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The Inhibitory Glycine Receptor—Simple Views
of a Complicated Channel

Hans-Georg Breitinger* and Cord-Michael Becker™

The strychnine-sensitive glycine receptor is the principal mediator
of fast inhibitory synaptic transmission in the mammalian spinal
cord and brain stem. As a member of the ligand-gated ion-channel
family, it shares structural homology with the nicotinic acetylcho-
line, GABA - and serotonin 5-HT; receptors. lon-channel activation
and desensitisation are controlled by a variety of factors such as
subunit composition, posttranslational modification, absence or
presence of modulatory ions or other agents and possibly protein -
protein interactions. Glycine-receptor mutations, either associated

Introduction

Fast synaptic communication between nerve cells and at the
neuromuscular junction comprises the conversion of an electric
signal—the action potential arriving at an axon terminal—into a
chemical signal, that is, the release of a neurotransmitter into the
synaptic cleft. Binding of the neurotransmitter triggers the
opening of an intrinsic ion channel at specific postsynaptic
receptors. The resulting ion flux alters the transmembrane
potential and facilitates or suppresses the generation of a new
action potential (Figure 1). Neurotransmitter molecules in the
synaptic cleft are subsequently degraded (for example, by
acetylcholine esterase) or removed through transporter-medi-
ated uptake into glial or presynaptic nerve cells.! The excitatory
neurotransmitters acetylcholine, glutamate and serotonin open

pre-
synapse

post-

synaptic
vesicle

neuro-
transmitter

receptor

Figure 1. Signal conversion in fast synaptic transmission.
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with the human motor disorder hyperekplexia or artificially
introduced, have helped to define the regulatory domains of the
receptor protein. In addition to their effects on glycine-receptor
function, allelic variants of glycine-receptor genes may also affect
biogenesis, assembly and degradation of the receptor.
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membrane proteins

cation channels (Na*, Ca?*) which depolarise the postsynaptic
cell, thus facilitating the generation of an action potential.?
Inhibitory neurotransmitters, such as glycine and y-aminobutyric
acid (GABA), activate anion channels (Cl=, HCO;") that lead to
hyperpolarisation, thereby suppressing neuronal firing. When
the inhibitory function of glycine receptors is considered, it
should be remembered that the expression of chloride trans-
porters, and thus the chloride potential in neurons, is devel-
opmentally regulated.®! Embryonic glycine receptors are in fact
excitatory,™  due to elevated levels of intracellular chloride in
early development.

Strychnine-sensitive glycine receptors are the predominant
carriers of fast inhibitory transmission at synapses in the
vertebrate spinal cord and brain stem. Overall protein structure,
topology, transmembrane arrangement, pentameric subunit
assembly and general mechanism of function are conserved
within the family of ligand-gated ion channels (Figure2 and
Table 1).2 Other members of this receptor family include the
nicotinic acetylcholine receptor, GABA, and GABA( receptors,
and the serotonin 5-HT; receptor. These receptor proteins share
a high degree of homology at both the protein and nucleic acid
level, a fact indicating that ligand-gated ion channels originate
from common ancestral genes.?®7 Numerous biochemical
data,®® hydropathy assignments and structural data from
electron microscopy!®'? and NMR spectroscopy!>-'"! have led
to the current four-transmembrane-helix model for ion channels
that are nicotinic acetylcholine receptor like (Figure 2D).2 %9
While ionotropic glutamate receptors also belong among the
group of directly ligand gated ion channels, they are structurally
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more closely related to the voltage-gated receptor family.? '8 N-
methyl-p-aspartate (NMDA) receptors, a subclass of the gluta-
mate-receptor family, carry a glycine binding site and are
sometimes referred to as 'non-strychnine-sensitive glycine
receptors’ in the literature, although in this case glycine
modulates the receptor function through an allosteric site and
does not actually gate the ion channel.

The Glycine-Receptor Protein Complex
Glycine receptor subunits and genes

To date, four ligand-binding glycine-receptor a subunits (a1 -4)
have been identified, all of which can form functional homo-
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Figure 2. Structure of a ligand-gated ion channel of the acetylcholine-receptor
type. A) Side view of pentameric receptor complex. B) Cut-open view of receptor;
the pore-lining transmembrane domain 2 (TM 2) is indicated. C) Top view of
receptor; TM 2 is indicated. D) Transmembrane topology and principal structural
elements of one receptor subunit; TM 2 is shaded, charged or polar residues (Q/N,
R/K, D) that terminate putative transmembrane segments are indicated.

E) Alternative transmembrane topology and secondary structure assignments as
derived from limited proteolysis of reconstituted receptors./*s 1571

meric channels."¥ One f subunit is known, which is thought to
mediate synaptic anchoring and has no ion-channel function on
its own.2%-22 Receptor subunits were mostly cloned and isolated
from humans, mice or rats,?? chicks,?* 24 and zebrafish (Danio
rerio).125-281

The promoter regions of the human glycine-receptor genes
GLRA1 and GLRA3 contain a neuron-restrictive silencer element
(NRSE, REST), a fact indicating that neuronal expression of these
subunits is regulated at the transcription level.?” In contrast to
the predominant expression of o subunits in spinal cord and
brain stem, the [ subunit is widely distributed throughout the
central nervous system.% 3" Extraneuronal glycine receptors
have been found in Kupffer cells from the liver®? and in
sperm.B3.34

ChemBioChem 2002, 3, 1042 - 1052
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Table 1. Functional domains of the glycine receptor.

Function Structural element

Comments

subunit assembly N terminus (residues 1-100)

ligand binding N terminus; TM 2 -3 loop
signal transduction

gating

several protein domains
TM 1-2 loop; TM 2-3 loop
(TM 3-4 loop, TM residues)
™2

TM 3 -4 loop, B subunit
intracellular TM 3 -4 loop

channel pore
synaptic anchoring

functional regulation/
modulation

8 key interacting residues

3-loop model of ligand binding, N-terminal residues 1 - 100 not involved
conformational change after ligand binding leads to movement of TM 2

hinges for TM 2 movement

indirect effects on TM 2 motion

inner wall of ion channel

18-residue gephyrin binding motif

intracellular anchoring, phosphorylation, ubiquitination, protein — protein interaction,
alternative splicing (additional tissue-specific fine-tuning of glycine-receptor function)

Subunit splicing, receptor composition and assembly

Glycine-receptor a subunits differ subtly with respect to their
basic functional and pharmacological properties. Glycine affinity
(approximately 10-100 um) and single-channel conductance
(multiple conductance states of 50-100 pS) are similar for all
homomeric glycine receptors.' 3>-38 Tissue-specific fine-tuning
of ion-channel function is accomplished by various mechanisms:
1) alternative splicing, 2) subunit composition and 3) posttrans-
lational modifications.

Alternative splicing within the intracellular loop between
transmembrane domains 3 and 4 (TM 3-4; see Figure 2) has
been observed with a1 and a3 subunits. Glycine receptor a1
splice variants, differing by an 8-residue insert in the intracellular
TM 3 -4 loop (Figure 4 A), had similar functional properties.k% In
contrast, a3 splice variants, characterised by the absence or
presence of a 15-residue insert in the similar position (Figure 4 A)
show differences in receptor desensitisation.® Finally, alterna-
tive splicing of the rat a2 subunit results in the exchange of two
N-terminal residues (V85I/T86A); this exchange is not associated
with functional differences.”® Aberrant splicing due to insertion
of a LINE-1 element leads to > 90 % loss of functional 3 subunits.
This defect underlies the murine phenotype spastic.*" 42

Subunit composition: Adult glycine-receptor isoforms are
generally assumed to be a;f, heteromers, where eight key
residues close to the N terminus are critical for receptor assembly
and form the intersubunit contact surface.*! While homomeric
o receptor complexes, as well as other mixed o/} heteromers,
are functional, pure 35 complexes do not form functional ion
channels.*" %2 Absence or presence of the f subunit in glycine
receptors gives rise to subtle changes in single-channel proper-
ties, with lower conductance levels being predominantly
populated in a1/p heteromeric receptors as compared to als
homomers.?”! However, 3 subunits exert only a minor influence
on macroscopic parameters of glycine-receptor function, such as
whole-cell current amplitudes or receptor desensitisation. Pres-
ence of the 3 subunit reduces picrotoxin sensitivity of recombi-
nant glycine receptors.* This picrotoxin insensitivity has
been found to depend on a single residue within TM 2, namely
a1(T258), which corresponds to (F282). A ring of five threonines
(one per subunit) at this position of the ion pore is required

ChemBioChem 2002, 3, 1042-1052

for picrotoxin sensitivity. Replacement of one or more of
these threonines by phenylalanine through mutagenesis or
coexpression of 3 subunits largely abolishes picrotoxin inhib-
ition 1

Synaptic anchoring: Microscopic and electrophysiological stud-
ies have demonstrated the interplay of activation and synaptic
anchoring of glycine-receptor complexes.6-5% Glycine-receptor
diffusion, as monitored by single-particle tracking, is dramatically
reduced but not completely abolished in the presence of the
tubulin-binding protein gephyrin. Thus, anchoring through
gephyrin locks glycine receptors at the synapse, thereby
allowing only a small proportion of receptors to escape from
the synaptic complex. This mechanism effectively regulates the
receptor turnover rate by extending the amount of time a
receptor remains at synaptic locations in the cell membrane.®-51
Gephyrin mediates synaptic anchoring by specifically binding to
glycine-receptor 3 subunits through a core binding motif of
18 amino acid residues within the intracellular TM 3-4 loop of
the 3 subunit (Figure 4 A).52 53 Receptor activation is required for
initiation of the anchoring process: in the presence of strychnine,
that is, under conditions of reduced glycinergic activity, synapse
formation and maintenance is impaired.>* >3

Posttranslational modification: Glycine-receptor subunits carry
consensus motifs for phosphorylation,¢-%! glycosylation®* 671
and ubiquitination.’®® Receptor function is susceptible to both
posttranslational protein modification and the effects of mod-
ulatory ions or pharmaceutical compounds.?% 3%

Receptor degradation: A constant number of neurotransmitter
receptors at synaptic sites is the result of a fine balance between
the rates of receptor synthesis and degradation. One general
pathway of protein degradation, ubiquitin-mediated internal-
isation and decomposition, has recently been shown to apply to
glycine receptors.®® The intracellular TM 3 -4 domain of the a1
subunit contains ten lysine residues, one or several of which may
constitute a ubiquitination site.[®!

Glycine-receptor biosynthesis and degradation have received
close attention only much more recently than the investigation
of functional defects. Loss of glycinergic transmission may be a
result of both reduced metabolic stability and impairment of
glycine-receptor function. In the mouse mutant spastic, a ~ 90 %
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reduction of functional glycine receptors due to missing f
subunits was found to underlie the observed phenotype.! 42 6%
Membrane insertion of subunits was abolished in the case of the
human hyperekplexia mutation S231R.”? Similarly, symptoms of
hyperekplexia were observed only in patients showing com-
pound heterozygosity for the two mutant alleles R252H and
R392H, which are also supposed to interfere with membrane
expression of receptor subunits.”"

Glycine Receptor Function
A minimum mechanism for ligand-gated ion channels

The activation of neurotransmitter receptors is a complex series
of events. For analysis, the simplest possible models—that is,
those that use the least number of assumptions and fitted
constants—should be used to derive the pertinent kinetic
constants. Such a minimum mechanism of receptor activation
which represents the elementary steps of ligand-gated ion
channel function was originally developed for the nicotinic
acetylcholine receptor” and was subsequently shown to be
valid for other ligand-gated ion channels.”® One or more
molecules of the activating ligand (that is, the neurotransmitter)
bind to the receptor and thereby induce a conformational
transition which leads to the opening of the intrinsic ion channel.
The fully liganded receptor oscillates between the open and
closed state, a process referred to as gating. In the continued
presence of agonist, the receptor can desensitise, that is, convert
into a liganded, closed state (Figure 3). Desensitisation on a
timescale of minutes was originally described by Katz and
Thesleffl72 for the nicotinic acetylcholine receptor. Faster modes
of desensitisation (ms—-s timescales) were later identified for
ligand-gated ion-channel receptors.’+771 Note that the kinetic
scheme depicted in Figure 3) assumes the binding of two ligand
molecules prior to channel opening. This simplified model was
chosen for clarity, since it considers the key steps of receptor

binding gating
Kde e |
‘R += RL «=!RL;  += RL:(open);

: k12ﬂ k21 ka4nk4a'

S ———

IL <=2 IL,
Ks

desensitisation

Figure 3. Minimum mechanism of ligand-gated receptor function. R indicates
the active receptor, | is the inactive, desensitised receptor form. L is the activating
ligand (here: glycine), with subscripts to indicate the number of ligand molecules
bound. K, is the dissociation constant of ligand from the receptor, k,, and k, are
the rates for channel opening and closing, respectively. The transition to and from
the desensitised state is described by the rate constants k,,, ky;, ks, and k.
Desensitisation is usually sufficiently described by k;,, that is, from the doubly
liganded state, RL,. Note that desensitisation from states other than RL, and RL, is
omitted for simplicity, but cannot be excluded; likewise, additional open or closed
states may exist but are not considered in this minimum model. Binding of two
and three ligands prior to channel activation has been reported; in fact, states up
to RL; could be expected for homopentameric receptors. Here, the simplest
mechanism that reflects all the essential steps of glycine receptor activation is
shown.

1046

H.-G. Breitinger and C.-M. Becker

activation (ligand-binding—channel opening and closing—
desensitisation), while the real activation mechanism may be
more complicated. Two different glycine-receptor populations
were described on mouse cortical neurons, one requiring the
binding of two and the other of three ligand molecules prior to
channel opening.”® In fact, several studies suggest a three-
ligand model of receptor activation.” ) In homopentameric
receptor complexes, the binding of up to five ligand molecules
to the receptor complex is actually feasible; this has recently
been considered in careful mechanistic investigations.®"

Electrophysiological techniques® generally analyse the func-
tion of ion-channel receptors, which by nature is a transient
phenomenon. Single-channel measurements give information
on channel conductance and the amount of time the receptor
spends in the open or closed state, while whole-cell recordings
reflect the entire ensemble of receptors on an individual cell and
describe macroscopic channel properties.®¥ Dose-response
analysis, as routinely used in many biological situations, cannot
be directly applied to neurotransmitter receptors. The observed
half-maximal activation (ECs,) comprises the two elementary
steps of ligand binding and channel gating which cannot be
separated.® Thus, concentration-dependence of agonist-
evoked currents gives an ECs, value that serves as a fingerprint
of receptor activity but does not necessarily describe the true
ligand affinity of the receptor binding site(s). The minimum
model (Figure 3) accounts for the subsequent events of receptor
activation—reality may be much more complicated, but the
essential steps of channel function are reflected in this simple
mechanism.2 73 83

Generally, ligand-gated ion-channel opening rates are of the
order of 10°-10°s?, and the determination of these rates
requires advanced single-channel analysis and/or sub-ms kinetic
techniques.®®! However, the gating equilibrium constant @ =k_/
koo, or its inverse E = k,,/k,** can be determined from whole-
cell recordings by using an appropriate kinetic model (Fig-
ure 3).%5 Receptor desensitisation usually occurs on a timescale
of seconds. If the recording setup provides an appropriate
kinetic resolution, the individual steps of channel activation and
desensitisation can be spread out on the time axis and analysed
independently from each other.”?

Ligand binding

Kinetics: Similar rates of agonist binding and channel opening
have been observed for acetylcholine receptors.® For homo-
meric a1 glycine receptors, ligand association and dissociation
rates of 10’m's™ and 1900 s, respectively, were determined by a
laser-pulse photolysis technique for rapid glycine delivery from a
caged precursor.” The rate constants for the glycine receptor
were 2500 s for k,, and 40 s for k,.”® Thus, ligand binding to
the glycine receptor is in a rapid preequilibrium compared to the
subsequent steps of receptor activation.

Ligand affinity: The determination of ligand affinities requires
the choice of appropriate methodology, depending on the
process under study. Radioligand binding experiments, where
thermodynamic equilibrium between all possible receptor states

ChemBioChem 2002, 3, 1042 - 1052
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(that is, R, RL, RL,, RLygpen), IL and IL,; see A

Figure 3) has been reached, are useful for 2, 85/86 N
the investigation of clinically relevant com- O D80, T112 el _. N i
pounds that are present in tissues or body i
. . B P36, N38, ) A101
fluids for an extended time. In electrophys- 5 40, P 79, N 102
iological recordings, however, where a L 90, S 93, g G 160
o ) ) S N 125, Y 128 ws ® vier
concentration jump of ligand is applied, g R271Q
one measures functional data of the active ___,__,_' . K 1?200 K276 E
receptor state, R (Figure 3). This situation 5 Y 202 Yzygc
pertains to synaptic events and is, therefore, N 242 (B) > ~ T 204
suited for the analysis of activating ligands. ) extracellular
Data from both methods can be compared Ej 8
if the active and desensitised receptor states
. . P - ¥4 0 : R392H intracellular
are of similar thermodynamic stability and 12440 % gl Q266 H ®
therefore easily interconverted.®¥ This sit- P250T | ks E:JH. -.
uation, although not common for ligand- .
. o T 258 ’ B, 394-411
gated ion-channel receptors, is in fact ) N
observed for wildtype glycine recep- al, 326-333 g
tors. 22 30 a3, 358-372 *K
Ligand binding domains: The extracellular B

N terminus of glycine receptors comprises
approximately 50 % of the total protein and
contains regions that are critical for ligand
binding and the subsequent steps of chan-
nel gating as well as for subunit assembly.
Sequence alignments and molecular mod-
elling suggested SH2- and SH3-like domains
within the ligand binding domain of glycine
receptors,®” a fact showing that common
motifs of protein structure may be relevant
for ligand-gated receptors. Exchange of
larger sections of the protein, combined
with photocrosslinking and biochemical
studies indicate that the N-terminal resi-
dues 1-100 are not involved in ligand
binding. It appears that the region imme-
diately preceding TM 1 is crucial for ligand
binding, while domains responsible for subunit association are
located close to the N terminus. In fact, six of the eight amino
acids forming the intersubunit contact surface reside within the
first 100 residues of the receptor protein.“!

A rigid assignment of functional building blocks may not be
sufficient to describe the functional architecture of ligand-gated
ion channels, since individual protein regions may overlap or
interact. Residues of the N terminus which affect apparent ligand
affinity need not only reside within the domains described
before (Figure 4 and Table 2), particularly since the consequence
of ligand binding is a conformational change within the protein.
Thus, residues that directly interact with the ligand and residues
involved in the subsequent folding process will both be sensitive
to exchange or structural modification. Residues that affect
apparent ligand affinity in this way were identified through
analysis of spontaneous mutations or amino acid exchange by
site-directed mutagenesis. The point mutation a1(A52S) in the
mouse mutant spasmodic is associated with reduced glycine
affinity.®” 8l Three residues near the first transmembrane domain

ChemBioChem 2002, 3, 1042-1052
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K 276

T 265 Q266

Figure 4. A) Glycine-receptor subunit; individual residues and domains that affect ion channel function
are indicated. Extracellular: m: N-terminal residues forming the intersubunit contact surface; o: residues
involved in Zn** modulation; dashed-line box: alternatively spliced region; Y: potential glycosylation
sites; @: functionally relevant single-point mutations. Intracellular: black oval: potential ubiquitination
sites (lysine); dashed-line box: alternatively spliced region; o: gephyrin binding motif (8 subunit).

B) Transmembrane domain 2. e: residues mutated or deleted for inversion of charge selectivity; o
residues affecting channel gating.

of the human glycine-receptor a1 subunit, K200, Y202 and T204,
plus residues G160 and Y161, were identified as part of the
ligand binding pocket.®*! Other residues involved in ligand
binding include A101, N102 and K193.°" The simultaneous
interaction of several ligands with the glycine receptor gave
evidence for similar, but not identical, ligand binding pockets
within the same region of the protein. Equilibrium radioligand
binding studies, as well as whole-cell current measurements,
suggest that glycine and strychnine bind to partially overlapping
sites on the receptor.’?

Other glycine receptor agonists: An important physiological
means of regulating ion-channel function at the ligand binding
stage is the choice of activating ligand. Taurine and f-alanine
have been proposed as endogenous glycine-receptor agonists in
early development.?* %394 Binding and receptor activation by
taurine and fB-alanine have been intensively studied on wildtype
receptors, where their affinities and efficacies are lower than that
of glycine.”? In some hyperekplexia mutations, however, both
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Table 2. Functionally relevant residues and domains of the inhibitory glycine receptor.

Residue(s)® Species  Phenotype Functional effect Reference(s)

N38 human glycosylation [43]

A52S mouse spasmodic, spd  reduced glycine affinity [87, 88]

P36, N38, S40, P79, L90, S93, N125, Y128 human contact surface for subunit assembly [43]

A52, A101, N102, G160, Y161, K193, K200, Y202, T204 involved in glycine and strychnine binding [87-91]

D80, T112 human involved in Zn?** modulation [141]

a2(V85/T86) rat alternative splicing (—185/A86) [40]

$G229D/exon 5 loss human  hyperekplexia ligand binding [163]

B(N242) human putative glycosylation site

1244Q human hyperekplexia [164]

P250T human hyperekplexia low conductance, rapid desensitisation, [107, 116]
reduced ligand affinity

R252Q/H human hyperekplexia membrane insertion [71]

a1(T258)/p(F282) human picrotoxin sensitivity [45]

V260M human  hyperekplexia functional effects not reported [165]

Q266H human  hyperekplexia gating (single-channel open time) [118]

R271L/Q human  hyperekplexia reduced apparent ligand affinity, low conduc- [95, 146, 166, 167]
tance levels occupied, altered sensitivity to
tropeines, taurine/B-alanine—antagonists

K276E human hyperekplexia gating (single-channel open time) [80, 117]

Y279C human hyperekplexia (non-penetrant) [168, 169]

a1(326-333) rat alternatively spliced segment; no functional [39]
effect described

a3(358-372) human alternatively spliced segment; affects [38]
desensitisation, gating

B(394-411) human gephyrin binding [52, 53]

Kin TM 3-4 loop (10x) human putative ubiquitination, internalisation, [68, 170]
degradation

R252H/R392H human hyperekplexia membrane insertion, symptoms only in [71]
compound heterozygotes

Ao 1 human hyperekplexia total loss of a1 subunit [171]

Ao 1! mouse oscillator, spd®  total loss of adult receptor form, lethal at [172, 173]
P14-21

Aa 1! bovine  myoclonus total loss of a1 subunit [174]

ABE! mouse  spastic, spa < 10% of normal B-subunit levels, [41, 42, 175]
< 10% functional adult receptors

[a] Numbering refers to glycine-receptor a1 subunit residues, unless otherwise indicated. [b] Total loss of subunit only observed in homozygous individuals.

compounds still bind to the receptor but do not open the ion
channel, thus effectively acting as competitive inhibitors.!*”!

The receptor ion pore

Structural data from electron microscopy!® '>°! and NMR
spectroscopy,'* %971 as  well as biochemical investiga-
tions® & %8192 and studies of the accessibility of substituted
cysteine residues,'®! have indicated that TM 2 of ligand-gated
ion channels is an o helix, which forms the inner lining of the
receptor ion pore (Figure 2B, C). lon selectivity is effected
through sets of charged residues near the mouth of channel.?
Cation-conducting acetylcholine receptors can be made anion
selective by exchange of only three residues within or close to
the ion-channel pore: insertion of P250, which is absent from
cation channels, but highly conserved in anion channels, and the
exchanges E251A and V265T (all positions numbered as in the
glycine receptor a1 subunit, see Figure4B).'™ A similar

1048

conversion of cationic into anionic charge selectivity after the
corresponding exchanges (A250P, E251A, V265T) has been
reported for the 5-HT, serotonin receptor.'® For the glycine
receptor, the reverse mutations (P250A, A251E, T265V) have
been performed, which resulted in cation selectivity.'® The
critical effect of the chemical structure of position a1(250) in the
glycine receptor has been further demonstrated in a muta-
genesis study, where isotropic forces, charge and hydrophobicity
were identified as critical determinants of receptor function.!®”
Thus, P250 may serve a dual role by positioning neighbouring
residues as well as being a critical part of the protein surface near
the inner mouth of the ion channel.

Even if the principal ion selectivity of an ion channel can be
inverted by the replacement of only one charge, ion permeation
through the ion pore is a complex process. Two anion binding
sites within the glycine-receptor channel have been proposed
from detailed electrophysiological studies,*>-3! and the com-
plete pathway of ion permeation across the membrane is not yet
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understood. In case of the acetylcholine receptor, energy-
minimised models of high quality are available for the channel
pore and its neighbouring regions.!® % 19191 However, the X-ray
structures of the K A" and CIC,!"" channels, as well as electron
microscopic'® ' and NMR spectroscopic!’ ¢ *7 studies demon-
strate that the ion-channel pore and its selectivity filter are highly
defined, complex structures,” which may not be accessible
through simulation approaches alone.

Channel gating

The currently accepted model for the architecture of ligand-
gated ion channels? " has several residues within TM 2 forming
the narrowest constriction of the receptor ion pore. By using a
kinked helix model originally derived for TM 2 of the acetylcho-
line receptor,"'? Monte-Carlo minimization was used to predict
similar surface properties and channel dimensions!"'?! for the
glycine receptor as deduced from the permeation of organic
anions." Receptor gating, kinetically defined as the open-
close transition of the ion channel (Figure 3) has been inter-
preted as a movement of TM 2.'% The short loops flanking TM 2
have been proposed to act as hinges for this conformational
transition.'9% 151161 The effect of the hyperekplexia mutation
P250T, located at the intracellular ’hinge’ leads to a lower
channel conductance,® but does not affect gating, as evident
from unaltered channel opening and closing rates (Breitinger
etal., EMBO J., submitted). In contrast, the hyperekplexia
mutation K276E,""”! situated within the extracellular TM 2-3
loop (Figure 4B), has no effect on channel conductance, but
almost exclusively affects gating.® The hyperekplexia mutation
Q266H, although located next to the ‘charge relevant’ T265
(Figure 4B), does affect ion-channel gating by altering channel-
open times,""® yet no apparent effect on ionic selectivity has
been reported. A ‘reluctant’ gating mode, characterised by low
channel-open probability, has been identified for glycine
receptors on neurons from zebrafish larvae."

Receptor desensitisation

The physiological role of receptor desensitisation is not yet fully
understood, since neurotransmitter removal by uptake or
enzymatic breakdown usually terminates signal transmission.
Even rapid current decay may only have a minor effect on the
physiological signal of ligand-gated receptors.l?” However, the
time course of current desensitisation is a fingerprint of
individual receptor species and contains information about
refractory states of the receptor.

Glycine-receptor desensitisation in the hyperekplexia mutant
a1(P250T) is dramatically increased.l'®” "¢ Replacing P250 with
various other amino acids showed that an increased hydro-
phobic surface in this position favoured rapid desensitisation
and low apparent ligand affinity, while small, or charged residues
gave rise to high-affinity, nondesensitising receptors.'”! Surpris-
ingly, if P250 is replaced by glycine, alanine, or serine, wildtype
receptor properties will be retained. The determinants in
position 250 for glycine-receptor function are volume and
charge, rather than a particular conformation of the peptide
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chain.'®! Desensitisation may be the consequence of an intra-
molecular transition to a closed state, such as a movement of
TM 2,1'% or of an interaction between intracellular domains of the
receptor complex. In fact, glycine receptor a3 splice variants that
differed by the absence or presence of a 15-residue insert within
the large TM 3 -4 loop did differ in desensitisation properties.=®!
Removal of hydroxylated residues within the alternatively
spliced insert lead to recombinant receptors that desensitised
faster than their wildtype counterparts, a fact indicating that
desensitisation is also sensitive to alterations of the protein
surface within the intracellular TM 3 -4 region of the protein.!'?"!

Receptor modulation by external factors

Cellular environment: Glycine-receptor function is sensitive to
intracellular factors, such as modulatory proteins, ions or
phosphorylation.?? Functional differences between receptors
from neurons and recombinant systems have been observed
with acetylcholinel'?? and glycine receptors.'”! Expression of
glycine-receptor a.1(R271Q) subunits in HEK-293 cells results in
higher ligand affinity of mutant glycine receptors than expres-
sion in rat dorsal horn neurons, a fact attributed to differences in
posttranslational modification in the host cells.'>! Two widely
used expression systems, Xenopus oocytes and HEK-293 cells,
both supply a background of functional receptor modulation
that is difficult to control and may vary from cell to cell. In the
case of homomeric recombinant a1 or a2 glycine receptors from
zebrafish (Danio rerio), more than tenfold differences were
measured in ECy, values for the same receptor from one oocyte
to the next and also from one HEK-293 cell to the next.'** These
differences could be attributed to alterations in channel gating,
but the underlying modification is not known.!'> Modulation of
glycine-receptor function by a Ca2* binding factor was proposed
from a detailed study on rat neurons and recombinant
receptors.%s! Receptor density has been shown to affect receptor
properties in oocytes, > 12 yet it is not known whether this is
due to interactions between neighbouring receptors or to other
protein modifications.

Modulatory compounds: Modulation of receptor function by
alcohols and anaesthetics has been intensively studied in recent
years,'7-132 |eading to the identification of individual residues
and modifications that are critical for alcohol potentiation of
glycine receptors (Figure 4A and Table 2).164 1281331341 Glycine-
receptor modulation by Zn?* has been studied in great detail,
and several residues that are critical for zinc binding have been
identified (D80, T112; Figure 4A and Table 2).28 1351411

Glycine receptors as secondary targets: Several pharmaceuti-
cally relevant compounds that have other primary targets also
interact with glycine receptors. Such cross-reactivity is frequently
observed with GABA, receptor ligands.?* 142 143 Calcium-channel
antagonists, such as dihydropyridines and verapamil, were
found to be direct blockers of the glycine-receptor channel.'*
Several agonists and antagonists of the 5-HT; receptor were able
to displace [*H]strychnine from glycine receptors with micro-
molar affinity, that is, an affinity similar to glycine itself.'*]
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Tropisetron and atropine were found to be inhibitors,"*! while a
number of 5-HT; receptor antagonists potentiate glycine
receptor currents."”! Potentiation of «1(5) glycine receptor
currents by 1CS-205,930 is more pronounced than with a2
homomers.['* Current potentiation for both subunits is sensitive
to the presence or absence of 3 subunits, a fact indicating a
participation of the [ subunits in the allosteric potentiation
site."® Substance P shows both, indirect™ as well as direct
potentiation of glycine-receptor responses.’>® Forskolin, in
addition to its activation of protein kinase A (PKA), appears to
bind directly to GABA, and glycine receptors in carp amacrine
cells where it accelerates current desensitisation.>" Direct
binding of the neuroprotective drug riluzole induces fast
desensitisation of glycine receptors.'™ The anthelmintic iver-
mectin has recently been identified as a novel glycine-receptor
agonist which binds to the receptor and induces channel
opening from a site that is different from the glycine and
strychnine binding site.l'>3 The absence of cross-desensitisation
suggests an altogether different mechanism of glycine-receptor
activation by ivermectine.">® While such compounds are of great
interest for the delineation of the mechanisms of glycine-
receptor function, their multiple physiological effects render a
therapeutical application rather unlikely.

Glycine-receptor structure—what do we really know?

N terminus: The X-ray structure of an acetylcholine binding
protein,[> which superimposes well with the electron micros-
copy®'2 and NMR spectroscopy! structures of the N-terminal
domain of acetylcholine-receptor subunits, supports the pre-
dicted organisation of the receptor. Pentameric coassembly of
isolated extracellular domains of acetylcholine-receptor subunits
was demonstrated by electron microscopy.”® However, when
assembly of extracellular domains plus TM 1, that is, resi-
dues 165-291 of the glycine-receptor a1 or GABA,-receptor
subunits, was studied by using electron microscopy, pentameric
complexes were only found for the GABA,R domain, while the
glycine-receptor N termini formed trimers.'> One explanation
would be that too many residues of the assembly cassette™! of
the glycine receptor were missing in these fragments. On a
contrasting note, limited proteolysis of glycine receptors pre-
viously reconstituted into artificial lipid membranes led to the
proposition of a slightly modified transmembrane topology of
the glycine-receptor N terminus (Figure 2E).'*% 571 Note, how-
ever, that all functional domains of the receptor protein are
retained in this alternative model.

Receptor ion pore: A ‘'minimum’ chloride channel, consisting
only of the second transmembrane domain with four attached
lysine residues to ensure proper membrane insertion was shown
to form functional anion channels,!"®-'%2 probably the clearest
independent evidence that TM 2 of ligand-gated ion channels
can form an effective channel pore.

At present there is no information regarding the three-
dimensional structure of the large intracellular TM 3 -4 domain
and the C-terminal part of the receptor. It is obvious that
interactions responsible for cellular anchoring and posttransla-
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tional modification must be directed to these domains. Measure-
ments involving intracellular protein regions are often compli-
cated by their increased susceptibility to cellular and environ-
mental factors (see above).

To date, the inhibitory glycine receptor has been established
as a model for hereditary channelopathies. The biochemical
pathways from gene structure to protein biosynthesis and to the
mechanism of function and regulation of the mature receptor
complex are understood in their basic form. There is promise for
both deeper understanding of the functional complexity of ion
channels and improved therapeutic perspectives of channel-
associated diseases.
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Cleavable Substrate Containing Molecular
Beacons for the Quantification of

DNA-Photolyase Activity

Lal Mohan Kundu,? Lars T. Burgdorf, Oliver Kleiner, Alfred Batschauer,*! and

Thomas Carell*@

In order to gain deeper insight into the function and interplay of
proteins in cells it is essential to develop methods that allow the
profiling of protein function in real time, in solution, in cells, and in
cell organelles. Here we report the development of a U-type
oligonucleotide (molecular beacon) that contains a fluorophore
and a quencher at the tips, and in addition a substrate analogue in
the loop structure. This substrate analogue induces a hairpin
cleavage in response to enzyme action, which is translated into a
fluorescence signal. The molecular beacon developed here was

1. Introduction

Detailed analysis of the DNA, RNA, and protein content (genome,
transcriptome, and proteome) of cells is of paramount impor-
tance for our understanding of the complex functional networks
that control life. Knowledge gained in the areas of genomics!" 2
and proteomics® 4 may lead to the discovery of new pharma-
ceutical targets and the development of novel therapeutic
strategies.

Currently, two-dimensional gel electrophoresis or other pow-
erful separation techniques in combination with mass spec-
trometry® are the most frequently employed methods for direct
investigation of the proteomes of cells. Most recently, novel
small-molecule-based techniques have been described. In this
context, B. F. Cravatt coupled protease suicide inhibitors to the
molecule biotin, thereby creating compounds that enabled
selective extraction and quantification of proteases or other
proteins with an accessible nucleophile from the complete
proteome of cells (activity-based protein profiling).>”! Along
similar lines, P. G. Schultz reported the synthesis of constructs
made up of small-molecule inhibitors linked to a peptide nucleic
acid strand and a fluorophore. Addition of these compounds to a
protein mixture specifically allowed “fishing” for certain proteins,
which were subsequently quantified on a DNA array.®!

In connection with our current efforts to investigate DNA
repair processes, we are interested in developing methods that
should in future allow quantification of DNA repair activities in
the proteome of cells.

Molecular beacons are U-shaped oligonucleotides that con-
tain a fluorophore and a quencher at their two ends (Figure 1).!
In the closed hairpin conformation, the fluorophore and the
quencher are in close proximity, which switches off the

ChemBioChem 2002, 3, 1053-1060 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

used to characterize DNA-photolyase activity. These enzymes
represent a challenge for analytical methods because of their low
abundance in cells. The molecular beacon made it possible to
measure the activity of purified class| and class Il photolyases.
Photolyase activity was even detectable in crude cell extracts.

KEYWORDS:

molecular beacons -

DNA damage -
proteomics

enzymes - FRET -

fluorescence signal by fluorescence resonance energy transfer
(FRET). Opening of the hairpin separates the two chromophores,
which turns the fluorescence signal on as a result of the R~¢
dependence of the FRET on the distance R between the donor
and the acceptor.' Since the introduction of the molecular
beacon concept by F.R. Kramer and S. Tyagi in 1996,/ such
U-type oligonucleotides have been constructed to open up
upon binding to, for example, fully complementary DNA['2 3 or
DNA-binding proteins.*'¢ Molecular beacons have also been
used to monitor the activities of DNA-cleaving small molecules,
DNA-cleaving proteins,'7-l and self-replicating systems.?% To-
day, molecular beacons have established themselves as ex-
tremely sensitive analytes with applications such as 1) quantifi-
cation of PCR amplicons,?" 24 2) detection of genetic muta-
tions,?> 24 3) clinical diagnosis of pathogenic viruses,” and
4) detection of mMRNAE6 27 or proteolytic enzymes?® within living
cells.

The molecular beacon strategy that we employed to quantify
repair activity is schematically depicted in Figure 1. Besides the
fluorophore (6-FAM; excitation: 495 nm, emission: 520 nm; see
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Figure 1. Depiction of the molecular beacon strategy
employed to quantify DNA repair activity. The beacon 9
contains a 5'-6-FAM fluorophore, a 3'-Dabsyl quencher,
and the substrate analogue 1 in the loop of the hairpin.

Scheme 1) and the quencher (Dabsyl), the
molecular beacon contains a third chemical
modification in a very short loop structure.
This modification is a chemically synthesized
substrate analogue, recognizable by the repair
protein DNA photolyase (Scheme 1). The sub-
strate analogue was designed to translate
photolyase activity into a strand break. Hairpin
cleavage then causes formation of a tempo-
rary double strand, which readily separates.
DNA photolyases were chosen because they
are important enzymes for the repair of UV-
induced carcinogenic®?? and antiproliferat-
ing®? cyclobutane pyrimidine dimer lesions
in the genomes of many organisms, and
particularly in plants. Here they represent the
major defense system against UV-induced cell
death.B" 32 DNA photolyases are light-activat-
ed enzymes that trigger an electron transfer
from a reduced and deprotonated flavin
coenzyme (FADH™) to the thymine cyclobu-
tane dimer.5% 34 The reduced dimer undergoes
a spontaneous cycloreversion, as depicted in
Scheme 1. Photolyases are monomeric pro-
teins with a molecular weight of about 55 kDa
that contain—besides the FADH- electron

donor—a second antenna pigment,® which is either an
8-hydroxy-5-deazaflavin®® 31 or a methenyltetrahydrofolate.’3 39
Photolyase repair proteins share with most other repair proteins
the feature of low abundance in cells. In fact, A. Sancar and co-
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Scheme 1. Depiction of the fluorescein fluorophore 6-FAM and of the 3'-diazabenzylsulfonyl quencher
Dabsyl, and the synthesis of the cleavable thymidine dimer substrate 1 and of the molecular beacon 9:
a) (iPr),SiCl,, dimethylformamide (DMF), —40°C, 79 %; b) hv > 300 nm, 18 h, CH;CN/H,0, acetophenone
3.5vo0l.%, 20%; c) NH; in dry MeOH; d) dimethoxytrityl chloride (DMTr-Cl), pyridine, molecular sieves
(34), 61% over steps c+d; e) NCCH,CH,OP(CI)N(iPr),, dry tetrahydrofuran (THF), N,N-diisopropyl-
ethylamine, 81 %.

workers estimated that every photolyase-containing cell con-
tains approximately 100 photolyase proteins.B" Photolyases are
divided into two classes (I and 11).%% Class | are the well studied
microbial photolyases,*" 42 while class Il photolyases are present
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in higher organisms such as plants. These photolyases are not
well understood, and their sequence homology with class|
photolyases is small.”¥ Fast (high-throughput screening) and
reliable analysis is particularly desirable for class |l photolyas-
esi* %1 pecause it may in the future allow direct quantification of
the UV stress tolerance of higher organisms, particularly of crop
plants.

2. Results and Discussion
Synthesis of the lesion substrate analogue and of the hairpin

Towards these goals, we performed the synthesis of a cleavable
substrate analogue within a molecular beacon as depicted in
Scheme 1. In analogy to an approach by J.-S. Taylor,"“d! the natural
substrate for the enzyme, the thymidine dimer 1, was synthe-
sized with a silyl diether bridge, which was cleaved later in the
synthesis.*” “81 This process allows photolyase repair activity to
be translated into a strand break, as shown in Scheme 1.
Photolyases accept this opened-backbone substrate analogue,
most probably because they do not contact the central
phosphodiester in the photolyase-DNA complex. This fact
was established by A. Sancar by using data from detailed
footprinting studies.B!

The starting materials for the preparation of 1 are the 5'- and
3’-acetyl-protected thymidines 24 and 3.5% The two building
blocks were linked with diisopropylsilyl dichloride to give the
dinucleotide 4. Irradiation of 4 in a water/acetonitrile mixture
containing acetophenone as the triplet sensitizer, in a Pyrex
apparatus (cut-off <300 nm) and with a medium-pressure
mercury lamp, provided the cis-syn thymidine dimer 5 in 20%
yield, together with the trans-syn isomers (not shown; 40%
yield).”" Separation of the cis-syn dimer 5 was achieved by flash
chromatography on silica-H. Cleavage of the undesired trans-syn
byproducts back into 4 was accomplished by irradiation with
254 nm light. This method allowed the unwanted trans-syn
isomer to be recycled, which increased the final reaction yield of
the cis-syn compound 5 to about 30%. Cleavage of the acetyl
protecting groups to give 1 was difficult because of concomitant
hydrolysis of the silyl ether linkage. The silyl ether bridge in 5
shows greater lability than that in 4, possibly as a result of steric
strain. The cleavage of the two acetyl protecting groups to give
the cis-syn thymidine dimer 1 was finally achieved with ammonia
in dry methanol. Conversion of 1 into the phosphoramidite 7, via
6, was achieved by standard procedures. The synthesis of the
molecular beacon 8, 5-d(6-FAM-CGACGTXTCGTCG-Dabsyl)-3’;
(X=compound 1) was performed by a standard phosphorami-
dite®> 33 coupling procedure with commercially available re-
agents on a Dabsyl-containing solid support. The cleavage of the
oligonucleotide from the solid support, of all base-protecting
groups, and of the silyl ether linkage, was carried out in one step
by treatment of the controlled-pore-glass (CPG)-supported
oligonucleotide with an ammonium hydroxide/ethanol (3:1)
solution at 55°C for about 10h. The final hairpin 9 was
subsequently purified by reversed-phase HPLC (see the Exper-
imental Section for details).

ChemBioChem 2002, 3, 1053 - 1060

Characterization of the molecular beacon

The required sensitivity of the assay method led us to pay
particular attention to the purity of the molecular beacon 9. The
purity of the synthesized photolyase-cleavable molecular bea-
con was investigated by reversed-phase HPLC, which showed a
single, sharp peak at a retention time of about 20 min (Figure 2).

60-
401

201

-201

T T T 1

10 20 30 40
be/Min ——————

Figure 2. HPLC trace of the molecular beacon 9. Buffer: A=0.1m AcOH/NEt; in
water, pH 7.0; B=0.1m AcOH/NEt; in 80 % acetonitrile, pH 7.0; Gradient: 0—45 % B
over 35 min, 55°C. Column: Nucleosil 250 mm x 4 mm , 100 A, 3um. t=re-
tention time; | = relative fluorescence intensity.

However, we had to perform the HPLC analysis at an elevated
temperature (55°C) with a RPC18 HPLC column with a particle
size of 3 um, presumably as a result of the strong self-pairing
property of the designed molecular beacon, which forces the
oligonucleotide into the U-conformation. Colder conditions or
the use of the standard 5-A column gave a broad and unresolved
peak. The MALDI-TOF spectrum depicted in Figure 3 displays the
expected molecular weight for the threefold modified molecular
beacon 9 (9+: MW =5218), plus that of the potassium adduct
([9+K]": MW =5257).

5218
151
104 5257
2609
I 97
2000 3000 4000 5000 6000

miz ————>

Figure 3. MALDI-TOF mass spectrum of the molecular beacon 9. Matrix: THA/
citrate (2:1) in ethanol.

In order to investigate the pairing and cleaving properties of
the molecular beacon 9 and to study the fluorescence character-
istics, we measured the fluorescence melting curve (Figure 4).54
The determined melting point T,,/ 70°C shows that the hairpin

1055





BIO

T T T

40 60 80
7°C ———>

Figure 4. Fluorescence melting curve of the hairpin 9 (3 um DNA, 150 mm NaCl,
10 mm tris(hydroxymethyl)Jaminomethane (Tris), pH 7.5). T,,~ 70°C. | = relative
fluorescence intensity.

9 is certainly closed at room temperature and forms the U-type
structure. Melting of the hairpin causes the fluorescence
intensity to increase by a factor of two, which shows that the
small size of the oligonucleotide still enables efficient energy
transfer even in the stretched-out conformation.

Investigation of the duplex stability of the double strand (5'-
CGACGTT-3":3-GCTGCTT-5), which is the presumed product
obtained after photolyase repair, gave no observable melting
point, which shows that cleavage of the thymidine dimer
substrate will lead to complete stem dissociation at room
temperature (data not shown).

Photolyase assays performed with the cleavable substrate
containing the molecular beacon

To address the question of whether repair of the thymidine
dimer analogue in the loop of the molecular beacon allows
quantification of photolyase activity, we studied the fluores-
cence increase in a fluorimeter with a thermostated cuvette. For
the assay, 100 v of a solution containing 0.2 um 9 was prepared.
The well-characterized class | photolyase from Anacystis nidulans
photolyase (0.15 um) was then added and the assay solution
was continuously irradiated with white light at 27°C. The
irradiation was stopped from time to time and the fluorescence
of the assay solution was monitored. The obtained increase in
sample fluorescence is depicted in Figure 5 (curve a). It is clearly
evident that the expected dimer repair gives rise to a strong
fluorescence signal. The fluorescence intensity rises by a factor of
more than 10. Curves b and c in Figure 5 show results from two
control experiments performed to quantify the background
activity. Curve b depicts the fluorescence increase of an identical
assay solution kept in the dark, while curvec shows data
obtained on irradiation of the hairpin 9 without any added
photolyase.

To prove that the fluorescence increase (Figure 5, curve a) is in
fact the result of hairpin cleavage at the dimer site, we also
analyzed the assay solutions by HPLC. The experiment was
performed as described above, but the small aliquots removed
from the assay solution were then analyzed by HPLC with a
fluorescence detector. The obtained chromatograms are depict-
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Figure 5. Fluorescence-based repair study with the A. nidulans photolyase.
Assay solution: molecular beacon 9 (0.2 um), buffer (150 mm NaCl, 10 mm Tris,
pH 7.5), 1,4-dithiothreitol (DTT; 10 mm), and A. nidulans photolyase (0.15 um).
Temperature: 27 °C. a) Assay solution irradiated with white light. b) Dark control.
¢) Assay solution containing no photolyase enzyme irradiated with white light.
t,, = irradiation time; | = relative fluorescence intensity.

ed in Figure 6. At a retention time of about 20 min we observed a
small peak caused by the hairpin 9. Upon irradiation in the
presence of A. nidulans photolyase, a second peak appeared at a
retention time of approximately 10 min. Co-injection studies
showed that the peak represented the 6-FAM-labeled single
strand 5-FAM-CGACGTT-3', which is the repaired product. The
much higher peak intensity of this peak in comparison to the
original hairpin 9 again shows the disappearance of the energy
transfer from the fluorescein to the Dabsyl quencher.

5'-(FAM)CGACGTT-3'

0
t; i
5 70 15 20 25 30 35 ™"

tetfmMin ——————

Figure 6. Series of HPLC traces of the assay solution irradiated with white light.
Assay solution: molecular beacon 9 (4 um), buffer (150 mm NaCl, 10 mwm Tris,

pH 75), DTT (10 mm), and A. nidulans photolyase (0.15 um). Temperature: 27 °C.
HPLC conditions: Nucleosil column 250 x 4mm, 100 4, 3 um; buffer: A=0.1m
AcOH/NEt; in water, pH 7.0; B=0.1m AcOH/NEt; in 80 % acetonitrile, pH 7.0;
gradient: 0-45% B in 35 min. Temperature: 55°C. t,,, = retention time; t;,, =
irradiation time; | = relative fluorescence intensity.

In order to investigate whether the molecular beacons allow
analysis of repair activity even in crude cell extracts, particularly
in plant cell extracts, we next analyzed whether the dimer
analogue is accepted as a substrate by class Il photolyases. Here
we chose the enzyme (At-PHR1) from the plant Arabidopsis
thaliana. The enzyme, which carried a C-terminal 6 x His tag, was
expressed in Escherischia coli and affinity-purified on a Ni
column.”¥ The protein was isolated in a form that contained
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the FAD cofactor but not second antenna pigment, which should
strongly decrease the activity of the recombinant enzyme.
Despite the low activity, the molecular beacon assay allowed
rapid analysis of the A. thaliana photolyase activity as depicted in
Figure 7 even without an excess of the hairpin. Curve a shows
the rapid fluorescence increase of an assay solution (100 L)
containing 0.2 pm beacon 9 and 1.2 um A. thaliana enzyme upon
irradiation of the assay at 366 nm (energy fluence rate 44 Wm~2).
These data prove that the molecular beacon assay allows rapid
and reliable analysis even of class Il enzymes.

2004

1501

100

50

0 T T T T
0 50 100 150 200

T ——

Figure 7. Fluorescence-based repair study with the A.thaliana enzyme. Assay
composition: molecular beacon 9 (0.2 um), buffer (150 mm NaCl, 10 mm Tris,

pH 75), DTT (10 mm), and A. thaliana enzyme (1.2 um). Temperature: 27°C.

a) Assay solution irradiated at 366 nm (44 Wm=2). b) Dark control. t,, = irradiation
time; | = relative fluorescence intensity.

Activity profiling of class Il photolyase in crude cell extracts

With a sensitive assay for class Il photolyases to hand, we next
turned to the analysis of cell extracts (Figure 8a, bar graph 3)
from wild-type A. thaliana plants. As a control, cell extracts were
also prepared from A. thaliana plants lacking the PHRT photo-
lyase geneP® (phr1 mutant, bar graph 2). We first studied the
stability of the molecular beacon in the crude cell extracts. To this
end, hairpin 9 was added to a cell extract solution, which was
stirred overnight under strict exclusion of light. Analysis of the
solution by HPLC revealed approximately 50 % degradation over
this time period, which defines the background reaction. To our
surprise we observed no degradation of the hairpin into small
fragments but cleavage of the hairpin at the dimer site. This
cleavage could potentially result from an unknown DNA repair
enzyme activity (for example, a glycosylase activity) that
operates in the dark. It may, alternatively, reflect a particular
vulnerability of the dimer-containing loop towards nuclease
digestion. Further experiments to investigate this question are
currently in progress.

In order to study the possibility of detecting photolyase
activity in these cell extracts, we prepared another 100-uL assay
solution, which contained 0.2 um hairpin 9 and a cell extract
solution with 0.7 pg total protein per pL (70 ug total protein
extract in the assay solution). These assay solutions were
irradiated for just 1h at room temperature at A=366 nm

ChemBioChem 2002, 3, 1053 - 1060
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Figure 8. Fluorescence-based repair study in cell extracts. Assay composition:
molecular beacon 9 (0.2 um), buffer (150 mm NaCl, 10 mm Tris, pH 7.5), DTT

(10 mm). Total protein concentration: 0.7 ug per ul assay solution. Temperature:
27°C. a) Bar graph representation of the assay data. Each bar shows the
difference in fluorescence response between a sample kept in the dark and a
sample irradiated at 366 nm (44 Wm=2) for 60 min: 1) an assay containing just
the molecular beacon, 2) an assay containing protein extract from the photolyase
mutant UVR2—1, 3) an assay containing protein extract from wild-type plants.
b) Time-dependent increase of the fluorescence response from a sample
containing the wild-type cell extract and the molecular beacon 9. 1: Irradiated
assay solution with wild-type extract. 2: Assay solution kept in the dark. t;,, =
irradiation time; | = relative fluorescence intensity.

(44Wm~2). The background level was determined from an
identical reference assay solution that contained the same
amount of protein extract and was kept in the dark.

Relative to the mutant control depicted in Figure 8a, bar 2, in
which we also plotted the difference in the fluorescence
response between the irradiated sample (366 nm, 44 Wm~2)
and the dark control, a reproducible threefold increase in
fluorescence signal was observed in the assay solution that
contained the wild-type cell extract (Figure 8a, bar3). This
result indicates reduced photolyase activity in the mutant plant.
Bar 1 (Figure 8a) shows an experiment identical to that above
but with an assay containing only the molecular beacon and
no extract, which shows almost no change in fluorescence
response.

We had expected zero photolyase activity in the mutant plants
and wondered why this experiment still gave a light-induced
cyclobutane pyrimidine dimer (CPD) repair response. Control
experiments in which the cell extracts were incubated with the
hairpin 9 and the cleavage products were analyzed by gel
electrophoresis confirmed, however, that the mutant A. thaliana
plants still possess some, though reduced, CPD-splitting activity.
The activity is clearly above the background level and is light
dependent, which excludes the possibility that the data are a
result of the action of any nucleases. We can conclude from our
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experiments that the extract experiments are very difficult. We
observe some cleavage activity of the beacon 9 at the dimer site
in the dark. On top of this background activity we clearly see an
additional light-induced response. This response is demonstrat-
ed in Figure 8b, which shows the time-dependent fluorescence
increase. All obtained data were highly reproducible and similar
data were obtained with different extracts prepared from
different plants. The results demonstrate that the new beacon
assay is in fact able to measure class Il photolyase activities
reliably even in crude protein extracts. Nevertheless, the cell
extract studies are clearly at the limit of what can be measured
with the hairpin 9. In order to investigate the detection limit
further, we added a small amount of A. nidulans photolyase
during a cell extract assay and measured the repair rate increase.
A systematic study showed that 5-10 pmol photolyase is clearly
detectable with the hairpin method.

3. Conclusion

The development of new analytical methods that allow quick
determination of protein activities inside and outside cells is
desirable for proteomics research. A novel molecular beacon 9,
which contains a chemically synthesized substrate analogue in
the head region, was prepared for real-time monitoring of
enzyme activity. The substrate analogue allows photolyase
activity to be translated into hairpin cleavage, which gives rise
to a strong fluorescence signal. The designed molecular beacon
was found to allow rapid activity profiling of purified class | and
class Il photolyases. Most importantly, real-time monitoring of
photolyase activity even in crude cell extracts was possible,
albeit at the sensitivity limit. The new assay is therefore suitable
for quantification of the UV stress tolerance of plants.

Experimental Section

General: Melting points are uncorrected. '"HNMR spectra were
recorded on Varian Gemini 200 (200 MHz) and 300 (300 MHz) and
Bruker AMX 300 (300 MHz), 400 (400 MHz), and 500 (500 MHz)
spectrometers. The chemical shifts were referenced to CHCl; (0=
7.27 ppm) in CDCl; and DMSO (6 = 2.50 ppm) in DMSO-d,. 3*C NMR
spectra were recorded on Bruker DRX 200 (50 MHz) and AMX 500
(125 MHz) spectrometers, and the chemical shifts were referenced to
CHCI; in CDCl; and DMSO in DMSO-d;. Standard pulse sequences
were employed for 'H 2D NOESY and 'H,'H correlation studies. IR
spectra were recorded in KBr and measured with a Bruker IFS 25
Fourier transform infrared spectrophotometer. Mass spectra and
high-resolution mass spectra were measured on VG ZAB2-SEQ
(nitrobenzyl alcohol matrix), Finnigan TSQ 700, Finnigan MAT 95S,
Bruker Biflex (MALDI-Tof), and HP5989B mass spectrometers. HPLC
was performed with a Merck - Hitachi system equipped with L-7400
UV and L-7480 fluorescence detectors. Analytical separations were
performed with a Machery-Nagel Nucleosil 100-3 C18 (250 x
4 mm) column. A Nucleoprep 100-12 C18 column (250 x 40 mm)
was used for preparative separations.

All solvents were of the quality puriss. p.a., or purum. Purum
solvents were distilled prior to use. The commercially available
reagents were used as received without further purification.
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Synthesis of oligonucleotides and of the molecular beacon 9: The
synthesis of the molecular beacon was performed by a standard
phosphoramidite procedure with commercially available phosphor-
amidites (Pharmacia) on an Expedite 8900 DNA synthesizer. The
coupling efficiency was monitored with a trityl monitor. The cleavage
of the oligonucleotide from the solid support and the cleavage of all
protecting groups and of the silyl spacer was carried out in one step
by shaking the CPG-supported oligonucleotide in an ammonia/
ethanol (3:1) solution for about 10h at 55°C in a thermostated
container. All oligonucleotides were purified by reversed-phase HPLC
(RPC-18, 0-50% acetonitrile in a 0.1m aqueous solution of
ammonium bicarbonate, followed by exhaustive coevaporation with
water/ethanol). The oligonucleotides were characterized by matrix-
assisted laser desorption/ionization mass spectrometry. A stock
solution of the molecular beacon was prepared in water.

Repair studies with the purified A. nidulans photolyase: Repair
measurements were performed with a fluorescence spectrometer
(JASCO-FP-750). An assay solution (100 pL) containing molecular
beacon 9 (0.2 uv), photoreactivation buffer (NaCl, 150 mm; Tris,
10 mm), DTT (10 mm), and A. nidulans enzyme (0.15 pv) was prepared
in a fluorescence cuvette. The assay solution was irradiated with
white light and the fluorescence intensity was measured from time
to time. The experiment was performed at 27 °C. The dark control
was carried out simultaneously in a similar cuvette and under
identical conditions. Irradiation in the absence of photolyase was
also performed under similar conditions. Analysis of the repair
reaction by HPLC was performed with an assay solution (200 L)
containing molecular beacon 9 (4 um), buffer (NaCl, 150 mm; Tris,
10 mm; pH 7.5), DTT (10 mm), and A. nidulans photolyase (0.2 pm). The
solution was again irradiated with white light. Samples (10 pL) were
taken after defined time intervals. An acetic acid (20%, 20 pl)
solution was added to these samples to stop any further repair. HPLC
analysis was performed under the following conditions: Nucleosil
RP-C18 column; A= 0.1~ AcOH/NEt; in water, pH 7.0; B=0.1n AcOH/
NEt; in 80% acetonitrile, pH 7.0; 0—45% B over 35 min.

Repair studies with the purified A. thaliana photolyase: The repair
experiment was carried out as described above. The assay solution
(100 pL) contained the molecular beacon 9 (0.2 um), photoreactiva-
tion buffer (see above), and A. thaliana photolyase at a concentration
of 1.2 um. All irradiation was carried out with a 366 nm lamp (energy
fluence rate 44Wm=2) at 27°C. The dark control was performed
simultaneously, but the assay solution was kept in the dark. Total
protein extracts were prepared from rosette leaves of 21 day-old
A. thaliana wild-type (ecotype Landsberg erecta) and photolyase
mutant uvr2 - 159 plants essentially as described previously.>>

Repair study with cell extracts: Repair experiments were carried out
as described above. The assay solution (100 uL) contained the
molecular beacon 9 (0.2 pm), photoreactivation buffer (see above),
and cell extracts at a final concentration of 0.7 ug uL=". All irradiation
was carried out with a 366 nm lamp (44Wm=2) at 27°C. As a
background control, another assay solution was kept in the dark.

5'-0-Acetyl-thymidyl-3',5'-O-diisopropylsilyl-3’-O-acetyl-thymi-

dine (4): 2,6-Di-tert-butyl-4-methylpyridine (2.7 g, 13.00 mmol) was
dissolved in MeCN (35 mL). Diisopropylsilyl bis(trifluoromethanesul-
fonate) was added (3.5 mL, 11.9 mmol). The solution was cooled to
—40°C. Subsequently, a solution of 5’-acetylthymidine 2% (3.12 g,
11.0mmol) and  2,6-di-tert-butyl-4-methylpyridine (600 mg,
2.9 mmol) in DMF (8 mL) was added dropwise over half an hour.
The reaction mixture was stirred for another half an hour at —40°C.
After addition of 3'-acetylthymidine (3,°% 3.04 g, 10.7 mmol) in DMF
(5 mL) the reaction mixture was stirred for 1 h at RT. The mixture was
poured into ice-cold water (4 L) and the precipitate was filtered off.
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Product 4 was purified by flash chromatography (CHCI;/MeOH 40:1)
and isolated in the form of a colorless powder (5.7 g, 8.4 mmol, 79 %
based on 3'-acetylthymidine (3). R;=0.26 (CHCI;/MeOH 10:1); m.p.:
76-78°C; 'HNMR (300 MHz, CDCl;): 6=1.00-1.09 (m, 14H;
SiC(CH(CH,),),), 1.89 (s, 3H; C5CH,), 1.91 (s, 3H; C5CH,), 2.08 (s, 3H;
H;COO0), 2.09 (s, 3H; H;COO0), 2.10-2.18 (m, 2H; CA2'H,), 2.38-2.45
(m, 2H; CB2'H,), 3.96 -4.03 (m, 2H), 4.06-4.11 (m, 2H), 4.16 -4.18 (m,
1H), 4.27-4.29 (m, 2H), 4.52-4.56 (m, 1H), 6.24-6.35 (m, 2H, CA1'H,
CB1'H), 7.26 (s, 1H; HC6), 7.36 (s, 1H; HC6), 9.55 (s, TH; NH), 9.61 (s,
1H, NH) ppm; *CNMR (75 MHz, CDCl,): 6 =11.87, 12.50 (2C), 12.63
(20), 12.68, 17.35 (2CSi), 20.89, 21.02, 37.69, 40.82, 72.53, 72.64, 74.10,
74.34,84.44,84.61, 84.95, 85.50, 111.15, 111.39, 134.68, 135.04, 150.36,
150.56, 163.85, 163.98, 170.34, 170.66 ppm; IR (KBr): 3200 (w),
3067 (w), 2945(m), 1745(s), 1694(s), 1467 (m), 1367 (m), 1272(m),
1239(s), 1200(m), 1128(m), 1072(m), 956(w), 883(m), 811 (w),
778 (w), 695 (w), 611 (w), 556 (w), 483 (w), 417 (w) cm~'; MS (positive
FAB): 1361.8 (28, [2 x M+H]*), 703.1 (15, [M+Na]*, 682.2 (27), 681.2
(66, [M+H]"); HR-MS (positive FAB) calcd for [C3oH,,N,O;,Si+HI*:
681.2803; found: 681.2805.

5’-0-Acetyl,3’-O-acetyl-5A-(R),5B-(S),6A-(R),6B-(S)-[cis,syn]-cyclo-
butane thymidine dimer 5: General method: Compound 4 (about
1 g) was dissolved in H,0/MeCN (350 mL, 1:1). Acetophenone (1 mL)
was added, and the solution was degassed by bubbling N, through
the solution for 0.5 h. The solution was subsequently irradiated for
18 h with a 150 W (TQ-150) medium-pressure mercury lamp in a
Pyrex irradiation apparatus with a cut-off at 300 nm. MeCN was
removed under a vacuum. The aqueous phase was saturated with
NaCl and extracted with CHCl; (10 times, each with 150 mL). The
combined organic phases were dried (MgSO,) and the solvent was
evaporated in a vacuum. The cis-syn product 5 was isolated by flash
chromatography (CHCl;/MeOH 50:1) and obtained in the form of a
colorless powder. Irradiation of 5.5 g of 4 in five portions provided
1.2g (1.7 mmol, 21%) of the cis-syn dimer 5. The trans-syn dimers
were eluted together and were obtained in about 40% yield [R;=
0.59 (CHCl;/MeOH 10:1)]. This material was split back into 4 by
irradiation of a solution containing these isomers in H,0/MeCN (1:1)
under anaerobic conditions for 0.5 h with a 150-W (TQ-150) medium-
pressure mercury lamp in a quartz irradiation apparatus (254 nm). cis-
syn Dimer 5: R;=0.27 (CHCl;/MeOH 10:1); m.p.: 145-148°C; '"H NMR
(300 MHz, CDCl;): 6 =0.93 - 1.08 (m, 14 H; SiC(CH(CH5),),), 1.42 (s, 3H;
C5CH;,), 1.50 (s, 3H; C5CHs), 2.06 (s, 3H; H,CO0), 2.07 (s, 3H; H,CO0),
2.15-2.35 (m, 3H; CA2'H,, CB2'H,,), 2.70-2.78 (m, TH; CB2'Hy,),
3.86-3.96 (m, 4H), 4.06-4.30 (m, 5H), 4.88-4.93 (m, 1H; C(3")H),
5.91-6.01 (m, 2H; CA1'H, CB1'H), 9.40 (s, 1H; NH), 9.57 (s, 1H;
NH) ppm; CNMR (75 MHz, CDCl,): 6 =12.11, 12.26, 16.99, 17.08,
1732 (2C), 1740, 17.84, 18.22, 20.91, 37.10, 38.15, 47.44, 50.51, 56.84,
5747, 63.55, 63.63, 71.09, 7729, 81.53, 83.27, 85.13, 85.21, 152.32,
152.43, 168.85, 170.58, 170.71, 171.79 ppm; IR (KBr): 3433 (m),
3244 (m), 3089 (w), 2944(m), 2856(m), 1711(s), 1461 (m), 1383 (m),
1272(m), 1239(s), 1094(m), 1056(m), 878(w), 794(w), 756(w),
694 (w) cm~'; MS (positive FAB): 1361.4 (9, [2M+H]*), 681.3 (38,
[M+H]"), 621.3 (59, [M — CH;COO]"), 523.3 (100); HR-MS (positive
FAB) calcd for [CsoH,4N,0,,Si+HI*: 681.2803; found: 681.2806.

5A-(R),5B-(S),6A-(R),6B-(S)-[cis,syn]-cyclobutane thymidine dimer
1: Compound 5 (1.05g, 1.55 mmol) was dissolved at 0°C in dry
methanol saturated with NH; (100 mL) and stirred for 6 h. The solvent
was removed in vacuum at RT. The obtained product was not
purified but directly introduced into the next step. Ri=0.34 (CHCl,/
MeOH 5:1); m.p.: 151-153°C; 'H NMR (300 MHz, CD;0D): 6 =0.99 -
1.18 (m, 14 H; ((CH5),CH),Si), 1.42 (s, 3H; C5CH,), 1.44 (s, 3H; C5CH,),
2.02-2.18 (m, 4H; C(A2")H,, C(B2')H,), 2.85-2.97 (m, 1H), 2.62 -2.81
(m, 5H), 3.94-4.99 (m, 6H), 444-4.47 (m, 1H), 456-4.63 (m, 1H),
5.91-6.04 (m, 2H; C(A1)H, C(B1)H) ppm; *C NMR (75 MHz, CD,0D):
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0=12.79, 12.97, 13.02, 13.12, 18.44, 18.56, 18.63, 18.67, 23.76, 37.68,
47.27,51.06, 55.61, 58.37,61.12, 65.76, 69.81, 71.28, 85.44, 85.87, 86.41,
86.55, 153.61, 154.65, 171.29, 172.61; IR (KBr): 3444 (m), 3089 (w),
2944 (m), 2867 (m), 1700(s), 1461(m), 1389(m), 1283 (m), 1094 (s),
1050 (m), 883 (w), 794 (w), 756 (w), 694 (w)cm~'; MS (positive FAB)
1215.5 (10, [2M+Na]*), 619.3 (100, [M+Na]*); HR-MS (positive FAB)
calcd for [CogHoN4O;,Si+Na]*: 619.2411; found: 619.2407.

5'-0-Dimethoxytrityl-5A-(R),5B-(S),6A-(R),6B-(S)-[cis,syn]-cyclobu-
tane pyrimidine dimer 6: The cis-syn compound 1 (680 mg) was
dissolved in pyridine (2 mL) and the solvent was then removed in a
vacuum under argon. This procedure was repeated five times. The
material was again dissolved in dry pyridine (3 mL) and molecular
sieves (4 A) were added. This mixture was stirred for 3.5h at RT.
Dimethoxytrityl chloride (596 mg, 1.1 mmol, 1.1 equiv.) was then
added and the reaction mixture was stirred until the reaction was
complete. After addition of MeOH (1 mL), the solvent was removed in
a vacuum at RT. The product 6 was purified by flash chromatography
(CHCl;/MeOH/Py 10:1:0.1) to give compound 6 in the form of a
colorless powder (626 mg, 0.70 mmol, 61 %). R;=0.48 (CHCI;/MeOH
10:1); 'H NMR (300 MHz, CDCl,):  =0.72 - 1.04 (m, 20H; 2 x H;CC(5)),
((H5C),CH),Si), 1.92-2.02 (m, 1H; H,C(2")), 2.20-2.29 (m, 1H; H,C(2")),
2.36-2.42 (m, 1H; H,C(2)), 2.75 (m, 1H; H,C(2)), 3.17-3.21 (m, TH),
3.62-3.65 (m, TH), 3.78 (s, 3H; H;CO), 3.79 (s, 3H; H;CO), 3.82-3.88
(m, 4H), 3.94-4.00 (m, 1H), 4.08-4.14 (m, 1H), 4.21-4.24 (m, 1H),
4.31-4.33 (m, TH), 460-4.62 (m, 1H), 5.96-6.00 (m, 1H; HC(1"),
6.11-6.14 (m, 1H; HC(1")), 6.80-6.83 (m, 4H; Ar), 7.22-7.42 (m, 9H;
Ar), 9.09 (s, 1H; NH), 9.14 (s, 1H; NH) ppm; *C NMR (75 MHz, CDCl,):
0=11.32, 12.21, 12.43, 17.11, 17.25, 38.80, 40.32, 46.05, 48.23, 50.14,
55.25, 55.71, 56.84, 62.00, 64.43, 69.54, 69.68, 83.58, 84.74, 85.39,
85.83, 86.18, 113.04, 127.21, 127.79, 128.60, 130.41, 135.30, 135.49,
144.36, 152.53, 153.17, 158.72, 170.43, 171.44 ppm; IR (KBr): 3444 (w),
3222 (w), 3067 (w), 2944 (m), 2867 (m), 1705 (s), 1606 (m), 1506 (m),
1456(s), 1389(m), 1367 (m), 1289(m), 1244(s), 1178(m), 1094 (m),
1028(m), 961(w), 878(w), 828(m), 789(w), 750(m), 700(m),
583 (w) cm~'; MS (positive FAB): 898.0 (13, [M]*), 303.1 (100, DMTr™);
HR-MS (positive FAB): calcd for [C,;HsgN,O;,Sil™: 898.3821; found:
898.3828.

cis-syn Cyclobutane thymidine dimer phosphoramidite 7: The
dimethoxytrityl-protected dimer 6 (250 mg, 0.278 mmol) was dis-
solved in dry THF and the solvent was removed in a vacuum (3 x
2 mL). The material was again dissolved in dry THF (2 mL) under
argon. Diisopropylethylamine (0.2 mL, 4 equiv) was then added.
2-Cyanoethoxy-(N,N-diisopropylamino)chlorophosphine (0.1 mL,
1.7 equiv) was added and the mixture was stirred for 1.5 h under
argon at RT. The precipitate was filtered off. The solvent was removed
in vacuum and the product was purified by flash chromatography
(CHCI;/MeOH/Py 10:1:0.1). Compound 7 was finally dissolved in
CH,Cl, (1 mL) and precipitated by addition of pentane (250 mL). The
phosphoramidite 7 was obtained in the form of a colorless powder
(248 mg, 0.22 mmol, 81%). R;=0.65 (CHCl;/MeOH 10:1); m.p.: 146 -
149°C; '"H NMR (300 MHz, CDCl,): 6 =0.89-1.29 (m, 32H; 2 x CHSi,
4 x CH,CHSi, 4 x CH,CHN, 2 x CHC5); 1.99-2.07 (m, 1H; C2B'H,,),
2.19-2.27 (m, 1H; C2A'H,;), 2.37-2.43 (m, 1H; C2B'H,,), 2.60-2.68
(m, 2H; CH,CN), 2.74-2.82 (m, 1H; C2A%,.), 3.16-3.20 (m, 1H; C5H),
3.47-3.57 (m, 3H; 2 x CHN, C5H), 3.63-3.96 (m, 12H; 2 x OCH; (s,
6H at 3.72), OCH,CH,, CA4'H, CB4'H, C(5)H,), 418-4.26 (m, 3H;
CB3'H, C(5')H), 4.59-4.64 (m, 1H; CA3'H)6.08 (d, *J(CB1'H,CB2'H) =
6.8 Hz, 1H; CB1'H), 6.11-6.23 (m, 1H; CA1'H), 6.82 (d, 3J(Co,,H,CpH) =
8.4 Hz, 4H; 4 x CyH), 7.25-7.29 (m, 7H; CoH), 740 (d, 3J(CaH,CoH) =
6.85 Hz, 2H; 2 x C,H), 8.5972 (s, 2H; 2 x NH ppm); '3C NMR (50 MHz,
CDCl,): 0 =12.27,12.35, 12.40, 12.46, 17.31, 20.08, 20.21, 20.34, 20.48,
20.62, 22.92, 22.98, 23.02, 23.06, 24.51, 24.64, 24.76, 38.42, 38.79,
38.93, 43.24, 43.49, 45.33, 4545, 48.98, 49.20, 49.31, 49.59, 55.32,
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56.54, 57.87, 58.00, 58.24, 58.36, 62.29, 63.54, 63.90, 70.03, 70.15,
70.63, 70.93, 71.31, 83.63, 84.39, 84.51, 84.64, 84.82, 84.93, 86.23,
113.15, 117.03, 117.61, 117.87, 127.22, 127.85, 128.59, 130.44, 135.45,
135.60, 144.54, 152.11, 152.27, 153.33, 153.42, 158.79, 170.39, 170.60,
170.87 ppm; 3'P NMR (121 MHz, CDCl;): 6 = 148.87, 150.01 ppm; IR
(KBr): 578(w), 700(m), 756(m), 789(m), 828(m), 883(m), 972 (m),
1033(s), 1094(m), 1178(s), 1250(s), 1367 (m), 1389(m), 1456(m),
1511 (m), 1606 (m), 1711 (s), 2867 (m), 2956 (m), 3078 (w), 3078 (w),
3233 (w), 3411(w)cm~'; MS (positive FAB): 1121.2 (13, [M+Nal"),
1099.3 (18), 1098.2 (17, [M]*), 303.1 (100, DMTr"); HR-MS (positive
FAB): calcd for [CsgH;5NgO45Psi+HI*: 1099.4979; found: 1099.4981.
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An Organometallic Route to Oligonucleotides
Containing Phosphoroselenoate

Geoffrey A. Holloway, ™! Caroline Pavot, ' Stephen A. Scaringe,®! Yi Lu,*® and

Thomas B. Rauchfuss*®

Unlike the widespread use of phosphorothioates in nucleic acid
chemistry, complementary research on phosphoroselenoates has
been severely limited. Previous routes to DNA and RNA that contain
phosphoroselenoates employ elemental Se and KSeCN as Se
transfer agents, although these reagents suffer from low or
unselective reactivity. The metastability of the P—Se bond de-
mands soluble, selective Se transfer reagents. The organometallic
reagent (iPrC;H,),TiSe; satisfies these criteria, as we demonstrate by
the synthesis of phosphoroselenoate derivatives of mono- and

Introduction

The role of selenium in biological systems is of increasing
interest."3! Not only is Se an essential element, it is emerging as
a useful biochemical and biophysical probe of protein and
nucleic acid structure. Selenium is softer than sulfur and thus
provides an additional degree of discrimination between hard
and soft metal ions for mechanistic studies on metalloenzymes.
Oligonucleotides labeled with selenium are amenable to X-ray
crystallography through use of multiwavelength anomalous
dispersion. Furthermore, 7’Se (1= 1/2) is NMR active and can be
quite useful in structural characterizations.”! Se-containing
biomolecules are also more amenable to X-ray absorption
spectroscopy study than their sulfur analogues because of the
low energy of the Se X-ray absorption edge. Despite the
numerous advantages of Se in biochemical studies, efficient
protocols for the synthesis of Se-containing biomolecules or
their analogues are lacking.

Significant opportunities for the use of selenium include
studies of DNA and RNA that contain phosphoroselenoates. The
chemistry of phosphorothioates is well developed,*™ whereas
the corresponding phosphoroselenoates have received very
limited attention.” 28 The increased softness of Se relative to S
makes phosphoroselenoate-modified oligonucleotides particu-
larly attractive species for studies of (deoxy)ribozyme activity.
Additionally, Kool et al. showed that terminal phosphoroselen-
oates can be alkylated by iodo-modified riboses. This property
has been used in ligation experiments to study the hybridization
of DNA and detect mismatches in DNA sequences."”!

The main problem in the synthesis of Se-labeled nucleotides is
the nonavailability of soluble sources of Se°. Red Se has only
meager solubility in a limited range of solvents (CS, and
benzene)."® The more soluble SeCN~ has emerged as the Se
transfer agent of choice,’® " however it is relatively inert. The use

ChemBioChem 2002, 3, 1061-1065 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

oligonucleotides of DNA and a dinucleotide of RNA. The
new general method is compatible with high-throughput phos-
phoramidate oligonucleotide synthesis, which allows for the
preparation of site-specifically labeled oligonucleotides. A 3'P NMR
spectroscopy study shows that the phosphoroselenoate of (5')-
d(GGAATGTC,, TGTCG)-(3') selectively binds to soft Cd** ions but not
Mg?* ions.

KEYWORDS:
DNA - RNA - selenium

+ synthetic methods

of SePPh; has recently been described!® for the selenization of a
dinucleotide phosphite in solution but it has not been employed
for solid-phase synthesis, which is critical for studies on
oligonucleotides. Perhaps the most significant selenization
reagent is Stawinski's benzothioselenol-3-one, a species that is
soluble in organic solvents and selenizes nucleoside phospho-
nates and triphosphites. In this report, we demonstrate that
(iPrCsH,),TiSes (1) is a particularly effective Se-atom transfer
reagent since it serves as a highly soluble form of elemental
selenium. We demonstrate that this reagent allows the synthesis
of Se-labeled DNA and RNA oligonucleotides, including specif-
ically labeled DNA oligonucleotides."” The use of phosphoro-
selenoate-modified DNA in spectroscopic studies of metal-ion
interactions with DNA is also demonstrated.

Results and Discussion
Synthesis of phosphoroselenoamidate mononucleotides

Initial experiments focused on the transfer of Se to P"
intermediates relevant to automated nucleic acid synthesis. We
found that the cyanoethoxy-protected dimethoxytritylated
thymidyl phosphoramidite A reacted with 1 over the course of
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1 h to afford the protected phosphoroselenoamidate B quanti-
tatively (Scheme 1). This reaction is much faster than the
reactions of A with Se® and KSeCN™! and is comparable to the
reaction that uses SePPh, as the Se transfer agent.l'¥ The
3P NMR spectrum of B consists of a pair of signals as a result of
the presence of diastereomers (caused by the chirality at both
the P and the ribose). Each signal shows ’Se satellites with
Jose =909 Hz. Base hydrolysis of B gave the deprotected
phosphoroselenoamidate C (Scheme 1), again identified by the
SIPNMR spectrum, which showed 7’Se satellites with J,o =
687 Hz (see the inset in Figure 1). The 3'P NMR signal of the

Y. Lu, T. B. Rauchfuss et al.

Synthesis of a DNA phosphoroselenoate dinucleotide

We also found that 1 efficiently selenizes phosphite-linked
dinucleotides. In one experiment, we employed a dinucleotide
d(TT) that was fully protected for phosphoramidate DNA
synthesis and anchored on CPG functionalized beads
(Scheme 2).29 Se transfer was complete in 24 h. ESI MS (m/z:
calculated: 910.7; observed: 911.4) and 3'P NMR spectroscopy
(Jp.se =808 Hz; see inset of Figure 1) analysis confirmed that the
NH,OH cleaved product was pure phosphoroselenoate.

Synthesis of a DNA phosphoroselenoate
trinucleotide

o o o
Hi) ‘ H/D‘\W H;\l\) | Once we had demonstrated that 1 was
O N 0" N7 0”"N sufficiently reactive to form phosphoro-
DMT-0O o (IPrCsHa),TiSes DMT-O o NH,OH DMT-O o selenoates from both phosphoramidites and
W CDsCN p.h.osphitesf we investigated .the compati-
? ? ? btl|lty ?f t:ls methodo(ljogy V;;Ith. thef: olt.her
O/P\N/k _o-P-se 0=P-se- steps |n.t e autom.ate. synthesis of oligo-
NC™ P NC ’\\l N nucleotides. Selenization of a CPG-anch-
\( j/ \f \( ored d(TT) dinucleotide was carried out as
Compound A Compound B Compound C described above (24 h, CH,CI, solution),

Scheme 1. Selenization and deprotection of a mononucleotide (DMT = dimethoxytrityl).

* !
! \\MF:W‘TUV R
J

: d (GTeT)
50 48 46 42

44

followed by detritylation, attachment of G,
and oxidation of the second phosphite to
phosphate (Scheme 2). The critical question
here was the stability of the preformed
phosphoroselenoate to the I,/py/H,O re-
agent employed in the oxidation of the P"
atom to a PV species. Analysis by ESI MS
(m/z: calculated: 1241.2; observed: 1240.4)
and 3'P NMR spectroscopy of the resulting
trinucleotide showed that the product was
about 88% Se,0 molecules, that is, (5)-
d(GT,T)-(3), and approximately 12% O,0
species, that is, (5)-d(GTT)-(3'). Independ-
ent experiments showed that in solution
the phosphoroselenoate of the trinucleo-
tide is fully converted to phosphates within
20 min of exposure to I,/py/H,O at room
temperature. Overall, however, the success-
ful solid-phase synthesis of the mixed
phosphate - phosphoroselenoate  trinu-
cleotide encouraged us to explore the

30

<« J/ppm

modification of higher oligonucleotides,
paying particular attention to the possible
loss of Se during the I,/py/H,0 steps of the
automated synthesis.

Figure 1. 3'P NMR spectrum (202 MHz) of the 13mer DNA modified with a unique phosphoroselenoate (2 mm
DNA in 5 mwm triethylamine (TEA; pH 7.8), 100 mm NaCl in D,0). The inset shows the phosphoroselenoate

signals for the three smaller oligonucleotides synthesized (* indicates ’Se satellites).

phosphoroselenoate is approximately 50 ppm downfield of the
signal for the phosphate groups in nucleic acids, which allows
convenient product analysis. The chemical shift region of the
phosphoroselenoate is approximately the same as the region for
phosphorothioates (6 = 55-60 ppm).I'"

1062

Synthesis of DNA phosphoroselenoate
tridecanucleotides

We selected a 13mer DNA analogue of the RNA substrate of a
hammerhead ribozyme as our synthetic target, with Se at the
site of cleavage of the substrate.?” We started from CPG-
anchored (5')-d(CTGTCG)-(3') with a phosphite group between
the last two bases, introduced Se (by using 1) at the phosphite

ChemBioChem 2002, 3, 1061 - 1065
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Base
5
DMT-0 fe} TCA (5' deprotection)
(O}
CPG
Base
5
. HO
TCA (5' deprotection o
O 3
Base gC o Base
?
Base o P. N /k
N )\
+ Tetrazole
(Coupling)
ogs
CPG Base
DMT-0O o
(iPrCsH,),TiSes, I, pyridine, fo}
CHCl; (E=Se) OR  THF, H,0 o lI3 Base
(E=0) NCT™
%7 o
(o] Base
H3C—< 5 O 3
o3 o §
Acetic anhydride and CPG
N-methylimidazole
0@ (Capping of failed sequences)
CPG

Scheme 2. Phosphoramidate automated DNA synthesis cycle. CPG = controlled pore glass; TCA = trichloroacetic acid; THF = tetrahydrofuran.

position, and then returned the resin to the synthesizer to
complete the synthesis of (5)-d(GGAATGTC TGTCG)-(3). Opti-
mization experiments revealed that it is critical to introduce Se
into the growing oligomer before the detritylation step in order
to avoid oxidization of the P" species prior to addition of 1. It also
appears that 1 may cause partial depurination of the bases that
neighbor the phosphoroselenoate modification. For example, in
one set of experiments, (5')-d(GGAATGTC,.GGTCG)-(3") showed
loss of the G base on the 3'side, just prior to the phosphoro-
selenoate in the sequence.

When Se was introduced prior to detritylation, the desired Se-
modified 13mer was the predominant product, as verified by

ChemBioChem 2002, 3, 1061 - 1065

MALDI MS (m/z: calculated: 4066; observed: 4066.6). 3'P NMR
analysis was consistent with the MS results and showed a pair of
signals from the diastereomers of the 13mer in the phos-
phoroselenoate region and a broader signal in the phos-
phate region (Figure 1). Integration of these two sets of
resonances indicates that 84% of the product is the phos-
phoroselenoate-modified oligonucleotide, whilst the remainder
is unmodified oligonucleotide. The phosphoroselenoate
withstands seven treatments with the I/py/H,0 oxidant,
which indicates that it is more resistant to oxidative deseleniza-
tion than suggested by experiments with the modified trinu-
cleotide.
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Synthesis of an RNA phosphoroselenoate dinucleotide

We also demonstrated the utility of 1 in the preparation of Se-
modified RNA dinucleotides. The dinucleotide r(UU) anchored
on CPG beads was treated with 1 (24 h), followed by removal
from the resin. HPLC purification gave the desired phosphoro-
selenoate, as confirmed by ESI MS (m/z: calculated: 613;
observed: 613.2). 3'P NMR analysis showed two signals in the
phosphoroselenoate chemical shift region consistent with the
formation of two diastereomers. The synthesis of r(UsU) was
achieved directly on the synthesizer,?? which indicates that this
method could be optimized for complete automation.

Metal binding studies

We wished to demonstrate the utility of phosphoroselenoate-
modified DNA in spectroscopic studies of nucleic acid inter-
actions with metal ions. We carried out a 3'P NMR spectroscopy
study of Cd*" binding to the oligonucleotide (5')-d(GGAAT-
GTCs TGTCG)-(3') discussed above. As shown in Figure 2, titration
of the 13mer with up to 5 equivalents Cd?* ions resulted in a 4.0-
ppm upfield shift of the P, signals. The direction of the chemical
shift is consistent with previous observations for interactions
with phosphorothioates!'" 23! and the fact that this particular
signal is cleanly separated from the remainder of the phosphate
signal simplifies the interpretation of the effect. When the 13mer
was treated with Mg?" ions, the P, signal did not move
significantly, which indicates that the phosphoroselenoate
preferentially binds Cd?* rather than Mg?* ions.

Summary

This work demonstrates a powerful approach to the modifica-
tion of nucleic acids with selenium. In particular, reagent 1 is
much more efficient than the common selenization reagents Se°
and SeCN~. Our methodology with reagent 1 clearly demon-
strates that specific phosphoroselenoate modifications of DNA
and RNA oligonucleotides can be achieved with reasonable yield
by using high-throughput phosphoramidate synthesis tech-
niques. The successful use of 1 within the automated synthesizer

Y. Lu, T. B. Rauchfuss et al.

to synthesize r(Us,U) has prompted us to look into methods to
synthesize other phosphoroselenoate oligonucleotides by com-
plete automation with the use of reagent 1.

Reagent 1 provides a versatile means to introduce Se in a
manner that is compatible with both solution-phase and
semiautomated oligonucleotide syntheses of both phosphoro-
selenoate DNA and phosphoroselenoate RNA. Furthermore, the
phosphoroselenoate-modified 13mer DNA was shown by
3P NMR spectroscopy to bind metals selectively at the phos-
phoroselenoate. These results should allow future studies aimed
at evaluation of the effect of the Se softness on (deoxy)ribozyme
reactivity and should enable the use of 77Se NMR spectroscopy
and Se extended X-ray absorption fine structure spectroscopy
for structural characterization and metal binding studies of
nucleic acids.

Experimental Section

Materials: dT phosphoramidite was purchased from Glen Research.
Oligonucleotide syntheses (dimer, trimer, 13mer) were performed at
the W. M. Keck Genomics Center at the University of Illinois. The
reagent (iPrCsH,),TiSes (1) was synthesized according to the liter-
ature.'™ CH,Cl, was dried over CaH, and distilled under N,. All other
reagents were used as purchased. The 3'PNMR spectra were
externally referenced to 85% H;PO, except for the metal binding
experiments, which were referenced internally to PPh; in CH,Cl, (0 =
— 5.786 ppm). The materials described in this work should be handled
with care because phosphoroselenoated oligonucleotides have been
reported to be highly toxic to cells.l"!

Handling of (iPrC;H,),TiSes: Solid samples of 1 are indefinitely stable
in air, but its solutions are less stable and were made with nitrogen-
sparged solvents.

Synthesis of phosphoroselenoamidate mononucleotides: Under a
nitrogen atmosphere, dT phosphoramidite (A; 50 mg, 0.067 mmol)
was added to (iPrCsH,),TiSe; (50 mg, 0.076 mmol) and dissolved in
deuterated methylene chloride (5 mL). The 3'P NMR spectrum was
obtained within one hour and showed that the reaction had
completely formed the cyanoethoxy-protected phosphoroseleno-
amidate B. Removal of the cyanoethoxy-protecting group was
accomplished by dissolution of B in deuterated acetonitrile (500 pL)
followed by addition of concentrated ammonium hydroxide

(500 pL). The 3'P NMR spectra were obtained

after 15 min, 24 h, and 4 days to show that the

Aog .
B AAN N AA compound had been fully deprotected to give
~om 00eaMg Bual XLW\W’V“ 0.00eq Cd*  the phosphoroselenoamidate C. Elevated tem-
Ade/\—f\_,,\ ) 1.0 e Ma® ™ % . peratures (55°C for 8 h) may also be used to
- ~en 10 eaNe m 0-25 eq Cd facilitate removal of the cyanoethoxy groups.
NP &j\kqu 3.0 eq Mg™ v S 0,50 eq Cd® 3P NMR spectroscopy: B, 6 =74.7, 73.6 ppm (Jp.
- ' A =909 Hz); C, 0 = 50.4, 48.5 ppm (Jp.s, = 687 Hz).

A A i, g . ) .
PN crrmos 10.0 e Mg? P 1.00 eq Cd Synthesis of a DNA phosphoroselenoate dinu-
JA\ . i W v \/\M\ cleotide: Dinucleotide with a P"-linked d(TT) unit
SN “A\MV\/M‘ 20.0 6q Mg®* i gt "W ™, 5.00 eqCd*  (approximately 10 umol) was synthesized on a
. ) . . . \ . . . . 394 Synthesizer (ABI/Perkin Elmer) by using
52 50 48 46 52 50 48 46 44 42 phosphoramidate synthesis methods. The oxida-

<«— §/ppm <«— J/ppm

Figure 2. 3'P NMR spectra of the 13mer DNA modified with a unique phosphoroselenoate (2 mm DNA in
5mm TEA (pH 7.8), 100 mm NaCl in D,0). The plot on the right shows a shift of the phosphoroselenoate
signals upon addition of Cd** ions (304 MHz), whereas the plot on the left shows no shift of the signals

upon addition of Mg?* ions (202 MHz).
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tion and detritylation steps were omitted to
preserve the internucleotide phosphite linkage.
The column containing the dimer bound to the
solid support (CPG) was taken off the synthesizer
and its contents were transferred to a round-
bottom Schlenk flask in a nitrogen dry box, then

ChemBioChem 2002, 3, 1061 - 1065
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(iPrCsH,),TiSes (6.2 mg, 9.4 umol) was added to the flask. Dry,
deoxygenated CH,Cl, (12 mL) was added to the reaction mixture,
which was then stirred for 24 h. The solution was filtered on a glass
frit to isolate the beads from the titanium compounds. Concentrated
ammonium hydroxide (10 mL) was added to the beads and the
mixture was stirred overnight (15 h). The solution was centrifuged to
separate the beads and the supernatant was evaporated in a SC110A
Savant Speedvac Concentrator, with addition of triethylamine to
prevent precipitation caused by acidification of the solution during
evaporation of the ammonium hydroxide. ESI MS showed the
highest mass signal at m/z=911.4 (calcd DMT-bound dinucleotide
mass: 910.7). 3'P NMR spectroscopy showed two signals at  =51.5
and 50.5 ppm (Jp.s. =808 Hz).

Synthesis of a DNA phosphoroselenoate trinucleotide and
tridecanucleotides: Syntheses of the trinucleotide and 13mer
oligonucleotides were also performed as described above. The
trinucleotide sequence was (5)-d(GTs.T)-(3'). The two 13mer DNA
sequences used were: (5)-d(GGAATGTC, TGTCG)-(3') and (5)-
d(GGAATGTC, GGTCG)-(3'). The first bases of the sequence (from
the 3’-end) were synthesized normally until the creation of the
phosphite linkage to be selenized (base 2 for the trinucleotide, and
base 6 for the 13mers). The steps following the last coupling reaction
were omitted (capping and detritylation) to preserve the phosphite
linkage. The column containing the reagent was removed from the
synthesizer and placed under an inert atmosphere. Reagent 1 (2 mL
of a 6 mm solution in CH,Cl,) was introduced into the column with
syringes. The mixture was allowed to react under nitrogen for 24 h.
The column was rinsed with CH,Cl, and dried with air before being
placed back on the synthesizer to complete the synthesis of the
remainder of the oligonucleotide. Cleavage from the support was
achieved in the synthesizer by introduction of ammonium hydroxide
(4-8mlL) to the column. Deprotection and lyophilization were
performed as described for the dinucleotide.

ESI MS of the trinucleotide showed the highest mass fragment at
m/z=1240.4 (calcd product mass: 1241.2). The 3'P NMR spectrum of
the trinucleotide showed resonances at d=49.7 and 49.5 ppm
(intensity: 25.3 and 18.9) for Ps, (Jps.=800Hz) and 6 =—0.8 and
—0.9ppm (intensity: 36.2 and 19.7) for P,. MALDI MS of the
tridecanucleotide (5')-d(GGAATGTC. . TGTCG)-(3') showed the highest
mass fragment at m/z=4066 (calcd product mass: 4066). The
3P NMR spectrum of the tridecanucleotide showed signals at ¢ =
50.1 and 49.1 ppm (total intensity: 7) for Ps, and 6 = — 0.9 ppm (total
intensity: 93) for Po.

Synthesis of an RNA phosphoroselenoate dinucleotide: The
dinucleotide r(Us,U) was synthesized by using the 2'-O-bis(2-
acetoxyethoxy)methyl) method developed by Dharmacon Research,
Inc. (Boulder, Colorado, USA). The phosphite linkage was selenized
directly on the machine (8injections of reagent 1 (6 mm), each
followed by a 3-h interval). Reversed-phase HPLC separation on a
C18 column allowed separation of the two diastereomers of the
phosphoroselenoate dimer from the phosphate dimer by elution
with NH,C,H,0, (5 - 10 mm) and addition of a gradient of MeCN from

0-5% in 15 minutes; the products eluted at 14 min for r(UU) and at
17 min and 20 min for the two r(Us.U) diastereomers. ESI MS showed
the highest mass fragment at m/z=613.2 (calcd product mass: 613).
The 3'PNMR spectrum showed two resonances at ¢ =50.9 and
49.9 ppm; the small amount of phosphate signal at 6 =—0.4 ppm
agreed with the HPLC calculation that the product is 93% r(Us.U).
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Selection of Hammerhead Ribozyme Variants
with Low Mg?* Requirement:
Importance of Stem-Loop i

Tina Persson,* ® < d Roland K. Hartmann,'< and Fritz Eckstein®

Variants of the hammerhead ribozyme with high in trans (intermo-
lecular) cleavage activity at low Mg?* concentrations were in vitro
selected from a library with 18 nucleotides randomised in the core
and in helix Il. The most active hammerhead ribozyme selected had
the same sequence as the consensus ribozyme in the core but only
two base pairs in stem Il, G(10.1) - C(11.1) and U(10.2) - A(11.2), and
a tetrauridine loop Il. This ribozyme (clone 34) was found to be very
active in single-turnover reactions at 1 mm Mg?* concentration in
the context of several substrates with differences in the lengths of
stem | and lll, including the well-characterised HH16 substrate and
a derivative thereof with a GUA triplet at the cleavage site, as well
as a substrate used previously in a related study. For the HH16
substrate, a change of base pair 10.2-11.2 to C- G in stem Il further
improved activity by about 2.5-fold to 0.8min~" (at 1 mm Mg**

Introduction

The hammerhead ribozyme cleaves substrates in an Mg*'-
concentration-dependent manner.'3! Despite many efforts the
precise role of the metal ion has not yet been firmly established.
It is generally accepted that it is essential for achieving the
catalytically competent conformation, as has been shown by
several studies, particularly fluorescence studies.®! However,
whether the metal ion directly participates in catalysis as an
acid - base, as previously suggested,™ is still a matter of debate,
particularly as monovalent cations such as Li* and NH,* can also
support activity at higher concentrations.>® The optimal
concentration for activity is 10 mm Mg?* ions although rates
increase further with higher concentrations; saturation is
approached at 50 mm. The requirement of 10 mm Mg?* concen-
tration is much higher than that of free Mg?* ions in mammalian
cells, which is approximately 500 pm.” & Ribozymes with a lower
requirement for Mg?* ions should therefore be advantageous for
the inhibition of gene expression.”""!

Results and Discussion
In vitro selection

The aim of this project was to identify hammerhead ribozyme
sequences which would be active at lower Mg** concentrations
than the standard in vitro conditions of 10 mm. This was
approached by in vitro selection utilising a double-stranded-
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concentration, 25°C, pH 7.5). Interestingly, this very active variant
was not identified by the selection procedure. Changing loop Il
from UUUU to GCAA or extension of stem Il to three or four base
pairs reduced the cleavage rate by 2.0-2.5-fold. Thus, small
hammerhead ribozymes carrying a tetrauridine loop with two base
pairs in stem Il represent the most active versions known so far at
low Mg?* concentrations; single-turnover rates of approximately
1min~" are reached at 25°C and pH 7.5 in monophasic reactions,
with endpoints between 75 and 90 %. Such constructs promise to
be advantageous for the inhibition of gene expression in vivo.

KEYWORDS:

hammerhead ribozyme
RNA structure

metalloenzymes ribozymes

DNA (dsDNA) pool with 18 nucleotides randomised in the core
and stem-loop Il. Pool DNAs also encoded the T7 promoter and
restriction sites for cloning which, however, were not made use
of in the end. The in trans (intermolecular) selection set-up
followed a report by Ishizaka etall™? and has also been
adopted by Conaty etal.'® The substrate with a GUC triplet
for cleavage was biotinylated for immobilisation on strepta-
vidin beads (Figure 1). Transcripts of the dsDNA pool contain-
ing the ribozyme population were incubated with the immo-
bilised substrate. Addition of Mg?* ions resulted in sub-
strate cleavage by the active ribozyme sequences. Ribo-

[a] Dr. T. Persson
Lund University
Department of Chemistry, Organic Chemistry 1
PO Box 124, 22100 Lund (Sweden)
Fax: (+46)46-222-4119
E-mail: Tina.Persson@orgk1.lu.se

[b] Dr. T. Persson, Prof. Dr. F. Eckstein
Max-Planck-Institut fiir Experimentelle Medizin
Hermann-Rein-Strasse 3
37075 Géttingen (Germany)

[c] Dr. T. Persson, Prof. Dr. R. K. Hartmann
Medizinische Universitdt zu Liibeck
Institut fiir Biochemie, Ratzeburger Alle 160
23538 Liibeck (Germany)

Dr. T. Persson

University of Viixjé

School of Biosciences and Process Technology
Chemistry, 35195 Viixjé (Sweden)

[d

1439-4227/02/03/11 $ 20.00+.50/0 ChemBioChem 2002, 3, 1066 - 1071





Hammerhead Ribozyme Variants

g G AAC-& CIUED Streptavidin
[ cC—G
E = 1
G helixlll y— A Cleavage
A c—-G
1
3 A—U o substrate |
N AGCUCGAGGAUGCUUAA-3
N NERERER RN
N N UCGAGCUCCUACGAAUUgG
] NN N heli G
elix | G
Ny NN 2 ]
N N 5'
helixil N N N
cleavage, product release at 37°C
AC-& Biotin Streptavidin
A
AAGACGU G
u c G
u G A
S
A c c
G u
A c
3 A +
N
N AGCUCGAGGAUGCUUAA-3
N [ T T O I |
N NNN WCGAGCUCCUACGAAUUG
N NN N G
I
N " bt
n N

Figure 1. Ribozyme selection scheme. The substrate strand (substrate l), carrying
a biotin moiety at the 5'-end, was immobilised on strepatavidin-coated beads.
Hybrid helix Ill, which became the only attachment site for the ribozyme to the
substrate strand after ribozyme cleavage, rapidly dissociated at 37°C resulting in
the release of active ribozymes from the support (for further details, see the
Experimental Section). Residues of the randomised region are indicated as N.

zymes able to cleave the substrate were released at 37 °C to the
supernatant, reverse transcribed and amplified by PCR for
another cycle of selection with new substrate. Selection pressure
was increased by lowering the Mg?* concentration from 20 mm
to Tmm and the time of incubation from 8 minutes to 30
seconds.

After eight cycles of selection individual members of the
complementary DNA (cDNA) pool were cloned. 48 clones
(24 white and 24 blue) were chosen for sequencing, and 13
turned out to have a hammerhead-like core structure (Figure 2).
5 clones, deviating from the hammerhead design, were tested
for activity and preliminary results show that they are inactive;
they were therefore not further analysed in this study (data not
shown). Clones with a conventional hammerhead core were
chemically synthesised for kinetic analysis. For this purpose, the
initial substrate | (Figure 1) was changed to a variant with nine
nucleotides (nt) upstream and five nt downstream of the
cleavage position, which results in a more common hybrid
stem| length (substratell, Figure3). The ribozymes were
changed accordingly (for example, derivative ribozymes Rz25a,
Rz28a and Rz34a in Figure 3). Clone 25 was analysed as a
representative of clones 25, 27 and 33, all of which were capable
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Ribozyme:

CGF\AU UGGG-5'

3-AGAGCUUAAG,
A C

Uccucaaacu[cugAuGAlaGGAAUCC] GAA |acuccacu®
Randomised region: |MNMNNNMMNMNNMMNMMNN NMM
Clone No,
25 CUGAUGA ENUUACES GAA
27 CUGAAGA [EMUUACES GAA
a3 CUGAUGA |EMUUAARE GAA
34 (x2) |CUGAUGA|EEUUUUES GaA
28 CUGAAGA|EECAUUES GAA
19 CUGAUGA [EEU-UARE GAA
23 CUGAUGA |[EU-UUEE GAA
1 (x3) |CUGAAGA|EEGAA-E GaA
2 (x2) |CUGAAGA|EAGAA-[E GAA

core stem-loop Il core

Figure 2. Clones of ribozymes selected for activity at low Mg?* concentrations.
Nucleotide identities deviating from the sequence of the native hammerhead
ribozyme are underlined. Putative nucleotides forming stem Il that encloses loop Il
are highlighted.

@

ribozyme 34a

10 mm Mg2+:4.53 min-1
1 mM Mg2+:0.57 min-1

|
CQo oD Qe a-u

helix IIl substrate I

cleavage
site

POOCCOOO-
|

1.4
n2: A ¢
Ty

loop Il

ribozyme 25a

10 mm Mg2+: 2.26 min-1 10 mm Mg2+:0.58 min-1
1 mm Mg2+: 0.23 min-! 1 mm Mg2+:0.10 min-!

ribozyme 28a

Figure 3. Sequences and single-turnover cleavage rates of three ribozymes
obtained in the selection process (for further details, see the text and Table 1).
Substrate Il (in lower case letters) was utilised for the kinetic analyses, instead of
the initial substrate | that was used for the selection procedure (Figure 1).
Ribozymes 25a, 28a and 34a only differ from each other in the loop Il sequence
marked by open ovals; the numbering of stem Il nucleotides is indicated.

of forming a two-basepair (bp) minihelix Il capped by a UUAC or
UUAA tetraloop. For another subclass (clones 1, 2, 19 and 23)
formation of a two-bp stem Il and an unfavourable trinucleotide
loop was predicted. Two representatives, clones 1 and 2, turned
out to be only weakly active (>30-fold activity reduction
compared with clone 34). Thus, clones 19 and 23 were not
further analysed. The single-turnover rates measured at 1 and
10 mm Mg?* concentrations (pH 7.5, 25 °C) for the monophasic
cleavage reaction (k) or the faster first phase of the biphasic
reaction (k,) are shown for the derivatives of clones 25, 28 and 34
(Rz25a, Rz28a and Rz34a) in the context of Figure 3. Clone 34
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(derivative Rz34a) with the UUUU loop turned out to be the most
active variant; it cleaved substrate Il with very high k, values of
12.08 min~" (pH 8.0, 37 °C) and 4.53 min~" (pH 7.5, 25°C) at 10 mm
Mg?** concentration, and k; = 1.83min~" (pH 8.0, 37°C) and k=
0.57min~" (pH 7.5, 25°C) at 1 mm Mg?* concentration (Table 1,
Rz34a).

Ribozyme activity with different substrates

In order to analyse clone 34 (Rz34) in a different sequence
context we chose the well-characterised HH16 substrate which
has become a standard in hammerhead ribozyme kinetics,!"* !
and which has an extended eight-bp stem| (Figure 4). The
appropriate derivative of Rz34 (Rz34b in Figure 4, Table 1)
cleaved this substrate with k=0.34min~" at T mm Mg?* concen-
tration and with k;=2.99min"' at 10 mm Mg?* concentration
(both pH 7.5, 25°Q).

We further tested the activity of Rz34 in the context of
substrate KrS17 (Table 1, derivative Rz34c) used in the selection
study of Conaty etal.'™® The combination of Rz34 and KrS17
showed the fastest cleavage rate in this study (k=0.88 min~' at
1 mm Mg?" concentration, pH 7.5, 25°C) with an endpoint of
about 90%. Based on the finding that a change of the reaction
conditions from pH7.5/25°C to pH8.0/37°C increased the
cleavage rate at 1mm Mg?" concentration about threefold
(Table 1, see Rz25a, 28a and 34a), this indicates that Rz34 acts on
substrate KrS17 at least twofold faster than any ribozyme variant
selected by Conaty etal." In conclusion, our results demon-
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Figure 4. Tested variants of HH16-type ribozyme - substrate complexes that only
differ in their stem-loop Il structure. RzC is identical to the canonical HH16
ribozyme and is defined here as the “wild-type” (wt). The HH16 substrate is shown
in lower case letters. Single-turnover rates obtained at 1 mm Mg** ions, pH 7.5 and
25° C are given in parentheses for each ribozyme variant.

Table 1. Kinetic parameters for selected ribozymes at 1 mm and 10 mm Mg+ concentrations.
Stem-loop II® Rz Substrate!™ pH T°Q k [min~"], (F., [%]) for s-exp!d ky [min="], [F, [%]], (F.. [%]) for d-exp!¥

1 mm Mg+ 10 mm Mg** 1 mm Mg+ 10 mm Mg?*
GCGCUUUUGCGC A HH16 75 25 032 (67.4) 1.79 [40.6] (73.0)
GCGCGCAAGCGC B HH16 75 25 0.25 (62.0) 1.22 [37.6] (54.7)
GGCCGAAAGGCC  C (=HH16wt)  HH16 75 25 0.14 (79.7) 0.57 (60.5)
GUUUUUAC 34b HH16 7.5 25 0.34 (78.5) 2.99 [38.4] (82.3)
GUGCAAAC H HH16 7.5 25 0.29 (72.6) 1.90 [35.0] (79.5)
GCUUUUGC Gll HH16 7.5 25 0.79 (78.8) 4.41 [48.4] (77.1)
GCGCAAGC G HH16 7.5 25 0.35 (73.6) 1.37 (59.3)
GUUUUC F HH16 7.5 25 0.26 (77.7) 1.80 [40.7] (65.4)
GGCAAC Fll HH16 7.5 25 0.14 (72.3) 0.21 (77.6)
GGCUUUUGCC K HH16 75 25 0.42 (75.5) 3.66 [52.0] (68.8)
GCXpXGC L HH16 7.5 25 0.46 (78.7) 2.69 [41.0] (83.3)
GGCCGAAAGGCC C (=HH16 wt) HH16-GUA 7.5 25 0.10 (77.3) 0.72 [58.3] (83.3)
GUUUUUAC 34b HH16-GUA 7.5 25 0.20 (76.0) 1.05 (72.9)
GCUUUUGC Gll HH16-GUA 7.5 25 0.48 (73.9) 3.05 [52.6] (70.3)
GUUUUUAC 34c KrS$17 7.5 25 0.88 (88.5) 13.10 [79.5] (87.9)
GUUUUUAC 34a substrate 2 7.5 25 0.57 (74.6) 4.53 [64.6] (80.2)
GUUUUUAC 34a substrate 2 8.0 37 1.83 [68.0] (91.0) 12.08 [69.8] (91.1)
GUCAUUAC 28a substrate 2 7.5 25 0.10 (76.1) 0.58 (60.2)
GUCAUUAC 28a substrate 2 8.0 37 0.27 (80.1) 2.95 [34.6] (83.1)
GUUUACAC 25a substrate 2 7.5 25 0.23 (75.1) 2.26 [71.4] (82.6)
GUUUACAC 25a substrate 2 8.0 37 0.67 (80.7) 11.10 [65.6] (87.1)
[a] Nucleotides forming stem Il are underlined. [b] RzC is defined as the “wild type” ribozyme (HH16 wt). Ribozymes 34a, 34b and 34c only differed in their stem |
and Ill sequences specific for the respective substrate. HH16: 5-GGGAAC GUC GUC GUC GC. HH16-GUA: 5-GGG AAC GUA GUC GUC GC (cleavage occurs on the
3’ side of the triplet GUA). KrS17: 5'-UUG CGA GUC CACACU GG\, Substrate II: 5-GGGAACGUCAGCUC. Errors between individual experiments for the same
ribozyme - substrate combination were typically 20%. [c] s-exp, single exponential: F,.=F.(1 —e*9); F,=fraction of product at timepoint t, F.. = fraction of
product at the endpoint of the reaction. [d] d-exp, double exponential: F, = F,(1 — ek%)+F,(1 — ek); F,, F, = fraction of product at the endpoint of the first phase
(F,) and second phase (F,) of the reaction, respectively.
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strate that the most active selected ribozyme (clone 34) acts on
different substrates with comparably high efficiency.

Importance of loop I

To probe the effect of loop Il we changed the UUUU sequence in
Rz34 to GCAA (RzH), one of the stable GNRA-type tetraloop
sequences (where N=any nucleotide and A = purine; Figure 4).
RzH cleaved the HH16 substrate at a rate of 0.29min~" (k) at 1 mm
Mg?** concentration and 1.90min~" (k;) at 10 mm Mg?*. Thus,
replacing the UUUU with the GCAA tetraloop led to a reduction
in activity (Table 1). To probe the importance of the U-A base
pair 10.2-11.2 in stem Il as obtained from the selection process,
it was changed to C-G in combination with the UUUU loop
(RzGll). This ribozyme, although previously identified to be very
active at 10 mm Mg?* concentration, had never been analysed at
lower concentrations.!'® In the present study it turned out to be
remarkably active at concentrations of 1 mm Mg?** ions (k=
0.79min"). Again activity was markedly reduced when the
loop was changed to GCAA (RzG, Table 1). A ribozyme with
a nonnucleotide linker™ in place of loopll (RzL, Figure 4)
showed activity intermediate between RzGIl and RzG at
1 mm Mg?*" concentration. A variant with three base pairs in
stem Il (RzK) showed about half the activity of RzGll at a
concentration of 1 mm Mg?* ions with retention of high activity
at 10 mm Mg?+.

Conaty etal.'™® published a very similar selection study with
the same aim in mind, also following the procedure of Ishizaka
etal.'"? These authors also randomised 18 nucleotides in the
stem-loop Il region. In contrast to us, they obtained variants of
the hammerhead ribozyme with stem Il consisting of only a
single G-C base pair 10.1-11.1. In order to have a direct
comparison of the effect of one or two base pairs in stem I, we
determined the activity of RzF (Figure 4, Table 1), which was
identical to their ribozyme 6.21, against the HH16 substrate. At
1 mm Mg?*" concentration, RzF showed only one-third of the
activity of RzGIl with two base pairs. In further contrast to the
previous study,™ all hammerhead variants identified in our
selection had the potential to form a second base pair in stem Il
in addition to the G- C base pair 10.1-11.1 (Figure 2). Thus, the
suggestion by Conaty etal. that one base pair in stemll is
optimal for activity at low Mg?* concentrations is not tenable, at
least for their KrS17 substrate (see above) and the HH16
substrate. We have clearly demonstrated for the HH16 substrate
(Table 1) that two base pairs are more favourable than either one,
three or four. This is further supported by a study of Tuschl and
Eckstein.'®

Exchanging UUUU in loop Il of RzF for GCAA further reduced
activity (RzFIl). This agrees with data by Conaty et al. who had
also reported that a pyrimidine-rich loop Il is considerably more
active than any other."™™ This is underlined by a comparison of
the activity of RzB and RzC where the GAAA-containing structure
is even less active than that with the GCAA motif, and both are
inferior to RzA with the UUUU loop. This indicates that a tetra-U
loop, but not a purine-rich loop, contributes to the formation of
productive ribozyme - substrate complexes. In the same hairpin
sequence context a GAAA tetraloop is thermodynamically more
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stable than a tetra-U loop."¥ Thus the tetra-U loop might
represent a compromise between sufficient stability and a
required conformational flexibiliy in the ribozyme structure.

Compared with the standard HH16 ribozyme, RzC, the
increased activities of ribozyme variants RzA, RzB, Rz34b, RzH,
RzGll, RzG, RzF, RzK and RzL at 1 mm Mg?* concentration were
accompanied by enhanced cleavage rates at 10 mm Mg**
concentration. Also, high activities observed at 1 mm Mg**
concentration are not restricted to cleavage at the 3’ side of
GUC, but also apply to cleavage at the 3’ side of GUA, as
documented by the activities of RzC, Rz34b and RzGll with
substrate HH16 - GUA (Table 1).

Limitations of selection

Interestingly, the selection had not produced the particularly
active ribozyme RzGlIl but rather Rz34 with a U-A base pair
10.2-11.2 instead of a C-G base pair. It is not clear at present
why RzGlIl did not pass the selectivity screen. However, one
possible explanation could be that reverse transcriptase deletes
stem-loop Il in the presence of a more stable stem Il with two
alternating G-C pairs, thus eliminating these variants in the
course of the selection. The fact that a hammerhead structure
was selected is not surprising as, within the sequence space
chosen for selection, the hammerhead ribozyme is optimal for
NUH cleavage (where N =any nucleotide and H=A, C or T).'¥
The comparison of our results with those of Conaty etal,
however, is interesting in that the two essentially identical
selection protocols did not produce the same results.'¥ All the
clones they sequenced could only form a single stemIl C-G
base pair, whereas all clones we identified had the potential to
form an additional U - A base pair. This is difficult to explain and
may be due to the different helix| and Ill structures used for
selection or subtle differences in the handling of the protocol,
particularly in the sequence of Mg?* concentrations applied to
increase stringency. It is worthy of note that neither protocol
found the most active ribozyme sequence.

Role of stem-loop Il in the cleavage process

It is difficult to understand how a shorter stem Il can exert an
influence on the dependence of activity on Mg?* concentration.
A length dependence of stem Il on activity has been reported
previously.?” Extension of stem Il to more than four nucleotides
had lowered activity. It was initially thought that an interaction
with stem | might be responsible for this effect, but as the lower
activity was found to be independent of stem | length, this was
considered an unlikely interaction. An optimal combination of
sufficient stability and a required conformational flexibility of the
stem-loop Il structure may provide a clue towards understand-
ing the high cleavage rates of the “mini-ribozyme” variants.
Several studies have pointed to a considerable structural
rearrangement in the hammerhead ribozyme in order to achieve
the transition state.”?" This may result in the spatial juxtaposition
of the scissile phosphodiester and a metal ion bound to the
phosphate of nucleotide9 (P9) and base G10.1, although
structure-based evidence for such a comprehensive conforma-
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tional change is still missing.?" Translocation of a P9/G10.1-
bound Mg?* ion to the scissile phosphodiester group may be
one solution towards increasing cleavage efficiency, particularly
at low Mg?* concentrations. A stem Il with two alternating G-C
base pairs closed by a tetra-U loop may be optimal with respect
to lowering the energy barrier for such a catalytically important
structural rearrangement.

Kinetic behaviour

At an Mg?* concentration of 1mm (pH 75, 25°C), ribozyme
cleavage rate constants could be obtained by fitting the data to
a single exponential with calculated endpoints between 75 and
909%. Under these conditions, ribozymes were kinetically “well-
behaved”.?Z The combination of Rz34 and substrate KrS17 was
most efficient (k=0.88 min~', endpoint approximately 90%),
thus representing a variant that shows the same cleavage
efficiency as a “well-behaved” standard hammerhead ribozyme
at a tenfold higher Mg?* concentration of 10 mm. At 10 mm Mg?*
concentration, the majority of ribozymes analysed here showed
biphasic kinetics, with a fast first and a slow second reaction
phase (Table 1); this suggests that the higher Mg?* concentra-
tion may stabilise slow-cleaving alternate conformations of the
ribozyme - substrate complex. Apparently, ribozymes with fast
and “well-behaved” kinetics at a concentration of 1 mm Mg**
ions tend to deviate from simple kinetic behaviour at 10 mm
Mg?** concentration, conditions at which the rates of the first
reaction phase become extremely fast and in several cases
difficult to measure manually. Pronounced biphasic kinetics at
10 mm Mg?" concentration may be related to a higher Mg**
affinity of the ribozymes selected for efficient cleavage at low
Mg?** concentrations.

Conclusions

We have identified hammerhead ribozymes with two base pairs
in stem Il and preferably a tetra-U loop Il that are considerably
more active at lower Mg?*" concentrations than conventional
ribozymes. They are also more active than the previously isolated
“mini-ribozymes” with one base pair in stem IL.'¥ The ribozymes
characterised should be advantageous for in vivo applications
for the inhibition of gene expression, particularly under con-
ditions where the hammerhead ribozyme cleavage reaction is
not simply limited by the ribozyme - substrate association rate.

Experimental Section

Oligonucleotides: Oligonucleotides were synthesised on an Applied
Biosystems 394A DNA synthesiser. DNA/RNA phosphoramidite mon-
omers were supplied by Perseptive (Germany). Deprotection and
purification were performed as described by Tuschl and Eckstein.!'®
Gel-purified oligonucleotides were dissolved in double-destilled
water and their concentrations were determined by UV spectros-
copy. Samples were stored at —20°C. For generation of pool0
dsDNA primersA and B were synthesised: primerA: 5'-
TGGTGCAAGCTTAATACGACTCACTATAGGGTTAAGCATCCTCGAGCT-
3’; primer B: 3'-CCCAATTCGTAGGAGCTCGA (N)18 TGAGGCGACGTCT-
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TAAGCTCT-5" (the T7 promotor site is shown in bold and the
restriction sites (Hindlll, Pstl and EcoRl) are underlined). For the
selection procedure a 26-mer RNA substrate was synthesised with a
biotin linked at the 5"-end: 5'-Biotin-CAAGGAGUCAGCUCGAGGAUG-
CUUAA-3’ (the cleaving-site triplet is underlined). For PCR amplifi-
cation of the dsDNA primersC and D were used: primerC: 3'-
TGAGGCGACGTCTTAAGCTCT-5; primer D:  5'-TGGTGCAAGCTTAA-
TACGACTCA-3'.

Preparation of Pool 0: Primer A and primerB (2.5 uw) were incu-
bated in sequenase buffer (40 mm tris(hydroxymethyl)aminome-
thane (Tris)/HCl (pH 7.5), 20 mm MgCl,, 50 mm NaCl) at 90 °C for 5 min,
and then cooled to RT. 1,4-dithiothreitol (DTT; final concencentration
5mwm), deoxynucleoside triphosphates (dNTPs; final concentra-
tions 375um each) and T7sequenasev2.0 enzyme (0.08UpL~";
Amersham) were added and the mixture was incubated at 37°C
for about 1h in a total volume of 500 uL. DNA was purified with
Microcon spin columns (Millipore) and analysed on an agarose gel
(Metafor, 2.5%).

T7 transcription: dsDNA (1 um) was transcribed essentially as
previously described.”? After gel electrophoresis, full-length tran-
scripts were excised from the gel and eluted by the crush-and-soak
method in NaOAc (1m; pH 4.6).

Selection procedure: The randomised pool RNA and the RNA-
biotin substrate (1.5 equiv) were heated at 90°C for 3 min, then
incubated at 37°C for 5 min and cooled to RT (about 10 min).

Binding of biotinylated RNA to Dynabeads M280 Streptavidin
(DYNAL): a) Dynabeads were washed with washing buffer (10 mm
2-[4-(2-hydroxyethyl)-1-piperazinyllethanesulfonic  acid  (HEPES,
pH 6.8), 5mm ethylenediaminetetraacetate (EDTA), 50 mm NaCl);
b) annealed pool RNA/RNA-biotin complexes were mixed with
washed Dynabeads in binding buffer (10 mm HEPES (pH 6.8), 5 mm
EDTA, 100 mm NaCl) and kept at RT under gentle mixing for about
20 min. The supernatant was removed and the beads were washed
with washing buffer.

Cleavage reaction: The beads were suspended in cleavage buffer
(50 mm Tris/HCI (pH 7.5), 50 mm NaCl) containing either 20 or 1 mm
Mg*" ions (see below) and the suspension was incubated at 37 °C.
After gentle mixing the supernatant was decanted and the RNA was
concentrated by ethanol precipitation. The amount of RNA, incuba-
tion time and concentration of Mg?* ions in the various selection
rounds: 0—1: 1.5nmol (33 pm) RNA, 8 min, 20 mm Mg?*; 1—2:
440 pmol (8.8 um) RNA, 8 min, 20 mm Mg?*; 2 —3: 440 pmol (2.5 pm)
RNA, 8 min, 20 mm Mg?*; 3 —4: 440 pmol (2.2 um) RNA, 8 min, 20 mm
Mg*"; 4—5: 440 pmol (3.9 um) RNA, 2min, 1Tmm Mg?**; 5—6:
440 pmol (4.7 um) RNA, 1 min, 1 mm Mg?*; 6 —7: 440 pmol (4.9 um)
RNA, 30 sec, 1 mm Mg?*; 7 —8: 440 pmol (5.4 um) RNA, 30 sec; 1 mm
Mg?*.

Reverse transcription: Selected RNAs and primer C (1.1 equiv) were
heated in H,0 to 90 °C for 3 min and cooled to RT. This was followed
by reverse transcription for 1h at 37°C in reaction buffer (50 pL;
50mm Tris/HCl (pH8.3), 75mm KCl, 3mm MgCl,, 10mm DTT)
containing each dNTP (0.5mwm) and Superscript RNaseH™RT
(10U pL="; GIBCO BRL). The mixture was then heated to 75°C and
cooled to 4°C. NaOH was added (final concentration 200 mm) and
the RNA was hydrolysed by incubation for 1 h at 37 °C. The cDNA was
concentrated by ethanol precipitation in the presence of NH,OAc.

Restoration of the T7 promotor: dsDNA was produced from the
single-stranded cDNA in a separate reaction. For this purpose, cDNA
was annealed to primer A and reacted with sequenase as described
above but in a total volume of 100 pL. The dsDNA from the
sequenase reaction was amplified by PCR as follows: primer C and D
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(0.5 ), each dNTP (0.2 mm), MgCl, (1.5 mm) and Tag DNA Polymerase
(0.025 U pL~"; Amersham Pharmacia) were incubated in Taq reaction
buffer (not specified by Amersham) for 10-25 cycles in a total
volume of 100 pL. Cycling parameters were as follows: step 1, 95°C
for 1 min; step 2, 65°C for 2 min; step 3, 72°C for 1 min. Before
starting the first PCR cycle the reaction was preheated at 95 °C for
30ss. PCR products were concentrated by ethanol precipitation.

Cloning and sequencing: Pool 8 DNA was loaded on a 3% agarose
gel, and the main band was excised and eluted by using the JetSorb
Gel Extraction Kit/150 (Genomed). This solution (1 pL) was amplified
by PCR as described above and directly used for cloning with the
TOPO TA Cloning Kit (Invitrogen). 25 white and 25 blue colonies were
picked and purified by Qiagen-20 miniprep columns.

Cleavage kinetics: Single-turnover kinetics were performed with
chemically synthesised ribozymes (500 nm) and substrates (25 nw) in
50 mm Tris/HCl at pH 75 and 25°C (or pH8.0 and 37°C), in the
presence of 1 or 10 mm MgCl, as described previously.?? 23 The
nonnucleotide linker of RzL was synthesised by using the spacer
phosphoramidite 9 obtained from Glen Research. 3?P-labelled sub-
strate and product bands were analysed on 20 % polyacrylamide gels
containing 8m urea, and visualised and quantified with a Bio-Imaging
Analyzer BAS-1000 or -2000 (Fujifilm) and the analysis software
PCBAS/AIDA (Raytest). Pseudo-first-order rate constants of cleavage
(k or k,, k,) were calculated by nonlinear regression analysis (with the
programs Grafit 3.0, Erithacus Software, and KaleidaGraph 3.0); the
data were fitted to the equation for a single exponential [Equa-
tion (1)] or a double exponential [Equation (2)], where F, = fraction of
substrate cleaved, t=time, F =

Fo = Fox(1—e™ (1)

F, Fix(1—eh)+F,x(1—e™*) (2)

fraction of substrate cleaved at the endpoint and F;, F, =fraction
of substrate cleaved at the endpoint of the first and second
phase of the reaction, respectively.
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Binding of Sucrose Octasulphate to the C-Type
Lectin-Like Domain of the Recombinant Natural
Killer Cell Receptor NKR-P1A Observed by

NMR Spectroscopy

Heide Kogelberg,*™ Thomas A. Frenkiel,®! Berry Birdsall,"> Wengang Chai,” and

Frederick W. Muskett®!

NKR-P1A is a C-type lectin-like receptor on natural kKiller cells
believed to be involved in the cytotoxicity of these cells. Ligands for
this protein are not known. Here, we describe the binding of a fully
sulphated disaccharide, sucrose octasulphate, by the recombinant
C-type lectin-like domain of NKR-P1A. The binding was observed by
NMR spectroscopy methods that have recently been described for
the screening of compound libraries for bioaffinities, namely the 2D
NOESY and saturation transfer difference NMR experiments. 'H

Introduction

Natural killer (NK) cells are a class of lymphocytes implicated in
cell-mediated surveillance of tumour targets and innate im-
munity against intracellular bacteria and parasites. NKR-P1A is a
homodimeric type-ll transmembrane protein of the C-type
lectin-like family found on NK cells and NK-like T cells and is
believed to be an activator of cytotoxicity."! The natural ligands
for NKR-P1A that might trigger the cytotoxicity of NK cells are
not known.”2 We previously obtained the C-type lectin-like
domain (CTLD) of rat NKR-P1A (MW = 14 kDa) by expression in
Escherichia coli?! In vitro folding provided a monomeric protein
that is well-folded, as assessed by binding experiments with a
conformation-sensitive antibody and mass spectrometric data
on the disulphide bonds present.?”! Moreover, the 1D 'H and the
2D 'H,"N HSQC NMR spectra showed large dispersion of the
signals, which is characteristic of folded proteins and indicates a
considerable amount of -sheet structure, a feature character-
istic for this class of proteins. The availability of a folded protein
allows identification of its interactions with small molecules by
NMR spectroscopy.

Here we describe the binding of the fully sulphated disac-
charide sucrose octasulphate (SOS, Scheme 1) to the recombi-
nant CTLD of NKR-P1A. Binding has been detected by transferred
(tr) nuclear Overhauser effects (NOEs) and saturation transfer
difference (STD) NMR spectroscopy together with "H NMR
titration studies. The heparin disaccharide IS (Scheme 1) and a
pentasaccharide fraction enzymatically generated from heparin
were also investigated for their ability to bind to NKR-P1A since
sucrose octasulphate has been shown previously to mimic a
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titration studies indicate that the binding is specific. These findings
raise the possibility that NKR-P1A recognises sulphated natural
ligands in common with certain other members of the C-type lectin
family.

KEYWORDS:

molecular recognition- NMR
receptors

C-type lectin-like domain
spectroscopy - oligosaccharides -

heparin oligosaccharide when bound by fibroblast growth
factor.®!

Two of these NMR spectroscopy techniques, NOESY and STD,
have been applied recently to the screening of libraries of
compounds for bioaffinity.™ In NOESY experiments, strong
negative NOEs, so-called tr-NOEs, can be observed between
protons when small molecules (molecular weight less than
approximately 2 kDa) bind to a receptor protein and undergo
sufficiently fast chemical exchange between the bound and free
states. The tr-NOEs are readily discriminated from small positive
NOEs of small molecules that are not bound. In STD experiments,
NMR spectra are recorded with and without saturation of protein
resonances to make certain that signals of the small molecule are
not directly affected by the saturation pulse. Molecules that are
bound are identified from the presence of their signals in the
difference spectrum. Moreover, by STD NMR spectroscopy it is
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Ligands of the NKR-P1A Receptor

AUA2S(1-4)GIcNS6S (IS)

4-Deoxy-o-L-threo-hex-4-ene-pyranosyluronic acid
(1-4)-2-amino-2-deoxy-2,6-di-O-sulpho-glucopyranose

Scheme 1. Structures of the NKR-P1A-CTLD-binding molecule su-
crose octasulphate and the nonbinding molecule, the heparin
disaccharide IS.

possible to obtain the binding epitope of the ligand.®
Both methods are applicable for ligands that bind with
dissociation constants in the range 1073-10"m.

Results

SOS was subjected to NOESY experiments in the
presence and absence of the CTLD of NKR-P1A. In the
absence of the protein extremely small NOEs were
observed that are of opposite sign to the diagonal
(positive NOEs). These NOEs are observed in the trace
of H1 of the glucopyranose ring in the NOESY
experiment (Figure 1B). Upon addition of the CTLD
of NKR-P1A, the spectrum showed NOEs between H1
and H2 of the glucose ring and across the glycosidic
linkage from the glucose H1 atom to H1'a and H1'b of
the fructose ring that were of the same sign as the
diagonal. These cross peaks arise from SOS that was in
the bound state, so-called tr-NOEs (Figure 1A and C—
F). The chemical shift assignments for SOS were taken
from the published values.” The tr-NOEs for H1 were
already observed at a mixing time of 50 ms and
increased in intensity with increasing mixing times
(Figure 1C—F). At a mixing time of 500 ms (Figure 1F),
H1 of glucose appeared to show tr-NOEs to all protons

ChemBioChem 2002, 3, 1072-1077
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Figure 1. 2D NOESY experiments on SOS with and without the CTLD of NKR-P1A. A) 2D
NOESY spectrum of SOS in the presence of the CTLD of NKR-P1A at a mixing time of 100 ms.
The molar protein:SOS ratio was 1:10. The labelled cross peaks are of the same sign as the
diagonal and therefore arise from tr-NOEs that are caused by the presence of bound SOS. The
spectrum was obtained at 600 MHz and a temperature of 15°C. B-F) F2 traces of a series of
2D NOESY spectra at the 'H chemical shift of glucose H1 (0 = 5.82 ppm) in SOS. The spectrum
of SOS without the CTLD of NKR-P1A (B) was recorded at a mixing time of 300 ms. The spectra
of SOS in the presence of the CTLD of NKR-P1A were recorded at 50 (C), 100 (D), 300 (E) and
500 ms (F) with a molar protein:SOS ratio of 1:10. The cross signals labelled in (C) are of the
same sign as the diagonal because SOS is bound to the protein. Additional cross peaks
become visible at longer mixing times (F) and are most likely caused by spin diffusion.
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in the glucose and fructose moiety. This is indicative of spin
diffusion transmitted in the protein-bound state of SOS. The
heparin disaccharide, IS, (Scheme 1) had positive NOEs (of
opposite sign to the diagonal) in the absence of the CTLD of
NKR-P1A, and these remained unchanged when the CTLD of
NKR-P1A was added (data not shown). This implies that IS does
not bind to the CTLD.

"H NMR spectra of the CTLD of NKR-P1A without (Figure 2 A)
and with various amounts of SOS (Figure 2B -H) were recorded
in D,0. The spectrum of the CTLD of NKR-P1A was characteristic
of a folded protein (as reported previously?). Addition of
increasing concentrations of SOS to the protein showed
perturbations of several protein resonances. Two of the most
prominent changes are indicated in Figure2 (see arrows). A
methyl-group signal at 0.05 ppm increased in intensity when
SOS was added. An aromatic resonance at 7.63 ppm was shifted
to a lower field and broadened progressively. The results of the
titration studies thus support the tr-NOEs data, which indicate
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that SOS is bound to the CTLD of NKR-PTA. In addition, the
results indicate that the binding of SOS involves a specific site on
the CTLD of NKR-P1A. A dissociation constant of around 350 +
50 um was estimated for the binding of SOS to the CTLD of NKR-
P1A by measuring the integrated area of the well-resolved
complex-specific methyl group signal at 0.05 ppm with increas-
ing SOS concentrations.
1D STD NMR experiments were performed for SOS in the
presence of the CTLD of NKR-P1A. Figure 3A shows the 1D
"H NMR spectrum of SOS with off-resonance irradiation at 6 =
—4.8ppm. Figure3B shows the STD spectrum (spectrum A
minus the spectrum with on-resonance irradiation at 6=
0.9 ppm). Here, all 'H signals of SOS are visible. In agreement
with the titration studies and tr-NOEs, the STD spectrum
corroborates the conclusion that SOS is bound to the CTLD of
NKR-P1A.
A control STD experiment was performed by using albumin
and SOS (Figure3C and D). Albumin has a similar isoelectric
point (pl value) to that of the recombinant
CTLD of NKR-P1A (albumin, pl=5.1; CTLD of
NKR-P1A, pl =5.9?1), The STD spectrum here
did not show any oligosaccharide signals, in

# contrast to Figure 3B, and thus SOS appears

not to bind to albumin. We have further
investigated the possibility that heparin may
be a ligand of NKR-P1A by carrying out STD
experiments with either the IS heparin di-
saccharide (Figure3E and F) or a heparin
pentasaccharide fraction (Figure 3G and H) in
which one component contains the same
number of sulphates as SOS (see the Exper-
imental Section), in the presence of NKR-P1A.
No oligosaccharide peaks were visible in the
STD spectra, which shows that neither the
disaccharide nor the pentasaccharide binds to
the CTLD of NKR-P1A. This is in agreement
with ELISA-type experiments, which showed
no binding of the polysaccharide heparin to
the immobilised CTLD of NKR-P1A (unpub-
lished observations).

Discussion

1D 'HNMR spectroscopy titration experi-
ments, 2D tr-NOESY and STD NMR spectra
show that the fully sulphated disaccharide
SOS binds to the CTLD of NKR-P1A and that
the binding is specific. No evidence was found
for binding to the disaccharide unit of heparin
IS or to a heparin pentasaccharide fraction

)
A = [’h M/\WJWK/R/—JMW/W 8
= ) =
R W S A% f ' Wﬁwkk
9 8 7 6 5 - S 1 0
<«— 3/ ppm

Figure 2. 1D 'H NMR spectra of the CTLD of NKR-P1A alone (60 um; A) and in the presence of SOS (40 um,
(B); 100 um, (C); 130 um, (D); 160 um, (E); 240 um, (F); 360 um, (G); 600 um, (H)). Spectra A and E-H were
recorded at 600 MHz and spectra B—D at 500 MHz. The temperature used was 15 °C. The signals of the
CTLD of NKR-P1A at 6 = 0.05 ppm and & = 7.63 ppm, which are affected by addition of SOS, are indicated

by arrows.
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generated enzymatically from heparin. It will
be of interest to investigate the binding of
other naturally occurring sulphated glycos-
aminoglycan sequences to the CTLD of NKR-
P1A, particularly as an affinity for sulphated
carbohydrates has been noted previously for
various members of the C-type lectin-like
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Figure 3. STD NMR spectra used to identify molecules bound by the CTLD of NKR-P1A. A) 1D "H NMR spectrum of SOS and the CTLD of NKR-P1A recorded with off-
resonance irradiation at 8 = — 4.8 ppm and (B) the corresponding STD spectrum (spectrum A minus the spectrum with on-resonance irradiation at & = 0.9 ppm). C) 1D
"H NMR spectrum of SOS and albumin recorded with off-resonance irradiation at = — 4.8 ppm and (D) the corresponding STD spectrum (spectrum C minus the
spectrum with on-resonance irradiation at & = 0.6 ppm). E) 1D "H NMR spectrum of the heparin disaccharide, IS, and the CTLD of NKR-P1A recorded with off-resonance
irradiation at & = — 4.8 ppm and (F) the corresponding STD spectrum (spectrum E minus the spectrum with on-resonance irradiation at & = 0.9 ppm). The molar ratio of
protein to IS or SOS was 1:30. G) 1D 'H NMR spectrum of the heparin pentasaccharide fraction, generated enzymatically from heparin (see the Experimental Section),
and the CTLD of NKR-P1A recorded with off resonance irradiation at = — 4.8 ppm and (H) the corresponding STD spectrum (spectrum (G) minus the spectrum with on
resonance irradiation at & = 0.5 ppm). The molar ratio of protein to heparin pentasaccharide fraction was 1:25.

family. The inhibitory C-type lectin-like receptors of NK cells,
Ly49A and Ly49C, bind to major histocompatibility class (MHC) |
molecules,” but they have been found to bind to sulphated
polysaccharides as well.® The X-ray structure of the MHC-class-I/
Ly49A complex has been reported.” The recombinant molecule,
H-2D¢, used in the crystallisation experiment was nonglycosy-
lated but it has been suggested that the carbohydrate chain on
the natural MHC class| molecule could also be bound by
Ly49A.1"% An affinity for sulphate groups has been reported for
other proteins of the C-type superfamily. The leukocyte-to-
endothelium adhesion molecules, E- and L-selectins, are C-type
lectins that bind sulphated as well as sialyl oligosaccharides of
the Lewis? and Lewis* series." The third member of the selectin
family, P-selectin, requires the presence of sulphotyrosines in
addition to a sialyl-Lewis*-type oligosaccharide for high affinity
binding to its counter-receptor PSGL-1.'? Direct binding of
P-selectin to a sulphotyrosine has been demonstrated by using a
synthetic ligand analogue in the clustered state and a synergism
observed between sialyl-Lewis* and sulphotyrosine.l'¥ The
interactions with the two ligand classes have been revealed in
atomic detail for P-selectin in complex with the N-terminal
domain of PSGL-1, which contains both sialyl-oligosaccharide
and sulphotyrosine ligands." In a recently produced X-ray
structure of the eosinophilic major basic protein (EMBP),!"!
which is a member of the C-type lectin-like superfamily, several

ChemBioChem 2002, 3, 1072-1077

sulphated molecules (components of the cryoprotectant) were
bound. The binding of the sulphate groups might point to a
natural sulphated carbohydrate ligand, and this is supported by
the finding that heparin reverses some of the functions of EMBP.
Availability of 3D structures of sulphate/protein complexes
allows comparisons between mechanisms of sulphate binding. It
has been noted!"® that P-selectin and EMBP employ one arginine
residue that is located in a similar position in both molecules in
their interaction with sulphate. Comparison of the primary
amino acid sequence of NKR-PTA with P-selectin reveals two
serine residues in the CTLDs that are in homologous positions,
Ser 4, Sersot™ and Ser,g, Ser,, "7 respectively. In P-selectin these
residues are involved in binding a sulphate group of the counter-
receptor.' Further similarities are not apparent.

A common theme has emerged in the topology of ligand
binding regions for C-type lectin and lectin-like proteins,
whether they interact with oligosaccharide or polypeptide or
both oligosaccharide and polypeptide ligands.' In all cases
structurally investigated so far, binding regions have been in the
upper part of the fold that is opposite the N and C termini. In
addition, the binding involves a limited region that is broadly
equivalent to the mannose binding site of the prototype of
C-type lectins, the mannose-binding protein MBP-A.l'® Identi-
fication of the binding site of SOS on NKR-P1A might thus
provide a clue to a natural ligand-binding region.
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Experimental Section

Materials and methods: Sucrose octasulphate potassium salt
(MW = 1287.55 Da) was from Toronto Research Chemicals, Inc. The
sodium salt of the heparin disaccharide IS (MW =665.4 Da) and
albumin (chicken egg) were from Sigma-Aldrich. The heparin
pentasaccharide fraction was prepared by oxymercuration treat-
ment'?¥ of hexasaccharide fragments derived from heparin lyase |
digestion"®®! of porcine mucosa heparin (Sigma), and fractionation
by gel filtration. The cleaved nonreducing terminal unsaturated
hexuronic acid residue (AUA) and the mercuric reagent were
removed by gel filtration on a short Sephadex G10 column. The
resulting pentasaccharide fraction was analysed by electrospray
mass spectrometry'®! and found to contain components with seven
(~37 %), six (~28%), eight (~24 %) and five sulfate groups (~ 13 %).
The fraction was quantified by carbazole assay!* with p-glucurono-
6,3-lactone as the standard.

The CTLD of NKR-P1A (14 kDa) was obtained by expression in E. coli,
in vitro folding, cleavage of the vector-derived N-terminal tag and
purification as described previously.?”! After reversed-phase HPLC
purification and lyophilisation, the CTLD was dissolved in phosphate
buffer (10 mm), ethylenediaminetetraacetate (EDTA; 0.02 mm) and
sodium azide (0.02 %) in D,O (550 pL), lyophilised one more time and
finally D,O (550 uL) was added. The protein concentration was
determined by densitometry of Coomassie-blue-stained SDS-PAGE
with soybean trypsin inhibitor as a standard.

NMR spectroscopy: The NMR experiments were carried out on
Varian UNITY INOVA and UNITYplus spectrometers at proton
frequencies of 600 and 500 MHz, respectively. The spectra were
recorded at 15°C in D,O (550 pL) at pH* 7.0 (pH* values are pH meter
readings uncorrected for deuterium isotope effects). Spectra were
referenced to d,-trimethylsilylpropionic acid (Sigma-Aldrich).

1D "H NMR titration studies: A series of 1D 'H NMR spectra were
recorded on a sample of the CTLD of NKR-P1A (60 pm) with various
concentrations of added SOS (0-600 pv). The disaccharide was
added from a concentrated stock solution to minimise dilution
effects and the pH value was re-adjusted to 7.0 where necessary. Each
spectrum was recorded with a spectral width of 7509 Hz and
5696 scans. The spectra were processed without a window function
except for the protein-only spectrum, where a gaussian window
function was applied prior to Fourier transformation. The H,O signal
was suppressed by low-power presaturation during the relaxation
delay.

The dissociation constant K, for the binding of SOS to NKR-P1A was
obtained by using the equations for a simple bimolecular binding
process?? [Egs. (1) and (2)1, where [E] and [L] are the concentrations
of the free CTLD of NKR-P1A and free SOS in solution, respectively,
[EL] is the concentration of the complex, [E;] and [L;] are the total
concentrations of the protein and ligand in the sample and the
normalised area of the complex-specific signal is equal to [EL]/[E;].

Ky = —— (1)

1
[EL] = E{[ET] + L]+ Ky — (] + [ + K> — 4lEILD Y (2)

2D NOESY and transferred NOESY: A 2D NOESY spectrum was
recorded on SOS (600 um) in phosphate buffer (10 mm), EDTA
(0.02 mm) and sodium azide (0.02%) in D,O at pH* 7.0 with a mixing
time of 300 ms. A series of 2D NOESY spectra were recorded on a
mixture of the CTLD of NKR-PTA (60 uv) and sucrose octasulphate
(600 pum). Mixing times were 50, 100, 300 and 500 ms. All spectra were
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recorded with spectral widths of 7500 Hz and 32 scans. A total of 180
(t;) x 4000 (t,) data points were recorded for each experiment. Prior
to Fourier transformation, the data matrix was multiplied with a
gaussian function. The H,O signal was suppressed by low-power
presaturation during the relaxation time. The relaxation delay was
2.5 s. The residual H,O signal was removed during data processing.

1D 'H saturation difference NMR spectroscopy: 1D STD NMR
experiments* > were recorded interleaved with 4 scans. The H,O
resonance was suppressed by the pulse gradient echo Watergate
method®" in experiments with the disaccharide SOS and the heparin
disaccharide IS, whereas experiments with the heparin pentasac-
charide fraction employed presaturation during the relaxation
delay to suppress the H,O signal. The spectra with off-resonance
irradiation were at 0 = — 4.8 ppm. Saturation was achieved by using
120 selective hyperbolic secant pulses of 25 ms (pulse bandwidth
1.6 ppm), each separated by a 1-ms delay to saturate the protein, and
a total saturation time of 3.0s. The relaxation delay was set to
500 ms.

The STD spectrum of albumin (60 pwv) and SOS (1.8 mm) was recorded
with a sweep width of 1500 Hz and 5824 scans in phosphate buffer
(10 mm), EDTA (0.02 mm) and sodium azide (0.02%) in D,O at pH* 7.0.
The STD spectrum was obtained from the off-resonance spectrum
minus the corresponding spectrum with on-resonance at 6=
0.9 ppm.

The STD spectrum of the CTLD of NKR-P1A (60 ) and SOS (1.8 mm)
was recorded with a sweep width of 1500 Hz and 5824 scans in the
presence of NaCl (150 mm). The STD spectrum was obtained from the
off-resonance spectrum minus the corresponding spectrum with on-
resonance irradiation at & = 0.9 ppm. An STD spectrum was obtained
of the CTLD of NKR-P1A in the presence of SOS as before, with the
addition of urea (5.2m) and dithiothreitol (5 mm). This spectrum did
not show any signals from SOS (data not shown).

The STD spectrum of the CTLD of NKR-P1A (60 pwv) and the heparin
disaccharide IS (1.8 mm) was recorded with a sweep width of 7500 Hz
and 4480 scans in phosphate buffer (10 mm), EDTA (0.02 mm) and
sodium azide (0.02%) in D,O at pH* 7.0. The STD spectrum was
obtained from the off-resonance spectrum minus the corresponding
spectrum with on-resonance irradiation at 6 = 0.6 ppm.

The STD spectrum of the CTLD of NKR-P1A (60 uwv) and the heparin
pentasaccharide fraction (1.5 mm) was recorded with a sweep width
of 8500Hz and 4480 scans in phosphate buffer (10 mm), EDTA
(0.02 mm) and sodium azide (0.02%) in D,O at pH* 7.0. The STD
spectrum was obtained from the off-resonance spectrum minus the
corresponding spectrum with on-resonance irradiation at 0=
0.5 ppm.

The following control experiments were performed: 1) Samples
containing only SOS, IS and the heparin pentasaccharide fraction
were subjected to STD experiments under saturation conditions
identical to those in the presence of protein. The STD spectra did not
contain any signals. 2) Spectra with off-resonance irradiation
of the CTLD of NKR-P1A in the presence of SOS, IS or the
heparin pentasaccharide fraction and of albumin in the presence
of SOS were recorded. Subtraction of these two spectra did not
reveal any signals.

Prof. T. Feizi is acknowledged for helpful discussions. The NMR
spectroscopy was carried out at the MRC Biomedical NMR Centre,
National Institute for Medical Research, London. This work was
supported by a program grant (Grant no. G9601454) from the UK
Medical Research Council.
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Synthesis and Biological Investigation of
Novel Tricyclic Benzodiazepinedione-Based RGD

Analogues

Elisabeth Addicks, Ralph Mazitschek, and Athanassios Giannis*&

Integrins, a widely expressed family of heterodimeric cell surface
adhesion proteins, are expressed in a variety of cell types. They play
a decisive role in cell-cell adhesion or cell to extracellular matrix
adhesion events. Antagonists of o, 3; or a,,f; integrin may have a
potential use in suppression of pathological processes. We present
the synthesis of novel tricyclic benzodiazepinedione-based RGD

Introduction

Integrins, a widely expressed family of heterodimeric cell surface
adhesion proteins, are formed by various combinations of at
least 17 a and 9 3 subunits.! They integrate the cytoskeletal
activities of a cell with its environment by participating in cell -
cell adhesion or cell to extracellular matrix adhesion events.”? 3
The combination of different o and f subunits determines the
specificity and affinity for ligand binding.

The integrin a,p; (vitronectin recepton)™ is expressed in a
variety of cell types, such as osteoclasts, vascular smooth muscle
cells, and endothelial cells. The vitronectin receptor, however, is
expressed in most cell types at relatively low levels, whereas up-
regulation occurs under pathophysiological conditions.®
Among other integrins, this receptor recognizes the RGD
tripeptide sequence (Arg-Gly-Asp) of extracellular ligands such
as fibronectin, fibrinogen, vitronectin, laminin, von Willebrand
factor, and osteopontin,’®” and has been shown to mediate
several biologically relevant processes such as adhesion of
osteoclasts to the bone matrix and migration of vascular smooth
muscle cells and endothelial cells. The specificity of the RGD-
integrin interaction is generated by a combination of variation in
the RGD conformation in different proteins and the contribution
of sequences near the RGD moiety.®

Antagonists of a,3;integrin may have potential use" in
suppression of angiogenesis (neovascularization), the process of
formation of new blood capillaries from surrounding preexisting
blood vessels. In the course of embryogenesis and of wound
healing, this process plays an important role, whereas in healthy
adults angiogenesis just occurs in the female reproductive tract.
However, aberrant neovascularization emerges in chronic in-
flammatory diseases, diabetic retinopathy, and malignant proc-
esses.

Folkman observed that tumor growth requires an adequate
blood supply and as a consequence postulated that inhibition of
angiogenesis may represent a novel, powerful approach in
antitumor therapy.” '@ Neovascularization necessitates a dis-
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analogues, which were subsequently tested in a solid-phase
receptor assay in order to investigate their binding affinities
towards a.,f5; and a,,f3; integrin.

KEYWORDS:

angiogenesis - benzodiazepines - drug research - integrins -
peptidomimetics

crete morphological change of the parent vessel (that is, the
vessel from which a new capillary sprout originates), charac-
terized by a thinned endothelial cell lining, increased endothelial
cell number, decreased pericyte number, and pericyte detach-
ment followed by degradation of the basement membrane.
Thereafter, endothelial cells migrate through the extracellular
matrix towards the angiogenic stimulus.''? Tumor cells
promote entry of vascular endothelial cells into the cell cycle
and expression of integrin a,f3;.'¥ After endothelial cells begin
to move toward the angiogenic stimulus, o, f3; ligation provides a
survival signal, which finally results in differentiation and
formation of mature blood vessels. Disruption of the ao,f3;
ligation may lead to apoptosis with subsequent tumor regres-
sion as a result of lack of blood supply. In fact, the inhibition of
binding of a,f; integrin to its native ligands by antibodies or
cyclic peptides interferes with angiogenesis and results in tumor
regression.'" Disruption of tumor-associated blood vessel for-
mation is a new strategy for cancer therapy, offering an
important advantage: the targets of this novel therapy are
endothelial cells. In contrast to the genetically unstable tumor
cells, these possess a stable genome, so that development of
drug resistance is unlikely."> 9 Furthermore, a,f; antagonists
may have potential use in the suppression of proliferative
diabetic retinopathy, which causes blindness in diabetic pa-
tients,!"” '®¥ and they may also be useful for the treatment of
osteoclast-mediated osteoporosis.' It has been demonstrated
that blocking of a,f3; by a synthetic peptide mimetic diminished
osteoclastic bone resorption in vitro and in vivo.?%-?2
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Universitdt Leipzig, Johannisallee 29
04103 Leipzig (Germany)
Fax: (+49) 341-97-36-599
E-mail: giannis@chemie.uni-leipzig.de
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Benzodiazepinedione-Based RGD Analogues

Integrin o,,,P35, which is also a member of the integrin receptor
family, possesses the same f chain as o,f;. It is found on
platelets and binds to the RGD plasma protein fibrinogen
sequence after platelet activation. Thus, it is involved in the
process of platelet aggregation, and o,,f3; antagonists conse-
quently represent a promising approach in the treatment of
thrombotic disorders.?> 24

Kessler et al. pointed out the structural properties required for
selective binding to either a,,3; or a,p; by using a library of
cyclic stereoisomeric pentapeptides in which the RGD sequence
was incorporated.®! It was found that the cyclic pentapeptide
c(RGDAV) is a potent and selective inhibitor of integrin a,f3;.2°
Investigation of isomers of c(RGDfV) revealed that not only the
side chains but also the peptide backbone contribute to
receptor binding by formation of at least one hydrogen bond.?”!

Several nonpeptide mimetics with high affinities for a,f; and
with different central scaffolds (for example, indazole,?® ben-
zene," isoxazoline,?* 3% benzodiazepine,?'-3% and hydantoin:34
for a review, see ref.B%) were subsequently reported. We
postulated that the tricyclic benzodiazepinedione scaffold
(Scheme 1) should also be suitable for the development of

: v
R1/ B O\Hz

Scheme 1. Tricyclic benzodiazepinedione scaffold: R', R? = side chains with
functional groups.

new o,f; inhibitors. Here we describe the synthesis of several
RGD mimetics based on this new scaffold. A solid-phase receptor
assay was performed to examine the ability of the RGD
analogues to inhibit binding of fibrinogen to o,3; and a,f3;
integrin.

Results
Synthesis of the RGD analogues

RGD mimetics 7 and ent-7 were prepared by the procedures
outlined in Scheme 2. Treatment of bromoisatoic anhydride with
(25,4R)-4-hydroxypyrrolidine-2-carboxylic acid in dimethyl sulf-
oxide (DMSO) afforded benzodiazepinedione derivative 1, which
after a Heck reaction with tert-butyl acrylate in acetonitrile gave
compound 2 as a mixture of diastereomers due to partial
epimerization. The diastereoisomers were separated by flash
chromatography. Subsequent steps were carried out with each
isomer separately. Transformation of alcohol 2a into the
corresponding carbonyl compound 3 was performed by use of
1-hydroxy-(1 H)-1,2-benziodoxol-3-one 1-oxide (IBX) as oxidant.
Horner - Wadsworth -Emmons treatment of ketone 3 with
diethyl cyanomethylphosphonate afforded «,/3-unsaturated ni-
trile 4. After reduction of derivative 4 with CoCl,/NaBH,, the
obtained amine 5 was transformed into the bis-tert-butoxycarb-
onyl-protected guanidine 6 by treatment with N,N'-bis-tert-
butoxycarbonyl-N"-trifluoromethanesulfonyl-guanidine  18.57
Removal of the protective groups with trifluoroacetic acid

H 0
H HOOC, Neegf Oy
NYO ¥ DMSO, 120 °C, 3 h Y OBu
o) - HNi L -
Br OH RT, 16 h Br ND\ Pd®, PPhs, EtyN, CHaCN
0 o OH 90°C, 2 d
194%
H o b0
N Net/ PO(OE);CH,CN
ﬁ/\/@@r IBX, DMSO * BuLi, THF
: L,
BN N B X
OH RT, 24 N o 0°C,12h
OBu 0 OBu (e}
(11a5)-2a 66 % 3 78%
(11aR)-2b 26 % ent-3 57 %
H o N0
N\? N%
0 / CoCly, NaBH,, MeOH o /
A N CN M~
OBy 5 0°C, 14h OBu O NH
4 43% 5 59 %
ent-4 45 % ent-5 56 %
H 0O
N
NTE \{
BocHNJLNHBoc % ND JNLR
EtzN, CH,Cl, OR’ "W NT S NHR
RT, 24 h H
2) TFA, CH,Cl, 6 R=Boc, R'= Bu 81 %
RT, 4 h ent-6 R =Boc,R'=tBu 83 %

Scheme 2. Synthesis of RGD analogues 7 and ent-7.
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7R =H,R'=H, quant
ent-7 R = H, R' = H, quant
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(TFA) afforded the target molecule 7. Similarly, the enantiomeric
product ent-7 was prepared from derivative 2b.

Conversion of the hydroxy group of alcohol 2a into the
mesylate, followed by treatment with sodium azide, afforded the
azide 8a (Scheme 3). Hydrogenolysis of this derivative yielded
amine 9a, which was subsequently converted into the
corresponding  bis-tert-butoxycarbonyl-protected  guanidine
10a by treatment with N,N'-bis-tert-butoxycarbonyl-N"-tri-
fluoromethanesulfonyl guanidine (18). Removal of the
protective groups with TFA afforded the target molecule 11a.

O

A. Giannis et al.

RGD analogue 11 b was prepared similarly, starting from alcohol
2b.

Compound 12a, which contains an aminopyrimidine moiety
as a guanidine mimetic,l'"> 3% was obtained by treatment of
amine 9a with 2-fluoropyrimidine 19, which was available in one
step from 2-aminopyrimidine.k? Cleavage of the ester yielded
RGD analogue 13a. The diastereomer 13b was prepared
similarly, starting from amine 9b.

The RGD analogues 15a and 15 b were prepared according to
the following procedure (Scheme 4). Treatment of glycine with

H
N 1) CH,ZS0,CI, Pyr, Pd/C, H,
-10 °C-RT,24h MeOH
°> N
OH 2 NaN,, DMF RT 1 bar, 4 h
OBu 50°C, 24 h
(11aS5)-2a (11aS)—8a 78 %
or (11aR)-2b (11aR)-8b 69 %
H O
N
RN N
OBu "NH,
(11a8)-9a
(11aR)-9b
NTf (*N 19
18 I
BocHNA NHBoo N E
EtsN, CHoCl, DIEA, DMF
RT. 48 h RT, 24 h
H o
N
NBoc
o) X N . Oﬁ/\/qr )\/j
"N” “NHBoc '-N
OfBu H
(11a8)-10a 57 % (11a8)-12a 72 %
(11aR)-10b 64 % (11aR)-12b 74 %
TFA, CH,Cl, TFA, CH,Cl,
RT,6h RT,6h

oy
H

(11a8)-11a 92 %
(11aR)-11b 88 %

Scheme 3. Synthesis of RGD analogues 11a, 11b, 13a, and 13b.

o]

H o
N
YV@r i)
S N
wS
OH o} H

(11a8)-13a quant.
(11aR)-13b quant.

NBoc
Me Triton-B, DMSO ~ 9, EDC, Et3N, CH,Cl,
+ HaN\_COOCH ——————»  BocHN COOH —
BocH NBoc 40°C,3d 0°C, 1h RT 3d
2086 %
TFA, CH C|2 \%
- J\/N NBoc  RT,6h )K/N
NHBoc
(11a8)-14a 74 % (11a8)-15a quant

(11aR)-14b 67 %

Scheme 4. Synthesis of RGD analogues 15a and 15b.
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(11aR)-15b quant
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Benzodiazepinedione-Based RGD Analogues

1,3-bis-tert-butoxycarbonyl-2-methyl-2-thiopseudourea was car-
ried out to obtain derivative 20. Subsequent coupling with
amines 9a and 9b and removal of the protective groups with
TFA afforded RGD mimetics 15a and 15b, respectively.

Finally, compound 22 was synthesized by treatment of
2-fluoropyrimidine with glycine tert-butyl ester hydrochloride,
followed by cleavage of the ester of compound 21 with TFA
(Scheme 5). Subsequently, carboxylic acid 22 was coupled with
amine 9a to obtain amide 16. Removal of the protective groups
afforded RGD analogue 17.

N/ﬁ
i At
F N )\
OtBu
HzN\/U\OtBu DIEA, DMF N/\[r
-Hel RT, 2d
2168 %
1) 9a, EDC,EtzN, CH,Cl,
TFA, CH20|2 )\ 0°C,1h,RT, 3d
RT 4h 2) TFA, CH,Cl,
22 quant RT,6h

Y\/Cgr g ..N)u

16 R=1Bu 37 %
17 R =H quant

J

Scheme 5. Synthesis of RGD analogue 17.

Solid-phase receptor assay

The abilities of the synthesized compounds to inhibit binding of
fibrinogen to integrin a,,,3; or o, 3; were characterized by a solid-
phase competitive displacement assay. For this purpose, bio-
tinylated fibrinogen was allowed to bind to immobilized integrin
oypPs or af; in the presence of the synthesized RGD mimetics.
The concentrations of compound 7 and ent-7 required for half-
maximal inhibition of ligand binding are shown in Figure 1 and
Figure 2.

Discussion

We have presented the synthesis of novel tricyclic benzodiaze-
pinediones, which were tested in a solid-phase receptor assay to
identify compounds capable of recognizing integrins o, and
ouP;5. Benzodiazepines have been utilized as templates for
peptide mimetics before, and there are many pharmacologically
active substances that possess a benzodiazepine scaffold, such
as neuropeptide mimetics (tifluadom, devazepide), ras-farnesyl-
transferase inhibitors, platelet-activating factor antagonists, HIV-
protease inhibitors, antitumor antibiotics such as anthramycin
and tomaymycin, or benzodiazepines such as diazepam (valium),
which act as anxiolytics.* 4" The RGD analogues presented here
feature a rigid scaffold, so they resist hydrophobic collapse and
prevent the formation of pharmacologically inactive conforma-
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Figure 1. Inhibition of the vitronectin receptor. Effect of compounds 7 and ent-7
on ligand interaction with a.[3; integrin: ICs, (7): 10 um (¥, solid line); IC;, (ent-7):
4 um (m, dotted line); i = intensity, RLU = relative luminescence unit.
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Figure 2. Inhibition of the fibrinogen receptor. Effect of compounds 7 and ent-7
on ligand interaction with a3 integrin: ICsy (7): 8 um (¥, solid line); ICs, (ent-7):
16 um (m, dotted line); i = intensity, RLU = relative luminescence unit.

tions in aqueous media.*? They differ with respect to the
distance between the carboxy and the guanidino functions.
Furthermore, replacement of the guanidino moiety with 2-ami-
nopyrimidine was performed to investigate the impact of an
arginine mimetic.

The results of the receptor assay showed the importance of
spacer length for potency. Compounds 11 and 15 turned out to
be inactive; the IC, values for neither o,3; nor o,,f3; inhibition
were reached at the maximum concentration tested (100 um).
Substitution of the guanidino group by an aminopyrimidino
function (compounds 13 and 17) did not result in better binding
properties. However, the RGD analogues 7 and ent-7, with a
median distance (compared to the previously mentioned
mimetics) between carboxy and guanidino functions, proved
to be both good vitronectin receptor antagonists and also good
fibrinogen receptor antagonists. As shown in Figure1 and
Figure 2, these compounds show only small selectivity: RGD
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analogue 7 inhibits fibrinogen binding with 1Cs, values of 10 um
and 8um for o,p; integrin and a,,B; integrin, respectively.
Compound ent-7 possesses ICs, values of 4 um and 16 um for o, 35
integrin and o,,Ps-integrin, respectively.

The derivative ent-7 represents an interesting lead structure
which may be used for further optimization. Additional func-
tionalization may be performed (for example, alkylation at N10
and substitution of the guanidino moiety by various analogues)
to improve both affinity and selectivity of receptor binding.

In summary, we present in this report the synthesis and
biological investigation of several RGD analogues based on a
tricyclic benzodiazepinedione scaffold. Through variation of the
distance between the carboxy and the guanidino functions we
found that compounds 7 and ent-7 possess good affinities for
o5 and ay,P; integrin. However, selectivity for a,f3; integrin is
still a challenge.

The presented syntheses demonstrate the variety of possibil-
ities for functionalization and, as a consequence, benzodiaze-
pinedione represents an interesting scaffold for the develop-
ment of various peptidomimetics.

Experimental Section

General methods: Melting points were determined on a Buichi 530
apparatus and are uncorrected. '"H NMR spectra were recorded on
Bruker AC 250 or Bruker DRX 500 NMR spectrometers. The stereo-
chemistries of the synthesized compounds were determined by NOE
and 2D NMR spectroscopy. The solvents stated were used as internal
standards. Elemental analyses were performed with a Heraeus CHN-
Rapid instrument. High-resolution (HR) mass spectra were obtained
with a Finnigan MAT MS 70 mass spectrometer. Optical rotation was
measured on a Perkin - Elmer 241 polarimeter. Commercially avail-
able compounds were used without further purification unless
otherwise noted. In general, reactions were carried out in dry
solvents under argon atmosphere unless otherwise noted. All
reactions were monitored by thin-layer chromatography (TLC)
carried out on Merck F-254 silica aluminium sheets and viewed with
UV light. Flash chromatography was performed on Merck silica
gel 60.

Integrin a,[3; was obtained from Chemicon; integrin o,,f3;, purified
human fibrinogen, bovine serum albumin (BSA) and peroxidase-
labeled goat antibiotin antibody were obtained from Calbiochem
Corp. (La Jolla, CA); tris(hydroxymethyl)aminomethane (Tris) buffer,
Tween 20, and (+)-biotin N-succinimidyl ester were obtained from
Fluka; BM chemiluminescence ELISA Substrate (POD) was obtained
from Roche, Mannheim. C(RGDfV) was kindly provided by Prof. H.
Kessler, TU Miinchen.

(2R,11 aS)-7-Bromo-2-hydroxy-1,2,3,11 a-tetrahydro-10H-ben-

zo[elpyrrolo[1,2-al[1,4]diazepine-5,11-dione (1): A stirred solution
of bromoisatoic anhydride (10.0 g, 41.3 mmol) and (25,4R)-4-hydroxy-
pyrrolidine-2-carboxylic acid (6.5 g, 49.6 mmol) in DMSO (60 mL) was
heated for 5 h at 140 °C. Stirring was continued at room temperature
for 16 h. The solution was added to 300 mL ice-cooled water and the
aqueous phase was extracted with ethyl acetate (4 x 100 mL). The
organic layer was washed with water (2 x 50 mL), dried over Na,SO,,
and evaporated to give 1 (12.1 g, 39.0 mmol, 94 %) as a light brown
solid. M.p.: 143°C; [a]¥=+3312 (c=1.0 in CH;OH); 'HNMR
(500 MHz, [Dglmethanol, 25°C): 6=1.93 (m, 1H; CH,), 2.68 (dd,
3J(HH)=5.65, 2J(HH)=13.34Hz, 1H; CH,), 3.46 (dd, 3J(H,H) =4.89,
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2J(HH)=12.51Hz, 1H; CH,), 3.64 (ddd, 3J(HH)=1.23 Hz, 3J(HH)=
3.67, 2J(H,H)=12.51 Hz, 1H; CH,), 4.15 (dd, *J(H,H) =6.10, 3J(HH) =
793 Hz, 1H; CH), 434 (m, 1H; CH), 6.90 (d, 3J(H,H) =8.55Hz, 1H;
Ar—H), 7.51 (dd, *J(H,H) = 2.45, 3J(H,H) = 8.85 Hz, 1H; Ar—H), 7.83 (d,
4J(HH)=2.45, 1H; Ar—H)ppm; HR-MS (El, 70eV): m/z: calcd for
C;,H;BrN,O5: 309.9953 [M]F; found: 309.9935; elemental analysis
calcd (%) for C;,H;,BrN,O; - (DMSO): C 43.20, H 4.40, N 7.20; found: C
43.05, H 4.11, N 6.70.

tert-Butyl 3-((11aXZ)-(2R)-hydroxy-5,11-dioxo-2,3,5,10,11,11 a-hexa-
hydro-1H-benzo[elpyrrolo[1,2-al[1,4]diazepin-7-yl)-acrylate  (2):
Compound 1 (500 mg, 1.6 mmol) was dissolved in acetonitrile
(2mL) and triethylamine (2 mL). Triphenylphosphine (21 mg,
0.08 mmol), palladium(i) acetate (4 mg, 0.018 mmol), and tert-butyl
acrylate (0.5 mL, 3.4 mmol) were added. The mixture was stirred at
90°C. After 24 h, a second portion of triphenylphosphine (21 mg,
0.08 mmol), palladium(i) acetate (4 mg, 0.018 mmol), and tert-butyl
acrylate (0.5 mL, 3.4 mmol) was added and stirring was continued for
a further 24 h at 90°C. The solvent was removed in vacuo and the
residue was purified by flash chromatography (CH,Cl,/CH;OH 10:1,
Rf=0.26) to give 2 (527 mg, 1.47 mmol, 92 %).

The diastereomers were separated by further flash chromatography
(ethyl acetate/isopropanol 5:1, Rf (2a) =0.67, Rf (2b) =0.57) to yield
388 mg (1.08 mmol) of the 11aS isomer 2a and 110 mg (0.31 mmol)
of the 11aR isomer 2b.

Isomer 2a: M.p.: 133°C; [a]? =+359.2 (c=1.0 in CH,Cl,); '"H NMR
(500 MHz, [Dglchloroform, 25°C): 6 =1.51 (s, 9H; C(CH,);), 2.19 (m,
1H; CH,), 288 (m, 1H; CH,), 3.62 (dd, 3J(HH)=4.37 2J(HH)=
12.71 Hz, 1H; CH,), 4.00 (d, 2J(H,H)=13.11 Hz, 1H; CH,), 4.31 (m,
TH; CH), 4.59 (m, 1H; CH), 6.32 (d, *J(H,H) = 15.90 Hz, 1H; CH=CH),
706 (d, J(HH)=835Hz, 1H; Ar-H), 746 (d, *J(H,H)=15.89 Hz;
CH=CH), 756 (dd, *J(H,H)=1.93, 3J(H,H)=8.35, 1H; Ar—H), 7.98 (d,
“SHH)=1.93Hz, TH; Ar-H), 9.14 (s, 1H; NH) ppm; HR-MS (FAB,
70 eV): m/z: calcd for C;oH,3N,05: 359.1607 [M+H]*: found: 359.1627;
elemental analysis calcd (%) for C;4H,,N,05-0.25H,0: C 62.89, H 6.25,
N 7.72; found: C 63.06, H 6.22, N 7.05.

Isomer 2b: M.p.: 142°C; [a]¥ = —274.8 (c=1.0 in CH,Cl,); 'HNMR
(500 MHz, [D¢lchloroform, 25°C): 6 =1.51 (s, 9H; C(CH,);), 2.29 (m,
1H; CH,), 2.83 (d, 2J(H,H) = 12.93 Hz, 1 H; CH,), 3.66 (dd, 3J(H,H) =3.97,
2J(H,H)=12.82 Hz, 1H; CH,), 3.86 (d, 2J(H,H) = 12.93 Hz, 1 H; CH,), 4.20
(m, TH; CH), 455 (m, 1H; CH), 6.34 (d, 3J(HH)=15.89Hz, 1H;
CH=CH), 707 (d, 3J(HH)=835Hz, 1H; Ar—H), 7.53 (d, 3J(HH)=
15.89 Hz, 1H; CH=CH), 7.56 (dd, *J(H,H)=2.13 Hz, 3J(H,H) =8.24 Hz,
1H; Ar—H), 812 (d, Y(HH)=193Hz, 1H; Ar—H), 9.26 (br, 1H;
NH) ppm; HR-MS (FAB, 70 eV): m/z: calcd for C;oH,5N,05: 359.1607
[M+H]*; found: 359.1627; elemental analysis calcd (%) for
CyoH2N,05-0.5H,0: C 62.11, H 6.31, N 7.62; found: C 62.63, H 6.25,
N 7.52.

tert-Butyl 3-((11a$)-2,5,11-trioxo-2,3,5,10,11,11 a-hexahydro-1H-
benzolelpyrrolo[1,2-a][1,4]diazepin-7-yl)-acrylate (3): Alcohol 2a
(780 mg, 2.18 mmol) was dissolved in DMSO (10 mL). IBX (793 mg,
2.83 mmol, 1.3 equiv) was added with stirring. After stirring for 3 d at
room temperature, the solution was quenched with water (200 mL)
and extracted with dichloromethane (4 x 40 mL). The combined
organic layers were washed with water, dried over Na,SO,, and
concentrated in vacuo. The product was purified by column
chromatography (n-hexane/ethyl acetate 1:1) to yield ketone 3
(606 mg, 1.70 mmol, 78 %). M.p.: 148°C (dec.); [a]$® =+342.4 (c=1.0
in CH,Cl,); 'TH NMR (500 MHz, [D¢]chloroform, 25°C): 6 = 1.51 (s, 9H;
C(CHs);), 2.87 (dd, 3J(H,H)=10.38 Hz, 2J(H,H) =18.92Hz, 1H; CH,),
3.60 (dd, 3J(HH)=3.66, 2J(HH)=19.53Hz, 1H; CH,), 3.96 (d,
2J(HH)=20.14Hz, 1H; CH,), 4.32 (d, 2J(HH)=20.15Hz, 1H; CH,),
4.64 (dd, 3J(H,H) = 3.35, 3J(H,H) = 10.07 Hz, 1H; CH), 6.40 (d, *J(H,H) =
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16.03 Hz, 1H; CH=CH), 7.17 (d, 3J(H,H) =8.24 Hz, 1H; Ar—H), 7.55 (d,
3J(H,H)=16.18 Hz, 1H; CH=CH), 7.66 (dd, *J(H,H) = 2.14 Hz, 3J(H,H) =
8.24 Hz, 1H; Ar—H), 8.11 (d, *J(H,H) = 1.83 Hz, 1H; Ar—H) 9.36 (br, 1H;
NH) ppm; HR-MS (El, 70 eV): m/z: calcd for C,oH,oN,Os: 356.1372 [M]*;
found: 356.1375.

tert-Butyl 3-((11aR)-2,5,11-Trioxo-2,3,5,10,11,11 a-hexahydro-1H-
benzolelpyrrolo[1,2-a][1,4]diazepin-7-yl)-acrylate (ent-3): Alcohol
2b (820mg, 2.29 mmol) was converted into the ketone ent-3
(465 mg, 1.30 mmol, 57 %) by the procedure reported for 3. [a]? =
—355.0 (c=1.0 in CH,CL); HR-MS (FAB, 70eV): m/z: calcd for
CioHaoN,O5: 357.1450 [M+11+; found: 357.1483.

tert-Butyl 3-((11aS)-2-cyanomethylene-5,11-dioxo-2,3,5,10,11,11 a-
hexahydro-1H-benzo[e]pyrrolo[1,2-al[1,4]diazepin-7-yl)-acrylate
(4): A solution of diethyl cyanomethylphosphonate (1.46 mL,
9.28 mmol) in tetrahydrofuran (25 mL) was cooled to 0°C. n-
Butyllithium (5.8 mL, 1.6m in n-hexane, 9.28 mmol) was added
dropwise over 15 min. After stirring for 0.5 h, the solution was
cooled to —50°C. A solution of ketone 3 (1.50g, 4.21 mmol) in
tetrahydrofuran (10 mL) was added with vigorous stirring. The
reaction mixture was allowed to warm up to room temperature over
3 h and stirring was continued for 12 h at room temperature. Water
(100 mL) was added, followed by extraction with dichloromethane.
The combined organic layers were dried (MgSO,) and concentrated
in vacuo. The crude mixture was purified on silica gel (n-hexane/ethyl
acetate 2:3) to give nitrile 4 (687 mg, 1.81 mmol, 43%). M.p.: 151°C
(dec); [a]¥=+3353 (c=10 in CH,Cl); 'HNMR (500 MHz
[Dglchloroform, 25°C): 6 =1.53 (s, 9H; C(CH;);), 2.96 (m, 1H; CH,),
3.26 (dd, 3J(HH)=1.20, 2J(HH)=18.68Hz, 1H; CH,), 3.34 (dd,
3J(HH)=1.19, 2J(H,H)=18.68 Hz, 1H; CH,), 3.65 (m, 1H; CH,), 4.61
(dd, 3J(HH)=3.97, 3JHH) =11.13Hz, 1H; CH), 641 (d, 3J(HH)=
15.90 Hz, 1H; CH=CH), 708 (m, 1H; CH-CN), 711 (d, 3J(H,H)=
8.34Hz, 1H; Ar—H), 756 (d, 3J(HH)=15.90Hz, 1H; CH=CH), 7.65
(dd, *J(HH)=1.99, 3J(HH)=8.34Hz, 1H; Ar—H), 8.14 (d, “(HH)=
1.99 Hz, 1H; Ar—H), 9.10 (s, TH, NH) ppm; HR-MS (El, 70 eV,): m/z:
calcd for C,;H,;N;0,: 379.1532 [M]F; found: 379.1527; elemental
analysis calcd (%) for C,;H,,N;0,-H,0: C 63.47, H 5.83, N 10.57; found:
C 63.29, H 5.56, N 10.46.

tert-Butyl 3-((11aR)-2-cyanomethylene-5,11-dioxo-2,3,5,10,11,11 a-
hexahydro-1H-benzo[e]pyrrolo[1,2-al[1,4]1diazepin-7-yl)-acrylate
(ent-4): Ketone ent-3 (608 mg, 1.71 mmol) was converted into the
nitrile ent-4 (291 mg, 0.77 mmol; 45%) with diethyl cyanomethyl-
phosphonate (0.59 mL, 3.75 mmol) and n-butyllithium (2.35 mL, 1.6m
in n-hexane, 3.75 mmol) by the procedure reported for 4. [a]? =
—343.6 (c=0.5 in CH)Cl,); HR-MS (FAB, 70eV): m/z: calcd for
CyH;,N;0,: 380.1610 [M+11"; found: 380.1599; elemental analysis
calcd (%) for C,,H,;N;0,-0.6H,0: C 64.64, H 5.73, N 10.77; found: C
64.29, H 5.45, N 10.33.

tert-Butyl  3-([(11aS)-(25)-2-(2-amino-ethyl)-5,11-dioxo-2,3,5,10,
11,11 a-hexahydro-1H-benzo[e]pyrrolo[1,2-al[1,4]diazepin-7-yl]-

propionate (5): Nitrile 4 (200 mg, 0.53 mmol) was dissolved in
methanol (10 mL). After addition of CoCl, (137 mg, 1.05mmol,
2 equiv), the mixture was cooled to 0°C. NaBH, (195 mg, 5.27 mmol,
10 equiv) was added in small portions with stirring over 0.5 h, in the
course of which Co,B deposited as a black granular precipitate. The
reaction mixture was warmed to room temperature over 3 h and
stirring was continued for a further 12 h at room temperature. The
reaction was worked up by addition of 10 % citric acid to dissolve the
Co,B. A 25% NHj; solution was added until pH=9-10. The aqueous
layer was extracted with ethyl acetate (4 x 30 mL), and the combined
organic layers were washed with water and brine and dried over
Na,SO,. Evaporation of the solvent yielded the amine 5 (120 mg,
0.31 mmol, 59%) as a slightly colored foam, which was used
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immediately for further reactions. 'H NMR (500 MHz, [D¢]methanol,
25°C): 0=1.40 (s, 9H; C(CH);), 1.66 (m, 2H), 2.28 (m, 2H), 2.44 (m,
1H), 2.55 (t, 3J(H,H) =7.15 Hz, 2H; CH,), 2.77 (m, 2H), 2.91 (t, *J(HH) =
7.15Hz, 2H; CH,), 3.10 (m, 1H), 4.14 (m, 2 H), 7.04 (d, 3J(H,H) = 8.34 Hz,
1H; Ar—H), 740 (dd, *J(H,H) =1.99 Hz, 3J(H,H) =8.34 Hz, 1H; Ar—H),
7.72 (d, *J(H,H)=1.99 Hz, 1H; Ar—H) ppm; HR-MS (FAB, 70 eV): m/z:
calcd for C;,H;0N;0,: 388.2236 [M+1]*; found: 388.2252.

tert-Butyl 3-[(11aR)-(2R)-2-(2-amino-ethyl)-5,11-dioxo-2,3,5,10,11,
11 a-hexahydro-1H-benzolelpyrrolo[1,2-a][1,4]diazepin-7-yl]-pro-
pionate (ent-5): Nitrile ent-4 (284 mg, 0.75 mmol) was treated with
CoCl; (194 mg, 1.50 mmol, 2 equiv) and NaBH, (277 mg, 7.49 mmol,
10 equiv) as reducing agent to afford amine ent-5 (162 mg,
0.42 mmol, 56%) by the procedure reported for 5. The crude
product was used in the next step without any further purification.
HR-MS (FAB, 70eV): m/z: calcd for C,;H;oN;0,: 388.2236 [M+1]F;
found: 388.2246.

tert-Butyl 3-{(11aS)-(25)-2-[2-(N',N"-Bis-tert-butoxycarbonyl-gua-
nidino-ethyl)1-5,11-dioxo-2,3,5,10,11,11 a-hexahydro-1H-ben-
zo[elpyrrolo[1,2-a][1,4]diazepin-7-yl}-propionate (6): Amine 5
(314 mg, 0.81 mmol) was dissolved in dichloromethane (10 mL) and
cooled to 0°C. N,N'-Bis-tert-butoxycarbonyl-N"-trifluoromethanesulf-
onylguanidine (18; 382 mg, 0.98 mmol, 1.2 equiv) and triethylamine
(0.14 mL, 0.98 mmol, 1.2 equiv) were added. The reaction mixture
was then stirred at 0°C for 1 h and at room temperature for 48 h. The
solvent was removed under reduced pressure. The product was
further purified by column chromatography (n-hexane/ethyl acetate
1:1) to give the bis-tert-butoxycarbonyl-protected guanidine 6
(369 mg, 0.59 mmol, 73%). M.p.: 190°C (dec.); [a]? =+ 160.8 (c=
1.0 in CH,Cl,); "H NMR (500 MHz, [D¢lchloroform, 25°C): 6 = 1.40 (s,
9H; C(CH,),), 1.47 (s, 9H; C(CH,)3), 1.48 (s, 9H; C(CH,)3), 1.75 (m, 2H;
CH,), 2.26 (m, 1H; CH, 1H; CH,), 2.50-2.55 (m, 1H; CH,, m, 2H; CH,),
2.90 (m, 2H; CH,), 3.11 (dd, 3J(HH)=755, 2J(H,H)=11.93 Hz, 1H;
CH,), 3.48 (m, 2H; CH,), 4.06 (m, 1H; CH), 4.22 (dd, 3J(H,H) =755,
2J(H,H)=11.92 Hz, 1H; CH,), 6.92 (d, 3J(H,H) = 8.34 Hz, 1H; Ar—H), 7.31
(dd, 4(H,H)=1.99, 3J(HH)=795Hz, 1H; Ar—H), 7.79 (d, “/(HH)=
1.99 Hz, TH; Ar—H), 8.33 (m, 1H, NH), 8.42 (s, 1H, NH), 11.47 (s, TH,
NH) ppm; HR-MS (FAB, 70 eV): m/z: calcd for C5,H,gNsOq: 630.3503
[M+1]%; found: 630.3479.

tert-Butyl 3-{(11aR)-(2R)-2-[2-(N’,N"-Bis-tert-butoxycarbonyl-gua-
nidino)-ethyl]-5,11-dioxo-2,3,5,10,11,11 a-hexahydro-1H-benzo[e]-
pyrrolo[1,2-a][1,4]diazepin-7-yl}-propionate (ent-6): Amine ent-5
(170 mg, 0.44 mmol) was treated with N,N'-bis-tert-butoxycarbonyl-
N'-trifluoromethanesulfonylguanidine (18, 207 mg, 0.53 mmol,
1.2 equiv) and triethylamine (0.08 mL, 0.53 mmol, 1.2 equiv) by the
procedure reported for 6, to yield the bis-tert-butoxycarbonyl-
protected guanidine ent-6 (224 mg, 0.36 mmol, 81%). [a]?® = — 152.8
(c=0.5 in CH,CL,); HR-MS (FAB, 70 eV): m/z: calcd for C;,H,sNsOq:
630.3503 [M+1]*; found: 630.3478.

3-[(11 aS)-(25)-2-(2-Guanidino-ethyl)-5,11-dioxo-2,3,5,10,11,11 a-

hexahydro-1H-benzole]pyrrolo[1,2-al[1,4]diazepin-7-yl]-propionic
acid trifluoroacetate (7): TFA (2 mL) was added to a solution of
compound 6 (200 mg, 0.32mmol) in dichloromethane (5 mL),
followed by stirring for 4 h at room temperature. The solvent was
removed in vacuo and the residue was triturated with diethyl ether
to afford compound 7 in quantitative yield. M.p.: 124°C (dec.);
[]% =+ 185.0 (c=0.5 in CH,0H); 'H NMR (500 MHz, D,0, 25 °C): § =
1.74 (m, 2H; CH,), 2.28 (m, 1H; CH,), 2.37 (m, 1H; CH, 1H; CH,), 2.71
(t, 3J(HH)=7.29 Hz, 2H; CH,), 2.95 (t, 3J(H,H) = 7.35 Hz, 2H; CH,), 3.21
(dd, 3J(H,H)=6.78, 2J(H,H)=12.05 Hz, 1H; CH,), 3.30 (m, 2H; CH, ),
4.01 (dd, 3J(H,H) =6.60, 2J(HH)=12.05Hz, 1H; CH,), 419 (m, 1H;
CH), 7.10 (d, 3J(H,H) =8.29 Hz, 1H; Ar—H), 747 (dd, *J(H,H) = 2.26 Hz,
3J(HH)=829Hz, 1H; Ar—H), 766 (d, “J(HH)=226Hz, 1H;
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Ar—H) ppm; HR-MS (FAB, 70 eV): m/z: calcd for C;sH,,N;O,: 374.1828
[M+1]*; found: 374.1819.

3-[(11 aR)-(2R)-2-(2-Guanidino-ethyl)-5,11-dioxo-2,3,5,10,11,11 a-
hexahydro-1H-benzo[e]pyrrolo[1,2-al[1,4]diazepin-7-yl]-propionic
acid trifluoroacetate (ent-7): The protective groups of ent-6
(150 mg, 0.24 mmol) were removed by the procedure described
above to give the enantiomer ent-7 in quantitative yield. [a]? =
—1724 (c=0.5 in CH;OH); HR-MS (FAB, 70eV): m/z: calcd for
CigH,4NsO,: 374.1828 [M+11F; found: 374.1816.

tert-Butyl 3-((11aS)-(25)-2-azido-5,11-dioxo-2,3,5,10,11,11 a-hexa-
hydro-1H-benzolelpyrrolo[1,2-al[1,4]diazepin-7-yl)-acrylate (8a):
Compound 2a (460mg, 1.28 mmol) was dissolved in dichloro-
methane (10 mL). After addition of pyridine (3 mL) the solution was
cooled to —10°C. Methanesulfonyl chloride (0.13 mL, 1.67 mmol)
was slowly added with stirring. The mixture was then stirred for 1 h at
—10°C and for 10 h at room temperature. The solution was washed
with sat. NaHCO; solution and the aqueous layer was extracted with
dichloromethane. The combined organic layers were washed with
10% citric acid and water and dried over MgSO,. The solvent was
removed under reduced pressure. The crude mesylate was dissolved
in N,N-dimethylformamide (8 mL). Sodium azide (1.25 g, 19.23 mmol)
was added, followed by stirring at 50°C for 48 h. Afterwards, the
mixture was poured into ice-cooled water and the aqueous phase
was extracted with dichloromethane. After the organic layer had
been dried over Na,SO,, the solvent was evaporated. Purification by
flash chromatography (CH,Cl,/CH;OH 10:1, Rf=0.53) afforded
product 8a (374 mg, 0.98 mmol, 76%). Mp.: 109°C (dec.); [a]% =
+391.2 (c=1.0 in CH,CL,); "H NMR (500 MHz, [D¢lchloroform, 25 °C):
0 =152 (s, 9H; C(CH,);), 2.38 (m, TH; CH,), 3.10 (dd, 3J(H,H)=1.99,
2J(HH)=13.91 Hz, 1H; CH,), 3.73 (m, 1H; CH,), 3.82 (dd, 3J(HH)=
5.14, 2J(H,H)=12,98 Hz, 1H; CH,), 4.20 (dd, 3J(H,H)=1.99, 3J(HH)=
9.14 Hz, 1H; CH), 437 (m, 1H; CH), 6.39 (d, 3J(H,H)=15.90Hz, 1H,
CH=CH), 7.10 (m, 1H; Ar—H), 7.55 (d, >J(H,H) = 15.89 Hz, TH, CH=CH),
762 (dd, “Y(HH)=199, *J(HH)=834Hz, 1H; Ar—H), 813 (d,
“JHH)=199Hz, 1H; Ar-H), 9.10 (br, 1H; NH) ppm; HR-MS (EI,
70 eV): m/z: calcd for C,gH,;NsO,4: 383.1593 [M]*; found: 383.1595;
elemental analysis calcd (%) for C,oH,;N;O,-0.5H,0: C 58.16, H 5.65;
found: C 58.30, H 5.88.

tert-Butyl 3-((11aR)-(25)-2-azido-5,11-dioxo-2,3,5,10,11,11 a-hexa-
hydro-1H-benzolelpyrrolo[1,2-all[1,4]ldiazepin-7-yl)-acrylate (8b):
Alcohol 2b (300 mg, 0.84 mmol) was converted into the azide by
the procedure reported for 8a, to yield compound 8b (221 mg,
0.58 mmol, 69%). M.p.: 114°C (dec.); [a]¥=—3714 (c=1.0 in
CH,Cl,); 'THNMR (500 MHz, [D¢]chloroform, 25°C): 6 =1.50 (s, 9H;
C(CH,);), 2.18 (m, TH; CH,), 3.01 (m, 1H; CH,), 3.77 (dd, 3J(H,H) = 5.56,
2J(HH)=1232Hz, 1H; CH,), 3.86 (dd, 3J(HH)=4.77, 2J(HH)=
12.32Hz, 1H; CH,), 4.23 (dd, 3J(H,H)=5.17, 3J(H,H) =834 Hz, 1H;
CH), 430 (m, 1H; CH), 6.37 (d, 3J(H,H) = 15.90 Hz, 1H; CH=CH), 7.10
(dd, 3J(HH)=8.35Hz, 1H; Ar—H), 753 (d, 3J(HH)=15.93Hz, 1H;
CH=CH), 7.59 (dd, *J(H,H) = 1.99, 3J(H,H) =8.35 Hz, 1H; Ar—H), 8.11 (d,
4J(H,H)=1.99Hz, 1H; Ar—H), 9.66 (br, 1H; NH) ppm; HR-MS (FAB,
70 eV): m/z: calcd for C;sH,,N5O,: 384.1671 [M+1]F; found: 384.1680;
elemental analysis calcd (%) for C;oH,;N;0O,-0.5H,0: C 58.16, H 5.65;
found: C 57.74, H 5.65.

tert-Butyl 3-((11aS)-(25)-2-amino-5,11-dioxo-2,3,5,10,11,11 a-hexa-
hydro-1H-benzolelpyrrolo[1,2-al[1,4]diazepin-7-yl)-acrylate (9a):
Azide 8a (1g, 2.61 mmol) was dissolved in methanol (degassed
and flushed with argon, 10 mL). After addition of palladium on
charcoal the mixture was degassed again and afterwards flushed
with hydrogen. The mixture was stirred for 4 h under hydrogen
(1 bar), followed by separation of the palladium on charcoal by
filtration over Celite. The solvent was removed under reduced

1084

A. Giannis et al.

pressure to afford amine 9a (931 mg, 2.61 mmol) in quantitative
yield (CH,Cl,/CH,OH/NH; 5:1:0.01, Rf=0.22). M.p.: 151°C; [a]® =
+360.8 (c=1.0 in CH;0H); "H NMR (500 MHz, [D¢]methanol, 25 °C):
0=152 (s, 9H; C(CH,);), 2.40 (m, 1H; CH,), 2.64 (m, 1H; CH,), 3.45
(dd, 3J(HH)=3.78, ¥(H,H)=12.12Hz, 1H; CH,), 3.68 (m, 1H; CH),
3.98 (dd, 3J(HH)=5.96, 2JHH)=1231Hz, 1H; CH,), 429 (dd,
3J(H,H)=3.98, 3J(H,H)=8.74 Hz, 1H; CH), 6.43 (d, 3J(H,H) = 15.89 Hz,
1H; CH=CH), 7.17 (d, 3J(H,H)=8.35Hz, 1H; Ar—H), 7.56 (d, 3J(H,H) =
15.89 Hz, 1H; CH=CH), 7.77 (dd, *J(H,H) =1.99, 3J(H,H) =8.34 Hz, 1H;
Ar—H), 8.04 (d, *J(H,H) = 1.99 Hz, 1H; Ar—H) ppm; HR-MS (FAB, 70 eV):
m/z: caled for C;sH,,N;0,: 358.1769 [M+11; found: 358.1746;
elemental analysis calcd (%) for C;oH,;N;0,:0.67H,0: C 61.78, H
6.64, N 11.37; found: C 61.92, H 6.47, N 11.26.

tert-Butyl 3-((11aR)-(2S)-2-amino-5,11-dioxo-2,3,5,10,11,11 a-hexa-
hydro-1H-benzolelpyrrolo[1,2-al[1,4]diazepin-7-yl)-acrylate (9b):
Azide 8b (500 mg, 1.30 mmol) was reduced to the amine by the
procedure reported for 9a to yield amine 9b (463 mg, 1.30 mmol) in
quantitative yield (CH,Cl,/CH;OH/NH; 5:1:0.01, Rf=0.24). M.p.:
158°C; [a]¥=-3525 (c=1.0 in CH;OH); 'HNMR (500 MHz,
[Dglmethanol, 25°C): 6 =1.52 (s, 9H; C(CH,);), 2.04 (m, 1H; CH,),
2.93 (m, 1H; CH,), 3.53 (dd, 3J(HH)=715, 2J(HH)=11.92Hz, 1H;
CH,), 3.76 (m, 1H; CH), 3.88 (dd, 3J(H,H) =6.75, 2J(H,H) = 11.92 Hz, 1H;
CH,), 4.34 (dd, 3J(HH)=3.18, 3*J(H,H)=8.35Hz, 1H; CH), 6.41 (d,
3J(H,H)=16.29 Hz, 1 H; CH=CH), 7.15 (d, 3J(H,H) =8.74 Hz, 1H; Ar—H),
7.55 (d, 3J(H,H) =15.89 Hz, 1H; CH=CH), 7.74 (dd, “J(H,H) =1.99 Hz,
3J(H,H)=8.34, 1H; Ar—H), 8.03 (d, *J(H,H)=1.99 Hz, 1H; Ar—H) ppm;
HR-MS (FAB, 70 eV): m/z: calcd for CyoH,N;O,: 358.1769 [M+11*;
found: 358.1746; elemental analysis calcd (%) for C,oH,3N;0,-H,0: C
60.79, H 6.71, N 11.19; found: C 61.92, H 6.47, N 11.26.

tert-Butyl 3-[(11 aS)-(25)-2-(N',N"-bis-tert-butoxycarbonyl-guanidi-
no)-5,11-dioxo-2,3,5,10,11,11 a-hexahydro-1H-benzole]-pyrro-
lo[1,2-a][1,4]diazepin-7-yl]-acrylate (10a): N,N'-Bis-tert-butoxycarb-
onyl-N"-trifluoromethanesulfonyl guanidine (18; 285 mg, 0.73 mmol,
1.3 equiv) was added to a solution of amine 9a (200 mg, 0.56 mmol)
and triethylamine (0.08 mL) in dichloromethane (5 mL) at 0°C. The
solution was allowed to warm up, with stirring, to room temperature
over 1h. After the mixture had been stirred for 3d at room
temperature the solvent was removed under vacuum. Purification by
flash chromatography (CH,Cl,/CH;OH 10:1, Rf=0.61) gave com-
pound 10a (190 mg, 0.32 mmol, 57%). M.p.: 149°C (dec.); [l =
+194.7 (c=1.0 in CH,Cl,); "H NMR (500 MHz, [D¢]lchloroform, 25 °C):
8=1.12 (s, 9H; C(CH,);), 1.47 (s, 9H; C(CH,)), 1.51 (s, 9H; C(CHs)s),
2.40 (m, 1H; CH,), 2.96 (d, 2J(H,H) = 14.04 Hz, 1H; CH,), 3.91 (m, 2H;
CH,), 4.24 (dd, 3J(H,H) = 1.22, 3J(H,H) =8.48 Hz, 1H; CH), 4.75 (m, 1H;
CH), 6.38 (d, 3J(HH)=16.17Hz, 1H; CH=CH), 723 (d, 3J(HH) =
8.55Hz, 1H; Ar—H), 755 (d, 3J(HH)=15.87 Hz, 1H; CH=CH), 7.64
(dd, 3J(HH)=8.55, “J(HH)=1.83Hz, 1H; Ar—H), 8.12 (d, “(H,H)=
1.83 Hz, 1H; Ar—H), 8.73 (d, 3J(HH)=6.10 Hz, 1H; NH), 10.62 (br,
1H; NH), 11.32 (s, 1H; NH) ppm; HR-MS (FAB, 70 eV): m/z: calcd for
C50H4NsOg: 600.3033 [M+11F; found: 600.3020; elemental analysis
caled (%) for CoH 4 NsOg - H,0: C 58.33, H 7.02, N 11.34; found: C 58.71,
H 6.69, N 11.21.

tert-Butyl 3-[(11 aR)-(25)-2-(N',N"-bis-tert-butoxycarbonyl-guanidi-
no)-5,11-dioxo-2,3,5,10,11,11 a-hexahydro-1H-benzole]-pyrro-

lo[1,2-a][1,4]1diazepin-7-yl]-acrylate (10b): Amine 9b (150 mg,
0.42 mmol) was converted into the bis-tert-butoxycarbonyl-protect-
ed guanidino-benzodiazepinedione 10b (161 mg, 0.27 mmol, 64 %)
by the procedure reported for 10a. M.p.: 126°C (dec.); [a]? =
—199.6 (c=1.0 in CH,Cl,); '"H NMR (500 MHz, [D¢lchloroform, 25 °C):
& =147 (s, 9H; C(CH5)5), 1.48 (s, 9H; C(CH,),), 1.51 (s, 9H; C(CH5)), 2.08
(m, TH; CH,), 3.05 (m, 1H; CH,), 3.52 (dd, 3J(H,H)=733, %J(H,H)=
12.21 Hz, 1H; CH,), 4.11 (dd, 3J(H,H)=6.56, 2J(H,H)=12,21 Hz, 1H;
CH,), 4.20 (dd, 3J(H,H) = 2.75, 3J(H,H) = 8.24 Hz, 1H; CH), 4.69 (m, 1H;
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CH), 6.33 (d, 3J(HH)=16.18 Hz, 1H; CH=CH), 710 (d, 3J(HH)=
8.24Hz, 1H; Ar—H), 749 (d, 3J(HH)=16.18 Hz, 1H; CH=CH), 7.60
(dd, “J(H,H)=2.04, 3J(HH)=8.24Hz, 1H; Ar—H), 8.06 (d, *J(H,H)=
2.04 Hz, 1H; Ar—H), 8.52 (d, 3J(H,H)=6.72 Hz, TH; NH), 9.13 (br, 1H;
NH), 11.46 (s, 1H; NH) ppm; HR-MS (FAB, 70eV): m/z: calcd for
C30H4,NsOg: 600.3033 [M+1]F; found: 600.3055; elemental analysis
calcd (%) for C3H4,NsOg - H,0: € 58.33, H 7.02, N 11.34; found: C 58.68,
H 6.71, N 11.20.

3-((11 aS)-(25)-2-Guanidino-5,11-dioxo-2,3,5,10,11,11 a-hexahy-
dro-1H-benzolelpyrrolo[1,2-al[1,4]ldiazepin-7-yl)-acrylic acid tri-
fluoroacetate (11a): Compound 10a (65mg, 0.11 mmol) was
dissolved in dichloromethane (6 mL). TFA (1.5 mL) was slowly added
with stirring. After the mixture had been kept for 6 h at room
temperature, the solvent was removed. Purification of the product
by semipreparative HPLC (1% B to 20% B in 10 min; A: H,O + 0.1%
TFA; B: acetonitrile + 0.1% TFA) gave the target molecule 11a as the
trifluoroacetate in 92 % yield (46 mg, 0.10 mmol). M.p.: 195 °C (dec.);
[a]¥ =+305.2 (c=0.5 in CH;OH); '"HNMR (500 MHz, [DsDMSO,
25°C): 6=2.35 (m, 1H; CH,), 2.62 (m, 1H; CH,), 3.43 (d, J(HH)=
12.36 Hz, 1H; CH,), 3.96 (dd, 2J(H,H)=12.36, *J(H,H) =5.65Hz, 1H;
CH,), 4.16 (m, 1H; CH), 4.29 (dd, 3J(H,H) =3.53 Hz, 3J(H,H) = 8.83 Hz,
1H; CH), 6.48 (d, 1H; 3J(H,H) = 15.89 Hz, CH=CH), 7.19 (d, 3J(H,H) =
8.47 Hz, 1H; Ar—H), 7.55 (d, 3J(H,H) =15.89 Hz, 1H; CH=CH), 7.79 (br,
1H; NH), 7.89 (dd, 4/=1.77, 3J(H,H) =8.48 Hz, 1H; Ar—H), 797 (d, /=
1.77 Hz, 1H; Ar—H) 10.79 (br, 1H; NH) ppm; HR-MS (FAB, 70 eV): m/z:
calcd for C;gHgNsO,: 344.1359 [M+11F; found: 344.1343.

3-((11 aR)-(2S)-2-Guanidino-5,11-dioxo-2,3,5,10,11,11 a-hexahy-
dro-1H-benzolelpyrrolo[1,2-al[1,4]diazepin-7-yl)-acrylic acid tri-
fluoroacetate (11b): The protective groups of compound 10b
(150 mg, 0.25 mmol) were removed by the procedure reported for
11a, to obtain product 11b (99 mg, 0.22 mmol, 88%). M.p.: 176°C
(dec.); [@]3? —224.9 (c=1.0 in CH;0H); 'H NMR (500 MHz, [Dglmeth-
anol, 25°C): 6=2.40 (m, 1H; CH,), 3.19 (m, 1H; CH,), 3,80 (dd,
3J(HH)=6.71, 2J(HH)=11.91 Hz, 1H; CH,), 4.20 (dd, 3J(H,H)=6.41,
2J(HH)=11.91 Hz, 1H; CH,), 449 (m, 1H; CH), 4.61 (m, 1H; CH), 6.71
(d, 3J(HH)=16.17Hz, 1H; CH=CH), 7.39 (d, 3J(HH)=8.54Hz, 1H;
Ar—H), 7.88 (d, 3J(H,H) =15.87 Hz, 1H; CH=CH), 8.02 (dd, *J(H,H)=
2.13, 3J(HH)=8.54Hz, 1H; Ar—H), 8.27 (d, *J(HH)=2.14Hz, 1H;
Ar—H) ppm; HR-MS (FAB, 70 eV): m/z: calcd for C;¢H,gNsO,: 344.1359
[M+1]%; found: 344.1344.

tert-Butyl 3-((11 a$)-(25)-5,11-dioxo-2-pyrimidin-2-ylamino-
2,3,5,10,11,11 a-hexahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diaze-
pin-7-yl)-acrylate (12a): Amine 9a (180 mg, 0.50 mmol) and 2-fluo-
ropyrimidine 19 (200 mg, 2.0 mmol) were dissolved in N,N-dimethyl-
formamide (6 mL). After addition of diisopropylethylamine (0.36 mL,
2.0 mmol) the solution was stirred for 24 h at room temperature. The
solution was added to cold water and the aqueous phase was
extracted with dichloromethane. The combined organic layers were
dried over Na,SO,. Afterwards, the solvent was removed in vacuo
and the residue was purified by flash chromatography (CH,Cl,/
CH,0H 10:1, Rf =0.41) to afford compound 12a (158 mg, 0.36 mmol,
72%). Mp.: 175°C; [al¥ =+304.1 (c=1.0 in CH,Cl,); 'HNMR
(500 MHz, [Dglchloroform, 25°C): 6 =1.48 (s, 9H, C(CHs);), 2.39 (m,
1H; CH,), 286 (m, 1H; CH,), 3.82 (dd, 3J(H,H)=4.75, 2JH,H)=
12.72 Hz, 1H; CH,), 3.90 (d, 2J(H,H)=12.81Hz, 1H; CH,), 4.19 (d,
3J(HH)=8.46 Hz, 1H; CH), 4.58 (m, 1H; CH), 6.28 (d, 3J(HH)=
15.89 Hz, 1H; CH=CH), 6.37 (d, 3J(H,H) =5.97 Hz, 1H; NH), 6.51 (dd,
3J(H,H)=4.76, 3J(HH)=4.76 Hz, 1H; Ar—H), 7.00 (d, 3J(H,H) = 8.74 Hz,
1H; Ar—H), 7.44 (d, 3J(H,H) = 15.89 Hz, 1 H, CH=CH), 7.53 (dd, *J(H,H) =
1.99, 3J(H,H)=8.34 Hz, 1H; Ar—H), 7.99 (s, 1H; NH), 8.00 (d, *J(H,H)=
1.98 Hz, 1H; Ar—H), 8.25 (d, 3J(H,H) =4.77 Hz, 2H; Ar—H), 10.08 (s, 1H;
NH) ppm; HR-MS (FAB, 70 eV): m/z: calcd for C,;H,(NsO,: 436.1984
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[M+1]1*; found: 436.1995; elemental analysis calcd (%) for
C,5HysN;O,: C 63.44, H 5.79, N 16.08; found: C 63.16, H 5.82, N 16.10.

tert-Butyl 3-((11 aR)-(25)-5,11-dioxo-2-pyrimidin-2-ylamino-
2,3,5,10,11,11 a-hexahydro-1H-benzo[e]-pyrrolo[1,2-a][1,4]diaze-
pin-7-yll-acrylate (12b): Amine 9b (130 mg, 0.36 mmol) was con-
verted into the aminopyrimidino-benzodiazepinedione 12b
(117 mg, 0.27 mmol, 74%) by the procedure reported for 12a.
M.p.: 181°C; [a]?® =—281.8 (c=0.5 in CH,Cl,); '"HNMR (500 MHz,
[Dglchloroform, 25°C): 6 =1.51 (s, 9H, C(CH5);), 2.12 (m, TH; CH,),
2.95 (m, 1H; CH,), 3.65 (dd, 3J(H,H) =6.56, 2J(HH)=12.12 Hz, 1H;
CH,), 4.06 (dd, 3J(H,H)=6.36, 2J(H,H) =11.92 Hz, 1H; CH,), 4.30 (dd,
3J(HH)=3.97, 3J(H,H)=8.34 Hz, 1H; CH), 4.66 (m, 1H; CH), 6.02 (d,
3J(H,H)=6.76 Hz, 1H; NH), 6.36 (d, *J(H,H)=15.89 Hz, 1H; CH=CH),
6.58 (dd, 3J(HH)=4.88, 3J(HH)=4.88Hz, 1H; Ar—H), 700 (d,
3J(H,H) =8.34 Hz, 1H; Ar—H), 7.53 (d, 3J(H,H) = 15.87 Hz, 1H; CH=CH),
0 (dd, *J(HH)=1.99, 3J(HH)=8.34 Hz, 1H; Ar—H), 8.11 (d, *J(HH) =
1.99 Hz, 1H; Ar—H), 8.20 (d, 3J(H,H) =4.77 Hz, 2H; Ar—H), 9.56 (br, 1H;
NH) ppm; HR-MS (FAB, 70 eV): m/z: calcd for C,3H,6NsO,: 436.1984
[M+11F; found: 436.1964.

3-((11 aS)-(25)-5,11-Dioxo-2-pyrimidin-2-ylamino-2,3,5,10,11,11 a-
hexahydro-1H-benzo[elpyrrolo[1,2-a][1,4]diazepin-7-yl)-acrylic
acid trifluoroacetate (13a): Compound 12a (100 mg, 0.23 mmol)
was dissolved in dichloromethane (5 mL). TFA (0.5 mL) was added
with stirring. Stirring was continued until complete cleavage of the
ester. The solvent was removed in vacuo, and the residue was
triturated with diethyl ether to afford RGD mimetic 13a in
quantitative yield. M.p.: 133°C (dec.); [a]¥=+364.0 (c=0.5 in
DMSO); 'HNMR (500 MHz, [DJDMSO, 25°C): 6 =2.3 Hz, 2J(HH) =
11.93 Hz, 1H; CH,), 3.99 (dd, 3J(H,H)=5.56, 2J(HH)=11.92 Hz, 1H;
CH,), 4.32 (dd, 3J(H,H) =3.97, 3J(H,H) = 8.34 Hz, 1H; CH), 4.39 (m, 1H;
CH), 6.50 (d, *J(H,H) = 15.89 Hz, 1H; CH=CH), 6.66 (dd, 3J(H,H) = 4.76,
3J(HH)=4.76 Hz, 1H; Ar—H), 700 (br, TH; NH), 718 (d, 3J(HH)=
8.75Hz, 1H; Ar—H), 760 (d, 3J(HH)=15.89 Hz, 1H, CH=CH), 7.89
(dd, #J(HH)=1.99, 3J(H,H)=8.35Hz, 1H; Ar—H), 8.00 (d, “(H,H)=
1.98 Hz, 1H; Ar—H), 8.31 (d, 3J(H,H) =4.45Hz, 2H; Ar—H), 10.84 (s,
1H; NH)ppm; HR-MS (FAB, 70eV): m/z: caled for CioH;gNsO,:
380.1358 [M+1]*; found: 380.1341; elemental analysis calcd (%) for
CyoH,7,N;O, - 2TFA: C 46.24, H 3.72; found: C 46.91, H 3.22.

3-((11 aR)-(2S)-5,11-Dioxo-2-pyrimidin-2-ylamino-2,3,5,10,11,11 a-
hexahydro-1H-benzo[e]pyrrolo[1,2-a]l[1,4]diazepin-7-yl)-acrylic
acid trifluoroacetate (13b): The protective groups of compound
12b (110 mg, 0.25 mmol) were removed with TFA by the procedure
reported for 13a, to obtain the RGD mimetic 13b in quantitative
yield. [a]? = —325.2 (c=0.5 in DMSO); M.p.: 124°C (dec.); '"H NMR
(500 MHz, [Dc]DMSO, 25°C): 6 =2.07 (m, 1H; CH,), 2.81 (m, 1H; CH,),
3.55 (dd, 3J(HH)=6.41, 2JHH)=1190Hz, 1H; CH,), 3.79 (dd,
3J(HH)=6.26, 2J(HH)=11.60 Hz, 1H; CH,), 4.41 (dd, 3J(H,H)=3.81,
3J(HH)=793Hz, 1H; CH), 450 (m, 1H; CH), 6.51 (d, 3J(HH)=
16.18 Hz, 1H; CH=CH), 6.68 (dd, 3J(H,H)=4.74, 3J(HH)=4.74 Hz,
1H; Ar—H), 7.17 (d, 3J(HH)=8.54Hz, 1H; Ar—H) 761 (d, 3J(HH)=
16.17 Hz, 1H; CH=CH), 7.90 (dd, “J(H,H) =1.94 Hz , 3J(H,H) =8.55 Hz,
1H; Ar—H), 794 (br, 1H; NH), 8.00 (d, “/(H,H)=2.13 Hz, 1H; Ar—H),
8.36 (d, 3J(H,H)=4.58 Hz, 2H; Ar—H), 10.77 (s, 1H; NH) ppm; HR-MS
(FAB, 70€V): m/z: calcd for C,sH,gNs0,: 380.1358 [M+1]F; found:
380.1362.

(Bis-tert-butoxycarbonyl-guanidino)acetic acid (20): 1,3-Bis-tert-
butoxycarbonyl-2-methyl-2-thiopseudourea  (3.0g,  10.3 mmol,
0.95 equiv) and Triton B (4.8 mL, 10 mmol, 40% methanolic solution)
were added with stirring to a solution of glycine (816 mg, 10.9 mmol)
in DMSO (10 mL). After the mixture had been stirred for 3 d at room
temperature, aqueous citric acid (5%, 150 mL) was added to the
solution, which was afterwards extracted with ethyl acetate. The
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combined organic layers were washed with brine and water and
dried over Na,SO,. The solvent was evaporated to obtain compound
20 (2389, 7Z.5mmol, 69%). M.p: 140 (dec.); '"HNMR (250 MHz,
[Dglchloroform, 25°C): 6 =1.47 (s, 9H; C(CH5),), 1.49 (s, 9H; C(CH,)),
4.18 (s, 2H; CH,), 8.92 (br, 1H; NH), 9.80 (br, 1H; NH), 11.35 (br, 1H;
NH) ppm; HR-MS (FAB, 70 eV): m/z: calcd for C,3H,4N;O¢: 318.1665
[M+1]*; found: 318.1651; elemental analysis calcd (%) for
Cy3H,5N;04: C 49.20, H 7.31, N 13.24; found: C 49.21, H 7.24, N 13.24.

tert-Butyl 3-{(11aS)-(25)-2-[(2-(N',N"-bis-tert-butoxycarbonyl-gua-
nidino)-acetylamino]-5,11-dioxo-2,3,5,10,11,11 a-hexahydro-1H-
benzolelpyrrolo[1,2-al[1,4]diazepin-7-yl}-acrylate (14a): Amine 9a
(150 mg, 0.42 mmol) and (bis-tert-butoxycarbonyl-guanidino)-acetic
acid (20, 160 mg, 0.50 mmol) were dissolved in dichloromethane
(10 mL) and cooled to 0°C. N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride (EDC; 116 mg, 60 mmol) and triethyl-
amine (0.11 mL, 0.79 mmol) were added, with stirring. Stirring was
continued for 1h at 0°C and for 14 h at room temperature. The
solvent was removed and the residue was dissolved in ethyl acetate.
After washing with water, 5% citric acid, NaHCO; (sat.), and water,
the organic phase was dried over Na,SO,. The solvent was
evaporated and the oily residue was purified by flash chromatog-
raphy (CH,Cl,/CH;OH 10:1, Rf=0.51) to afford compound 14a
(204 mg, 0.31 mmol, 74%). M.p.: 145 °C (dec.); [a]3® = +240.2 (c=1.0
in CH,Cl,); "H NMR (500 MHz, [D¢lchloroform, 25°C): 6 =1.36 (s, 9H;
C(CH,)3), 1.48 (s, 9H; C(CH,),), 1.50 (s, 9H; C(CH,);), 2.34 (m, 1H; CH,),
2.72 (d, 2J(H,H) = 14.30 Hz, 1H; CH,), 3.76 (dd, 3J(H,H) =5.17, 2J(H,H) =
13.12Hz, 1H; CH,), 3.94-4.00 (m, 1H; CH,, 1H; CH,), 4.09 (dd,
3J(HH)=4.17, 2J(HH)=1729 Hz, 1H; CH,), 4.19 (d, 3J(H,H) = 8.74 Hz,
TH; CH), 453 (m, 1H; CH), 637 (d, *J(H,H) = 15.89 Hz, 1H; CH=CH),
7.12 (d, *J(HH)=835Hz, TH; Ar—H), 7.27 (d, 3J(HH) =596 Hz, TH,
NH), 753 (d, *J(H,H) = 15.89 Hz, 1H, CH=CH), 7.60 (dd, “J(H,H) = 1.99,
3J(HH)=8.35Hz, TH; Ar—H), 8.09 (d, “J(HH) =199 Hz, TH; Ar—H),
9.10 (s, TH, NH), 9.52 (s, 1H, NH), 11.37 (s, 1H, NH) ppm; HR-MS (FAB,
70 eV): m/z: calcd for C;,H,sNgOy: 657.3248 [M+11F; found: 657.3232;
elemental analysis calcd (%) for C;,H,4NgO,-2H,0: C 55.48, H 6.98, N
12.13; found: C 54.63, H 6.23, N 12.23.

tert-Butyl 3-{(11aR)-(2S)-2-[(2-(N’,N"'-bis-tert-butoxycarbonyl-gua-
nidino)-acetylamino]-5,11-dioxo-2,3,5,10,11,11 a-hexahydro-1H-
benzolelpyrrolo[1,2-al[1,4]diazepin-7-yl}-acrylate (14b): Amine
9b (200 mg, 0.56 mmol) was converted into the bis-tert-butoxycarb-
onyl-protected guanidine 14b (246 mg, 0.37 mmol, 67%) by the
procedure reported for 14a. M.p.: 144°C (dec.); [a]¥ =—216.0 (c=
1.0 in CH,Cl,); '"H NMR (500 MHz, [D¢]chloroform, 25°C): 6 =1.42 (s,
9H; C(CHs),), 1.46 (s, 9H; C(CH,)s), 1.49 (s, 9H; C(CH,)5), 2.12 (m, 1H;
CH,), 3.00 (m, 1H; CH,), 3.62 (dd, 3J(HH)=6.41, 2J(H,H) =12.21 Hz,
1H; CH,), 3.79-3.89 (m, 2H; CH,, 1H; CH,), 4.25 (dd, 3J(H,H) =3.80,
3J(HH)=8.08 Hz, 1H; CH), 449 (m, 1H; CH), 6.33 (d, 3J(HH)=
16.18 Hz, 1H; CH=CH), 7.10 (d, 3J(H,H) =8.56 Hz, 1H; Ar—H), 7.50 (d,
3J(HH)=16.18 Hz, 1H, CH=CH), 759 (dd, *J(H,H)=2.14, 3J(HH)=
892Hz, 1H; Ar—H), 763 (d, 3J(HH)=6.71Hz, 1H; NH), 8.01 (d,
4J(H,H) =2.14 Hz, 1H; Ar—H), 8.92 (br, 1H; NH), 9.40 (s, 1H; NH), 11.27
(s, TH, NH) ppm; HR-MS (FAB, 70 eV): m/z: calcd for C;,H,sNgO,:
657.3248 [M+1]*; found: 657.3259; elemental analysis calcd (%) for
C5,HauNO,- 2H,0: C 55.48, H 6.98, N 12.13; found C 54.98, H 6.87, N
12.54.

3-[(11 aS)-(25)-2-(2-Guanidino-acetylamino)-5,11-dioxo-
2,3,5,10,11,11 a-hexahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diaze-
pin-7-yll-acrylic acid trifluoroacetate (15a): Compound 14a
(150 mg, 0.23 mmol) was dissolved in dichloromethane (5 mL). TFA
(0.7 mL) was added with stirring, and stirring was continued until
cleavage of the protective groups was complete. The solvent was
removed under reduced pressure. The residue was triturated with
diethyl ether to afford RGD mimetic 15a in quantitative yield. M.p.:
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163°C (dec.); [a]¥ =+265.0 (c=0.5 in CH;0H); 'HNMR (500 MHz,
[Dglmethanol, 25°C): 6 =2.41 (m, 1H; CH,), 2.82 (dd, 3J(H,H) =1.59,
2J(H,H)=13.91 Hz, 1H; CH,), 3.74 (d, 2J(H,H) = 12.72 Hz, 1H; CH,), 3.89
(dd, 3J(H,H)=5.56, 2J(HH)=13.11Hz, 1H; CH,), 3.91 (d, 3J(HH)=
3.58 Hz, 2H; CH,), 436 (dd, 3J(H,H)=1.59, 3J(HH)=8.74Hz, 1H;
CH), 4.46 (m, 1H; CH), 6.52 (d, 3J(H,H) = 15.89 Hz, 1 H; CH=CH), 7.21 (d,
3J(HH) =8.34 Hz, 1H; Ar—H), 7.68 (d, *J(H,H) = 15.90 Hz, 1H, CH=CH ),
783 (dd, “J(HH)=1.99, 3JHH)=8.35Hz, 1H; Ar—H), 8.10 (d,
4J(HH)=1.98Hz, 1H; Ar—H) ppm; HR-MS (FAB, 70 eV): m/z: calcd
for Cy5Hy;NsOs: 401.1573 [M—+1]*; found: 401.1590.

3-[(11 aR)-(2S)-2-(2-Guanidino-acetylamino)-5,11-dioxo-
2,3,5,10,11,11 a-hexahydro-1H-benzo[e]pyrrolo[1,2-al[1,4]1diaze-
pin-7-yl)-acrylic acid trifluoroacetate (15b): The protective groups
of compound 14b (100 mg, 0.15mmol) were removed by the
procedure reported for 15a to obtain product 15b in quantitative
yield. M.p.: 168°C (dec.); [@]¥ = —255.6 (c=0.5 in CH;OH); '"H NMR
(500 MHz, [Dglmethanol, 25°C): 6 =2.14 (m, 1H; CH,), 2.95 (m, TH;
CH,), 3.56 (dd, 3J(H,H) =715, 2J(HH)=11.92Hz, 1H; CH,), 3.94 (m,
2H; CH,, 1H; CH,), 4.37 (dd, 3J(H,H) = 3.17, 3J(H,H) = 8.30 Hz, 1H; CH),
455 (m, 1H; CH), 6.51 (d, 3J(HH)=16.12 Hz, 1H; CH=CH), 7.18 (d,
3J(H,H)=8.54 Hz, 1H; Ar—H), 7.68 (d, 3J(H,H) = 16.11 Hz, 1H; CH=CH),
7.82 (dd, “J(H,H) = 2.07, 3J(H,H) = 8.42 Hz, 1 H; Ar—H), 8.07 (d, “/(H,H) =
220Hz, 1H; Ar—H)ppm; HR-MS (FAB, 70eV): m/z: calcd for
Cy5H,;N:O5: 401.1573 [M+11*; found: 401.1602.

tert-Butyl (pyrimidin-2-ylamino)-acetate (21): 2-Fluoropyrimidine
(19; 200mg, 2.04 mmol) and diisopropylethylamine (0.71 mL,
4.08 mmol) were added to glycine tert-butyl ester hydrochloride
(171 mg, 1.02 mmol) in N,N-dimethylformamide (6 mL). The solution
was stirred for 24 h at room temperature. After addition of water
(50 mL) the mixture was extracted with dichloromethane, followed
by removal of the solvent in vacuo. The crude product was purified
by flash chromatography (CH,Cl,/CH;OH 10:1, Rf=0.48) to yield
compound 21 (145mg, 0.69 mmol, 68%). M.p.: 96°C; H NMR
(500 MHz, [Dglchloroform, 25°C): 6 =1.42 (s, 9H; C(CH,);), 4.04 (d,
3J(H,H) =5.49 Hz, 2H; CH,), 5.84 (br, 1H; NH), 6.52 (dd, 3J(H,H) = 4.73,
3JHH)=4.73Hz, 1H; Ar-H), 825 (d, 3J(HH)=4.57Hz, 2H;
Ar—H) ppm; HR-MS (El, 70 eV): m/z: calcd for C,oH,5sN;0,: 209.1164
[M]*; found: 209.1169.

(Pyrimidin-2-ylamino)-acetic acid trifluoroacetate (22): tert-Butyl
(pyrimidin-2-ylamino)-acetate (21; 100 mg, 0.48 mmol) was treated
with TFA (5 mL, 10% in dichloromethane) for 4 h. The solvent was
removed to obtain product 22 in quantitative yield. M.p.: 130°C
(dec.); 'TH NMR (500 MHz, [D¢Imethanol, 25°C): 6 =4.14 (s, 2H; CH,),
6.85 (dd, 3J(H,H)=5.19, 3J(HH)=5.19Hz, 1H; Ar—H), 8.43 (br, 2H;
Ar—H) ppm; HR-MS (El, 70 eV): m/z: calcd for C¢H,N;O,: 153.0538
[M]*; found: 153.0551.

tert-Butyl  3-{(11aS)-(25)-5,11-dioxo-2-[2-(pyrimidin-2-ylamino)-
acetylamino]-2,3,5,10,11,11 a-hexahydro-1H-benzol[elpyrrolo[1,2-
al[1,4]diazepin-7-yl}-acrylate (16): Amine 9a (195 mg, 0.55 mmol)
and (pyrimidin-2-ylamino)-acetic acid trifluoroacetate (23; 145 mg,
0.55 mmol) were dissolved in dichloromethane (10 mL) and cooled
to 0°C. EDC (126 mg, 0.66 mmol) and triethylamine (0.12 mL,
0.82 mmol) were added, with stirring. Stirring was continued for
1h at 0°C and for 14 h at room temperature. The solvent was then
removed and the residue was dissolved in ethyl acetate. After
washing with water, 5% citric acid, NaHCO; (sat.), and water, the
organic phase was dried over Na,SO,. The solvent was evaporated
and the oily residue was purified by flash chromatography (CH,Cl,/
CH,0H 10:1, Rf=0.36) to afford compound 16 (99 mg, 0.20 mmol,
37%). M.p.: 202°C (dec.); [a]3 =+366.4 (c=0.5 in DMSO); 'H NMR
(500 MHz, [Dglchloroform, 25°C): 6 =1.40 (s, 9H; C(CH,);), 2.22 (m,
1H; CH,), 2.59 (d, 2J(H,H)=14.30Hz, 1H; CH,), 3.63 (dd, 3J(H,H) =
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4.96, 2J(HH)=12.92Hz, 1H; CH,), 3.76 (d, 2J(HH)=12.71Hz, 1H;
CH,), 3.85 (d, %J(H,H) = 17.09 Hz, 1H; CH,), 3.95 (d, 2J(H,H) = 17.09 Hz,
1H; CH,), 4.03 (d, 3J(H,H) =8.35 Hz, 1H; CH), 4.41 (m, 1H; CH), 6.27 (d,
3J(HH)=15.89 Hz, 1H; CH=CH), 6.43 (dd, 3J(H,H)=4.97, 3J(H,H)=
4.97 Hz, 1H; Ar—H), 6.93 (d, *J(H,H)=8.34Hz, 1H; Ar-H), 743 (d,
3J(HH)=15.89Hz, 1H; CH=CH), 751 (dd, “J(H,H)=1.99, 3J(H,H)=
835Hz, 1H; Ar—H), 763 (d, 3J(HH)=6.76 Hz, 1H; NH), 7.95 (d,
4JHH)=238Hz, 1H; Ar—H), 812 (d, *(HH)=476Hz, 2H;
Ar—H) ppm; HR-MS (El, 70 eV): m/z: calcd for C,sH,gNgO5: 492.2121
[M]*; found: 492.2117; elemental analysis calcd (%) for C,sH,gNOs-
H,0: C 58.81, H 5.92; found: C 59.04, H 5.51.

3-{(11 aS)-(25)-5,11-Dioxo-2-[2-(pyrimidin-2-ylamino)-acetylami-
nol-2,3,5,10,11,11 a-hexahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]dia-
zepin-7-yl}-acrylic acid trifluoroacetate (17): Compound 16 (35 mg,
0.07 mmol) was treated with TFA (5 mL, 10% in dichloromethane) for
6 h. The solvent was removed and the residue was triturated with
diethyl ether to afford 17 in quantitative yield. M.p.: 158°C (dec.);
[a]¥ =+365.0 (c=0.5 in DMSO); '"HNMR (500 MHz, [DgDMSO,
25°C): 0=2.24 (m, 1H; CH,), 2.50 (m, 1H; CH,), 3.33 (dd, 3J(HH) =
4.17,2J(H,H) =12.12 Hz, 1H; CH,), 3.81-3.88 (m, 2H; CH,, 1H; CH,),
4.24 (dd, 3J(H,H) =3.98, 3J(H,H) = 8.75 Hz, 1H; CH), 4.28 (m, 1H; CH),
6.49 (d, 3J(HH)=15.89Hz, 1H; CH=CH), 6.67 (dd, 3J(H,H)=4.77,
3J(HH)=4.77 Hz, 1H; Ar—H), 715 (d, 3J(HH)=8.75Hz, 1H; Ar—H),
759 (d, 3J(HH)=16.30Hz, 1H; CH=CH), 7.88 (dd, “J(H,H)=1.99,
3J(HH)=8.74 Hz, 1H; Ar—H), 7.90 (d, 3J(H,H) =6.76 Hz, 1H; NH), 7.98
(d, ¥J(H,H) =2.39 Hz, 1H; Ar—H), 8.35 (d, 3J(H,H) =4.77 Hz, 2H; Ar—H),
10.73 (s, 1H; NH) ppm; HR-MS (FAB, 70 eV): m/z: calcd for C;;H,;N¢Os:
4371573 [M+1]F; found: 437.1592; elemental analysis calcd (%) for
C,yH,0NeO5 - 0.9TFA: C 52.53, H 4.04; found: C 52.26, H 4.24.

Solid-phase receptor assay:

Biotinylation of fibrinogen: Human fibrinogen (100 mg) was dis-
solved in aqueous NaCl (0.3m, 5mL) at 37°C according to the
manufacturer’s instructions and then further diluted with NaHCO,
(0.1m, pH 9.6) to a final concentration of 1 mgmL-". (+)-Biotin N-
succinimidyl ester was dissolved in N,N-dimethylformamide at
1 mgmL~". The biotinylation reagent and the fibrinogen were mixed
in a ratio of 1:3 and incubated at room temperature for 90 min. The
reaction mixture was subsequently dialyzed for 4 h at room temper-
ature against Tris buffer (20 mm Tris, 150 mm NaCl, pH 7.4). After
dialysis, the solution was centrifuged for 10 min at 5000 g to separate
precipitates. Tween 20 (0,005%) was added and the solution
produced could be stored at 4°C for up to one week. The
biotinylated fibrinogen prepared by this procedure contained about
200-250 pg proteinmL-" as determined by UV/Vis spectroscopy.

Integrins a,f; and o,,p; were diluted in Tris+ (20 mm Tris, 150 mm
NacCl, 1 mm CaCl,, 1 mm MgCl,, 1 mm MnCl,, pH 7.4) at final concen-
trations of 0.2 ugmL~" and 1.0 pgmL~", respectively. Subsequently,
integrins (100 pL/well) were immobilized overnight at 4°C on
Lumitrac 600 96-well microtiter plates. The coating solution was
flicked off and free binding sites were blocked with 1% BSA (300 pL/
well) in Tris+ for one hour at room temperature. The blocking
solution was flicked off and the plates were washed twice with TBST
(Tris+ containing 0.01% Tween 20).

The inhibitors were serially diluted in biotinyl fibrinogen solution
(Tris+, 10 pgmL~" fibrinogen). The individual inhibitors (100 pL
each) were added to each well and the system was incubated at RT
for 2 h. The plates were then washed twice with TBST. Peroxidase-
conjugated antibiotin antibody (goat, Calbiochem; 1:1000 in TBST +
0,1% BSA; 100 uL) was added and the system was incubated for
another hour. Finally, the microtiter plates were washed three times
for at least 5 min with TBST. For quantification, chemiluminescence
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substrate (100 pul) was added and the resulting light emission was
detected with an Orion luminescence reader (Berthold). Positive
controls received no inhibitors. The cyclopentapeptide c(RGDfV) was
used as internal standard.

All experiments were performed at least in triplicate. ICs, values were
calculated by sigmoid fitting of the dose-response relationship
(Origin).
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Binding of Organic Anions by Synthetic
Supramolecular Metallopores with Internal
Mg?" — Aspartate Complexes

Gopal Das, Hisanari Onouchi, Eiji Yashima,® Naomi Sakai,”? and

Stefan Matile*®

We report that cation-selective transmembrane pores formed by
synthetic p-octiphenyl (3 barrels with internal aspartate residues
can be transformed into anion-permeable metallopores with
internal Mg?** - aspartate complexes. These metallopores are
shown to be useful for fluorimetric sensing of a broad variety of
organic anions of biological relevance such as phytate, heparin,
thiamine phosphates, and adenosine triphosphate. The negligible

Introduction

Straightforward synthetic access to trans-
membrane, large, and stable ion channels
and pores!™® with variable internal active
sites is required to exploit their confined
interior in bioorganic chemistry and be-
yond. Controlled expansion of de novo a-
helix bundles® into stable a barrels with
well-defined architecture and variable in-
ternal functionality” remains difficult in
bilayer membranes because little is known
about how to avoid the formation of
short-lived toroidal pores.®® Roeske’s ele-
gant internal functionalization of stacked
peptide macrocycles may become appli-
cable to large interiors in the future. The
only practical synthetic route to multi-
functional pores available today is self-
assembly of p-octiphenyl “staves” with
lateral peptide strands into rigid-rod® f3
barrels" such as pore 1 (Figure 1).5 ¢ The chemical nature of
both the outer and inner surface of p-octiphenyl 3 barrels can be
designed in a rational manner based on the (i + 2) repeat in the
peptide [-sheet conformation. In pore 1, for example, the
sequence LDLDL was designed to result in external leucine
residues for hydrophobic contact with the core of a lipid bilayer
membrane and internal aspartate residues to create functionality
along the central aqueous channel .

Suprastructure determination of p-octiphenyl [ barrels by
conventional methods, which require micromolar or higher
concentrations, is hampered by fibrillogenesis in solution®¥ and
reorganization in bilayer membranes.P "3 At the nanomolar
concentrations relevant for function, on the other hand, p-
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flippase activity measurable for Mg*t-free pores indicates that
transmembrane p-octiphenyl  barrels do not disturb the lipid
bilayer suprastructure, in other words, they form barrel-stave
rather than toroidal pores.

KEYWORDS:

bioorganic chemistry - fluorescence -
molecular recognition - oligomers

lipid bilayers -
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Figure 1. Self-assembly of p-octiphenyl 8 barrels 1 from monomeric rods 1™. Tetramer 1 is given as a
schematic cutaway suprastructure with vertical distances estimated from molecular models,"'* an axial
M,RM,BEM,EM conformation implied by the all-S o. amino acid configuration, and f strands depicted as
arrows pointing towards the C terminus. External a-hydroxy and o. amino acid residues (one-letter
abbreviations are used; G: OCH,CO) are black on white and internal residues are white on black. X=H, M;
M =metal ion: 0.5 Mg, 1.0 Na, etc. depending on conditions.

octiphenyl (3 barrels are among the best characterized class of
synthetic ion channels and pores known today,® on both a
functional and structural level. The following facts are known:
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Transmembrane p-octiphenyl2e & 5h 1121 (and p-septiphenyl!'?
but not p-sexiphenyl™) orientation has been confirmed in
several instances by fluorescence depth quenching. The number
of monomers per barrel has been determined for several
examples from the nonlinear concentration dependence of the
activity in bilayer membranes®® 56 and by size exclusion
chromatography and circular dichroism (CD) Job plots in
water.'® Internal barrel diameters have been measured by
single channel conductances,®> % 5" 51 and dye leakage exper-
iments.5¢ 5 5% 5i. 5. 6] Barrel stabilities have been determined from
single channel lifetimestc>&5h51 and correlated with barrel
length!*d by CD denaturation in solution.®™ '3 AFM images of
barrels have been recorded.® The ultimate proof of principle for
synthetic ion channels and pores, that is, meaningful and
substantial blockage,'"™ has been reported for p-oligophenyl
channels and pores with internal lysines (with olignucleotide
duplexes),*? histidines (with pyrene-1,3,6-sulfonates),” ! aspar-
tates (with (Mg?*,-ANTS,),. complexes; ANTS = 8-aminonaph-
thalene-1,3,6-trisulfonate),® and arene arrays (with tetraethyl
ammonium cations).l'%!

The objective of this study was to explore the potential of
multifunctional pores formed by p-octiphenyl (3 barrel 1 for
noninvasive fluorescence sensing applications. The synthesis of
13,23,3%,43,52,63,72,8%-octakis(Gla-Leu-Asp-Leu-Asp-Leu-NH,)-p-oc-
tiphenyl (1™ and self-assembly into tetrameric pore 1 have been
described previously.® Consistent with the “internal-charge-
repulsion” model® for the synthesis of transmembrane, large,
and functionalized space, pore 1 exhibits nanomolar activity at
5 < pH < 7. Previous results further demonstrate the important
possibility to inactivate pore 1 with internal (Mg?*,-ANTS,),
complexes.® Both pH gating of, and (Mg?*,-ANTS,),. binding
within pore 1 have been supported with structural studies by CD
spectroscopy.’®

Here, we report that cation-selective “apopore” 1 can be
progressively “filled”, first with Mg?* ions to give anion-
permeable metallopore 1 > Mg?*,, and then with various organic
anions of biological relevance to form inactive inclusion com-
plexes 1> (Mg?*,-guest,), (Figure 2). The cation selectivity of
apopore 1 was further exploited to confirm that p-octiphenyl 3
barrels do not disturb the lipid bilayer structure, that is, that they

inarganic
cation

Q

(cation-selactive pore)

(anion-selective metallopore)
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form true barrel - stave structures and not, like many de novo a
barrels,® toroidal pores.

Results and Discussion
lon selectivity and cation binding

The activity of apopore 1 has been assessed previously by using
the ANTS/DPX assay (DPX = p-xylenebis(pyridinium)bromide).©
In this assay, efflux of either anionic ANTS or cationic DPX from
spherical bilayers (here small unilamellar vesicles (SUVs) com-
posed of fresh egg yolk phosphatidylcholine (EYPQ)) is detected
by an increase in ANTS emission intensity.'”™ The ANTS/DPX
assay is ideal for determination of the pH profile of large pores
because ANTS emission is pH independent and ANTS/DPX efflux
does not depend strongly on changes in ion selectivity with
pH.55 & 15,34, 3i 31 However, the ANTS/DPX assay turned out to be
incompatible with the characterization of metallopore 1 > Mg?*,
(Figure 2) because the directly formed complex 1> (Mg**,-
ANTS,,),- is transport inactive (Figure 3, 0).

0 100 200
tis

Figure 3. Schematic representation of the assays and dose response CF (@ and
(a)) and ANTS/DPX (o, data from ref. [6]) curves for Mg(OAc),. a) Changes in CF
emission at pH 6.5 as a function of time after addition of pore 1 (50 nm), Mg(OAc),
(from 0 (solid line) to 25 mm (dashed lines)) to and at lysis (50 uL 1.2 % aq Triton
X-100) of EYPC-SUVs D CF (250 um); b) 1’° values (%) for (a) and ANTS/DPX studies
(see the Experimental Section for details).

120 @ )y
(inactivaied pore)

Figure 2. Design of internal cation binding to apopore 1 and anion binding to metallopore 1> Mg?*,. Horizontal distances, estimated from molecular models: a ~ 4,
br7 ca~12, dr17A03 B strands are indicated as solid (backbone) and dotted lines (hydrogen bonds) in the schematic axial views. Compare Figure 1 for structural

details and vertical distances and Table 1 for details of the organic anions.
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The CF assay was thus selected for the study of anion binding
by metallopore 1> Mg?*,. This assay is based on spherical
bilayers (here EYPC-SUVs) that are loaded with anionic
5(6)-carboxyfluorescein (CF) at self-quenching concentra-
tions.l'> 205 5t Mal CF efflux through large enough pores is
detected by an increase in CF emission intensity caused by
dilution. In contrast to the ANTS/DPX assay, the CF assay is
dependent on the ion selectivity of the pore and only applicable
at pH values above the pK, value of CF (6.3).

In contrast to results from the ANTS/DPX assay, addition of up
to 50 nm rigid-rod {3 barrel 1 to EYPC-SUVs D CF did not cause
detectable CF efflux at pH 6.5 (Figure3a, solid line).'"! This
deceptive inactivity suggested that pores 1, which are active
according to the ANTS/DPX assay, are either too small or too
anionic to let the bulky anion CF pass through. Electrostatic
rather than steric repulsion was indicated by the activation of CF
efflux through cation-selective apopore 1 by addition of
Mg(OAc),, that is, formation of an anion-permeable metallopore
1 D> Mg?", (Figure3a, dotted and dashed lines; Figure 3b, e;
dissociation constant, K, =5.3 mm). This interpretation is sup-
ported by the identification of a global barrel suprastructure in
the presence and absence of Mg(OAc), described previously® as
well as all the results from flippase assays and anion binding to
metallopore 1> Mg?*, described in the following text.

Flippase activity, ion selectivity, and cation binding

Experimental evidence for the first cation-selective pore formed
by rigid-rod ( barrels provided the opportunity to assess their
flippase activity for the first time. The flippase assay is of central
importance for the determination of active suprastructures
because it distingushes between so-called barrel -stave pores
(Figure 4h) and toroidal pores (Figure 4i).®! Stable barrel —stave
pores represent a popular suprastructural model that does not
affect the rate of lipid flip-flop between the outer and inner
leaflets of the bilayer. The more recent concept of short-lived
toroidal pores is, however, attracting increasing scientific
attention since experimental evidence for flippase activity of
most (but not all) putative a barrels” formed by amphiphilic a
helices in membranes has become available.®

The flippase activity of pore 1 was determined by following
the procedure of Matsuzaki and coworkers, with minor mod-
ifications.® This assay employs EYPC-SUVs that are labeled with
0.25 mol% NBD-PE. Quenching of the NBD fluorophore by a
reductant (sodium dithionite) is observed by fluorescence
kinetics in order to monitor the change in accessibility of NBD
groups on the bilayer surface. After preparation of the vesicles,
NBD groups on the outer surface of the vesicles were reduced to
give the inner-leaflet-labeled vesicles (Figure 4d). These vesicles
were then incubated with pore 1 in the presence (Figure 4b) and
absence (Figure 4a) of Mg?* ions to allow lipid flip-flop to take
place (Figure 4 f). If toroidal rather than barrel - stave pores form,
NBD groups initially located on the inner surface should
translocate to the outer surface (Figure4i), and addition of
reductant after incubation should reveal flip-flop (Figure 4g).

Comparison of inner leaflet accessibility with and without p-
octiphenyl B barrel 1 revealed negligible flippase activity
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Figure 4. Flippase assay in the absence (dotted line) and presence (solid line) of
apopore 1 (12.5 nm) in nitrobenzofurazan-phosphatidylethanolamine (NBD-PE)/
EYPC-SUVs (250 um), (a) without and (b) with Mg(OAc), (20 mm) at pH 6.4. c) Outer
and inner leaflet reduction: (NBD-PE)/EYPC-SUVs (250 um) with sodium dithionite
(10 mm) without pore 1 and Mg(OAc), for calibration and proof of unilamellarity.
a, b) Change in NBD emission (\,,= 463 nm, A, = 536 nm) of (d) outer-leaflet-
reduced (NBD-PE)/EYPC-SUVs (250 um) during (e) addition of 1 (12.5 nm), (f)
approximately 100 sec incubation, (g) addition of sodium dithionite (10 mm), and
lysis (40 uL 10% aq Triton X-100) to reveal the (h) barrel - stave rather than (i)
toroidal suprastructure of apopore 1 (a) and the anion permeability of the
metallopore (b). 1 a.u.= 1 arbitrary unit, which corresponds to the relative
change in NBD emission for one leaflet reduction.

(Figure 4a). This finding thus demonstrated formation of barrel -
stave (Figure 4h) rather than toroidal (Figure 4i) pores, a result
expected from the overall high stability of single channels
formed by p-octiphenyl B barrels5e % 5h51 An increase in
“activity” was observed in the presence of Mg(OAc), (Figure 4 b).
Mg(OAc), thus either induced flippase activity or a loss in cation
selectivity by pore 1, which allowed the dithionite to pass
through the pore and reach the NBD fluorophore at the inner
interface. The ion selectivities identified with the CF assay (cation
transport by anionic pore 1 and anion transport by metallopore
1 D> Mg?*,; Figure 3) demonstrated that a loss of cation selectiv-
ity occurs.

Anion binding

Binding of organic anions by metallopore 1 > Mg?*, (Figure 2)
was studied by using the CF assay described above (Figure 3).
Changes in activity of metallopore 1 > Mg?*, caused by increas-
ing concentrations of vitamin B1, thiamine monophosphate, and
thiamine pyrophosphate are depicted in Figure 5a-c. Hill plots
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Figure 5. Dose response CF curves for thiamine, thiamine phosphate, and
thiamine pyrophosphate. (a - c) Changes in CF emission at pH 6.5 as a function of
time after addition of pore 1 (50 nm), Mg(OAc), (10 mwm), and (a) thiamine (from 0
(solid line) to 30 (e) and 240 mm (dashed line)), (b) thiamine phosphate (from 0
(solid line) to 30 (e) and 100 mm (dashed line)), and (c) thiamine pyrophosphate
(from 0 (solid line) to 23 mm (dashed line and e)) and before lysis (50 uL 1.2% aq
Triton X-100) of EYPC-SUVs D CF (250 um). (d) 1°° values (%) for (a-c); o =thi-
amine, m = thiamine phosphate, @ = thiamine pyrophosphate (see the Exper-
imental Section for details).

of dose response curves (Figure 5d) gave apparent dissociation
constants for the thiamine (Table 1, entries 1-3) as well as the
inorganic phosphate (entries 4-7), adenosine phosphate (en-
tries 8- 11), and glucose phosphate series (entries 12-14).""!
Organic anions reduced efflux rates rather than the final extent
of CF release, therefore it was not possible to determine Kp
values at thermodynamic equilibrium. The reported values thus
represent an internally consistent data set that is conditional on
the applied analytical procedure.

S. Matile et al.

In general, neutral (entries1 and 20) and phosphodiester
guests (entry 8) exhibited poor capacity to block metallopore
1> Mg?*,. Consistent with known K, values for Mg*" ion
binding,!'"”® phosphate monoesters (entry2, 9, 12-16) were
overall less potent than phosphoric anhydrides (entries 3, 57,8
10, 11). Frequent coincidence of low K, values, low Hill
coefficients n and high guest valence N (entries7, 17, 18)
supported multiple monomer binding on the one hand and
multivalent oligomer and polymer binding on the other.

Topological matching may contrib-
ute to some exceptions from the trends
described above. High K values were
observed despite high N values for
more bulky guests such as the environ-
mentally relevant phytate! (entry 16)
and heparin,”?? a sulfated polysaccha-
ride of medicinal importance (entry 19).
In contrast, the exceptionally low Kj
values for rigid, planar PTS (entry 18),
semi-rigid rods 2 (entry 17) and poly-
phosphate (entry 7), were in excellent agreement with preor-
ganized, multivalent binding to the topologically complemen-
tary interior expected for metallopore 1 > Mg?*, (Figure 1).21 18

O« /OX
=)

X

Structural studies by circular dichroism spectroscopy

CD spectroscopy has been used previously to correlate pH-gated
pore formation with p-octiphenyl 3-barrel suprastructure 1. This
tertiary structure is characterized by a typical, negative first CD
Cotton effect at 305 nm that originates from L, transitions of the
chiral rigid-rod chromophore (Figure 6b, solid line).#'3 CD

Table 1. Anion binding characteristics of metallopore 1> Mg?*,.[!
Entry Guest NI Blockage [%] nld Ko [mm]
1 thiamine (vitamin B1) 0 0 - >240.0
2 thiamine phosphate 1 100 0.9 30.0
3 thiamine pyrophosphate 2 100 34 10.0
4 inorganic phosphate (P) 1 30 44 66.6
5 pyrophosphate (PP) 2 100 2.8 55
6 triphosphate (PPP) 3 100 23 2.2
7 polyphosphate 61 100 1.9 0.09
8 cAMP! 1 0 - > 80.0
9 AMP! 1 40 14 204
10 ADP!? 2 100 1.5 6.3
1 ATPH 3 100 1.8 6.7
12 p-glucose 6-phosphate (G-6-P) 1 50 2.2 49.0
13 a-p-glucose 1-phosphate (G-1-P) 1 100 1.1 24.7
14 a-p-glucose 1,6-diphosphate (G-1,6-PP) 2 100 2.2 11.2
15 p-fructose 1,6-diphosphate 2 100 38 21.8
16 phytate (IP,) 6 100 3.0 30.5
17 poly((4-phosphonophenyl)acetylene) 2 620 100 1.0 0.0081
18 pyrene-1,3,6,8-tetrasulfonate (PTS) 4 100 1.8 0.7
19 heparin 36 100 1.4 11.61
20 imidazole 0 0 - >300.0
[a] Data determined from Hill plots [Eq. (3)] of dose response curves for blockage of CF efflux from EYPC-SUVs D CF in the presence of metallopore 1 > Mg?*,, as
exemplified in Figures 5-7; all reported values are internally consistent but conditional on this procedure. [b] N=Number of RPO,XR'/RSO;X groups per
(macro)molecule as an approximate value for valence (X=H, M (M = metal ion: 0.5 Mg, 1 Na, etc.) depending on anion structure and conditions). [c] Maximum
metallopore inactivation by organic anion guests observed in or extrapolated from dose response curves. [d] n = Hill coefficient [Eq. (3)]. [e] Calculated based
on average molecular weight. [f] cAMP = cyclic adenosine monophosphate, ADP = adenosine diphosphate, ATP = adenosine triphosphate.
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Figure 6. Dose response CF and CD curves for a-p-glucosel-phosphate.

a) Change in CF emission at pH 6.5 as a function of time after addition of pore 1
(50 nm), Mg(OAc), (10 mm), and G-1-P (from 0 (solid line) to 75 mm (dashed line)) at
and before lysis (50 ul 1.2% agq Triton X-100) of EYPC-SUVs D CF (250 um). b) CD
spectra of 1 (1.25 um) at pH 6.5 in the presence of EYPC-SUVs (250 um), Mg(OAc),
(10 mm), and G-1-P (from 0 (solid line) to 80 mm (dashed line)). Path length of CD
cell = 1.0 cm. ¢) I’ values for (a) (e) and A% values for (b) (o). See the
Experimental Section for details.

spectroscopy has further been used to confirm that the [3-barrel
suprastructure does not change with Mg?* binding.!

a-p-glucose 1-phosphate (G-1-P) was selected as a nonchro-
mophoric guest of metallopore 1 > Mg?**, to elucidate changes
in B-barrel suprastructure during guest binding. Almost com-
plete inhibition of CF efflux through metallopore 1> Mg?*,
indicated internal G-1-P binding with an apparent K, =24.7 mm
(Figure 6a and Table 1, entry 13). In clear contrast to this result,
the characteristic -barrel CD spectrum of metallopore 1 > Mg?,
(Figure 6b, solid line) did not change in the presence of up to
80 mm G-1-P (Figure 6b, dashed line). Although measured at
different barrel concentrations (the CD spectra of p-octiphenyl 3
barrels are not detectable at the nanomolar concentrations
relevant for transport activity), comparison of CF (e) and CD
binding curves (o) indicated that changes of metallopore 1>
Mg?*, suprastructure during formation of the inclusion complex
1D (Mg?*,-phosphate,), are as unlikely as guest-induced barrel
extraction into the media.l 5%

Binding of poly((4-phosphonophenyl)acetylene) (2) to metal-
lopore 1D>Mg?*", (Figure7a and Table1, entry17) was of
particular interest because the cis-transoidal polyene chromo-
phore forms one-handed helices upon binding to chiral
cations.? This characteristic offered the opportunity to secure
direct structural evidence for the formation of inclusion com-
plexes 1 > (Mg**,-phosphate,),, .

The presence of EYPC-SUVs and Mg(OAc), did not change the
CD silence of poly((4-phosphonophenyl)acetylene) (Figure 7b;
compare solid line and ). Metallopore 1> Mg?*,, however,
induced the appearance of negative Cotton effects at 394 nm
and 330 nm for polyene 2 (Figure 7 b, compare solid and dashed
lines). The magnitude and energy of the observed CD Cotton
effects differed from previous results on binding of chiral cations
to poly((4-phosphonophenyl)acetylene).??! The origin of these
differences is not understood. Contributions from changes in the
helical conformation or pitch of the polyene,?*! increasing
negative contributions from EYPC-SUV scattering with increas-
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Figure 7. Dose response CF and CD curves for poly((4-phosphonophenyl)acety-
lene) (2). a) Change in CF emission at pH 6.5 as a function of time after addition of
pore 1 (50 nm), Mg(OAc), (10 mm), and 2 (from 0 (solid line) to 13 um (dashed line))
and before lysis (50 uL 1.2% aq Triton X-100) of EYPC-SUVs O CF (250 um). b) CD
spectra of 2 (from 0 (solid line) to 13 um (dashed line and e)) at pH 6.5 in the
presence of EYPC-SUVs (250 um), Mg(OAc), (20 mm), and 1 (1.25 um; &: 0 mwm).
Path length of CD cell = 0.1 cm. ¢) I’ values for (a) (e) and A3 values for (b)
(0 and ). See the Experimental Section for details.

ing energy,? and polyene/pore-induced vesicle aggregation
can therefore not be excluded as this stage. The CD Cotton
effects of the p-octiphenyl chromophore (Figure 6b) are much
weaker than those of poly((4-phosphonophenyl)acetylene) and
thus not detectable under the conditions required to measure
the poly((4-phosphonophenyl)acetylene) effects (Figure 7 b).

Comparison of CF (@) and CD binding curves (o) for polyene 2
revealed excellent agreement with regard to the K, values (Ky ~
8 um; Figure 7). However, the CD binding curve exhibited clearly
higher cooperativity (n=5.0). Although attractive speculations
on the origin of this difference in pore inactivation and polyene
chirality can be readily formulated, it is clear that further studies
will be needed to understand this effect.

Concluding Remarks

We report that highly active, doubly pH-gated pores formed by
p-octiphenyl  barrels 1 do not disturb the structure of the
surrounding lipid bilayer. This experimental evidence for the
formation of barrel—stave rather than toroidal pores became
available as a result of the cation selectivity of 1, unprecedented
for p-octiphenyl § barrels. The finding is an important addition to
the suprastructural characterization of p-octiphenyl B-barrel
pores under the conditions relevant for activity summarized in
the introduction and is also important because it underscores
the previously noted® 3! difference between p-octiphenyl (-
barrel pores and transient toroidal pores formed by many de
novo “a barrels”.

We discovered that these cation-selective barrel -stave apo-
pores 1 can be transformed into anion-permeable metallopores
which, in turn, can serve as a sensor for a broad variety of organic
anions in a clear-cut, reliable, and general manner. Studies on
ways to exploit this remarkably clean and broad adaptability for
practical sensing applications are ongoing.

From a methodological point of view, it is worthwhile to note
how easily the superb, nanomolar activity of apopore 1 could be
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overlooked in the CF assay. The same can be said for metallopore
1D>Mg?", in the ANTS/DPX assay. Moreover, results from the
flippase assay could be misintepreted as flippase activity of
metallopore 12> Mg?**, without the backup of results on ion
selectivity from CF and ANTS/DPX assays. The overall lesson is
not new but important: identification and characterization of
synthetic ion channels and pores requires increasing caution
with increasing selectivity of either pore or assay. The least
selective and thus most suitable assay for initial screening
remains, in our opinion and despite many disadvantages, the
8-hydroxypyrene-1,3,6-trisulfonate assay.” '

Experimental Section

General: As in the Supporting Information of ref. [20) ]. EYPC was
from Avanti, CF and NBD-PE from Molecular Probes, buffers and
guests listed in Table 1 except 2 were from Sigma and Fluka-Aldrich.
“Triphosphate” refers to pentasodium tripolyphosphate (Sigma) and
“polyphosphate” to sodium phosphate glass Type 65 (Sigma). The
average molecular weight of a 61-mer determined by Sigma was
used. Heparin was of an average molecular weight of 6000 (Sigma).
Valence N (= 36) was approximated assuming an average molecular
weight of 500 for heparin disaccharides with three RSO;X groups.

Poly((4-phosphonophenyl)acetylene) (2): Polyene 2 was synthe-
sized as in ref. [22a) ]. An average molecular weight of 148000 for
the phosphodiethylester precursor of 2 was determined by size
exclusion chromatography against poly(ethylene oxide) standards in
dimethylformamide that contained LiCl (10 mm; M,/M,=1.9). This
result corresponds to an average molecular weight of 113800 for
polyphosphonate 2 and an average N value of 620. Aqueous stock
solutions of 2 were prepared by mixing buffer A (2-[4-(2-hydrox-
yethyl)-1-piperazinyllethanesulfonic acid (HEPES; 10mwm), NaCl
(107 mm); n x 1.0ml, pH 7.4) with NaOH (n x 0.3 mL, 0.2m) to give
buffer B. Buffer B was degassed by freezing under vacuum and
thawing under Ar (3 x ) to give buffer C. Then 2 (n x 16.1 mg) was
dissolved in buffer C (n x 1.7 mL) to give stock solutions (83.4 uv per
polymer; 52 mm phosphonate). The UV/Vis spectrum of 2 was as
reported previously.?? Fresh stock solutions were calibrated by
following the general procedure below, kept in the dark, and used
within 24 h.
13,23,32,43,52,6,72,83-Octakis(Gla-Leu-Asp-Leu-Asp-Leu-NH,)-p-oc-
tiphenyl 1™: Rod 1™ was synthesized and purified as in ref. [6]. Stock
solutions of 1™ were prepared in MeOH, and the p-octiphenyl
concentration was confirmed by UV/Vis spectroscopy in water [e (p-
octiphenyl) =28.6 mm~'cm~" (320 nm)].1"a

CF assay: This pH-sensitive dye-leakage assay!™ was performed by
following the procedure used previously in the Geneva laboratory for
diverse applications, without modification.l2° > f 112l

Vesicle preparation: EYPC-SUVs D CF stock solutions (EYPC (10 mwm);
inside: CF (50 mm), HEPES (10 mm), NaCl (10 mm), pH 7.4; outside:
HEPES (10 mm), NaCl (107 mm), pH 7.1) were prepared as described
previously (diameter: 68 &= 4 nm).R2 5 f. 11al

Cation binding: EYPC-SUVs D CF (50 pL) and buffer (1.95 mL; HEPES
(10 mm), NaCl (107 mm), pH 6.5) were placed in a thermostated cell.
Changes in relative fluorescence intensity (I, Aem=>510nm, A=
495 nm, FluoroMax-2, Jobin Yvon-Spex) were recorded as a function
of time during addition of Mg(OAc), (0 mm: Figure 3, solid line; 2.5,
5.0, 7.5, 10.0, 15.0, 20.0, 25.0 mm: dashed lines; final concentrations
indicated), 1 (50 nwm) at time A [emission [ at time A corresponds to /,
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in Eq. (1)], and Triton X-100 (50 pL, 1.2% aq) at time B [emission / at
B+50s corresponds to I in Eq.(1)] to the gently stirred vesicle
suspension. CF binding curves (Figure 3, @) and Hill plots for Mg?*
binding were prepared by following the general procedure below.

Anion binding: EYPC-SUVs D CF (50 uL) and buffer (1.95 mL; HEPES
(10 mm), NaCl (107 mwm), pH 6.5) were placed in a thermostated cell.
Changes in relative fluorescence intensity (I, A.n=510nm, A=
495 nm) were recorded as a function of time during addition of
Mg(OAc), (10 mm final concentration), guest (0-300 mm as appro-
priate; see Table 1 for guest structures and concentrations), barrel 1
(50 nv) at time A [emission [ at time A corresponds to /, in Eq. (1)1,
and Triton X-100 (50 pL, 1.2% aq) at time B [emission / at B+50s
corresponds to /I in Eq. (1)] to the gently stirred vesicle suspension.
CF binding curves and Hill plots for guest binding were prepared
following the general procedure below, illustrated in Figures5-7,
and summarized in Table 1. Caution: Preparation of guest stock
solutions as described in the next paragraph (Figure8) is a
prerequisite for valid anion binding experiments.

100 - Im""""“"!,"é';” e A e 82 e Mo K e An Y.

T T T T
0 50 100 150 200 250
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Figure 8. Representative reference (dashed line), calibration (solid line), and
control (dotted line) curves for the preparation of guest stock solutions as
described in the text. a.u. = arbitrary units [not normalized with Eq. (1)].

Preparation of stock solutions for anion binding: Representative
reference (dashed line), calibration (solid line), and control (dotted
line) curves are shown in Figure 8 to clarify the following procedure,
which takes advantage of the pH sensitivity of CF (pK,=6.3).'"
Reference curve: EYPC-SUVs D CF (50 uL) and buffer (1.95 mL; HEPES
(10 mm), NaCl (107 mm), pH 6.5) were placed in a thermostated cell.
Changes in fluorescence intensity (4., =510 nm, A, =495 nm) were
measured as a function of time during addition of (A) Mg(OAc),
(10 mm final concentration) and (B) Triton X-100 (50 pL, 1.2% aq) to
the gently stirred vesicle suspension to give /,. Calibration curve:
EYPC-SUVs D CF (50 uL) and buffer (1.95 mL; HEPES (10 mm), NaCl
(107 mm), pH 6.5) were placed in a thermostated cell. Changes in
fluorescence intensity (1., =510 nm, 1., =495 nm) were measured
as a function of time during addition of (A) Mg(OAc), (10 mm final
concentration), (C) guest stock solution (a; puL, a,m) with a total
volume of n x a, pL (a,/a,=highest volume of stock solution used/
concentration envisioned for binding studies), and (D) Triton X-100
(50 pL, 1.2% aq) to the gently stirred vesicle suspension to give . If
I <1, NaOH (b, x 20 pL, b,m; b, and b, are variables to be optimized)
was added to reach /= I during the same fluorescence time drive (E)
as in the previous step. NaOH (n x b, x 20 L, b,m) was then added to
the guest stock solution (addition of a correspondingly smaller
volume of more concentrated NaOH is preferable to minimize
dilution). Control curve: EYPC-SUVs D CF (50 pL) and buffer (1.95 mL;
HEPES (10 mm), NaCl (107 mm), pH 6.5) were placed in a thermostated
cell. Changes in fluorescence intensity (Ao, =510 nm, A.,=495 nm)
were measured as a function of time during addition of (A) Mg(OAc),
(10 mm final concentration), (F) calibrated guest stock solution (a, pL,
a,m) and (G) Triton X-100 (50 pL 1.2% aq) to the gently stirred vesicle
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suspension to give /'. Calibrated guest stock solutions with /'~ are
applicable for binding experiments.

Dose response CF curves and Hill plots: Flux curves were normalized
to percent change in intensity / by using Equation (1), with /; (time
drive), I, (at addition of barrel), and I, (after lysis) values as defined
above.

_ (It B IO)
; (Ioo - IO)

CF binding curves were prepared by plotting the leakage / (%) after a
meaningful period of time (usually 200-250s, i.e., P or *° values)
as a function of guest concentration. Controls indicated that plots of
initial velocities or initial rate constants as a function of the
parameter of interest gave the same results within experimental
error. The fractional saturation Y was derived from Equation (2),
where 2% is the % value from Eq. (1) without guest and /2% is the /?®°
value at guest saturation.

% 100 (1

lzoo _ l200
Yy — (0 ) )

(7 — 1)

Hill plots for CF binding curves were calculated by using Equa-
tion (3),[6 72223 where n is the Hill coefficient (indicative of multiple
guest binding and/or positive cooperativity if n > 1), ¢ is the guest
concentration, and Kp is the apparent dissociation constant. The
obtained K, values are internally consistent but conditional upon this
procedure.

log(Y/(1 —Y)) = nlogcs— nlogKpy (3)

Flippase assay: The flippase assay was performed by following
Matsuzaki's procedure,’® with modifications.

Vesicle preparation: A solution of NBD-PE (0.16 mg, 0.16 umol), EYPC
(50 mg, 66 pmol) and sodium cholate (22.4 mg, 52 umol) in CHCI,
and MeOH (1 mL each) was dried under a stream of N, and then
under a vacuum. Potassium phosphate buffer (1 mL; K,H,PO,
(10 mm), KCI (100 mm), pH 6.4) was added to the resulting thin film
and the mixed micelle dispersion was dialyzed against the same
buffer (150 mL) for 20 h to give SUVs with NBD-PE on both the inner
and outer leaflet. In order to test the unilamellarity of the resulting
vesicles, the vesicle suspension (9 pL, 0.5 umol) was placed in a
thermostated cuvette with gently stirred potassium phosphate
buffer (2 mL), and then sodium dithionite (20 pL; 1m in potassium
phosphate buffer, pH adjusted to 6.4) was added. The fluorescence
emission intensity of NBD (I; A,=463nm, A,,=536nm) was
monitored during the operation (Figure 4 c). After almost no change
in fluorescence intensity was observed (~ 300 s), the detergent Triton
X-100 (40 pL, 1.2%) was added to make all NBD groups accessible to
dithionite in order to determine the endpoint. Compared to the
fluorescence intensity before the addition of dithionite (f,, 0%
reduction) and after the addition of Triton X-100 (I, 100%
reduction), addition of dithionite to the vesicles caused 50%
reduction of the fluorescence. This result indicated that only half
the NBD groups in the vesicles were accessible to dithionite,
therefore unilamellarity was assured.

Inner leaflet labeling: NBD-PE-doped EYPC-SUVs (290 puL, 16 umol)
were diluted with sodium phosphate buffer (1.6 mL, Na,H,PO,
(10 mm), NaCl (100 mm), pH 6.4), and sodium dithionite (0.12 mL,
1m) was added. After 15 min, the resulting vesicle suspension was
passed through a Sephadex G-50 column (2 g) to separate remaining
dithionite from the vesicles. The final concentration of lipid was
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adjusted to 4.5 mm. Inner-leaflet NBD-labeled EYPC-SUVs were used
immediately after preparation.

Detection of flip-flop: Inner-leaflet NBD-labeled EYPC-SUVs (110 pL,
0.5 umol) and potassium phosphate buffer (1.89mL, K,H,PO,
(10 mm), KCI (100 mm), pH 6.4) were placed in a thermostated cell.
Changes in relative fluorescence intensity (I, A,=463nm, A=
536 nm) were recorded as a function of time during addition of
Mg(OAc), (0 or 10 mm final concentration) and barrel 1 (0 or 12.5 nm
final concentration), incubation for around 100s, and addition of
sodium dithionite (20 mwm) at time A [emission [ at A corresponds to /,
in Eq. (1)], and Triton X-100 (50 pL, 1.2% aq) at time B [emission / at
B+50s corresponds to I in Eq.(1)] to the gently stirred vesicle
suspension. Data were normalized with Eq. (1).

CD spectroscopy: CF-free EYPC-SUVs were prepared by dialytic
detergent removal as previously described (diameter=68+
4 nm).=2°: > &1 Samples for UV/Vis (Varian Cary 1 Bio spectrophotom-
eter) and CD spectroscopy measurements (JASCO-710 spectropo-
larimeter) were prepared by addition of EYPC-SUVs (10 mm EYPC,
25 L), 1 (1.25 pm final concentration), Mg(OAc), (final concentra-
tions: 0 or 20 mm), and G-1-P or 2 (final concentrations: 0 - 80 mm) to
stirred, thermostated buffer (1.00 mL; HEPES (10 mwm), NaCl (107 mm),
pH 6.5, 25°C).

Measurements with G-1-P were made by using CD cells with a path
length of 1.0 cm. Ae values refer to p-octiphenyl concentration. Dose
response CD curves were prepared by using the Ae™* value at
305 nm.

Measurements with 2 were made by using CD cells with a path
length of 0.1cm. Ae values refer to polymer concentration and
assume N =620, for compatibility with pore blockage data. These
values corresponded well with the Ae values of 0-2m'cm™’
previously calculated based on phosphonate concentration.??? Dose
response CD curves were prepared by using the Ae™* value at
330 nm. Fractional saturation Y for CD Hill plots [Eq.(3)] were
calculated by using Equation (4), where A&3* is the A& value
without guest and A&3¥ is the A&e3° value at saturation.

(A6330 _ A€330)
y = — @)
(Be® — Ae)
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Examining Reactivity and Specificity of
Cytochrome c Peroxidase by using Combinatorial

Mutagenesis

Martin Wilming, André Iffland, Petra Tafelmeyer, Claudio Arrivoli,

Christophe Saudan, and Kai Johnsson*!

Combinatorial mutagenesis was used to investigate the role of
three key residues in cytochrome c peroxidase (CCP) from Saccha-
romyces cerevisiae, Arg48, Trp51, and Trp191, in control of the
reactivity and selectivity of the heme-containing enzyme. Libraries
were prepared by randomization of these residues and were
subsequently screened for activity against the phenolic substrate
guaiacol. Screening conditions were employed that favor either
mutants with high activity or those with both high activity and
stability of the reactive enzyme intermediates. The results obtained
suggest a dual role for Arg48 of CCP: in addition to stabilizing
reactive enzyme intermediates, the distal arginine residue plays a
major role in restriction of access to the ferryl oxygen atom by small

Introduction

Peroxidases and other heme-containing enzymes display vast
differences in reactivity and substrate specificity. Striking exam-
ples for the functional diversity of heme-containing peroxidases
can be found within the superfamily of bacterial, plant, and
fungal peroxidases, whose members not only oxidize a wide
variety of different substrates, but also possess different
locations of their substrate binding sites." The two most
prominent members of this superfamily are cytochromec
peroxidase (CCP) from Saccharomyces cerevisiae and horseradish
peroxidase isozymec (HRP).®7 The general mechanism of
protoporphyrin-IX-containing peroxidases can be divided into
three steps.’® 7 First, the peroxidase reacts with H,0, to yield one
equivalent of water and an oxyferryl (Fe=0) cation radical
called compound I.B! The cation radical in compound | is either a
porphyrin wt cation radical or, in the case of CCP, an indolyl cation
radical located at Trp191.®! Two substrate molecules are then
oxidized in subsequent one-electron transfer reactions to yield
the enzyme back in its Fe" resting state. The intermediate
obtained after the first substrate oxidation, an oxyferryl species
that results from the reduction of the cation radical, is called
compound Il. Both steric and chemical properties of the
substrate appear to be important for the location of the
substrate binding site of a given peroxidase. Whereas the
interaction between CCP and its substrate, cytochromec, is
mediated for steric reasons by surface residues of the two
proteins, HRP binds its phenolic substrates in the distal cavity
above the plane of the heme moiety.” '@ The location of the

ChemBioChem 2002, 3, 1097-1104 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

molecules and thereby controls reactivity and substrate specificity
of the peroxidase. At position 51 of CCP, either a phenylalanine or a
tryptophan residue is required both for catalytic and structural
reasons. In contrast, either polar or positively charged residues are
accepted at the position of Trp191, which is located inside the core
of the protein. The variability at position 191 can be interpreted as
a reflection of the mechanism of cytochrome c peroxidase, which
transforms the nonpolar Trp191 into a transient cation radical.

KEYWORDS:

directed evolution - enzymes - heme proteins - mutagenesis
- protein engineering

binding site of HRP can be rationalized by consideration of the
fact that the oxidation of phenols by peroxidases requires
simultaneous electron and proton transfer from the phenol to
the activated peroxidase.” ' The acceptor for the proton is, in
the case of compound|, the distal base or, in the case of
compound Il, the ferryl oxygen atom.” ' |t is the reduction of
compound Il that is the rate-determining step for the oxidation
of phenols.”!

A variety of factors can be expected to contribute to the 103
fold difference in activity of CCP and HRP towards phenols
including guaiacol, including specific substrate —enzyme inter-
actions that control substrate binding.'> ' One of the funda-
mental differences in mechanism of the two peroxidases is the
nature of the cation radical in compound I. Trp191 harbors the
indolyl cation radical in compound | of CCP (Figure 1), whereas
the corresponding amino acid in HRP is Phe220. The cation
radical in compound | of HRP is thus a porphyrin 7 cation
radical.®

Another important difference between CCP and HRP is that
HRP possesses a phenylalanine residue (Phe41) at the position
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Figure 1. The locations of Arg48, Trp51, His52, and Trp191 relative to the heme
cofactor in the crystal structure of CCP*

equivalent to that of Trp51 in CCP (Figure 1). Trp51 in CCP forms
a hydrogen bond to the ferryl oxygen atom of compound | and
compound I3 |t has been reported that the mutation
Trp51Phe increases the reactivity of CCP against cytochrome c,
anilines, and phenols."*'1 A possible explanation for this
increase in activity is that the removal of the hydrogen bond
between Trp51 and the ferryl oxygen atom destabilizes com-
pound | and compound Il and thereby increases the reactivi-
ty.*11 We have recently used directed evolution to generate
CCP mutants with increased activity against guaiacol, a typical
substrate of HRP.'”! In these experiments, the mutation Arg48His
increased the activity against guaiacol about 70-fold. This result
was surprising as this arginine residue, which is located in the
distal cavity of the peroxidase, is one of only nine residues that
are conserved in all members of the superfamily, including those
whose natural substrates are phenols (Figure 1).

In general, it is believed that the distal arginine residue of
peroxidases aids in the formation and stabilization of com-
pound .82 |n addition, the distal arginine residue (Arg38) in
HRP has been shown to play an important role in binding of the
substrate during phenol oxidation as hydrogen bonds between
the guanidinium group of Arg38 and ferulic acid ideally position
the substrate for efficient electron and proton transfer.'” In HRP
and pea cytosolic peroxidase, mutations of the distal arginine
residues have also been shown to affect activities that require
access to the ferryl oxygen atom.?'-%! To explain the increase in
activity against guaiacol for the Arg48His mutants of CCP, we
have reasoned that this mutation of CCP increases the steric
access of the phenol to both the distal base and the ferryl
oxygen atom and thus facilitates the oxidation of the phenol.'”!
However, an alternative explanation for the selection of the
mutation Arg48His in the directed evolution experiments is that
this residue might play an active role in the proton transfer and
thus act as a general-acid/base catalyst. It has been shown that
the mutation Arg38His in HRP can partially compensate for
mutations that remove the distal histidine residue, which
functions as the general-acid/base catalyst in the mechanism
of action of peroxidases.?"

In order to investigate the influence of Arg48, Trp51, and
Trp191 of CCP on the reactivity and specificity of the peroxidase,
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we performed saturation mutagenesis at these positions and
screened for mutants with increased activity against guaiacol.
The obtained results yield important insights into how these
residues affect the chemistry of CCP and peroxidases in general.

Results
Generation and screening of libraries

The role of Arg48 in the control of reactivity and specificity in
CCP was addressed by randomization of the corresponding
codon in the gene by saturation mutagenesis and screening of
the resulting library CM1 for increased activity against guaiacol
by using a colony screen and substrate concentrations of 170 um
H,0, and 5 mm guaiacol.'” In these and the following experi-
ments, CCP possesses an N-terminal 6 x His tag and is termed
hCCP. Each of the 20 amino acids should have been present at
position 48 of CCP several times in the screening experiments.
60 % of the colonies stained faster than, or at least as fast as, the
wild-type colony and five of the fastest-staining colonies were
isolated and the CCP genes sequenced. Two clones carried the
mutation Arg48GIn, whereas the mutations Arg48His, Arg48Thr,
and Arg48lle were each found once. The relatively high
percentage of clones that stained faster than the wild-type
species can be considered as an indication that the increase in
guaiacol activity of the mutant Arg48His is not a result of
general-acid/base catalysis by the histidine residue. Four clones
that did not stain at all in the screening assay were analyzed for
expression of the peroxidase by SDS gel electrophoresis. One of
these four clones did not express the full-length protein, the
three others were analyzed by DNA sequencing. In all three
clones the mutation Arg48Ser was found, although they all
possessed different codons (TCT, TCC, AGT).

Simultaneous saturation mutagenesis of Arg48, Trp51, and
Trp191 was performed to give library CM2, which was used to
investigate the influence of Trp51 and Trp191 on the reactivity of
CCP. Arg48 was included in these experiments to identify
possible synergistic effects between the residues. In order to
identify mutants that possess both high activity against guaiacol
and high stability of the reactive enzyme intermediates, we
increased the hydrogen peroxide concentration nearly 60-fold
and also added ascorbate to the screening solution. Ascorbate
scavenges the initially generated phenoxyl radicals and thus the
brown tetraguaiacol that results from secondary reactions of
these radicals and is responsible for the staining of the colonies is
only formed when all the ascorbate has been consumed.?”
Approximately 7% of the colonies stained under these con-
ditions. After screening a total of 15000 mutants, 12 of the
fastest-staining mutants were analyzed by sequencing (Table 1).
The distal arginine residue at position 48 is conserved in 11 out
of 12 mutants. The conservation of the distal arginine residue in
these experiments as opposed to its mutation in the screening of
library CM1 is caused by the changed screening conditions. For
example, the mutant RFS led to faster staining of colonies than
the mutant Arg48GlIn under screening conditions that favor both
activity and stability (that is, the conditions used for the
screening of library CM2), but the staining order reverses under
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Table 1. Clones isolated from library CM2.

Clone Position Clones/codons!®
48 51 191

Cccp Arg Trp Trp

RFS Arg Phe Ser 6/3

RFR Arg Phe Arg 3/2

RFC Arg Phe Cys 21

KWH Lys Trp His 171

[a] Mutants are abbreviated to the one-letter codes of the amino acids at
positions 48, 51, and 191. [b] Number of clones isolated/number of clones
with different codons.

screening conditions that favor only high reactivity (that is, the
conditions used for the screening of library CM1).

The tryptophan residue at position 51 of CCP is mutated to
phenylalanine in 11 out of 12 clones and conserved in one case.
Within the superfamily of peroxidases, only phenylalanine or
tryptophan residues are found at this position."! Surprisingly,
Trp191 is not conserved in any of the isolated mutants and either
small hydrophilic or positively charged amino acids are found at
this position.

Expression and characterization of the selected mutants

The selected mutants from libraries CM1 and CM2 were ex-
pressed and purified. For comparison, the mutants Trp51Phe and
KFH were also prepared. The UV spectra of the mutants from
library CM1 displayed some variation. While Arg48GIn and
Arg48His displayed UV spectra basically identical to hCCP,
Arg48Thr and Arg48lle showed a broader Soret band and
Arg48Thr displayed an additional shoulder at 427 nm (data not
shown).’® 2! Furthermore, the heme-content of these mutants
was only 60% (Arg48lle) and 80% (Arg48Thr) of the value for
hCCP, although an excess of heme was present during the
reconstitution of the peroxidase. No further attempts were
undertaken to increase the heme content of these two mutants.
In all following experiments, the calculated concentration of the
mutants was based on the heme content of the purified
peroxidase. The UV spectra of the mutants isolated from library
CM2 at pH6 were also measured (data not shown). Those
mutants with an arginine residue at position 48 displayed a Soret
band at 408-409 nm as well as the typical o, § and charge-
transfer bands that are characteristic for a five-coordinated high-
spin ferric heme group.® 2% In contrast, the mutant KWH, which
possesses a lysine residue at position 48, has a Soret band shifted
to 413nm and a blue-shifted charge-transfer band. Similar
spectroscopic properties have been reported for the single
mutant Arg48Lys and have been assigned to a six-coordinated
high-spin ferric heme group.'®

In order to investigate whether one of the mutants from
library CM2 possesses a stable porphyrin 7t cation radical as
observed for HRP, the mutants were incubated with 1.5 equiv-
alents H,0, and a UV spectrum was recorded immediately after
mixing (Figure 2). A spectrum comparable to that of compound |
of hCCP with the Soret band shifted to around 420 nm and two
new charge-transfer bands at around 530nm and around
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Figure 2. Formation and decay of compound | of the CCP mutant RFS after
mixing of the enzyme with H,0,. The blue shift and increase in intensity of the
Soret band, the decrease in absorbance of the characteristic band around

560 nm, and the appearance of a charge-transfer band at 637 nm are indicated.

558 nm was obtained for all mutants, which indicates that a
protein radical is formed, as with wild-type hCCP.% 291 |t has been
observed for the Trp191Phe mutant that the porphyrin & cation
radical is only transient and decays within milliseconds to a
protein-based cation radical, most likely a tyrosyl radical located
at Tyr36, Tyr39, or Tyr42.l's 228 Compound| is then slowly
converted to an unidentified species for which the Soret band is
shifted back to around 410 nm (Figure 2).

Peroxidase activity of the mutants isolated from libraries CM1
and CM2

The activities of the mutants against the two phenolic substrates
guaiacol and pyrogallol as well as horse heart ferrocytochrome ¢
and the common peroxidase substrates 2,2"-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) and ferrocyanate were
measured (Table 2).

The activities against guaiacol of all of the selected mutants
isolated from library CM1 were significantly increased compared
to that of the wild-type protein, with the Arg48GIn mutant about
300-fold more active than the wild-type enzyme. Furthermore,
the activities against another phenolic substrate, pyrogallol,
were also increased, with the Arg48GIn mutant 50-fold more
active than the wild-type enzyme. In contrast, the activities of
the selected mutants against the natural substrate ferrocyto-
chrome ¢ as well as against ABTS and ferrocyanate were much
less affected and are, in general, similar to or slightly below the
activity of the wild-type enzyme. The selected Arg48 mutations
thus specifically increase the activity against phenols and the
mutant Arg48GlIn is even more active than the mutant Arg48His.
These results strongly argue against the possibility that a
histidine residue at position 48 might act as a general-acid/base
catalyst but support the hypothesis that these mutations
increase the steric access to the ferryl oxygen atom.!'”

In addition, all four Arg48 mutants showed, to varying
degrees, inhibition of guaiacol oxidation at higher substrate
concentrations and none of them display typical Michaelis—
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Table 2. Kinetic parameters of the selected mutants for the oxidation of various substrates.”!

Clone Guaiacol k., [sec™']  Pyrogallol ks [sec™']  Cytochrome ¢ ko, [sec™']  ABTS kg, [sec™']  K,Fe(CN)g ko [sec']  Thioanisole kg [Min=']
hCCP 0.354+0.03 23403 676 +4 3.3+0.1 212+£3 05+0.2
Arg48GIn 102+5 104+5 689 +43 23+£0.1 270+7 29+0.1
Arg48His 26+2 89+2 388 +99 0.8+0.1 124+4 25+04
Arg48lle 13+£7 76+15 138+9 0.8£0.1 66+4 414+1.1
Arg48Thr 5+03 57+4 216 +7 45405 136 +3 35+0.2
RFS 13.8£0.1 50.1£33 < 0.1% 0.8+0.1 n.d. n.d.

RFR 8.924+0.1 13.8+0.5 < 0.1% 0.5+0.1 n.d. n.d.

RFC 6.11+0.3 16.7+2.4 < 0.1% 1.0+0.1 n.d. n.d.
KWH 21.2+45 10.2+04 < 0.1% 0.94+0.1 n.d. n.d.
Trp51Phe 2.84+0.04 13.0+£1.4 1460 £+ 190 3.0£0.1 8145 n.d.
Trp191Ser 0.44+0.02 40+03 < 0.1% 0.8£0.1 n.d. n.d.

KFH 0.23+0.04 0.3+0.1 < 0.1% 0.6+0.1 n.d. n.d.

[a] Double and triple mutants are abbreviated to the one-letter codes of the amino acids at positions 48, 51, and 191. n.d. = not determined

Menten kinetics (Figure 3). This inhibition is absent in wild-type
hCCP and in the mutant Trp51Phe (Figure 3), but has also been
observed for the previously selected mutants that possess, in
addition to various other mutations, the mutation Arg48His.'” A
possible explanation is that the inhibition is caused by improved
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Figure 3. Relative observed rate constants (rel. k,,,) of Arg48GIn (m), Arg48His
(0), Arg48lle (o), Arg48Thr (A), and Trp51Phe (@) mutants for the oxidation of
guaiacol as a function of the guaiacol concentration. The rel. k,,, values were
obtained by division of k,,, at a given concentration by the rate constant obtained
with 5 mm guaiacol.

binding of the substrate in the less polar distal cavity of the
mutants and resulting inhibition of compound | formation at
high guaiacol concentrations.'"”?? The fact that all selected
Arg48 mutants with increased activity against guaiacol show
inhibition of this activity at high substrate concentrations
supports this hypothesis.

All mutants selected from library CM2 possessed an increased
activity against guaiacol and pyrogallol. In contrast, none of the
mutants possessed an increased activity against ABTS. This
indicates that the selected mutations also affect foremost the
activity against phenols. As can be expected for mutation of
Trp191, which plays an important role in the electron transfer
from cytochrome c to CCP, none of the selected mutants possess
a significant activity against cytochrome c.2” The mutants
Trp51Phe and Trp191Ser were prepared and their activities
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determined (Table 2) in order to investigate the relative con-
tributions of the mutations at positions51 and 191 to the
increased peroxidase activity. As described in the literature, the
mutation Trp51Phe significantly increased the activity against
both phenols and, to a less extent, against cytochrome c.'4-6]
The effect of the mutation Trp191Ser on the activity against
phenols was less significant but abolished the activity against
cytochrome ¢ (Table 2). This latter result is in accordance with
data published on the mutant Trp191Phe.B” The effect of
mutations at positions 48, 51, and 191 are not necessarily
additive. For example, introduction of the mutation Trp191Ser
into the mutant Trp51Phe to yield double mutant RFS increases
the activity against phenols fivefold, whereas the Trp191Ser
mutation alone has no significant effect on wild-type CCP. A
further example of synergistic effects in CCP can be found in
mutant KWH. The double mutation Arg48Lys and Trp191His in
KWH increases the activity of CCP against guaiacol 60-fold.
Introduction of the additional mutation Trp51Phe into this
double mutant (to yield mutant KFH), a mutation that by itself
increases the activity against guaiacol eightfold, diminishes the
activity against guaiacol to a level below that of hCCP (Table 2).

A comparison of the guaiacol activity of the mutants isolated
from the different libraries shows that the Arg48GIn mutant is at
least seven times more active than any mutant isolated from
library CM2. In order to explain the observation that Arg48 was
conserved in the screenings performed with library CM2, we
argued that the stability of the reactive intermediates plays a
more pronounced role in those experiments than in the CM1
experiments. To verify this hypothesis and to investigate the
relative stability of the different mutants, the mutants isolated
from library CM2, as well as Arg48GIn and hCCP, were
preincubated with 10 mm H,0, in the absence of substrate and
the activity of the peroxidase was measured as a function of time
of preincubation with H,0, (Figure 4). Mutant Arg48GIn lost
most of its activity within one minute, whereas the mutants
isolated from library CM2 are more stable under these conditions
and already possess a higher residual activity than Arg48Gin
after one minute of incubation. In particular, the mutant RFS
maintained its full activity even after 14 minutes of incubation in
10 mm H,0, and thus possesses a stability comparable to hCCP
under these conditions.
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Figure 4. Residual activity of selected mutants against guaiacol after preincu-
bation in H,0, (10 mm). RFR (m), RFS (e), RFC (a), KWH (V), Arg48Gin (e). hCCP
does not show any inactivation under these conditions (data not shown).

Formation and stability of compound | from Arg48GIn and
Arg48His mutants

The mutations at Arg48 had the highest influence on the stability
of compound|l. The rate of formation and the stability of
compound | of the Arg48His and Arg48GIn mutants were
investigated in detail by analysis of the reaction of these
mutants with H,O, by using stopped-flow techniques (Figure 5).
Formation of compound I shifts the maximum of the Soret band
to higher wavelengths and its formation and decay in the
absence of substrate can be followed by measurement of the
absorbance change at 424 nm.[26 27]

A UV spectrum characteristic for compound | was observed for
both mutant enzymes 1.5 sec after mixing of the enzyme with
H,0,: the Soret band of both mutants is red shifted to
approximately 420 nm and two new charge-transfer bands at
approximately 533 and 557 nm appear (Figure 5).2¢271 The
formation of compound | could be best described by a single-
exponential function that depends linearly on the H,0, concen-
tration (Figure 5). The resulting second-order rate constants for
the Arg48GIn and Arg48His mutants, (11.74+0.3) x 10°s~'m™!
and (9.5+0.3) x 10°s~"m~', respectively, were only a factor of
3 -4 below that of the wild-type enzyme.B" The relatively small
effect of the mutation Arg48GIn on the rate of compound-I
formation indicates that the positive charge of the guanidinium
group of the distal arginine residue does not significantly
contribute to the stabilization of the negative charge that
develops in the course of the heterolytic cleavage of the
peroxide bond. The following decrease in absorbance in the
stopped-flow experiments can be attributed to the decay of
compound | (Figure 5). For both mutants, this decay can be best
fitted to a two-exponential function. Between 5 and 15 um H,0,,
the rate constants showed no significant dependence on the
H,O, concentration and are given as mean values of the first-
order rate constants obtained in this concentration range. The
corresponding rate constants for the Arg48GIn mutant are
(3.84+0.4)x103s" (amplitude of 60%) and (1.1+0.4) x
103571 (@amplitude of 40%). Rate constants of (0.25+0.08) s
(amplitude of 20%) and (1.0 £0.2) x 10-2s~' (amplitude of 80 %)
were obtained for the Arg48His mutant. The decay of com-
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Figure 5. Stopped-flow experiments with Arg48GIn. A) Compound | spectrum of
mutant Arg48GIn obtained 1.5 sec after mixing of the peroxidase and H,0,.

B) Stopped-flow trace at 424 nm observed upon mixing mutant Arg48Gin (1 um)
and H,0, (10 um) in KH,PO, (50 mm, pH 6) at 25°C. The transient spectra were
measured four times and averaged. The solid curve represents the best fit to a
three-exponential function.

pound | of wild-type CCP has been fitted to a single-exponential
function with a rate constant of (3.0+0.3) x 107557128 A
comparison of the rate constants of the fast step of the decay
leads to the conclusion that compound | of the Arg48GIn mutant
is about 65 times more stable than compound!| of mutant
Arg48His, but still a factor of 102 less stable than that of the wild-
type enzyme.

Peroxygenase activity of the mutants Arg48GIn, Arg48His,
Arg48lle, and Arg48Thr

The specific increase in activity of the selected mutants against
phenols suggests that Arg48 controls access to the ferryl oxygen
atom and the distal cavity in general. The peroxygenase activity
of these mutants was investigated to independently test this
hypothesis. The peroxygenase activity of peroxidases is mainly
influenced by mutations that increase access to the ferryl oxygen
atom and thus can be considered as a measure of the
accessibility of the ferryl species in the distal cavity of
peroxidases.?" 32351 Thioanisole is oxidized by peroxidases to
the corresponding S-oxide and it has been shown that the ferryl
oxygen atom of compound!| of CCP and HRP is directly
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transferred to the thioether.3% 34 3% The reaction of the mutants
with thioanisole was followed at pH 7 with 1 mm thioanisole and
1 mm H,0,. Thioanisole and the corresponding S-oxide were
quantified by HPLC. Under the applied conditions, the back-
ground peroxygenation was about 50% of the reaction cata-
lyzed by the wild-type enzyme and was subtracted from all
measured rates. Rapid inactivation of all mutants was observed.
The wild-type enzyme still possessed about 65% of its initial
activity after 3 min but all of the mutants were completely
inactivated within 3 min and mutants Arg48His, Arg48Thr, and
Arg48lle even within one minute. The reaction was therefore
quenched after 1 min and analyzed by HPLC. As can be seen in
Table 2, all of the mutants catalyzed the sulfoxidation of
thioanisole more efficiently than the wild-type enzyme. The
conclusion that the selected mutations at position Arg48
increase the access to the ferryl oxygen atom is thus supported
by the increased activity of all isolated mutants in the
peroxygenation of thioanisole, even though the activities of
the mutants are hampered by their rapid inactivation under
these conditions.

Discussion

The implications of the performed combinatorial mutagenesis
experiments for our understanding of the role of the residues
Arg48, Trp51, and Trp191 in the control of the reactivity and
selectivity of CCP will be discussed for each residue individually.

The conservation of the distal arginine residue under con-
ditions that demand both stability and reactivity and its
mutation under conditions that favor high reactivity points
towards a dual role of this residue in control of reactivity and in
stabilization of the reactive intermediate compound I. Careful
choice of conditions in the directed evolution experiments
allows selection of one of these traits at the expense of the other.
The influence of the distal arginine residue on the stability of
compound | can be best seen in the stopped-flow experiments
with mutants Arg48GIn and Arg48His. Despite being the most
stable Arg48 mutant isolated so far, Arg48GIn is 2 orders of
magnitude less stable than compound | of wild-type CCP. The
relative stability of the Arg48GIn mutant could be rationalized by
the argument that the amide nitrogen atom of a glutamine side
chain could, to some extent, act as a substitute for the N¢ atom of
Arg48 and donate a hydrogen bond to the ferryl oxygen atom,
thereby stabilizing compoundl. Furthermore, the observed
flexibility of the Arg48 side chain in the distal cavity should also
allow the glutamine residue to adopt a conformation that
enables the formation of a hydrogen bond to the ferryl oxygen
atom.B>37 The relatively small effect of the mutation Arg48GIn
on the rate of compound | formation, which shows a second-
order rate constant comparable to wild-type CCP and the
previously described Arg48Lys mutant, indicates that the
positive charge of the guanidinium group does not significantly
contribute to the stabilization of the negative charge that
develops in the course of the heterolytic cleavage of the
peroxide bond.!'!

The influence of mutations of the distal arginine residue of
CCP on the reactivity of the peroxidase is highlighted by the 300-
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fold increase in activity of the Arg48GIn mutant towards guaiacol
compared to the wild-type enzyme. The higher activity of the
Arg48GIn mutant compared to the Arg48His mutant shows that
a histidine residue at this position does not act as a general-acid/
base catalyst in phenol oxidation and supports the earlier
hypothesis that mutations of the distal arginine residue increase
the steric access to the ferryl oxygen atom.!'"”? Furthermore, the
increased steric access to the ferryl oxygen atom in the selected
Arg48 mutants is independently demonstrated by the increased
peroxygenase activity of all these mutants, an activity which can
be considered as a measure of the accessibility of the ferryl
oxygen atom of compound 1.2"32-3% |n agreement with these
data, the mutations at Arg48 do not significantly affect those
activities that do not require access to the ferryl group. The N¢
atom of Arg48 is reoriented towards the ferryl oxygen atom in
the crystal structure of compound | of CCP in comparison to the
crystal structure of the ferric enzyme, which indicates the
presence of a strong hydrogen bond.'? Removal of this strong
hydrogen bond or replacment by a weaker bond might thus
facilitate proton transfer from the phenol group to the ferryl
oxygen atom and contribute to the observed increase in activity
against these substrates. The relatively small effect of the
removal of the hydrogen bond between Arg48 and the ferryl
oxygen atom on the activity against other peroxidase substrates
such as ABTS and ferrocyanide indicates that the hydrogen bond
itself is not very important for the general reactivity of the
peroxidase. Clearly, structural information on the mutants would
allow a more detailed discussion of our data. Such information
would also allow further questions to be addressed, such as why
the mutation Arg48GIn gives the most active of the selected
Arg48 mutants, or why the Arg48Ser mutant fails to form a
functional peroxidase while the mutation Arg48Thr increases
peroxidase activity.

In summary, our data on the distal arginine residue of CCP
show that this residue is not only important for stabilization of
compound | but also controls the reactivity and specificity of the
peroxidase by restriction of access to the ferryl oxygen atom.
This dual role of the distal arginine residue probably also
contributed to the conservation of this residue in the super-
family of bacterial, plant, and fungal peroxidases.

Our data for Trp51 show that either a phenylalanine or a
tryptophan residue is required at position 51 of CCP and that the
removal of the hydrogen bond between the indol ring of Trp51
in CCP and the ferryl oxygen atom mostly affects those reactions
that involve proton transfer from the substrate to the ferryl
oxygen atom, such as the oxidation of phenols. The significant
increase in activity against phenols observed can be rationalized
by considering that the removal of the hydrogen bond between
Trp51 and the ferryl oxygen atom will increase the affinity of the
ferryl oxygen atom towards other hydrogen donors, either
active-site water molecules or phenol groups, and should thus
make the pathway for proton transfer from the phenol to the
ferryl oxygen atom more efficient. However, at least one of the
two hydrogen donors that form hydrogen bonds with the ferryl
oxygen atom of compound | and compound I, either Arg48 or
Trp51, is conserved in all selected mutants and the removal of
both hydrogen donors leads to a drastic drop in activity against
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guaiacol. Furthermore, the perfect stacking of the aromatic ring
of either a tryptophan or a phenylalanine residue with the heme
group is expected to significantly contribute to the affinity of the
peroxidase for the cofactor (Figure 1). This stacking effect should
contribute to the conservation of an aromatic residue at this
position as the apoenzyme must compete with other heme-
containing enzymes for binding of the cofactor in vivo and
mutations that decrease or increase the affinity of the peroxidase
for the cofactor affect the in vivo concentration of active
holoenzyme.!'”!

In contrast to Trp51, Trp191 of CCP can be replaced by a
variety of polar or positively charged residues. This observed
variability inside the core of the protein, in particular the
introduction of a positive charge, can be interpreted as a
reflection of the mechanism of the peroxidase.® In the
mechanism of CCP, Trp191 is oxidized to a transient indolyl
cation radical and it can be expected that those interactions that
stabilize the cation radical will also stabilize a positively charged
or polar residue within the core of the protein. The stabilization
of compound| of CCP by a cation binding motif has been
shown.B® |n addition, the binding of small positively charged
organic ligands in the cavity created by the mutation Trp191Gly
shows that Trp191 is surrounded by a rather polar environ-
ment.®* “% Furthermore, the coexistence of so-called closed and
open conformations of CCP, for which Trp191 is surface exposed
in the open form, has been reported.*"! Although only 4% of the
wild-type enzyme is in the open conformation at any given time,
the existence of this conformation further underlines the degree
of structural flexibility within this functionally important region.
The formation of relatively stable protein-based radicals by the
Trp191 mutants selected here supports the idea that the
alternative radical site(s) used might also contribute to the
relative stability of compound| of the wild-type enzyme.['®
Those factors that are responsible for the formation of a stable
porphyrin 7 cation radical still have to be identified and it
remains to be determined how these factors affect the activity
and selectivity of the peroxidases.

Experimental Section

Reagents: Chemicals were purchased from Fluka AG. Enzymes for
recombinant DNA work were purchased from MBI Fermentas or New
England Biolabs. Ni-NTA-agarose (Qiagen) was used for the affinity
purification. Libraries were plated on Hybond-Csuper membranes
(Amersham Life Sciences).

Construction and screening of libraries and expression of selected
clones: The previously described plasmid phCCP was used for the
construction and screening of CCP libraries as well as the expression
of individual mutants."” In this plasmid, CCP possesses an N-terminal
6 x His tag and is termed hCCP. hCCP mutants were expressed and
purified as previously described.”? Heme content was determined
by the pyridine hemochromogen assay.*? Protein concentrations
were measured by determination of the absorbance at 280 nm by
using an extinction coefficient of ¢ =74 mm~'cm~'.13 Purity of the
recombinant enzymes was checked by SDS gel electrophoresis and
was greater than 95%. Splice overlap extension (SOE) PCR was
performed, with appropriate primers, for the saturation mutagenesis
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at position Arg48 (library CM1) and the simultaneous saturation
mutagenesis at Arg48, Trp51, and Trp191 (library CM2).*4 Pfu DNA
polymerase was used in these experiments. The PCR product was
digested with Sfil and ligated into the Sfil-digested plasmid phCCP.
The sizes of the two libraries CM1 and CM2 after electroporation into
BL21(DE3) cells were 1.5x 10* and 2 x 10*independent clones,
respectively. Individual mutants were also prepared by using SOE
PCR.[44

Both libraries were directly grown on a Hybond-C super membrane
(Amersham Life Sciences) placed on an LB agar plate (100 mgL™!
ampicillin, 1 mm isopropyl-3-p-1-thiogalactopyranoside).'” Up to
4000 colonies were grown per membrane. The membranes with
the colonies were placed on filter paper soaked with substrate
solution for the screening. Screening of library CM1 was performed
at 25°C with guaiacol (5 mm) and H,O, (170 um) in KH,PO, buffer
(50 mm, pH 6). Screening of library CM2 was performed at 25 °C with
guaiacol (20 mm), ascorbate (0.2 mm), and H,0, (10 mm) in KH,PO,
buffer (50 mm, pH 6). In total, about 2000 colonies of CM1 and 15 000
colonies of CM2 were screened. Active clones were identified by
visual inspection of the membrane for the staining of colonies by the
brown color of the product of guaiacol oxidation.**! The fastest-
staining colonies were re-amplified in LB medium (100 mgL~’
ampicillin).

Kinetic measurements: The kinetics of the guaiacol, pyrogallol,
K,Fe(CN)g, and cytochrome ¢ oxidation reactions were measured in
KH,PO, (50 mm, pH6) at 30°C as described previously.'” The
concentrations used were: guaiacol, 5 mm; pyrogallol, 5 mm; cyto-
chrome ¢ from horse heart, 40 um; K,Fe(CN)g, 17 mm. ABTS measure-
ments were taken at 30°C on a microtiter plate reader (Molecular
Devices Spectra Max340) in KH,PO, (50 mm, pH 6), bovine serum
albumin (0.1 mgml~"), H,0, (250 um), and ABTS (0.25 mm) and the
absorbance at 414nm (e=36mm'cm~') was recorded.“d The
observed first-order rate constants were obtained by division of
the measured reaction velocity by the enzyme concentration.

Stopped-flow kinetics were measured with an Applied Photophysics
SX18-MV stopped-flow spectrometer in KH,PO, (50 mm, pH6) at
25°C. The formation and decay of compound | were monitored at
424nm and at H,0, concentrations between 5 and 15 um. The
concentration of the enzyme was 0.25 um after mixing. Spectra of
compound | were recorded on a J&M TIDAS diode array spectrom-
eter.

The peroxygenation of thioanisole was measured at pH 7 in KH,PO,
(50 mm) and methanol (5% v/v) with thioanisole (1 mm), peroxidase
(18 pm), and H,0, (1 mm) at 25°C. The reaction was quenched after
1 min by addition of hydroxylamine to a concentration of 50 mm.
3-Nitrobenzyl alcohol was added to a concentration of 50 mm as a
standard before extraction of the mixture twice with equal volumes
of CH,Cl,. The solvent was evaporated and the residue dissolved in a
mixture of acetonitrile and water (100 pL, 2:3). The samples were
centrifuged for 5min and analyzed by HPLC on a Nucleosil 100 -
5C18AB column (Macherey & Nagel). A gradient from 10%
acetonitrile in water to 70% acetonitrile over 10 min was used.
Peaks were detected with a dual wavelength absorbance detector
(Waters HPLC system 2790) at 252 nm and 230 nm. The k., values of
the mutants in Table 2 also correspond to the turnover of thioanisole
molecules per enzyme in the assay.

Funding of this work was provided by the Swiss Science Foundation
and the European Community (Grant no. BMH4-CT97 -2277). We
thank Prof. André E. Merbach for support in the stopped-flow
experiments.
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A Non-Antibacterial Oxazolidinone Derivative
that Inhibits Epithelial Cell Sheet Migration

Kevin T. Mc Henry, Sudha V. Ankala, Arun K. Ghosh, and Gabriel Fenteany*!

We have developed a high-throughput assay for screening
chemical libraries for compounds that affect cell sheet migration
during wound closure in epithelial cell monolayers. By using this
assay, we have discovered a new inhibitor of cell sheet migration.
This compound (UIC-1005) is a 3,4-disubstituted oxazolidinone that
bears an electrophilic a,3-unsaturated N-acyl group required for
activity. UIC-1005 also inhibits growth in an epithelial cell
proliferation assay. The molecule does not display general toxicity

Introduction

Cell shape change and motility are critical components of a
range of biological processes in animals, including embryonic
development, tissue repair, angiogenesis, and immune system
function. Cell migration is also involved in pathological events
such as cancer metastasis. While a great deal of progress has
been made in the last decade in identifying components of
signal transduction pathways leading to cell motility, a complete
model of the mechanism is still lacking. The precise roles of many
of the proteins implicated in these pathways are not yet clear,
and there may be a number of mechanisms that cells can use for
movement.

Cell motility is dependent on regulated actin filament
assembly, rearrangement, and disassembly. A large and growing
number of proteins are known to regulate and modulate the
state of the actin cytoskeleton, and some appear to have partly
overlapping functions."'” For example, actin polymerization
and filament assembly can be accomplished through de novo
nucleation of new filaments by the actin-related protein (Arp) 2/3
complex or through elongation of existing filaments at free
barbed (or fast-growing) ends, which are generated by filament
severing and/or regulated dissociation of bound barbed-end
capping proteins (uncapping). Similarly, there are multiple routes
to actin filament bundling, cross-linking, and disassembly
(depolymerization).

A number of different upstream signaling pathways leading to
changes in the state of the actin cytoskeleton and cell
morphology and behavior have come to light. In particular, the
Ras-related small guanosine triphosphatases (GTPases) of the
Rho family, which includes Rac, Rho, and Cdc42, have been
implicated in the regulation of the actin cytoskeleton and cell
shape, and each plays a distinct and specialized role."""' Rho
proteins, such as RhoA, are generally associated with formation
of contractile actin/myosin bundles, stress fibers, and focal
adhesions. Rac proteins, especially Racl, are associated with
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at concentrations at which it potently inhibits cell sheet migration
and growth. Unlike certain 3,5-disubstituted oxazolidinones, it
exhibits no antibacterial activity. UIC-1005 therefore represents a
new class of bioactive oxazolidinone derivative that may prove
useful as a probe for signaling pathways leading to cell motility.
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membrane ruffling and the formation of lamellipodia (broad,
sheet-like membrane protrusions at the leading edge in the
direction of movement). Lamellipodial cell crawling resulting
from Rac activation is considered to be the most prevalent form
of animal-cell motility. Cdc42 is associated with formation of
filopodia (finger-like membrane protrusions) and the control of
cell polarity. The Rho-family small GTPases also have roles in
many other cellular processes, including cell growth!>'”! and
cell-cell adhesion.'® In addition to these small GTPases,
phosphoinositides and calcium are known to regulate actin
dynamics and cell migration." However, a comprehensive
understanding of the signaling cascades leading to cell motility
and the relationship between these regulators remains elusive.
Progress in this field would be facilitated by the availability of
more pharmacological probes of cell motility.

Few small molecules are presently known that affect actin
dynamics and cell motility by inhibiting specific actin-regulatory
and actin-binding proteins; however, many compounds have
been discovered that target actin directly.?®! The best known are
the cytochalasins, cell-permeant destabilizers of actin filaments,
and phalloidin, a cell-impermeant stabilizer of actin filaments.’"
Other actin-targeted small molecules include the latrunculins,
cell-permeant disrupters of actin filaments,?? and jasplakinolide,
a cell-permeant stabilizer of actin filaments.”s! In addition, a few
compounds are known that target components upstream of the
actin cytoskeleton,?” such as the Rho-associated kinase inhibitor
Y-27632124 and myosin light chain kinase inhibitors such as ML-
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9.1 Recently, a cyclic peptide dimer was discovered that inhibits
the activity of N-WASP, a protein involved in Cdc42-mediated
actin nucleation by the Arp2/3 complex.?! Nevertheless, there is
a paucity of cell-permeant small molecules currently available
that target actin-regulatory and actin-binding proteins.

We have developed a system for rapidly screening chemical
libraries for compounds that inhibit or accelerate epithelial cell
sheet migration. The system is a scrape-wound closure assay
using cultured Madin-Darby Canine Kidney (MDCK) epithelial
cell monolayers. Wound closure in this system is driven mainly
by cell spreading and migration and not by cell prolifera-
tion.1?-2! This wound closure assay can be performed in parallel
on multiwell tissue culture plates and analyzed rapidly. Mechan-
ical scraping of the epithelial cell monolayer induces cell sheet
migration into the resulting gap, a phenomenon characteristic of
wounded epithelia and mechanistically related to normal
epithelial movements during embryonic morphogenesis.>”
Epithelial cell sheet migration in this system proceeds by a
Rac- and phosphoinositide-dependent cell crawling mechanism
resembling the motility of other animal cells that move as
individuals rather than as cell sheets.?®

By screening a collection of synthetic molecules in parallel
with this epithelial wound closure assay system, we discovered a
novel inhibitor of cell sheet migration. We also found that this
molecule inhibits cell proliferation in a separate assay. This
compound (UIC-1005) is biologically active at concentrations at
which there is no general toxicity, as determined by Trypan Blue
exclusion, morphological observations, formation of new actin
bundles at the wound margin, and reversibility of the com-
pound’s biological effects. UIC-1005 is a 3,4-disubstituted
oxazolidinone with an electrophilic a,8-unsaturated N-acyl
group (“Michael acceptor”) required for activity, a fact suggesting
a possible mode of action (Scheme 1). Unlike certain chemically
distinct 3,5-disubstituted oxazolidinones such as linezolid, UIC-
1005 does not have antibacterial activity against either Gram-
positive or Gram-negative bacteria. The present study therefore
defines UIC-1005 as a new type of inhibitor of eukaryotic cell
migration and growth.

Results and Discussion

Closure of scrape wounds in MDCK cell monolayers is driven
primarily by cell spreading and cell motility and not cell
proliferation, based on analysis of cell behavior during wound
closure, measurement of proliferation, and experimental treat-
ments that block cell growth without inhibiting closure.?’-2%
Similar results were obtained in monkey renal epithelial cells."
Wound closure in the MDCK system involves Rac- and phos-
phoinositide-dependent actin polymerization and protrusive cell
crawling, and generation of motile force is distributed along
multiple rows of cells from the wound margin in the migrating
cell sheet.®®

Scrape wounds of consistent size can be made easily in MDCK
cell monolayers cultured in multiwell tissue culture plates, which
makes this assay scalable to high-throughput formats. The
progress of wound closure, which is directly driven by protrusive
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Scheme 1. Structures of UIC-1005 and UIC-1017. A putative mechanism of action
is presented in which a nucleophilic target adds to the electrophilic a,3-
unsaturated acyl (crotonyl) group of UIC-1005. This unsaturated moiety is lacking
in UIC-1017.

cell motility,?® can be readily followed. This wound closure assay
is therefore an excellent system for rapid screening of chemical
libraries for compounds that affect cell sheet migration, as
described in the Experimental Section. A similar wound closure
assay with human esophageal cancer cells was employed in a
qualitative primary screen to identify a new Streptomyces natural
product, named migrastatin, that inhibits tumor cell migration*?
and cell proliferation.®® However, these cells tend to break away
from the wound edge and migrate into the wounded area not as
a continuous sheet but as single cells, whereas MDCK cells
maintain cell-cell contacts and a stable wound margin; they
move into the denuded area as a coherent cell sheet following
wounding. This makes quantitative analysis of rates of closure
much easier in the MDCK system, since the wound margin can
be traced and the remaining open area easily determined from
digital images at any time point.

By using this MDCK wound closure assay, we identified a new
inhibitor of cell sheet migration during wound closure in MDCK
cell monolayers (Table 1, Figure 1, and Figure 2). This compound
(UIC-1005) is an optically active 3,4-disubstituted oxazolidinone
with an @, unsaturated N-acyl group (Scheme 1). Based on
dose-response data, the calculated ICy, for inhibition of wound
closure at 12 h by UIC-1005 is 14.0 um (loglCs, + standard error of
loglCso = —4.853 £ 0.09815). This inhibitory effect is reversible at
the biological level, since upon washing out the compound and
changing to compound-free medium, the rate of wound closure
recovers to the control rate. UIC-1005 does not act simply by
inhibiting a serum component in the cell culture medium, since
the compound also inhibits wound closure to a similar degree
relative to the control in serum-free conditions.
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Table 1. UIC-1005, but not UIC-1017, inhibits wound closure in a statistically
significant manner following wounding of MDCK cell monolayers.©

Probability (p) values

Time [h] UIC-1005 versus control UIC-1017 versus control
2 0.01873265* 0.03461307*
4 0.00682226* 0.05726700
6 0.00053329* 0.08385675
8 0.00016039* 0.19205910

10 0.00001153* 0.21617469

12 0.00001023* 0.35035996

14 0.00000146* 0.35499359

16 0.00000064* 0.28478265

18 0.00000033* 0.30501469

30 0.00000002* 0.23193206

36 0.00000015* 0.19600091

[a] Student’s t-test probability (p) values are shown for percentage wound
closure data presented in Figure 2B; these results demonstrate significant
differences from the control (0.1% DMSO, n =25 wounded cell monolayers)
for treatment with UIC-1005 (50 um, n=19) but not with UIC-1017 (50 um,
n=10). UIC-1017 had no significant effect even at the highest concen-
tration tested (500 pm). All significant differences (p < 0.05) from the control
are indicated with an asterisk.

Lamellipodial protrusion is thought to drive most forms of
animal cell motility. At any given time in the migrating cell sheet,
some cells are extending lamellipodia at the margin while others
are not. Although treatment with UIC-1005 does not completely
abolish formation of lamellipodia, as shown in Figure 3, it does
result in significantly fewer cells extending lamellipodia at the
margin (Table 2), as determined by counting the number of
lamellipodial protrusions at the margin and dividing by the
margin perimeter length. Therefore, inhibition of cell sheet
migration by UIC-1005 may at least in part be a result of reduced
formation of lamellipodia at the margin.

The course of wound closure in this assay frequently appears
biphasic. In the first few hours, there is often further gapping
open of the wound as cells that are damaged but still attached at
the margin die and perimarginal contractile actin/myosin

Figure 1. UIC-1005 inhibits cell sheet migration during wound closure in MDCK cell monolayers.
Representative phase-contrast micrographs of cells under the following treatment conditions: A) 0.1 %
dimethylsulfoxide (DMSO) control (carrier solvent control with the same final solvent concentration as in the
experimental treatments) at (from left to right) 0 h, 12 h, and 36 h after wounding; B) 50 um UIC-1005 at 0 h,
12 h, and 36 h after wounding. Scale bar = 500 um.
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Figure 2. Wound closure in MDCK cell monolayers in the presence or absence of
UIC-1005 or UIC-1017. Values are the mean with standard error of the mean (SEM)
for percentage wound closure at the times indicated. A) Time-course of wound
closure for different concentrations of UIC-1005: 0.1 % DMSO (n =25 wounded
cell monolayers), 1um (n=29), 5um (n=29), 10um (n=15), 20 um (n=28), and

50 um (n=19). The calculated IC,, value for inhibition of wound closure at 12 h by
UIC-1005 from the dose-response experiments is 14.0 um (loglCsy= —4.853 £
0.09815). Inhibition of wound closure by UIC-1005 is reversed at the biological
level when the compound is washed out. B) Time-course of wound closure for the
following treatments: 0.1% DMSO (control, n =25 wounded cell monolayers),
50 um UIC-1005 (n=19), or 50 um UIC-1017 (n= 10). UIC-1017 had no statistically
significant effect on wound closure (see Table 1), even at the highest concen-
tration tested (500 um).

bundles form and help establish a stable
wound margin under tension. This is fol-
lowed by increasing protrusive activity at
the margin and rapid closure of the wound,
a process inhibited by UIC-1005. This inhib-
itory effect is reversible at the biological
level upon washing the compound out of
the medium, which indicates that inhibition
is not secondary to an irreversible cellular
process such as apoptosis.

There is no evidence of toxicity or meta-
bolic distress at concentrations at which
UIC-1005 inhibits cell migration as deter-
mined by the Trypan Blue exclusion cell
viability assay. Cells also remain normal in
morphology with both cell-substratum
and cell-cell adhesion intact after treat-
ment with UIC-1005. Furthermore, treat-
ment with UIC-1005 does not affect forma-
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Figure 3. UIC-1005 does not affect the formation of new filamentous actin
bundles at the wound margin. Representative fluorescence micrographs of
rhodamine-phalloidin-stained MDCK cell monolayers 12 h after wounding under
the following treatment conditions: A) 0.1% DMSO control; B) 50 um UIC-1005.
The perimarginal actin bundles are the intensely stained structures at the wound
margin parallel to the edge of the wound. Scale bar =25 um.

Table 2. UIC-1005 treatment leads to decreased formation of lamellipodial
protrusions at the wound margin.®

Lamellipodial density [lamellipodiamm~"]

Time [h] Control UIC-1005 uIC-1017
2 0.9124+0.205 0.341 £0.119 0.563 £0.148
4 1.425+0.199 0.573 +0.194* 1.1394+0.270
6 1.5924+0.313 0.563 +0.142* 1.2894+0.276
8 1.697 +0.244 0.938 +0.184* 1.196 +0.312
10 1.389+0.226 0.803 +£0.203 1.609 +0.357
12 1.272+0.215 0.520 +0.124* 1.368 +0.309

[a] Lamellipodial density at the margin of MDCK cell wounds under the
following treatment conditions: 0.1% DMSO (control, n =25 wounded cell
monolayers), 50 um UIC-1005 (n=19) or 50 um UIC-1017 (n=10). Lamelli-
podial density is the number of lamellipodia detected at the wound margin
until closure for the times indicated divided by margin perimeter length.
Values are given as the mean 4 SEM. Statistically significant differences (p <
0.05) from the control value are indicated with asterisks.

tion of new filamentous actin bundles at the wound margin
(Figure 3), a fact demonstrating that cells are still metabolically
capable of forming new actin filaments, a process which requires
adenosine triphosphate. These perimarginal actin bundles form
rapidly after wounding of both control and UIC-1005-treated
MDCK cell monolayers. Although formation of the perimarginal
actin bundles is not required for wound closure in this system,
these actin bundles may help to distribute force in the first row

1108

G. Fenteany et al.

of cells from actively protruding and moving cells to less actively
motile cells, thus making the closure process more regular and
uniform than it would be otherwise.?®!

UIC-1005 also inhibits cell growth in MDCK cells (Figure 4A) in
a biologically reversible manner (Figure 4B) at concentrations at
which there is no evidence of general toxicity. As many signaling
proteins are involved in both cell motility and cell cycle

=

—1Control
mm UIC-1005
E=mUIC-1017

700+
600+
5004

1

4004

3004
200+
100+
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-100-
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2004 _ —1Control
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Figure 4. A) UIC-1005 inhibits MDCK cell proliferation but UIC-1017 does not.
Treatments of cells plated at a low cell density are 0.1% DMSO (control, n=9
cultures), 50 um UIC-1005 (n=8), or 50 um UIC-1017 (n=7). Values are means
with SEM of the percentage increase in cell number from 0 h to 48 h after addition
of compound. B) The inhibitory effect of UIC-1005 on cell proliferation is reversible
at the biological level upon washing out the compound. Values are means with
SEM of the percentage increase in cell number another 48 h after replacement of
medium containing 50 um UIC-1005 (n =8 cultures) or 0.1% DMSO (n=9) with
fresh compound-free medium.

progression, it is probable that many of the bioactive com-
pounds identified in a cell motility screen will also affect cell
proliferation, as is the case for UIC-1005. In fact, it is known that
the small GTPases Rac, Rho, and Cdc42, which are best
appreciated as modulators of the actin cytoskeleton and there-
fore cell shape change and motility, are also involved in cell cycle
progression and growth.>¥ Many other known signaling pro-
teins are involved conservatively in multiple processes, so even a
highly specific inhibitor of a given signaling protein may be
pleiotropic in its biological effects. Alternatively, the two
inhibitory effects may be mediated by different targets. How-
ever, in the context of wound closure in MDCK cell monolayers,
inhibition by UIC-1005 cannot be the result of an effect on cell
proliferation, since wound closure in this system is not driven by
cell proliferation but rather by cell spreading and motility.?-2%!

We have also found that UIC-1005 inhibits early development
in frog embryos” and tissue dynamics in embryonic explantst®!

ChemBioChem 2002, 3, 1105- 1111
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with equivalent potency. UIC-1005's effects on the frog embryo
are most pronounced at stages after most embryonic cell
proliferation has occurred when morphogenesis is driven
principally by cell motility and cell rearrangement.

Some 3,5-disubstituted oxazolidinones,” 38 such as DuP-105,
DuP-7213% eperizolid, and linezolid,*-*4 inhibit prokaryotic
ribosomal protein synthesis and growth of Gram-positive
bacteria such as Staphylococcus aureus. Another activity asso-
ciated with certain oxazolidinones, such as befloxatone*! and
linezolid,¥ is inhibition of monoamine oxidase, while other
oxazolidinone-containing phospholipid analogues have been
shown to inhibit phospholipase A2.146-481

In contrast to these oxazolidinones, UIC-1005 is a non-
phospholipid mimetic, 3,4-disubstituted oxazolidinone with an
a,B-unsaturated N-acyl group. UIC-1005 does not affect the
growth of either Gram-positive or Gram-negative bacteria
(Table 3). Furthermore, although chiral 4-substituted oxazolidi-
nones and a,-unsaturated N-acyloxazolidinones have become
widely used in asymmetric organic synthesis since their intro-
duction by Evans and co-workers,9-> the present study is the
first report of biological activity for these molecules. UIC-1005
therefore represents a novel class of bioactive oxazolidinone
derivative.

Table 3. UIC-1005 does not inhibit the growth of either Gram-positive or
Gram-negative bacteria.l’!

Agoo [absorbance units]
Staphylococcus aureus Escherichia coli

Time [h]  Control UIC-1005 Control UIC-1005
0 0.091+0.002 0.1174+0.037 0.1284+0.004 0.11940.001
1 0.109+0.012 0.160+0.056 0.190+0.004 0.215+0.005
2 0.259+0.024 0.332+£0.130 0.572+0.009 0.628 +0.024
3 0.753+0.038 0.615+0.162 1.137+0.018 1.127+£0.019
4 1.3944+0.060 0.937+0.181 1.614+0.017 1.613+0.035
17 2.7254+0.008 2.595+0.024

27 3.695+0410 3.265+0.196

31 4.067 +0.467 3.6081+0.271

38 2.8544+0.023 2.795+0.050

[a] Growth of Staphylococcus aureus (a Gram-postive bacterial species) and
Escherichia coli (a Gram-negative bacterial species) in the presence of 0.1%
DMSO (carrier solvent control) or UIC-1005 (50 pm), measured as absorbance
at 600 nm (Agq). Values are given as the mean =+ SEM for triplicate samples.

The a,(-unsaturated acyl moiety attached to the nitrogen
atom of the oxazolidinone ring of UIC-1005 potentially functions
as a reactive electrophile, a possible Michael acceptor. UIC-1005
therefore has the potential to form a covalent complex with a
nucleophilic cellular target by 1,4-addition of the nucleophile to
the a,5-unsaturated acyl group (Scheme 1). The observation that
the closest saturated analogue, UIC-1017 (Scheme 1), displays no
statistically significant bioactivity in either wound closure
(Table 1, Figure 2B) or cell proliferation (Figure 4 A) assays, even
at the highest concentration tested (500 um), is consistent with
this hypothesis.

Table 1 shows that treatment with UIC-1017 does not result in
statistically significant differences in percentage wound closure
from the control over the course of the experiment. The rate of
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wound closure, which corresponds to the slope of the curves in
Figure 3B, is also the same as the control rate. The only time
when treatment with UIC-1017 displays a statistically significant
difference in percentage closure from the control is at 2 h after
wounding. We have found that percentage closure values at 2 h
are always more variable and perhaps less meaningful than later,
regardless of treatment, as a result of small differences in the
original size of the scrape wounds generated and the degree to
which a given wound gap initially opens. All other percentage
closure values for treatment with UIC-1017 are within the range
of experimental error for and statistically indistinguishable from
the control according to the Student’s t-test.

UIC-1017 is the product of hydrogenation of UIC-1005, that is,
identical in structure except that it lacks the C2'—C3’ double
bond, which makes it chemically unreactive towards nucleo-
philes. A preliminary structure —activity relationship study with
other analogues in which the electrophilicity of the C3’ carbon is
altered also indicates a correlation between the potential for
nucleophilic attack at the C3’ atom and biological activity. A
complete study is currently underway.

Although a biochemical interaction based on addition of a
nucleophilic target to the compound would be covalent and
likely stable, the inhibitory effects of UIC-1005 on both wound
closure and cell proliferation assays are biologically reversible.
Our assays are conducted in whole cells in which new biosyn-
thesis can occur, whereas our hypothesis about the interaction
concerns a potential biochemical interaction. While not ruling
out alternative hypotheses, this may be as a result of the
biological turnover of the cellular target. If it is continuously
synthesized in the cell, washing out compound allows newly
synthesized target to fulfill its cellular function without being
inhibited. Alternatively, the interaction could be labile and
chemically reversible.

The cellular target may be a protein or other biological
macromolecule containing a functionally important nucleophile.
It is also possible that the immediate target is instead an
endogenous nucleophilic small molecule, such as glutathione or
an intracellular metabolite; this would result in a conjugate that
would then mediate the biological effects of treatment,
presumably by interaction with a protein. Another possibility,
of course, is that the a,S-unsaturated N-acyl group of UIC-1005
may be important for a reason unrelated to its potential
reactivity, such as the reduced conformational flexibility that it
would confer.

Purification of the cellular target(s), characterization of its
interaction with UIC-1005, and analysis of its rate of biosynthesis
and turnover will serve to definitively answer these questions.
Moreover, identification of UIC-1005's specific cellular target may
provide new information on the signal transduction pathways
leading to epithelial cell sheet migration. Efforts to identify the
target of this small molecule are now in progress.

Conclusion

We have reported a system for rapid screening of chemical
libraries for compounds that affect epithelial cell sheet migration
during wound closure. By using this assay, we have discovered a
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new cell-permeant inhibitor of cell sheet migration. This small
molecule (UIC-1005) is a 3,4-disubstituted oxazolidinone with an
electrophilic a,-unsaturated N-acyl group that is required for
activity. The compound also inhibits cell growth in an epithelial
cell proliferation assay. It exhibits no general toxicity at concen-
trations at which it inhibits cell sheet migration and growth.
Unlike some 3,5-disubstituted oxazolidinones, the compound
displays no antibacterial activity. UIC-1005 represents a new class
of bioactive oxazolidinone derivative that may prove to be useful
in understanding and controlling the signaling pathways leading
to cell migration. This and related molecules may also be of value
as potential leads for the development of therapeutic agents
such as inhibitors of angiogenesis and cancer metastasis.

Experimental Section

Chemical synthesis:

(4S)-3-[(E)-But-2-enoyl]-4-benzyl-2-oxazolidinone (UIC-1005): UIC-
1005 was synthesized by the procedure of Evans etal.” n-
Butyllithium (1.6 m in hexanes, 3.5 mL, 5.6 mmol) was added dropwise
to a solution of (45)-4-benzyl-2-oxazolidinone (1.0 g, 5.6 mmol) in
anhydrous tetrahydrofuran (20 mL) and cooled to —78°C. After
30 min, (E)-crotonyl chloride (59 puL, 6.2 mmol) was added. The
reaction mixture was stirred for an additional 30 min at —78°C and
then allowed to warm to room temperature slowly. The reaction was
quenched with aqueous NH,CI (4 mL), diluted with diethyl ether, and
washed with saturated NaHCO;, H,O, and brine. The organic layer
was dried (Na,SO,) and evaporated under reduced pressure. Flash
chromatography over silica gel with ethyl acetate/hexane (1:3) as
eluent provided UIC-1005 (1.2 g, 87 % vyield) as a white solid. M.p.
83°C; [al® = +77.7 (c=2.00 in CHCl,); "H NMR (400 MHz, CDCl,): 6 =
736-7.15 (m, 7H; Ph, CH=CH), 4.75-4.70 (m, 1H; CHN), 4.23-4.15
(m, 2H; CH,0), 3.33 (dd, 1H, J=3.3, 13.4 Hz; CHHPh), 2.79 (dd, 1H,
J=9.5, 13.4Hz; CHHPh), 1.98 (dd, 3H, J=1.0, 6.2 Hz; CH,) ppm;
13C NMR (100 MHz, CDCl,): 6 = 164.69, 153.51, 146.95, 135.28, 129.37,
128.86, 127.23, 121.74, 66.01, 55.20, 37.79, 18.50 ppm; IR (KBr): 7=
3027, 2922, 2539, 1772, 1682, 1351, 1209 cm~"; HRMS (El): m/z calcd
for C,,H,405N [M++HI*: 246.1125; found: 246.1127.

(4S)-3-Butyryl-4-benzyl-2-oxazolidinone (UIC-1017): 10% (w/w)
Pd/C (100 mg) was added to a solution of UIC-1005 (1.0 g, 4.08 mmol)
in ethyl acetate (20 mL). The reaction mixture was stirred in a
hydrogen atmosphere (1 atm) for 1 h, filtered through Celite, and the
filtrate was concentrated. Flash chromatography over silica gel with
hexane/ethyl acetate (4:1) as eluent provided UIC-1017 (980 mg,
97 % yield) as a colorless syrup. [a]¥ =+71.0 (c=0.20 in CHCL,);
"H NMR (400 MHz, CDCl,): 6 =7.44-7.19 (m, 5H; Ph), 4.70-4.64 (m,
1H; CHN), 422-4.14 (m, 2H; CH,0), 3.29 (dd, 1H, J=3.2, 13.2 Hz;
CHHPh), 3.01-2.83 (m, 2H; CH,CO), 2.77 (dd, 1H, /=9.6, 13.2 Hz;
CHHPh), 1.77 - 1.68 (m, 2H; CH,CH5), 1.03 (t, 3H, J= 74 Hz; CH,) ppm;
13C NMR (100 MHz, CDCl5): 6 =173.12, 153.38, 135.24, 129.42, 128.85,
127.23, 66.06, 55.04, 37.84, 37.29, 17.61, 13.60 ppm; IR (film): 7 =2963,
1779, 1699, 1387, 1215, 771 cm~"; HRMS (EI): m/z calcd for C,,H,,05N
[M]*: 247.1203; found: 247.1202.

Cell culture conditions: MDCK cells (American Type Culture
Collection cell line CCL-34) were cultured in minimum essential
medium (with Earle’s balanced salts, nonessential amino acids, L-
glutamine, and sodium pyruvate) supplemented with 10% (v/v)
newborn calf serum at 37°C and 5% CO,. Main cultures were grown
in either 25- or 75-cm? tissue culture flasks with medium changes
every 2days. When cultures were ~75% confluent, cells were
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passaged by rinsing twice with 1 x phosphate-buffered saline (PBS)
and treating with a solution of 0.05% (w/v) trypsin/0.02% (w/v)
ethylenediaminetetraacetic acid (EDTA) in PBS to detach cells from
the flasks. After cells were detached, an equal volume of serum-
containing medium was added to inhibit the trypsin, and cell density
was determined with a hemacytometer. Cells were replated follow-
ing dilution in fresh medium in new tissue culture flasks for
continued culture and multiwell tissue culture plate experiments. No
culture used exceeded 15 passages. Experimental cultures were
grown in 12-, 24-, 48-, or 96-well tissue culture plates with medium
changes every 2 days.

Wound closure assay and compound screening: MDCK cells were
plated in multiwell tissue culture plates and cultured at 37°C and 5%
CO, with medium changes every 2 days until confluent. When the
cultures reached confluence, the medium was changed again, and all
experimental treatments were started a day later. Compounds were
solubilized in dimethylsulfoxide (DMSO) and added with fresh
medium to cell cultures at an initial screening concentration of
100 um. Controls consisted of parallel wells to which DMSO carrier
solvent alone was added at the same concentration as that added
with experimental treatments (not exceeding 0.1% (v/v)). DMSO
alone had no detectable effect on the cells at this concentration. Cell
monolayers were scraped 30 min later with a micropipette and
ultramicro tips to produce small wounds of consistent shape and size
(oval-shaped wounds with an initial open area of ~0.5 mm? to
~1 mm?).

Progress of wound closure in initial high-throughput screening
assays was examined at set time intervals following wounding by
observation with a microscope. Wounds were recorded as either
open or closed at the times of observation, thereby allowing possible
inhibitory or acceleratory effects on wound closure relative to
parallel controls to be detected. We found that one person could
carry out at least 960 unique treatments (wells) per day with this
assay. Compounds can be screened individually or in groups of 10 or
100 per well for even higher throughput. When screening pooled
compounds, pools that have activity can be subsequently subdi-
vided into their individual molecules for a second screen to identify
the unique active compound(s).

Compounds that exhibited biological activity in the initial assay were
tested further at a range of concentrations with a greater sample size
to generate dose-response data with statistical relevance. Digital
images of the wounded MDCK cell monolayers were taken every 2 h
for 18h and then at 30h, 36 h, 54h, 60h, and 72h following
wounding. In addition, the number of lamellipodia at the wound
margin was counted at these times. Reversibility of compound
effects in this assay was examined by treating with compound and
scraping the cell monolayer as before, then at later times washing
the monolayer twice with PBS, adding fresh compound-free
medium, and determining the rate of closure after that point. The
rate of closure corresponds to the slope of the curve in graphs of
percentage closure over time.

Imaging and analysis: Wound closure assays were performed by
using either a Zeiss Axiovert 200 inverted microscope with a Zeiss
AxioCam CCD camera and Improvision OpenLab imaging software
running on an Apple Power Mac G4 computer or a Zeiss Axiovert 25
inverted microscope with a Roper Scientific/Photometrics CoolSNAP-
Pro CCD camera and Roper Scientific/Photometrics RS Image
software on an Apple Power Mac G4 computer. Subsequent
morphometric analyses with the digital images were performed by
using the public domain NIH Image program (developed at the US
National Institutes of Health and available on the Internet at http://
rsb.info.nih.gov/nih-image/). These analyses entailed tracing the
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wound margin in each of the digital images to determine the length
of the margin perimeter and the remaining open area. Microsoft
Excel and GraphPad Prism software were used for routine tabulation,
analysis, and graphing of the data. The dose-response data was used
to determine the ICs, for inhibition of wound closure by UIC-1005
with GraphPad Prism software.

Filamentous actin staining: MDCK cell monolayers on glass cover-
slips were fixed with 3.7% (w/v) formaldehyde in PBS 12 h after
wounding. Cells were permeabilized with 0.1% (w/v) Triton X-100 in
PBS, stained with 50 nm tetramethylrhodamine-conjugated phalloi-
din in PBS, and then washed twice with PBS. Coverslips were
mounted in 90 % (v/v) glycerol/10% (v/v) 10 x PBS with 2 mgmL~" p-
phenylenediamine on glass slides and then examined by fluores-
cence microscopy.

MDCK cell proliferation: MDCK cells were plated in 12-well tissue
culture plates at a low density (1 x 10*cells per well). Cells were
allowed to attach and begin to grow for 48 h before the start of the
experiment. Fresh medium with or without compound was then
added, and cells were incubated for 48 h. At both 0 h and 48 h, some
of the parallel wells for control and compound treatments were
washed twice with PBS and treated with trypsin/EDTA solution to
detach the cells. An equal volume of medium was added. Cells were
collected and counted with a hemacytometer. For testing reversi-
bility, some of the parallel cultures for both control and compound
treatments were grown for another 48 h after washing twice with
PBS and replacing medium with fresh compound-free medium. At
both the time of washing out and 48 h later, some of the parallel
wells for control and compound treatments were washed twice with
PBS, detached from the plates with trypsin/EDTA solution, and the
number of cells was counted.

Bacterial growth: Staphylococcus aureus or Escherichia coli (DH5a
strain) were grown in Luria - Bertani (LB) medium for 12 h at 37°C in
a shaking incubator. Dilutions into fresh LB medium with 0.1% DMSO
(carrier solvent control) or 50 um UIC-1005 were made to an
absorbance at 600 nm of ~0.1. Bacteria were incubated at 37°C
with shaking during the experiment, and Aq,, measurements were
made at set time intervals during the log growth phase until the
plateau phase was reached.

We wish to acknowledge Dr. Khaja Azahr Hussein for preliminary
syntheses and Prof. Tapan Misra and Prof. Richard Kassner for
providing Staphylococcus aureus and Escherichia coli, respec-
tively. This work was supported by the University of lllinois at
Chicago (UIC), the UIC Campus Research Board, and the National
Cancer Institute of the National Institutes of Health (Grant
no.: CA095177 to G.F.).
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Reversible Acetonitrile-Induced
Inactivation/Activation of Thermolysin

Rein V. Ulijn,* Anja E. M. Janssen,® Barry D. Moore,© Peter J. Halling,

Sharon M. Kelly,! and Nicholas C. Price!®

Thermolysin is catalytically inactive in mixtures of 10-15%
acetonitrile in aqueous buffer. Unexpectedly, dilution of the inactive
enzyme with acetonitrile leads to complete recovery of the catalytic
activity in a similar way to dilution with aqueous buffer. Circular
dichroism and fluorescence studies of thermolysin in the same
solvent mixtures reveal discontinuous changes in the overall
secondary and tertiary protein structure that correlate well with the
reversible differences in catalytic activity. The spectra on either side

Introduction

Enzymes are increasingly used as efficient catalysts in synthetic
chemistry. Due to the unfavourable equilibria commonly ob-
served in aqueous solutions, many applications involve the use
of enzymes in ’‘low-water’ media. These can be organic
solvents," highly concentrated substrate suspensions,? super-
critical fluids®™ or ionic liquids.™ It is remarkable that enzymes are
effective as catalysts in these nonnatural environments, since
they have evolved to catalyse reactions in aqueous media, where
correct protein folding to form a thermodynamically stable
active protein is possible. To increase the understanding of
enzyme activity in low-water media, it is of interest to look at
structural changes in enzymes when they are removed from
their natural aqueous environments. In this article we report
investigations into the effects of increasing amounts of acetoni-
trile on the catalytic activity and structure of a commonly used
protease, thermolysin. Thermolysin is widely employed for
peptide synthesis®™ and is particularly well-known for the
industrial synthesis of the low-calorie sweetener aspartame.’®
The catalytic activity of the enzyme is remarkably unaffected by
various pretreatments and a variety of organic solvents.”!
Thermolysin is, however, inactived in mixtures of 10-15%
acetonitrile in aqueous buffer. Here we investigate the nature of
this inactivation in detail and show that thermolysin can be
reactivated not only by addition of aqueous buffer but also by
addition of acetonitrile.

When enzyme activity is plotted against water content in
organic solvents, U-shaped curves are often obtained, where
high catalytic activity is observed in both high- and low-water
compositions.®'% In intermediate solvent/water regions the
activity is much lower, and in many cases this behaviour could be
correlated to structural changes in the protein (partial or
complete denaturation). This was shown by several spectro-
scopic techniques including fluorescence®® ™ and circular di-
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of the minimum activity point are different from each other, a fact
indicating that the enzyme may be able to access two active
conformations which are thermodynamically stable in different
solvent environments.

KEYWORDS:

activity studies - biocatalysis - enzymes - protein structures -
solvent effects

chroism (CD).'"? CD spectroscopy in the far UV region detects
changes in the secondary structure of the protein. Near UV CD
and fluorescence spectroscopy give insight into changes in
tertiary structure and the environments of aromatic amino acid
side chains in the protein.

Denaturation by intermediate levels of organic solvents is
thought to be due to disruption of the driving forces for protein
folding, particularly the hydrophobic effect. The water content at
which enzyme denaturation can be expected depends on the
physico-chemical properties of the solvent, and quantitative
correlations between these parameters have been shown for
organic solvents.!'*!
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Inactivation/Activation of Thermolysin

The high levels of catalytic activity commonly observed at low-
water content (in nearly dry organic solvents) are usually
attributed to the restricted conformational mobility of the
enzyme,! which allows the enzyme to remain in the active
conformation for considerable periods of time. This active
conformation is usually not thought to be the thermodynami-
cally most stable conformation in the organic solvent/water
mixture; the enzyme is said to be ‘kinetically trapped’ in this
active form."

Upon dilution of the inactive enzyme in the intermediate
solvent/water region with water or aqueous buffer, the catalytic
activity is usually completely recovered. Any incomplete reac-
tivation can be attributed to nonspecific enzyme aggregation
and can be avoided by using low concentrations of enzyme. In
contrast, upon dilution with organic solvent the catalytic activity
is usually not recovered;® however in some cases a limited
regain of activity was observed from partially denatured
enzyme.'z 13

Results and Discussion

The effects of acetonitrile on the catalytic activity of
thermolysin

Figure 1 shows the variation of thermolysin catalytic activity in
the presence of increasing amounts of acetonitrile. Both the
synthesis and hydrolysis rates of a model peptide, Z-Phe-Leu-
NH,, were measured (Z=benzyloxycarbonyl). As expected, the
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Figure 1. Initial rates of synthesis (diamonds) and hydrolysis (circles) of Z-Phe-
Leu-NH, catalysed by thermolysin at varying water contents in acetonitrile.
Substrate amounts present were 0.025 mol per kg of reaction mixture in all cases.
At acetonitrile contents below 40 % the peptide substrate was suspended.

catalytic activity in both synthesis and hydrolysis is highest in
aqueous medium, where the enzyme is in its native conforma-
tion. At the other end of the scale the peptide synthesis rate
increases to reach a local maximum at around 90 % acetonitrile.
The peptide hydrolysis curve shows a second maximum at 20—
25% acetonitrile and then decreases again at higher levels of
acetonitrile. These observations can be explained in terms of
changes in the thermodynamic activities (or availability to the
enzyme) of water and the other reactants. These phenomena
have been described in detail elsewherel' and have also been
observed in other systems, such as for lipase-catalysed ester-
ifications.!'”

ChemBioChem 2002, 3, 1112-1116

The pronounced decrease in both synthetic and hydrolytic
activity observed at 10-15% acetonitrile cannot be correlated
with changes in water activity or substrate solvation, and it must
be due to specific inactivation of the enzyme in this region. The
most obvious explanation would be one involving a change in
enzyme conformation leading to loss of activity. A complete loss
of native structure is however unlikely at a level of 10-15%
acetonitrile. For a number of enzymes, such as a-chymotryp-
sin,’® ! lysozyme and subtilisin, inactivation is commonly ob-
served at acetonitrile/water levels of around 50 -60%.'¥

Is acetonitrile-induced thermolysin inactivation reversible?

To investigate the nature of the enzyme inactivation at 10— 15%
acetonitrile, we went on to check whether the observed
inactivation was reversible. Figure2 shows that thermolysin
was completely inactive in the presence of 10% acetonitrile.
When acetonitrile was added after 20 minutes to reach a final
concentration of 40%, the catalytic activity was completely
recovered immediately, giving rise to a linear peptide-synthesis
profile with a rate of 0.4 umolmin~'mg~" (Figure 2). Note that
the substrate concentration in this experiment was lower (0.01 m)
than that used in Figure 1.
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Figure 2. Thermolysin activity recovers upon addition of pure acetonitrile to
inactive thermolysin in a mixture of 10% acetonitrile in water (diamonds). After
20 min acetonitrile was added to a final content of 40 %. Circles show a control in
which no addition was made.

As expected, addition of aqueous buffer to the reaction
mixture containing inactive enzyme in 10% acetonitrile also
resulted in complete recovery of catalytic activity. In previous
studies!'> ' it was found that some regain of native-like
conformation and activity of partly denatured enzymes could
be brought about by addition of organic solvent for a-
chymotrypsin and subtilisin. In these cases, however, enzyme
reactivation was not observed when the inactive enzyme
solution was left for longer periods of time prior to addition of
more organic solvent. These findings suggest that the enzyme
that could be reactivated was probably in a metastable state.

For thermolysin in 10% acetonitrile, however, even after
overnight incubation at either room temperature or 40°C
significant reactivation of the enzyme was observed upon
addition of pure acetonitrile. In addition, no difference was
observed when the enzyme was either first dissolved in water
and acetonitrile was then added (leading to a clear solution) or
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the enzyme was suspended in the 10:90 acetonitrile/water
mixture (in which the enzyme molecules slowly dissolved
overnight). These different routes leading to inactive enzyme
that could be reactivated suggest that the inactive thermolysin
represents a thermodynamically stable state.

Effects of acetonitrile on thermolysin structure

To investigate the possible conformational changes brought
about by addition of acetonitrile, CD spectra in the far UV and
near UV regions were recorded from 0.5 mgml-' solutions of
thermolysin (Figure 3a). For thermolysin dissolved in different
compositions of acetonitrile and aqueous buffer, distinct differ-
ences could be observed in the far UV spectra in the range of
10-15% acetonitrile (Figure 3b). At concentrations of acetoni-
trile above 30% thermolysin precipitates at concentrations of

o
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Figure 3. a) CD spectra of thermolysin (0.5 mgml~') in the far UV region. From
top to bottom the lines represent: 12.5 and 10 (essentially identical), 15 and 5
(ditto), 0, 25, 30 and 20 % acetonitrile in aqueous buffer. b) The CD signals
observed at 210 nm (circles) and the initial rate of Z-Phe-Leu-NH, hydrolysis by
thermolysin (triangles) in the presence of different concentrations of acetonitrile.
¢) Percentages of secondary structural features in thermolysin. Diamonds = a
helices, squares = antiparallel 3 sheets, triangles = parallel 3 sheets, circles=f3
turns, stars =remaining regions.
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0.5 mgml~" or above, precluding reliable spectroscopic meas-
urements. The use of lower enzyme concentrations to minimise
precipitation adversely affected the reliability of the spectra. For
these reasons, mixtures containing more than 30% acetonitrile
could not be analysed satisfactorily. The far UV CD spectra
obtained over the range of 0-30% acetonitrile were analysed by
the SELCON procedure,'® with the results shown in Figure 3c.
The most important structural changes in the range of 10-15%
acetonitrile appear to be a decline in the proportion of a helices
and an increase in the proportions of antiparallel § sheets and 3
turns. Although there could be potential complications in the
application of SELCON to spectra of proteins in the presence of
organic solvents, the data indicate that there may be some
significant differences between the overall secondary structures
of thermolysin in the two “active regions” (that is, <10% and
> 15% acetonitrile).

The near UV CD spectra of thermolysin (Figure4a and b)
showed a decrease in signal intensity with increasing acetonitrile
content with a prominent minimum at 12.5%. This decrease
could reflect a reduction in the interactions between aromatic
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140 =
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Figure 4. a) CD spectra of thermolysin (0.5 mgml~') in the near UV region. From
top to bottom the lines represent: 12.5, 10, 15, 0, 5, 25, 30 and 20 % acetonitrile in
aqueous buffer. b) The CD signals observed at 280 nm (circles) and the initial rate
of Z-Phe-Leu-NH, hydrolysis by thermolysin (triangles) in the presence of different
concentrations of acetonitrile.

residues within the enzyme core and/or an increase in their
mobility. The absence of catalytic activity in 10— 15 % acetonitrile
could therefore be caused by partial denaturation of the enzyme
molecule. At higher concentrations of acetonitrile the signal
increased again, a fact suggesting increased interactions and/or
decreased mobility in this active conformation. Again, these
observations might suggest that thermolysin exists in two

ChemBioChem 2002, 3, 1112-1116
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different active conformations at higher or lower acetonitrile
levels.

A further examination of the effects of acetonitrile on the
enzyme was carried out by using fluorescence measurements.
Fluorescence of proteins is mainly observed due to the presence
of Trp and, to a lesser extent, of Tyr residues. Thermolysin has a
total of 3 Trp and 28 Tyr residues per polypeptide chain. It is well
known that both the intensity and wavelength of the maximum
emission (4., of Trp fluorescence depend on solvent polarity.
When studying fluorescence at different solvent compositions
these effects have to be taken into account. This can be done by
comparing enzyme fluorescence with the fluorescence of model
Trp derivatives such as N-acetyltryptophan ethyl ester (Ac-Trp-
OEt).'? For acetonitrile/water mixtures the A, of Ac-Trp-OEt
decreases steadily with increasing acetonitrile content (Figure 5).

345 - - 355
344 4 {354 _
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@ 343 ¢ {353 &
2 342 - 135 2
£ 341+ > 351 &
§ 340 350 ¥
=~ 339 - 1349 <
338 : M 348

0 10 20 30
% Acetonitrile (v/v)

Figure 5. Wavelength of the emission maximum of N-acetyltryptophan ethyl
ester (right axis, triangles)''? and thermolysin (left axis, circles) in aqueous buffer/
acetonitrile mixtures.

In purely aqueous buffer, the emission maximum shows that
at least some Trp residues in thermolysin are in a less polar
environment, that is, not fully exposed to the solvent medium.
On addition of increasing concentrations of acetonitrile, the
emission maximum does not change in a continuous fashion,
but shows a clear break at about 12.5% acetonitrile. At lower
acetonitrile levels, the Trp environment becomes progressively
less polar. However, at higher levels of acetonitrile, changing the
medium has only a very small further effect on the emission
maximum; this suggests that the Trp residues are now almost
completely inaccessible to the medium. Their constant environ-
ment in the protein corresponds in terms of polarity to about
20% acetonitrile in water. Trp fluorescence measurements on
other enzymes such as a-chymotrypsin and subtilisin have
shown an increase in Trp exposure that correlates with the loss
of catalytic activity on increasing organic cosolvent concentra-
tion.l""12 For thermolysin, the transition to unexposed Trp above
15% acetonitrile correlates with the regain of catalytic activity.

In summary, the loss of thermolysin activity in the presence of
10-15% acetonitrile is reversible and correlates well with
changes in spectroscopic data. The conformation in the 10—
15% region appears to be significantly different from that in the
two regions where thermolysin is catalytically active (< 10% and
> 15% acetonitrile).

ChemBioChem 2002, 3, 1112-1116

Conclusions

In mixtures of 10-15% acetonitrile in water thermolysin is
inactive in both the synthesis and hydrolysis reactions. Upon
addition of either pure acetonitrile or aqueous buffer to a
solution containing inactivated thermolysin, catalytic activity of
the enzyme could be completely recovered. CD and fluores-
cence spectroscopic analysis of the enzyme in the presence of
varying amounts of acetonitrile revealed significant changes in
the enzyme conformation that could be correlated with loss of
catalytic activity. The secondary and tertiary structures of
thermolysin appear to be significantly different in the 10-15%
acetonitrile range from those in the two regions where
thermolysin is catalytically active (<10% and >15% acetoni-
trile).

Experimental Section

Enzymes, substrates, chemicals and solvents: Thermolysin
(EC3.4.24.2; protease type X) and benzyloxycarbonyl-.-phenylala-
nine (Z-Phe) were obtained from Sigma Chemical Company (UK). L-
leucine amide (Leu-NH,; free base) and Z-Phe-Leu-NH, were
purchased from Bachem (UK) and NovaBiochem (UK), respectively.
Acetonitrile was of HPLC grade from Aldrich (UK) and was dried over
3 A molecular sieves. The aqueous buffer used was tris(hydoxyme-
thyllaminomethane (Tris)/HClI (25 mm, pH 7.8) containing CaCl,
(10 mm).

Synthesis and hydrolysis experiments: In a typical synthesis
experiment, equimolar (0.1 mmol) amounts of substrates Leu-NH,
and Z-Phe were mixed together in 5-mL screw-capped vials with a
total of 4 mL of the appropriate amounts of water and acetonitrile. In
the case of hydrolysis experiments the starting material was Z-Phe-
Leu-NH, (0.1 mmol). The reaction mixtures were incubated for about
1Th at 35°C to ensure equilibration. Reactions were started by
addition of thermolysin powder (3 mg). In mixtures of up to 20%
acetonitrile in water the enzyme dissolved readily, while it remained
partly suspended at higher acetonitrile concentrations. Reactions
were performed, under constant stirring, in a temperature-controlled
orbital shaker operating at 35°C and 200 rpm.

Enzyme reactivation experiments: The time-course of the synthesis
reaction (shown in Figure 2) was studied as follows: A solution
(15 mL) of both amino acid substrates (0.01m) was prepared in 10%
acetonitrile and 90% water. Thermolysin powder (4 mg) was added
to this solution. The mixture was sampled over a 20-min period, then
4 mL of the reaction mixture was removed, which was continuously
sampled to obtain a ‘blank’. To the remaining mixture (10 mL),
acetonitrile (5 mL) with substrates (0.01 m) was added. This mixture
was sampled over a further 60 minute period. The final acetonitrile
concentration in this mixture was 40 %.

Sampling: The reactions were sampled (100 pL) every 2 minutes over
a 20-min period and dissolved in a mixture of 50:50 acetonitrile/
water (900 pL) to which trifluoroacetic acid (Aldrich; final concen-
tration 0.1%) was added to inactivate the enzyme.

HPLC analysis: Samples were analysed by means of a Waters Alliance
HPLC system equipped with a reversed-phase column (0.46 x 25 cm;
Hichrom HIRPB-250A). The mobile phase consisted of a 50% (v/v)
mixture of deionised water and acetonitrile. This mixture was
acidified with 0.1 % trifluoroacetic acid. The flow rate was 1 mLmin—".
The Z-Phe substrate and the dipeptide product were detected at
254nm while Leu-NH, was detected at 225nm. The reactant
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concentrations were calculated by using appropriate calibration
curves.

CD and fluorescence spectroscopy: Samples for both CD and
fluorescence spectroscopy were prepared at 0.5 mgml~' concen-
trations in appropriate mixtures of acetonitrile and 25 mm Tris/HCI
buffer (pH 7.8) containing CaCl, (10 mm). CD spectra were recorded
with a Jasco J-600 spectropolarimeter. The cell pathlengths used for
near UV and far UV CD measurements were 0.5cm and 0.02 cm,
respectively. Fluorescence spectra were recorded with a Perkin
Elmer LS50-B spectrofluorimeter. The pathlength was 1 cm and the
excitation wavelength used was 295 nm.

This work was funded by the Biotechnology and Biological Sciences
Research Council, DSM Research and Wageningen University.
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Macrocyclic Hairpin Mimetics of the Cationic
Antimicrobial Peptide Protegrin I: A New Family
of Broad-Spectrum Antibiotics

Sasalu C. Shankaramma,® Zafiria Athanassiou,” Oliver Zerbe,! Kerstin Moehle,?!
Carole Mouton, Francesca Bernardini,'” Jan W. Vrijbloed,®! Daniel Obrecht,< and

John A. Robinson*!

The problems associated with increasing antibiotic resistance have
stimulated great interest in newly discovered families of naturally
occurring cationic antimicrobial peptides. These include protegrin,
tachyplesin, and RTD-1, which adopt [3-hairpin-like structures. We
report here an approach to novel peptidomimetics based on these
natural products. The mimetics were designed by transplanting the
cationic and hydrophobic residues onto a [-hairpin-inducing
template, either a p-Pro-.-Pro dipeptide or a xanthene derivative.
The mimetics have good antimicrobial activity against Gram-
positive and Gram-negative bacteria (minimal inhibitory concen-
tration ~6-25ugmL="). Analogues with improved selectivity
for microbial rather than red blood cells (1% hemolysis at

Introduction

The growing problem of resistance to established antibiotics has
stimulated intense interest in the development of novel
antimicrobial agents with new modes of action. One emerging
class of antibiotics is based on naturally occurring cationic
peptides, which have been discovered in many animal species,
where they are thought to constitute evolutionary ancient
elements of innate immunity." 2 These include disulfide-bridged
[B-hairpin and B-sheet peptides (for example, the protegrins,?!
tachyplesins,” and defensins®), amphipathic a-helical peptides
(for example, cecropins, dermaseptins, magainins, and melli-
tins),! as well as other linear and loop-structured peptides.” The
primary site of interaction of these cationic peptides is the
microbial cell membrane.” 7 Upon exposure to these agents, the
cell membrane undergoes permeabilization, which leads to
rapid cell death.

Structural studies by NMR spectroscopy have shown that
protegrin I and tachyplesin I'? adopt well-defined B-hairpin
conformations in water, as a result of the constraining effect of
two disulfide bridges (Scheme 1). In protegrin analogues that
lack one or both of the disulfide bonds, the stability of the [3-
hairpin conformation is diminished and the membranolytic
activity is reduced."- Similar observations have been made in
analogues of tachyplesin I and in hairpin-loop mimetics of
rabbit defensin NP-2,'"' which indicates that the [-hairpin
structure plays an important role in the activity of these
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100ugmL=") were identified from a small library prepared by
parallel synthesis. Thus, it is possible to separate the antimicrobial
and hemolytic activities in this class of mimetics. NMR studies on
one mimetic revealed a largely unordered structure in water, but a
transition to a regular (-hairpin backbone conformation in the
presence of dodecylphosphocholine micelles. This family of
mimetics may provide a starting point for the optimization of
antimicrobial agents of potential clinical value in the fight against
multiple-drug-resistant microorganisms.

KEYWORDS:

antibiotics - NMR

conformation analysis -
spectroscopy - peptidomimetics

drug design -

molecules. In the case of the a-helical cationic peptides, the
amphiphilic nature of the helix appears to be important for their
antimicrobial activity.®

A novel cyclic antimicrobial peptide RTD-1 was isolated
recently from primate leukocytes.'"”! This peptide contains three
disulfide bridges, which act to constrain the cyclic peptide
backbone into a hairpin geometry (Scheme 1).'® Protegrin and
tachyplesin analogues that contain a cyclic peptide backbone as
well as multiple disulfide bridges to enforce an amphiphilic
hairpin structure, have also been studied.['®-2"
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Scheme 1. Naturally occurring B-hairpin antimicrobial peptides. R* = C-terminal
arginine amide; C|| || C=disulfide bridge.

Other novel classes of cationic peptides have been reported,
including those based on the cyclic b,.-a-peptide architecture??
and on B-peptide scaffolds.’*-2 Mention should also be made of
the cationic sulfur-bridged lantibiotics.2®

A key issue in the design of new cationic antimicrobial
peptides is selectivity. The naturally occurring protegrins and
tachyplesins exert a significant hemolytic activity against human
red blood cells, a key indicator of toxicity. This is also the case for
protegrin analogues such as 1B367? a molecule now under-
going clinical trials for the treatment and prevention of oral
mucositis. This high hemolytic activity represents a serious
disadvantage for in vivo applications.

We describe below an approach to the synthesis of new
antimicrobial peptidomimetics, based on the natural products
protegrin, polyphemusin, and tachyplesin (Scheme 1). This
method involves grafting the cationic hairpin sequence onto
an organic template whose function is to restrain the peptide
loop termini in a P-hairpin geometry. The concept of template-
bound f-hairpin mimetics has been presented already,?” % but
such molecules have not previously been evaluated as anti-
microbial agents. Here, we show that potent and selective
antimicrobial [-hairpin mimetics are achievable and provide
data on their conformation in water and in a membrane-mimetic
environment. The ability to generate such peptidomimetics by
using combinatorial and parallel synthesis methods?® may
greatly aid structure—activity studies on this interesting new
class of molecules.

Results
Design and synthesis of mimetics

It has been shown previously that both 8- (for example, 1) and 12-
residue loops attached to a p-Pro-L-Pro template (2) can adopt
regular B-hairpin conformations (such as that depicted by 1;
Scheme 2),12% 3% and similar conformations have been observed
in loops of various sizes attached to the xanthene template 3.5"

ChemBioChem 2002, 3, 1126 - 1133
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Scheme 2. [3-Hairpin mimetics studied in this work. X = cationic and/or hydro-
phobic/aromatic amino acid residues, Temp. = template 2 or 3.

We therefore set out to prepare libraries of cationic hairpin
mimetics of the general types 4 and 5, which contain eight or
twelve residues, where X represents the cationic and hydro-
phobic/aromatic amino acids typically found in the natural
products shown in Scheme 1.

A two-stage synthetic strategy was followed,” in which a
linear precursor was first assembled on chlorotrityl-polystyrene
resin by using 9-fluorenylmethoxycarbonyl (Fmoc) solid-phase
peptide chemistry (Scheme 3).52 After release from the resin, the
fully-assembled linear precursors were cyclized in solution. In the
final step, all side-chain protecting groups were removed upon
treatment with trifluoroacetic acid. The desired mimetics were
the main component (typically 50 -80%) in the crude products,
and were purified by HPLC, characterized by mass spectrometry,
and then assayed for antimicrobial activity.

Antimicrobial activity

Screening of a library of 12-residue mimetics of type 5, which
contain templates 2 or 3, gave several members with activity
against Gram-positive and Gram-negative bacteria, as well as the
yeast Candida albicans (Table 1). No mimetics with comparable
activity were found in a small library of 8-residue mimetics of
type 4 (data not shown). Within the family of 12-residue
mimetics 5, significant differences in selectivity were observed
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Scheme 3. Reagents: i) Fmoc amino acid residue, iPr,NEt, CH,Cl,; ii) cycles of peptide
assembly with 20% piperidine in NMP for Fmoc removal and HOBt/HBTU for coupling;

iii) 20 % piperidine in NMP, then 1% CF;COOH in CH,Cl,; iv) iPr,NEt, HOAt, HATU; v) CF;COOH,
thioanisole, phenol, H,0, HSCH,CH,SH, iPr;SiH (82.5:5:5:2.5:2.5:2.5). X= (S)-a-amino acid

residue; Temp = template 2 or 3.

between microbial cells and human red blood cells. Mimetic 4 is
of special interest (Table 1) and has a good antimicrobial
spectrum and a low hemolytic activity.

Kinetic studies reveal that bacterial cells are killed rapidly upon
exposure to mimetic 4 at the MIC. Microscopic examination of
the cell debris indicated rupture of the cell membrane, as for
cells treated with protegrin I. At the MIC, the number of viable
bacterial cells is reduced within minutes by three orders of
magnitude, which indicates that mimetic4 has a strong
bactericidal activity (data not shown).

To examine the effect of the mimetic on membrane potential,
Staphylococcus aureus cells were saturated with the potential-
sensitive dye 3,3'-dihexyloxacarbocyanine iodide [diSC5(5)].5% 34
Upon treatment of these cells with mimetic 4 at the MIC, a large
increase in fluorescence was observed, consistent with almost
complete membrane depolarization (Figure 1).

Two mimetics were prepared containing a disulfide bridge
(mimetics 6 and 7) as an additional conformational constraint.
These are analogues of mimetic 4, but both displayed a reduced
antimicrobial activity (Table 1).

J. A. Robinson et al.

Conformation studies

The conformation of mimetic 4 was studied by 'H NMR
spectroscopy, both in water at pH 2.3 and when bound
to dodecylphosphocholine (DPC) micelles as a mem-
brane-mimetic environment. The 'H NMR spectrum in
water revealed three molecular species, in a ratio of
approximately 5:15:80, that do not interconvert on the
NMR timescale. A chirality analysis after total acid
hydrolysis indicated that the minor species were not
the result of epimerization during synthesis. At least
one of the minor forms may arise as a result of cis/trans
isomerism at the Val-o-Pro peptide bond; this conclu-
sion is consistent with the frequent observation of an
increased proportion of cis conformer at Xaa-Pro
peptide bonds (where Xaa=an amino acid). Severe
signal overlap prevented resonance assignments of the
minor components, and hence only the major species
was considered for further analysis. The 'TH NMR spectra
of the major form in water and in micelles were assigned (see the
Supporting Information) by using 2D DQF-COSY, TOCSY and
ROESY, or NOESY spectra, following established methods.*
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Figure 1. Fluorescence changes (., =622 nm, A,,, =660 nm) of diSC;(5) in the
presence of S. aureus cells, caused by addition of mimetic 4 (1.6, 4, 10, 25, 50, and
100 ugmL=") or nigericin (100 ugmL~'). The rates of membrane depolarization
correlate with the change in fluorescence intensity, which is assumed to be 100 %
with nigericin.

Table 1. Assays of antibiotic and hemolytic activity.

Mimetic Sequence-template (2 or 3)& MIC®! [ugmL~"] % Hemolysis' (at 100 ugmL~")
S. aureus E. coli P. aerug C. albic
mimetic 1 LRLKYRRFKYRV-2 25 12 25 12 27
mimetic 2 LRLQYRRFQYRV-2 12 6 12 6 27
mimetic 3 LRLEYRRFEYRV-2 100 100 > 100 50 14
mimetic 4 LRLKKRRWKYRV-2 12 12 6 12 1
mimetic 5 LRLKKRRWKYRV-3 6 25 25 6 13
mimetic 6 LCLKKRRWKYCV-2 25 6 25 12 3
mimetic 7 LRCKKRRWKCRV-2 25 25 50 50 1
Protegrin | 6 3 3 6 37
Tachyplesin | 2 1 2 2 34
1B367 6 2 3 6 37

of fresh human red blood cells at a peptide concentration of 100 ug mL~".

[a] Single-letter codes are used for the amino acid residues and sequences are given from the N to C terminus. The connectivity is shown in 5. The template used
(2 or 3) is also shown. The pair of cysteine residues in mimetic 6 and mimetic 7 each form a disulfide bond. [b] MIC = minimal inhibitory concentration in
ug mL~" of mimetic against Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, and Candida albicans. The
activities of protegrin |, tachyplesin |, and IB367 under these assay conditions are given for comparison as internal controls. [c] The hemolysis is the % hemolysis
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The 3J,yy, scalar coupling constants for mimetic 4 in water were
mostly in the range 5-8Hz; these values are indicative of
rotationally-averaged ¢ backbone angles rather than regular [3-
hairpin structures. Moreover, very few cross-strand NOEs typical
of regular B-hairpin structures were observed in NOESY spectra.
Structure calculations were performed by simulated annealing
(SA) by using NOE-derived upper distance restraints. Since very
few long-range cross-strand NOEs were observed, it was not
surprising that the resulting low-energy structures showed little
convergence to a regular hairpin conformation (Figure 2).

Figure 2. Average SA structures calculated for mimetic 4 in water at pH 2.3. The
13 low-energy structures were superimposed over the N, C(at), and C atoms of the
-Pro-p-Pro template.

The 3J,4, values for mimetic 4 in the presence of
perdeuterated DPC micelles were significantly larg-
er than in water, with sev-
eral residues adopting val-
ues in the range 8.5-
9.0Hz. In NOESY spectra,
cross-strand NOEs charac- 4.
teristic of a B-hairpin were
now present, including

bone and heavy atoms of all residues was 0.46 and 1.83A,
respectively. Cross-strand hydrogen bonds were present in 15 of
the 18 calculated structures between the Leu1 NH and Val12 CO
groups and between the Val12 NH and Leu1 CO groups, and in
most conformers also between the Leu3 NH and Tyr10 CO
groups, as well as from the Tyr10 NH to the Leu3 CO group. All
conformers contain a type-IlI'’ § turn at the tip of the hairpin
(residues Lys5 to Trp8), which is characterized by a Lys5—CO -
Trp8—NH hydrogen bond and a strong sequential NOE between
the amide protons of Arg7 and Trp8.

Evidence for the association of mimetic 4 with DPC micelles
was obtained from TOCSY spectra upon addition of the micelle-
integrating spin labels 5-, 7-, or 12-doxylstearate. In the presence
of 5- or 7-doxylstearate, the HNH“ cross peaks from residues
Arg2, Lys4, and Arg11 were selectively attenuated by greater
than 90% and that from Tyr10 to a somewhat lesser extent
(>709%; Figure 4). Protons in the p-Pro-L.-Pro template were also
affected to a large extent (>80 %) by 7-doxylstearate. In contrast,
for both cases the reductions in cross-peak intensities from
residues Lys5 to Trp8 were less than 50 %. Only small effects were
observed in samples that contained 12-doxylstearate. Further
evidence for membrane association stems from changes in the
chemical shifts, most probably induced by interactions of the
mimetic with the polar head groups of the micelles.

Mimetics 6 and 7 were also studied in aqueous solution at
pH 2.3 by NMR spectroscopy. The ), values and NOEs for
mimetic6 (data not shown) suggest that some degree of
averaging occurs in aqueous solution. The '"H NMR spectra of
mimetic 7 in water has 3J,,y values for Leul, Arg2, and Arg7 in
the range 2 - 2.5 Hz, characteristic of a helical conformation, and
for Arg6, Trp8, and Cys10 in the range 8.5-11 Hz, typical of 3

1

4]
o™ {

9003
@

those between the amide
protons of Leul and Val12,
between Leu3 and Tyr10,
and between Lys5 and Trp8
(see the Supporting Infor-
mation). Furthermore,
strong NOEs between the
C(a)H protons in residues
Arg2 and Arg11, as well as Lys4 and Lys9,
were observed, which indicates a rela-
tively stable p-hairpin structure. A su-
perimposition of 18 low-energy DYANA
structures (Figure 3) clearly revealed a
regular hairpin-like fold. The root mean
square deviation (RMSD) of the mean
structure after superimposition of back-

Figure 3. Average solu-
tion structures for mim-
etic 4 in the presence of
DPC micelles. The 18 low-
energy DYANA structures
are superimposed over
the backbone heavy
atoms.
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Figure 4. Homonuclear ['H,’H]-TOCSY spectra of mimetic 4 in the presence of DPC micelles with
(right) and without (left) the spin label 5-doxylstearic acid. The numbers refer to the residue
numbers. The boxes highlight HN — HC(a) cross peaks that are strongly and selectively reduced in
intensity in the presence of the spin label.

structure. Several long-range cross-strand NOEs were observed
(see the Supporting Information), as well as a strong NOE
between the C(a)H atoms of Val12 and p-Pro13, which indicates
a cis-Val'2-p-Pro™ peptide bond. The average solution structures
calculated for mimetic 7 by using NOEs and well-defined angle
constraints include a cis-Val12-p-Pro13 peptide bond and
unexpectedly reveal a short stretch of 3,, helical conformation
between residues 1 and 4 (Figure 5).
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Figure 5. Stereoview of one average solution structure deduced for mimetic 7 (O atoms =red, N atoms = blue,

S atoms = yellow). The green ribbon represents the short region of 3,, helix.

Discussion

The design of the mimetics reported here starts from the
premise that a suitably chosen template will stabilize a regular
2:2 or 2:4 B-hairpin conformation®® in either 8- or 12-residue
loops (4 or 5, respectively). In practice, no 8-residue mimetics of
type 4 were found to have significant antimicrobial activity, so
attention focused on the 12-residue mimetics 5. The topology of
a regular 12-residue hairpin is depicted schematically in 6, which
conveniently illustrates the clustering of side-chains in resi-
dues 1, 3, 5 8, 10, and 12 on one face of the hairpin, and
residues 2, 4, 9, and 11 on the other.

The 12-residue mimetic 1 (Table 1) has significant antimicro-
bial activity against Gram-positive and Gram-negative bacteria
as well as C. albicans. This mimetic has an apparent amphipathic
nature, with six hydrophobic/aromatic groups clustering on the
upper face and four positively charged groups on the lower face
of a regular hairpin structure as shown in 7. However, mimetic 1
also shows a significant hemolytic activity against human red
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\ blood cells. The hemolytic activity is
lower, however, than that found here
% for the natural product protegrinl
(Table 1). Mimetic2 has two fewer
cationic groups and also possesses
good antimicrobial activity, but the
Q hemolytic activity remains high,
whereas the introduction of glutamic
acid (mimetic 3) leads to a loss of
9 antimicrobial activity (Table 1).
An important observation is that
- breaking the apparent amphipathic
nature of the hairpin by introducing a
cationic residue onto the upper face,
as in mimetic4 (8), leads to a large
improvement in selectivity, as evi-
denced by the somewhat higher anti-
microbial activity and much lower hemolytic activity (Table 1). It
is of interest that the xanthene template 3 in mimetic 5, gives a
higher selectivity towards the Gram-positive microorganism
S. aureus, but at the cost of a somewhat higher hemolytic activity
(Table 1). These results show that it is possible to separate the
antimicrobial and hemolytic activities in this class of mimetics
and influence whether they target Gram-positive or Gram-
negative bacteria by variations in the hairpin sequence as well as
in the template.

To develop structure-activity studies, it was important to
characterize the preferred conformations of mimetic 4 in aque-
ous solution and in a membrane-mimetic environment. The NMR
properties of mimetic 4 (3J,y, values in the range 6 -8 Hz, with
few cross-strand NOEs) strongly suggest that this molecule is
largely unstructured in water, despite the influence of the p-Pro-
L-Pro template (see Figure 2). In the presence of DPC micelles, on
the other hand, mimetic4 clearly adopts a regular B-hairpin
conformation (), values greater than 8.5Hz, with many
characteristic cross-strand NOEs) (Figure 3). DPC micelles have
frequently been used as a membrane-mimetic environment in
NMR studies of membrane-active peptides and proteins.?”! It is
possible that mimetic 4 will undergo a similar conformational
transition to a well-defined hairpin structure upon interaction
with the lipid bilayer of a cell membrane. However, more
detailed biophysical studies are needed to confirm this con-
clusion.

The naturally occurring cationic hairpin peptides protegrin!®
and tachyplesin,!"% 38 adopt well-defined B-hairpin structures in
aqueous solution. The behavior of mimetic 4, however, parallels
that of some linear cationic peptides that adopt amphipathic
o helices only upon interaction with a membrane-like environ-
ment.? Other studies have suggested that protegrin | may form
dimeric structures when bound to DPC micelles,?? although no
evidence for di- or oligomerization of mimetic 4 was found in
this work.

A somewhat decreased antimicrobial activity was observed for
mimetics 6 and 7, each of which contains a disulfide bridge. We
envisaged that the disulfide bridge would help to stabilize a
regular hairpin structure. However, NMR studies showed that
mimetic 7 possesses a well-defined but unusual loop structure

ChemBioChem 2002, 3, 1126 - 1133
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results obtained so far provide motivation to extend
the structure —activity studies, an endeavor that may
lead to new antibiotics of potential clinical value in
combating multiple-drug-resistant microorganisms.

AMe; (; gre 2o ¢ gMes(‘NMe Experimental Section
nes [@e -'P-g S 0.2 0 @ 3/\
EO o b0 0z o O]L 0 OEP § AMes  Synthesis of mimetic 4: The synthesis of mimetic 4 is an
50 o* o . 0 P o example of a typical procedure. Fmoc-Arg(Pbf)-OH
0" o) o © (1.2 equiv) was coupled to 2-chlorotrityl chloride resin

Figure 6. A representation of mimetic 4 in DPC micelles together with 5-doxylstearate (see the

Discussion for an explanation).

with a cis-Val12-p-Pro13 peptide bond (Figure 5). A regular f3-
hairpin geometry is clearly not present in mimetic 7, although a
short stretch of 3,, helix is seen. This unexpected result illustrates
the importance of structural studies to establish empirically
deduced conformations in peptidomimetics.

To demonstrate the interaction of mimetic 4 with the micelle
surface, NMR experiments were also performed in the presence
of 5-, 7-, or 12-doxylstearate. These lipids contain a stable cyclic
nitroxide free radical (see Figure 6), whose unpaired electron
leads to accelerated longitudinal and transverse relaxation for
protons in close spatial proximity. The label in 12-doxylstearate is
located near to the center of the hydrophobic micelle core,
whereas that in the 5-doxylstearate is closer to the polar head
groups near the surface of the micelle. Addition of 5- or
7-doxylstearate selectively attenuated TOCSY cross peaks for
residues Arg2, Lys4, Tyr10, and Arg11 (Figure 4), and protons in
the p-Pro-L-Pro template were additionally affected to a large
extent by 7-doxylstearate. It follows, therefore, that mimetic 4
inserts at least partially into the micelle under these conditions,
with the template positioned in the hydrophobic interior and
the largely cationic tip of the hairpin (Lys5, Arg6, Arg7, and Phe8)
possibly close to or extended into the aqueous phase (Figure 6).
Although the data do not allow a precise description of the
orientation(s) of the mimetic in the micelle, the results are not
consistent with the hairpin lying parallel along the surface of the
micelle, at least at the concentrations used in this NMR study.

Two distinct membrane-bound states have been detected
with protegrin 1.1 4 The S state has protegrin embedded in the
head-group region and lying parallel to the plane of the lipid
bilayer. At higher peptide concentrations a transition to the
| state occurs in which the peptide now inserts into the
membrane bilayer, which possibly leads to pore formation.

More detailed biophysical studies will be required to deter-
mine if a similar inserted orientation occurs upon binding of
mimetic 4 to the bilayer of cell membranes and to determine the
detailed mechanism of its antimicrobial action. The encouraging

ChemBioChem 2002, 3, 1126 - 1133

(1.08 mmolg™) in the presence of diisopropylethylamine
(4 equiv) in CH,Cl,. Following removal of the Fmoc group
with 20% piperidine/N-methylpyrrolidone (NMP), chain
elongation was performed sequentially with Fmoc-Lys-
(Boc)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Leu-OH, Fmoc-
Arg(Pbf)-OH, Fmoc-Leu-OH, Fmoc-Pro-OH, Fmoc-p-Pro-
OH, Fmoc-Val-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Tyr(tBu)-OH,
Fmoc-Lys(Boc)-OH, Fmoc-Trp(Boc)-OH, and Fmoc-
Arg(Pbf)-OH (each 4 equiv), by using 20% piperidine/
NMP for Fmoc deprotection, 1-hydroxy-1H-benzotriazole/
O-(benzotriazol-1-yl)N,N,N',N'-tetramethyluronium hexa-
fluorophosphate (HOBt/HBTU) for activation, diisopropyl-
ethylamine as a base and NMP as solvent. After completion of the
synthesis, the linear peptide was cleaved from the resin with 1%
CF;COOH in CH,Cl,. The product was then cyclized overnight at RT in
1% diisopropylethylamine/dimethylformamide with 7-aza-1-hy-
droxy-1H-benzotriazole (HOAt) and N-[(dimethylamino)-1H-1,2,3-tri-
azole[4,5-b]-pyridin-1-yImethylene]-N-methylmethanaminium hexa-
fluorophosphate (HATU; 3equiv). Deprotection with CF,COOH,
precipitation with diethyl ether, and purification by reversed phase
HPLC (C18 column, gradient from 10-60% MeCN/H,0 + 0.1%
CF;COOH) gave mimetic4. ESI-MS: m/z: 1879.9 [M-+H]". See the
Supporting Information for '"H NMR assignments.

The mass spectral data for mimetics1 to 7 are summarized in
Table 2.

NMR studies: 1D 'H and 2D NMR spectra of peptides in the absence
of DPC were recorded in water at 600 MHz, 300 K (Bruker DRX-600
spectrometer), typically at a peptide concentration of approximately
7 -8 mm, in H,0/D,0 (9:1), and in D,0O, pH 2.3. The water signal was
suppressed by presaturation. 2D spectra were analyzed by using
Felix software (MSI, San Diego).

For structure calculations, NOEs were determined from ROESY or
NOESY spectra measured with mixing times of 40, 80, 120, and
250 ms, with 1024 x 256 complex data points zero-filled prior to
Fourier transformation to 2048 x 1024 data points and transformed
with a cosine window function. Cross-peak volumes were deter-
mined by integration and build-up curves were checked to ensure a
smooth exponential increase in peak intensity for NOEs used to

Table 2. Observed m/z values for mimetics 1 to 7 measured by electrospray
mass spectrometry.

Mimetic Calculated mass Observed mass [M+-H]*; [M+2H]**
mimetic 1 1874.2 1875.0; 938.0

mimetic 2 1874.1 1875.0; 937.9

mimetic 3 1876.1 1877.1;938.8

mimetic 4 1878.3 1879.9; 940.5

mimetic 5 2023.4 2024.4;1012.7

mimetic 6 1770.2 1771.2

mimetic 7 1806.2 1806.2; 904.1
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derive distance restraints. Restrained molecular dynamics calcula-
tions following an SA protocol were performed by using the
DISCOVER program (MSI, San Diego) and molecular dynamics
simulations with time-averaged distance and angle restraints were
performed with the GROMOS96 software™? by using methods
described in detail earlier.2”

NMR studies in the presence of micelles were conducted on a sample
of mimetic 4 (2 mm) at 310 K, pH 5.0, in d;5-DPC (300 mm) in 90 % H,0/
10% H,0 or 99.9% D,0. Spin labels were added at a concentration of
about 5 mm to yield about one spin label per micelle. Amino acid spin
systems of mimetic 4/DPC were identified from a 12-ms clean
TOCSY™! experiment. NOESY experiments (75 ms)“ 4! incorporating
a filter scheme for zero-quantum suppression®®! were used for both
the sequence-specific sequential resonance assignment and the
determination of upper proton —proton distance limits required for
structure calculations. Water suppression was achieved by using the
WATERGATE sequence.*” Scalar 3J,y, coupling constants were
derived from inverse Fourier transformation of in-phase NOESY
peaks that involved HN protons.*® The structure calculation was
performed by restrained molecular dynamics in torsion angle space
by applying the SA protocol implemented in the program DYANA."!
Restrained energy minimization was performed with the OPAL
software,*® which utilizes the AMBER force-field. RMSD values were
calculated with the program MOLMOL,®" which was also used to
prepare Figures 3 and 5.

Antimicrobial assays: The antimicrobial activities were determined
by the standard National Committee for Clinical Laboratory Stand-
ards broth microdilution method. Innocula of the microorganisms
were diluted into Mueller - Hinton (MH) broth to give approximately
10°colony forming units (CFU) per mL for bacteria or 5x
103 CFUmL™" for Candida. Aliquots (50 pL) of the innocula were
added to MH broth (50 L) containing the peptide in serial two-fold
dilutions. Antimicrobial activities are expressed as the minimal
inhibitory concentration in pgmL~', the concentration at which
100 % inhibition of growth was observed after 18 - 20 h incubation at
37°C. Determinations were performed in triplicate.

Hemolytic activity: Fresh human red blood cells were washed three
times with phosphate-buffered saline (PBS), and then incubated with
peptide at a concentration of 100 ugmL~" for 1 h at 37°C. The final
erythrocyte concentration was approximately 0.9 x 10° mL~". The
values at 0% and 100 % lyses were determined by incubation of cells
with PBS or 0.1% Triton X-100 in water, respectively. The samples
were centrifuged, the supernatant diluted twentyfold in PBS, and the
optical density was measured at 540 nm.

Cell depolarization assay: Logarithmic-growth  S. aureus
(ATCC 25923) cells were harvested by centrifugation (1500 x g) and
washed once with buffer (HEPES (5mwm), pH 73) that contained
glucose (20 mm). The cells were resuspended to an optical density of
0.05 at 600 nm in a buffer (HEPES (5 mm), pH 7.3 and KCI (0.1 m)) that
contained glucose (20mwm) and stained for 30 min at room temper-
ature in the dark with 3,3'-dihexyloxacarbocyanine iodide [diSC;(5)]
(1 pm). Fluorescence readings were carried out in a Luminescence
Spectrometer (Perkin—Elmer). Nigericin (100 ugmL~") and peptide
mimetic 4 (6 pgmL-") were added to the cuvette at t =100 s and the
fluorescence (A, =622 nm, A.,=660nm) was monitored over an
additional 700 s (Figure 1).

The authors are grateful to the Swiss National Science Foundation
and the Swiss Commission for Technology and Innovation for
supporting this work, and to Annelies Meier for expert technical
assistance.
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High-Resolution Capillary Zone and Gel
Electrophoresis of Structurally Similar
Amphipathic Glutathione Conjugates Based on
Interaction with -Cyclodextrins

Akos Végvari, Anna-Karin Larsson, Stellan Hjertén,* and Bengt Mannervik*®

The tripeptide glutathione is a prominent intracellular constituent
that provides protection against genotoxic and carcinogenic
electrophiles and is also a component of several biological signal
substances. Glutathione conjugates, free glutathione, and gluta-
thione disulfide contain charged amino acid residues, which
contribute to solubility in aqueous media. However, the amphi-
pathic nature of glutathione conjugates and the small differences
that may distinguish the S substituents, pose analytical problems in
their resolution. The present study demonstrates how homologous
S-alkyl and S-benzyl conjugates of high structural similarity can be
efficiently resolved by capillary electrophoresis. Inclusion of f3-

Introduction

Glutathione conjugation is a major pathway in the biotransfor-
mation of organic electrophiles of xenobiotic and endobiotic
origins. The sulfhydryl group of the tripeptide glutathione (y--
glutamyl-L-cysteinylglycine, GSH) reacts with the electrophilic
center of the target molecule to form a chemical bond that in
many cases is stable in the further metabolism and disposition of
the molecule. These genotoxic and potentially carcinogenic
agents include activated alkenes, epoxides, and quinones, which
can all be formed in the biotransformation of xenobiotics and in
the metabolism of endogenous biomolecules.? Examples of
industrial compounds that could give rise to the glutathione
derivatives are alkyl and benzyl halides, which are used in the
present investigation. For example, the reaction between
benzylbromide and glutathione produces S-benzyl-glutathione.
Numerous target molecules are genotoxic carcinogens and their
reactions with glutathione usually convert them into nontoxic
and more water-soluble derivatives suitable for excretion from
the cell. Membrane-bound transport proteins affect the export
of glutathione conjugates from the cell, and in mammals
subsequent metabolic reactions give rise to mercapturates (N-
acetyl-S-substituted cysteine derivatives), which may be excret-
ed in the urine. The conjugation of glutathione with electro-
philes is catalyzed by glutathione transferases (GSTs), which
differ in their substrate specificities.®! These enzymes are
abundant in mammalian liver and most other tissues and play
a prominent role in cellular protection against toxic com-
pounds.
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cyclodextrins in the buffer or in a polyacrylamide gel affords
baseline separation of the analytes. The separation methods
described are applicable to enzyme assays in vitro and to the
identification and quantification of glutathione conjugates of
importance in toxicology and physiology. The contribution of [3-
cyclodextrin to the separation is primarily based on interactions
between its hydrophobic cavity and the S-alkyl and S-benzyl
groups of the analytes.
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glutathione transferase - peptides

electrophoresis - glutathione conjugates -

The numerous glutathione conjugates of endogenous com-
pounds are particularly noteworthy from a physiological per-
spective.? Several bioactive molecules arise in eicosanoid
metabolism and react with glutathione. Arachidonic acid gives
rise to leukotrienes, and the glutathione conjugate LTC, and its
further metabolites are mediators of the clinical symptoms of
asthma. Other bioactive glutathione conjugates derived from
polyunsaturated fatty acids are known and new examples are
being discovered. Lipid peroxidation of biological membranes
produces reactive aldehydes and alkenes, among which 4-hy-
droxynonenal is known to have chemotactic properties and
promote apoptosis.”! Glutathione conjugation is a prominent
biochemical transformation of these oxidation products. o-
Quinones that arise from dopamine and other catecholamines
are possible causative agents of Parkinson’s and other degen-
erative diseases. In all these cases glutathione conjugation is a
protective mechanism.'!

In spite of the biological significance of glutathione conjuga-
tion reactions, general, rapid, and efficient procedures for the
analysis of glutathione conjugates have not been developed.
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Fax: (+46) 18-55-2139
E-mail: Stellan.Hjerten@biokem.uu.se, Bengt.Mannervik@biokem.uu.se
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Commonly used GST assays are primarily based on spectropho-
tometric methods that depend on chromophores attached to a
particular substrate.”” However, many native glutathione con-
jugates of toxicological interest, such as pesticides and environ-
mental pollutants, do not have the spectroscopic properties
necessary for such assays. Therefore, a more universal method is
required to monitor the enzymes and to rapidly determine the
concentration of the product at high precision, independently of
the nature of the substrate and also when it occurs in minute
amounts and is not linked to a chromophore. The method would
be even more attractive if it also allowed simple and fast
spectrophotometric identification of the analytes.

As well as high-performance liquid chromatography,® capil-
lary free-zone electrophoresis has successfully been employed to
separate GSH and other related compounds in uncoated® and
coated capillaries" and to determine their concentration-
.96 10a.10d |n some cases, underivatized glutathione was sepa-
rated and detected at short UV wavelengths.®> #9419 Qther
methods include chemical modification of the substrate, such as
labeling with a fluorophore!® ™ or Ellman’s reagent (5,5-dithio-
bis(2-nitrobenzoic acid)),®> % to lower the limit of detection
(LOD). However, chemical modification has some obvious
inherent disadvantages. Therefore, we have investigated wheth-
er, 1) the light absorption in the wavelength range 195-230 nm
permits the detection of substrate and product with the
sensitivity and selectivity required, and 2) fast on-line recording
of the spectra of the peaks could facilitate the identification of
the analytes.

Simple theoretical considerations indicated that the resolution
is low for homologues of S-alkyl and S-benzyl derivatives of GSH
in carrier-free buffer solutions. Therefore, we also aimed to find
an agent that could form complexes with these homologues
such that their resolution increased. Hydroxypropyl-$-cyclodex-
trin (HP-3-CD), 6-amino-f-cyclodextrin (@amino-3-CD), and 2-hy-
droxy-3-allyloxy-propyl-$-cyclodextrin (allyl-5-CD) appeared to
have this property. The last of these derivatives was used as a
cross-linker in a polyacrylamide gel. We have previously shown
that S-cyclodextrin can affect the mobilities of peptides and
proteins.l'Z

Results and Discussion
The separation mechanism

The electrophoretic mobility (u) of a substance is governed by
Equation (1), in which g is the charge of the substance, D is the
diffusion coefficient, k is the Boltzmann constant, and T is the
absolute temperature (this equation is only strictly valid for
mobilities extrapolated to zero ionic strength).
qD

u = 7 (1

S-Alkyl and S-benzyl conjugates of glutathione were chosen as
model compounds (for structures, see Figure1). One can
conclude from Equation (1) that for a series of closely related
homologues of these conjugates the difference in their diffusion
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1-Glu-Cys-Gly

Figure 1. Structures of glutathione (a) and the alkyl (b-f) and benzyl (g-i)

S substituents of the glutathione conjugates analyzed. The yellow, purple, and
brown spheres represent sulfur, iodine, and bromine atoms, and the black and
grey spheres the carbon and hydrogen atoms, respectively.

coefficients is too small to permit a satisfactory resolution (see
Longsworth’s studies of diffusion coefficients of peptides).l']
However, the resolution might be improved if one could find
an agent capable of selectively interacting with the benzyl and
alkyl groups. We chose S-cyclodextrin as a complexing agent,
since it is known that aromatic groups interact with the
hydrophobic cavity of the cyclodextrin ring."¥ The addition of
hydroxypropyl-3-cyclodextrin dramatically increased the resolu-
tion as illustrated by comparison of the experiments presented
in Figures 2 and 3.

The tentative interaction model outlined in Figure 4 indicates
that alkyl groups should also interact with S-cyclodextrin; this
was supported experimentally by the much higher resolution of
the alkyl conjugates of glutathione in the presence of HP-3-CD
(Figure 2d) compared to that in the absence of HP-5-CD
(Figure 2a). Figures2b-d also show that an increase in the
concentration of HP-5-CD, at least in the interval 10-50 mm,
improves the resolution of the alkyl conjugates significantly.
An almost baseline separation of all five alkyl compounds
(S-methyl-, S-ethyl-, S-propyl-, S-hexyl-, and S-decyl-glutathione)
and underivatized GSH (Figure 2 d) was obtained at 50 mm HP-£-
CD.

The benzyl conjugates were baseline resolved at 10 mm HP-3-
CD (Figure 3b), but not at higher concentrations (Figures 3c and
d), in sharp contrast to the alkyl conjugates (Figure 2b - d). It was
somewhat surprising that, 1) the bromo and iodo derivatives
were well separated, in spite of the small differences in their
diffusion coefficients, and 2)the bromo derivative migrated
slower than the iodo derivative even though its molecular mass

ChemBioChem 2002, 3, 1117-1125
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Figure 2. Electrophoretic separations of S-alkyl-glutathione conjugates in the absence (a) and presence of HP-B-CD at different concentrations (b: 10 mm; c: 20 mm; d:

50 mwm). Buffer: 10 mm sodium phosphate, pH 7.0.

is lower and thus its diffusion coefficient higher [see Eq.(1)]. A
tentative explanation could be that because of its somewhat
larger “width”, the iodo derivative cannot penetrate the cone-
shaped cavity of the cyclodextrin molecule (Figure 4) as deeply
as the bromo derivative as a result of the difference in the
position of the halogen atoms (ortho and para, respectively).

A plot of t/t, (t.=migration time, t,=the migration time for
the most rapidly moving alkyl conjugate) for the alkyl conjugates
against M?3/Z is linear for the electrophoresis experiment
performed in buffer alone, as expected (Figure5a).'® The
nonlinear relationship and the longer migration times for
experiments in buffer that contained HP-3-CD (Figure 5a) are
indications that alkyl conjugates also interact with the cyclo-
dextrin ring, as postulated in the models in Figure 4. The
separation mechanism for the alkyl conjugates can thus be

ChemBioChem 2002, 3, 11171125

described in terms of partitioning!® of the analytes between free
buffer and the cavity of the 5-CD ring, superimposed on the less
pronounced electrophoretic separation (Figure 2a). In partition
chromatography, logk (k=(t,—ty)/t,) is proportional to the
number of methylene groups in a homologous series of alkyl
compounds.l'! A similar relationship should also be approx-
imately valid in electrophoresis where the separation is poor (as
in Figure 2a). The plot presented in Figure 5b shows that logk is
proportional to the number of methylene groups in the
glutathione conjugates for short alkyl chains, which indicates
separation of these conjugates occurs based on a partition
mechanism. The finding that logk is almost constant for
conjugates with six or more methylene groups supports our
hypothesis that the cavity of [-cyclodextrin is the moiety
involved in the partition because the depth of the cavity is 8 A,
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Figure 3. Electrophoretic separations of S-benzyl-glutathione conjugates in the absence (a) and presence of HP-3-CD at different concentrations (b: 10 mm; ¢: 20 mm; d:

50 mwm). Buffer: 10 mm sodium phosphate, pH 7.0.

which corresponds approximately to the length of a hexyl
residue.

LOD and reproducibility

The lower limit of detection of alkyl conjugates (LOD is assumed
to be three times larger than the noise) was 0.7 um, whereas
benzyl conjugates were detectable down to 0.2 um because of
their higher absorption coefficient at 200 nm (the wavelength
used for detection). The concentration range tested for linearity
was 12 -620 um for S-methyl-glutathione (equation of regression
line: y=0.153x; R*=0.999) and 7-380 um for S-o-iodobenzyl-
glutathione (equation of regression line: y=0.915x; R?>=0.999).
The very good linearity over a wide concentration range is
noteworthy.

1120

The run-by-run and day-by-day reproducibilities were inves-
tigated in a series of analyses of benzyl conjugates (see Table 1)
in terms of relative migration times (t,/t,). Glutathione was used
as an internal reference (t,), although it was found to interact
weakly with HP-3-CD.

Determination of glutathione conjugates in the presence of a
large excess of glutathione

The intracellular glutathione concentration may be as high as
10 mm, and the production of conjugates normally involves only
a small percentage of the peptide. It is therefore desirable that
the product is also detectable in a large excess of glutathione. S-
Benzyl-glutathione was chosen as a model product for an
investigation of biologically relevant conditions. At a concen-

ChemBioChem 2002, 3, 1117-1125
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FULL PAPERS

Figure 4. The possible mode of interaction between the hydrophobic cavity in the cyclodextrin ring and benzyl (a) and alkyl (b) groups. Models of the glutathione
conjugates are manually docked into the cavity of the native B-cyclodextrin. The -cyclodextrin structure was obtained from the Protein Data Bank and is depicted as a

surface representation.
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Figure 5. Plots of a) t/t, against M?*/Z and b) logk [k = (t, — t,)/t,] against the number of methylene groups in the alkyl conjugates. Logk values were calculated from

the migration times in the experiment presented in Figure 2a.

Table 1. Reproducibility of the relative migration times (t/ty) of benzyl
conjugates in capillary electrophoretic experiments.

n=5 r t/t, CV [%]*!

run-to-run S-benzyl-glutathione 1.68 0.59
S-o-iodobenzyl-glutathione 2.02 0.66
S-p-bromobenzyl-glutathione 212 0.82

day-to-day S-benzyl-glutathione 1.67 1.30
S-o-iodobenzyl-glutathione 2.01 1.05
S-p-bromobenzyl-glutathione 2.1 1.15

[a] The relative migration times (t,—t,) of the benzyl conjugates were
measured in five runs each day (run-to-run) and for five consecutive days
(day-to-day); t, = migration time of GSH, t,=migration time of conjugate.
Values are given as mean values. [b] CV = coefficient of variation.

ChemBioChem 2002, 3, 1117 -1125

tration of 20 uwm, this conjugate could be separated from GSH even
when the molar concentration of GSH (3 mm) was 150-fold higher
than that of the conjugate (Figure 6a). In the presence of HP-3-CD
(50 mm), the resolution was significantly improved (Figure 6 b).

The electropherograms show that these two compounds will
also be baseline separated in enzyme assays, in which their
concentrations may be considerably higher.

Comparison between nonenzymatic and enzymatic reactions

GSH and an electrophilic substrate can react nonenzymatically.
Therefore, the contribution of this background reaction to the
observed separation pattern in the presence of enzyme must be
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Figure 6. Electrophoretic separation of S-benzyl-glutathione from a 150-fold molar excess of glutathione. Capillary free-zone electrophoresis in the absence (a) and

presence (b) of 50 mm HP-B-CD. Buffer: 10 mm sodium phosphate, pH 7.0.

known and subtracted from the measured reaction to determine
the true enzyme activity. 1-Chloro-2,4-dinitrobenzene (CDNB)
was employed to investigate the background reaction, since it is
a common substrate for studies of glutathione transferase and is
known for its rapid nonenzymatic reaction with glutathione.”
CDNB is neutral and therefore does not migrate electrophoreti-
cally in a coated capillary. GSH (1 mm) was mixed with CDNB
(1 mm). Then electrophoretic separations of these compounds
were performed in free solution in a coated capillary in the
absence of the enzyme and buffer additives. The conjugate
formed by CDNB and GSH had a lower electrophoretic mobility
than unconjugated GSH. Therefore, the peak of the conjugate
followed the peaks of glutathione disulfide (GSSG) and GSH. The
UV spectrum of the conjugate differed from those of these
molecules in that the conjugate absorbed light in the entire UV
range with a maximum at 340 nm. The areas of the peaks at
200 nm (Agsy and A,,) were determined by integration and the
ratio Agsn/(Agsn +Acon) Was plotted against the incubation time
(Figure 7, curve I). A similar series of runs was performed with a
GSH/CDNB mixture, to which human glutathione transferase P1-
1 (final concentration 28.5ngmL"") was added (Figure 7, cur-
ve ll). The progression of the reaction is considered to have
stopped after application of the electrical field, since the time
that the substrates are in contact with each other in the capillary
is negligible before they separate.

Capillary electrophoresis in buffers containing positively
charged f-cyclodextrin (6-amino-f-cyclodextrin)

The presence of uncharged HP-3-CD in the background electro-
lyte improved the resolution obtained (Figures 2 and 3). There-
fore, it was logical to investigate the separation capability of a 3-
cyclodextrin with a charge opposite to that of the analytes. As
expected, the positively charged 6-amino--cyclodextrin (amino-
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Figure 7. Comparison of the nonenzymatic background (I) and the enzymatic (Il)
reactions between glutathione and 1-chloro-2,4-dinitrobenzene. Reactions were
carried out at 20°C in 0.01m sodium phosphate at pH 7.0, with the reactants at
1-mm concentration. The conjugation reaction was terminated at different times
for a series of aliquots injected into the capillary for electrophoresis.

B-CD) gave longer migration times because the complexes
formed between the amino-3-CD and the conjugates were less
negatively charged than those formed with neutral S-CD
(compare Figures 8a and 3b). The resolution was significantly
improved, which suggests that different types of interactions are
involved in complex formation with amino-3-CD from those
involved in B-CD separations. Electrostatic attraction between
the amino group on the cyclodextrin and carboxylic groups on
the conjugates does not appear to play an important role, since
the electropherogram for the amino-3-CD experiment (Fig-
ure 8a) is similar to that obtained in a neutral cyclodextrin—-
polyacrylamide gel (Figure 8b). This result is further discussed
in the next section.
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Glutathione Conjugate Analysis

a 0.009 - _5“’
oy
[~as}
2o [8E
6 =&
c e (=]
T 3% la®
'S '
? 5 To
D i
2 0.005 S S
IS 0% og=
R ®©
g 20 ‘2*5
(o] Ia
Q o »
®
3
€ 0.001 -
2
[}
vy
Q0
< L/
—0.003 r \

10 20
Migration time / min —

o

.
b e X
55 85
0.0024 88 88
wo £F
5
No =
g
2 T (7]
f (G} |So
£ B0 ES
< 3 o
S o E
N Ly
% 0.0017 "o
s3]
(&)
C
o
0
Q
o
w
O
<
0 ) T
0 10 20

Migration time / min —»

Figure 8. Separation of benzyl conjugates (a) in the presence of 6-amino-3-cyclodextrin (10 mm) in free buffer (10 mm sodium phosphate, pH 7.0) and b) in acrylamide
gel (3%) cross-linked with allyl-B-CD (10 mm) in the absence of amino-B-CD (buffer: 0.1m Tris/0.15m borate, pH 8.2).

Capillary electrophoresis in gels containing f-cyclodextrin
derivatives

Very high resolution of the conjugates similar to that achieved in
free solution in the presence of charged amino-3-CD (Figure 8a)
was obtained by using an uncharged acrylamide-based gel
cross-linked with a highly substituted derivative of [-CD,
2-hydroxy-3-allyloxy-propyl--cyclodextrin  (allyl-3-CD;  Fig-
ure 8b). It is well known that most analytes can interact with
chromatographic matrices and such interactions are also
characteristic of acrylamide gels.'>'® Aromatic groups in
particular, interact with polymers and gels. This so-called
“aromatic adsorption”” has been exploited in electrophore-
sis,[™ chromatography,'” '® and electrochromatography.'? The
strong retention of the benzyl derivatives used in this study may
be ascribed to this type of adsorption, in addition to the
interaction with the cavity of cyclodextrin and other weak
interactions (also between hydrophilic moieties).

The electropherograms obtained in carrier-free experiments
conducted in a tris(hydroxymethyllaminomethane (Tris)/boric
acid buffer (pH 8.2) were very similar to those performed in a
sodium phosphate buffer (pH 7.0) (results not shown). Accord-
ingly, the large differences between the separation patterns
observed in gel (Figure 8b) and free-buffer (Figure 3a) experi-
ments cannot be explained by differences in the background
electrolytes (see Table 2), but is rather a result of the above-
mentioned solute interactions with the gel. The advantage of the
Tris/borate buffer is that it permits higher field strength because
of its lower electrical conductivity, which results in shorter
analysis times without generation of thermal zone deformation,
which was observed with the phosphate buffer.

The influence of allyl-3-CD on the separation mechanism
should be similar in experiments in gel and in free solution, that
is, separation should be independent of whether the cyclo-

ChemBioChem 2002, 3, 11171125

Table 2. Mobilities of glutathione in various electrophoretic media.
Medium Mobility [T unit]®
10 mm sodium phosphate, pH 7.0 —18
10 mm sodium phosphate, pH 7.0
+ 10 mm HP-$-CD (final pH =7.0) —-18
10 mm sodium phosphate, pH 7.0
+ 10 mm amino-f3-CD (final pH =8.4) -20
0.1m Tris/0.15m boric acid, pH 8.2 —22
0.1m Tris/0.15m boric acid, pH 8.2
+ 10 mm HP-$3-CD (final pH =8.2) —21
0.1m Tris/0.15m boric acid, pH 8.2
+ 10 mm amino-$3-CD (final pH=8.2) —20
[a] 1 T(iselius) unit=10"%cm?V-'s712

dextrin molecule is immobilized in the gel or added to the buffer.
We want to stress that an increase of the gel concentration to
50 mm (results not shown) caused, 1) baseline separation of the
alkyl conjugates, 2) such strong retardation of the S-hexyl- and $-
decyl-glutathiones that they did not pass the detection window,
even upon prolonged run time, and 3) co-migration of S-o-
iodobenzyl- and S-p-bromobenzyl conjugates (compare Fig-
ures 3a and d).

Conclusion

We conclude from the series of experiments presented that all
the tested glutathione conjugates can be separated with good
resolution by capillary electrophoresis in the presence of HP-(3-
CD and can be detected at low concentrations. The HP-3-CD is
more water soluble and less expensive than the underivatized (-
cyclodextrins. Gels of acrylamide cross-linked with allyl-5-cyclo-
dextrin give similar or higher resolution than HP-3-CD alone

1123





BIO

(compare Figures 3b and 8b) although the migration times are
longer as a result of restricted migration in the pores of the gel.
Capillary zone and gel electrophoresis in the presence of HP-(3-
CD, amino-3-CD, and acrylamide/allyl-3-CD gels afford baseline
separation of amphipathic glutathione conjugates with similar
structures and physical properties. A comparison of Figure 2a
and Figure 2b - d reveals that HP-3-CD and particularly amino-£-
CD (Figure 8a) should be added to the buffer to improve the
resolution. The separations achieved in a gel (Figure 8b) are
similar to those obtained in free solution with amino-3-CD as a
buffer additive (Figure 8a). The latter medium must be used
when the protein components (including the enzyme) in the
sample are to be recorded because the gel pores are so small
that the migration velocity of proteins through the gel is close to
zero. When the protein peaks (partially) coincide with other
peaks of interest, the gel alternative may be preferable. Electro-
phoresis in these narrow-pore gels can, therefore, also be utilized
for on-line enrichment of glutathione transferase (or any other
charged macromolecule) at the buffer/gel interface upon
prolonged electrophoretic injection of a dilute sample. In such
experiments, the gel cannot be used more than once or twice
because its pores will be clogged. For the separation of small
molecules, the lifetime of the gel is often weeks, even upon
repeated analyses. We have developed several concentration
methods for proteins and low-molecular-weight substances®%
that can be utilized for the sample components used in this study.
In the discussion of the separation mechanism we emphasized
that 3-CD cannot discriminate between long alkyl chains that
differ only by one or two methylene groups. It is likely that
reversed-phase methods can resolve these compounds. How-
ever, when the difference is larger, alkyl chains can be separated
by free-zone electrophoresis in the absence of 5-CD by virtue of
the differences in the diffusion coefficients [Eq. (1)], as exper-
imentally verified for the hexyl and decyl derivatives (Figure 2a).
It should be remembered that alterations in the ionic strength
and the composition of the buffer often change the appearance
of an electropherogram, although seldom drastically. When the
GSH peak (partially) coincides with another peak and thus makes
the analysis inaccurate, its position in the electropherogram can
be shifted by changing the pH value of the buffer. The
background electrolytes and the additives used in this inves-
tigation do not form complexes with GSH and, therefore, are not
expected to dramatically affect its mobility; this is confirmed by
the data in Table 2.
Alterations in the concentrations of the allyl-3-CD gels have a
profound influence on the resolution and should therefore be
utilized in attempts to optimize the separation.

Experimental Section

Materials and instruments: Fused-silica tubing was purchased from
MicroQuartz (Munich, Germany). Acrylamide, ammonium peroxysul-
fate (APS), and N,N,N',N'-tetramethylethylenediamine (TEMED) were
from Bio-Rad (Hercules, CA, USA); 3-(trimethoxysilyl)propylmeth-
acrylate (Bind-Silane), -cyclodextrin (5-CD), and hydroxypropyl-3-
cyclodextrin (HP-3-CD) were from Fluka (Buchs, Switzerland);
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6-amino-f-cyclodextrin (amino-3-CD) was obtained from Advanced
Separation Technologies Inc. (Whippany, NJ, USA); glutathione,
glutathione conjugates, and allylglycidyl ether were obtained from
Sigma (St. Louis, MO, USA). The enzyme, human glutathione
transferase P1-1/lle 105, was obtained at a concentration of
1M4mgmL~" and had a specific activity of about
100 pmol min~"mg~".2"

A BioFocus 3000 capillary electrophoresis apparatus (Bio-Rad Labo-
ratories, Hercules, CA, USA) with fast scanning detection was used for
all experiments. This instrument allowed a compound to be
identified not only from its k value, but also from its spectrum. All
experiments in gel-filled capillaries were performed in a home-built
instrument based on a Linear Model 200 UV detector (Linear
Instruments, Reno, NV, USA).

Capillary free-zone electrophoresis: Free-zone electrophoresis
experiments were carried out in fused-silica capillaries (23 cm total
length; 18 cm to the detection window). The capillaries (internal and
external diameters 50 and 365 um, respectively) were coated with
5% linear polyacrylamide.?? Acetone did not pass the detection
window during a run time of 80 min, which indicates a very low
electroendosmosis. Sample compounds were dissolved in sodium
phosphate (10mwm) at pH70 and injected hydrodynamically
(1 psi x s). Separations were carried out in 10 mm sodium phosphate
buffer at pH 7.0 under an applied voltage of 10 kV (with a negative to
positive polarity), which yielded a current of approximately 15 pA.
Regeneration of the capillaries between successive analyses was
achieved by purging with the running buffer (10 mm phosphate,
pH 7.0) for 30's.

Capillary gel electrophoresis: The 2-hydroxy-3-allyloxy-propyl-3-
cyclodextrin (allyl-3-CD) was synthesized by a simple procedure.'
Acrylamide (30 mg) was dissolved in Tris/boric acid (100 mm/150 mm)
buffer (1 mL, pH 8.2) that contained different volumes (100 or 500 pL)
of allyl-3-CD (100 mw). These acrylamide/allyl-3-CD solutions (150 mL
of each) were degassed with a water pump and 5% (w/v) APS (5 )
and 5% (v/v) TEMED (5 w) were then added. This solution was
sucked immediately into the silanized fused-silica capillary (internal
diameter: 50 pm).2? The polymerization started within a few minutes
and was almost complete within half an hour, but the capillaries were
usually not employed until later. The gel-filled capillaries could be
used repeatedly for long periods of time without bubble formation
or loss of resolution. The sample was injected electrokinetically at the
cathodic end of the capillary (/=14 cm, L=16.5 cm).

The authors are grateful to Ann-Sofie Johansson for providing the
enzyme. This study was financially supported by the Carl Trygger
and Wenner - Gren Foundations, as well as by the Swedish Natural
Science Research Council.
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In Vivo Photocrosslinking with
Unnatural Amino Acid Mutagenesis
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An emerging challenge for proteomics is the enumeration of the
interactions between any given protein and all other molecules
in a cell. The yeast two-hybrid system[™? and protein arrays®!
have facilitated the discovery of pro-
tein-protein interactions. However,

mutant MjtRNA and the E.coli translational machinery to
incorporate the photocrosslinking amino acid p-benzoyl-L.-phe-
nylalanine!? (pBpa) into proteins with high translational fidelity
and efficiency in response to the amber codon, TAG.'

pBpa has been widely used to map protein - peptide inter-
actions in vitro, is chemically stable, and can be routinely
manipulated under ambient lighting."¥ The benzophenone
group of pBpa preferentially reacts with C—H bonds upon
excitation in the near-UV at 350-365nm, wavelengths that
avoid protein and nucleic acid damage. We have shown that this
amino acid can be used to efficiently crosslink interacting
proteins in vitro.'™ It should also be possible to use the genetic
incorporation of pBpa to define the interaction partners for a
given surface of a protein within the cell. Our strategy (Figure 1)
involves: 1) replacement of a single amino acid in a protein with

these methods, whether in vivo or in 2
vitro, largely consider protein - protein \ 1"‘%\
interactions in a pairwise, albeit parallel -’-"\ \
fashion. It is clear that protein interac- [
tions within a cell are context depend-
ent and the precise interactions depend

|‘-"|
Sl R

upon numerous interacting biological
networks.” Deciphering these interac-
tions in their native context, in whicha WV =

given protein has the opportunity to
“see” all other cellular components
simultaneously, is key to defining the —
cellular roles of many protein interac-
tions. — —

The characterization of protein inter-

actions in vivo is facilitated by the
purification of intact complexes. While
a battery of techniques have emerged
to analyze isolated complexes,>7 less
progress has been made on isolation of intact protein complexes
from intact cells. Current methods rely on affinity purification of
noncovalently associated proteins, which may dissociate during
cell lysis or during affinity purification.™ & As a result, the protein
interaction maps produced from these experiments may be
incomplete and may provide a distorted picture of the protein
interaction network in cells, with interactions that have particular
thermodynamic or kinetic profiles systematically absent.

We have previously demonstrated that addition of new
components to the translational machinery of Escherichia coli
allows several additional amino acids to be site-specifically
incorporated into proteins in vivo with high translational
fidelity® " We recently evolved a mutant Methanococcus
Jannaschii tyrosyl-tRNA synthetase (MjTyrRS) that works with a
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Figure 1. A method for the creation of covalent bonds between protein surfaces in vivo.

pBpa in vivo; 2)irradiation of the cell with near-UV light to
crosslink proteins proximal to the surface of the pBpa-containing
protein; 3)cell lysis, purification, and identification of the
complex or complexes formed.

To begin to test the feasibility of this approach, we studied the
association of glutathione S-transferase within the context of the
E. coli proteome. This protein crystallizes as a dimer of two
identical subunits that have previously been crosslinked both
specifically’™ ™ and nonspecifically!® in vitro. We previously
generated a Phe52pBpa mutant of SjGST'3 in which pBpa lies at
the protein - protein interface of the dimer by using the crystal
structure of Schistosoma Japonica glutathione S-transferase
(SJGSTI'” and showed that the mutant could be efficiently
crosslinked in vitro.'®

SjGST (Phe52pBpa) was expressed by cotransformation of an
amber mutant of the SjGST gene with an orthogonal aminoacyl
tRNA synthetase/tRNA pair for pBpa incorporation. SjGST
(Phe52pBpa) was expressed as less than 1% of the soluble
protein in the cell. This level of expression is comparable to that
of many endogenous proteins and favors, by mass action,
nonspecific interactions with the vast number of competing
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protein surfaces on the approximately 2500 cytoplasmic proteins
present in the cell."® To assess the covalent complexes formed
with SjGST in vivo, we lysed the cells, purified SjGST and the
complexes it forms after exposure to increasing doses of UV
light, and performed Western blots with an anti-GST antibody
(Figure 2B). This assay is capable of detecting soluble complexes
formed with SjGST in vivo but comparison with in vitro
crosslinking of purified SjGST (Phe52pBpa)' reveals that only
the SjGST dimer is formed. The dimerization of SjGST in vivo is
therefore highly specific, as indicated by the absence of any
other complexes detectable by Western blot.

A B C
0 60 | 300 | 1800 0 60 | 300 | 1m0
(ST M- ——
-
Phe52pBpa Tyr198pBpa

Figure 2. In vivo surface-specific protein crosslinking. A. Purified SjGST
(Phe52pBpa) was crosslinked in vitro and detected by Western blot with an anti-
GST antibody. B. The covalent dimerization of SjGST (Phe52pBpa) in vivo as a
function of cellular irradiation at 365 nm, detected as in A. C. As in B, but with cells
expressing SjGST (Tyr198pBpa).

To further investigate the specificity of this approach for
isolation of specific protein - protein interactions, we repeated
the in vivo crosslinking experiment with SjGST (Tyr198pBpa). This
mutant does not crosslink in vitro" and displays a benzophe-
none group on the protein surface outside the protein — protein
interface. We find that SjGST (Tyr198pBpa) does not form
detectable, soluble crosslinked complexes with proteins in E. coli
even after irradiation for 30 minutes at 365 nm (Figure 2 C). Wild-
type SjGST is also refractory to photocrosslinking (data not
shown). These results underscore the specificity of this approach
for isolation of only specific protein complexes.

These experiments provide the basis for the isolation of
covalent complexes formed between a chosen surface on any
protein in the cell and its cellular partners. In general, more
sophisticated methods for the separation and analysis of protein
complexes, such as shotgun mass spectrometry® or 2D SDS-
PAGE coupled to mass spectrometry, will of course be required
to decipher the interaction partners of a protein that has several
interactions within the proteome.

In conclusion, we have used unnatural amino acid muta-
genesis to examine properties inside a cell. We have demon-
strated the in vivo, photoactivated, surface-specific crosslinking
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of interacting proteins in a model system. These experiments
highlight the power of in vivo, site-specific, unnatural amino acid
mutagenesis for both better understanding the cell and alter-
ing its properties at will.'"! We are currently applying this
methodology to the study of the in vivo properties of macro-
molecular cell machinery?® as well as developing similar
approaches to the study and manipulation of cells from higher
organisms.

Experimental Section

Plasmids pYC/SjGST52TAG or pYC/SjGST52TAG, which contain a
tetracycline resistance marker and an SjGST gene (with amber
mutation at codon 52 or 198) on an arabinose promoter with a rrnB
terminator, and mutRNAY], on an Ipp promoter with an rmnC
terminator were cotransformed into DH10B E. coli with a pBK vector
that expresses BpaRS-1.1"¥ Cells were amplified in 2xYT (10 mL) that
contained kanamycin (30 mgL™") and tetracycline (25 mgL~"), wash-
ed in 1xM9 media, and used to inoculate GMML (glycerol minimal
media with leucine) with the appropriate antibiotics and pBpa
(1 mwm). Protein expression was induced at an optical density of 0.55
at 600 nm by the addition of arabinose to 0.02%. After induction,
cells were harvested and washed twice in phosphate buffered saline
(PBS; 500 mL) before resuspension in PBS (3 mL). Cells were trans-
ferred to a single well of a six-well tissue culture plate (Costar,
Corning Inc. N.Y.) at 4°C. To crosslink proteins in vivo the culture was
irradiated at 365 nm with a hand-held UV lamp (11V, 60 Hz, 0.2 A,
Spectronics EC-240) placed 2.5cm from the surface of the cell
suspension. Cells were removed from the wells after irradiation for
0 min, 1 min, 5 min, 15 min, or 30 min and harvested by centrifuga-
tion before lysis by sonication. SjGST (Phe52pBpa) or SjGST
(Tyr198pBpa) and their soluble complexes were purified by virtue
of the presence of a C-terminal hexahistidine residue by using
nickel - nitrilo triacetate (Ni-NTA) chromatography (Qiagen) accord-
ing to the manufacturers instructions. Elution fractions from the Ni-
NTA column were diluted with SDS loading buffer and the products
of in vivo crosslinking were resolved by SDS-PAGE on a 10-20%
gradient gel. Proteins were transferred to a Trans-Blot nitrocellulose
membrane (Biorad). The membrane was blocked for 12 hrs in 5%
nonfat milk in PBS with 0.1 % Tween-20 (PBS-T) and then incubated
with goat anti-GST (1:1000, Pharmacia) in the same buffer for 1 hour.
The membrane was washed for 3 x 10 min with PBS-T before
addition of a secondary donkey-antigoat-alkaline-phosphotase
conjugate (Santa Cruz Biotech) at 1:1000 dilution in PBS-T with 5%
nonfat milk. The membrane was then washed (as above) and rinsed
in PBS and the signal was developed by addition of Vistra ECF (1 mL,
Pharmacia) and incubation for 1 min. The signal was visualized on a
Storm phosphoimager (Molecular Dynamics) by scanning with a blue
laser at a photomultiplier voltage of 500V. In vitro crosslinking
reactions were performed as previously described!"® but analyzed as
described above.
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Cancer Research Foundation (Grant no.: DRG 1707 - 02). This work
was supported by the Department of Energy, the National Institutes
of Health, and the Skaggs Institute. This is manuscript number
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Malaria, a life-threatening disease caused by parasites of the
genus Plasmodium, affects 500 million people annually, of which
more than one million die.” The emergence of multi-drug-
resistant strains of Plasmodium falciparum, the parasite that
causes the deadliest form of malaria, exacerbates the situation
and necessitates new medicines with novel modes of action.”
Plasmepsin Il (PIl; EC3.4.23.39),! a parasitic aspartic protease
involved in the hemoglobin degradation process that takes
place in an acidic vacuole, has been identified as a potential
target for antimalarial therapy. Several groups reported PII
inhibitors that mimic the natural substrate and display up to
single-digit nanomolar activity.” Inhibition of PIl is expected to
block the life cycle of the parasite.”! Here we report the synthesis
and in vitro evaluation of a new class of nonpeptidic Pll inhibitors
developed with the help of structure-based de novo design that
show up to single-digit micromolar inhibitory activities.®

A major conformational change around the active site of the
human aspartic protease renin (EC3.4.23.15) upon complexation
of 3,4-disubstituted piperidines has been observed, which
unveils unexpected flexibility of the enzyme.” The flap that lies
over the catalytic dyad, and a tryptophan side chain of the core
domain, move and thereby unlock a new hydrophobic pocket
(flap pocket). The high sequence homology between renin and
Pll prompted us to hypothesize that an induced-fit adaptation
such as that of the active site of renin might also be operative
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Malaria, a life-threatening disease caused by parasites of the
genus Plasmodium, affects 500 million people annually, of which
more than one million die.” The emergence of multi-drug-
resistant strains of Plasmodium falciparum, the parasite that
causes the deadliest form of malaria, exacerbates the situation
and necessitates new medicines with novel modes of action.”
Plasmepsin Il (PIl; EC3.4.23.39),! a parasitic aspartic protease
involved in the hemoglobin degradation process that takes
place in an acidic vacuole, has been identified as a potential
target for antimalarial therapy. Several groups reported PII
inhibitors that mimic the natural substrate and display up to
single-digit nanomolar activity.” Inhibition of PIl is expected to
block the life cycle of the parasite.”! Here we report the synthesis
and in vitro evaluation of a new class of nonpeptidic Pll inhibitors
developed with the help of structure-based de novo design that
show up to single-digit micromolar inhibitory activities.®

A major conformational change around the active site of the
human aspartic protease renin (EC3.4.23.15) upon complexation
of 3,4-disubstituted piperidines has been observed, which
unveils unexpected flexibility of the enzyme.” The flap that lies
over the catalytic dyad, and a tryptophan side chain of the core
domain, move and thereby unlock a new hydrophobic pocket
(flap pocket). The high sequence homology between renin and
Pll prompted us to hypothesize that an induced-fit adaptation
such as that of the active site of renin might also be operative
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upon complexation of adequate inhibitors to the enzyme found
in Plasmodium."® Further evidence for the structural flexibility of
Pl arose from the crystal structure of proplasmepsin IL"™ The
conformational changes observed in renin complexes have,
therefore, been modeled into the X-ray structure of PII®! and
exploited in our design approach (Figure 1). A major hallmark of
the active-site modification found in renin complexes is the
disruption of the H bond between Tyr75 and Trp39 (pepsin
numbering) caused by lifting of the flap and movement of these
two side chains into new positions. This conformational change
unlocks a large and very hydrophobic pocket, which we call the
flap pocket (Figure 2).

Figure 1. Superimposition of the X-ray crystal structure of Pll (orange) with the
modeled structure (green), with the flap moved away from the catalytic dyad.
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We used the molecular modeling package MOLOC!"'? and the
molecular recognition principles of protein -ligand systems to
design small molecules that are well accommodated by the
active site of our modeled structure of PIl. The 11-azatricy-
clo[6.2.1.0*"lundeca-2(7),3,5-triene tricycle was identified as a
suitable central scaffold for Pll inhibitors. The positioning of this
tricycle in the active site of Pl is dominated by the effects of two
charge-reinforced H bonds between its nitrogen atom and each
of the two Asp residues of the catalytic dyad.

Substitution at positions 5 and 6 of the central scaffold was
expected to provide two exit vectors pointing into the large
hydrophobic flap pocket and the combined S1/S3 pocket,
respectively (Figure 2). Our analysis revealed that a naphthyl
moiety could be accommodated by the S1/5S3 pocket. Modeling
also suggested that the rear of the flap pocket, which is rather
spacious, should be well filled by hydrophobic heterocyclic
residues linked to the central scaffold by aliphatic linkers.

Based on this analysis, we prepared a series of inhibitors (+)-
Ta-k (Scheme 1) by variation of the heterocyclic residue
that points into the flap pocket and the linker that attaches it
to the central scaffold, as well as variation of the linker to the
differently substituted naphthyl moieties used to occupy the S1/
S3 pocket.

Diels — Alder reaction of protected pyrrole 33 with a benzyne
species generated in situ from 2,'% gave the tricyclic scaffold 4
(Scheme 2). Hydrogenation, followed by a sequence of nucleo-
philic substitutions afforded first (+)-5a-c¢, then the N-protect-
ed inhibitors (+)-6 a-f.l""! Deprotection by intermediate forma-
tion of the tert-butyldimethylsilyl carbamate followed by
cleavage under basic conditions provided the inhibitors (+)-
1a-f. Compounds 1 g and (+)-1h,i were obtained by a similar
route.l'”!

Figure 2. Schematic (2a) and ball-and-stick (2b) representations of (+)-1a in the active site of the modeled structure of Pll. The complexation of the (15,8R)-1a

enantiomer is shown. See Scheme 1 for the structure of 1a.

1138

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1439-4227/02/03/11 $ 20.00+.50/0 ChemBioChem 2002, No. 11





H Naphthvl that replacement of one of the aryl ether oxygen atoms by a CH,
Compounds x n  Substivent group should permit the new inhibitors (+)-1jk to adopt a more
o Q favorable conformation.
N (#)-1a H 2 1- . . .
n The synthesis of (4)-1jk started from (£)-5a, which was
o—\‘ ()10 Ho1 z transformed into aryl triflate (£)-7 (Scheme 3). Sonogashira
S (#)-1c H 1 1- cross-coupling!® with propargyl alcohol furnished (+)-8. Reduc-
>:N (+)-1d cl 2 1- tion of the triple bond gave (+)-9, which was converted into
S (#)-1e a1 o tosylate (£)-10. Final nucleophilic substitution and N-deprotec-
| tion yielded the inhibitors (£)-1j,k.!"!
x (£)-1f cl o1 1-
X
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O _ompounds X , d [~ (x)-10 X=Tos
4] y SR OX
S -1
=N (#)-1k cl Scheme 3. Synthesis of inhibitors (+)-1j,k. Reagents and conditions:
S a) (CF;S0,),0, pyridine, CH,Cl,, —40°C, 2 h, 86 %; b) propargyl alcohol, piperidine,
| [Pd(PPh;),], 80°C, 36 h, sealed tube, 57 %; c) H,, Pd/C (10%), MeOH, RT, 12 h,
A 100 %; d) TosCl, pyridine, CH,Cl,, 0°C—RT, 90 min, 51 %, e) R*SH, NaH, DMF, RT,
X 12-23 h, 72-100%; f) Me,(tBu)SiOSO,CF;, 2,6-lutidine, CH,Cl,, RT, 45 -80 min;
g) aq K,CO;, MeOH/THF, RT, 60— 90 min, 41 % (over two steps). See Scheme 1 for
Scheme 1. The series of inhibitors prepared. the nature of the R" and R? groups.
5 Boc IC;, values of (+)-1a-k against PIl and several
Boc Boc other aspartic proteases (plasmepsin IV, cathe-
WA N
Br OBn ) psins D and E, and renin) were determined in
j@[ LIy oBn —< > OR! automated assays.l'! The inhibitors bearing two
Br OBn substituents displayed promising inhibitory ac-
2 4 OBn (#)-5a-¢c  OH tivity and good selectivity towards renin (Table 1).
de Activity against plasmepsin Il is higher in each
H EOC ’ case than the affinities for the other aspartic
tg proteases as determined in the assay. The modest
OR! —=—— OR! selectivity of the inhibitors (factors of 2 -3) with
respect to cathepsin D and E could suggest high
(#)-1a—f 0\\\ (*)-6a-f O\\\ homology in the active sites of the enzymes.
SR2 SR? The data for the first series of inhibitors (&4)-

1a-f (Scheme 1) tend to support our hypothesis

Scheme 2. Synthesis of inhibitors (+)-1a -f. Reagents and conditions: a) tBuLi, toluene/hexane,
—40°C—0°C, 3 h, 65%; b) H,, Pd/C (10%), CH;CN, RT, 3 h, 86 %; c) R'X, K,CO;, dimethylforma-
mide (DMF), 60-80°C, 12-18 h, 53-64% (X =Br, OTos (0SO,CsH,-p-Me)); d) 1,2-dibromo-
ethane, KOH, nBu,NOH, H,0, 50°C, 12 h, 92 - 100 %; e) R*SH, NaH, DMF, 80°C, 1-2 h, 63-77 %;
f) Me,(tBu)SiOSO,CF;, 2,6-lutidine, CH,Cl,, RT, 30 min; g) aq K,CO;, tetrahydrofuran (THF)/MeOH,
RT, 45 min, 71-87 % (over two steps). See Scheme 1 for the nature of the R' and R? groups.

that conformational changes observed in renin'®
in the flap atop the active site are also operative
in PII. Chloro-substituted benzothiazole inhibitors
((£)-1d-f) were predicted by the molecular
modeling to have a better shape complementar-
ity with respect to the flap pocket than the
benzothiazole derivatives that lack the halogen

During the syntheses, we noticed that the conformations
adopted by the two ether substituents of (£)-1a-f were
not optimal in the bound state, with torsional angles
C(sp?)—C(sp?)—0—C(sp?) that deviate substantially from planarity
in the modeled Pll complexes. Computational studies suggested

ChemBioChem 2002, No. 11
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atom ((£)-1a-c). This prediction was confirmed by experimen-
tal results; the chlorinated inhibitors showed a three- to fourfold
increase in affinity with respect to their nonchlorinated ana-
logues. These results indicate that our inhibitors could adopt the
expected conformation in the active site of PII.

1439-4227/02/03/11 $ 20.00+.50/0 1139





BIO

Table 1. Biological activities and selectivities of inhibitors (+)-1a-k.
1Cs
Inhibitor ~ PI@ [pum] PV [um]  Cat.D¥ [um]  Cat.E9 [um]  Renin [um]
(£)-1a 13 60 18 34 83
(£)-1b 10 85 23 42 81
(+)-1c¢ 14 70 25 46 > 100
(£)-1d 3 15 12 6 > 100
(+)-1e 4 50 " 14 > 100
(£)-1f 5 17 12 7 > 100
19 > 100 > 100 > 100 >100 > 100
(£)-1h 34 54 71 47 > 100
(£)-1i 24 81 82 70 > 100
(£)-1j 4 33 12 9 93
(£)-1k 2 10 7 4 > 100
[a] Plasmepsin II. [b] Plasmepsin IV. [c] Cathepsin D. [d] Cathepsin E.

The negligible effects of naphthyl substitution pattern and
linker length on affinities displayed by compounds (+)-1a-f
suggest that the combined S1/S3 pocket is capable of accom-
modating residues up to the size of naphthyl groups in different
orientations with similar affinity. These observations furnish
further evidence for substantial flexibility of Pll and an induced-
fit adaptation of the active site upon complexation with our
inhibitors.

Comparison of 1 g and (4)-1 h,i with the other inhibitor series
indicates that at least one of the two hydrophobic pockets (S1/
S3 or flap) needs to be occupied in order to obtain measurable
inhibitory activity. Compound 1 g, which lacks suitably sized
substituents, showed no activity at all. Compounds (+)-1h;i
showed measurable binding affinities that were, however,
weaker than those displayed by the corresponding derivatives
(£)-1a-c, which feature two suitably sized substituents.

Replacement of the oxygen atom (in (+)-1a and (+)-1d) in the
linker of the substituent that points into the flap pocket by a CH,
group (in (£)-1j and (£)-1k) gave a two- to threefold enhance-
ment in activity, as expected from the conformational analysis.
This result emphasizes the importance of preorganization in low-
energy states of the inhibitors in the protein-ligand complex-
ation process. Introduction of a chloro substituent into the
benzothiazole moiety of (+)-1k again enhanced the affinity by a
factor of two, as previously observed by comparison of inhibitors
(£)-1d-fwith (£)-1a-c. Itis further anticipated that introduction
of more rigid linkers between the central scaffold and the bicycles
located in the S1/53 and flap pockets might improve the binding
potency of our compounds by decreasing the entropy loss
associated with binding of inhibitors with floppy substituents.

In conclusion, de novo design based on a modeled structure
of Pl followed by convenient synthesis afforded a new class of
Pll inhibitors that display promising IC;, values and good
selectivity towards renin, and little selectivity with respect to
other aspartic proteases used. The investigations support the
speculation that the active site of Pll undergoes major conforma-
tional changes upon binding of adequate inhibitors. The flap
pocket found to be unlocked and filled by inhibitors in renin
complexes could turn out to play a similar role in PIl. Efforts to
ultimately validate the proposed binding modes by X-ray crystal
structure analysis are ongoing.
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(0.1%), and Me,SO (5%). The angiotensin 1 produced by the renin was
subsequently quantified with an enzyme immunoassay by comparison
with an angiotensin-1 standard curve. Test compounds were dissolved
and diluted in 100% Me,SO. Inhibitory activities are expressed as ICs,
values, which represent the concentration of compound that inhibits
50% of the maximal (uninhibited) enzyme activity. ICs, values for some of
the inhibitors were also determined by a second method, not reported
here; good agreement between the data was found.
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Metal-based pharmaceuticals are expected to bind to their
targets with high affinity, which may translate to reduced drug
intake and safer treatment. Their distinct mode of action
suggests they have excellent prospects in therapy against
drug-resistant pathogens." By their sheer number, they vastly
increase the pool from which new drugs can be chosen. Metal
compounds find wide use in medical diagnostics.? However,
these compounds are coordinatively saturated and unable to
bind biological molecules and bring about therapeutic effects.
Of the few metallodrugs currently in use, most target DNA.Z We
therefore set out to develop a generalized methodology to
obtain protein-targeted, metal-based drugs. To eliminate any
fear of toxicity associated with ingesting metals, our strategy
involves a prodrug intended to extract the metal from within the
patient’s body. Our in vitro model for this new approach involves
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the in situ formation of a ternary complex containing a chelate
(the prodrug), a metal, and the target enzyme. We now report
that the readily available tridentate chelates 2,2:6',2"-terpyridine
(TERPY),  2-methyl-1-[methyl(2-pyridine-2-yl-ethyl)amino]-pro-
pane-2-thiol (PATH),®! and 1-[2-pyridyl]-piperazine (PyPP) coor-
dinate Cu?* ions in situ to enhance the potency of Kex2

P
SN SH N~ N 3 —
~._ NH J
> ’ S
PATH PyPP )
SN =
N N SN
\,/N N e ~N N =
TERPY MPT

inhibition beyond that of the solvated metal ion. Furthermore,
TERPY makes the inhibition irreversible. The variability among
these chelates and the fact that none inhibits the target by itself
suggest that our model applies to a range of chelates. As the
single criterion we used to choose our enzyme was its inhibition
by solvated metal ions (its structure is unknown), we suggest
that our model has the potential to apply to additional targets.
An approach complementary to ours, in which enzyme inactiva-
tion by a potent bidentate chelating inhibitor is enhanced by the
coordination of Zn?** ions, was demonstrated with trypsin-like
serine proteases.' !

Kex2 is a yeast endopeptidase that converts protein precur-
sors into biologically active proteins to be secreted from the
cell® Most Kex2 inhibitors also affect the mammalian homo-
logue furin. Furin activates the envelope glycoproteins of many
viruses, including Ebola, avian influenza, and rabies prior to
exocytosis, thereby enabling their uptake by new host cells.”? As
furin is expressed in most body cells, its inhibitors may stop
proliferation of these aggressive viruses after exposure and
possibly even after the related disease symptoms appear. Furin
blockers may also affect toxins of bacteria such as Bacillus
anthracis (which causes anthrax) and Pseudomonas by hindering
maturation of their protoxins during endocytosis.”? Such anti-
dote-like treatment is needed when toxin levels render anti-
biotics ineffective.

Both Zn?* and Cu?* ions inhibit Kex2 in vitro,® with Cu?* ions
being more potent. Likewise, chelate enhancement of inhibition
was much better with Cu?* ions. We report only results with
copper.

In the present study we used tridentate chelates as our
prodrug models. Their binding constants to metals are much
higher than those of bidentates.” Thus, tridentates are predicted
to compete more effectively for the endogenous metals against
natural cellular factors. Tetradentates will bind more strongly, but
are less likely to generate sufficient free sites on the metal for
target coordination. We tested chelates that seemed likely to
bind to Cu?* ions, but target inhibition was not among the
criteria in choosing them. None of our chelates inhibited Kex2 on
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the inhibitors were also determined by a second method, not reported
here; good agreement between the data was found.
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Metal-based pharmaceuticals are expected to bind to their
targets with high affinity, which may translate to reduced drug
intake and safer treatment. Their distinct mode of action
suggests they have excellent prospects in therapy against
drug-resistant pathogens." By their sheer number, they vastly
increase the pool from which new drugs can be chosen. Metal
compounds find wide use in medical diagnostics.? However,
these compounds are coordinatively saturated and unable to
bind biological molecules and bring about therapeutic effects.
Of the few metallodrugs currently in use, most target DNA.2 We
therefore set out to develop a generalized methodology to
obtain protein-targeted, metal-based drugs. To eliminate any
fear of toxicity associated with ingesting metals, our strategy
involves a prodrug intended to extract the metal from within the
patient’s body. Our in vitro model for this new approach involves
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the in situ formation of a ternary complex containing a chelate
(the prodrug), a metal, and the target enzyme. We now report
that the readily available tridentate chelates 2,2:6',2"-terpyridine
(TERPY),  2-methyl-1-[methyl(2-pyridine-2-yl-ethyl)amino]-pro-
pane-2-thiol (PATH),®! and 1-[2-pyridyl]-piperazine (PyPP) coor-
dinate Cu?* ions in situ to enhance the potency of Kex2
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inhibition beyond that of the solvated metal ion. Furthermore,
TERPY makes the inhibition irreversible. The variability among
these chelates and the fact that none inhibits the target by itself
suggest that our model applies to a range of chelates. As the
single criterion we used to choose our enzyme was its inhibition
by solvated metal ions (its structure is unknown), we suggest
that our model has the potential to apply to additional targets.
An approach complementary to ours, in which enzyme inactiva-
tion by a potent bidentate chelating inhibitor is enhanced by the
coordination of Zn?** ions, was demonstrated with trypsin-like
serine proteases.' !

Kex2 is a yeast endopeptidase that converts protein precur-
sors into biologically active proteins to be secreted from the
cell® Most Kex2 inhibitors also affect the mammalian homo-
logue furin. Furin activates the envelope glycoproteins of many
viruses, including Ebola, avian influenza, and rabies prior to
exocytosis, thereby enabling their uptake by new host cells.”? As
furin is expressed in most body cells, its inhibitors may stop
proliferation of these aggressive viruses after exposure and
possibly even after the related disease symptoms appear. Furin
blockers may also affect toxins of bacteria such as Bacillus
anthracis (which causes anthrax) and Pseudomonas by hindering
maturation of their protoxins during endocytosis.”? Such anti-
dote-like treatment is needed when toxin levels render anti-
biotics ineffective.

Both Zn?* and Cu?* ions inhibit Kex2 in vitro,® with Cu?* ions
being more potent. Likewise, chelate enhancement of inhibition
was much better with Cu?* ions. We report only results with
copper.

In the present study we used tridentate chelates as our
prodrug models. Their binding constants to metals are much
higher than those of bidentates.” Thus, tridentates are predicted
to compete more effectively for the endogenous metals against
natural cellular factors. Tetradentates will bind more strongly, but
are less likely to generate sufficient free sites on the metal for
target coordination. We tested chelates that seemed likely to
bind to Cu?* ions, but target inhibition was not among the
criteria in choosing them. None of our chelates inhibited Kex2 on
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their own. Micromolar concentrations of chelate in the absence
of copper decreased Kex2 activity by less than 5 %.

As an indication for chelate involvement in the process, we
looked for improvement over the inhibition by solvated Cu?*
ions. A typical experiment involved incubation of chelate, copper
salt, and Kex2 at 22°C, followed by addition of the substrate
analogue BOC-Arg-Val-Arg-Arg-MCA (Boc = tert-butoxycarbonyl,
MCA = methylcoumarinamide).'® ™ The degree of inactivation
was determined from the initial formation rate of the fluorescent
AMC product (AMC = 7-amino-4-methylcoumarin). Upon addi-
tion of TERPY in a 1:1 ratio to the metal, an enhancement of the
Kex2 inhibition by copper was observed (ICs, of 20 versus 95 pum
Cu?t ions achieving the same effect without the chelate,
Figure 1). The curves in Figure 2 were fitted by Equation (1),
where P = [product], k,,; =apparent inactivation rate constant,
v, =rate of uninhibited reaction, v, = product formation rate at
equilibrium with inhibitor, t =time.['% 3
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Figure 1. Kex2 inhibition by solvated Cu®* ions alone (e), and in the presence of
TERPY (in the presence (#) and absence (<) of chloride ions), DPA (in the presence
(m) and absence (o) of chloride ions), and MPT () at a 1:1 ratio to [Cu**].
Mixtures were incubated in 96-well plates at 22°C for 2 h prior to substrate
addition. Initial product formation rates were obtained from fluorescence
measurements at 30°C. [Kex2] = 1.2 nm, [substrate] = 19 um (which is the
Michaelis constant (K,,) value.?? Buffer was 168 mm 2,2-bis(hydroxymethyl)-
2,2',2"-nitrilotriethanol (Bis-Tris; pH 7.4) with 0.1 % Triton x-100, 3% dimethyl-
sulfoxide (DMSO). For experiments with chloride [NaCl] =20 mm and [CaCl,] =

1 mm, but for those without chloride [Na,SO,] = 10 mm and [CaSO,] = 1 mm. The
data were fitted to the equation: OP/0t = v+ (v, — v)exp[— K, t]. (The terms
are explained in the text.)

This equation simulates slow binding inhibitors. v, was
obtained from the noninhibited reaction. In the presence of
TERPY, the curves are flat and were fitted best with v,=0, as is
expected for irreversible inactivation.'? With Cu?* ions alone,
v, > 0. The fit was corrected by adding a v;, term for the slow
product photochemical degradation,!" which is first order in
AMC, but zero order in inhibitor. v,, was obtained from the
negative linear slope at steady state. The reduced inhibition rates
at higher substrate concentrations (Figure 3) indicate competi-
tion between substrate and inhibitor. Enhancement of copper
inhibition by TERPY was maximized at a 1:1 ratio.
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Figure 2. Kex2 inhibition progress curves in the presence of 400 um (m) and
610 um () 1:1 Cu?* and TERPY mixture, 400 um (0) and 610 um (o) solvated Cu**
ions alone, and in the absence of inhibitor (©). Conditions were as stated in the
legend of Figure 1 (in the presence of chloride), but [substrate] = 100 um, and the
reactions were initiated by enzyme addition at 30°.
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Figure 3. Inhibition progress curves at substrate concentrations of 4.75 um (¢),
19um (K,,, &), 38 um (0), and 76 um (x). Inhibitor concentration was fixed
([Cu**] = [TERPY] =270 um). Conditions were as stated in the legend of Figure 2,
but [Kex2] = 0.06 nm (0.03 nm at [substrate] =4.75 um) to avoid substrate
depletion.

PyPP also enhanced the inhibition of Kex2 by copper, but less
effectively than TERPY (IC,, of 75 um). PATH gave similar results to
TERPY, but it did not render inhibition irreversible, which
suggests a different inactivation mechanism is occurring.

Other copper-binding tridentates, such as 1,4,7-triaazacyclo-
nonane ([9]aneN;, ICs, of 125 pwm), 1,4,7-trithiacyclononane
(155 pm), and di[2-picolyllamine (DPA, 165 pum, Figure 1), attenu-
ated the inhibition. This may be due either to the formation of
[Cu(k3-chelate),],™™ which effectively removes copper from
solution (coordinatively saturated Cu?" can not bind to the
target) or to an interaction with Kex2 that is less favorable than
that of solvated copper. The latter effect is evident in comparing
[9laneN; (ICs, of 125 um) to its bulkier 1,4,7-trimethyl derivative
(Me;-[9]aneN;, 135 um). Upon replacement of the chloride ions in
the buffer by weakly coordinating sulfate ions, chloro-bridged
compounds do not hinder [Cu(ik3-chelate),] formation, thereby
rendering [9]aneN; less active than its derivative (IG5, of 210
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versus 115 um for Me;-[9]aneN;) because it can form the bis-
chelate product! much more readily.'®

Metal binding to protein is the most likely explanation for the
results, because free TERPY and coordinatively saturated [Cu-
(TERPY),](ClO,),!"*3 were inactive. The maximized effect at a
copper to TERPY ratio of 1:1 and the reduced inhibitory effect in
the absence of chloride ions (Figure 1) imply that the active
blocker is [Cu(TERPY)CI]*,">a@ which coordinates free and N-
acetylated amino acids readily.'” '8 Accordingly, the ICs, values
of both [Cu(TERPY)CI)(CIO,)"™® and [Cu(TERPY)CI,]">® were
similar to that of the inhibitor formed in situ (16 versus 20 um).
The difference is explained by slow inhibitor formation. Pre-
incubation (40 minutes) of Cu*" and TERPY (400 um) prior to
substrate (19 um) and enzyme addition increased k., by 15%.
This also suggests formation of the active inhibitor prior to
interaction with the enzyme. In the absence of chloride,
[Cu(TERPY)(solvent)]?* (solvent = H,0"% or Bis-Tris) is the likely
inhibitor. As Kex2 inhibition is competitive with substrate
(Figure 3), the inhibitor probably binds at the active site, of
which catalytic His213 seems to be the best copper-coordinating
residue. A study of Hg?* inhibition of proteinase K (a homologue
of Kex2) implies that nearby, buried Cys217 may also participate
in copper coordination after modification of the pocket."
Cationic [CUu(TERPY)CI* and [Cu(TERPY)(solvent)]?* should be
favored to reach the active site, which is designed for polybasic
substrates.['0

Our results suggest that metal complexes could be used in
vivo to block enzymes that are inhibited by metal ions in vitro.
But chelates showing the desired effect must be modified for
specificity and higher target affinity. The combinatorial synthesis
approach is modestly demonstrated by the TERPY derivative 4'-
(4-methoxyphenyl)-2,2":6',2"-terpyridine (MPT), with an IC;, value
(10 uv) that is half of that of TERPY (Figure 1). Experiments to
achieve specificity by tethering target-selective peptides®® (or
antibodies) are currently underway. Extracellular targets such as
cell-surface furin (which processes toxin precursors) seem well
suited for the outlined approach due to the presence of metal-
exchanging carriers such as serum albumin.?"
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versus 115 um for Me;-[9]aneN;) because it can form the bis-
chelate product! much more readily.'®

Metal binding to protein is the most likely explanation for the
results, because free TERPY and coordinatively saturated [Cu-
(TERPY),](ClO,),!"*3 were inactive. The maximized effect at a
copper to TERPY ratio of 1:1 and the reduced inhibitory effect in
the absence of chloride ions (Figure 1) imply that the active
blocker is [Cu(TERPY)CI]*,">a@ which coordinates free and N-
acetylated amino acids readily.'” '8 Accordingly, the ICs, values
of both [Cu(TERPY)CI)(CIO,)"™® and [Cu(TERPY)CI,]">® were
similar to that of the inhibitor formed in situ (16 versus 20 um).
The difference is explained by slow inhibitor formation. Pre-
incubation (40 minutes) of Cu*" and TERPY (400 um) prior to
substrate (19 um) and enzyme addition increased k., by 15%.
This also suggests formation of the active inhibitor prior to
interaction with the enzyme. In the absence of chloride,
[Cu(TERPY)(solvent)]?* (solvent = H,0"% or Bis-Tris) is the likely
inhibitor. As Kex2 inhibition is competitive with substrate
(Figure 3), the inhibitor probably binds at the active site, of
which catalytic His213 seems to be the best copper-coordinating
residue. A study of Hg?* inhibition of proteinase K (a homologue
of Kex2) implies that nearby, buried Cys217 may also participate
in copper coordination after modification of the pocket."
Cationic [CUu(TERPY)CI* and [Cu(TERPY)(solvent)]?* should be
favored to reach the active site, which is designed for polybasic
substrates.['0

Our results suggest that metal complexes could be used in
vivo to block enzymes that are inhibited by metal ions in vitro.
But chelates showing the desired effect must be modified for
specificity and higher target affinity. The combinatorial synthesis
approach is modestly demonstrated by the TERPY derivative 4'-
(4-methoxyphenyl)-2,2":6',2"-terpyridine (MPT), with an IC;, value
(10 uv) that is half of that of TERPY (Figure 1). Experiments to
achieve specificity by tethering target-selective peptides®® (or
antibodies) are currently underway. Extracellular targets such as
cell-surface furin (which processes toxin precursors) seem well
suited for the outlined approach due to the presence of metal-
exchanging carriers such as serum albumin.?"
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hydrophobic and hydrophilic domains essential to their roles in
molecular recognition events. Arguably the most diverse group
of naturally occurring deoxysugars are the deoxyhexoses, the
biosynthetic characterization of which has received a great deal
of attention in the last decade." The deoxypentose deoxyribose
of DNA equals, or exceeds, the natural deoxyhexoses in biomass.
As with many functionalized deoxyhexoses, the biosynthesis of
this vital molecule has been very well characterized.” Interest-
ingly, a few examples of deoxypentoses have also been found as
ligands of bioactive bacterial secondary metabolites.?! The
orthosomycin antibiotics avilamycin (4) and evernimicin (5)
(Scheme 1) contain one (sugar F) and two (F and G) deoxypen-
toses, respectively. The enediyne antitumor

antibiotics calicheamcin (1) and esperami-

cin (3) also carry a common aminodideoxy- 5
pentose (sugar C), while the enediyne

maduropeptin (2) bears a unique branched

RS A& E4UNIESSTLNZ EEEF Ed
13

locus was used to suggest that the corresponding deoxypentose
is ribose derived.®

Our recent elucidation of the calicheamicin gene locus from
M. echinospora ssp. calichensis revealed an elusive enediyne
polyketide synthase (PKS) gene (calE8) near the center of the
approximately 100-Kb calicheamicin locus.”” Less than 10 Kb
from this hallmark enediyne PKS gene resides a gene (calS8)
identified by BLAST analysis of the encoded protein CalS8 as
encoding an NDP-mannoaminouronic acid/NDP-glucuronic acid
synthase (NDP =nucleoside diphosphate; Figure 1). We now
report that the overexpression of calS8 in Escherischia coli and
subsequent CalS8 characterization reveals this protein to be a

oN-$

T3 Ut4 U157 k S9STOREGISTICUTE
cal58

10 kb

dideoxyaminopentose.” However, insights
regarding the biosynthesis of these unique
ligands is sparse. Classical labeling studies

[:) resistance

on esperamicin® suggest the aminodideoxy-
pentose ligand may derive from glucose,

E> sugar biosynthesis (S)
‘ regulation (R) @ enediyne biosynthesis (E) F:} uptaka, transpoart {T)

’ glycosyltransfarase (G) E:) unknown function ()

presumably by loss of CO,. In contrast, a
recent BLAST analysis of the proteins en-
coded by the avilamycin biosynthetic gene

mo\
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Q
HO Yt
HyC
CH;,
OH
cl cl
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Figure 1. The central portion of the calicheamicin locus, which contains calS. The calS8 sequence is
deposited under Genbank Accession number AF505622.

Scheme 1. The structures of some bacterial natural products that bear deoxypentoses: calicheamicin (1) from Micromonospora echinospora, maduropeptin (2) from
Actinomadura madurea, esperamicin (3) from Actinomadura verrucosospora, avilamycin (4) from Streptomyces viridochromogenes, and evernimicin (5) from

Micromonospora carbonacea.
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UDP-a-p-glucose dehydrogenase (UDPGIcDH; UDP = uridine
diphosphate). While our analysis reveals that the CalS8 steady-
state kinetic mechanism is consistent with that of other bacterial
UDPGIcDHSs,®®! CalS8 is surprisingly the first characterized
UDPGIcDH involved in secondary metabolism and the first
reported UDPGIcDH able to efficiently accept both UDP-a-p-
glucose (UDP-GIc) and dTDP-a-b-glucose (dTDP-Glc; TDP = thy-
midine diphosphate) as substrates. More
importantly, given that three of the four
calicheamicin sugar ligands are 6-deoxy-
hexoses (and thus derive from a com-
mon 6-deoxy-4-keto-sugar nucleotide),!"
the reported CalS8 must participate in a
unique pathway leading to the remain-
ing aminodideoxypentose.

High-level expression of the maltose-
binding-protein fusion molecule (mbp -
CalS8) followed by a one-step affinity
purification provided 13.5mgL~" near-
homogenous preparation of mbp - CalQ
with a specific activity of 5.0x
102Umg~".®! CalS8 is nicotinamide ad-
enine dinucleotide (NAD)" dependent
and attempts to replace this cofactor
with NADP* rendered the enzyme com-
pletely inactive. Several nucleotide di- H’éo Q Eee
phosphosugar surrogates for UDP-Glc HO% o)
were also tested, of which only one, o'éo_
dTDP-Glc, was accepted to an appreci-
able extent (40% conversion).'® ™ This
notable dTDP-Glc conversion is unique
in comparison to previously examined
UDPGIcDHs" and may suggest either
that CalS8 contributes to the production of other cellular
reagents or that portions of the calicheamicin deoxysugar
pathways may be pyrimidine indiscriminate. The CalS8 steady-
state kinetic analysis is indicative of a ping-pong mechanism and
gave Michaelis constants, K, (Ky.uopcic =0.180+0.012 mm and
Knao=0.50£0.023 mm) consistent with previously reported
UDPGIcDHs.®! The observed CalS8 product inhibition profiles!’!
are also consistent with an ordered bi-, uni-, uni-, bimolecular
ping-pong mechanism first proposed for the bovine
UDPGIcDH.®! As further confirmation, an alignment between
CalS8 and the structurally defined Streptococcus pyogenes
UDPGIcDH reveals that all 23 residues previously identified as
critical for UDPGIcDH structure and function are conserved in
CalS8.81 Campbell etal. also postulated that Arg244 in the
S. pyogenes UDPGIcDH defines substrate specificity as this
residue is conserved in all UDPGIcDHs but is replaced by lysine
in GDPManDHs (GDP = guanosine diphosphate). Interestingly,
the residue in CalS8 in the position corresponding to Arg244 in
the S.pyogenes UDPGIcDH is Lys340, which follows the
GDPManDH paradigm. CalS8 lacks GDPManDH activity, therfore
we conclude that this position has little influence on general
sugar dehydrogenase substrate specificity.

In the context of calicheamicin, the calS8 functional assign-
ment provides information directly relevant to understanding

ChemBioChem 2002, No. 11

the biosynthesis of deoxypentose ligands of secondary metab-
olites. Three of the four calicheamicin sugar ligands (Scheme 1, 1,
sugars A, B and D) are 6-deoxy derivatives, which are expected
based on well-established precedent to derive from a common
committed 6-deoxy-4-keto-sugar nucleotide intermediate 11, as
presented in Scheme 2.["" Since there is no known route of
interconversion between 11 and the determined product of

CalS8 -0:C

E O
HO o) -decarbox o
HO. HO.
HO HO

ONDP

HO
HO Q
Ho
HO Gnoe
7 8 9
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Scheme 2. Proposed biogenesis of the four deoxysugars within the calicheamicin aryltetrasaccharide. The
reaction catalyzed by CalS8 is highlighted in the box.

CalS8, 8, we are left to conclude that CalS8 must commit UDP-
and/or dTDP-Glc to a unique pathway that leads to the
remaining aminodideoxypentose of calicheamicin. Thus, like
the 4,6-dehydratases in 6-deoxyhexose formation, GlcDHs may
be the key enzyme necessary to commit sugar nucleotides to
deoxypentoses in these pathways. Known chemistry can be
invoked to postulate the pathway from 8 to 10, which requires
five additional enzymes: a glucuronate carboxylyase, a 2,3-
dehydratase and 2,3-enolyl reductase,™ a pyranosyl amino-
transferase,'® and an O-methyltransferase.'”? Since sugar bio-
synthesis throughout secondary metabolite producers often
follows common themes, we propose that this may be a general
model for understanding the biosynthesis of other functional-
ized deoxypentose-bearing natural products, which include, but
are not limited to, those illustrated in Scheme 1.

Experimental Section

Materials: All culture media, assay, and biochemical reagents were
purchased from Difco (Detroit, MI), Fisher Scientific (Pittsburgh, PA),
or Sigma (St. Louis. MO). Fast performance liquid chromatography
(FPLC) was performed on an automated Amersham-Pharmacia
Biotech LCC-501-plus FPLC instrument (Piscataway, NJ). HPLC was
performed on a RAININ Dynamax SD-200 instrument controlled with
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Dynamax HPLC software. Routine mass spectra were recorded on a
PE SCIEX API1100 LCMS mass spectrometer and HRMS was accom-
plished by the University of California, Riverside Mass Spectrometry
Facility. Protein concentrations were determined by using the Bio-
Rad (Hercules, CA) Protein Assay, with bovine serum albumin as the
standard.

Expression, purification, and properties of CalS8: The Micromono-
spora calS8 gene was PCR amplified from cosmid clone JT-13a
(34,35), subcloned into the vector pMAL-c2, and overexpressed as a
maltose-binding-protein fusion species (mbp - CalS8) in E. coli (XL-1-
Blue). The cells (8.0 g per 2L culture broth) were harvested 2 h after
induction with isopropyl-f-p-thiogalactopyranoside, resuspended in
buffer A (80 mL; 50 mm tris(hydroxymethyl)aminomethane (Tris) -
HCI, 200 mm NaCl, 1 mm ethylenediaminetetraacetate, pH 7.5), and
disrupted by on-ice sonication in short pulses of 30 seconds (x 4).
After centrifugation (10000 x g, 15 min), the resulting supernatant
was resolved on amylose resin pre-equilibrated with buffer A (2.0 x
10cm, 1mLmin~'). The column was washed with 12 column
volumes buffer A and then eluted with buffer A that contained
maltose (10 mwm). Four 9-mL fractions containing mbp - CalQ were
combined and concentrated to a final volume of 7 mL.

Enzyme assay, kinetics, and product inhibition: CalS8 activity was
assayed by following the corresponding conversion of NAD* to
NADH at 340 nm (¢=6220m~") on a Beckman DU7400 UV/Vis
spectrophotometer as previously described.®d All assays were
performed at 30°C in Tris—HCl (50 mm, pH 7.5) containing dithio-
threitol (2 mm, 1 mL total volume). Initial velocities were measured
during the first three minutes after initiation with CalS8 (2.4 x
1073 U). One unit (V) is defined as the amount of enzyme required
to produce 1pmol NADH at 30°C in 3 minutes. The substrate
concentrations for given initial velocity studies were 0.3-1.3 mm
UDP-Glc and 0.1-0.5mm NAD'. Product inhibition studies were
performed by inclusion of a range of fixed concentrations of either
UDP-GIcA (0.02-0.15mm) or NADH (6.0 um—-20 pmv) in the assay
buffer and variation of the concentration of either UDP-Glc or NAD*
in the presence of saturating concentrations of the other substrate
(2 mwm). Initial kinetic and inhibition data was analyzed by the best fit
to the Michaelis—Menton equation calculated with KaleidaGraph
software.

Reaction product analysis: The supernatant from representative
assays was also analyzed by HPLC. Samples (20 uL) were resolved on
a Sphereclone 5um SAX column (150 x 4.6 mm) fitted with a guard
column, with a linear gradient (50 — 200 mm phosphate buffer, pH 5.0,
1.5 mLmin~", Ays.m)- Under these conditions, the retention times for
commercially available UDP-GIc and UDP-GIcA were 6.7 min and
11.3 min, respectively. The CalS8 product from UDP-Glc co-eluted
with commercially available UDP-GIcA and the identity of the
product was confirmed by HRMS.

Substrate and cofactor specificity: To evaluate substrate and
cofactor specificity, saturating levels of other sugar nucleotides
(1 mm)1'% " or NADP* (1 mm) were assayed as previously described
for wild-type substrates. For NADP* assays, CalQ activity was assayed
by following the corresponding conversion of NADP* to NADPH at
340 NM (£350=6220m'cm").

This work was supported in part by the National Institutes of Health
(Grant nos. GM58196, CA84374, and Al52218) and the Mizutani
Foundation for Glycoscience. J.S.T. is an Alfred P. Sloan Fellow and a
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and Norman and Rosita Winston Foundations for postdoctoral
fellowship support (J.A.).
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Alkylation of Microperoxidase-11 by
the Antimalarial Drug Artemisinin

Montserrat Rodriguez, Catherine Claparols,
Anne Robert,* and Bernard Meunier*!

KEYWORDS:

artemisinin malaria

alkylation
mass spectrometry

heme proteins

Artemisinin (1, Scheme 1) is an antimalarial drug extracted from
the Chinese wormwood Artemisia annua. Artemisinin and its
hemisynthetic derivatives artemether and artesunate are effec-
tive against multi-drug-resistant Plasmodium falciparum strains.
They have been used for twenty years to cure more than two
million people, mainly in southeast Asia, without any serious
side-effects or reported cases of resistance.! These peroxide-
based drugs kill all stages of the malaria parasite erythrocyte life
cycle, including “ring” forms, by interaction with heme to
produce carbon-centered radicals®® that are able to alkylate
both the heme moiety itself and parasite proteins.®# The
reductive activation of the peroxide function of artemisinin
by iron() heme produces a high yield of heme derivatives
alkylated at the meso positions by a C-centered radical derived
from artemisinin. The resulting heme -artemisinin covalent
adducts have recently been characterized.®™ The alkylating
ability of artemisinin toward heme groups or parasite proteins
has been considered responsible for the parasiticidal activity of
the molecule.™ In addition, it was recently reported that these
heme - artemisinin adducts are able to inhibit heme polymer-
ization but cannot self-polymerize.”!

The ring and trophozoite stages of the Plasmodium life cycle
are actively involved in the digestion of hemoglobin, which leads
to the release of free heme into the food vacuole of the
parasite. The heme group is then polymerized to form an iron(i)
complex called hemozoin. We investigated the reactivity of
artemisinin with a heme group bound to a peptide fragment in
order to mimic the possible interaction of artemisinin with a
partially degraded hemoglobin molecule. Microperoxidase-11
(MP11) is a heme undecapeptide prepared by proteolytic
digestion of horse heart cytochrome c that retains the sequence
Val11-Glu21 of the starting protein.®! The heme group is
covalently bound to Cys14 and Cys17 through thioether link-
ages. The coordination of His18 as an axial ligand of the iron
atom occupies one face of the porphyrin macrocycle and allows
the peroxide function of artemisinin to interact with the iron
atom on the other face.

[a] Dr. A. Robert, Dr. B. Meunier, Dr. M. Rodriguez, Dr. C. Claparols
Laboratoire de Chimie de Coordination du CNRS
205 route de Narbonne, 31077 Toulouse, Cedex 4 (France)
Fax: (4 33)5-6155-3003
E-mail: arobert@lcc-toulouse.fr, bmeunier@Icc-toulouse.fr
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Scheme 1. Alkylation of the heme cofactor of MP11 by reductive activation of
artemisinin, which leads to an MP11 - artemisinin adduct (only monoalkylation at
the 3 position is depicted).

Alkylation of MP11

MP11 (disodium salt, T mg; 0.53 umol) and artemisinin (10 mol
equiv) were dissolved in a mixture of dimethyl sulfoxide (DMSO),
acetic acid, and water (25/0.2/1.8 v/v/v, 70 uL) and the solution
was degassed. A reducing agent (hydroquinone, 10 mol equiv)
dissolved in the same solvent mixture (5 pL) was added in order
to reduce the iron(n) heme moiety to the ferrous state and
transfer one electron to the drug (final concentration of MP11 =
7.1 mm)."¥ HPLC monitoring indicated more than 65 % conversion
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of MP11 in 30 min at 30°C and five peaks that correspond to less
polar products were detected.” The reaction was stopped by
addition of dichloromethane and subsequent precipitation of
MP11 derivatives. The mixture was centrifuged, washed with
dichloromethane, and dried. The ,,,, value of all products was at
410 nm which, compared to that of MP11 (396 nm), suggested
modification(s) of the heme moiety of MP11 had occured.

The positive ESI mass spectrometry analysis of this crude
reaction mixture was consistent with the presence of MP11
derivatives that have been mono-, di-, or trialkylated by an alkyl
radical produced by reductive activation of artemisinin by the
iron(i) heme cofactor. The coordination of the iron(i) heme to the
peroxide group followed by homolytic cleavage of the O—O
bond gives rise to alkoxy radicals either on O1 or on O2 that are
quickly isomerized into secondary or a primary alkyl radicals
centered at C4. This C4-centered radical (3, Scheme 1) has
previously been evidenced by trapping and alkylation of heme
groups or by heme models.? 4 In the present work, alkylation of
the heme residue of MP11 by 3 with conservation of the
complete structures of both MP11 and artemisinin entities led to
the mono-, di-, or trialkylated adducts termed “full-size” MP11-
(art),, MP11-(art),, and MP11-(art);, respectively in Table 1. The
mechanism of heme alkylation and the structure of the adduct

Table 1. Positive ESI MS of the mixture of covalent MP11 - artemisinin
adducts: m/z values detected.
MP11-(art), MP11-(art), MP11-(art);
M=2144 M=2426 M=2708
z=2 “full size” 1072 1213 1354
— CH;COOH 1042 1183 1324
— (CH,COOH), - 1153 1295
— (CH;COOH), - - 1265
z=3 “full size” 715 809 903
— CH;COOH 695 789 883
— (CH;COOH), - 769 863

MP11-(art),, are depicted in Scheme 1. The mass spectrum
presented peaks at m/z=1072, 1213, and 1354 that were
assigned to dicationic species. The molecular masses of these
compounds are (1862+283—1), [1862+ (2 x 283)—2], and
[1862 + (3 x 283) — 3], respectively, and correspond to the sum
of the masses of MP11 (M=1862), and one, two, or three
C-centered radical(s) (3 after hydrolysis of the Fe—O bond) after
removal of one, two, or three hydrogen atoms from MP11. The
tricationic peaks of these covalent adducts of MP11 and
artemisinin were detected at m/z=715, 809, and 903 for
MP11-(art),, MP11-(art),, and MP11-(art);, respectively. Peaks
corresponding to the loss of acetic acid from the full-size adducts
were also present as expected (loss of 60, 120, and 180 amu from
the full-size adducts described in Table 1). The acetate function
at C12 of the artemisinin-derived fragment is labile because of its
acetal structure, and intramolecular protonation of this fragment
by a propionic acid function of the heme moiety leads to the loss
of an acetic acid molecule. These results clearly show the
polyalkylation of MP11 by an artemisinin-derived alkyl radical.
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Alkylation Sites

The samples that gave the peaks corresponding to tricationic
adducts were fragmented in order to define the alkylated
positions of MP11. The fragmentation of the m/z=695 sample
[MP11-(art),, z=3] produced a peak at m/z= 838, which arises
from the monocationic monoalkylated heme derivative after
cleavage of the peptide chain by reduction of the thioether
functions. Such dissociation of the heme cofactor and peptide
chain has been observed by MS analysis of MP11 itself. A peak at
m/z=420 could be assigned to the corresponding dicationic
monoalkylated heme adduct.

The fragmentation of the m/z=769 species, the trication of
MP11-(art),, produced fragments of m/z=1062 and 531,
assignable to a dialkylated heme derivative after loss of the
peptide chain and two acetic acid molecules (the 1062 and 531
peaks correspond to the mono- and dicationic species, respec-
tively). Fragmentation of the m/z=769 species also showed the
above-mentioned m/z =695 peak from MP11-(art), as the result
of the loss of an artemisinin moiety.

Fragmentation of the m/z=903 species, the tricationic
trialkylated MP11 derivative [MP11-(art);, z=3], produced
m/z=769 and 695 peaks as a result of the presence of MP11-
(art), after loss of two acetic acid molecules and MP11-(art),
after loss of one acetic acid, respectively. No peak assignable to a
trialkylated heme derivative could be detected.

These results indicate that dialkylation of the heme group is
possible in the presence of a tenfold excess of artemisinin with
respect to MP11 (in the previously reported heme alkylation with
a molar ratio heme:artemisinin = 1:1, dialkylated heme deriva-
tives were not obtained and the less reactive meso position was
the y position®!), In light of this result and the steric constraint
of the heme a meso position in MP11 (located between the two
thioether functions), the most reasonable proposal is that
dialkylation of the heme group occurred at the 8 and o positions.
It should be noted that when heme itself (instead of MP11) was
reacted with artemisinin and hydroquinone under the same
conditions as above, mono- and dialkylated heme derivatives
were identified by positive ESI MS, but no trialkylated adduct
could be detected. The site of the third alkylation of MP11 may
therefore be on the peptide chain.

Yield of the Alkylation Reaction

In order to evaluate the yield of the reaction, HPLC spectra were
recorded at 396 and 410 nm, the Soret band wavelengths of
MP11 and the adducts, respectively. Our hypothesis was that the
¢ values at A, would be identical for MP11 and its alkylated
derivatives. The alkylation was run with MP11/artemisinin/
hydroquinone in molar ratio 1/10/10 and the selectivity of the
reaction was in the range 45 -50% (35 % yield of alkylated MP11
for 70% MP11 conversion after 30 min). However, the MP11/
artemisinin/hydroquinone molar ratio 1/4/4 gave a selectivity of
90% after 15 min (40% vyield of alkylated derivatives for 44%
MP11 conversion). The same conversion rates and product
distribution were obtained by using the biologically relevant

1439-4227/02/03/11 $ 20.00+.50/0 ChemBioChem 2002, No. 11





reductant glutathione instead of hydroquinone (MP11/artemisi-
nin/glutathione molar ratio=1/10/10, solvent: DMSO/acetic
acid/water, 25/0.2/1.8 v/v/v).

Conclusion

The reductive activation of artemisinin by the heme cofactor of
MP11 is able to produce drug-MP11 adducts that result from
mono-, di-, or trialkylation of MP11 by a carbon-centered radical
derived from the antimalarial drug. The heme moiety itself was
dialkylated, likely at the 5 and 6 positions, and a third alkylation
position is now under investigation. Alkylation of heme by
artemisinin is therefore possible even when the heme group is
still partially protected by a protein fragment since one face of
the heme moiety is accessible for the reductive activation of the
peroxide group of artemisinin. These data indicate that com-
plete digestion of globin in infected erythrocytes may not be
required for heme-induced activation of artemisinin. Conse-
quently, artemisinin is probably able to act as a lethal alkylating
agent in the early stages of hemoglobin degradation mediated
by Plasmodium.
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