-Asn (36)), and for all those with charged side chains
(l-Glu (37), l-Asp (38), l-Arg (39) and l-Lys and its deriva-
tives (40–43), Table 3), although the latter were reported to
bind to GrsA.[27] Table 3 shows all the potential substrates
tested for which no turnover could be detected, that is,
kcat/KM was below the limit of 10�3 min�1 mm


�1, even at sub-
strate concentrations approaching the solubility limit.


Discussion


The large number of substrates studied allows an attempt to
identify the driving forces and the specificity determinantsACHTUNGTRENNUNGinvolved in amino acid recognition by the TycA A-domain. To
this end, comparisons of kcat/KM values were used to evaluate
the energy barrier starting from free enzyme and substrate,
whereas comparisons of kcat would refer to different starting
complexes (E·S1 vs. E·S2). The different starting points explain
why the range of kcat/KM values observed spans three orders of
magnitude more than do the kcat values. In many previous
studies of A-domains, kcat/KM data are not directly available,
making a direct comparison often impossible. A distinction be-
tween these parameters is important, as the quantitative as-
sessment of promiscuity crucially hinges on which comparison
is used.


The pattern that emerges from studies of alternative sub-
strates indicates that this A-domain is relatively intolerant to
tampering with the molecular recognition of the substrateACHTUNGTRENNUNGammonium and carboxylate groups by Asp235 and Lys517, re-
spectively. Increasing the distance between these groups (in b
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amino acids) or derivatising the amino group (by N-methyla-
tion or -acylation in dipeptides) leads to a substantial loss of
catalysis. In contrast, the binding pocket can accommodate
side chains of different sizes and electronic properties, al-
though all charged and some polar substrate side chains show
no activity. In this study, different series of substrates were
tested, providing the basis for the identification of general
trends contributing to substrate recognition. For example, in
the four following series comparing closely isosteric side
chains, the catalytic efficiency (kcat/KM) decreases with polarity
(or increases with hydrophobicity):


CHACHTUNGTRENNUNG(CH3)2 (17)>CHACHTUNGTRENNUNG(CH3)OH (22)
CH2CH3 (18)>CH2OH (23)�CH2SH (24)>CH2NH3


+ (43)ACHTUNGTRENNUNG(CH2)2CH3 (15)> (CH2)2SH (19)> (CH2)2NH3
+ (42)ACHTUNGTRENNUNG(CH2)3CH3 (5)> (CH2)2SCH3 (12)> (CH2)3NH3


+ (41).
Comparisons of substrates with different side chain lengths


also show that catalytic efficiency (kcat/KM) increases with in-
creasing side-chain length:ACHTUNGTRENNUNG(CH2)3CH3 (5)> (CH2)2CH3 (15)>CH2CH3 (18)>CH3 (21)


CHACHTUNGTRENNUNG(CH3)CH2CH3 (10)>CHACHTUNGTRENNUNG(CH3)2 (17)ACHTUNGTRENNUNG(CH2)2SCH3 (12)> (CH2)2SH (19)>CH2SH (24).
For these compounds, in which the side chains are smaller


than that of the natural sub-
strate l-Phe (1), the discrimina-
tion between substrates must be
due to well-defined interactions
with the binding pocket. The
various contributions to sub-
strate discrimination are dis-
cussed below.


1) Electronic properties and
hydrophobic effects: The lack of
observed catalysis for charged
substrates (Table 3, 37–43) con-
firms the major role of the elec-
tronic character of the side chain
and could indicate that interac-
tions of these substrates with
the A-domain are not strong
enough to overcome the hydro-
gen-bonding of the substrate
with solvent water as a prerequi-
site for binding in a hydrophobic
pocket.[40] The energy of desolva-
tion of a charged group could
be so large that it precludes
binding in a hydrophobic
pocket. The native substrate (l-
Phe (1)) in the GrsA A-domain
crystal structure appears com-
pletely desolvated.[26] Alternative-
ly, the protein could rearrange
so that the solvated substrate
could fit in the binding
pocket,[41] but this possibility is
unlikely given how hydrophobic
the TycA A-domain is, and fur-
ther ruled out by considerations
discussed below.


Hydrophobic effects can pro-
foundly influence the binding of
ligands or substrates. Often,
these binding events—based on
the differential thermodynamics
of solvation and desolvation of
the substrate and the corre-
sponding binding pocket, and
van der Waals interactions—are


Table 3. Substrates[a] exhibiting no measurable activity under the conditions listed.


No. Structure * ACHTUNGTRENNUNG[TycA] tR
[b] [Substrate] tested [mm]


[mm] ACHTUNGTRENNUNG[min] Min Max


31 l 0.3 60 2 50


32 l 0.1 20 0.96 24


33 d 0.1 20 0.96 24


34 d 1 60 2 50


35 l 1 120 9.2 230


36 l 1 120 6.2 155


37 l 1 120 0.2 5


38 l 0.1 30 72.8 1820


39 l 1 60 48 1200


40 l 0.1 30 50 1250


41 l 1 60 50 1250


42 l 1 60 50 1250


43 l 1 60 8.8 220


Conditions: [MgCl2] = 10 mm, [HEPES] = 50 mm, pH 8.0, [EDTA] = 1 mm, [NaCl] = 100 mm, [32P]PPi : 0.045 mCi per
reaction, [PPi] = 0.1 mm, [ATP] = 2 mm. Note: the pH was unchanged after the addition of the substrate to the
reaction mixture. [a] l-Phe amide (31), l-phenylglycine (32), d-phenylglycine (33), d-luciferin (34), l-Gln (35), l-
Asn (36), l-Glu (37), l-Asp (38), l-Arg (39), l-Lys (40), l-ornithine (41), l-2,4-diaminobutyric acid (42), l-2,3-di-ACHTUNGTRENNUNGaminopropionic acid (43). [b] Reaction time.


ChemBioChem 2009, 10, 671 – 682 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 677


Substrate Specificity of TycA



www.chembiochem.org





accompanied by induced-fit conformational rearrangements,[42]


making them difficult to interpret or predict.[40] The approach
described herein provides an empirical method that might be
useful for the understanding of molecular recognition patterns
based on hydrophobic interactions in A-domains but more
generally in other enzymes whose substrate specificity is yet to
be explored. Defining the TycA A-domain binding pocket in
terms of hydrophobicity characterizes its molecular recognition
profile and complements previous approaches, in which a
steric fit or a specific hydrogen-bonding pattern has been used
to explain specificity patterns.[11, 12, 26]


In quantitative structure-activity relationships,[43] the Hansch
log P value (based on partitioning coefficients between water
and n-octanol) is a useful hydrophobicity descriptor for corre-
lating functional parameters ranging from toxicity[44] to inhibi-
tion[45] and catalysis.[46, 47] To assess the hydrophobicity of sub-
strate side chains, we calculated their log P values.[48] Side
chains (rather than the whole substrate) were chosen to focus
on the interactions between the variable part of the substrate
structure and the binding pocket. Figure 4 correlates the hy-
drophobicities of the substrate l-amino acid side chains with
the catalytic efficiency (Table 1). The entire data set shows a
broad trend, namely that the hydrophobic substrates have
higher second-order rate constants (kcat/KM). However, the cor-
relation also exhibits considerable scatter, which can be partly
resolved if subsets of the data are used to derive a more pre-
cise correlation. Linearity (R = 0.97) is observed for the log ACHTUNGTRENNUNG(kcat/
KM) values plotted against the log P values calculated for ali-


phatic side chains (measured for eight substrates with side
chains containing only C and H atoms). The linear correlation
with a slope of 2.3 over four orders of magnitude of kcat/KM


values suggests that at least for this subset of eight substrates,
hydrophobicity is a major determinant of substrate discrimina-
tion. The accuracy of the correlation is remarkable, as the size
of the side chain varies between one and seven carbon atoms
for residues as different as l-Ala (21) and b-cyclohexyl-l-alanine
(3). These substrates can be presumed to be relatively flexible,
possibly allowing an induced-fit scenario, in which both the
enzyme and substrate align to maximize van der Waals inter-ACHTUNGTRENNUNGactions (dispersion forces), making hydrophobic interactions a
major driving force for the transfer of a hydrophobic substrate
into the hydrophobic region of the protein. Hydrophobic sub-
strates will partition into a hydrophobic pocket, because the
exposure of a hydrophobic compound in an aqueous solvent
results in the reorganization of the solvent hydrogen-bonding
network and leads to a decrease in the entropy of the system
(or an increase in the local order of water molecules). The
value of the slope of 2.3 observed in Figure 4 indicates that
the TycA A-domain binding pocket appears 2.3-fold moreACHTUNGTRENNUNGhydrophobic than n-octanol, that is, that the decrease in the
activation energy is 2.3 times greater than the free energy of
transfer of the alkyl groups from water to n-octanol. A twofold
factor can be ascribed to a corresponding entropy increase in
the solvent as two disfavoured hydrophobic-water interfaces—
one around the substrate and one inside the enzyme binding
pocket—are removed upon the formation of the enzyme-sub-
strate complex.[41] A similar, linear correlation with a slope of
2.2 between amino acid side chain hydrophobicity (log P) and
log ACHTUNGTRENNUNG(kcat/KM) has been observed for the chymotrypsin-catalyzed
hydrolysis of a series of esters (N-acetyl-l-amino acid methyl
esters R-CH ACHTUNGTRENNUNG(NHAc)CO2CH3, where R is an unbranched alkyl
chain).[47] In both cases, the favourable entropy of desolvation
leads to transfer of a hydrophobic substrate into the hydro-
phobic pocket of the catalyst.


2) Shape complementarity and van der Waals interactions
(dispersion forces): Deviations from the above-mentioned cor-
relation (Figure 4) can be rationalized by invoking additional
factors. Nonpolar interactions such as van der Waals interac-
tions will contribute significantly to binding and catalysis when
specific, close-packed interactions are involved, because the
proximity of substrate and residues lining the binding pocket
provides more opportunities for interaction. For example, the
isoleucyl-tRNA synthetase binds valine, with a side chain lack-
ing only one CH3 group compared to isoleucine, 150 times
more weakly because of the loss of the van der Waals interac-
tion of this methylene group with the binding pocket.[49] In the
case of the TycA A-domain, van der Waals interactions can ex-
plain the deviation of the natural substrate l-Phe (1) from the
linear correlation observed with the hydrocarbon aliphatic side
chains (Figure 4) and account for a gain of more than two
orders of magnitude in catalytic efficiency. The stacking of the
substrate phenyl ring between two walls of the binding
pocket leads to a high degree of shape complementarity and
the potential for productive van der Waals interactions.[26] Fol-
lowing this argument, the large deviation of l-Met (12), de-


Figure 4. Hydrophobicity plays a key role in the substrate specificity of the
TycA A-domain. A plot of log ACHTUNGTRENNUNG(kcat/KM), derived from the ATP/PPi-exchange
assays versus Hansch log P (calculated by using ChemBioDraw Ultra 11.0[48])
for the side chains of l-amino acid substrates, relates hydrophobicity and
catalytic efficiency. The substrates were divided into four classes according
to their side chain properties: natural substrate [&: l-Phe (1)] , aliphatic side
chains smaller than l-Phe (1) [*: b-cyclohexyl-l-alanine (3), l-norleucine (5),
l-Ile (10), l-Leu (14), l-norvaline (15), l-Val (17), l-2-aminobutyric acid (18)
and l-Ala (21)] , heteroatom-containing aliphatic side chains smaller than l-
Phe (1) [*: l-Met (12), l-homocysteine (19), l-His (20), l-Thr (22), l-Ser (23)
and l-Cys (24)] , and side chains bigger than l-Phe (1) [X : 4-amino-l-Phe (4),
l-Tyr (6), l-homophenylalanine (7), l-Trp (8) and 3-nitro-l-Tyr (11)] . Amino
acid substrates exhibiting substrate inhibition (29, 30) are excluded. The
numbers in the plot refer to the compound numbers listed in Table 1. The
subset of the substrates that contain aliphatic side chains smaller than l-Phe
(*) shows a linear correlation with a slope of 2.3. The correlation coefficient
R of the corresponding fit is 0.97.
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spite its lower shape complementarity, can be ascribed to in-
creased van der Waals interactions due to the high polarizabili-
ty of the sulfur ether group.[41] Van der Waals interactions
might also compensate for the low hydrophobicity of the het-
eroatom-containing substrates, l-Ser (23), l-Thr (22) and l-His
(20) that deviate from the log P correlation (Figure 4), giving
their side chain an overall quasi-neutral contribution to amino
acid binding; the substrate without a side chain, Gly (29),
shows similar activity (Table 2).


3) Steric exclusion: Substrates larger than the natural sub-
strate are disfavoured, although they share most of the fea-
tures of l-Phe (1). A pronounced decrease in catalytic efficiency
is observed, even if only one heavy atom is added. For exam-
ple the kcat/KM for l-Tyr (6) is 800-fold lower than that for l-Phe
(1). A more hydrophilic substrate with a similar size, 4-amino-l-
Phe (4), shows a similar activity to that of l-Tyr (6), indicating
that substrate side-chain size can be predominant over hydro-
phobicity. This is consistently the case for all substrates larger
than l-Phe (1), but not for those that are smaller. Thus, the ob-
served discrimination is a consequence of steric exclusion. 3-
Nitro-l-Tyr (11), a derivative of l-Tyr (6) with an additional nitro
group in the meta position of the phenyl ring, also shows a
very similar activity compared to l-Tyr (6), indicating that the
steric exclusion is more stringent at the para position, and that
steric fit (or shape complementarity) is looser along the plane
of the l-Phe (1) phenyl ring. This is confirmed by the observa-
tion that l-Trp (8), the second-best natural substrate analogue
of the TycA A-domain, shows an 1800-fold decrease in catalytic
efficiency compared to that of l-Phe (1). This decrease is only
twice as large as that observed for l-Tyr (6), despite a much
larger side chain. For l-homophenylalanine (7), an l-Phe (1)ACHTUNGTRENNUNGderivative in which an additional methylene group has beenACHTUNGTRENNUNGinserted at the Ca, kcat/KM decreases by 1700-fold (that is, well
below the “hydrophobic baseline”), although all the recogni-
tion elements of l-Phe (1) are present. In all cases, the steric
exclusion of the larger side chains might upset the orientation
of the ammonium and carboxylate centres leading to subopti-
mal positioning of the substrate for nucleophilc attack on ATP.


It is difficult to generalize these observations, because there
are few or no examples where a set of kcat/KM values are avail-
able. At least one A-domain (of enniatin synthetase) exhibits
similar characteristics: acceptance of various substrates but
also evidence for size exclusion and lack of acceptance of
charged substrates, although in this case, only product yields
(roughly corresponding to kcat data) were available.[50] It will be
interesting to probe by measuring kcat/KM values whether these
specificity features are more generally shared amongst other
A-domains.


Specificity and selective pressure


The substrate acceptance exhibited by the TycA A-domain
raises the question whether such a profile represents an
enzyme under intense selection pressure or one that was not
evolved to be specific. Aminoacyl-tRNA synthetases that cata-
lyze the same chemical process (that is, the adenylation of
amino acids) provide a system for comparison, despite the lack


of sequence or structure homology.[26, 51, 52] Aminoacyl-tRNA
synthetases have evolved under substantial selective pressure
ensuring high fidelity in protein synthesis.[53] For example, the
discrimination between valine and isoleucine by valyl-tRNA
synthetase measured by the ATP/PPi-exchange assay, is worth
more than a 105-fold reduction in kcat/KM,[54] although the sub-
strates differ only by one CH3 group. For phenylalanyl-tRNA
synthetase, the discrimination between phenylalanine and ty-
rosine is less pronounced, but still 1800-fold,[55] as a conse-
quence of the addition of just one hydroxyl group. The latter
example roughly matches the discrimination between l-Phe
(1) and larger amino acids in the TycA A-domain. By contrast,
the discrimination for unnatural amino acids with the same
number of heavy atoms is much less pronounced; l-Phe (1) is
only a 45-fold better substrate than b-cyclohexyl-l-alanine (3),
and the binding of d-Phe (2) is only decreased by twofold
compared to that of l-Phe (1). Likewise, unnatural l-norleucine
(5) exhibits the same activity as l-Tyr (6) despite a structurally
very different side chain. This weaker discrimination for un-
natural amino acids is likely to be due to a lack of selective
pressure and is mirrored in aminoacyl-tRNA synthetases, which
activate a range of unnatural substrate analogues but discrimi-
nate stringently between natural substrates.[56, 57]


Collectively, these considerations suggest that the discrimi-
nation between substrates by the TycA A-domain is compara-
ble with that by the corresponding aminoacyl-tRNA synthetase
(phenylalanyl-tRNA synthetase) at the level of the amino acid
adenylation reaction and imply that there is high selective
pressure on the adenylation activity specificity of TycA. Nonri-
bosomal peptides are often not essential for growth and prolif-
eration of the producer organism (for example, tyrocidine and
gramicidin S),[58] and in some cases, the peptide sequence de-
pends on the concentrations of the amino acids added to the
growth media (e.g. for tyrocidine,[59] surfactin[60] and cyclospor-
ine).[61] Some NRPS modules have been shown to be promiscu-
ous in vivo, for example, in tyrocidine synthesis where Phe and
Tyr residues at positions 3, 4 and 7 can be replaced by Trp.[59]


These examples suggest low evolutionary pressure for accurate
substrate recognition by some NRPS A-domains, in contrast to
the apparently higher selective pressure on TycA for the specif-
ic activation of l-Phe (1) . The reason for this discrimination
could lie in downstream processing; the thioesterase domain
(TE-domain) that cyclizes the linear precursor of tyrocidine is
intolerant to amino acid substitution at the first position of the
peptide, which depends on TycA specificity.[62] In elongation
modules, both the A-domain and the C-domain acceptor site
are selectivity filters,[63] so an incorrect aminoacyl-S-phos-ACHTUNGTRENNUNGphopantetheineACHTUNGTRENNUNG(Ppant) intermediate is not processed further
and eventually hydrolyzed by type II thioesterases (TEIIs) after
an increased half-life.[64] However, in TycA, such an intermediate
is processed almost normally, since the E-domain has a broad
substrate tolerance[65] and the downstream C-domain donor
site is stereoselective but not side chain selective.[63] As a con-
sequence, the downstream proofreading of TycA substrateACHTUNGTRENNUNGselectivity only occurs at the level of the TE-domain. The high
energetic cost of the hydrolysis of an incorrect decapeptidyl-S-
Ppant intermediate would then explain why there is substan-
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tial selective pressure on the TycA A-domain to only activate
amino acids that can be finally cyclized.


Conclusions


This work defines TycA as a surprisingly specific enzyme com-
parable in its amino acid adenylation selectivity to the corre-
sponding phenylalanyl-tRNA synthetase, despite its ability to
accept a large number of substrates in principle. The enzymes
of secondary metabolism such as TycA have been considered
more tolerant than those of primary metabolism.[66] Promiscui-
ty in the biosynthetic pathways of secondary metabolites has
been identified as an evolutionarily advantageous feature,[67]


and many examples of pathway engineering (most notably in
carotenoid biosynthesis[68]) exist. However, this work suggests
that in the case of TycA, specificity (measured by kcat/KM) is sub-
stantial, despite an underlying level of promiscuity with a
“baseline activity,” for which the key prerequisite is hydropho-
bicity of the substrate side chain. For these substrates, the
TycA A-domain can still show detectable, and thus evolvable,
activity for a range of substrates. In this context, the potential
of catalytic promiscuity based on hydrophobic interactions
could be harvested for the directed evolution of A-domains
that are the entry points for enzymatic NRPS assembly lines.
The baseline level of relatively nonspecific activity that hydro-
phobicity confers might be exploited as a head start for further
specialization, while already conferring a selectable advantage.
However, the barrier that has to be overcome can still be con-
siderable, highlighting the obstacles to combinatorial biosyn-
thesis—where multiple enzymatic processing of alternative
building blocks is required—even after successfully passing a
gatekeeper domain such as TycA. Therefore, the engineering
of A-domains for the recognition of alternative substrates
would represent the first important step in the specificity
change of a multistep biosynthetic machinery. This raises the
question of what the best strategy for evolutionary improve-
ment will be and where the most convenient entry points for
functional adaptation of specificity are. These considerations
are important given that directed evolution rarely delivers im-
provements of more than a few orders of magnitude. A com-
parison between natural substrates and some unnatural sub-
strates seems to indicate that the selective pressure under
which TycA evolved has lead to stronger discrimination against
potential substrates available in the cell. If this observation can
be generalized, the incorporation of the unnatural building
blocks desired in combinatorial biosynthesis would present a
smaller challenge than the use of natural amino acids. Strategi-
cally, small changes to the substrate structure like the gradual
introduction of polar or charged functional groups, might
allow an “adaptive walk”[69] that gradually approaches the de-
sired target reaction. As in natural evolution aided by catalytic
promiscuity, this strategy will make the maintenance of a de-
tectable (and thus selectable) level of activity more likely and
could render directed evolution approaches feasible.


Experimental Section


Chemicals: All chemicals were purchased from Sigma–Aldrich
unless stated otherwise. b-cyclohexyl-l-alanine (3), d-Met (13), l-
Phe amide (31), l-phenylglycine (32) and d-phenylglycine (33)
were purchased from Novabiochem. d-Luciferin (34) and l-homo-
cysteine (19) were purchased from Promega and Biosynth (Staad,
Switzerland), respectively. Radiolabeled tetrasodium [32P]pyro-ACHTUNGTRENNUNGphosphate ([32P]PPi) was purchased from Perkin–Elmer.


Expression and purification of TycA : The production of His-
tagged TycA (PheATE-His) was performed in E. coli BL21 ACHTUNGTRENNUNG(DE3) bear-
ing the vector pSU18-tycA-PheATE-His.[70] In a baffled flask (2 L),
2xYT medium (500 mL) containing chloramphenicol (20 mg mL�1)
was inoculated (1:100) with an overnight culture made from a
fresh colony of the above strain and grown at 37 8C to OD600�0.6.
IPTG was added (final concentration of 0.5 mm), and the culture
was grown for another 4 h at 30 8C. The cells were pelleted
(30 min, 4000 rpm, 4 8C), resuspended in binding buffer (0.5 m


NaCl, 20 mm Tris-HCl, 5 mm imidazole, pH 7.8) and stored at
�20 8C, if necessary. For cell lysis, DNaseI (NEB, 0.2 U mL�1) was
added, the cells were broken with an emulsifier, centrifuged (1 h,
18,000 rpm, 4 8C) and filtered (0.45 mm). The protein was affinity-
purified on a HisTrap FF column on an �KTA chromatography
system (GE Healthcare) with binding buffer with a linearly increas-
ing imidazole concentration (5–250 mm). The pure protein was
then dialyzed against the assay buffer (50 mm HEPES, 100 mm


NaCl, 1 mm EDTA, pH 8.0) and stored in aliquots at �20 8C. Protein
concentration was determined by the Bradford assay (MW of TycA
PheATE-His = 123 868.4 g mol�1) and by measuring the absorbance
at 280 nm (e280 = 142 685 m


�1 cm�1).[71]


Kinetic measurements using the ATP/PPi-exchange assay in a
96-well format : The reactions (60 mL) were carried out in the assay
buffer (50 mm HEPES, 100 mm NaCl, 1 mm EDTA, pH 8.0) at the fol-
lowing final concentrations: 10 mm MgCl2, 0.0007 mCi mL�1 [32P]PPi,
2 mm ATP, 0.1 mm Na4P2O7, 0.1 or 1 mm TycA PheATE-His. A concen-
trated solution (3 � , 20 mL) of enzyme (also containing MgCl2 and
[32P]PPi in the assay buffer) was used to start the reaction with a
multichannel pipette in microtubes (1.2 mL, Greiner Bio One) by
adding it to a prereaction mixture (1.5 � , 40 mL) containing the
substrate, ATP and PPi in the assay buffer. The enzyme concentra-
tion, substrate concentration and reaction time were optimized for
every substrate. The reaction was stopped at different time points
by transferring the reaction mixture (60 mL) to Stop Mix (60 mL,
150 mm Na4P2O7, 840 mm perchloric acid, 3.6 % (w/v) charcoal) in a
Black & White plate (Perkin–Elmer). Water (130 mL) was then added
to each well, and the plate was centrifuged (3 min, 4000 rpm,
20 8C). The fluid containing the excess [32P]PPi was removed by in-
verting the plate. After the charcoal was washed twice with H2O
(220 mL), it was resuspended in scintillation fluid (150 mL, Optiphase
Supermix, Perkin–Elmer), and the radioactivity was measured after
48 h of incubation by reading in top mode for 1 min per well in a
MicroBeta, 96-well plate, liquid scintillation counter (Perkin–Elmer).
The amount of radiolabeled ATP formed (adsorbed to charcoal)
was calculated from counts per minute (cpm) values, corrected for
the counts measured in the absence of amino acid substrate. The
Michaelis–Menten parameters KM and kcat, and the substrate inhibi-
tion parameters K 0M, k0cat and KSI


[32] were calculated from the initial
velocity of time curves with different substrate concentrations by a
nonlinear least-squares fit to the Michaelis–Menten equation or the
analogous formula taking account of substrate inhibition,[32] using
Kaleidagraph (see the Supporting Information for a detailed calcu-
lation of kcat from the radioactivity measurements). A second ATP
binding site has been postulated for one A-domain of ACV synthe-
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tase.[72] There is no evidence that this is the case for TycA. However,
should there be a two-substrate reaction involving a second ATP
binding site, then the KM values calculated would be apparent con-
stants (specific for the fixed concentration of MgATP).
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Crystalline Nanorods as Possible Templates for the
Synthesis of Amorphous Biosilica during Spicule
Formation in Demospongiae
Enrico Mugnaioli,[a] Filipe Natalio,[b] Ute Schloßmacher,[b] Xiaohong Wang,[c]


Werner E. G. M�ller,[b] and Ute Kolb*[a]


Introduction


The genomic regulatory systems that control the formation of
extracellular skeletal matter, especially when formed from in-ACHTUNGTRENNUNGorganic material, are difficult to understand. In multicellular an-
imals the skeletons are constituted either of calcium or of sili-
con-based minerals.[1] The two classes of the phylogenetic
oldest metazoan phylum Porifera (sponges), the Hexactinellida
and the Demospongiae, form their skeleton from biosilica (re-
viewed in refs. [2] and [3]). The skeletal elements, which con-
struct the species-specific endoskeleton, are termed spicules;
they comprise a complex and filigree morphology.[4] The
unique feature of spicule formation is their synthesis, which is
mediated enzymatically via silicatein.[5] Among the siliceous
sponges, the spiculogenesis in the demosponge Suberites do-
muncula is best understood.[6] These animals contain only
mega ACHTUNGTRENNUNGscleres that are grouped to the monactinal tylostyles, or
rarely to the diactinal oxeas.[7] It could be shown that the initial
stages of spicule formation proceed intracellularly.[8] Because
the synthesis of the spicules is a rapid process, the earliest
stages of spicule formation can be studied under in vitro con-
ditions in the cell culture system, the primmorphs. These cell
aggregates are composed of proliferating and highly differenti-
ating cells,[9] including the spicule-forming sclerocytes that
comprise special vesicles in which the primary stages of spi-
cules proceed.[10]


Recently it has been discovered that the formation of the
siliceous spicules of Demospongiae proceeds intracellularly
and enzymatically (via silicatein–silica protein) and occurs in a
matrix-guided manner. To understand the spiculogenesis in De-
mospongiae (Suberites domuncula), microscopic and cell cul-
ture (primmorphs) techniques were combined and provided
very valuable data regarding this unique biomineralization pro-
cess. For example, transmission electron microscopic (TEM)
analysis has been applied to demonstrate that antibodies that
were raised against silicatein react both with the axial filament
(intracellularly)[6, 7] and also with the organic cylinder that sur-
rounds the growing spicules (extracellularly).[7] Since their de-
scription by B�tschli (1901),[11] it is established that the spicules


are composed of amorphous silica; however, until now studies
could be performed only with those primordial spicules that
had a size >0.5 mm width and 5 mm length.


We investigated the presence of nanorods that appear
inside the axial filament in the first stages of spicule formation.
Such nanofeatures are not accessible by X-ray techniques and
can be investigated only by electron microscopy. One major
advantage of electron microscopy is the potential to collect
imaging and diffraction data sequentially from the same
sample. Especially for beam-sensitive, structurally complicated,
or embedded particles, electron diffraction data deliver impor-
tant structural information.[12, 13] In this contribution we coupled
well-established techniques, such as high-resolution transmis-
sion electron microscopy (HRTEM) and electron dispersion X-
ray spectroscopy (EDX), to the automated diffraction tomogra-
phy (ADT) module that was recently introduced by our
group.[14, 15] This technique consists of a combination of nano-ACHTUNGTRENNUNGelectron diffraction (NED) with scanning transmission electron
microscopy (STEM); it increases the accessibility of problematic
samples and allows the collection of 3D electron diffraction
data in an automated manner.


High-resolution microscopy shows that, during the initial stages
of demosponge spicule formation, a primordial crystalline struc-
ture is formed within the axial filament. The recently developed
electron diffraction tomography technique reveals that the nano-


rods have a layered structure that matches smectitic phyllosili-
cates. These intracellular nanorods have been considered as pre-
cursors of mature spicules.
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Results


TEM imaging


Low-resolution transmission electron microscopy (LRTEM)
shows that nanorods with 20 nm diameter and 200 nm length
are present intracellularly in the early and initial stages of axial
filament formation (Figure 1 A–C).


The nanorods are then surrounded by a multifunctional
polymeric matrix, that is the axial filament and silicatein mole-
cules (Figure 1 C, D). Subsequently, polymeric amorphous bio-
silica is enzymatically formed concentrically around this axial
filament (Figure 1 E). After reaching a size of 7–8 mm in length
and of 0.9 mm in diameter, the on-growing spicules are extrud-
ed from the cells into the extracellular spaces, where they are
completed in size and form by appositional layering of biosilica
lamellae (Figure 1 G–H). An axial filament that has been re-
leased by short application of HF vapor from a mature spicule
is shown in Figure 1 F.


STEM analysis of ultrathin cuts of primmorphs revealed aACHTUNGTRENNUNGvariety of features with different brightness inside the sponge
cells. Among them, selected brighter areas comprise spherical-
shape vesicles (silicasomes)[10] and rod-like structures (Fig-
ure 2 A, B). These nanorods show a typical size of 300–600 nm


in length and 20–50 nm in width. Figures 2 A, B show one of
these rod-like nanostructures clearly localized within a vesicle
inside the sclerocytes. After analyzing different regions of prim-
morphs by using ultrathin cuts, we found a number of such
nanorods, which are always localized intracellularly and never
extracellularly.


These nanorods are highly sensitive to electron-beam
damage; however, intracellular nanorods from different sam-
ples and different areas were analyzed by HRTEM, which re-
vealed a clearly crystalline arrangement (Figures 2 C, D). All the
analyzed nanorods show a common layered structure, with a
10 � distance, arranged parallel to the major growth direction
of the rod.


Figure 1. Maturation stages of spicules from S. domuncula. A), B) Crystalline
nanorod (nr) in a vesicle (v) ; C) initial formation of an axial filament (af) that
comprises a crystalline nanorod (nr) ; D) the axial filament (af) in a vesicle is
linked on one terminus to fibrils (fi) and has lost the crystalline nanorods;
E) around the axial filament (af) the first layer of biosilica is produced intra-
cellularly under the formation of an initiating spicule (sp). F) triangular axial
filament (af) partly released from mature spicule; G), H) extracellular spicules
that had been shortly exposed to HF vapor; the axial canal (ac) is surround-
ed by appositionally layered biosilica lamellae (la). Bars measure: 500 nm.


Figure 2. STEM and HRTEM (FFT) analysis of ultra thin stained cuts from
primmorphs from S. domuncula. A) Overview of a cell (sclerocyte) synthesiz-
ing a primordial spicule (sp) ; B) nanospicule localized intracellularly within a
vesicle (v) ; C), D) HRTEM view down the b-axis, with HRTEM image simulated
by using the MSLS method at 45 � thickness.[16]
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Often several nanorods showing structural defects and bent
layers are found within one vesicle. Inside the vesicles, togeth-
er with nearly single-crystal nanorods, it is possible to observe
zigzag or rounded bright features that are completely or par-ACHTUNGTRENNUNGtially crystalline (Figure 3). Interestingly, all these features are
located intracellularly.


Chemical analysis


The chemical composition of nanorods was determined by
EDX (Figure 4). They are mainly composed by silica and
oxygen, but also significant amounts of Al, Mg, K, and Fe are
present. The average atomic composition (atomic %) of nano-
rods is : O 63.5, Si 21.2, Al 11.5, Mg 1.9, K 0.9, Fe 0.9; so, the
nanorods do not consist of pure SiO2, as expected for mature
spicules. Their composition is instead close to natural Al-silicate
minerals. As a control, EDX analysis of the immediate surround-
ing environment (cytosol) only showed small signals from Os,
Si, and O.


The elements that are detected in nanorods are also concen-
trated in mature spicules, even if in different proportions. The
composition (atomic %) of S. domuncula spicules had been


ACHTUNGTRENNUNGdetermined by ICP-AES to be: O 66.1, Si 32.8, Al 0.006, Mg
0.004, K 0.026, Fe 0.002, Na 1.07, Ca 0.004.


Structural characterization of nanorods


The precise structural characterization of the nanorod shown
in Figure 2 was performed by nano-electron diffraction (NED),
by using the automated diffraction tomography (ADT) module
that was developed recently by our group.[14, 15] This module
collects slices of the reciprocal space by tilting the particle
around the sample holder axis in defined tilt steps. In contrast
to the manual tilt data acquisition, this approach does notACHTUNGTRENNUNGrequire a specific orientation of the particle before tilting. In
addition, a tilt of �308 is sufficient to determine the cell pa-
rameters automatically. All the data acquisition, that is, imaging
with STEM and diffraction in NED mode, was performed with a
low electron dose (3e/�2s) ; this implies that no significant
beam damage was inflicted on the sample. A 3D reconstruc-


Figure 3. STEM and TEM of primmorphs: A), B) overview C), D) enlarged
view of vesicles that contained zig-zag and rounded features; E, F) TEM
images showing 10 � d-spacing.


Figure 4. A) EDX spectra of a nanorod: composition (atomic %): O 63.5, Si
21.2, Al 11.5, Mg 1.9, K 0.9, Fe 0.9. B) EDX spectra from the surrounding cell :
only small Os, Si and O peaks are detectable from the sample, and the Cu
signal comes from the grid.
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tion of the reciprocal space, which is projected along the tilt
axis is shown in Figure 5 A.


C-centring is directly visible in projection [001] in Figure 5 B.
In the same figure the presence of a second crystal that is
slightly misaligned along c* is evident. Most of the nanorods
analyzed show such defects, as presented in Figure 5 D, which
are ubiquitous in layer silicates (phyllosilicates) formed under
low-temperature conditions.[17] Even in the presence of these
additional spots, the program for automated cell parameter
determination was able to find and refine a unit cell with a =


5.18(5) �, b = 9.13(7) �, c = 10.1(3) �, b= 968. The lattice param-
eters indicate a layer silicate that is constructed of alternating
sheets of Si2O5 tetrahedra and (Al,Mg,Fe)2(OH)2 octahedra.[17, 18]


The d-spacing of 10 � indicates a TOT–TOT stacking sequence.
In particular, lattice parameters fit the cell of a single-layer
smectite (space group C2/m, a = 5.2 �, b = 9.2 �, c = 10–14 �,
b= 99–1008).[18, 19]


By recalculating the number of cations for eleven oxygen
atoms from the EDX analysis, we get the following stoichiome-
try: Si 3.86, Al 2.00, Mg 0.34, K 0.16, Fe 0.16. Such a composi-
tion is indeed inside the allowed range for smectites, including
montmorillonitic, beidellitic and nontronitic components.[19, 20]


These types of minerals have been widely identified in marine
environments and were occasionally linked to biological activi-
ty.[21]


A closer analysis of 3D reconstructed reciprocal space clearly
evidences c-axis doubling (c = 20.2 �) through the presence of
additional reflections for k¼6 0 (Figure 5 C); this indicates a two-
layer structure with space group C2/c, as given in Figure 6.


Discussion


The elucidation of the morphology of the spicules has beenACHTUNGTRENNUNGintensively pursued for more than 250 years, starting with the
illustrations of Donati,[22] the descriptions by Carter,[23] and the
comprehensive synthesis given by Uriz et al. ;[24] however, the
mechanism by which silica is concentrated/deposited within
and around the spicules as well the early stages of spiculogen-
esis remained unclear. A major breakthrough was made when
it was found that silica/biosilica in this class of sponges is
formed enzymatically via the enzyme silicatein.[25, 26]


Later on, we could demonstrate that the formation and de-
velopment of the siliceous spicules in Demospongiae proceeds
by an initial synthesis from the central axial filament, which is
located in the axial canal, and completed by appositional
growth via newly formed layers. By applying the in vitro cell
culture system, the primmorphs, it was possible to thoroughly
study the rapid synthesis of spicules in S. domuncula, by focus-
ing also on the very early stages of growth[8] and it could be
unequivocally demonstrated that the initial formation of the
spicules starts intracellularly as reported earlier,[24, 27, 28] and then
the spicules are continued and completed extracellularly in the
mesohyl.


The HRTEM data presented here show the presence of intra-
cellular nanorods that comprise a crystalline structure. Wilkin-
son and Garrone described for the first time the presence of
an obvious crystallinity in the axial filament of raphids and


Figure 5. Projections of ADT data from the selected nanorod: A) along tilt
axis ; B) down c*-axis, arrows indicate misalignment plane of c*-axis ; C) down
the b-axis, arrows indicate 20 � reflections allowed above or below the [010]
zone. D) HRTEM and FFT of nanorod to clarify the origin of crystal misalign-
ment along c-axis found in ADT data, white lines indicate exemplarily the
deviation of c-axis. Scale bar (black) is 4 nm.
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sigmas with a regular banding pattern of 7 nm, but no further
explanation was offered.[29] Later on, Simpson et al.[30] de-
scribed in a cross section of a freshwater sponge—Ephydatia
muelleri—also the presence of crystallinity on the axial fila-
ment, but, both of these authors reported paracrystallinity in
mature spicules. M�ller et al. described the presence of unusu-
al and intracellular storage of silica rod crystals during the spi-
culogenesis of the freshwater sponges E. muelleri and Spongilla
lacustris.[31]


Paracrystallinity of nanostructures located in the axial fila-
ment has been attributed to being responsible for shaping the
axial filaments[32] from different sponge species, for example, a
hexagonal shape in haplosclerid or triangular in poecilosclerid
Phorbas fictitius and tenacior.[29, 33, 34] This question, however,ACHTUNGTRENNUNGremains speculative and unsolved. According to our results, it
seems that the shape of the axial filament is given by a crystal-
line structure that acts like an intracellular seed/template that
is subsequently layered by biopolymers and silicatein. Amor-
phous biosilica is then enzymatically formed concentrically
around these axial filaments as the early step of spicule forma-
tion (Figure 7). The structure of these highly crystalline nano-
rods that are found in S. domuncula is resolved and shows a
unique layered silicate smectite type. HRTEM analysis on the
axial filament of S. domuncula did not show the presence of
any crystalline structure; this suggests that the template dis-ACHTUNGTRENNUNGappears by an unknown mechanism.


The formation of biominerals is a very complex system, and
the only aspects of them that have received attention are the
interactions between the macromolecules (polysaccharide,
polymers, proteins) and the inorganic materials (Ca, Si). Perry
et al. showed the importance of the effect of inorganic species,
such as Si and Al, in the biomineralization environment. The
same author showed that Al and orthosilicic acid/silica are able
to interact under conditions that are relevant to biological sys-
tems.[35, 36] In complex biological systems, the codeposition of
Si and Al is commonly found, and it seems to be an evolution-


ary mechanism as a protection against aluminum toxicity.[37, 38]


For example, it has been demonstrated that the pond snail
Lymnea stagnalis up-regulates the internalization of Si when
exposed to high concentrations of Al, thus forming a vacuolar
lysosomal codeposition of Si and Al.[39] In the case of Demo-
spongiae, the spicule-forming cells, sclerocytes, comprise spe-
cial vesicles in which the primary stages of spicules proceed.
The formation of these crystalline nanorods could be a result
of the sponge’s evolutionary protection mechanism against Al
toxicity. The presence of Al in the intracellular crystalline struc-
ture can be attributed to the presence of a silicatein antagonist
enzyme, silicase, which has already been described to be pres-
ent in S. domuncula. This enzyme is colocalized with silicatein
at the surface of the growing spicules, in the axial filament,
and subsequently in the axial canal.[40] Silicase is a catabolic
enzyme that catalyzes the decomposition of biosilica from
sponge spicules; it releases to the medium Si and other trace
metal compounds that can be reintegrated into the spicule-
formation process. The presence of the Al, as well as other ele-
ments, in spicules from S. domuncula has been previously re-
ported.[41] This assumption is confirmed by the absence of Al in
all components that have been used for primmorphs growth,
that is, artificial seawater and RPMI medium. Artificial seawater
was analyzed by STEM-EDX, which confirmed the complete ab-
sence of any hydroxy-aluminosilicates polymers (HAS) or other
silica-containing crystalline structures; this, in turn, excludes
the possibility of formation, under these conditions, of exoge-
nous HAS.


Conclusions


For the first time a crystalline structure was localized within
the organic axial filament of the primordial spicules. We sug-
gest that this crystalline structure acts as an inorganic template
and gives shape and orientation to the newly forming spicule,


Figure 6. Scheme of a two-layer smectite, which indicates the shift of two
adjacent layers view along a.


Figure 7. Scheme of spicule development stages; from the initial nanospi-
cule (template) to the released extracellular mature spicule. First : the crystal-
line nanorods are synthesized (A), then the synthesis of the organic axial fila-
ment that contained silicatein proceeds around the nanorods (B, C). The syn-
thesis of the first silica layer occurs and simultaneously the nanorod that has
been used as template for axial filament growth disappears (C, D); The first
silica layer has been completed (E), the intracellular formation of the spicules
is completed and the spicules are extruded for the extracellular space (F).
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although its function is admittedly not yet fully understood.
Experimental evidence has been presented that the silicatein
molecules assemble to multimers in an ordered way by fractal
patterning.[42, 43] These associations, however, cannot solely be
attributed to the axial filament formation because of the size
of those structures.


TEM techniques clearly show their high applicability as tools
to unveil the complex process of biomineralization. These tech-
niques allowed us to shed a light on the early stages of spicule
formation for the first time. Thanks to HRTEM, the crystalline
nanorods that are localized intracellularly in sponge cells (scle-
rocytes) could be detected, thus moving one step closer to the
starting point of spicule biosilicification. ADT allowed us to col-
lect a sufficient data set from a single crystal (classified as
being a typical smectite) to unambiguously determine the cell
vectors, even in presence of defects and beam-sensitive mate-
rial. How and where this crystalline structure originated, and
whether it is a common feature in demosponges remains un-
known. Studies are being performed to understand the origin
of these crystalline structures.


Indeed, the use of sophisticated techniques and the multi-
disciplinary approach is necessary to understand the complexi-
ty of the fine interactions between the organic and inorganic
compartments during biomineralization. These results might
contribute to the understanding of biosilicification in sponges
and might help to provide a new insight for bio-nanotechno-
logical applications with a potential in the biomimetic and bio-
medical field.


Experimental Section


Primmorph cell culture : Live specimens of S. domuncula (Porifera,
Demospongiae, Hadromerida) had been collected in the Adriatic
Sea near Rovinj (Croatia) and had been kept in aquaria in Mainz,
Germany, for over ten months at a temperature of 17 8C prior to
their use. Single cells were obtained as described in M�ller et al.[9]


Briefly, tissue samples were cut into cubes and single cells were
obtained by dissociation with Ca2 + and Mg2 +-free artificial sea-ACHTUNGTRENNUNGwater (CMFASW), that contained 2.5 mm EDTA.[44] The analysis of
the filtered and dried CMFASW by using TEM and STEM-EDX did
not show any ordered structure that contained silicon. The cell sus-
pension was centrifuged, and the final pellet was resuspended in
CMFASW that had been supplemented with 0.1 % of RPMI 1640
medium (Biochrom AG, Berlin, Germany) and 60 mm silicic acid (as
sodium metasilicate; Sigma–Aldrich). Primmorphs of at least 1 mm
in diameter were formed after five days and used for the studies
that are described here. Sponge samples were cut into pieces
(2 mm3), incubated in 0.1 m phosphate buffer that was supple-
mented with 2.5 % gluteraldehyde, 0.82 % NaCl (pH 7.4), and then
washed in 0.1 m phosphate buffer (1.75 % NaCl) at room tempera-
ture. After the samples had been treated with 1.25 % NaHCO3, 2 %
OsO4, and 1 % NaCl, they were dehydrated with ethanol. The dried
samples were incubated with propylene oxide, fixed in propylene
oxide/Araldite (2:1), covered with pure Araldite, and hardened at
60 8C for two days prior to being cut into 60 nm ultrathin slices (Ul-
tracut S; Leica, Wetzlar, Germany).


Microscopy analysis : The samples were finally transferred onto
copper grids (Plano, Wetzlar, Germany) coated with 1.2 % Formvar.
TEM analysis was carried out with a FEI Tecnai F30 S-TWIN trans-


mission electron microscope equipped with a field emission gun
and a scanning unit. STEM was performed by using the TecnaiACHTUNGTRENNUNGMicroprobe STEM mode with a focused beam of approximately
0.5 nm, and images were collected by a Fischione high-angular an-
nular dark field detector (HAADF). Nano-electron diffraction (NED)
was performed with a 10 mm C2 aperture to produce a 50 nm
beam for a semiparallel illumination of the sample. High-resolution
images (HRTEM) and NED patterns were taken with a CCD camera
(14-bit GATAN 794MSC) and acquired by using Gatan DigitalMicro-
graph software.


Automated diffraction tomography (ADT) was carried out with a
single tilt sample holder by using specific software that was devel-
oped for FEI Tecnai F30 TEM.[14] Two complete tilt series that con-
sisted of 61 slides in the range between �308 and 308 with a step
size of 18 were obtained. The software was able to track the posi-
tion of the sample after each tilt step by using autocorrelation of a
STEM image and to acquire NBD patterns, sequentially. The dose
rate on the sample was kept at the level of approximately 3e/�2s.
For data processing, including 3D reconstruction, automated cell
parameter determination software, which was self-programmed in
Matlab was used.[15] Errors in cell axes were calculated as standard
deviations of the distance between the cluster center and theACHTUNGTRENNUNGrefined vector positions. For visualization, UCSF Chimera software
was used,[45] but the output files had standard MRC format and can
be viewed by any appropriate visualizer.


Elemental analysis : Energy dispersive X-ray analysis (EDX) was un-
dertaken in STEM mode and quantified by using FEI ES Vision soft-
ware.


To determine via ICP-AES, the composition of mature spicules 48 %
HF (15 mL) and 97 % 1+1 H2SO4 (1 mL) was added into a crucible
and placed it onto an electric heating plate to evaporate the Si.
When the crucible was almost dry 48 % HF (5 mL) was added, and
the silica was completely volatilized by evaporating the solution to
dryness. Then it was placed in a cold, electric muffle furnace, and
the procedures were repeated for the determination of LOI. The
percentage of SiO2 was obtained by the weight difference. To de-
termine the other compositions extraction solvent of 37 % 1+1 HCl
(2 mL) was added to the above-described crucible, then transferred
quantitatively to a 10 mL volumetric flask and dilute to volume.
The Na2O, MgO, Al2O3, K2O, CaO, Fe2O3, and TiO2 content wasACHTUNGTRENNUNGdetermined by ICP-AES (Thermo IRIS Advantage), and the otherACHTUNGTRENNUNGelements were determined by ICP-MS (Thermo VG PQ ExCell).
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Introduction


NOS catalysis is initiated by the combined transfer of electrons
and a proton from NADPH to the flavin FAD located in the re-
ductase domain of the enzyme. This reductase domain closely
resembles mammalian cytochrome P450 reductase.[1–3] It cata-
lyzes the oxidation of NADPH and reduction of FAD, with sub-
sequent electron transfer to the second flavin FMN
(Scheme 1).[1–2] Calmodulin (CaM) binding at high CaII concen-
trations mediates electron transfer (ET) flow between the
heme (subunit B) and reductase domains (subunit A).[4–5] Cal-ACHTUNGTRENNUNGmodulin binding is thought to induce structural rearrange-
ments required for catalysis and is an absolute requisite for NO
formation from constitutive NOS, endothelial NOS (eNOS), and
neuronal NOS (nNOS).[6–7] These enzymes generate the low
concentrations of NO used in signaling pathways to regulate
blood flow and pressure, neuronal development, and neuro-
transmission.


The structural parameters affecting electron flow in NOS
have mostly been deduced from indirect measurements with
external electron acceptors, such as cytochrome c or ferricya-
nide, that were generally based on stopped-flow techniques.[6–12]


At least two different conformational rearrangements have
been shown to impede electron flow in NOS. This slows cataly-
sis by NOS enzymes, as a single fully activated nNOS dimer re-
leases only about a hundred NO molecules per minute.[1–2] In
the X-ray structure of the nNOS reductase domain, FAD access
to nicotinamide (Nic) is blocked by the stacking of Phe1395
on FAD; this results in a conformation that is inactive for cataly-
sis.[9]


The first slow conformationally gated process, which initiates
catalysis through the transfer of a hydride (that is, two elec-
trons and a proton) from NADPH to the flavin FAD, is con-
trolled by a phenylalanine residue—Phe1395.[13–14] This regula-
tory residue, located between NADPH and FAD, is moved away
from FAD by a concerted rotation of the Nic moiety to yield


Nitric oxide synthases (NOSs) are unique flavohemoproteins with
various roles in mammalian physiology. Constitutive NOS cataly-
sis is initiated by fast hydride transfer from NADPH, followed by
slower structural rearrangements. We used a photoactive nano-
trigger (NT) to study the initial electron transfer to FAD in native
neuronal NOS (nNOS) catalysis. Molecular modeling and fluores-
cence spectroscopy showed that selective NT binding to NADPH
sites close to FAD is able to override Phe1395 regulation. Ultrafast
injection of electrons into the protein electron pathway by NT
photoactivation through the use of a femtosecond laser pulse is


thus possible. We show that calmodulin, required for NO synthe-
sis by constitutive NOS, strongly promotes intramolecular elec-
tron flow (6.2-fold stimulation) by a mechanism involving proton
transfer to the reduced FAD� site. Site-directed mutagenesis using
the S1176A and S1176T mutants of nNOS supports this hypothe-
sis. The NT synchronized the initiation of flavoenzyme catalysis,
leading to the formation of NO, as detected by EPR. This NT is
thus promising for time-resolved X-ray and other cellular applica-
tions.
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the active conformation of NADPH. A second slow gating pro-
cess involves the FMN module. This conformational change is
thought to involve FMN domain mobility, which is triggered by
CaII/calmodulin binding, and increases the rate of electron
transfer between FMN and heme.[7, 9, 15–16] The reductase
domain thus donates electrons to cytochrome c more efficient-
ly in the presence of calmodulin. It has been suggested that
NADPH binding represses the calmodulin activation of electron
transfer in nNOS.[6]


According to recent models, NADPH binding locks the
enzyme in a “closed state,” in which the FMN module is closely
associated with the FAD–NADPH binding domains.[9, 15] In this
state, electrons can be passed from FAD to FMN but not to
outside electron acceptors such as cytochrome c. The “open
state,” in which effective electron transfer from FMN to the
heme can take place, is facilitated by a major movement of
the FMN module; this was first suggested by the X-ray struc-
ture.[9] CaM accelerates this conformational change. Two regu-
latory elements are involved in this conformational change
from the closed to the open states: the C-terminal tail, which
lies at the interface between the FMN module, and the FAD
subdomain and the autoregulatory region in the FMN subdo-
main in concerted interactions with calmodulin.[7] Key regulato-


ry amino acids in the vicinity of
NADPH and FAD include
Ser1176, Asp1393, and Phe1395
(the “catalytic triad”) in nNOS.[8–14]


Mutations in which the Ser1176
residue is replaced by an Ala res-
idue show decreased rates of re-
duction of electron acceptors
(for example, ferricyanide or
nNOS flavin) by 20-fold. Interest-
ingly, the effect of calmodulin on
nNOS activity was strongly atte-
nuated by this mutation.[12] Simi-
larly, the replacement of
Asp1393 by a Val residue abol-
ished the effect of CaII/calmodu-
lin on the rate of reduction of
nNOS flavin.[11]


Such conformational gating
processes are often several
orders of magnitude slower than
electron transfer rates in pro-
teins.[3] The spectroscopic effects
of CaM binding to nNOS on
electron transfer may therefore
be masked by upstream re-ACHTUNGTRENNUNGarrangements near the flavin
domain. We recently designed a
nanotrigger (NT) for synchron-
ized electron injection into FAD
flavin to initiate NOS catalysis
with light within 110 ps after a
laser pulse[17] (Scheme 1). The
binding characteristics of the


trigger are very similar to those of true NADPH, and the trigger
binds competitively to the NADPH site at concentrations in the
micromolar range.[17]


We used this NT to unravel the processes of intramolecular
electron transfer and structural rearrangements in the full-
length native nNOS. In particular, we studied the effect of cal-ACHTUNGTRENNUNGmodulin on the initial stage of the catalytic cycle (Scheme 1).
By NO spin trapping, we showed that photoactivation of the
NT promoted nNOS catalysis, leading to formation of the final
product—NO—thereby demonstrating the relevance of the NT
as a nonperturbing mechanistic tool for studies of electron
transfer events.


The selective binding of the NT to nNOS was assessed by
fluorescence measurements and molecular modeling. As
would be expected from the design and the reported interac-
tions of NADPH with Arg1400,[9, 18–19] NT was selectively target-
ed to the NADPH sites of nNOS. Molecular modeling revealed
that the regulatory Phe1395 flipped away from FAD upon NT
binding.[13–14] In this complex, the photoactive moiety of NT
was located 5.3�0.5 � from the FAD acceptor. Simulations
demonstrated similarities between the active form of NADPH
and NT, so the NT was probably probing an environment simi-
lar to that probed by the active NADPH in the nNOS enzyme.


Scheme 1. Upper panel : chemical structure of the NT; this compound should control NO formation with high spa-
tial and temporal accuracy.[17, 24] Middle panel: schematic diagram of electron flow in nNOS from the NT to the
final NO product, highlighting the proposed (thick vertical arrow) and known influence of CaII/calmodulin binding
on catalysis (arrows 1 and 2). Replacement of NADPH by the NT, which can be activated by light, leading to elec-
tron transfer to FAD, and up to the formation of NO, was studied here and is highlighted in red. This scheme
does not detail all the steps in nNOS catalysis. Bottom panel: mechanistic hypothesis relating to the initiation
steps of nNOS catalysis in the presence of NT and CaII/calmodulin, as deduced from ultrafast kinetics and molecu-
lar modeling.
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In this active conformation of the enzyme with FAD accessi-
ble to bound NT, electron transfer from NT* to FAD took place
in 110 ps in the absence of calmodulin and in 20 ps in the
presence of calmodulin, as shown by ultrafast pump-probe ex-
periments. Calmodulin binding decreased the observed rate of
charge recombination from the reduced FAD to the oxidized
NT species, thus enhancing the net electron transfer yield in
nNOS by a factor of 6.2. Our first direct measurement of ET
rates revealed that calmodulin promoted electron flow be-
tween NADPH and FAD, as previously suggested.[20] Scheme 1
presents the main steps in nNOS catalysis, highlighting the
known regulation of these steps by calmodulin[7, 12–16, 20–23] and
the proposed effect of this cofactor as judged from the results
of this study. Experiments on the Ser1176Ala and Ser1176Thr
point-mutants of nNOS confirmed that the Ser1176 residue is
probably directly involved in the action of CaM, together with
its H-bonding partners. The close proximity of Ser1176 both to
the NT and to FAD shown by molecular modeling may account
for the role of this residue in regulating the first catalytic step,
possibly by promoting FAD� protonation, thereby decreasing
the rate of charge recombination.


Results


NT specifically binds to the NADPH binding sites of nNOS as
shown by fluorescence spectroscopy and molecular model-
ing


The selective addressing of the NT to NADPH sites within the
reductase domain of the endothelial NOS enzyme has previ-
ously been demonstrated in stopped-flow experiments.[17] NT


binding reduced the rates of NADPH oxidation and flavin re-
duction by competing with NADPH binding in the eNOS re-
ductase domain. These competition experiments thus demon-
strated the specific targeting of NT to the NADPH sites.[17] Evi-
dence for NT binding to full length WT nNOS was provided by
large changes in flavin fluorescence (Figure 1). The emission
spectrum of nNOS was characterized by a maximum at 520 nm
(upon excitation at 420 nm), corresponding to flavin fluores-
cence (1 or 6 in Figure 1 A). The binding of NT to nNOS gave
rise to a characteristic emission mode at 465 nm (6 to 7, arrow;
see also the differential spectrum 8), which is similar to that
observed in response to NADP+ binding upon excitation at
420 nm (1 to 2, arrow; see also the differential spectrum 3).
However, the increase in fluorescence intensity induced by the
NT was much greater than that promoted by NADP+ binding
(compare 7 and 9 with 6). Under these conditions, the intrinsic
fluorescence of NT was characterized by a maximum at
520 nm, whereas NADP+ fluorescence was negligible (see 10
and 5, respectively). In contrast with the disruptive effect of
calmodulin on the nNOS·NADP+ complex (2 to 4, arrow), the
emission of the NOS·NT complex at 465 nm was significantly
enhanced by the presence of calmodulin (7 to 11, arrow; see
also the differential spectrum 12) ; this suggests that this com-
plex remains stable upon calmodulin binding. Similar results
were obtained on direct flavin excitation at 450 nm (Fig-
ure 1 B): NT binding to nNOS enhanced the fluorescence emis-
sion at 520 nm by a factor of 1.5 (13 to 14, arrow). A substan-
tial decrease in flavin fluorescence induced by NADP+ binding
in the presence of CaM has been reported and was attributed
to NADP+ affecting the local environment of FMN.[16] Fluores-
cence levels observed with AMP were 45 % lower than those


Figure 1. Effect of CaM on the steady-state fluorescence of NT-bound nNOS and of nNOS with excess NADP+ . The fluorescence emission spectra were record-
ed as described in the Experimental Section at A) lex = 420 nm or at B) lex = 450 nm, numbered 1–16 as detailed in the chart above. 3 A) inset: differential
spectrum (2�1) ; 5) NADP+ alone. 8 A) inset: differential spectrum (7�6). 10) NT alone. 12) A) inset: differential spectrum (11�7). 16) B) inset: differential spec-
trum (15�14). [NOHA] = 80 mm= [BH4] . Figure 1 A compares NADP+ binding to nNOS (left panel) with NT binding to nNOS (right panel) ; NADP+ and NT in-
duced similar qualitative changes. After direct flavin excitation at 450 nm (Figure 1 B), NT binding to nNOS enhanced the fluorescence emission at 520 nm by
a factor of two (13 and 14) whereas emission increased by 32 % in NADP+ ·nNOS (data not shown). As shown in experiments with excitation at 420 nm, calm-
odulin enhanced the fluorescence intensity of the NOS·NT complex (compare 14 and 15 in Figure 1 B and see 16 (inset)).
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observed with NADP+ ; this is in contrast with what we ob-
served with the NT, probably reflecting a looser complex with
AMP than with NADP+ .[16]


Molecular modeling was used to characterize the interac-
tions of the bound NT with nNOS further and to compare it
with NADPH. NT was docked by replacing the natural cofactor
in the NADP(H)-containing structure of the nNOS reductase
domain (1TLL).[9] A high-temperature simulation protocol was
used to disrupt weak interactions in order to reach an equilib-
rium structure rapidly. This required construction of the miss-
ing fragments from the X-ray structure (see Experimental). Fig-
ure 2 A shows the structural differences observed before and
after the heating and equilibration phases, mimicking NT bind-
ing to nNOS. Significantly, Phe1395 rotated away from FAD
after equilibration (arrow). This flip released the Phe1395
stacked on FAD, bringing NT and FAD into close proximity. In
all simulations, NT binding induced the rotation of Phe1395
away from FAD, even when small fluctuations from the stable
complex presented in Figure 2 occurred. The distance between
N5 of FAD and N (from the terminal NH2) of NT was 5.3�0.5 �,
a short enough distance for efficient electron transfer (Fig-
ure 2 A).


As a reference for NT binding, simulations were also per-
formed with the native NADPH cofactor to mimic the confor-
mational change required to initiate catalysis in silico. The first
steps of the transition between inactive and active forms of
NADPH were characterized by a rotation of the Nic moiety of
NADPH (shown in a movie provided in the Supporting Infor-
mation). The Phe1395 flip was not observed after simulation
for 1.5 ns at 400 K; this suggests that this step is driven by a
high energy barrier regulating the ratio between stacked and
unstacked (on FAD) conformations. The NT cannot follow a
motion with amplitude as large as that for the flexible Nic


moiety of NADPH. Indeed, the conjugated chain of the NT was
always found in an extended conformation, rigid enough to
prevent large rotations. Figures 2 B and C compare the NT and
active NADPH at the NADPH site of nNOS. The active form of
the NADPH cofactor was obtained by constraining the NADPH
Nic moiety to be inserted between FAD and Phe1395 at the
starting point before the 400 K simulation protocol. In its
active form, the distance between N5 of FAD and the hydride-
donating carbon of NADPH was reduced to d = 4.0�0.5 � (Fig-
ure 2 C) from d = 13.0�0.5 � in the inactive form.[9]


Bound NT was stabilized by a number of hydrogen bonds
(Figure 2 B). The terminal phosphate group of NT was H-
bonded—with Arg1400, Arg1314, and Arg1284 in particular—
demonstrating similar recognition of the nucleotidic part to
that seen with NADPH, as would be expected from the design
(Figure 2 C).[17, 24] The electrostatic binding energy difference
was similar : DE��500 kcal mol�1 for active NADPH and NT.
The amide carbonyl oxygen of NT was H-bonded to Arg1010,
as an alternative to the H-bond to one of the phosphate
group of NADPH. Additional H-bonding such as that between
the terminal amino group and Asp1393 and Ser1176 stabilized
the complex further. Ser1176 was shown to be important for
electron transfer ;[8–12] it is only 3 � from FAD and is also close
to the potential proton donors His1032, water molecules, and
Cys1349. This residue may therefore be involved in a putative
proton transfer to FAD� , as confirmed below by our transient
data. The H-bonding interactions of NT and active NADPH with
protein were quantified by van der Waals energy differences:
DEvdW =�67.8�2.5 and �56.9�5.1 kcal mol�1, respectively.
Thus, NT was somewhat more strongly stabilized than active
NADPH in the NADPH binding site through hydrogen bonds
and probably probed a similar protein environment within the
NADPH site.


Figure 2. Docking of NT into the nNOS reductase domain (1TLL) by molecular modeling. A) Comparison of the structures before (green) and after the simula-
tion protocol (red) detailed in the Experimental section; note the large tilt of Phe1395, shown in blue and emphasized by the arrow, bringing NT closer to
FAD isoalloxazine rings. B) Details of the interactions of NT with nNOS in the NADPH site: note the multiple H-bonds through arginine residues at the nucleo-
tidic edge of NT and interactions through the terminal amino groups in close proximity to the regulatory Ser1176 and Asp1393 residues. C) Very similar H-
bonding interactions are experienced by active NADP(H) in the same site of nNOS, through Arg1400, Ser1313, Arg1314, Arg1284, and Arg1010, with addition-
al stacking of the adenine ring through a Tyr residue.[9]
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Photoexcitation of NT triggered the catalytic cycle of NOS—
EPR detection of NO


NOS catalysis involves two consecutive reactions, beginning
with the substrate l-arginine, and passing through the N-hy-
droxyarginine (NOHA) intermediate to the citrulline and NO
products at the heme site. We investigated whether NT specific
binding would trigger the electron flow associated with NOS
catalysis and yield NO after light excitation, by carrying out
steady-state irradiation experiments at l= 400�30 nm in an
aerated solution of nNOS. After ten minutes of illumination,
Fe·MGD was added, and an aliquot was collected and snap-
frozen in liquid nitrogen. The yield of nitrosylated Fe·MGD
complexes was determined by EPR, by comparison of the
sample with calibrated reference solutions of NO·FeII·MGD
(25 mm). Aliquots were expected to contain a mixture of fer-
rous and ferric nitrosyl complexes. Only the ferrous form is par-
amagnetic and detectable by EPR. Each aliquot was therefore
analyzed twice: as taken, and after reduction with dithionite.
Upon reduction the color of the solution changed from brown-
ish to a greenish hue. EPR spectra confirmed that the unre-
duced aliquot contained �50�7 pmol of paramagnetic NO·
FeII·MGD complexes (data not shown). Reduction with dithion-
ite (50 mm) increased the quantity of NO·FeII·MGD to 300�
50 pmol. The greenish hue of the reduced solution may be at-
tributed to the intense green color of the ferrous NO·FeII·MGD
complex. Figure 3 A shows an EPR spectrum of a frozen aliquot
after reduction with dithionite. The triplet hyperfine structure
near g = 2.035 is characteristic of nitrosylated iron dithiocarba-
mate complexes, such as NO·FeII·MGD.[25] No EPR signal was
obtained under identical conditions if nNOS was omitted (Fig-


ure 3 B) or if the solution was kept in the dark (Figure 3 C). For
reference, we also determined the normal enzymatic activity of
nNOS after addition of NADPH (0.3 mm) in the absence of light
and NT (subsequently reduced with dithionite). In this case,
the normal catalytic cycle of nNOS (5 mm) resulted in the for-
mation of NO·FeII·MGD (100�15 pmol).


Photoinduced electron transfer from NT* to FAD


Fast optical absorption spectroscopy was used to study for-
ward and backward electron transfer from the bound NT to
FAD, together with the role of calmodulin in intramolecular
electron flow in the reductase domain of the constitutive
nNOS. Laser excitation was carried out at 405 nm. Figure S1 in
the Supporting Information shows that, at this wavelength,
about 50 % of the photons promoted NT excitation, with some
inner filter effects of the heme. The excited-state NT* present-
ed a broad absorption band with a maximum at 620 to
670 nm, strongly red-shifted with respect to the ground state,
with absorption peaking at 380 nm; this is consistent with con-
siderable delocalization of the electrons along the polyenic
linker (refs. [17, 24] and Figure 4). When associated with pro-
teins unable to accept electrons from NT*, the decay of pro-
tein-bound NT* was found to be multiexponential. NT* de-
cayed to zero within t3 = 400�60 ps.[17] When NT was bound
to the reductase domain of eNOS, the rate of decay was en-
hanced to t3 = 110�26 ps. Direct excitation of nNOS heme
alone yielded a weak signal that decayed within 10 ps (Fig-
ure S2 in the Supporting Information).


1) Effect of CaII/calmodulin on photoinduced electron transfer
from NT* to FAD in NT-bound WT nNOS : The absorption decay
of NT* bound to nNOS after laser excitation at 405 nm, with
probing at 613 nm, is shown in Figure 4 A. Data were obtained
over three timescales to obtain a reliable asymptotic value.
The decay of nNOS-bound NT* was found to be multiexponen-
tial over the ps to ns time range[17] (Table 1) in the absence of
CaII/calmodulin [CaM (�)] . The first phase was best fitted by
t1 = 1.4�0.3 ps (34 %) and t2 = 8.7�1.5 ps (16 %). The second
phase was observed in the range of hundreds of ps and was
fitted by two components: t3 = 104�15 ps and t4 = 280�
40 ps, leveling off at a small, non-zero asymptotic value. NT
decay in the full-length CaM (�) nNOS protein was thus similar
to that observed in the presence of the eNOS reductase
domain, characterized by t3 = 94�10 ps and t4 = 234�40 ps
(Table 2 and ref. [17]).


The presence of CaII/calmodulin [CaM (+)] bound to nNOS
had a significant effect on the kinetics of NT* decay (Figure 4 A
and Table 1). Firstly, the amplitude A1 of the fastest picosecond
component decreased from 0.34 to 0.20 and the amplitude A2


dropped from 0.16 to a negligible value. Secondly, lifetime t3


was decreased from 104�15 ps [CaM (�)] to 21�3 ps
[CaM (+)] , whereas for the slowest process, t4 increased from
280�40 ps to t4 = 500�80 ps under CaM (�) and CaM (+)
conditions, respectively. The relative weight A4 of the slowest
process increased from 0.20 [CaM (�)] to 0.43 [CaM (+)] . The
asymptotic value was significantly increased by the presence
of CaM (Table 1).


Figure 3. EPR absorption spectrum of the FeII·MGD·NO adducts obtained
after light irradiation of NT bound to nNOS. The Fe·MGD complexes were in-
jected anaerobically through the septum after 10 min of illumination or dark
incubation, and aliquots (300 mL) were drawn from the reaction cuvette. The
aliquots were reduced with dithionite (50 mm). Each sample contained
nNOS (5 mm) and NT (5 mm) in the presence of NOHA and BH4 (1 mm), cal-ACHTUNGTRENNUNGmodulin (30 mm), and CaII (300 mm) in Tris buffer (50 mm) containing NaCl
(150 mm) and glycerol (5 %) at pH 7.5. Irradiation was performed at l =


400�30 nm for 10 min. The figure represents the sum of two scans record-
ed at 77 K and 20 mW microwave power. The spectrometer settings are de-
scribed in the text. A) NO·FeII·MGD complexes (300�30 pmol) obtained after
10 min of illumination. B) Spectrum obtained after illumination in the ab-
sence of nNOS. C) Spectrum obtained in the presence of nNOS without illu-
mination.
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2) Transient absorption spectra : The observed kinetics de-
pended largely on the presence or absence of CaII/calmodulin
bound to nNOS. In the absence of CaM, the transient spectrum
obtained at 15 ps presented a maximum at �642 nm, slightly
blue-shifted to 638 nm at 100, 300, and 800 ps (Figure 4 B).


Under CaM (+) conditions, the spectrum obtained at 15 ps was
similar that obtained in the absence of CaM. However, a broad
maximum at �615 nm was recorded at 800 ps (Figure 4 C). We
attribute this broadening of the spectrum to a transient spe-
cies specifically requiring the presence of CaM.


Figure 5 A shows absorption at t = 800 ps in the presence of
CaM and details the calculated spectra of the oxidized NT and
reduced FAD species used in the fit.[17, 24] A reasonable fit of the
broad positive band centered at about 615 nm and accounting
for both the oxidized NT species and FADH8�FAD absorption
was compatible with the transformation of FAD to FADH8 and
of NT to the oxidized NT species composed of 60�10 % of
NT+ and 40�10 % of NT2 + at 18 8C. Some discrepanciesACHTUNGTRENNUNGbetween measured and calculated absorption at �510 nmACHTUNGTRENNUNGremain. The broad absorption band between �530 and
640 nm suggested that transient formation of the “blue semi-
quinone” FADH8 was occurring, with De613(FADH8�FAD) = 3.2 �
103


m
�1 cm�1.[21, 26] Note the major contributions of NT+ and


NT2 + : e613 = 2.7 � 104 and 2.1 � 104
m
�1 cm�1, respectively. At


482 nm, the relative absorption of FADH8�FAD prevailed and
De 482(FADH8�FAD) =�8.5 � 103


m
�1 cm�1, with e ACHTUNGTRENNUNG(NT+) = 0 and


e ACHTUNGTRENNUNG(NT2+) = 5.3 � 103
m
�1 cm�1, approximately reproduced by the


fit.
Figure 5 B shows the smaller amplitude of the transient spec-


trum obtained with CaM (�) samples at t = 800 ps. This absorp-
tion spectrum is consistent with the transformation of FAD to
reduced and unprotonated FAD� and the superimposition of
60�10 % of NT+ and 40�10 % of NT2 + . The fit corresponded
to the contributions of the oxidized NT+ and NT2+ species
identical to those under CaM (+) conditions (Figure 5 A) butACHTUNGTRENNUNGassumed that the anionic (unprotonated) reduced flavin FAD�


was the redox partner, with the difference spectrum shown in
Figure 5 B. Absorbance at 450–480 nm and in the 550–630 nm
range is sensitive to the protonation state of the reduced
flavin, with De613ACHTUNGTRENNUNG(FAD��FAD) = 0 and De482 ACHTUNGTRENNUNG(FAD��FAD) =


�4.6 � 103
m
�1 cm�1. These differences between CaM (+) and


CaM (�) accounted for the absorption maximum at �635 nm
and the smaller minimum in the 455–482 nm range in Fig-
ure 5 B relative to Figure 5 A. Uncertainty at 455-482 nm was
greater under CaM (�) conditions than under CaM (+) condi-
tions, due to the smaller residual signal (DOD�7 � 10�4).


The observed spectral changes in the range of hundreds of
ps appear to be fully consistent with the expected sequence:
i) photoexcitation of NT to generate NT* [Eq. (1)] , ii) electron


Figure 4. Effect of CaII/calmodulin binding to nNOS on the decay of NT*
bound to the protein. A) Faster (crude) decay (monitored at 613 nm) of
nNOS-bound NT* was observed in the absence of CaII/calmodulin (1 mm/
250 mm (~) than in its presence (&). [nNOS] = [NT] = 35 mm, [NOHA] = 2 mm,
[BH4] = 1 mm in Tris buffer (pH 7.5, 50 mm ) containing NaCl (150 mm) and
glycerol (5 %, v/v). The lines represent the best fit to the data (Table 1). Note
the much larger asymptotic values in the presence of CaM [CaM (+)] than in
its absence [CaM (�)] . B), C) Comparison of the transient spectra of NT
bound to nNOS with/without CaM (from a single experiment and accumula-
tion of ten scans). B) NT bound to nNOS without calmodulin [CaM (�)] at
18 8C. C) NT bound to nNOS in the presence of CaM. t = 15, 100, 300, and
800 ps as shown by the solid, dashed, dashed-dotted and bold full lines, re-
spectively. The experimental conditions in (B) and (C) are similar to those
used in (A).


Table 1. Kinetic parameters of nNOS-bound NT decay in the presence or in the absence of CaII/calmodulin.


Enzyme CaM l [nm][a]/ SVD analysis t1
[b] [ps] A1 t2* [ps] A2 t3* [ps] A3 t4* [ps] A4 A5


WT nNOS � 613 1.4 0.34 8.7 0.16 104 0.25 280 0.20 0.05
� SVD1 1.2 0.33 10.0 0.15 92 0.25 333 0.19 0.08


WT nNOS + 613 2.5 0.20 21 0.13 496 0.43 0.24
+ SVD1 1.7 0.10 20 0.21 526 0.48 0.21


S1176T + 613 2.1 0.20 34 0.20 567 0.55 0.05
S1176A + 613 3.2 0.12 38 0.17 507 0.22 0.49ACHTUNGTRENNUNG[Enzyme] = [NT] = 30–50 mm in the presence of CaM (5 equiv) as specified. [BH4] = [NOHA] = 1 mm. [a] Single-wavelength fit of the crude data at l= 613 nm
or by SVD analysis; the presented fit corresponds to the main SVD component. [b] The errors are: t1�0.3 ps, *t2�2 ps, t3�25 ps [CaM (�)] and �5 ps
[CaM (+)] , t4�50 ps.
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transfer from NT* to FAD [Eq. (2)] , and iii) protonation of FAD�


to FADH8 [Eq. (3)] , in competition with iv) charge recombina-
tion [Eq. (4)] . Scheme 2 shows the detailed sequence for the
productive NO pathway in CaM (+) samples.


NTþ hn! NT* ð1Þ


NT* ! NTþ hn0 ðþDÞ ð10Þ


(unproductive deactivation pathways)


NT* þ FAD! NTþ þ FAD� ðkETÞ ð2Þ


FAD� þ Hþ Ð FADH� ðkHÞ ð3Þ


NTþ þ FAD� ! NTþ FAD ðkbÞ ð4Þ


NT* þ FADH� þ Hþ ! NTþ þ FADH2 ð5Þ


NTþ* þ FADH� þ Hþ ! NT2þ þ FADH2 ð50Þ


NTþ þ FAD� ! NTþ FADH� þ Hþ ðk0 bÞ ð6Þ


FADH2 þ FMNÐ FADH� þ FMNH� Ð FADþ FMNH2 ð7Þ


FMNH2 þ FeIII ðhemeÞ-NOHAþ O2


! FMNH� þ FeIII þ NOþ citrulline þ H2O
ð8Þ


The sequence (1)–(2), taking place over ps, yielded photoin-
duced electron injection from NT* to FAD (t3), with unproduc-
tive relaxations globally accounted for by Equation (1’). The
decay over hundreds of ps (t4) corresponded to: kobs = kb + kH,
where kb and kH represent the rate of backward electron trans-
fer [Eq. (4)] and the rate of FAD� protonation (assumed to be
faster than its deprotonation), respectively. Calmodulin in-
creased the rate of FAD� protonation (Figure 5). This resulted
in a slower rate of backward electron transfer with partial
switching from Equation (4) to Equation (3) under CaM (+)
conditions, while charge recombination occurred exclusively as
shown in Equation (4) under CaM (�) conditions. The relative
weights of Equations (4) and (3) were estimated by calculating
the relative ratio ((A4 + A5)/A5):ACHTUNGTRENNUNG([FAD�] + [FADH8])/ ACHTUNGTRENNUNG[FADH8]�
(A4 + A5)/A5 = kobs/kH and kobs = kb + kH.


Figure 5. Fit of the transient spectra recorded at t = 800 ps in A) CaM (+) WT
nNOS and in B) CaM (�) nNOS WT in the presence of NT. In both cases the
oxidized NT species were NT+ (60 %)+NT2 + (40 %), corrected for the bleach-
ing of NT, and the fit (a) assumes that the reduced FAD was protonated
(FADH8) in A) [CaM (+)] but unprotonated in B) [CaM (�)] . The calculated dif-
ference spectrum of FADH8�FAD� (&) and NT2 + (c) are shown in (A) (NT+


is omitted for clarity), whereas the calculated difference spectrum FAD��
FAD is shown in (B). The experimental points (+ for A) and * for B)) repre-
sent the means of two and four experiments in A) and B), respectively; see
legend of Figure 4 A for experimental conditions. C) Effect of S1176 muta-
genesis on the transient spectrum of NT bound to CaM (+)-nNOS at t =


800 ps. * (WT), ! (S1176T), * (S1176A), � nNOS without NT.


Scheme 2. Proposed decay pathway of the excited NT bound to the
CaM (+)-nNOS protein based on ultrafast kinetics: Excitation at 405 nm pro-
motes the formation of a first excited Franck–Condon state of NT (NTA*),
which decays to a second (possibly solvent-relaxed) excited state (NTB*), ac-
counting for the fast shift of the transient maximum within a few ps. Fluo-
rescence emission from these states was assessed by following the decay of
the stimulated emission at �500 nm. About 80 % of NTB* species transferred
an electron to FAD, yielding NT+ and FAD� within 21 ps.[2] This (ground
state) charge-separated state may then recombine to the ground state
[Eq. (4)] or convert to another state in which FAD� is protonated [Eq. (3)] . Re-
combination may proceed between FADH8 and NT+ at a later stage [Eq. (6)] .
The net escape (charge separation) amounts to �20 %, and is ultimately
used for NO formation [Eqs. (5), (7), and (8)] . The doubly oxidized nanotrig-
ger (NT2 +) may be obtained through consecutive ET, either by a thermal
process when released into the solution (reflecting the rate of NT dissocia-
tion from the protein) or by a photoinduced processes [Eqs. (5) or (5’)] .
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Given the kobs values for nNOS WT [CaM (+)] (Table 2) and
(A4 + A5)/A5�3, one can extract the values of kH and kb as kH =


(7 + 3) � 109 and kb = (1.3 + 0.4) � 109 s�1. Thus, in the presence


of CaII/calmodulin, protonation (kH) competes with charge re-
combination (kb). In eNOSred or nNOS in the absence of CaM,
no protonation occurred (kobs = kb = 3 � 109 s�1).


The optical data did not identify the source of the proton in-
volved in this mechanism. The NT injects electrons but cannot
provide the proton from NT+ ; only NT2+ would be able to
donate a proton from its iminium NH2


+ terminal. NT2+ could
be obtained in solution through NT+ release (koff) and subse-
quent disproportionation.[24] In addition, NT* (or possibly NT+*)
could donate a second electron to FADH8 to produce FADH2


[Eqs. (5) or (5’)] once these species accumulated as shown in
Equation (3). Experimental evidence for these processes would
require the longer timescales achievable with a ns setup.


The source of the proton, assumed to be provided by the
protein, was investigated by two complementary approaches.
In the first one, molecular modeling was used to screen poten-
tial candidates that might transfer a proton to FAD� in the
NADPH·nNOS complex (Figure 2). The Ser1176 residue was
identified by molecular modeling as a potential participant in
FAD� protonation. It is located close both to the NH2 terminal
of NT and to the FAD isoalloxazine ring (Scheme 1). It belongs
to the catalytic triad and is H-bonded to Cys1349 and Asp1393
and is also located close to a water molecule present in the X-
ray structure.[8–12] We therefore studied the kinetics of FADH8
formation in the Ser1176A and Ser1176T mutants of nNOS in a
second experimental approach.


3) Role of Ser1176 in NT*-induced electron transfer to FAD : An
increase in the FMN fluorescence of Ser1176A and Ser1176T
provided evidence for similar binding of NT both to the two
mutants and to WT nNOS (Figure 1 and data not shown). Fig-
ure 5 C compares the transient spectra recorded 800 ps after
the pump when NT is bound to WT-nNOS and to the S1176T
and S1176A mutants. S1176A displayed a marked difference,
with the transient peaking at �640 nm, whereas the spectrum
of S1176T was similar to that observed with WT nNOS. Note
the similar maximum obtained with S1176A at 640 nm and the
spectrum recorded with WT nNOS CaM (�), peaking at 635–
638 nm.


These spectral differences paralleled the marked changes in
kinetics shown in Table 1 and Figure S3 in the Supporting In-
formation. The S1176T point mutation considerably increased
decay amplitude to hundreds of ps and decreased the asymp-
totic value, whereas the S1176A mutation had the opposite
effect on decay: A4 was 0.43 (WT), 0.55 (S1176T), and 0.22
(S1176A). Accordingly, as the asymptotic value A5 varied from
0.24 (WT) to 0.05 (S1176T) and 0.49 (S1176A), the ns decay was
strongest for the threonine mutant and weakest for the ala-
nine mutant. This suggests that at least some of the decay
over the range of hundreds of ps to ns depends on the H-
bonding properties of Ser1176.


Discussion


1) NT selectively targeted nNOS and its photoactivation led
to formation of the catalytic product NO


NOS catalysis is driven by the consumption of NADPH and in-
volves the transfer of a hydride from NADPH to FAD. This pro-
cess is tightly regulated by a conformational change, requiring
the rotation of the Nic moiety of NADPH (see movie obtained
by molecular modeling in the Supporting Information) and the
tilting of Phe1395 to allow access to FAD at a correct distance
and in the correct conformation for electron transfer. In this
work, we used a NT bound to the NADPH site of the constitu-
tive full-length nNOS enzyme to initiate the first step of cataly-
sis with light (Scheme 1). The selective targeting of NT to
nNOS was demonstrated by molecular modeling (see below)
and fluorescence spectroscopy. The emission binding modes at
465 nm were similar for NT and for NADP+-bound to nNOS.
However, the NADPH·nNOS complex was not easily disrupted
by calmodulin binding, unlike the complex with the natural co-
factor, suggesting that the NADPH–nNOS complex was more
stable than the NADPH·nNOS complex. Consistent with these
findings, our previous stopped-flow data showed that NT had
a greater affinity than NADPH for the eNOS reductase domain.


Simulations showed that the active form of NADPH for hy-
dride transfer and NT share many binding similarities. NT was
docked in the NADPH site by multiple H-bonds to the nucleo-
tide part of the molecule. As would be expected from its
design, NT interacted with Arg1400, Arg1314, Ser1313, and
Arg1284, as observed for both active and inactive NADPH
structures.[9, 18] Additional H-bonding interactions anchored the
NH2 terminal of NT to the protein; the van der Waals binding
energy of the NT chromophore was found to be similar to that
of the Nic moiety of active NADPH. Moreover, the distance be-
tween the active redox groups and FAD were similar in active
NADPH and NT, but strikingly different from that in the inactive
form of NADPH. This difference is reminiscent of the “straight”
NADPH conformation found in some X-ray structures, as op-
posed to the “folded” inactive conformation in other NADPH-
binding proteins structures as in the case of nNOS.[27] For the
FAD to be accessible to active NADPH, the Phe1395 residue
must rotate away from FAD. This release of the Phe1395 con-
formational lock is readily achieved upon NT binding. The sem-
irigid conjugated linker between the two amine (donor)


Table 2. Calculated rates of electron transfer (kET) from NT* to FAD and of
observed charge recombination (kobs) based on kN = 2.0 � 109 s�1.[17]


Sample kET [s�1] kobs [s�1][a] R = kET/kobs


nNOS WT [CaM (+)] ACHTUNGTRENNUNG(4.6�0.8) � 1010 ACHTUNGTRENNUNG(2.0�0.4) � 109 23
nNOS WT [CaM (�)] ACHTUNGTRENNUNG(1.1�0.4) � 1010 ACHTUNGTRENNUNG(3�1) � 109 3.7
eNOSred [CaM (�)] ACHTUNGTRENNUNG(7�2) � 109 [17] ACHTUNGTRENNUNG(4�1) � 109 1.8
nNOS S1176T [CaM (+)] ACHTUNGTRENNUNG(2.7�0.5) � 1010 ACHTUNGTRENNUNG(1.8�0.5) � 109 15


[a] kobs is the observed rate of decay in the range of hundreds of ps. In
CaM (+) proteins, kobs = kb + kH, where kH is the rate of FAD� protonation
(promoted by CaM binding) and kb is the rate of recombination of NT+


+ FAD� [Eq. (4)] in CaM (�). kobs = kb, the rate of NT+ + FAD� backward
electron transfer.
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groups, together with the amide linker connecting the chro-
mophore and nucleotide part of the NT, played a major role in
generating the straight conformation of NT required for the
rapid triggering of photoinduced electron injection. Molecular
modeling and fluorescence spectroscopy strongly suggested
that the NT likely probed an environment similar to that
probed by active NADPH in the nNOS enzyme.


The NT also drove the catalysis up to NO formation, just like
NADPH. The NT induced the formation of the ferrous nitrosy-
lated complex in nNOS, as shown by absorption difference
spectroscopy, provided that CaM was present, but no ferrous
nitrosylated complex was detected in CaM (�)-nNOS sam-
ples.[17] NO spin-trapping showed that NT irradiation induced a
relative increase in NO yield over that obtained with NADPH,
estimated to be three to four times basal NO levels after cor-
rection for the 50 % light absorption by the NT. This enhance-
ment was obtained with a NT/nNOS stoichiometry of 1:1,
whereas the production of basal NO levels required excess
NADPH (mm concentrations). The initial catalytic cycles there-
fore run at least as efficiently as under basal conditions and
more likely are enhanced by NT photoactivation, which may
be particularly relevant for future cellular applications
(Scheme 1).


2) Calmodulin promotes electron flow during the initiation
of nNOS catalysis


NT photoactivation made it possible to exert precise temporal
control over the initiation of nNOS catalysis, as demonstrated
by ultrafast transient absorption measurements. NT excitation
with the laser pump promoted the formation of an excited
state (NT*). At the excitation wavelength, 50 % of the photons
at 405 nm were absorbed by the heme of the protein, but
yielded a negligible transient signal (DOD�5 � 10�4) after
�10 ps (Figure S2 in the Supporting Information).


The decay of NT* within nNOS generated a first short-lived
species (t1 = 1–3 ps), possibly due to vibrational cooling. The
second lifetime of NT was significantly shorter for nNOS-
CaM (�) and the eNOS reductase domain [t2 = 8.7�1.5 ps and
7�2 ps respectively, versus t2 = 20�4 ps in Phe1160Ala
(equivalent to Phe1395Ala in nNOS).[17] This lifetime corre-
sponded to an excited state complex (NT·Phe)* for a minor
population (�10 %).[17] It was not observed in the presence of
CaII/calmodulin binding, which suggested that Phe1395 was
completely tilted away under these conditions (Table 1), consis-
tently with the molecular modeling data (Figure 2). Thus, NT
bypassed the conformational regulation of Phe1395, blocking
access to FAD.


The third lifetimes were similar in NT bound to the CaM-de-
pleted nNOS and in the eNOS reductase domain (t3 = 96�
10 ps and t3 = 110�26 ps, respectively).[17] The corresponding
NT lifetime in the absence of ET was t3 = 400�60 ps. The rates
of electron transfer were thus similar, within experimental
error, in the two cases: kET = (1.0�0.3) � 1010 s�1, based on kN =


2 � 109 s�1, kN being the rate of natural decay. In the presence
of CaII/calmodulin binding, NT* decay was shorter (t3 = 21�
3 ps). The rate of electron transfer was found to be kET = (4.6�


0.8) � 1010 s�1 in nNOS (estimates produced by use of the
Marcus equation suggested that the NT*–FAD distance
became closer by 0.53 � in CaM (+) nNOS relative to CAM (�)
assuming l= 0.7 eV, b= 1.1 ��1;[28] Table 1). Calmodulin binding
thus increased the rate of NT*-induced electron transfer by a
factor of four [Eq. (2) and Scheme 2]. A stoichiometric ratio of
1:1 NT/NADPH site in nNOS is required for this ET process to
take place.[29]


Figure 4 shows the slower decays observed for the longest
lifetimes and higher asymptotic values in the presence of CaM.
These absorption changes occurred after electron transfer, and
this step was therefore attributed to a reaction between
ground-state species. The highly exergonic electron transfer
between the oxidized NT+ and the reduced flavin [Eq. (4)] con-
tributed to this decay. Indeed, for efficient electron flow in
nNOS, charge recombination must be slowed down. The pres-
ence of CaM resulted in a slowing of the rate of charge recom-
bination (in the hundreds of ps). The increase in the asymptot-
ic value accounted for the greater yield of ns charge separa-
tion with CaM (Figure 4 A). The fit of the associated transient
spectra at 800 ps suggested that CaM enhanced FAD� proto-
nation (Figure 5). Thus, two main decay pathways accounted
for the observed t4 lifetimes in WT nNOS (Scheme 2): the faster
process [Eq. (4)] is the backward electron transfer between
FAD� and NT+ , the main recombination pathway in CaM (�)
samples, with only 5–8 % charge separation on the ns time-
scale (Table 1). The competing processes in CaM (+) samples
involved FAD� protonation [Eq. (3)] , increasing the charge sep-
aration between FADH8 and NT+ to a value of 20 to �30 %
(Scheme 2). A protonation rate of kH = (7�3) � 108 s�1 was esti-
mated from the ns data for WT nNOS CaM (+), whereas a rate
of only kH = (1.6�0.5) � 108 s�1 was obtained for the S1176T
mutant. Indeed, molecular modeling identified Ser1176, which
is located close both to the NT terminal amine (3.1 �) and to
FAD (3.0 �), as a residue assisting in FAD protonation, together
with its H-bonding partners (8). Ser1176, through its hydrogen
bonds, may lower the pKa of the neighboring water mole-
cule(s) (Scheme 1). Consistently with this hypothesis, S1176A
could not form these H-bonds and no FAD� protonation was
observed in the transient spectra. In contrast, S1176T was still
able to form a single hydrogen bond and some FAD� protona-
tion was still detected (Figure 5 C). Our data are consistent
with the reported 20-fold decrease in nNOS flavin reduction
rate seen on the mutation of Ser1176 to Ala. Moreover, the
effect of calmodulin on nNOS activity was greatly reduced by
this mutation.[12]


We estimated that FAD� protonation decreased the rate of
charge recombination, at least from kb = (3�1) � 109 s�1 to kb’<


(7�3) � 108 s�1 in WT nNOS CaM (+). Alternatively, an increase
in the distance between NT+ and FAD� induced by a structural
change may have occurred in the range of hundred of ps in
CaM (+) samples, accounting for the decrease in recombina-
tion rate. However, this seems unlikely as it cannot account for
the protonation of FAD� deduced from the CaM (+) transient
spectra.


Electron flow was estimated by determining the ratio (R) of
the forward electron transfer rate (kET) to the observed decay
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(by charge recombination as in Equation (4) in CaM (�) or by
formation of FADH8 via Equations (3) and (4) in CaM (+)). CaM
binding increased this ratio by a factor of 6.2, from R = 3.7 to
23 (Table 2).


The 1–2 ns decay in WT nNOS was strongly affected by the
presence of CaM (Figure 4). This may reflect the formation of
FMNH8 by interflavin electron transfer, enhanced by CaM. Inter-
estingly, the S1176A mutant hardly decayed between 800 ps
and 1.6 ns, unlike the S1176T mutant. We attribute the lack of
decay of the S1176A mutant to the instability of FAD� , as pre-
viously reported.[12] FAD� decay should take place within
�300 ps to account for the lower level of back electron trans-
fer in this mutant (Figure S3 in the Supporting Information and
Table 2). Moreover, the S1176A mutant has a significantly
higher FMN redox potential (>40 mV) than S1176T and WT
nNOS (�120 mV).[12] This may account for the lack of back elec-
tron transfer in S1176A. Alternatively, Panda et al. have sug-
gested that there may be a conformational change in the FAD
environment gating interflavin electron transfer, consistently
with the slow 1–2 ns process reported here.[12] Indeed, the C-
terminal tail lies at the interface between the FAD and FMN
binding domains and interacts with the auto-regulatory region
(AR) when NADPH is bound. Calmodulin binding altered the
position of the tail, releasing the interaction with AR through
the subsequent movement of FMN in an intermediate state.[12]


We performed independent fluorescence experiments to dis-
tinguish between these two hypotheses. Flavins display strong
fluorescence in the oxidized state, and this fluorescence is
quenched upon reduction. The fluorescence lifetime of free
FMN in buffer is �4 ns.[30] If the interflavin FAD to FMN ET took
place within 1–2 ns, then FMN fluorescence should be
quenched and steady-state fluorescence by FMN suppressed.
Instead, calmodulin binding increased FMN fluorescence inten-
sity by 25 % in NT-bound nNOS, whereas this fluorescence de-
creased in nNOS with NADP+ (Figure 1). It is therefore highly
unlikely that FMNH8 is formed within 1 to 2 ns. Our data sug-
gest that a conformational change in the immediate vicinity of
FADH8 may be a prerequisite for interflavin ET. This structural
change was found to be crucially dependent on the presence
of calmodulin and the integrity of H-bonds between FAD and
the catalytic residues S1176 and Asp1393. S1176T can still form
a hydrogen bond with Asp1393, whereas this bond is not
formed in the alanine mutant.[12] Our absorption decays at
613 nm do not rule out the possibility of a second electron
transfer through NT* (or NT+*) as in Equation (5) within 1 to
2 ns, producing FADH2 in addition to the conformational
change involving FADH8 suggested above.


Overall, our data show that calmodulin enhanced electron
flow by increasing forward electron transfer to FAD and pro-
moting proton transfer to FAD� . This slowed down back elec-
tron transfer and increased the net electron flux towards FMN.
Calmodulin therefore increased catalytic efficiency. Our data
suggest that FAD is reduced in a fast pathway including aACHTUNGTRENNUNGsequential one-electron, one-proton transfer and one-electron
transfer. A similar pathway has recently been proposed to take
place in ferrodoxin reductase from Pseudomonas aeruginosa, in
which the C4 atom of Nic and the N5 atom of FAD are 15 �


apart, and in horseradish peroxidase; moreover, a NADH ana-
logue reacted through an ET pathway rather than direct hy-
dride transfer.[31–33]


The timescale of interflavin electron transfer was reported to
extend over more than a few ns.[22] This is very slow in view of
the short interflavin distance and the favorable DG value of
�100 mV.[16] The slow nature of this transfer reaction is con-
firmed by our own observations of FMN fluorescence. It sug-
gests that interflavin transfer requires a conformational change
either in the C-terminal tail or in FMN itself, as suggested by
Panda et al.[12]


Conclusions


Significance and perspectives for synchronized enzymatic
catalysis


Pulsed light excitation of the NT initiated the enzyme catalytic
cycle and provided us with a convenient means of synchroniz-
ing an ensemble of proteins in solution with a femtosecond
laser pulse. Synchronization is achieved on a significantly
longer timescale than the pulse width, as determined by the
rate of electron transfer into the flavin domain. For NT bound
to CaM (+) nNOS, electron transfer took place in �20 ps. This
timescale is likely to be affected by parameters affecting ET
rates. For example, the removal of calmodulin increased the
timescale for synchronization of the action of the constitutive
NO synthase nNOS, to �100 ps. This synchronization provides
an alternative to single-molecule techniques for the targeting
and control of biochemical redox processes. It is based princi-
pally on correct targeting of the narrow NADPH site, while a
semirigid conformation is maintained. This blocks the enzyme
in an active conformation (by moving Phe1395 away from
FAD), making it possible to study fast electron-transfer process-
es. The NT thus constitutes a powerful mechanistic tool,
making it possible to identify steps under kinetic control with
a trigger, on picosecond timescales. This tool may be particu-
larly useful for time-resolved X-ray studies and for the design
of specific activators or inhibitors of enzymatic activities. Our
EPR data showed that the activation by light of protein-bound
NT resulted in the release of NO radicals from NOHA. This
property may be exploited to control and localize the release
of free NO in cells with high spatial and temporal resolution by
two-photon excitation (Scheme 1).[17, 24, 29] We are currently
working along these lines and investigating the possible exten-
sion of the NT concept to other flavonoid proteins.


Experimental Section


Materials : l-Arginine, (6R)-5,6,7,8-tetrahydrobiopterin (BH4), calmo-
dulin, Tris buffer, N-hydroxyarginine (NOHA), potassium ferricya-
nide, and glycerol were purchased from Sigma. High-purity argon
(99.9995 %) was obtained from Air Products. Full-length nNOS was
overexpressed in E. coli and purified as previously described.[34]


Site-directed mutagenesis at position S1176 was performed as pre-
viously described.[12]
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Time-resolved spectroscopy : Pulsed light excitation at a rate of
500 Hz was achieved with a home-built TiSa oscillator and a 1 kHz
regenerative amplifier (Spitfire, Spectra Physics). The 810 nm light
pulses each had a power of 0.5 mJ and lasted 50 fs.[17] The beam
was separated into pump and probe. Pump pulses centered at
405 nm were generated with a 0.5 mm BBO crystal used in SHG
configuration. White light probe pulses in the 430 to 700 nm range
were generated by focusing part of the fundamental on a CaF2


window and separated into test and reference beams. The sample
was positioned away from the focal point and the intensity of the
pump beam was reduced with neutral density filters, thus avoiding
white light continuum generation in the sample. The beams each
had a diameter of 150 mm and pump energy of about to 2 mJ at
the sample position. These beams, after passing through the
sample, were dispersed and detected shot-by-shot on a CCD
camera configured as a dual-array detector. The sample was re-
newed between subsequent pulse pairs by rotation perpendicular
to the beams. The signal-to-noise ratio was improved by accumula-
tion of ten wavelength scans in two time windows: 1–50 ps and
50–800 ps or 1–10 ps and 10–200 ps. To obtain delay times longer
than 800 ps between pump and probe beams (Figures 4 and S2 in
the Supporting Information), the probe was delayed by 12.2 cm
with mirrors. The signal was optimized at 613 nm by use of MbCO
as a reference. Carbon monoxide bound to reduced myoglobin
was monitored under the same conditions and used as a reference
for an undecaying signal over the time scales of 200 to 800 ps and
up to 1.6 ns. Data were analyzed by singular value decomposition
(SVD) of the time–wavelength matrix and by single wavelength fits
to the raw data.


Molecular dynamics simulations : Molecular dynamics modeling
was carried out with the CHARMM 33 software.[35] The calculations
used the PDB file 1TLL,[9] with the missing residues 740–742, 831–
835, 850–871, 952–958, and 1414–1429 (chain A) and 742–751,
830–839, 847–876, 953–958, and 1414–1429 (chain B) computer-
generated and subjected to energy minimization before insertion
into the final structure. The model consists of two identical chains
of 665 residues each and contains two FAD and FMN moieties.
Known water molecules from the X-ray structure (223) and a “box”
of 5372 water molecules were added to the polypeptide chains.
Hydrogen atoms were generated by use of the CHARMM HBUILD
command. NT was introduced into the structure of the nNOSACHTUNGTRENNUNGreductase by replacement of the natural NADPH cofactor. The
common adenosine docking moiety was used to initiate chromo-
phore construction with the “IC BUILD” CHARMM command. The
energy of the structure was minimized with 200 SD and 2500
ABNR algorithm steps. A relative dielectric constant of one was ap-
plied to the entire structure. Motion equations were numerically in-
tegrated by use of the Verlet algorithm with 1 fs time steps. The
following simulation protocol was used: heating from 0 to 600 K
over 60 ps, equilibration phase at a constant temperature of 600 K
over 100 ps, cooling from 600 K to 0 K over 60 ps, followed by a
2500-step ABNR energy minimization of the NT·nNOSred complex.
Simulation with the NADPH cofactor was based on the following
protocol: heating from 0 to 400 K over 80 ps, equilibration at 400 K
for 1.5 ns, cooling from 400 K to 0 K over 160 ps, and energy mini-
mization. The entire structure was saved at picosecond intervals
for further analysis.


Steady-state fluorescence : Fluorescence emission spectra were re-
corded on an Eclipse (Varian) spectrofluorimeter, fitted with a ther-
mostated cell holder, with use of aerated solutions placed in
micro-cuvettes (60 mL). The emission spectra were recorded with


excitation and emission slits set at Dlex = 10 nm and Dlem = 5 nm,
respectively.


NT-induced NO formation detected by EPR spectroscopy : A solu-
tion of nNOS (5 mm) was equilibrated with NOHA (1 mm), BH4


(1 mm), calmodulin (20 mm), and CaII (100 mm) in Tris buffer
(50 mm) at pH 7.5, NaCl (150 mm), and NT (5 mm) for 30 min on ice
before the experiment. This aerated solution (750 mL) was trans-
ferred to a quartz cuvette and airtight with a rubber septum. This
septum prevented the NO generated from escaping into the sur-
rounding atmosphere. The cuvette was irradiated with a Xe lamp
(150 W) passed through an optic fiber and filtered through a
broad-band interference filter centered at 400 nm and a water
filter to remove IR light. After 10 min of illumination, Fe·MGD com-
plexes (0.4 mm, 100 mL) in Tris-buffer (pH 7.4, 100 mm) were inject-
ed into the cuvette.[25] An aliquot (300 mL) was extracted into a sy-
ringe through the septum and snap-frozen in liquid nitrogen. The
yield of paramagnetic NO·FeII·MGD complexes in the aliquot was
determined at 77 K with an EPR spectrometer (ESP300, Bruker,
Rheinstetten, Germany) in an ER4103TM cavity with a quartz finger
Dewar operating near 9.54 GHz. The apparatus setting was as fol-
lows: field modulation 5 G at 100 kHz, microwave power 20 mW,
gain 2 � 105, time constant, and ADC conversion time 82 ms. At
these settings, the detection limit for NO·FeII·MGD was � 20 pmol.
Trapping efficiency was estimated at 10 %.
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Observing Proteins as Single Molecules Encapsulated in
Surface-Tethered Polymeric Nanocontainers
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Mariusz Grzelakowski,[e] Per Rigler,[e] Wolfgang Meier,[e] and Jçrg Fitter*[a]


Introduction


Protein encapsulation in nanometer-sized cavities has become
a frequently practiced technique that has been employed for a
variety of applications in recent years. For example, protein en-
capsulation techniques are used for carrier-based drug deliv-
ery,[1–3] controlling and manipulating the protein microenviron-
ment,[4–7] protecting proteins from denaturation and aggrega-
tion,[8, 9] or for protein immobilization.[6, 10–12] Besides encapsula-
tion into sol–gel polymer matrices,[13] encapsulation into lipid
vesicles[14, 15] and polymeric vesicles[16, 17] has been established.
With respect to single-molecule studies, protein encapsulation
is a key technique to immobilize water-soluble proteins within
a native-like environment. In typical single-molecule studies
using confocal microscopy, a tightly focused laser beam in
combination with confocal detection defines a small volume
out of which bursts of photons are collected from individual
traversing proteins. Under these conditions, the observation
time for a single protein is limited by the translational diffusion
time of the molecule through the detection volume. However,
a possibility of extended observation times (>milliseconds)
would allow one to monitor rare or slow dynamic events as
well as repetitive processes with the same molecule. In order
to achieve longer observation times, proteins need to be im-
mobilized; optical or dielectrophoretic trapping techniques fail
on a molecular level due to the low polarizabilities of individu-
al molecules. One requirement for almost all single-molecules
studies with immobilized proteins is to reduce, as much as
possible, interactions of the protein with the surfaces of the
enclosing cavity used for immobilization. In protein folding or
during enzymatic action cycles, perturbing, protein-surface in-
teractions might significantly alter the polypeptide structure
and dynamics and can give rise to artifacts in the obtained re-
sults.[18] Several studies have demonstrated the successful con-


finement of proteins inside agarose gel matrices[19] or within
lipid vesicles[6, 20] without altering their structure and dynamics.
Even anchoring proteins directly to a polymer-coated surface
with a specific single-point attachment has given satisfactory
results.[21] However, all these techniques have their advantages
and disadvantages depending on the specific application.


Similar to lipid vesicles, vesicle-forming synthetic polymers
have been recently employed as nanocontainers for encapsu-
lating individual molecules. In particular, block copolymers
have proven to be well-suited to forming vesicles in which
proteins can be encapsulated.[16, 17, 22, 23] With respect to protein-


Immobilizing biomolecules provides the advantage of observing
them individually for extended time periods, which is impossible
to accomplish for freely diffusing molecules in solution. In order
to immobilize individual protein molecules, we encapsulated
them in polymeric vesicles made of amphiphilic triblock copoly-
mers and tethered the vesicles to a cover slide surface. A major
goal of this study is to investigate polymeric vesicles with respect
to their suitability for protein-folding studies. The fact that poly-
meric vesicles possess an extreme stability under various chemi-
cal conditions is supported by our observation that harsh unfold-


ing conditions do not perturb the structural integrity of the vesi-
cles. Moreover, polymerosomes prove to be permeable to GdnHCl
and, thereby, ideally suited for unfolding and refolding studies
with encapsulated proteins. We demonstrate this with encapsu-
lated phosphoglycerate kinase, which was fluorescently labeled
with Atto655, a dye that exhibits pronounced photoinduced elec-
tron transfer (PET) to a nearby tryptophan residue in the native
state. Under unfolding conditions, PET was reduced, and we
monitored alternating unfolding and refolding conditions for in-
dividual encapsulated proteins.


[a] T. Rosenkranz, A. Katranidis , D. Atta, Dr. J. Fitter
Forschungszentrum J�lich, INB-2, Molecular Biophysics
52425 J�lich (Germany)
Fax: (+ 49) 2461-612020
E-mail : j.fitter@fz-juelich.de


[b] A. Katranidis
Laboratory of Biochemistry, School of Chemistry
Aristotle University of Thessaloniki
54124 Thessaloniki (Greece)


[c] Dr. I. Gregor
Forschungszentrum J�lich, INB-1, Cellular Biophysics
52425 J�lich (Germany)


[d] Prof. J. Enderlein
Institut f�r physikalische und theoretische Chemie
Eberhard Karls Universit�t T�bingen
72076 T�bingen (Germany)


[e] Dr. M. Grzelakowski, Dr. P. Rigler, Prof. W. Meier
Institut f�r Physikalische Chemie, Universit�t Basel
Klingelbergstrasse 80, 4056 Basel (Switzerland)


[f] Dr. I. Gregor
Present address: Forschungszentrum Caesar
Abteilung Molekulare Neurosensorik
Ludwig-Erhard-Allee 2, 53175 Bonn (Germany)


702 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 702 – 709







folding studies, vesicles from synthetic polymers (polymero-
somes) offer several advantages. The vesicle preparation of
polymerosomes in aqueous solution is easy and rather similar
to procedures known for lipid vesicle formation. In contrast to
lipid vesicles, however, polymerosomes are remarkably stable
and remain structurally intact for months. In particular, their
stability against structural disintegration at elevated tempera-
tures, under osmotic and mechanical stress, or under other
harsh environmental conditions has attracted attention.[17, 24] In
this study, we encapsulated proteins into polymerosomes and
investigated the suitability of this system for studying protein
folding on a single-molecule level. For this purpose, an ABA tri-
block copolymer with two hydrophilic blocks (A) and one hy-
drophobic block (B) was employed to form vesicles with a di-
ameter in the range of 150–200 nm. During vesicle formation,
we encapsulated fluorescently labeled proteins, namely PGK
and BLA. The number of encapsulated proteins per vesicle and
properties of the encapsulated proteins for different unfolding
conditions have been analyzed. In the case of PGK, we fol-
lowed unfolding and refolding transitions using PET between
the fluorescent dye Atto655 and tryptophan residues, which
are located in proximity in the protein structure (e.g. , see
refs. [25] and [26]).


Results and Discussion


Protein encapsulation inside polymerosomes


To analyze the encapsulation efficiency during vesicle forma-
tion, we used buffers with free dye and with labeled proteins
at different concentrations. A typical elution profile is shown in
Figure 1. In this case, we observed high encapsulation efficien-
cies where most of the labeled PGK eluted together with the
fraction that also contained polymerosomes. The encapsulation
efficiency was rather similar for PGK and BLA and did not show
a dependence on the type of attached dye. For higher initial
protein concentrations (10 mm), the encapsulation efficiency
was slightly smaller, as indicated by larger relative dye concen-
trations in elution fractions 25–30. From DLS, we obtained an
average size of the polymerosomes in the 80–100 nm radius


range with a rather narrow size distribution (see Figure 3 D,
below).


Since we did not know the absolute number of polymero-
somes present in individual elution fractions, we could not di-
rectly estimate the number of encapsulated proteins per vesi-
cle. However, this can be done with photobleaching measure-
ments.[6, 11, 27] For this purpose, polymerosomes with encapsulat-
ed, fluorescently labeled proteins were immobilized on a glass
surface and imaged with a wide-field microscope (see Fig-ACHTUNGTRENNUNGure 2 A). After sufficiently extended illumination times, almost
all the fluorophores attached to the proteins inside the vesicle
will be photobleached. The number of encapsulated proteins
can be estimated by the number of discrete photobleaching
steps determined by abrupt drops in fluorescence intensity.
Typical examples of the time course of step-wise, single-mole-
cule photobleaching is shown in Figure 2 for one dye-labeled
protein in a vesicle (Figure 2 B), and for two proteins in a vesi-
cle (Figure 2 C). In principle, the process of protein encapsula-
tion into vesicles follows Poisson statistics, yielding a probabili-
ty distribution of numbers of proteins per vesicle (for details,
see refs. [6] and [11]). With the lowest initial protein concentra-


Figure 1. The elution profile shows that polymerosomes (measured by the
intensity of scattered light) and the major amount of encapsulated protein
(measured by fluorescence emission intensity) appear in the same elution
fractions (6–10). A small fraction of nonencapsulated protein is visible in
fractions 25–30. This profile corresponds to an initial protein concentration
of 1 mm in the buffer during vesicle formation.


Figure 2. A) Wide-field fluorescence image of surface-tethered polymerosomes containing Atto655-labeled PGK. B) Single-step and C) two-step photobleach-
ing events are presented, respectively, as time courses of fluorescence emission intensities, as obtained by integrating individual spots [data from the corre-
sponding image (A) are shown].


ChemBioChem 2009, 10, 702 – 709 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 703


Protein Unfolding Inside Immobilized Polymerosomes



www.chembiochem.org





tion used for encapsulation in this study (0.2 mm, see the Ex-
perimental Section), we observed that approximately 80 % of
all imaged polymerosomes exhibited one-step bleaching, and
20 % exhibited two-step bleaching. According to the distribu-
tion statistics, we also expected to have a considerable fraction
of polymerosomes with unlabeled proteins, but these will not
show up in a fluorescence image. Hence, polymerosomes as
prepared with our protocol are indeed suitable for single-mole-
cule encapsulation. If not stated otherwise, we employed these
polymerosomes containing on average one protein per vesicle
for all subsequent measurements.


Characterizing folded and unfolded states of encapsulated
proteins


A suitable encapsulation assay for protein-folding studies re-
quires a durable and stable capsule. As known from numerous
studies, vesicles made from triblock copolymers can ensure
this kind of stability.[17, 24] In most studies on protein folding,
the unfolding process is initiated by either elevating the tem-
perature (up to 60 8C) or by incubating the protein with high
concentrations of denaturants such as urea or guanidine hy-
drochloride (GdnHCl). Earlier studies demonstrated that lipid
vesicles can, in general, only partly withstand these conditions
and start to disintegrate or become leaky after some time.[28]


For lipid vesicles (made from EggPC, DMPC, and POPC), we ob-
served in DLS measurements that the hydrodynamic radii and
polydispersity increased at elevated temperatures (�60 8C)
and at higher concentrations (5 m) of GdnHCl. In contrast, our
polymerosomes maintain their structure up to temperatures of
at least 60 8C and GdnHCl concentrations of at least 5 m for
hours. We observed no change in hydrodynamic radii (see Fig-
ure 3 C) and the absence of any leakage under these condi-
tions.[29] On the one hand, it is a prerequisite that the capsule
is able to withstand protein unfolding conditions. On the other


hand, it is also important that the unfolding conditions can
affect proteins inside the vesicle. For temperature changes, this
requirement is obviously met; heat dissipation easily takes
place through the polymer membrane. Interestingly, the poly-
mer membrane of our vesicles is permeable to GdnHCl, which
offers the possibility to perform chemical unfolding/refolding
studies on encapsulated proteins. In order to prove the
GdnHCl permeability of the polymeric membrane, we made
use of a specific dye property. In solution, Alexa633 exhibits a
distinct redshift of the fluorescence emission spectrum upon
transfer from native buffer conditions to a 5 m GdnHCl buffer
(see Figure 3 A). Polymerosomes with encapsulated dye, which
were transferred from native buffer to different concentrations
of GdnHCl in the buffer, show a similar spectral shift, slightly
less pronounced for concentrations above 4 m (see Figure 3 A
and B). Therefore, we conclude that the membrane of our poly-
merosomes is permeable to GdnHCl. A 5 m GdnHCl concentra-
tion outside the polymerosomes leads to a spectral emission
shift of the encapsulated dye that corresponds to a GdnHCl
concentration of about 4 m, which is still sufficient to unfold
PGK.[30] As demonstrated in Figure 3 C and D, the transfer from
native buffer conditions to highly concentrated GdnHCl buffer
did not affect the structural integrity of the polymerosomes. To
our knowledge, nothing is published about the permeability of
liposomes to GdnHCl, but it is known from earlier studies that
liposomes are permeable to urea.[31] In folding studies with
proteins encapsulated in liposomes, a concentration of 2 m


GdnHCl was applied to the vesicles.[20, 32] This indicates that
GdnHCl, at least at this concentration, seems not to initiate the
disintegration of the liposomes.


For reasonable protein-folding studies we require undis-ACHTUNGTRENNUNGturbed protein molecules that are freely diffusing inside the
polymerosomes. Fluorescence polarization anisotropy provides
valuable information in this respect. Using the technique, one
can measure the rotational freedom of dyes bound to the pro-


Figure 3. A) Normalized fluorescence emission spectra of unbound dye (Alexa633) are displayed for native buffer conditions and for 5 m GdnHCl buffer. The
pronounced redshift (maximal shift 5–6 nm) is caused by the interaction of GdnHCl with the dye. Dyes were either freely diffusing in solution or encapsulated
in polymerosomes. B) The spectral emission shift of Alexa633 in solution (solid symbols) and encapsulated in polymerosomes (open symbols) is shown as a
function of GdnHCl concentration in the surrounding buffer. The GdnHCl-dependent shift is rather similar for free and encapsulated dye and proves at least a
partial permeability of the vesicle membrane to GdnHCl. Fluorescence emission spectra were measured directly after the samples were incubated at the re-
spective GdnHCl concentration. The observed peak positions did not change with time (that is, after 2–24 h), which indicates that the system was in equilibri-
um. The obtained values and the given standard deviations originate from three independent measurements. The size distributions of the polymerosomes, as
obtained from DLS, are presented for C) polymerosomes transferred from native buffer to 5 m GdnHCl and for D) native buffer conditions. The almost identical
size distributions for both buffer conditions indicate that the polymerosomes maintain their structural integrity upon GdnHCl treatment.
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tein, and this allows one to detect potentially perturbing inter-
actions of proteins with vesicle surfaces. In particular, unfolded
proteins are often susceptible to such unwanted interactions.
As visible from time-resolved and steady-state measurements
(see Figure 4 and Table 1), unbound dyes, dyes bound to


native proteins, and dyes bound to unfolded proteins exhibit
different anisotropies. Time-resolved anisotropy decays (Fig-ACHTUNGTRENNUNGure 4) showed a fast and almost complete decay of the aniso-
tropy within 2 ns for an unbound Atto655, which was indica-
tive of a freely rotating molecule. In contrast, Atto655 bound
to the native PGK exhibited a fast decay but thereafter reached
a constant level of about 0.1. This indicated a partial rotational
freedom of the bound dye, which was most probably confined
within a groove on the protein surface. Whole-protein rotation-
al motions are characterized by much longer correlation times
of the order of 30 ns,[33] which are much longer than the
Atto655 fluorescence lifetime (tf = 2 ns). Therefore, we could
not observe the complete anisotropy decay within the obser-
vation time of 10 ns. For unfolded PGK, the bound dye
showed again a different behavior. We observed a slower but
complete decay within the observation time. In this case, the
dye seemed to experience a higher rotational freedom than
did the native protein, because the protein structure had
melted, and the formerly existing groove was no longer hin-
dering rotational motion. Due to a rather flexible protein struc-
ture, local collisions could lead to a slower decay process. In


contrast to the cases discussed so far, membrane-embedded
dyes (Atto655-labeled DOPE molecule incorporated into the
polymer matrix of the vesicles) revealed much weaker anisotro-
py decays with significantly larger final anisotropy values. Obvi-
ously, the dye attached to DOPE experienced a more pro-
nounced rotational hindrance. In order to judge whether en-
capsulated proteins exhibit surface interactions or not, we
compared the results from proteins in solution with those ob-
tained from encapsulated proteins. This comparison revealed
that anisotropy decays were rather similar for both cases
(Figure 4). On the other hand, they differed significantly from
values obtained for dyes more tightly coupled to the polymer-
osome (Atto655-labeled DOPE embedded in the polymer
matrix). Within error limits, BLA and PGK exhibited similar re-
sults for dyes bound to the protein (Table 1). Therefore, we
conclude that encapsulated proteins in the folded as well as in
the unfolded state are not perturbed by interactions with poly-
merosome surfaces.


Application of PET to monitor the unfolding/refolding of
PGK


For studying molecules on a single-molecule level, the ensem-
ble techniques conventionally used for monitoring protein
folding (for example, Trp fluorescence or CD spectroscopy) are
not applicable due to poor sensitivity. To overcome this prob-
lem, the single-molecule fluorescence detection of dyes at-
tached to the protein structure is usually employed.[18, 34] Be-
sides FRET and FCS studies, which essentially monitor the over-
all size and relative positions of specific sites in the protein
structure for native and unfolded states,[32, 35, 36] a further tech-
nique, namely PET, was recently employed to follow protein-
folding events.[26] In the case of PGK, we were able to make
use of PET due to the fact that Atto655, attached at a defined
position within the protein structure, is efficiently quenched by
a Trp residue located in proximity to the dye. Upon unfolding,
a structural expansion takes place, and the average distance
between the dye and the quencher increases, which results in
a lower quenching efficiency.[37] Although the native amino
acid sequence of PGK contains a large number of lysine resi-
dues (target of the NHS-functionalized dyes), only two Lys resi-
dues (Lys213, Lys257) are in close proximity to the two Trp resi-
dues that are located in the C-terminal domain of the protein
(see Figure 5 A). A preferential labeling of these Lys residues
would give us the opportunity to detect native (compact) and
unfolded (expanded) states (at least of the C domain) by
simply measuring the fluorescence emission intensity of
Atto655. The results shown in Figure 5 B indicate that a signifi-
cant fraction of all the dyes bound to PGK is attached to one
of these two favored Lys residues. As demonstrated in this
figure, the thermally induced unfolding of the protein (moni-
tored by intrinsic Trp fluorescence, blue lines) was accompa-
nied by an increase of the Atto655 emission intensity (red
lines), caused by reduced PET upon structural expansion
during unfolding. A similar but much more pronounced in-
crease in the emission intensity of Atto655 was observed for
PGK incubated in 5 m GdnHCl buffer (see Figure 5 C). This


Figure 4. Anisotropy decays observed for Atto655 in the unbound state
(gray curve), bound to freely diffusing native PGK (orange, almost hidden
behind the blue curve), bound to freely diffusing unfolded PGK (red), and
bound to polymer-matrix-embedded DOPE (black). Blue curves (native PGK)
and green curves (unfolded PGK) represent measurements with encapsulat-
ed protein.


Table 1. Anisotropy values as obtained from steady-state measurements.


Native buffer 5 m GdnHCl buffer
in solution encapsulated in solution encapsulated


unbound Atto655 0.03�0.002 0.04�0.01 0.05�0.002 –
PGK/BLA-
Atto655[a]


0.12�0.03 0.13�0.05 0.09�0.02 0.10�0.05


DOPE-Atto655[b] – 0.27�0.02 – –


[a] Anisotropy values for Atto655 bound to PGK or BLA are the same
within the limits of error. [b] Atto655-labeled DOPE embedded in the po-
lymer matrix of the polymerosome.


ChemBioChem 2009, 10, 702 – 709 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 705


Protein Unfolding Inside Immobilized Polymerosomes



www.chembiochem.org





much larger intensity increase is most probably due to the fact
that GdnHCl also increases the dissociation constant of the
non-fluorescent Trp-Atto655 complex.[37] As a consequence,
GdnHCl alone reduces PET in steady-state measurements.
Therefore, in contrast to temperature-induced unfolding, the
much stronger signal increase in the Atto655 emission intensi-
ty observed for GdnHCl-induced unfolding is only partly
caused by structural unfolding. Thus, for investigating unfold-
ing conditions of polymerosome-encapsulated proteins on a
single-molecule level, the GdnHCl-induced fluorescence inten-
sity increase of Atto655 bound to PGK is a useful measure. In
contrast to PGK, Atto655-labeled BLA did not show PET or a
change in Atto655 fluorescence emission intensities upon pro-
tein unfolding. This indicates that for BLA, none of the Lys resi-
dues in the vicinity of Trp residues was labeled with Atto655.
For all the proteins we labeled via multiple possible Lys resi-
dues (BLA, PGK, and additional a-amylases), we observed
Atto655 fluorescence intensity changes caused by PET upon
unfolding and refolding transitions only for PGK.


For single-molecule studies, surface-tethered polymero-
somes containing encapsulated PGK were imaged with a
closed imaging chamber. Images from samples incubated with
native buffer and with 5 m GdnHCl buffer in an alternatingACHTUNGTRENNUNGsequence exhibit alternating intensity values from individual
spots (Figure 6). For a large number of spots we observed an
increase in intensities upon the change from native buffer to
unfolding buffer conditions and a decrease in intensity when
changing the buffer back to native conditions. This observation
indicates that individual PGK molecules encapsulated in poly-
merosomes reversibly unfold or at least experience unfolding
conditions upon incubation with 5 m GdnHCl buffer. To achieve
more detailed information on the unfolded states of proteins
or the characteristics of the unfolding/refolding transitions,
which will be a task for our future studies, more elaborate ap-


proaches employing site-specific labeling are required. In par-
ticular, suitable cysteine mutants with dyes bound in close
proximity to Trp residues can be used for more efficient, selec-
tive, Trp quenching.[26] In addition, proteins labeled at two de-
fined position in the protein structure allow FRET measure-
ments and can yield valuable structural information for differ-
ent folding states.[12, 20, 32, 35]


Conclusions


In this study, we have demonstrated that proteins encapsulat-
ed in polymeric vesicles offer the possibility to study individual
proteins for extended time periods. The encapsulation proce-
dure provides a native-like environment for water-soluble pro-


Figure 5. A) A structural model of PGK with highlighted Trp residues (red) and two nearby Lys residues (orange), which are putative binding sites for NHS-
functionalized fluorescent dyes. B) For ensemble measurements in 0.7 m GdnHCl, 30 mm Mops, 50 mm NaCl, 2 mm EDTA, and pH 7.4, the reversible thermal
unfolding of PGK was monitored by the shift of the Trp fluorescence emission peak (blue curves, right y-coordinate) and by the Atto655 emission intensity
(red curves, left y-coordinate). In both cases, solid and open symbols represent data during heating and cooling, respectively. The black line represents the
typical temperature dependence of the fluorescence intensity for free Atto655. The deviation of the red curves from the black curve at temperatures above
30 8C is caused by decreasing PET during spatial expansion of the unfolding PGK. The standard deviation for the experimental data points in this figure is on
the order of the size of the symbols. C) For PGK in solution and encapsulated in polymerosmes, the relative Atto655 emission intensity is shown for various
unfolding conditions. For native buffer conditions, the corresponding intensities were normalized to unity (see the horizontal line). Colored bars with stripes
represent data from encapsulated protein (with approximately one protein/polymerosome).


Figure 6. A typical time course of the measured emission intensity, as ob-
tained from the integration of an individual spot, is shown in this figure. The
images were measured every 30 s with polymerosomes bound to cover
slides, which were built in a closed imaging chamber suitable for in situ
buffer exchange. The arrows indicate buffer exchange from native to unfold-
ing conditions or vice versa.
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teins without any detectable hindrance from rotational reorien-
tations. The high structural stability and considerable longevity
of the polymerosomes qualifies them as an ideal tool for
single-molecule studies. The permeability of triblock copolymer
membranes to GdnHCl and their resistance against structural
disintegration at high denaturant concentrations ensure ideal
conditions for their use in protein-folding studies. At thermo-
dynamic midtransition points (e.g. GdnHCl1/2, T1/2, pH1/2) FRET-
based approaches provide particularly good structural details
during the folding and unfolding transitions of the proteins.
Under these conditions, the folded and unfolded states have
lifetimes of the order of seconds, and multiple, successive, un-
folding/refolding transitions can be observed with FRET for
single encapsulated proteins.[20, 32] A major goal for future stud-
ies will be to focus on proteins that exhibit unfolding/folding
transitions slow enough that trajectories of these transitions
can be followed.[20] In addition, it was shown recently that
channel proteins incorporated into the polymeric membrane
can facilitate the transfer of solutes and substrates across the
polymerosome membrane in a controlled manner,[7, 38] similar
to what has also been observed with liposomes.[12] In contrast
to vesicles nonpermeant to substrates, channel-equipped poly-
meric nanocontainers allow for a much wider range of interest-
ing applications. For instance, one can imagine studying con-
formational changes during catalysis or protein–substrate in-
teractions using polymerosome-encapsulated proteins.


Experimental Section


Protein labeling : PGK from bakers yeast and BLA (both purchased
from Sigma) were dissolved in sodium bicarbonate buffer (100 mm,
pH 8.3). The proteins were purified using a PD10 desalting column
(Sephadex G-25 matrix, GE Healthcare Bio-sciences). An NHS-ester
functionalized dye (Atto655 from Atto-Tec, Siegen, Germany or
Alex633 from Invitrogen) was added in threefold molar excess to a
protein solution (5–10 mm protein) at room temperature. The mix-
ture was incubated for 1 h, and free dye was removed with the Se-
phadex G-25 column. The labeling ratio was determined by using
a calibration for which we measured the Trp fluorescence intensity
as a function of protein concentration. With the known protein
concentration of labeled proteins and with the measured dyeACHTUNGTRENNUNGconcentration of labeled proteins from absorption spectroscopy
(for Atto655, at 663 nm with emax = 125 000 m


�1 cm�1 and for
Alexa633, at 630 nm with emax = 164 500 m


�1 cm�1), we calculated la-
beling ratios between 0.6 and 1.0 label per protein.


Fluorescence spectroscopy : Fluorescence emission spectra were
recorded with sample solutions in quartz cuvettes (104F-QS,
Hellma, M�hlheim, Germany) by using a QuantaMaster spectro-
fluorometer (QM-7) from Photon Technology International (Law-ACHTUNGTRENNUNGrenceACHTUNGTRENNUNGville, NJ, USA). The instrument was equipped with a pair of
Glan-Thomson polarizers and with a long-wavelength-sensitive
photomultiplier (R928, Hamamatsu) to measure dyes emitting in
the far red. The unfolding and refolding transitions of PGK (in
30 mm Mops, 50 mm NaCl, 2 mm EDTA, pH 7.4; 0.05–0.1 mg mL�1


protein) were monitored by measuring the emission wavelength
(lmax) of the intrinsic Trp fluorescence (see, for example, ref. [30]).
The excitation wavelength was 295 nm, and all emission spectra
(recorded between 300–450 nm) were corrected for background
intensities as measured with pure buffer solutions. In addition,


Atto655 and Alexa633 emission intensities were measured, in some
cases, by using the polarizers to obtain steady-state anisotropy
values. For measurements with polymerosomes, the elastic scatter-
ing was fitted and thereafter subtracted from the measured emis-
sion spectra.


Preparation of polymerosomes and protein encapsulation : The
synthesis of ABA triblock copolymers used to form polymerosomes
is described elsewhere.[39] The ABA polymer consists of a larger hy-
drophobic block B (PDMS, with 60 dimethylsiloxane units) and two
shorter hydrophilic blocks A (PMOXA, with 20 methyloxazoline
units; ABA: PMOXA20-PDMS60-PMOXA20). For polymerosome prepa-
ration, 3.6 mg of triblock copolymer and 0.4 mg biotinylated tri-
block copolymer was dissolved in 1 mL of chloroform. While this
solution was permanently rotated in a glass tube, the solvent was
evaporated under a nitrogen atmosphere. Subsequently, buffer
(0.8 mL, 10 mm Mops, 50 mm NaCl, 2 mm EDTA, pH 7.4) was added
dropwise to the dried polymer film. After 20 min of incubation, the
solution was sonicated for about 60 s, and 0.2 mL of protein solu-
tion (protein concentration in 1 mL of buffer was 0.2–10 mm) was
added. Thereafter, this mixture was stirred for periods between 4
and 12 h at room temperature, depending on the protein in use.
Typically, the solution became much more transparent after stir-
ring. The resulting suspension was subsequently extruded approxi-
mately 20 times through a polycarbonate membrane (diameter
100 nm) using a Lipofast-basic extruder (Avestin Europe GmbH,
Mannheim, Germany). In order to remove free (unencapsulated)
protein from the monodisperse polymerosomes, the solution was
purified using a Sephadex G-75 column (30 cm, MWCO 80 kDa).
The obtained elution fractions were measured in a DynaPro dy-
namic light scattering system from ProteinSolutions (Lakewood, NJ,
USA) to determine the amount and size distribution of the poly-
merosomes. Fluorescence spectroscopy was employed to measure
the amount of labeled protein. The polymerosomes obtained were
stable and intact for at least several months.


Preparation of slides and immobilization of polymerosomes :
Glass slides were cleaned with a PDC-32G plasma cleaner (Harrick
Plasma, Ithaca, NY, USA). Poly(ethylene oxide) (PEO) surfaces were
formed according to Groll and co-workers.[40] A commercial amino-
silane, Vectabond (Vector Laboratories, Burlingame, CA), was used
to amino-functionalize the glass slides. PEO (50 mg mL�1) solutions
in 50 mm Na2CO3 buffer (pH 8) were prepared from mPEG-SPA (MW


5000, Nektar Therapeutics, Huntsville, AL) or a mixture of biotin-
PEG-NHS (50 ng mL�1, MW 3400, Nektar Therapeutics, Huntsville,
AL) and mPEG-SPA (MW 5000) in a 1:106 ratio. PEO was allowed to
react with the Vectabond amino-functionalized surface for 3 h in
the dark. Surfaces were washed with Millipore water and were sub-
sequently exposed to streptavidin (2 mg mL�1; Sigma–Aldrich) in
the same buffer for 10 min. Finally, the surfaces were incubated
with a 1000-fold diluted elution fraction of biotinylated polymero-
somes. After 15 min, unbound polymerosomes were washed away
with buffer. The streptavidin-biotin binding assay is known to
maintain its structural integrity even under strong denaturation
conditions.[41]


Confocal microscopy : Time-resolved fluorescence anisotropy
decays were measured on a home-built confocal microscope. A
droplet of protein or polymerosome-encapsulated protein solution
(both at approximately 0.1 mm of protein) was deposited on the
surface of a cover slide. The excitation light (640 nm) from a
pulsed diode laser (LDH-d-C-640, PicoQuant, Berlin) with a 20 MHz
repetition rate was focused by an oil-immersion objective (Apoplan
1.4 N.A./ � 60, Olympus) onto the buffer solution at approximately
20 mm away from the surface of the cover slide. The fluorescence
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emission was collected by the same objective, passed through a
dichroic mirror (660DRLP, Omega optical Inc. , USA) and focused
through a pinhole (100 mm). Subsequently, the emission light was
split up by a polarizing beamsplitter cube (Linos Photonics, Gçttin-
gen, Germany) and refocused through appropriate emission filters
(690DF40) onto single-photon-counting avalanche photodiodes
(Perkin–Elmer). The signal was processed by a PicoHarp 300 (Pico-
Quant, Berlin) TCSPC. electronics board, and the data were ana-
lyzed and displayed with custom routines in Matlab.


Wide-field fluorescence microscopy : Individual, surface-tethered
polymerosomes containing fluorescently labeled proteins were
imaged employing an inverted microscope (Olympus IX-71) in
wide-field illumination mode. Excitation light at 640 nm was pro-
vided by an argon ion, laser-pumped, dye laser. This light was re-
flected by a dichroic mirror (Q660 LP, Chroma Technology, Rocking-
ham, VT, USA) into the high numerical aperture objective. Fluores-
cence emission light was collected by an UPlan 1.3 N.A./ � 100 oil-
immersion objective (Olympus), passed through a discriminating
filter (690DF40, Omega Optical), and imaged onto a high-sensitivity
Peltier-cooled CCD camera (iXon DV885, Andor Technology, South
Windsor, CT, USA). The properties of encapsulated proteins were
monitored in situ using a confocal imaging chamber (RC-30HV
from Havard Apparatus, Holliston, MA, USA) which enabled us to
incubate the polymerosomes with different buffers. The closed
chamber was formed by a slotted silicon gasket (5 � 35 mm) sand-
wiched between two cover slides. The buffer in the chamber
(50 mL) was exchanged using a syringe connected to the chamber
via two peripheral tubings (the required time for buffer exchange
was approximately 15 s). To evaluate integrated intensities fromACHTUNGTRENNUNGindividual spots, the images were processed with custom-written
Matlab routines.


Anisotropy measurements : For anisotropy measurements, linearly
polarized light (either vertically or horizontally polarized) was used
to excite fluorophores in solution, and the fluorescence emission
was measured for vertical and horizontal polarizer orientations
(I? and Ik). Fluorescence anisotropy is defined as:


r ¼
ðIk=I?Þ�1


ðIk=I?Þ þ 2
ð1Þ


For steady-state anisotropies, a single channel (L-format) configura-
tion was used, and we performed four individual measurements,
which gave us the required anisotropy [Equation (2)]:


r ¼ IVV�GIVH


IVV þ 2 GIVH
with G ¼ IHV


IHH


ð2Þ


Here the G factor corrects for the different detection efficiencies of
the horizontal and vertical emission pathways. In anisotropy decay
measurements, a two channel (T-Format) configuration was em-
ployed, where the vertical and horizontal emission components
are detected simultaneously. By using vertically and horizontally
polarized excitation light, the anisotropy can be calculated as
given by Equation (1) (for details see ref. [33]).
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“Click Peptide“: pH-Triggered in Situ Production and
Aggregation of Monomer Ab1–42
Atsuhiko Taniguchi ,[a] Youhei Sohma ,[a, b] Yuta Hirayama,[a] Hidehito Mukai,[a] Tooru Kimura,[a]


Yoshio Hayashi ,[a, c] Katsumi Matsuzaki,[d] and Yoshiaki Kiso*[a]


Introduction


Amyloid b peptides (Abs) are the main proteinaceous compo-
nents of amyloid plaques found in the brains of Alzheimer’s
disease (AD) patients.[1] Amyloid plaques contain abundant fi-
brils formed from Abs that have been found to be neurotoxic
in vitro and in vivo.[2] Although many studies support the
notion that the self-assembly of Abs is crucial in the pathogen-
esis of AD, the toxicological mechanisms of Abs in neuronal
cells are unclear and remain controversial. One major obstacle
in elucidating these mechanisms is that differences in the
manner of Ab monomer preparation apparently lead to irre-
producible or discrepant experimental results in studies of the
pathological significance of Abs.[3–8]


To investigate the toxicology of Ab, samples should be used
in their monomeric random coil states, because the neurotox-
icity and kinetics of Ab aggregation are directly linked with the
assembly states (monomer, oligomer and aggregate). However,
chemically synthesized Abs often contain various oligomeric
forms,[6, 9] because Abs undergo self-aggregation in aqueous tri-
fluoroacetic acid (TFA)/acetonitrile during HPLC purification.[10]


In addition, the quantitative ratio of each oligomeric state is
different among the sources (lots) of synthesized Abs. Various
pre-treatments have been adopted to minimize problems with
Abs. For example, dimethylsulfoxide (DMSO),[11–13] hexafluoro-ACHTUNGTRENNUNGisopropanol (HFIP),[14] TFA,[15] NaOH[16] and NH4OH[17] have been
used to solubilize and/or disaggregate Abs. Moreover, ultrafil-
tration,[16] ultracentrifugation[17] and size-exclusion chromatog-
raphy (SEC)[18] have been performed to obtain low molecular
weight Abs. These various pretreatment methods lead to dif-
ferent results in physicochemical or biological studies of Abs.
Moreover, the obtained monomer Abs sometimes assemble
during storage prior to their use. Thus, the problem of irrepro-
ducible or discrepant study outcomes due to different sources
(lots), pre-treatments and storage conditions is predominantly


associated with the intense and uncontrollable self-assembling
nature of Abs.


Hence, we conceived the idea that an in situ production
system that affords only monomer Abs with a random coil
structure would be a superb tool in understanding the patho-
logical role of Abs. We envisioned that such a system wouldACHTUNGTRENNUNGrequire 1) a water-soluble precursor peptide possessing no
self-assembling nature and 2) an ability to produce monomer
Abs under physiological conditions.


We previously developed an “O-acyl isopeptide method”[19, 20]


for the synthesis of peptides containing difficult sequences.
We disclosed that the presence of an O-acyl instead of the
native N-acyl residue at a hydroxyamino acid residue (for ex-
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The intense and uncontrollable self-assembling nature of amyloid
b peptide (Ab) 1–42 is known to cause difficulties in preparing
monomeric Ab1–42 ; this results in irreproducible or discrepant
study outcomes. Herein, we report novel features of a pH click
peptide of Ab1–42 that was designed to overcome these prob-
lems. The click peptide is a water-soluble precursor peptide of
Ab1–42 with an O-acyl isopeptide structure between the Gly25–
Ser26 sequence. The click peptide adopts and retains a mono-
meric, random coil state under acidic conditions. Upon change


to neutral pH (pH click), the click peptide converts to Ab1–42
promptly (t1/2�10 s) and quantitatively through an O-to-N intra-
molecular acyl migration. As a result of this quick and irreversible
conversion, monomer Ab1–42 with a random coil structure is
produced in situ. Moreover, the oligomerization, amyloid fibril
formation and conformational changes of the produced Ab1–42
can be observed over time. This click peptide strategy should pro-
vide a reliable experimental system to investigate the pathologi-
cal role of Ab1–42 in Alzheimer’s disease.
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ample, Ser and Thr) in the peptide backbone drastically
changed a physicochemical property of the native peptide.
Moreover, the target peptide was generated through an O-to-
N intramolecular acyl migration. This method was applied to
the synthesis of Alzheimer’s Ab1–42, the low yield and purity
of which were caused by self-aggregation during solid-phase
peptide synthesis and HPLC purification. Namely, modification
of the O-acyl-isomerized structure between Gly25–Ser26 of
Ab1–42 resulted in an efficient synthesis of 26-O-acyl isoAb1–
42 (1; Scheme 1).[21] Due to the ionized Na-amino group of
Ser26, 1 was 100-fold more water-soluble than Ab1–42.[21, 22]


Consequently, 1 was easily purified by HPLC. Moreover, Ab1–
42 could then be obtained from 1 through a pH-dependent,
O-to-N intramolecular acyl migration under neutral conditions
(Scheme 1). These features are not only beneficial for efficient
synthesis but also for physicochemical/biological studies used
to examine the role of Ab1–42 in AD. In this context, we devel-
oped analogues of 1 that converted into Ab1–42 by photoirra-
diation under physiological conditions.[23] These isopeptides
were expected to give intact Ab1–42 with a monomeric
random coil structure. Recently, we[19–28] and other groups[29–34]


have applied the method to various fields of research.
In this article, we describe novel features of isopeptide 1


(designated “pH click peptide”) that are useful in studying AD.
These features were verified by various physicochemical ex-
periments. Click peptide 1 clearly adopted and retained a mon-
omeric state with a random coil structure under acidic condi-
tions. Upon a change to a neutral pH (pH click), 1 promptly
and quantitatively converted into Ab1–42 in situ (t1/2~10 s).
Thus, we succeeded in establishing an in situ system predomi-
nantly comprised of monomer Ab1–42 as a result of a quick
and irreversible conversion of monomer 1 upon a pH change
(pH click). Moreover, oligomerization, amyloid fibril formation
and conformational changes of the in situ-produced monomer
Ab1–42 were observed over time.


Results


Stability of pH click peptide 1 and its conversion to Ab1–42


The stability of pH click peptide 1 under acidic or neutral
conditions was examined by HPLC. Compound 1 was stable
(>95 %) in 0.1 % aqueous TFA at 37 8C for 24 h, at room tem-


perature for 6 days and at �80 8C for 1 month. However, upon
addition of phosphate buffer (pH 7.4) to 1 in 0.1 % aqueous
TFA (final concentration of 1 was 40 mm, See the ExperimentalACHTUNGTRENNUNGSection) and incubation at 37 8C, 1 was converted to Ab1–42
through the O-to-N intramolecular acyl migration with a t1/2 of
~10 s (Figure 1). The conversion was mostly complete after


2 min and no precipitates from the peptide were observed. A
similar conversion profile was observed at room temperature
(15 s: 54 %, 30 s: 72 %, 1 min: 85 %, 2 min: 91 % and 5 min:
94 %). In our previous study, the conversion of 1 to Ab1–42
took place in 1 % DMSO containing phosphate buffered saline
(pH 7.4) with a t1/2 of 1 min;[21b] this suggests that 1 % DMSO
slowed the O-to-N migration. Consequently, 1 was stable in
0.1 % aqueous TFA and enabled a quick and quantitative in
situ production of Ab1–42 upon a pH change (pH click) to
pH 7.4.


Aggregation assay of pH click peptide 1 under acidicACHTUNGTRENNUNGconditions


pH click peptide 1 (30 mm) in 0.1 % aqueous TFA , which was
prepared by ultra-centrifugation (see the Experimental Sec-
tion), was incubated at 37 8C. The oligomerization, amyloid
fibril formation and secondary structure of 1 were then period-
ically investigated by SEC, a thioflavin-T (ThT) assay and circular


Figure 1. Time course of Ab1–42 production from pH click peptide 1 (40 mm)
through an O-to-N intramolecular acyl migration in pH 7.4 buffer. The inset
shows a longer time scale.


Scheme 1. In situ production of Ab1–42 from 26-O-acyl isoAb1–42 (designated pH click peptide 1) through an O-to-N intramolecular acyl migration triggered
by pH change (pH click).
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dichroism (CD) spectroscopy (Figure 2).[35] In the SEC analysis,
the peak area at elution time 28 min, which corresponds to a
monomeric molecular mass, was not significantly affected


during a 24 h incubation. A peak corresponding to the oligo-
mer was not detected (Figure 2 A). In addition, no significant
change was observed after the incubation of 1 in the ThT fluo-
rescence intensity corresponding to the amount of oligomer
and/or amyloid fibril (Figure 2 B). Moreover, the CD spectrum
of 1 in 0.1 % aqueous TFA showed a negative maximum at ap-
proximately 200 nm, which is characteristic of a random coil
structure, in both the ~1 min and 24 h incubations (Figure 2 C).
These results clearly demonstrate that 1 adopts a monomeric,
random coil structure without aggregation in an aqueous solu-
tion with 0.1 % TFA, and the state of 1 was clearly maintained
over a reasonably time period to allow for its storage for vari-
ous experiments.


In the case of Ab1–42 under the same conditions, a peak
area corresponding to the monomer decreased after 24 h by


SEC analysis (Figure S1 A). In the ThT assay, a drastic increase in
ThT fluorescence intensity indicated the oligomerization of
and/or amyloid fibril formation by Ab1–42 (Figure S1 B). In CD
spectroscopy, a secondary structure transition (random coil to
b-sheet) was observed (Figure S1 C). These results agree with
the previous observation that the O-acyl isopeptide structure
in 1 suppresses the self-assembling nature of Ab1–42 by modi-
fying hydrogen-bond interactions.[21, 23]


Aggregation assay of Ab1–42 from pH click peptide 1 under
neutral conditions


A solution of pH click peptide 1 (140 mm) in 0.1 % aqueous TFA
was neutralized by dilution with phosphate buffer (pH 7.4) to
30 mm of 1 (See the Experimental Section) and incubated at
37 8C. The self-assembling nature of the converted Ab1–42 was
periodically investigated by SEC, the ThT assay and CD spec-
troscopy.[35] At an incubation time of ~2 min, in which the con-
version was mostly complete as described above, only a peak
at elution time 28 min (corresponding to the monomer) was
observed without any oligomer peak in the SEC profile (Fig-
ure 3 A). This profile showed that monomer Ab1–42 dominated
the system. A ThT assay and CD experiment of the sample with
a similar incubation time (~1 min) indicated that the produced
Ab1–42 did not form any amyloid fibrils and adopted the
random coil structure immediately after neutralization to
pH 7.4 (pH click), as shown in Figure 3 B and C.


In the SEC analysis, a newly generated peak (elution time
17 min) corresponding to an oligomer (>octamer) of Ab1–42
appeared after 1 h of incubation and increased with incubation
time at the expense of the monomer peak (elution time
28 min) (Figure 3 A). The fluorescence intensity in the ThT assay
also increased with time (Figure 3 B). These results indicated
that oligomers and/or amyloid fibrils of Ab1–42 were periodi-
cally formed. Moreover, in the CD experiments, the [q] values
in the range of 195 to 200 nm increased, and the values atACHTUNGTRENNUNGapproximately 217 nm decreased with incubation time (Fig-
ure 3 C). These changes suggested that the conformation of
the in situ-produced Ab1–42 shifted from a random coil to a
b-sheet structure in pH 7.4 buffer. As for the case of an authen-
tic Ab1–42, oligomerization, amyloid fibril formation and con-
formational change were also observed under similar condi-
tions (Figure S2). These results indicate that monomer Ab1–42
can be prepared from 1 through a quick and irreversible trans-
formation, and both aggregation and conformational changes
of the monomer Ab1–42 proceed over time in situ.


Discussion


pH click peptide 1, an O-acyl isopeptide of Ab1–42 with a b-
ester bond between the native Gly25–Ser26 sequence, is a
water-soluble precursor peptide of Ab1–42. Compound 1 can
produce an intact Ab1–42 by a pH trigger. In 0.1 % aqueous
TFA, 1 was chemically stable without any hydrolysis or chemi-
cal rearrangement. In addition, 1 in 0.1 % TFA clearly adopted a
monomeric state with a random coil structure and did not ex-
hibit self-assembly, while Ab1–42 itself was highly aggregative


Figure 2. A) Size-exclusion chromatography (SEC), B) thioflavin-T (ThT) assay
and C) circular dichroism (CD) spectroscopy of pH click peptide 1 (30 mm) in
0.1 % aqueous TFA (before pH click), incubated at 37 8C.
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under similar conditions. These results demonstrated that the
O-acyl isopeptide structure in 1 plays a key role in the suppres-
sion of the self-assembling nature present in Ab1–42. Upon a
pH change to neutrality (pH click), a very quick O-to-N, intra-
molecular acyl migration in 1 (t1/2~10 s) occurred to give intact
monomer Ab1–42 with a random coil structure. The in situ-
produced Ab1–42 exhibited time-dependent oligomerization,
amyloid fibril formation and a conformational change from a
random coil to a b-sheet structures (Figure 4).


The intense and uncontrollable self-assembling nature of
Ab1–42 during synthesis and storage has led to difficulties in
preparing monomeric Ab1–42. The difficulties have brought ir-
reproducible or discrepant experimental results. To overcome
these problems, 1 was designed and displayed the following
advantages: 1) the isopeptide was efficiently obtained due to
the suppression of aggregation during peptide synthesis and
HPLC purification, 2) the 100-fold higher water solubility of 1
over that of Ab1–42 enabled the preparation of solutions with
higher concentrations, which would allow for the diversifica-


tion of experiment types, 3) the monomeric, random coil struc-
ture of 1 was stable under acidic conditions, and 1 could be
stored as a stock solution and 4) monomer Ab1–42 could be
quickly produced in situ upon being triggered by a pH click of
1. Thus, the use of 1 should overcome the handling problems
of Ab1–42 in investigating its pathological role in AD.


Conclusions


In the present study, novel features of pH click peptide 1 were
shown by various physicochemical experiments. From these
features, we established an in situ system in which monomeric
1 quickly converted into monomer Ab1–42 with a random coil
structure in neutral pH buffer. Moreover, the produced Ab1–
42 monomer underwent self-assembly and conformational
changes under physiological conditions. The click peptide
could reproducibly provide a means to recreate the assembly
events that originate from monomer Ab1–42. The study of
these events is important in the elucidation of the pathological
role of Ab1–42 in AD. Thus, this click peptide strategy could
provide a reliable experiment system in Ab-related AD research
and help to more clearly explain the functions of Ab1–42. We
are currently pursuing studies on the pathophysiological signif-
icance of Ab1–42 using this click peptide.


Experimental Section


Peptide synthesis : pH click peptide 1 and Ab1–42 were synthe-
sized according to our previous report.[21b] Homogeneity and iden-
tity of synthesized peptides were confirmed by analytical HPLC,
MALDI-TOF MS and amino acid analysis. Analytical HPLC was per-
formed on l-7000 series units (Hitachi High-Technologies Corpora-
tion, Tokyo, Japan) using a C18 reversed-phase column (4.6 �
150 mm, YMC Pack ODS AM302; YMC Co., Ltd. , Kyoto, Japan) with
a binary solvent system: a linear gradient of CH3CN in 0.1 % aque-
ous TFA at a flow rate of 0.9 mL min�1 (40 8C), detected at 230 nm.
MALDI-TOF MS spectra were recorded on a Voyager DE-RP (Ap-
plied Biosystems, Foster City, CA, USA) using a-cyano-4-hydroxy
cinnamic acid as a matrix. Amino acid analyses were performed at
Peptide Institute, Inc. (Osaka, Japan). Standard chemicals were pur-
chased from commercial suppliers such as Wako Pure Chemical


Figure 3. A) Size-exclusion chromatography (SEC), B) thioflavin-T (ThT) assay
and C) circular dichroism (CD) spectroscopy of Ab1–42 from pH click peptide
1 (30 mm) in pH 7.4 buffer (after pH click), incubated at 37 8C.


Figure 4. In situ production of monomer Ab1–42 from pH click peptide 1
and the following aggregation of the produced Ab1–42.
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Ind., Ltd. (Osaka, Japan), Nacalai Tesque (Kyoto, Japan), Watanabe
Chemical Ind., Ltd. (Hiroshima, Japan) and Sigma–Aldrich.


Stability of 1 in 0.1 % aqueous TFA : pH click peptide 1 (140 mm)
in aqueous TFA (0.1 %) was stored at �80 8C, or the solution
(30 mm 1) was incubated at rt or 37 8C. Each solution was analyzed
by analytical HPLC as described above.


Conversion of 1 to Ab1–42 in phosphate buffer : pH click peptide
1 (140 mm) in aqueous TFA (0.1 %) was diluted with an equal
volume of phosphate buffer (0.2 m, pH 7.4). Additional phosphate
buffer (0.1 m, pH 7.4) was immediately added to obtain 40 mm of
the peptide solution (pH 7.4). The solution (100 mL) was incubated
at rt or 37 8C, mixed with HFIP (100 mL) at the desired time points
(5, 15 and 30 s and 1, 2, 5, 15 and 30 min) to quench the migration
reaction, and analyzed by analytical HPLC.


Preparation of peptide solution :[17, 35] pH click peptide 1 (280 mm)
was dissolved in aqueous TFA (0.1 %), while Ab1–42 (180 mm) was
dissolved in aqueous NH4OH (0.02 %) due to the low water-solubili-
ty of Ab1–42. Each solution was ultra-centrifuged (435 000 or
541 000 g) at 4 8C for 3 h on a TL-100 (Beckman Instruments, Inc. ,
Palo Alto, CA, USA) with a TLA-100.1 or TLA-100.3 rotor (Beckman
Instruments, Inc. , respectively). The upper three-quarters fraction
was collected. The peptide concentration of each solution was esti-
mated from a UV absorption at 280 nm on a BioSpec-1600 (Shi-
madzu Co., Kyoto, Japan), using a Tyr extinction coefficient of
1490 m


�1 cm�1.[36] The solution of 1 was further diluted with aque-
ous TFA (0.1 %, 140 mm 1), while the solution of Ab1–42 was dilut-
ed with aqueous NH4OH (0.02 %, 80 mm Ab1–42). Each solution was
stored at �80 8C until use. Just before the experiments, the stock
solution of 1 or Ab1–42 was thawed and diluted with an equal
volume of phosphate buffer (0.2 m, pH 7.4). Then additional phos-
phate buffer (0.1 m, pH 7.4) was immediately added to obtain the
peptide solution (30 mm, pH 7.4).


In the preparation of each peptide solution under acidic condi-
tions, 1 (280 mm) was dissolved in 0.1 % aqueous TFA, while Ab1–
42 was saturated in 0.1 % aqueous TFA. The solution of 1 or Ab1–
42 was applied to ultra-centrifugation in a similar manner asACHTUNGTRENNUNGdescribed above. Each obtained solution was further diluted with
0.1 % aqueous TFA to obtain 30 mm of 1 or Ab1–42.


Size-exclusion chromatography (SEC):[35] pH click peptide 1 or
Ab1–42 (30 mm each peptide) in aqueous TFA (0.1 %) was incubat-
ed at 37 8C. The aliquot (35 mL, 1.1 nmol) was directly applied to
SEC at the desired time points (~2 min and 24 h). Compound 1 or
Ab1–42 in a pH 7.4 buffer was also incubated and applied to SEC
at the desired time points (~2 min and 1, 3, 6, 12 and 48 h). SEC
was performed on an �KTA explorer 10S (GE Healthcare UK Ltd. ,
Buckinghamshire, England) instrument using Superdex 75 HR 10/
30 (GE Healthcare UK Ltd.) with an isocratic solvent system: phos-
phate buffered saline (pH 7.4) at a flow rate of 0.5 mL min�1, de-
tected at 220 nm. The column was pre-treated with excess bovine
serum albumin (BSA; Sigma–Aldrich) to block non-specific binding
of peptides. Molecular mass was estimated with FITC-dextrans (MW


4000, 20 000 and 40 000; Sigma–Aldrich) as standards. A voiding
time of 16 min was estimated by an elution time of blue dextran
(av. MW 2 000 000; Sigma–Aldrich).


Thioflavin-T (ThT) assay :[35] pH click peptide 1 or Ab1–42 (30 mm


each peptide) in aqueous TFA (0.1 %) was incubated at 37 8C. The
solution was applied to ThT assay at the desired time points
(~1 min and 24 h). 1 or Ab1–42 in a pH 7.4 buffer was also incubat-
ed and applied to ThT assay at the desired time points (~1 min
and 6, 12, 24, 48 and 96 h). The aliquot sample (69 mL, 2.1 nmol)


was added to ThT (5 mm, Sigma–Aldrich Inc.) containing glycine
buffer (2 mL, 50 mm Gly, pH 8.5). ThT fluorescence at 480 nm was
measured at an excitation wavelength of 440 nm at RT on a Versa-
Fluor (Bio-Rad Laboratories Inc. , Hercules, CA, USA) instrument.
ThT fluorescence intensity was calculated using a standard fluores-
cence intensity (1000) of a 20 mm calcein solution (Dojindo Labora-
tories, Kumamoto, Japan) in phosphate buffered saline (pH 7.4).
Each assay was done in triplicate.


Circular dichroism (CD) spectroscopy :[35] pH click peptide 1 or
Ab1–42 (30 mm each peptide) in aqueous TFA (0.1 %) was incubat-
ed at 37 8C. The solution (210 mL, 6.3 nmol) was applied to CD
spectroscopy at the desired time points (~1 min and 24 h). Com-
pound 1 or Ab1–42 in a pH 7.4 buffer was also incubated and ap-
plied to CD spectroscopy at the desired time points (~1 min and 1,
3, 6, 12 and 48 h). CD spectra were measured at 37 8C on a J-720WI
(JASCO Corporation, Tokyo, Japan) instrument using a 1.0 mm path
length quartz cell. Eight scans were averaged for each sample.
Averaged blank spectra were subtracted, respectively.
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Phosphorothioation of Oligonucleotides Strongly
Influences the Inhibition of Bacterial (M.HhaI) and Human
(Dnmt1) DNA Methyltransferases
Simon Warncke, Aline G�gout, and Thomas Carell*[a]


Introduction


The enzymes M.HhaI and Dnmt1 are DNA-cytosine methyl-
transferases that catalyze the transfer of the activated methyl
group of S-adenosylmethionine (SAM) to the C5 position ofACHTUNGTRENNUNGcytosine.[1, 2] M.HhaI is the methyltransferase originally isolated
from Haemophilus haemolyticus in which it serves as part of a
restriction–modification system that defends the bacteria
against infection by bacteriophages. It methylates the internal
cytosine in the recognition sequence 5’-GCGC-3’ to give 5’-
GCMGC-3’.[3–6] The human Dnmt1 is termed maintenance meth-
yltransferase because it preferentially methylates hemimethy-
lated DNA in 5’-CG-3’ islands after DNA replication.[7–11] These
CpG-islands are epigenetic markers involved in various biologi-
cal and developmental processes such as genomic imprint-
ing,[12, 13] X-chromosome inactivation,[14, 15] gene regulation,[16–18]


genetic diseases[19, 20] and carcinogenesis.[21–23] Cancers, for ex-
ample, frequently feature abnormally high levels of methyla-
tion of their CpG-rich promoter regions. Often this cancer-asso-
ciated hypermethylation downregulates tumor suppressor
genes and thus contributes to tumor formation and progres-
sion.[24, 25] Therefore DNA-demethylating agents especially in-
hibitors of Dnmt1 might be able to interfere with the methyla-
tion process, which might lead to the reactivation of sup-
pressed genes.[26–30] Among the best-studied Dnmt1 inhibitors
are 5-azadC,[31] 5-azaC,[32] zebularine,[33] and dCF.[34] After addi-
tion to cells they are probably converted to their correspond-
ing triphosphates and incorporated into the cellular genome,
where they act as suicide substrates for Dnmt1. Ribose-based
inhibitors first have to be transformed to their deoxyribose
form and are therefore also incorporated into RNA, which re-
duces their efficacy. In DNA, these bases are able to form a co-
valent bond with the catalytically essential SH group of a Cys
amino acid in the active site of Dnmt1.[35–38] Because of theACHTUNGTRENNUNGformation of long-lived, irreversible DNA–protein adducts, all
these nucleoside inhibitors are cytotoxic.[39–41] To overcome this
disadvantage, Szyf and co-workers synthesized backbone-


modified hairpin oligodeoxynucleotides (ODNs) as Dnmt1 an-
tagonists.[42, 43] We published recently the synthesis and proper-
ties of oligodeoxynucleotide-dumbbell structures in which we
incorporated the inhibitor 5-azadC. These dumbbells efficiently
inhibited Dnmt1 in vitro. After treatment of C2C12 myoblast
cells with the dumbbells, they showed colocalization with
Dnmt1.[44]


Here we report the ability of short highly modified double-
stranded oligonucleotides to inhibit the prokaryotic methyl-
transferase M.HhaI and the eukaryotic methyltransferase
Dnmt1 in vitro. The concept is depicted schematically in
Figure 1. We show that additional phosphorothioate backbone
modifications either reduce or strongly increase the potency of
the suicide substrates.


The ODNs prepared for this study contain a hemimethylated
enzyme-recognition sequence that was already shown to be a
target for these enzymes.[44] Opposite the dCMdG islands dCF


nucleobases were placed as suicide substrate in the counter-
strand, as is shown in Figure 1. The full sequences are listed in
Figure 2.


In order to study how a phosphorothioate backbone, which
is needed to increase the lifetime of the oligonucleotide inhibi-
tors in serum and cells would influence their interaction with
the methyltransferase, we prepared a series of phosphoro-
thioate-modified DNA double strands (shown in green in
Figure 2). The double strands contain either no phosphoro-
thioates, half phosphorothioates, or all of the phosphodiesters
were replaced by phosphorothioates.


[a] S. Warncke, Dr. A. G�gout, Prof. Dr. T. Carell
Ludwig-Maximilians University Munich
Center for Integrative Protein Science (CiPSM)
Department for Chemistry and Biochemistry
Haus F, Butenandtstrasse 5–13, 81377 Munich (Germany)
Fax: (+ 49) 89-2180-77756
E-mail : thomas.carell@cup.uni-muenchen.de


The cytidine analogue 5-fluoro-2’-deoxycytidine (dCF) is a mecha-
nism-based inhibitor of DNA methyltransferases. We report the
synthesis of short 18-mer dsDNA oligomers containing a triple-
hemimethylated CpG motive as a recognition sequence for the
human methyltransferase Dnmt1. The DNA strands carry within
these CpG islands dCF building blocks that function as mecha-
nism-based inhibitors of the analyzed methyltransferases. In addi-


tion, we replaced the phosphodiester backbones at defined posi-
tions by phosphorothioates. These hypermodified DNA strands
were investigated as inhibitors of the DNA methyltransferases
M.HhaI and Dnmt1 in vitro. We could show that both methylases
behave substantially differently in respect to the amount of DNA
backbone modification.
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Results


Electrophoretic mobility shift assays with M.HhaI


M.HhaI was incubated with equal amounts of DS1–9 together
with the cofactor SAM at 37 8C for 2 h. The reaction was subse-
quently analyzed by denaturing PAGE as shown in Figure 3 (for
details see the Experimental Section).


To show that all the crosslinks present in the gels are
formed through reaction with an active enzyme, M.HhaI was in
a control experiment inactivated by heating the solution for


10 min at 90 8C (lane 5 in all three gels). From the gel experi-
ments depicted in Figure 3 one can conclude that DNA–
enzyme crosslinks were only formed between DS1, 4, and 7
with the M.HhaI enzymes (lane 1). These are the duplexes con-
taining the dCF inhibitors. They all bind stably to the methyl-
transferase irrespective of the presence of the phosphoro-
thioate status. The formation of double bands in the gels can
be explained by a partial dissociation of the DNA duplex,
which is bound only via one strand to the enzyme. The fact
that M.HhaI forms a stable complex with DNA that contains


dCF even in the absence of the SAM cofactor is in
agreement with literature data (lane 2).[45] For DS2,
3, 5, 6, 8, and 9 no additional shifted bands were de-
tected; this shows that they do not bind and react
with the protein (lanes 3, 4 and 6). To compare the
amount of complex formed, the reactions of DS1, 4,
and 7 with the enzyme M.HhaI were analyzed direct-
ly on the same gel (Figure 4). The three inhibitors
that contain DNA strands differ only in the amount
of backbone modification. Whereas DS1 has a com-
plete natural phosphodiester backbone, DS4 fea-
tures a methylated strand that is fully phosphoro-
thioate modified. In DS7 all phosphodiesters in the
whole duplex were replaced by phosphorothioates.
The data presented in Figure 4 show that, in the


Figure 1. Inhibition of Dnmt1 and M.HhaI by short double-stranded oligonucleotides. dCF = 5-fluoro-2’-deoxycytidine (green), dCM = 5-methyl-2’-deoxycytidine
(red), CY3 = cyanine-dye label, dR = 2’-deoxyribose.


Figure 2. Sequence of the single strands (left). CF/ = dCF ; CM/~= dCM; PO (black) = phosphodiester backbone; PS (green) = phosphorothioate backbone. ODNs
were mixed in equimolar amounts and hybridized to give the double strands (right).


Figure 3. EMSA : Fluorescence detection of DNA–enzyme complexes. 13.4 pmol of
M.HhaI were incubated either with 3.2 pmol of A) DS1–3, B) DS4–6 or C) DS7–9. The
arrow indicates DNA covalently bound to the enzyme. M = molecular weight marker, * in-
dicates that M.HhaI was inactivated by heat before incubation. Crosslinks could also be
stained with Coomassie (data not shown).
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case of a fully phosphorothioate backbone, the band stem-
ming from the enzyme–DNA crosslink has nearly vanished; this
proves that normal phosphodiesters are needed for efficient
crosslink formation. The phosphorothioate-only duplex DS7
reacts inefficiently with the protein.


Restriction protection assay with M.HhaI


In order to investigate the interaction of the DNA double-
stranded inhibitors in more detail, we studied the direct inhibi-
tion of the DNA methylation reaction. To this end we per-
formed the assay that is depicted in Figure 5. We used l DNA
as the substrate for the enzyme. After active methylation,
l DNA is not a substrate for the restriction enzyme HhaI any-
more. For the assay we preincubated methyltransferase M.HhaI
with cofactor SAM and the respective ODNs for 75 min at
37 8C. Then l DNA was added and the methylation reaction
mixture was incubated for an additional 4 h. The reaction mix-
ture was treated with the restriction enzyme HhaI and subse-
quently analyzed by native PAGE (Figure 6). In case of methyla-


tion inhibition, l DNA was not methylated and the restriction
enzyme (HhaI) was able to cut l DNA. In the presence of active
M.HhaI, however, l DNA was methylated at all dC sites, which
in turn stops the restriction enzyme HhaI.


We added the inhibitor strands DS1, 4, and 7 to the assay
mixture in three different concentrations, substoichiometric
(lane 1), stoichiometric (lane 2), and in a concentration double
that of the methyltransferase (lane 3). As a control experiment,
we performed the restriction assay also in the presence of DS2
and DS3, which were shown to be unable to bind to the meth-
yltransferase. Indeed, these control strands showed no inhibi-
tory effects in the restriction assay (lanes 4 and 5). In contrast
and in agreement with the EMSA experiments, DS1 and DS4
fully inhibit M.HhaI when applied stoichiometrically. If the in-
hibitor double strands are used substoichiometrically, residual
methyltransferase activity could be detected, which is expect-
ed for the suicide inhibitors. In agreement with the gel-shift
data, the fully phosphorothioate-modified duplex DS7 is
unable to fully inhibit M.HhaI even at high concentrations; this
proves that full replacement of the phosphodiester backbone
by phosphorothioates strongly reduces the binding of the
duplex to the enzyme.


Electrophoretic mobility shift assays with Dnmt1


In order to investigate the human methyltransferase Dnmt1,
we explored how this enzyme might be inhibited by our DNA
double strands. To this end, Dnmt1 (7.5 pmol) was incubated
with equal amounts (4.0 pmol) of each oligonucleotide for 2 h
at 37 8C after addition of the cofactor SAM. The reaction was
subsequently analyzed by SDS PAGE (Figure 7). The controlACHTUNGTRENNUNGexperiments were the same as those performed with M.HhaI
(lanes 5, 6 and 7). Interestingly, with the concentrations of DNA
and enzyme used here (see the Experimental Section for de-
tails), no crosslink between the DNA and Dnmt1 could be de-


Figure 4. EMSA: Comparison of complex formation of DS1, 4, and 7 with
M.HhaI by fluorescence detection. DNA (3.2 pmol) was incubated with
M.HhaI (50 U). The black arrow indicates DNA that is covalently bound to
the enzyme, the blue one indicates free DNA.


Figure 5. Restriction protection assay for the bacterial methyltransferase
M.HhaI.


Figure 6. Fluorescence detection: A) 4.0, 8.0 and 16.0 pmol of DS1 resp.
16.0 pmol DS2 and DS3, B) 4.0, 8.0, and 16.0 pmol of DS4 resp. 16.0 pmol
DS5 and DS6, and C) 4.0, 8.0, and 16.0 pmol of DS7 resp. 16.0 pmol DS8
and DS9 were treated with 6.7 pmol of M.HhaI. DNA ladders implicate a pos-
itive restriction reaction and therefore inhibition of M.HhaI.
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tected even for DS1, which contains dCF inhibitor and a natural
phosphodiester backbone. DS4 in contrast provided a clearly
visible new band, but only if the SAM cofactor was added. As
expected, DS5 and DS6 show no detectable adduct with
Dnmt1 because of the lack of the dCF inhibitor. Surprisingly all
fully phosphorothioated double strands DS7–9, however, form
stable complexes with the human methyltransferase even if
the inhibitor dCF is not present in the duplex. In this case the
complex is also formed in the absence of SAM although the
complex band is weaker. We suppose that Dnmt1 forms aACHTUNGTRENNUNGcovalent bond with ODNs that contain dCF and noncovalent
complexes with phosphorothioated double strands that have
no dCF incorporated. This inhibition model is supported by the
fact that the fluorescent bands for DS8 and 9 as well as for
DS7 without the addition of SAM (lanes 2, 3 and 4) vanish
when the reaction mixture was heated for 10 min at 95 8C
before gel analysis. In this case, only the complex of DS7 with
Dnmt1 remains visible (data not shown).


To investigate this effect in more detail, we repeated the ex-
periment and analyzed the crosslinking behavior of the double
strands DS1, 4, and 7 directly on the same gel. As depicted in
Figure 8 A, the inhibitory effect of the duplex DS1, which con-
tains the inhibitor and a full phosphodiester backbone is not
visible. Even if we increase the concentration of this duplex to
3.3 equivalents, the crosslink is only faintly visible (Figure 8 B).


The crosslinks that were obtained with the phosphoro-
thioate duplexes DS4 and DS7 are more visible; this indicates
that the phosphorothioates strongly contribute to the inhibito-
ry effect.


Restriction protection assay with Dnmt1


To prove that the amount of phosphorothioation is influencing
the inhibition of Dnmt1, we used an activity assay that wasACHTUNGTRENNUNGdescribed by Sowers,[46] which was also recently used by us to
analyze dumbbell inhibitors (Figure 9). Dnmt1 was incubated


with the double-stranded oligonucleotide to be analyzed prior
to the assay for 100 min at 37 8C. Then a fluorescently labeled
double-stranded 30-mer ODN (DS30) that contained a hemi-
methylated recognition sequence for Dnmt1 was added. This
mixture was incubated for another 4 h at 37 8C, and then the
reaction was stopped by heating the mixture for 20 min at
60 8C to denature the enzyme.


A large excess of a nonmethylated single-stranded oligonu-
cleotide (SS1) that was complementary to the fluorescently
marked substrate DNA strand was added, and the DNA was re-
hybridized by heating the mixture to 90 8C for 5 min, followed
by slowly cooling to room temperature. The reaction was treat-
ed with the restriction enzyme HpaII, which cuts only non-me-
thylated recognition sequence. The reaction was finally ana-
lyzed by denaturing PAGE. The data are depicted in Figure 10.


All data should be compared to lane 10, where Dnmt1 has
methylated DS30, which protects it from restriction (upper
band). The lower fluorescent band shows unmethylated, and
therefore cut DNA. Control experiments show that HpaII cuts
DS30 without previous methyltransferase treatment (lane 11).
The active inhibitor DS7 in the absence of Dnmt1 does not in-
terfere with the restriction enzyme (lane 12) because here a
full cut is observed. For the upper image, the gel was exposed


Figure 7. EMSA : Fluorescence detection of DNA–enzyme complexes. The
arrow indicates DNA that is bound to the enzyme. M = molecular weight
marker, * indicates that Dnmt1 was inactivated before incubation.


Figure 8. EMSA: A) Comparison of the fluorescent DNA–enzyme complexes
of DS1, 4, and 7. B) Reaction of 25.0 pmol DS1 and DS4 with 7.5 pmol
Dnmt1.


Figure 9. A) Restriction protection assay for Dnmt1. B) DNA that was applied
in the assay besides DS1–9.
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for fluorescence detection for 1 s, for the lower image for 5 s.
DS1 shows a very weak inhibitory effect, which is in agreement
with the shift data. In comparison to lane 2, which contains
DS2 in the assay, only a small decrease of the uncut band is
observed for DS1; this shows the small inhibitory effect of dCF.
DS2 and DS3 also show no inhibition of Dnmt1 (lanes 2 and
3). Modification of the phosphodiester backbone in one strand
of the duplex by phosphorothioates, however, nearly abolishes
the methylation reaction (lanes 4, 5, and 6, top). Only very faint
bands could be detected after addition of DS5 and DS6,ACHTUNGTRENNUNGalthough DS5 is slightly more active, possibly because itACHTUNGTRENNUNGcontains the hemimethylated Dnmt1 recognition sequence
(lanes 5 and 6, bottom). The duplex DS4, which contains the
inhibitor dCF and one fully phosphorothioated strand shows
full inhibition of Dnmt1 (lane 4, bottom). It is clear that the
combination of dCF with phosphorothioates is responsible for
the rather strong effect. In addition, and again in agreement
with the gel-shift data, the double-stranded DS7, in which all
phosphodiesters were replaced by phosphorothioates also
fully inhibits the enzyme Dnmt1. The data in Figure 10 lanes 7,
8 and 9 show that phosphorothioates alone even in the ab-
sence of any suicide inhibitor are able to deactivate Dnmt1.


Conclusions


The bacterial methyltransferase M.HhaI is often used as a
model enzyme for the human Dnmt1. It is easier to handle,
smaller in size, and more affordable.[47, 48] We investigated how
small double-stranded oligonucleotides that contain the sui-
cide inhibitor dCF inhibit both methyltransferases M.HhaI and
Dnmt1 when a dCF is placed opposite a hemimethylated rec-
ognition sequence. We studied how a phosphorothioate back-
bone modification affects the reaction, because these modifi-
cations are often used to allow in vivo studies with oligonucle-
otides. The results show that oligodeoxynucleotides that con-
tain dCF and a natural phosphodiester backbone are perfect in-
hibitors for M.HhaI. If the phosphodiesters in one strand are
replaced by phosphorothioates this does not change the situa-
tion. M.HhaI is perfectly inhibited in the presence of dCF and
not inhibited in its absence. Full replacement of the phospho-
diesters, however, counteracts the inhibitory effect of dCF. In
contrast, Dnmt1 is only weakly inhibited by DNA that contains
dCF. Here, however, the phosphorothioates have an astonish-
ingly strong effect. The more phosphodiesters are replaced by
phosphorothioates, the better is the inhibitory effect of the


ACHTUNGTRENNUNGduplexes. Even duplexes that contain only phosphorothioates
and no dCF inhibitors are able to fully block Dnmt1. Phosphor-
othioates are better Dnmt1 inhibitors than dCF. This result now
paves the way for the design of readily available small double-
stranded oligonucleotides that are able to inhibit Dnmt1 in
vivo.


Experimental Section


Materials : All enzymes, buffers and l DNA were purchased from
New England Biolabs, (Frankfurt am Main, Germany).


Oligonucleotides : Oligonucleotides with a phosphate backbone
were synthesized on an Amersham Oligoplot 900 system. Phos-
phoramidites were acquired from Glen Research GmbH (Sterling,
USA). Phosphoramidites and activators were solved in acetonitrile
from Riedel de Haen (water content <0.1 ppm), and acetonitrile
from Roth was used for all the other reagents (water content
<0.3 ppm). The synthesis of the oligonucleotides was accom-
plished according to the standard protocols of the manufacturer.
For the modified nucleotides the coupling time was doubled.
Phosphorothioate-modified oligonucleotides were purchased from
Metabion (Martinsried, Germany). The synthesized oligonucleotides
were separated from the carrier with EtOH/aq NH3 (3:1). The oligo-
nucleotide concentrations were measured via the absorption co-ACHTUNGTRENNUNGefficients of the nucleobases and the modifications with a nano-
Drop3000 device.


HPLC conditions : Analytical HPLCs were performed on a Waters
system by using 3 mm C18-reversed phase Nucleodur columns from
Machery–Nagel. Eluting buffers were buffer A (0.1 m TEAA in H2O)
and buffer B (0.1 m TEAA in H2O/MeCN 2:8). The gradient was 0–
45 % B in 45 min with a flow of 0.5 mL min�1. Preparative HPLC was
also performed on a Waters system by using Nucleodur columns
(C18ec, 250 � 10 mm, 5 mm particle size) C18-reversed phase from
Machery-Nagel. The gradient was 0–45 % B in 45 min with a flow
of 5 mL min�1. The elution was always monitored at 260 nm and
545 nm.


Melting points of the oligonucleotides : Melting points of the oli-
gonucleotides were measured on a Varian Cary 100 Bio with tem-
perature controller, transport unit and MultiCellBlock. The tempera-
ture gradient was 0.5 8C min�1 or 1.0 8C min�1, respectively. Per mea-
surement 5 cooling-down curves (85!12 8C) and 5 heating curves
(0!85 8C) at 260 nm and 320 nm were recorded. The measure-
ment of the temperature occurred in a reference cuvette. To pre-
vent a film from forming over the cuvettes at low temperatures,
the sample compartment was purged with N2 during the measure-
ment. Cuvettes of Helma were used with 4 mm inner diameter and
10 mm optical path. The concentration of the oligonucleotides was
3 mm with 150 mm NaCl and 10 mm Tris–HCl (pH 7.4). The solutions
in the cuvettes were overlaid with dimethylpolysiloxan to avoid va-
porization of the samples. The analysis of the measurements was
accomplished by using Microcal Origin (Northampton, USA). There-
fore, the curves at 260 nm were averaged, and the averaged back-
ground measurement at 320 nm was subtracted. The thus-generat-
ed curve was approximated with a 9th-order polynome, the zero
point of the second derivation demonstrated the corresponding
melting point (Figure 11).


Mass spectrometry : MALDI-TOF mass spectra of the oligonucleo-
tides were recorded on a Bruker Autoflex II mass spectrometer by
using 3-hydroxypicolinic acid as a matrix substance. The measure-
ment was arranged in the negative polarity mode (Table 1).


Figure 10. Fluorescence detection of the 30-mer DNA strand. Exposure time:
top: 1 s; bottom: 5 s. The black arrow indicates uncut 30-mer, the blue
arrow cut 30-mer.
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Electrophoretic mobility shift assays : M.HhaI : DNA (3.2 pmol) was
incubated with protein (50 U, 13.4 pmol) and SAM (80 mm) in
M.HhaI reaction buffer in a total volume of 10 mL for 2 h at 37 8C.
The reaction mixture was heated to 95 8C for 5 min and then ana-
lyzed by SDS PAGE (12 %, 12 mA). Dnmt1: DNA (4.0 pmol) wasACHTUNGTRENNUNGincubated with protein (10 U, 12.9 pmol) and SAM (160 mm) in
Dnmt1 reaction buffer in a total volume of 10 mL for 2 h at 37 8C.


The reaction mixture was heated to 95 8C for 5 min and then ana-
lyzed by SDS PAGE (6 %, 12 mA).


Restriction protection assays : M.HhaI : DS1, 4, 7 (4.0, 8.0 and
16.0 pmol) resp. DS2, 3, 5, 6, 8, 9 (16.0 pmol) were incubated with
M.HhaI (25 U, 6.7 pmol) and SAM (80 mm) in M.HhaI reaction buffer
in a total reaction volume of 10 mL for 75 min at 37 8C. l DNA
(0.5 mg) was added, and the reaction was incubated for another
4 h and then stopped by heating at 65 8C for 15 min. HhaI Mix
(40 mL) was added (HhaI Mix : 10 U HhaI, 100 mg mL�1 BSA, 1 mm


MgCl2, 1 � NEBuffer 4) and the reaction was continued for 30 min
at 37 8C. The reaction mixture was analyzed by denaturing PAGE
(6 %, 12 mA).


Dnmt1: Inhibitor DNA (7.2 pmol) was incubated with Dnmt1 (12 U,
8.8 pmol), SAM (1.6 mm) and BSA (100 mg mL�1) in Dnmt1 reaction
buffer in a total reaction volume of 25 mL at 37 8C for 100 min.
Then DS30 (10 pmol) and SAM (0.5 mL, 32 mm) were added and
the mixture was incubated for another 4 h. The reaction wasACHTUNGTRENNUNGstopped by heating to 60 8C for 20 min. A large excess of SS1
(25 nmol) was added, and DNA was rehybridized by heating to
95 8C for 5 min followed by slowly cooling to room temperature.
Afterwards the reaction mixture was treated with a gel filtration
column (10 mm TRIS, pH 7.4, Bio-Rad). Then HpaII (20 U) and NE-ACHTUNGTRENNUNGBuffer 1 (5.8 mL) were added, and the mixture was incubated for
2 h at 37 8C. After desalting on a membrane filter (size of the pores
0.025 mm, Millipore) for at least 30 min, the reaction was complete-
ly lyophilized. The residue was taken up in water (10 mL) and ana-
lyzed by denaturing PAGE (20 %, 12 mA).


PAGE analysis : Samples were analyzed on denaturing polyacryl-
amide (PAA) gels or SDS gels, respectively (83 mm (w) � 82 mm
(h) � 0.75 mm (d)). Samples on native and denaturing PAA gels
were mixed with loading buffer A (50 % glycerin (v/v), 0.2 % SDS
(w/v), 0.05 % xylene cyanol (w/v)) and electrophoresed in TBE
buffer (1 � ) at 12 mA for 45–60 min. Samples on SDS gels were
mixed with loading buffer B (62.5 mm TRIS, 4 % SDS (w/v), 20 %
glycerine (v/v), 5 % b-mercaptoethanol (w/v)) and electrophoresed
in TRIS/glycine/SDS buffer (1 � ) at 12 mA for 45–90 min. The gels
were visualized under a LAS3000-Imager (Raytest, Straubenhardt,
Germany) and photographed, then they were dyed with Coomas-
sie Blue.
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Crystal Structure Analysis and in Silico pKa Calculations
Suggest Strong pKa Shifts of Ligands as Driving Force for
High-Affinity Binding to TGT
Tina Ritschel,[a] Simone Hoertner,[b] Andreas Heine,[a] FranÅois Diederich,[b] and
Gerhard Klebe*[a]


Introduction


During post-transcriptional modification, the prokaryotic
enzyme tRNA-guanine transglycosylase (TGT, EC 2.4.2.29) cata-
lyzes the exchange of guanine by the modified base preQ1 (7-
methylamino-7-deazaguanine) at the wobble position 34 of
the anticodon loop of tRNAAsn,Asp,His,Tyr (Scheme 1).[1] Subse-
quently, the incorporated preQ1 is further modified to queuine
(7-(((4,5-cis-dihydroxy-2-cyclopenten-1-yl)amino)methyl)-7-dea-
zaguanine), involving further enzymes in the biochemical path-
way. The resulting tRNAs play a significant role in developing


pathogenicity of Shigella flexneri, the causative agent of Shigel-
losis. Shigellosis is responsible for about 165 million infections
and causes more than one million fatalities each year. A high
rate of incidences is observed among children at the age of
one to four, predominantly in developing countries with poor
hygienic conditions and unsafe water supplies.[2,3] Increasing
problems with respect to an administered drug therapy arise
due to plasmid-encoded resistances against most common an-
tibiotics and due to the lack of effective vaccines. In previous
studies, the TGT gene of S. flexneri was knocked out leading to
a significantly decreased infection rate.[4] As an alternative pro-
spective, we embarked upon the development of Shigella-spe-
cific antibiotics that prevent the evolvement of pathogenicity.


The bacterium carries a virulence plasmid as source of its
pathogenity that encodes for a variety of virulence factor


A novel ligand series is presented to inhibit tRNA-guanine trans-
glycosylase (TGT), a protein with a significant role in the patho-
genicity mechanism of Shigella flexneri, the causative agent of
Shigellosis. The enzyme exchanges guanine in the wobble posi-
tion of tRNAAsn,Asp,His,Tyr against a modified base. To prevent the
base-exchange reaction, several series of inhibitors have already
been designed, synthesized, and tested. One aim of previous stud-
ies was to address a hydrophobic pocket with different side
chains attached to the parent skeletons. Disappointingly, no sig-
nificant increase in binding affinity could be observed that could
be explained by the disruption of a conserved water cluster. The
ligand series examined in this study are based on the known
scaffold lin-benzoguanine. Different side chains were introduced
leading to 2-amino-lin-benzoguanines, which address a different
pocket of the protein and avoid disruption of the water cluster.
With the introduction of an amino group in the 2-position, a dra-
matic increase in binding affinity can be experienced. To explain
this significant gain in binding affinity, Poisson–Boltzmann calcu-


lations were performed to explore pKa changes of ligand func-
tional groups upon protein binding, they can differ significantly
on going from aqueous solution to protein environment. For all
complexes, a permanent protonation of the newly designed li-
gands is suggested, leading to a charge-assisted hydrogen bond
in the protein–ligand complex. This increased strength in hydro-
gen bonding takes beneficial effect on binding affinity of the li-
gands, resulting in low-nanomolar binders. Crystal structures and
docking emphasize the importance of the newly created charge-
assisted hydrogen bond. A detailed analysis of the crystal struc-
tures in complex with substituted 2-amino-lin-benzoguanines in-
dicate pronounced disorder of the attached side chains address-
ing the ribose 33 binding pocket. Docking suggests multiple ori-
entations of these side chains. Obviously, an entropic advantage
of the residual mobility experienced by these ligands in the
bound state is beneficial and reveals an overall improved protein
binding.


Scheme 1. Structure of preQ1, which replaces guanine 34 in the wobble po-
sition of the modified tRNAAsn,Asp,His,Tyr during the base-exchange reaction of
TGT. The precursor preQ1 is further modified to queuine.
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genes. Essential for the regulation of the pathogenicity-devel-
oping process of Shigella is the expression of the virulence
factor VirF, which activates directly the transcription of further
virulence genes such as icsA and virB.[5] The modified tRNAs
are required for an efficient translation of virF-mRNA at the ri-
bosome. Reducing the amount of modified tRNA by prevent-
ing the base-exchange reaction provides a novel strategy for
an antibiotic therapy. The bacterium is blocked from access of
the endothelial cells, which is a prerequisite to create pathoge-
nicity. This mode of action prevents eradication or any other
influence in the function of the bacteria.


By means of structure-based drug design, we started the dis-
covery of TGT-specific inhibitors. As the protein of the patho-
genic organism S. flexneri is difficult to crystallize, we per-
formed all the studies described in this contribution by using
the better-crystallizing enzyme from Zymomonas mobilis. ItACHTUNGTRENNUNGexhibits an active site of almost identical composition. Only
Phe106 is exchanged by Tyr.[6]


TGT adopts a folding comparable to the highly populated
triose-phosphate isomerase (TIM)-type (ba)8-barrel fold. Two in-
sertions are responsible for the recognition of the substrate.[7]


The active site of TGT is located at the C-terminal end of the
TIM-barrel scaffold and recognizes specially the trinucleotide
sequence U33G34U35.[8, 9, 10] Uracil 33 and 35 are bound in a rather
flat, solvent-exposed binding pocket. In contrast, the guanine
binding pocket is very deep. Several hydrogen bonds are
formed to Leu231, Ala230, Gln203, Asp156, and Asp102 along
with a pronounced parallel p-stacking to Tyr106 flanking the
binding site (Figure 1 A).


The pathway of the base-exchange reaction follows a ping-
pong mechanism. Initiated by a nucleophilic attack of Asp280
towards C1’ of ribose 34, a covalent intermediate is produced
without breaking the phosphodiester backbone of tRNA.[11,12]


Simultaneously, guanine 34 is cleaved from the tRNA backbone
leaving the binding pocket, subsequently. The vacant binding
site now provides access for the modified base preQ1


(Scheme 1). This nucleobase exhibits an extracyclic amino func-
tion, which replaces a water molecule that was previously me-
diating an interaction between protein and guanine. In the
course of the mechanism, a flip of the peptide backbone is
necessary to exchange the binding-site-exposed hydrogen-
bonding facility from a donor to acceptor group to correctly
recognize the new substrate. The peptide bond between
Leu231 and Ala232 rearranges and performs an interaction via
its carbonyl group to the extracyclic amino function of preQ1


(Figure 1 A). A covalent bond between preQ1 and tRNA is
formed and the modified tRNA is released from the catalytic
site. The described reaction path requires Asp102 and a close-
by water molecule as general base.


Taking into account the physico-chemical properties of the
guanine binding site, several lead structures have been de-
signed and synthesized. Pyridazinones, pteridines, and quina-
zolinones emerged as promising scaffolds (Table 1). In addition,
a “stretched” guanine with an inserted central six-membered
ring leading to lin-benzoguanine (3) was suggested (Ta-ACHTUNGTRENNUNGble 2).[13–15] All parent scaffolds bind in the micromolar range.
To improve their binding affinity, a hydrophobic subpocket
composed of Val282, Leu68, and Val45 was addressed. Filling


Figure 1. Schematic interaction pattern derived by MOE.[36, 37] For clarity, the hydrogen atoms are not shown. A) preQ1 (PDB ID: 1P0E) in the guanine binding
pocket. The protonated exocyclic amino function of the modified base forms a hydrogen bond to Leu231 (2.7 �). A hydrogen bond network between the pyr-
imidine ring and Gly230, Gln203, Asp156, and Asp102 (bond length in �) is responsible for the recognition of the modified base. B) 5 in the guanine binding
pocket with two hydrogen bonds between the newly introduced guanidinium group and Leu231 (2.8 �) and Ala232 (2.9 �) of TGT. The positive charge,
which is delocalized through the conjugated system of the guanidinium moiety is presented on N1 forming a charge-assisted hydrogen bond to Leu231. Fur-
thermore, the ligand is fixed in the binding pocket by the above-described hydrogen bonds to Gly230, Gln203, Asp156, and Asp102 (bond length in �). Medi-
ated by a water molecule, an additional interaction to Gly261 is observed.
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of unoccupied hydrophobic pockets with lipophilic side chains
attached to the lead skeleton is an often-used strategy in
structure-based drug design. Disappointingly, only an insignifi-
cant improvement in binding affinity towards TGT could be
measured for inhibitors with a lipophilic side chain attached
to the above-mentioned parent skeletons. A comprehensive
study of crystal structures elucidated that the lipophilic vector
disrupts a highly conserved water network between the cata-
lytic aspartates (Figure 2 B).[14] This water network provides an
essential contribution to the solvation of the two acidic resi-
dues.


Parallel to the synthesis of the inhibitors with the lipophilic
vector, quinazolinones with a substitution in 7-position were
prepared (Table 1). The introduction of a dimethylamino group
produced 1 as two-digit micromolar inhibitor. Subsequent re-
placement of one methyl group by a benzyl moiety (2) result-
ed in a fourfold increase in binding affinity. Obviously, intro-
duction of the sterically more demanding lipophilic side chain
did not result in a loss of affinity in this case. The crystal struc-
ture of 2 in complex with TGT demonstrates that the water
network is not perturbed by the benzyl moiety.[16] Instead of
addressing the small hydrophobic subpocket, the benzyl
moiety binds most likely towards the region occupied by
ribose 33 in the natural tRNA substrate as observed for the
other ligands.


Stimulated by these promising results, we changed our
design strategies now addressing the binding site of ribose 33
instead of the small hydrophobic pocket. This should avoid a
disruption of the water cluster network. lin-Benzoguanine was
again chosen as the parent scaffold; however, now focussing
on substituents in the 2-position. The crystal structure of un-
substituted lin-benzoguanine in complex with TGT has been
previously determined.[14] Its binding mode is similar to that of
preQ1 (Figure 1 A) and no interference with the water cluster
network is observed. Additionally, substitution of lin-benzogua-
nine in 2-position provides the desired side chain orientation
to address the ribose 33 subpocket. Several inhibitors with
alkyl, alkylamino, and arylalkylamino substituents were synthe-
sized and tested.[15] The mixture of small and large side chains
provided the possibility to experimentally investigate the influ-
ence of the side chain on the Gibbs free energy of binding.


Here, we present affinity data and crystallographic results of
the newly designed inhibitors. In addition, we emphasize the
introduction of a salt bridge between Leu231 and N1 of theACHTUNGTRENNUNGinhibitor which finally bore nanomolar inhibitors.


Results and Discussion


Binding mechanism and affinity data


A series of 2-substituted lin-benzoguanines was synthesized
and kinetically characterized (Table 2). Before the enzyme assay
was performed, the binding mechanism was investigated by a
trapping experiment.[17] For the newly synthesized inhibitors
(4–10), a purely competitive binding mechanism was found.
The inhibitors can only bind to TGT when no tRNA is bound. A
simultaneous binding of inhibitor and tRNA, as detected for 3,
can be excluded. Obviously, substitution with a single methyl
group in 2-position makes the skeleton already large enough
to avoid any contemporaneous binding of tRNA and inhibitor.


The affinity is determined by the exchange rate of guanine
against [8-3H]-guanine in position 34 of tRNATyr. The inhibitory
constants are calculated based on the decrease of the initial
velocity of the base-exchange reaction in presence of the in-
hibitor.


By introduction of a methyl group in 2-position (4) a 2.7-fold
increase in binding affinity could be measured compared to
the unsubstituted lin-benzoguanine (3). In an optimal situation,
correct placement of a single methyl group can increase affini-
ty up to tenfold, particularly when the surface of the added
methyl group is entirely buried.[18] According to the crystal
structure of 3, the guanine binding pocked provides additional
space for the methyl group.


The addition of an amino group in 2-position creates a gua-
nidinium-type moiety at our parent scaffold. From a synthesis
point of view, it provides a convenient anchoring point to dec-
orate the lead skeleton with a broad variety of side chains. Sur-
prisingly, a dramatic increase in binding affinity towards TGT
was recorded upon replacement of the methyl by an amino
group. A 20-fold higher affinity was measured for 5 compared
to 4. Subsequent addition of a further methyl group enhances
the affinity by 1.3-fold. With larger substituents at the nitrogen
atom, the affinity gradually improves towards one-digit nano-
molar range, as achieved by 9 and 10 (Table 1). Referring to
the previously determined crystal structure of 3 in complex
with TGT, the introduced guanidinium functionality offers the
opportunity to form a hydrogen bond to the peptide back-
bone carbonyl group of Leu231.[15] Considering the basic char-
acter of a guanidinium group, a protonation of this functional
group in the ligand appears most likely. In consequence there
would be a positive charge created on this portion of ligands
5–10. It will be delocalized through the conjugated system of
the ligand and should provoke, due to charge assistance, an
increasing strength of the hydrogen bond between the ligand
and the carbonyl group of Leu231. As a crude test of thisACHTUNGTRENNUNGhypothesis, the experimental pKa values of ligand 3–9 wereACHTUNGTRENNUNGdetermined in aqueous solution.[15] They actually point in the
direction for increasing basicity. However, as the situation in a


Table 1. Inhibitors based on a quinazolinone scaffold and their measured
binding affinity.


Compound Structure Enzyme Ki


1 ACHTUNGTRENNUNG(31�10) mm


2 ACHTUNGTRENNUNG(7.6�3.7) mm
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water environment is not of relevance to the present case, and
the protein environment can provoke pKa shifts of several loga-
rithmic units, Poisson–Boltzmann calculations within the bind-
ing pocket are performed based on our recently introduced
peoe_pb (partial equalization of orbital electronegativities for
Poisson–Boltzmann calculations) charges.[19]


In silico pKa calculation


The influences of specific charge distributions in protein bind-
ing sites are often ignored when protein–ligand interactions


are analyzed. The aim of the pKa calculation is to study the
shift of the pKa values of ligands upon protein binding.


For calculating the pKa shifts, all residues within a radius of
12 � around the guanine binding pocket were selected
(Table 3). The protonation states of the considered amino acids
are responsible for changes of the pKa values of the ligands
upon binding to the protein.


A first calculation of the unoccupied binding pocket at dif-
ferent pH values is necessary to study the protonation states
of the participating residues (Table 3). The calculation only con-
siders side chains where the protonation state might change
under the applied pH conditions (so-called titratable groups).


Table 2. Structures of the inhibitors based on a lin-benzoguanine scaffold, and the corresponding inhibition constants determined by the enzyme assay,
and pKa values for the deprotonation of the imidazolium moiety in the parent scaffold.


Compound Structure Enzyme Ki Experimental pKa
[a] Calculated pKa


[a] DpKa shift[b]


3 ACHTUNGTRENNUNG(4.1�1) mm 5.2 7.2 2.0


4 ACHTUNGTRENNUNG(1.5�0.4) mm 5.4 7.5 2.1


5 ACHTUNGTRENNUNG(77�12) nm 6.3 8.3 2.0


6 ACHTUNGTRENNUNG(58�36) nm 6.2 8.6 2.4


7 ACHTUNGTRENNUNG(35�9) nm 5.8 7.4 1.6


8 ACHTUNGTRENNUNG(55�11) nm 5.9 7.0 1.1


9 ACHTUNGTRENNUNG(6�6) nm 5.3 6.5 1.3


10 ACHTUNGTRENNUNG(10�3) nm – – –


[a] For 3–9, experimental pKa values for imidazolium deprotonation were measured in aqueous solution and, additionally, the pKa values of the inhibitors
in complex with TGT were calculated. [b] The shift of the pKa values equals the difference between calculated and experimental ones.
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The study was performed at three different pH conditions (5.5,
7.0, and 8.5). The results are listed in Table 3. A value of 1.00


corresponds to 100 % and a value of 0 to 0 % protonation or
deprotonation of a titratable group. The deprotonation of
Asp102 and Asp280, as previously assumed for the catalytic re-
action, was verified by the calculation for all three pH condi-
tions.[7] The deprotonation of Asp280 allows the nucleophilic
attack towards the ribose 34 C1’ atom during the base-ex-
change reaction.


Recently, the importance of Glu235 as a trigger residue for
the peptide flip of Leu231 was suggested.[14] Depending on
the substrate bound in the guanine binding pocket, either the
NH group or the CO group of Leu231 is facing the carboxyl
functionality of Glu235 (Figure 2 A). Based on a pKa value of 2.7
in the calculation, Glu235 would be considered as charged at
all pH conditions while NH is facing Glu235 (Table 3).


As mentioned, the pKa values for the ligands were experi-
mentally determined in aqueous solution.[15] A shift of approxi-
mately one logarithmic unit has been measured for the imida-
zolium or 2-aminoimidazolium moiety comparing the lin-ben-
zoguanines (5.2–5.4) and the 2-amino-lin-benzoguanines (5.8–
6.3; Table 2).


The pKa calculation for the complex structures is performed
at pH 7. For the inhibitors, the experimentally determined pKa


values are taken as starting values. The calculation reveals, that
upon complexation all pKa values of the ligands are shifted to-
wards basic range, overall by about 1.2 to 2.4 logarithmic units
(Table 2). As described above, this shift suggests a permanent
protonation of the ligands at the binding site under assay con-
ditions (pH 7.3). The protonation of the guanidinium group
creates a positive charge on this molecular portion. It increases
the strength of the hydrogen bond between the imidazolium-
type nitrogen atom of the ligand and the carbonyl group of
Leu231. Towards the inner of the protein, the NH group of the
amide bond of Leu231 is stabilized by the deprotonated
Glu235. The resulting arrangement suggests formation of aACHTUNGTRENNUNGhydrogen bond with charge-assisted salt bridge character. The
charged interaction enhances binding affinity of the 2-amino-
lin-benzoguanines towards TGT.


Crystal structures


For the parent skeleton lin-benzoguanine and the modified 2-
amino-lin-benzoguanines crystal structures in complex with
TGT were determined (represented by using 5 in Figure 1 B).
The binding mode is similar to the one of preQ1 (Figure 1 A).
Accordingly, the peptide bond between Leu231 and Ala232 is
found in its flipped orientation with the carbonyl group ex-
posed towards the recognition site (Figure 2 A). For the newly
synthesized compounds 4, 5, 7, and 9, binary complexes with
Z. mobilis TGT could be obtained. The maximum resolution
achieved by the structure determinations varies from 1.28 � to
1.78 �. Details about the refinement statistics are given in
Table 4 and information about the data collection can be
found in Materials and Methods. The binding mode, previously
discovered for 3, is confirmed by 4, 5, 7, and 9. As expected,
the water network between Asp102 and Asp280 is not disrupt-
ed. The peptide bond between Leu231 and Ala232 is flipped


Figure 2. A) Superposition of the TGT complexes with preQ1 (PDB ID: 1P0E;
carbon = green, nitrogen = blue, oxygen = red) and compound 5 (PDB ID:
2Z7K, carbon = orange, nitrogen = blue, oxygen = red). The shift in the back-
bone of the protein between the residues 230 and 235 is about 1 �. The car-
bonyl group of Leu231 is orientated into the guanine binding pocket and a
hydrogen bond between preQ1 or 5 is formed (for 5, additional hydrogen
bonds to Ala232 and a close by water molecule W (red), which is part of the
water cluster solvating the two catalytic aspartate side chains, are possible).
The conformation of Leu231 is stabilized by the deprotonated Glu235. Hy-
drogen bonds in complex with preQ1 are shown as dashed lines in green
and for the complex with 5 in orange. B) TGT in complex with 4 (PDB ID:
3C2Y, carbon = gray, nitrogen = blue, oxygen = red). In the guanine binding
pocket the 2-methyl-lin-benzoguanine skeleton of 4 (orange) fits perfectly
into the difference electron density (green). 4 is fixed in the binding pocket
by several hydrogen bonds to the surrounding amino acids (orange dashes).
Three water molecules are bound between the catalytically active aspartates
(red; hydrogen pattern = yellow dashes). Superimposed is a ligand (PDB ID:
1Y5W; carbon = cyan, nitrogen = blue, oxygen = red) with a hydrophobic
side chain addressing a small hydrophobic subpocket that is created by
Val282, Val45, Leu68, and Leu100. The hydrophobic side chain disturbs the
water molecules between Asp102 and Asp280 upon binding.
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and the carbonyl oxygen forms a hydrogen bond to N1 of the
ligand scaffold.


For cocrystallization and soaking of TGT crystals two condi-
tions have been discovered, one at pH 5.5 and another at
pH 8.5. With respect to structures of TGT in complex with
preQ1 significant geometric differences, depending on pH con-
ditions, have been observed.[20] At pH 5.5 (PDB ID: 2Z1X),
Asp102 is rotated to 75 % into the guanine binding pocket
whereas at pH 8.5 (PDB ID: 2NQZ) the same residue is oriented
to 100 % out of the pocket. In order to evaluate whether the
presence of a ligand can provoke the inwards orientation of
Asp102, 7 was soaked into the apo crystal at a pH of 8.5. The
observed electron density of 7 in complex with TGT discloses
that Asp102 is actually rotated into the binding pocket. Obvi-
ously, a rotation of Asp102 is induced by the presence of the
lin-benzoguanine scaffold. This is in contrast to previously
studied protein–ligand complexes exhibiting different scaf-
folds. In all these examples, rotation of Asp102 towards the
bound ligand was not observed at pH 8.5.


For 2-methyl-lin-benzoguanine (4), a dataset with a maxi-
mum resolution of 1.78 � could be collected. The above-de-
scribed 2.7-fold increase in binding affinity compared to the
unsubstituted lin-benzoguanine (3) can be ascribed to an addi-
tional efficient van der Waals contact to Cb of Ala232 (calcu-
lated with the program contacsym;[21] Figure 3).


By the introduction of the alkylamine substituent in 2-posi-
tion, a dramatic increase of the binding affinity was observed.
The analysis of the complexes with 5, 9, and 10 stresses anACHTUNGTRENNUNGadditional hydrogen bond to the carbonyl group of Ala232ACHTUNGTRENNUNGexhibiting an average length of 2.8 � (representatively shown
for 5, Figures 1 B and 2 A).


Based on the performed in silico pKa studies, the protona-
tion of 5–10 appears most likely. With the complexes of 5, 7,
and 10, this hypothesis has been further validated. A data set
of TGT in complex with 5 could be collected to a maximum
resolution of 1.28 �. Based on the high resolution of this struc-
ture, a detailed picture of the protein could be obtained, in-


ACHTUNGTRENNUNGdicating split conformations for several amino acids. The inhi-ACHTUNGTRENNUNGbitor in the guanine binding site is well defined and formsACHTUNGTRENNUNGhydrogen bonds to Leu231, Ala232, Asp156, and Asp102
(Figure 4). The superposition of 2-amino-lin-benzoguanine (5)
and preQ1 in complex with TGT reflects a very similar hydrogen
bond length towards the carbonyl group of Leu231 (2.7 �
preQ1, PDB ID: 1P0E; 2.8 � 5, PDB ID: 2Z7K) (Figure 2 A and B)
although the inhibitor has no extracyclic amino function. In
order to maintain the same distance, the backbone between
residue 231 and 235 has been shifted towards the inhibitor
and the hydrogen bond is formed to the nitrogen atom of the
imidazole moiety facing the CO group of Leu231.


In 7 (6-amino-2-[(thiophene-2-ylmethyl)-amino]-1,7-dihydro-
imidazo [4,5g]quinazolin-8-one), a thiophene-2-methylene
moiety has been chosen as substituent to grow the inhibition
skeleton towards the ribose 33 binding pocket (Figure 5 A).
Surprisingly, no properly defined electron density could be ob-
served for the sulfur-containing ring system. At most, an ethyl
group could be built into the electron density. The poorlyACHTUNGTRENNUNGdefined electron density indicates that the thiophene ring is
probably scattered over multiple configurations. By taking the
complex of TGT with bound tRNA as a reference for the super-
position with the present complex, it is possible to model the
thiophene ring into the same region of the binding site asACHTUNGTRENNUNGoccupied by ribose 33 in the natural substrate (Figure 5 A). This
superposition suggests that the methylene spacer has the ap-
propriate size to reach out into the ribose 33 binding pocket
and to correctly place a terminally decorated thiophene
moiety.


Interestingly, the crystal structure shows a split conformation
for Asp280 and Cys281 (Figure 5 B). This observation is particu-
larly surprising as Asp280 is involved as a nucleophile in the
catalytic mechanism. It might be possible that the thiophene
ring perturbs to some degree the conformation of Asp280.
Subsequently, the steric displacement of the thiophene moiety
translates into a 1808 rotation of Cys281 from an orientation


Table 3. Calculation of pKa values of different titratable groups of TGT active site.


pH 5.5 pH 7.0 pH 8.5
Residue[a] pKa protonated : deprotonated protonated : deprotonated protonated : deprotonated


Cys158 10.7 1.00 : 0 1.00 : 0 0.99 : 0.01
Cys281 8.4 1.00 : 0 0.96 : 0.04 0.46 : 0.54
Asp156 4.1 0.04 : 0.96 0 : 1.00 0 : 1.00
Asp102 �0.4 0 : 1.00 0 : 1.00 0 : 1.00
Asp280 1.7 0 : 1.00 0 : 1.00 0 : 1.00
Lys125 10.3 1.00 : 0 1.00 : 0 0.98 : 0.02
Lys264 12.2 1.00 : 0 1.00 : 0 1.00 : 0
Glu157 4.9 0.18 : 0.82 0.01 : 0.99 0 : 1.00
Glu235 2.7 0 : 1.00 0 : 1.00 0 : 1.00
Tyr072 11.3 1.00 : 0 1.00 : 0 1.00 : 0
Tyr106 11.6 1.00 : 0 1.00 : 0 1.00 : 0
Tyr161 9.7 1.00 : 0 1.00 : 0 0.94 : 0.06
Tyr258 14.4 1.00 : 0 1.00 : 0 1.00 : 0


[a] For the calculation of the pKa values all titratable groups within a radius of 12 � around the active site were determined (Cg of Tyr106 was taken as
origin of the selection). Each residue has an assigned pKa value based on the modified peoe_pb charges. For each residue, the ratio of protonation vs.ACHTUNGTRENNUNGdeprotonation at three different pH values (5.5, 7.0, and 8.5) is determined (a value of 1.00 corresponds to 100 % protonation or deprotonation).
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towards the surface of the protein into the cavity that is usual-
ly occupied by uracil 35 in the natural substrate.


The best binding affinity is observed for 6-amino-2-(2-mor-
pholin-4-yl-ethylamino)-1,7-dihydro-imidazo ACHTUNGTRENNUNG[4,5g]quinazolin-8-
one (9). This compound shows an affinity of 6 nm. The skeleton
does not fit entirely into the difference electron density. The


ethyl linker between the 2-amino-lin-benzoguanine and the
morpholino moiety can be assigned to difference electron den-
sity (jFo j� jFc j map at 2.5 s) but for the highly scattered mor-
pholino ring, no properly defined electron density could be
observed (Figure 6 A).


In a previous communication, the structure of a derivative
with a naphthyl side chain added to 2-amino-lin-benzoguanine
(8) skeleton has been presented.[15] In this complex, it was
partly possible to assign the side chain of the ligand to theACHTUNGTRENNUNGdifference electron density (PDB ID: 2QZR). Interestingly, the
lower part of the naphthyl moiety, which is covalently attached
to the lin-benzoguanine skeleton is visible in the difference
electron density. The upper six-membered ring is ill-defined.
Likely this corresponds to a kind of wiggling motion of the
naphthyl moiety perpendicular to the protein surface.


Compared to the complex of 9, the hydrogen bonds be-
tween the guanidinium moiety of 8 and the carbonyl oxygen
atom of Leu231 and Ala232 are expanded (hydrogen bond to
Leu231: 5 : 2.8 �; 8 : 3.0 �; to Ala232: 9 : 2.7 �; 8 : 3.6 �;
Figure 7). Obviously, the naphthyl side chain of 8 pushes the
lin-benzoguanine scaffold away from Ala232. Accordingly, it in-
duces a slight rotation of Tyr106 and Val233. Tyr106 closes up
the binding pocket once no ligand or substrate is accommo-
dated by TGT. In the apo structure, it forms a hydrogen bond
to Asp156. When a ligand is entering the guanine binding


Figure 3. Crystal structure of 4 in the binding pocket of TGT determined at
1.78 � resolution. The solvent-accessible surface of the protein is shown in
gray. In addition some selected amino acids (carbon = gray, nitrogen = blue,
oxygen = red) in the guanine binding pocket recognizing 4 are shown. The
hydrogen bonds between TGT and 4 are highlighted by yellow dashed lines.
Compound 4 is contoured at 2.5s in the jFo j� jFc j density map (green) of
the structural model refined without the ligand. The ligand (carbon = or-
ange, nitrogen = blue, oxygen = red) is well depicted in the binding pocket.
Several hydrogen bonds (orange dashes) are formed between the ligand
and the protein. A short van der Waals interaction (3.3 �, red arrow) be-
tween the methyl group in 2-position of the lin-benzoguanine scaffold and
Cb of Ala232 is present. In addition, three water molecules (red) are bound
between Asp102 and Asp280 (H-bonds: yellow dashes).


Table 4. Data collection and refinement statistics for TGT in complex
with 4, 5, 7, and 9.


Crystal data 4 5 7 9
PDB ID 3C2Y 2Z7K 3C2Z 3C2N


A) Data collection and processing
no. crystals used 1 1 1 1
l [�] 1.5418 0.97803 1.5418 0.97803
space group C2 C2 C2 C2
unit cell parameters
a [�] 90.3 90.5 90.2 90.7
b [�] 64.8 65.1 64.7 64.5
c [�] 70.3 70.6 70.4 70.3
b [8] 96.0 96.2 96.0 95.5


B) Diffraction data
resolution range [�] 50–1.78 30–1.28 50-1.65 25–1.58
unique reflections 36 907


(1780)[a]


10 2059
(5228)[a]


48 527
(2416)[a]


54 350
(2524)[a]


R(I)sym [%][b] 5.5 (37.0)[a] 3.8 (24.9)[a] 6.0 (51.0)[a] 4.4 (22.3)[a]


completeness [%] 95.0
(92.3)[a]


99.6 (97.4)[a] 99.9
(99.5)[a]


98.0
(91.1)[a]


redundancy 1.9 (1.9)[a] 2.7 (2.5)[a] 3.7 (3.2)[a] 3.0 (2.1)[a]


I/s(I) 15.0 (2.3)[a] 21.4 (3.8)[a] 20.6 (2.4)[a] 23.0 (4.0)[a]


C) Refinement
program used SHELXL SHELXL SHELXL SHELXL
for refinement
resolution range [�] 10–1.78 10–1.28 10–1.65 10–1.58
reflections used 35 094 96 866 46 663 52 369
in refinement
final R values
Rfree (Fo ; Fo>4 s)[d] 21.4


(15.0)[a]


18.6
(14.8)[a]


21.7
(20.5)[a]


21.7
(20.6)[a]


Rwork (Fo ; Fo>4 s)[c] 16.4
(14.0)[a]


16.2
(14.0)[a]


17.2
(16.2)[a]


16.8
(16.7)[a]


no. of atoms (non-hydrogen)
protein atoms 2809 2895 2760 2714
water molecules 274 375 233 302
ligand atoms 16 15 18 18
RMSD, angle [8] 2.1 2.4 2.3 2.3
RMSD, bond [�] 0.009 0.015 0.010 0.010
Ramachandran plot[e]


most favored regions 95.5 95.1 95.0 94.6
[%]
additionally allowed 4.2 4.6 4.3 5.1
regions [%]
generously allowed 0.3 0.3 0.7 0.3
regions [%]
mean B-factors [�2]
protein atoms 15.4 13.7 13.5 16.1
water molecules 27.0 29.0 23.6 30.7
ligand atoms 12.1 11.4 15.3 15.3


[a] Values in parenthesis are statistics for the highest-resolution shell.
[b] R(I)sym = [ShSi j Ii(h)�hI(h)i j /ShSiIi(h)] � 100, where hI(h)i is the mean of
the I(h)observation of reflection h. [c] Rwork =Shkl jFo�Fc j /Shkl jFo j . [d] Rfree


was calculated as for Rwork but on 5 % of the data that were excluded
from refinement. [e] From Procheck.
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pocket, Tyr106 performs a p-stacking with the aromatic ring
system of the bound ligand. In the case of binding the naph-
thyl derivative, the position of Tyr106 is distorted. In addition,


Val233 is rotated out of the binding pocket. The distance be-
tween Tyr106 Ce and Val233 Cb increases in the complex of 8
(6.7 �) compared to the complex of 9 (5.4 �) leading to an
opening of the guanine binding pocket (Figure 7). Astonishing-
ly, the complex of 8 is up to now the only example where the
side chain of the inhibitor could be fitted to a reasonably de-
fined electron density. Probably, the binding mode with an or-
dered side chain orientation is based on a steric interaction of
the naphthyl moiety with Tyr106, leading to a shifted place-
ment of the lin-benzoguanine scaffold in the guanine recogni-
tion pocket. Nevertheless, the affinity falls into the same range
as for other ligands exhibiting a guanidinium-type moiety.
Therefore, the opening of the guanine binding pocket has sup-
posedly no impact on the affinity of ligand binding.


All lin-benzoguanines are based on a tricyclic aromatic scaf-
fold. It is remarkable that this ring system is not always planar
(Figure 8). In complex with 5, 7, and 9, the electron density for
the scaffold is bent out of plane by approximately 7.58. In a re-
finement cycle, where the ligand was artificially constrained to
a planar geometry, residual negative and positive difference
electron density has been received. The unexpected non-pla-
narity can likely be explained by a protonation of the conjugat-
ed system of the guanidinium-like moiety, providing further
crystallographic evidence that the 2-amino-lin-benzoguanines
are protonated upon binding to TGT.


Docking experiments


For the complexes of 7 and 9 with TGT, it was not possible to
fit the side chain of the inhibitor into the electron density.
Only some weak peaks of residual electron density are visible
(Figures 5 A and 6 A). In order to estimate possible orientations


Figure 4. Surface presentation (gray) of TGT in complex with 5 determined
at 1.28 �. In the guanine binding pocket 5 is shown in orange (carbon = or-
ange, nitrogen = blue, oxygen = red) and the surrounding amino acids are
shown in gray (carbon = gray, nitrogen = blue, oxygen = red). The jFo j� jFc j
density map of 5 of the structural model refined without the ligand is
shown at 2.5s (green). The inhibitor occupies completely the deep binding
pocket of guanine. Several hydrogen bonds (orange dashes) are formedACHTUNGTRENNUNGbetween 5 and the protein. Three water molecules are placed between
the carboxyl groups of Asp102 and Asp280 (red, hydrogen bonds = yellow
dashes).


Figure 5. Superimposition of TGT in complex with a preQ1 modified tRNA loop (PDB ID: 1Q2S; blue, only the ligand is shown) and compound 7 (PDB ID:
3C2Z; protein: surface presentation in gray; ligand: carbon = orange, nitrogen = blue, oxygen = red). For the 2-amino-lin-benzoguanine scaffold the difference
electron density is well defined (jFo j� jFc j density map at 2.5s in green for the structural model refined without the ligand). A) The thiophene ring of 7 is dis-
located, but based on the position of the ethyl linker a localization of the thiophene ring similar to ribose 33 can be anticipated. B) For Asp280 and Cys281
two conformations are refined (conformation A: carbon = green, nitrogen = blue, oxygen = red, sulfur = yellow; conformation B) carbon = blue, nitrogen =


blue, oxygen = red, sulfur = yellow). Conformation A orients the thiol group of Cys281 towards the surface of the protein whereas in conformation B the thiol
group is rotated by 1808 and faces to the interior of the protein. In addition, the position of Asp280 is slightly shifted; this is especially remarkable because
Asp performs the nucleophilic attack towards C1’ of the ribose during the base-exchange reaction. C) Superposition of 20 docking solutions (carbon = purple,
nitrogen = blue, oxygen = red; sulfur = yellow) generated with the program GOLD. The sulfur atom of the thiophene ring is fitted into the difference electron
density, as it would contribute most as the strongest scatter to the density.
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of the side chain, docking experiments by using the program
GOLD were performed.[22] In Figure 5 C, the docking solutions
for 7 are visualized. The docked geometries show a cluster for
the side chain orientations close to the ribose 33 binding site
as already indicated by the crystal structure. For 9, the docking
delivers two clusters (Figure 6 B) for the morpholino side chain.
The placement of the docking solutions supports the assump-
tion that the side chain is rather solvent exposed, and no par-


ticular arrangement with a set of preferred interactions ap-
pears possible.


Conclusions


The synthesis of new TGT inhibitors with the aim to address
the ribose 33 binding pocket led to a dramatic increase in
binding affinity. The modification of the scaffold lin-benzogua-
nine to synthetically easily accessible 2-amino-lin-benzogua-
nines changed the characteristics of our inhibitors. With this
skeleton, it is now possible to form an additional hydrogen
bond at the far end of the guanine binding pocket between
the carbonyl group of Ala232 and the exocyclic amino function


Figure 6. Surface representation of TGT in gray; ligand: carbon = orange,ACHTUNGTRENNUNGnitrogen = blue, oxygen = red; jFo j� jFc j density map at 2.5s in green of
the structural model refined without the ligand 9 in the guanine binding
pocket. The morpholino ring system of 9 is not shown because no properly
defined electron density could be observed during refinement. B) A total of
20 docking solutions derived with the program GOLD are superimposed on
the complex with 9. The docking solutions show that the morpholino side
chain is solvent exposed and multiple conformations are possible.


Figure 7. Superposition of TGT in complex with 8 (PDB ID: 2QZR; carbon =


green, nitrogen = blue, oxygen = red, hydrogen bonds = orange dashes) and
9 (PDB ID: 3C2N; carbon = orange, nitrogen = blue, oxygen = red, hydrogen
bonds = yellow dashes). The side chain of Val233 is shifted in the complex
of 8, which results in a larger distance between Tyr106 and Val233 (8 : 6.7 �,
blue dashes; 9 : 5.4 �, red dashes).


Figure 8. Complex of 5 and TGT. The jFo j� jFc j density map of 5 of the
structural model refined without the ligand is shown at 2.5 s in green. The
inhibitor is slightly bent in the guanine binding pocket (approximately 7.58).
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of the inhibitor (Figure 4). However, the most important contri-
bution to the increased binding affinity results from a change
of the physico-chemical properties of the scaffold. With theACHTUNGTRENNUNGintroduction of the guanidinium functionality, a permanent
charge is most likely created on this portion of the inhibitor
which results in the formation of a charge-assisted hydrogen
bond to the carbonyl group of Leu231. This interaction is fur-
ther stabilized by the negative charge of the deprotonated
Glu235 facing the NH of Leu231 from the back. For the evalua-
tion of the charge-assisted hydrogen bond between the li-
gands and TGT, we performed a novel application of in silico
pKa calculation. So far the pKa calculation with modified peoe_
pb charges were only used to characterize the protonation
state in active sites of HIV protease and other proteases, such
as trypsin and thrombin, but it was never consulted to explain
trends in affinities.[23, 24] This evaluation shows that pKa calcula-
tions can also be applied to study affinity relationships ofACHTUNGTRENNUNGprotein–ligand complexes. The results of the pKa calculation
support the increasing basic character of our inhibitors, partic-
ularly once bound to the protein, which strengthens the inter-
action to Leu231.


The crystal structures emphasize the conserved binding
mode of the scaffold of the lin-benzoguanines in the guanine
binding pocket. The introduced side chains in 2-position can
bind to the ribose 33 binding pocket. The disruption of the
water cluster network which had a detrimental effect on the
binding energy in previous studies could not be observed for
4–10. With our new design strategy we could bear the first
nanomolar TGT inhibitors.


An additional interesting feature can be observed from the
complexes of 7 and 9, where it is not possible to fit the com-
plete side chain of the ligand into the electron density. Never-
theless, the binding affinity is still increased compared to the
complex of 6 (for 7 the increase is 1.7-fold, for 9 it is nearly
tenfold). The side chain is not fixed in one preferred orienta-
tion and in our docking experiments the thiophene and the
morpholino moiety are scattered over multiple conformations.
The residual mobility of the side chain in the protein-bound
state obviously enhances binding affinity of a less intimate and
shape-complementary complex between ligand and protein.
Certainly, upon complex formation, the overall residual confor-
mational entropy is reduced, but is usually compensated for
by an enhanced enthalpy contribution experienced by the
newly formed interactions with the ligand. In the present case,
the residual amount of degrees of freedom resulting from the
still activated conformational mobility of the side chain is ben-
eficial for the entropic contribution to binding. A partial loss of
degrees of freedom pays a smaller price in entropy. Overall, an
enhanced Gibbs free energy of binding is observed, particular-
ly for 9. As important message from this study, it can be con-
cluded that enhancement of binding affinity does not necessa-
rily correlate with one unique and well-defined shape-comple-
mentary conformation of the ligand or its portions. Recently,
we could report a similar case where the complete disorder of
a ligand side chain was not detrimental to binding affinity.[25]


In this case, the binding constant, a typical free energy entity,
is determined predominantly by either an enthalpic and en-


tropic contribution. Possibly, our traditional thinking in terms
of lead optimization in medical chemistry is too strongly
biased towards an enthalpic view, only accepting structural
evidence once a properly defined ligand configuration can be
discovered in the difference electron density of the complex.
Also, a beneficial residual configuration entropy contribution
can result in an improved protein–ligand binding.


Experimental Section


Trapping experiment : For the characterization of the kinetic prop-
erties of the ligand 5 mm Z. mobilis TGT, 100 mm E. coli tRNATyr, and
10 mm of the particular inhibitor dissolved in DMSO were incubat-
ed for 1 h at 25 8C. Furthermore, SDS loading buffer (10 mL) was
added, and the mixture was incubated for an additional hour at
25 8C. Each sample (5 mL) was loaded onto a 15 % SDS gel and
stained with 0.1 % Coomassie brilliant blue.[13] For a competitive in-
hibitor only one band was visible on the SDS gel representing TGT.
In contrast two bands were obtained on the SDS gel for a mixed
inhibition, one for TGT and an additional one for TGT in complex
with tRNA.


Inhibition constant determination : The inhibitor kinetic constants
were acquired in an assay solution of 19 nm Z. mobilis TGT, 200 mm


HEPES buffer, pH 7.3, 20 mm MgCl2, 2.95 mm Tween 20 containing
both substrates, 8-[3H]-guanine HCl and E. coli tRNATyr in various
concentrations. In addition, the assay solution contained 5 %
DMSO to ensure solubility of the inhibitors.


The assay reaction was started by adding the substrates and its
turnover was measured by taking an aliquot (15 mL) four times, at
three minute intervals. The aliquots were directly transferred to
glass fiber filters (GC-F, Whatman), quenched in 10 % (w/v) tri-
chloroacetic acid (20 min), and washed in 5 % (w/v) trichloroacetic
acid (2 � 7 min) to wash out tRNA-unbound 8-[3H]-guanine. The fil-
ters were dried at 60 8C, and tRNA-incorporated tritium was quanti-
fied by using liquid scintillation counting.


For the calculation of the inhibitor constants, the method intro-
duced by Gr�dler et al. and modified by Meyer et al. was ap-
plied.[6, 13] Here, TGT was incubated with 20 mm 8-[3H]-guanine,
1.5 mm tRNATyr in the presence of five different inhibitor concentra-
tions. The initial velocity of the base-exchange reaction was de-
creased by the added inhibitor. This enabled the calculation of
competitive inhibition constants for each inhibitor.


In silico pKa calculations : A consistent charge model was pro-
duced by a modified version of the charge distribution algorithm
that was suggested by Gasteiger and Marsili, named “partial equali-
zation of orbital electronegativities” (PEOE).[26]


The in silico calculation was based on the charge distribution in
the active site of TGT derived from the modified peoe_pb charges.
Another value important for the calculation was the assigned di-ACHTUNGTRENNUNGelectric constant e. For the binding site an approximate estimation
of this value was crucial. To adjust a reasonable value that closely
resembled the properties of the binding site, we tested two differ-
ent values: e= 10 and e= 20. A shift of about one logarithmic unit
to a more basic range for all inhibitor complexes was obtained by
using a dielectric constant of e= 20. At a value of e= 10, the pKa


shift was larger (2.4–4.4) and resulted in values that appearedACHTUNGTRENNUNGexaggerated to correctly represent the observed effects of the
formed protein–ligand complex.
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For the calculation of the pKa values all titratable groups in a
radius of 12 � around the active site were determined (Cg of
Tyr106 was taken as centre of the selection; Table 3). With the pro-
gram REDUSE all hydrogens were added to the protein where all
acidic amino acids were deprotonated and basic amino acids were
protonated.[27]


SYBYL ligand atom types were assigned to the ligands to generate
its unprotonated and its protonated form. Based on the modified
peoe_pb charges a total net charge was assigned for both ligand
states. After this preparation, the Poisson–Boltzmann calculation
was started. The resulting pKa shifts were listed in Table 2 at a pH
of 7.0.


Z. mobilis TGT crystallization : Z. mobilis TGT was cloned and ex-
pressed in E. coli. This procedure and the purification of the protein
have been described in detail elsewhere.[1, 28, 29] Crystals appropriate
for soaking ligands were obtained in a two-step procedure. First
microcrystals were grown via hanging-drop, vapor diffusion
method at 273 K. Therefore, protein solution (2 mL; 16.8 mg mL�1


TGT, 2 m NaCl, 10 mm TRIS-HCL pH 7.8, 1 mm EDTA, 1 mm DTT) was
mixed with reservoir solution (2 mL) at pH 8.5 (8 % (w/v) PEG 8000,
100 mm TRIS–HCl, 1 mm DTT, 10 % DMSO) or at pH 5.5 (13 % (w/v)
PEG 8000, 100 mm MES, 1 mm DTT, 10 % DMSO) to a droplet.
During a few days microcrystals with the size of 0.05 mm3 were ob-
served. In a second step, a macro-seeding was performed where
the crystals grew to a size of about 0.7 � 0.7 � 0.2 mm. For the
macro-seeding one micro-crystal was transferred to a droplet with
protein solution (2 mL) and reservoir solution (2 mL). The reservoir
solution was similar to the one used in the first step but had a de-
creased concentration of PEG 8000 (pH 8.5: 5 % (w/v) ; pH 5.5: 8 %
(w/v)). The ligands were dissolved in DMSO and mixed with reser-
voir solution to a final concentration of 5 mm. A single crystal was
introduced into a droplet of this mixture and soaked for about one
day.


Data collection : The soaked crystals were transferred for about
10 s into a solution containing glycerol as cryo-protectant (pH 8.5:
50 mm Tris–HCl, 0.5 mm DTT, 0.3 m NaCl, 2 % DMSO, 4 % PEG 8000,
30 % glycerol ; pH 5.5: 50 mm MES, 0.5 mm DTT, 0.3 m NaCl, 2 %
DMSO, 4 % PEG 8000, 30 % glycerol) and afterwards directly flash-
frozen in liquid N2.


Data sets for 4 and 7 were collected at cryo conditions (100 K)
with CuKa radiation (l= 1.5418 �) by using a Rigaku RU-H300R ro-
tating-anode generator at 50 kV and 90 mA equipped with focus-
ing mirrors (Xenocs mirrors) and an R-AXIS IV or R-AXIS IV++ (MSC,
USA) image-plate system.


The data sets for 5 and 9 were collected at cryo conditions (100 K)
as well at the BESSY-PSF Beamline 14.2 in Berlin. Synchrotron radia-
tion (at wavelength l= 0.97803 �) was used. A MAR CCD 165 mm
detector was utilized for data collection.


The protein crystallizes in the monoclinic space group C2 contain-
ing one monomer per asymmetric unit with Matthews coefficients
of 2.3–2.4. Unit cell dimensions for all crystals are listed in Table 3.
Data processing and scaling were performed by using the
HKL2000 package. Data collection and processing statistics are
given (Table 3).[30]


Structure determination and refinement : For the complexes of 4,
5, 7, and 9 the coordinates of the TGT apo structure (1P0D) were
directly used for an initial rigid-body refinement and a cycle of
maximum likelihood energy minimization, simulated annealing,
and B-factor refinement by using the CNS program package was
performed.[31]


The high resolution of the structures allows a further refinement
with the program SHELXL.[32] Here, at least 20 cycles of conjugate
gradient minimization were performed with default restraints on
bonding geometry and B-values: 5 % of all data were used for Rfree


calculation. Amino acid side chains were fit to sA-weighted jFo j�
jFc j and 2 jFo j� jFc j electron density maps by using COOT.[33] In
the electron density water, glycerol molecules, and the ligand were
located, and subsequently included to further refinement cycles. In
a final refinement, riding H-atoms were placed for the protein (not
for ligand) without using additional parameters. All final validation
of the model was performed with PROCHECK.[34]


Figure were prepared by using Isis Draw and Pymol.[35]


Protein Data Bank accession codes : The PDB accession code for
the TGT in complex with 4 is 3C2Y, 5 is 2Z7K, 7 is 3C2Z, and 9 is
3C2N (also given in Table 3).


Docking experiments : The docking was performed with GOLD 4.0
by using default settings for the genetic algorithm. Inhibitors 7
and 9 were docked 20 times into the guanine binding side of the
corresponding crystal structure. The water molecules between the
catalytic aspartates were included in the docking run and were
kept as fixed.
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Introduction


Nature controls the crystallization of inorganic materials in a
process called biomineralization, resulting in organic–inorganic
hybrid materials with unique material properties. Mineraliza-
tion only occurs under well controlled conditions; otherwise it
must be prevented in a suitable way. The handling of calcium
phosphate in mammals illustrates an important point: the con-
centrations of calcium and phosphate ions in mammalian
blood are much higher than would be predicted from the solu-
bility product for basic calcium phosphate.[1–4] Calcium phos-
phate would therefore be expected to precipitate all over the
human body, but mineralization is usually restricted to bones
and teeth. Recent work has identified the serum protein a2-
HS glycoprotein/fetuin-A as an important inhibitor that pre-
vents pathological mineralization in soft tissues and in the ex-
tracellular fluid.[2] The mechanism of this inhibition is related to
the formation of the so-called calciprotein particles (CPPs).[3, 5–7]


Once the solubility product is exceeded by the concentration
of Ca2 + and phosphate, colloidal CPPs that consist of amor-
phous calcium phosphate and fetuin-A are formed. In body
fluids, acidic proteins such as serum albumin further stabilize
the colloid.[7] Studies by transmission electron microscopy
(TEM) and dynamic light scattering revealed that CPPs have di-
ameters of the order of 25–150 nm.[3, 6, 7]


By employing small-angle neutron scattering (SANS) we re-
cently demonstrated that the initial CPPs transform into
mature secondary CPPs each consisting of a core of octacalci-
um phosphate covered by a shell of fetuin-A.[6] The analysis by
SANS, however, required at least 30 min per sample, so SANS
did not permit the study of early stages of CPP formation, and
critical information about the early stages of mineral nuclea-
tion and the formation of CPPs in the presence of fetuin-A is
still lacking.


We considered two alternative mechanisms of mineralization
inhibition in the early stage: 1) fetuin-A could act as a nucleat-


ing agent but forming a large number of nuclei onto which
the solid mineral precipitates; this would effectively decrease
the ion product driving mineral formation, or 2) fetuin-A could
shield spontaneously forming mineral nuclei, thus effectively
preventing their further growth and ultimately their precipita-
tion. In the first case the number (N) of particles in a given
volume (V) should be directly proportional to the fetuin-A con-
centration. At the same time, the sizes of the primary particles
should decrease. If, on the other hand, fetuin-A acted as a sur-
face active component, stabilizing the particles and preventing
further growth by aggregation, neither N/V nor the sizes of the
primary particles should change markedly in the presence of
fetuin-A.


Here we present a detailed study of the early stage of the
CPP formation based on time-resolved small-angle X-ray scat-
tering (TR-SAXS). Calcium ions and phosphate ions were mixed
rapidly in a stopped-flow apparatus and the growth of mineral
particles was monitored through the increase and angular de-
pendence of the scattering intensity. As shown previously, the
number density (N/V) and particle radius (R) can be extracted
from TR-SAXS data.[8–10] Measurements were taken without and
with fetuin-A, and the role of this protein in the early stage of
mineralization was assessed. Together with previous data relat-


We report on the earliest stages of the formation of complexes of
calcium phosphate in the presence of the serum protein a2-
HS glycoprotein/fetuin-A termed calciprotein particles (CPPs).
Time-resolved small-angle X-ray scattering (TR-SAXS) and stop-
ped-flow analysis were used to monitor the growth of protein
mineral particles nucleating from supersaturated salt solutions. It
was found that fetuin-A did not influence the formation of miner-


al nuclei. However, fetuin-A did prevent the aggregation of nuclei
and thus mineral precipitation. Hence, fetuin-A shielded sponta-
neously formed mineral nuclei, leading to stable calciprotein par-
ticles in the first stage of mineralization. Fetuin-A is therefore crit-
ically required during the earliest stages of the formation of pro-
tein–mineral complexes in order to prevent uncontrolled mineral-
ization.
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ing to longer timescales[3, 6, 7] our present study provides a com-
plete time-resolved mechanism of the formation, maturation
and stability of CPPs.


Results and Discussion


In order to study the effect of the glycoprotein on the forma-
tion of calcium phosphate complexes, we first performed
measurements in the absence of fetuin-A. Solutions of 20 mm


Ca2 + and 12 mm PO4
3� were prepared with a buffered solution


(pH 7.4). The concentrations of Ca2 + and PO4
3� solutions were


thus chosen in order to match the experimental conditions
used in our previous SANS study.[5] Figure 1 shows the normal-


ized SAXS intensities up to t = 1.355 s. Here and in all subse-
quent scattering curves the background has been subtracted.
Except for a small minimum around 0.28 nm�1, the decay of
the scattering intensity does not exhibit any pronounced
minima or maxima. However, a pronounced upturn of the scat-
tering intensity is observed at the smallest q vectors (q<
0.15 nm�1). No change in the scattering intensity is observed
after about 0.255 s. We found that the scattering patternsACHTUNGTRENNUNGrecorded at later time points (145 s after the mixing process;
data not shown) were similar to those at 0.26 s. In general, the
intensities measured at intermediate and high q ranges virtual-
ly agree beyond 250 ms and only differ in the region of small
q values. Moreover, no shift of the minimum was observed any
longer, indicating that the formation of particles had complet-
ed.


Evidently, the formation of primary particles of calcium phos-
phate is very fast. After this stage aggregation sets in, leading
to the upturn at small q values. Obviously, aggregation is be-
ginning at a very early stage, directly after the formation of the


primary particles. A similar observation has been made in a
recent study of the formation of CaCO3 particles.[8]


To study the effect of fetuin-A, the measurements were re-
peated under the same experimental conditions in the pres-
ence of 1, 5 and 15 mm fetuin-A, the last of these correspond-
ing to its physiological concentration in plasma. The solubility
product (Ksp) for amorphous calcium phosphate at the given
pH and temperature is estimated as 10�25.7.[11] Thus, the mineral
ion concentrations used here (i.e. , supersaturation) greatly ex-
ceeded their physiological serum concentrations. We reasoned,
however, that local concentrations—within the skeleton, for
example—might be much higher and should still be effectively
controlled by fetuin-A.


The evolution of the SAXS intensities as a function of time
is displayed in Figure 2 for the sample containing fetuin-A


(15 mm). A slight shoulder is evident. Moreover, the absolute
scale and the upturn of the scattering intensity at the lowest q
values was lower than without fetuin-A (Figure 1). We conclude
that the presence of fetuin-A led to much smaller mineral par-
ticles.


Figures 3 and 4 present a typical analysis of SAXS intensities
made with the aid of Equation (6) at the times indicated. The
smeared side maximum of I(q) indicated polydispersity of the
particles. In the region of the smallest q values we find that
data obtained without fetuin-A or at low concentrations there-
of cannot be fitted by assuming a solution of non-interacting
spheres (that is, by assuming S(q)�1 in Equation (6), below;
see Modelling). In these cases the deviation at small q values
indicated aggregation of mineral nuclei as already discussed in
conjunction with Figures 1 and 2. The resulting scattering in-
tensities were therefore modelled as a system of aggregated
spheres (that is, by use of the structure factor S(q) given in
Equation (4), below). At elevated fetuin-A concentrations (for


Figure 1. Evolution of the normalized SAXS intensities in the absence of
fetuin-A. Later SAXS intensities did not show any evolution of the shape or
the intensity. This demonstrates the very fast kinetics of early calcification
leading to the first equilibrium phase of Ca3PO4 particles. For the sake of
clarity only every second point is shown for the intensity measured after
1.355 s. Concentrations: Ca2+ (10 mm) and PO4


3� (6 mm) in Tris/HCl buffer
(50 mm).


Figure 2. Evolution of the normalized SAXS intensities with time in the pres-
ence of fetuin-A (15 mm). SAXS intensities measured at longer times did not
show any change either in the shape or in intensities. Here we note slower
formation of the primary spherical particles than in the sample without
fetuin-A (Figure 1). For the sake of clarity only every second point is shown
for the upper curves. Concentrations: Ca2 + (10 mm) and PO4


3� (6 mm) in
Tris/HCl buffer (50 mm).
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example, 15 mm), aggregation of primary particles was absent.
Hence, under these conditions the protein molecules seem to
cover each spherical particle completely and thus prevent fur-
ther aggregation.


The fits shown in Figures 3 and 4 allowed us to derive the
parameters of number density (number of particles over
volume, N/V) and radii of the primary particles (Rpsp) as a func-
tion of time as given in Equation (3), below. Both quantities


were subject to considerable error because the polydispersity
of the primary particles was high. Polydispersity was taken into
account by use of a distribution function for the radii. With a
Gaussian distribution function the deviations of the radii from
the radius of the mean particle were in the 20–55 % range, de-
pending on time and amount of fetuin-A. Model calculations
using different distribution functions (such as Schulz–Zimm)
led to slight changes in the absolute values of N/V and Ri and
the corresponding errors. Nevertheless, these calculations gave
similar results, so the data sufficed for observation of the gen-
eral trends. Further evaluation was carried out by use of the
mean values obtained from the fits made with a Gaussian dis-
tribution function. Figures 5 and 6 demonstrate that both N/V
and Rpsp increased with time but levelled off after less than


Figure 3. Normalized SAXS intensities 0.23 s after the mixing process. The
figure shows (from bottom to top) the scattering intensities of the samples
containing 0, 1, 5 and 15 mm of fetuin-A. For the sake of clarity, intensities
were multiplied by factors of 10 (1 mm), 100 (5 mm) and 1000 (15 mm). For fit-
ting of the sample with the highest concentration of fetuin-A (15 mm), S(q)
was assumed to be unity (that is, no aggregation took place under these
conditions). For all other concentrations aggregation was taken into account
by assuming S(q)>1 [Eq. (6)] . For the sake of clarity only every third point of
the experimental data is shown. Concentrations: Ca2+ (10 mm) and PO4


3�


(6 mm) in Tris/HCl buffer (50 mm).


Figure 4. Modelling of the normalized SAXS intensities 0.89 s after the mix-ACHTUNGTRENNUNGing process. The figure shows (from bottom to top) the scattering intensities
of the samples containing 0, 1, 5 and 15 mm of fetuin-A. For the sake of clari-
ty, intensities were multiplied by factors of 10 (1 mm), 100 (5 mm) and 1000
(15 mm). For fitting of the sample with the highest concentration of fetuin-A
(15 mm), S(q) was assumed to be unity (that is, no aggregation took place
under these conditions). For all other concentrations aggregation was taken
into account by assuming S(q)>1 [Eq. (6)] . For the sake of clarity only every
third point of the experimental data is shown. Concentrations: Ca2+ (10 mm)
and PO4


3� (6 mm) in Tris/HCl buffer (50 mm).


Figure 5. Time-evolution of the radii of primary spherical particles in the ab-
sence (&) and in the presence of fetuin-A (!, *). Data for fetuin-A (1 mm)
were intermediate between those for 0 and 5 mm, but are omitted from the
graph for the sake of clarity. The dashed lines describe the general trend of
the evolution of the radii of primary spherical particles (Rpsp). We note here,
within the limits of error, growth of the primary particles with the addition
of the glycoprotein.


Figure 6. Time-evolution of the number density. Data for fetuin-A (1 mm)
were intermediate between those for 0 and 5 mm, but are omitted from the
graph for the sake of clarity. The dashed lines describe the general trend of
the evolution of the number of particles per volume. We note here, within
the limits of error, a decrease in the number of particles per unit volume
with the addition of the glycoprotein.
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0.1 s. The error bars give an indication of the range of the
mean values obtained by fitting of all data series. The number
density increased by an order of magnitude at this very early
stage. The exceedingly fast increases both in N/V and in Rpsp


suggested that the primary particles form within a fraction of a
second.


This corroborates the results presented here: namely a
strongly increased colloidal stability of the CPP by fetuin-A.
The particles aggregate much more rapidly if less fetuin-A is in
the system.


Moreover, Figures 5 and 6 show that the presence of fetuin-
A leads to the formation of larger primary particles but with a
smaller number density. From 0 up to 5 mm fetuin-A, no signifi-
cant differences in growth parameters could be found. Data
obtained in the presence of the physiological concentration of
fetuin-A (15 mm), however, clearly showed that the number
density (N/V) of the primary particles had not increased in the
presence of the protein. As already discussed in the Introduc-
tion, a nucleation agent would lead to a much increased N/V
value. The number density (N/V) had even decreased withACHTUNGTRENNUNGincreasing fetuin-A concentration. Moreover, we found that
within the experimental error, the rate of formation of calcium
phosphate did not depend on the concentration of fetuin-A in
the solution. This may be directly inferred from plots of N/
V·Rpsp


3 versus time t (data not shown). This quantity was pro-
portional to the entire amount of material produced as a func-
tion of time t. The error bar of this product was rather high
(about 20 %) but there was no significant deviation between
curves measured for different fetuin-A concentrations. We
hence conclude that fetuin-A is not acting here as a nucleating
agent. The small changes in N/V and Rpsp point to only a small
effect of the protein on the growth process at a very early
stage of CPP formation.


Figure 7 illustrates the aggregation of primary particles in
the presence of different amounts of fetuin-A in a quantitative
manner. The quantity S(0)+1 represents the number of primary
particles per aggregate. As demonstrated in Figure 7, no ag-
gregation was observed in solutions containing 15 mm fetuin-
A. This is similar to our recent findings on the mineralization of
calcium carbonate in the presence of water-soluble block co-
polymers,[8] which likewise suppressed aggregation of primary
mineral particles. The water-soluble block copolymer attached
to the surfaces of the particles, thus preventing further aggre-
gation. The same conclusion may be drawn here as well :
fetuin-A acts as a surface-active agent that attaches to the sur-
faces of the amorphous particles of calcium phosphate to pro-
vide colloidal stability against coagulation.


Figure 8 summarizes the results obtained by TR-SAXS. The
particles monitored in the very early stage in the TR-SAXS ex-
periment consist of amorphous calcium phosphate stabilized


by a surface layer of fetuin-A. The surface layer of fetuin-A pro-
tein positively identified in our recent SANS experiment[5]


could not be resolved by SAXS due to a lack of contrast (see
the Experimental Section). However, the assumption of a stabi-
lizing surface layer is in full agreement with previous studies
by DLS and SANS.[6, 7] We can now specify that “inhibition” of
mineralization by fetuin-A operates through stabilization of the
primary particles against coagulation rather than through pre-
vention of mineralization altogether. Once the concentrations
of the ions exceed the solubility product, the primary particles
must precipitate. The process of precipitation is fast (<0.1 s)
and fetuin-A has little influence at this very early stage. How-ACHTUNGTRENNUNGever, aggregation of these primary particles, with sizes in col-
loidal dimensions, commences immediately thereafter. At this
stage fetuin-A can intervene by stabilizing the primary particles
through formation of the CPPs. These particles are remarkably
stable against further aggregation.


In conclusion, we present a time-resolved synchrotron SAXS
study detailing the formation of calcium phosphate complexes
with the plasma protein fetuin-A. The most significant effect
observed was that fetuin-A stabilized the mineral particles,


Figure 7. Time-evolution of the average number of primary particles per ag-
gregate. As noted previously (Figures 3 and 4), no structure factor was used
for fitting SAXS data for the sample containing fetuin-A (15 mm) [S(0) + 1 =


1]. The number of primary particles per aggregate decreases with the addi-
tion of glycoprotein, demonstrating the inhibitor effect of the glycoprotein
on calcification. The dashed lines represent the general trend of the evolu-
tion of the number of primary particles per aggregate.


Figure 8. Role of fetuin-A in the early stage of mineralization. Calcium phos-
phate particles are generated once the concentrations of the ions exceed
the solubility product. Virtually no influence of fetuin-A that cannot be stud-
ied by the present experimental setup is seen in this early stage. The pri-
mary particles are then stabilized by the protein through the formation of
the calciprotein particles. Without fetuin-A, large aggregates are formed.
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ACHTUNGTRENNUNGpreventing their subsequent aggregation if the protein was
present in sufficient concentration. The calciprotein particles
thus formed exhibited remarkable long-term stability.[7]


Experimental Section


CPP preparation : Calcium chloride (CaCl2·2 H2O, Roth GmbH, Karls-
ruhe) and sodium phosphate (Na3PO4·12 H2O, Fluka) were analytical
grade. Solutions of Ca2 + (20 mm) and PO4


3� (12 mm) were pre-
pared with a buffered solution (50 mm Tris/HCl, AppliChem, Darm-
stadt, pH 7.4). The concentrations of Ca2 + and PO4


3� solutions
were chosen in order to match the experimental conditions used
in our previous SANS study.[5] Commercial bovine fetuin-A was pu-
rified as described previously.[3] The glycoprotein was diluted into
the calcium and phosphate solutions at concentrations of 0, 1, 5
and 15 mm.


All TR-SAXS experiments were performed at the high-brilliance un-
dulator beamline ID2 at the ESRF, Grenoble, France.[12] The wave-
length (l) of radiation was chosen as 1 �. The SAXS patterns were
recorded with a high-sensitivity fibre-optically coupled CCD detec-
tor (FReLoN). The sample-to-detector distance was set to 2 m. Data
acquisition and counting of the time t was hardware-triggered
within 1 ms before the final mixing process was initiated. SAXS
data were acquired in increments of 170–520 ms with an exposure
time of 20–50 ms per frame. By repetition of the experiment with
different initial delay times the time intervals between the readout
gap of the detector (about 80 ms) could, when required, be inter-
polated to achieve better time resolution. In this way the reaction
was followed during the first 8 s after mixing.


Rapid and effective mixing of the CaCl2·2 H2O and Na3PO4·12 H2O
solutions was accomplished at 37 8C by use of a stopped-flow
device (BioLogic SFM-3), leading to Ca2 + (10 mm) and PO4


3�


(6 mm) after the mixing (ratio 1:1). The mixing volumes and the
mixer flow rates were controlled with the instrument software. The
total mixer flow rate and the capillary during the final mixing
phase were set to an optimum value of 6.67 mL s�1. After 30 ms of
continuous mixing and flowing through the capillary, the flow of
the reagent mixture through the capillary was stopped and the
sample was left unperturbed. The kinetic time evolved above the
dead time of the device (~4 ms: that is, the time needed to trans-
fer the mixture to the point of measurement in the capillary) after
the cessation of the flow. Thus for times t�35 ms there are quasi-
steady-state conditions due to the continuous flow of the reaction
mixture. The stopped-flow cell filled with the buffer was taken as
the background.


Modelling : This analysis of the mineralization by TR-SAXS has
been described in detail previously.[8–10] In short, the scattering in-
tensity [I(q)] of a system of noninteracting spherical particles can
be calculated from Equation (1):[13]


IðqÞ ¼
X


i


Ni


V
B2


i ðqÞ ð1Þ


where the index i refers to the fraction of particles of radius Ri and
with a particle number density Ni/V. The scattering amplitude Bi(q)
is given by:


BiðqÞ ¼ 4p


ZRi


0


½1ðrÞ�1m�
sinðqrÞ


qr
r2dr ð2Þ


where 1 and 1m represent the electron contrast of the particles
studied and of the solvent, respectively.


For homogeneous spheres, I(q) is given by:


IðqÞ ¼
X


i


Ni


V
ð1�1mÞ2 V2


i


�
3


sinðqRiÞ�qRi cosðqRiÞ
ðqRiÞ3


�2


ð3Þ


with Vi representing the volume per particle. The assumption of a
spherical shape of the CPP was derived from our previous work[3]


showing that the CPPs have a spherical shape in the earliest stage.
Polydispersity was accounted for by assuming a normalized Gaussi-
an number distribution.


Interparticle interaction and aggregation were both accounted for
with a structure factor S(q). The effect of S(q) is restricted to the
smallest q region in which a length scale of interparticle distances
is being probed. Fractal aggregation of the primary particles can
be modelled by the following expression for S(q):[14]


SðqÞ ¼ 1þ Sð0Þ
½1þ q2z2�ðD�1Þ=2


sin½ðD�1Þtan�1ðqzÞ�
ðD�1Þqz


ð4Þ


where D is the fractal dimension and z is a crossover length that is
a measure of the aggregate size. The average number of primary
particles per aggregate is given by 1 + S(0).


Scattering contributions in high-q regions due to density fluctua-
tions within the particles may be described by an additive Orn-
stein–Zernike term [Eq. (5)]:[10]


IflucðqÞ ¼
Iflucð0Þ


1þ x2q2
ð5Þ


where x is the average correlation length, which is of the order of
a few nanometers.


Thus, the overall theoretical intensity Itot(q) is given by:


ItotðqÞ ¼ SðqÞ½IðqÞ þ IflucðqÞ� ð6Þ


The electron density (1) of a particle is directly proportional to its
mass density (1T). From the mass density and the chemical compo-
sition, the electron density can be calculated. The density (1T) of
the calciprotein particles was determined through densitometry
(DMA 60/602, Paar, Graz, Austria) to be 1.72 g cm�3. WAXS experi-
ments performed on particles obtained with and without fetuin-A
(data not shown) did not exhibit any Bragg peaks indicative of
crystalline phases. Therefore we concluded that the particles
formed in the early stage were amorphous. This is in agreement
with previous work[6] demonstrating that an amorphous precursor
phase of calcium phosphate is formed first. Similar findings have
been reported for the early stage of the formation of calcium car-
bonate particles.[8–10] The nucleation of the amorphous phase is a
fast process and the formation of crystalline modifications follows
at a later stage.


The chemical composition of amorphous calcium phosphate (ACP)
is not known precisely.[11, 15–20] We approximated the contrast of
ACP by taking the average of the densities of crystalline tricalcium
phosphate (TCP, Ca3ACHTUNGTRENNUNG(PO4)2, 1T = 2.89 g cm�3, 1= 864 e nm�3) and
water (H2O, 1T = 1.00 g cm�3, 1= 334 e nm3). By comparison of the
density (1T) of the calciprotein particles with the density and the
electron contrast of crystalline TCP, the electron density of ACP
was estimated to be 1= 536 e nm�3. As stated above, the contrast
of the particles is given by the excess electron density (that is, the
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difference of the average electron density within particles and the
corresponding value of the water solvent). For the CPPs this con-
trast was very high (202 e nm3). The excess electron contrast of the
fetuin-A glycoprotein was determined to be 74 e nm�3 (1.32 g cm�3


and 50.09 kDa by analytical ultracentrifugation).[5] Therefore, minor
differences in the electron density within the particles—through,
for example, preferred localisation of the protein on the surface of
the particles—should go unnoticed when intensity is measured.
The CPPs were therefore treated as homogeneous spheres.[8]
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Discovery of Additional Members of the Tyrosine
Aminomutase Enzyme Family and the Mutational Analysis
of CmdF
Daniel Krug and Rolf M�ller*[a]


Introduction


b-Amino acids are building blocks in a variety of natural prod-
ucts exhibiting diverse structures and biological activities. For
example, a b-tyrosine moiety is found in the highly cytotoxic
chondramides produced by the myxobacterium Chondromyces
crocatus and the structurally related antifungal jaspamides,[1–3]


the enediyne antitumor antibiotics from Streptomyces globispo-
rus and Actinomadura madurae,[4, 5] and the potent bacterial
protein biosynthesis inhibitor myxovalargin from Myxococcus
fulvus (Scheme 1).[6] The molecular basis for the formation of
chondramide and the enediynes has recently been studied in
detail and has revealed the shared role of 2,3-aminomutases in
both biosynthetic pathways.[4, 7, 8] The aminomutases show
strong similarity to the ammonia lyase family, the members of
which catalyze the elimination of ammonia from phenylala-
nine, tyrosine or histidine to yield an a,b-unsaturated acid.[9] In-
stead of releasing the resultant ammonia and a,b-unsaturated
acid as free products, however, the aminomutases catalyze a
subsequent 1,4-addition between the enzyme-bound inter-
mediates to afford the b-amino acid as the end product. The
catalytic electrophile in both cases is provided by the uncom-
mon prosthetic group 4-methylideneimidazole-5-one (MIO),
which results from the autocatalytic rearrangement of a signa-
ture Ala-Ser-Gly motif present in the protein.[10]


The exact role of MIO in ammonia lyase and aminomutase
chemistry has been a matter of some controversy.[9, 11] A
number of studies on histidine ammonia lyase (HAL) and phe-
nylalanine ammonia lyase (PAL) suggest the electrophilic


attack of MIO on the ring of the aromatic substrate, which
leads to the abstraction of a b proton followed by the elimina-
tion of ammonia.[9, 12] However, data obtained from a recent
mechanistic study on the tyrosine aminomutase (TAM), SgcC4,
from the C-1027 enediyne biosynthetic pathway, support the
proposed mechanism in which the reaction proceeds through
the attack of MIO onto the substrate amine to generate a co-
valent adduct that promotes the a,b-elimination of ammonia
from the amino acid.[11] In the ammonia lyase reaction path-
way, the resulting para-hydroxycinnamic acid (pHCA) inter-
mediate and free ammonia are released, while retention of am-
monia in the active site of aminomutases facilitates readdition
to the intermediate to yield the b-amino acid.[11] The facial se-
lectivity of ammonia addition to pHCA results from the orienta-
tion of the intermediate in the binding pocket, and thus, in
principle, both enantiomers of the b-amino acid product could
result. Notably, the TAM enzymes SgcC4 and MdpC4 from the
enediyne biosynthetic pathways have been demonstrated to
produce preferentially (S)-b-Tyr,[5] while CmdF from C. crocatus


[a] D. Krug, Prof. Dr. R. M�ller
Department of Pharmaceutical Biotechnology, Saarland University
P. O. Box 151150, 66041 Saarbr�cken (Germany)
Fax: (+ 49) 681-302-70202
E-mail : rom@mx.uni-saarland.de


Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/cbic.200800748.


The tyrosine aminomutase (TAM) CmdF converts l-Tyr preferen-
tially to (R)-b-Tyr—a biosynthetic building block subsequently in-
corporated into the highly cytotoxic chondramides by the myxo-
bacterium Chondromyces crocatus. Together with the similar en-
zymes SgcC4 from Streptomyces globisporus and MdpC4 from
Actinomadura madurae, which preferentially produce (S)-b-Tyr,
CmdF belongs to a novel 2,3-aminomutase enzyme family closely
related to the aromatic amino acid ammonia lyase. Although
considerable insight into the underlying catalytic mechanism has
been provided recently by structural and mechanistic studies, the
key determinants of product specificity and stereochemical pref-
erence of TAM enzymes remain to be elucidated in detail. We
report herein the discovery and heterologous expression of addi-
tional TAMs from prokaryotic sources. These studies reveal a high


degree of evolutionary diversification within this expanding
enzyme family. Attempts to genetically engineer CmdF to exhibit
ammonia lyase-type activity by the exchange of conserved se-
quence motifs were largely unsuccessful. However, the variation
of a semiconserved glutamic acid residue was found to impact
stereoselectivity. Replacement of this residue by lysine significant-
ly increased the enantiomeric excess of (R)-b-Tyr from 69 to 97 %
ee, while substitution with methionine promoted racemization.
These results suggest that it should be possible to elucidate a
mechanism for control of stereoselectivity in the TAM family by
the application of directed evolution to CmdF. Furthermore, our
findings indicate the potential to fine-tune the catalytic proper-
ties of TAMs for their use as biocatalysts or in engineered biosyn-
thetic pathways.
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primarily yields (R)-b-Tyr.[7] Furthermore, all of these enzymes
exhibit tyrosine ammonia lyase (TAL) activity as a side reaction.


Enzymes of the ammonia lyase family have been extensively
probed by site-directed mutagenesis in order to identify the
structural determinants of their catalytic properties.[10, 13–15] Key
amino acids that control substrate selectivity have been report-
ed recently for TAL from Rhodobacter sphaeroides.[16, 17] A con-
served His residue was found to direct substrate recognition;
indeed, when the His was replaced by Phe, the enzyme exhib-
ited efficient PAL activity; this identifies the His as a selectivity
switch.[16] The recent analysis of the crystal structure of SgcC4
suggested the same role for the corresponding amino acid res-
idue in TAMs.[11]


Enzymes of the TAM family have yet to be studied rigorously
by these methods, and so the equivalent determinants of
product specificity (i.e. , what makes the enzymes aminomutas-
es versus ammonia lyases) and stereoselectivity remain to be
elucidated. Such information is a prerequisite for attempts to
rationally manipulate the properties of aminomutases for vari-
ous biotechnological applications. To provide a stronger basis
for sequence comparison and phylogenetic analysis of amino-
mutases, we set out to extend the small TAM enzyme family
by the identification of candidate genes from prokaryotic sour-
ces. Heterologous expression was carried out to enable bio-
chemical characterization. We then used this information toACHTUNGTRENNUNGattempt to manipulate the catalytic properties of the TAM,
CmdF, from C. crocatus by site-directed mutagenesis.


Results and Discussion


Biochemical characteristics of the myxobacterial TAM, CmdF


We have previously investigated the role of CmdF in chondra-
mide biosynthesis by targeted gene inactivation and confirmed
that the recombinant enzyme directly converts l-Tyr to (R)-b-
Tyr in vitro.[7] Like SgcC4, CmdF acts preferentially as an amino-
mutase rather than an ammonia lyase, as judged on the basis
of the relative kcat values for both reactions (Table 1). Alterna-
tive substrates were tested, but no measurable turnover with
d-Tyr, Phe or His was observed. Monitoring a time course of
the CmdF-catalyzed aminomutase reaction by HPLC-MS analy-
sis revealed that (R)-b-Tyr is the kinetically preferred product,
but that (S)-b-Tyr is also produced upon prolonged incubation


Scheme 1. The role of tyrosine aminomutases (TAMs) in the biosynthesis of two myxobacterial natural products. CmdF preferentially delivers (R)-b-Tyr, which
is incorporated into the chondramides produced by Chondromyces crocatus, while MfTAM and MxTAM are proposed to produce (S)-b-Tyr, which is used in the
biosynthesis of myxovalargin by Myxococcus fulvus.


Table 1. Kinetic parameters for enzymes characterized in this study and
comparison to the known aminomutase SgcC4.[3] Standard errors from a
nonlinear regression analysis are given in parentheses.


Enzyme Mutation[a] KM kcat [s�1] kcat [s�1]
[mm] (l-Tyr!b-Tyr) (l-Tyr!pHCA)


CmdF wt 377 7.2 � 10�3 0.5 � 10�3ACHTUNGTRENNUNG(53) ACHTUNGTRENNUNG(0.4�0�3) (0.5�10�4)
CmTAL wt 348 0.9 � 10�3 0.011ACHTUNGTRENNUNG(38) ACHTUNGTRENNUNG(1�10�4) ACHTUNGTRENNUNG(0.001)
SgcC4[b] wt 28 0.01 1.2 � 10�3


(2) ACHTUNGTRENNUNG(0.002) ACHTUNGTRENNUNG(1�10�4)
CmdFMIYMLV 62–67 178 0.4 � 10�3 1.3 � 10�3ACHTUNGTRENNUNG(MIYMLV) ACHTUNGTRENNUNG(23) (0.2�10�4) (0.6�10�4)


[a] Position of mutation (amino acid residues are given in parenthesis ;
numbering relates to CmdF); wt: wild-type enzyme. [b] Kinetic parame-
ters as previously reported.[3] All other values originate from this study.
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(Figure 1). This observation can be explained by the kinetically
unfavorable conversion of Tyr to (S)-b-Tyr, but could also be
partly due to the inherent racemase activity of CmdF, which


has been demonstrated for SgcC4 before.[18] Both SgcC4 and
CmdF exhibit relatively low catalytic efficiency in comparison
with other characterized members of the ammonia lyase
family.[9, 10] However, high turnover numbers are probably not
required to effectively furnish the natural product biosynthetic
pathways in S. globisporus and C. crocatus with b-Tyr precur-
sors, as the enzymes that typically accomplish secondary me-
tabolite biosynthesis are themselves rather slow.[19]


The preferential production of opposite b-Tyr enantiomers
constitutes a striking difference between CmdF and the other
two biochemically characterized aminomutase enzymes, SgcC4
from S. globisporus and MdpC4 from A. madurae.[5, 7, 18] It has
been proposed that this stereochemical differentiation results
from the attack of the amine-MIO adduct on opposite faces of
the trans-cinnamate intermediate. Indeed, a recent structural
study of SgcC4 bound to an inhibitor showed that the active
site could accommodate different substrate orientations while
maintaining the key interactions between the substrate and
active-site residues necessary to achieve catalysis.[11] On the
basis of this model, it seems likely that further amino acids in
proximity to the active site help to orient the substrate, even if
their role might not be obvious from existing crystallographic
data. The availability of a reasonable number of representative
sequences is an important prerequisite for investigating such
potentially subtle determinants of substrate selectivity, product
specificity or stereoselectivity. As a first step towards enabling
more robust comparisons, we aimed to identify and character-
ize further aminomutase candidates from prokaryotic sources.


Cloning and characterization of additional TAMs


A search for putative homologues of CmdF in public databases
yielded a large number of similar protein sequences from di-
verse microbial sources, the vast majority of which had been
annotated as HAL enzymes in the course of genome sequenc-
ing projects. The deduced amino acid sequence of Rmet_0231
from Cupriavidus metallidurans displayed a high degree of simi-
larity to CmdF (43 % identity/58 % similarity) as well as to
SgcC4 (54/69 %) and MdpC4 (56/68 %); Rmet_0231 was also
found to be highly similar to many putative HAL sequences
(up to 42 % identity/60 % similarity to HutH from Bacillus spp.).
However, Rmet_0231 lacks a conserved glutamic acid residue
shown to be characteristic of HALs (i.e. , Glu414 in PpHAL,[10]


position 431 in the alignment in Figure 2), and the surrounding
region closely resembles the sequence motif found in the TAM
proteins and RcTAL (NQD ACHTUNGTRENNUNG(V/I)VSMG, position 430–437 in CmdF,
Figure 2). Therefore, we suspected that Rmet_0231 might
encode an unrecognized member of the TAL/TAM family. The
gene was cloned from the genomic DNA of Cv. metallidurans
and the corresponding protein (later named CmTAL) was over-
expressed in E. coli BL21 as a C-terminal fusion with gluta-
thione S-transferase (GST), as described previously for CmdF.[7]


The purification of CmTAL (532 aa, calculated MW = 56 029 Da)
was carried out by glutathione affinity chromatography, fol-
lowed by on-column cleavage with the PreScission protease.
The purified enzyme was then incubated with l-Tyr, l-Phe and
l-His in order to assay for both ammonia lyase and aminomu-
tase activity. HPLC-diode array detector (DAD) MS analysis re-
vealed unambiguously that CmTAL produces pHCA and b-Tyr,
in vitro, to preferentially yield the R enantiomer, as observed
for CmdF. The kinetic characterization (relative kcat) revealed
that CmTAL is more efficient as a TAL than it is as a TAM
(Figure 3, Figure 4 F and Table 1). No turnover was observed
with either Phe or His. The physiological relevance of the TAL
and TAM activity exhibited by CmTAL is at present unknown,
as the in silico analysis of the sequenced chromosomes and
plasmids of Cv. metallidurans CH34 did not reveal typical genes
encoding nonribosomal peptide synthetases, which might use
a b-Tyr building block for secondary metabolite biosynthesis.
In addition, no homologue of a gene encoding the prokaryotic
photoactive yellow protein (Pyp), which requires pHCA as a co-
valently attached cofactor,[20] could be identified.


The successful biochemical characterization of CmTAL indi-
cated that proteins that display overall sequence similarity to
HAL and exhibit the aforementioned “TAL/TAM-like” sequence
motif could be novel members of the TAL/TAM family. We rea-
soned that these sequence properties could serve as a guide
for the cloning of further aminomutase genes from unse-
quenced microbial genomes, and help to discriminate against
the widely abundant HAL-encoding sequences. Myxococcus ful-
vus f65 was anticipated to be a source of an aminomutase-en-
coding gene as this strain produces myxovalargin A—a known
inhibitor of bacterial protein biosynthesis that contains a b-Tyr
moiety.[6, 21] The configuration of this building block was deter-
mined by HPLC-MS following hydrolysis of myxovalargin and
its chiral derivatization (Figure 5). This analysis revealed un-


Figure 1. Time course for the in vitro conversion of l-Tyr!b-Tyr by the ami-
nomutase, CmdF. The reaction was monitored by HPLC-MS analysis over a
30 h incubation period. c*c : l-Tyr concentration; b&b : (R)-b-Tyr
concentration; a~a : (S)-b-Tyr concentration. Minor amounts of the
substrate were also converted to pHCA because of ammonia lyase side activ-
ity (not shown).
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Figure 2. A portion of an amino acid alignment of known TAMs and ammonia lyases exhibiting substrate specificity for Tyr, Phe and His. The ClustalW algo-
rithm was used for full-length alignment, and the included sequences are from the following sources (protein name, accession number and length in amino
acids (aa) are given in parentheses): Actinomadura madurae (MdpC4, ABY66005, 537 aa), Streptomyces globisporus (SgcC4, AAL06680, 539 aa), Cupriavidus met-
allidurans (CmTAL, Rmet_0231, ABF07117, 533 aa), Chondromyces crocatus (CmdF, AM179409, 531 aa), Myxococcus fulvus (MfTAM, FM212243, 527 aa), Myxococ-
cus sp. (MxTAM, FM212244, 527 aa), Stigmatella aurantiaca (SaHAL, AAK57183, 510 aa), Myxococcus xanthus (MxHAL, MXAN_3465, ABF90953, 508 aa), Bacillus
subtilis (BsHAL, HutH, BAA06644, 508 aa), Pseudomonas putida (PpHAL, HutH, P21310, 510 aa), Streptomyces griseus (SgHAL, HutH, P24221, 514 aa), Photorhab-
dus luminescens (PlPAL, StlA, CAE14527, 532 aa), Nostoc punctiforme (NpPAL, Npun_R2068, YP_001865631, 569 aa), Streptomyces maritimus (SmPAL, EncP,
AAF81735, 523 aa), Saccharothrix espanaensis (SeTAL, Sam8, ABC88669, 510 aa), Rhodobacter capsulatus (RcTAL, RRC01844, 531 aa) and Rhodobacter sphaer-
oides (RsTAL, YP_355075, 523 aa). Regions chosen for mutagenesis in this study are indicated above and below the sequences (see the main text for details).
Amino acid residue numbering relates to CmdF.
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ACHTUNGTRENNUNGambiguously that only (S)-b-Tyr is incorporated into myxova ACHTUNGTRENNUNGlar-ACHTUNGTRENNUNGgin A, in contrast to the exclusive use of (R)-b-Tyr in the bio-
synthesis of the chondramides.[7] We anticipated that the iden-
tification of a second myxobacterial aminomutase, which pref-
erentially generates (S)-b-Tyr, could facilitate the identification
of stereochemical determinants in the aminomutase family.
Therefore, we aimed to characterize biochemically the putative
aminomutase from Myxococcus.


Degenerate primers TAM-ASGDL and TAM-NQDVV were de-
rived from the DNA sequence of CmdF (Table S1 in the Sup-
porting Information) and used for the PCR amplification of a
902 bp fragment from the genomic DNA of M. fulvus f65; the
resulting sequence showed convincing similarity to CmdF. Em-
ploying the arbitrary PCR technique as previously described,[22]


the initial sequence was extended towards the putative start
and stop codons. Once the complete sequence was in hand,
primers TAMf65-start and TAMf65-stop were used to clone the
complete MfTAM gene (1581 bp). The same primer pair was
subsequently used to amplify a homologous sequence from
another myxovalargin-producing myxobacterium, the Myxococ-
cus sp. isolate Mx-B0. Both MfTAM and MxTAM exhibit high
similarity to CmdF on the amino acid level (59 % identity, 70 %
similarity) and were cloned into the pGEX-6P-1 vector for het-
erologous expression as a C-terminal translational fusion with
GST. Unfortunately, the resulting recombinant proteins were in-
soluble and recloning into a variety of available E. coli expres-
sion systems did not afford soluble protein (data not shown).


To overcome this obstacle, M. xanthus DK1622 was utilized
as a host for the heterologous expression of MfTAM and
MxTAM. Expression plasmids were constructed based on the
pDKzeo1 vector, which enables integration into the M. xanthus
DK1622 chromosome via the attB phage attachment site. The
plasmids also contained a zeocin-resistance cassette and a
single copy of the cloned gene under the control of the con-
stitutive T7AI promoter.[23] In order to allow for the detection
of alternative HAL activity, the chromosomal hutH-homologue
MXAN_3465 was inactivated in M. xanthus DK1622. This open


Figure 3. Michaelis–Menten plot obtained by direct nonlinear regression for
TAL (c*c ; left y axis) and TAM (b&b ; right y axis) activity exhibit-
ed by recombinant CmTAL. Notably, the aminomutase activity exhibited by
CmTAL distinguishes this enzyme from other TALs, which do not usually dis-
play additional aminomutase activity (e.g. , SeTAL from S. espanaensis).[21]


Figure 4. Production of b-Tyr by aminomutase enzymes investigated in this
study and the analysis of stereochemistry in vivo and in vitro. Culture super-
natants from mutant strain M. xanthus DK1622HAL� , transformed with ex-
pression constructs: A) pDKzeo1-CmdF, B) pDKzeo1-MfTAM, C) pDKzeo1-
MxTAM, and D) plasmid pDKzeo1 (negative control) were analyzed by HPLC-
MS following chiral derivatization. E) Identification of (S)-b-Tyr in cultureACHTUNGTRENNUNGsupernatants from the myxovalargin-producing strain Myxococcus fulvus
Mx f65. F) Activity assay of recombinant CmTAL in vitro. Extracted-ion chro-
matograms are shown and the signals at retention times of 11 and 12 min
correspond to (R)- and (S)-b-Tyr, respectively. Scales on the y axes were ad-
justed to account for varying signal intensities (I) between experiments.


Figure 5. A) HPLC-MS analysis of a myxovalargin hydrolysate after chiral deri-
vatization revealed that myxovalargin exclusively contains (S)-b-Tyr. B) A mix-
ture of both b-Tyr enantiomers. C) A myxovalargin hydrolysate applied with
a mixture of both b-Tyr enantiomers. D) Derivatized, commercially available,
(R)-b-Tyr reference substance. The extracted-ion chromatograms are shown
(I, intensity).
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reading frame represents the only gene encoding a protein
with significant similarity to ammonia lyases in the DK1622
genome (MxHAL, 49 % identity/66 % similarity to the HAL HutH
from Bacillus spp.). Its inactivation was achieved by the stan-
dard method of plasmid insertion mediated through single-
crossover homologous recombination. GC-MS analysis con-
firmed that the resulting kanamycin-resistant expression strain
DK1622HAL


� no longer produced urocanic acid—the usual
product of HAL-catalyzed ammonia elimination from His.


The supernatants from cultures of DK1622HAL
� transformed


with expression plasmids pDKzeo1-CmdF, pDKzeo1-MfTAM,
pDKzeo1-MxTAM, and pDKzeo1 (without insert, negative con-
trol) were analyzed for the production of b-Tyr by HPLC-MS,
following chiral derivatization. This analysis revealed that the
DK1622HAL


� strain expressing CmdF produced predominantly
(R)-b-Tyr (Figure 4, trace A), while exclusively (S)-b-Tyr was de-
tected in cultures of DK1622HAL


� expressing either MfTAM or
MxTAM (Figure 4, traces B and C). Thus, MfTAM and MxTAM ex-
hibit aminomutase activity and stereoselectivity in vivo consis-
tent with their predicted role in supplying (S)-b-Tyr for myxova-
largin biosynthesis by M. fulvus f65 (Figure 4, trace E). Efforts
are currently underway to establish a method for the genetic
manipulation of this strain in order to confirm the proposed
role of MfTAM by targeted gene inactivation. Only trace
amounts of pHCA were identified in supernatants from
DK1622HAL


� expressing MfTAM and MxTAM, and neither cin-
namic acid nor urocanic acid were detected by GC-MS analysis
(data not shown); this suggests that these enzymes do not ex-
hibit primarily TAL, PAL or HAL activity.


Effects of ammonia lyase/aminomutase-like mutations on
the function of CmdF


As structural data only exist for the aminomutase SgcC4, and
attempts to crystallize CmdF were so far not successful, we


aimed to use primary sequence comparison and the results of
earlier biochemical and structural studies[9, 11, 16, 24–26] to guide
our efforts to modulate the catalytic properties of CmdF by
site-directed mutagenesis. CmdF was the logical choice for
these experiments, due to its favorable expression in E. coli
and its pronounced preference for (R)-b-Tyr formation. A
number of CmdF variants were generated with an overlapACHTUNGTRENNUNGextension PCR strategy (see the Experimental Section), and
mutant enzymes were purified and assayed for aminomutase
and ammonia lyase activity by using the substrates l-Tyr, l-Phe
and l-His.


The changes made to the CmdF amino acid sequence are
detailed in Table 2 and indicated in Figure 2 (see also Tables S2
and S3). Briefly, certain conserved sequence motifs found in
enzymes of the ammonia lyase family were transferred to the
corresponding positions in CmdF, with the expectation that
the mutant CmdF enzymes might exhibit altered product spe-
cificity and/or substrate selectivity. Unfortunately, most muta-
tions proved to be detrimental to CmdF and yielded inactive
enzyme with no measurable aminomutase or ammonia lyase
activity with any of the tested substrates, even after prolonged
incubation (Table 2 A). This loss of function can be explained,
at least in some cases, by the loss of key residues with anACHTUNGTRENNUNGestablished role in the catalytic mechanism. Alterations in the
primary sequence might also have interfered with the proper
folding of the proteins, which is particularly likely for the
CmdFdel mutant lacking a stretch of sequence. In general, the
TAM structure does not seem to readily tolerate the introduc-
tion of conserved motifs from members of the HAL, PAL or TAL
family. CmdFMIYMLV was the only mutant that still acted as an ef-
ficient aminomutase and ammonia lyase with the substrate l-
Tyr—albeit with a significant shift from aminomutase towards
ammonia lyase activity, as suggested by the relative kcat values
(Table 1). However, the stretch of sequence introduced in this
mutant was not derived from an ammonia lyase protein, but


Table 2. Rates of b-Tyr formation (vrel) for CmdF variants, relative to the wild-type enzyme, determined at an l-Tyr concentration of 1.8 mm (standard devia-
tions in parentheses; n.d. : not detectable). A) Multiresidue mutations, and B) single amino acid substitutions were carried out.


Enzyme Position[a] Mutation[b] vrel.
[c] Explanation


A)
CmdFTFLSA 81–85: RSHAA TFLSA n.d.


PAL (FL)–TAL (HL) substrate selectivity switch;[16] (SH) conserved in HAL and TAM
CmdFYHLAT “ YHLAT n.d.
CmdFSAGREDH 427–433: NGSNQDV SAGREDH n.d.


TAM/TAL motif around Q431, strictly-conserved E431 in HAL enzymes[24]


CmdFSANQEDH “ SANQEDH n.d.
CmdFdel. 275–288 deleted n.d. Deletion of 14 aa from “outer loop” region[25]


CmdFMIAQVTSA 399–406: EGGQYLAT MIAQVTSA 0.012 (0.002) Introduction of HAL-like motif including V403[11]


CmdFMIYMLV 62–67: LVPVMI MIYMLV [d] Aminomutase-like sequence exchange
B)
CmdFF59Y 59: F Y 0.8 (0.1) Single amino acid alteration
CmdFG184R 184: G R 2.4 (0.3) “
CmdFK242R 242: K R 1.7 (0.3) “
CmdFP377R 377: P R 1.1 (0.2) “
CmdFC396S 396: C S 1.2 (0.2) “


[a] Position and original CmdF sequence mutated. Underlined amino acid residues are referred to in the explanation. [b] Mutation introduced into the
CmdF sequence; see also Figure 2. [c] Relative rate of l-Tyr!b-Tyr conversion, compared to that of the wild-type CmdF. [d] See the kinetic parameters in
Table 1.
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from the aminomutase MdpC4, which (together with SgcC4)
differs markedly from CmdF and the other aminomutase en-
zymes in this sequence region (Figure 2).


In addition to the multiresidue mutations, a number of
single-residue amino acid substitutions were also performed
(Table 2 A). The positions chosen for these mutations are differ-
entially conserved among aminomutase and ammonia lyase
representatives (Figure 2), but have not been assigned specific
roles through structural studies. These point mutations yielded
mostly TAM enzymes that exhibited only minor differences in
catalytic efficiency, as judged by the relative velocities of prod-
uct formation (Table 2 B), despite the fact that some of these
amino acids significantly altered the chemical properties and/
or steric requirements of the side chains. Thus, the CmdF struc-
ture can accommodate site-specific alterations in semicon-
served positions, and essentially retain its original enzymatic
functionality.


Variation of Glu399 influences the stereoselectivityACHTUNGTRENNUNGexhibited by CmdF


The glutamic acid residue at position 399 in CmdF is strictly
conserved in the three myxobacterial aminomutases, but the
corresponding position is occupied by alanine in SgcC4,
MdpC4 and CmTAL (Figure 2). HAL enzymes almost invariably
carry a methionine at this position, while lysine is found in
most PALs.[24] This semiconserved amino acid residue has been
assigned a substrate-directing function on the basis of a crys-
tallographic study on a PAL from Rhodosporidium toruloides.[24]


Although the recent structural analysis of SgcC4 bound to an
inhibitor did not suggest a specific role for the corresponding
residue, it is located in close proximity to Tyr403, which has
been implicated in substrate binding.[11] To explore this issue,
we evaluated the impact of three mutations—E399A, E399M
and E399K—on the catalytic properties of CmdF. The rate of b-
Tyr formation by CmdFE399A was comparable to that of the
wild-type enzyme but was significantly reduced for the E399M
and E399K variants (Table 3). The stereoselectivity of the latter
two enzymes also differed markedly from that of the wild-
type; CmdFE399M exhibited increased product racemization,
while CmdFE399K produced a higher enantiomeric excess of (R)-
b-Tyr even upon prolonged incubation (Figure 6 and Table 3).
Thus, the residue at position 399 in CmdF strongly influences
the facial preference for the addition of ammonia to either
face of the planar pHCA intermediate in the course of the ami-
nomutase reaction. Stereoselectivity is likely to be accom-
plished by directing the Tyr substrate in the binding pocket to
a suitable orientation. As the amino acid at position 399 does
not strictly correlate with aminomutase stereoselectivity, it
must be only one of several key residues that modulate the
structural framework of the active site. A crystallographic inves-


Table 3. Relative rate of formation (vrel) and enantiomeric excess (% ee) of
(R)-b-Tyr as determined by HPLC-MS analysis of CmdF and mutant en-
zymes CmdFE399A, CmdFE399M, CmdFE399K. The values in parentheses are
standard deviations.


Enzyme[a] vrel.


l-Tyr!b-Tyr
% ee of
(R)-b-Tyr


vrel.


l-Tyr!pHCA


CmdF, wt 1 69 (1.5) 1
CmdFE399A 0.7 (0.12) 59 (2.1) 2.25 (0.3)
CmdFE399M 0.08 (0.02) 12 (1.3) 0.65 (0.09)
CmdFE399K 0.08 (0.01) 97 (1.2) 0.4 (0.08)


[a] Subscript letters and numbers denote mutations and their position;
wt: wild-type enzyme.


Figure 6. Analysis of b-Tyr product stereochemistry after incubation of CmdF enzyme variants with l-Tyr. A) Wild-type enzyme, B) mutant CmdFE399A, C) mu ACHTUNGTRENNUNGtant
CmdFE399M, D) mutant CmdFE399K. The signal at 4.2 min corresponds to (R)-b-Tyr, while that at 5.6 min represents (S)-b-Tyr. Extracted-ion chromatograms from
the HPLC-MS analysis following chiral derivatization are shown (I, intensity). Samples were taken at time points corresponding to comparable substrate turn-
over. Chromatograms in the foreground (c) represent early measurements, while those in the background (····) represent measurements after prolonged in-
cubation.
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tigation of CmdF and its variants with altered stereoselectivity
bound to an inhibitor,[11] should reveal further stereochemical
determinants in the TAM family.


The TAMs constitute an evolutionarily diversified enzyme
family


Including the newly characterized TAM proteins, the TAM
enzyme family now comprises six representatives, which differ
markedly with respect to product stereospecificity and relative
preference for aminomutase to ammonia lyase activity, while
sharing the same strict substrate specificity for l-Tyr. We
aligned the sequences of the six TAM enzymes with prokaryot-
ic proteins with confirmed HAL, PAL, and TAL activity, using
the ClustalW algorithm (Figures 2 and 7).[5, 10, 14, 15, 18, 20, 27, 28] The
following picture emerges from this comparison: 1) the TAMs
uniformly share a higher degree of sequence conservation
with HALs than with TALs or PALs; this supports our hypothesis
that, contrary to expectation, they might not constitute a side-
branch of the TAL group, but instead could have coevolved
from an early “HAL-like” ancestor, and 2) no clustering accord-
ing to stereoselectivity occurs within the TAM family, and the
observed grouping instead reflects underlying phylogeneticACHTUNGTRENNUNGrelationships. Taken together, these data suggest that charac-
teristic traits of the aminomutases, such as their product ste-
reoselectivity, have evolved independently in distant phyloge-
netic clades, that is, they are polyphyletic.


TAMs have now been reported from bacterial lineages as
distant as b-proteobacteria, d-proteobacteria and actinomyce-
tales, and in all instances, the preferred product stereospecific-
ity matches the configuration of a chiral building block found
in a secondary metabolite from the respective strain (except
for Cv. metallidurans, from which, to the best of our knowl-
edge, no b-Tyr-containing natural product has been identified
to date). Thus, convergent evolution from a common ammonia


lyase ancestor might have taken place. The catalytic properties
of each individual TAM enzyme seem to have evolved in order
to furnish a specific biosynthetic pathway with a b-Tyr building
block. The detailed amino acid mutations that achieve this
“fine tuning” might not necessarily be conserved in proteins
that exhibit the same characteristics,[29] a feature which could
significantly impede efforts to deduce the conserved motifs re-
sponsible for specific catalytic properties. Indeed, comparison
of the sequences of Mdp4, SgcC4, MfTAM, MxTAM, CmdF and
CmTAL did not yield predictable sequence motifs that correlate
with stereochemical preference.


Conclusions


The data reported here support a high degree of evolutionary
diversification within the expanded TAM enzyme family; this
suggests that family members were acquired by convergent
evolution. Site-directed mutagenesis of CmdF revealed the rel-
ative inflexibility of the scaffold towards efforts to convert it to-
wards ammonia lyase-like activity. However, alteration in ste-
reoselectivity could be obtained by the mutagenesis of a
single amino acid. Future studies—perhaps based on se-
quence-swapping or directed evolution techniques—should
help to further illuminate the molecular basis for the control of
product stereospecificity in this enzyme family. Nonetheless,
our finding that a single residue modulates stereocontrol indi-
cates that it might be possible to tailor the catalytic properties


of TAMs to increase their poten-
tial as highly stereoselective bio-
catalysts. In the future, they
might also be of use for the
supply of chiral b-Tyr building
blocks in designed biosynthetic
pathways.


Experimental Section


Chemicals, media, strains and fer-
mentation conditions : All chemi-
cals were purchased from Sigma–
Aldrich unless indicated otherwise.
E. coli strain DH10B was grown at
37 8C, and strain BL21 was grown
at 30 8C in Erlenmeyer flasks in
liquid LB medium, supplemented
with the following antibiotics
whenever appropriate: ampicillin
(100 mg mL�1), kanamycin sulfate
(50 mg mL�1), carbenicillin
(100 mg mL�1) and zeocin


(25 mg mL�1). Myxococcus xanthus DK1622 and its descendants
were grown in liquid CTT medium (30 8C, 200 rpm) and maintained
on CTT agar plates[30] containing kanamycin sulfate (40 mg mL�1)
and zeocin (20 mg mL�1), when required for selection. The sequen-
ces of primers as well as plasmid maps can be found in the Sup-
porting Information (Tables S1–S3 and Figure S1).


Recombinant production, purification and activity assay of ami-
nomutase proteins : The heterologous expression of aminomutase


Figure 7. Similarity of proteins with confirmed TAM and/or TAL, PAL or HAL activity from various bacterial sources.
The grouping pattern reflects substrate preference (Tyr, Phe or His) and product specificity, but not the stereose-
lectivity of enzymes capable of acting as aminomutases; (R) and (S) indicate the preferred aminomutase product
stereochemistry. The neighbor-joining method was used for tree construction. Accession numbers and additional
information for the enzymes involved are given in the legend of Figure 2.
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proteins as C-terminal fusions to GST was performed with a
method similar to that described previously.[7] Briefly, E. coli BL21,
carrying a pGEX-derived expression plasmid, was grown, overnight,
in LB medium (2 mL) with ampicillin and was inoculated at a 1:100
dilution into LB medium (50 mL) containing carbenicillin. When
growth reached an OD600 of 1.0, IPTG was added (final concentra-
tion 0.4 mm) and incubation was continued (2 h, 30 8C). Cells were
harvested by centrifugation, resuspended in PBS buffer and passed
twice through a French press cell. The crude lysate was clarified by
centrifugation, and protein purification was carried out by affinity
chromatography with GST-Sepharose. The GST tag was cleaved by
using the PreScission Protease according to manufacturer recom-
mendations (4 8C) and the purified protein was eluted in buffer
containing Tris (50 mm, pH 7.0), NaCl (150 mm), EDTA (1 mm) and
dithiothreitol (1 mm).


Enzyme activity was assayed by using purified protein (10–50 mg)
in Tris buffer (0.1 mm, pH 8.8, 30 8C) with substrate concentrations
ranging from 50 mm–1.8 mm of l-Tyr or up to 10 mm of Phe or His.
To investigate the formation of b-Tyr, aliquots from the assays were
derivatized with O-phthaldialdehyde-N-acetyl-cysteine (OPA-NAC)
reagent and directly submitted to HPLC analysis.[31] The separation
of the diastereomeric b-Tyr derivatives was achieved on a Synergi
HydroRP C18 column (100 � 2 mm, 2.5 mm particle size; Phenomen-
ex, Germany) with a mobile phase system as described previous-
ly.[27] The Agilent 1100 series solvent delivery system was coupled
to an ESI-MS Bruker HCTplus mass spectrometer operating in
manual MS/MS mode by using positive ionization. OPA-NAC deriva-
tives of b-Tyr were identified and quantified by their characteristic
fragment ions (m/z 314, 279 and 150, generated from the mono-ACHTUNGTRENNUNGprotonated parent ion of m/z [b-Tyr+OPA-NAC+H]+ = 443). The
formation of pHCA and urocanic acid was monitored by DAD-cou-
pled HPLC (detection at 310 and 280 nm, respectively). For the de-
termination of kinetic parameters, initial velocities of product for-
mation were fit to the Michaelis–Menten equation by direct nonlin-
ear regression by using the enzyme kinetics module of the Sigma-
Plot software suite (Systat Software Inc. , San Jose, CA, USA). All cal-
culations are based on measurements from at least three
independent experiments.


Determination of the configuration of b-Tyr in myxovalargin :
Myxovalargin A (0.5 mg) was hydrolyzed in HCl (1 mL, 6 n, 99 8C,
12 h). The solvent was removed by evaporation and borate buffer
(100 mL, 0.4 m, pH 10.2) was added to the solid residue. The sus-
pension was clarified by centrifugation and used for OPA-NAC deri-
vatization followed by HPLC-MS analysis as described above.


Cloning of the gene encoding CmTAL from Cupriavidus metalli-
durans : Cells were harvested from a liquid culture of strain Cv. me-
tallidurans CH34 (DSM No. 2839) by centrifugation,[32] and chromo-
somal DNA was prepared by using the Gentra Puregene Kit
(Qiagen) according to manufacturer’s recommendations. PCR am-
plification of a 1602 bp fragment encoding the gene Rmet_0231
was performed by using Phusion Polymerase (Finnzymes, Espoo,
Finland). Primers Cme231-start and Cme231-stop were used to in-
troduce BamHI and EcoRV restriction sites at the 5’ and 3’ ends of
the coding sequence, respectively. The plasmid was digested with
both enzymes, the fragment was inserted into the BamHI/EcoRV-di-
gested pGEX-6P-1 vector by using T4 DNA ligase (MBI-Fermentas)
and the resulting construct (pGEX6p-CmTAL) was transferred into
E. coli DH10B by electroporation. The fidelity of the PCR amplifica-
tion was verified by sequencing of the plasmid DNA (MWG Euro-
fins, Ebersberg, Germany), which was prepared with the GeneJet
plasmid isolation kit (MBI-Fermentas).


Cloning of genes encoding MfTAM from Myxococcus fulvus f65
and MxTAM from Myxococcus Mx-B0 : The degenerate primer pair
TAM-ASDGL1 and TAM-NQDVV1 was employed for the PCR amplifi-
cation of a 902 bp fragment from the genomic DNA of strain
M. fulvus f65 by using Taq polymerase (MBI-Fermentas). The frag-
ment was cloned into the pCR2.1Topo vector (Invitrogen) and se-
quenced. Multiple rounds of arbitrary PCR were subsequently car-
ried out to extend the sequence information up- and downstream
of the cloned fragment,[22] and primers TAMF65-start and TAMF65-
stop were used for the final PCR amplification of the 1581 bp
MfTAM coding sequence by using Phusion polymerase, which
added mutagenic BglII and EcoRI restriction sites. The same primer
pair was also used to amplify a fragment of the same size from the
genomic DNA of the Myxoccous sp. isolate Mx-B0 (R. Garcia and
S. Werner, unpublished). The PCR fragments were cloned into the
pJET1/blunt vector (MBI-Fermentas), which was then transformed
into E. coli DH10B. Plasmid DNA was prepared from pJET-MfTAM
and pJET-MxTAM, and the insert sequences were determined byACHTUNGTRENNUNGsequencing. The fragments were excised from the pJET1-derived
plasmids by using restriction enzymes BglII and EcoRI and ligated
into the BamHI/EcoRI-digested pGEX-6P-1 vector to yield the ex-
pression constructs pGEX-MfTAM and pGEX-MxTAM, respectively.


Inactivation of the hutH homologue (MxHAL) in M. xanthus
DK1622 : An internal 592 bp fragment of the gene MXAN_3465
was amplified from genomic DNA by using Taq polymerase and
primers HAL1622fwd1 and HAL1622rev1 and cloned into the
pCR2.1Topo vector. The resulting inactivation plasmid (pTOPO-
1622HAL) was used for the electroporation of M. xanthus DK1622
as previously described,[33] and viable colonies were obtained on
CTT agar supplemented with kanamycin. The integration of the
plasmid into the MXAN_3465 locus was verified by PCR with pri-
mers 1622con1 and 1622con2, which are located outside the am-
plified region, in combination with vector-specific primers pTOPOin
and pTOPOout. To confirm the absence of urocanic acid in super-
natants of the resulting DK1622-HAL� mutant cultures, an aliquot
from the medium was clarified by centrifugation and subjected to
HPLC fractionation. Fractions corresponding to the retention time
range for urocanic acid (tR�1.5 min) were collected following chro-
matography on a Synergi FusionRP C18 column (150 � 2 mm, 4 mm
particle size; Phenomenex) under isocratic conditions (mobile
phase consisting of 20 mm ammonium formate in 0.5 % aqueous
MeOH, flow-rate of 0.4 mL min�1) the samples were evaporated to
complete dryness (60 8C), and then the residue was derivatized
with N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) prior to
GC-MS analysis.


Construction of pDKzeo1-based plasmids for expression in the
M. xanthus DK1622-HAL� mutant : Plasmid pDKzeo1 is a derivative
of the plasmid pCK_T7AI_att for integration into the Myxococcus
chromosome via the attB phage attachment site,[23] but it lacks the
kanamycin- and ampicillin-resistance genes. The plasmid was ob-
tained by PCR amplification of a 4975 bp fragment from pCK_
T7AI_att with Phusion polymerase and primers pCKSnaB1 and
pCKBglII, followed by the phosphorylation of the blunt-ended PCR
product, self-ligation with T4 DNA-ligase and transformation into
E. coli DH10B. Plasmid pDKzeo1 was digested with BamHI and
EcoRI in order to ligate the vector backbone with the coding se-
quences for CmdF, MfTAM and MxTAM, excised from the respective
precursor plasmids with EcoRI and either BamHI or BglII, to create
compatible ends. The resulting plasmids pDKzeo1-CmdF, pDKzeo1-
MfTAM and pDKzeo1-MxTAM contained the cloned inserts in-frame
with an ATG start codon preceded by a ribosome-binding site and
the T7AI promoter.[23] The plasmids were used for the transforma-
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tion of M. xanthus DK1622-HAL� according to the standard proto-
col,[33] followed by selection on CTT agar containing both kanamy-
cin and zeocin. Colonies were obtained after 5–7 days of incuba-
tion, and integration into the chromosome was verified by using a
PCR strategy, with primers zeo_for and zeo_rev (specific for the
zeocin-resistance gene) as well as primers specific for the cloned
aminomutase sequences. Recombinant strains were grown in
liquid CTT medium (10 mL) supplemented with kanamycin and
zeocin for four days (30 8C, 200 rpm). Sample aliquots were taken,
clarified by centrifugation and treated further depending on theACHTUNGTRENNUNGintended analysis. For the analysis of pHCA content by HPLC, the
samples were acidified with acetic acid (10 %, v/v), extracted with
ethyl acetate, dried and redissolved in methanol. For the GC-MS
analysis of urocanic acid, samples were prepared by HPLC fractio-
nation and derivatized with MSTFA, as described above. To enable
the analysis of b-Tyr formation, MeOH was added, the samples
were centrifuged, and then the solvent was removed completely
by evaporation. The resulting residue was dissolved in borate
buffer, and then the amino acids were derivatized, as described
above.


Site-directed mutagenesis of CmdF : An overlap extension PCR
strategy with Phusion polymerase was employed to create muta-
tions or deletions in the cmdF sequence.[34] Vector-specific primers,
pGEX-up and pGEX-down, were used in combination with primers
binding at the respective complementary strand, which exhibit an
overlap containing the desired mutation (Table S2). The plasmid
pGEX-TAM was used as a template.[7] In a first round of PCR, two
overlapping fragments were amplified separately and gel purified,
and then the fragments were used as templates for a second
round of PCR with primers pGEX-up and pGEX-down to amplify
the mutated coding sequence with flanking BamHI and EcoRIACHTUNGTRENNUNGrestriction sites. The obtained �1.6 kbp fragments were digested
accordingly and ligated into the BamHI/EcoRI digested pGEX-6P-1
vector backbone, followed by the transformation of the vector into
E. coli DH10B. The presence of the introduced mutations and ab-
sence of undesired secondary mutations in the resulting plasmids
were confirmed by sequencing.
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Introduction


The superfamily of cytochrome P450 enzymes catalyzes a
broad range of reactions, including oxygenation, hydroxylation
and C�H activation. They are essential for drug metabolism in
vivo and they are considered versatile biocatalysts for applica-
tions in biotechnology and biosensing.[1] To realize applications
in biocatalysis, the development of high-throughput screening
assays for the identification of active members of enzyme libra-
ries and their substrate specificity is of major importance.[2]


Owing to the broad range of reactivities of P450 enzymes, sev-
eral screening approaches have been established, which are
often based on specific fluorogenic or liquid chromatography/
mass spectrometry (LC/MS) detectable substrates,[3] reactive
cleavage products,[4] or the consumption of cofactors, such as
NAD(P)H.[2h] With respect to the latter, it is noteworthy that the
essential requirement of expensive NAD(P)H cofactors still rep-
resents a significant obstacle for the establishment of P450 en-
zymes as biocatalysts, although the successful implementation
of NAD(P)H regeneration systems has been demonstrated in
various cases.[5, 6] Because some P450 enzymes accept hydro-
gen peroxide and organic peroxides as a source of activated
oxygen, in a pathway referred to as peroxide shunt,[2k, 7] Auclair
and co-workers have recently emphasized that the use of or-
ganic peroxides in combination with condition engineering
might help to overcome this limitation.[8] In comparison to a
P450 enzyme system with NAD(P)H regeneration, the shunting
of P450 enzymes with peroxides offers a less complex and
thus easier controlled catalyst system for process engineering.
While the enzymatic quantification of hydrogen peroxide by
means of horseradish peroxidase-based assays is a standard
method, which has been used to screen for P450 reactivity,[9]


to the best of our knowledge, no assay is currently available
for the high-throughput screening of organic peroxide-depen-
dent P450 reactivity.[10] Here, we report the screening for cyto-


chrome P450 reactivity, and harness the yet undescribed per-
oxidation of the commercial fluorogenic dye Amplex Red by
organic peroxides using the enzyme catalase as reporter
(Scheme 1). Since this peroxide-depletion assay is based on a
simple multiwell-plate fluorescence read-out, it can be readily
applied to screen for the conversion of large numbers of po-
tential substrates by a given P450 enzyme in the presence of
an organic peroxide. Here, we demonstrate the feasibility of
this assay by screening 180 enzyme/peroxide/substrate combi-
nations for potential conversion. Positive hits from this screen
were then subjected to liquid chromatography/multistage
mass spectrometry (LC/MSn) measurements to validate the
conversion and identify reaction products. The results clearly
indicate that this assay is suitable for the screening of P450ACHTUNGTRENNUNGreactivity against a broad range of potential substrates.


Results and Discussions


In the course of our studies of novel P450-based hybrid cata-
lysts,[11] we accidentally observed that reaction mixtures con-
taining Amplex Red (1; Scheme 1), organic peroxides, such as
tert-butylhydroperoxide (2) or cumene hydroperoxide (3), and


Cytochrome P450 enzymes are known to catalyze a variety of re-
actions that are difficult to perform by standard organic synthe-
sis, such as the oxidation of unactivated C�C bonds. Cytochro-
me P450 enzymes can also be used in artificial systems in which
organic peroxides act as cosubstrates. To find substrates that are
converted by a certain P450 catalyst in the presence of an organ-
ic peroxide, various screening assays have been established, how-
ever, most of them are limited to one or only a few specific sub-
strates. Here, we report a simple and rapid screening assay that


works independently of the nature of the substrate and utilizes a
previously undescribed reactivity of catalase as reporter enzyme.
In an initial demonstration of this assay, we screened 180
enzyme/peroxide/substrate combinations for potential bioconver-
sions. As shown by subsequent verification of the screening re-
sults with liquid chromatography/multistage mass spectrometry
(LC/MSn), we were able to identify three new substrates for the
enzyme CYP152A1 and at least two previously undescribed con-
versions by the enzyme CYP119.
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the enzyme catalase, rapidly developed strong fluorescence
signals, owing to the formation of resorufin (4 ; Scheme 1). We
reasoned that this signal development might have occurred
due to the enzymatic peroxidation of 1 by catalase, and that
this yet undescribed reaction might be useful to screen for or-
ganic peroxide-dependent reactivity of cytochrome P450 en-
zymes. In the proposed assay, the efficiency of P450 conversion
of a certain substrate (Scheme 1, reaction I) determines the
level of remaining organic peroxide, which is subsequently
quantified by using the catalase reaction (Scheme 1, reaction II)
and fluorescence detection of resorufin (4).


It has previously been observed that catalase decomposes[12]


and forms adducts with methyl and ethyl hydrogen peroxide
and peroxoacetic acid,[13, 14] and this reactivity has been used
for the oxidation of alcohols.[15–17] Although it has been de-
scribed that catalase possesses oxidase activity, which requires
molecular oxygen and utilizes electron donor substrates in the
absence of hydrogen peroxide or any added cofactors,[18] and
it has been used to prepare organic-phase enzyme electrodes
(OPEE) for electrochemical detection of organic peroxides in
nonaqueous media, such as toluene, n-decane or chloro-
form,[19, 20] we could not find any reports on the peroxidation of
Amplex Red by catalase in the presence of organic peroxides.
To set up the coupled enzymatic assay depicted in Scheme 1,


we initially carried out kinetic
studies to elucidate the novel
catalase reaction. We observed
that the enzyme reveals Michae-
lis–Menten behavior in the con-
version of 1 by using 2 (KM =


(1579�160) mm, kcat = (0.036�
0.002) s�1) and 3 (KM = (56�
3) mm, kcat = (0.0150�0.0005) s�1)
as the cosubstrate (Figure S2 in
the Supporting Information). The
kinetic study also showed that
organic peroxides 2 and 3 can
be quantified in the range of
1–100 mm by using regression
curves (Figure 1). Thus, it was
possible to quantitatively deter-
mine the depletion of peroxides
2 and 3 due to the P450-cata-
lyzed conversion of a range of
potential substrates.


To validate our assay, we
screened three different en-
zymes, chloroperoxidase (CPO)
from Caldariomyces fumago, and
the bacterial P450 enzymes
CYP152A1 from Bacillus subtilis
and CYP119 from Sulfolobus
acidocaldarius, against a panel of
known substrates and inhibitors
of P450 enzymes (Scheme 2,
Figure 2). To limit the screen to
the identification of efficient


transformation reactions, a 2:1 stoichiometric ratio of substra-
te:peroxide was chosen instead of the normally applied large
excess of peroxide.[11c] In a typical reaction, the substrates
(200 mm) were allowed to react with either 2 or 3 (100 mm) in
the presence of enzyme (200 nm) in 200 mL of a phosphate
buffered solution.[21] Subsequent to overnight incubation, an
aliquot (50 mL) was mixed with a solution containing Amplex
Red and catalase to quantify the remaining peroxide. Controls
were carried out in parallel and lacked either the substrate, the
enzyme or both components. To ease the handling of the
large body of fluorescence data created in the course of this
screening, we divided the observed data into five categories
(Figure 2 A). Case A represents the clear evidence of a perox-
ide-dependent P450 substrate conversion, because considera-
ble amounts of peroxide are consumed only when both sub-
strate and enzyme were present in solution. This detection of
“hits” led to the identification of several new substrates for the
bacterial P450 enzymes (see below), which is the key purpose
of this screening assay.


In case B, low amounts of peroxide were consumed even in
the absence of the enzyme while in its presence peroxide de-
pletion was almost complete (Figure 2 A). This reaction profile
indicates either that the peroxide reacts with the substrate in
the absence of the P450 to a lower extent than in the P450-


Scheme 1. Schematic representation of catalase-dependent screening for P450 reactivities. The assay is based on
the quantification of organic peroxides (2, 3), which are cosubstrates required for putative P450 reactivity against
potential substrates (reaction I). Depletion of the hydroperoxide is measured in reaction II by addition of Amplex
Red (1) and catalase and subsequent fluorescence detection of resorufin (4).
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catalyzed reaction, or that the catalase reaction (Scheme 1, re-
action II) is inhibited by the substrate. As an augmentation of
case B, almost the entire amount of peroxide was consumed in
case C, even when no enzyme was present. This case indicates
either efficient reaction between the substrate and the perox-
ide, or strong inhibition of the catalase. Indeed, we observed
cases B and C several times in our screen and, due to the am-
biguity of these reaction profiles, further elaboration using en-
zymatic and LC/MSn analysis was carried out. This postassay


analysis led to the identification of both undescribed P450 sub-
strates and novel inhibitors for catalase (see below).


Case D, in which peroxide is consumed by the enzyme even
in the absence of a substrate, indicates the decoupling of per-
oxide consumption and substrate oxygenation. This decou-
pling has been observed previously in H2O2-dependent P450
reactions.[22] Although this behavior does not provide informa-
tion about the substrate specificity of the P450 enzyme, the
assay presented here might help to optimize process condi-
tions that favor less efficient decoupling. Finally, in case E no
consumption of peroxide was detected in any of the reaction
vessels, which indicates that no reaction occurred. In conclu-
sion, the screening assay provides valuable information on:
1) new possible P450–substrate combinations (cases A/B),
2) P450 decoupling (case D), and 3) catalase inhibition (cases B/
C).


In the course of our initial screen, 180 enzyme/peroxide/sub-
strate combinations were analyzed and classified (Figure 2).
Chloroperoxidase (CPO) does not belong to the P450 super-
family, and thus, it was considered as control of the assay’s fea-
sibility. In fact, CPO did not exhibit any peroxide conversion.
However, the CPO screen clearly identified inhibitors of cata-
lase (Figure 2, cases B/C). This was observed for the substrates
indole (21), ethoxyresorufin (25), nifedinipine (29), trazodone
(31) and ketoconazole (33). Because only the inhibition of cata-
lase by indole has been described so far,[18] we cross-examined
our screening data in separate experiments, which confirmed
that compounds 21, 25, 29, 31 and 33 inhibit the catalase re-
action to various extents (Figure S3). Our screen also revealed
that CYP152A1 shows a strong decoupling with both perox-
ides. In fact, no case E reactions were observed for this
enzyme, but case D was found for all reactions that did not
correspond to categories A, B or C.


As expected, the screen for P450 reactivity also revealed sev-
eral clear-cut hits (Figure 2, cases A and B). For example, the
CYP152A1-mediated conversion of azulene (11) with 2 and 3,
which has been described before,[11c] was also observed here.
Interestingly, nifedipine (29), trazodone (31) and ketoconazole
(33) were previously assigned as inhibitors of CYP152A1, be-
cause these compounds significantly reduced the conversion
of the diagnostic substrate 9-methylanthracene (17).[11c] Since
the present screen classified 29, 31 and 33 as substrates, we
reasoned that they are better substrates than 17 for
CYP152A1, and thus inhibit the conversion of 17 by active-site
competition. The inefficient conversion of 17 by CYP152A1
was also evident from the corresponding screening data
(Figure 2). To verify the conversion of 29, 31 and 33 by
CYP152A1, LC/MSn analyses were conducted to identify oxida-
tion products. As exemplified for the conversion of 31
(Scheme 3), elemental composition determination by exact
mass measurements and collisionally-induced dissociation
(CID) experiments led to structural assignments, which were in
agreement with earlier studies on the conversion of 31 with
human liver microsomes.[23] Similar LC/MSn analyses of the con-
version of 29 and 33 also led to the identification of distinctive
oxidation products (Table S4). Interestingly, our screen also led
to the discovery of novel substrates of the thermostable P450


Figure 1. A) Calibration curves for the reaction of catalase and Amplex Red
with up to 100 mm tert-butylhydroperoxide (2) or cumene hydroperoxide (3).
The hydroperoxide-dependent signals of the reaction between catalase and
Amplex Red were fitted to: B) a linear regression in the case of tert-butylhy-
droperoxide, and C) a logarithmic regression for cumene hydroperoxide.
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Scheme 2. Substances used in the P450 screen. The hydroxylation of fatty acids (5–10) have been described for CYP152A1[26] and CYP119.[27] PolyaromaticACHTUNGTRENNUNGhydrocarbons (11–22) have been tested as substrates for CYP152A1.[11c] Coumarin and resorufin derivatives (23–25) have been frequently used as P450 sub-
strates.[28] Monochlorodimedone (26) is the natural substrate of chloroperoxidase (CPO) in a H2O2-dependent reaction.[29] Dextromethorphan (27) and testos-
terone (28) are standard substrates for human P450 enzymes.[30] The remaining substances are classified as inhibitors of different human P450 enzymes.[31]


754 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 751 – 757


C. M. Niemeyer et al.



www.chembiochem.org





CYP119, such as biphenylene (12) or phenanthrene (15 ;
Figure 2, Table S4). This is highly important, because this
enzyme is considered to be a powerful biocatalyst for various
applications, however, organic peroxide-mediated reactions
have so far only been reported for styrene.[24, 11d]


Conclusions


Here, we reported a novel assay for the high-throughput
screening of organic peroxide-dependent P450 reactivity, and
take advantage of the previously undescribed peroxidase activ-
ity of catalase. In a first demonstration, this assay allowed the
straightforward identification of several new substrates of the
bacterial P450 enzymes CYP152A1 and CYP119. Subsequent
LC/MSn measurements confirmed the novel reactivities found
in the screen and led to initial insights on the structure of the
products of the enzymatic conversion. As additional informa-


tion, decoupling of P450 en-
zymes under the chosen reac-
tion conditions could be identi-
fied and yet unknown inhibitors
of catalase were discovered. Our
assay should be well suited for
robotic automation because it
only requires successive pipet-
ting steps. Thus, even large libra-
ries of P450 enzymes should be
screenable against libraries of
chemically interesting com-
pounds at low cost and with
high-throughput.


Experimental Section


Chemicals : Chloroperoxidase, an-
thracene, indole, biphenylene, fluo-
ranthene, fluorene and acenaph-
thene were purchased from Al-
drich. Catalase, tert-butylhydro-ACHTUNGTRENNUNGperoxide, 7-ethoxycoumarin, aste-
mizole, coumarin, trazodone,
testosterone, nifedipine, ketocona-
zole, ethoxyresorufin, monochloro-
dimedone, KH2PO4, K2HPO4, ammo-
nium acetate and formic acid were
obtained from Sigma. CumeneACHTUNGTRENNUNGhydroperoxide, Amplex Red (10-
acetyl-3,7-dihydroxyphenoxazine,
sold under the name of Ampliflu
Red), 7-ethoxycoumarin, benzo-
phenone, quinidine, capric acid,
lauric acid, tridecanoic acid, myris-
tic acid, pentadecanoic acid, pal-
mitic acid were from Fluka. 9-
Methylanthracene, azulene, py ACHTUNGTRENNUNGrene,
terfenadine, benzo[a]pyrene and
phenanthrene were purchased
from Acros Chemicals. Dextrome-
thorphan was obtained from


MPBiomedicals, LLC; the PeroXOquant kit was from Pierce. Aceto-
nitrile and water (LC/MS grade) were purchased from Roth.


Kinetics of the peroxide-dependent reaction of catalase with
Amplex Red : For the kinetic measurements a fixed concentration
of catalase (100 nm) and Amplex Red (5 mm) was mixed with differ-
ent concentrations of cumene- or tert-buthylhydroperoxide in KPi


buffer (100 mm, pH 7.0). The resulting fluorescence (due to the
generation of resorufin) was recorded with a Synergy II microplate
reader (BIO-TEK) at 25 8C. In all cases, the initial reaction velocity
(v0) was calculated from the linear phase of substrate formation,
which was typically recorded in the initial phase of the reactionACHTUNGTRENNUNGdiagram when less than 10 % of the maximum signal intensities
was reached. All reactions were carried out at least in triplicate.


Recombinant P450BSß (CYP152A1): CYP152A1 was expressed in
Escherichia coli M15 (pREP4) by using the plasmid pQE-30tBSb,
which was kindly provided by Dr. Isamu Matsunaga.[25] The enzyme
containing a C-terminal hexahistidine tail was overexpressed and
purified by affinity chromatography, as reported earlier.[11a, c, 25]


Figure 2. Classifications of the reactivities detected. A) Definition of the shading codes for the different reactivities
(cases A–E). The heights of the bars represent the amount of remaining peroxide. B) Classification of screening re-
actions according to the shading code; see text for details. Structures of substrates 5–34 are shown in Scheme 2.
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Recombinant CYP119 : CYP119 was expressed in E. coli BL21 ACHTUNGTRENNUNG(DE3)
by using the plasmid pET-EXP42-CYP119. The enzyme containing a
C-terminal hexahistidine tail was overexpressed and purified by af-
finity chromatography, as reported earlier.[11d]


Microtiterplate screening of P450 reactivity : All P450 reactions
where carried out in 200 mL reaction volume, containing 100 mm of
either cumene- or tert-butylhydroperoxide, the corresponding sub-
strate (200 mm ; obtained from 20 mm stock solutions in either ace-
tonitrile or DMF) and enzyme (200 nm) in KPi (100 mm, pH 7.0).
After incubation at 37 8C for 24 h, an aliquot (50 mL) was withdrawn
and mixed with 50 mL of a solution of Amplex Red (10 mm) and cat-
alase (1000 nm) in KPi (100 mm, pH 7.0). The initial reaction velocity
(v0) was calculated by recording the change in fluorescence as de-
scribed above. For each substrate, control reactions lacking either
the substrate, enzyme or peroxide were also performed. All reac-
tions were performed as quadruplicates. Each microplate also con-
tained a dilution series of known concentration of the peroxide in
the same reaction buffer; this was used as standard for the deter-
mination of the remaining peroxide concentrations.


Analysis of oxidation products by liquid chromatography/multi-
stage mass spectrometry (LC/MSn): A reaction containing P450
enzyme (200 nm), substrate (2 mm) and the hydroperoxide (2 mm)
in ammonium acetate buffer (50 mm) was prepared as described
above. Chromatographic separations were performed by using a
Surveyor MS pump and Surveyor autosampler (Thermo Fisher Sci-
entific, San Jose, USA), equipped with reversed-phase C-18 column


(Hypurity Aquastar, 150 � 1 mm, 3 mm, 190 �). Two binary gradients
consisting of acetonitrile and water containing formic acid (0.1 %,
v/v) were used for separation of reaction products of nonpolar and
polar substrates, respectively. In particular, biphenylene and phen-
anthrene measurements were carried out by using 15 % acetoni-
trile isocratic for 2 min, followed by 15 to 95 % in 36 min, 95 % iso-
cratic for 7 min, from 95 to 15 % in 3 min, and then 15 % acetoni-
trile isocratic for 15 min. Trazodone, nifedipine and ketoconazole
were measured by using 5 % acetonitrile isocratic for 2 min, fol-
lowed by 5 to 50 % in 36 min, 50 to 95 % in 2 min, 95 % isocratic
for 7 min, from 95 to 5 % in 3 min, and then 5 % acetonitrile iso-
cratic for 15 min. The flow rate was 90 mL min�1 and the injection
volume was set to 2 mL. The column temperature was set to 45 8C.


Mass spectrometric detection : MS spectrometry was carried out
with an LTQ FT (Thermo Fisher Scientific, Bremen, Germany) Fourier
transform ion cyclotron resonance hybrid mass spectrometer
(FTICR-MS) by using electrospray ionization (ESI) and atmospheric
pressure chemical ionization (APCI) in the positive ionization
mode. Briefly, the LTQ FT was set to automatically switch between
MS and MSn acquisition as already described in an earlier study.[11c]


Survey MS spectra in the mass range m/z 100–800 were acquired
in the FTICR with a resolution r = 25 000 (FWHM). The three most
intense ions were sequentially isolated for accurate mass measure-
ments by a FTICR “SIM scan” in a narrow mass window (�5 Da, r =
50 000). Subsequent fragmentation (MS2, MS3) was carried out in
the linear ion trap by collisionally-induced dissociation (CID). ESI
was used for the reaction mixtures of polar substrates, whereas


Scheme 3. Proposed pathway of trazodone (31) oxidation based on LC/MSn analysis (positive ionization mode). The elemental compositions were assigned by
exact mass measurements of the detected protonated molecules [M+H]+ . Localization of modification sites was carried out by collisionally induced dissocia-
tion; the respective characteristic fragments (m/z) are included and indicated by arrows in the structures.
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APCI was applied for nonpolar polycyclic aromatic hydrocarbons.
All data were processed by using Qual Browser (Thermo Fisher Sci-
entific, San Jose, USA), and the chemical formula calculator was
used to obtain m/z values for probable oxidation products. These
m/z values were used to generate reconstructed ion chromato-
grams to selectively screen for oxidation products.
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DNA and RNA-Controlled Switching of Protein Kinase
Activity
Lars Rçglin,[b] Frank Altenbrunn,[a] and Oliver Seitz*[a]


Introduction


Synthetic protein binders have frequently been used to inhibit
and study the role of a specific protein–protein recognition
event. The binding between two proteins typically involves
large interaction interfaces, which can be addressed by syn-
thetic peptides.[1–3] Considerable effort has been invested in
order to gain temporal control and switch on or off the bioac-
tivity of the peptide at will.[4–26] In nature, the binding proper-
ties of protein segments are frequently regulated through
structural reorganization of the protein framework. Such pro-
tein switches use the binding energy gained upon a particular
recognition event to modulate conformational constraints. We
and others explored whether nucleic acid mediated recogni-
tion might be used to design or mimic constraints that limit
the conformational freedom of peptide segments.[27] This ap-
proach requires chimeric molecules that contain both nucleic
acid and protein structures. Nucleic acid–peptide conjugates
that change affinity for a protein target upon nucleic acid hy-
bridization might offer fascinating opportunities. For example,
intracellular RNA molecules might bind to exogenously added
nucleic acid–peptide conjugates and interfere with protein–
protein interactions. By this, a particular cell-endogenous RNA
might be instructed to rewire biological pathways.


The well-established Watson–Crick base-pairing rules provide
a guideline for the design of programmed nucleic acid struc-
tures and, thus, for the design of constrain elements. This was
used to control the activity of guanylate cyclase and protein
kinase A.[28–31] The enzymes were equipped with a single-


stranded DNA spring that bridged two chosen points of the
protein surface. Nucleic acid single strands have a larger persis-
tence length than double strands. Accordingly, formation of a
DNA double strandf conferred mechanical stress on the pro-
tein, which resulted in changes in the protein activity. Alterna-
tive strategies avoid modifications of the protein target in
order to allow studies of wild-type proteins.[32, 33] Portela and
co-workers studied the transcription factor Jun, which is able
to form a heterodimer with the transcription factor Fos.[33] The
Jun–Fos heterodimer binds duplex DNA in a sequence-specific
manner. A DNA single strand was conjugated with a truncated
form of Fos, and this construct was unable to bind Jun. How-
ever, annealing of a complementary DNA strand activated the
DNA–peptide conjugate for binding to Jun. The study showed
that DNA hybridization could be used to instruct the formation
of inhibitors of protein–DNA interactions.


Protein switches use the binding energy gained upon recognition
of ligands to modulate the conformation and binding properties
of protein segments. We explored whether the programmableACHTUNGTRENNUNGnucleic acid mediated recognition might be used to design or
mimic constraints that limit the conformational freedom of pep-
tide segments. The aim was to design nucleic acid–peptide con-ACHTUNGTRENNUNGjugates in which the peptide portion of the conjugate would
change the affinity for a protein target upon hybridization. This
approach was used to control the affinity of a PNA–phosphopep-
tide conjugate for the signal transduction protein Src kinase,
which binds the cognate phosphopeptides in a linear conforma-
tion. Peptide–nucleic acid arms were attached to known peptide
binders. The chimeric molecules were studied in three modes :
1) as single strands, 2) constrained by intermolecular hybridiza-
tion (duplex formation) and 3) constrained by intramolecular hy-
bridization (hairpin formation). Of note, duplexes that were de-


signed to accommodate bulged peptide structures (for example,
in hairpins or bulges) had lower binding affinities than duplexes
in which the peptide was allowed to adopt a more relaxed con-
formation. Greater than 90-fold differences in binding affinities
were observed. It was, thus, feasible to make use of DNA hybridi-
zation to reversibly switch from no to almost complete inhibition
of Src-SH2–peptide binding, and vice versa. A series of DNA and
PNA-based hybridization experiments revealed the importance
of charges and conformational effects. Nucleic acid mediated
switching was extended to the use of RNA; this enabled a regula-
tion of the enzymatic activity of the Src kinase. The proof-of-prin-
ciple results demonstrate for the first time that PNA–peptide chi-
meras can transduce changes of the concentration of a given
RNA molecule to changes of the activity of a signal transduction
enzyme.
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Preliminary work described by us pointed to a potentially
generic method for controlling the function of proteins that
do not interact with DNA.[32] Our aim was to put peptidicACHTUNGTRENNUNGinhibitors of protein–protein interactions under the control of
Watson–Crick base pairing. We reckoned that nucleic acidACHTUNGTRENNUNGhybridization could introduce constraints in a PNA–peptide
hybrid molecule. This approach was used to control the affinity
of a PNA–peptide conjugate for the SH2 protein domain of Src
kinase, a protein that does not contain a dedicated DNA-bind-
ing site. The previous study was focused on the use of DNA
hybridization. Only a limited set of intermolecular constrain
modes was investigated. We herein present a series of DNA
and PNA-based hybridization constraints in intra- and intermo-
lecular formats and demonstrate both increases and decreases
of inhibitory activity. Furthermore, we show that hybridization
with in vitro transcribed RNA molecules can be used to exert
control. It is demonstrated for the first time that RNA-based
switching of the binding affinity of a peptide can be used to
regulate the activity of a key enzyme of cellular signal trans-
duction, the tyrosine-specific protein kinase Src. Thus, this
study suggests that it might be feasible to reassign the func-
tion of RNA by using PNA–peptide hybrid molecules.


Results and Discussion


Design of PNA–peptide hybrids that respond to nucleic acid
hybridization


Our aim was to design nucleic acid–peptide conjugates in
which the peptide portion of the conjugate would experience
altered constraints and changes of the affinity for a protein
target upon hybridization. We chose peptide nucleic acids
(PNA) as DNA/RNA recognition elements, because of the high
biostability and ease of incorporation in solid-phase peptide
synthesis.[34] Accordingly, the peptide of interest was equipped
with two noncomplementary PNA segments (Figure 1). The
single-stranded hybrid molecule I might adopt a random-coil-


like conformation or might have the features of a collapsed
structure in which the exposure of hydrophobic nucleobases
to water is minimized.[35, 36] It was expected that binding of
complementary DNA or RNA to the PNA arms would alter the
constraints on the peptide structure. For example, seamlessACHTUNGTRENNUNGhybridization of both PNA arms might induce the loop-like
structure in II. Alternatively, binding to only one PNA arm orACHTUNGTRENNUNGsimultaneous hybridization of both PNA arms with DNA that
contain unpaired spacer nucleotides between the two cognate
sequences might increase the tendency to adopt extended
conformations in architectures such as III and IV.


The PNA–peptide hybrids were directed against the SH2
domain of the Src kinase, an enzyme that triggers phosphory-
lation cascades.[37–39] The Src kinase exists in active and inactive
states. In the inactive state the SH2 domain binds to an inter-
nal phosphotyrosine (pTyr)-containing peptide segment locat-
ed at the C terminus of the kinase.[40–42] Phosphotyrosine-con-
taining peptides or other small molecules that bind to the SH2
domain disrupt the intramolecular interaction and can thereby
activate the kinase.[43] The crystal structure of the known high-
affinity binding peptide Glu-Pro-Gln-pTyr-Glu-Glu-Ile-Tyr-Leu
(consensus motif underlined) in complex with the Src SH2
domain revealed that the peptide is bound in a linear confor-
mation.[44] Thus, it should be feasible to decrease the binding
affinity of a phosphopeptide ligand by inducing a bent confor-
mation or, alternatively, to increase the binding affinity by en-
hancing the tendency to adopt the extended conformation.


Optimization of peptide length and sequence


The objective was to identify a PNA–phosphopeptide hybrid
that had high affinity for Src-SH2 in one state and low affinity
in another state. We varied the length and sequence of the
recognized phosphopeptide. The synthesis of PNA–phospho-
peptide hybrids was performed by using automated Fmoc-
based solid-phase synthesis (Supporting Information). Three
different architectures were analyzed, the single-stranded con-
jugates 1–14 a, the duplex-constrained conjugates 1–14 b and
conjugates 1–14 c, which are constrained by intramolecular hy-
bridization (Table 1). The short peptides 15 a and 16, and the
disulfide-bridged cyclopeptide 15 c were included in the test-
ing to explore the range of affinities that are achieved by cova-
lent constraints. In the initial experiments, PNA–PNA hybridiza-
tion was used owing to the high stability of the formed PNA–
PNA duplexes.[45] The affinity of the PNA–phosphopeptide hy-
brids for Src-SH2 was assessed by adapting a fluorescence po-
larization assay that was developed by Lynch and co-workers
(Figure S1).[46]


The first set of chimeric molecules (1–10) was derived from
the sequence around the central pTyr-Glu-Glu-Ile motif (Glu-
Pro-Gln-pTyr-Glu-Glu-Ile-Pro-Ile-Tyr) found in the Src-SH2 bind-
ing hamster middle T antigen (hmT) (Table 1).[47] The others
were based on the high-affinity peptides 11 and 12 identified
by Charifson and co-workers[48] and the multiphosphorylated
peptides 13 and 14, which were the most potent binders in
the study performed by Gilmer and co-workers.[49] The hybrid
molecules exhibited different susceptibilities to hybridization-


Figure 1. Constraining nucleic acid–peptide conjugates (I) by hybridization.
The peptide (bold line) experiences different constraints in duplexes that are
formed upon seamless base pairing (II), simultaneous hybridization of both
(III) arms, or hybridization of one arm (IV) with DNA or RNA that contain un-
paired nucleotides.
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induced switching of binding affinities. Intermolecular hybridi-
zation resulted in two- to eleven-fold decreases of the affinity
for the Src-SH2 domain. Hybrid molecule 8 showed the highest
responsiveness. After addition of complementary PNA the
binding affinity decreased from Kd (8 a) = 1.7 mm by one order
of magnitude to Kd (8 b) = 19.0 mm. Interestingly, conjugate 8
also proved most responsive to intramolecular hybridization
(8 c), and conferred 15-fold decreases in binding affinity. The
melting of the unlabeled hybrid (Ac-tattgg-Gln-pTyr-Glu-Glu-
Ile-ccaata-Gly-NH2, Tm = 73.1 8C) was independent of concentra-
tion, as expected for intramolecular base pairing.


Phosphopeptides interact with the Src-SH2 domain predomi-
nantly at two distinct positions: the phosphotyrosine-binding
pocket and a hydrophobic cavity for the pTyr+3 residue. These
two binding pockets are aligned to enable binding of peptides
that adopt the extended conformation. Thus, cyclic constraints
that involve the main-chain will, in most cases, decrease the
tendency to present the pTyr and pTyr+3 side-chains in the re-
quired geometry. This is in accordance with most results from
inter- and intramolecular hybridization of hybrids 1–14.


It is instructive to compare the results from the PNA–peptide
hybrids with binding data from the short peptide 15 in the
“relaxed” form, 15 a, and the disulfide-constrained form 15 c.
Of note, the 18-fold increase of binding affinity upon reduction
of the cyclic peptide 15 c (Kd = 1.8 mm) to the linear peptide
15 a (Kd = 0.1 mm) was in a similar range as the observed differ-
ence (15-fold) of the affinity between hairpin-constrained
hybrid 8 c and single-stranded 8 a. The affinity of the short


“cysteine-free” peptide 16 for the Src-SH2 domain was in a
similar range as the affinity of reduced 15 a. Cyclization via di-
sulfide formation has been frequently performed as a means
of constraining peptides and used to stabilize turn-like confor-
mations. We assume that hybridization of PNA–peptide–PNA
hybrids with nucleic acids can confer similar effects. On the
other hand, changes of peptide conformation might not be
the only reason for the observed decreases in binding affinity.
For example, PNA hybridization might also introduce a steric
blockage that affects access of the protein to the recognized
peptide motif. Regardless of the mechanism that is involved,
the experiments clearly exposed a peptide sequence (Gln-pTyr-
Glu-Glu-Ile in 8) that is amenable to hybridization-based con-
trol of the binding activity.


Switching of protein binding affinity by DNA hybridization


The phosphopeptide motif in 8 exhibited the highest PNA-
induced change of SH2 affinity. We next investigated the re-
sponse of 8 to DNA-based hybridization. Initial melting studies
exposed negative influences of fluorophores on PNA–DNAACHTUNGTRENNUNGhybridization.[50] We therefore chose to explore unlabeled
PNA–phosphopeptide hybrids and used a competition assay to
assess the affinity of the resulting duplexes for the SH2 pro-
tein. In this assay, the PNA–peptide hybrid was titrated to a
complex of the Src-SH2 protein and fluorescence-labeled refer-
ence peptide 16 (FAM-Gly-pTyr-Glu-Glu-Ile-Ala-NH2). The frac-
tion of bound 16 was quantified by fluorescence polarization.


Table 1. Dissociation constants Kd [mm] measured for complexes of the Src-SH2 protein and fluorescently labeled PNA–peptide hybrids[a] and peptides in
relaxed form (1–14 a, 15 a and 16) and after constraints introduced by intermolecular (1–14 b) and intramolecular PNA hybridization (1–14 c) or cyclization
(15 c).


single stranded duplex constrained hairpin constrained


PNA–peptide Kd [mm] Kd [mm] Kd [mm]


Glu-Pro-Gln-pTyr-Glu-Glu-Ile-
Pro-Ile-Tyr


1 a 0.3 1 b 1.8 1 c 1.4


Glu-Pro-Gln-pTyr-Glu-Glu-Ile-Pro 2 a 0.3 2 b 0.7 2 c 1.6
Pro-Gln-pTyr-Glu-Glu-Ile-Pro-Ile 3 a 0.7 3 b 1.5 3 c 1.6
Gln-pTyr-Glu-Glu-Ile-Pro-Ile-Tyr 4 a 1.0 4 b 4.4 4 c 2.5
Pro-Gln-pTyr-Glu-Glu-Ile 5 a 0.8 5 b 5.1 5 c 3.6
Gln-pTyr-Glu-Glu-Ile-Pro 6 a 1.0 6 b 7.9 6 c 3.4
pTyr-Glu-Glu-Ile-Pro-Ile 7 a 2.6 7 b 7.1 7 c 7.6
Gln-pTyr-Glu-Glu-Ile 8 a 1.7 8 b 19 8 c 25.2
pTyr-Glu-Glu-Ile-Pro 9 a 1.7 9 b 6.4 9 c 2.7
pTyr-Glu-Glu-Ile 10 a 2.6 10 b 9.4 10 c 1.7
Gln-pTyr-Glu-Glu-Ile-Glu 11 a 1.0 11 b 3.8 11 c 1.1
Gln-pTyr-Glu-Glu-Ile-Gln 12 a 1.7 12 b 10.3 12 c 2.1
pTyr-Glu-pTyr-Ile-Glu 13 a 0.4 13 b 1.1 13 c 0.8
pTyr-pTyr-pTyr-Ile-Glu 14 a 0.5 14 b 0.9 14 c 1.2


Peptide
H-Cys-pTyr-Glu-Glu-Ile-Lys 15 a 0.1 15 c 1.8ACHTUNGTRENNUNG(FAM)-Cys-Gly-NH2


FAM-Gly-pTyr-Glu-Glu-Ile-NH2 16 0.3


[a] PNAs were synthesized as C-terminal amides and are represented in lower-case letters, amino acids are represented in the three letter code. The N- and
C-terminal ends of peptides are represented according to IUPAC guidelines, the directionality of PNA conjugates is indicated by marking terminal ends as
italicized N and C.
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Fitting of the resulting inhibition curves (Figure S3) to a sig-
moidal dose–response model with variable slope yielded IC50


values.[32] Repeated titration experiments with the unlabeled
phosphopeptide 17 (Table 2) revealed IC50 values in the low
micromolar range (IC50 = 3.3 mm), which is within reasonable
agreement with previously determined affinities for similar


peptides (Ac-pTyr-Glu-Glu-Ile, IC50 = 6.5–8.1 mm).[46, 51] The ap-
pendage of PNA at the N terminus in hybrid 18 resulted in 4.5-
fold enhancements of the SH2 affinity whereas the C-terminal
attachment of PNA in 19 induced decreases of binding affinity.
Similar effects of terminal substitution have been observed
previously.[51]


Several DNA or PNA sequen-
ces were designed with an aim
to control the SH2 affinity ofACHTUNGTRENNUNGchimeric molecules 18–20 byACHTUNGTRENNUNGhybridization. All formed com-
plexes exhibited sigmoidal melt-
ing curves indicative of coopera-
tive base pairing (Figure S2) and
melting temperatures of Tm =


34–65 8C (Table 2). Thus, the
formed duplexes provided suffi-
cient stability to maintain struc-
tural constraints in protein-bind-
ing experiments.


In many cases, DNA hybridiza-
tion resulted in enhancements
of the protein-binding affinity.
The largest increases in affinity
(almost one order of magnitude)
were observed when DNAs d069
and d969 were added to hybrid
20 (Table 2). These oligonucleo-
tides contain unpaired nucleo-
tides, which, after hybridization,
might be located in the vicinity
of the central phosphopeptide.
Oligonucleotide d969 was de-
signed to enable simultaneous
hybridization with both PNA
arms of hybrid 20. However, the
Tm = 51 8C is significantly below
what would be expected forACHTUNGTRENNUNGformation of 16 nt PNA–DNAACHTUNGTRENNUNGduplexes. The complex that is
formed upon addition of DNA
d9’69 has similar thermal stabili-
ty (Tm = 52 8C) though only the
C-terminal arm of 20 can be in-
volved in hybridization. This sug-
gests that the hybrid DNA com-
plex 20·d969 presumably adopts
an open structure such as IV,
which is shown in Figure 1
rather than the closed structure
III. By contrast, the high thermal
stability (Tm = 65 8C) of the com-
plex that is formed between
hybrid 20 and DNA d909 sug-
gests simultaneous hybridization
of both the N- and C-terminal
PNA arms. According to this, the


Table 2. Switching of the affinity of PNA–peptide hybrids for the Src-SH2 protein with DNA and PNA hybridiza-
tion.


Peptide conjugates[a] Tm [8C] Rel. affintiy[b]


17 1


18 / 4.5


18
d900


34 4.5


18
d960


43 5.8


19 / 0.6


19
d009


46 0.6


19
d069


48 1.7


20 / 1.2


20
d900


41 1.9


20
d960


46 3.8


20
d009


42 2.4


20
d069


44 8.2


20
d969


51 8.8


20
d9’69


52 6.4


20
d909


65 0.4


20
d900 + d009


/ 4.1


20
p900


/ 0.9


20
p960


/ <0.1


[a] PNAs and PNA conjugates were synthesized as C-terminal amides and are represented in lower case and
DNA in upper case letters, amino acids are represented in the three letter code. The N- and C-terminal ends of
peptides are represented according to IUPAC guidelines, the directionality of PNA conjugates is indicated by
marking terminal ends as italicized N and C. [b] based on IC50 measurements and determined by using peptide
17 (IC50 = 3.3 mm) as a standard.
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peptide likely spans a loop to bridge the two hybridized PNA
segments (compare II in Figure 1). Of note, among the oligo-
nucleotides tested only d909 was able to induce decreases of
the protein affinity upon hybridization. It appears plausible
that the decrease in the binding affinity and the increased ten-
dency of the phosphopeptide in 20·d909 to adopt the loop
conformation are related. Thus, binding to the Src-SH2 domain
might proceed at the cost of an energetic penalty that is re-
quired to disrupt seamless base pairing.[52] Though unambigu-
ous evidence for the proposed loop-like peptide structures is
lacking, we do note that each of the studied duplexes de-
signed to accommodate a bulged peptide exhibited lower
binding affinities than the corresponding PNA–phosphopep-
tide single strands (compare 1–14 b with 1–14 a and 20·d909
with 20).


The exact mechanism that underlies the increases in binding
affinity that were observed when oligonucleotides such as
d960, d069, d969 or d9’69 were added is less readily ex-
plained. The PNA–phosphopeptide hybrids acquire additional
negative charge upon binding of DNA. The repulsion between
negatively charged PNA–DNA duplex and the negatively
charged amino acid residues in the phosphopeptide motif
might increase the tendency to adopt extended peptide con-
formations. In fact, the binding of two, “unconnected” DNA
strands (d900 and d009) to PNA–phosphopeptide chimera 20
also resulted in an increase of protein-binding affinity. Further-
more, the additional negative charge near the positively
charged phosphotyrosine-binding pocket might provide an ad-
ditional means for strengthening of the binding interactions.
The effect of negative charges became apparent when com-
plementary PNA strands p900 and p960 were added to the
PNA–phosphopeptide hybrid 20. PNA has a noncharged back-
bone. The complex that is formed upon hybridization of DNA
d900 with hybrid 20 had a twofold higher affinity for Src-SH2
than the corresponding PNA-containing complex 20·p900. Ad-
dition of PNA p960, which is analogous to DNA d960, induced
a more than ten-fold decrease of binding activity rather than
the fourfold increase of binding affinity that is observed upon
addition of DNA d960. This decrease of protein affinity upon
hybridization with PNA also explains why the difference in af-
finity between 20 and 20·d909 is not as high as the difference
between 8 a and 8 b.


Reversible switching of protein-binding affinity by DNA and
RNA hybridization


The hybridization experiments listed in Table 2 exposed PNA–
phosphopeptide hybrid 20 as the conjugate that provided the
highest differences between two hybridization states. We next
explored whether hybridization also allows for reversibility of
switching. We envisioned strand-exchange reactions that
confer the necessary reorganization in chimera–DNA com-
plexes. It is difficult to displace PNA in a PNA–PNA duplex by
DNA.[53] Thus, we chose a strand-exchange reaction that would
convert a low-affinity DNA-containing complex such as
20·d909 to an activated complex such as 20·d969. The PNA
segment of hybrid 20 and the deactivating DNA d909 were


shortened in hybrid 21 and DNA d606, respectively, to de-
crease complex stability (Tm = 39 8C for 21·d606 vs. 60 8C for
20·d909) and to facilitate replacement by the activating DNA
d969 (Figure 2). The formation of two additional stable base
pairs in complex 21·d969 was expected to fuel the exchange
of d606. Expectedly, the complex 21·d606 was unable to in-
hibit protein binding of the reference peptide at 1.25 mm con-
centration. Addition of DNA d969 resulted in a dramatic in-
crease in fractional inhibition from 0 to 96 %, presumably by
replacing deactivating DNA d606 and forming the activated
complex 21·d969.


The preceding switch experiments were based on hybridiza-
tion reactions with PNA or DNA. The use of RNA-induced
switching is appealing because it might allow the reassign-
ment of the function of particular intracellular RNA molecules
such as viral RNA or mRNA. In such a scenario, the PNA–pep-
tide hybrid would act as a transducer that couples gene ex-
pression with interference in protein–protein recognition. We
tested whether nucleic acid mediated switching of PNA–phos-
phopeptide 21 extends to the use of RNA. The RNA ppp UGC
UAU UGG AGU CAG UAU ACG CGA GGOH, r1169 (segments
complementary to 21 are underlined), was prepared by in vitro
transcription. The transcription buffer was directly added to
hybrid 21 in two aliquots. The sequence of RNA r1169 was
analogous to the sequence of activating DNA d969. Thus, it
was expected that RNA r1169 likewise served as an activator.
Indeed, each addition step lead to an increase of the fractional
inhibition value (Figure 3).


Figure 2. Strand-exchange experiment showing the addition of DNA d969
to a solution containing Src-SH2 protein, labeled reference peptide FAM-
Gly-pTyr-Glu-Glu-Ile-Ala-NH2, 16 and complex 21·d606. The arrow indicates
the time of DNA addition. Conditions: 1.25 mm 21·d606 in buffer 20 mm


NaH2PO4, 100 mm NaCl, 2 mm DTT, pH 7.4, 0.1 % BSA containing 20 nm 20
and 700 nm GST-Src-SH2, addition of 10 mm DNA d969 after 4 min.
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In vitro kinase reactivation


The inactive, autoinhibited state of Src kinase is induced by
phosphorylation of Tyr527, which provides an intramolecular
recognition motif for the Src-SH2 domain (Figure 4 A). It has
been shown that phosphopeptide ligands can compete with
pTyr527, which leads to reactivation of the Src kinase.[43] WeACHTUNGTRENNUNGexamined whether the reactivation of the Src kinase by PNA–
phosphopeptide chimeras can be controlled by RNA hybridiza-
tion. We envisaged the use of the chimera–DNA complex
21·d606, which has a rather low affinity for binding to the Src-
SH2 domain. The addition of synthetic RNA 5’-UGC UAU UGG
AGU CAG UAU ACG CGA-3’, r969 was expected to induce a
strand-exchange reaction that is driven by the formation of
the stable PNA–RNA duplex 21·r969. This complex allows effi-
cient binding of the phosphopeptide to the Src-SH2 domain.
The accompanying disruption of the intramolecular phospho-
peptide-SH2 interaction should result in the activation of the
enzymatic activity of Src kinase.


An enzyme-linked UV assay developed by Knight et al. was
performed to quantify the reactivation of the Src kinase.[54, 55] In
this assay two coupled enzyme reactions link the production
of ADP, which is formed as a byproduct in the kinase reaction,
with the oxidation of NADH. The generated NAD+ was moni-
tored by UV absorption. First, the Src kinase was deactivated
upon 30 min preincubation with the Csk kinase.[56] The deacti-
vated Src kinase was added to the kinase reaction buffer. The
measured phosphorylation rate provided the 0 % reactivation
value. Then the phosphorylation, catalyzed by untreated,
active Src kinase, was quantified in order to obtain a reference
rate for 100 % kinase activity. Incubation of the deactivated Src
kinase with complex 21·d606 resulted in only 13 % recovery of
the kinase activity (Figure 4 B). In the critical experiment, RNA
r969 was added to the solution of Src kinase and the low-affin-
ity complex 21·d606. Gratifyingly, a 86 % reactivation of kinase
activity was obtained.


As a control, Src kinase was incubated with a solution that
contained activating RNA r969 but lacked chimera 21. ThisACHTUNGTRENNUNGexperiment revealed only an insignificant recovery of kinase
activity. Thus, reactivation of Src kinase requires PNA–peptide


chimera 21 as a transducer. The proof-of-principle results dem-
onstrate for the first time that PNA–peptide chimeras can be
used to transduce changes of the concentration of a given
RNA molecule to changes of the enzymatic activity of a signal
transduction protein.


Conclusions


We have shown that both DNA and RNA hybridization can be
used to control the bioactivity of the peptide part in PNA–


Figure 4. A) Principle of reactivation of Src kinase activity by a PNA–phos-
phopeptide chimera. The inactive kinase conformation is stabilized by the
interaction between pTyr527 and the SH2 domain. Chimera–DNA complex
21·d606 has weak affinity for the Src-SH2 domain. Addition of RNA r969
triggers the strand-exchange to form activated chimera–RNA complex
21·r969, which induces activation of the kinase by competing successfully
against the pTyr527–SH2 domain interaction. B) Reactivation (in %) of the Src
kinase activity by RNA r969 and deactivated chimera–DNA complex 21·d606
before and after addition of activator RNA r969. Conditions: 2 mm substrate
peptide 22 (H-Lys-Val-Glu-Lys-Ile-Gly-Glu-Gly-Tyr-Gly-Val-Val-Tyr-Lys-NH2),
100 mm phosphoenolpyruvate, 30 mm NADH, 5 mm ATP and 5 U pyruvate
kinase, 5 U lactate dehydrogenase and 4 nmol Src kinase in buffer (20 mm


TRIS, 25 mm MgCl2, 0.2 mm DTT, 20 mg mL�1 BSA, pH 7.5) and 5 mm chimera–
DNA complex 21·d606 and 30 mm RNA r969 when added.


Figure 3. Switching of the inhibitory affinity of chimera 21 by the addition
of in vitro transcribed RNA r1169. Arrows indicate the point of RNA addition.
Conditions: 1.25 mm 21 in buffer 20 mm NaH2PO4, 100 mm NaCl, 2 mm DTT,
pH 7.4, 0.1 % BSA containing 20 nm 16 and 700 nm GST-Src-SH2, direct ad-ACHTUNGTRENNUNGdition of the in vitro transcription buffer in two aliquots. The RNA concen-ACHTUNGTRENNUNGtration was estimated to be approximately 10 mm after addition of the first
aliquot, and approximately 20 mm after the addition of the second one.
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phosphopeptide–PNA hybrids. The protein target that was
studied, the SH2 domain of Src kinase, binds cognate phos-
phopeptides, for example, Gln-pTyr-Glu-Glu-Ile, in a linear con-
formation. Accordingly, each of the studied duplexes that were
designed to accommodate bulged peptide structures had
lower binding affinity than duplexes that allowed the peptide
to adopt extended conformations. Previously, we assumed that
simultaneous hybridization of both PNA arms would be re-
quired to change the protein affinity.[32] This study suggests
that increased binding affinities can be obtained also when
only one PNA arm is involved. The different behavior observed
in hybridization of the PNA–phosphopeptide conjugate with
PNA suggests that the recruitment of negative charges is re-
quired to improve binding affinities. Regardless of the mecha-
nism involved, the observed differences in binding affinities
spanned almost two orders (>88-fold) of magnitude. It proved
feasible to switch from no inhibition to almost quantitative in-
hibition of the interaction of a protein with a peptide ligand.
We demonstrated that the enhancements of the affinity of the
hybrid ligand for a protein can be used to regulate the enzy-
matic activity. The described work provides, to the best of our
knowledge, the first example in which RNA was used to trigger
the bioactivity of a peptide ligand. We expect that this ap-
proach is applicable also to other protein targets required that
a high-affinity recognition sequence has been identified.


Experimental Section


Materials : Synthetic DNA oligomers were purchased from BIOTEZ
(Berlin, Germany), synthetic RNA oligomers from Invitrogen. In
vitro transcription of RNA oligonucleotides has been performed by
using a RiboMAX� express T7 kit (Promega) according to product
literature. All aqueous solutions were prepared by using water
from an ultrapure water purification system (Membrapure, Boden-
heim, Germany). Automated solid-phase synthesis was carried out
by using a microscale ResPep-Synthesizer (Intavis AG, Kçln, Germa-
ny) in microscale columns for PNA synthesis (Intavis AG). Dimethyl-
formamide (DMF), N-Methylpyrrolidone (NMP), piperidine and tri-
fluoroacetic acid (TFA) were purchased in peptide synthesis grade
and used without further purification. Commercial reagents were
obtained from Acros, Fluka, and Sigma and were used without fur-
ther purifications. PNA monomers were obtained from Applied Bio-
systems and ASM Research Chemicals (Burgwedel, Germany), stan-
dard Fmoc/tBu protected amino acids were purchased from Senn
chemicals (Dielsdorf, Switzerland) or NeoMPS (Strasbourg, France).
2-(6-Chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexa-
fluorophosphate (HCTU) was purchased from Iris Biotech (Mark-
tredwitz, Germany) and the Rink-amide resin (NovaSyn TGR; Nova-
biochem) as well as the phosphotyrosine building block Fmoc-
Tyr(PO ACHTUNGTRENNUNG(NMe2)2-OH were obtained from Novabiochem. Detailed syn-
thesis protocol of PNA, PNA–peptide chimeras, and peptides, in-
cluding full characterization are described in the Supporting Infor-
mation. Enzymes for the in vitro kinase assay were obtained from
Cell Signaling Technology (Src; Danvers, USA), SignalChem (Csk;
Richmond, Canada), and Sigma (PK, LDH).


Overexpression and Purification of GST-Src-SH2 : The Src-SH2
domain (ggSrc PubMed: aaa70 194, 142–246, N243T corresponding
to human Src-SH2 145–249, A168P, N224S, T246N) was cloned into
the expression vector pGEX-4T1 to produce it as glutathione-S-
transferase (GST) fusion protein in Escherichia coli. We purified GST-


Src-SH2 by glutathione sepharose affinity chromatography, concen-
tration with centrifugal concentrators (Vivaspin 10 kDa MWCO, Viva
Science, Sartorius AG, Gçttingen, Germany) and size exclusion
chromatography (Superdex 75, Pharmacia, Uppsala, Sweden) to
obtain a final purity of at least 98 %. The purified protein solution
was aliquoted and stored at �80 8C after freezing in liquid N2.
Thawed aliquots were stored at 0 8C and used for a maximum of
three days.


Fluorescence polarization (anisotropy) experiments : Fluores-
cence anisotropy experiments were performed on a SPEX Fluoro-
max 3 fluorescence spectrometer (HORIBA Jobin Yvon, Unterhach-
ing, Germany) that was equipped with a peltier thermostated
single-cell holder (set to 25 8C) and automated polarizers. The
buffer system was derived from that described by Lynch et al. ,[46]


but contained BSA instead of the more expensive BGG and consist-
ed of NaH2PO4 (20 mm), NaCl (100 mm), DTT (2 mm) and BSA
(0.1 %) at pH 7.4. Slits were set to yield an intensity of approximate-
ly 1.0 � 106 counts with both polarizers set to vertical orientation.


Determination of Kd-values. FAM-labeled chimera was diluted
(from a stock solution in 1 % Na2CO3) in buffer (20 mm NaH2PO4,
100 mm NaCl, 2 mm DTT, pH 7.4, 0.1 % BSA) to yield a concentra-
tion of 20 nm. If desired, the complexing PNA (100 nm final con-
centration) was added. The resulting solution (1 mL) was titrated
with GST-Src-SH2 by using an automated titration system. The re-
sulting anisotropy values were normalized and fitted to the equa-
tion for a single site-binding isotherm with receptor depletion
(Equation 8.10 in ref. [57]).


Strand-exchange experiment (Figure 2): FAM-labeled reference
peptide 16 from a 10 mm stock solution in 1 % Na2CO3 was added
to buffer (0.8 mL, 20 mm NaH2PO4, 100 mm NaCl, 2 mm DTT,
pH 7.4, 0.1 % BSA) to a final concentration of 20 nm. The fluores-
cence polarization was measured. This value corresponded to the
fractional inhibition fi = 1, which was obtained if reference peptide
16 is free in solution. GST-Src-SH2 (from a 1.7 mm stock solution in
20 mm NaH2PO4, 100 mm NaCl, 2 mm DTT, pH 7.4) was added to
the solution to a final concentration of 700 nm. The measured fluo-
rescence polarization of the quantitatively formed peptide–SH2
complex corresponds to fractional inhibition fi = 0. A preformed
complex of chimera 21 and DNA d606 was added (from a stockACHTUNGTRENNUNGsolution of 100 mm 21 and 160 mm d606 in buffer to a final con-ACHTUNGTRENNUNGcentration of 1.25 mm 21·d606. After 2.25 min (10 measurement
cycles) data acquisition was paused for 30 s, in this period 10 mm


of DNA d969 was added and the data acquisition was continued
after mixing the solution by pipetting it up and down several
times.


In vitro kinase assay : First the Src kinase was deactivated upon
30 min preincubation at 30 8C with the Csk kinase.[56] To determine
the remaining activity a buffered solution (20 mm TRIS, 25 mm


MgCl2, 0.2 mm DTT, 20 mg/ mL BSA) that contained Src specific
kinase substrate H-Lys-Val-Glu-Lys-Ile-Gly-Glu-Gly-Tyr-Gly-Val-Val-Tyr-
Lys-NH2 (200 mm), [58] ATP (500 mm), phosphoenolpyruvate (1 mm)
and NADH (300 mm) as well as pyruvate kinase (PK) and lactate de-
hydrogenase (LDH) (5 U each) was added to a cuvette, and the re-
action was started by adding the Src kinase solution. The kinase
activity was assessed by monitoring the optical density at 340 nm
and determining the slope at steady-state conditions. After moni-
toring at steady state conditions for at least 3 min, data acquisition
was paused, the compound of interest was added in the desired
concentration, and after careful mixing by pipetting the solution
up and down several times the data acquisition was continued. To
determine the slope for the active Src kinase in another experi-
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ment the kinase was added directly into the assay solution without
preincubation with Csk. The reactivation (in %) by the compound
that was added was calculated as:[56]


[(slopetest�slopeSrc + Csk)/(slopeSrc�slopeSrc + Csk)] � 100.
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