
Peptide Inhibitors Targeting Clostridium
difficile Toxins A and B
Sanofar J. Abdeen, Rebecca J. Swett, and Andrew L. Feig*
Department of Chemistry, Wayne State University, 5101 Cass Avenue, Detroit, Michigan 48202, United States

C is a clinically important opportunis-
tic pathogen and leading cause of
hospital-acquired antibiotic-

associated diarrhea (1). Over the past de-
cade, C. difficile has become a growing
threat worldwide (2, 3) due to prevalence
of hypervirulent strains (3−6) and more re-
cently food-borne infectivity (7−10). Patho-
genicity of C. difficile derives primarily from
two major toxins known as Toxin A (TcdA,
308 kDa) and Toxin B (TcdB, 270 kDa) (11).
They are encoded within the 19.6 kb patho-
genicity locus and share 45% sequence
similarity (2, 12). Both toxins harbor four
conserved regions including an N-terminal
enzymatic region, a protease domain, a
C-terminal receptor binding region known
as CROP (C-terminal repetitive oligopep-
tides) and a translocation region (11, 12).
The toxins are taken up by host cells
through endocytosis but escape the endo-
some during acidification (12). Processing
by the internal protease domain releases
the catalytic domain to the cytosol (13, 14)
where it irreversibly glucosylates the RhoA
family of small GTPases and induces apop-
tosis (13, 15).

Current treatment involves the use of met-
ronidazole or vancomycin (16−18), but anti-
biotic resistance is becoming a serious
problem. Direct targeting of the toxins rather
than the microbe itself can avoid the devel-
opment of resistant strains (19) and thus
has begun to receive significant attention.
Strategies involving toxin-binding resins
(20, 21), immunotherapy (22, 23), and pro-
biotic agents (24, 25) are all currently under

development. Structure-based glucosyl-
transferase inhibitors have been another
area of interest in glycobiology (26). Recent
studies have reported using UDP-mannose
against Clostridium sordellii lethal toxin (27)
and castanospermine for C. difficile TcdB
(28). Peptides or peptidomimetics that inter-
act with the active site of TcdA/TcdB would
be another approach to combat CDAD. This
mode of inhibition has precedent as it was
successfully employed against anthrax toxin
(29). This study reports a collection of pep-
tides selected to bind the active site of TcdA
and to inhibit glucosylation of Rho family
GTPases.

For the initial library, the commercially
available PhD-7 system (NEB) was selected.
Since direct surface immobilization of tar-
get proteins can lead to partial denaturation,
an affinity capture method was used, immo-
bilizing the recombinant catalytic fragment
(rTcdA540) to Ni-NTA resin. The biopanning
protocol (Figure 1, panel a) was specifically
designed to identify those phage that bind

rTcdA540 within the substrate binding pocket

by requiring direct competition with RhoA.

To avoid selecting Ni-NTA binding se-

quences, the library was precleared three

times to remove those phage that bound

resin in the absence of rTcdA540. This step

was reiterated at the beginning of each

round of selection. During the first round,

bound phage were recovered nonspecifi-

cally by release with EDTA. In the next three

rounds, the bound phage were eluted com-

petitively with RhoA while increasing
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ABSTRACT Clostridium difficile causes se-
vere hospital-acquired antibiotic-associated di-
arrhea due to the activity of two large protein
toxins. Current treatments suffer from a high re-
lapse rate and are generating resistant strains;
thus new methods of dealing with these infec-
tions that target the virulence factors directly are
of interest. Phage display was used to identify
peptides that bind to the catalytic domain of C.
difficile Toxin A. Library screening and subse-
quent quantitative binding and inhibition stud-
ies showed that several of these peptides are
potent inhibitors. Fragment-based computa-
tional docking of these peptides elucidated the
binding modes within the active site. These anti-
toxin peptides may serve as potential lead com-
pounds to further engineer peptidomimetic in-
hibitors of the clostridial toxins.
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the stringency of the washing to improve

overall affinity of the surviving phage.

As shown in Figure 1, panel b, despite
an equal number of phage being introduced
during each round of selection, the number
of eluted phage decreased in the second
round. This result indicates that by switch-
ing from nonspecific to competitive elution,
nonspecific peptides that survived the first
round were removed from the pool. During
rounds 2�4, phage recovery increased con-
tinuously, and at the end of the fourth
round, 10% of all input phage were
captured.

Analysis of 200 peptide sequences re-
vealed 36 unique peptides, many of which
were identified multiple times (Figure 1,
panel c). These peptides were divided into
five distinct families based on their se-
quence similarity (Families A�E) and highly
structured subfamilies, suggesting that
these peptides are not random but have
been preferentially selected.

Individual phage were then tested in iso-
lation to measure their affinity for TcdA. First,
a rapid ELISA screen was used employing a
single concentration of rTcdA540 (Figure 1,
panel c), identifying 17 individual peptides
(shown in red) with the tightest toxin bind-
ing. Hit scores reflected the binding capaci-
ties of each phage (described in detail in
Methods). A quantitative ELISA assay was
then used to measure affinities (Kd) for the
phage-bound peptides by titrating the
amount of rTcdA540 immobilized in each
well. Overall, peptides exhibited coopera-
tive binding with Hill coefficients of 2�3
and with Kd values ranging from mid-
nanomolar to low-micromolar (Figure 2, pan-
els a and b). In a polyvalent phage display,
multiple binding events can give rise to che-
late or avidity effects leading to over-

representation of lower affinity peptides dur-

ing the selection process. Since the natural

substrate RhoA has poor affinity (KM �

300 �M) to TcdA (30), the peptides exhibit

Figure 1. Overview of biopanning strategy and selection process. a) Schematic diagram of the
phage display protocol. b) Histogram showing the progress of biopanning over the course of the
selection process indicating the fraction of the phage recovered during each round. c) Families
of peptide sequences identified from the analysis of 200 independent phage sequences and
their apparent affinities. The binding affinities were obtained by a phage-based preliminary
ELISA. Those marked in red exhibited binding affinities �200 nM; blue, 200�1000 nM; and
gray, �1 �M.

Figure 2. Binding data for phage displaying inhibitory peptides. a) Representative binding plot
showing the interaction of phage HAIYPRH binding rTcdA540 with Kd of 170 � 10 nM and cooper-
ativity factor of 3. b) Histogram showing the frequency with which each of the 17 tight binding
peptides were observed among the 200 phage sequenced. Peptides are ordered on the basis of
their affinities for rTcdA540 and cooperativity values (n) are shown at the far right. All Kd values
are the mean of four independent experiments.
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tight binding relative to that of the natural
substrate.

Two phage sequences were selected for
detailed inhibition analysis. Phage display-
ing the peptide EGWHAHT is a tight binder
from family D (Kd � 100 nM) and was
among the tightest interactions from the ini-
tial screen. HQSPWHH from Family A2 binds
toxin with modest affinity (Kd � 330 nM)
but showed the highest affinity in computa-
tional docking studies (see below). Inhibi-
tion activity was tested using a filter plate
assay (30). UDP-[14C]-glucose, rTcdA540, and
phage were incubated with RhoA in glucosy-
lation buffer. Aliquots were removed at de-
sired time points, quenched, and applied to
a protein binding membrane to capture the
radiolabeled product. Control experiments
in the absence of RhoA verified that the
TcdA was incapable of glucosylating phage
proteins (data not shown). Typical data from
a kinetic time course, measured as a func-
tion of phage concentration, are shown in
Figure 3, panel a and Supplementary Figure
S1. Both peptides HQSPWHH and
EGWHAHT effectively inhibit glucosyltrans-

fer activity (GT) (Supplementary Table S1).
Surprisingly, in the context of the phage,
HQSPWHH was 100-fold more effective as
an inhibitor than EGWHAHT (Supplementary
Table S1), despite the fact that EGWHAHT
has a tighter binding affinity. Thus, the
phage that bind most tightly to TcdA are
not necessarily the best glucosylation
inhibitors.

Phage-based inhibition must be com-
pared to that of the free peptides. Synthetic
peptides with the sequence EGWHAHTGGGC
and HQSPWHHGGGC were therefore pre-
pared and tested for GT inhibition activity
with both TcdA540 (Figure 3, panel b) and
TcdB (Supplementary Figure 2). These data
were fit to a partial competitive inhibition
model to obtain the apparent Ki. Consistent
with the phage-based inhibition studies,
HQSPWHHGGGC had a lower Ki (300 � 200
nM) compared to that of EGWHAHTGGGC
(500 � 200 nM), but a lower overall extent
of inhibition (Supplementary Table S1).
Promisingly, the peptides effectively inhibit
both TcdA and TcdB in the low- to mid-
nanomolar range. A nonspecific 7-mer pep-

tide from a different phage display experi-
ment employing the PhD-7 library showed
no inhibition (data not shown).

In addition to the GT activity, TcdA and
TcdB also catalyze UDP-glucose hydrolysis
(GH activity) in the absence of a suitable
protein substrate. Although GH activity is
thought to be irrelevant in vivo, it is useful
enzymologically to identify and characterize
the properties of inhibitors. Both peptides
tested effectively inhibited GH activity at low
(0.5 mM) UDP-glucose concentrations
(Supplementary Figure S3), and inhibition
behavior was competitive with respect to
UDP-glucose. The partial competitive inhibi-
tion with respect to RhoA thus results from
the UDP-Glc concentrations used in the en-
zyme assays to ensure rapid GT activity and
may be less important in a cellular context
where UDP-Glc concentrations are �100 nM
(31).

To better understand how the peptides
bind to C. difficile toxins, a computational
approach was used. Molecular models of
the selected peptides were created and flex-
ibly docked into N-terminal catalytic do-
main of TcdB (32). The crystal structure of
the N-terminal catalytic domain of TcdB was
used as the catalytic domain as TcdA has
not been crystallographically resolved. Both
TcdA and TcdB target Rho proteins, Rac1,
and Cdc42 and have identical substrate
specificities. Furthermore, the catalytic do-
mains of TcdA and TcdB exhibit 74% se-
quence homology (1), making it a suitable
substitute for these studies. The docked
structures were then validated using molec-
ular dynamics under full solvation. Over a 10
ns timecourse, no major rearrangements
were observed.

Peptides EGWHAHT and HQSPWHH both
bind with their N-terminal residue occupying
the active site (Figure 4). Binding conforma-
tions exhibit backbone coordination of the
catalytic metal ion and electrostatic interac-
tions with the highly charged active site re-
gion. HQSPWHH adopts a curled conforma-
tion (Figure 4, panel a) in order to facilitate

Figure 3. Inhibition of glucosyltransferase activity of rTcdA540. a) Phosphorimage of an inhibition
assay time course involving phage displaying the peptide HQSPWHH. Each column is an inde-
pendent 60 min time course. A representative progress curve is shown in Supplementary
Figure 1. b) Glucosyltransferase inhibition plot for synthetic peptides HQSPWHHGGGC and
EGWHAHTGGGC showing the relative rate (vi/v0 where vi is the rate in the presence of inhibitor
and v0 is the rate in the absence of inhibitor) as a function of peptide concentration.
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interaction of the C-terminal histidines with
the charged loop region comprised of resi-
dues 513�526, a known mobile loop within
the active site critical for GT activity (33,
34). Ser3 and Pro4 flank Trp520, blocking
its availability for catalysis. Histidines 6 and
7 form close contacts with Met516 and a

Arg526 respectively (Supplementary Figure
S4 and Table S2). The curled conformation
directs the backbone segment between the
serine and the proline to the coordination
sites of the magnesium (Supplementary Fig-
ure S4), while allowing the N-terminal histi-
dine to contact a pocket comprised of an

Arg273-Asp270 pair. EGWHAHT adopts an
extended conformation (Figure 4, panel b)
inserting His4 in a charged pocket com-
prised of Asn378, Lys380, and Lys463, po-
sitioning it between Trp102 and 520 of
TcdB, both of which are required by the
toxin for catalytic activity (33, 34). His6 con-
tacts the catalytic mobile loop region be-
tween residues 514 and 520 (Supplemen-
tary Figure S5).

In summary, here we present two pep-
tide inhibitors for TcdA and TcdB with mid-
nanomolar Ki values. The computationally
determined conformations of these pep-
tides in the active site can be used to deter-
mine their potential for further functionaliza-
tion. Although the protein�peptide contacts
involve a large surface area, only a few of
these contacts are likely to contribute the
majority of the overall binding energy. With
these peptides in hand and ongoing work
probing their interaction with the toxins, we
can use this knowledge to engineer peptide
mimetics and small molecules with better
in vivo stability and inhibitory activity to use
against C. difficile infections.

METHODS
rTcdA540 Purification. All procedures with rTc-

dA540 DNA were carried out in a Biosafety Level 2
lab (BL2) following standard operating procedures.
The N-terminal minimal catalytic domain of C. dif-
ficile Toxin A composed of residues 1�540 (rTc-
dA540) was successfully cloned, and catalytic activ-
ity was confirmed (30). E. coli BL21 (DE3) cells
(Stratagene) harboring a rTcdA540 plasmid was
used for protein expression. Cells were lysed by
sonication in 50 mM sodium phosphate, 300 mM
NaCl, 10 mM imidazole, at pH 8.0, supplemented
with EDTA-free complete protease inhibitor cock-
tail (Roche). The cell lysate was clarified by cen-
trifugation and sterile filtered (0.22 �m filter). The
protein was purified using a nickel-chelated HiTrap
column (GE Healthcare) and eluted with 250 mM
imidazole. It was further purified over a HiLoad
16/60 Superdex 200 gel filtration column (GE
Healthcare). Size exclusion column fractions were
reapplied to the nickel-chelated HiTrap column to
concentrate the protein and eluted in a small vol-
ume of buffer containing 250 mM imidazole. The
purified protein was dialyzed into storage buffer
(50 mM HEPES-K, 100 mM KCl and 1 mM MgCl2,
at pH 7.5) and stored at 4 °C.

RhoA Purification. The glutathione-S-transferase
(GST)-tagged RhoA was purified using E. coli Roset-

Figure 4. Binding modes of peptides HQSPWHH (blue) and EGWHAHT (green) derived from com-
putational docking. a) HQSPWHH in the TcdB active site. b) EGWHAHT in the TcdB active site.
Catalytic magnesium is indicated as a green sphere. Additional images of the binding interac-
tion are available in the Supporting Information.
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ta2 (DE3) cells (Invitrogen) harboring pGEX-2T-
RhoA-GST, courtesy of the Richard A. Cerione lab
(35). Cells were lysed by sonication in PBS,
supplemented with EDTA-free complete protease
inhibitor cocktail (Roche). The clarified cell lysate
was loaded onto immobilized Glutathione resin
(Thermo Scientific) and incubated for 1 h at 4 °C
on a rotating platform. After the incubation period,
the slurry was transferred to a disposable plastic
column (Thermo Scientific). Bound protein was
eluted in 50 mM Tris·HCl, containing 10 mM re-
duced glutathione at pH 8.

E. coli Rosetta2 (DE3) cells (Invitrogen) contain-
ing pET28a vector with His6-tagged human RhoA
were also utilized for protein expression (30). Cells
were lysed by sonication in lysis buffer (50 mM
HEPES, 300 mM NaCl, 1 mM MgCl2 pH 8.0),
supplemented with protease inhibitors. Proteins
were purified using an imidazole gradient from a
nickel-chelated HiTrap column.

Both the purified GST-tagged and His6-tagged
protein were dialyzed into storage buffer and
stored at 4 °C.

Phage Display. M13 phage-based 7-mer linear
peptide library (Ph.D-7 peptide library from New
England Biolabs) was used as the initial phage dis-
play library. Magnetic Ni-NTA bead-based affinity
capture was used to immobilize rTcdA540. There-
fore a preclearance step was performed prior to
each round of panning to remove plastic and Ni2�

binders from the phage pool. Ni-NTA (250 �g ca-
pacity) magnetic agarose beads (QIAGEN) were
washed 5 times with TBST buffer (50 mM Tris.HCl,
150 mM NaCl, 0.1% [v/v] Tween-20, pH 7.5). TBST
buffer containing 1010 pfu mL�1 of the phage li-
brary was incubated with washed Ni-NTA magnetic
agarose beads at RT for 1 h with continuous rota-
tion. The supernatant of this solution provided the
precleared phage pool. For target immobilization,
20 �L of washed Ni-NTA magnetic agarose beads
(50 �g capacity) were coated for 1 h at RT with
100 �g of purified His-tagged rTcdA540 with con-
tinuous rotation. After the incubation period, un-
bound toxin was washed away with storage buffer.
The precleared phage pool was added to the rTc-
dA540 coated Ni-NTA beads and incubated at RT for
1 h with continuous rotation. Unbound phage
were removed by washing 20 times with 200 �L
of TBST buffer. Four rounds of elution were per-
formed under the following conditions: TBST buffer
supplemented with 50 mM EDTA for round 1,
25 �g of purified glutathione-S-transferase-tagged
RhoA in round 2, and 50 �g of purified GST-tagged
RhoA for rounds 3 and 4.

At the end of each round of selection, eluted
phage were amplified in E. coli ER2738 cells (NEB)
and phage were counted. After the fourth round,
200 phage colonies were selected randomly.
Phage DNA was purified using the manufacturers
protocol (NEB) and sequenced (Beckman-Coulter
CEQ8000 sequencer).

Preliminary ELISA To Identify rTcdA540 Binding
Peptides. A 96-well flat-bottom black assay plate
(Fisher) was incubated with TBS (50 mM Tris·HCl,
150 mM NaCl, pH 7.5) buffer containing 1010 pfu
from each of 36 phage colonies overnight at 4 °C.
(Note: all colonies were plated in duplicate, allow-

ing one well to serve as a negative control.) After
the incubation period, the wells were washed 6
times with TBS and then blocked with 2% bovine
serum albumin (Sigma) in TBS for 2 h at RT. Wells
were then washed 6 times with TBS. Storage buffer
(negative control) or storage buffer supplemented
with 2 �M rTcdA540 was added to each well. The
plate was incubated at RT for 1 h with shaking and
then washed 3 times with TBS buffer. To each
well 1 �g mL�1 His Probe-HRP [a nickel (Ni2�) acti-
vated derivative of horseradish peroxidase
(Thermo Scientific)] was added and incubated at
RT for 1 h. Wells were washed 4 times with TBS. To
each well was added 200 �L of a 1:1 mixture of Lu-
minol/Enhancer Solution with Stable Peroxide So-
lution (Thermo Scientific), and after 5 min chemilu-
minesence was measured on a luminometer
(Tecan GENios Plus multi label reader). Sample
readings were compared to their corresponding
negative control to obtain a hit score using eq
where A0 is the chemiluminescence of the sample
and B0 is the intensity of the negative control.

hit score �
log(A0 � B0)

log B0
(1)

Quantitative Phage-rTcdA540 Binding Assay. Puri-
fied rTcdA540 (2�1000 nM in storage buffer) was
coated overnight at 4 °C to 96-well flat-bottom
transparent assay plates (Fisher). After the coat-
ing step, unbound toxin was removed, and wells
were washed with storage buffer. Plates were
blocked for 2 h at RT with a solution of 2% nonfat
dry milk in storage buffer and then washed again.
Approximately 40 �L of solution containing 1 	
1010 phage was added to wells and incubated for
3 h at RT with shaking. After washing 6 times with
storage buffer, the plates were incubated for an
additional 1 h with anti-M13 monoclonal antibody
coupled to horseradish peroxidase (GE health-
care) (1:10,000 dilution into storage buffer). Un-
bound antibodies were removed, and the wells
were washed 10 times with storage buffer. The en-
zymatic activity was assayed by addition of 1 Step
Turbo TMB-ELISA (Thermo Scientific). The reaction
was terminated with 100 �L of 1 M H2SO4. Color in-
tensity was quantified at 450 nm using a Tecan GE-
Nios Plus multi label plate reader and compared
to control reactions using milk-coated wells. Data
were plotted as the mean � SD of four indepen-
dent experiments. Binding data were fit using non-
linear least-squares analysis (Kaleidagraph, Syn-
ergy Software) to a cooperative binding model
(36).

Phage-Based Glucosyl Transfer Inhibition Assay.
Glucosyltransferase activity in the presence or ab-
sence of inhibitory phage was measured by prein-
cubating 2 nM rTcdA540 with 1010 pfu phage for 1 h
at 37 °C. Reaction was initiated by addition of pre-
incubated toxin-phage mixture to glucosylation
buffer (50 mM HEPES-K, 100 mM KCl, 2 mM MgCl2,
2 mM MnCl2, pH 7.5) containing 2 �M RhoA,
15 �M UDP-glucose (Sigma) and 15 �M UDP-[14C]-
glucose (Perkin-Elmer). At appropriate time points
(0.5, 2, 5, 10, 20, 40, 60 min) 8-�L aliquots were
removed and quenched into 40 �L of 10 mM EDTA
at pH 8.0. Quenched sample points were loaded

onto a Biodyne-B high-protein binding 96-well fil-
ter plate (Nunc) and aspirated into a collection
plate in a MultiScreen Vacuum Manifold (Milli-
pore). The filter membrane was washed exten-
sively with wash buffer (50 mM HEPES-K, 100 mM
KCl, pH 7.5), dried, and imaged overnight in a
phosphorimage cassette. A Typhoon phosphorim-
ager (GE Healthcare) and ImageQuant software
were used to quantify the pixel intensities.

Pixel intensities were converted to moles of
[14C]-glucosylated RhoA by using a standard curve
(30). A GT reaction containing 20 �M RhoA, 163
nM rTcdA540, and 30 �M UDP-[14C]-glucose (Perkin-
Elmer) was incubated at 37 °C for 5 h to achieve
quantitative modification of RhoA. The reaction
mixture was then dialyzed using a 3500 MWCO
Slide-A-Lyzer Cassette (Pierce) to remove all unin-
corporated label. Serially diluted dialyzed reaction
mixture was applied to Biodyne-B high-protein
binding 96-well filter plate (Nunc), while dupli-
cate samples were analyzed by liquid scintillation
counter (Beckman Coulter). Radioactivity was then
directly related to the amount of 14C-labeled RhoA
retained on the filter membrane, which provides
the conversion factor to moles of 14C retained on
the membrane. The standard curve membrane is
exposed on the same PI plate with all experimen-
tal data to account for differential exposure.

Apparent inhibition constants (Ki) were ob-
tained by fitting the ratio of initial rate of the GT as-
say, in the presence (vi) and absence (v0) of pep-
tide using nonlinear linear least-squares analysis
to a reversible partial competitive inhibition model
(37), eq , where I is the phage or peptide inhibi-
tor concentration, KM is the Michaelis constant for
RhoA, Ki is the inhibition constant, S is the sub-
strate concentration (RhoA), and X0 is the coeffi-
cient of maximum inhibition under the experimen-
tal conditions.

vi

v0
�

KM

KM�1 �
I

Ki
� � S

� X0 (2)

Peptide Inhibition of Glucosyltransferase and
Glucosylhydrolase Activity. Synthetic peptides
EGWHAHTGGGC and HQSPWHHGGGC with
C-terminal amide-modification were purchased
from American Peptide Company, Inc. Sunnyvale,
CA. Peptides were purified by reverse-phase HPLC
over a C18 column (Beckman Coulter)], using a
gradient of 0�100% acetonitrile containing 0.1%
trifluoroacetic acid and monitored by UV absorp-
tion. After purification, the peptide was lyophilized
and redissolved in water. The identity of each
product was confirmed by electrospray mass
spectrometry.

GT inhibition assays contained 10 �M RhoA,
15 �M UDP-glucose (Sigma), and 15 �M UDP-[14C]-
glucose (Perkin-Elmer) in glucosylation buffer as
described above, as well as 0�3000 nM peptide.
Reactions were initiated by addition of 2 nM rTc-
dA540 or TcdB (courtesy of Prof. Hanping Feng (38)).
Ki values were obtained by fitting the data to a par-
tial competitive inhibition model as described for
the phage-based GT inhibition assays.
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GH activity was measured using a coupled en-
zyme assay. UDP released during the hydrolysis
is coupled to the oxidation of NADH using pyru-
vate kinase and lactate dehydrogenase (39). The
reaction was carried out using an Agilent 8453
UV�vis spectrophotometer equipped with a cir-
culating water bath to maintain the temperature
at 37 °C. Reaction was monitored by adding 200
nM rTcdA540 to glucosylation buffer supple-
mented with UDP-glucose, 0.2 mM NADH, 1 mM
phosphoenolpyruvate (PEP), 3 units of pyruvate
kinase, and 6 units of lactate dehydrogenase.
The initial GH rate was measured at 0.5 mM UDP-
glucose (standard saturation conditions) in the
absence or presence of inhibitory peptides (10
nM for HQSPWHHGGGC or 1 �M for EGWHAHT-
GGGC). UDP-glucose was varied from 0.5 to
13.5 mM to monitor the effect of increased sub-
strate concentration on the inhibition behavior.
The relative rate (Vi/V0) was calculated by ratio of
initial rate of the GH assay, in the presence and
absence of peptide.

Peptide Docking. Molecular models of selected
peptides were built using Spartan =02 (40), mini-
mizing at the AM1 level of theory. Models were
saved in Sybyl mol2 format and catenated into a
library for docking. Flexible docking was per-
formed using FlexX 3.1.0 (41). Crystal structure
2BVL (32) was retrieved from the RCSB database
for use as the docking receptor. Crystallographic
phasing markers and counterions were removed,
retaining crystallographic water molecules. The
active site for docking was defined by 20 Å
spheres around each atom of the crystallograph-
ically observed UDP. The crystallographic cata-
lytic manganese was replaced with a magnesium
ion for ease of calculation. A docking pharma-
cophore with two optional constraints was con-
structed utilizing the two octahedral coordination
sites of the magnesium occupied by the crystal-
lographic UDP molecule. Dockings performed
without the use of a pharmacophore resulted in
identical conformations. Water molecules within
the active site were included in the docking, des-
ignated as fully rotatable and displaceable.
Dockings were ranked using the FlexX internal
scoring protocol (42). Results were viewed, and
all images were generated using the UCSF Chi-
mera visualization program (43) version1.4.1.
The docked structures were then simulated for
10 ns to determine the stability of the docked
conformation. The complete protein/peptide
complex was solvated and ionized to 0.5 mM
NaCl and simulated using the CHARMM27 force
field under NAMD (1) on the WSU Grid supercom-
puter. A time step of 1 fs was used, periodic
boundary conditions were applied, and Lange-
vin dynamics were utilized to maintain constant
temperature at 300 K. A scaled cutoff was em-
ployed in the calculation of the long-range elec-
trostatics. Activity of the simulation was moni-
tored by Generalized Masked Delaunay analysis
using TimeScapes (44) as well as visual
inspection.
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