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The cover picture shows the small molecule Poloxipan, a pan-specific inhibitor of polo-
like kinases (Plks), and its effects on human cancer cells. Most inhibitors of protein
kinases such as Plk1, which is a key player in mitosis, inhibit the enzyme ATP-binding
pocket. Due to the conserved nature of the ATP-binding pocket in protein kinases, this
approach is frequently associated with specificity problems. In addition to their catalytic
domain, polo-like kinases contain a unique protein—protein interaction domain dubbed
“polo-box domain”, which is used by the enzymes to bind to their respective intracellu-
lar anchoring sites. On p. 1145 ff. of this issue, Berg, Strebhardt et al. explore the concept
of inhibiting Plk1 by targeting the function of its polo-box domain with Poloxipan, and
find that the molecule induces mitotic arrest accompanied by a characteristic cellular
phenotype called “chromosome congression defects”. This phenotype is represented by
failure of one or more chromosomes to congress to the metaphase plate of mitotic
cells, and is distinct from the phenotype observed with ATP-competitive inhibitors of
Plk1.
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In order to respond to their rapidly changing environments,
plants have evolved complex signalling pathways, which
enable tight control over stress responses. Recent work has
shed new light on one of these pathways that involves the dif-
ferent classes of plant oxylipins that are produced through the
CYP74 pathway. These phytochemicals play an important role
in plant defence, and can act as direct antimicrobials or as
signalling molecules that inducing the expression of defence

1. Introduction

Plants have evolved complex signalling pathways (such as
those based on oxylipins, salicylic acid, auxin, ethylene, and ab-
scissic acid) to adapt themselves to rapidly changing environ-
ments. Complex interactions among these pathways permit
tight control between development and response to stress-
es.'® Upon the perception of a particular stress signal, a plant
activates an extensive reprogramming of gene transcription
that leads finally to enhanced resistance to a challenging pest
or pathogen.

Oxylipin metabolism represents one of the main defence
mechanisms employed by plants. It begins with the oxygena-
tion of a polyunsaturated fatty acid (PUFA) by lipoxygenase
(LOX), to form a fatty acid hydroperoxide. Because oxygen in-
sertion catalysed by LOXs is position-specific, 9- or 13-hydro-
peroxides are produced from PUFAs such as linoleic or linolen-
ic acids, the most common substrates of plant LOXs. PUFA hy-
droperoxides can be further metabolised by LOXs or by other
enzymes located downstream in the pathway, including allene
oxide synthase (AOS), hydroperoxide lyase (HPL), divinyl ether
synthase (DES), peroxygenase and epoxy alcohol synthase. At
the end, an array of different oxylipins, which includes jasmo-
nates, aldehydes, ketols, epoxides and divinyl ethers, each with
specific biological functions, are produced. Levels of oxylipins
are low under normal physiological conditions but increase
rapidly in response to mechanical wounding, herbivore and
pathogen attack and other environmental or developmental
inputs.

The cloning of several AOSs, HPLs and DESs from different
plant species revealed that they are closely related members
of the cytochrome P450 family and form a group, named
CYP74, that is specialised in the metabolism of hydroperoxides.
CYP74 enzymes are very different from other P450 enzymes in
that they have an atypical reaction mechanism that requires
neither oxygen nor an NADPH-reductase, and as a conse-
quence have extraordinarily high turnover numbers."”

In this review we focus on new data relating to the physio-
logical significance of different phyto-oxylipins and related
enzymes. Moreover, recent advances in the biotechnological
production of oxylipins are also discussed.
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genes. The fine-tuning regulation of defence responses, which
depends on the precise cross-talk among different signalling
pathways, has important consequences for plant fitness and is
a new, challenging area of research. In this review we focus on
new data relating to the physiological significance of different
phyto-oxylipins and related enzymes. Moreover, recent advan-
ces in the biotechnological production of oxylipins are also dis-
cussed.

2. CYP74 Pathway for Phyto-oxylipin Biosyn-
thesis

The relative product specificities of different CYP74 members
that act on 13- or 9-hydroperoxides substantiated the hypoth-
esis that plant oxylipin metabolism is organised into the fol-
lowing three main branches (Scheme 1).

2.1 The AOS branch

This branch of the LOX pathway is involved in the synthesis of
jasmonates from 13-hydroperoxyoctadecatrienoic acid (13-
HPOT), and includes important signal molecules involved in
stress responses and development, such as jasmonic acid (JA),
methyl jasmonate (MJ) and its precursor 12-oxo-phytodienoic
acid (12-OPDA). They are produced from an unstable allene
oxide, which is in turn converted into 12-OPDA by the enzyme
allene oxide cyclase (AOC). JA is obtained from the reduction
of 12-OPDA and three further chain-shortening steps
(Scheme 1).~ In the absence of AOC, allene oxide can sponta-
neously hydrolyse to form a- and y-ketols or can undergo a
non-enzymatic cyclisation."” JA can be further modified by
conjugation with amino acids such as isoleucine, leucine,
valine, alanine etc. to yield the corresponding jasmonoyl deriv-
atives (that is, jasmonoyl-lle (JA-lle), jasmonoyl-Leu (JA-Leu)
etc.), methylated to form the volatile methyl jasmonate, decar-
boxylated at C-1 into (2)-jasmone, another volatile derivative,
hydroxylated at C-12 to form tuberonic acid, which can subse-
quently be sulfonated or glycosylated, or finally can be re-
duced at C-6 into cucurbit acid.”"" An important point has
to do with the biological activities of the different JA-related
compounds. It is commonly believed that only some of these
molecules are able to activate a physiological response by
binding to specific receptors, whereas the others are inactive
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compounds that function as precursors or end-products of the
JA signalling deactivation process.

Since the first report on the cloning of an AOS from flax,
Linum usitatissimum,"® more than twenty more AOSs from
plant species have been reported. Most of them show strict
specificity for 13-hydroperoxides, with the exception of the
barley AOS, which is able to metabolise both 9- and 13-hydro-
peroxides and was identified as a 9/13-A0S.1"?

Angelo Santino graduated in 1988 in
Biological Science at the University of
Lecce, defending a thesis on yeast ge-
netics. In 1990-1991, he was fellow at
the Istituto Biosintesi Vegetali, CNR,
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Richard Hughes obtained his PhD in
Biochemistry from Imperial College
and after a postdoc at the University
of Sussex moved to the John Innes
Centre in 1992 where he has worked
ever since (apart from a brief period at
the Institute of Food Research in
2002). He has worked on various re-
search projects, mainly in the laborato-
ry of Rod Casey studying enzymes of
oxylipin metabolism in plants. As a
result of this experience, Richard de-
veloped a more general interest in chemical diversity and enzymes
of natural product metabolism with an emphasis on structural biol-
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terest in structural biology flourished. In 2008 he moved to the
new laboratory of Mark Banfield, where he is implementing a
medium-throughput protein production system for the structural
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AOS enzymes specific for 9-hydroperoxides have so far been
reported from only a few species, which include tomato,
potato and Petunia inflata."’'" The potato 9-AOS gene is ex-
pressed in subterranean organs; it has been proposed that o-
ketols, the products of 9-AOS catalysis, have a role in the root
defence mechanism and/or in the regulation of sugar metabo-
lism.'® Petunia inflata 9-A0S is highly expressed during petal
senescence and it has been proposed that it has a possible
role in programmed cell death.""

The widespread occurrence of enzymes involved in JA bio-
synthesis in the plant kingdom reflects the highly conserved
mechanism by which plants prime defence responses towards
challenging insects and pathogens.

The isolation and characterisation of a series of different mu-
tants impaired in specific steps of JA biosynthesis led to a
better understanding of the role of jasmonates in several phys-
iological processes including development, reproduction and
senescence, as well as response to biotic and abiotic stress-
es.[B, 9,12,16,20-22]

In the context of plant defence mechanisms against insects
and pathogens, JAs are considered a key component even
though ODPA is also required for the full activation of the re-
sponse. Therefore, JA and OPDA may act co-ordinately.?*2%

Among the different mutants involved in JA signal percep-
tion, coil (coronative insensitive) is one of the best character-
ised.”'>24 COI1 has a pivotal role in JA signalling and encodes
a F-box protein. This feature of the COI1 protein led to the
hypothesis that ubiquitination of specific target protein by the
E3 ubiquitin ligase SCF®" (where SCF indicates Skp/Cullin/F-
box) is associated with JA signalling. The targets of SCF®'
were recently identified in Arabidopsis thaliana as the repress-
ors belonging to the jasmonate ZIM domain (JAZ) protein
family.”>?% It was proposed that repressors of the JAZ family—
that is, JAZ1 and JAZ3—are able to prevent transcription of JA
responsive genes by binding to the MYC2 transcription factor.
The interaction of COIT with JAZ members is promoted in a
highly specific manner by JA-lle and related JA conjugates (JA-
Val, JA-Leu, JA-Ala, in decreasing order), but not by JA, MJ or
OPDA ™" Therefore, JA-conjugates are so far the only JA deriva-
tives known to be active at the molecular level. However,
recent results carried out on Nicotiana attenuata mutants
impaired in the biosynthesis of JA conjugates (the irjar4/6
mutant) or the whole JAs (the aslox3 mutant) indicated that
JA-lle plays an important role in plant resistance to insects, but
JA-lle application cannot fully restore resistance in aslox3
plants.”® Moreover, microarray analysis confirmed these re-
sults, because some defence genes—that is, protease inhibitor,
phenyl ammonia lyase, polyphenol oxidase and a-dioxyge-
nase—are induced in a similar way by JA-lle and JA, whereas
other oxylipin-signalling genes—that is, AOS and OPR3—to-
gether with genes involved in photosynthesis are specifically
regulated by JA®

These results demonstrate that JA or related compounds
play important and distinct roles in comparison with JA conju-
gates in eliciting defences against herbivores. JA, MJ and
OPDA could promote the interaction of COI1 with other JAZ
proteins with ligand binding specificities different from those

ChemBioChem 2009, 10, 1122-1133
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Scheme 1. Lipoxygenase pathway for the metabolism of a-linolenic acid. LOX: lipoxygenase. HPOT: (S)-hydroperoxy-(10E,12Z,152)-octadecatrienoic acid. AOS:
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of JAZ1 and JAZ3: that is, JAZXs proteins that specifically
repress the expression of genes involved in JA biosynthesis.
Alternatively, it has been proposed that non-conjugated JAs
could regulate gene expression through some unidentified
COl1 substrates or by mediating SCF®" interaction with non-
JAZ proteins®39

2.2 The DES branch

This branch of the LOX pathway catalyses the conversion of
hydroperoxides into divinyl ether fatty acids (Scheme 1). As in
the case of 9-AOSs, DESs specific for 9-hydroperoxides have
been cloned from tomato, potato and tobacco, and the re-
combinant enzymes, once expressed in heterologous hosts,
were shown to produce colneleic and colnelenic acids from 9-
HPOD and 9-HPOT, respectively.*'¥ The presence of a DES
able to convert 13-HPOT into etherolenic acid in garlic bulbs
and Ranunculus spp. leaves has been reported.®**! Recently, a

ChemBioChem 2009, 10, 1122-1133

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cDNA encoding a 9/13 DES in garlic was reported.®® DES tran-
scripts are induced during plant/pathogen interactions. It was
proposed that DES participates in local rather than systemic
defence responses because the expression of DES is elicited
only in the vicinities of infected tobacco tissues.®® Notably, to-
gether with a direct antimicrobial action, colneleic and colne-
lenic acid were also reported to affect root growth and cause
the loss of apical dominance and a concomitant increase in
the number of lateral and adventitious roots in the model
plant A. thaliana.®” Microarray analysis has also demonstrated
that exogenously supplied colnelenic acid (in the absence of
pathogen) has major effects on gene expression in A. thaliana,
despite the absence of a DES gene or detectable DES protein
or activity in this plant. Nevertheless, this plant clearly has
retained the ability to recognise this compound, but it is not
known if colnelenic acid is acting simply as a xenobiotic (or
abiotic elicitor) or, by some undetermined mechanism, has a
role in defence signalling (Belfield et al., unpublished results).
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2.3 The HPL branch

Finally, hydroperoxide lyases (HPLs) catalyse the cleavage of
hydroperoxides into short-chain aldehydes and @®-oxo fatty
acids (Scheme 1). Since the first report dealing with the cloning
of a HPL gene from green bell pepper (Capsicum annum),=®
more than 30 complete cDNAs from 15 different plant species
have been reported. Biochemical characterisation of recombi-
nant HPLs revealed that, as in the case of AOSs, some HPLs
show a strict specificity for 13-hydroperoxides with consequent
production of (2)-hex-3-enal and (2)-12-oxododec-9-enoic acid
from 13-HPOT.

As well as 13-HPLs, 9/13-HPLs have also been reported. They
were initially thought to be restricted to the Cucurbitaceae
family,®>*? but their occurrence in other plant species such as
Medicago spp., rice and almond was later reported.*'**! These
9/13-HPLs are able to use both 9- and 13-hydroperoxides.
Starting from 9-HPOT, (E,2)- nona-2,6-dienal and C,-oxo-acids
are synthesised. Unlike 13-HPLs, expression of which is restrict-
ed to green tissues, 9/13-HPLs are also expressed in under-
ground tissues, as in the cases of a rice HPL (OsHPL1) and of
the Medicago truncatula 9/13-HPL (MtHPLF), the cDNA of
which was isolated from mRNA extracted from four-week-old
Rhizobium meliloti-inoculated roots and nodules.*"* High
levels of HPL activity were also described in cucumber roots.>”
However, the presence of high levels of HPL transcripts/enzy-
matic activity do not always parallel with the detection of vola-
tile aldehydes in this tissue. They were detected in melon”
but not in rice roots;*? this indicates that substrate availability
is an important control point in the biosynthesis of specific
oxylipins in different plant tissues.

The volatile aldehydes produced by LOX metabolism exert a
wide range of actions in relation to the plant defence strategy.
C6 aldehydes, alcohols and esters are important constituents
of the green leaf volatiles (GLVs) and are rapidly released by
plants in response to mechanical damage or herbivore
attack.”’ GLVs, together with other volatile compounds—that
is, MeJA and methyl salicylate—have been implicated in air-
borne long-distance signalling.*? In particular, GLVs have been
associated with induced resistance in intact plants. Corn seed-
lings exposed to GLVs from neighbouring plants produced
larger amounts of JA and sesquiterpene in response to me-
chanical wounding or insect attack than plants not exposed to
GLVs.™ Similarly, (2)-hex-3-enyl acetate, an important compo-
nent of GLV, was able to boost extrafloral nectar secretion in
lima bean, a typical JA-mediated defence response.® A similar
response was also induced in the same species in response to
beetle feeding, but only when air was moving freely between
leaves; thus, this points to the importance of airborne signal-
ling in plant defence strategy.”” GLVs can rapidly diffuse in all
parts of the plant, thus overcoming common restrictions of
signals moving through the vascular system.”¥ They can either
function as inducers of the full defence mechanism or, at
much lower doses, they can prime the plant to respond more
rapidly or more effectively to a subsequent attack.’*®*"

The relative contributions of airborne and vascular signalling,
both important in the fine tuning of systemic resistance, are
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likely to vary according to the diversity of plant anatomy and
according to the interacting pathogens/pests. Recently,
Chehab and co-workers reported that HPL-derived oxylipins do
not give A. thaliana any protection towards aphids and herbi-
vore insects.”® These results might be indicative that plants
have evolved different and species-specific subsets of volatile
compounds responsible for priming.

Together with their role in direct defence, recent evidence
has pointed to an important role of GLVs in indirect plant de-
fence.*®*"*? |ndeed, GLVs produced in proximity to plant tis-
sues damaged by insect pests are able to attract and help
insect natural enemies in finding their specific targets.

Finally, volatile aldehydes have been also reported to func-
tion as direct antimicrobials.”*>¥

3. Tissue Specificity and Endocellular
Localisation

3.1. 13-LOX metabolism

The defence role of oxylipins is considerably influenced by the
specificities and compartmentation of the enzymes in the
pathway (Figure 1). The first part of the jasmonate pathway, for
instance, which requires the sequential action of LOXs, AOSs
and AOCs, takes place in the plastids. OPDA is finally converted
into the biologically active jasmonate in a separate subcellular
compartment—the peroxisome.*”® Recently, the ATP-binding
cassette (ABC) transporter COMATOSE was demonstrated to be
involved in ATP-dependent transport of OPDA or its CoA-
esterified form into the peroxisomes of A. thaliana leaves.* To-
gether with this active transport, an alternative passive mecha-
nism for OPDA import in this organelle has also been hypoth-
esised, because the cts null mutant (defective in the ABC trans-
porter COMATOSE) showed low but measurable levels of JA to-
gether with higher levels of a- and y-ketols than the control
plant.

An alternative route of metabolism of 13-hydroperoxides
proceeds through 13-HPLs (CYP74B), which show the same
plastidial localisation as 13-A0Ss that belong to the CYP74A
subfamily.®”!

Therefore, CYP74 A and B enzymes compete for the same
substrate, and 13-hydroperoxide availability is an important
control point in the biosynthesis of different classes of oxyli-
pins. This was confirmed in A. thaliana, potato and tomato, in
which the co-suppression of specific LOX isoforms resulted in
dramatic reductions in specific oxylipins.”**® These results
may reflect a possible compartmentation of substrates and/or
CYP74 enzymes within the plastids, as also pointed out by
Froehlich and co-workers, who reported different localisations
inside the chloroplast for tomato AOS and HPL, AOS being tar-
geted to the inner membrane and HPL to the outer one.™

However, recent results indicated a similar localisation for
potato LOX H1 and LOX H3, both being localised in the stroma
and thylakoid membranes. Similarly to LOXs, tomato AOS and
HPL showed a close association at the level of the grana thyla-
koids. Notably, AOC was also found close to the thylakoids, al-
though it was more weakly bound to the membrane than AOS

ChemBioChem 2009, 10, 1122-1133
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Figure 1. Schematic representation of endocellular compartmentation of 9- and 13-LOX metabolism. LOX: lipoxy-
genase. HPOT: (S)-hydroperoxy-(10E,12Z,15Z)-octadecatrienoic acid. AOS: allene oxide synthase. HPL: hydroperox-

ide lyase. DES: divinyl ether synthase. OPDA: oxo-phytodienoic acid.

and HPL. Therefore, all the enzymes required for OPDA biosyn-
thesis appear to be closely connected.® It is noteworthy that
A. thaliana AOS was also reported to be associated with plasto-
globules, together with the chloroplast inner envelope mem-
brane "

3.2. 9-LOX metabolism

Unlike in the case of 13-LOX metabolism, there is little informa-
tion on the subcellular localisation of 9-LOXs and of those
CYP74s—CYP74 C and D enzymes—that metabolise the 9-hy-
droperoxides that result from its activity (Figure 1). Even
though a cytosolic localisation appears to be clearly estab-
lished for 9-LOXs,"®3¥ different localisations were reported for
the other enzymes located downstream in the pathway. A
cytosolic localisation was recently reported for tobacco DES
belonging to the CYP74D subgroup.®™ As far as the 9-AOS
ascribed to CYP74C is concerned, immunolocalisation with
specific antibodies revealed that potato 9-AOS was detected in
amyloplasts and leucoplasts of cells from subterranean
organs."® Different localisation was reported for Petunia inflata
9-A0S, another member of the CYP74C group, which was
localised in the tonoplast when expressed as a GFP-tagged chi-
mera in transgenic tobacco plants."”

In the case of 9/13-HPLs associated with CYP74C, a microso-
mal localisation was shown for the first time for a 9-HPL from
almonds.”™ Interestingly, together with this localisation, the
protein was also found associated with lipid bodies when tran-
siently expressed in tobacco protoplasts as a GFP-tagged chi-
mera.” A similar localisation was found for the cucumber 9/
13-HPL (A.S. et al., unpublished results). Like these proteins,

ChemBioChem 2009, 10, 1122-1133
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The structural and kinetic prop-
erties of CYP74 enzymes were
quite poorly understood until
recently, when some interesting
features of this class of enzymes
were first uncovered.*"*%¥ This
work suggests that the association between a protein mono-
mer and a single detergent micelle, and not an oligomeric
state, regulates the catalytic activity of an HPL from Medicago
truncatula (barrel-medic) called CYP74C3. This represents a
new mechanism for a membrane-associated P450 enzyme and
may be a distinguishing feature of CYP74 enzymes that sepa-
rates them from classical P450 enzymes, which require associa-
tion with a reductase in order to carry out their full range of
biological activities. It is suggested that CYP74 enzymes may
simply act as peripheral membrane proteins that are rapidly
activated after membrane attachment in vivo, presumably
through some hydrophobic interaction that positively modifies
the conformation of the protein around the substrate-binding
site. This activation process would fit well with a mechanism
by which the plant is able to regulate the extremely rapid re-
lease of volatile aldehydes that is observed soon after wound-
ing or tissue disruption. It is noteworthy that CYP74C3 has
been shown to be one of the fastest enzymes recorded in
nature.”” This probably suggests that HPL has been under se-
lective pressure during evolution and has been optimised for
its critical role in plant defence and development such that it
is able to release, extremely quickly (without the liability of a
P450 reductase partner), high local concentrations of the vola-
tile aldehydes and produce the desired biological effect. The
demonstration of a massive in vitro activation of CYP74C3 by
lipid bodies, at a level comparable to that obtained with syn-
thetic detergent micelles, together with in vivo localisation
studies would support the biological relevance of this pro-
posed mechanism.®? The association of a CYP74 monomer
with membrane (phospho-)lipid is more likely to be the active
conformation; full activity of the enzyme is only present when
it is physically attached to a membrane anchor. Although the

T
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exact physicochemical characteristics of protein binding to
membrane phospholipid and detergent micelle are subtly dif-
ferent, the fact remains that the surface hydrophobic nature of
CYP74 enzymes clearly has some role to play in positioning
the protein and providing the exact conformation for substrate
binding and turnover. It may even serve to help localise CYP74
enzymes to a specific cellular compartment (where substrates
are available) through membrane attachment. This mode of
action may be responsible for maintaining associations of, for
example, AOS and HPL on the inner or outer envelope mem-
brane, respectively, of the chloroplast.*”

It should be emphasised that it is not known if the water
solubility (in the absence of detergent) of CYP74C3 is typical or
atypical of CYP74 enzymes. It is also unknown whether or not
the stability of CYP74C3 protein in the absence of detergent is
unique; however, it is known that in all published examples,
CYP74 enzymes require detergent for extraction of the pro-
teins, both from plant tissues and from E. coli (when expressed
heterologously). This clearly suggests that all CYP74 enzymes
are membrane-bound. Moreover, all the CYP74 enzymes stud-
ied to date from various sources and laboratories have been
purified in the presence of detergent and, to the best of our
knowledge, there are no reported studies (other than for
CYP74C3) on the effects of removing detergent from the deter-
gent-containing enzymes. These observations suggest that, in
vitro, detergent is an essential factor in maintaining the enzy-
matic activity of all CYP74 enzymes. This in turn would suggest
that membrane association of CYP74 enzymes in vivo is re-
quired for the expression of functional protein.

CYP74 enzymes require the supply of substrates generated
by the action of LOXs on PUFAs; however, it is unlikely that
there is an in vitro and in vivo activation mechanism for LOXs
similar to that discussed for CYP74 enzymes. LOX enzymes
each have an N-terminal domain that could potentially act as a
membrane-binding domain, but this would appear not to be
its role because LOX enzymes are entirely water-soluble and
do not require detergent for soluble extraction. The activation
of LOXs in vivo would appear to be controlled more by the
supply of PUFA substrates, rather than by any induced protein
conformational change following membrane attachment. Inter-
facial phenomena in LOX catalysis have been widely reported,
but these are due to the relative water-insolubility of PUFAs;
the activation of LOXs by detergent micelles, to the best of
our knowledge, has not been reported. The role of LOXs in
CYP74 activation is more likely to be at the level of providing
the necessary supply of hydroperoxide substrates, and in this
respect the co-localisation (or not) in vivo of LOX and CYP74
enzymes would appear to be paramount in biological systems.

5. Primary Determinants of CYP74 Specificity:
Mutagenesis, Modelling and Crystallography

More detailed structural and kinetic information on CYP74
enzymes has also been published very recently.®*®’ In silico
structural analysis of CYP74C3 showed that it had strong simi-
larities to the structural folds of the classical microsomal P450
enzyme from rabbits (CYP2C5). It was not only the secondary
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structure predictions that supported the analysis; it was also
consistent with site-directed mutagenesis of the substrate-
interacting residues. This allowed the development of a sub-
strate-binding model of CYP74C3 (Figure 2A) that predicted

Putative —
membrane-
binding
region

" 2

FF450/451LL
W300/V301

N—"
terminal

Figure 2. Homology modelling of the substrate-binding pocket of CYP74C3.
A) Overall structure of CYP74C3, showing putative membrane-binding
region required for enzyme activation. B) Proposed hydrophobic substrate-
binding pocket of CYP74C3 with 13-HPOTE docked. Amino acid residues crit-
ical for catalysis and other neighbouring residues are shown.

three amino acid residues—N285, F287 and G288—located in
the putative I-helix and that the distal haem pocket of
CYP74C3 should be in close proximity to the preferred sub-
strate 13-HPOTE (Figure 2B). These residues were judged to be
in equivalent positions to those identified in SRS-4 of CYP2C5.
The effects of the mutations suggest that subtle protein con-
formational changes in the putative substrate-binding pocket
regulate the formation of a fully active monomer-micelle com-
plex with low-spin haem iron and that structural communica-
tion exists between the substrate- and micelle-binding sites of
CYP74C3. Conservation in CYP74 sequence alignments sug-
gests that N285, F287 and G288 in CYP74C3, as well as the
equivalent residues at positions in other CYP74 enzymes (see
Figure S1 in the Supporting Information), are likely to be criti-
cal to catalysis. In support of this hypothesis, the residue G324
in Arabidopsis thaliana 9/13-A0S (classified as CYP74D4 accord-
ing to the new proposed nomenclature for CYP74 enzymes
based on analysis of specificity of recombinant enzymes®),
equivalent to G288 in CYP74C3, has been shown to be a pri-
mary determinant of positional specificity. These data suggest-
ed that the overall structures of CYP74 enzymes were likely to
be very similar to those described for classical P450 monooxy-
genase enzymes. Structural resolution of the first CYP74
enzyme (Arabidopsis thaliana 9/13A0S)—the first for any plant
cytochrome P450 enzyme®—has confirmed that the overall
structures of plant and mammalian P450s are indeed highly
similar (including the presence of the I-helix), and the critical
role of N285 in CYP74C3 catalysis® is also clear from the struc-
ture.® Structural analysis of Arabidopsis thaliana 9/13-A0S®®
has also confirmed the presence of a membrane-binding
domain that was predicted from earlier biochemical®"®? and
modelling and mutagenesis® studies of both HPL and AOS.
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This would appear to be the region that is essential in regulat-
ing the activation mechanism of CYP74 enzymes.*"* More
crucially, however, the new structure has also provided evi-
dence for the critical role of a single amino acid residue (F137
in Arabidopsis thaliana 9/13-A0S) and, hence, the simplicity of
the evolutionary mechanism at work that determines CYP74
specificity in Nature. A single mutation at this bulky residue to
Leu completely converted this AOS into one with HPL activity.
This landmark paper provided, in unparalleled and elegant
detail, the structural basis for the mechanism and evolution of
CYP74 enzymes.

6. CYP74 Enzymes in Bacteria and Animals
and the Evolutionary History of those from
Plants

It was not previously possible to detect CYP74 in animals by
homology-based polymerase chain reaction cloning tech-
niques. However, through the combination of structural data
for AOS from A. thaliana with bioinformatic and biochemical
analyses, CYP74 enzymes in bacteria and animals have recently
been discovered. These include those from plant growth-pro-
moting rhizobacteria, AOSs in coral, and epoxyalcohol synthase
in amphioxus. This is a remarkable development and clearly
demonstrates the advances that can be made by using struc-
tural biology in combination with chemistry and biochemistry
to study enzymes. Three unique motifs in CYP74 enzymes that
can be used for probing genome databases have been identi-
fied. Most of these sequences show less than 30% sequence
identity with the plant CYP74 family—less than the 40% iden-
tity required for formal classification as CYP74 enzymes under
the current P450 nomenclature system. However, they all, with
one exception, retain the characteristic nine-residue insertion
(within the FxxGx;CxG signature motif) in the proximal Cys
ligand loop, the Cys residue of which is absolutely conserved
(see Figure S1 in the Supporting Information for selected se-
quences). Interestingly, the sequence of almond (Prunus dulcis)
AOS is the only CYP74 with a ten-residue insert (WSNGRQM-
DDHPTAENKQQ). In all other respects it shares all the unique
features of the CYP74 family. Further investigation of recombi-
nant almond AOS makes this a most interesting target for bio-
chemical analysis and structural resolution.

7. Biotechnological Uses of CYP74 P450
Enzymes and their Catalytic Products: New
Developments

P450 enzymes are ubiquitous in nature and are essential to all
life because they can metabolise a plethora of naturally occur-
ring compounds. These can have both beneficial and adverse
effects on the health of the organism. P450s from humans,
and from organisms causing human disease, have been stud-
ied most extensively in order to investigate their roles in
human health and to explain the effects of drugs. CYP74s
have, until recently,”® been described only in plants, and so
have been less well studied, but are clearly of similar interest
to plant health.
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Biotechnological applications of mammalian P450 enzymes
are numerous, as any patent search of “P450” would indicate.
Biotechnological applications of CYP74 enzymes are, however,
considerably more limited, due in part to the complete ab-
sence, until very recently (2008), of structural information for
P450s of plant origin. Another key factor that has greatly limit-
ed the scope for biotechnological applications is the apparent
lack of availability of stable CYP74 enzyme preparations in sig-
nificant amounts. This is especially relevant for HPLs, which
have maintained their commercial interest for many years
(commercial interest in AOSs has remained very limited).
CYP74 enzymes cannot be extracted from plants because they
are present at extremely low levels, and as a consequence, het-
erologous expression technologies have been adopted to pro-
vide sources of recombinant CYP74 enzymes. CYP74 enzymes
would also appear to be generally quite unstable to purifica-
tion—the same applies to the products of CYP74 catalysis
(oxylipins). These cannot usually be synthesised chemically,
and for those that can be, it would be deemed preferable if
they were synthesised through the same biological reaction
that occurs naturally. At present, the commercial use of oxyli-
pins is limited because they are produced naturally in extreme-
ly low amounts and some are quite unstable during storage.
(2)-Hex-3-enal production is a possible exception. It is pro-
duced and marketed by a number of companies—often with-
out the requirement for an enzyme, a process that is perceived
as somewhat “unnatural”. The myriad of specific product iso-
mers that are enzymatically produced (and which could poten-
tially be trapped) are a rich source of structural diversity for
the flavour and fragrance industries in particular. Cheap sour-
ces of, for example, vegetable oils rich in linoleic and linolenic
acids and the enzyme LOX (in soybean flour) have been used
to generate the substrates for CYP74 enzymes. Most interest
has been generated in the use of recombinant HPLs for the in-
dustrial production of C6 and C9 volatile aldehydes, which are
important constituents of the “fresh green” odour and the fla-
vours and fragrances of many fruits and vegetables. HPL activi-
ty is responsible for the smell of freshly mowed grass (in es-
sence a response of the plant to mechanical damage) or the
characteristic aromas of melon and cucumber. Understandably,
these natural compounds are of high commercial value. HPLs
have broad substrate specificity and so also have great poten-
tial for catalysing the production of a diverse range of novel
odorous compounds, either alone or in combination with
other naturally occurring enzymatic processes (Scheme 2).

7.1 New procedures: stable, dried CYP74 enzymes

Current recombinant HPL preparations suffer from purification
and stability problems; this has meant that relatively fresh
crude extracts have had to be used, and these inevitably suffer
from production, stability and storage problems. Current meth-
ods of HPL production are expensive and time-consuming and
have not produced stabilised, pure, enzymes at high concen-
trations. Recently, though, new and reliable protocols for the
production of milligram, and potentially gram, quantities of
purified recombinant CYP74 enzymes have been developed
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Scheme 2. Versatility in CYP74C3 biocatalysis relevant to the flavour and fragrances industry. The scheme illus-
trates the potential for the production of different volatile compounds with the aid of CYP74C3. Vegetable oils act
as sources of linoleic and linolenic acids, which are converted into their corresponding hydroperoxides by the ac-
tion of lipoxygenase and thus provide the substrates for CYP74C3. Typical enzymatic and nonenzymatic products
of HPL reactions with fatty acid hydroperoxides are shown. These are usually classified according to three criteria:
“fatty green fruity”, “leafy green fruity” and “freshly mowed grass”. The specific structures of volatile products
identified as similar to the smell of old leather and cucumber are illustrated; the aromas of watermelons and
apples are also perceived as products of the HPL reaction.
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and CYP74B1 (Pepper 13-HPL)
were determined before and
after freeze-drying, as well as
before and after drying in a
speedvac. In addition, the UV/
Vis spectra of preparations of
CYP74C3, CYP74D4 and
CYP74B1 in Emulphogene de-
tergent before and after freeze-
drying, as well as before and
after drying in a speedvac, were
determined. The UV/Visible
spectra of preparations of
CYP74C3, CYP74D4 and
CYP74B1 in the detergent Tri-
ton X-100 before and after
freeze-drying were further de-
termined.  Activity measure-
ments of these preparations
with the preferred substrate 13-
HPOTE were used to determine
the percentage losses of active
protein resulting from freeze-
drying or drying in a speedvac,
and the results are summarised
in Table 1.

A comparison of Figure 3A
(stability of CYP74 enzymes
stored dried in the absence of
detergent and then reconstitut-
ed with a detergent-containing
buffer and tested), with Fig-
ure 3B-E (storage of CYP74 en-
zymes in solution with or with-
out detergent, either at 4°C or
at —20°C) demonstrates very
clearly that the CYP74 enzymes
retain essentially 100% of their
activity over an extended
period of time, up to 15 weeks

and patented. Examples of such enzymes have included an  at a minimum, when stored dried in the absence of detergent,
HPL from Medicago truncatula (barrel-medic), called CYP74C3  in contrast with the very rapid drop-offs in activity seen when
and an AOS from Arabidopsis thaliana (thale cress), called stored in solution, with or without detergent, either at 4°C or
CYP74D4, but the procedures are most likely to be applicable  at —20°C. UV/Visible spectroscopy of the three different CYP74
to all members of the CYP74 enzyme family. enzymes before and after drying demonstrated that there was

Patent-protected procedures have also been developed for a close correlation between the absorption of the proteins de-

the stabilisation of these puri-
fied CYP74 enzymes in a dried,

detergent-free state. Extensive Table 1. Effect of detergents and storage processes on the stability of CYP74 proteins expressed as percentage
stability and enzyme activity losses of active protein. The CYP74 enzymes were classified according to proposed new nomenclature.*”
trials have been carried out with Treatment
various CYP74 enzymes to iden- CYP74 Freeze-drying Speedvac drying
tify conditions for storage and enzyme Detergent- Emulphogene Triton X-100 Detergent- Emulphogene Triton X-100
stabilisation of CYP74 enzymes free (0.3%, w/v) (0.2%, w/v) free (0.3%, w/v) (0.2%, w/v)

in an optimised state. UV/Visible | CYP74C3 5.1 73.2 59.0 231 63.2 nd.

spectra of detergent-free prepa- CYP74D4 23 58.1 41.3 17.6 83.1 n.d.

p' 9 prep CYP74B1 93 89.6 744 13 78.8 n.d.

rations of CYP74C3, CYP74D4
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Figure 3. Stability of activities of CYP74C3 (Medicago truncatula 9/13-HPL) and CYP74D4 (Arabidopsis thaliana 9/
13-A0S): effect of freeze-drying, storage temperature and detergent. CYP74 enzymes (m: AOS, o: HPL) stored in a

8. Conclusion and
Perspectives

dried detergent-free composition as compared with the same enzymes stored in detergent-free or detergent-con-

taining solution at 4°C and —20°C. A) Dried detergent-free composition. B) Detergent-free solution at 4°C. C) De-
tergent-containing solution at 4°C. D) Detergent-free solution at —20°C. E) Detergent-containing solution at
—20°C. Stability tests were conducted on dried (detergent-free) CYP74 enzyme reconstituted with phosphate
buffer containing Emulphogene (5 mm), in comparison with the stabilities of the same enzymes stored in solution

at 4°C or at —20°C with Emulphogene (5 mm) and glycerol (20 %).

termined at 391 nm (due to the intact haem in the correct spin
state) and the measurable enzyme activity. The presence of de-
tergent during freeze-drying is extremely detrimental to the
storage and activities of the proteins. Our evidence both from
activity measurements and from UV/Visible spectroscopy for
three different CYP74 enzymes suggests that the haem confor-
mation of these proteins is disrupted in the presence of deter-
gent during the drying process, due either to apparent unfold-
ing or denaturation events, or to adverse and irreversible
changes in protein conformation. Loss of haem from the pro-
teins was also apparent in some instances. The ability to store
CYP74 enzymes in the absence of detergent and to retain the
haem in the original conformation on hydration of the dried
product with water is the key development.

The new disruptive technology is predicted to outperform
current procedures with available sources of CYP74 enzymes
and may also permit the development of other, as yet unex-
plored and perhaps more refined, applications in which the
production of “fresh green” compounds by “green chemistry”

ChemBioChem 2009, 10, 1122-1133
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Recent work has shed new light
on the physiological roles of dif-
ferent classes of plant oxylipins.
These phytochemicals play an
important role in plant defence,
acting either as direct antimi-
crobials or as signalling molecules inducing the expression of
defence genes in proximal/distal tissues (Scheme 3). Plants are
often exposed to different combinations of attackers and it is
likely that they have evolved coordinated defence mecha-
nisms. The fine-tuning regulation of defence responses, which
depends on the precise cross-talk among different signalling
pathways, has important consequences for plant fitness and is
a new challenging area of research.®%¢"6%67.68

Our knowledge on the molecular structure and activation
mechanism of CYP74 enzymes has increased rapidly in recent
years. The sheer quantity and quality of the new information
that has been gained from HPL/AOS mutagenesis and model-
ling programmes® and, more recently, from structural resolu-
tion of A. thaliana AOS,®® has clearly illustrated the power of
structural biology to uncover the molecular mechanisms that
drive oxylipin metabolism. Structural resolution of new HPLs or
AOSs and selected mutant variants remains a priority area. The
new information on AOS structure is highly valuable, but the
structure of a natural HPL (not a mutated AOS) remains elusive.
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Scheme 3. Effects of oxylipins produced by different CYP74 enzymes in
plant defence. Model of the different roles in defence mechanism proposed
for the oxylipins produced by the three main branches of the plant lipoxy-
genase pathway.

Structural insights into the dynamics of the mechanism of
CYP74 (HPL and AOS) activation and details of the role played
by the membrane-binding domain in the regulation of this
mechanism would be of fundamental interest to both plant
and structural biologists. Progress will almost certainly require
the adoption of medium-throughput cloning and expression
procedures to identify clones that express high yields of solu-
ble protein—protein that is either suitable for the production
of crystals that diffract to high resolution, or can be used for
the determination of the structure of the protein in solution.

As far as the future of biotechnological applications for
CYP74 enzymes is concerned, many lessons can be learnt from
the experiences in the mammalian P450 community. Successful
P450 patent applications have largely developed, and will con-
tinue to develop, from incentive to use the valuable informa-
tion coming out of high-throughput structural biology labora-
tories, such as the identification of drug-binding targets like
the warfarin-bound P450 (Astex Therapeutics, UK).®” Similar
concerted efforts will unquestionably lead to the development
of new, more refined, procedures and applications for CYP74
enzymes.

Keywords: cytochromes - lyases - natural flavors - oxylipins -
plant defense
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The Puzzle of RNAs that Target Gene Promoters

Scott T. Younger and David R. Corey*™

Few discoveries have had the impact of RNAi. Most researchers
who use small RNAs to control gene expression in mammalian
cells assume that mRNA will be the target. Recent studies,

Introduction

Small duplex RNAs have become ubiquitous tools for control-
ling gene expression."” When introduced into cells or ex-
pressed inside cells, duplex RNAs can target mRNA and reduce
gene expression. Gene silencing by small RNAs is robust,
potent, and readily achievable by laboratories with modest ex-
pertise in working with mammalian cells. Few discoveries have
had such a large and immediate impact on the conduct of
experimental science.

The common assumption for RNA-mediated gene silencing
in mammalian cells is that small RNAs target mRNA. In 2004,
however, two papers appeared that challenged this common
wisdom.>®! These papers reported that small RNAs could
target promoter DNA, induce DNA methylation, and reduce
gene expression.

While these findings were intriguing, acceptance of the pos-
sibility that RNAs might mediate promoter function has been
slow. One problem was that one® of the initial two papers was
subsequently retracted.” On a fundamental scientific level,
there was no mechanistic framework for understanding the
results. mRNA and chromosomal DNA are very different, how
could duplex RNAs recognize both of them? On a practical
level, experiments that involve introduction of nucleic acids
into cells are notoriously artifact prone.” Skeptics could easily
dismiss initial reports by assuming that effects were due to in-
teractions between the introduced RNAs and nontarget mole-
cules (also known as off-target effects; these can be caused by
unintended interactions with proteins, RNA, or DNA).

In late 2006, the excitement and the skepticism that was
caused by promoter-targeted RNAs was further increased by a
report that these RNAs could also activate gene expression, a
capability that would substantially expand the experimental
and therapeutic value of duplex RNA. This claim, however, fit
even less well into the established theoretical framework for
RNAi.”

How Do Promoter-Targeted RNAs Function?

Prior to these initial reports on modulating gene expression by
promoter-targeted RNAs, our laboratory had been working on
the recognition of chromosomal DNA by synthetic peptide nu-
cleic acid oligomers (PNAs; Scheme 1) that are complementary
to transcription start sites.®! Recognition of chromosomal DNA
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however, have suggested that small RNAs can also target chro-
mosomal DNA.
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o base o base H
base
~ N_<_
(I) OH ? e} (e}
0=P-0O 0=P-0
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Scheme 1. Chemical structure of RNA compared to structures of synthetic
nucleic acid mimics, locked nucleic acid (LNA),"" and peptide nucleic acid
(PNA)® that are known to recognize duplex DNA inside cells. Antigene PNAs
and LNAs are introduced into cells as single strands, and antigene RNAs are
duplexes. PNAs and LNAs provide useful benchmarks for evaluating the ac-
tivities of agRNAs and considering potential mechanisms of action.

by PNAs would necessarily follow much different rules than
recognition of DNA by duplex RNA because PNAs are single
stranded and have an unnatural amide backbone. Neverthe-
less, it was straightforward for us to use our established experi-
mental systems to investigate the potential for duplex RNA to
target chromosomal DNA.

We designed duplex RNAs to target the promoter of the
progesterone receptor (PR) gene.”’ We refer to these RNAs as
antigene RNAs (agRNAs) to distinguish them from duplex
RNAs that are designed to target mRNA and to conform to tra-
ditional chemical nomenclature for synthetic oligomers that
are intended to interact with chromosomal DNA.

We chose to target PR because we had already shown that
its expression could be reduced by single-stranded PNAs,®
and its promoter region was well characterized." This last
point is critical for experiments with RNAs that target DNA. Ex-
perimenters must be confident that the transcription start site
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has been accurately determined and that observed effects are
not due to interactions with mRNA. Recently, we have also
shown that single-stranded locked nucleic acids (LNAs) can
recognize chromosomal DNA inside cells.""! This observation
reinforces the suggestion that the PR promoter is susceptible
to binding by synthetic oligomers and is a productive model
system for examining agents designed to modulate gene ex-
pression.

Our experiments revealed a dramatic reduction of PR mRNA
levels and protein expression upon addition of agRNAs.”! In
contrast to experiments with PNAs or LNAs, that required
extensive optimization, the first experiments with agRNAs re-
vealed potent inhibition, and subsequent experiments have
demonstrated that the results are easy to reproduce. This ro-
bustness hints at the possibility that the activity of our agRNAs
reflects natural mechanisms for promoter-targeted RNAs. Ex-
tensive control experiments suggested that our agRNAs were
interacting with their intended target sequences and support
the conclusion that we were investigating a novel phenomen-
on.

We screened through a large number of agRNAs and identi-
fied several that are capable of inhibiting PR gene expression.”
In the course of these experiments, we also identified RNAs
that reproducibly caused a 25-50% increase in PR gene ex-
pression. While such relatively small changes were far from de-
finitive, they did suggest that some small RNAs might be able
to act like protein transcription factors and enhance gene ex-
pression. Up to this point our experiments had been carried
out in a cell line with high expression of our target gene. We
reasoned that using a cell line that expressed low levels of PR
would allow increases in gene expression to be observed more
easily.

After testing agRNAs in a cell line with low background PR
expression it became clear that they had the potential to
increase gene expression many-fold above background.? We
identified several agRNAs capable of activating PR expression,
whereas multiple mismatch and scrambled control duplex
RNAs did not affect gene expression. These data suggested
that agRNAs could activate gene expression.

Unlike traditional siRNAs, agRNAs are not complementary to
mRNA. What molecules might agRNAs be associating with to
produce such varied effects on gene expression? One hypothe-
sis is that agRNAs bind directly to chromosomal DNA (Fig-
ure 1A). While conceptually simple, there is no known cellular
machinery for promoting this recognition. An alternative ex-
planation is that the agRNAs bind to nascent RNA transcripts
that overlap gene promoters (Figure 1B).

These hypotheses were first described by investigations
using yeast as a model system."® RNAi proteins had been im-
plicated in heterochromatin formation in fission yeast through
the RNA initiation of transcriptional gene silencing (RITS) com-
plex formation."™ The yeast RITS complex is comprised of
Chp1, Tas3, and Ago1. Of these proteins, only Ago1 has clear
mammalian homologues. Mammalian cells contain four Ago
genes (Ago1-Ago4). Of these genes, Ago2 has been described
as the catalytic engine for RNAI, and the functions of Agol,
Ago3, and Ago4 remain unclear.>'®
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Figure 1. Possible mechanism for agRNA. A) agRNAs could directly recognize
chromosomal DNA. B) agRNAs could recognize ncRNA transcripts originating
within the target gene promoter. Argonaute family proteins (Ago) are
known to mediate agRNA function. Other, unidentified proteins could
bridge a ncRNA and promoter DNA to affect transcription and gene expres-
sion.

We investigated the potential involvement of Ago proteins
in gene regulation by agRNAs in mammalian cells. We ob-
served that Ago2, and to a lesser extent Ago1 appeared to be
necessary for silencing by agRNAs.'” Agol involvement was
reported for gene silencing by Rossi and co-workers,"® where-
as Li and co-workers implicated Ago2 in RNA-mediated gene
activation.!” The Ago proteins are known to promote RNA-
mediated recognition of RNA; this further suggests a model in
which agRNAs bind nascent RNA transcripts rather than chro-
mosomal DNA.

Whereas there were no reports of RNA being produced from
the PR gene promoter, recent studies had revealed that most
of the genome is transcribed."*?? Complex networks of non-
coding RNAs (ncRNAs) overlap gene promoters as well as
other regions of the genome. These ncRNAs are transcribed in
both the sense and antisense direction relative to the genes in
which they overlap. These findings led us to search for poten-
tial ncRNAs that overlapped the PR gene promoter.

By using RT-PCR we detected RNA species that originate
from the PR gene promoter and 5-RACE identified a ncRNA
that is transcribed through the promoter in the antisense di-
rection relative to the PR gene.”™ We were unable to detect
any RNA species being transcribed upstream of the previously
determined™ transcription start site for PR mRNA in the sense
direction relative to the gene. The antisense transcript was,
therefore, the only known candidate for recognition by our
agRNAs. Having identified a candidate RNA target for our
agRNAs, we used a battery of techniques to investigate the
possible mechanistic role of this ncRNA in our observations.

Our experiments revealed several lines of evidence implicat-
ing the antisense transcript in the action of agRNAs: 1) We de-
veloped a biotin-avidin purification assay in which the agRNA
is biotinylated on either strand of the duplex and transfected
into cells. The bound nucleic acid is isolated by using avidin-
coated beads and analyzed by using RT-PCR. We observed as-
sociation of the agRNA with the antisense ncRNA transcript
and no association with chromosomal DNA; 2) We found that
agRNAs could induce association of Ago proteins with the
ncRNA transcript by using RNA immunoprecipitation; 3) re-

ChemBioChem 2009, 10, 1135-1139
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ducing the levels of the antisense ncRNA reversed the activity
of activating agRNAs.

Taken together, these data suggest a model in which the
agRNA recognizes the antisense ncRNA in close proximity to
the chromosome and transcriptionally modulates gene expres-
sion (Figure 2). Supporting this hypothesis, chromatin immuno-
precipitation for RNA Pol Il reveals increased and decreased
transcription for activating and silencing agRNAs, respectively.

A) Ago ~y

£ HP1y 2| ' Pol2 )

B) Ago ~

up1y [ (@Poi2 )

Figure 2. Interactions of duplex RNAs at the PR promoter during gene si-
lencing or gene activation. A) Silencing agRNAs recruit both AGO and HP1y
to the target gene promoter in cells that normally express a high level of
PR. This results in decreased levels of RNA polymerase Il on the target gene.
B) Activating agRNAs recruit AGO to the target gene promoter and increase
RNA polymerase Il levels on the target gene in cells that normally express a
low level of PR.

[23 24,25

Our studies,”® and those of others®** have suggested that
ncRNAs transcribed through gene promoters can be utilized to
regulate gene transcription by using synthetic small duplex
RNA, but why are noncoding RNAs transcribed at gene pro-
moters? What is the natural function of these ncRNAs?

The Noncoding RNA world

To begin to answer these questions, it is necessary to under-
stand that transcription is much more complicated than has
been appreciated previously. Traditionally, transcription of a
gene is pictured as synthesis of an mRNA (Figure 3 A). Slightly

A) 5 UTR  Protein-encoding region 3 UTR
r . 1 r . 1\ r L 1l
B) ; " : ; ;
5 LlTR Protem-encoldmg region 3 LiITR
r LR 1f 1
< 4 —
— b »

Figure 3. Models of RNA expression. A) Traditional model: an mRNA is syn-
thesized and translated into protein. B) Emerging model: Many overlapping
RNAs are synthesized alongside the protein-encoding mRNA. The overall
effect of these RNAs on transcription and translation of mRNA are only be-
ginning to be understood.
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over 1% of the human genome is transcribed into mRNA and
this RNA has been the focus of most experimental studies.
Recent studies have made it clear, however, that greater than
80% of the genome is transcribed into RNA.["?? Of special sig-
nificance for the mechanism of agRNAs, a substantial fraction
of all genes have ncRNA transcripts that overlap their promot-
erS.[26'27]

Instead of picturing a simple mRNA being transcribed, it is
more accurate to envision the mRNA being just one of many
overlapping RNAs (Figure 3B). Our understanding of the func-
tion of these RNAs, or whether most have any function at all,
is in its infancy. Several recent reports, however, have investi-
gated various functional aspects of ncRNAs and their involve-
ment in regulating gene transcription (Figure 4).

A) -

S—b

A4
saad

v
.

CBP/p300 | TS

C)
PRC2

e
BT

D) - R
‘\?
r’/ ﬂéﬁ

Figure 4. Different mechanisms of gene regulation by ncRNAs. A) Transcrip-
tion of an upstream ncRNA alters chromatin and allows transcription of sub-
sequent ncRNAs. The end result is increased transcription of the associated
gene. B) Protein binding to a ncRNA that is produced from the gene pro-
moter causes allosteric modifications that result in local transcriptional si-
lencing. C) Transcriptional-silencing complexes bind to the ncRNA in close
proximity to the chromosome and are transferred to the DNA, resulting in
transcriptional silencing. D) Transcriptional-silencing complexes bind to the
ncRNA and are recruited to distant genomic locations by unclear mecha-
nisms.

One group has found that transcription through a gene’s
promoter modifies the chromatin in a manner that prepares
the gene for transcriptional activation.”® By using the fission
yeast Schizosaccharomyces pombe as a model system, Hirota
et al. were able to demonstrate that a cascade of four ncRNAs
transcribed through the promoter of the fbp1* gene prepare
the locus for activation (Figure 4A). The authors report that
transcription of the most upstream ncRNA prepares the chro-
matin for binding of factors that induce transcription of the
following ncRNA within the cascade. This “stepwise” process
results in robust activation of fop1™ during glucose starvation.
Removal of the ncRNAs via insertion of a premature transcrip-
tion terminator sequence within the locus was sufficient to
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prevent chromatin remodeling and transcriptional activation.
This report highlights at least one functional importance of
transcription within gene promoters.

Additional reports have focused on the functional roles of
the actual ncRNA molecules. Wang et al. showed in human
cells that the cyclin D1 gene promoter produces a ncRNA in re-
sponse to DNA damage signals.”” The nascent ncRNA recruits
protein factors that repress the cyclin D1 gene (Figure 4B). A
consensus sequence within the ncRNA serves as a ligand for
the RNA-binding protein TLS (for translocated in liposarcoma).
Upon binding, it is suggested that an allosteric modification in
TLS results in an inhibitory effect on the histone acetyltransfer-
ases CBP (CREB-binding protein) and p300, thus silencing tran-
scription of the cyclin D1 gene. The authors propose a general
model in which induced ncRNAs can serve as ligands for co-
regulatory proteins. The binding of the ncRNA to the co-regu-
lator would result in activation (or inactivation) of the protein;
this would cause changes in transcription.

Interestingly, regulation of transcription by ncRNAs does not
seem to be restricted to gene promoters. The idea of ncRNAs
acting as ligands for co-regulators has been extended to X-
chromosome inactivation (XCI). It has long been known that
expression of a ncRNA from the X chromosome, termed Xist, is
responsible for the initiation of XCL.E%*" Zhao et al. have dem-
onstrated that a short ncRNA expressed from within Xist func-
tions to recruit the Polycomb complex, PRC2, to the X chromo-
some (Figure 4C).*? They report that depletion of either PRC2
or the ncRNA results in failure to initiate XCl.

The investigations described above have all elucidated the
function of ncRNAs acting in cis with respect to their own
genomic origin. However, there are some examples of ncRNAs
that silence transcription by acting in trans (Figure 4D).
HOTAIR is a long ncRNA that is transcribed from the human
HOXC locus (on chromosome 12) that represses transcription
of the HOXD locus (on chromosome 2).2¥ Rinn etal. have
reported that depletion of the HOTAIR transcript by using mul-
tiple siRNAs results in significant increases in expression of the
HOXD cluster but has no effect on the HOXC cluster itself. The
authors also suggest involvement of the same Polycomb com-
plex (PRC2) that was reported to be involved in ncRNA-mediat-
ed X-chromosome inactivation.

Another example of an ncRNA acting in trans to silence tran-
scription is the Air ncRNA. The Air transcript is expressed from
paternally inherited chromosomes and is involved in imprint-
ing (or silencing) of the proximal genes on the chromosome.®
The Air transcript does not affect expression of the same locus
on the maternally inherited chromosome. A recent report from
Nagano et al. showed that the ncRNA physically interacts with
the promoter of one of the imprinted genes, SIc22a3.5% Air is
considered to work in trans because the gene and the ncRNA
are positioned more than 100 kb apart and are transcribed in
divergent orientation. The report suggests that the Air ncRNA
recruits the histone methyltransferase G9a to the Slc22a3 pro-
moter. However, evidence also suggests that the Air ncRNA
uses different mechanisms to imprint other genes in the locus.
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Conclusions

It is becoming apparent that ncRNAs play important roles in
diverse cellular processes, and the pool of interesting ncRNAs
is increasing at a rapid pace. However, because ncRNAs inher-
ently have no coding potential, it remains difficult to accurate-
ly predict their function. Much more work will be required
before we can understand how these RNAs contribute to regu-
lating cellular processes.

Many open mechanistic questions remain unanswered and
will likely be a rich area of research for many years. For ncRNAs
in general, little is known about their function or how they in-
teract with chromosomal DNA, proteins, or mRNA. For agRNAs,
the precise molecular details for how they can activate expres-
sion in one context and silence expression in another remain
to be elucidated. Perhaps the biggest question is whether
endogenous small RNAs, for example microRNAs, possess the
ability to recognize gene promoters.

For chemists, the ability to either activate or inhibit gene ex-
pression by using synthetic agRNAs that are complementary to
gene promoters hints that noncoding RNAs provide a large
and virtually untapped reservoir of molecular targets. It is likely
that we have glimpsed only a small fraction of the noncoding
RNA world. Chemical approaches will contribute to defining
the structure of these RNAs, their biological functions, and the
potential for using them to manipulate the expression of
genes.
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Evidence for Pseudoknot Formation of Class | preQ, Riboswitch Aptamers

Ulrike Rieder,™ Kathrin Lang,” Christoph Kreutz,® Norbert Polacek,” and Ronald Micura*®

Riboswitches are genetic control elements within noncoding
regions of mRNA."" They consist of a metabolite-sensitive apta-
mer and an adjoining expression platform. Upon binding of
the metabolite to the aptamer, a structural change is induced
in the expression platform and communicated as an on/off
signal for gene expression. Riboswitches are currently receiving
much attention since their regulation mechanism, which does
not rely on the assistance of proteins, is enormously wide-
spread among bacteria, fungi and plants.™

The smallest, naturally occurring known riboswitches are in-
volved in the regulation of the biosynthesis of queuosine—a
hypermodified nucleoside residing in the anticodon wobble
position of certain transfer RNAs. Thereby, a stretch of only 34
nucleotides (nt) in the 5" untranslated leader region of the re-
spective messenger RNA specifically recognizes 7-aminometh-
yl-7-deazaguanine (preQ;), which is an intermediate in queuo-
sine biosynthesis.’ Binding affinities of the ligand-aptamer
complex have been reported to be in the nanomolar K,
range.” The minimal sequence and structure consensus refer
to a hairpin comprising a 5 bp stem (P1) and a loop of 11 to
13 nucleotides (L1) together with a 3’ single-stranded nucleo-
side overhang, as proposed by Breaker and co-workers
(Figure 1).”) Here, we provide strong evidence that the minimal
preQ, class | aptamer, in complex with preQ,, forms a pseudo-
knot structure in solution.

The starting point for our study was the rational analysis of
potential Watson-Crick base pair formation between the 3’
single-stranded nucleoside overhang and loop L1. It was re-
markable that most of the annotated sequences” provided at
least a short span of two to four consecutive nucleosides at
the very 3’-end of the minimal sequence motif that was com-
plementary to loop nucleosides, thereby meeting the demands
for pseudoknot structure formation.”

In a first set of '"H NMR experiments, we compared free ap-
tamers (with varying loop sizes) of several preQ; motifs from
Bacillus, Clostridium, Fusobacteria, and Gammaproteobacteria in
response to their dedicated ligand preQ,.** Indeed, upon
ligand addition, all of them showed a clear increase in the
number of signals in the chemical-shift region where imino
proton resonances from Watson-Crick base pairs are expected
(data not shown). For our further investigations, we focused
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Figure 1. PreQ,-responsive mRNAs are involved in the biosynthesis of the
hypermodified nucleoside queuosine. Primary and secondary structure con-
sensus models of two types of preQ; class | riboswitches (as reported by
Breaker and co-workers)? and chemical structure of the ligand preQ;. Nucle-
otides in red and black are more than 95 and 80% conserved, respectively.
Less-conserved regions, which can vary slightly in the number of nucleo-
tides, are represented by circles or heavy lines R=A, G; Y=C, U). A second
class of preQ; riboswitches (preQ;-Il) has been reported, but differs signifi-
cantly in size and proposed secondary structure.'?

on a 34 nt RNA referring to the genome of Fusobacterium nu-
cleatum, which gave the best shift dispersion (Figure 2 A).

We furthermore relied on previously reported biochemical
evidence that the highly conserved cytidine in position 17,
which is adjacent to the loop-closing base pair G5-C18 of
stem P1, most likely forms a Watson-Crick base pair with the
ligand, preQ,.” This indication stemmed from the C17U ribo-
switch mutant, which provided a chemical in-line probing pat-
tern in the presence of 2,6-diaminopurine comparable to that
of the wild-type sequence in the presence of preQ;. This situa-
tion is moreover equivalent to that of purine riboswitches,
which can change selectivity between the ligands adenine and
guanine by a single mutation of their Watson-Crick binding
partner within the purine aptamer scaffold.”! To provide evi-
dence for a possible involvement of C17 in Watson-Crick base
pair formation with preQ,, we synthesized an RNA that con-
tained a site-specifically °N-labeled exocyclic amino group at
residue C17. If this cytidine were involved in Watson-Crick pair-
ing, the two hydrogen atoms of the amino group would be
observed as two distinct proton resonances in a 1:1 ratio, origi-
nating from the hydrogen-bonded proton 4.1, which resonates
at lower field, and the nonhydrogen-bonded proton 4.2 (Fig-
ure 2B). This was indeed observed for the preQ,-aptamer com-
plex, while only weak, broadened signals were detected for
the free aptamer, due to increased proton exchange of the un-
paired cytidine (Figure 2B).”) Even more promising was the ob-
servation of the same signal behavior when we introduced a
NH,-labeled cytidine at position 31 (Figure 2C). This cytidine
resides within a 4 nt stretch 5-C(31)UAG(34)-3’ that is comple-
mentary to the loop sequence portion of 5-C(8)UAG(11)-3,
and therefore its "NH, resonances might indicate Watson-
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Figure 2. Minimal motif of the preQ, aptamer from Fusobacterium nuclea-
tum. NMR spectra before and after addition of preQ, and Mg®" ions. A) Unla-
beled RNA; "H NMR imino proton resonances. B) Site-specifically labeled
RNA with C17-"°N(4); base pair with preQ,; spectra represent the first incre-
ment of 'H,"’N HSQC experiments. C) Site-specifically labeled RNA with C31-
>N(4); proposed base pair with G11; first increment of 'H,"’N HSQC. Condi-
tions: [RNA]=0.3 mwm, [preQ;1=0.6 mm, [Mg?*1=3.0 mm, 25 mm Na,HAsO,,
pH 6.5, H,0/D,0 9:1.

Crick base pair formation between C31 and G11, thus provid-
ing support for the hypothesis of pseudoknot formation.

Encouraged by these observations, we performed a detailed
mutational analysis (Figure 3A). We systematically covaried nu-
cleotides in each of the four proposed Watson—-Crick base pairs
C31-G11, U32-A10, A33-U9, and G34-C8 of the putative pseu-
doknot. All mutants with nucleotide covariations that retained
Watson-Crick pairing capability showed binding capacity for
preQ,, as was deduced from their respective imino proton
'H NMR spectra (Figure 3B and Supporting Information). This
held true even for those mutants with a changed purine-pyri-
midine pattern and for mutants with a double base pair cova-
riation (Supporting Information). In contrast, single nucleobase
mutations, such as G11A (Figure 3B) or U32C resulted in se-
verely reduced binding of preQ, under the same conditions;
this suggests hindrance of Watson-Crick base pair formation
between loop L1 and the terminal nucleotides of the 3" over-
hang. Further single-nucleobase mutations, such as U9C or
G34A, also hampered binding of preQ,, although to a some-
what lesser extent. Taken together, the mutational study pro-
vides strong evidence that pseudoknot formation is a require-
ment for a high affinity complex between preQ, and its apta-
mer.

One of the mutant aptamers (U9C/A33G) that replaced the
respective U-A by a C-G base pair within the pseudoknot re-
sulted in a '"H NMR spectrum with excellent imino proton dis-
persion. The corresponding 'H,"H NOESY NMR spectrum of the
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Figure 3. Mutational study of the preQ, aptamer from Fusobacterium nuclea-
tum. A) Overview of mutations in pseudoknot stem P2. B) Representative

'H NMR imino proton spectra reflecting mutant binding behavior; before
and after the addition of preQ, and Mg?* ions. Conditions: [RNA]=0.2 mm,
[preQ;1=0.2 (for G11A) or 0.4 mm (for U9C/A33G), [Mg*"1=2.0 mm, 25 mm
Na,HAsO,, pH 6.5, 298K, H,0/D,0 9:1. C) 'H,"H NOESY spectrum of mutant
aptamer U9C/A33G; preliminary assignment as indicated; asterisks indicate
unassigned resonances. Conditions: [RNA]=0.9 mwm, [preQ,]=1.8 mm,
[Mg*"1=4.0 mm, 25 mm Na,HAsO,, pH 6.5, 288K, H,0/D,0 9:1.

imino proton region is depicted in Figure 3C and allowed
straightforward assignment of Watson—Crick base pair NH--N
resonances of stem P1 (red lines) based on the two adjacent
base pairs of A3-U20 and U4-A19. Likewise, the resonances of
stem P2 (pairing of 5-C(31)UG(33)-3" with 5-C(9)AG(11)-3')
were assigned unequivocally (blue lines). Furthermore, the "*N-
edited NOESY spectrum of the U9C/A33G mutant containing a
labeled C17-"*N(4) revealed that the signal at 12.9 ppm stem-
med from the imino proton N1-H of preQ, pairing with C17
(see the Supporting Information). Since this signal also showed
a pronounced cross peak to the N1-H of G11, intensive

ChemBioChem 2009, 10, 1141-1144
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stacking of the preQ,-C17 base pair onto stem P2 can be as-
sumed. Further assignment of the resonances at 9.7, 11.3, and
13.6 ppm awaits determination in the context of a detailed
NMR spectroscopy study on the interactions of preQ, and its
aptamer with fully *C/"*N-labeled RNAs.

From the NMR spectroscopy investigations, we also collect-
ed evidence that Mg*" ions are required for complete binding
of preQ;. In complementary manner, this aspect was investigat-
ed by lead(ll) acetate probing.” Figure 4 depicts the cleavage

S mmlead(ll)

S8011 5
o Ty CC-+-+-+HT1
e —————
[CClc& ", =
P2 A \ 30 P2
A 1 = l
G-C|] L1 A15 1‘
¥h R 20 P1
5G-C A
U-A A
P1 AU20 A
G-C AA c12
5-A-UUU — G11
G7

Figure 4. Chemical probing for mapping the pseudoknot structure and
Mg** binding sites in vitro by lead(ll) acetate in the absence (—) and pres-
ence (+) of a fivefold excess of preQ;,. C designates control reactions with-
out and with preQ,. T1 and H designate RNase T1 and alkaline hydrolysis
ladders, respectively. Stem P1 and P2 are more resistant to Pb*"-induced
cleavage. A specific and prominent Pb>* cleavage site is evident at C12A13
(green arrow). Conditions: [RNA]=2.5 um; [preQ,]=12.5 um; buffer: 50 mm
KMOPS, 100 mm KCl, 2 mm Mg?*, pH 7.0, 293 K; [lead(ll) acetate] =0.1-

5 mm.

pattern for the 34 nt wild-type preQ, aptamer. In the presence
of preQ,, significant cleavage between cytidine C12 and aden-
osine A13 was observed. Moreover, the tight interaction of
stem P2 in the presence of preQ, is reflected by the probing
pattern since this region shows reduced cleavage as observed
for stem P1 (Figure 4). Furthermore, in a competition experi-
ment with a constant concentration of Pb** ions, Pb?"-in-
duced cleavage was reduced in response to increasing Mg**
ion concentrations (data not shown); this indicates a potential
specific binding site for divalent metal ions close to C12A13.

In summary, our comprehensive study on mutated preQ, ap-
tamers in combination with chemical and NMR spectroscopic
structure probing® reveals that preQ, binds with concurrent
pseudoknot formation of the aptamer. High resolution struc-
tures of several small pseudoknots have been obtained by X-
ray crystallography or NMR spectroscopy. These pseudoknots
include plant luteoviral RNA® beet western yellow virus
(BWYV) RNA," sugarcane yellow leaf virus (ScYLV) RNA,™ and
mouse mammary tumor virus."? Their functions are usually as-
sociated with ribosomal frame-shifting. Other examples refer
to RNA pseudoknots of human telomerase.> Furthermore,
the structure of an in vitro selected aptamer that binds biotin
was solved at high resolution and also revealed a pseudoknot
structure."® Interestingly, biotin is bound at the interface be-
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tween the two stacked helices of a 33 nt RNA forming a pseu-
doknot. This overall scenario seems reasonable for the preQ;
bound aptamer as well, and awaits determination of its struc-
tural details and elucidation of how pseudoknot formation in-
fluences the expression platform in order to get insights into
this particular gene response mechanism.

Experimental Section

All RNAs were chemically synthesized by solid-phase synthesis by
using 2'-O-TOM protected phosphoramidites.'” 2'-O-(Triisopropyl-
silyl)-3"-O-[(N,N-diisopropylamino-(3-cyanoethoxy)phosphino]-5'-O-
(4,4'-dimethoxytrityl)-(N4-'°>N)-acetylcytidine was chemically synthe-
sized and used for site-specific incorporation into '*N-labeled
RNAs. NMR spectra were acquired by using a Varian Unity 500 MHz
spectrometer. '"H NMR imino proton spectra applied a selective ex-
citation-refocusing sequence employing selective pulses shaped
according to the G4 (excitation; 2.62 ms, RF amplitude 1.74 kHz)
and REBURP (refocusing; 1.4 ms, RF amplitude 4.47 kHz) profile.'
Both shaped pulses were centered at 13 ppm. HSQC experiments
were recorded with 1024 complex data points. Remaining water
magnetization was suppressed by a 3-9-19 WATERGATE pulse
train. The proton sweep width was set to 12 kHz, and the proton
carrier was centered at H,0. The acquisition parameters for the 2D
NOESY spectrum of mutant U9C/A33G were 3075 complex points
in t2, 512 t1 increments and 128 transients per t1 increment in
48 h. Mixing time was 250 ms, and the relaxation delay was 2s.
The "N F2-filtered 2D NOESY was carried out with 764 complex
points in t2, 128 t1 increments and 384 transients per t1 increment
in 66 h. Mixing time was 300 ms (Supporting Information).
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A Pan-Specific Inhibitor of the Polo-Box Domains of Polo-like Kinases

Arrests Cancer Cells in Mitosis

Wolfgang Reindl,” Juping Yuan,® Andrea Kramer,” Klaus Strebhardt,*™ and Thorsten Berg*"

Polo-like kinases (Plks) are a conserved family of serine/threo-
nine kinases."? The family member PIk1 is a key regulator of
mitosis™? and has been identified as a negative prognostic
marker for tumor patients.®>* The widespread recognition of
Plk1 as a therapeutic target for the treatment of human
tumors has triggered numerous drug discovery programs.”'®
The vast majority of Plk1 inhibitors are thought to act on the
ATP-binding pocket of the enzyme.*'® Due to the conserved
nature of the ATP-binding pocket in the family of protein kin-
ases and other ATP-binding enzymes, the development of
monospecific, ATP-competitive inhibitors is an enormous
challenge.

In addition to their catalytic domains, polo-like kinases
harbor conserved regions termed polo boxes in their C termi-
nus."” PIk1, PIk2, and PIk3 each have two polo boxes, which,
in combination with an N-terminal linker domain, form the
polo-box domains (PBDs). PBDs bind to short, contiguous pep-
tide sequences that bear a phosphorylated serine or threonine
residue.’”'® PIk4 is unique in that it only carries a single polo
box that forms intermolecular dimers to constitute a functional
PBD,™ but it is currently unclear whether this domain also
binds to phosphorylated peptide motifs. Since the PBD of Plk1
was shown to be essential for mitotic progression, inhibition of
the PBD of PIk1 had been suggested as an alternative ap-
proach to the inhibition of Plk1 by small molecules.®' It is
conceivable that inhibitors of the Plk1 PBD will be less prone
to selectivity issues than ATP-competitive inhibitors,*” because
there are only three (or four) PBDs in mammals. Following this
logic, we have recently reported that the natural product de-
rivative poloxin is a small-molecule inhibitor of the Plk1 PBD.?"
Subsequently, Watanabe and co-workers reported the natural
product purpurogallin as an inhibitor of the Plk1 PBD.”? Pur-
purogallin and poloxin exhibit similar in vitro specificity pro-
files in that they preferentially target the PBD of Plk1, affect
the PBD of PIk2 to a lesser extent, and exert only a minor
effect on the PBD of Plk3. None of the compounds was tested
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against the PBD of Plk4 dimers because of Plk4's unclear bind-
ing preferences. The similarity of the optimal binding peptides
of the PBDs of Plk1-3, which share a SpTP core element,"® sug-
gests that absolute specificity for the PIk1 PBD over the PBDs
of Plk2 and Plk3 may be difficult to achieve.

The requirement of selectivity for Plk1 PBD inhibitors to be
used as anticancer agents with respect to the PBDs of Plk2 and
PIk3 is currently unclear. While it has been shown that the
PBDs of PIk2®*?¥ and PIk3*' mediate intracellular localization
of the enzymes, the cellular consequences of inhibiting their
functions with small molecules have not been fully explored.
The PBD of Plk2 has been shown to be essential for centro-
somal localization of PIk2 and centriole duplication.”” Howev-
er, because PIk2™/~ embryos are viable,”® and PIk2 depletion in
HelLa and U20S cells does not alter progression through the
cell cycle" it can be speculated that inhibition of the Plk2
PBD by an anticancer drug may not have drastic side effects.
The effects of Plk3 mislocalization by over-expression of its
PBD are discussed controversially in the literature; in one study
over-expression of the PIk3 PBD induced mitotic arrest,” but
not in another™ It is likely that these partially divergent re-
sults are due to different expression levels of the various PBD
constructs used between the studies. In our hands, over-ex-
pression of the PBDs of Plk3 (and Plk2) did not have a signifi-
cant effect on the mitotic indices and the mitotic subphases of
HelLa cells (Figure STA-C in the Supporting Information). In
contrast, mislocalization of Plk1 induced by over-expression of
its PBD strongly induced mitotic arrest of Hela cells, mostly in
prometaphase, and led to characteristic chromosome congres-
sion defects, consistent with the literature (Fig-
ure §1).2"222528.2 Thege data suggest that concomitant inhibi-
tion of the PBDs of Plk2 and PIk3 by an inhibitory agent target-
ed against the Plk1 PBD would not strongly interfere with the
inhibitor’s ability to induce mitotic arrest in cancer cells.

In this study, we aimed to investigate the cellular effects of a
pan-specific inhibitor of the PBDs of Plk1, PIk2, and PIk3.
Screening of chemical libraries against the PBD of Plk1 has pro-
vided us with several hit compounds.”"*” Profiling of their ac-
tivities against the PBDs of Plk2 and PIk3 and selection of com-
pounds with activities against all three PBDs led us to identify
poloxipan (for “polo-box domain inhibitor, pan-specific”; Fig-
ure 1A, 1). Poloxipan inhibited the function of all three PBDs
with ICss in the single-digit micromolar concentration range in
fluorescence polarization assays, and inhibited the PBD of Plk2
even slightly better than the PBD of Plk1 (ICs, values: PIk1
PBD: 3.24+0.3 pm; Plk2 PBD: 1.7+£0.2 um; PIk3 PBD: 3.0+
0.1 um; Figure 1B). Binding of other peptide motifs bearing
phosphorylated threonine and serine residues to the FHA
domain of the checkpoint kinase Chk2, or to the peptidylprolyl
cis/trans isomerase Pin1, was inhibited only to a significantly
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Figure 1. A) Structure of poloxipan. B) Poloxipan inhibits the functions of the
PBDs of Plk1-3 in fluorescence polarization assays.

lesser extent (maximum inhibition at 40 um: Chk2 FHA: 35+
5%; Pin1: 32 +£5%), indicating that poloxipan is not a general
inhibitor of phosphoserine/phosphothreonine binding do-
mains. Similarly, the functions of the phosphotyrosine-binding
Src homology (SH) 2 domains of STAT1, STAT3, STAT5b, and Lck
were inhibited only to a minor extent (inhibition at 40 um:
244+5%, 43+2%, 14+1%, and 10+ 2%, respectively). More-
over, dimerization and/or DNA binding of the structurally unre-
lated dimeric transcription factors c-Myc/Max and Jun/Jun,
which served as controls for nonspecific effects, was inhibited
only to a minor extent (maximum inhibition at 40 um: c-Myc/
Max: 22 £49%; Jun/Jun: 14+2%). The use of higher concentra-
tions of poloxipan was prevented by its limited solubility in
aqueous buffers. Inhibition of the Plk1 PBD by poloxipan did
not significantly increase over time; this argues against the for-
mation of a covalent bond between the proteins and the in-
hibitor despite the presence of a Michael acceptor system in
its core structure (Figure S2 A). However, the compound’s activ-
ity was sharply decreased in the presence of dithiothreitol
(DTT) in the assay buffer, indicating that the inhibitor is amena-
ble to attack by nucleophilic agents (Figure S2B).

Inhibition of PIk1 in cancer cells by antisense oligonucleo-
tides,®" small interfering RNAs,%3 a Plk1-derived peptide,”
small-molecule inhibitors of its catalytic activity,""¥ or selective
inhibitors of its PBD"?? has been uniformly demonstrated to
arrest cells in mitosis. In order to test whether a pan-specific
PBD inhibitor can also arrest tumor cells in mitosis, cells de-
rived from a cervical cancer patient (Hela), which had been
synchronized at the G1/S transition, were released from cell
cycle block into tissue culture media containing poloxipan.
Analysis of mitotic cells was performed 14 h after release,
when most control cells had successfully completed mitosis al-
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ready (less than 5% of control cells are in mitosis after 14 h).
We observed a dose-dependent increase in cells arrested in mi-
tosis (Figure 2A). The effects of poloxipan were much more
pronounced when the tissue culture media containing the in-
hibitor was exchanged for fresh media (also containing the in-
hibitor) 7 h after release from G1/S arrest (data not shown),
presumably because the compound is unstable under the
tissue culture conditions, but further studies would be required
to verify this hypothesis. Dissection of the mitotic phases at
which individual cells had been arrested indicated a predomi-
nant prometaphase arrest, as was observed with the more se-
lective PIk1 PBD inhibitors®"?? (Figure 2B). Furthermore, poloxi-
pan increased the incidence of chromosome congression de-
fects (one or several chromosomes of cells arrested in meta-
phase fail to congress to the metaphase plate) similar to polox-
in®" and purpurogallin.?? Within the population of cells in
metaphase, the percentage of cells with chromosome congres-
sion defects increased from 9% in DMSO treated cells to 14%,
25%, and 53 % in cells treated with 10 pm, 20 um, and 40 um
of poloxipan, respectively (Figure 2B, C). Within the population
of prometaphase and metaphase cells with chromosome con-
gression defects, we observed a highly significant decrease in
centrosomal localization of Plk1 as compared to control cells
treated with DMSO only (p <0.001); this supports the notion
that the function of the Plk1 PBD is inhibited by poloxipan
(Figure 2D, E).

Of note, 33 +8% of metaphase cells with chromosome con-
gression defects in the presence of 40 pm poloxipan displayed
fragmented centrosomes (Figure 3). Fragmented centrosomes
were not observed in poloxipan-treated metaphase cells with-
out chromosome congression defects. These findings appear
to be related to the findings of Watanabe and co-workers, who
reported that centrosomes at the spindle poles in cells treated
with the Plk1 PBD inhibitor purpurogallin were frequently un-
focused and more distanced than in control cells.?? The under-
lying molecular cause for centrosome fragmentation in cells
treated with poloxipan will need to be clarified in future stud-
ies. Because depletion or inhibition of phosphorylation of the
centrosomal Plk1 substrate Kizuna causes fragmentation and
dissociation of the pericentriolar material from centrioles, and
Kizuna appears to bind to the PBD of PIk1,5¥ inhibition of the
Kizuna/Plk1 interaction by poloxipan could be a potential ex-
planation for centrosome fragmentation. However, the inhibi-
tion of additional targets as the underlying molecular reason
for centrosome fragmentation cannot be fully excluded based
on the present data. Poloxipan did not significantly increase
the percentage of apoptotic cells as compared to DMSO-treat-
ed control cells, presumably due to lack of stability over the
time course of the assay of 48 h (Figure S3).

In summary, we have identified poloxipan as a small mole-
cule that inhibits the function of the PBDs of PIk1-3 to similar
extents in vitro, and have demonstrated that its cellular effects
are very similar to the reported effects of compounds that
target the Plk1 PBD more selectively.?""?? Although it is tempt-
ing to speculate that inhibitors of the PIk1 PBD to be used as
antineoplastic agents in the clinic may not necessarily need to
be optimized for minimal activity against the PBDs of Plk2 and

ChemBioChem 2009, 10, 1145-1148
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Figure 2. A) Poloxipan induces mitotic arrest in HeLa cells. B) Distribution of mitotic phases and chromosome congression defects within the total metaphase
population in the presence of poloxipan. Populations of approximately 50 mitotic cells were analyzed (n=3). C) Poloxipan induces chromosome congression
defects in Hela cells. The scale bar represents 5 um. D) Poloxipan interferes with localization of PlIk1 to the centrosomes in metaphase cells with chromosome
congression defects. The localization of the centrosomes is indicated by the y-tubulin staining. In DMSO-treated cells, the y-tubulin staining coincides with
distinct signals generated by the anti-Plk1 antibody; this leads to yellow signals in the merged pictures. In cells treated with poloxipan, the y-tubulin staining
coincides with the anti-Plk1 staining only to a significantly lower extent. The scale bars represent 5 um. E) Quantitative analysis of the effects of poloxipan on
centrosomal Plk1 localization in prometaphase or metaphase cells with chromosome congression defects. For each treatment regime, 20 centrosomes from
ten cells were analyzed. *p < 0.001, calculated using Student’s t test (unpaired, two-sided).
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Figure 3. Fragmentation of centrosomes in metaphase cells with chromo-
some congression defects in the presence of poloxipan. The localization of
the centrosomes is indicated by the y-tubulin staining. The scale bar is

5 um. The content of the frame in the y-tubulin stain is magnified by a
factor of two.

Plk3, further investigation of this question in animal studies is
warranted. Of note, PIk3™~ mice have been reported to display
increased weight and to develop tumors more frequently than
wild-type littermates.®® Animal studies with selective inhibitors

of the PIk3 PBD could clarify whether inhibition of the PIk3
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PBD, without inhibiting Plk3's enzymatic activity, is tolerated
more favorably than the genetic knockout. Our data provide
increasing evidence that the inhibition of the Plk1 PBD by
small molecules is feasible, and that it provides an attractive al-
ternative to the inhibition of Plk1 by ATP-competitive
inhibitors.
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Protein lodination by Click Chemistry

Shouliang Dong,® Luis Moroder,™ and Nediljko Budisa*®

Upon development of radioimmunoassay techniques,” radio-

iodination of peptides and proteins has gradually become an
indispensable tool for controlling and monitoring protein and
peptide functions in vivo and in vitro, and for studying ligand-
receptor interactions, ligand uptake and clearance. In addition,
protein iodination has developed into a useful technique for
heavy-metal modification in crystallographic analysis,” and
serves as a valuable alternative to the expression of proteins
with chalcogen amino acid analogues, such as selenomethio-
nine, telluromethionine and selenocysteine.”! Direct iodination
of peptides and proteins at histidine, and more efficiently at ty-
rosine residues, under the various oxidative conditions is ac-
companied by modification of sensitive amino acid residues,
such as methionine, cysteine and particularly tryptophan.” In-
direct iodination methods that are based mainly on conjuga-
tion of peptides and folded proteins at surface exposed amine
functions with iodinated N-hydroxysuccinimidyl-3-(4-hydroxy-
phenyl)propionate (Bolton-Hunter reagent®), and more re-
cently with N-succinimidyl 3-iodobenzoate, have, therefore,
been proposed.®

By using advanced procedures for expression of proteins
with site-specific or residue-specific replacement of canonical
amino acids with unnatural amino acids, iodophenylalanine
has been introduced into proteins for solving the phase prob-
lem in X-ray crystallography,®” and access to suitable precur-
sors containing reactive amino acid analogues for postexpres-
sion bioorthogonal modifications has been created.”” Among
the chemistries developed for such regio- and chemoselective
modifications the Cu'-catalyzed azide-alkyne Huisgen cycload-
dition (CUAAC) reaction®® has found widespread application.
This procedure foresees the production of peptides and pro-
teins with site- or residue-specific incorporation of alkyne- or
azide-containing amino acid analogues by synthesis, semisyn-
thesis or with suitable expression systems, which can then be
treated with the complementary azide- or alkyne-containing
label, respectively. In the case of synthetic peptides and smaller
proteins, such functionalized residues can be incorporated at
any sequence position, but care must be taken not to affect
binding affinities to receptor molecules with the sequence
modification or cause other related changes in conformational
preferences. Consequently, for most proteins, N-terminal modi-
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fication represents the method of choice, particularly in view
of the full retention of structure and interacting epitopes.

As model protein, the engineered cysteine-free “pseudo-
wild-type barstar” (y-b*; Pro28Ala/Cys41Ala/Cys83Ala), which
consists of 90 amino acids and only one Met residue at the
N terminus (Met1), was employed (Scheme 1). For successful

N,
N NN
Nt COOH
1
= I COCH
P -
& L 4
CuSO, -
f"’ Ascorbic acid

Hpg-y -b* R = (NH,)CHCOOH Hpg(IBA)-y -b*

Scheme 1. Three-dimensional structure (ribbon plot; PDB entry: 1a19) of
pseudo-wild-type barstar (y-b*: Pro28Ala/Cys41Ala/Cys83Ala)."" The y-b*
contains a single N-terminal Met, which was replaced with homopropargyl-
glycine (Hpg) by using the auxotrophy-based residue-specific method, to
give Hpg-y-b*. lodination of Hpg-1-b* was achieved by using click chemis-
try in the presence of 2-azido-5-iodobenzoic acid (Scheme 2). The resulting
5-iodo-2-(4-alkyl-1H-1,2,3-triazol-1-yl)benzoic acid—protein conjugate is de-
noted as Hpg(IBA)-y-b*.

Met—Hpg replacement, recombinant -b* containing Escheri-
chia coli B834(DE3) host cells were grown in new minimal
medium (NMM) containing Met (0.025 mm), until the amino
acid was exhausted; this was followed by the simultaneous ad-
dition of Hpg and target-gene induction with IPTG (see the
Supporting Information). Under these conditions, alkyne-la-
beled protein Hpg-1-b* was expressed in yields of ~80% com-
pared to the native protein, that is, 8 mgL™" versus 10 mgL™".
Electrospray mass spectrometric analysis (ESI-MS) of Hpg-y-b*
clearly revealed high replacement levels (approximately 90-
95%) with low amounts of the parent protein as contaminant
(Figure 1). In addition, the thermal stability of Hpg-y-b* (T,,=
68°C) was nearly the same as that of the native protein (T,,=
67.9°C"); this indicates that there was no significant effect on
the protein structure upon Met—Hpg replacement.

Since the aim of the present study was the regioselective in-
corporation of radioactive iodide into a preselected position of
a protein, it was desirable to have a precursor molecule that is
readily iodinated and then transformed into the azide by
chemistry tolerant of other functional groups for the subse-
quent direct reaction with the alkyne-containing protein in a
largely aqueous solution.

Among the various precursors possibly suited for the synthe-
sis of iodoaryl azides,"? conversion of 4-iodophenyl boronic
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10230.4 Da 10519.3 Da

Hpg(IBA)-y-b*, which might be
interpreted as loss of structure
cooperativity. The far UV CD
| spectra further confirmed such
considerations.  Indeed, the
spectra for both Hpg-y-b* and
Hpg(IBA)-y-b*  exhibited the
typical pattern of a/f} proteins
with the two negative maxima
at 222 and 208 nm (Figure 2);
this suggests that at least
within the limits of this spectro-
scopic technique the identical
overall fold was retained. How-
ever, the dichroic intensities of
both negative maxima de-
creased in the spectrum of Hpg-
(IBA)-y-b*; this supports slight
changes in the secondary struc-
ture. In contrast, by measuring
fluorescence emission maxima
of both proteins no significant
changes, neither in the 4,,,, nor

Rx10?
[

0.4

Hpg-y -b*

Hpg(IBA)-y -b*

o

| T T
10200 10300 10400 10500
M/Da —*

10600

Figure 1. Deconvoluted ESI mass spectra profiles of Hpg-y-b* (found: 10230.4 Da; calcd: 10230.65 Da) and Hpg-
(IBA)-y-b* (found: 10519.3 Da; calcd: 10519.69 Da), which was obtained after modification with 2-azido-5-iodo-
benzoic acid. Abbreviations: R, relative intensity; M, relative molecular mass.

acid into 4-iodophenyl azide by treatment with
sodium azide"*® clearly showed insufficient solubility
in aqueous solution in the presence of organic cosol- i
vent for click chemistry with the chosen model pro-
tein. This led us to the choice of 2-amino-5-iodoben-
zoic acid, which is readily prepared from 2-amino- . !
benzoic acid by iodination with ICl pyridine com-
plex,"™ and then converted to the azide with an over
90% vyield by treatment with tert-butyl nitrite in the
presence of sodium azide, according to literature-
known protocols'’?® (Scheme 2). As reported in the . . .
Experimental Section, aliquots of the azide mixture 200 220 240 30 60 90
served for treatment with the Hpg-y-b* variant in
PBS buffer (pH 8.0) at room temperature in the pres-
ence of a large excess of CuSO,/ascorbic acid. LC-MS
analysis of the reaction mixture revealed an almost
quantitative conversion to the iodo-derivative
(> 95 %) with traces of the parent protein as contam-
inant (Figure 1). The same chemistry was successfully
performed with 5-azidofluorescein (see the Support-
ing Information).

——  Hpg-y -b* Hpg(IBA)-y -b*

N

(6], x 10°
% / Pap|ojun uoljoel4 —

Alnm —» T/°C —»

Figure 2. Secondary structures (left) and unfolding profiles (right) of Hpg-1-b* and Hpg-
(IBA)-y-b*. lodination of Hpg-y-b* with the triazole-linked 5-iodobenzoic acid attach-
ment slightly destabilized the protein. The unfolding profile of Hpg(IBA)-y-b* was char-
acterized by a negative shift of the T,, value (Hpg-y-b*: 68 °C; Hpg(IBA)-y-b*: 64°C) and
by decreased dichroic intensities. For experimental details see the Supporting Informa-
tion. Dichroic intensities ([@]g) are expressed in degcm?dmol~".

As mentioned earlier, the Met—Hpg replacement at the
N terminus of y-b* did not affect its stability. However, its sub-
sequent iodination by CuAAC led to a less stable protein in
terms of T,, value, which was lower by 4°C as revealed in ther-
mal unfolding experiments (Figure 2). This iodine conjugation
most probably accounts for the less steep unfolding profile of

/C[NHz tBUONO, NaN, /C[Ns
_——
I COOH  MeCN,RT I COOH

Scheme 2. Conversion of the iodoaryl amine into iodoaryl azide.
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in the intensities, could be detected (see the Supporting Infor-
mation). These data suggest an intact tertiary protein structure
upon N-terminal modification. However, minor interferences of
the rather bulky hydrophobic 5-iodo-2-(4-alkyl-1H-1,2,3-triazol-
1-yl)benzoic acid group with surrounding ordered structure el-
ements cannot be excluded, as similar effects on the CD spec-
trum were previously observed upon N-terminal incorporation
of carbohydrate
moieties."?

In view of these results, similar minor or major unfolding of
protein secondary structures can also be expected with N-hy-
droxysuccinimidyl-3-(3-iodo-4-hydroxyphenyl)propionate or N-

ChemBioChem 2009, 10, 1149- 1151
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succinimidyl-3-iodobenzoate reagents, depending on the vari-
ous extents of protein derivatization at the amino groups.
Compared to such conjugation chemistries, which exploit the
rather abundant surface-exposed amine functions of proteins,
the procedure proposed in the present communication should
offer the advantage of a low number of Met residues that are
generally surface-exposed in folded proteins. On the other
hand, recombinant DNA technology has made it possible to in-
troduce or eliminate Met residues at will, and subsequently
many sequences with various positions for regioselective iodin-
ation can be prepared. The main advantage of this residue-
specific modification over the expression of proteins with site-
specific incorporation of iodinated amino acid residues in
either cell-free™ or in vivo systems,®™ is the possibility to
obtain larger amounts of precursor protein. In view of the half-
life of the | isotope, the protein can be (radio)iodinated just
prior to its use. Moreover, the presence of the vicinal carboxy
and adjacent 1,2,3-triazole groups should largely prevent ex-
tensive in vivo deiodination by deiodinases as observed for io-
dinated Tyr residues of proteins, or upon their modification
with the Bolton-Hunter reagent (ref.[6b], and references
therein).

Experimental Section

Solvents and reagents: All reagents were of the highest quality
commercially available and were used without further purification.
2-Amino-5-iodobenzoic acid was purchased from Aldrich. LC-MS
was performed by using a Bruker MicroTof and ESI-MS with a
Perkin—Elmer SCIEX APl 165 spectrometer equipped with a nebuliz-
er-assisted electrospray. CD spectra were recorded with a Jasco 710
and fluorescence spectra were obtained with a Perkin-Elmer
FL50B, at 20°C. Protein samples (0.2 mgmL~") were diluted with
1% PBS buffer (pH 8). For CD measurements quartz Hellma 110-QS
cells with optical path lengths of 0.1 cm were used, and the spec-
tra were monitored at 50 nmmin~', bandwidth 1 nm and response
time 1s; eight scans were accumulated in the 200-250 nm range.
Fluorescence emission maxima were measured in the 300-450 nm
range upon excitation at 280 nm at a protein concentration of
0.5 uM, which was obtained by diluting the reaction mixture
before and after conjugation with 1xPBS buffer (pH 8.0).

2-Azido-5-iodobenzoic acid: Conversion of the amino group to
azide was performed essentially by following literature proce-
dures." Briefly, 2-amino-5-iodobenzoic acid (142 mg, 0.54 mmol)
was dissolved in acetonitrile (2 mL) and cooled to 0°C in an ice
bath. tert-Butylnitrite (120 pL, 1 mmol) was first added portion-wise
to this solution while it was stirred, followed by NaN; (42 mg,
0.65 mmol). After 5 h at room temperature, conversion was found
to be >90% as monitored by LC-MS.

lodination reaction by CuAAC: An aliquot (4 L) of the azide solu-
tion was added to 100 uL Hpg-y-b* (50 um; 0.5 mgmL~" in PBS,
pH 8.0), followed by 8.0 uL CuSO, (25 mm in H,0) and 8.0 uL L-

ascorbic acid (50 mm in H,0). The reaction mixture was shaken for
24 h at room temperature and then centrifuged. The extent of the
reaction was assessed by LC-MS analysis.
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Synthesis and Structure-Activity Correlation of a
Brunsvicamide-Inspired Cyclopeptide Collection

Thilo Walther,? ®' Steffen Renner,® Herbert Waldmann ,**' and Hans-Dieter Arndt *® !

The brunsvicamides are modified cyclopeptides from cyano-
bacteria, cyclised through the e-amino group of a p-lysine unit.
They are functionalised with urea groups and show potent car-
boxypeptidase inhibitory activities. In order to unravel the
structural parameters that determine their activities, a collec-
tion of brunsvicamide analogues with varied amino acid struc-
tures and stereochemistries was synthesised by a combined
solution- and solid-phase approach. Biochemical investigation

Introduction

Natural products (NPs) can be regarded as evolutionarily se-
lected and therefore biologically relevant small molecules en-
dowed with the ability to interact with multiple biological tar-
gets."”! Due to this biological prevalidation, the structural
frameworks underlying the multiple NP classes can be consid-
ered “privileged”.” In turn, NPs continue to stimulate investiga-
tions into compound library development for chemical biol-
ogy™ and medicinal chemistry research.”

A prolific class of producers of bioactive NPs with novel
structures are cyanobacteria (formerly called “blue-green
algae”), which are quite diverse prokaryotes that live by photo-
synthesis.”’ Cyanobacteria produce a large variety of secondary
metabolites that are believed to function as defence agents,®
and probably improve survival chances in their particular ecol-
ogical niche. Interestingly, many of these compounds are struc-
turally diversified peptides, especially cyclopeptides. The spec-
trum of the activities of these compounds reaches from immu-
nosuppressive through antibiotic, toxic and cytostatic action to
inhibition of specific enzymes. Consequently, such cyanobacte-
rial secondary metabolites (CSMs) have become an inspiring
natural source of new pharmacologically active molecules with
potential therapeutic applications.”

Earlier reports suggested that several cyanobacterial cyclo-
peptides arise from nonribosomal peptide synthesis path-
ways,® in line with the occurrence of nonproteinogenic amino
acids and noncanonical linkages in their structures. However,
recent contributions have provided evidence that they can
also originate from ribosomal peptide synthesis—in the cases
of the aerucyclamides or microviridin, for example.”’ It can
therefore be speculated that the pathway depends on the indi-
vidual compound, and that both variants might even coexist.

The brunsvicamides (BVAs) A—C (1-3;) were recently isolated
from Tychonema sp."” Five amino acids form the cyclic back-
bones of the these branched hexapeptides through a p-lysine
side chain. The sixth amino acid is found linked to a urea
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of the compound collection for carboxypeptidase A inhibition
revealed that the presence of p-lysine and L-isoleucine in the
urea section is important for inhibition. It was found that
brunsvicamide A is a substrate-competitive inhibitor of
carboxypeptidase A. These findings are in agreement with the
substrate specificity of the enzyme and were rationalised by
computational studies, which showed the high relevance of
the lysine stereochemistry for inhibitory activity.

\\\\\ O HN
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moiety at the a-amino group of the p-lysine. The BVAs belong
to a group of structurally related cyclic peptides that are gen-
erally classified as “anabaenopeptin-type” (or “-like”) peptides.
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To date, 41 such anabaenopeptin-type peptides have been iso-
lated from different natural sources."” All examples retrieved
from cyanobacteria feature a p-lysine unit, whereas anabaeno-
peptin-type peptides isolated from other sources typically in-
corporate an L-lysine component. All of them, however, have a
urea moiety, which is known as a surrogate for an amide bond
in peptidomimetics.'” In addition, they all share a common N-
methylated residue at position four in their amino acid
sequences.

Anabaenopeptin-type molecules show a broad spectrum of
biological activities. The oscillamides B (4) and C (5), for in-
stance, were found to inhibit protein phosphatase types 1 and

OH

oscillamide B, 4 (R? = (CH,),-S-CH,, R* = CH,)
oscillamide C, 5 (R? = CHMeEt, R* = (CH,),-C;H,-OH

2A% Several anabaenopeptins have been shown to inhibit
carboxypeptidases (CPDs)."” CPDs are zinc-containing carboxy-
exo-peptidases’ that process a variety of peptides or proteins
that play crucial roles in immunological reactions/allergic re-
sponses and inflammation, as well as in blood coagulation and
thrombosis."?

The BVAs have been found to inhibit human carboxypeptid-
ases A and B.'? Moreover, the NP isolates interfered with the
function of tyrosine phosphatase B from Mycobacterium tuber-
culosis (MptpB) at micromolar concentrations."” In general,
protein phosphatases act in concert with protein kinases to
control the state of protein phosphorylation, and thereby regu-
late enzymatic activity and modulate interactions between pro-
teins."® We have recently reported the correct stereochemistry
of BVA A (1) from a solid-phase-based total synthesis."? Here
we give a detailed account on the synthesis and biochemical
activity of BVA A and of a focused library of 17 analogues. The
biological activities of the synthetic material and the isolate
were shown to differ markedly. Notably, a 1000-fold loss in po-
tency was caused by the inversion of one stereogenic centre.
Computational docking studies allowed us to rationalise the
results from the enzyme inhibition data.

Results and Discussion

In order to determine the correct stereochemistry of BVA A,
eight stereochemical isomers of BVA A (Scheme 1, 1, 28-34;
see Table 1 for a detailed structural assignment) were synthe-
sised by both solution and solid-phase methods. Four stereo-
isomeric 4-nitrophenyl carbamates (8-11) were each treated
with L- and p-Lys(Fmoc)OAIl (6, 7) to yield eight orthogonally
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Scheme 1. Synthesis of brunsvicamide A (1) and seven stereochemical ana-
logues (28-34). For the stereochemical assignments see Table 1.

protected urea building blocks, which were transformed into
the free acids 12-19. Treatment of 2-chlorotrityl chloride resin
with the purified urea building blocks reliably gave access to
the solid-phase-bound ureas. Peptide chain elongation was
performed, and cleavage of the resulting allyl esters 20-27
was followed by on-resin ring-closure. The solid-phase-bound
BVA analogues were then released from the solid support and
purified by HPLC. BVA A (1) and the seven stereoisomers 28—
34 were subjected to biochemical testing.

Investigation of phosphatase inhibition

Synthetic BVA A (1) and its stereoisomers 28-34 were each
studied for inhibition of MptpB. However, in contrast with the
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A Brunsvicamide-Inspired Cyclopeptide Collection

material retrieved by isolation,'” neither synthetic 1 nor 28-34
gave any measurable inhibition of MptpB up to a concentra-
tion of 100 um with the substrates pNPP?® or DiIFUMP®2Y (see
the Supporting Information for details). Currently we reason
that an impurity might be responsible for the inhibitory activi-
ty of the material isolated from the producing organism.

Investigation of CPD inhibition

On the other hand, synthetic BVA A (1) inhibited the activities
of carboxypeptidases A and B (CPDA/B) as reported earlier, and
a detailed investigation was initiated. The inhibition of bovine
CPDA and porcine CPDB, which are both homologues of
human CPDs,?? by the synthetic BVAs 1 and 28-34 was inves-
tigated by an absorbance assay based on N-(4-methoxyphenyl-
azoformyl)phenylalanine (35, AAF-Phe-OH) and -arginine (36,

H
N\H/NH2
j\ j\ NH
MeO OH MeO OH

35 36

AAF-Arg-OH) as substrates.”” The reaction rates were deter-
mined from the slopes of the absorbance change at 355 nm at
ten different concentrations of inhibitor and related to controls
in the absence of the inhibitor.

Compound 1, the NP with p-lysine and L-isoleucine, proved
to be the most potent inhibitor tested (see Table 1). Structure-
activity correlation indicates that L stereochemistry is clearly
favoured for the amino acid at position 6 (AA6) off the urea.
The stereochemistry of the lysine is of highest importance for

inhibitory activity (1: ICso=5 nm, 31: IC5,=5 um). The findings
are consistent with the known specificity of CPDA for sub-
strates that bear large aliphatic or aromatic amino acid resi-
dues with the L configuration at their C termini.

The inhibitory activities of 1 and 28-34 towards CPDB were
significantly lower (1: 88 nm, 28: 480 nm; see Table 1). These
experimental findings correspond with the known specificity of
CPDB for substrates carrying basic amino acid residues at their
C termini. The difference in CPDA inhibitory activity between 1
and 31—three orders of magnitude—is a promising starting
point for future library design, and it prompted us to under-
take a systematic study by alanine and serine scans. The amino
acid residues were varied to yield analogues that each differ in
only one position of the original sequence. Essential interac-
tions or steric hindrance between inhibitor and enzyme can
typically be identified by this method.?”

Alanine and serine scan

We chose the BVA A (1) sequence as the basic scaffold and
varied the isoleucine to L- or p-alanine and the amino acid resi-
dues AA2, AA3 and AA5 (see Scheme 1 for the numbering) to
alanine or serine. The N-Me-tryptophan was varied to N-Me-ala-
nine or N-Me-serine. The synthesis of the necessary urea build-
ing blocks started with the reaction between 4-nitrophenyl
chloroformate (37) and L-alanine tert-butyl ester (38) to yield
4-nitrophenyl carbamate 39, which was purified by column
chromatography (Scheme 2).** Upon addition of Hiinig’s base
to carbamate 39, an intense yellow coloration indicated the in
situ formation of the isocyanate,” which was treated with b-
Lys(Fmoc)OAIl to give the orthogonally protected®” urea build-
ing block. Column chromatography removed residual 4-nitro-
phenol, and this was directly followed by tert-butyl ester cleav-
age to yield the free acid 40. We obtained the L-Ala urea 40

Table 1. Inhibition of bovine CPDA and porcine CPDB by BVA A (1) and analogues (28-34, 54-63).
Compound Amino acid sequence/residue number 1Csp
1 2 3 4 5 6 CPDA (M) CPDB (um)

1P p-Lys L-Val L-Leu L-NMe-Trp L-Phe L-lle 0.00500.0001 0.088 4-0.006
28" p-lys L-Val L-Leu L-NMe-Trp L-Phe L-allo-lle 0.0077 £0.0001 0.480 4+ 0.004
29" o-lys L-Val L-Leu L-NMe-Trp L-Phe p-allo-lle 171405 >50
30® p-Lys L-Val L-Leu L-NMe-Trp L-Phe p-lle 27.1+£06 >50
31" L-lys L-Val L-Leu L-NMe-Trp L-Phe L-lle 5440.1 >50
320 L-Lys L-Val L-Leu L-NMe-Trp L-Phe L-allo-lle >50 >50
33" L-Lys L-Val L-Leu L-NMe-Trp L-Phe p-allo-lle >50 >50
34" L-lys L-Val L-Leu L-NMe-Trp L-Phe p-lle >50 >50
541 p-lys L-Val L-Leu L-NMe-Trp L-Phe L-Ala 0.10240.007 -
551 p-lys L-Val L-Leu L-NMe-Trp L-Phe p-Ala 5.740.1 -
56" p-Lys L-Val L-Leu L-NMe-Trp L-Ala L-lle 0.0066 =+ 0.0002 -
5719 p-lys L-Val L-Leu L-NMe-Trp L-Ser L-lle 0.0079+0.0003 -
581 p-lys L-Val L-Leu L-NMe-Ala L-Phe L-lle 0.0048 +0.0002 -
591 p-Lys L-Val L-Leu L-NMe-Ser L-Phe L-lle 0.0289 +0.0005 -
60" p-lys L-Val L-Ala L-NMe-Trp L-Phe L-lle 0.0083 4-0.0002 -
619 p-lys L-Val L-Ser L-NMe-Trp L-Phe L-lle 0.0076 +0.0004 -
62 p-Lys L-Ala L-Leu L-NMe-Trp L-Phe L-lle 0.0087 +0.0003 -
63 p-Lys L-Ser L-Leu L-NMe-Trp L-Phe L-lle 0.0225+0.0015 -

[a] Brunsvicamide A. [b] Variation of the three stereocentres in the urea section. [c] Alanine and serine scan.
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Scheme 2. Representative synthesis of alanine-containing building blocks.
a) Pyridine (2 equiv), CH,Cl,, RT, 16 h, 51%; b) i: EtN(iPr), (2 equiv), CH,Cl,, RT,
16 h, 74%; ii: TFA (50%), CH,Cl,, RT, 3 h, quant.

and its p-Ala-containing isomer in 38% and 50% overall yields,
respectively.

Treatment of 2-chlorotrityl chloride resin with the purified
urea building blocks, followed by capping with methanol, gave
access to the solid-support-bound ureas 41-43 (Scheme 3).
After a 16 h reaction time a loading of 0.6 mmolg™' was deter-
mined (UV-based Fmoc determination).?® For the extension of
the peptide chain, solid-phase peptide synthesis (SPPS) was
performed, with use of IRORI™ MacroKans with radio frequen-
cy identification (RFID) technology™ for split-mix synthesis.
The Fmoc groups were removed with DMF/piperidine. The
peptide couplings were performed by use of either DIC/HOBt
or HATU/HOAt for the coupling to the N-Me-amino acid resi-
dues. In each case Kaiser or chloranil tests®” were performed
to check for complete conversion. The allyl esters 44-53 were
cleaved with Pd(PPh;), in the presence of phenylsulfinate as a
scavenger.'?3" Removal of the N-terminal Fmoc groups was
followed by macrolactam formation on resin by use of DIC/
HOBT in DMF. The crude products were released with TFA and
purified by silica gel column chromatography (with dichloro-
methane/methanol/formic acid as eluent) and preparative re-
versed-phase HPLC purification (MeOH/H,0). For com-
pounds 57, 59, 61 and 63, column chromatography was fol-
lowed by deprotection of the tert-butyl protected serine by

H. Waldmann, H.-D. Arndt et al.

treatment with trifluoroacetic acid. For final purification prepa-
rative reversed-phase HPLC (MeOH/water) was used. Com-
pounds 54-63 were obtained on solid support with overall
yields from 5-16% based on the loading of ureas 41-43.

BVA A (1) and most analogues obtained from the alanine
and serine scan (54-63) significantly affected the activity of
CPDA at low nanomolar concentrations. The ICs, values
(Table 1) indicate clearly that the b-lysine and L-isoleucine in
the urea are essential for high activity on CPDA, while varia-
tions in the remaining amino acids did not exert any major in-
fluence. Only when the slightly polar serine was introduced at
positions 2 and 4 were moderate decreases in efficiency ob-
served (four- to sixfold). This suggests that none of these resi-
dues is critically involved in binding to the target enzyme.
Hence they might be useful for synthetic replacement in the
future—to tailor compound properties, for instance.

For the producing organism this apparent promiscuity may
contribute to its ecological fitness, as the broadly active ana-
baenopeptin scaffold can be quickly adapted by mutation to
defend against novel predators. Furthermore, the purpose for
which these compounds are really produced in nature current-
ly remains unclear, and it might be that broad activity against
a whole collection of similar enzymes is a generally desirable
feature in the producers’ habitat—as it might also be for a
good library scaffold. Future work will be necessary to clarify
the ecological meaning of these findings.

Mode of inhibition

To determine the mode of inhibition of compound 1, the initial
rates of substrate conversion were measured as a function of
substrate concentration at four fixed inhibitor concentrations
(10 nM, 5 nm, 2.5 nM, and without 1). The obtained rates were
plotted as a function of substrate concentration for each inhib-
itor concentration. To these data the Michaelis—-Menten equa-
tion® was fitted. This gave the apparent K, (Michaelis-
Menten constant) and V,.,, (maximum reaction rate with sub-
strate saturation) values. The values of the reaction rate for any
substrate concentration were calculated by use of the recipro-
cal Michaelis-Menten equation. Overlaying of the double-recip-
rocal plots yielded a pattern of lines clearly intersecting at the
origin (Figure 1). It can therefore be assumed that 1 is a com-
petitive inhibitor with respect to enzyme substrate (AAF-Phe-
OH, 35).5

R?,, _-NHFmoc

\ﬁo 2 X 5, RI \H/J‘Ra
FmocHN )‘J\ /Kfo o} NHO

O AllO

0 Rﬁ‘ly o R
[ HN\}HHJL”AYO

41-43

Scheme 3. Synthesis of ten brunsvicamide analogues (54-63).

1156

www.chembiochem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Me R°
4 Z
RIN\I(\NH
0 R?
Rs'kf o R
HN HN)LNJYO
o H H oy
44 - 53 O 54 - 63

ChemBioChem 2009, 10, 1153-1162



www.chembiochem.org



A Brunsvicamide-Inspired Cyclopeptide Collection

196 |
174
152
130
109
87 |
65 |
43 +
22 +

Yvims! ==

Control
- -22
L -43

-0.01 0 0.01 0.02 0.03

U[S]/ uv™! =

-0.02

Figure 1. Double reciprocal plots for the effects of BVA A (1) on the sub-
strate turnover of the CPDA-catalysed reaction.

Computational studies

The competitive mode of inhibition observed in the enzyme ki-
netics study indicated that the BVA binding sites are similar to
those of natural peptide substrates. Furthermore, the increase
in 1C5, values from compounds 1 and 28, through 54, 31 and
55, to 30 and 29, which bear different amino acid residues at
the free C terminus of BVA, is consistent with the reported sub-
strate preference of CPDA, namely for large aliphatic C-termi-
nal side chain residues with L stereochemistry."” Potential
binding modes of the NP 1 in the CPDA peptide binding
pocket were studied by means of computational docking sim-
ulations based on this rationale. Prior to the docking, an en-
semble of low-energy conformations of the macrocycles was
computed, because the docking algorithm was not able to
treat them as flexible. Of the proposed binding modes, the
best-scoring solutions out of the conformers within 10 kJ mol™
of the global energy optimum were selected, in a manner simi-
lar to that used in a recent study on chondramide C.2

As in the case of the natural peptide substrate, in the best
predicted binding mode of 1 the C-terminal carboxy group in-
teracted with Asn144 and Arg145, and the isoleucine was lo-
cated in the selectivity pocket for aliphatic and aromatic side
chains. The urea coordinated to the zinc atom as an amide
bond surrogate, which is inert to the hydrolytic activity of the
enzyme (Figure 2).

We compared our docking results for 1 with a high-resolu-
tion crystal structure (PDB ID: 7CPA)" harbouring the inhibitor
Cbz-Phe-Val-P(O)-Phe (64; Figure 2). Compound 64 is a nonco-
valent, tight-binding phosphonate inhibitor and a transition-
state analogue of the CPDA-catalysed reaction. It binds to the
active-site groove of CPDA, in which the terminal phenylala-
nine of 64 is clearly bound by the corresponding binding sub-
site (see Figure 2B, Site S1), which is the selectivity pocket of
CPDA.B¢

The phosphonic ester group of 64 coordinates to the zinc at
the CPDA active site, while the array of phenyl rings adopts a
configuration that allows stabilizing aromatic-aromatic edge-
to-face interactions from one ring to the next. Our overlay re-

ChemBioChem 2009, 10, 1153 -1162
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FULL PAPERS

Figure 2. A) BVA A (1) docked into the active site of CPDA. B) The L isomer
31 docked into the active site of CPDA. C) Overlay of BVA A (1, in yellow)
with phosphonate inhibitor 64 (cyan) bound to CPDA. D) Overlay of 1 (p-
Lys, yellow) with isomer 31 (L-Lys, blue). Predicted key interactions with the
CPDA protein are indicated; the chemical structure of inhibitor 64 is shown
at the bottom.

vealed similar binding modes for the two inhibitors 1 and 64
(Figure 2C). In particular, the C-terminal residues of both mole-
cules—the zinc-coordinating urea and phosphonate groups—
overlap well, as do the two residues directly adjacent. The re-
maining residues of the BVAs are not predicted to have any
major contacts with the protein; this is consistent with the ex-
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perimental observation that their replacement by Ala or Ser is
broadly tolerated.

The largest increase in IC, for a single residue replacement
was found in the case of 31 (from 5nm to 5 pum), with an L-
rather than a p-lysine in the NP. In order to rationalise the
1000-fold decrease in enzyme inhibition activity, 31 was also
docked into the crystal structure. The highest-scoring docking
solution out of the best conformations of 31 still had the C-ter-
minal isoleucine in the selectivity pocket and the carboxy
group that interacted with Asn144 and Argl145. The urea
moiety was found to be more distant from the zinc than in the
case of 1; this indicates a weaker coordination of the zinc ion.
The overlay revealed that because of the inverted stereochem-
istry of the lysine residues, the 19-membered ring binds to the
binding site in an inverted orientation for 31 relative to 1 (Fig-
ure 2D). This model explains the remaining but largely de-
creased activity of the stereoisomeric compound 31.

Conclusions

In summary, a series of analogues of the cyanobacterial cyclo-
peptide BVA A was prepared by effective solid-support-based
total synthesis. Variations of the amino acid stereochemistries
revealed the importance of the p-lysine and the L-isoleucine
residues for the inhibitory activity of BVA A against carboxy-
peptidase A. Systematic scanning of the peptide scaffold by
specific introduction of alanine or serine residues showed that
only the residues adjacent to the urea are critical for protein
binding. Our results relating to the structure-activity relation-
ships in the BVAs are consistent with the available data for
peptide substrate specificity of carboxypeptidases A and B,
and could be rationalised well by means of computational
docking studies. These findings should allow the development
of more potent CPD inhibitors based on the BVA A structure
and might lead to the generation of an expanded collection to
be investigated in biological and biochemical assays.

Experimental Section

See the Supporting Information for general synthetic methods,
procedures, characterisation of compounds 39 and 40 and details
of the phosphatase inhibition assays. For characterisation data of
compounds 1, 6--19 and 28--34 see ref. [19].

1,5-Anhydro[p-lysyl-(N*-oxamido-L-alanyl)-L-valinyl-L-leucyl-L-N-

methyl-tryptophyl-L-phenylalanine] (54): Colourless powder;
yield: 33 mg, 41 umol, 10%; R;=0.18 (CH,Cl,/MeOH 9:1+0.25%
AcOH, v/v); mp.: 217°C; [a]¥=-128 (c=0.7, MeOH); 'H NMR
(500 MHz, MeOD): 6=10.43 (s, 1H; NH-indole), 9.25 (d, J=8.7 Hz,
1H; NH-Phe), 8.34 (s, 1H; NH-Leu), 7.86 (d, J=8.2 Hz, 1H; NHe-Lys),
7.56 (d, J=7.8Hz, 1H; 22-H), 7.36 (d, J=8.1 Hz, 1H; 25-H), 7.31-
7.26 (m, 2H; 12-H, 14-H), 7.24-7.16 (m, 3H; 13-H, 11-H, 15-H), 7.12
(t, J=7.5Hz, 1H; 24-H), 7.04 (t, J=7.5Hz, 1H; 23-H), 6.89 (s, 1H;
19-H), 4.94 (d, J=11.1 Hz, 1H; H-17), 4.81 (brs, 1H; 8-H), 4.36-4.24
(m, 2H; 29-H, 41-H), 4.07 (s, 1H; 2-H), 3.86-3.75 (m, 2H; 6-H,, 35-
H), 3.52 (d, J=13.8 Hz, 1H; 18-H,), 3.34 (d, J=12.8 Hz, 1H; 9-H,),
3.05-2.91 (m, 2H; 6-H,, 18-H,), 2.86 (t, J=13.4 Hz, 1H; 9-H,), 2.13-
2.08 (m, TH; 36-H), 2.06 (s, 3H; 27-H,), 1.90-1.76 (m, 1H; 3-H,),
1.77-1.64 (m, 1H; 3-H,), 1.63-1.53 (m, 2H; 5-H,), 1.51-1.42 (m, 1H;
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4-H,), 1.37 (d, J=7.3 Hz, 3H; 42-H;), 1.42-1.16 (m, 2H; 31-H, 4-H,),
1.10 (d, J=6.6 Hz, 3H; 37-H,), 1.01 (d, J=6.5 Hz, 3H; 38-H,), 0.41
(d, J=6.5Hz, 3H; 32-H,), 0.10 (d, J=6.4 Hz, 3H; 33-H;), —0.55 ppm
(t, J=123Hz, 1H; 30-H,); *CNMR (126 MHz, MeOD): 6=177.5,
175.7, 175.4, 174.3, 174.3, 172.6, 159.6, 139.4, 137.9, 130.3, 129.9,
128.7, 127.8, 124.7, 122.8, 120.3, 119.3, 112.8, 111.0, 63.2, 60.8, 56.5,
56.3, 49.9, 49.2, 40.1, 39.1, 38.9, 32.6, 31.5, 29.6, 29.1, 24.8, 23.5,
23.3, 21.7, 20.3, 20.2, 19.8, 18.7 ppm; IR: 7#=3294 (w), 2958 (w),
1633 (s), 1529 (m), 1455 (m), 1340 (w), 1222 (w), 1086 (w), 928 (w),
738 (m), 700 (w), 623 cm™" (w); MS: m/z (%): 803.2 [M+H]™; HR-MS
(FAB): m/z: calcd for C,HsNgOg: 803.4450 [M+H]™; found:
803.4473; HPLC-ESI: t;=8.0 min.

1,5-Anhydro[p-lysyl-(N*-oxamido-p-alanyl)-L-valinyl-L-leucyl-L-N-
methyl-tryptophyl-L-phenylalanine] (55): Colourless powder;
yield: 27 mg, 34 pmol, 8%; R;=0.09 (CH,Cl,/MeOH 9:1+0.25%
AcOH, v/v); mp.: 214°C; [a]¥=-130 (c=1.4, MeOH); 'HNMR
(500 MHz, DMSO): 6=10.86 (s, 1H; NH-indole), 8.84 (d, J=8.9 Hz,
1H; NH-Phe), 8.39 (d, J=49Hz, 1H; NH-Leu), 7.55 (d, J=7.9Hz,
1H; 25-H), 7.35-7.33 (m, TH; NHe), 7.31 (d, J=8.1 Hz), 7.25-7.08
(m, 5H; 11-H to 15-H), 7.05 (t, J=7.9Hz, TH. 24-H), 6.96 (t, J=
7.3 Hz, 1H; 23-H), 6.93 (d, J=2.2 Hz, 1H; 19-H), 6.65 (brs, 1H; NH-
Lys), 6.34 (brs, 1H; NH-lle), 471 (dd, J=3.4, 11.1 Hz, 1H; 17-H),
4.61-4.52 (m, 1H; 8-H), 4.25-4.18 (m, 1H; 29-H), 3.90-3.79 (m, 2H;
2-H, 35-H), 3.77-3.69 (m, 1H; 41-H), 3.63-3.40 (m, 1H; 9-H,), 3.24-
3.18 (m, 1H; 18-H,), 2.92-2.74 (m, 2H; 9-H,, 18-H,), 2.03-1.90 (m,
1H; 36-H), 1.93 (s, 3H; 27-H,) 1.60-1.44 (m, 2H; 3-H,), 1.45-1.33
(m, 3H; 5-H,, 31-H), 1.31-1.18 (m, 1H; 4-H,), 1.20-1.01 (m, TH; 4-
H,), 1.12 (d, J=6.4 Hz, 3-H, 42-H), 0.94 (d, J=6.7 Hz, 3H; 37-H,),
0.87 (d, J=6.5 Hz, 3H; 38-H;), 0.86-0.83 (m, 1H; 30-H,), 0.30 (d, J=
6.6 Hz, 3H; 32-H;), 0.16 (d, J=6.5 Hz, 3H; 33-H,), —0.58 ppm (t, J=
11.5 Hz, 1H; 30-H,); *CNMR (126 MHz, MeOD): 6=175.9, 175.5,
174.4, 1743, 172.7, 172.6, 159.7, 139.4, 137.9, 130.3, 129.9, 128.8,
127.8, 124.7, 122.8, 120.3, 119.3, 112.8, 111.1, 63.3, 60.7, 56.6, 56.6,
50.0, 49.3 ,40.1, 39.2, 39.0, 32.6, 31.6, 29.6, 29.2, 24.8, 23.5, 233,
21.8, 20.2, 20.1, 19.9, 19.2 ppm; IR: 7=3294 (w), 2965 (w), 1633 (s),
1541 (m), 1454 (w), 1224 (w), 1084 (w), 1048 (w), 879 (w), 741 (w),
700 cm™" (w); MS: m/z (%): 803.2 [M+H]"; HR-MS (FAB): m/z: calcd
for CyHssNgOg: 803.4450 [M+H]™; found: 803.4471; HPLC-ESI: t;=
8.3 min.

1,5-Anhydro[p-lysyl-(N*-oxamido-L-isoleucyl)-L-valinyl-L-leucyl-L-
N-methyl-tryptophyl-L-alanine] (56): Colourless powder; yield:
31 mg, 40 umol, 9%; R;=0.28 (CH,Cl,/MeOH 9:1+0.25% AcOH,
v/v); m.p.: 233°C; [a]d=-91 (c=1.8, MeOH); 'H NMR (500 MHz,
MeOD): 6 =7.61-7.56 (m, 1H; 16-H), 7.39-7.34 (m, 1H; 19-H), 7.15-
7.08 (m, 1H; 18-H), 7.08-7.01 (m, 1H; 17-H), 7.00-6.96 (m, TH; 13-
H), 5.02 (d, J=11.2 Hz), 4.58 (d, J=7.1 Hz), 4.29 (d, J=11.9 Hz), 4.20
(s, TH; 35-H), 4.03 (s, 1H; 2-H), 3.84-3.79 (m, 1H; 29-H), 3.78-3.71
(m, TH; 6-H,), 3.43 (d, J=15.3 Hz), 3.17 (t, J=13.3 Hz), 293 (d, J=
13.6 Hz), 2.89 (s, 3H; 21-H,), 2.02-1.94 (m, 1H; 30-H), 1.93-1.86 (m,
1H; 36-H), 1.85-1.74 (m, 1H; 3-H,), 1.74-1.61 (m, 1H; 3-H,), 1.61-
1.41 (m, 4H; 37-H,, 5-H,, 4-H,), 1.40-1.31 (m, 3H; 9-H), 1.26-1.13
(m, 2H; H-25, 37-H,), 1.08 (t, /=13.0 Hz), 0.97-0.85 (m, 12H; 39-H,,
38-H;, 31-H;, 32-H;), 0.46-0.39 (m, 3H; 26-H;), 0.09-0.03 (m, 3H;
27-H;), —0.56 ppm (t, J=12.5Hz, 1H; 24-H,); *C NMR (126 MHz,
MeOD): 6=176.2, 175.7, 175.1, 174.1, 172.0, 160.1, 138.0, 128.9,
124.8, 122.8, 1204, 119.2, 112.9, 111.2, 63.5, 60.1, 59.1, 56.2, 50.2,
49.0, 40.0, 38.9, 387, 324, 31.4, 29.9, 29.8, 26.0, 24.8, 23.9, 23.3,
21.6, 20.1, 19.8, 19.2, 18.9, 16.6, 12.3 ppm; IR: 7=3272 (w), 2971
(w), 1633 (s), 1547 (m), 1455 (w), 1258 (w), 1087 (w), 880 (w), 803
(w), 744 (w), 674 (w), 662 (W), 631 cm™ (W)'; MS: m/z (%): 769.3
[M+H]"; HR-MS (FAB): m/z: calcd for C3oHgoNgOy: 769.4607 [M+H]™;
found: 769.4624; HPLC-ESI: t;=28.0 min.
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1,5-Anhydro[p-lysyl-(N“-oxamido-L-isoleucyl)-L-valinyl-L-leucyl-L-
N-methyl-tryptophyl-L-serine] (57): Colourless powder; yield:
40 mg, 47 pmol, 12%; R;=0.34 (CH,Cl,/MeOH 9:1+0.25% AcOH,
v/v); m.p.: 204°C; [a]¥=—-60 (c=2.9, MeOH); 'H NMR (500 MHz,
DMSO) =10.93 (s, 1H; NH-indole), 8.52 (d, J=9.2 Hz, 1H; NH-
Ser), 8.29 (d, J=5.2 Hz, 1H; NH-Leu), 7.57 (d, J=7.9 Hz, 1H; 25-H),
7.55-7.51 (m, TH; NHe-Lys), 7.35 (d, J=8.1 Hz, 1H; 22-H), 7.08 (t,
J=75Hz, 1H; 24-H), 7.03 (d, J=2.1Hz, 1TH; 13-H), 6.99 (t, J=
7.4 Hz, 1H; 23-H), 6.61-6.56 (m, 1H; NH-Val), 6.51-6.45 (m, 1H; NH-
Lys), 6.32-6.27 (m, TH; NH-lle), 4.87-4.80 (m, 1H; 11-H), 4.45-4.36
(m, 1H; Ser-OH), 4.23-4.14 (m, 1H; 8-H), 4.01-3.93 (m, 1H; 23-H),
3.88-3.76 (m, 3H; 2-H, 29-H, 9-H,), 3.60-3.49 (m, 1H; 6-H,), 3.46-
3.39 (m, 1H; 9-H,), 3.38-3.31 (m, 1H; 12-H,) 3.07-2.99 (m, TH; 12-
H,), 2.87-2.79 (m, 1H; 6-H,), 2.77 (s, 3H; 21-Hs), 1.89-1.79 (m, 1H;
30-H), 1.77-1.67 (m, 1H; 36-H), 1.63-1.50 (m, 2H; 3-H,), 1.46-1.23
(m, 5H; 25-H, 5-H,, 4-H,, 37-H,), 1.16-1.04 (m, 2H; 4-H,, 37-H,),
1.00-0.78 (m, 7H; 24-H,, 31-H,, 38-H,, 39-H), 0.75 (d, J=6.8 Hz,
3H; 32-H,), 0.35 (d, J=6.6 Hz, 3H; 26-H,), 0.09 (d, /=6.5 Hz, 3H;
27-H,), —0.59 ppm (t, J=122Hz, 1H; 24-H,); *C NMR (126 MHz,
MeOD): 6=176.1, 176.0, 175.8, 174.8, 172.8, 172.7, 160.1, 138.1,
128.9, 124.9, 122.9, 1204, 119.2, 112.9, 111.2, 64.5, 63.7, 60.1, 58.8,
57.4, 56.2, 49.1, 40.0, 38.9, 38.7, 32.2, 314, 30.1, 29.6, 26.1, 24.8,
23.9, 23.3, 21.9, 20.1, 19.8, 19.1, 16.5, 12.2 ppm; IR: 7=3307 (w),
2964 (w), 1638 (s), 1543 (m), 1460 (m), 1341 (w), 1233 (w), 1088
(W), 744 (m), 678 cm™" (w); MS: m/z (%): 785.2 [M+H]"; HR-MS
(FAB): m/z: caled for C,HsNgOy: 7854556 [M+H]"; found:
785.4560; HPLC-ESI: t;=28.2 min.

1,5-Anhydro[p-lysyl-(N*-oxamido-L-isoleucyl)-L-valinyl-L-leucyl-L-
N-methyl-alanyl-L-phenylalanine] (58): Colourless powder; yield:
24 mg, 33 umol, 7%; R=0.29 (CH,Cl,/MeOH 9:1+0.25% AcOH,
v/v); mp.: 226°C; [a]=—67 (c=0.8, MeOH); 'H NMR (500 MHz,
DMSO) 6=28.85 (d, J=9.1 Hz, 1H; NH-Phe), 8.71 (d, J=4.2 Hz, 1H;
NH-Leu), 7.41 (d, J=8.0 Hz, TH; NHe-Lys), 7.23-7.04 (m, 5H; 11-H-
15-H), 6.89 (d, J=5.2 Hz, TH; NH-Val), 6.53 (d, J=8.1 Hz, TH; NH-
Lys), 6.26 (d, J=7.9 Hz, 1H; NH-lle), 5.06-4.98 (m, 1H; 17-H), 4.72-
4.63 (m, 1H; 21-H), 4.47-4.39 (m, 1H; 8-H), 3.96-3.82 (m, 3H; 33-H,
2-H, 27-H), 3.66-3.56 (m, 1H; 6-H,), 3.55-3.47 (m, 1H; 9-H,), 2.85-
2.75 (m, 2H; 6-H, 9-H,), 1.98-1.88 (m, 1H; 28-H), 1.76 (s, 3H; 19-
Hs), 1.74-1.67 (m, 1H; 34-H), 1.68-1.61 (m, 1H; 23-H), 1.61-1.52 (m,
3H; 3-H,, 22-H,), 1.52-1.42 (m, TH; 5-H,), 1.42-1.28 (m, 4H; 35-H,,
22-H,, 5-H,, 4-H,), 1.27-1.20 (m, 1H; 4-H,), 1.17-1.06 (m, 1H; 35-H,),
1.09 (d, J=6.7 Hz, 3H; 18-H;), 1.01 (d, J=6.7 Hz, 3H; 29-H;), 0.95
(d, J=6.5 Hz, 3H; 24-H,), 0.91 (d, J=6.6 Hz, 3H; 30-H;), 0.88 (d, J=
6.4 Hz, 3H; 25-H;), 0.86-0.78 ppm (m, 6H; 36-H,, 37-H,); *C NMR
(126 MHz, MeOD): 6 =176.0, 174.4, 174.3, 174.2, 172.8, 160.2, 139.4,
130.4, 129.9, 127.7, 61.1, 59.1, 56.9, 56.8, 56.4, 49.2, 42.5, 40.2, 39.2,
38.7, 32,6, 31.6, 29.4, 28.6, 26.0, 26.0, 23.4, 23.4, 21.8, 20.6, 19.9,
16.6, 14.4, 12.3 ppm; IR: 7=3307 (w), 2965 (w), 1633 (s), 1548 (m),
1454 (w), 1247 (w), 1086 (m), 1048 (m), 880 (w), 744 (w), 699 (w),
662 (W) cm™'. MS: m/z (%): 730.3 [M+H]"; HR-MS (FAB): m/z: calcd
for C3;HsoN,05 [M+H]": 730.4498; found: 730.4513; HPLC-ESI: t;=
8.5 min.

1,5-Anhydro[p-lysyl-(N*-oxamido-L-isoleucyl)-L-valinyl-L-leucyl-L-
N-methyl-serinyl-L-phenylalanine] (59): Colourless powder; yield:
16 mg, 20 pmol, 6%; R;=0.47 (CH,Cl,/MeOH 9:1+40.25% AcOH,
v/v); mp.: 219°C; [a]d=—46 (c=1.3, MeOH); 'H NMR (500 MHz,
DMSO0): 6=28.80 (d, J/=9.1 Hz, 1H; NH-Phe), 8.68 (d, J=4.8 Hz, 1H;
NH-Leu), 7.50 (d, J=7.1 Hz, TH; NHe-Lys), 7.26-7.10 (m, 3H; 12-H,
13-H,14-H), 7.04 (d, J=7.2 Hz, 1H; 11-H, 15-H), 6.81 (d, J=6.5 Hz,
1H; NH-Val), 6.53 (d, J=6.9 Hz, 1H; NH-Lys), 6.30 (d, J=8.3 Hz, 1H;
NH-lle), 4.90-4.84 (m, TH; 17-H), 4.67-4.62 (m, 1H; 21-H), 4.46-4.38
(m, 1H; 8-H), 4.02-3.97 (m, 1H; 33-H), 3.94-3.84 (m, 2H; 2-H, 27-H),
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3.71-3.64 (m, 1H; 18-H,), 3.62-3.56 (m, 1H; 6-H,), 3.50-3.43 (m,
1H; 18-H,), 3.42-3.36 (m, 1H; 9-H,), 2.80 (d, 1H; 6-H,), 2.72 (t, J=
13.2 Hz), 1.98-1.90 (m, 1H; 28-H), 1.89-1.82 (m, 1H; 23-H), 1.80 (s,
3H; 19-H,), 1.77-1.68 (m, 1H; 34-H), 1.64-1.54 (m, 3H; 3-H,, 22-H,),
1.48-1.30 (m, 5H; 5-H,, 4-H,, 35-H,), 1.16-1.05 (m, 2H; 35-H,, 22-
H,), 1.02-0.97 (m, 3H; 29-H,), 0.94-0.79 ppm (m, 15H; 24-H,, 25-H,,
30-H,, 36-H,;, 37-Hs); *CNMR (101 MHz, DMSO): 6=174.9, 173.3,
173.1, 171.4,170.0, 158.2, 139.3, 129.7, 129.1, 126.9, 61.8, 58.9, 58.0,
57.5, 55.3, 54.8, 48.5, 44.4, 39.2, 38.5, 38.1, 32.7, 30.8, 29.2, 27.7,
25.5, 24.9, 24.4, 22.1, 21.1, 20.0, 19.8, 16.7, 12.5 ppm; IR: 7=3264
(w), 2960 (w), 1644 (s), 1541 (m), 1457 (w), 1203 (w), 1050 (s), 1024
(s), 1005 (s), 822 (w), 760 (w), 700 cm™" (w); MS: m/z (%): 746.2
[IM+H]"; HR-MS (FAB): m/z: calcd for C3,HgN,Oy IM+H]*: 746.4447;
found: 746.4448; HPLC-ESI: t;=7.9 min.

1,5-Anhydro[p-lysyl-(N“-oxamido-L-isoleucyl)-L-valinyl-L-alanyl-L-
N-methyl-tryptophyl-L-phenylalanine] (60): Colourless powder;
yield: 56 mg, 70 umol, 16%; R;=0.28 (CH,Cl,/MeOH 9:1+0.25%
ACOH, v/v); [a]¥=-122 (c=1.8, MeOH); m.p.: 197°C; 'HNMR
(500 MHz, MeOD): 6 =10.35 (s; NH-indole), 9.29 (d, J=7.3 Hz, 1H;
NH-Phe), 8.44 (brs, 1H; NH-Ala), 7.92 (d, J/=7.4 Hz, 1H; NHe-Lys),
7.62 (d, J=7.2 Hz), 7.48 (brs, 1H; NH-Val), 7.35 (d, J=7.8 Hz), 7.31-
7.17 (m, 11-H, 12-H, 13-H, 14-H, 15-H, 5H), 7.15-7.09 (m, 1H; 24-H),
7.08-7.02 (m, 1H; 23-H), 6.96 (s, TH; 19H), 5.28 (d, J/=11.2 Hz), 4.74
(d, J/=9.5Hz), 442-4.31 (m, 1H; 29-H), 4.29-4.20 (m, 1H; 38-H),
4.14-4.04 (m, TH; 2-H), 3.89-3.78 (m, 1H; 6-H,), 3.75 (d, J=6.1 Hz),
349 (d, J=13.8 Hz), 3.31-3.25 (m, 1H; 18-H,), 3.05-2.95 (m, 2H;
18-H,, 6-H,), 2.89 (t, J=13.4 Hz), 2.11-2.03 (m, 1H; 33-H), 2.00 (s,
3H; 27-H;), 1.96-1.82 (m, 2H; 39-H, 3-H,), 1.79-1.70 (m, 1H; 3-H,),
1.69-1.62 (m, 1H; 5-H,), 1.61-1.53 (m, 1H; 5-H,), 1.52-1.37 (m, 2H;
40-H,, 4-H,), 1.35-1.15 (m, 2H; 40-H,, 4-H,), 1.13-1.03 (m, 3H; 34-
H), 1.03-0.87 (m, 9H; 38-H,, 41-H,, 42-H,), 0.00 ppm (brs, 3H; 30-
H,); ®C NMR (126 MHz, MeOD): 6 =174.7, 174.5, 173.3, 172.8, 171.8,
159.0, 138.4, 137.0, 129.3, 128.7, 127.5, 126.6, 123.7, 121.6, 119.0,
117.9, 111.5, 109.9, 61.6, 59.9, 57.9, 55.8, 55.2, 45.1, 39.2, 38.1, 37.6,
31.5, 304, 282, 27.7, 249, 229, 20.7, 193, 18.7, 154, 146,
11.1 ppm; IR: 7=3323 (w), 2972 (w), 1640 (s), 1554 (m), 1454 (w),
1086 (m), 880 (w), 741 (w), 672cm™" (w); MS: m/z (%): 803.2
[M+HI1*; HR-MS (FAB): m/z: calcd for C,,HsoNgOg: 803.4450 [M+H]*;
found: 803.4471; HPLC-ESI: t;=28.1 min.

1,5-Anhydro[p-lysyl-(N*-oxamido-L-isoleucyl)-L-valinyl-L-serinyl-L-
N-methyl-tryptophyl-L-phenylalanine] (61): Colourless powder;
yield: 29 mg, 35 pumol, 8%; R;=0.30 (CH,Cl,/MeOH 9:1+0.25%
AcOH, v/v); mp.: 210°C; [a]®=-89 (c=2.0, MeOH); 'HNMR
(500 MHz, DMSO) 0=10.80 (s, 1H; NH-indole), 8.93 (d, /=8.8 Hz,
1H; NH-Phe), 8.50 (s, 1H; NH-Ser), 7.66-7.61 (m, 1H; NHe-Lys), 7.53
(d, J=79Hz), 7.31 (d, J=8.1 Hz, 1H; 22-H), 7.24-7.05 (m, 6H; 11-
H-15-H, NH-Val), 7.03 (t, J=7.5Hz, 1H; 24-H), 6.99-6.91 (m, 2H;
23-H, 19-H), 6.53-6.47 (m, 1H; NH-Lys), 6.30-6.24 (m, 1H; NH-lle),
5.18-5.12 (m, 1H; 17-H), 4.75-4.68 (m, 1H; 8-H), 4.55-4.47 (m, 1H;
29-H), 4.45-4.37 (brs, 1H; OH-Ser), 3.99-3.91 (m, 1H; 38-H), 3.92—
3.84 (m, 2H; 32-H, 2-H), 3.68-3.59 (m, 1H; 6-H,), 3.39-3.31 (m, 1H;
9-H,), 3.16 (dd, J=5.7, 15.3 Hz), 3.01-2.92 (m, 1H; 30-H,), 2.86-2.72
(m, 3H; 18-H,, 6-H,, 9-H,), 2.35-2.30 (m, 1H; 30-H,), 1.97-1.88 (m,
1H; 33-H), 1.87 (s, 3H; 27-H,), 1.77-1.66 (m, 1H; 39-H), 1.65-1.55
(m, 2H; 3-H,), 1.53-1.32 (m, 4H; 40-H,, 5-H,), 1.32-1.22 (m, TH; 4-
H,), 1.22-1.14 (m, 1H; 4-H,), 1.13-1.02 (m, 1H; 40-H,), 0.98 (d, J=
6.7 Hz, 3H; 34-H), 0.89 (d, J=6.7 Hz, 3H; 35-H;), 0.87-0.77 ppm
(m, 6H; 41-Hs, 42-H); *C NMR (126 MHz, MeOD): 6 =176.4, 175.8,
174.6, 174.5, 1743, 172.5, 160.1, 139.4, 138.0, 1304, 129.9, 128.6,
127.8, 125.0, 122.8, 120.2, 119.1, 112.8, 111.1, 63.1, 61.7, 60.9, 58.8,
56.8, 56.4, 53.0, 40.2, 39.3, 38.6, 32.5, 31.7, 294, 28.9, 26.1, 24.2,
21.8, 20.3, 19.8, 16.5, 12.2 ppm; IR: 7=3295 (w), 2959 (w), 1636 (s),
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1544 (m), 1249 (w), 1083 (w), 741 (m), 700 cm™" (w); MS: m/z (%):
820.2 [M+H]"; HR-MS (FAB): m/z: calcd for C,HsoNgOg: 819.4400
[M+H]"; found: 819.4402; HPLC-ESI: t;=8.2 min.

1,5-Anhydro[p-lysyl-(N*-oxamido-L-isoleucyl)-L-alanyl-L-leucyl-L-

N-methyl-tryptophyl-L-phenylalanine] (62): Colourless powder;
yield: 47 mg, 58 umol, 13%; R;=0.22 (CH,Cl,/MeOH 9:1+0.25%
AcOH, v/v); m.p.: 203°C; [a]=—118 (c=2.0, MeOH); 'HNMR
(500 MHz, DMSO): 6 =10.87 (s, 1H; NH-indole), 8.71 (d, /=8.8 Hz,
1H; NH-Phe), 8.45 (d, J=4.9 Hz, 1H; NH-Leu), 7.56 (d, J/=7.7 Hz, 1
ArH, 22-H), 7.48 (d, J=7.4Hz, 1H; NHe-Lys), 7.32 (d, J=79Hz, 1
ArH, 25-H), 7.27-7.21 (m, 2 ArH, 12-H,14-H), 7.20-7.15 (m, 1 ArH,
13-H), 7.12-7.03 (m, 3H; 11-H, 15-H, NH-Val), 6.99-6.94 (m, 2 ArH,
23-H, 19-H), 6.44 (d, J=6.2 Hz, 1H; NHa-Lys), 6.20 (d, /=8.3 Hz,
1H; NHao-lle), 4.81 (d, J/=10.5Hz, 1H; 17-H), 4.56-4.48 (m, 1H; 8-
H), 4.24 (brs, 1H; 29-H), 4.09-3.99 (m, 1H; 35-H), 3.96-3.83 (m, 2H;
39-H, 2-H), 3.67-3.54 (m, 1H; 6-H,), 3.37-3.35 (m, 1H; 9-H,), 3.14 (d,
TH; 19-H,), 2.93-2.79 (m, 2H; 6-H,, 19-H,), 2.71 (t, 1H; 9-H,), 1.96
(s, 3H; 27-H,), 1.76-1.67 (m, 1H; 40-H), 1.61-1.50 (m, 2H; 3-H,),
1.48-1.33 (m, 4H; 5-H,, 41-H,, 31-H), 1.31-1.16 (m, 2H; 4-H,) 1.25
(d, 3H; 36-H,;, J=6.9 Hz), 1.15-1.02 (m, 1H; 41-H,), 0.94 (t, J=
12.5 Hz), 0.88-0.76 (m, 6H; 42-H,, 43-H,), 0.36 (d, J=6.4 Hz, 3-H,
32-H,), 0.11 (d, J=6.4 Hz, 3H; 33-H,), —0.58 ppm (t, /=11.6 Hz, TH;
30-H,); CNMR (126 MHz, MeOD): 6=175.9, 175.8, 175.7, 175.6,
174.3, 172.6, 160.3, 139.3, 137.9, 130.3, 130.0, 128.8, 127.7, 124.7,
122.8, 120.3, 119.2, 112.9, 111.1, 63.2, 59.2, 57.1, 56.0, 50.8, 48.9,
39.9, 39.6, 39.4, 38.5, 32.7, 29.4, 29.0, 26.0, 25.0, 23.5, 23.3, 21.5,
20.2, 17.3, 16.6, 12.3 ppm; IR: #=3307 (w), 2971 (w), 1636 (s), 1551
(m), 1454 (w), 1086 (w), 879 (w), 741 (w), 699 (w), 662 cm™' (w);
MS: m/z (%): 817.2 [M+H]"; HR-MS (FAB): m/z: calcd for
CuHeiNgOg: 817.4607 [M-+H]™; found: 817.4627; HPLC-ESI: ty=
8.3 min.

1,5-Anhydro[p-lysyl-(N*-oxamido-L-isoleucyl)-L-serinyl-L-leucyl-L-
N-methyl-tryptophyl-L-phenylalanine] (63): Colourless powder;
yield: 45 mg, 54 umol, 12%; R;=0.25 (CH,Cl,/MeOH 9:1+0.25%
AcOH, v/v); mp.: 221°C; [a]¥=-89 (c=2.2, MeOH); 'HNMR
(500 MHz, DMSO) 6=10.86 (s, 1H; NH-indole), 8.54 (m, 2H; NH-
Phe, NH-Leu), 7.55 (d, J=7.7 Hz, 1H; 22-H), 7.40 (d, J=8.0 Hz, 1H;
NHe-Lys), 7.32 (d, J=8.1 Hz), 7.27-7.15 (m, 3H; 12-H, 14-H, 13-H),
7.09-7.02 (m, 3H; 11-H, 15-H, 24-H), 6.99-6.93 (m, 2H; 23-H, 19-H),
6.56 (d, J=6.1 Hz, TH; NH-Lys), 5.96 (brs, 1H; NH-lle), 4.80-4.73 (m,
1H; 17-H), 4.58-4.50 (m, 1H; 8-H), 4.27-4.19 (m, 1H; 29-H), 4.04-
3.97 (m, TH; 35-H), 3.94-3.88 (m, 1H; 2-H), 3.86-3.78 (m, 1H; 39-
H), 3.67-3.57 (m, 2H; 6-H,, 36-H,), 3.30-3.28 (m, 1H; 9-H,), 3.14
(dd, J=2.9, 14.7 Hz), 3.01-2.95 (m, 1H; 36-H.), 2.89-2.80 (m, 2H; 6-
H,, 18-H,), 2.68-2.61 (m, 1H; 9-H,), 1.92 (s, 3H; 27-H,), 1.81-1.72
(m, TH; 40-H), 1.71-1.58 (m, 2H; 3-H,), 1.58-1.40 (m, 3H; 5-H,, 4-
H,), 1.39-1.33 (m, 1H; 41-H,), 1.32-1.26 (m, 1H; 30-H,), 1.26-1.15
(m, TH; 4-H,), 1.14-1.00 (m, TH; 41-H,), 0.99-0.87 (m, TH; 30-H,),
0.87-0.78 (m, 6H; 42-H,, 43-H,), 0.35 (d, 32-H,;, J=6.6 Hz), 0.12 (d,
J=6.6 Hz), —0.59 ppm (d, J=21.7 Hz); ®CNMR (126 MHz, MeOD):
0=176.4, 1758, 174.6, 174.5, 1743, 172.5, 160.1, 139.4, 138.0,
130.4, 129.9, 128.6, 127.8, 125.0, 122.8, 120.2, 119.1, 112.8, 111.1,
63.1, 61.7, 60.9, 588, 56.8, 56.4, 53.0, 40.2, 39.3, 38.6, 32.5, 31.7,
294, 289, 26.1, 24.2, 21.8, 20.3, 19.8, 16.5, 12.2 ppm; IR: 7=3295
(w), 2932 (w), 1634 (s), 1537 (m), 1456 (m), 1226 (w), 1086 (w), 743
(m), 699 cm™" (w); MS: m/z (%): 833.2 [M+H]"; HR-MS (FAB): calcd
CusHeiNgOy: 833.4556 [M+H]*; found: 833.4558; HPLC-ESI: tz=
8.6 min.

Carboxypeptidase A inhibition assay: Bovine pancreatic CPD
(Sigma) was dissolved at a concentration of 7nm in Tris-HCl
(1.0m)/NaCl (0.5m) buffer. Kinetic analysis at 37°C with the sub-
strate N-(4-methoxyphenylazoformyl)-Phe-OH at pH 7.5 in Tris-HCl
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(1.0 m)/NaCl (0.5 m)/NP-40 (0.025%)/DMSO (1%) and monitoring of
the decrease in the AAF-Phe-OH absorption at 355 nm gave Ky,
and K., values of 272 (+49) um and 5 s~ (K_,/Ky = 18000).

Carboxypeptidase B inhibition assay: Porcine pancreatic CPD
(Sigma) was dissolved at a concentration of 7nm in Tris-HCl
(1.0m)/NaCl (0.5m) buffer. Kinetic analysis at 37°C with the sub-
strate N-(4-methoxyphenylazoformyl)-Arg-OH at pH 7.5 in Tris-HCl
(1.0 m)/NaCl (0.5 m)/NP-40 (0.025%)/DMSO (1 %) and monitoring of
the decrease in the AAF-Arg-OH (Anisylazoformylarginine) absorp-
tion at 355 nm gave K, and k., values of 203 (20) uM and 5"
(K.../Kyy = 24000).

IC;, determination: The reaction volume was 100 pL, and the final
substrate concentration was 150 um (ca. 0.6 Ky). The reaction was
started by the addition of AAF-Phe-OH (10 pL) to a solution (90 L)
containing the CPD, which had been incubated for 15 min with
ten different concentrations from a twofold dilution series of inhib-
itors. Reaction rates were determined from the slope of the ab-
sorbance change at 355 nm and related to control values in ab-
sence of the inhibitor. I1Cs, values were measured in triplicate and
calculated from linear extrapolations of reaction velocity as a func-
tion of the logarithm of concentration.

Computational studies: Conformations for the macrocycles were
generated with the low mode conformational search method
(LMOD) in Macromodel 9.1%7 with use of the MMFF forcefield®®
and GB/SA solvation; 35000 conformations were generated. An
RMSD threshold of 0.25 A for all ring atoms and the first atoms of
the sidechains was used to identify unique conformations. All con-
formations with an energy of more than +50 kJmol™ relative to
the global minimum were discarded. The remaining conformations
were energy-minimised by use of the truncated Newton conjugat-
ed gradient (TNCG) option. The line search parameter was set from
1 to 0 to choose the direction of minimisation steps; default values
were used for the remaining parameters. Convergence (RMSD gra-
dient=0.05 kJmol'A™") was reached after a maximum of 10000
iterations. Ligands were docked by use of GOLD version 4.0,5% with
the chemscore scoring function. The binding site was defined by a
20 A sphere around the carbon in the carboxylic acid moiety of
Glu72, coordinating the active site zinc atom. The genetic algo-
rithm settings were set to “automatic” with an “autoscale factor” of
1. Ten solutions per input conformation were generated from Mac-
romodel. For the NP 1, the best-scoring docking pose was selected
out of the conformers within 10 kimol™" of the global minimum.

Abbreviations: [0]2: optical rotation at 20°C and 589 nm; AAF-
Arg-OH: N-(4-methoxyphenylazoformyl)phenylarginine; AAF-Phe-
OH: N-(4-methoxyphenylazoformyl)phenylalanine; All: allyl; Aq.:
aqueous (solution); BVA(s): brunsvicamide(s); Cbz: benzyloxycar-
bonyl; CPD: carboxypeptidase; CSM(s): cyanobacterial secondary
metabolite(s); DIC: N,N'-diisopropyl carbodiimide; DiFUMP:
difluoroumbelliferyl phosphate; DMF: N,N'-dimethylformamide;
DMSO: dimethyl sulfoxide; Fmoc: fluorenylmethoxycarbonyl; GB/
SA: generalised Born equation solvation solvent-accessible surface
area; HATU: 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluroni-
um hexafluorophosphate; HOAt: 1-hydroxy-7-azabenzotriazole;
HOBt: N-hydroxybenzotriazole; ESI: electrospray ionisation; HR-MS
(FAB): high-resolution mass spectrometry (fast atom bombard-
ment); K.: turnover number; Ky: Michaelis-Menten constant;
LMOD: low mode conformational search method; MMFF: Merck
molecular force field; MptpB: M. tuberculosis tyrosine phosphate-
ase B; NP(s): natural product(s); NP-40: nonionic detergent; PDB:
Protein Data Bank; pNPP: p-nitrophenol phosphate; RFID: radio fre-
quency identification; RMSD: root mean square deviation; SPPS:
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solid-phase peptide synthesis; TES: triethylsilyl; TFA: trifluoroacetic
acid; TRIS: 2-amino-2-hydroxymethyl-propane-1,3-diol; TNCG: trun-
cated Newton conjugated gradient; V,,,.: maximum velocity.
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Off-Target Decoding of a Multitarget Kinase Inhibitor by

Chemical Proteomics
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Peter Donner®

Since the approval of the first selective tyrosine kinase inhibi-
tor, imatinib, various drugs have been developed to target pro-
tein kinases. However, due to a high degree of structural con-
servation of the ATP binding site, off-target effects have been
reported for several drugs. Here, we report on off-target de-
coding for a multitarget protein kinase inhibitor by chemical
proteomics, by focusing on interactions with nonprotein kinas-
es. We tested two different routes for the immobilization of
the inhibitor on a carrier matrix, and thus identified off-targets
that interact with distinct compound moieties. Besides several
of the kinases known to bind to the compound, the pyridoxal

Introduction

Protein kinases play a central role in many cellular processes
like metabolism, transcription, cell cycle progression, cytoskele-
tal rearrangement and cell movement, apoptosis, and differen-
tiation.! Thus, the deregulation of kinase activities can lead
to various severe pathological conditions,” for example,
cancer,® central nervous system disorders,"®™ autoimmune
disease,"? post-transplant immunosuppression, osteoporo-
sis,l" and metabolic disorders.™™ A variety of studies show that
kinases are suitable targets for the treatment of the diseases
that are caused by such deregulation. The approval of the first
selective tyrosine kinase inhibitor imatinib (Gleevec®) has ex-
tremely encouraged the pharma industry to generate a multi-
tude of kinase inhibitors."®

In the majority of current drug discovery strategies, libraries
of compounds are screened at an early stage against recombi-
nant, isolated, purified proteins or functional protein domains.
Initially identified hits are further optimized in regard to their
potency. Compound selectivity is then addressed by counter-
screens in protein kinase assay panels; this results in a small
number of lead compounds.'”' However, besides the on-
target kinase inhibition, the compounds might affect multiple
unknown- and off-targets, which either contribute to the bio-
logical effect of the kinase inhibitor or that counteract or lead
to detrimental side-effects. Indeed, due to a high degree of
structural conservation of the ATP binding site, toward which
most inhibitors are directed, multiple targets and off-target ef-
fects, which contribute to the biological activity, have been re-
ported for several drugs.”®?* To obtain deeper insights into
the target space of a compound, additional strategies for a
more global compound profiling have been developed, such
as chemical proteomics.>
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kinase (PDXK), which has been described to interact with the
CDK inhibitor (R)-roscovitine, was captured. The PDXK-inhibitor
interaction was shown to occur at the substrate binding site
rather than at the ATP binding site. In addition, carbonic anhy-
drase 2 (CA2) binding was demonstrated, and the determina-
tion of the IC;, revealed an enzyme inhibition in the submicro-
molar range. The data demonstrate that different compound
immobilization routes for chemical proteomics approaches are
a valuable method to improve the knowledge about the off-
target profile of a compound.

Chemical proteomics has been successfully implemented to
directly obtain protein-binding profiles of compounds from
cell lysates. For affinity pull-downs of drug targets in an un-
biased fashion, a small-molecule ligand is modified by intro-
ducing a suitable linker; this enables immobilization on a solid
support (referred to as matrix). Subsequently, the compound
matrix is incubated with a protein extract, and captured pro-
teins are analyzed by mass spectrometry or immunodetection
(Figure S1 in the Supporting Information). The Kinobeads™ ap-
proach is an advanced technology that quantitatively measures
the competition of a free compound with an affinity matrix
consisting of several immobilized tool compounds selected to
capture a large portion of the expressed kinome.”*?* However,
by profiling compounds against a subset of proteins captured
by tool compounds, the unbiased character in regard to po-
tential off-targets, which is a particular advantage of chemical
proteomics, partly gets lost. In fact, an unbiased off-target
characterization during the lead optimization processes is
highly desirable for gaining deeper insights into the biological
activity and off-target profile of a drug.
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Recently, the binding profile of (R)-roscovitine (CYC202), a
CDK inhibitor that is currently in phase 2 clinical trials for vari-
ous cancer indications,*®*" was investigated by affinity chro-
matography with the drug immobilized on a sepharose
matrix.*?* |n addition to the expected targets extracellular
signal-regulated kinase 1 (ERK1), ERK2, and cyclin-dependent
kinases (CDKs), the previously unknown off-target, pyridoxal
kinase, was identified. This nonprotein kinase is responsible for
the phosphorylation of pyridoxal (PL), pyridoxine (PN) and pyri-
doxamine (PM) to the respective 5'-phosphate esters PLP, PNP,
and PMP, which are the active forms of vitamin B6. Vitamin B6
is a cofactor for numerous enzymes, such as aminotransferases
and decarboxylases, of which many are involved in amino acid
and neurotransmitter metabolism.®*> Low levels of PLP,
which is caused by a down-regulation of brain PDXK expres-
sion or by PL competitors, are correlated with epilepsy in
animal models.®”3® It has been suggested that the unexpected
binding activity of (R)-roscovitine to PDXK explains some of
the biological effects of the drug or dilutes its on-target effects
by reducing the amount of free (R)-roscovitine that is available
for the desired target interaction.

Herein, we report on the results of a chemical proteomics
based, unbiased off-target decoding approach for a small-mol-
ecule ATP-competitive multitarget protein kinase inhibitor (C1).
This inhibitor was previously shown to have high potency
against CDK2, and macrocyclic derivatives were described as
multitarget CDK and VEGF-R inhibitors with potent antiprolifer-
ative activities towards various human tumor cells and in a
human tumor xenograft model.*” Based on a computational
model of a compound-target complex, we carried out two dif-
ferent immobilization routes that were aimed at uncovering
potential off-targets that interact with distinct compound moi-
eties. Furthermore, we generated a soluble mimic of the im-
mobilized inhibitor to confirm that immobilization of the com-
pound does not interfere with its functionality. Additionally,
potential linker effects caused by the immobilization method
could be analyzed. During our studies, we found that pyridoxal
kinase (PDXK), which is a recently described off-target for (R)-
roscovitine, and carbonic anhydrase 2 (CA2) bind to the immo-
bilized inhibitor. We identified the targeted binding site of
PDXK, and quantitatively analyzed the binding of the com-
pound to recombinant PDXK and CA2. Altogether, we not only
improved our knowledge about the off-target profile of our in-
hibitor, but also introduced the utilization of different com-
pound immobilization routes as a valuable method for a more
comprehensive off-target profiling by chemical proteomics.

Results and Discussion

Immobilization of the inhibitor C1 at the sulfonamide
moiety preserves its functionality

A computational model of the protein kinase inhibitor C1 in
complex with its target protein, CDK2, was derived from co-
crystallization experiments of CDK2 in complex with various C1
analogues.®” Due to the solvent accessibility of the sulfon-
amide moiety of C1, this group was identified as an appropri-
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ate site for compound immobilization in a chemical proteo-
mics approach (Figure 1). After introducing a short linker at the
sulfonamide group to give C1-SL, we immobilized this short-

Figure 1. Computational model of C1 in complex with the ATP binding
pocket of CDK2. Due to its solvent accessibility, the sulfonamide group was
identified as an appropriate site for a functional linker attachment; this gave
C1-SL.

linker analogue to a solid support and thereby generated a
Cl1-matrix (Scheme 1). Additionally, a soluble mimic of the
compound matrix was synthesized to confirm that immobiliza-
tion via the sulfonamide does not interfere with the functional-
ity of the compound. For this purpose, C1 was provided with a
linker that was similar to the linking structure of the sepharose
matrix, to give the long-linker analogue C1-LL, which is re-
ferred to as “mimic”.

The IC;, determinations for C1, C1-SL and the mimic re-
vealed that they all inhibit CDK2/CycE in the low-nanomolar
range (Table 1). Because the mimic (C1-LL) showed a high in-

Table 1. Structure-activity relationship observations for C1 analogues.

Compound (@} C1-SL mimic (C1-LL) Cla
ICso [NM] 1 1 3 18
CDK2/CycE®

[a] HTRF®: homogeneous time resolved fluorescence assay.

hibitory potential against CDK2/CycE, we concluded that the
C1 matrix is suitable for the affinity enrichment of binders. The
in vitro affinity capturing experiments were performed by
using Hela cell extracts, and the binding of CDK2 to the C1
matrix was confirmed by immunoblotting (Figure 2 A).

For the identification of a suitable elution buffer, the cap-
tured CDK2 was sequentially eluted by applying an ATP/MgCl,
buffer, followed by a saturated C1-SL solution (approximately
150 um) and finally LDS-sample buffer (LDS-SB) and heat. Nei-
ther ATP nor compound buffer was found to quantitatively
elute CDK2 from the matrix. We assumed that the high local

ChemBioChem 2009, 10, 1163 - 1174



www.chembiochem.org



FULL PAPERS

Off-Target Decoding by Chemical Proteomics

A) 0.,0 o, .0 H oH
N ’ \SJ /
S\N/\/NHZ \N/\/N\A/o_(CHQs_ J
H epoxy-activated H
HN sepharose HN
NJ\N OH, pH 11 NJ\N

|
=
TS

C1-matrix

OH

/\/H\/J\/O\/\/

(o]

o

Lol

/Q/S\
HN

i

| N
™
SN e

Iz

Br Br
Cc1 mimic = C1-LL
R o_,0 o,,0
osl €| tivated \‘S %
poxy-ac
\NHZ sepharose \NHZ
\—>—,
i OH-, pH 11 i
w SN w =N OH
H f
H)\N/\/NHQ '\(kN/\/N\)\/O—(CHZ)S—-' ¥y o
H H
Br Br
C1la C1a-—matrix
B) C)
OH EAH-sepharose OH
S NH
| X" pH7 | NS \/
N = NaBH,, pH < 9 N~ Nll‘TN\>
o A A
OH OH N N
pyridoxal pyridoxal matrix H /K

(R)-roscovitine

Scheme 1. Generation of affinity matrices. A) Based on computational modeling of C1 in complex with CDK2, the “short linker” analogue, C1-SL, was
generated and coupled to epoxy-activated Sepharose™ beads. The resulting C1 matrix was used for affinity purification of binders in a chemical proteomics
approach. Furthermore, a soluble mimic of the immobilized inhibitor, referred to as C1-LL (C1-"long-linker”) or mimic, was generated to confirm suitable
compound immobilization in regard to target protein binding. Additionally, the mimic was used to analyze potential effects of the linker. For an alternative
immobilization route, the C1 analogue, C1a, was immobilized to epoxy-activated Sepharose™ beads at the 4-position; this resulted in the Cla-matrix. This
affinity matrix was used to capture proteins that interacted through the sulfonamide moiety. B) The substrate of PDXK, pyridoxal, was coupled to EAH-Se-
pharose™ in a two-step reaction. The resulting pyridoxal matrix was employed for the characterization of the PDXK-C1 interaction and for the purification of
recombinant PDXK. C) The purine class CDK inhibitor, (R)-roscovitine (CYC202).

compound concentration on the bead surface and the limited
solubility of the free compound prevented CDK2 from being
quantitatively eluted by ATP or free compound. Thus, unless
otherwise stated, we applied denaturing conditions by boiling
beads in LDS-SB for subsequent experiments for a complete
but unspecific elution of the captured proteins.

ChemBioChem 2009, 10, 11631174
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The protein-binding profile of C1 matrix

After having demonstrated the suitability of the C1 matrix for
capturing CDK2, we employed LC-MS/MS analysis of eluted
proteins by using Hela cell extracts to obtain a protein-bind-
ing profile for the C1 matrix (Figure 2B). The overlap of two in-
dependent experiments when using compound matrix result-
ed in the identification of 150 proteins that fulfill the accept-
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prehensive interaction profile for the C1 matrix, more cell lines
have to be screened.

C1: high potency, poor selectivity

C1 has been optimized in regard to potent inhibition of CDK2.
However, its selectivity was barely improved and is considered
to be poor. Testing of C1 against the 27 protein kinases that
were identified in our chemical proteomics experiments re-
vealed its limited selectivity (Figure 3). At a concentration of
1 pm, C1 inhibited three other CDKs (CDK1, -5, and -9) by more

mimic

AURKA
CAMK2D
CAMK2G
CDC42BPB
CDK1
CDK2
CDK5
CDK7
CDK9
CHEK1
CHUK
FER
MAP2K1
MAPKA1
MAPKS8
MAPKS
PAK4
PKN2
PRKD2
PRKD3
RIPK2

lane 1 2

Figure 2. A) Proof-of-concept: Hela cell extracts were incubated with com-
pound matrix and control matrix. After several washing steps, captured pro-
teins were eluted sequentially with: 1) ATP (10 mm)/MgCl, (10 mm)/low-salt
washing buffer (detailed in the Experimental Section); 2) a saturated C1-SL
solution in low-salt washing buffer; 3) 2x LDS-SB/heat. CDK2 binding to C1
matrix was demonstrated by immunodetection (lanes 1-3). No CDK2 enrich-
ment resulted with the control matrix (lanes 4-6). B) Affinity pull-down by
using C1 matrix: HeLa cell extracts were loaded on C1 and control matrix.
After extensive washing, bound proteins were eluted by boiling the beads
in 2x LDS-SB and analyzed by SDS-PAGE, Coomassie staining and
LC-MS/MS.

ance criteria described in the Experimental Section (Table S1).
Keratins and highly abundant unspecific binders, which were
also identified in control experiments by using blocked sephar-
ose as an affinity matrix, were removed from the list. Among
the remaining proteins we found more than 30 protein kinas-
es, several oxidoreductases, ATP and GTP-binding enzymes,
and nonprotein kinases. Additionally, we detected associated
proteins (cyclins), which are known to interact with several of
the identified protein kinases. Furthermore, the list contained
more than 30 proteins, the majority of which are presumably
unspecific binders because isoforms or other subunits of the
same proteins or other members of the same protein families
were found in control experiments as well. To obtain a com-
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STK4
STK10
STK17A
ULK3
YES1

Inhibition/ %

>95
90-95
80—-89

50-79
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Figure 3. Percentage inhibition of 27 protein kinases identified by affinity
pull-down experiments with C1 and mimic (C1-LL). Inhibitors were tested at
1 um compound and 10 um ATP. Only a subset of protein kinases captured
by the C1 matrix, were strongly inhibited by C1. Comparison of the selectivi-
ty patterns of C1 and the mimic revealed moderate effects of the linker on
the inhibitory potential. Data were obtained from the Upstate-Millipore
KinaseProfiler™ service.

than 90%, as expected, since CDKs are closely related and
share a high level of amino acid sequence identity (40-
70%).4°7 |n addition, six further kinases were inhibited by
more than 90% (AURKA, CHEK1, MAPK8, MAPK9, STK3, and
ST17A) and six by more than 80% (CAMK2D, CDK7, PRKD2,
STK4, STK10, and ULK3). Because C1 inhibits protein kinases
from several kinase families, we would expect an increasing
number of highly inhibited targets by expanding the tested
kinase panel to all available human protein kinases. Interesting-
ly, not all kinases captured by the C1 matrix appeared to be
highly inhibited in the assay panel. Five kinases were inhibited
by 50-80% (CAMK2G, CHUK, FER, MAPK1, YES) and six
(CDC42BPB, MAP2K1, PAK4, PKN2, PRKD3, RIPK2) by less than

ChemBioChem 2009, 10, 1163 - 1174
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50%; this indicates that the affinity capturing used in the
setup in this study is not necessarily correlated with a high-af-
finity binding, but depends on both affinity and the expression
level of the protein. Additionally, the protein extract used in
this study might not accurately reflect the in vivo situation of
intact cells with regard to the physicochemical behavior of the
proteins. Furthermore, it has to be taken into consideration
that some of the protein kinases initially identified in the pull-
down approach by using the C1 matrix, do not bind to the in-
hibitor directly, but instead might be cocaptured by their asso-
ciation to a protein complex. Indeed, the identification of sev-
eral cyclins, which are known to tightly interact with several of
the identified CDKs, suggests that there are additional associat-
ed proteins. In particular, the protein kinases that show only a
low inhibition by C1 (CDC42BPB, MAP2K1, PAK4, PKN2, PRKD3,
RIPK2) might bind indirectly to the C1 matrix via other target
proteins. These findings demonstrate that there is an essential
need for the validation of the affinity of the compound to any
protein captured by inhibitor pull-downs.

Application of a mimic to assess functional effects of the
linker

Testing the mimic on the same panel of kinases revealed differ-
ences in the selectivity pattern compared to C1 (Figure 3). The
mimic had less inhibitory potency against most of the tested
kinases, which is very likely due to steric effects of the linker.
However, we found a few examples against which the mimic
was more active compared to C1 (CAMK2G, PAK4, PKN2,
PRKD2). In these examples, the functional groups of the linker
(e.g., the hydroxyl group) might form additional hydrogen
bonds and thereby increase the binding affinity. Altogether,
the effects of a linker are individual and depend on the struc-
ture of the respective binding pocket of a specific target. A
mimic is useful to analyze these linker effects on a given
target; this improves the data interpretation of chemical pro-
teomics experiments, but it does not allow a general predic-
tion of linker effects on target binding.

However, not only the linker but also the immobilization
itself might affect the binding profile of the test compound.
For instance, the immobilization itself might change the poten-
cy of the inhibitor. Additionally, a high local compound con-
centration on the bead surface might cause enhanced captur-
ing of moderate binders present in high abundance, or cause
steric effects that are difficult to predict. Whereas the coupling
chemistry is well reflected by our design of the soluble mimic,
the question of how the density of the inhibitor on the bead
surface influences the binding pattern is barely addressed by
testing the soluble mimic and is therefore difficult to quantify.
Nevertheless, our findings on additional linker effects that in-
fluence the selectivity pattern of a compound are consistent
with those recently reported by Saxena et al.”*? By employing
different kinds of linkers for compound coupling in terms of
drug target deconvolution, they found significantly different
patterns of captured proteins. Both, their and our results dem-
onstrate the need for a suitable assay to define the specificity

ChemBioChem 2009, 10, 11631174
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of the interaction of a protein with the ligand under investiga-
tion.

Besides the investigation of the protein kinase binding pro-
file of C1 with chemical proteomics, another focus of this
study was the characterization of nonprotein kinase—com-
pound interactions.

Characterization of the pyridoxal kinase-C1 interaction

Within our chemical proteomics approach, we identified the
human pyridoxal kinase (PDXK) as being captured by the C1
matrix. Interestingly, PDXK was found to be targeted by the
CDK2 inhibitor (R)-roscovitine, as well.®? Surprisingly, the bind-
ing was shown to occur at the substrate binding site rather
than at the ATP binding site, as demonstrated by cocrystalliza-
tion experiments.”¥ Contribution of PDXK binding to the bio-
logical activity of (R)-roscovitine was discussed, but found to
be unlikely. However, PDXK was thought to trap (R)-roscovitine
and thereby reduce the amount of inhibitor that is free to in-
teract with its main targets.*®

These findings prompted us to investigate the PDXK-C1 in-
teraction in more detail. First, we performed serial affinity chro-
matography“**' to verify a specific enrichment of PDXK by the
C1 matrix. We incubated Hela cell extracts with the C1 matrix,
and mixed the flow-through with a fresh C1 matrix. Specific
binders were essentially captured by the first affinity matrix
whereas the amounts of unspecifically bound proteins were
similar for both matrices. Because PDXK was mainly retained
by the first matrix, as demonstrated by immunodetection of
PDXK, we concluded that specific binding of PDXK to the com-
pound matrix had occurred (Figure S2).

We next addressed the question of whether the C1 matrix
targets the ATP site or an alternative binding site of PDXK as
shown for (R)-roscovitine. We employed sequential elution of
C1 matrix using ATP, free C1-SL and LDS-SB to distinguish be-
tween capture with the ATP binding site from enrichment by
alternative sites. We identified PDXK only in compound and
LDS-SB elution fractions but not in the ATP fraction (Figure 4A,
lanes 1-3). In parallel, the C1 matrix was sequentially eluted by
using ATP, free (R)-roscovitine and LDS-SB. Interestingly, (R)-ro-
scovitine was able to compete with immobilized C1 and eluted
PDXK; this suggests a similar binding site for both compounds
(Figure 4 A, lanes 4-6). No PDXK enrichment and elution result-
ed with the control matrix (Figure 4 A, lanes 7-9).

Based on the results with (R)-roscovitine, we assumed that
C1 binds to PDXK at the pyridoxal binding site. Indeed, PDXK
enrichment by the C1 matrix was reduced by competition
when free pyridoxine (10 mm) was spiked into the cell extract,
as shown by immunodetection of PDXK (Figure S3 in the Sup-
porting Information). Due to these findings we generated a
pyridoxal affinity matrix (Scheme 1) and applied a sequential
elution scheme (ATP, pyridoxine, free C1-SL, and finally LDS-SB)
to C1 matrix, pyridoxal matrix, and control matrix in parallel
(Figure 4B). Because PDXK was eluted from both affinity matri-
ces by pyridoxine and free C1-SL (and LDS-SB, Figure 4B,
lanes 3-5), but not by ATP (Figure 4B, lane 2), we concluded
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Figure 4. A) Pyridoxal kinase (PDXK) was found to bind to the C1 matrix by
an alternative binding site and not the ATP binding site, similar to the
PDXK~-(R)-roscovitine interaction. After incubation with Hela extracts and
washing procedures, a sequential elution of C1 matrix was employed by
using: 1) ATP (10 mm)/MgCl, (10 mm)/low-salt washing buffer; 2) a saturated
C1-SL solution in low-salt washing buffer; 3) 2x LDS-SB/heat. Eluted pro-
teins were loaded on SDS-PAGE and Coomassie stained. PDXK was identified
in the compound and LDS-SB elution fractions, but not in the ATP fraction
(asterisk); this suggests an alternative binding site rather than the ATP bind-
ing site (lanes 1-3). The same was observed when C1-SL was replaced by
(R)-roscovitine, which is known to bind PDXK by its pyridoxal binding site
(lanes 4-6). Because (R)-roscovitine was able to release PDXK from the C1
matrix, a similar PDXK binding site for C1 and (R)-roscovitine was concluded.
PDXK was neither enriched nor eluted from the control matrix (lanes 7-9).
B) PDXK was targeted by the C1 matrix at the pyridoxal binding site rather
than the ATP binding site: C1 matrix, pyridoxal matrix and control matrix
were loaded with Hela extracts, washed and sequentially eluted by using:
1) ATP (10 mm)/MgCl, (10 mm)/low-salt washing buffer; 2) pyridoxine

(10 mm)/low-salt washing buffer; 3) a saturated C1-SL solution in low-salt
washing buffer; 4) 2x LDS-SB/heat. PDXK was eluted from both affinity ma-
trices by pyridoxine and free C1-SL (immunodetection, lanes 3 and 4), but
not by ATP (lane 1); this indicates that the PDXK-C1 interaction occurs at
the substrate binding site rather than at the ATP binding site.
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that the PDXK-C1 interaction occurs at the substrate binding
site rather than at the ATP binding site.

After having demonstrated the enrichment of PDXK by the
C1 matrix via the substrate binding site, we employed a PDXK
activity assay to quantify the PDXK-C1 binding affinity. To this
end, the activity of recombinant human PDXK was assayed in
the presence of different concentrations of C1, C1-SL, mimic,
and (R)-roscovitine. Even at the highest concentration tested
(50 um), a very modest inhibition of PDXK was found for (R)-ro-
scovitine (Table 2, PDXK activity=(78 £13)% at 50 um (R)-ro-

Table 2. The activity of native human PDXK was assayed® in the pres-
ence of C1, C1-SL, mimic (C1-LL) and (R)-roscovitine. Even at the highest
concentration tested (50 um), the C1 analogues showed only limited in-
hibition of PDXK activity. However, an increasing linker length caused
stronger inhibition.

C1 C1-SL  mimic  (R)-roscovitine ~ EDTAM
(10 mm)
activity® [%] 9242 81+6 56+7 78+13 1M +1

[a] Experiments were performed in triplicate; [b] as a percentage of vehi-
cle control at 50 um compound concentration; [c] negative control.

scovitine); this confirms previously reported findings.*? The
same was true for C1 (50 pm, (92+2)%), but an increasing
linker length correlated with a more efficient decrease in PDXK
activity (50 pm C1-SL: (81 46)%, 50 pm mimic: (56 +7) %). We
assume that additional interaction options provided by the
linker contribute to the binding of the compound to the pyri-
doxal site (e.g., by hydrogen bonds or hydrophobic interac-
tions). Nevertheless, the low-affinity binding of C1 and its ana-
logues to PDXK was surprising to us. However, as it is suggest-
ed for the PDXK—(R)-roscovitine interaction, the high ATP con-
centration in the PDXK activity assay (2.5 mm) might have an
influence on the activities measured by either reducing the af-
finity of PDXK for C1 or enhancing the affinity of PDXK for its
substrate, pyridoxal. To determine the K, of the compound for
PDXK in the absence of ATP and of pyridoxal, we performed
isothermal titration calorimetry (ITC); C1-SL was chosen for
this experiment. A weak exothermal reaction was measured,
but low binding heats prevented the exact K, determination.
However, the data suggest a Kp value of >10 um, which is in
agreement with our results from the PDXK activity assays (Fig-
ure S4). Thus, we assume that the significant enrichment of
PDXK during chemical proteomics experiments can be ex-
plained by a combination of a high expression level of the
ubiquitous PDXK, additional effects of the linking structure of
the sepharose matrix, which contributes to the compound
binding to the pyridoxal site, and a high local compound con-
centration on the bead surface. Altogether, it seems unlikely
that effects caused by a PDXK-C1 interaction will play a role in
pharmacological applications.

CA2 interaction revealed by an alternative immobilization
route

Immobilization of C1 at the sulfonamide group is a suitable
strategy for identifying targets that interact with the aminopyr-
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imidine moiety (e.g., protein kinases). However, due to steric
hindrance, interactions that occur at the benzenesulfonamide
moiety of C1 are blocked with the C1 matrix. In fact, benzene-
sulfonamide moieties are known to inhibit most of the known
carbonic anhydrase isozymes."® Especially the ubiquitously ex-
pressed cytosolic isoform carbonic anhydrase 2 (CA2)*” is de-
scribed to have a very high affinity for sulfonamides. To profile
the C1 interactions more comprehensively, particularly with
regard to CA2 binding, the analogue Cla was coupled to a
solid support at the 4-position to give the Cla matrix
(Scheme 1). Cla was also shown to inhibit CDK2 activity at
low-nanomolar concentrations (Table 1, 1C;, (CDK2/CycE)=
18 nm). Not being blocked by a linker at the benzenesulfon-
amide moiety, the C1a matrix was used for the identification of
additional off-targets for our studied compound. Due to a lack
of expression of CA2 in Hela cells, H460 cells were included in
this analysis. CA2 expression in H460 but not in Hela cells was
demonstrated by immunoblotting (Figure S5 in the Supporting
Information). Indeed, CA2 was found to be enriched from
H460 cell extracts by the Cla matrix by LC-MS/MS analysis of
proteins unspecifically and specifically eluted with LDS-SB and
free C1a (Figure S6A), and this was validated by immunoblot-
ting (Figure 5A).

Commercially available human CA2 was used to determine
the ICs, values for C1, C1-SL, mimic, and Cla. The IC, values
of C1 and Cla were in the submicromolar range (IC;, C1=
331 nm, C1a=995 nm for CA2), whereas C1-SL and the mimic
had no inhibitory potential (Figure 5B); this was most likely
due to the steric hindrance that was caused by the linkers. The
ubiquitous CA2 is involved in crucial physiological processes
connected with respiration and transport of CO,/bicarbonate,
electrolyte secretion, bone resorption, calcification, etc.*®*®
Thus, binding of C1 to CA2 at submicromolar concentrations
might cause unwanted biological effects of the compound or
at least trap the compound and reduce the amount of free in-
hibitor that is available for on-target interaction. However, our
findings show that the CA2-C1 interaction specifically occurs
at the benzenesulfonamide moiety and that CA2 binding by
the compound can easily be prevented by a small modification
at the sulfonamide group. This structure-activity relationship
information might help to improve the selectivity profile of the
compound in the context of ongoing lead-optimization
processes.

The protein-binding profile of C1a matrix contained some
protein kinases and revealed one further potential
off-target: CMBL

Compared to the C1 matrix, a significantly lower amount of
total protein was retained by the Cla matrix; this was demon-
strated by a Coomassie stained SDS-PAGE of proteins that un-
specifically eluted from the Cla matrix by using LDS-SB and
heat (Figure S6A). The overlap of two biological replicates by
using the Cla matrix resulted in the identification of 37 pro-
teins that fulfill the acceptance criteria (Table S2 in the Sup-
porting Information). Keratins and unspecific binders that were
also identified in control experiments by using control matrix
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Figure 5. The C1 analogue, C1a, was immobilized by the aminopyrimidine
moiety, and the corresponding C1a matrix was employed to investigate a
potential interaction with CA2. A) Because the benzenesulfonamide moiety
was not blocked by a linker, the C1a matrix captured CA2 from H460 ex-
tracts, as shown by immunodetection of specifically eluted CA2 from Cla
matrix by using a saturated C1a solution in low-salt washing buffer (lane 1).
No CA2 capturing resulted with the control matrix (lane 2). B) Inhibitory po-
tentials of C1, C1-SL, mimic (C1-LL) and C1a on human CA2 activity were
determined (ICsp). Medium affinity binding was found for C1 (IC;,=331 nm)
and Cla (ICs, =995 nm), whereas C1-SL and the mimic had no inhibitory po-
tential. These findings suggest that binding of CA2 to C1 can be prevented
by a modification of the sulfonamide group of the compound.

and H460 protein extracts—in total 25 proteins—were not
considered for further data interpretation.

We assume two major reasons for the lower total number of
proteins retained by the Cla matrix compared to the CI
matrix. First, we expect that the ATP binding pocket of protein
kinases and other purine-binding proteins is much less accessi-
ble by the C1a matrix. Thus, fewer specific interactions are ex-
pected to occur. Secondly, due to a lower number of directly
interacting proteins, much less indirect capturing of proteins
through association with other target proteins and protein
complexes, or through unspecific hydrophobic interactions can
occur.

Surprisingly, by employing the Cl1a matrix, we indeed identi-
fied some protein kinases (AURKA, CDK1, MAPK9) that were
also captured by using the C1 matrix. This indicates that bind-
ing to the ATP binding pocket is not completely hampered
with the Cla matrix. We assume that the entrance to the ATP
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binding site is less size restricted with these kinases compared
to the kinases found only with the C1 matrix. Because the
linker arm of the matrix is flexible and can fold into the direc-
tion of the sulfonamide group, the immobilized compound
might still be able to bind to the hinge region of the respec-
tive kinases. A very high inhibitory potency was found for C1
in the biochemical selectivity screen for these kinases (>90 for
MAPK9 and even >95% for CDK1 and AURKA, Figure 3); there-
fore, the possibility that some of these kinases are cocaptured
by binding to protein complexes appears to be very unlikely.
However, because the Cla matrix was not optimized for cap-
ture of protein kinases, these findings were not investigated in
more detail.

Eight proteins were exclusively identified by using the Cla
matrix, including CA2 and the previously unknown potential
off-target carboxymethylenebutenolidase homologue (CMBL,
Figure S6 A). Interestingly, CMBL was also identified by employ-
ing free Cla for specific elution of the proteins captured by
the Cla matrix. Moreover, this protein was also identified by
applying the C1a matrix and specific elution with Hela cell ex-
tracts (Figure S6B). Because CMBL was not found by using the
C1 matrix, we conclude that it binds to the sulfonamide
moiety of the compound. This enzyme is described to have a
hydrolase activity and is involved in detoxification pathways
(KEGG pathways: 1,4-dichlorobenzene degradation 00627 and
v-hexachlorocyclohexane degradation 00361). The CMBL-com-
pound interaction was not characterized in more detail for this
study, but might be an object for further investigations of C1
profiling.

Conclusions

Here, we present an unbiased chemical proteomics approach
for decoding nonprotein kinase off-targets of the multitarget
protein kinase inhibitor, C1. We applied two different com-
pound immobilization routes to identify off-targets interacting
with distinct compound moieties. Furthermore, we employed
a soluble mimic of the immobilized compound to confirm ap-
propriate compound immobilization with regard to protein
kinase capturing. After having captured several protein kinases
by using the C1 matrix, we selected 27 kinases for a biochemi-
cal selectivity screen. A strong enzyme inhibition was found for
the CDKs, as well as for several other kinases from different
kinase families; this indicates the poor selectivity of the com-
pound. Besides this, several kinases that were captured by the
C1 matrix showed only a low inhibition in the selectivity stud-
ies. Thus, affinity capturing by the C1 matrix in the setup used
in this study is not necessarily correlated with high-affinity
binding, but depends on both affinity and expression levels. In
addition, a protein extract might differ from the physiological
conditions with regard to the physicochemical behavior of the
proteins. Moreover, indirect capture of proteins by their associ-
ation to other target proteins and protein complexes might
occur. The low inhibitory potency (<50%) of C1 toward some
of the kinases initially identified by the affinity pull-down and
the identification of cyclins, which are known to form com-
plexes with CDKs, support this assumption. This underlines the
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essential need for additional methods, such as quantitative
biochemical binding studies, to validate the results from affini-
ty pull-down experiments.

Furthermore, we applied the mimic to assess the functional
effects of the linker on target binding. For this purpose, the
mimic was screened in the same panel of kinases that was
used for the selectivity studies of C1. The comparison of the
selectivity patterns of compound and mimic revealed various
effects of the linker on distinct targets. Predominantly, the
linker caused a reduction of inhibitory potential, which is very
likely due to steric effects. However, some kinases showed in-
creased inhibition by the mimic compared to C1; this was pre-
sumably due to additional interaction options provided by the
linker. Thus, a mimic helps to improve data interpretation of
chemical proteomics experiments, but it does not allow a gen-
eral prediction of functional effects of the linker on target
binding. Within our chemical proteomics approach, we found
that the human pyridoxal kinase (PDXK) was captured by the
C1 matrix. Interestingly, PDXK is described to also bind the
CDK2 inhibitor, (R)-roscovitine. PDXK is a nonprotein kinase re-
sponsible for the phosphorylation of vitamin B6—a cofactor
for numerous enzymes such as aminotransferases and decar-
boxylases. We demonstrated that the PDXK-C1 interaction
occurs at the substrate binding site rather than at the ATP
binding site. However, subsequent quantitative binding stud-
ies, which included several C1 analogues, revealed a very limit-
ed inhibition of PDXK activity. We conclude that it seems un-
likely that effects observed in pharmacological applications
could be caused by a PDXK-C1 interaction. By employing an
alternative immobilization route for C1, we found carbonic an-
hydrase 2 (CA2) to be captured by the Cl1a matrix. Because the
ubiquitous CA2 is inhibited by C1 in the submicromolar range
(ICs), as demonstrated by subsequent activity assays, unwant-
ed pharmacological effects or a trapping of the compound
due to this interaction have to be taken into consideration.
However, our results indicate that a modification at the sulfon-
amide group prevents CA2 from binding, most likely due to
steric hindrance.

To summarize, we introduced different compound immobili-
zation routes as a valuable method for an unbiased off-target
profiling by chemical proteomics. By successfully applying this
methodology, we identified several off-targets that interact
with distinct compound moieties. We propose to employ the
strategy of different compound immobilization routes for the
target identification of hit compounds that originate from phe-
notypic screens in cell-based assays or animal studies. Thus,
we believe that the use of different immobilization routes will
become a useful tool for future off-target and target-decoding
strategies.

Experimental Section

Reagents and antibodies: Unless otherwise stated, all reagents
were purchased from Sigma (Munich, Germany). Antibodies used
were: monoclonal mouse anti-CDK2 antibody (Santa Cruz Biotech-
nology, Inc., Heidelberg, Germany), polyclonal rabbit anti-PDXK
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(Abcam, plc., Cambridge, UK), and polyclonal rabbit anti-CA2
(Chemicon-Millipore, Billerica, MA, USA).

Compounds: C1, C1-SL, C1-LL and Cla were produced in-house.
The correct compound identity was confirmed by 'H NMR spec-
troscopy and MS.

C1: "THNMR ([DJDMSO): =10.35 (s, 1H), 8.23 (brs, 2H), 7.89 (m,
2H), 7.70 (m, 2H), 7.20 (brs, 2H), 4.12 (m, 2H), 3.19 ppm (brs, 1H);
MS: m/z 383 (El+).

C1-SL: "H NMR ([DgIDMSO): 6=9.87 (s, 1H), 8.13 (s, 1H), 7.98 (m,
2H), 7.74 (brs, 2H), 7.61 (m, 4H), 411 (dd, 2H), 3.11 (t, TH),
2.83 ppm (m, 4H); MS: m/z 425 (ESI+).

Mimic C1-LL: "H NMR ([DgDMSO): 6=9.86 (s, 1H), 8.43 (m, 2H),
8.12 (s, 1H), 7.99 (m, 2H), 7.61 (m, 4H), 4.11 (dd, 2H), 3.85 (m, 2H),
3.35 (m, 3H), 3.26 (m, TH), 3.11 (t, TH), 2.98 (m, 4H), 2.81 (m, TH)
1.43 (m, 2H), 1.27 (m, 2H), 0.83 ppm (t, 3H); MS: m/z 555 (ESI+).

1

Cla: '"H NMR ([DJIDMSO): 6=9.68 (s, 1H), 8.12 (s, 1H), 7.75 (m, 6H),
7.20 (tr, 1H), 7.13 (s, 2H), 3.61 (m, 2H), 3.08 ppm (m, 2H); MS: m/z
387 (Cl+).

Immobilization of diaminopyrimidines and control matrix: This
was performed in a similar fashion to a previously described proce-
dure. Drained epoxy-activated Sepharose™ 6B (GE Healthcare
Biosciences AB, Uppsala, Sweden) was resuspended in two vol-
umes of either 20 mm C1-SL or Cla dissolved in coupling buffer
(50% dimethylformamide/0.1m Na,CO;, pH 11) and incubated,
overnight, at room temperature in the dark. After being washed
three times with coupling buffer, the remaining reactive groups
were blocked with ethanolamine (1m; pH 11). Subsequently, the
washing steps were performed according to the manufacturer’s in-
structions. The control matrix was prepared by directly blocking
epoxy-activated Sepharose™ 6B with ethanolamine (1m, pH 11),
and further treated as described above. The matrixes were stored
at 4°Cin the dark.

Immobilization of pyridoxal: Coupling of pyridoxal to EAH-Se-
pharose™ 4B (GE Healthcare Biosciences AB) was adapted from a
previously described protocol.”® The beads (50 mL) were pretreat-
ed as recommended by the manufacturer, and added to a pyridox-
al hydrochloride solution (120 mm; 350 mL; pH 7). After being in-
cubated, overnight, at room temperature in the dark, NaBH,
(20 mgmL™") was added dropwise until all traces of yellow color
had disappeared. Meanwhile, acetic acid (7%) was used to keep
the pH below 9. Subsequently, the matrix was allowed to reach
room temperature, and the pH was adjusted to 6 with acetic acid
(7%) to destroy residual NaBH,. After the pyridoxal matrix was
washed with KCl solution (3m; 250 mL) and H,O (250 mL), the
matrix was stored at 4°C in the dark.

Cell culture and lysis: H460 cells (human large-cell lung carcinoma
cell line, ATCC/LGC Standards GmbH, Wesel, Germany) were cul-
tured in DMEM/Ham’s F12 (1:1; Biochrom, Berlin, Germany) supple-
mented with fetal bovine serum (10%). Frozen Hela cells (human
cervix carcinoma cell line, CilBiotech, Mons, Belgium) and H460
cells were lysed in lysis buffer that contained Tris-HCI (50 mm),
pH 8.0, NaCl (150 mm), glycerol (10%), NP-40 (0.5%), EGTA (1 mwm),
EDTA (1 mm), DTT (5 mm), orthovanadate (1 mm) and complete
protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim,
Germany). For affinity chromatography experiments, lysates were
precleared by centrifugation (30 min, 50000g, 4°C, Optima™ L-90K
Ultracentrifuge, Beckmann Coulter, Krefeld, Germany) and the pro-
tein concentration was determined by using the Bradford method
(Pierce Biotechnology, Rockford, IL, USA).
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Affinity chromatography: Affinity chromatography experiments
were performed as previously described."®*" HelLa and H460 cell
extracts (~9 mg total protein, ~200 L) were adjusted to 1m NaCl.
Optionally, pyridoxine (10 mm) in low-salt washing buffer (see
below) was spiked into the sample. Cell extracts were incubated
with drained affinity matrix (25 uL; C1-, Cla—, pyridoxal-matrix) or
control matrix (50 pL) for 3 h at 4°C in Micro Bio-Spin Chromatog-
raphy Columns (Biorad, Hercules, CA, USA). Subsequently, the flow-
through was discarded, but the beads were kept for the washing
procedure. After three washing steps with high-salt washing buffer
(450 uL; 1m NaCl, 50 mm Tris-HCl, pH 8.0, 10% glycerol, 1 mm
EGTA, 1 mm EDTA) and three steps with low-salt washing buffer
(450 puL; 150 mm NaCl, otherwise the same composition as the
high-salt washing buffer) the beads were (sequentially) eluted with
several elution buffers (200 puL each, depending on the question
addressed) for 20 min at 4°C, or by LDS-SB elution buffer (22.5 pL)
for 10 min at 90°C. ATP buffer: ATP (10 mm), MgCl, (20 mm) in
low-salt washing buffer; compound buffer: saturated compound
solution in low-salt washing buffer; pyridoxine buffer: pyridoxine
(10 mm) in low-salt washing buffer; LDS-SB: 2x LDS-sample buffer,
1% sample reducing agent (both from Invitrogen, Karlsruhe, Ger-
many). The volume of the elution fractions, with the exception of
LDS-SB elution fraction, which was directly loaded on SDS-PAGE,®?
was reduced to 100 pL by using a Speed Vac® Plus SC110A concen-
trator (GMI, Ramsey, MN, USA) before precipitation of proteins by
using the 2D Clean-Up Kit (GE Healthcare Biosciences). Precipitated
proteins were dissolved in LDS-SB (20 L), and after reduction (1x
sample reducing agent, 90°C, 10 min) and alkylation (with 50 mm
iodoacetamide, 30 min, room temperature, in the dark) were sepa-
rated by 1D SDS-PAGE. Proteins were either transferred to a nitro-
cellulose membrane and immunoblotted with the indicated anti-
bodies or stained with Coomassie and prepared for analysis by
mass spectrometry.

Serial affinity chromatography: Cell extracts were treated as de-
scribed above. The flow-through, however, was not discarded, but
mixed with fresh affinity or control matrix and incubated for 3 h at
4°C. After the washing and elution steps as described for affinity
chromatography, samples were separated by SDS-PAGE and immu-
noblotted by using an anti-PDXK antibody.

LC-coupled mass spectrometry: Lanes from Coomassie stained
SDS-PAGE gels were sliced across the separation range and sub-
jected to in-gel tryptic digestion in a manner similar to a previously
described procedure.*¥ ESl-based LC-MS/MS analyses were carried
out by using an Eksigent NanoLC 2D system (Eksigent, Dublin, CA,
USA). A C18 capillary column (NanoSeparations, Nieuwkoop, Neth-
erlands) with 5 pm biosphere material, 75 um ID and 15 cm length
was used at a flow rate of 250 nLmin™". The samples were separat-
ed by a 35 min linear gradient of 2 to 35% acetonitrile in H,O con-
taining formic acid (0.1%). The HPLC was coupled to a quadru-
pole/time-of-flight mass spectrometer (QSTAR XL) by using a nano-
electrospray source (both from Applied Biosystems/MDS Sciex,
Concord, Canada). The electrospray voltage was set to 2.0 kV. The
data acquisition mode was set to one full MS scan (m/z range 300
to 1100) followed by three MS/MS events by using information-de-
pendent acquisition (the three most intense ions from a given MS
scan were subjected to CID). The peptide masses, which were se-
lected for CID, were excluded from reanalysis for 30 s.

Data processing: The raw files from the QSTAR XL were converted
to Mascot generic format-files by Mascot Daemon (version 2.2).
MS/MS spectra were searched by using Mascot™ 2.0 software
(Matrix Science Ltd., London, UK) against an in-house-curated ver-
sion of the human IPI protein database combined with a decoy
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version of this database,” which was created by a script supplied

by Matrix Science. The search was performed with tryptic cleavage
specificity with one missed cleavage site, a mass tolerance of
100 ppm for the precursor ions and 0.5 Da for the fragment ions,
methionine oxidation, and cysteine carbamidomethylation as varia-
ble modifications. Protein identifications were accepted when at
least two peptides with a Mascot ion score of >25 for each pep-
tide were found. The false discovery rate (FDR) for peptides was
<5% in each case. The protein redundancy in the dataset was
eliminated by the ProteinScape software (version 1.3 SR2, Prota-
gen/Bruker Daltonik GmbH, Bremen, Germany).”® To further
reduce dataset complexity by combining several splicing variants
for one protein, and because gene IDs are more stable, BioXM soft-
ware (version 2.5, BioMax Informatics AG, Martinsried, Germany)
was used to replace IPI numbers by gene IDs as provided by the
Entrez gene database. Resulting lists of gene IDs and gene prod-
ucts were used for further data analyses.

Expression of human PDXK: E. coli strain BL21 (DE3; Novagen,
Madison, WI, USA) was transformed with the recombinant vector
pET11a-PDXK, which was kindly provided by E. Leistner.>® The re-
combinant strain BL21 (DE3)-pET11a-PDXK was grown in LB
medium that contained ampicillin (200 ugmL™") at 37°C until an
ODyyo Of 1 was reached. Isopropyl thio-f-p-galactoside (IPTG) was
added (final concentration of 0.01 mm) and the culture was incu-
bated with shaking for 24 h. Protein expression was confirmed by
SDS-PAGE. The cell pellet derived from 2 L of culture was frozen at
—80°C. The frozen bacteria were resuspended in ice-cold column
buffer (100 mL; 50 mm Tris-HCI, pH 7.4; 200 mm NaCl, 1 mm EDTA)
before microfluidizer (Microfluidics, Lampertheim, Germany) treat-
ment. After sedimentation of the cell debris (45 min, 100000g,
4°C, Optima™ L-90K Ultracentrifuge) the supernatant was treated
as described below.

Purification of PDXK: Cell-free protein extracts derived from 2 L of
culture were adjusted to 100 mm KCl and subjected to affinity
chromatography by using a pyridoxal matrix (preparation as de-
scribed above) and size-exclusion chromatography as described
previously.*” The purity of the elution fractions as well as their pro-
tein concentrations were determined by LabChip® 90 (Caliper,
Ruesselsheim, Germany).*” In the final pool fraction, the identity of
PDXK was verified by SDS-PAGE and LC-ESI-MS/MS.

Enzymatic assays

PDXK assay: The activity of recombinant human PDXK (without
tag) was assayed in the presence of test compounds in a range of
1nmM-50 um, as previously described.”® The assay determines
phosphorylation of pyridoxal by PDXK by measuring pyridoxal 5'-
phosphate at its absorption maximum of 388 nm. Test compounds
dissolved in DMSO were pipetted into the wells of a UV/vis-trans-
parent 96-well microtiter plate (BD Biosciences Europe, Erembode-
gem, Belgium) that contained assay buffer (250 pL; 70 mm potassi-
um phosphate, pH6.2, 0.1 mm ZnCl,, 25mm ATP, 2.5 ugmL™’
PDXK). The enzymatic reaction was started by the addition of sub-
strate dissolved in H,0O (final pyridoxal concentration 0.5 mm). Ab-
sorbance was determined photometrically at 388 nm against a
blank (same mixture of reagents but without enzyme) by using a
SpectraMax 190 spectrophotometer (Molecular Devices, Sunnyvale,
CA, USA) at 37°C. The initial linear formation rate of pyridoxal 5'-
phosphate was used to calculate PDXK activity; this was expressed
as a percentage of vehicle control (wells that contained 2% DMSO
without test compounds), which represented maximal activity.
Curves were fitted to the averaged value of each triplicate by
using Sigma Plot 8.02 (Systat Software GmbH, Erkrath, Germany).
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EDTA (10 mm) served as a negative control; DMSO (2%) was
shown to have no effect on PDXK activity.

CA2 assay: The inhibitory potential of compounds on human CA2
activity was determined (ICs,). The assay determines the hydrolysis
of 4-nitrophenyl acetate by carbonic anhydrases®™ by measuring
4-nitrophenolate at 400 nm. A Tecan Rainbow 96-well spectropho-
tometer (Tecan Group, Ltd., Maennedorf, Switzerland) was used for
the measurements. Test compounds, which were dissolved in
DMSO and covered a concentration range of 0.01-25 um (final),
were pipetted in triplicates into the wells of a 96-well microtiter
ELISA plate. Wells containing solvent without test compound
served as reference. Degassed assay buffer (10 mm Tris-HCl, pH 7.4,
80 mm NacCl) with CA2 (3 units per well) was added. The enzymatic
reaction was started by the addition of substrate solution (1 mm 4-
nitrophenyl acetate that was dissolved in H,O-free acetonitrile;
final substrate concentration 50 um). The plate was incubated at
room temperature for 60 min. Absorbance was determined photo-
metrically at 400 nm against a blank (same mixture of reagents but
without enzyme). The enzyme activity was expressed as a percent-
age of the vehicle control (2% DMSO without test compounds),
which represented maximal activity.

CDK2/CycE assay: CDK2/CycE inhibitory activity of compounds was
quantified by employing a CDK2/CycE HTRF® assay. Recombinant
GST fusion proteins of human CDK2 and human CycE (ProQinase
GmbH, Freiburg, Germany) were used to measure the phosphoryla-
tion of the biotinylated peptide biotin-Ttds-YISPLKSPYKISEG-amide
(Jerini peptide technologies, Berlin, Germany). CDK2/CycE was in-
cubated for 60 min at 22°C in the presence of different concentra-
tions of test compounds in assay buffer (5uL; 50 mm Tris-HCl,
pH 8.0, 10 mm MgCl,, 1.0 mm dithiothreitol, 0.1 mm sodium ortho-
vanadate, 10 um ATP, 0.75 um substrate, 0.01% (v/v) Nonidet-P40
(Sigma), 1% (v/v) DMSO). The concentration of CDK2/CycE was ad-
justed depending on the activity of the enzyme lot, and was
chosen appropriately to measure the assay in the linear range. Typ-
ical concentrations were in the range of 1 ngmL™". The reaction
was stopped by the addition of a solution of HTRF® detection re-
agents (5 pL; 0.2 um streptavidine-XLent), Phospho-(Ser) CDKs sub-
strate antibody (3.4 nm; product #2324B, Cell Signaling Technology,
Danvers, MA, USA) and Prot-A-EuK (4 nm; Protein A labeled with
europium cryptate from Cis Biointernational, France, product
no. 61PRAKLB) in an aq. EDTA solution (100 mm EDTA, 800 mm KF,
0.2% (w/v) bovine serum albumin in 100 mm HEPES/NaOH,
pH 7.0). The resulting mixture was incubated for 1 h at 22°C to
allow the formation of the complex between the phosphorylated
biotinylated peptide and the detection reagents. Afterwards, the
amount of phosphorylated substrate was evaluated by measure-
ment of the resonance energy transfer from Prot-A-EuK to strept-
avidine-XLent. For this purpose, the fluorescence emissions at 620
and 665 nm after excitation at 350 nm were measured in a HTRF®
reader, for example, a Rubystar (BMG Labtechnologies, Offenburg,
Germany) or a Viewlux (Perkin-Elmer, Wiesbaden, Germany). The
ratio of the emissions at 665 and 622 nm was taken as the mea-
sure for the amount of phosphorylated substrate. The data were
normalized (enzyme reaction without inhibitor=0% inhibition, all
other assay components but no enzyme=100% inhibition), and
IC5, values were calculated by a four-parameter fit by using in-
house software.

KinaseProfiler™ service: The inhibitory potential of C1 and the
mimic (C1-LL) for selected kinases was screened by the KinasePro-
filer™ Service provided by Upstate/Millipore (Dundee, UK) at 1 um
compound and 10 um ATP. Detailed information and assay proto-
cols are available under: http://www.millipore.com
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Isothermal titration calorimetry: ITC experiments were performed
by using a Microcal VP-ITC instrument (MicroCal, LLC, Northamp-
ton, MA, USA). The calorimeter was calibrated by using standard
electrical pulses as recommended by the manufacturer. The
sample cell was loaded with purified PDXK (12.6 um) in potassium
phosphate (0.1m; pH 6.0). The syringe was loaded with C1-SL
(140 um) in the same buffer. To ensure the same buffer conditions,
an aliquot of the size-exclusion chromatography buffer for protein
purification was used to prepare the compound solution. Titrations
were performed at 25°C with injection volumes of 12 pL and a
spacing of 300s. Raw data were collected, corrected for ligand
heats of dilution, and integrated by using the MicroCal Origin soft-
ware supplied with the instrument.

Computational modeling: Based on cocrystallization experiments
of CDK2 in complex with various C1 analogues,®*” C1 was modeled
into the ATP binding pocket of CDK2 by using Discovery Studio 2.1
(Accelrys, Cambridge, UK). The solvent-accessible surface was cal-
culated by using PyMOL (DelLano Scientific LLC, Palo Alto, CA,
USA).
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Detection of RNA Hybridization by Pyrene-Labeled Probes

Guojie Wang,® Georgii V. Bobkov,” Sergey N. Mikhailov,” Guy Schepers,™
Arthur Van Aerschot,'? Jef Rozenski,'” Mark Van der Auweraer,*™ Piet Herdewijn,*“ and

Steven De Feyter*®

By covalently attaching pyrene chromophores with different
linkers onto altritol nucleotides or ribonucleotides, and by
varying the number of these pyrene modified altritol nucleo-
tides and ribonucleotides in HNA (hexitol nucleic acid) and
RNA, respectively, we have explored the general applicability
of pyrene absorbance and especially fluorescence as a probe
to monitor RNA hybridization. The results reveal that the back-
bone of the probes, the number of pyrene units attached and
the nature of the tether can all substantially affect the absorb-
ance and fluorescence properties of the probes both in single

Introduction

In view of the developments in the field of RNA biology, it is
important to develop probes for the sequence specific detec-
tion of RNA. An easy way to do this is to use fluorescence as a
detection system and to be able to discriminate between
single stranded and duplex RNA. A large change in absorption
or fluorescence or a wavelength shift upon hybridization of
the probe covalently bond to RNA with the target RNA might
be diagnostic for the presence of the complementary RNA in
the solution. RNA and DNA molecular diagnostics by fluores-
cent labeling has indeed been a research topic of increasing
interest.l" Pyrene is widely used in this field because its fluores-
cence quantum efficiency is high and its fluorescence is largely
affected by environmental factors, such as solvent and nearby
nucleotide bases. The photophysics of pyrenes and pyrene de-
rivatives in aqueous and other organized media have been
studied in detail.” Fluorescent pyrene-labeled probes can be
used to detect the hybridization of DNA and RNA since it is re-
ported that their absorbance and fluorescence properties can
change upon hybridization; this also depends on the structure
of probes and targets. For instance, it was reported for some
probes that pyrene is highly emissive in the monomer-emis-
sion region when attached to a RNA duplex but not to a DNA
duplex. This was attributed to the difference in environment
for the pyrene probes appended to the sugar unit of pyrene-
RNA and pyrene-DNA duplexes.*™ Yet for some other pyrene-
labeled DNA oligonucleotides (ONs), the fluorescence emission
was reported to increase rather than decrease upon
hybridization.®”!

Although pyrene has been used as a fluorescent probe to
monitor the hybridization or tertiary folding of nucleic acids,”®
pyrene-oligonucleotide probes based on monomer emission
intensity are usually disturbed by fluorescence quenching
through an electron-migration process between excited

ChemBioChem 2009, 10, 1175- 1185
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strand and double strand form. Moreover, the strength of hy-
bridization is also affected. The disappearance of pyrene aggre-
gate/excimer emission and simultaneous increase in monomer
emission intensity of the multipyrene-labeled probes has been
successfully used to monitor the hybridization of oligonucleo-
tides, including a hairpin structure. Differences in optical re-
sponse between the HNA- and RNA-skeleton probes upon hy-
bridization indicate that the interaction of pyrene with the nu-
cleobases in both types of duplexes is different.

pyrene and nucleotide bases.”" The quenched fluorescence
may decrease the detection ability of the probes. This means
that for some DNA duplexes the fluorescence quenched by
the flanking C/G base pair differs little from that of a single
stranded probe.l'>"!

To overcome this disadvantage, pyrene excimer emission in-
stead of monomer emission has been explored for monitoring
RNA and DNA hybridization,"*?"" as pyrene-excimer emission is
less sensitive to quenching by nucleobases than monomer
emission.

Very recently pyrene excimer signaling molecular beacons
for probing nucleic acids were reported.'” In another study, a
pyrene-labeled DNA probe bearing a row of five adjacent
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chromophores has been reported to be sensitive to the struc-
ture of DNA, as the excimer fluorescence could be enhanced
22-fold upon hybridization." It has also been reported that
the shift of the excimer emission band can be used as a signal
to detect hybridization, as the excimer fluorescence could red-
shift or blue-shift upon hybridization by the interstrand-
stacked pyrenes."® Although both monomer and excimer
emission of pyrene-labeled probes has been investigated in
detail, the often complex response depends on the structure
of the probe.

In this paper, we report the synthesis and hybridization of
two kinds of pyrene-labeled probes with RNA targets. These
pyrene-labeled probes include: 1) so-called hexitol nucleic acid
(HNA)-skeleton probes, which contain one or more pyrene
functionalized altritol nucleotides (adenine derivative of 3-O-
(pyren-1-ylmethyl)-2-deoxy-p-altritol incorporated into ONs),
and 2) RNA-skeleton probes (ONs containing pyrenyl residue
attached to 2'-O-position of adenosine). The pyrene-labeled
ONs differ in: 1) the nature of the tether that links pyrene to
the nucleotide, 2) the nature of the sugar that carries the
pyrene chromophore (altritol or ribose), 3) the nature of the
backbone (HNA or RNA), and 4) the number of chromophores
on the oligonucleotide. The thermal stability, the absorbance
and the fluorescence properties of the probes and complexes
were investigated. The HNA- and RNA-pyrene-labeled probes
show differences in absorbance and fluorescence properties
when hybridized with RNA targets; this reflects the structural
differences in the probe-target interaction. Especially the di-
chromophoric probes turned out to be efficient to signal hy-
bridization, by virtue of their disappearing aggregate/excimer
emission upon hybridization. We use the expression “aggre-
gate/excimer” as excitation spectra reveal that the multichro-
mophoric species show spectral characteristics as well of ag-
gregates as of excimers (see the Supporting Information).

This system represents the first example of a probe to
detect the hybridization of oligonucleotides by probing the
disappearance of aggregate/excimer emission.¥
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Results and Discussion

Design and synthesis of pyrene-labeled probes

Several ONs containing 2'-O-(pyren-1-ylmethyl)uridine®' were
prepared and used as fluorescent probes of DNA and RNA in
hybridization assays.®>??% Here we report on the synthesis of
ONs containing pyrenyl residue attached to 2'-O-position of
adenosine with different linkers. Moreover the adenine deriva-
tive of 3-O-(pyren-1-ylmethyl)-2-deoxy-p-altro-hexitol was also
incorporated into hexitol ONs.

The structure of the pyrene-labeled adenine nucleotides and
the oligonucleotide sequence of the targets and pyrene-la-
beled probes are shown below. The probes differ in the
number of pyrene fluorophores (one, two or three) attached to
HNA and RNA oligonucleotides. In the HNA probes, the pyrene
fluorophores are linked to altritol nucleotides at the supple-
mentary hydroxyl group, in analogy to the pyrenylated RNA
monomers. Altritol nucleic acid (ANA) is an analogue of oligori-
bonucleotide containing the standard nucleoside bases, but
with a phosphorylated 1,5-anhydroaltritol backbone, which can
be hybridized sequence-selectively by RNA and which is often
used as antisense agents. Hexitol nucleic acids are oligonucleo-
tide derivatives with a six-membered carbohydrate moiety.?’*"
(For HNA-skeleton probes HA1-1, HA1-2 and HA1-3, and RNA-
skeleton probes RA2-1, RA2-2 and RA2-3, the pyrene moiety is
connected to the HNA- or RNA skeleton through a methylene
group. For the RNA-skeleton probes RA3-2 and RA4-2, the
pyrene moiety is connected to the RNA skeleton through an
amide carbonyl group). To study the thermal stability of the
binding between the pyrene-labeled probes and RNA targets,
HNA reference HO and RNA reference RO without pyrene were
used as standards to bind RNA targets. Here two RNA targets,
HP, which has a hairpin motif, and TAR, were used.

HNA-skeleton probes and reference:

o HA1-1: 6'-CAU ACA,* UUC UAC UUG-4

e HA1-2: 6'-CAU ACA,* UUC UA*C UUG-4
o HA1-3: 6'-CA,*U ACA,* UUC UA*C UUG-4'
e HO: 6'-CAU ACA UUC UAC UUG-4

NH,
NH, NN
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Detection of RNA Hybridization

RNA-skeleton probes and reference:

o RA2-1: 5-CAU ACA,* UUC UAC UUG-3'

@ RA2-2: 5'-CAU ACA,* UUC UA,*C UUG-3'
@ RA2-3: 5'-CA,*U ACA,* UUC UA,*C UUG-3’
@ RA3-2: 5'-CAU ACA;* UUC UA;*C UUG-3'
o RA4-2: 5'-CAU ACA,* UUC UA*C UUG-3'
@ RO: 5-CAU ACA UUC UAC UUG-3'

RNA targets:

o HP: 5'-GCA CAA ACA AGU AGA AUG UAU GUG C-3’
® TAR: 5'-CAA GUA GAA UGU AUG-3'

Synthetic approach for the pyrenylated ANA monomer: Ben-
zoylation of altritol nucleoside 1® using a transient protection
procedure®™ gave the 3'-O-trimethylsilyl(TMS) derivative 2 in-
stead of the desired nucleoside 2. The TMS group was found
to be stable under standard ammonium hydroxide treatment;
its cleavage required the presence of fluoride anion. Condensa-
tion of the sodium salt of 2 with pyren-1-ylmethyl chloride in
DMF gave its 3’-O-pyren-1-ylmethyl derivative (3) in 42% vyield
(Scheme 1). After acidic deblocking, nucleoside 4 was ob-
tained, which was converted into monomethoxytrityl deriva-
tive 5 and finally amidite 6.

Synthetic approach for RNA-skeleton probes RA2-n: 2'-O-
(Pyren-1-ylmethyl)uridine derivatives were prepared by alkyla-
tion of 3',5’-O-bis-trityluridine with pyren-1-ylmethyl chloride in
the presence potassium hydroxide in benzene-dioxane mix-
ture under reflux conditions.”™ For the preparation of 2'-O-
(pyren-1-ylmethyl)adenosine we used the modified alkylation
procedure of 9-(5-O-trityl-B-p-ribofuranosyl)-N°-trityladenine (7)

Ade Ade®? AdeB?

ﬁ)@)vﬁ °>"Aﬁ
HO
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developed by Pfleiderer et al.*°*" Condensation of the sodium

salt of 7 with pyren-1-ylmethyl chloride in DMF resulted in a
mixture containing 2'-O-(pyren-1-ylmethyl)adenosine derivative
8 and its 3’-isomer in a 5:1 ratio as main products and some
traces of starting nucleoside 7 and 2’,3'-O-bis-(pyren-1-ylmeth-
yl) derivative. The desired 2’-isomer 7 was obtained in 48%
yield after double crystallization from acetone. The structure of
2’-isomer 8 was proved by COSY spectra, cross peaks between
3’-OH and 3’-H, 3'-H and 2'-H, 2’-H and 1’-H could be observed.
After detritylation 2'-O-(pyren-1-ylmethyl)adenosine (9) was
prepared and converted to the required amidite 12 via usual
reaction sequence 10—11—12 in overall good vyield
(Scheme 2).

Synthetic approach for RNA-skeleton probes RA3-2 and RA4-2:
The RA3-2 and RA4-2 probes with pyrene-carboxamide chro-
mophores attached via longer linkers, were prepared according
to Scheme 3 by using recently developed methodology.?*=*
Condensation of 3',5-O-blocked adenosine 13 with excess of
14a,b in the presence of tin tetrachloride in 1,2-dichloroethane
at —12°C for 40 min gave products 15a,b in the yields of 54—
56%. Selective cleavage of the trifluoroacetyl group was ac-
complished using 8 M MeNH, in ethanol and following conden-
sation with N-hydroxysuccinimidylpyrene-1-carboxylate in the
presence of DBU compounds 16a,b were obtained (yields 75-
78% for two steps). N-benzoylation afforded nucleosides
17 a,b, which were converted into desired amidites 20a,b via
the usual reaction sequence 18 —19—20 in overall good yield
(Scheme 3).

The structures of the prepared compounds were established
by NMR and MS. It should be mentioned that some of the
'H NMR spectra of the obtained compounds, especially altritol
derivatives, are rather complicated due to the overlap of sig-
nals of the adenosine residue
and the diastereotopic protons
of CH,Pyr, OCH,CH,O and
CH,OCH,CH,CH,O groups. In
spite of this, most of the chemi-
cal shifts and coupling con-
stants may be calculated direct-
ly from NMR spectra. In some
cases double resonance, 'H,"*C
correlation and COSY spectra
were used for the assignment.

Synthesis and purification of
oligonucleotides: ~ Oligonucleo-

AdeB? tide assembly was performed
0 with an Expedite™ DNA synthe-
sizer (Applied Biosystems) by
using the phosphoramidite ap-
proach (see the Experimental
Section).

AdeB?
O

¢
%‘

OH
4
d)

MMTrO OH ¢

Scheme 1. a) TMSCl/pyridine, 20°C, 1 h, BzCl/pyridine, 20°C, 2 h, 4% NH,OH, NH,F/pyridine, 20°C, 1 h (yield 64%);
b) 1-(chloromethyl)pyrene, NaH/DMF, —5°C, 4 h (yield 42%); c) TFA/dichloroethane, 0°C, 40 min (yield 61 %);

d) MMTrCl/pyridine, 20°C, 24 h (yield 74%); e) iPr,NPCI(OCH,CH,CN), iPr,NEt/dichloromethane, 20°C, 4 h (yield
61%); f) automated oligonucleotide synthesis. Ade: adenine; Bz: benzoyl; MMTr: monomethoxytrityl.
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Scheme 2. a) 1-(Chloromethyl)pyrene, NaH/DMF, 0°C, 30 min (yield 48%);

66%);
dine, 20°C, 24 h (yield 83%);
mated oligonucleotide synthesis. Ade: adenine; Bz: benzoyl; Tr: trityl.

RNA hybridization

HNA-skeleton probes (A;*)

Absorption spectra: As an example, the temperature-dependent
absorption spectra of the HNA probe HA1-2 and its complexes
are shown in Figure 1. The corresponding spectra of HA1-1
and HA1-3 are documented in the Supporting Information
(Figure S2). In all cases, for the probes the pyrene absorption
band at 349 nm blue-shifts gradually to 346 nm upon increas-
ing the temperature from 10 to 80°C (Figure 1A). Yet for the
HA1-n/TAR mixtures the pyrene absorption band at 343 nm
red-shifts to 347 nm upon increasing the temperature (Fig-
ure 1B and Q). Thus, the spectral shift of pyrene absorption
can be used to monitor the hybridization of oligonucleotides:
the absorption band of pyrene peaks at 343 nm for the du-
plexes compared to 349 nm for the single stranded probe.

In contrast to HA1-1, which shows a comparable shift for
mixtures with HP, the pyrene absorption band peaks already at
347 nm at room temperature and changes very little with in-
creasing temperature for HA1-2/HP and HA1-3/HP mixtures.
This suggests that the multichromophoric probes do not com-
plex efficiently with HP. The formation of a hairpin structure is
expected to compete with the hybridization of the probe.

Melting curves: The UV-melting curves monitored at 260 nm
for the HNA-skeleton probes (HA1-n), the HNA reference (HO),
which is a HNA ON, and RNA reference (RO), with TAR and HP
are shown in Figure 2 (see also Table 1 for melting points).
With increasing number of pyrene units in the HNA-skeleton
probes, the melting point decreases: the stability of the du-
plexes becomes lower the more pyrene chromophores the
probes contain. The melting curves with TAR (Figure 2 A) show

1178

www.chembiochem.org

b) 80% AcOH, 120°C, 30 min (yield
¢) TMSCl/pyridine, 20°C, 1 h, BzCl/pyridine, 20°C, 2 h, 4% NH,OH, 20°C, 1 h (yield 68%); d) MMTrCl/pyri-
e) iPr,NPCI(OCH,CH,CN), iPr,NEt/dichloromethane, 20°C, 4 h (yield 89 %); f) auto-
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a more clear melting profile
than those with HP (Figure 2B):
the melting curves with HP re-
flect the melting of the hairpin
structures rather than the inter-
action with probes or referen-

rescence spectra of HNA-skele-
ton probes HA1-1 and HA1-2
and “complexes” with RNA tar-
gets TAR and HP at 20°C are
shown in Figure 3A and B, re-
spectively. For these probes the
emission  fine  structure of
pyrene is lost and there are only
two bands in the vicinity of 378
and 398 nm. In addition, HA1-2
and HA1-3 (Figure S5) also show
aggregate/excimer emission
with  a maximum around
480 nm.

It should be noted that this
long  wavelength  emission
shows characteristics of excimer
as well as of aggregate emis-
sion. The excitation spectrum of this emission (see the Sup-
porting Information) clearly indicates a significant increase of
the relative intensity of the 0-1 band compared to that of the
0-0 transition while at the same time the 0-0 transition is shift-
ed to the red. On the other hand the long wavelength part of
the emission spectrum is completely featureless, strongly
broadened and red shifted. It is absolutely not a mirror image
of the excitation spectrum. While the first observation points
to aggregates, the second one is characteristic for excimers.

The aggregate/excimer emission is attributed to single
strand folding. The fluorescence intensities and spectra of the
mixtures with TAR and HP differ little from those of single
stranded probe HA1-1 (Figure 3A). Yet for the multichromo-
phoric systems (Figure 3B), the fluorescence intensity at
378 nm in presence of TAR or HP is significantly larger than
that for the probes themselves: for HA1-2/TAR, the fluores-
cence intensity is even twice that of HA1-2. In addition, the
complexes of the multichromophoric probes with TAR do not
show aggregate/excimer emission anymore (Table 1). Only for
HA1-2/HP and HA1-3/HP is aggregate/excimer emission still
observed. Again, this is attributed to only partial duplex forma-
tion with the hairpin structure; this leaves free probe mono-
mer in solution.

Temperature-dependent fluorescence spectra of HNA-skele-
ton probes and their complexes confirm the interpretation
(Figure S5) of the temperature dependent absorption spectra.
HA1-1 never shows aggregate/excimer emission at any tem-
perature, while the multichromophoric probes HA1-2 and HA1-
3 always show aggregate/excimer emission around 480 nm.
Yet for their mixtures with TAR, aggregate/excimer emission is
essentially only observed at higher temperatures (HA1-2/TAR:

Ade®

&

MMTroO
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20°C, 2 h, 4% NH,OH, 20°C, 1 h (yield 73-77 %);

n=3; Ade: adenine; Bz: benzoyl.

40°C; HA1-3/TAR: 30°C). As the appearance of the aggregate/
excimer emission is attributed to the denaturation of the com-
plexes, the lower temperature at which aggregate/excimer
emission appears for HA1-3/TAR indicates the lower stability of
the latter complex. This is in line with the stability trend sug-
gested by the UV/Vis melting curves.

For complexes HA1-2/HP and HA1-3/HP, aggregate/excimer
emission appears almost as for the single stranded probes,
which is attributed to a considerable fraction of noncomplexed
single stranded probes.

Note that the pyrene fluorescence emission intensity is ex-
pected to decrease with increasing temperature.**=% The emis-
sion band at 378 nm is higher than that at 398 nm at low tem-
perature, but this situation is reversed at high temperature.
The temperature dependent changes in intensity of these two
bands suggest a decrease in polarizability at high temperature.
This holds both for the pure HNA-skeleton probes and mixed
with targets.

ChemBioChem 2009, 10, 1175- 1185

Ao

N
Si—O0 OCH;O(CH2),NHCOCF3

(CHy),

/
7Y NH
Xy =
o 19ab > O 20ab

Scheme 3. a) SnCl,/dichloroethane, —12°C, 40 min (yield 54-56 %); b) 8 M MeNH,/ethanol, 35°C, 6 h; c) N-hydroxy-
succinimidylpyrene-1-carboxylate, DBU/dichloroethane, 20°C, 4 h (yield 75-78 % for two steps); d) BzCl/pyridine,
€) Bu,;NF/THF, 20°C, 15 min (yield 85-91%); f) MMTrCl/pyridine,
20°C, 24 h (yield 76-82%); g) iPr,NPCI(OCH,CH,CN), iPr,NEt/dichloromethane, 20°C, 4 h (yield 82% for 20a; 67 %
for 20b); h) automated oligonucleotide synthesis. For compounds 15a-20a, n=2, for compounds 15b-20b,
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Ade These tendencies could be
o quantified by monitoring the
monomer to aggregate/excimer
intensity ratio I/l at differ-

ent temperatures (Table 1).
15ab

b}, c)

RNA-skeleton probes:

)\ o Ade
7//81 ° 2'-0-(1-pyrenylmethyl) tether:
;—; A*

-0
Y )\ Absorption spectra: The temper-
0\ ature-dependent absorption
(CH,), spectra of the complexes of
Og Nﬁ RNA-skeleton probes RA2-1,
,‘ RA2-2 and RA2-3 with TAR are

o 16ab -
shown in Figure 4. For the RNA-
skeleton probes, the absorption
band at 351 nm gradually blue-
shifts to 347 nm. This indicates
a decreased polarizability: the
contact with RNA bases is re-
h) placed by contact with water
ONs upon increasing the tempera-
ture from 10 to 80°C. Yet for
the mixtures, the absorption
band of pyrene at 351 nm does
not shift until denaturation sets
in; this induces a blue-shift to

347 nm.
The absorption band of
pyrene  blue-shifts gradually

upon increasing the tempera-
ture both for single stranded
RNA- (from 351 nm to 347 nm)
and HNA-skeleton probes (from
349 nm to 346 nm). Though, it
is important to note the differ-
ent temperature-dependent spectral shift upon denaturation
of the complexes: HNA-skeleton probes from 343 nm to
347 nm; RNA-skeleton probes from 351 nm to 347 nm. This
suggests that the micro environment of pyrene is different for
both types of probes upon complexation. The absorption of
polyaromatic intercalators including pyrene is known to shift
to longer wavelengths upon mt-stacking with nucleobases.® In
line with these arguments, we suggest that for RNA-skeleton
probes, pyrene is intercalated upon hybridization, while for
HNA-skeleton probes, the pyrene molecules are relatively free
from interaction with the nucleobases.

Melting curves: The UV-melting curves monitored at 260 nm
for the RNA-skeleton probes/RNA complexes are shown in
Figure 5. The melting point of complexes RA2-1/TAR, RA2-2/
TAR, and RA2-3/TAR is 52, 45, and 42°C, respectively, and de-
creases again with increasing number of pyrene units in the
RNA-skeleton probes (Figure 5). The melting points of complex
RA2-1/HP, RA2-2/HP and RA2-3/HP are probe independent (Fig-
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Figure 1. Temperature-dependent absorption spectra of HNA-skeleton
probes and their complexes. A) HA1-2 (1 pum); B) HA1-2/TAR (4 pum); C) HA1-
2/HP (4 um); Spectra of the probes and their mixture with TAR and HP were
recorded using optical cells with a path length of 1 cm and 1 mm, respec-
tively. The arrow indicates the spectral shift upon increasing the tempera-
ture.

ure S8). This is attributed to the hairpin formation of HP (melt-
ing point is 57 °C).

Note that the melting points of the complexes with RNA-
skeleton probes are higher than those with HNA-skeleton
probes by 2-5°C; this indicates a higher stability of the com-
plexes with the RNA-skeleton probes and is remarkable in view
of the increased affinity of HNA and HNA probes which was
described before.””!

Fluorescence spectra: The fluorescence spectra of RNA-skele-
ton probes RA2-1 and RA2-2 and their complexes with RNA
targets TAR and HP at 20°C are shown in Figure 6. The fluores-
cence intensity of RA2-1 is affected very little by duplex forma-
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Figure 2. UV-melting curves monitored at 260 nm for: A) HNA-skeleton
probes/TAR, HO/TAR and RO/TAR and B) HP, HNA-skeleton probes/HP, HO/HP
and RO/HP; concentration is ~4 pm.

tion (Figure 6 A). Yet Figure 6B shows a great difference in fluo-
rescence profile and intensity between RA2-2 and its mixtures,
especially RA2-2/TAR. It is important to note again (see Sl) that
the excitation spectra of the long wavelength emission differ
in the same way from those of the 378 nm emission as ob-
served for HA1-2 and HA1-3. The fluorescence of RA2-2 is do-
minated by aggregate/excimer emission, peaking at around
490 nm. RA2-2/TAR shows only monomer emission. The fluo-
rescence intensity at 377 nm of RA2-2/TAR is about nine times
that of RA2-2. RA2-3 also shows aggregate/excimer emission,
but to a smaller extent than RA2-2 (Figure S6). As a result,
though the aggregate/excimer emission also disappears for
RA2-3/TAR, the overall change/gain in monomer emission is
much lower. Mixtures of the probes with the hairpin RNA
target HP do not show a similar strong decrease in the aggre-
gate/excimer emission region and enhanced fluorescence in
the monomer region. Note that the fluorescence quantum
yields (Table 1) are lower than those of HNA-skeleton probes.
Temperature-dependent fluorescence spectra (Figure S6) of
the RNA-skeleton probes RA2-1, RA2-2 and RA2-3 mixed with
TAR reveal that the fluorescence intensities in the monomer
region of the single stranded probes decrease with increasing
temperature. Though RA2-2 and RA2-3 show aggregate/
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Table 1. Melting temperatures of pyrene-labeled oligonucleotide mix-
tures, fluorescence quantum yields and monomer/excimer ratios of the
pyrene-labeled oligonucleotides and their mixtures.
Single strands T2 [°q oM (D, Dr) W19 (£0.2)
or complexes (£2) (£0.002)

20°C 70°C
HA1-1 - 0.055 oo 00
HA1-1/TAR 50 0.052 00 00
HA1-1/HP 50 0.050 00 00
HA1-2 - 0.055 (0.041, 0.014) 6.5 2.8
HA1-2/TAR 45 0.098 00 2.6
HA1-2/HP 50 0.084 (0.071, 0.013) 1n4 2.8
HA1-3 - 0.056 (0.040, 0.016) 5.9 1.7
HA1-3/TAR 40 0.075 00 17
HA1-3/HP 50 0.065 (0.052, 0.013) 7.8 17
HP 57 N.A. N.A. N.A.
RA2-1 - 0.009 00 00
RA2-1/TAR 52 0.010 00 00
RA2-1/HP 55 0.009 00 00
RA2-2 - 0.025 (0.003, 0.022) 0.5 1.6
RA2-2/TAR 45 0.019 00 1.6
RA2-2/HP 55 0.030 (0.012, 0.018) 15 1.6
RA2-3 - 0.036 (0.016, 0.019) 1.9 1.6
RA2-3/TAR 42 0.047 00 17
RA2-3/HP 55 0.040 (0.021, 0.019) 23 17
RA3-2 - 0.22 (0.16, 0.06) 6.2 29
RA3-2/TAR 60 0.23 oo 29
RA3-2/HP 58 0.26 00 2.9
RA4-2 - 0.20 (0.10, 0.10) 23 1.5
RA4-2/TAR 55 0.25 00 1.4
RA4-2/HP 55 0.24 o0 1.5
[a] All samples are aqueous solutions (pH 7.5, 0.1 M NaCl, 20 mm potassi-
um bihydrogen phosphate, 0.1 mm EDTA) without degassing oxygen;
melting temperatures were monitored at 260 nm. [b] Quantum yields
were measured at 20°; quinine sulfate in 1.0 N sulfuric acid was used as a
standard; @y, @ are quantum yields in monomer and aggregate/excimer
emission region, respectively. [c] Ratio of emission maxima for monomer
(half-sum of the emission intensity at 378 and 398 nm) and aggregate/ex-
cimer (intensity at around 480 nm) fluorescence at 20 and 70°C. [d] co
denotes that there is no aggregate/excimer emission.

excimer emission, for RA2-2/TAR and RA2-3/TAR no aggregate/
excimer emission is observed until denaturation sets in. The
monomer to aggregate/excimer intensity ratios /y/lz at 20 and
70°C are listed in Table 1.

Hybridization suppresses aggregate/excimer emission and
enhances monomer emission of probes that carry two or three
pyrene labels. This effect is most pronounced for RA2-2.

The multichromophoric RA2-n probes show, relative to the
monomer emission, a more intense aggregate/excimer emis-
sion than the multichromophoric HA1-n probes. Combined
with the larger stability of the RA2-n/TAR complexes, RA2-2 is
the most promising probe, despite its lower fluorescence
quantum yield.

Pyrene-carboxamide tether: A;* and A*

The drawback of the 2'-O-(1-pyrenylmethyl) probe is the low
fluorescence quantum yield. Therefore, we also explored a
pyrene-carboxamide chromophore because of its known larger
fluorescence quantum yield. The fluorescence spectra and
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Figure 3. A) Fluorescence spectra of HNA-skeleton probe HA1-1 and the
complexes with RNA targets TAR and HP at room temperature. B) Fluores-
cence spectra of HNA-skeleton probe HA1-2 and its mixture with RNA tar-
gets TAR and HP at room temperature. Probe and target concentration was
0.16 uMm; the excitation wavelength was 350 nm.

quantum yields of pyrene-carboxaldehyde are known to be
highly dependent on the solvent polarity t00.**” It has been
used as a base-discriminating fluorescent DNA probe to detect
the microenvironment of DNA duplexes and sense the differ-
ence in polarities between the inside and the outside of the
duplexes.” Here we attached a pyrene-carboxamide chromo-
phore to the RNA skeleton, and thus prepared probes RA3-2
and RA4-2.

Absorption spectra: The temperature-dependent absorption
spectra of RA3-2 with the targets are shown in Figure 7 (For
RA4-2, Figure S4). For the probes the absorption maximum of
pyrene blue-shifts gradually from 349 to 345 nm with increas-
ing temperature. The complexes with the RNA-skeleton probe
with the methylene tether (for example, RA2-2/TAR) show a
blue-shift only upon denaturation; for RA3-2/TAR, the pyrene
peak blue-shifts upon denaturation from 353 nm to 344 nm;
for the other mixtures, the pyrene peak blue-shifts from 351 to
344 nm.

Melting curves: The UV-melting curves are shown in Figure 8.
The melting points of RA3-2/TAR (60°C) and RA4-2/TAR (55°C)
are considerably higher than for RA2-n/TAR (45 °C). The amide
carbonyl tethers lead to more stable complexes. The melting
points of RA3-2/HP and RA4-2/HP are 58 and 55 °C, respective-
ly; these are comparable to the melting point of HP. However,
in contrast to the RNA-skeleton probes with a methylene
linker, there is evidence for hybridization with HP based upon
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Figure 4. Temperature-dependent absorption spectra of RNA-skeleton
probes and their complexes with TAR. A) RA2-1/TAR; B) complex RA2-2/TAR;
C) complex RA2-3/TAR. Spectra were recorded at 4 um in optical cells with a
1 mm path length. The arrow indicates the spectral shift upon increasing
the temperature.

temperature dependent fluorescence measurements (Fig-
ure S7).

Fluorescence spectra: The fluorescence spectra of RNA-skele-
ton probes RA3-2 and RA4-2 and their complexes with RNA
targets TAR and HP at 20°C are shown in Figure 9. Only one
band appears in the monomer emission, yet there are two
bands in the vicinity of 378 and 398 nm for HNA- and RNA-
skeleton probes with methylene tethers. In this case, the fine
structure of pyrene monomer emission is lost completely as
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Figure 5. UV-melting curves monitored at 260 nm for RNA-skeleton probes/
TAR. Concentration was ~4 um.
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Figure 6. A) Fluorescence spectra of RNA-skeleton probe RA2-1 and the
complexes with RNA targets TAR and HP at room temperature. B) Fluores-
cence spectra of RNA-skeleton probe RA2-2 and the complexes with RNA
targets TAR and HP at room temperature. Spectra were recorded at 0.16 um
at 20°C upon excitation at 350 nm.

was also observed in DNA probes with pyrene-carboxamide
chromophores.® Like the other probes with two or three
pyrene units, both RA3-2 and RA4-2 show aggregate/excimer
emission. When compared to those of emission below 420 nm
the main maximum of the excitation spectra of the long wave-
length emission is broadened towards longer wavelengths.
Furthermore a shoulder is observed around 380 nm. This be-
havior is analogous to that observed for HA1-2, HA1-3, RA2-2
and RA2-3. Note that RA4-2 shows a stronger aggregate/exci-
mer emission than RA3-2. A longer linker favors the increased
aggregate/excimer emission. The aggregate/excimer emission

ChemBioChem 2009, 10, 1175-1185
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Figure 7. Temperature-dependent absorption spectra of RNA-skeleton
probes with pyrene-carboxaldehyde chromophores and their complexes be-
tween 300 and 370 nm. A) RA3-2; B) RA3-2/TAR; C) RA3-2/HP; spectra of the
probes and their mixture with TAR and HP were recorded by using optical
cells with a path length of 1 cm and 1 mm, respectively. The arrow indicates
the spectral shift upon increasing the temperature.

disappears upon hybridization. In case of RA3-2, the monomer
fluorescence intensity is only weakly enhanced upon duplex
formation (Figure 9A), while for RA4-2, the monomer emission
intensity is almost doubled (Figure 9B). The quantum yields of
the probes in single stranded form and double stranded form
are shown in Table 1. All the probes with amide carbonyl teth-
ers show higher fluorescence quantum yields than those with
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carboxamide labeled RNA-skeleton probes and targets; concentration was
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Figure 9. A) Fluorescence spectra of RNA-skeleton probe RA3-2 and the
complexes with RNA targets TAR and HP. B) Fluorescence spectra of RNA-
skeleton probe RA4-2 and the complexes with RNA targets TAR and HP.
Spectra were recorded at 0.16 um at 20 °C upon excitation at 350 nm.

methylene tethers. For example, the quantum yield of RA3-2 is
0.22 and that of RA2-2 is only 0.025.

Temperature-dependent fluorescence spectra of RA3-2 and
RA4-2 (Figure S7 in the Supporting Information) and their mix-
tures with targets show that the fluorescence intensities in the
monomer emission region decrease with increasing tempera-
ture. The probes show aggregate/excimer emission over the
complete temperature range yet upon addition of the target,
aggregate/excimer emission is only observed for denatured
systems. The monomer to aggregate/excimer intensity ratio I/
Ie at 20°C and 70°C is listed in Table 1.
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In contrast with RA1-n and RA2-n, mixtures with hairpin HP
exhibit only little aggregate/excimer emission below 20°C; this
indicates that the pyrene-carboxamide probes hybridize with
the hairpin target effectively. The amide carbonyl tethers lead
to more stable complexes, and this is consistent with the con-
clusion drawn from the melting curves.

Conclusions

We have explored two kinds of pyrene-labeled probes (HNA-
and RNA-skeleton probes) to detect RNA hybridization. The
effect of probe skeleton (HNA or RNA), the number of pyrene
fluorophores (one, two or three), and the nature of the tether
linking pyrene to the skeleton on the thermal stability, absorp-
tion and fluorescence properties of the complexes was investi-
gated and compared with the properties of the single stranded
probes.

The melting curves show that complexes of RNA-skeleton
probes are more stable than those of HNA-skeleton probes.
Also the nature of the linker connecting the pyrene chromo-
phores to the skeleton plays a role: complexes of RNA-skeleton
probes with pyrene-carboxamide groups are more stable than
those of RNA-skeleton probes attached by pyrene-methylene
groups.

With an increasing number of pyrene units in the probes,
the melting point and therefore the stability of the duplexes
decrease.

As far as the fluorescence characteristics are concerned, sig-
nificant changes are only observed upon hybridization for the
multichromophoric probes. Namely, the aggregate/excimer
emission of the free probes disappears upon hybridization and
simultaneously, the monomer emission intensity increases. In
general, the probes carrying two pyrene units perform better
than those with three pyrene units, as far as the changes in
fluorescence intensity are concerned upon hybridization. Two
probes outperform clearly the others for TAR recognition: RA2-
2 and RA4-2. In absolute numbers, the relative intensity
change (monomer vs. aggregate/excimer emission) is more
pronounced for RA2-2/TAR than for RA4-2. Note though that
the quantum yield of fluorescence is about 10 times larger for
RA4-2 than for RA2-2.

Most of the probes interact well with TAR but not with the
hairpin HP, except for the RNA-skeleton probes with pyrene-
carboxamide amide groups, for which the aggregate/excimer
emission disappears upon mixing RA3-2 or RA4-2 with HP.

To detect the hybridization of ONs by probing the disap-
pearance of aggregate/excimer emission might turn out to be
useful in biological fluorescence assays.

Experimental Section

Sample solutions: Samples were prepared under buffered condi-
tions (20 mm KH,PO,, 0.1 m NaCl, 0.1 mm EDTA, pH 7.5 adjusted by
NaOH). Complexes were prepared from a 1:1 mixture of ONs
(4 um). The mixed solution was heated at 80°C for 5 min and then
cooled to room temperature over 30 minutes. Samples were not
degassed prior to the fluorescence experiments.
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UV/Vis absorption: Measurements were carried out by using a
Perkin-Elmer UV/Vis spectrometer Lambda 40. Temperature-de-
pendant absorbance measurements for the complexes were car-
ried out using a 1 mm path length cell; other measurements were
carried out using a 1 cm path length cell.

Steady-state fluorescence: Spectra were recorded by using a Fluo-
rolog FI3-22 fluorometer (Edison, USA) equipped with two double
monochromators and correction of the fluorescence spectra for
wavelength dependence of the sensitivity of the instrument. Fluo-
rescence quantum yields, ®, of the pure probes and complexes
were determined at 20° by using quinine sulfate in sulfuric acid
(1.0 N) as a standard with a known ® of 0.546. The fluorescence
quantum yields were calculated according to the following equa-
tion (1)1

Dy = Dr[Dy/Ds;][Ast/Ax] [N/ Nsr] Q)

Here, @, and @ are the fluorescence quantum yield of the test
and the standard, respectively. Dy and Dg; are the area under the
fluorescence spectra of the sample and the reference, respectively.
Ay and Ag; are the respective absorbencies of the sample and refer-
ence solution at the wavelength of excitation. ny and ng; are the
values of refractive index for the respective solvents used for the
sample and reference. The monomer to aggregate/excimer intensi-
ty ratio (/w/Iz) was calculated by taking the ratio of the half-sum of
the emission intensity at 378 and 398 nm to the intensity at
around 480 nm.
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Ribosomal Synthesis of Peptides with C-Terminal Lactams,
Thiolactones, and Alkylamides

Eiji Nakajima,™ Yuki Goto,” Yusuke Sako,” Hiroshi Murakami,” and Hiroaki Suga*® ®!

The C terminus of a peptide expressed by the translation appa-
ratus generally ends in a carboxylate group. On the other
hand, the C termini of some naturally occurring peptides have
amide moieties instead of carboxylates, which are believed to
give better biostability. Here, we describe a new strategy for
the ribosomal synthesis of peptides featuring C-terminal
lactam, thiolactone, and alkylamide units. The method was
based on the concept of genetic code reprogramming involv-
ing the flexizymes (flexible tRNA acylation ribozymes) and the
PURE (peptide synthesis using recombinant elements) system,

Introduction

The C terminus of a peptide expressed by the translation appa-
ratus generally ends in a carboxylate group, which is generat-
ed by ribosome-catalyzed hydrolysis of the carboxy ester bond
between the C-terminal amino acid and the 3'-OH of peptidyl-
tRNA and triggered by binding of the release factors to the ri-
bosome A site!"? On the other hand, it is known that the
C termini of some naturally occurring peptides are modified by
an amide instead of the carboxylate,* and potentially con-
tribute to their biostability.*® These C-terminal amide groups
are generated by enzymatic oxidative cleavage at the a posi-
tions of the subsequent amino acids in the parent peptides.””
More recently, intein, known as a protein-splicing enzyme, has
been engineered to trap the thioester intermediate, which sub-
sequently reacts with an externally added amine to form the
C-amidated peptide."” Notably, this methodology has been
applied to C-terminal modifications featuring not only simple
amides, but also alkylamides.!'?

We have been engaged in a research program directed to-
wards the development of new methodologies for the riboso-
mal synthesis of nonstandard peptides. Since the translation
apparatus is restricted to the use of the 20 standard proteino-
genic amino acids assigned by triplet nucleotides (codons) on
MRNA, the expressed peptides generally consist of combina-
tions of these amino acids. However, by breaking the “natural”
assignments between codons and proteinogenic amino acids,
it is possible to express nonstandard peptides containing mul-
tiple nonproteinogenic amino acids. We refer to this “artificial”
codon reassignment as genetic code reprogramming.**? De-
spite the simplicity of the concept behind this approach, there
have been two major technical obstacles to its achievement:
1) how the natural assignment of the codon or codon box to
the proteinogenic amino acid can be broken, that is, how can
the codon or codon box be made vacant for the reassignment;

<. MWILEY .
) InterScience*

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

in which vacant codons are reassigned to nonproteinogenic
amino acids; this enabled us to convert the C termini of pep-
tides into the above functionalities. We have also applied this
method to the synthesis of a macrocyclic peptide closed by an
amide bond formed between a lysine side chain and the pep-
tide C terminus. This method thus offers us new opportunities
to express various peptides with C-terminal modifications as
well as macrocyclic peptides using the translation apparatus,
and potentially to accelerate the discovery of peptidic drugs
designed for various therapeutic targets.

and 2) how the nonproteinogenic amino acid(s) can be
charged with a tRNA bearing the anticodon corresponding to
the vacant codon.

We have utilized two systems to overcome these inconve-
niences. To assist with point (1), we have taken advantage of
the manipulatability of a reconstituted E. coli cell-free transla-
tion system, often referred to as the PURE (peptide synthesis
using recombinant elements) system.”*?* The most important
feature of this translation system is that certain amino acids,
and, if necessary, aminoacyl-tRNA synthetases, can be with-
drawn from the translation elements. Use of such a withdrawn
PURE system, termed wPURE, allows us to create desired
vacant codons.

To assist with point (2), we have developed an enzyme
system, named flexizyme system, to facilitate the preparation
of tRNAs charged with various nonproteinogenic amino acids.
It consists of two flexizymes, dFx and eFx, that can be used de-
pending on the choice of leaving group in the substrates: dFx
for a 3,5-dinitrobenzyl ester (DBE) and eFx either for a 4-chloro-
benzyl thioester (CBT) or for a cyanomethyl ester (CME). The
use of a combination of these two systems has thus allowed
us to reprogram the genetic code, and enabled ribosomal
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Ribosomal Synthesis of Modified Peptides

synthesis of nonstandard peptides, the sequences and compo-
sitions of which are encoded in the mRNA sequences.’?5-3¢

As a new application of this genetic code reprogramming,
here we report a methodology for the ribosomal synthesis of
peptides featuring C-terminal modifications involving the site-
specific incorporations of y-azidohomoalanine (Aha) or 2-mer-
captoethanol-masking homocysteine ((ME)Hcy) followed by
phenyllactic acid (F*9) under the reprogrammed genetic code
(Scheme 1A). The resulting peptides contain a peptide bond
originating from the above nonproteinogenic amino acid, fol-

A)

Ribosome —

. Q 2
ﬁrﬁ\)LNH gLa(n=1)
i_(_/)n dLa(n=2)

AUG UAA| .

sites; the expressed peptide should then self-rearrange to
afford the corresponding y-lactam or thiolactone. Unfortunate-
ly, initial attempts making direct use either of y-aminohomo-
alanine or of Hcy did not succeed in activation of the carboxyl
group by DBE for tRNA aminoacylation (vide infra) because of
the occurrence of rapid self-cyclization. We therefore revised
the strategy and masked the amino group in y-aminohomoala-
nine by replacing it with a y-azide moiety (Figure 1A, Aha). In
the case of Hcy, its sulfhydryl group was masked by a disulfide
bond with 2-mercaptoethanol (ME; Figure 1A, (ME)Hcy). Con-

veniently, both masking groups

could be converted into the cor-

C) responding nucleophiles by ex-
X = S(ME) posure to TCEP; thereby the
H 9 PhH system was primed to trigger
" @ N‘\- the desired spontaneous C-ter-

o _\h}n ) minal cyclization.
Sag~OH To incorporate Aha or
TCEP& Vi (ME)Hcy (for convenience, we
3 N refer to these nonproteinogenic

amino acids as Xaa) and F* suc-
cessively into a peptide chain at
the designated positions, threo-
nine (T; ACC) and leucine (L;
CUQ) codons were chosen for
£ H the reassignment of Xaa and
F<, respectively. The reassign-

Scheme 1. A strategy for ribosomal synthesis of nonstandard peptides containing lactam, thiolactone, and alkyla-
mide moieties. A) Schematic presentation of successive incorporation of a nonproteinogenic amino acid (Xaa) and
decode ACC and CUC codons, respectively,

on the mRNA and result in the Xaa-F™ sequence, linked by an ester bond. B) Post-translational TCEP reduction of
the azide side chain, which triggers the formation of y/d-lactams at the C terminus of the peptide; TCEP: tris(2-

in a ribosome. Xaa-tRNAXME! and Fe-tRNAASE!

phenyllactic acid (F*) GeU 6AG

ment was achieved by the com-
bination of the appropriate flexi-
zyme and wPURE systems. Xaa
and F™ were esterified with DBE
and CME groups, respectively,
and thus were made suitable

carboxyethyl)phosphine. C) Post-translational TCEP reduction of the ME-protected sulfhydryl side chain, which

triggers the formation of a y/d-thiolactone, followed by inter- or intramolecular amidation at the C terminus of

the peptide; ME: 2-mercaptoethanol.

lowed by a single ester bond originating from F*. Subsequent
treatment of such peptides with tris(2-carboxyethyl)phosphine
(TCEP) triggers the conversion of the terminal residue either
into a y-lactam (Scheme 1B, gla) or into a y-thiolactone (gTa)
that can be converted into a variety of alkylamides
(Scheme 1C). Moreover, when a lysine residue is incorporated
upstream of the C-terminal gTa, macrocyclization takes place
to afford a cyclic peptide. This methodology thus enables us
to prepare a wide variety of C-terminal-modified peptides
using the mRNA-directed translation platform.

Results and Discussion

Incorporation of the unnatural substrates and synthesis of
C-terminally cyclized peptides

To construct the foundation for the above methodology, we
first examined the incorporation of a nonproteinogenic amino
acid bearing a nucleophilic side chain, such as a y-amino or
thio group, followed by F* into a peptide chain at specific

ChemBioChem 2009, 10, 1186 - 1192

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

substrates for dFx and eFx (Fig-
ure 1A). To make the ACC and
CUC codons vacant, we pre-
pared a wPURE system in which
amino acids T and L were withdrawn. The reassignment of Xaa
and F* to these vacant codons was achieved by preparation
of the corresponding acyl-tRNAs bearing the anticodons. Spe-
cifically, tRNAST '™ was charged with Aha and (ME)Hcy by
using dFx, while tRNAXTE was charged with F* by using eFx.
Similarly, tRNASIE" was charged with §-azidonorvaline (Anv)
and &-(ME)mercaptonorvaline ((ME)Mnv; Figure 1A, n=2).""
The acylation efficiency of each substrate was confirmed by
using a tRNA analogue: microhelix RNA (Figure S1 in the Sup-
porting Information). These acyl-tRNAs were thus used to ex-
press the desired nonstandard peptides.

To observe the successive incorporations of Xaa followed by
F into the peptide chain, we designed an mRNA template ex-
pressing a model peptide (Figure 1B, mR1 and P1-Xaa-F*).
Note that in this model peptide the FLAG sequence was up-
stream of Xaa-F*. This allowed us to purify the peptide using
anti-FLAG antibody. In this way, the whole translated products
could be isolated for the detection not only of the expected
full-length peptide but also of truncated peptides generated
by potential failures of the codon reassignments. When
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P1-Xaa-F** M R FLAG R Xaa F* R (stop)
C)  P1-AhaF* —E° 5 prgla P1-(ME)Hey-F* —°5F 5 p1.gTa
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Figure 1. Ribosomal synthesis of the C-terminal y/8-lactam- and y/d-thiolactone-containing peptides, P1-gLa and
P1-gTa, respectively. A) Structures of the nonproteinogenic amino acid DBEs and phenyllactic acid CME; Aha: azi-
dohomoalanine; Anv: azidonorvaline; (ME)Hcy: 2-mercaptoethanol-protected homocysteine; (ME)Mnv: 2-mercap-
toethanol-protected mercaptonorvaline; DBE: 3,5-dinitrobenzyl ester; CME: cyanomethyl ester. B) Sequences of
mR1 and P1-Xaa-F*; flag indicates the RNA sequence coding the FLAG peptide (DYKDDDDK). Xaa and F' are as-
signed to codons ACC and CUC, respectively. C) MALDI-TOF analysis of the expressed peptides. The calculated (C)
and observed (0) molecular masses for singly charged species, [M+H]*, of the peptide are shown in each spec-
trum. TCEP reduction of P1-Aha-F and P1—(ME)Hcy—F'“ resulted in the formation of y-lactam and y-thiolactone,
respectively, at the peptide C terminus. The asterisk (*) denotes a peak of P1-Aha-F* in which Aha was presuma-
bly reduced by DTT present in the translation mixture; calcd: 1890.02, found: 1890.71.

H. Suga et al.

(ME)Hcy-F* afforded the corre-
sponding thiolactone, P1-gTa.
The same procedure was also
employed for P1-Anv-F* and
P1-(ME)Mnv-F to yield the cor-
responding C-terminal &-lactam
and thiolactone peptides (Fig-
ure S2 in the Supporting Infor-
mation). These data clearly
demonstrate that the C-terminal
rearrangement from Xaa-F* to
the vy/d-lactam or thiolactone
cleanly took place in these
model peptides expressed with
the reprogrammed codons.

To verify the versatility of this
methodology, we translated an-
other mRNA (mR2) encoding a
longer and more complex pep-
tide sequence: P2-Xaa-F™ (Fig-
ure 2A). For this 16-mer pep-
tide, mR2 was translated in the
presence of ["“C]-Asp, so that
the expression of the corre-
sponding radiolabeled product
could be monitored by appro-
priate PAGE analysis (Figure S3
in the Supporting Information).
Notably, high expression levels
were observed only in the pres-

translation was executed in the presence of Xaa-tRNAZI®' and
FPtRNASTE in the wPURE system, and the FLAG-isolated
product obtained from the experiment was analyzed by
MALDI-TOF, a single major peak was observed (Figure 1C, P1-
Aha-F* and P1-(ME)Hcy-F®). In all cases, the major peak was
consistent with the expected molecular mass of the full-length
peptide, whereas a minor peak observed in the P1-Aha-F™*
spectrum (Figure 1C, indicated by asterisk) was assigned to
the full-length peptide with the amino group, and was pre-
sumably generated by the di-

thiothreitol reduction of the

azide side chain.®” The peptide A)

ence of both Xaa-tRNALNF' and F*-tRNALLS, and the ob-
served expression level of P2-Xaa-F* fell to 33-58% of that of
wild-type P2-Thr-Leu, the quantity of which was determined to
be approximately 3 pmoluL~". As in the case of the P1-Xaa-F™,
C-terminal y-lactam and y-thiolactone formation of P2-Xaa-F*
was triggered by TCEP reduction. Because the purification tag
was not implanted in this set of peptides, the product was
simply desalted by using a resin-modified micropipette tip.
Even after such a simple workup, MALDI-TOF analysis both of

mR2 AUG GAG AUAUGC GCA GAC CCA AAG CAA AAG UGG GUU CAA ACC CUC UAC UAA

expression directed by the re- P2-XKaa-F* M E | € A D P K Q K W Vv Q HXaa F= v (stop)
programmed codons thus suc-
cessfully yleldefj the expected B) P2-Aha-Flac _TCEP P2-gla P2-Hey-Fic TCEP P2-gTa
full-length peptide. 3000 2x10*, 400 6000
: 5 C:2033.97, C: 1685.82 C:2024.96 C:1702.78
Subsequent TCEP  reduction 3 |0:2033.30 \ 0: 1686.30 0:2024.25 0:1703.01
of the masking group triggered Z 1500 1x10° 2200 3000
the self-cyclization of the Xaa g x 1
. | = 0fw . 0 " ) 0 .
rESIdue’ and released the Fac-R 1500 2000 2500 1500 2000 2500 1500 2000 2500 1500 2000 2500
m/z m/z m/z m/z

dipeptide. MALDI-TOF analysis

of the product generated from
the P1-Aha-F™ peptide gave a
single major peak that was con-
sistent with the expected MS
value for P1-gLa (Figure 1C).
Similarly, TCEP reduction of P1-
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Figure 2. Ribosomal synthesis of the C-terminal y/d-lactam- and y/d-thiolactone-containing peptides, P2-gLa and
P2-gTa, respectively. A) Sequences of mR2 and P2-Xaa-F*. Xaa and F™ are assigned to codons ACC and CUC, re-
spectively. B) MALDI-TOF analysis of the peptides. Calculated (C) and observed (O) molecular masses for the singly
charged species, [M+H]*, of the peptide are shown in each spectrum. TCEP reduction of P2-Aha-F™ and P2-
(ME)Hcy-F* resulted in the formation of y-lactam and y-thiolactone, respectively, at the peptide C termini. The as-
terisk (¥) denotes a peak of P2-Aha-F* in which Aha was presumably reduced by DTT present in the translation
mixture; calcd: 2008.02, found: 2008.54.

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 11861192
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the precursor peptide (Figure 2B, P2-Aha-F* or P2-Hcy-F**)
and of the peptide containing C-terminal y-lactam or y-thiolac-
tone moieties (Figure 2B, P2-gLa and P2-gTa) showed clean
single major peaks consistent with the expected MS values.
Likewise, expression and TCEP conversion of the peptides into
the corresponding C-terminal d-lactam and 0d-thiolactone pep-
tides was also successfully executed (Figure S4 in the Support-
ing Information, P2-dLa and P2-dTa).

Synthesis of C-terminally modified peptides and of a macro-
cyclized peptide with the y-thiolactones

Because a C-terminal thiolactone might be reactive toward
amine nucleophiles,*®*¥ we were interested in converting it
into various C-terminal amide groups (Figure 3A). P1-gTa was
accordingly treated with thirteen different amines, from simple
ammonium hydroxide to a fluorescent-labeled alkylamine (Fig-
ure 3B, 1-13). On addition of an excess amount of the individ-
ual amine to the P1-gTa, the desired C-terminal amidation of
P1-gTa occurred cleanly, and occasionally along with oxidation
of the liberated sulfhydryl group with ME (Figure 3C). It should
be noted that ME was one of the standard reagents included
both in the ordinary PURE and in the wPURE systems, and
such ME adducts were presumably generated by oxidation by
air during the amidation process. In addition, P2-gTa was also
subjected to C-terminal amidation with the three chosen
amines, 1, 9, and 13, to yield the desired C-amide peptides.

Lastly, we attempted macrocyclization of a peptide, through
linking between the Cterminus and an amino group in a
lysine (K) side chain from the corresponding y-thiolactone pep-
tide intermediate. We designed a peptide, P3-Hcy-F*, contain-
ing a single K residue upstream of Hcy-F*, and expressed it
from the parent mRNA (mR3; Figure 4A). The expressed pep-
tide was treated with TCEP to induce the C-terminal y-thiolac-
tone formation, and this was followed by incubation with ME
under basic conditions to trigger the desired macrocyclization
(Figure 4B). MALDI-TOF analyses both of the intermediate pep-
tide (P3-gTa) and of the macrocyclic peptide (mcP3-(ME)Hcy)
confirmed the desired conversion (Figure 4C). This demon-
strates that the amidation methodology developed here is ap-
plicable to both intermolecular and intramolecular reactions,
and has enabled us to prepare a wide array of C-terminal pep-
tide-alkylamides.

Conclusions

We have developed a new methodology for the ribosomal syn-
thesis of peptides incorporating C-terminal lactam, thiolactone,
and alkylamide moieties. The key technical development in-
volves the ribosomal incorporation of a nonproteinogenic
amino acid (Xaa), in which the amino or thio nucleophile in
the side chain is masked (e.g., Aha or (ME)Hcy), followed by
F=, at the C-terminal region of a peptide by means of genetic
code reprogramming. TCEP reduction of the masking group
exposes the amino or sulfhydryl nucleophile, and triggers C-
terminal y-lactam (glLa) or thiolactone (gTa) formation. More-
over, the C-terminal y-thiolactone can be amidated by treat-
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ment with various alkylamines. Intramolecular amidation be-
tween a lysine residue and the C-terminal gTa yields a macro-
cyclic peptide. Since such a modification confers biostability
on the peptide, the bioactivity of the peptide can be en-
hanced.®® Most importantly, the ribosomal synthesis of the
peptides is mMRNA encoded, which facilitates the preparation of
peptide libraries.”” Because C-terminal amide modification of
linear and cyclic peptides should enhance their physiological
stability, this methodology gives us an opportunity to explore
the sequence space of such peptides and could potentially
yield new peptidic drugs in the future.

Experimental Section

Preparation of aminoacyl-tRNAs with flexizymes: Aminoacylation
reactions were performed by the following procedure: tRNA*™
(40 um) in Tris-HCI (0.2 M, pH 8.0, 6.25 ul) was heated at 95°C for
1 min, and the system was then allowed to cool to room tempera-
ture over 5 min. MgCl, (3m, 2.5 uL) and dFx (200 pm, 1.25 plL) were
then added and the solution was incubated at room temperature
for 5 min. Substrate in DMSO (25 mm, 2.5 pl) was then added and
the mixture was incubated on ice for 2 h. The acylation reaction
was quenched by addition of sodium acetate (0.6 M, pH 5.0, 40 pL),
and the RNA was recovered by ethanol precipitation. The pellet
was rinsed twice with ethanol (70%) containing sodium acetate
(0.1 M, pH 5.0), and once with ethanol (70%). The pellet was dried
and stored at —80°C.

Ribosomal synthesis of wild-type peptides and of peptides con-
taining nonproteinogenic amino acids/hydroxy acids: The ordi-
nary PURE system was reconstituted with ribosome, 20 aminoacyl
RNA synthetases, protein factors, necessary organic and inorganic
components, and the 20 proteinogenic amino acids (0.2 mm each);
for tricine SDS-PAGE analysis, [*C]-Asp (50 pum) was used in place
of Asp, as reported elsewhere,”” Control wild-type peptide was
translated with this PURE system in the presence of DNA template
(40 nm) at 37°C for 1h, in a total volume of 5 uL. The wPURE
system was reconstituted with the same components as the PURE
system, except that only the necessary proteinogenic amino acids
(0.2 mm each) and acyl-tRNAs (50 pm each) were added to the mix-
ture, depending upon the peptide being translated. For the syn-
thesis of P1, which contained the nonproteinogenic amino acids
Aha, Anv, (ME)Hcy or (ME)Mnv, and phenyllactic acid (F%), the
WPURE system in the presence of DNA template D1 (40 nm), Met,
Arg, Tyr, Lys, and Asp (0.2mm each), and Aha-tRNAZIE, Anv-
tRNAZIET (ME)Hcy-tRNAXTE!, or (ME)Mnv-tRNAZTE" (50 um each),
and F°-tRNAXYE' (50 um) were used. For the synthesis of P2,
which contained the nonproteinogenic amino acids Aha, Any,
(ME)Hcy, or (ME)Mnv, and phenyllactic acid (F%), the above wPURE
system in the presence of DNA template D2 (40 nm), Met, Glu, lle,
Cys, Ala, Pro, Lys, GIn, Trp, Val, Arg, Tyr, Asp (0.2 mm each; Asp was
replaced with 50 um ['*C]-Asp for tricine SDS-PAGE analysis), and
Aha-tRNAZIE" or Anv-tRNAZNE! (ME)Hcy-tRNAZYE, or (ME)Mnv-
tRNASYE! (50 um each), and F-tRNAXYE' (50 um) were used. For
tricine SDS-PAGE analysis the reaction mixture (2.5 uL) was mixed
with loading buffer (2.5 pL; 0.9m Tris-HCl, pH 8.5, 30% glycerol,
and 8% SDS) and analyzed by 15% tricine SDS-PAGE.

Mass spectra measurements of peptides: For the mass analysis a
sample (5 pL) of the reaction mixture was mixed with 2xTBS (5 uL;
100 mm Tris-HCI, pH 8.0, 300 mm NaCl) and incubated in prewash-
ed FLAG-M2 agarose (Sigma) for 1 h. The resin was then washed
once with TBS (50 mm Tris-HCl, pH 8.0, 150 mm NaCl; 10 uL), and
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Figure 3. Amidation of P1-gTa and P2-gTa with a variety of amines. A) Schematic representation of C-terminal amidation with y-thiolactones. P1-gTa and P2-
gTa were incubated with amines that opened their y-thiolactone moieties to yield the alkylamides. The products in parentheses represent the oxidation of
the sulfhydryl group of Hcy with ME. B) Primary amines used in this study: ammonia (1), isobutylamine (2), cyclopentylamine (3), allylamine (4), propargyl-
amine (5), 3-ethoxypropylamine (6), octylamine (7), nonylamine (8), geranylamine (9), benzylamine (10), pyridoxine (11), 4-aminobutanoic acid (12), and dan-
sylcadaverine (13). The C terminus of P1-gTa was subjected to amidation with all of the amines, whereas that of P2-gTa was subjected to 1, 9, or 13.

C) MALDI-TOF MS spectra of the C-terminally modified P1 and P2. Calculated (C) and observed (O) molecular masses for the singly charged species, [M+H]™,
of the peptide are shown in each spectrum. Asterisks (*) indicate peaks corresponding to the peptide modified with each amine at the C terminus. Daggers
(1) indicate unreacted P1-gTa, and double daggers (#) indicate products with sulfhydryl groups oxidized with ME, in which the molecular mass of P1-Hcy-X
(X=1-13 is increased by approximately 76.
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Optimization of an Electrochemical DNA Assay by Using a
48-Electrode Array and Redox Ampilification Studies by
Means of Scanning Electrochemical Microscopy

Sebastian Neugebauer,” Andreas Zimdars,” Petra Liepold,”’ Magdalena Gebala,®
Wolfgang Schuhmann,® and Gerhard Hartwich*®

Due to insufficient detection limits and selectivity, electro-
chemical DNA sensors are not yet used as everyday tools in di-
agnostics. Here, we present an electrochemical DNA assay that
is based on specific Salmonella spp. capture probes. Our opti-
mization strategies and the specific features of related electro-
chemical DNA sensor arrays, which are comprised of a chip
with 48 gold electrodes, are also described. A ssDNA monolay-
er is formed by chemisorption of the thiol-modified capture
strand on the different gold electrodes of the array after spot-
ting with a needle spotter. The assay parameters were opti-

Introduction

DNA analysis has grown to become a widely established, rou-
tine method. The use of DNA microarrays™? allows for a reduc-
tion in costs for performing DNA analysis due to their inherent-
ly high degree of miniaturization and automation. However,
DNA microarray technology is still based on expensive equip-
ment like mass spectrometers®™ or fluorescence microscopes,™”
which must operated by trained personnel. Thus, DNA analysis
still has to go a long way until it can be routinely employed in
point-of-care diagnostics.

On the other hand, however, the idea of having a DNA-sens-
ing device that is able to perform DNA analysis to easily detect
disease markers, or to have a DNA sensor to determine food
pathogens seems to be highly attractive. Hence, a lot of effort
has been put into the development of easy-to-use and cost-ef-
fective DNA assays. In this context, the study of electrochemi-
cal DNA-sensing systems has gained increasing attention in
recent years.”® In general, electrochemical readout can be per-
formed with less-expensive equipment due to the fact that
electrochemical analyzers can be easily miniaturized. Thus,
electrochemical DNA assays are interesting options for the
design of handheld DNA-sensing devices. In addition, electro-
chemical DNA sensors can be parallelized in a straightforward
way. A large number of individually addressable microelec-
trodes can be implemented into a single microchip; this results
in a large number of different test sites.”? Mass production of
such microchips will further increase the cost effectiveness of
electrochemical DNA sensors, and microfluidics could be incor-
porated into the chip format to perform automated assays.

Electrochemical readout of DNA hybridization mainly follows
one of three basic concepts: 1) direct detection of DNA elec-
trochemistry or the modulation of direct DNA electrochemistry

ChemBioChem 2009, 10, 11931199

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mized for the use of minimum amounts of sample and re-
agents and short assay times. Scanning electrochemical
microscopy (SECM) has been used to visualize the local activity
of an enzyme label used for amplified hybridization detection
at high lateral resolution. The potential of SECM to further am-
plify the sensor signal by means of redox cycling is demon-
strated by using single-stranded DNA capture probe modified
gold microelectrodes as SECM tips. The detection limit of the
proposed DNA sensor is shown to be in the femtomolar range
without redox cycling amplification.

upon hybridization, 2) change of electrical properties of the
capture DNA layer upon hybridization, or 3) electrochemical
detection of a label that is attached to a DNA duplex.>”
Direct DNA electrochemistry is mainly due to oxidation of
the guanine or adenine moieties.">'? Changes in the electrical
properties or in the conformation of immobilized layers of a
nonhybridized capture probe (ssDNA), and hybridization with a
complementary DNA strand (dsDNA) can alter the accessibility
of the electrode surface for charged redox species; this gener-
ates a modulated electrochemical signal.>'® DNA is highly
negatively charged due to its phosphate backbone, and hy-
bridized dsDNA bears more negative charges than ssDNA. It
was demonstrated that the redox conversion of a negatively
charged and freely diffusing redox compound is modulated
due to charge repelling. Upon hybridization and the concomi-
tant increase in negative charges at the formed dsDNA-modi-
fied interface, the charge transfer resistance is increased; this
leads to a drop in the measured electrochemical signal."*'
Moreover, long-range electron transfer through dsDNA has
been proposed as a means to detect DNA hybridization.
Alternative electrochemical detection schemes for DNA hy-
bridization make use of labels that are exclusively introduced
at sites bearing dsDNA. For example, differences in the binding
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constants of ssDNA and dsDNA towards redox-active metal
complexes have been exploited.'”'® Also, nanoparticles!'®"
and enzyme labels®” have been used as specific markers for
dsDNA.

However, there are a number of challenges that have to be
addressed when introducing concepts for dsDNA detection
and in particular for electrochemical DNA sensors. Highly selec-
tive capture probe sequences for a particular complementary
target DNA sequence have to be identified, and the supply of
these capture probes at the same quality and purity has to be
ensured to get reproducible results. Moreover, immobilization
of capture probes has to be secure and reproducible without
altering the ability of the capture probe to recognize and bind
the complementary target strand. Furthermore, the detection
limit should be as low as possible while maintaining selectivity
to avoid amplification of the target DNA by polymerase chain
reactions (PCR) during sample preparation.

Here, we introduce an assay principle and strategies for its
optimization for the detection of DNA from Salmonella spp. It
is based on the specific binding of an enzyme label, namely al-
kaline phosphatease (AP), exclusively to those surface regions
that carry dsDNA. The proposed sensor system is based on a
printed circuit-board-based microelectrode array with 48 indi-
vidually addressable electrodes that are integrated into one
microchip, immobilization of capture DNA by using thiol self-
assembly, and electrochemical readout and amplification by
using specific enzyme labeling. Because AP has been success-
fully used in amplified electrochemical biosensors,?**! we
have used an avidin-alkaline phosphatease conjugate as a spe-
cific label for dsDNA.

Scanning electrochemical microscopy (SECM)**?"! is an ana-
lytical technique that provides insight into the local electro-
chemical properties of surfaces. As in other scanning probe mi-
croscopies (SPM),22? a tip is scanned over a surface in close
proximity, and the signal that is detected at the tip is modulat-
ed by the specific local properties of the surface. In SECM, a
Faraday current at a disk-shaped microelectrode is the signal
that is modulated by the sample properties during scanning.
This leads to the visualization of the local distribution of elec-
trochemical activity of the sample surface. SECM has been suc-
cessfully used as a tool to visualize locally immobilized AP ac-
tivity® and concomitantly the formation of dsDNA at individu-
al electrodes of the array. Furthermore, SECM has been used to

f$:

M\ ‘m"mu
biotin
biotin
uipiae
é

i

G. Hartwich et al.

determine the amplification of the sensor signal both by using
the enzymatic conversation as well as by redox cycling.

Results and Discussion
Assay strategy

The assay strategy proposed here consists only of incubation
steps and subsequent washing of the electrode surface. For
proof-of-principle and optimization experiments, electrode
arrays containing 48 disk-shaped gold electrodes with 100 pm
diameter were used. Thiol-modified DNA capture probes that
are specific for Salmonella spp. (for sequences see the Experi-
mental Section) were spotted on individual gold electrodes
and allowed to immobilize by thiol chemisorption. To maintain
the flexibility of the immobilized ssDNA capture probes and to
ensure efficient hybridization, a thiol anchor consisting of four
thiol groups was attached to the 3’-end of the capture probe
through a seven-base-long adenine spacer. The target strand
was biotin labeled. This allows for a later complementary bind-
ing of an avidin—AP conjugate after successful formation of
dsDNA. Biotinylated targets from real samples can be obtained
by PCR amplification by using a standard “Biotin PCR Labeling
Kit”, which contains all of the reagents for direct enzyme label-
ing, including biotin-11-dUTP (biotin-e-aminocaproyl-[5-{3-ami-
noallyl}-2’-deoxyuridine-5"-triphosphate]) for incorporation into
DNA by using Taq polymerase. AP is able to cleave its nonelec-
troactive substrate p-aminophenyl phosphate (p-APP) under
formation of the electroactive product p-aminophenol (p-
AP).B33 AP can be oxidized to form the corresponding p-
(benzo)quinone imine (p-Ql) at a potential of +400 mV (vs. Ag |
AgCl). At this potential, no oxidative damage of dsDNA nor ox-
idative desorption of the thiol anchors is expected. If a signifi-
cant oxidation current is detected, binding of the avidin—-
enzyme conjugate through the target-strand-bound biotin
label and hence hybridization under formation of dsDNA is un-
equivocally indicated.

The proposed assay principle is depicted in Figure 1 along
with the typical response of a DNA-modified electrode after
hybridization and conjugation of AP upon addition of p-APP.
An increase in current is observed due to oxidation of the p-
AP that is formed in the enzyme-catalyzed hydrolysis reaction.
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Figure 1. A) Assay strategy. The chemisorbed capture probe is hybridized with a biotin-modified target strand. Subsequently, an avidin-AP conjugate is
bound to the dsDNA through the biotin label. Hybridization is detected by oxidation of p-AP, which is formed in the enzyme-catalyzed hydrolysis of p-APP.
B) Typical current response of a DNA-modified electrode after hybridization and conjugation of AP upon addition of 200 um p-APP after 60 s. Recorded in

500 mm Na,SO,/NaCO; (pH 9.8), potential +400 mV versus Ag|AgCl/3 m KCl.
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No current is observed upon p-APP addition when the immo-
bilized capture probes were not hybridized (data not shown).

Assay parameters

After the principle feasibility of the proposed assay strategy
was demonstrated, the assay parameters were further varied
to minimize the amount of reagents and the overall assay
time. For maximum sensitivity and strongest signal, the
enzyme should work at substrate saturation. Figure 2A shows

A)

40+ .
T 304

1/nA 204

50 100 150 200
[p-APP]/ pu —=

oA

B) 354

1/ nA

0 - —ff—
0 5 10 60
t / min —

incubation

Figure 2. A) Response of DNA-modified electrodes after hybridization and
complementary binding of the avidin-AP conjugate at increasing concentra-
tions of p-APP (experimental parameters as in Figure 1). B) Response of
DNA-modified electrodes after hybridization and complementary binding of
avidin—-AP conjugate in the presence of 200 um of p-APP after different incu-
bation times with dilutions of the avidin-AP conjugate (m: 1:500, o: 1:1000).

current values for the oxidation of enzymatically generated p-
AP that were obtained for increasing concentrations of p-APP
by using a dsDNA-modified electrode surface and binding of
AP via biotin—avidin recognition. Enzyme saturation is achieved
at concentrations higher than 50 um of p-APP.

Because the binding constant between avidin and biotin is
very strong, affinity binding of the avidin-AP conjugate to the
biotinylated dsDNA should be very fast and efficient. Indeed,
after a 2 min incubation of the dsDNA-modified surface with a
diluted avidin—-AP conjugate (1:500), the maximum signal was
already achieved (Figure 2B). Further dilution of the avidin-AP
conjugate (1:1000) yields maximum signal after a 10 min incu-
bation time.

Based on these results, the parameters for the electrochemi-
cal readout of the assay have been set to a concentration of
200 um p-APP after incubation with a diluted solution of
avidin—AP conjugate (1:1000) for at least 10 min.
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Scanning electrochemical microscopy

SECM in the sample generation-tip collection mode (SG-TC)
has been employed in this study. In this mode, domains on the
sample surface, at which an electrochemically active species is
produced, which can be oxidized or reduced at the SECM tip,
are visualized by an increase in tip current (Figure 3). Thus,
SECM is capable of monitoring the functional molecular assem-
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Figure 3. Schematic representation of the sample generation-tip collection
mode of SECM for the local visualization of surface-bound AP activity. Over
surface areas where AP was bound through a biotin-avidin interaction, the
product of the enzymatic reaction, p-AP, is formed upon addition of suffi-
ciently high concentrations of p-APP in a diffusion-limited process. p-APP dif-
fuses within the gap between sample surface and SECM tip to the tip where
it is oxidized under formation of p-Ql. Thus, the tip current increases if the
tip is scanned over an area of successful DNA hybridization.

bly of the assay during the immobilization process with a later-
al resolution that is determined by the size of the used SECM
tip. Furthermore, it is able to confirm that the immobilized
DNA maintains its ability to bind its complementary target
strand.

At first, a model system was studied by SECM that consisted
of a biotin-modified 25-mer oligonucleotide that simultaneous-
ly carried the 3'-thiol units. This ssDNA strand is chemisorbed
at the 100 pm Au electrodes of the array as described above,
and the avidin-AP conjugate is directly bound to this DNA
strand through its biotin label. It is assumed that the current
signal at the SECM tip would be maximal at the saturation con-
centration of p-APP because each accessible biotin would be
modified with the avidin-AP conjugate.

Due to the high molecular weight and thus large steric
demand of the avidin—AP conjugate, it can be assumed that al-
ready-bound avidin—AP conjugate might prevent further bind-
ing of avidin-AP conjugates at nearby biotin residues. Thus,
maximum current signal might be obtained even with lower
concentrations of the capture probe at the surface. Moreover,
SECM images representing the locally immobilized AP bound
to either biotin-labeled 25-mer single-stranded oligonucleo-
tides (Figure 4A) or to biotin-modified target strand after hy-
bridization (Figure 4B) show uniformly distributed enzymatic
activity. SECM line scans through the center of each of the
spots (not shown) reveal that the maximum current measured
for the biotin-labeled 25-mer single-stranded oligonucleotides
(40 pA) is higher than the signal for the full assay (20 pA). In
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Figure 4. SECM images of A) a spot of thiol and biotin-labeled 25 mer
single-strand oligonucleotides after complementary binding of avidin-AP
conjugates via biotin, B) a spot of thiol-modified ssDNA capture probes after
hybridization with the complementary biotin-labeled target strand and fur-
ther binding of the avidin-AP conjugate. All measurements were done in
presence of 10 mm p-APP in carbonate buffer (pH 9.4).

the case of the full assay, either not all of the accessible cap-
ture probes are hybridized or the increased rigidity of the
formed dsDNA prevents the sterically demanding avidin-AP
conjugate from successfully binding to the biotin labels. Both
effects will lead to a decreased immobilized AP activity and
consequently to a decreased current at the SECM tip.

Limit of detection

To evaluate the sensitivity and limit of detection of the pro-
posed DNA assay, electrodes with the same amount of capture
probes bound to their surfaces were hybridized with decreas-
ing concentrations of biotin-modified complementary target
DNA and further incubated with the avidin-AP conjugate.
Figure 5 shows the current increase upon addition of p-APP.

tls —=

Figure 5. Current response of DNA-modified electrodes after hybridization
with decreasing concentrations of biotin-labeled target DNA. Filled squares:
100 pm target strand, open squares: 10 pMm target strand, open circles:

100 fm target strand. Inset: magnification of the current response after hy-
bridization with a 100 fm concentration of target DNA.

Even for target strand concentrations as low as 100 fm, an in-
crease in current of about 7 pA is detected; this is clearly
above the noise level of the set-up of about 2 pA (Figure 5,
insert).

Miniaturization

Further miniaturization by using the same DNA assay strategy
was achieved by using 10 pm and 25 um diameter Au disk

1196

www.chembiochem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

G. Hartwich et al.

electrodes that were sealed in glass as sensor surfaces. Immo-
bilization of thiol-modified single-stranded capture probe DNA
onto 25 um Au electrodes was carried out by using a slightly
changed immobilization protocol, by omitting postmodifica-
tion of the DNA-modified sensor surface with the short-chain
thiol that was used to avoid unspecific adsorption of target
DNA and proteins. Successful binding of the capture DNA and
subsequent hybridization and binding of avidin-AP conjugate
was proven by cyclic voltammetry (Figure 6).
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Figure 6. Cyclic voltammograms were recorded in 5 mm p-APP at 25 mVs™';
- control experiment; : DNA assay on 10 um Au electrode; ——: DNA
assay on 25 um Au electrode.

As expected, the reversible electrochemistry of p-AP/p-Ql
couple could be observed at both 10 and 25 pm electrodes. In
a control experiment, a pure capacitive cyclic voltammogram
was obtained at an electrode that was not modified with the
capture probe but incubated with the complementary target
strand and the avidin—AP conjugate.

Electrochemical amplification of the assay signal by means
of SECM

DNA-modified 25 pm diameter Au microelectrodes were used
to investigate the possibility of amplifying the electrochemical
readout of the proposed DNA sensors by using SECM. This is
considered to be a possibility to evaluate the potential benefits
of redox amplification without the need to fabricate interdigi-
tated array electrodes beforehand. For this, the 25 pm diame-
ter SECM tip surface was modified through thiol chemisorption
with the specific Salmonella capture probe, hybridized with its
biotin-labeled target strand, and further incubated with the
avidin—AP conjugate. By using the z-positioning system of the
SECM, we allowed the DNA sensor electrode, which was polar-
ized to a potential to oxidize enzymatically formed p-AP, to ap-
proach a bare gold surface in the presence of p-APP. The per-
pendicular gold surface was polarized to a potential that was
sufficiently low so as to invoke re-reduction of the p-Ql that
was formed at the DNA-modified tip as a consequence of the
enzymatic conversion of p-APP to p-AP. If the DNA-modified
tip was positioned within feedback distance of the gold sur-
face, p-Ql generated at the tip diffused through the gap to the
gold surface where it was re-reduced to p-AP. Thus, the local
concentration of p-AP increased within the gap between the
positioned DNA-modified tip and gold surface. Redox cycling
and an amplification of the tip current can be observed in

ChemBioChem 2009, 10, 11931199
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analogy to the positive feedback effect of SECM (Figure 7). Two
parameters influence the level of current amplification that is
detected at the miniaturized DNA sensor: the applied potential

p-Ql
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Figure 7. Amplification of the current signal at a DNA-modified Au micro-
electrode by using SECM feedback experiments. If the DNA sensor ap-
proaches the gold surface, which is capable of driving the re-reduction of p-
Ql, the redox couple p-AP/p-Ql is cycled between the sensor and the gold
surface, and this invokes multiple redox reactions and thus enhances the
current at the DNA tip.

at both the DNA-modified tip and the gold electrode (recycling
electrode) and the distance between tip and gold surface. Ap-
proach curves of the DNA-modified gold tip towards the gold
surface (Figure 8) exemplify the crucial influence of the men-
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Figure 8. Approach curves of DNA sensor towards gold substrate. Capture
probes were hybridized and AP was conjugated to the DNA duplex. Poten-
tial at the DNA sensor was +250 mV; potential at the gold substrate was
—150 mV (m), —250 mV (o), or —350 mV (m). All approaches were recorded
in the presence of 10 mm p-APP in carbonate buffer (pH 9.3); d/r is the dis-
tance between tip and sample normalized by the active radius of the SECM
tip.

tioned parameters on the current amplification at the DNA-
modified tip. The DNA-modified SECM tip was polarized to a
potential of +250 mV versus Ag|AgCl while decreasing poten-
tials of —150 mV, —250 mV, and —350 mV were applied to the
gold surface.

As expected, the highest current amplification is obtained at
the closest approach of the tip to the Au surface, and the cur-
rent becomes constant when the insulating glass sheath sur-
rounding the Au disk electrode is touching the gold surface
(Figure 8). At an applied potential to the gold surface of
—150 mV, a decrease in the normalized current signal is ob-
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served. At this potential the driving force for the re-reduction
of p-Ql is obviously insufficient. The decrease in current is due
to the blocked diffusion of the substrate p-APP into the gap
between tip and gold surface; this leads to depletion of p-APP
at the tip in (negative feedback of SECM). A potential of
—250 mV at the gold surface leads to the expected amplifica-
tion of the current signal at the DNA-modified sensor tip with
decreasing z distance. The amplification is slightly higher at a
further decreased potential of —350 mV and is 3.6-fold.

The SECM-based amplification can be advantageously used
to determine the crucial parameters for redox amplifications,
and this avoids the need to fabricate interdigitated electrodes.

Conclusions

An amplified electrochemical DNA sensor for Salmonella spp.
was established based on hybridization detection by means of
AP as enzyme label. Immobilization of thiol-modified capture
probes was achieved by chemisorption on 100 um gold disk
electrodes that are arranged in an array of 48 electrodes. Assay
parameters were optimized for a model system by using a bio-
tinylated capture probe. Incubation time for the binding of the
avidin—AP conjugate to the biotin tag at the surface-immobi-
lized DNA for attaining maximum signal was found to be
10 min by using a 1:1000 dilution of a commercially available
avidin—AP conjugate. Saturation of enzyme turnover was ach-
ieved with p-APP concentrations higher than 50 um. Successful
immobilization could be visualized by using SECM. Images of
the spatial distribution of surface-bound AP were obtained for
both a model system by using a biotinylated capture probe
and the full DNA assay.

The detection limit was determined to be as low as 100 fM
of the complementary target DNA by using the optimized
assay parameters. Further miniaturization of the DNA assay on
25 and 10 um gold disk electrodes was successful. By using
redox amplification in feedback-mode SECM, a current amplifi-
cation of 3.6-fold could be achieved.

Future work will be directed in establishing the DNA assay
in electrode structures that intrinsically allow an amplification
by redox cycling, for example, interdigitated electrode
arrays®**¥ or more complex nanopore structures.®” The results
that are obtained from the SECM amplification studies will
guide the way to an optimal design of the array structures and
the optimal concentrations of the assay components. The de-
tection limit is expected to be reduced when the assay is car-
ried out by using this type of electrodes.

Experimental Section

Reagents: Capture probe DNA for Salmonella spp. and comple-
mentary DNA were provided by FRIZ Biochem (Neuried, Germany)
The sequence of the specific capture probe was: 5'-GGT ATT AAC
CAC AAC ACC-3'-(A)7-(SS)2. The sequence of the biotinylated
target probe was: 5-GGT GTT GTG GTT AAT ACC CGC AGC-3-
biotin. Ethanol and NaH,PO,-2H,0 were from Riedel-de Haén
(Seelze, Germany), H,SO, Na,PO,2H,O0, NaCl, and Na,CO; were
from J.T. Baker (Deventer, The Netherlands), NaHCO; was from
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Merck (Darmstadt, Germany), [Ru(NH,)sICl; was from ABCR (Karls-
ruhe, Germany), p-aminophenyl phosphate (p-APP) was from Uni-
versal Sensors (Kinsale-Sandycove, Ireland), and avidin-alkaline
phosphatase in Tris buffer (0.05m, pH 8.0) containing bovine serum
albumin (1%), MgCl, (1 mm) and sodium azide (15 mm) was from
Sigma (Steinheim, Germany).

Electrode fabrication: Electrode arrays contained 48 gold elec-
trodes with 100 um diameter on a single microchip. Fabrication
and design was described elsewhere.®® Gold electrodes with active
diameters of 10 and 25 um were made by following an established
protocol.?” Gold wires with the corresponding diameters (Goodfel-
low, Huntington, UK) were vacuum-sealed into pulled soda lime
glass capillaries (0.d.=1.0 mm, i.d.=0.5 mm; Hilgenberg, Malsfeld,
Germany) by using a homemade heating stage equipped with a
tungsten heating coil (Heka, Lambrecht, Germany).

Electrode preparation: Electrode arrays were cleaned in argon
plasma (Diener, Nagold, Germany; plasma system Femto; for
3.5min at 30 W, 40 kHz) and by cyclic voltammetry in 1M H,SO,
(50-1550 mV vs. Ag|AgCl/3m KCl, three scans at 100 mVs™"). Elec-
trode arrays were rinsed with H,O and EtOH and dried in an Ar
flow. The 10 and 25 um electrodes were polished prior to use by
using alumina polishing pastes with decreasing particle sizes of 0.3
and 0.05 pm (Leco, St. Joseph, USA) on a polishing cloth (Heraeus,
Wehrheim, Germany). Further electrochemical cleaning was carried
out by cyclic voltammetry by using a potential scan range be-
tween —300 and +1600 mV in 0.5m H,SO, at a scan rate of
100 mVs™". Typically, 10 or 20 cycles were applied.

Immobilization of DNA capture probes: To immobilize capture
probe DNA onto electrode arrays, a 50 um solution of the capture
probe in phosphate buffer (200 pL; pH 7) that contained 0.05 vol %
N-laurylsarcosin as a detergent was spotted on each electrode of
the array by using a needle spotter (Cartesian Technologies, Irvine,
USA) and left to dry for 3 h. To prevent unspecific adsorption, the
electrodes were immersed in a 1 mm solution of 6-mercaptohexan-
1-ol in phosphate buffer/10% EtOH for 16 h. After formation of the
self-assembled monolayer, the electrodes were rinsed with H,0O,
EtOH, and again H,0O, and dried in an Ar flow; 10 and 25 um elec-
trodes were modified by dipping into 20 mm phosphate buffer/
20 mm NaCl (pH 7.4) containing 2 or 5 um of the capture probe
DNA for 1 to 3 h. After incubation, electrodes were thoroughly
rinsed with phosphate buffer and water.

Hybridization with complementary DNA and binding of enzyme
conjugation: Array electrodes were incubated in a solution of
500 mm Na,SO, in phosphate buffer (0.05% N-laurylsarcosin, pH 7)
that contained 1 um of the synthetic complementary DNA strand
for 2 h. The avidin-AP conjugate was diluted 1:500 or 1:1000 from
the commercially available solution with acetate buffer (500 mm;
pH 9). The electrodes of the array were incubated in this solution
for 10 min and then thoroughly rinsed with carbonate buffer; 10
and 25 um needle-type microelectrodes were incubated in 20 mm
phosphate buffer/20 mm NaCl containing 10 um of the comple-
mentary DNA strand for 2h and then rinsed with phosphate
buffer. Subsequently, electrodes were rinsed with 100 mm carbon-
ate buffer (pH 9.8) and incubated with the avidin—-AP conjugate (di-
luted 1:500 in 100 mm carbonate buffer) for 10 min. Afterward the
electrodes were rinsed with carbonate buffer.

Electrochemical measurements: Electrochemical measurements
with the array electrodes were performed in 500 mm Na,SO,/
NaCO; buffer (pH 9.8) by using an AUTOLAB Potentiostat (Eco
Chemie, Utrecht, The Netherlands). Electrodes were polarized to
+400 mV versus Ag|AgCl (3m KCI), and p-APP in 500 mm Na,SO,/
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NaCO; buffer (pH 9.8) was added after a stable background current
was established. Electrochemical measurements with 10 and 25 pm
electrodes were performed by using a Palmsens Bipotentiostat
(Palm Instruments, Houten, The Netherlands) in carbonate buffer
(100 mm Na,CO;/NaHCO; adjusted to pH 9.8). Electrodes were po-
larized to +250 mV versus a homemade Ag|AgCl (3m KCl) micro-
reference electrode, and aliquots of p-APP in carbonate buffer
were added after a stable background current was established.

Scanning electrochemical microscopy: For SECM experiments, a
Sensolytics Base SECM (Sensolytics GmbH, Bochum, Germany) in
constant-height mode equipped with a Palmsens bipotentiostat
(Palm Instruments, Houten, The Netherlands) was used.

For the visualization of enzymatic activity on the array electrodes
after immobilization of capture probe, hybridization and binding
of the avidin-AP conjugate, 10 um gold electrodes were used as
SECM tips. Electrodes were polished and cycled as described
above prior to use. The SECM tip was positioned close to an array
electrode by using a video microscope. A droplet of an aqueous
solution containing 5 mm [Ru(NH;)** and 100 mm KCl was ap-
plied to cover the electrode array. The tip and an Ag|AgCl microre-
ference electrode were inserted into the droplet. A potential of
—400 mV was applied to the SECM tip to reduce Ru". A diffusion-
limited steady state tip current (/) was detected. The tip was then
approached towards the insulating layer around the array elec-
trode (z-approach curve) until a drop in current of about 70% due
to the negative feedback effect was detected. The droplet of solu-
tion was removed, and the electrode was rinsed with carbonate
buffer. A droplet of carbonate buffer containing 10 mm p-APP was
then applied to cover the electrode, tip, and reference electrode as
before. The tip was polarized to a potential of +250 mV and
scanned over the surface of the electrode array to detect p-AP that
was formed in the enzymatic reaction of AP.

In the second type of experiment, 25 um electrodes modified with
the DNA assay architecture as described above were used as the
SECM tip. After immobilization of capture probe DNA, hybridiza-
tion and binding of the avidin-AP conjugate to the biotin label the
microelectrode was approached to a 2 mm diameter gold elec-
trode (CH Instruments, Austin, USA) as the recycling electrode. A
silicon tube surrounding the 2 mm gold electrode served as elec-
trochemical cell. The DNA-modified SECM tip and a microreference
electrode were inserted into the silicon tube, which was subse-
quently filled with carbonate buffer containing 10 mm p-APP. The
gold electrode was connected as the working electrode 1 to the
bipotentiostat and polarized to the respective potentials and the
SECM tip was connected as working electrode 2 and polarized to
4250 mV. The z-approach curves of the DNA-modified tip towards
the gold macroelectrode were performed with a scan speed of

T ums™.
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New Approach for Local Structure Analysis of the Tyrosine
Domain in Proteins by Using a Site-Specific and Polarity-

Sensitive Fluorescent Probe

Suming Chen, Xiaohua Li, and Huimin Ma*®

The design and synthesis of a novel long-wavelength polarity-
sensitive fluorescence probe, 6-[9-(diethylamino)-5-oxo-5H-
benzo[a]phenoxazin-2-yloxylhex-2-enyl acetate, for the selec-
tive modification of tyrosine residues with the goal of provid-
ing local information on tyrosine domains in proteins, is report-
ed. This probe comprises a polarity-sensitive Nile red fluoro-
phore and an active m-allyl group that can form m-allylpalladi-
um complexes and react selectively with tyrosine residues. The
probe has the following features: 1) it has a long-wavelength
emission of >550 nm, thanks to which interference from
short-wavelength fluorescence from common biological ma-
trixes can be avoided; 2) the maximum emission wavelength is
sensitive only to polarity and not to pH or temperature; this
allows the accurate determination of local polarity; and 3) it is
a neutral, uncharged molecule, and does not disturb the over-

Introduction

The function of a protein depends mainly on its structure.’?
The occurrence even of only partial structural disorder/misfold-
ing can lead to diseases such as Alzheimer’s, Parkinson’s and
prion diseases.”’ Analysis of the local structure of a protein
(e.g., obtaining information on local environmental changes
during folding/unfolding) can thus be crucial for better under-
standing of the protein’s properties.

On the other hand, much attention has been paid to tyro-
sine domains, not only because tyrosine is one of the primary
amino acids in proteins, but also because modification of tyro-
sine residues in these domains plays a special role in many im-
portant biochemical processes—tyrosine phosphorylation, for
example, is considered to be one of the key steps in signal
transduction and regulation of enzymatic activity.*® In addi-
tion, conformational change of tyrosine in an active site is
usually related to alteration of an enzyme’s activity and kinet-
ics.”" Therefore, the study of tyrosine domains could provide
insights into the function of proteins in complex biological
processes.

Fluorescent probes have been widely used for biological
studies.'>"® In particular, environment-sensitive fluorescent
probes combined with site-specific labelling techniques play
an important role in structural analyses of proteins because of
their great temporal and spatial sampling capability."’* This
technology can also be applied to the study of conformation
changes in tyrosine domains and could be useful for compre-
hensive understanding of the functions of these domains.

<. MWILEY .
) InterScience*

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

all charge of the labelled protein. With this probe the polarity
and conformation changes of the Tyr108 domain in native and
in acid- and heat-denatured bovine Cu/Zn superoxide dismut-
ase were detected for the first time. It was found that the po-
larity of the Tyr108 domain hardly alters on acid denaturation
between pH 4 and 9. However, heat denaturation caused the
Tyr108 domain to be more hydrophobic, and was accompa-
nied by an irreversible aggregation of the protein. In addition,
the probe-binding experiments revealed that the surface of
the protein becomes more hydrophobic after thermal denatu-
ration; this can be ascribed to the formation of the more hy-
drophobic aggregates. This strategy might provide a general
approach for studying the local environment changes of tyro-
sine domains in proteins under acid or heat denaturation
conditions.

Clearly, the prerequisites for conducting such studies are to de-
velop corresponding tyrosine-specific labelling methods and
excellent spectroscopic probes.

Modification of tyrosine residues in proteins is usually ach-
ieved either through acylation or electrophilic aromatic substi-
tution pathways.””” However, these approaches suffer from dis-
advantages, including low selectivity and radioactive risks.**=?
Recently, transition-metal-mediated reactions have emerged as
a promising set of strategies for protein modification.®*=¢
Tilley and Francis reported a novel tyrosine labelling method
using m-allylpalladium complexes.* In one such approach, effi-
cient tyrosine labelling under mild conditions through palladi-
um carboxylate catalysis was observed, and most importantly,
the reactions of m-allylpalladium complexes are highly selective
for tyrosine out of the various amino acid residues encoun-
tered in proteins.*¥ Nevertheless, the rhodamine-type fluores-
cent compound used in that study is insensitive to changes in
environmental factors and thus cannot provide detailed infor-
mation on the tyrosine domain.

[a] S. Chen, Dr. X. Li, Prof. Dr. H. Ma
Beijing National Laboratory for Molecular Sciences
Institute of Chemistry, Chinese Academy of Sciences
Beijing 100190 (China)
Fax: (+86) 10-62559373
E-mail: mahm@iccas.ac.cn
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http://dx.doi.org/10.1002/cbic.200900003.
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Tyrosine Domain Analysis

Excellent environment-sensitive fluorescent probes that are
suitable for local conformation studies should possess the fol-
lowing properties: 1) the fluorescence response should be sen-
sitive only to one environmental factor (polarity, pH or temper-
ature) and not to multiple factors, so that cross-interference
can be eliminated; 2) it should have a long-wavelength fluores-
cence, to avoid the influence of short-wavelength fluorescence
from proteins; and 3) it should be a neutral, uncharged mole-
cule, so as not to disturb the overall charge of a native protein.

To meet these requirements for tyrosine domain analysis, we
have taken advantage of m-allylpalladium complexes to design
a novel long-wavelength, polarity-sensitive fluorescence probe,
6-[9-(diethylamino)-5-oxo-5 H-benzo[a]phenoxazin-2-yloxylhex-
2-enyl acetate (DBHA, Scheme 1). The probe comprises a Nile
red fluorophore and an active m-allyl group, the properties of
which have been characterized and indicate that the probe is

diisobutyl-

a) oxalyl chloride

e~ OH Doabichlorde O
Br b) phosphorane Br

0

o

1 2

acetic anhydride (Et),N

AN 0AC
4-dimethylamino- Br
pyridine

Scheme 1. Synthesis of 6-[9-(diethylamino)-5-oxo-5 H-benzo[a]phenoxazin-2-yloxylhex-2-enyl acetate (DBHA).

suitable for local structural studies. Here, this application is
demonstrated in the detection of local polarity and conforma-
tional changes in the unique tyrosine (Tyr108) domain in the
bovine erythrocyte Cu/Zn superoxide dismutase (SOD).

Results and Discussion
Solvent effects on the fluorescent properties of DBHA

The fluorescent properties of DBHA were examined in different
solvents. As shown in Figure 1, the emission maxima of DBHA
are generally located in the red region of the spectrum and
vary from 584 to 650 nm, which should allow interference
from short-wavelength fluorescence from common biological
matrixes to be efficiently avoided. This property is essential for
biomacromolecular studies.

Detailed information about the effect of solvents is given in
Table 1. As can be seen, the fluorescence emission maximum
of DBHA shifts to a longer-wavelength region with the increas-
ing dielectric constant of the solvents, except in the case of al-
cohols, which might specifically interact with Nile red through
hydrogen bonding.®>*% In contrast, the fluorescence quantum
yield decreases with increasing solvent polarity. In the nonpo-
lar medium chloroform, for example, DBHA exhibits a strong

ChemBioChem 2009, 10, 1200 - 1207
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Figure 1. Normalized fluorescence emission spectra of DBHA in various sol-
vents. The curves represent: a) ethyl acetate, b) dichloromethane, c) acetone,
d) acetonitrile, €) methanol, f) DMF, g) DMSO, and h) water; in this medium,
the higher background fluorescence at about 585 nm was due to scattering.
Iy denotes the normalized fluorescence intensity.

emission at 584 nm with a quan-
tum yield of 0.27, whereas in
water the maximum emission
shifts bathochromically to
650 nm, and is accompanied by
a decrease in the quantum yield
to 0.0018. This kind of solvato-
chromic effect is typical, and is
consistent with the phenome-
non observed for its parent com-
pound Nile red.®**¥ The rela-
tionship between the shift of
maximum emission wavelength
(Adem) and the dielectric con-
stants (D) of the solvents (not in-
cluding methanol and ethanol)
displays a good linearity (Al,,=69.4-0.84xD; n=9, y=
0.986); this suggests that the alteration of local polarity in a
protein should be quantitatively determinable through moni-
toring the shift of the maximum emission wavelength of a
DBHA-labelled protein.

NN
Br OH

3

e S NPl

Table 1. Spectroscopic properties of DBHA in various solvents.

Solvent p® Do Aem M @Y
[nm]  [nm]  [nm]
chloroform 4.81 520 584 66 0.27
ethyl acetate 6.08 517 585 65 0.35
tetrahydrofuran 752 521 587 63 0.26
dichloromethane 9.14 531 595 55 0.29
acetone 21.0 525 600 50 0.27
ethanol 253 542 623 27 0.13
methanol 33.0 547 628 22 0.10
acetonitrile 36.6 529 605 45 0.14
DMF 38.2 537 611 39 0.19
DMSO 47.2 545 620 30 0.14
water 80.1 585 650 0 0.0018

(sodium phosphate buffer)

[a] The dielectric constants (D) of the solvents were obtained from the lit-
erature.®” [b] Shift of maximum emission wavelength: A, =24, (in wa-
ter)—Aem (in an organic solvent). [c] Fluorescence quantum yield (®) was
determined with rhodamine B as a standard (@ =0.71 in ethanol).>*!
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Effects of acidity and temperature on the fluorescence of
DBHA

The effects of acidity and temperature on the fluorescence
properties of DBHA were examined, because these two factors
are often used to denature proteins. Figure 2 shows the fluo-

150-
120
h)
920
IF / a.u.
60. 2
304
650 700 750

Anm ——»

Figure 2. Effects of acidity on the fluorescence emission spectra
(Aex="585 nm) of DBHA (1 pm) at pH: a) 2.0, b) 3.0, ) 4.0, d) 5.0, €) 7.0, f) 9.0,
g) 6.0, and h) 8.0.

rescence spectra of DBHA in different pH media from pH 2 to
9. As can be seen, the fluorescence intensity of DBHA increases
with the rise in pH from 2 to 5, and then reaches a near-pla-
teau; however, its maximum emission wavelength (4,,) hardly
shifts (fluctuation <4 nm). Similarly, a change in temperature
from 20 to 80°C affects the fluorescence intensity of DBHA in
a more complicated manner (Figure 3), but does not notice-
ably alter the position of the A, value of the probe (fluctua-
tion <3 nm; Figure 3, inset). The above results indicate that
the position of the 4., value of DBHA is sensitive only to polar-
ity and not to pH and temperature, and suggest that the polar-
ity change can be accurately detected without interference
from acidity and temperature.

Modification of SOD and detection of local polarity

In this work, SOD was used as a model for studying local polar-
ity and conformation changes.
This protein is a homodimer;
each subunit of SOD contains an
antiparallel eight-stranded f3 bar-

rel, three external loops, and a I ‘
unique Tyr108 residue near the /@: ‘
contact region.*”*? As reported (EtRN 0 o
previously,?  m-allylpalladium

complexes can selectively react Ng';

with a nucleophilic phenolic 1

group under mild conditions
(room temperature and near
neutral media). The m-allylpalla-
dium complex formed from the
reaction between DBHA and Pd-
(OAC),/TPPTS would thus be ex-
pected to modify this tyrosine

Na
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Figure 3. Effect of temperature on the fluorescence emission spectra
(Aex="585 nm) of DBHA (1 pm). The curves represent: a) 70, b) 80, c) 20,
d) 30, e) 40, f) 50, and g) 60°C. The inset shows the plot of 4, versus
temperature.

residue specifically (Scheme 2). Such labelling of tyrosine
alone, as a model compound was also attempted (Figure S1 in
the Supporting Information). The successful modification of
Tyr108 can be characterized with various means, including ab-
sorption and fluorescence spectra, as well as by MALDI-TOF
mass spectra.

Figure 4 shows a comparison of absorption spectra in
sodium phosphate buffer. Because SOD has only one tyrosine
residue and no tryptophan residues, the protein exhibits an
absorption maximum only at 258 nm (curve a). The fine struc-
ture from 250 to 270 nm is attributed to phenylalanine resi-
dues.* On the other hand, DBHA itself gives a visible absorp-
tion maximum at 530 nm (curve b). Successful labelling could
thus be characterized by the coexistence of the absorption
bands from both SOD and DBHA. As can be seen, the DBHA-
modified SOD exhibits a main absorption band at about
260 nm and a less intense peak at 555 nm (curve c), which cor-
respond to the characteristic absorptions of SOD and DBHA,
respectively. The new broad absorption band at about 350 nm
might arise from the labelling product formed, whereas the
25 nm red shift of DBHA, once it is attached to the protein,
might be the result of the change in its environment. In con-
trast, SOD in the control experiment in the absence of Pd-
(OAC),/TPPTS, displayed only the characteristic absorption of

O/\/\//\\
40 uM Pd(OAG),

|
(TPPTS),Pd"
0.48 mM TPPTS N O
- =
pH 8.6 buffer h ‘

(Et),N o) o)

tyrosine
residue
in SOD

RT
1h

NSNS0
Lp 9
TPPTS = P S ..Na* SOD
)
(@)
Q, /@ Ny O
_O/S\\
-0 (Et),N 0 o)

Scheme 2. Modification of Tyr108 in the bovine erythrocyte Cu/Zn superoxide dismutase (SOD) with DBHA.
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0.15-

‘ 0.10+

0.05-

0.00-

300 400 500 600
Ainm ——

Figure 4. Comparison of absorption spectra in sodium phosphate buffer
(0.1 M, pH 8.6). The curves represent: a) native SOD (7.5 um), b) DBHA

(0.1 um), ©) SOD (5 um) modified with DBHA in the presence of Pd(OAc),/
TPPTS, and d) SOD (5 um) modified with DBHA in the absence of Pd(OAc),/
TPPTS (control experiment). The inset shows a magnified section of the
spectra.

SOD (curve d); this indicates that Pd(OAc),/TPPTS is indispens-
able for the formation of the m-allylpalladium complex inter-
mediate for successful labelling. The labelling efficiency was
11.6 %, which is calculated from the molar ratio of DBHA to
SOD in the modified SOD. Namely, the concentration of DBHA
can be determined from the absorbance at 530 nm (es300m=
536x 10 m~'cm™"), whereas the concentration of SOD is de-
termined from the absorbance at 258 nm (&,550m=1.03%
10* M 'ecm™"), from which the contribution of DBHA at 258 nm
(€358nm =9.39%10* M~"cm™) is subtracted.

The fluorescence emission spectra of DBHA, of native SOD
and of SOD modified with DBHA in the absence and presence
of Pd(OAc),/TPPTS are shown in Figure 5. As noted (Table 1),
DBHA exhibits an extremely weak fluorescence at 650 nm in
sodium phosphate buffer (Figure 5, curve a). However, a great
increase in fluorescence intensity, which was accompanied by
a large blue shift of 4., from 650 to 608 nm, was produced
when the probe was attached to SOD (curve b). No such be-
haviour was observed in the control experiment (curve c).
These results also support the supposition that the Tyr108 resi-
due of SOD was successfully modified. The large blue shift
(Adem =42 nm) reveals that the polarity of the Tyr108 domain

1000+
800
600 b)
Ie /a.u. 4004
200 ) d)
a)
0'-'—l—'—l—'—r—'—|

600 650 700 750

Anm —»

Figure 5. Comparison of fluorescence emission spectra (1.,=530 nm) in
sodium phosphate buffer. The curves represent: a) DBHA (1 um), b) SOD
(2.5 um) modified with DBHA in the presence of Pd(OAc),/TPPTS, c) SOD
(2.5 pm) modified with DBHA in the absence of Pd(OAc),/TPPTS (control
experiment), and d) native SOD (5 pm).

ChemBioChem 2009, 10, 1200 - 1207
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is rather low, which would correspond to a dielectric constant
of 32.6, according to the equation AAl,,=69.4—0.84xD. The
hydrophobic environment around Tyr108 might be the result
of the presence of a number of nearby hydrophobic residues,
such as Leu101, lle102, Leu104, lle110 and lle111 (Figure S2 in
the Supporting Information).**® This is the first information
obtained on the polarity around the Tyr108 domain.

To further confirm labelling of the protein by DBHA, the
modified SOD was also subjected to MALDI-TOF mass spectro-
metric analysis. A peak at m/z 16020 (Figure S3 in the Support-
ing Information), which is in agreement with the theoretical
value of m/z 16016 expected for SOD modified at its single
Tyr108 residue, was detected with a mass error <0.02%; this
confirms that SOD was indeed modified by DBHA. The appar-
ent weak intensity at m/z 16020 can be ascribed to the low la-
belling efficiency.

In addition, the activity of DBHA-labelled SOD was assayed
in order to examine the influence of the modification on
enzyme function. The results show that the labelled SOD re-
tains 95 % of its original activity. The almost complete retention
of activity might be due to the relatively long distance (14.7 A,
Figure S2 in the Supporting Information) between the labelled
site and the active site; this is consistent with previous obser-
vations.* This also indicates that this modification method
with m-allylpalladium complexes should be highly compatible
with a native protein study.

Circular dichroism spectra of native SOD and DBHA-labelled
SOD were recorded and compared for further study of the ef-
fects of the modification (Figure S4 in the Supporting Informa-
tion). Native SOD showed a negative peak at around 212 nm;
this suggests that its predominant conformation is the f§ sheet.
The labelled SOD exhibited an almost identical CD spectrum;
this indicates that the introduction of DBHA scarcely altered
the secondary structure of SOD.

Acid- and heat-induced denaturation of DBHA-labelled SOD

Figure 6 shows the effect of acidity on the fluorescence spectra
of DBHA-labelled SOD. As can be seen, the A, value of the
DBHA-labelled SOD is almost independent of the acidity
change from pH4 to 9; this indicates that the environment

610
300 ! 60s] /Hi-i.
’lem/"msoo_ //'
s95] J
200
2 4 6 8 10
I/ a.u. f) pH—
100
a)
0

600 650 700 750 800
Anm ———

Figure 6. Fluorescence emission spectra of DBHA-labelled SOD (1 um) in
solution at various pH values. The curves represent pH: a) 2, b) 3, ¢) 4, d) 5,
e) 7, f) 9. The inset shows the plot of 4., versus pH. All spectra were record-
ed at 1,,=530 nm.
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around Tyr108 is not affected at all. This could explain the fact
that over a wider pH range—from pH 5 to 9.5—SOD maintains
a stable activity in the dismutation of superoxide.**>" In more
acidic media (from pH 4 to 2), however, the labelled SOD dis-
played a 13 nm blue shift in 4., from 608 to 595 nm. The cor-
responding dielectric constant decreased from 32.6 to 17.1.
This decrease in polarity indicates that strong acids can
change the native folded structure of SOD and make the
Tyr108 domain more hydrophobic.

Figure 7 depicts the fluorescence emission spectra and syn-
chronous scattering spectra of DBHA-labelled SOD after differ-
ent heat treatments. As shown in Figure 7A, once heated at
70°C for 3 h, the DBHA-labelled SOD displayed a significant
blue shift in 1., from 608 to 579 nm, concomitant with the in-
crease in fluorescence intensity. This indicates that the Tyr108
domain becomes rather hydrophobic, which can be ascribed
to heat treatment breaking the native structure of SOD and
the Tyr108 residue moving into a more hydrophobic
environment.

A) 750,
d)
600
450
a)
I/ a.u.soo_
150+

00— T T i )
550 600 650 700 750

Ainm ——
B)  200-
d)
150
100 a)
Is/a.u.
50
0

300 400 500 600 700
Anm ———»

Figure 7. A) Fluorescence emission spectra (1.,=530 nm) and B) synchro-
nous scattering spectra of DBHA-labelled SOD (1 pm) at various heat treat-
ments. The curves represent: a) DBHA-labelled SOD without heat treatment;
and DBHA-labelled SOD with thermal denaturation at 70°C for: b) 1 h, ¢) 2 h,
and d) 3 h. /s denotes the light scattering intensity.

On the other hand, the aggregation of superoxide dismut-
ases through the formation of intermolecular disulfide bonds,
as well as noncovalent interactions between f3 sheets, is usually
observed during heat-induced denaturation.®>** SOD has a
free thiol group at Cys6 (Figure S2 in the Supporting Informa-
tion), so the protein can aggregate by disulfide bond forma-
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tion,”® which might cause Tyr108 to become buried in the
highly hydrophobic region of the aggregates.®™ To confirm
this speculation, aggregation of the labelled SOD during heat
treatment was examined by 90° light scattering.F>**%%58 As
shown in Figure 7B, the light scattering intensity increased
gradually with increasing heating time; this indicates that ag-
gregation of the protein does indeed occur.

DBHA binding study

A simple mixture of DBHA and SOD was examined by fluores-
cence spectroscopy to obtain additional information on the
binding of SOD to DBHA. The experimental results show that
DBHA in this simple mixture experiences a pronounced blue
shift in A, from 650 to 615 nm, concomitant with an increase
in fluorescence intensity (compare curve a with curve b in Fig-
ure S5 in the Supporting Information). This indicates that the
probe is bound to a hydrophobic site (with a dielectric con-
stant of 40.9), although the position of this site in SOD is diffi-
cult to determine. However, the SOD in this simple mixture
can be easily separated out with a gel filtration column (Fig-
ure S6 in the Supporting Information); this suggests that the
binding of SOD to DBHA in this mixture is essentially a weak
noncovalent interaction.

For comparison, the binding experiment was also performed
in a different way: native SOD was first preheated at 70°C for
60 min, and then DBHA was added. In this case, a larger blue
shift of 56 nm was observed (from 650 to 594 nm; curve c in
Figure S5 in the Supporting Information), in comparison with
the 35 nm blue shift observed with the above simple mixture
of the native SOD and DBHA. This indicates that the surface of
the preheated SOD, to which DBHA binds, is more hydropho-
bic than that of native SOD, which is possibly the result of the
formation of a more hydrophobic aggregate of SOD. Mean-
while, the formation of the aggregate was confirmed by syn-
chronous scattering spectral analysis (Figure S7 in the Support-
ing Information).

Conclusions

We have developed a polarity-sensitive fluorescent probe,
DBHA, for selective labelling of tyrosine residues, and the
probe was employed to analyse the polarity and conformation
changes of the Tyr108 domain in SOD. Acid-induced denatura-
tion did not affect the polarity of the Tyr108 domain between
pH 4 and 9, whereas heat-induced denaturation between 20
and 80°C caused the Tyr108 domain to become more hydro-
phobic, which could arise from irreversible aggregation of the
protein. Furthermore, probe-binding experiments revealed that
thermal denaturation leads to an increase in the hydrophobici-
ty of the protein. More applications of this approach might be
expected for the detection of polarity and conformation
changes of tyrosine domains in other proteins under acid- or
heat-denaturation conditions.
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Experimental Section

Reagents: Bovine Cu/Zn superoxide dismutase (SOD) and 4-bro-
mobutan-1-ol (Fluka), 4-dimethylaminopyridine (Acros), superoxide
dismutase detection kit (Nanjing Jiancheng Bioengineering Insti-
tute, China), diisobutylaluminium hydride (1 m solution in hexane)
and (methoxycarbonylmethyl)triphenylphosphonium bromide (Alfa
Aesar, Ward Hill, USA), 9-(diethylamino)-2-hydroxy-5 H-benzo[a]phe-
noxazin-5-one and tris(3-sulfonatophenyl)phosphine hydrate
sodium salt (TPPTS; J & K Chemical, Beijing, China), and oxalyl chlo-
ride, acetic anhydride and palladium acetate (Sinopharm Chemical
Reagent, Beijing, China) were used as received. DBHA solution
(5 mMm) was prepared in dimethyl sulfoxide (DMSO). Unless other-
wise noted, NaH,PO,/Na,HPO, buffer (0.1 m; pH 8.6) was used in all
experiments and is referred to as sodium phosphate buffer. All
other chemicals used were of at least analytical grade. Deionized-
distilled water was used throughout.

Apparatus: Fluorescence spectra were recorded by using a Hitachi
F-2500 fluorescence spectrophotometer in (10x10) mm quartz
cells (Hitachi Ltd., Tokyo, Japan) with excitation and emission slit
widths of 20 nm. A model HI-98128 pH meter (Hanna Instruments
Inc., Woonsocket, USA) was used for pH measurements. Absorp-
tion spectra were recorded in 1 cm cells with a Techcomp UV-8500
spectrophotometer (Shanghai, China). '"H NMR and "*C NMR spectra
were measured with a Bruker DMX 400 spectrometer in CDCl; with
tetramethylsilane as an internal standard. IR spectra were mea-
sured in KBr disks with a Bruker TENSOR 27 Fourier transform infra-
red spectrometer. Electrospray ionization mass spectra (ESI-MS)
were measured with an LC-MS 2010A instrument (Shimadzu,
Kyoto, Japan). Electron impact mass spectra (EI-MS) were obtained
with a GCT mass spectrometer (Micromass, Manchester, UK).
MALDI-TOF mass spectra were recorded with a BIFLEX lll (Bruker,
Inc.) instrument. Elemental analyses were carried out with a Flash
EA1112 instrument. Circular dichroism spectra were recorded by
using a Jasco J-810 spectropolarimeter at 20 °C.

Synthesis of DBHA: As depicted in Scheme 1, the probe DBHA can
be synthesized by treatment of 4 with 9-(diethylamino)-2-hydroxy-
5 H-benzo[a]phenoxazin-5-one; compound 4 was prepared from 4-
bromobutan-1-ol by a procedure similar to that described in the
literature.¥

Methyl 6-bromohex-2-enoate (2): A solution of anhydrous DMSO
(1.4 mL, 20 mmol, 2.5 equiv) in CH,Cl, (15 mL) was precooled to
—78°C and was then added dropwise at —78°C to a solution of
oxalyl chloride (1.4 mL, 16 mmol, 2 equiv) in CH,Cl, (15 mL). A solu-
tion of 4-bromobutan-1-ol (8 mmol, 1 equiv) in CH,Cl, (10 mL) was
then slowly added to the mixture, which was stirred for 1h at
—78°C. Freshly distilled NEt; (7.25 mL, 52 mmol, 6.5 equiv) was
then added, and the mixture was allowed to warm to room tem-
perature. The phosphorane (4.4 g, 13 mmol, 1.65 equiv), which was
synthesized according to the literature,®¥ was added to the reac-
tion mixture. After being stirred, overnight, the orange reaction
mixture was washed successively with HCl (0.1wm), saturated
NaHCO,, water and brine. The clear organic layer was dried with
anhydrous Na,SO,, filtered and concentrated. The residue was puri-
fied by silica gel column chromatography (petroleum ether (b.p.
60-90 °C)/ethyl acetate, 40:1, v/v) to afford 2 as a pale yellow oil
(1.1 g, 65% yield). '"H NMR (400 MHz, CDCl,): 6=1.92-2.05 (m, 2H),
2.36-2.41 (m, 2H), 3.41 (t, J=6.5Hz, 2H), 3.73 (s, 3H), 5.88 (d, J=
15.7 Hz, 1H), 6.88-6.96 ppm (m, 1H); ESI-MS: m/z (%): 207.0 (100)
[M+H]™, 209.0 (97) [M+2+H] ™.

6-Bromohex-2-en-1-ol (3): A solution of diisobutylaluminium hy-
dride in hexane (1.0M, 12 mL, 12 mmol, 3 equiv) was added drop-
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wise at —78°C to a stirred solution of 2 (0.8 g, 4 mmol, 1 equiv) in
CH,Cl, (10 mL). After being stirred for 1 h at —78°C, the solution
was allowed to warm to room temperature and then saturated
NH,CI (10 mL) was added dropwise. After the bubbling ceased, the
liquid turned immediately into a clear gel. CH,Cl, (10 mL) was then
added to form white clumps that were removed by filtration. The
organic layer was washed with brine and dried with anhydrous
Na,SO,, overnight. After removal of the solvent by rotary evapora-
tion, 3 was obtained as a yellow oil (0.5g, 72% yield). 'H NMR
(400 MHz, CDCl;): 6=1.50 (s, 1H), 1.75-1.98 (m, 2H), 2.19-2.24 (m,
2H), 3.42 (t, J=6.5Hz, 2H), 4.10 (d, J=4.4 Hz, 2H), 5.62-5.74 ppm
(m, 2H); EI-MS: m/z (%): 178 (<0.1) [MI*, 81 (65), 71 (11), 57 (100),
43 (16), 41 (27), 39 (15), 29 (18), 27 (17).

6-Bromohex-2-enyl acetate (4): Acetic anhydride (0.5 mL, 5 mmol,
2equiv) and 4-dimethylaminopyridine (0.02g, 0.2 mmol,
0.08 equiv) were added successively at 0°C to a stirred solution of
3 (0.4 g, 2.5 mmol, 1 equiv) in a pyridine/CH,Cl, (1:1, v/v) solvent
mixture. The mixture was stirred for 1Th at 0°C and was then
stirred, overnight, at room temperature. The reaction mixture was
then poured into HCI (4 M, 20 mL) and extracted three times with
ether (3x10 mL). The combined organic phase was washed once
with dilute aqueous HCl, saturated NaHCO,, water and brine. The
organic layer was dried over anhydrous Na,SO, and the solvent
was evaporated under reduced pressure, to afford 4 as a pale
yellow oil (0.4 9, 74% yield) that needed no further purification.
'H NMR (400 MHz, CDCl;): 6 =1.94-1.99 (m, 2H), 2.07 (s, 3H), 2.21-
2.30 (m, 2H), 3.41 (t, J=6.4 Hz, 2H), 452 (d, J=5.6 Hz, 2H), 5.60-
5.67 (m, 1H), 5.70-5.77 ppm (m, 1H). EI-MS: m/z (%): 222 (<0.1)
[M1*, 180 (9.8), 178 (10), 162 (5), 160 (4.9), 141(8), 81 (39), 43 (100).

6-[9-(Diethylamino)-5-ox0-5 H-benzo[a]phenoxazin-2-yloxylhex-
2-enyl acetate (DBHA): A mixture of 4 (0.06 g, 0.3 mmol, 1 equiv),
9-(diethylamino)-2-hydroxy-5 H-benzo[a]phenoxazin-5-one (0.1 g,
0.3 mmol, 1equiv) and potassium carbonate (0.1g, 0.9 mmol,
3 equiv) in N,N-dimethylformamide (DMF, 3 mL) was heated at
80°C for 2 h. The reaction mixture was then poured into water
(20 mL) and extracted three times with ethyl acetate. The organic
layer was dried over anhydrous Na,SO, and the solvent was evapo-
rated under reduced pressure. The resulting flaky and purple solid
was purified by silica gel column chromatography (petroleum
ether (b.p. 60-90°C)/ethyl acetate, 10:1, v/v) to afford the product
DBHA as a deep-red solid (78 mg, 57% vyield). In addition, a dark-
red column crystal of DBHA (Figure S8 in the Supporting Informa-
tion) could be grown from the DMSO solution. '"H NMR (400 MHz,
CDCly): 6=1.28 (t, J=7.0 Hz, 6H), 1.96-2.01 (m, 2H), 2.06 (s, 3H),
2.30-2.36 (m, 2H), 3.49 (q, J=7.0Hz, 4H), 4.20 (t, J=6.3 Hz, 2H),
4.55 (d, J=6.3 Hz, 2H), 5.64-5.68 (m, 1H), 5.84-5.88 (m, TH), 6.36
(s, TH), 6.51 (s, 1H), 6.70 (d, J=8.7 Hz, 1H), 7.16-7.19 (m, 1H), 7.63
(d, J=9.0Hz, 1H), 8.06 (s, TH), 823 ppm (d, J=8.7Hz, 1H);
3C NMR (100 MHz, CDCly): 6 =12.5, 21.0, 28.4, 28.6, 45.0, 65.0, 67.3,
96.1, 105.1, 106.4, 109.4, 118.1, 124.6, 124.7, 1255, 127.6, 130.9,
133.9, 135.0, 139.7, 146.7, 150.6, 151.8, 161.5, 170.8, 183.1 ppm; IR:
7#=2973, 2933, 1737, 1600, 1500, 1409, 1314, 1229 cm™"; ESI-MS:
m/z (%): 475.3 (100) [M+H]"; elemental analysis calcd (%) for
CsHsoN,05: C 70.87, H 6.37, N 5.90%; found: C 70.82, H 6.41, N
6.11.

Crystal data for DBHA: Triclinic, space group P1; a=8.8879(18),
b=10.504(2), c=14.0143)A; «=9067(3), B=98.16(3), y=
111.28(3)°; V=1203.9(4) A®, Z=2; Dyca=1.309 gcm3; T=173(2) K;
#=0.090 mm~'; 6 range = 1.47-25.00°; 7696 reflections measured,
4240 unique (R,,;=0.0324); GOF=1.112, R1 [I>0()]=0.0679, wR2
(all data) =0.1655.
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Modification of Tyr108 in SOD by DBHA: The tyrosine residue
was specifically modified with DBHA in the following way
(Scheme 2): a solution of SOD (5 um, 2mL, 1equiv) in sodium
phosphate buffer (0.1m, pH 8.6) was mixed with DBHA (5 mwm,
10 pL, 5 equiv) and the catalyst/ligand solution (10 uL, prepared as
described in the literature;*¥ 8 equiv of Pd(OAc),, final concentra-
tion=40 um; and 96 equiv of TPPTS, final concentration=
0.48 mMm). The mixture was stirred for 1 h at 25°C, and was then
separated on a Sephadex G-25 (Pharmacia, Uppsala, Sweden)
column with sodium phosphate buffer as eluent. The protein frac-
tion, as judged by monitoring absorbance at 258 nm with a UV-
8500 spectrophotometer, was collected and stored at 4°C. For
MALDI-TOF mass spectral analysis, the collected solution was fur-
ther dialysed, overnight, against NH,HCO; solution (30 mm), and
then lyophilized. As a control, the same procedure was performed
for SOD only in the absence of the catalyst/ligand solution.

Activity measurements: The activities of both native and modified
SOD were assayed by the xanthine oxidase/hydroxylamine
method.®**% In this approach, hydroxylamine is oxidized into ni-
trite by the superoxide anion (O,”) from the reaction system, and
the formed nitrite reacts with Griess’ reagent to yield a mauve so-
lution, the absorbance of which is then measured at 550 nm.
Added SOD scavenges O, and inhibits the oxidation, and thereby
leads to a decrease in absorbance. The amount of SOD that causes
50% inhibition, under the conditions specified, is defined as one
activity unit.

To determine the activity change of SOD, a mixture of xanthine ox-
idase, xanthine, hydroxylamine and an appropriate amount of SOD
was incubated at 37 °C for 40 min. Griess’ reagent was then added
and the mixture was incubated for 10 min. The absorbance of the
solution was measured at 550 nm in 1 cm cells against water as
blank. As a control, the same procedure was performed for the re-
action system only in the absence of SOD. The calculation of SOD
activity (Umg™") is described by Equation (1):®%>

Acontrol - Aunknown Vtotal
A V. (1)
activity of SOD = control sample
Y Msop X 50%

where Aol aNd Ajnmown are the absorbances of the control and
the experimental sample, respectively; Vo, and Vg, are the final
volumes of the reaction mixture and the added SOD sample, re-
spectively; and my, is the amount of the added SOD (in mg).

Effect of temperature on the properties of DBHA and SOD: A so-
lution of DBHA (1 um) was heated at given temperatures from 20
to 80°C and the changes in fluorescence properties were moni-
tored. Thermal denaturation was performed by incubating the sol-
utions of DBHA-labelled SOD (1 um) in sodium phosphate buffer
(0.1m, pH8.6) at 70°C for 1, 2 and 3 h. The aggregation of SOD
was monitored by 90° light scattering, and a synchronous model
(AA=0nm) was employed with excitation and emission slit widths
of 5nm. All of the above heated samples were cooled again to
room temperature for fluorescence measurements.

Effect of acidity on the properties of DBHA and SOD: A solution
containing DBHA (1 um) and NaCl (0.1 ™) at different pH values
(adjusted with HCl and NaOH) was used to examined the effect of
acidity. The solution was incubated for 1 h at room temperature
and then analysed fluorimetrically. Acid-induced denaturation was
carried out by the same procedure as above, but DBHA (1 um) was
substituted with labelled SOD (1 um) in the system.
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Binding of DBHA to SOD: In binding experiments, DBHA (10 L,
10 um) was added to SOD (1 mL, 5um) in sodium phosphate
buffer. The mixture was incubated at room temperature for 30 min.
Then the mixture was also heated at 70°C for either 30 or 60 min,
in order to examine its denaturation behaviour. Fluorescence spec-
tra were recorded at the corresponding optimal excitation and
emission wavelengths.

Acknowledgements

We express our thanks for the financial support from the NSF of
China (grant nos. 20525517, 90813032, 20875092), the
863 Program (2008AA02Z206), and the Chinese Academy of
Sciences.

Keywords: analytical methods - fluorescent probes -

local polarity detection - transition metals - tyrosine

[1] E.I. Solomon, J. Zhou, F. Neese, E. G. Pavel, Chem. Biol. 1997, 4, 795-
808.

[2] R. Raman, V. Sasisekharan, R. Sasisekharan, Chem. Biol. 2005, 12, 267-
277.

[3] F. Chiti, C. M. Dobson, Annu. Rev. Biochem. 2006, 75, 333-366.

[4] C.W. Lennon, H.D. Cox, S.P. Hennelly, S.J. Chelmo, M. A. McGuirl, Bio-
chemistry 2007, 46, 4850-4860.

[5] E.H. Fischer, Adv. Enzyme Regul. 1999, 39, 359-369.

[6] H.P. Monteiro, Free Radical Biol. Med. 2002, 33, 765-773.

[7] C. Grangeasse, A.J. Cozzone, J. Deutscher, I. Mijakovic, Trends Biochem.
Sci. 2007, 32, 86-94.

[8] I. Tietzel, D. M. Mosser, Front. Biosci. 2002, 7, d1494-1502.

[9] J. H. Cho, D. H. Kim, D. Kim, K. J. Lee, K. Y. Choi, Biochemistry 2001, 40,
10197-10203.

[10] A. Teplyakoy, K.S. Wilson, P. Orioli, S. Mangani, Acta Crystallogr. Sect. D
1993, 49, 534-540.

[11] E. Deprez, E. Gill, V. Helms, R. C. Wade, G. Hui Bon Hoa, J. Inorg. Biochem.
2002, 91, 597-606.

[12] A. Okamoto, K. Tanaka, T. Fukuta, I. Saito, ChemBioChem 2004, 5, 958—
963.

[13] E. Sharon, S. A. Lvesque, M. N. Munkonda, J. Svigny, D. Ecke, G. Reiser, B.
Fischer, ChemBioChem 2006, 7, 1361-1374.

[14] O. Wichmann, M. H. Gelb, C. Schultz, ChemBioChem 2007, 8, 1555-1569.

[15] F. Krieger, A. Mourot, R. Araoz, F. Kotzyba-Hibert, J. Molg, E. Bamberg,
M. Goeldner, ChemBioChem 2008, 9, 1146-1153.

[16] P. Marek, R. Gupta, D. P. Raleigh, ChemBioChem 2008, 9, 1372-1374.

[17] C. Losasso, E. Cretaio, K. Palle, L. Pattarello, M. Bjornsti, P. Benedetti, J.
Biol. Chem. 2007, 282, 9855-9864.

[18] B.E. Cohen, T. B. McAnaney, E. S. Park, Y. N. Jan, S. G. Boxer, L. Y. Jan, Sci-
ence 2002, 296, 1700-1703.

[19] X.J. Duan, Z. W. Zhao, J. P. Ye, H. M. Ma, A. D. Xia, G. Q. Yang, C. Wang,
Angew. Chem. 2004, 116, 4312-4315; Angew. Chem. Int. Ed. 2004, 43,
4216-4219.

[20] S.Y. Dong, H. M. Ma, X. J. Duan, X. Q. Chen, J. Li, J. Proteome Res. 2005,
4, 161-166.

[21] S.Y. Dong, Z. W. Zhao, H. M. Ma, J. Proteome Res. 2006, 5, 26-31.

[22] Z.J. Bao, S. J. Wang, W. Shi, S. Y. Dong, H. M. Ma, J. Proteome Res. 2007,
6, 3835-3841.

[23] J. Nakanishi, T. Nakajima, M. Sato, T. Ozawa, K. Tohda, Y. Umezawa, Anal.
Chem. 2001, 73, 2920-2928.

[24] S. Ercelen, A.S. Klymchenko, A. P. Demchenko, FEBS Lett. 2003, 538, 25-
28.

[25] R.B. Spruijt, A.B. Meijer, C. Wolfs, M. A. Hemminga, Biochim. Biophys.
Acta Biomembr. 2000, 1509, 311-323.

[26] B.E. Cohen, A. Pralle, X.J. Yao, G. Swaminath, C.S. Gandhi, Y.N. Jan,
B. K. Kobilka, E.Y. Isacoff, L. Y. Jan, Proc. Natl. Acad. Sci. USA 2005, 102,
965-970.

ChemBioChem 2009, 10, 1200 - 1207



http://dx.doi.org/10.1016/S1074-5521(97)90113-7

http://dx.doi.org/10.1016/S1074-5521(97)90113-7

http://dx.doi.org/10.1016/j.chembiol.2004.11.020

http://dx.doi.org/10.1016/j.chembiol.2004.11.020

http://dx.doi.org/10.1146/annurev.biochem.75.101304.123901

http://dx.doi.org/10.1021/bi0617254

http://dx.doi.org/10.1021/bi0617254

http://dx.doi.org/10.1016/S0065-2571(98)00014-4

http://dx.doi.org/10.1016/S0891-5849(02)00893-6

http://dx.doi.org/10.1016/j.tibs.2006.12.004

http://dx.doi.org/10.1016/j.tibs.2006.12.004

http://dx.doi.org/10.2741/tietzel

http://dx.doi.org/10.1021/bi010807j

http://dx.doi.org/10.1021/bi010807j

http://dx.doi.org/10.1107/S0907444993007267

http://dx.doi.org/10.1107/S0907444993007267

http://dx.doi.org/10.1016/S0162-0134(02)00467-1

http://dx.doi.org/10.1016/S0162-0134(02)00467-1

http://dx.doi.org/10.1002/cbic.200400010

http://dx.doi.org/10.1002/cbic.200400010

http://dx.doi.org/10.1002/cbic.200600070

http://dx.doi.org/10.1002/cbic.200600462

http://dx.doi.org/10.1002/cbic.200700757

http://dx.doi.org/10.1002/cbic.200800052

http://dx.doi.org/10.1074/jbc.M608200200

http://dx.doi.org/10.1074/jbc.M608200200

http://dx.doi.org/10.1126/science.1069346

http://dx.doi.org/10.1126/science.1069346

http://dx.doi.org/10.1002/ange.200460072

http://dx.doi.org/10.1002/anie.200460072

http://dx.doi.org/10.1002/anie.200460072

http://dx.doi.org/10.1021/pr049814v

http://dx.doi.org/10.1021/pr049814v

http://dx.doi.org/10.1021/pr0501968

http://dx.doi.org/10.1021/pr070284n

http://dx.doi.org/10.1021/pr070284n

http://dx.doi.org/10.1021/ac001528p

http://dx.doi.org/10.1021/ac001528p

http://dx.doi.org/10.1016/S0014-5793(03)00116-9

http://dx.doi.org/10.1016/S0014-5793(03)00116-9

http://dx.doi.org/10.1016/S0005-2736(00)00314-X

http://dx.doi.org/10.1016/S0005-2736(00)00314-X

http://dx.doi.org/10.1073/pnas.0409469102

http://dx.doi.org/10.1073/pnas.0409469102

www.chembiochem.org



Tyrosine Domain Analysis

[27] R. L. Lundblad, Chemical Reagents for Protein Modification, 3rd ed., CRC,
Boca Raton, 2005, Chapter 9.

[28] J.F. Riordan, B. L. Vallee, Methods Enzymol. 1972, 25, 494-499.

[29] D. Karibian, C. Jones, A. Gertler, K. J. Dorrington, T. Hofmann, Biochem-
istry 1974, 13, 2891-2897.

[30] M. Sokolovsky, J.F. Riordan, B.L. Vallee, Biochemistry 1969, 8, 4740-
4745.

[31] M. Tabachnick, H. Sobotka, J. Biol. Chem. 1960, 235, 1051-1054.

[32] T.J. Tsomides, H. N. Eisen, Anal. Biochem. 1993, 210, 129-135.

[33] J. M. Antos, M. B. Francis, Curr. Opin. Chem. Biol. 2006, 10, 253-262, and
references therein.

[34] S.D. Tilley, M. B. Francis, J. Am. Chem. Soc. 2006, 128, 1080-1081.

[35] C. M. Golini, B. W. Williams, J. B. Foresman, J. Fluoresc. 1998, 8, 395-404,
and references therein.

[36] K. Nagy, S. Gokttik, L. Biczok, J. Phys. Chem. A 2003, 107, 8784-8790.

[37] J.R. Lakowicz, Principles of Fluorescence Spectroscopy, 2nd ed., Kluwer
Academic/Plenum, New York, 1999, Chapter 6.

[38] A. Okamoto, K. Tainaka, Y. Fujiwara, J. Org. Chem. 2006, 71, 3592-3598.

[39] J. A. Dean, Lange’s Chemistry Handbook, 15th ed., McGraw-Hill, New
York, 1999, pp. 5.105-5.129.

[40] J. N. Demas, G. A. Crosby, J. Phys. Chem. 1971, 75, 991-1024.

[41] T. Karstens, K. Kobs, J. Phys. Chem. 1980, 84, 1871-1872.

[42] J. M. McCord, I. Fridovich, J. Biol. Chem. 1969, 244, 6049-6055.

[43] J. L. Abernethy, H. M. Steinman, R. L. Hill, J. Biol. Chem. 1974, 249, 7339-
7347.

[44] ). A. Tainer, E. D. Getzoff, K. M. Beem, J. S. Richardson, D. C. Richardson,
J. Mol. Biol. 1982, 160, 181-217.

[45] H. Oneda, K. Inouye, J. Biochem. 2003, 134, 683-690.

[46] M. A. Hough, S.S. Hasnain, J. Mol. Biol. 1999, 287, 579-592.

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]
[57]
[58]

[59]

L. Banci, I. Bertini, F. Cramaro, R. D. Conte, M. S. Viezzoli, Eur. J. Biochem.
2002, 269, 1905-1915.

D.E. McRee, S. M. Redford, E.D. Getzoff, J. R. Lepock, R.A. Hallewell,
J. A. Tainer, J. Biol. Chem. 1990, 265, 14234-14241.

G. Rotilio, L. Morpurgo, C. Giovagnoli, L. Calabrese, B. Mondovi, Bio-
chemistry 1972, 11, 2187-2192.

J. V. Bannister, W. H. Bannister, G. Rotilio, CRC Crit. Rev. Biochem. 1987,
22, 111-180.

L. M. Ellerby, D. E. Cabelli, J. A. Graden, J.S. Valentine, J. Am. Chem. Soc.
1996, 118, 6556-6561.

S. D. Khare, M. Caplow, N. V. Dokholyan, Proc. Natl. Acad. Sci. USA 2004,
101, 15094-15099.

P. B. Stathopulos, J. A. O. Rumfeldt, G. A. Scholz, R. A. Irani, H. E. Frey,
R. A. Hallewell, J.R. Lepock, E. M. Meiering, Proc. Natl. Acad. Sci. USA
2003, 700, 7021-7026.

L. Banci, I. Bertini, A. Durazo, S. Girotto, E. B. Gralla, M. Martinelli, J. S.
Valentine, M. Vieru, J. P. Whitelegge, Proc. Natl. Acad. Sci. USA 2007, 104,
11263-11267.

G. Gotte, F. Vottariello, M. Libonati, J. Biol. Chem. 2003, 278, 10763-
10769.

B. A. Chrunyk, R. Wetzel, Protein Eng. 1993, 6, 733-738.

M. D. de Beus, J. Chung, W. Coldn, Protein Sci. 2004, 13, 1347-1355.
J.P.Ji, Z.B. Wu, Q. S. Liy, Y. S. Zhang, M. Ye, M. J. Li, J. Nanjing Rail. Med.
Coll. 1991, 10, 27-30.

Y. J. Ji, C. B. Yue, Chin, Patent No. CN 92107634.7, 1992.

Received: January 4, 2009
Published online on April 9, 2009

ChemBioChem 2009, 10, 1200 - 1207

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1207

www.chembiochem.org



http://dx.doi.org/10.1016/S0076-6879(72)25045-5

http://dx.doi.org/10.1021/bi00711a018

http://dx.doi.org/10.1021/bi00711a018

http://dx.doi.org/10.1021/bi00840a013

http://dx.doi.org/10.1021/bi00840a013

http://dx.doi.org/10.1006/abio.1993.1162

http://dx.doi.org/10.1016/j.cbpa.2006.04.009

http://dx.doi.org/10.1021/ja057106k

http://dx.doi.org/10.1023/A:1020584801600

http://dx.doi.org/10.1021/jp035357e

http://dx.doi.org/10.1021/jo060168o

http://dx.doi.org/10.1021/j100451a030

http://dx.doi.org/10.1016/0022-2836(82)90174-7

http://dx.doi.org/10.1093/jb/mvg193

http://dx.doi.org/10.1006/jmbi.1999.2610

http://dx.doi.org/10.1046/j.1432-1033.2002.02840.x

http://dx.doi.org/10.1046/j.1432-1033.2002.02840.x

http://dx.doi.org/10.1021/bi00761a028

http://dx.doi.org/10.1021/bi00761a028

http://dx.doi.org/10.3109/10409238709083738

http://dx.doi.org/10.3109/10409238709083738

http://dx.doi.org/10.1021/ja953845x

http://dx.doi.org/10.1021/ja953845x

http://dx.doi.org/10.1073/pnas.0406650101

http://dx.doi.org/10.1073/pnas.0406650101

http://dx.doi.org/10.1073/pnas.1237797100

http://dx.doi.org/10.1073/pnas.1237797100

http://dx.doi.org/10.1073/pnas.0704307104

http://dx.doi.org/10.1073/pnas.0704307104

http://dx.doi.org/10.1074/jbc.M213146200

http://dx.doi.org/10.1074/jbc.M213146200

http://dx.doi.org/10.1093/protein/6.7.733

http://dx.doi.org/10.1110/ps.03576904

www.chembiochem.org




BIO

DOI: 10.1002/cbic.200900011

Insights into Sequence-Activity Relationships amongst
Baeyer-Villiger Monooxygenases as Revealed by the
Intragenomic Complement of Enzymes from Rhodococcus

jostii RHA1

Claudia Szolkowy,” Lindsay D. Eltis,” Neil C. Bruce," and Gideon Grogan*®

Microbial genome sequences are providing a wealth of infor-
mation on new enzymes that have considerable potential as
biocatalysts. The recently sequenced genome of Rhodococcus
jostii RHA1, for example, has revealed an impressive array of
catabolic enzymes, including many putative Baeyer-Villiger
monooxygenases (BVMOs). We have cloned 23 target BVMO
sequences from the genome of R.jostii RHA1 and heterolo-
gously expressed 13 of these as soluble proteins to unearth
new substrate specificities and selectivities. Whole-cell biocata-
lysts expressing the genes were screened against seven differ-
ent test substrates. Each of these catalysts displayed activity
toward at least three ketones. We observed a remarkable di-

Introduction

Baeyer-Villiger monooxygenases (BVMOs; E.C. 1.4.13.22), typi-
fied by the cyclohexanone monooxygenase from Acinetobacter
calcoaceticus NCIMB 9871 (CHMOgg,,)!" catalyse the insertion of
oxygen into carbon skeletons adjacent to carbonyl groups.
This reaction is a formal biological equivalent of the chemical
Baeyer-Villiger reaction, which is classically achieved by using
peracids such as meta-chloroperbenzoic acid.? BVMOs have
stimulated great interest as catalysts for organic synthesis as
they display superior regio- and enantioselectivity compared
to the organometallic catalysts currently available for chiral
Baeyer-Villiger reactions.”’ BVMOs are dependent on two co-
factors: a nicotinamide coenzyme (usually NADPH) and a flavin
prosthetic group (usually FAD). During the catalytic cycle,
NADPH is used to reduce the FAD in the active site of the
enzyme. The reduced flavin, FADH,, then reacts with molecular
oxygen to form a peroxidate ion, which is the reactive species
in the Baeyer-Villiger oxidation. The mechanism involves the
formation, and subsequent rearrangement of, a tetrahedral
Criegee intermediate, which is the key species in both the
“chemical” and enzymatic reaction.

Since the adoption of CHMO,g;, as a model for studying the
potential of these enzymes, a large range of substrates has
been identified for the biological Baeyer-Villiger reaction, cata-
lysed either by CHMOy,;, itself or a few other Baeyer-Villiger
monooxygenase enzymes,> most of which have been identi-
fied through genome-mining approaches.® The sequences of
known BVMOs are typically between 500 and 550 amino acids
in length and contain two Rossman fold motifs (GXGXX(G/A))
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versity of both regio- and enantioselectivity among the BVMOs
from R. jostii RHA1 for the transformation of two chiral sub-
strates, with some enzymes displaying high enantioselectivity
for the isomers of 2-methylcyclopentanone. With the notable
exception of the product of gene ro03437, named MO14, the
biocatalysts’ sequences correlated well with their respective ac-
tivities and selectivities. This correlation allowed the identifica-
tion of sequence motifs specific to subgroups of the BVMOs
from R. jostii and other organisms. Overall, the data improve
predictive models of BVMO activity from sequence and sug-
gest new avenues to pursue in engineering these enzymes.

for the binding of ADP moieties of each cofactor—one near
the N terminus and the other approximately 200 amino acids
from the N terminus of the enzyme. In addition, a BYMO motif
(FXGXXXHXXXW(P/D)) has been described, closely upstream
from the second Rossman motif, that has greatly aided in the
identification of putative BVMO sequences in sequenced ge-
nomes.”? Studies on one BVMO, 4-hydroxyacetophenone
monooxygenase (HAPMO) from Pseudomonas fluorescens ACB,
have suggested that the histidine residue in this motif is cru-
cial for catalysis, since mutation to alanine suppressed the cat-
alytic activity of the enzyme” A related class of enzymes,
flavin-containing monooxygenases (FMOs), possess a similar
motif with the amino acid sequence FXGXXXHXXX(Y/F), but
are more distantly related in sequence overall.”® The sole X-
ray crystal structure of a BYMO solved thus far, that of phenyl-
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acetone monooxygenase (PAMO) from the thermophilic bacte-
rium Thermobifida fusca in complex with FAD, revealed that
the fingerprint motif for Baeyer-Villiger monooxygenases
FXGXXXHXXXW(P/D) is found on the surface of the enzyme,”
and it was suggested that this motif might be implicated in
conformational changes of the enzyme during the catalytic
cycle. The further role of conformational changes in BVMO ac-
tivity has been difficult to assess, as there is as yet no structure
of the enzyme that features a bound substrate or product;
however, the structure has proved extremely useful in inform-
ing engineering studies of both PAMO and other BVMQs.['™?

Many studies of BVMOs have focused on the molecular de-
terminants of regio- and enantioselectivity within the active
site, as knowledge of these would allow rational mutation of
the enzyme with a view to improving or expanding these
properties. Expanding the range of BVMO activities has been
achieved in three ways. First, the random mutagenesis of
BVMOs such as CHMO,g,, and cyclopentanone monooxygenase
from Comamonas sp. NCIMB 9872 (CPMO) has revealed mu-
tants of broader substrate specificity and improved, or even in-
verted, enantioselectivity.'®™ Second, the structure of PAMO
has been used to target active-site residues in order to ration-
ally engineer this enzyme for improved properties."? Third,
there is an increasing number of catalysts appearing within the
gene databases that hint at a rich reservoir of untapped activi-
ties and selectivities that have arisen as a result of natural evo-
lutionary processes."® These have recently included enzymes
from Pseudomonas fluorescens DSM 50106,"*'*" Pseudomonas
veronii (mekA)"® and Pseudomonas putida KT2440"” that dis-
play a preference for aliphatic ketone substrates, and a CHMO
homologue from Xanthobacter sp. ZL5 that catalyses the oxy-
genation of sterically demanding ketone substrates.['®'

The genome sequence of R. jostii RHA1 has proven particu-
larly interesting in the last regard, revealing that this bacterium
has an unusually large amount of putative BYMOs displaying a
variety of the sequence attributes seen amongst the known
enzymes as well as others that have not yet been character-
ised.” In the interests of both exploring this intragenomic di-
versity and highlighting the activities of potential new cata-
lysts, we have amplified and cloned the closest 23 homologues
to CHMOyg,;, from R. jostii RHA1. Thirteen of these targets were
produced as soluble proteins in Escherichia coli, and their activ-
ity as whole-cell biocatalysts was assessed with various ke-
tones. Analysis of the amino acid sequence of these BVMOs, in
conjunction with both their substrate spectrum and regio- and
enantioselectivity data, has allowed these enzymes to be
grouped as well as group-specific amino acid sequences to be
identified. In addition to describing new and potentially useful
activities, the studies reveal previously unrecognised relation-
ships between the enzymes and new regions of sequence that
might be targeted for rational design in the future by using
these candidate enzymes as starting points.

ChemBioChem 2009, 10, 1208 - 1217
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Results

Sequences of BVMOs from R. jostii RHA1

Twenty-three open reading frames encoding putative Baeyer-
Villiger monooxygenases from R. jostii RHA1 were chosen as
targets for this study (Table 1). These represent the closest ho-

Table 1. Overview of the Baeyer-Villiger monooxygenases MO1 to MO23
from R. jostii RHA1 and their corresponding gene annotations.

Trivial name Gene name Trivial name Gene name
MO1 1006679 MO13 ro03773
MO2 ro04304 MO14 ro03437
MO3 ro03247 MO15 ro02492
MO4 1003063 MO16 ro02919
MO5 r002109 MO17 ro05228
MO6 ro01874 MO18 ro05396
MO7 r006008 MO19 ro05522
MO8 1008998 MO20 ro08137
M09 r009035 MO21 ro10187
MO10 r009039 MO022 ro00824
MO11 1006698 MO023 ro08185
MO12 ro07112 - -

mologues to CHMO,g;,, the sequence search model. The en-
zymes, designated MO1 to MO23, share 12 to 43% sequence
identity with CHMOyg,,. Full amino acid sequences can be
found as part of a full sequence alignment in the Supporting
Information. Fifteen of the targets possess the amino acid fin-
gerprint motif FXGXXXHXXXW(P/D) that has been proposed to
identify the sequences as encoding a BYMO."” Two of the 15
(MO21 and MO23) have identical amino acid sequences save
for a substitution from Leu (MO21) to Arg (MO23) in position
480 that has resulted from a single base-pair difference. Both
MO21 and MO23 have a histidine residue in place of the lysine
that is found in position 336 in PAMO and which is well con-
served amongst all other known BVMOs. The remaining eight
targets have one or two substitutions in the fingerprint motif,
such as FXGXXXHXXXWN (for example, MO2), YXGXXXHXXXWR
(MO4), FXGXXXLXXXWP (MO14) and FXGXXXHXXXYD (MO22).
In addition, MO22 contains the motif reported to be character-
istic of FMO and was included in our target selection in order
to explore the possible Baeyer-Villiger monooxygenase activity
of such an enzyme.

The 23 targeted genes were amplified by using the genomic
DNA from R. jostii RHA1 as a template and cloned in the pET-
YSBLIC-3C vector by using a LIC-PCR cloning method." The in-
tegrity of each of the recombinant genes was then verified by
nucleotide sequencing. Of a number of expression strains of
E. coli assessed for soluble protein production, the most suc-
cessful overall proved to be E. coli Rosetta 2 (DE3) plysS, in
which 12 of the CHMO homologues (MO3, MO4, MO9, MO10,
MO11, MO14, MO15, MO16, MO18, MO20, MO21 and MO23)
were produced as soluble proteins, including two with variant
fingerprint motifs (MO4 and MO14), two “long” BVMOs with N-
terminal extensions reminiscent of HAPMO“" (MO10 and
MO18) and the FMO homologue MO22.
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A full sequence alignment of the target enzymes, obtained
by using the programme ClustalW,”? is shown in the Support-
ing Information, and partial alignments are shown at the rele-
vant points in this report. A second alignment was generated
by using a group of sequences that included the R. jostii RHA1
BVMOs (excluding M0O22, which has only 12% sequence identi-
ty with CHMOgg,,), HAPMO, PAMO, CPMO and a selection of
BVMOs from different organisms (CHMOg,,, CHMOg.,
CHMOBrevZ, CHNK)Rhodot CHNK)Arthrl CHMOXanthOI BVMOmekAI
BVMOyg;, BVMOg,n, BVMOg, 3049 and CPDMO) that were the sub-
ject of previous sequence-activity relationship studies."*?® Se-
quences were used as input into the PROML programme of
the PHYLIP package in order to generate a phylogenetic tree
with an associated bootstrap analysis, based on 100 calcula-
tions (Figure 1). The initial groupings of enzymes on the tree,
assigned as groups |-V for the most significant groups in this
study, are useful as they allow the experimentally determined
selectivities of the RHA1 enzymes to be assessed in the context
of previously reported activities, notably those that have been
used to classify known BVMOs on the basis of their sequence
and selectivity.'>?*

MO3, MO4, MO11 and MO20 (group I) share 44 to 57% se-
quence identity and cluster with CPMO and CHMOg,,,. MO9,
MO14 and MO15 (group Il) share 50 to 61% sequence identity
and cluster with PAMO. MO21 and MO23 (only MO21 shown),
which differ by a single residue, and the BVMO, from Pseu-
domonas veronii, which displays a preference for aliphatic sub-
strates, are intermediate between group | and Il enzymes be-
cause they have approximately 40% sequence identity to both
MO3 (groupl) and MO9 and MO15 (group ll). Most of the
CHMO enzymes cluster together, as previously observed, and
form group lll. The N-terminally extended enzymes, MO10 and
MO18 (group IV) cluster with HAPMO. MO16, in groupV, is
more distantly related to the other BVMOs under consider-
ation, but clusters with the BVMO from Mycobacterium tubercu-
losis EtaA,*¥ with which it shares 58% sequence identity, and
with the BVMO from Pseudomonas putida KT2440.""

A screen of substrate preference in R. jostii RHA1 BVMOs

In order to shed light on the substrate specificity of some of
the rhodococcal BVMOs, an initial screen was performed in
which the recombinant whole-cell biocatalysts were chal-
lenged with seven commercially available ketones (Scheme 1).
E. coli has not been shown to possess enzymes capable of per-
forming the Baeyer-Villiger reaction, thus substrate profiling of
these enzymes in recombinant whole-cell form has been the
method of choice in recent reports.”>?>? The seven com-
pounds for the biotransformation screen represent three types
of substrates: simple cyclic ketones (cyclobutanone (1), cyclo-
pentanone (2), cyclohexanone (3) and cycloheptanone (4));
chiral cyclic ketones (2-methylcyclopentanone (5) and bicyclo-
[3.2.0]hept-2-en-6-one (6)); and an aliphatic ketone 7. Bicyclo-
heptenone 6 has been used extensively as a stereochemical
model for BYMO activity.”’?*® The reaction products were ana-
lysed by gas chromatography with commercially available ke-
tones and lactones/esters as standards.
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Figure 1. Radial phylogram of catalytically active BYMOs from R. jostii RHA1
and previously studied BVMOs. Groups -V are shaded and labelled. Boot-
strap values are given on the relevant branches of the tree. Sequences other
than those of RHA1 are: CHMOyg;;, cyclohexanone monooxygenase from
Acinetobacter calcoaceticus (Uniprot ID: Q9R2F5); CHMOg,,; and CHMOg,..,
from Brevibacterium sp. HCU (Q9F014 and Q9FDI3, respectively); CHMO .,
from Arthrobacter sp. BP2 (Q84H88); CHMOg;,0q01 from Rhodococcus sp. Phil
(Q84H73); CHMOg,,, from Brachymonas petroleovorans (Q5VJEO);
CHMOy,tho, from Xanthobacter sp. ZL5 (Q8VLS4); CPMO, cyclopentanone
monooxygenase from Comamonas sp. NCIMB 9872 (Q8GAWO); BVMO,,cxa
from Pseudomonas veronii MEK700 (QOMRG6); BVMO. from Pseudomonas
fluorescens DSM 50106 (087636); HAPMOACB, 4-hydroxyacetophenone
monooxygenase from Pseudomonas fluorescens (Q93J5); CPDMO, cyclo-
pentadecanone monooxygenase from Pseudomonas sp. strain HI-70
(Q1T7B5); BVMOy,s from Mycobacterium tuberculosis H37Rv (053294);
BVMOg,» from Mycobacterium tuberculosis H37Rv (P96223); BVMOxr440
from Pseudomonas putida (Q88J44).

v & &G

1 2 3 4
i Yo

o I
5 6 7

Scheme 1. Substrates used for screening the activities of R. jostii RHA1
BVMOs heterologously produced in E. coli.
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i, . . The influence of the ring size
Table 2. Substrate spectra of heterologously produced Baeyer-Villiger monooxygenases from R. jostii RHAT in
fal of the cycloalkanone substrates
whole cells.
on biocatalyst activity was then
Biocatalyst Ketone 1 Ketone 2 Ketone 3 Ketone 4 Ketone 5 Ketone 6 Ketone 7 examined. In general, decreas-
MO3 B A* A* A A¥ A C ing substrate acceptance
MOo4 B B A c A* A < among the biocatalysts was ob-
MO9 B C B B C . . . .
MO10 c c A sterved with the |ncrea5|.ng ring
MO11 B B B B B B c size of the ketone (Figure 2),
MO14 B B C C B B C that is, cyclobutanone 1, which
MO15 B c B B C is the smallest ketone, was con-
MO16 B C C B B B .
MO18 B p p c B A verted by all biocatalysts. Cyclo
MO20 B A* A* A A* A c pentanone 2 was not trans-
MO21 C B B A* A C formed by MO10 but was trans-
MO22 B C B B formed by the twelve other en-
FC)ETMO%” ¢ ¢ B B B B ¢ zymes from R. jostii RHA1 and
CHMOyg;,; however, 2-methyl-
[a] CHMOgg;; was insluded as a positive contrql, and the empty pET vec.tor, pET-YSBLIC-3C, as nega'.(ive control. cyclopentanone 5 was a sub-
A*=100% conversion, A=56-99% conversion, B=0-55% conversion, C=trace-9% conversion, D=no
conversion. strate for MO10. Cyclohexanone

The results from the initial screen are shown in Table 2. Each
of the thirteen biocatalysts transformed at least three of the
ketones to the corresponding Baeyer-Villiger product. In each
case, E. coli Rosetta 2 (DE3) pLysS cells transformed with vector
with no insert did not produce any Baeyer-Villiger products.
By contrast, the substrate spectrum obtained for this strain ex-
pressing CHMOyg,, was consistent with previous reports in the
literature for this enzyme.!"?2%3% Conversions of ketones 2, 3,
4, 5, and 6 were observed, although no literature was found
on the biotransformation of ketones 1 and 7 by CHMOg;,.

Of the newly described biocatalysts, cells expressing MO10
displayed the narrowest substrate spectrum for these sub-
strates, converting only the 4-membered-ring system 6 effi-
ciently. Catalysts with the broadest substrate spectrum in this
study were those expressing group | enzymes (MO3, MO4,
MO11 and M0O20) and MO14, which converted each of the test
substrates into the corresponding Baeyer-Villiger products.
Strains expressing MO3 and MO20 were also the most efficient
biocatalysts, being capable of completely transforming three
of the test substrates. The substrate spectrum of MO23 has
been omitted from Table 2 because it differs from MO21 only
by a single residue and behaved identically to this biocatalyst
in all assays to date.

14
12
gi 10
8T 8]
Z2 4
2
0- . . ;
c4 cs cé c7

Ring size of ketone

Figure 2. Bar chart illustrating the decreasing number of BVMOs active with
increasing ring size of ketone substrates 1 to 4.
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3 was converted by nine biocat-
alysts and the cycloheptanone
4 only by seven.

It was notable that the three biocatalysts containing en-
zymes with the naturally variant fingerprint motifs
YXGXXXHXXXWR  (MO4), FXGXXXLXXXWP (MO14) and
FXGXXXHXXXYD (MO22) displayed significant BVMO activity.
This indicates that the previously identified fingerprint motif is
not strictly conserved amongst flavoenzymes that catalyse the
Baeyer-Villiger reaction. More specifically, acceptable substitu-
tions for the highly conserved Phe, His and Pro/Asp in the fin-
gerprint motif FXGXXXHXXXW(P/D) are Tyr, Leu and Arg,
respectively.

Biotransformation screen of chiral substrates

The emerging range of BVMO biocatalysts in the literature is
revealing a spectrum of enantioselectivities that have, in some
instances, been correlated with the amino acid sequences of
the enzymes themselves."#?) CHMO,s,, and other enzymes
have been found to display poor enantioselectivity towards
small cycloalkanones with small substituents such as 5, al-
though CHMOy,;, converts the same ring substituted with
longer aliphatic chains with high enantioselectivity.”” It was as-
sumed that the methyl group in 5 is too small to engender
the discrimination of (R)- and (S)-enantiomers within the active
site of the enzyme.” Indeed, no BVMO has been reported
that can effectively resolve substrate 5. For this reason, 5
served as a simple chiral model for characterising the enantio-
selectivity of the rhodococcal BVMOs (Scheme 2).

A second set of experiments was performed in order to
obtain information on the potential of the biocatalysts for the
kinetic resolution of 5. The enantiomeric excess of residual ke-
tones 5 and the lactone products 8 recovered from each bio-
transformation was determined by chiral GC. The absolute con-
figurations of ketones 5 and lactones 8 were assigned accord-
ing to the data reported for the reaction catalysed by
CHMO,g,,.*?' Reactions catalysed by strains expressing MO4,
MO20 and MO21 proceeded very rapidly to full conversion to
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www.chembiochem.org



www.chembiochem.org



BIO

éw BVMO é, ij

(rac-5) (R)-8
(R)-5 (S)-8

Scheme 2. Possible resolution reactions of 2-methylcyclopentanone (5) by
BVMOs used in this study.

the racemic lactone product (Table 3); this is suggestive of very
poor enantioselectivity in the transformation of 5. Strains ex-
pressing biocatalysts MO9, MO15, MO18 and MO22 trans-
formed 5 with higher enantioselectivity than the CHMOgg,,
construct. To the best of our knowledge, the enantioselectivity
displayed by MO18 is the best reported to date for a BYMO
with this substrate,”®*" yielding lactone (5)-8 with 89% enan-
tiomeric excess and an E value of 25. Enantiocomplementary
partial resolutions were performed by MO9 and MO15 (R-selec-
tive, E=5) and M0O22 (S-selective, E=6). Most of the other
rhodococcal enzymes transformed ketone 5 with little or no
enantioselectivity.

Bicyclic ketone 6 is a more complex chiral substrate, pos-
sessing two stereocentres (Scheme 3). This substrate was in-
cluded in the initial screen because it is a valuable model for
examining the selectivity of BVMOs, giving rise to a range of
possible regio- plus stereochemical outcomes. Depending on
the enzyme, racemic 6 can be classically resolved to yield
enantioenriched ketone and one or more lactone products.
The latter can have the oxygen inserted into either the chemi-
cally favoured 2-oxa position (giving enantiomers of lactone
10) or the less favoured 3-oxa position (giving lactones 9), as

G. Grogan et al.

ED 53 &

(1 S,5R)-(-)-6

m

(1R,58)—(+)-6

(1 S,SR)-( )-9 (1R,5S8)~(-)-9

3-oxa lactones

H
o
o:<
H

(1R,5S)-(+)-10

T 4

H
Oall
T

-(-)-10

Tn

(1S,5R

e

2-oxa lactones

Scheme 3. Enantiomers of racemic ketone substrate 6 and lactone products
9 and 10.

catalysed by both the enzymes encoded by Rv3049c from
M. tuberculosis™ and HAPMO.”" Classically, BVYMOs such as
CHMOyg,,*" and CHMOy,,.0"® catalyse the “enantiodivergent”
biotransformation of 6 wherein each enantiomer of the race-
mic substrate is converted to a different lactone regioisomer,
each with high enantiomeric excess. In a third series of experi-
ments, each of the biocatalysts from R. jostii RHA1 was chal-
lenged with ketone 6, and residual ketone substrate and lac-
tone products were analysed by chiral GC (Figure 3).

Of the 13 rhodococcal BVMO catalysts, three (MO10, MO18
and MO21) converted the racemic ketone rapidly to nearly
100% conversion, although sufficient residual ketone remained
to determine the residual substrate ee values by chiral GC
(Table 4). Table 4 shows that, of the 13 catalysts, eight oxidised
the (1R,5S5)-ketone preferentially, the rest the (1S,5R)-ketone.
Promising resolutions of the ketone substrate after partial con-
version were observed with MO3 (59% conversion, 82% ee re-
covered ketone) and MO14 (36% conversion, 63% ee recov-
ered ketone). As reported previously, CHMO.g,, appeared to

transform the two enantiomers
of 6 at approximately equiva-
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- - - lent rates.?
Table 3. Results of the whole-cell biotransformations screen with ketone 5 as substrate. X .
Different profiles of lactone
Biocatalyst Conversion Residual ee” Product ee® £ regioisomers and enantiomers
[%] ketone (5) [%] lactone (8) L% 8) were obtained when different
MO3 64 (S5 35 (R-8 9 1 biocatalysts were used
Mo4 100 - - racemate 0 - (Figure 3). MOs 3, 4, 11, 20
MO9 15 (55 21 (R-8 63 5
MO10 trace 4 ~ N i - (from group 1), MO.14 an.d MO22
MOT11 47 (5)-5 6 (R)-8 5 1 catalysed the insertion of
MO14 50 (R-5 17 (5)-8 10 1 oxygen only at the 2-oxa posi-
MO15 10 (65 17 (R1-8 63 5 tion to give lactones (4)-10 and
MO16 48 (A5 39 (-8 23 2 (—)-10, in most cases with poor
MO18 31 (R-5 70 (5)-8 89 25 a 7 P
MO20 100 _ _ racemate 0 _ enantioselectivity (Table 5).
MO021 100 - - racemate 0 - Given the modest ee of the re-
M022 42 (R)-5 85 ()-8 59 6 sidual ketones in most cases,
CHMO 27 R)-5 20 )-8 39 3 . .
o ® © these transformations might
[a] The margins of error in the determinations of ee are of the order of 1% ee according to data obtained for best be described as regiocon-
the standard rz?cemlc compounds. [b] E was generally calculated from the equation in refs. [37] and [38] for the vergent. Of these catalysts, MO4
biotransformations catalysed by MO9, MO10, MO15, MO18 and MO22.
stood out as the only one that
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Figure 3. Chiral GC traces obtained for analysis of chiral lactones 9 and 10 synthesised by the BVMOs from R. jostii RHA1 and CHMO. The data obtained were

used to calculate the ee values in Table 5.

synthesised lactone (4)-10 in larger quantities than its enantio-
meric counterpart. MO14 is also distinctive in that it appears to
perform a very good resolution of the racemic ketone into one
2-oxa lactone enantiomer ((—)-10 only), a stereochemical
course that has not previously been observed for this substrate
with a BVMO, and one that might be of practical utility. MO9
and MO15 (group ll) were also striking, transforming a single
ketone enantiomer, (+)-6, to the two regioisomeric lactones
(+)-9 and (—)-10, both in high ee. This is again an unprece-
dented stereochemical course for this reaction with a BVMO.
Many enzymes synthesised a mixture of the two regioisomeric
lactones 9 and 10, with MOs 10 and 18 (group IV) and MO16
(group V) displaying the same enantiodivergent stereochemical
behaviour as CHMOg,,, (i.e., roughly equimolar amount of lac-
tones (—)-9 and (—)-10). Both MO21 and MO23 each gave a
mixture of lactones with the 3-oxa lactone in good ee, but

ChemBioChem 2009, 10, 1208-1217
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with racemic 2-oxa lactone. Overall, the combined results illus-
trate an impressive range of selectivities all garnered from a
single DNA sample, the extremes of which might not have
been accessible using the directed evolution of a single
enzyme, and which might now be employed to further devel-
op some of the more interesting activities.

Discussion
Sequence-activity relationships

The results of the biotransformations above were considered
in conjunction with the grouping of R. jostii RHA1 BVMOs de-
rived from the phylogenetic tree in Figure 1. In addition to
groups |-V, previously defined on the basis of the bootstrap
analysis, MO21 and MO23 were treated as a group intermedi-
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Table 4. Analysis of residual ketone from biotransformations of 6 by
strains of E. coli expressing each of 13 BVMOs from R. jostii RHA1.

Biocatalyst Conversion Recovered ee E®
[%] ketone (6) [%] (6)
MO3 59 (15,5R)-6 82 9
MO4 58 (1R,55)-6 31 2
MO9 35 (15,5R)-6 53 156
MO10 97 (1R55)-6 >99 3
MO11 41 (15,5R)-6 17 2
MO14 36 (15,5R)-6 63 25
MO15 19 (15,5R)-6 21 18
MO16 43 (1R,55)-6 45 6
MO18 98 (15,5R)-6 87 2
MO20 75 (1R,55)-6 24 1
MO21 96 (15,5R)-6 99 3
MO22 51 (15,5R)-6 66 9
CHMOgg, 41 (1R,55)-6 10 2

[a] The margins of error in the determinations of ee are of the order of
1% ee according to data obtained for the standard racemic compound.
[b] E for the MO14-catalysed biotransformation was generally calculated
from the equation in refs. [37] and [38].

Table 5. Analysis of lactone products from biotransformations of 6 by
strains of E. coli expressing each of 13 BVMOs from R. jostii RHAT.

Biocatalyst Product ee [%] (yield [%])
lactones 9 10
MO3 (1S,5R)-10 traces of 9 47 (57)
MO4 (1R,55)-10 traces of 9 22 (54)
MO9 (15,5R)-9 and (15,5R)-10 99 (18) 72 (17)
MO10 (1R,55)-9 and (15,5R)-10 >99 (50) 95 (47)
MO11 (15,5R)-10 traces of 9 18 (41)
MO14 (15,5R)-10 - 86 (36)
MO15 (15,5R)-9 and (15,5R)-10 >99 (8) 64 (11)
MO16 (1R,59)-9 and (15,5R)-10 99 (31) 83 (12)
MO18 (1R,59)-9 and (15,5R)-10 97 (45) 87 (53)
MO20 (1R,55)-10 traces of 9 5(75)
MO21 (15,5R)-9 and (1R,55)-10 96 (30) 27 (66)
MO22 (15,5R)-10 traces of 9 53 (46)
CHMOyg;, (1R,55)-9 and (15,5R)-10 98 (17) 87 (24)

[a] The margins of error in the determinations of ee are of the order of
2% ee for lactone 9 and 1% ee for lactone 10 according to data obtained
for the standard racemic compounds.

ate between groups | and Il, and enzyme MO22 was treated as
a divergent enzyme.

Group | enzymes (MO3, MO4, MO11 and M020) each con-
verted all of the test substrates. MO14, although a group Il
enzyme by overall sequence, also displays this wide spectrum
of activity. The other members of groupIl, MO9 and MO15
transformed a range of substrates that did not include either
cyclohexanone or cycloheptanone. MO21 and MO23 did not
convert cycloheptanone, but exhibited a preference for C; and
C; cyclic ketones over octan-2-one, in common with
BVMO,,ea'® with which these enzymes cluster in the phyloge-
netic tree in Figure 1. MO16, which clustered with BVMOyq,440,
an enzyme that had a high specificity toward short-chain ali-
phatic ketones,"” displayed the best activity of all the R. jostii
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MOs for the aliphatic ketone substrate 7. CHMOy,, displayed
behaviour consistent with the literature. Group IV enzymes
MO10 and MO18 both displayed narrow substrate specificities.
Even at this level of analysis, these results indicate that, with
the notable exception of MO14, there is a pronounced se-
quence-activity relationship among the enzymes in groups |
and Il in this study.

Turning to the enantioselectivity of the enzymes, group | en-
zymes MO3, MO4, MO11 and MO20 catalysed poorly enantio-
selective transformations of 5. This was also true of enzymes
21 and 23. Group Il enzymes MO9 and MO15 exhibited R-selec-
tivity. Once again, MO14 displayed “group | behaviour” in cata-
lysing the transformation with a low E value. This group-specif-
ic behaviour extended to transformations of the racemic bicy-
clic ketone 6. Group | enzymes MO3, MO4, MO11 and MO20
formed the 2-oxalactone 10 only. Group Il enzymes MO9 and
MO15 produce both 10 and 3-oxalactone 9, each in high ee,
from the same substrate enantiomer. MO21 and MO23 pro-
duce a mixture of 10 and 9, the former with poor ee. MO14 is
again anomalous, producing the 2-oxalactone only, in the
mode of group | enzymes, yet utilizing predominantly one sub-
strate enantiomer, as observed with group Il. Despite low se-
quence homology with CHMOy,,;, overall, group IV enzymes
MO10 and MO18 display the classical enantiodivergent group
Il behaviour with ketone 6.

The catalytic behaviour of enzymes within the better-de-
fined groups was therefore shown to correlate well with se-
quence. The major exception throughout the analysis was
MO14, notable in that it displayed largely group | behaviour,
even though its overall sequence places it within group Il with
MO9 and MO15. This led us to examine the MO14 sequence
for distinctive regions of amino acid sequence that were iden-
tical to the group | enzymes and yet distinct from group Il en-
zymes. These sequences would presumably be short, because
they do not have a major influence on alignment programs
such as ClustalW2. One example of a region of sequence that
matched these criteria was F?*®QRTPN?" in MO14, shared by
group | enzymes such as F"'"QRTPN?'® in MO3 (Figure 4, left).
The corresponding sequence in group Il enzymes featured a
serine in place of the threonine in either MO9 (F**QRSPN?") or
MO15 (F¥>QRSAN?®). In the three-dimensional structure of
PAMO,” the threonine residue found in this sequence in the
group | enzymes and CPMO, which is replaced by serine in
group 2 enzymes is adjacent to the arginine residue that has
been mooted as one of the determinants of NADP specificity
in PAMO®™ and is clearly seen at the lip of the entrance to the
active site at the surface of that enzyme. Group | catalysts with
threonine in this position display “CPMO-type” behaviour with
ketone 6 as previously described by Mihovilovic and co-work-
ers® and were, on the whole, more active than group Il en-
zymes, even when levels of soluble expression were compara-
ble (see SDS-PAGE gels in the Supporting Information), howev-
er, confirmation that this motif is responsible for differences in
catalytic performance must await a detailed kinetic study of
the relevant purified enzymes.

A second short region of sequence shared by group | en-
zymes and MO14 was P®'QSP** (MO14), also found, for exam-
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MO10 LDVVVRSPHWLVPEK 357 MO10 ITAGPNSAPNHGAGH 557 identification of short regions of amino acid se-
uence that correlate with subgroup-specific behav-
MO18 LSIYQRSPQWVAPFE 362 M018 MLGGPNSFPGSGS-F 561 q . .g . PP
iour could prove helpful in assigning substrate spec-
HAPMO LKVFARTTNWLLETP 348 HAPMO CMYGPNTGLVVYSTV 549  fficity and enantioselective properties from sequence
MO1l ITIFQRTPNLALPMR 226 MO11l FVYGPQSPAG-FCNG 449  alone in some genomic targets.
MO20  VTVEQRTPNLAIPMQ 229 M020 FLYGPQSPSG-FCNG 452
CPMO VTVYQRTPNLALPMH 230 cpMO FGYGPQSPAG-FCNG 453 Conclusions
MO3  LTVEQRTPNTALPMN 222 MO3  YVYGPQSPNA-FCNG 446 Activity profiling and sequence analyses of the
MO4 LTVEQRTPNISLPMQ 227 M04 FVYGPQSPAA-FANG 452  BVMOs from R. jostii RHA1 have revealed that the di-
MO9 VFVFQRSPNYSIPAG 217 MO9 ITAGAGSPSV-T.ANM 437  Vversity of sequence amongst flavoenzymes that are
capable of catalysing the Baeyer-Villiger reaction is
MO15 LYVFQRSANYSVPAG 226 MO15 VVTGPGSPSV-LANM 446 P ysing the Baeyer-viig
extremely broad even within a single genome, and
MOl4  LVVEQRTPNFATPLG 219 MO14 LITGPQSPSV-LYNM 440  that a variety of mechanisms of substrate recogni-
PAMO LFVFQRTPHFAVPAR 226 PAMO FIAGPGSPSA-LSNM 446  tion and molecular determination of enantioselectiv-
CHMO LTVFQRSAQYSVPIG 216 (HMO MVLGPNGP---FTNL 435 ¥ might operate within this enzyme family as a
MO21  LKVFIRTPOYALPMK 227 whole. Some of these characteristics may increasing-
Q MO21 TTGAPLAPSAALCNM 450 ly be detected from genomic sequence alone as the
MO23  LKVFIRTPQYALPMK 227 M023 TTGAPLAPSAALCNM 450  amount of data from both random mutagenesis and
MO16 VIMLQRSPTYIISMP 221 MQO16 FVIG-—-—-— YTNASW 407 9enome mining experiments increases. From the
MO22 LPYMPFPATWPQEVP 244 1022 MRRGGGYYLNVGCSD 467 point of view of preparative chemistry, it is encour-

Figure 4. Short regions of amino acid sequence in BYMOs from R. jostii RHA1. Left:
FQRIPN in group | enzymes and MO14 and FQRS(P/A)N for group II. Right: PQSP in

group | and MO14, and (P/A)GSP in group Il sequences.

ple, in MO3 as P*’QSP*° (Figure 4, right). The glutamine in this
short sequence is typically replaced by a glycine in the se-
quence A*®GSP*' found in group Il enzymes such as MO9 and
is also seen in PAMO. This quartet of amino acids is adjacent to
the “bulge” identified in PAMO that was thought to be impor-
tant in substrate acceptance and stereoselectivity. Removal of
this bulge resulted in a PAMO variant of increased substrate
range.®¥ MO10, MO18 and CHMOg,;, whilst of low overall se-
quence identity, share an asparagine residue in the equivalent
position, as well as common enantioselectivity with respect to
substrate 6, as do each of the “CHMO-type” group of enzymes
described previously™?* and featured in the tree in Figure 1.
Amino acids close to this sequence had already been high-
lighted by Mihovilovic and co-workers, who suggested that
the enantioselectivity of enzymes in either “CHMO-type” or
“CPMO-type” groups could be at least partially dependent on
the occurrence of a phenylalanine (CPMO) or leucine
(CHMOyg,;) at position 432 (CHMOgg;, numbering), located im-
mediately downstream of the PQSP and PGSP quartets in
R. jostii RHA1 enzymes (Figure 4). Changes in the enantioselec-
tivity of CHMOyg,, were observed upon substituting Phe432 to
a serine in this enzyme.®* Interestingly, whilst MO9, MO15 and
MO14 share the same sequence in the “bulge” region and also
a leucine in a position equivalent to Phe432 of CHMOyg;,, they
display different stereochemical behaviour with respect to
both substrates 5 and 6. Whilst it has been shown that the ex-
quisite and distinct catalytic and enantioselective properties of
BVMOs are most likely to be dependent on interactions that
are dependent on more than one or two amino acids, the
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aging that a wealth of selectivities exists that may
be accessed comparatively easily and that each new
enzyme of distinct selectivity presents a valuable
starting point for optimisation through laboratory-
based evolution for the reaction of choice.

Experimental Section

Gene cloning: The target genes were amplified by using the ge-
nomic DNA of R. jostii RHA1 as a template. PCR primers (detailed in
the Supporting Information) were obtained from MWG Biotech
(Ebersberg, Germany). The PCR products were cloned into the pET-
YSBLIC-3C vector by using a ligation-independent cloning method
described in ref.[13]. The correct sequence of all plasmids was
confirmed by DNA sequencing, which was carried out by MWG
Biotech (London, UK). Photographs showing agarose gels of restric-
tion digests of the relevant plasmids are given in the Supporting
Information.

Gene expression: E. coli Rosetta 2 (DE3) pLysS was used as the ex-
pression strain for creating the recombinant biocatalysts. Expres-
sion tests were routinely conducted in 5 mL cultures in LB broth
that had been inoculated with a 10% inoculum from an overnight
culture of the relevant strain. Cells were grown at 37°C until an
ODgy of 0.6 had been reached, at which point gene expression
was induced by the addition of isopropyl-B-p-thiogalactopyrano-
side (1 mm). The cells were then grown at 20°C for 16 h with shak-
ing at 180 rpm. In each case, the harvested cell pellet was resus-
pended in Tris/HCI buffer (20 mm, pH8.0) containing NaCl
(500 mm). The cell suspensions were gently sonicated on ice, and
the soluble and insoluble fractions of the cell lysate were analysed
by SDS-PAGE. Photographs of gels showing the overexpression of
soluble targets are provided in the Supporting Information.

Whole-cell biotransformations: All of the whole-cell biotransfor-
mation tests were carried out with growing cells according to the
overexpression protocol above. The substrates were dissolved in
neat ethanol and added to cell culture (1 mL) 3 h after induction
to give a final concentration of 1% (v/v) ethanol in the medium.
The final substrate concentrations were 17 mm for ketone 1,
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14 mm for ketone 2, 12 mm for ketone 3, 11 mm for ketone 4,
12 mm for ketone 5, 13 mm for ketone 6 and 8 mm for ketone 7.
Reaction mixtures were extracted from the LB medium with ethyl
acetate and analysed by using an Agilent Technologies 6890N gas
chromatograph equipped with an HP-5 column under the condi-
tions described below. Substrates 1 to 7 and their corresponding
lactones/esters had been purchased from Sigma-Aldrich and were
used as standards. Oxocan-2-one (the lactone derived from cyclo-
heptanone 4) was identified by using the biotransformation of 4
catalysed by CHMO from Acinetobacter calcoaceticus NCIMB
9871.2"

GC analysis

Standard GC: For standard GC analysis, an Agilent HP-6890 gas
chromatograph was employed, fitted with an HP-5 column (30 mx
0.32 mmx0.25 pm). Helium was used as the carrier gas at a pres-
sure of 83 kPa. The injector temperature was 250 °C, and the detec-
tor temperature was 320°C. The gradient programme used for
analysis of biotransformation reactions with substrates 1, 2 and 4
was 50 to 100°C at 10°Cmin~" then 100 to 250°C at 30°Cmin™".
The retention times for substrates and products were 1: 1.94 min,
v-butyrolactone: 4.04 min, 2: 2.53 min, d-valerolactone: 5.73 min,
4: 498 min, oxocan-2-one: 7.75 min. The gradient programme
used for analysis of biotransformation reactions with substrates 3,
5, 6 and 7 was 50 to 250°C at 10°Cmin~". The retention times for
substrates and products were 3: 3.44 min, e-caprolactone:
7.03 min, 5: 3.00 min, 8: 6.26 min, 6: 4.04 min, 9+ 10: 7.70 min, 7:
4.69 min, hexyl acetate, 4.90 min.

Chiral GC: For chiral GC analysis both a BGB-173 column and a
BGB-175 column (each 30 mx0.25 mmx0.25 um, BGB Analytik)
were employed. For all analyses, helium was used as the carrier
gas at a pressure of 83 kPa, the injector temperature was 250°C,
and the detector temperature was 320 °C. Enantiomers of substrate
5 were resolved on the BGB-175 column with a temperature gradi-
ent of 70 to 82°C at 0.5°Cmin~". Enantiomer retention times were
(5)-5: 20.65 min, (R)-5: 21.35 min. Enantiomers of lactone 8 were re-
solved on the BGB-173 column with a gradient of 100 to 140°C at
2°Cmin~". The enantiomer retention times were (R)-8: 18.44 min,
(5)-8: 18.76 min. Enantiomers of substrate 6 were resolved on the
BGB-175 column with a gradient of 100 to 127°C at 2°Cmin™". En-
antiomer retention times were (1R,55)-(+)-6: 11.46 min, (1S, 5R)-
(—)-6: 12.26 min. Enantiomers of lactones 9 and 10 were resolved
on the BGB-173 column with a gradient of 90 to 134°C at
1°Cmin~". Enantiomer retention times were (1R,55)-(—)-9:
36.70 min, (15,5R)-(+)-9): 37.01 min, (15,5R)-(—)-10: 41.82 min,
(1R,55)-(+)-10: 42.40 min.

Phylogenetic analyses: Sequences used for the phylogenetic anal-
ysis were aligned by using CLUSTALW (default settings).?? Phyloge-
netic analyses were performed by using the alignment and the
PHYLIP package, version 3.°* Phylogenetic trees were calculated
based on protein maximum likelihood by using PROML. The best
tree was obtained from 21 jumbles of the input alignment. For
bootstrap analyses, 100 datasets were generated by using SEQ-
BOOT, and the best tree of each dataset was calculated by using
PROML and seven jumbles. The final consensus tree was calculated
by using CONSENSE. Trees were plotted by using TREEVIEW.B®
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Fabrication of Carbohydrate Surfaces by Using
Nonderivatised Oligosaccharides, and their Application to
Measuring the Assembly of Sugar-Protein Complexes

Jonathan F. Popplewell,*® Marcus J. Swann,” Yassir Ahmed,™ Jerry E. Turnbull,® and

David G. Fernig™

Surface-based tools, such as microarrays and optical biosen-
sors, are being increasingly applied to the analysis of carbohy-
drate-protein interactions. A key to these developments is the
presentation of the carbohydrate to the protein target. Dual
polarisation interferometry (DPI) is a surface-based technique
that permits the real-time measurement of the changes in
thickness, refractive index and mass of adsorbates 100 nm
thick or less on the surface of a functionalised waveguide. DPI
has been used to design and characterise a surface on which
the orientation and density of the immobilised carbohydrates
is suitable for studying their interactions with proteins and
where nonspecific binding is reduced to less than 5% of total
binding. A thiol-functionalised surface was derivatised with a
heterobifunctional crosslinker to yield a hydrazide surface. This
was treated with oligosaccharides, derived from keratan sulfate
(KS) chondroitin sulfate (CS) and heparin, that possess a reduc-

Introduction

Due to the large number of saccharide building blocks and the
variety of linkages between them, glycans have an enormous
potential to carry information, far exceeding that of nucleic
acids or proteins." In animals, this information space has been
exploited in the regulation of cell-cell communication, with
the glycans of the cell surface and pericellular matrix intimately
involved in the regulation of virtually all aspects of cell-cell
communication. For example, over 250 extracellular regulatory
proteins in humans have been documented to bind to the gly-
cosaminoglycans heparin and heparan sulfate, and these inter-
actions modulate the activities of these proteins.”?

The synthesis of carbohydrates is not template-driven, and
their structural complexity combines to make the elucidation
of their functions extremely challenging. This has led to the
development of new tools and techniques for this purpose. Ex-
amples include new sequencing strategies,®* spectroscopic
analysis of conformation®™® and the increasing application of a
range of sensitive surface-based techniques, such as glycoar-
rays"® and optical biosensors.”) These surface-based ap-
proaches are attractive, since they afford sensitivity and the
potential for the high-throughput analysis of interactions.

A key challenge in fabricating carbohydrate surfaces is the
establishment of reliable and reproducible chemistries for the
immobilisation of the oligosaccharides onto a solid substrate
while retaining their functionality. A number of different strat-

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ing end. To block the unreacted hydrazide groups, the surface
was treated with an aldehyde-functionalised PEG. The heparin
DP-10 surfaces were then used to determine the performance
of the immobilised DP-10 with respect to binding of two well-
characterised proteins, lactoferrin (Lf) and fibroblast growth
factor-2. The results show that Lf could adopt two different ori-
entations, at high protein loadings the protein layer thickness
corresponded to an “end-on” orientation of Lf, whilst rinsing
with buffer saw the Lf molecules adopt a “side-on” configura-
tion. In the case of FGF-2, a single monolayer of protein bound
to DP-10 was observed. These results demonstrate that the
new surface can be used to resolve key questions relating to
the binding of proteins to carbohydrates, including, when
used in DPI, the resolution of the geometry of complexes, an
area that is frequently controversial.

egies have been employed to immobilise carbohydrates on
surfaces. One approach is simply noncovalent adsorption of
negatively charged glycosaminoglycans on positively charged
surfaces,"” but this has the obvious drawback that binding
sites on the sugar might be obscured and the underlying sur-
face might present adventitious binding sites for the basic
patches on proteins that commonly interact with this class of
polysaccharides. Alternatively derivatised oligosaccharides have
been used, for example carbohydrate chips have been pre-
pared by the Diels—Alder-mediated immobilisation of carbohy-
drate-cyclopentadiene conjugates to self-assembled monolay-
ers that present benzoquinone and penta(ethylene glycol)
groups." Other researchers have employed an alkyne-func-
tionalised glass surface with the derivatised sugar attached by
an azide coupling.? Attachment of oligosaccharides to thiol
surfaces through the formation of mercury-sugar adducts"
has been performed with the addition of mercury to the non-
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reducing end of heparin oligosaccharides produced A)
by lyase digestion. Maleimide-functionalised sugars
have been attached to thiol surfaces," and the op-
posite route of thiol-functionalised sugar addition to
maleimide surfaces has also been utilised.">'® Other
amine chemistry strategies have involved coupling
amine-functionalised sugars to N-hydroxysuccini-
mide (NHS) surfaces"” or reductive amination of al- C)

dehydes on amine-functionalised surfaces."® A com- o

monly employed modification is the biotinylation of
heparin at different parts of the heparin molecule,
namely coupling through either carboxylate groups
or unsubstituted amines along the heparin chain or
through the reducing terminus of oligosaccharide
heparin chains.”’*?" The results of these studies
suggest that the route of heparin biotinylation could
significantly affect the binding of proteins.”?

We have developed an oligosaccharide-immobili-
sation strategy for orientated coupling of oligosac-
charides. This strategy incorporates the direct immo-
bilisation of oligosaccharides through their reducing
ends onto a hydrazide-functionalised surface and
the blocking of unreacted hydrazides with an alde-
hyde-functionalised poly(ethylene glycol) (PEG-CHO).
By monitoring the progress in real-time by dual-po-
larisation interferometry (DPI), it was possible to de-
termine, at each step, the density and orientation of
the groups attached to the surface. Surfaces with oli-
gosaccharides derived from a range of glycosamino-
glycans were prepared: heparin, keratan sulfate (KS)
and chondroitin sulfate (CS). Surfaces prepared with
a decasaccharide (degree of polymerisation 10; DP-
10) from heparin were then analysed in detail with
respect to the binding of lactoferrin and fibroblast
growth factor-2 by using dual-polarisation interfer-
ometry. The data show that binding of these pro-
teins is compatible with the known structures of their com-
plexes with glycosaminoglycans and, furthermore, that FGF-2
only forms monomers on these oligosaccharides.

E)

Results and Discussions

Quantifying covalent coupling of linker and
oligosaccharides to the surface

The thiol surface was modified by the sulfhydryl-reactive
heterobifunctional crosslinker BMPH (Scheme 1 A) to yield alde-
hyde-reactive terminal hydrazide functional groups. The hydra-
zide functional group displayed on the surface can then effi-
ciently react with the reducing end of the oligosaccharide
(Scheme 1B), with the sugar displayed in a predictable orienta-
tion. The mechanism for the coupling reaction is given in
Scheme 1E.

The assembly of the BMPH linker and subsequent oligosac-
charide layer can be followed in real-time; a typical reaction
profile is shown in Figure 1. The BMPH linker was added at
3 min and, following PBS washing (t=17 min), formed a layer

ChemBioChem 2009, 10, 1218- 1226
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Scheme 1. A) The heterobifunctional crosslinker N-[3-maleimidopropionic acid] hydra-
zide, trifluoroacetic acid salt (BMPH).
decasaccharide obtained by nitrous acid scission can be represented by UA(2S)-
[GIcNS65-1doA2S],-AManng6S, where UA = uronic acid residue and AMannR =anhydro-
mannose residue. The basic heparin disaccharide repeat unit of GIcCNS6S-1doA2S is dis-
played as (B). C) The basic repeat unit of keratan sulfate, N-acetylglucosamine and galac-
tose. D) The basic repeat structure of chondroitin sulfate, glucuronate and N-acetylgalac-
tosamine. E) Complete coupling reaction for BMPH with a reducing sugar.

B) The predominant repeating structure of a heparin
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Figure 1. Changes in surface coverage and dimensions of BMPH and heparin
as the oligosaccharide surface is formed. The BMPH linker was added at ca.
t=3 min, and, following PBS washing, the heparin was added at 21 min.
After 70 min, the surface was washed with PBS.

with a surface coverage of 3.0 ngmm™ and a thickness mea-
sured at 5.2 nm. The addition of oligosaccharide was started at
21 min; upon addition of the heparin solution the change in
pH from 7.4 to 5 causes the measured thickness of the layer to
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decrease and the measured density to increase, an effect of
the bulk refractive index change. From 20 to 70 min the hepa-
rin was observed to bind, gradually increasing the surface cov-
erage. At 70 min, the flow cells were washed with PBS at
pH 7.4, which reverses the bulk shift seen upon injection of
the heparin-derived oligosaccharide (t=20 min). From the start
of the heparin injection there is an increase in thickness from
5.0 nm to 7.9 nm, which represents the increase in thickness
induced by the binding of heparin to the linker. The average
density of the combined BMPH and heparin layer is lower after
the binding of the oligosaccharide. An increase in density
might be expected if the carbohydrate had inserted in be-
tween the linker molecules, but, as observed from Figure 1,
the average density of the combined BMPH and heparin layers
is lower after the binding of the heparin. This observation, cou-
pled with the significant thickness increase upon heparin bind-
ing clearly shows the heparin has bound above the plane of
the BMPH substructure and is thus sterically available to bind
to proteins.

Surface coverage and orientation measurements

It has been established that a crucial feature of heparin is the
minimal length for ligand binding and activity, with heparin-
derived tetrasaccharides found to be sufficient to interact with
FGF-2, but DP-10-12 required for optimising the proliferative
activity of FGF-2.”) Thus, of critical importance in surface-based
studies examining such interactions is the orientation and thus
availability of the protein binding structures within the poly-
saccharide. For a series of immobilisations the average surface
coverage values of DP-10 (taking the refractive index incre-
ment, RIl, of DP-10 to be 0.138 cm®*g ") were measured at
(0.8940.48) ngmm™, and the corresponding thickness values
(d) measured at (1.63+£0.46) nm. From NMR studies of hepa-
rin-derived oligosaccharides, a fully extended DP-10 chain per-
pendicular to the surface linker would expect to show a thick-
ness increase of 4 nm, based on the disaccharide units having
a length of 0.8 nm,*¥ and an orientation parallel to the surface
(heparin lying on the linker) would expect to show an increase
in thickness of 0.9 nm (PDB ID: THPN). Therefore, we can con-
clude that the orientation of the oligosaccharide is likely to be
at an acute angle to the surface, but critically not lying flat on
the linker and so available for binding protein partners.

This data series was compared with a smaller series (n=3)
of DP-4 immobilisations, which showed a near identical aver-
age surface coverage value, (0.8940.16) ngmm™, and similar
thickness values of (1.45+0.61) nm. It seems likely that by
adopting an acute angle to the surface, the longer DP-10
might have blocked further BMPH sites from reaction; in con-
trast, the shorter DP-4 undergoes much less interaction with
the surface and has a more perpendicular orientation.

The reaction of oligosaccharides and hydrazide was ob-
served to proceed more fully at pH 5 than at pH 7, as a surface
coverage of 1.06 ngmm~ was obtained at pH 4.9 compared to
only 0.56 ngmm™2 at pH 7.4 after the same reaction time and
on the same surface coverage of BMPH linker. This increased
amount of oligosaccharide binding at pH 5 is to be expected
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as the reaction between a hydrazide and reducing terminus of
a sugar is a nucleophilic addition-elimination reaction. The hy-
drazide first adds across the carbon-oxygen double bond of
the sugar, with this addition taking place at a faster rate if the
carbonyl carbon is more electron deficient, induced by in-
creased protonation at lower pH values. As none of the car-
boxylate or sulfate groups of the oligosaccharide are involved
in the reaction with the hydrazide, it is unlikely that a change
in their charge status affects the extent of this reaction.

The KS oligosaccharide, M,,=5000-8000, added at the same
concentration and pH as the heparin oligosaccharides gave
consistently higher surface coverages, (1.28+0.68) ngmm™2
whilst the CS oligosaccharide, with a similar chain length to KS,
had much lower coverage values of (0.63+0.29) ngmm™ As
for the reaction of heparin with hydrazide, reactions between
KS and linker and CS and linker are nucleophilic addition-elimi-
nation reactions with none of the carboxylate or sulfate
groups of the oligosaccharide involved in the reaction with the
hydrazide. As can be seen from Scheme 1C, keratan sulfate is
composed of repeating units of galactose and N-acetylglucos-
amine, whilst chondroitin sulfate is composed of repeating
units of glucuronate and N-acetylgalactosamine sulfate
(Scheme 1D). The difference in reactivity between KS and CS
with hydrazide might be caused by the sugar residues adja-
cent to the reducing end affecting the reactivity towards the
hydrazide. The degree of sulfonation and carboxylation along
the oligosaccharide chain is unlikely to affect the reactivity of
the reducing terminus with the hydrazide linker.

The measured thickness of the CS oligosaccharide layers,
(0.71+£0.33) nm, suggests a flat orientation, one in which the
CS is parallel to the hydrazide layer, whereas the thickness of
the KS layer is higher at (1.38+1.21) nm. One explanation for
this observation is that the higher charge density of the CS oli-
gosaccharide compared to the KS, due to the carboxylate
group per disaccharide (as can be seen in Scheme 1), means
that the CS disaccharide repeat unit has an average charge
level of at least two. This might result in a thinner layer, most
probably due to the greater electrostatic interaction with the
positively charged amine groups (on the linker) on the surface,
which would force an orientation more parallel to the surface.
In contrast, the absence of carboxylate on KS means that the
average charge level per disaccharide repeat unit is less at 1.3—
1.5 (all the GIcNAc are sulfated and '/, to '/; galactoses are sul-
fated) and might allow the KS layer to be more perpendicular
to the surface. However, the greater thickness observed with
the heparin DP-4 and DP-10, at about 1.5 nm, which carry a
higher charge per disaccharide (3 sulfates, 1 carboxylate)
argues against this interpretation and suggests that some non-
electrostatic interactions with the underlying surface and or
solvent are predominantly responsible for determining the ori-
entation of the immobilised sugars.

It is possible for negatively charged molecules such as oligo-
saccharides to adsorb nonspecifically through electrostatic in-
teractions to the positively charged hydrazide surface. In order
to show that the oligosaccharides were covalently attached
rather than nonspecifically adsorbed, the surface was washed
with 75 flow cell exchanges of 2m NaCl. Comparison of both
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the mass and orientation (thickness) of the oligosaccharide
layer, pre and post the 2m NaCl challenge, in other words
while the surface is being perfused with PBS and 2m NadCl is
not present, showed that there was no detectable change in
either of these parameters. Thus the oligosaccharides are cova-
lently attached to the surface and not attached by electrostatic
interactions, with the reported thicknesses of the oligosaccha-
ride layers being those in the absence of high salt.

A key advantage of attaching the oligosaccharides by using
the route described here is that the sugar is covalently at-
tached to the surface via the reducing end and, with the ex-
ception of the CS oligosaccharide, the sugars are not interact-
ing directly with the surface and are thus readily available for
binding to proteins.

Covalent coupling of PEG-aldehyde on unreacted hydrazide
sites/Minimising nonspecific adsorptions of proteins

As with all surfaces, nonspecific adsorption is a potential major
problem. At a high density of oligosaccharide immobilised on
the surface, the nonspecific binding of a number of proteins
was markedly reduced. For example, an immobilised KS surface
coverage of 1.40 ngmm~2 showed nearly no nonspecific bind-
ing to concanavalin (Con A; which only binds a-mannose and
a-glucose) or bovine serum albumin (BSA), whilst other sur-
faces where the oligosaccharide surface coverage was deliber-
ately reduced (by simply reducing the time for which the KS
oligosaccharide was incubated on the BMPH linker) to create a
surface oligosaccharide coverage < 0.5 ngmm™2 showed signif-
icant nonspecific binding of Con A.

A number of reasons indicated that a blocking step was nec-
essary after the coupling of the oligosaccharide to the surface.
Firstly, at high ligand coverage, adjacent sugar chains can steri-
cally hinder protein binding or contribute to new, multioligo-
saccharide binding sites, thus disturbing measured kinetic and
thermodynamic binding parameters. Secondly, not all sugars
(e.g., CS) could be immobilised at sufficient coverage to ensure
no detectable nonspecific binding. Thirdly, certain proteins,
such as lactoferrin and fibroblast growth factor-2 (FGF-2), were
observed to show significant nonspecific binding to the under-
lying hydrazide layer (data not shown). Initial blocking strat-
egies involved using BSA, which did prove effective, but the
use of a protein-blocking agent raises concerns about protein-
protein interactions and the longevity of an oligosaccharide
surface containing protein.

Use of poly(ethylene glycol) as a blocking agent has found a
number of applications.”>* Indeed, in our previous studies,
we demonstrated that glycoarrays can be prepared by using
hydrazide-modified surfaces on which nonspecific binding is
reduced by the use of PEG-aldehyde blocking agent.”® Howev-
er, surface characterisation of these arrays has not been per-
formed. Therefore, a short-chain PEG with a reducing end to
react with unreacted hydrazide was employed as a blocking
agent (Figure 2). The CHO-PEG reacted with free hydrazide
sites remaining after sugar immobilisation, and this rate of re-
action can be compared with the control (100% PEG) flow cell
not treated with carbohydrate (Figure 2).

ChemBioChem 2009, 10, 1218- 1226
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Figure 2. Changes in surface coverage upon PEG-CHO binding. The increase
in surface coverage was determined for the non-heparin-treated surface
(black line) and compared to that of the BMPH surface already treated with
DP-10 (grey line). The dense linker layer undergoes a greater decrease in
density (right-hand axis) upon binding CHO-PEG than the less-dense BMPH-
carbohydrate surface.

By examining how much PEG-CHO binds after the oligosac-
charide addition, the number of free hydrazide groups can be
related to the measured oligosaccharide thickness. By using
the mass of BMPH bound, the maximum amount of PEG-CHO
that would bind to a 100% active surface can be estimated, as-
suming that BMPH and PEG-CHO interact in a 1:1 manner. Typ-
ically the amount of immobilisation of PEG-CHO is 40-50%
(n>10) of the maximum that could bind to a BMPH surface. In
other words, the packing density and/or activity of BMPH only
permit reaction with about 50% of the hydrazide sites. Work-
ing on the same 1:1 basis for BMPH reacting with oligosaccha-
ride, the typical coverage of oligosaccharide is 1-5% of the
theoretical maximum coverage for a BMPH surface. Taking the
example in Figure 1, the mass of DP-10 bound is 2% of the ex-
pected maximum value, assuming all the hydrazide molecules
are orientated and available for reaction. The level of binding
of PEG-CHO around the DP-10 to the remaining hydrazide sites
is 5.3 ngmm™2, which equates to 39% of the theoretical maxi-
mum. The mass of PEG-CHO binding to the BMPH after treat-
ment with DP-10 was compared to that observed on a BMPH
surface not treated with DP-10. Again, by using the surface in
Figure 2 as the example, 6.4 ngmm™ of PEG-CHO is observed
to bind to the control (non DP-10) channel, which equates to
45% of the theoretical maximum. Thus, in the absence of
sugar, only 6% greater coverage of PEG-CHO is obtained.
Therefore, broadly the same amount of PEG-CHO reacts with
BMPH whether or not it has been treated with DP-10. This
adds further evidence to the measured thickness values for
DP-10 that the sugar is not blocking the hydrazide and is thus
in a nonplanar orientation.

Examining the assembly of protein-oligosaccharide
complexes

Interaction with lactoferrin: The interaction of lactoferrin with
the oligosaccharide surfaces was characterised to validate the
surfaces for the analysis of protein-sugar interactions. Synthe-
sised by mucosal epithelium, lactoferrin is an inflammatory re-

1221

www.chembiochem.org



www.chembiochem.org



BIO

sponse protein and is known to have activities as di-

verse as scavenging iron and inhibiting bone 104
marrow formation.”>*% |t is known to bind to anionic
polysaccharides including heparin.®'¥ The unit cell g
dimensions for bovine lactoferrin (bLf) are given as
13.9%8.7%x7.3 nm,?¥ and the protein has a reported £ .
pl in the pH range of 8. The amino acid sequence of E
bovine lactoferrin consists of a single polypeptide 4_
chain of 689 residues®3? folded into two lobes

(Figure 3), the N-lobe and the C-lobe (representing ]
the N- and C-terminal halves of the protein®¥). The

N- and C-lobes are linked by a three-turn helix, with od
the polypeptide chain essentially identical to that of 0

human lactoferrin. Whilst the physical and biochemi-
cal properties of human lactoferrin have been well
investigated, the lactoferrins of other animals have
had less study. It has been proposed that the N-ter-
minal region of lactoferrin is responsible for heparin
binding, through the sequence BXBB, where B de-
notes positively charged amino acids. Analysis of
proteolytic digests of lactoferrin have identified four
sets of amino acid residues that bind to heparin, 1-

5.6 nm

8.8 nm

Figure 3. Ribbon diagram of bovine lactoferrin, with the ringed area the
region for the sequence of amino acids postulated to bind heparin (PDB ID:
1blf).

10, 17-31, 22-31 and 32-41.%" However, analysis of the hepa-
rin-binding properties of the entire protein have not been re-
ported, and, whilst the data presented here cannot give any
new information on the specificity of the interaction, the nega-
tively charged oligosaccharide surface and DPI have been used
to probe the dimensional changes that occur when bLf binds
to heparin-derived oligosaccharides.

Above a threshold concentration, the measured increased in
thickness for the addition of Lf to DP-10 is 8.5-10 nm
(Figure 4). This is consistent with bLf binding through basic
residues to form a monolayer in an “end-on” configuration,
and with reports that used AFM to examine lactoferrin adsorb-
ing on contact lens material, where a significant number of
lactoferrin  molecules were adsorbed in an “end-on”
configuration.®®

When the lactoferrin layer is washed with running buffer, it
is observed that, on average, 50% of the lactoferrin dissociates
and the remaining 50% now has a thickness of 5.8 nm, indica-
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250 300 350

Figure 4. Changes in thickness observed upon binding of different concentrations of lac-
toferrin to a DP-10 surface. Increasing concentrations of lactoferrin (given in nm) were al-
lowed to flow over the DP-10 surface. From the change in thickness it can be inferred
that the Lf molecules adopt an “end-on” configuration whilst protein is flowing over the
chip, then, as the surface is washed (at t=90 s), some of the Lf desorbs with the remain-
ing Lf on average in the “side-on” configuration. Injections at 32 nm and below are ob-
served to be mass-transport limited.

tive of Lf adopting a “side-on” configuration. Thus high surface
concentrations of protein force lactoferrin into an “end-on” ori-
entation, perhaps due to geometrical constraints, lactoferrin
then adopts a “side-on” configuration when the surface bLf
packing density is decreased upon PBS washing. It is not clear
if the population of “end-on” orientated lactoferrin molecules
are desorbed leaving only the “side-on” population present or
if, during the desorption of lactoferrin from the “end-on” con-
figuration, some molecules rock over or reattach in the “side-
on” configuration.

Whilst the data here cannot categorically rule out multiple
layers of lactoferrin being responsible for the protein thickness
layers observed at 8.5-10 nm, there are two supporting pieces
of data that strongly suggest that the two thicknesses ob-
served represent a monolayer of lactoferrin in two different ori-
entations. The first significant piece of evidence to support the
hypothesis comes from the lack of multiplies of the thickness
of a “side-on” configuration. A multilayer of lactoferrin mole-
cules in the “side-on” configuration would be expected to
have a thickness of at least 2x5.8 nm, whereas the maximum
thickness observed by DPl does not exceed 10 nm, a value
much more consistent with lactoferrin in an “end-on”
configuration.

The second comes from a comprehensive study of lactofer-
rin absorption on glass as measured by AFM.®®¥ These authors
reported that one monolayer of lactoferrin per surface adsorbs,
and increasing the concentration to 1.0 mgmL™" (14 um) does
not give rise to a thicker layer. The authors also reported that
lactoferrin adopts both “side-on” and “end-on” configurations.
The authors described how a significant number of lactoferrin
molecules are adsorbed in an “end-on” configuration and that
it is the a-helix joining the two lobes that is being compressed
under the load of the AFM probe.

The data in Figure 4 represent a typical data set with two
clear orientations. On some of the oligosaccharide surfaces
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Figure 5. Binding curves of lactoferrin (in ngmm™) at various concentrations to immobi-

lised DP-10. Lactoferrin was diluted to various concentrations (nm) and injected over the

at 5.8 nm.

On all the surfaces tested, the addition of 2m
NaCl fully regenerated the surface (< 5% protein re-
maining), and in all cases the amount of bLf binding
to the control (PEG only) channel was <5% of that observed
with the oligosaccharide with PEG surface.

Affinity of lactoferrin for heparin: Titration of tritium-labelled
pig mucosal heparin (My,=15 kDa) indicated approximately
five binding sites for lactoferrin per heparin chain,** thus full-
length heparin cannot be fitted with a 1:1 binding model.? A
molecular weight of 15 kDa corresponds to about 30 disac-
charides, and, if there are five binding sites per chain, it seems
reasonable to assume there is one Lf binding site for six disac-
charides (DP-12). Since the reducing sugar of the immobilised
DP-10 is unlikely to be free for interaction with protein, DP-10
will be a reasonable model system to fit with 1:1 stoichiometry
(Figure 5).

Analysis of the binding observed between lactoferrin and
DP-10 at equilibrium produced a K, of 87 +42 nm from a non-
linear regression fit to Scatchard-transformed data. Kinetic
analysis delivered an average association rate constant, k, of
29x10°m~'s™" and an average kg, of 4.5x1072s™" and hence
a kinetically determined value of K, of 1504+35nm. The K,
values determined from the analysis of binding at equilibrium
and from the kinetic parameters are equivalent; this indicates
that the data are self-consistent. Moreover, these Kj values are
in agreement with that of 99+ 35 nm determined from analysis
of the binding of bLf to glycosaminoglycans on human the
carcinoma cell line HT29.”

Heparin surfaces binding FGF-2 (bFGF): The fibroblast growth
factors (FGFs) are the archetypal heparan-sulfate-binding
growth factors. FGF-2 has been shown to bind to tetrasaccha-
rides derived from heparin, and these have been shown to be
sufficient for the activation of the FGF receptor, though DP-8
has been found to the minimum size required for optimal acti-
vation of cellular signalling and proliferation.” With heparan-
sulfate-derived oligosaccharides, DP-8 is the minimum length
required for activity®" and crystal structures of FGF-2 with
heparin-derived DP-4 and DP-6 indicate a 1:1 association. How-
ever cocrystals of FGF ligand, FGF receptor and oligosaccha-
rides demonstrate two very different organisations of the com-
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DP-10. Following injection, the protein solution was replaced with running buffer (PBS)
to monitor dissociation kinetics and the structure of the 2D complex in buffer solution.

plex, whereas analysis of complexes by gel filtration, indicates
that the growth factor can dimerise on the sugar, which re-
quires oligosaccharides of ~DP-8.*? The oligosaccharide sur-
faces developed here provide a means to analyse the dimen-
sions of a FGF-2 layer on DP-10, and thus establish quantita-
tively whether the sugar does indeed oligomerise the growth
factor.

Additions of FGF-2 were made in the range 2.36-1180 nm
FGF-2, with FGF-2 appearing to saturate the surface over the
range 236-1180 nmM. At high concentrations of FGF-2, the pro-
tein layer on the DP-10 surface had a thickness of (4.11+
0.11) nm (n=3; Figure 6). Based on comparison with the unit
cell parameters of FGF-2, 3.09 x 3.34x3.59 nm,”® the measured
layer thickness increase upon addition of FGF-2 to DP-10
shows unambiguously that FGF-2 forms a diffuse monolayer
under these conditions, where the stoichiometry is FGF-2/DP-
10 0.14:1. Therefore, whilst we cannot rule out the presence of
trans dimers of FGF-2 on the DP-10, this seems very unlikely
given the substoichiometric ratio of FGF-2 to DP-10 and the
complete absence of any data to suggest that the FGF-2 inter-
action with the sugar is in any way cooperative, despite many
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—Surface coverage

L]
-
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Figure 6. The changes in thickness and surface coverage were measured for
FGF-2 binding to a DP-10 surface.
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years of intensive biophysical analysis. This conclusion is sup-
ported directly by the thickness data, which show clearly that
binding of FGF-2 causes an increase in thickness of 4.11 nm,
which can only be accounted for by the FGF-2 binding on the
“top” side of the DP-10.

Kinetic analysis delivered rate constants of k,,=1.7X
10°m~'s™" and kg, =9.4x107%s7" and hence a kinetically de-
termined value of K;=57 nm, similar to that measured previ-
ously by kinetic and equilibrium analysis.”

Conclusions

Oligosaccharide surfaces have been produced where the sugar
is immobilised through its reducing end, and has been shown
to be oriented towards the solution rather than associated par-
allel to the underlying surface. Combined with the blocking of
the surface with a short chain PEG, these surfaces present the
sugars optimally to proteins, and are thus a valuable tool for
the analysis of protein-sugar interactions. In this work DPI was
used to probe the geometry of the protein—sugar complexes,
and revealed new properties of the two test proteins: lactofer-
rin possesses two modes of association, whereas FGF-2 forms
monomeric complexes with a heparin-derived DP-10. Given
the very low nonspecific binding and excellent regenerability
of these surfaces, and the fact that they can be produced with
any sugar that has a reducing end, they should have wide ap-
plicability in the analysis of protein-sugar interactions by a
range of surface techniques, from biophysics to microarrays.

Experimental Section

Materials: All chemical and biochemical products were of analyti-
cal grade. BSA, bLf, lectin from Maackia amurensis (MAA), Con A,
lectin from Triticum vulgaris, phosphate-buffered saline tablets
(PBS, pH 7.4), HEPES and NaCl were supplied by Sigma. BMPH (N-
[B-maleimidopropionic acidlhydrazide, trifluoroacetic acid salt) was
from Pierce (Cramlington, UK), whilst CH;0-PEG-NH-CO-C,Hg-CHO
or “PEG-CHO"” was obtained from Rapp Polymere GmbH (Tubingen,
Germany). Human recombinant FGF-2 was produced and purified
as described.* Waveguide chips modified with an alkoxysilylthiol
layer were supplied by the Farfield Group Ltd (Crewe, UK).

Methods

Oligosaccharide preparation: Size-defined fractions of Na* heparin
oligosaccharides were prepared by partial nitrous acid digestion of
the parental polysaccharide followed by Superdex 30 chromatogra-
phy as described previously.”” The size and expected composition
of the selected decasaccharide (DP-10) fragment was confirmed by
comparison with authentic heparin standards on Superdex 30 and
by PAGE, and by digestion with heparinases. The CS and KS oligo-
saccharides were extracted from bovine cartilage following papain
digestion,*® alkali treated and separated as previously described.”*”!

Dual polarisation interferometry (DPI): DPI permits the direct mea-
surement of changes in thickness, refractive index (RIl) and mass of
materials <100 nm thick on the surface of a glass waveguide in
real time.”® The dual-slab waveguide is illuminated with laser light
of alternating polarisations at one end, and, as the light exits the
two waveguides at the other end, they interfere to produce an in-
terference pattern. The waveguide structure is integrated with a
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fluidic system permitting the continuous flow of material over the
top waveguide, and, as material is added to or removed from the
waveguide, the interference pattern moves, and these changes in
the position of the interference pattern can be “resolved” into
changes in thickness, Rl and mass of the material on the wave-
guide.***" Thus, if a protein is added to a heparin surface, the
change in measured thickness will reflect the orientation the pro-
tein layer adopts on the surface. In addition there will be a surface
coverage value (in ngmm™) and a refractive index measurement
that will reflect the density of protein packing on the oligosaccha-
ride surface.

All DPI measurements were performed on an Analight® Bio200
(Farfield Group, Crewe, UK) equipped with a 632.8 nm laser. The in-
strument is a dual-channel system, with each 2 pL cell maintained
at 20°C unless otherwise stated. Following calibration steps to
measure the refractive index of the waveguide and running buffer,
stepwise injections of materials over the waveguide to formulate
the oligosaccharide surface were undertaken.

In situ formation of oligosaccharide surfaces: The following oligosac-
charide surfaces were produced, keratan sulfate (KS), chondroitin
sulfate (CS) and Na™ heparin surfaces with a range of degrees of
polymerisation (DP), from DP-4 (tetrasaccharide) up to DP-20. A
glass waveguide sensor surface covalently functionalised with thiol
groups was mounted in the dual polarisation interferometer instru-
ment, and PBS was allowed to flow over the waveguide surface at
a rate of 50 uLmin" in the case of the surface to be functionalised
with heparin, while HEPES (10 mm) with the metal cations Mg, Mn
and Ca (all at 2 mm) was used for reactions with CS and KS oligo-
saccharides. In other words, no divalent cations were present in
the reactions of heparin and protein as they are not required for
these interactions.

Once the baseline sensor response had stabilised, ethanol/water
(80%, w/w) was allowed to flow over the sensor for 90 s, followed
by PBS; this allowed the baseline to stabilise once again (this pro-
cedure was repeated as necessary to ensure that any trace surface
contamination was removed and was typically achieved within
5 min). Pure water was injected for 90 s to allow the waveguide
structure to be calibrated and to determine the refractive index of
the buffer solution (given that the refractive index of 80% ethanol
and pure water is known); the instrument response can be used to
calculate the thickness and refractive index of the waveguide and
the refractive index of the buffer solution (bulk refractive index) to
be used in subsequent layer calculations.®”

The flow cell temperature was then set to 30°C, the flow rate was
reduced to 10 uLmin~', and BMPH (5 mgmL™", dissolved in PBS
just prior to injection) was allowed to flow over the sensor for
15 min, then PBS was used to rinse the sensor for 10 min. Next,
the oligosaccharide was dissolved in PBS adjusted to pH 5 (acetate
was avoided as it was shown to adsorb to the thiol surface) and in-
jected into only one of the two flow cells at a rate of 2 yLmin™'
for 100 min. Oligosaccharides that were not bound after 100 min
were removed by washing the surface with PBS at 50 uLmin~' for
10 min.

Blocking the unreacted hydrazide groups and creation of a control
flow cell: Unreacted hydrazide groups were blocked by the addi-
tion of CH;0-(EG);,-NH-CO-C,Hg-CHO or “PEG-CHO” (20 mgmL™")
dissolved in PBS (200 uL~") flowed over the flow cell at a rate of
2 pLmin. This was repeated a second time to ensure complete
blocking of the hydrazide surfaces. Thus, each of the glycochips
described in the following sections was composed of two parts,
one flow cell containing the BMPH linker, an oligosaccharide and

ChemBioChem 2009, 10, 1218 - 1226



www.chembiochem.org



Fabrication of Carbohydrate Surfaces

the PEG blocker, whilst the control flow cell was identical except
for the absence of oligosaccharide, thereby creating side-by-side
active (carbohydrate-containing) and control surfaces.

Protein challenges: Solutions of different proteins were injected
over the surfaces at a flow rate of 50 uLmin~". For the KS surfaces,
the following proteins were tested: wheat germ-agglutinin from
Triticum vulgaris (WGA, My,=36 kDa, main specificity N-acetyl-3-p-
glucosamine), Maackia amurensis lectin (MAA, My, =130 kDa, which
specifically recognises sialic acid residues) and lactoferrin from
bovine colostrum. In addition, the following control (nonbinding)
proteins were added: Con A from Canavalia ensiformis (M=
104 kDa, main specificity a-mannose) and BSA. For the heparin
chip, FGF-2 and lactoferrin were the test proteins. All the proteins
injected over the KS chip were dissolved in HEPES/NaCl buffer with
divalent metal ions (2 mm), whist those proteins injected over the
heparin surfaces were dissolved in PBS.

Lectins such as Con A, WGA and MAA bind carbohydrates though
a network of hydrogen bonds, hydrophobic interactions, van der
Waals interactions and metal ion co-ordinations. Metal ions such as
Mg?" and Ca®" can assist in the positioning of the amino acid resi-
dues to interact with the carbohydrates, but with few conforma-
tional changes taking place upon binding in either protein or car-
bohydrate. Thus, the divalent metal ions allow the protein to
adopt the required conformation to bind to carbohydrates, and
are not known to alter the conformation of the carbohydrates.
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Bacterial Alarmone, Guanosine 5-Diphosphate 3'-
Diphosphate (ppGpp), Predominantly Binds the 3’ Subunit
of Plastid-Encoded Plastid RNA Polymerase in Chloroplasts

Michio Sato,”? Kosaku Takahashi,*™ Yuka Ochiai,™ Takeshi Hosaka,™ 9 Kozo Ochi,® and

Kensuke Nabeta'®

Chloroplasts, which are thought to have originated from cya-
nobacteria, have their own genetic system that is similar to
that of the bacteria from which they were derived. Recently,
bacterial alarmone guanosine 5'-diphosphate 3'-diphosphate
(ppGpp, 1), a key regulatory molecule that controls the strin-
gent response, was identified in the chloroplasts of plant cells.
Similar to its function in bacteria, ppGpp inhibits chloroplast
RNA polymerase; this suggests that ppGpp mediates gene ex-
pression through the stringent response in chloroplasts. How-
ever, a detailed mechanism of ppGpp action in chloroplasts re-
mains elusive. We synthesized 6-thioguanosine 5'-diphosphate
3'-diphosphate (6-thioppGpp) as a photoaffinity probe of

Introduction

Among bacteria, one of the most significant systems that regu-
lates gene expression is the stringent response, which enables
cells to adapt to stressful conditions such as nutrient depriva-
tion. Guanosine 5'-diphosphate 3'-diphosphate (ppGpp) plays
an important role as a key mediator of the stringent response

o S
7 T,
v 7 NH
9 9 <N | N/)\NHz \c\) 9 <N ‘ N/)\NH
HO-P-0-P-0 HO-P-0-P—0 2
OH OH o OH OH o
o 0 OH o O OH
/P\ -
O oM ) o “on 6-thioppGpp (2)
. L atalle]
HO oH pPPGPP 1o on pPPGpp

and is thus called bacterial alarmone.™ In bacteria, ribosome-
dependent ppGpp synthesis is catalyzed by the relA gene
product, ppGpp synthetase, which is expressed in response to
the binding of uncharged tRNA to the ribosomal A site. The
binding of ppGpp to RNA polymerase (RNAP) causes either
activation or suppression of various genes. The stringent re-
sponse is involved in the induction of secondary metabolism
and differentiation in bacteria.>® The significance of ppGpp in
bacterial physiology has drastically increased with the recent
discovery that ppGpp induces bacterial quorum sensing, which
consists of a range of intercellular signalling mechanisms to
determine population density™® and controls various aspects
of pathogenic and symbiotic bacterium-host interactions.’™
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ppGpp; this probe thus enabled the investigation of ppGpp
binding to chloroplast RNA polymerase. We found that 6-thi-
oppGpp, as well as ppGpp, inhibits chloroplast RNA synthesis
in vitro in a dose-dependent manner. Cross-linking experi-
ments with 6-thioppGpp and chloroplast RNA polymerase indi-
cated that ppGpp binds the 3’ subunit (corresponding to the
Escherichia coli B’ subunit) of plastid-encoded plastid RNA poly-
merase composed of a, 3, f, B, and o subunits. Furthermore,
ppGpp did not inhibit transcription in plastid nucleoids pre-
pared from tobacco BY-2 cells; this suggests that ppGpp does
not inhibit nuclear-encoded plastid RNA polymerase.

In plants, chloroplasts have their own genomes and mecha-
nisms for gene expression."” In addition to photosynthesis,
there are many similarities between chloroplasts and cyano-
bacteria. With only a few exceptions, phylogenetic trees based
on proteins reveal that all chloroplasts in plants and cyanobac-
teria are congenetic; this strongly supports the idea that chlor-
oplasts originated from cyanobacteria."’ RNAPs in plastids are
classified into two categories: one is plastid-encoded plastid
RNA polymerase (PEP) and the other is nuclear-encoded plastid
RNA polymerase (NEP).'>"® PEP, which is similar to bacterial
RNAP, contains a core complex composed of a, §, f', and p”
subunits and a number of accessory proteins.*'® NEP is anal-
ogous to T7 phage RNAP, and at least two kinds of NEP
(RpoTp and RpoTmp) exist in plastids. RpoTp is imported to
plastids, and RpoTmp is transferred to both plastids and mito-
chondria.l'”'® In maize and mustard (Sinapis alba L.), it was re-
ported that the bacterial property of PEP appears in etioplasts
and greening chloroplasts."®?” Differential control of NEP and
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PEP activities causes dynamic changes in plastid gene expres-
sion during plastid differentiation. In the process of evolution,
plants seem to specialize their cellular functions, and this even-
tually leads to the ability to differentiate plastids variedly.

Despite the fact that the genetic systems between chloro-
plasts and bacteria are homologous, the functional capability
of ppGpp in plant cells has been largely overlooked. Recently,
relA/spoT homologous genes (rsh) encoding a protein with
ppGpp synthetic activity were found in several plants.?'!
Most plant RSH proteins involve chloroplast transit sequences
in their N-terminal regions. These results harmonize with ana-
lytical data showing that ppGpp localizes in chloroplasts.?”
Furthermore, ppGpp inhibits chloroplast RNAP activity dose-
dependently in vitro. Judging from these previous works, it
seems highly likely that the bacterial-type stringent response
regulated by ppGpp also exists in higher plants. Supporting
this notion is the fact that ppGpp production in plants is
induced under stressful conditions, most likely mediated by
plant hormones.” Furthermore, in addition to the rsh genes,
novel relA/spoT homologues known as crsh (Ca*-activated
relA/spoT homologue), which contain two EF-hand motifs at
the Cterminus, were reported in rice and Arabidopsis thali-
ana.”®* Moreover, crsh in A. thaliana was shown to play a role
in plant fertilization.”” These investigations are quite intriguing
from the view of stress adaptation, plant fertilization and the
evolution of plants and chloroplasts. However, the details of
ppGpp function in plants remain elusive.

To identify the ppGpp-binding subunit in E. coli RNAP, radio-
active cross-linkers 8-N;ppGpp™?® and 6-thioppGpp (2)** have
been used. Binding experiments with these compounds how-
ever have given rise to different results, in which 8-N;ppGpp
and 6-thioppGpp differentially bind to the  and [’ subunits,
respectively. The position of the cross-linking moiety on gua-
nine appears to render these cross-linkers different in their
binding to E. coli RNAP subunits. The recent X-ray crystal struc-
ture of Thermus thermophilus RNAP complexed with ppGpp
demonstrates that ppGpp binds
proximally to the active site lo-
cated between  and p' subu-
nits, and that the oxygen of the

carbonyl group at the 6-position «NfJ\NH

of ppGpp is vicinally oriented to N™ °N” "NH

the B’-subunit in RNAPEY As a o
first step in clarifying the bio-
chemical activity of ppGpp on
chloroplast RNAP, we synthe-
sized 6-thioppGpp by using
chemical and enzymatic reac-
tions and identified the subunit
to which ppGpp binds in chloro-
plast RNAP. The present data
also suggest that ppGpp plays 2
an important role in the regula-
tion of chloroplast gene tran-
scription.

o o P
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Results and Discussion

Synthesis of 6-thioppGpp

Previously, radioactive 6-thioppGpp was prepared from 6-thio-
guanosine 5'-triphosphate (6-thioGTP) and [y-*?P]ATP by the
phosphate transfer reaction of crude RelA enzyme obtained
from E. coli® Because 6-thioGTP was the starting material,
radioactive 6-thioppGpp was obtained along with radioactive
6-thioguanosine 5'-triphosphate 3'-diphophate (6-thiopppGpp),
and hence radioactive 6-thioppGpp needed to be purified by
using anion exchange column chromatography. We attempted
to synthesize 6-thioppGpp through 6-thioGDP (7) to avoid
contamination of 6-thiopppGpp with 6-thioppGpp and simplify
the separation of radioactive compounds (Scheme 1). The
starting material, 6-thioguanosine (3), was protected as a 2/,3'-
O-methoxymethylidene derivative (4). The tosyl group was in-
troduced at the 5’-position of 2 (without the other protection
group) to give 5 in a reasonable yield (59%) after treatment
with nBulLi. After deprotection of the acetal group at the 2'-
and 3'-positions of 5, the resulting compound 6 was reacted
with tris(tetra-n-butylammonium) pyrophosphate to give 6-thi-
oGDP (7). Finally, 7 was subjected to an enzymatic reaction of
pyrophosphate transferase with ATP to obtain 6-thioppGpp (2)
as a lithium salt.*® The completion of this reaction was moni-
tored by HPLC analysis. To synthesize radioactive 6-thioppGpp,
6-thioGDP (7) was incubated in a reaction mixture containing
[y-*P]ATP and a pyrophosphate transferase. After 2 h, this re-
action mixture was extracted by phenol/chloroform, and to
remove traces of phenol, an equal volume of chloroform was
added to the aqueous layer. The aqueous solution containing
radioactive 6-thioppGpp was used for cross-linking.

Previously, 6-thioGDP was synthesized together with 6-thio-
GTP; however, the compounds were not easily separated by
anion exchange column chromatography.*"” We report here
new a synthetic method for 6-thioGDP, an intermediate of 6-
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Scheme 1. Synthesis of 6-thioppGpp (2). a) (CH;0);CH, pyridine-HCI, DMSO, RT, 40 h; b) 1: nBulLi, THF, —78°C,

15 min, 2: tosyl chloride, THF; 0°C, 1 h; c) TFA, MeOH/H,0 (2:1), RT, 16 h; d) (Bu,N);HOPP, CH,CN, RT, 96 h ; e) ATP,
pyrophosphate transferase, glycine buffer (pH 10), 37°C, 2 h.
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thioppGpp, which is easy to carry out and chemically well-
defined. These reactions obtained milligram quantities of the
final product sufficient for small-scale biochemical experiments.
Moreover this synthesis provided 6-thioppGpp without con-
tamination of 6-thiopppGpp. This synthetic method will be
able to produce other photoaffinity probes containing GDP as
a partial structure.

The inhibitory activity of 6-thioppGpp in chloroplast RNA
polymerase reaction

Chloroplasts of spinach (Spinacia oleracea) have been used as
a model for studying the function of chloroplasts. The com-
plete nucleotide sequence of the plastid chromosome of
spinach has been reported.®? Therefore, we selected spinach
chloroplasts for RNAP preparation. Since purification of chloro-
plast RNAP from mature plant leaves is difficult due to the as-
sociation of many proteins with chloroplast RNAP"* we used
partially purified chloroplast RNAP (see the Experimental Sec-
tion) to examine the inhibitory activities of 6-thioppGpp and
PpGpp. As expected, ppGpp and 6-thioppGpp both inhibited
the activity of RNAP dose dependently at concentrations rang-
ing from 200 to 1,000 um (Figure 1). High concentrations of
ppGpp were required to inhibit chloroplast RNAP activity sub-
stantially. In this regard, it is noteworthy that the inhibitory
effect of ppGpp observed in vitro was always much smaller
than that observed in vivo.**3* Gourse and colleagues® sug-
gested that this discrepancy reflects, at least in E. coli, the level
of the DksA protein, which amplifies the effects of ppGpp. A
similar mechanism for amplifying the effect of ppGpp might

5000

6-thioppGpp
4000

3000
2000

1000 1

5000

PPGpp

4000

incorporation/dpm

3000

2000

1000

0 T T
0 30 60

t/ min

Figure 1. In vitro inhibition of chloroplast RNAP by 6-thioppGpp and ppGpp.
Partially purified chloroplast RNAP from spinach (S. oleracea) was incubated
in the presence of PHJUTP and various concentrations of 6-thioppGpp and
ppGpp. [*HIUTP incorporation was determined by liquid scintillation count-
ing. The mean values from three independent experiments are shown. Verti-
cal bars represent standard errors. @, no ppGpp and 6-thioppGpp; =,

200 uM; A, 500 um; o, 1000 um.
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operate in chloroplasts, though a DksA homologue has not yet
been found in plants.

The extent of inhibition by 6-thioppGpp in the RNAP reac-
tion was almost the same as that of ppGpp; this reflects the
fact that structural differences between these compounds are
minimal. Given that they have the same inhibitory activity and
only slight structural differences, 6-thioppGpp and ppGpp are
considered to bind the same site on chloroplast RNAP. Thus,
we employed 6-thioppGpp for identification of the ppGpp
binding site in chloroplast RNAP.

Cross-linking of 6-thioppGpp to chloroplast RNA polymerase

In this study, radioactive 6-thioppGpp was converted from 6-
thioGDP by pyrophosphate transferase.”” An equivalent
amount of [y-*P]ATP to 6-thioGDP was added to the reaction
mixture. Accordingly, the radioactive nucleotide in the reaction
mixture was almost solely radioactive 6-thioppGpp due to
effective enzymatic catalysis. The small amount of unreacted
[y-*P]ATP was considered not to pose a serious problem for
cross-linking. Therefore, the reaction mixture was not purified.
A mixture of radioactive 6-thioppGpp and chloroplast RNAP
was subjected to UV irradiation for photoactivation. The results
of SDS-PAGE analysis indicate that a protein with a molecular
size of 75 kDa cross-linked with radioactive 6-thioppGpp (Fig-
ure 2A). The competition experiments demonstrate that cross-

kDa r
200 »

116 o

66 = (W

Figure 2. Cross-linking of chloroplast RNAP with radioactive 6-thioppGpp.
A) SDS-PAGE of chloroplast RNAP visualized by silver stain and cross-linked
with radioactive 6-thioppGpp. B) competition experiment. 100-fold amount
of normal ppGpp was added.

linking of radioactive 6-thioppGpp was severely inhibited by
the co-existence of ppGpp (Figure 2B); this indicates that the
binding site of radioactive 6-thioppGpp was identical with that
of ppGpp. A broad protein band with the molecular weight of
about 66 kDa was identified as bovine serum albumin (BSA),
which was contained in cross-linking reaction buffer.

Peptide fingerprinting and identification

The protein band corresponding to the radioactive band was
excised and digested by trypsin and then its MALDI-TOF MS
spectrum was measured. A database search (MASCOT) of
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Figure 3. MALDI-TOF/MS spectral data of tryptic digested peptides from the protein cross-linked with radioactive 6-thioppGpp. Both peaks of 1045 and 1672

are angiotensin and neurotensin peptides for internal standard.

major peaks indicated that the protein cross-linked with 6-thio-
ppGpp was the ' subunit of plastid-encoded plastid RNAP
(PEP; Figure 3 and Table 1). Accordingly, we conclude that
ppGpp binds the B’ subunit of PEP to inhibit transcription.

Table 1. Peptide mass fingerprinting analysis of the protein correspond-
ing to the radioactive band.
Found (m/2) Calculated (m/z) Amino acid sequence assigned
2305.1955 2305.2226 Y|LPNGEIVGEVTKPYTFHYK*®
1939.9585 1939.9588 "3YSIPLFFTTQGFDTFR'®
1746.9320 1746.9683 “0|LQEVMQGHPVLLNR**
1655.9023 1655.8962 327 VQEAVDTLLDNGIR?*!
1540.8896 1540.8845 ' GIQAFQPILVEGR**
1363.8114 1363.8056 3825VIVVGPSLSLHR*

1340.6587 1340.6515 287 MSSDINELYR?”’

1334.6783 1334.6910 3B3NNTLTDLLSTSR®™

1146.6276 1146.6266 S4TTVGHISLYR®®®
1072.5647 1072.5633 *"EQLADLDLR*”®
1034.5953 1034.5880 S4ENIDIYIR®?

981.4814 981.4887 3°SFSDVIEGK®®

974.5105 974.5265 'EISTGAGAIR®™

PEP, which is composed of a, B, f, f”, and o subunits, has
high similarity to cyanobacterial RNAP.2%*” The plastid genome
encodes the genes of the former four subunits, rpoA, rpoB,
rpoCl1, and rpoC2, whereas the nuclear genome encodes the
gene of the o subunit. The subunit corresponding to the
subunit in E. coli RNAP is divided into the ' and " subunits
(75 kDa and 154 kDa) in PEP as well as RNAP of cyanobacteria.
The amino acid sequences of ' and 8" subunits show homolo-
gy with the N- and C-terminal regions of E. coli RNAP (43%
and 27 %, respectively).?® The B’ subunit that is found to bind
ppGpp in our study has similarity to the [’ subunit of E. coli
RNAP. The present result was therefore analogous to the

results from ppGpp-T. thermophilus RNAP crystal structure anal-
30l

ysis®" and E.coli RNAP binding experiments with 6-thio-
ppGpp.”*
1230 www.chembiochem.org
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Effects of ppGpp on transcription in isolated chloroplast and
proplastid nucleoids

Several reports have suggested that plastids of BY-2 cells,
which are derived from Nicotiana tabacum L. cv. Bright Yellow-
2, have functional and morphological properties similar to un-
differentiated proplastids from meristematic cells.*>*” The NEP,
which is similar to T7 phage RNAP, is a predominant transcrip-
tional enzyme and is responsible for activation of plastid-en-
coded transcriptional machinery in proplastids. Since we found
that ppGpp binds the ' subunit of PEP, we next studied
whether or not ppGpp selectively inhibits transcriptional activi-
ty of chloroplast nucleoids (from matured tobacco leaves) and
proplastid nucleoids (from BY-2 cultured cells). Interestingly,
ppGpp differentially inhibited transcription of each plastid
nucleoid (Figure 4). While transcription in chloroplast nucleoids

140

NEP

incorporation /dpm

0 20 40 60
t/ min

Figure 4. Effects of ppGpp on transcription in isolated chloroplast- (PEP) and
plastid- (NEP) nucleoids. The transcription assay was performed in the pres-
ence of [*H]JUTP and various concentrations of ppGpp. *HIUTP incorporation
was determined by liquid scintillation counting. The mean values from three
independent experiments are shown. Vertical bars represent standard errors.
@, no ppGpp; m, 200 uM; A, 500 um; &, 1000 pm.
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was evidently inhibited by 200 to 1,000 um ppGpp, virtually no
inhibition was detected in proplastid nucleoids transcription
even at 1000 um ppGpp; this indicates the differential ppGpp
sensitivity of each plastid nucleoid. Apparently, this is a reflec-
tion of the fact that chloroplast nucleoids and proplastid nu-
cleoids have different transcriptional machinery.*® Accordingly,
we conclude that ppGpp selectively inhibits transcription by
PEP (bacterial type RNA polymerase) and exerts its effects after
proplastids differentiate into chloroplasts.

NEP initially transcripts a set of genes (rRNA, ribosomal pro-
teins, and PEP) that are involved in the gene expression
system in chloroplasts. PEP then carries out transcription of
most chloroplast genes. Recently, o factors and their mode of
action have been extensively studied to elucidate the regulato-
ry mechanism of chloroplast transcription."” For transcription
by PEP, a number of o factors encoded in nuclei are recruited
as the situation demands, and transcription is controlled ac-
cording to environmental changes and the differentiated state
of the plastid.***” Our present data show that inhibitory activi-
ty of ppGpp for PEP would be not only under the control of
plant hormones such as jasmonic acid,” but also depends on
the differential stages of plastids.

Conclusions

In the present study, we established an efficient synthetic path-
way for 6-thioppGpp, which is a photoaffinity probe of ppGpp
that inhibits chloroplast RNAP in vitro as well as ppGpp. The
cross-linking of radioactive 6-thioppGpp with chloroplast RNAP
indicated that ppGpp binds the ' subunit of PEP, a bacterial
type RNAP in chloroplasts. Furthermore, ppGpp was shown to
inhibit PEP functions selectively, but not NEP, which is a phage
type RNAP. Thus, ppGpp appears to be an important second
messenger that not only regulates chloroplast functions, but
also has eventual consequences for the whole plant. The proof
that ppGpp acts as an alarmone in plants requires more exper-
imental work, however. The elucidation of the functions of
ppGpp would provide new insights into plant physiology, as
represented by the gene expression system in chloroplasts.

Experimental Section

Spectrometry: 'H NMR spectra were recorded on Brucker AMX-500
FT NMR (500 MHz) spectrometers, and CDCl; (7.26 ppm), CD;0D
(3.30 ppm), or [DcIDMSO (2.49 ppm) were used as internal stand-
ards. When measured in D,O, sodium 2,2,3,3-tetradeuterio-3-tri-
methylsilylpropanoate (0.00 ppm) was employed. *'P NMR spectra
were taken on a Brucker AMX-500 FT NMR spectrometer (202 MHz)
with phosphoric acid (5%) in D,0 (0.00 ppm) as an external stan-
dard. Mass spectra were taken on a Jeol JMS-AX500 mass spec-
trometer and Voyager MALDI TOF mass spectrometer (Applied Bio-
systems; Caarlsbad, USA). The specific rotation values were mea-
sured on a Jasco DIP-310 instrument. Chemical reagents were pur-
chased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan),
unless otherwise noted.

2',3'-0-(methoxymethylidene)-6-thioguanosine (4): Trimethyl or-
thoformate (5 mL, 31.0 mmol) was added by syringe to a flask con-
taining (500 mg, 1.7 mmol) of 6-thioguanosine (3, Acros Organics,

ChemBioChem 2009, 10, 1227 - 1233

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Geel, Belgium). This was followed by the addition of pyridine hy-
drochloride (300 mg, 2.6 mmol). DMSO (0.7 mL) was added with
stirring and the amber suspension was stirred for 40 h at ambient
temperature. The obtained suspension became clear after addition
of methanol (10 mL) and sodium methoxide (150 mg, 2.8 mmol),
and it was stirred for 3 h. After evaporation of the reaction mixture,
the resulting residue was purified by flash column chromatography
on silica gel (MeOH/CHCl; 3:97) to yield 4 as a pale yellow powder
(460 mg, 81%). '"HNMR (500 MHz, [DJDMSO) diastereoisomers A
and B 0=12.0 (s, 1H; NH), 8.10, 8.07 (s, 1H; H-8), 6.83 (s, 2H; NH,),
6.12, 6.04 (s, 1H; acetal), 6.06, 5.95 (d, J=3.0 Hz, 1H; H-1'), 5.28 (m,
1H; H-2'), 5.11 (m, 1H; 5"-OH), 5.01 (m, 1H; H-3'), 4.21, 412 (q, J=
3.8 Hz, 1H; H-4'), 3.54 (m, 2H; H-5), 3.32, 3.30 (s, 3H; OCH;); EI-MS
(m/z) 341 (M*); HR-MS: caled for C;,H;sNsO,S: 341.0794, found:
341.0758.

2',3'-0-(methoxymethylidene)-5"-O-tosyl-6-thioguanosine (5):
nBuLi (0.16 mL, 1.59M in n-hexane solution) was added to a solu-
tion of 4 (40 mg, 0.12 mmol) in dry THF (1 mL) at —78°C under an
argon atmosphere. After stirring for 15 min, the solution was
warmed to 0°C and stirred for additional 10 min at same tempera-
ture. A solution of tosyl chloride (25.1 mg, 0.13 mmol) in dry THF
(0.5 mL) at 0°C was then added to the reaction mixture, and stirred
at this temperature for 1 h. The reaction mixture was poured into
ice-cold water (30 mL) and extracted with CH,Cl, (30 mL). The or-
ganic layer was washed with a saturated NaCl aqueous solution
(30 mL) and dried over Na,SO,. The organic layer was evaporated
to afford a residue. The resultant residue was purified by silica gel
column chromatography (MeOH/CHCI; 1.5:98.5) to give 5 (34 mg,
59%): diastereoisomers A and B: 'H NMR (500 MHz, CDCl,): 6 =7.69
(s, TH; H-8), 7.63 (m, 2H; aromatic-H), 7.20 (m, 2H; aromatic-H),
6.03, 5.90 (d, J=2.3 Hz, 1H; H-1'), 5.98, 5.91 (s, 1H; acetal-H), 5.44,
539 (dd, J=6.5, 2.0 Hz, 1H; H-2'), 5.26, 5.15 (dd, J=6.5, 3.0 Hz, 1H;
H-3), 5.22 (s, 2H; NH,), 447 (m, 2H; H-5'), 4.07 (m, 1H; H-4), 3.39,
3.31 (s, 3H; OCH;), 2.38 (s, 3H; aromatic-CH,); FAB-MS (m/z): 452
[M—H]~; HR-MS: calcd for C,gH,oNsO,S,: 494.0804, found: 494.0816.

5'-O-tosyl-6-thioguanosine (6): Trifluoroacetic acid (2.2 mL) was
added to a solution of 5 (86 mg, 0.17 mmol) in a mixed solution of
MeOH and H,O (10 mL total, 2:1), and the reaction mixture was
stirred at room temperature for 16 h. After concentration in vacuo,
the obtained residue was dissolved in a mixed solution of EtOH
and H,O (1:2). The suspension was treated with NH,HCO; (250 mg,
3.2 mmol), and warmed at 40°C for 15 min. The suspension was
then cooled to 4°C, and was allowed to precipitate at the same
temperature for 1 h. After recovery of the precipitate by filtration,
it was dried to yield 6 (60 mg, 76%). [a]¥ =+8.6° (c=0.13, DMSO);
'H NMR (500 MHz, CD,0D): 6=7.85 (s, 1H; H-8), 7.69 (d, J=8.1 Hz,
2H; aromatic-H), 7.27 (d, J/=8.1 Hz, 2H; aromatic-H), 5.74 (d, J=
45Hz, 1H; H-1'), 455 (t, J=4.7 Hz, 1H; H-2'), 434 (m, 1H; H-3'),
4.32 (m, 2H; H-5), 4.14 (m, TH; H-4'), 2.39 (s, 3H; aromatic-CH,);
FAB-MS (m/z): 452 [M—H1"; HR-MS: caled for C,;H,sNsOGS,,
452.0699; found, 452.0697.

6-thioguanosine 5'-diphosphate (6-thioGDP, 7): 5'-O-tosylguano-
sine (6, 200 mg, 0.44 mmol) was dissolved in CH;CN (1 mL), and
795 mg of tris(tetra-n-butylammonium) hydrogen pyrophosphate
was allowed to react for 96 h at room temperature under an argon
atmosphere. To the reaction mixture was added H,O (10 mL), the
resulting suspension was centrifuged, and then the supernatant,
diluted with H,O (60 mL), was loaded onto a DEAE-cellulose
column (HCO;~ form, Whatman, Maidstone, UK). This anion ex-
change column was washed with NH,HCO; (100 mL of 0.1 m), and
eluted with a linear gradient of NH,HCO; (0.1-0.7 m). The fractions
containing 7 were combined and lyophilized to obtain 7 (61 mg,
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30%). [a]¥=-33.1° (c=0.12, H,0); '"HNMR (500 MHz, D,0): 6=
8.25 (s, TH; H-8), 5.93 (d, J=5.9 Hz, 1H; H-1), 4.80 (1H; overlapped
with solvent peak, H-3'), 4.55 (t, J=4.4 Hz, 1H; H-2'), 4.36 (brs, 1H;
H-4'), 4.22 (brt, J=4.2 Hz, 2H; H-5); *'P NMR (202 MHz, D,0): 6=
—10.35 (d, J=20.0 Hz), —11.09 (dd, J=20.0, 5.1 Hz); FAB-MS (m/2):
460 [M+H]"; HR-MS: calcd for C,,H;¢NsO;0P,S: 460.0093; found:
460.0086.

6-thioguanosine 5’-diphosphate 3’-diphosphate (6-thioppGpp,
2): Synthesis of 2 was performed by using purine nucleotide pyro-
phosphate transferase from Streptomyces morookaensis A-573.5%
The reaction was performed at 37 °C for 1 h in a buffer (10 mL final
volume) containing purine nucleotide pyrophosphate transferase
(8 units), ATP disodium salt (51.6 mg), 7 (43 mg), MgCl, (10 mwm),
and glycine (100 mmM, pH 10.0). The reaction mixture was subjected
to a DEAE-Sephadex A-25 column (CI~ form, GE Healthcare) equili-
brated with distilled water. The column was eluted with a linear
gradient of LiCl (0.1-1.0 m). The fractions containing 2 were collect-
ed, filtrated through a Millipore MF membrane (0.22 um), and con-
centrated to about 5 mL under reduced pressure. Compound 2
was precipitated by adding EtOH (50 mL), washed twice with EtOH
and once with acetone, and lyophilized to remove residual water.
Finally, 18.8 mg of 2 was obtained (30%). [a]Z=—25.9° (c=0.37,
H,0); 'HNMR (500 MHz, D,0): 6=829 (s, 1H; H-8), 6.01 (d, J=
6.4 Hz, 1H; H-1'), 5.01 (m, 1H; H-3'), 491 (t, J=59Hz, 1H; H-2),
455 (brs, 1H; H-4), 424 (brt, J=42Hz, 2H; H-5); *'P NMR
(202 MHz, D,0): 6=-4.39 (d, J/=21.8 Hz), —5.01 (brs), —8.75 (d,
J=15.4Hz) —9.13 (dd, J=21.6, 8.6 Hz); FAB-MS (m/z): 648 [M—H]";
HR-MS: calcd for C,H;;NsO;4P,SLis: 647.9673, found: 647.9694.

Radioactive 6-thioppGpp: [y-*PJATP (250 pCi, MP Biomedicals,
Irvine, USA) was diluted with unlabeled ATP (5 mm) and 7 (5 mm)
in reaction mixture (30 pL) containing the pyrophosphate transfer-
ase. The reaction was carried out at 37°C for 1 h. The radioactive
products thus prepared were stored at —20 °C until use.

Preparation of RNA polymerase from spinach chloroplasts:
Mature spinach leaves (Spinacia oleracea, 3 kg) were used for isola-
tion of intact chloroplasts.*" Purification of RNA polymerase was
carried out by the method of Briat etal. with some modifica-
tions.*? The isolated chloroplasts were homogenized in a buffer
containing Tris-HCI (50 mm, pH 7.8), EDTA (4 mwm), (NH,),SO, (0.1 m),
DTT (1 mm), PMSF (0.05 mwm). Glycerol was added to the homogen-
ized suspension to a final concentration of 25%, and then the sus-
pension was centrifuged at 80000 g for 45 min. The supernatant
was loaded onto a Heparin-Sepharose CL-6B (GE Healthcare)
column (¢1.5%5 cm) equilibrated with the basal buffer (50 mm
Tris-HCl, pH 7.8, 0.1 mm EDTA, 0.1% Triton X-100, 25% glycerol,
1 mm DTT) containing (NH,),SO, (0.1 m). The column was washed
with the basal buffer (100 mL) containing (NH,),SO, (0.1m) and
then eluted with a 60 mL linear gradient of (NH,),SO, (0.1-1.0 m).
Fractions (2.0 mL) were collected and a small amount of each frac-
tion was analyzed by transcriptional assay. The RNAP fractions
eluted from the Heparin-Sepharose column were combined and di-
alyzed to equilibrium against the basal buffer containing (NH,),SO,
(15 mm). A solution of Polymin P [0.1% (v/v)] was added to the dia-
lyzed solution to a final concentration of 0.002%. After vigorous
stirring on ice for 15 min, the solution was centrifuged at 10000g
for 30 min. The precipitate was extracted with the basal buffer con-
taining (NH,),SO, (300 mm) and adjusted to 50 mm (NH,),SO, by
addition of the basal buffer containing (NH,),SO, (15 mm). The su-
pernatant was applied to a DEAE-cellulose column (DE-52, What-
man, ¢1.6x4 cm) equilibrated with the basal buffer containing
(NH,),SO, (50 mm). The column was washed with basal buffer
(100 mL) containing (NH,),SO, (50 mm) and then eluted with a
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40 mL linear gradient of (NH,),SO, (50-600 mm). Fractions (2.0 mL
each) were collected and used in the transcriptional assay. Follow-
ing the transcriptional assay, fractions containing RNAP were com-
bined and were precipitated by addition of an equal volume of a
saturated (NH,),SO, solution (pH 8.0). After centrifugation at
10 000 g for 30 min, the pellets were dissolved in a small volume
of the basal buffer containing (NH4),SO, (30 mm) and glycerol
(25%), and dialyzed against the same buffer prior to storage at
—30°C. All steps were performed at 4°C.

Chloroplast RNA polymerase reaction: The enzyme reaction was
carried out in a buffer (final volume 20 plL) containing Tris-HCI
(50 mm, pH 7.6); MgCl, (10 mm), KCl (100 mm), ATP (0.2 mm), GTP
(0.2 mm), CTP (0.2 mm), [5,6'°*HIUTP (0.45 um, 0.02 TBgmmol™),
each enzyme (10 pL), and denatured calf thymus DNA (0.17 pg).
The reaction was incubated at 30°C. After running the reaction for
the indicated times, the reaction was stopped by the addition of
SDS solution (10puL, 1%) containing sodium pyrophosphate
(50 mm). An aliquot (15 uL) was deposited on a DEAE cellulose
filter (DE81, Whatman), and nucleotide triphosphates not incorpo-
rated into RNA were removed by washing the filter five times with
Na,HPO, (5%), twice with water, and finally twice with EtOH. Incor-
poration of [5,6'-*H]UTP into the synthesized RNA was measured
using a liquid scintillation counter (Perkin-Elmer). ppGpp was
added to the reaction solution just before starting the reaction.

Cross-linking: Radioactive 6-thioppGpp was added to a solution
containing HEPES (25 mm, pH 7.9), MgCl, (10 mm), KCI (100 mwm),
bovine serum albumin (25ugmL™"), and chloroplast RNAP
(20 pgmL™") in a microtube (1.5 mL). The reaction mixture was in-
cubated for 1 h at 30°C and then transferred to ice and irradiated
with UV light (365 nm, 743 yWcm™?) for 30 min at a distance of
4 cm. After cross-linking, the reaction was stopped by the addition
of 4x SDS sample buffer [0.25m Tris-HCl (pH 6.8), 8% sodium do-
decyl sulfate, 20% 2-mercaptoethanol, 0.01% bromophenol blue,
40% glycerol] to a 1x concentration. Samples were placed at
room temperature for 30 min, and then resolved by a SDS-PAGE
electrophoresis. Proteins were stained by Silver stain kit (Wako)
and radioactive 6-thioppGpp cross-linked proteins were further vi-
sualized by autoradiography.

Protein identification using mass spectrometry: The protein
band of interest in cross-linking experiment was excised from CBB-
stained gels. The gel pieces were thoroughly destained with
(NH,),CO; (25 mm) in acetonitrile aqueous solution (50%) and
dried under vacuum. Trypsin (mass spectrometry grade, Promega)
was added and the tube was placed on ice for 30 min. After re-
moving the extra solution, the tube was then placed at 37°C for
12 h for tryptic digestion of proteins. The gel pieces were extracted
with acetonitrile aqueous solution (50%) containing trifluoroacetic
acid (0.1%). Peptide extract was concentrated to 10 pL in vacuo,
desalted using a ZipTipC18 (Millipore), and analyzed by MALDI-TOF
mass spectrometry using 2,5-dihydroxy benzoic acid as a matrix in
a reflector mode. Identification of the protein from MALDI-TOF
peptide mass fingerprint data was performed using the MASCOT
search program (http://www.matrixscience.com).

Transcription assay of chloroplast nucleoids and proplastid nu-
cleoids: Mature leaves of tobacco plants (Nicotiana tabacum L. cv.
Bright Yellow-2) were used for this experiment. The culture condi-
tions of the tobacco cell line BY-2, derived from the same cultivar,
and isolation of chloroplast nucleoids and proplastid nucleoids
were carried out according to the methods of Sakai et al.*” The
transcriptional activities of isolated chloroplast nucleoids and pro-
plastid nucleoids were assayed as described above.
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Enzymatic Glycosylation of Triazole-Linked GIcNAc/Glc-
Peptides: Synthesis, Stability and Anti-HIV Activity of
Triazole-Linked HIV-1 gp41 Glycopeptide C34 Analogues

Wei Huang,” Stan Groothuys,” Alonso Heredia,” Brian H. M. Kuijpers,®’
Floris P. J. T. Rutjes,” Floris L. van Delft,*®™ and Lai-Xi Wang*™

Endoglycosidase-catalyzed transglycosylation of triazole-linked
glucose (Glc) and N-acetylglucosamine (GIcNAc)-containing di-
peptides and polypeptides was achieved by using synthetic
sugar oxazoline as the donor substrate. It was found that both
N- and C-linked Glc/GIcNAc-containing triazole derivatives
were effective substrates for endo-B-N-acetylglucosaminidase
from Arthrobacter (Endo-A) for transglycosylation; this demon-
strates a broad acceptor substrate specificity for Endo-A. This
chemoenzymatic method was successfully used for the synthe-
sis of a novel triazole-linked C34 glycopeptide derived from

Introduction

Synthetic peptides derived from the HIV-1 inner envelope gly-
coprotein, gp41, represent a new class of HIV-1 entry inhibitors
that exert their antiviral activity by blocking viral membrane
fusion."? In 2003, a 36-mer peptide derived from the C-termi-
nal ectodomain of HIV-1 gp41, called enfuvirtide or T20, was
approved as a drug for the treatment of AIDS patients in US
and Europe.”® However, there are in general several limita-
tions for polypeptides as drug candidates, including poor oral
bioavailability and short serum half-life because of their sus-
ceptibility to protease digestion. It is well known that glycosyl-
ation can significantly influence peptide pharmacokinetic prop-
erties, such as its protease susceptibility.

We are interested in investigating the influence of glycosyla-
tion on the activity and stability of peptide C34—a 34-mer
peptide derived from the C ectodomain of gp41—which also
demonstrates nanomolar anti-HIV activity.>® In addition to the
potential susceptibility to protease digestion in vivo, another
barrier for developing the C34 peptide as a drug candidate is
its poor solubility. Earlier work from one of us indicated that
glycosylation at the natural glycosylation site (N637) of peptide
C34 led to significant enhancement of solubility with only
moderate loss of activity, as reflected by a fusion assay.” It was
speculated that the carbohydrate portion of the molecule
could furthermore confer substantial protection against pro-
tease digestion and, as such, we were intrigued by the poten-
tial of glycosylated isosteres of C34 for application as fusion in-
hibitors with enhanced pharmacokinetic profile. An enhanced
serum half-life is particularly important for this class of anti-HIV
drugs, as prolonged therapeutic efficacy means the need for a
relatively low dose with a lower frequency of intravenous injec-
tion. In this paper, we describe the chemoenzymatic synthesis,
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the HIV-1 envelope glycoprotein, gp41. We found that the syn-
thetic C34 glycopeptide possesses potent anti-HIV activity with
an ICy, of 21 nm. The triazole-linked C34 glycopeptide demon-
strated a much enhanced stability against protease- and glyco-
amidase-catalyzed digestion; this shows the protective effects
of glycosylation and the stability of the triazole linkage. These
favorable properties suggest that the triazole-linked C34 glyco-
peptide might be valuable for further development as an anti-
HIV drug candidate.

stability and anti-HIV activity of glycosylated isosteres of C34,
in which the glycan and peptide are linked through a triazole
moiety.

Results and Discussion
Transglycosylation of triazole-linked GIcNAc-peptide

Methods for the chemical synthesis of glycopeptides have ad-
vanced considerably, and peptides carrying relatively simple
carbohydrates can now be prepared by a variety of proce-
dures.®? However, the construction of polypeptides carrying a
larger oligosaccharide moiety is still a difficult task."® One of
the most promising techniques that avoids the typical prob-
lems associated with the assembly of a glycopeptide carrying a
complex glycan portion, involves the endo--N-acetylglucos-
aminidase-catalyzed transglycosylation of a peptide.'” In this
approach, only a monosaccharide moiety, such as N-acetylglu-
cosamine (GIcNAc), needs to be incorporated during solid-
phase peptide synthesis, and the sugar chain is subsequently
extended by the attachment of an intact oligosaccharide in a
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single step without the need of any protecting groups."" Pre-
vious studies have demonstrated that in a peptide context the
endo-f3-N-acetylglucosaminidase from Arthrobacter (Endo-A)
can recognize both a GlIcNAc and a glucose (Glc) moiety as an
acceptor substrate for transglycosylation.""'? It was also
shown that C-linked GIcNAc peptide could serve as acceptor
substrate for Endo-A catalyzed transglycosylation to form a C-
glycopeptide."*' The substrate flexibility of Endo-A was fur-
ther demonstrated by the ability of Endo-A to introduce N-gly-
cans into various natural products, with a corresponding syn-
thetic sugar oxazoline as the donor substrate.'” However, it
has not been demonstrated whether Endo-A can tolerate
either a triazole-linked Glc or a triazole-linked GIcNAc moiety
as an acceptor. Therefore, we first evaluated the feasibility of
two triazole-linked Glc-containing dipeptides for Endo-A cata-
lyzed transglycosylation. Triazole is of particular interest as a
bridging moiety for either a N-glycopeptide or N-glycoprotein,
since triazoles have been proposed and corroborated to be
promising amide bioisosteres."®'® Moreover, such an N-glyco-
peptide analogue is expected to be resistant to glycoamidase-
catalyzed deglycosylation. Thus, it will be more stable in vivo
than the corresponding natural N-glycopeptide as drug candi-
date. To establish an efficient chemoenzymatic method for the
synthesis of these types of glycopeptides, we first evaluated
the feasibility of two model triazole-linked Glc-containing di-
peptides for Endo-A catalyzed transglycosylation. The C-linked
glycodipeptide 3 was synthesized by Cu'-catalyzed 1,3-dipolar
cycloaddition™ between the azido-containing dipeptide deriv-

ative 1 and the glucosylalkyne 2, according to our previous re-
[20

drate moieties gave the triazole-linked Glc-dipeptide 4 in 71 %
yield (Scheme 1). It must be noted that in Glc-dipeptide 4, the
peptide was linked to the glucose moiety through a C-
glycosidic linkage at the anomeric center of the sugar. Another
model triazole-linked Glc-dipeptide, compound 7, in which
glucose is N-linked to the triazole moiety, was synthesized by
1,3-dipolar cycloaddition between the alkyne-containing di-
peptide derivative 5 and the glucosyl azide 6, by following our
previous procedure.”” The copper-catalyzed 1,3-dipolar cyclo-
addition gave the desired product 7 in 49% yield after depro-
tection (Scheme 1).

With two complementary glycodipeptides at hand, the
transglycosylation under the action of Endo-A was ready to be
tested. The tetrasaccharide oxazoline, Man;GlcNAc-oxazoline
(8), was used as the donor substrate, as it was shown to be an
excellent substrate for Endo-A catalyzed transglycosylation.">??
Much to our satisfaction, we found that both triazole-linked
Glc—dipeptides (3 and 7) could serve as acceptor substrate for
Endo-A catalyzed transglycosylation to give the corresponding
pentasaccharide derivatives 9 and 10, respectively (Scheme 2).
Interestingly, it was observed that transglycosylation with N-
linked triazole derivative 7 proceeded much faster than the re-
action with the C-linked derivative 4, as revealed by HPLC
monitoring of the enzymatic reactions (Figure 1; donor/accept-
or 3:1, pH 7.0, 23°C). Under the same enzymatic glycosylation
conditions, the N-linked compound 7 reached a conversion of
around 80 %, whereas the C-linked derivative 4 gave only 52%
conversion after 45 min. It should be pointed out that the hy-
drolysis of products 9 and 10 by Endo-A was not observed

ports.?? Sequential deprotection of the peptide and carbohy-  within 24 h, which is in line with our earlier findings.”?? These
OAc
N, OA o =N
o c Cu(OAc),, AcO N
H\)J\ o Na ascorbate AcO N o]
AcO H
CbzHN 7 NHy + acO = tertBUOH, H,0 OAc N\)J\
H %8 % - CbzHN : NH,
(e} N OAc ° H
Ph o] “
1 2 3 Ph
OH
o N=N
1) KoCO3 MeOH HO \
2)PdIC, H, MeOH ~ HO N . o
1% OH N\V/M\
HoN 7 NH,
0 z
4 “ph
OH
N 1) Cu(OAc),,
\\_ B Na ascorbate o o) /N:N
E 0 Ioc OAc tert-BuOH, H,0 HO N\)\
' N 2) HCI, EtOAc o]
Mo R N T "0 PPy
c 3 3)KyCOj3 MeOH HO,C N
OAc 49 % H
5 6 7

Scheme 1. Synthesis of triazole-linked Glc-dipeptides.
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Figure 1. Formation of glycopeptides 9 and 10. The molar ratio of donor to
acceptor was 3:1 for the reactions.

results indicate that the N-linked triazole Glc derivative 7
serves as a better substrate than the C-linked triazole Glc deriv-
ative 4. A plausible explanation for this observed difference in
reactivity is that the N-linked triazole resembles the amide link-
age found in natural N-glycopeptides more closely. Further-
more, this finding has not been described previously and
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could have an important impact in the future design and syn-
thesis of triazoles as amide isosteres. Our experiments further
confirm the very broad substrate specificity of Endo-A. Clearly,
the endoglycosidase not only efficiently accepted a glucose
moiety as the acceptor, but it also tolerated the modification
at the anomeric position with a triazole heterocycle; this im-
plies that Endo-A can be a flexible enzyme in organic synthe-
sis. To attest the broad substrate specificity, we have recently
demonstrated that Endo-A can take a range of glucose-con-
taining natural products as substrates for transglycosylation to
provide novel glycosylated natural products.”™

Chemoenzymatic synthesis of triazole-linked GIcNAc-C34

Having established the suitability of Endo-A catalyzed transgly-
cosylation for the preparation of small triazole-linked glyco-
peptide analogues, the stage was set to prepare a C34 peptide
with a large glycan. As the N-linked triazole Glc-dipeptide 7
was found to be a better substrate for Endo-A than the C-
linked derivative 4, we chose to incorporate a GIcNAc moiety
into the anti-HIV peptide C34 via a N-triazole linkage. Two prin-
cipal strategies were attempted for synthesis of glycol-C34,
that is, either incorporation of a preassembled triazole-linked
glycoamino acid glycine in the growing peptide chain or a
two-step approach involving initial incorporation of propargyl-
glycine followed by introduction of a monosaccharide moiety
by [342] cycloaddition. Since the latter strategy was success-
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except the 3- and 4-O-acetyl
groups on the GIcNAc moiety.
Finally, the two O-acetyl groups
were effectively removed by

1 treatment with hydrazine. The

final GIcNAc-T-C34 product
(16) was purified by preparative
e N AcO
IS = o reversed-phase HPLC and char-
AcO .
AcO N3 acterized by ESI-MS.
E BocHN CO,H Boc-N*-Y-T-S-L-I-H-S-L-I-E-E-S- 13 NHAc .
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HIFA py"d';:e' DIPEA, C34 glycopeptides with native
l Mesebl, o2 N- and triazole linkage
\ The suitability of GIcNAc-T-C34
(16) as the acceptor substrate
% for Endo-A for the transglycosyl-
\ ation with Man;GlcNAc-oxazo-
13,0 line (8) as the donor substrate

AC-W-M-E-W-D-R-E-I-N-N*-Y-T-8-L-I-H-S-
L-I-E-E-S-Q-N-Q-Q-E-K-N-E-Q-E-L-L-NH

14

Scheme 3. Attempted incorporation of triazole-linked GIcNAc by on-resin copper-catalyzed cycloaddition.

fully applied in the preparation of compounds 4 and 7, and at-
tachment of a sugar postsolid-phase synthesis is more modular
in nature, it was investigated first (Scheme 3). Solid phase pep-
tide synthesis was performed by using standard Boc chemis-
try” A propargylglycine moiety was incorporated into the
C34 peptide sequence at the conserved glycosylation site
(N637) by using a propargylglycine derivative® as the building
block, followed by ligation with 2-acetamido-2-deoxy-glucosyl
azide 13" by copper-catalyzed cycloaddition (Scheme 3). Un-
fortunately, the copper-catalyzed [3+2] cycloaddition on the
resin did not succeed, either on the terminal Boc-protected
propargylglycine (12) or on the internal propargylglycine (14).

In contrast, the desired triazole-linked GIcNAc-C34, GIcNAc-
T-C34 (16), was smoothly obtained by incorporation of the
glycoamino acid 15, which was readily derived in two steps
from Boc-L-propargylglycine and 2-acetamido-2-deoxy-glucosyl
azide (13), into the solid phase peptide synthesis starting with
resin-bound peptide 11 (Scheme 4). After solid phase synthesis,
the polypeptide was retrieved from the resin by treatment

Na ascorbate,
_—

pyridine, DIPEA,

MeCN, H,0

was performed and compared
to the naturally N-linked deriva-
tive, GIcNAc-C34, which was
prepared according to our pre-
viously reported procedure.”
Gratifyingly, after 2 h, essentially
complete conversion was observed by HPLC for both accept-
ors GIcNAc-C34 and GIcNAc-T-C34, and the corresponding
transglycosylation  products Man;GIcNAc,-C34  (17) and
Man,;GIcNAc,-T-C34  (18), respectively, were obtained
(Scheme 5). The products were purified by HPLC and their
identities were characterized by ESI-MS (Figure 2).

no conversion

Anti-HIV activity of the synthetic C34 glycopeptides

The antiviral activities of the synthetic C34 glycopeptides, to-
gether with the control C34 peptide, were assayed by inhibit-
ing the infection of TZM-bl cells with HIV-11lIB. TZM-bl is a cell
line expressing CD4 and viral coreceptors (CCR5 and CXCR4)
and contains integrated copies of the luciferase gene under
control of the HIV-1 promoter. All the glycoforms of C34 dem-
onstrated potent inhibitory activities against HIV-1 infection at
nanomolar concentrations. Results from a typical inhibition
assay experiment are demonstrated in Figure 3. The estimated
ICs, data for the C34 peptide and glycopeptides are: C34:

with HF with concomitant removal of all the protecting groups 7.0 nm;  GIcNAc-C34: 143 nMm; GIcNAc-T-C34: 4.5 nwm;
Man,GIcNAc,-C34: 16.4 nm, and
Man;GIcNAc,-T-C34: 21.0 nm. It
Ohe N=N was found that attachment of a
A)\Cc%ﬁ/"i —/ OH sugar moiety resulted in a two-
NHAG o =N to threefold decrease in the in-
15 BocHN™ ~CO,H T—l% N/ Y7 hibitory activity based on the
1) 20 % HS(CHz),0H NHAG current  cell-based infectivity

HBTU, DIPEA, DMF, 10 % DIPEA. DMF )
1 d AC-W-M-E-W-D-R-E-I-N-N*-Y-T-S-L--H-S-  assay. The results are consistent

2) HF
3) H;NNH,, MeCN, H,0

then continued SPPS L-I-E-E-S-Q-N-Q-Q-E-K-N-E-Q-E-L-L-NH;
GlcNAC-T-C34 (16)

Scheme 4. Incorporation of a triazole-linked GIcNAc moiety into C34 by using a preassembled building block, 15.
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the antiviral activity of C34 gly-
copeptides based on a fusion
assay.”) Whereas the anti-HIV ac-
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Scheme 5. Transglycosylation to form C34 glycopeptides with natural amide and triazole linkages.

tivity of GIctNAc-C34 was reduced to some extent, the triazole-
linked compound, GIcNAc-T-C34, actually showed a slight en-
hancement in inhibitory activity in comparison with the un-
modified C34 (ICs, 4.5 vs. 7.0 nm). These results suggest that
attachment of a small monosaccharide residue at the glycosyl-
ation site does not have a significant impact on the anti-HIV
activity. The slight variation in the in vitro anti-HIV activity
might be the result of the different types of linkers used in the
two compounds. However, as expected, the attachment of a
larger oligosaccharide moiety, such as Man;GIcNAc,, led to
about threefold decrease in the anti-HIV activity, which is pre-
sumably caused by steric hindrance of the sugar moiety
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during binding. Nevertheless,
from the perspective of anti-HIV
drug development, the glyco-
peptides might be superior to

OH

o C34 in two aspects. First, the
H o two glycosylated C34 peptides,

NHAG Man;GIcNAc,-C34 and

Man;GIcNAc,-T-C34,  showed
much better water solubility
under physiological conditions
than (C34; this overcomes a
major drawback for the poorly
soluble C34 as a drug candi-
date. Secondly, a major concern
OH for polypeptide therapeutics is
o N=N their sensitivity to digestion by

N P proteases and other enzymes.
NHAG Because of the general protec-
tive effect of glycosylation, the
glycopeptides might be more
resistant to protease digestion
in vivo than the nonglycosylat-
ed C34. This effect was demon-
strated by protease digestion
experiments.

Glycoamidase stability of triazole-linked glycosylated C34
versus amide-linked glycol-C34

Peptide-N*-(N-acetyl--p-glucosaminyl)asparagine amidases
(PNGases), such as PNGase F, are a class of glycoamidases that
cleave the [-aspartylglucosamine bond of asparagine-linked
glycopeptides or glycoproteins, and thereby convert the aspar-
agine residue to an aspartic acid. The enzyme PNGase F has a
broad substrate specificity, with the only restriction that both
the amino and carboxyl groups of the asparagine residue must
be engaged in a peptide linkage, while the oligosaccharide

120 -
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Figure 2. ESI-MS of synthetic A) Man,GIcNAc,-C34 (17) and B) Man;GIcNAc,-T-C34 (18).
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Figure 3. Anti-HIV activity of C34 and glycosylated C34 variants; GN denotes GIcNAc.

must consist of at least the N,N'-diacetylchitobiose core,
GIcNAC-(B1—4)-GIcNAC.*® Therefore, subjection of either 17 or
18 to the action of PNGase F provides a good insight into the
enzymatic stability of the triazole-linked glycopeptide 18.
Much to our satisfaction, the triazole-linked glycopeptide 18
was completely resistant to the glycoamidase catalyzed hydrol-
ysis, whereas the native glycopeptide 17 was completely hy-
drolyzed within 1 h by the glycoamidase under the same con-
ditions (Figure 4). These results suggest that the triazole-linked

-@ Man,GIcNAc,-C34

100
—A—Man,;GlcNAc,-T-C34

80 -

60 1

40 4

Digestion rate / %

-20 T T T T T 1
20 30 40 60

n
<
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Figure 4. PNGase stability of Man;GIcNAc,—C34 (17) and Man;GIcNAc,-T-
C34 (18).
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glycol-C34 cannot be metabolized in vivo by glycoamidases. It
should be pointed out that although it is known that PNGases
exist in the cytosol, it is not clear how significant their activity
is in serum.

Protease stability of Man;GIcNAc,-C34 and
Man;GIcNAc,-T-C34

We also investigated the stability of C34, as well as the syn-
thetic glycosylated C34 derivatives, during protease-catalyzed
digestion by two prototypical proteases, that is, trypsin and
chymotrypsin. While trypsin prefers to hydrolyze the amide
bond of the basic amino acid residues, chymotrypsin is specific
for cleavage of the peptide linkages next to an aromatic amino
acid residue (Figure 5). Since C34 has several basic and aromat-
ic residues, it was interesting to test whether the glycan at-
tached at the N637 glycosylation site (N25 in the 34-mer pep-
tide) confers protection against protease digestion.

First, it was observed that the native, nonglycosylated C34
was nearly completely digested by trypsin after 4h (Fig-
ure 6A). Attachment of a monosaccharide at N637 had little
effect on proteolysis, for either the amide- or triazole-linked
glycopeptide, but the large glycan clearly exerted some pro-
tective effects on the polypeptide against trypsin digestion.
For example, treatment with trypsin for 4 h resulted in 85% di-
gestion of the nonglycosylated peptide C34, whereas under
the same conditions, treatment of Man;GIcNAc,-C34 and
Man,GIcNAc,~T-C34 led to hydrolysis of about 60 and 50% of
the corresponding glycosylated C34, respectively; this shows
the protective effect of the attached glycan. In the case of chy-
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Figure 5. Potential protease cleavage sites in peptide C34.

motrypsin, the difference between the peptide bearing the
pentasaccharide and the plain C34 peptide were found to be
even more dramatic (Figure 6B). As demonstrated, the nongly-
cosylated C34 was completely digested by chymotrypsin
within 4 h, and again little protective effect was observed by
attachment of a single sugar. However, under the same diges-
tion conditions, only about 10 and 20% of Man;GIcNAc,~C34
and Man;GIcNAc,-T-C34, respectively, were hydrolyzed after
4 h. These results clearly imply that the glycosylated C34 carry-
ing a larger N-glycan could be much more stable in vivo than
the nonglycosylated C34. The enhanced protease stability, to-
gether with the potent anti-HIV activity and enhanced water
solubility, suggests that glycosylated C34 might be a valuable
candidate for further development as an anti-HIV drug.

Conclusions

A novel triazole-linked glycopeptide C34 was efficiently synthe-
sized by a chemoenzymatic approach. It was found that the
synthetic glycopeptide possesses potent anti-HIV activity, and
demonstrates dramatically enhanced water solubility and pro-
tease stability in comparison with the nonglycosylated peptide
C34. These findings reveal favorable properties for the
glycosylated C34, which could be valuable for further develop-
ment as an anti-HIV drug candidate.
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Experimental Section

Materials: The recombinant Ar-
throbacter protophormiae endo-f3-
N-acetylglucosaminidase (Endo-A)
was overproduced in E. coli and
purified by affinity chromatogra-
phy according to the literature.””
The pGEX-2T-Endo-A  plasmid
used for over-expression was
kindly provided by Prof. Kaoru
Takegawa (Kagawa  University,
Japan). The peptide N-glycosid-
ase F (PNGase F) was purchased
from New England Biolabs, Inc.
Peptide C34 and GIcNAc-C34 were synthesized on a solid-phase
peptide synthesizer by using the Fmoc approach, as previously re-
ported.” All other reagents were purchased from Sigma-Aldrich
and were used as received.

Trypsin

Preparation of L-T1M[4-(-D-Glc)]-.-Phe-NH, (4): Cbz-L-TTM{4-[3-
D-Glc(Ac),l}-.-Phe-NH, (3; 73 mg, 0.095 mmol)®” was dissolved in
MeOH (1 mL), and K,CO; (2 mg, 9 pmol) was added. The reaction
was stirred for 1.5 h at room temperature. The crude mixture was
neutralized with Amberlite IR120 (prewashed with MeOH), filtered
and the solvent evaporated to obtain the deacetylated product.
This was dissolved again in MeOH (2mlL) and Pd-C (12 mg,
10 umol) was added. The reaction was stirred, overnight, under an
atmospheric pressure of H,. The suspension was filtered and the
solvent was evaporated. The product was lyophilized from AcOH
(1™ in H,0) to yield the desired product 4 (35 mg, 71%). 'H NMR
(400 MHz, D,0) 6=8.04 (s, 1H, triazole-H), 7.51-7.31 (m, 5H, H-
arom), 4.72-4.50 (m, 4H), 4.06-3.90 (m, 2H), 3.84-3.74 (m, 2H),
3.72-3.55 (m, 3H), 3.20 (dd, /=13.9, 6.5 Hz, 1H, CH,,, Phe), 3.06
(dd, J=13.9, 84Hz, 1H, CH,, Phe). *CNMR (75 MHz, D,0): =
174.7, 172.6, 172.6, 144.2, 135.8, 128.7, 128.2, 126.7, 125.1, 79.5,
76.5, 72.9, 72.4, 69.0, 60.3, 54.0, 52.5, 36.5. HRMS (ESI) calcd for
CooHy6NeO, [M+H]*: 465.20977; found: 465.20851.

L-Pro-L-T4M[1-(B-p-Glc)]-OH (7): Boc-L-Pro-L-T4AM{4-[3-D-Glc(Ac),]}-
OH was prepared from 5 and 6 as described earlier.”” Next, the
Boc-L-Pro-L-T4M{1-[3-p-Glc(Ac),]}-OH (40 mg, 0.06 mmol) was dis-
solved in HCI (2.6 M) in EtOAc (2 mL) and stirred for 30 min; the sol-
vent was then evaporated in vacuo. The crude product was dis-
solved in MeOH (3 mL), a catalytic amount of K,CO; was added

B)
100 1 - C34
=X-GleNAc-C34
90 - GIeNAC-T-C34
80 4 *Man;GlcNAc,~C34
-O-Man;GleNAc,-T-C34
X
P
g
=
2
(=]

0 30 60 90 120 150 180 210 240

t/ min

Figure 6. The digestion of C34 peptide and glycopeptides by A) trypsin and B) chymotrypsin.
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and the mixture was stirred, overnight. Purification of the product
with an acidic ion-exchange column (IRA-120) afforded 20 (16 mg,
0.03 mmol, 53%) as a white solid. '"H NMR (400 MHz, D,0): 6 =7.97
(s, TH, triazole-H), 5.58 (d, J=9.1 Hz, 1H, H-1), 4.28-4.16 (m, 1H),
3.84 (t, J=9.2Hz, 1H), 3.77 (d, J=11.6 Hz, TH), 3.67-3.51 (m, 4H),
3.47 (t, J=9.2 Hz, 1H), 3.36-3.09 (m, 4H), 2.34-2.20 (m, TH), 1.96-
1.81 (m, 3H). *C NMR (75 MHz, D,0): 6 =172.9, 171.7, 168.9, 142.5,
142.4, 123.2, 86.8, 78.3, 754, 71.7, 71.6, 68.4, 59.9, 59.1, 52.7, 52.3,
52.2, 46.0, 45.9, 29.1, 26.5, 25.9, 23.1. HRMS (ESI) m/z calcd for
C16Ha6NsO5 [M+H]™: 416.1781; found: 416.1791.

Boc-L-T4M(1-[-p-GIcNAc(Ac);1)-OH  (15):  Cu(OAc), (0.10g,
0.50 mmol) and sodium ascorbate (0.20 g, 1.0 mmol) in H,O (5 mL)
were added to a solution of GIcNACc(Ac);N; (13, 0.93 g, 2.5 mmol)
and Boc-L-propargylglycine® (0.53 g, 2.5 mmol) in tert-butanol
(5 mL). The reaction was stirred, overnight, water was added and
the product was extracted with CH,Cl,. The combined organic
layers were washed with aqueous NaCl, dried over Na,SO, and
evaporated in vacuo. The crude product was purified by flash chro-
matography by using EtOAc/heptane (3:1) to give 15 (1.25¢,
2.14 mmol, 86%) as a white solid. FTIR (ATR): v=1744, 1364,
1213 cm™". '"HNMR (400 MHz, CDCly): 6=7.75 (s, 1H, triazole-H),
6.48 (brd, J=9.6 Hz, 1H, NH), 5.95 (d, /=10.0 Hz, 1H), 5.62 (d, J=
8.0 Hz, TH), 5.39 (dd, /=10.8, 10.0 Hz, 1H), 5.24 (t, J=9.6 Hz, TH),
4.71-4.55 (m, 2H), 4.30 (dd, /=12.8, 4.8 Hz, 1H), 4.18-4.10 (m, 1H),
4.07-4.01 (m, 1H), 3.34 (dd, J=15.2, 5.2 Hz, 1H), 3.23 (dd, /=15.2,
4.8 Hz, 1H), 2.08 (s, 3H), 2.07 (s, 3H), 2.06 (s, 3H), 1.80 (s, 3H), 1.45
(s, 9H). *CNMR (75 MHz, CDCl): 6=171.6, 170.7, 170.4, 170.3,
169.1, 1554, 1429, 121.7, 86.2, 80.0, 75.1, 72.3, 68.2, 61.9, 53.7,
53.3, 52.6, 28.8, 28.6, 23.0, 21.0, 21.0, 20.9. HRMS (ESI): m/z calcd for
C,4Hs50,,NsNa [M+Na]*: 608.21799; found: 608.21924.

GIcNAc-T-C34 (16): The peptide was obtained by manual solid
phase peptide synthesis (SPPS) by using the in situ neutralization/
HBTU activation procedure for Boc chemistry on a p-methylbenz-
hydrylamine (MBHA) resin. N-terminal acetylation was performed
by 2x2 min treatment with 1:1 (v/v) Ac,O/pyridine (5 mL 0.5m in
DMF). DNP was removed from the His with 2x30 min treatment
with a mixture of DIPEA (1%, v/v) and mercaptoethanol (4%, v/v)
in DMF (7 mL). Formyl groups were removed by treatment with a
continuous flow of piperidine (250 mL; 20%, v/v, in DMF) for
8 min. The Boc groups were removed with a 2Xx1 min treatment
with TFA. After a DMF, DCM, and a 1:1 (v/v) MeOH/DCM flow-wash,
the resin was dried under vacuum. HF cleavage (4%, v/v, p-cresol
added as a scavenger) and subsequent lyophilization gave the ace-
tylated crude product. The acetyl-protected glycopeptide was dis-
solved in MeCN (10%) in H,O (1 mg per 1 mL) and treated with hy-
drazine hydrate (10%, v/v, in H,0) for 2 h. The fully deprotected
GIcNAc-T-C34 (16) was analyzed by RP-HPLC on a C18 column
(0.5%x15 cm) by elution with a linear gradient of 0-60% CH,CN
containing TFA (0.1%; method A) for 30 min, flow rate 1 mLmin™’
(tz=14.7 min). Preparative RP-HPLC was performed over a C18
column (2.5x20 cm, 10 mLmin™") by elution with a linear gradient
of 0-60% CH,CN containing TFA (0.1%) in 90 min. The product
was analyzed by HRMS (ESI): calcd for CigsH,00N540¢eS [M43HI":
4517.13193; found: 4517.11479 (based on deconvolution of data).

Synthesis of glycopeptides 9 and 10 by enzymatic transglycosyl-
ation: A mixture of Man,GIcNAc—oxazoline (8; 290 nmol) and the
C-linked Glc-dipeptide 4 (100 nmol) or the N-linked Glc-dipeptide
7 (100 nmol) in a phosphate buffer (40 pL, pH 7.0, 50 mm) was in-
cubated at 23 °C with the enzyme Endo-A (5 mU). The reaction was
monitored by analytical HPLC on a Waters Nova-Pak C18 column
(3.9%150 mm) at 40°C and eluted by using method B (a linear gra-
dient of 0-30% MeCN containing 0.1% TFA in 18 min, flow rate
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1 mLmin~") for the reaction with Glc-dipeptide 4, or method C
(isocratic elution with 100% water containing 0.1% TFA in 10 min
then a linear gradient of 0-70% MeCN containing 0.1% TFA in
20 min, flow rate 1 mLmin~") for the reaction with Glc-dipeptide 7.
The Glc—dipeptide was converted to a new species that eluted
slightly earlier than the starting material. The enzymatic reaction
was stopped by heating in a boiling water bath for 3 min. The
product was purified by preparative HPLC on a Waters preparative
column (Symmetry 300, 19x300 mm) to afford the transglycosyla-
tion product.

L-TTM[4-(Man;GIcNAcGIc)]-L.-Phe-NH, (9): 52% yield; t;=11.41 min
(method B); ESI-MS calcd for C,H,,N,0,;, M=1154.45; found:
1155.67 [M+H]".

L-Pro-L-T4M[4-(Man;GIcNACcGIc)]-OH (10): 80% yield; tz=15.41 min
(method C); ESI-MS calcd for C,,HggNgOs, M=1104; found: 1105
IM+H].

Synthesis of C34 glycopeptides 17 and 18 by enzymatic trans-
glycosylation: A mixture of the Man;GlcNAc-oxazoline (8;
290 nmol) and GIcNAc-C34 (45 nmol) or GIcNAc-T-C34 (45 nmol)
in a phosphate buffer (40 uL, pH 7.0, 50 mm) was incubated at
23°C with the enzyme Endo-A (10 mU). The reaction was moni-
tored by analytical HPLC on a Waters Nova-Pak C18 column (3.9
150 mm) at 40°C and eluted by using method D (a linear gradient
of 0-90% MeCN containing 0.1% TFA in 18 min, flow rate
1 mLmin™"). After 1 h, the residue was subject to preparative HPLC
on a Waters preparative column (Symmetry 300, 19x300 mm) to
afford the transglycosylation product.

Man;GIcNAc,-C34 (17): 95% yield; tz=19.60 min (method D); ESI-
MS calcd for C,y0H34,N5304,S, M=5182.36; found: 5182.97 (decon-
volution by MaxEnt).

Man;GIcNAc,-T-C34 (18): 95% yield; t;=19.94 min (method D);
ESI-MS calcd for Cy,;H34,Nss05eS, M=5206.37; found: 5207.26 (de-
convolution by MaxEnt).

Infectivity assays: The antiviral activities of the synthetic C34 pep-
tides and glycopeptides were assayed by inhibiting the infection of
TZM-bl cells with HIV-111IB. TZM-bl is a cell line expressing CD4 and
viral coreceptors (CCR5 and CXCR4) and contains integrated copies
of the luciferase gene under control of the HIV-1 promoter. This
cell line was obtained from the NIH AIDS Repository (Germantown,
Maryland, USA). TZM-bl cells were cultured in DMEM medium sup-
plemented with heat inactivated fetal bovine serum (10%) and an-
tibiotics (100 units penicillin, 0.1 mgmL™" streptomycin). Tissue cul-
ture reagents were purchased from Invitrogen (Carlsbad, California,
USA). For infection, 2x10* cells were plated per well, in triplicate
wells of 96-well tissue culture plates one day before infection. Cells
were then infected with virus by using a multiplicity of infection
(m.o.) of 0.001 in the absence (control) and presence of threefold
dilutions of each peptide (range from 0.1-100 nm). Infected cells
were incubated at 37 °C with 5% CO, in a humidified incubator for
three days. Infection was measured by determining luciferase activ-
ity in cell lysates by using a luciferase detection kit (Promega, Mad-
ison-Wisconsin, USA) and following the manufacturer’s directions.
Mock-infected wells were used to determine background lumines-
cence, which was subtracted from the sample wells. Viral infectivity
was determined by dividing luciferase units at each peptide con-
centration by the luciferase units obtained in the control wells con-
taining no peptide.

PNGase digestion: Glycosylated C34 (17 or 18; 30 ug) in a Tris-Cl
buffer (20 pL, pH 7.5, 20 mm) was incubated at 37 °C with PNGase F
(6 U). The digestion was monitored by analytic HPLC under the
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same conditions as described for the enzymatic transglycosylation
reactions (method D). The digestion rates were calculated based
on the integration of C34 peptides and their digestion fragments
(characterized by MS) in HPLC profiles.

Trypsin and chymotrypsin digestion: C34 (6 nmol) or glycosylated
C34 peptides (17 or 18, 6 nmol) in a Tris-Cl buffer (200 pL, pH 8.0,
25 mm) were incubated with trypsin (0.5 ug) or chymotrypsin
(0.5 pg) at 23°C. The digestion was monitored by analytic HPLC
under the same conditions as described for the enzymatic transgly-
cosylation reactions (method D). The digestion rates were calculat-
ed based on the integration of C34 peptides and their digestion
fragments (characterized by MS) in HPLC profiles.
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Rational Biosynthetic Engineering for Optimization of

Geldanamycin Analogues

Woncheol Kim,®® Dongho Lee,”” Seong Su Hong,'” Zhu Na, ¢ Jin Chul Shin,®!

Su Heun Roh,” Cheng-Zhu Wu,” Oksik Choi,?

I Kyeong Lee,” Yue-Mao Shen, Sang-

Gi Paik,” Jung Joon Lee,” and Young-Soo Hong*®

A rational biosynthetic engineering approach was applied to
the optimization of the pharmacological properties of the
benzoquinone ansamycin, geldanamycin. Geldanamycin and
its natural or semisynthetic derivatives have the potential to
serve as anticancer chemotherapeutic agents. However, these
first-generation Hsp90 inhibitors share an unfavorable structur-
al feature that causes both reduced efficacy and toxicity
during clinical evaluation. We report the rationally designed
biosynthesis of C15 hydroxylated non-quinone geldanamycin

Introduction

Geldanamycin and its closely related natural analogues, herbi-
mycin and macbecin, are benzoquinone ansamacrolide antibi-
otics."® Geldanamycin competes with ATP at the nucleotide
binding site in the N-terminal domain of heat shock protein 90
(Hsp90), and thereby acts as a Hsp90 inhibitor.*® Hsp90 is a
molecular chaperone the main function of which is to ensure
the stability and proper folding of its client proteins.” Because
Hsp90 client proteins are crucial in maintaining the trans-
formed phenotype of cancer cells as well as increasing their
survival and growth potential, geldanamycin and its natural or
semisynthetic derivatives could serve as anticancer chemother-
apeutic agents.®? Although geldanamycin has shown effective
preclinical anticancer activity, its hepatotoxic effects have limit-
ed its further clinical development.'” Instead, a C17 positional
derivative of this compound, 17-allylamino-17-demethoxygel-
danamycin (17-AAG), is now being tested in phase | and Il clini-
cal trials."" A phase| clinical trial of another geldanamycin
derivative, 17-(2-dimethylamino)ethyl-amino-17-demethoxygel-
danamycin (17-DMAG), showed promising results, but due to
unacceptable side effects further development was terminated.

The biosynthesis of geldanamycin is initiated by the priming
of 3-amino-5-hydroxy benzoic acid (AHBA)."*'® Nascent poly-
ketide assembly is catalyzed by three modular polyketide syn-
thases (PKS), which are encoded by the gelA-C PKS genes;
these genes are very similar to the gdmA1-A3 genes"? from
the other geldanamycin producing strain, Streptomyces hygro-
scopicus NRRL3602. In most modular polyketides, there is a
convincing correlation between the predicted constituent do-
mains and the chemical structure of the corresponding polyke-
tide chain." The variety of polyketide structures largely arises
from the presence or absence of ketoreductase (KR), dehydra-
tase (DH) or enoylreductase (ER) domains. After the discovery
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analogues by site-directed mutagenesis of the geldanamycin
polyketide synthase (PKS), together with a combination of
post-PKS tailoring genes. A 15-hydroxyl-17-demethoxy non-
quinone analogue, DHQ3, exhibited stronger inhibition of
Hsp90 ATPase activity (4.6-fold) than geldanamycin. Taken to-
gether, the results of the present study indicate that rational
biosynthetic engineering allows the generation of derivatives
of geldanamycin with superior pharmacological properties.

of the modular architecture of certain PKSs, several reports
have highlighted the functional versatility of these multien-
zyme assemblies with experiments involving domain inactiva-
tion, substitution or addition.">'” The boundaries of this ap-
proach to creating novel polyketide antibiotics have been ex-
tensively studied in several polyketide-producing strains.®2"
However, the yields of such engineered analogues were often
not sufficient to permit their isolation or elucidation of their
chemical structures, or even for primary biological assays to be
conduct."®*? The reasons for the lower productivity are poorly
understood, but could include structural instability of the engi-
neered protein, suboptimal chemistry within the altered
module, or inefficient processing of the unnatural polyketide
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intermediates by downstream modules. Nevertheless, the ge-
netic manipulation of PKSs, which is also known as combinato-
rial biosynthesis, has proven to be a versatile technology in
increasing the chemical diversity of “unnatural” natural prod-
ucts.123-29

Based on the interactions observed between geldanamycin
and Hsp90, Stebbins et al. postulated that the benzoquinone
group of geldanamycin binds near the entrance of the ATP
binding pocket and the carbamate group forms a water-
bridged hydrogen bond with Hsp90.5?” Other molecular mod-
eling studies with 17-DMAG and macbecin have also shown
similar results to that of the geldanamycin-Hsp90 interac-
tion.?#? |nterestingly, macbecin forms one extra hydrogen
bond with Hsp90 through the C15 methoxy moiety.”® Mean-
while, it has been shown that geldanamycin exhibits high hep-
atotoxicity and is therefore unsuitable for use in humans.'”
17-AAG and 17-DMAG exhibit lower hepatotoxicity and retain
their in vivo anticancer activity; however, hepatotoxicity still
remains a dose-limiting side effect with both these agents. The
dose-limiting toxicity of geldanamycin and its derivatives
might be partly due to “off target” effects and could be attrib-
utable to the high chemical reactivity of its benzoquinone
group, and not as a direct consequence of Hsp90 inhibi-
tion.B%3" For these reasons, a second generation of geldana-
mycin derivatives that lack a quinone moiety was proposed as
alternative compounds that might have fewer undesirable
toxic effects.*" Recently, non-quinone compounds created by
biosynthetic modifications of macbecin showed significantly
improved binding affinities for Hsp90, as well as reduced toxic-
ity profiles.*? Taken together, a non-quinone geldanamycin an-
alogue with an additional func-
tional residue at the C15 posi-
tion could have reduced side

Y.-S. Hong et al.

Results

Site-directed mutagenesis of the DH1 domain of GelA

In the geldanamycin producer, S. hygroscopicus JCM4427, the
geldanamycin PKS consists of seven modules encoded by
three genes, gelA—gelC. Each module contains a suitable reduc-
tive domain that is entirely consistent with the structure of the
polyketide backbone, except for module 6, which contains a
functional ER domain that reduces the C4/5 double bond.?
The first module of GelA, which is made up of a full set of do-
mains, is responsible for the C15 functional group variety in
the geldanamycin polyketide backbone. Accordingly, the activi-
ty of DH in module 1 is required for the reduction of the keto
residue on C15 of the geldanamycin polyketide. The first step
in the preparation of a C15-modified geldanamycin derivative
was the gene disruption of the DH1 domain by insertion of an
antibiotic resistance gene (Figure 1). The gelA gene disruption
mutant, S.hyg-ADH, was constructed by insertion of a kanamy-
cin resistance gene (aphll) in the DH1 domain by homologous
recombination. To confirm the insertion of the aphll gene in
the DH1 domain, genomic DNA from wild-type and S. hyg-ADH
cells was used as template for PCR amplification with the rele-
vant primer set. A 1.4 kb PCR product was detected from the
wild-type strain and a 2.4 kb PCR product was obtained from
S.hyg-ADH (see the Supporting Information). Also, the growth
of the S.hyg-ADH mutant in YEME medium containing kana-
mycin was normal and comparable to the growth of the wild-
type strain, but the mutant completely lost its ability to pro-
duce geldanamycin and 17-O-demethylgeldanamycin, which

S, hygroscopices JTMA427 |

effects and improved binding
properties to Hsp90.
Here, we report the rationally

v

designed biosynthesis of C15- Module 1 —

modified geldanamycin  ana-
logues by site-directed mutagen-
esis of the DH1 domain of the

PCR and

cloning into pKC M

=

\ER

2.3kb |

geldanamycin PKS. The non-qui-

none type 15-hydroxylgeldana-
mycin analogue was produced
through combinatorial genetic
inactivation of the DH1 domain
along with the monooxygenase,
Gel7, which is responsible for
the formation of the quinone. In
addition, the 15-hydroxyl-17-de-
methoxy non-quinone analogue
showed an improved inhibitory
effect on the ATPase activity of
Hsp90.

( pKC-DH1 )
T

S. hygroscopicus JTMA427 \‘

H-DH H
pTA-DHSD

l Site-directed mutagenesis and

cloninginto pkKC1139

(=)

(DH—ZoRf DA H—_ER KR

S. hyg-ADH

l Gene replacement

S. hyg-DHQ AT DH ER D KR 1

Figure 1. Strategy for the site-directed mutagenesis of the dehydratase domain (DH) in the geldanamycin PKS

gene cluster. The S. hyg-ADH mutant resulted from a double crossover to produce an apramycin resistant strain in
which module 1 of the gelA gene was disrupted. This resulted in a strain that did not produce geldanamycin. The
site-directed gene replacement vector, pKC-DHSDQ, was introduced into the S. hyg-ADH mutant and a number of
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transformants were isolated from apramycin- and kanamycin-containing plates. The final gene replacement mu-
tant, S. hyg-DHQ, was selected and confirmed by sequencing. The aphll gene is an apramycin resistance gene.

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 1243 - 1251



www.chembiochem.org



Engineering Geldanamycin Analogues

are the two major metabolites of the wild-type strain, S. hygro-
scopicus JCM4427 (see the Supporting Information).

The DH1 domain has the apparent NADP binding motif
H(X5)G(X,)P (where X denotes any amino acid), which is a well
conserved active-site sequence in the functional DH domain in
polyketide and fatty acid biosynthesis (Figure 2).2***! A single
amino acid (His878) mutation in the active site of the rat fatty
acid synthase eliminates DH activity.®>3® Mutation of the es-
sential histidine residue (His2041) in the conserved sequence
of the GelA DH1 was expected to result in a dehydratase-
deficient mutant. The active site His2041 of the DH1 domain in
GelA was substituted with glutamine (H2041Q) by PCR-based
site-directed mutagenesis with the designed primer sets (as
described in the Experimental Section). The final site-directed
gene replacement vector, pKC-DHSDQ, was introduced into
the S.hyg-ADH mutant and a number of transformants were
obtained from apramycin- and kanamycin-containing plates.
These transformants were then cultured at 37°C to cure the
temperature-sensitive delivery plasmid and induce homolo-
gous recombination between the disrupted region and the
mutated DH1 fragment. The final selected gene replacement
mutant, S.hyg-DHQ, showed sensitivity to both kanamycin and
apramycin. Site-directed mutagenesis of the DH domain was
expected to cause a malfunction of the dehydration step in a
manner that minimized perturbation to the tertiary structure
of GelA.

Culture broth from the S. hyg-DHQ mutant grown in produc-
tion media was analyzed by LC/MS. A 15-hydroxygeldanamycin
peak (m/z 575 [M—H]") was detected in trace amounts at a
retention time (t;) of 7.2 min. The peak showed MS" fragmen-
tation patterns that resembled that of geldanamycin, which
exhibits a decarbamoylated peak, 575 [M—H] —532 [M—
CONH,]~, but the yields were not sufficient to allow full struc-

A)
GelA DH1

HbmAI DH1
RifB DH4
DEBS DH4
0leAII DH4
FAS DH rat
FAS DH human:

B)

Sequence of
DH domain in

/'HXXXGXXXXP

FULL P.

tural characterization. Also, a 15-hydroxy-4,5-dihydrogeldana-
mycin peak (m/z 577 [M—H]™ —534 [M—CONH,]") was detect-
ed in trace amounts at a retention time of 11.6 min (Figure 3).
In contrast, two peaks with retention times of between 12.7
and 13.2 min, which showed similar MS" fragmentation pat-
terns to geldanamycin, were detected in amounts adequate
for purification (see the Supporting Information).””

DHQ1 and DHQ2 were thus purified and structural elucida-
tions were conducted (Scheme 1). DHQ1 did not possess a
double bond at the C4 and C5 positions. The C4,5-olefin struc-
ture of DHQ2 was attributed to the action of Gel16, which is a
post-PKS modification enzyme. Both compounds were as-
sumed to contain the hydroxyl residue on the C15 position
within the polyketide backbone. However, in both DHQ1 and
DHQ2 the C15-OH had apparently participated in a C11/C15
dehydration reaction to form an overall tricyclic structure.
DHQ2 showed the same structure as that of a minor tricyclic
15-hydoxylgeldanamycin analogue (KOSN-1633), which was
produced by bioconversion in a herbimycin-producing
strain.®¥ The yields of the DHQ1 and DHQ2 analogues from
the S.hyg-DHQ mutant were lower (>tenfold) than the
amount of geldanamycin typically produced by the parent
wild-type strain. These results show that the S.hyg-DHQ
mutant was capable of producing geldanamycin analogues
upon substitution of His2041 in the active site of the DH1
domain in GelA. In addition, they indicate that the single
amino acid exchange in the active site of the DH domain does
not cause the GelA megasynthase complex to fold incorrectly
or lose a necessary activity (Figure 4). This result contrasts with
another report in which mutation of the dehydratase active
site in an erythromycin-producing PKS disabled the overall as-
sembly line.

Combinatorial biosynthesis
with mutation of post-PKS
modification genes

The quinone biosynthetic path-
way for geldanamycin, that is,
hydroxylation of a phenol pre-
cursor followed by autoxidation
by molecular oxygen, was dem-
onstrated in previous reports.*%
The gel7 gene disruption in the
wild-type strain produced a non-
benzoquinoid geldanamycin an-

wild-type strain  —» [cccctggctggghbgadcacgccgtectecggaacggtgetgetgcee
A v 4

Sequencing
chromatogram of
DH domain in

mutagenesis
LA BN (S 8831

Site-directed Y

alogue with a monophenolic
structure.®® In addition, we
found that the gel7 and gel8

S. hyg- ADH mutant

CCCCTGGCTGOACGAGCAGGCCGTCTCCGGAACGGETGCTGCTGCCGGGTA
. Y

double mutant produced non-

quinone decarbamoyl geldana-

Nalx x X6 X X X X P

Figure 2. A) Amino acid alignments of the putative active site region of several dehydratases. GelA: geldanamycin
PKS; OleAll: oleandomycin PKS; Hbm: herbimycin PKS; RifB: rifamycin PKS; DEBS: erythromycin PKS. Asterisks indi-
cate highly conserved amino acid residues. B) Verification of the histidine-to-glutamine mutation by DNA sequenc-
ing. The sequence of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>