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ABSTRACT: Extracellular-regulated protein kinase 2 (ERK2) is a serine/threonine-specific protein kinase capable of
phosphorylating multiple protein substrates within a cell. In an attempt to identify novel peptides that bind and inhibit
the function of an active form of ERK2, phage display was carried out using a disulfide-constrained peptide library
(X2CX14CX2). Several phage clones were identified by an enzyme-linked immunosorbent assay (ELISA) that
competed with both a protein substrate and adenosine triphosphate (ATP) for immobilized ERK2. A chemically
synthesized peptide derived from these experiments, NH2-KKKIRCIRGWTKDIRTLADSCQY-COOH, inhibited
ERK2 phosphorylation of the protein substrate Ets�138, exhibiting competitive and mixed inhibition towards
Ets�138 and MgATP2�, respectively. Surprisingly, the same peptide displayed equally potent inhibition towards the
phosphorylation of ATF2 by p38 MAPK�, another MAP kinase that has �46% sequence similarity to ERK2. This
study indicates that active ERK2 can be targeted by phage display to find novel antagonists to kinase function and
suggests that protein-binding sites within the MAPK family may contain conserved features that render them
susceptible to ligand binding. Copyright # 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

ERK2 is a member of the mitogen-activated protein
kinase (MAPK) signaling cascade that is conserved
among eukaryotes. Following mitogen or growth factor
activation of cell surface receptors, an internal cell-
signaling pathway is stimulated which ultimately leads
to gene transcriptional changes. Activation of the MAPK
signaling cascade involves Raf kinase activation which
phosphorylates and activates MAPK kinases (MAPKKs)
by dual phosphorylation. Activated MAPKKs are capable
of phosphorylating their cognate MAPKs. Upon phos-
phorylation of both Thr-183 and Tyr-185 in the flexible
phosphorylation loop, ERK2 undergoes a conformational
change leading to its activation,1 homodimerization and
nuclear translocation.2 The covalent phosphate additions
maintain the enzyme in an active state until phosphatase-
mediated hydrolysis of one or both phosphates leads to
ERK2 inactivation. Activated ERK2 is capable of reg-
ulating gene transcription by phosphorylating transcrip-
tion factors in response to mitogens. These events lead to
phenotypic changes at the cellular level including pro-
liferation, differentiation and cell growth.

Since the activation of ERK2 stimulates cells to pro-
liferate, many cancers and transforming agents utilize the
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MAPK cell-signaling pathway to carry out unregulated
cell growth.3 Therefore, ERK2 is an obvious target for the
development of small molecule inhibitors for cancer
therapeutics. However, development of antagonists
specific to individual members of the protein kinase
family has proven difficult, owing to the conservation
of active site residues in the hydrophobic MgATP2�

binding pocket. Many inhibitors of protein kinases target
the MgATP2� binding site as seen in the case of poly-
hydroxylated flavones,4 isoquinolinesulfonamides,5,6 and
both pyridinylimidazoles and triarylimidazoles,7–9 which
inhibit cyclin-dependent kinase (CDK), cAMP-depen-
dent protein kinase and p38 MAPK�, respectively. Un-
fortunately, these inhibitors often bind other enzymes that
utilize MgATP2�,10 and must compete with high intra-
cellular concentrations of ATP (3.2� 1.7 mM).11 An
alternative approach to kinase inhibition involves the
use of peptides that resemble a consensus phosphoryla-
tion site that is recognized by an enzyme’s active site.12

Active site-directed peptide inhibitors, however, are not
typically potent due to weak binding affinities and since
several kinases tend to recognize similar phosphorylatable
regions, they may also be fairly non-specific. For example,
both MAPKs and CDKs phosphorylate serine or threonine
residues followed by a proline so a peptide inhibitor de-
signed to inhibit a MAPK may also inhibit a CDK. A recent
approach physically linked ATP�S and a peptide inhibitor,
both capable of binding the enzyme independently, to
generate bisubstrate inhibitors in the nanomolar range.13

Another potentially more promising approach towards
the inhibition of certain protein kinases is to block protein
binding sites on the enzyme that lie distant from the
active site. Some protein kinases, including members of
the MAPK15 and CDK14 family, contain docking regions
for proteins located outside of the active site. In the case
of the MAPKs, these regions regulate the specificity of
interactions of the kinase with protein substrates, and also
with positive and negative regulators of their activity. The
C-terminal region of ERK2, for example, contains acidic
residues Asp-316 and Asp-319, that function as the
docking site for the activator MAPKK1, the inactivator
MAPK phosphatase 3 and several protein substrates
including Elk-1, MAPK signal-integrating kinase 1 and
ribosomal S6 kinase.15,16 Therefore, these putative dock-
ing regions are attractive drug targets in that they may
contain primary and/or secondary structure information
specific to an individual kinase and its interactions with
other proteins. Indeed, peptides with an RXL motif have
been shown to disrupt substrate binding to CDK2 through
such a mechanism.17

Proteins that contain ‘hot-spots,’ such as human growth
hormone,18 integrins,19 and streptavidin,20 have evolved
to bind small peptide motifs tightly. Hot spots are
proposed to be regions where intramolecular backbone
hydrogen bonds are not sufficiently dehydrated. These
bonds have been termed underdehydrated hydrogen
bonds (UDHBs).21 Thus, a UDHB on the surface of the

protein may indicate a potential binding site, or hot spot,
that can associate with proteins or peptides to exclude
water from backbone hydrogen bonds. Such hot spots
have been elucidated using peptide phage display.22

Phage display is a technique used to select phage that
bind a protein of interest (referred to as a receptor of
phage binding) from a large library of phage, each
expressing a novel peptide on their protein coat. Each
peptide is displayed as a fusion protein on the extracel-
lular surface of the phage coat and can potentially be
captured by binding to the receptor protein. Each peptide
is physically linked to its internal phage DNA, allowing
rapid identification. Using this technique, phage particles
with a phenotype of interest can be selected through
receptor binding and their genotype determined.

Previously, Zwick et al. used phage display to select
peptides that bind ERK1/2 MAP kinase. However, a
peptide substrate (TGPLSPGPF) was used to elute the
phage competitively, presumably targeting only the
phage that bind the active site.23 The selected sequences
found to bind ERK1/2 in their study, FHKPLKR and
NPAHSPW, were not further characterized for their
ability to bind or inhibit ERK1/2.

In this study, phage display was performed to select for
novel peptides that bind an activated form of ERK2 using
a disulfide-constrained peptide library fused to the phage
minor coat protein III (pIII) using multiple rounds of
affinity purification (biopanning).22

EXPERIMENTAL

Materials

The X2CX14CX2 fd-tet phage library, inserted into a fUSE5
virion, was a gift from B. Wang (Case Western Reserve
University, Cleveland, OH, USA) and the Escherichia coli
K91BluKan strain used for propagation of the phage was a
gift from G. Smith (Washington University, St. Louis, MO,
USA). Tween-20 was obtained from J. T. Baker (Phillips-
burg, NJ, USA). Sulfo-NHS-LC-biotin, biotin, streptavidin-
coated 96-well plates, antibodies and ELISA reagents were
purchased from Pierce (Rockford, IL, USA). Kinase assays
utilized Na4ATP (Roche, Indianapolis, IN, USA) and
[�-32P]ATP4� (ICN, Irvine, CA, USA). BSA was obtained
from Fisher Scientific (Fair Lawn, NJ, USA), DTT from
USBio (Swampscott, MA, USA), Tris base from EM Indus-
tries (Gibbstown, NJ USA) and all other reagents from Sigma
(St. Louis, MO, USA). Proteins were concentrated using
Centricon-10 centrifugation filter devices with a molecular
weight cutoff of 10 kDa (Millipore, Bedford, MA, USA).

Purification of His6- and GST-tagged
proteins

DNA encoding rat-His6-ERK2 and MAPKK1 R4F were
simultaneously expressed in Escherichia coli BL21
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(DE3) pLysS giving rise to the activated (dual-phosphate)
form of ERK2 and purified essentially as described,2

dialyzed overnight at 4 �C into buffer S0 (20 mM HEPES,
pH 7.3, 100 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA and
2 mM DTT) containing 10% glycerol, concentrated using
a Centricon-10 filter and snap-frozen in liquid nitrogen.

DNA encoding murine-His6-Ets�138 in a pET28a
vector (Invitrogen) was expressed and purified as de-
scribed previously;24 however, DNaseI was omitted from
the lysis buffer and the Mono Q HR 10/10-purified
Ets�138 was dialyzed overnight into S0 buffer lacking
DTT at 4 �C, concentrated to 25 mg ml�1 and snap-frozen.

DNA encoding inactive rat-His6-p38 MAPK� in a
pET14b vector (Invitrogen) was expressed in E. coli
BL21 (DE3) pLysS, grown in LB containing 50 mg
ml�1 ampicillin to an OD600 0.6–0.8 at 30 �C and induced
for protein expression with 0.5 mM IPTG for 3 h. The
His6-tagged protein was purified using Ni-NTA affinity
chromatography as described,24 dialyzed overnight in S0
buffer containing 10% glycerol at 4 �C, concentrated to
2 mg ml�1 and snap-frozen.

DNA encoding the mutant GST-MAPKK6b (S207E/
T211E) fusion protein was expressed in E. coli BL21
(DE3) pLysS, grown to an OD600 of 0.6–0.8 at 30 �C in
LB containing 50mg ml�1 ampicillin, and induced with
0.5 mM IPTG for 3 h. The cells (9 g from 3.2 l) were
centrifuged at 6000 rpm at 4 �C in a GS3 rotor (Sorvall)
and the pellet was snap-frozen. The cells were thawed,
resuspended in 50 mM Tris–HCl, pH 7.5, 0.1% (v/v) 2-
mercaptoethanol, 0.1 mM PMSF, 0.1 mM TPCK, 1 mM

benzamidine, 2 mM EDTA, 2 mM EGTA, 1% (w/v) Triton
X-100, 0.25 M NaCl, and sonicated on ice (5� 30 s pulses)
to maintain a temperature lower than 4 �C. The cellular
debris was pelleted by spinning at 16 000 rpm for 15 min at
4 �C in an SS34 rotor (Sorvall). The supernatant was gently
mixed for 2 h at 4 �C with 2 ml of glutathione agarose resin
to bind the fusion protein. The agarose beads were washed
with 30 ml of 50 mM Tris–HCl, pH 7.5, 0.1% (v/v) 2-
mercaptoethanol, 0.1 mM PMSF, 0.1 mM TPCK, 1 mM

benzamidine and 0.125 M NaCl. The fusion protein was
eluted with 10 ml of 20 mM reduced glutathione dissolved
in 50 mM Tris–HCl, pH 8.0, 0.1% BME, 0.1 mM PMSF,
0.1 mM TPCK and 1 mM benzamidine to yield 1.4 mg of
total protein. The GST-MKK6b fusion protein was dialyzed
at 4 �C in buffer S0 containing 10% glycerol, concentrated
to 2 mg ml�1 and snap-frozen.

DNA encoding GST-ATF2-(1–115) was expressed and
purified as described,25 omitting protease inhibitors from
the Mono Q buffers and dialyzed into S0 buffer lacking
DTT at 4 �C.

Activation of p38 MAPKa

p38 MAPK� (4mM) and a constitutively active mutant
form of its activator (GST-MAPKK6b) (0.3 mM) were
incubated with an activation buffer containing 10 mM

HEPES, pH 8.0, 4 mM ATP, 20 mM MgCl2 and 2 mM

DTT for 3 h to phosphorylate p38 MAPK�. Activated
p38 MAPK� was purified using methods similar to
activated ERK226 and eluted from the Mono Q HR
10/10 at 0.42 M NaCl. The eluted protein was dialyzed
overnight in buffer S0 containing 10% glycerol at 4 �C,
concentrated to 2 mg ml�1 and snap-frozen. An analo-
gous reaction was carried out in the presence of
[�-32P]ATP (150 cpm pmol� 1) to determine the molar
ratio of phosphate incorporated into p38 MAPK�. This
was carried out by spotting portions of the reaction on
P81 cellulose paper26 or TCA precipitated, washed to
remove radiolabeled ATP, counted in a scintillation
counter, and determined as 2.8 mol mol�1 phosphate
(only 2 mol mol�1 is expected for active p38 MAPK�).

Biotinylation of ERK2

Biotin was covalently linked to active ERK2 to form biotin-
ERK2 (b-ERK2) using sulfosuccinimidyl-6-(biotinamido)-
hexanoate (sulfo-NHS-LC-biotin). The NHS mixed carbo-
nate reacts with primary amine side-chains to form a stable
carbamate bond with ERK2. A 2:1 mol mol�1 ratio of
NHS-LC-biotin to ERK2 was added in buffer S0 contain-
ing 1 mM ATP on ice for 2 h. ATP was added to protect
biotin incorporation into Lys-52 of ERK2, which is
required for efficient catalysis.27 Unreacted biotin was
removed using a Centricon-10 filter by buffer- exchange
(at least 3� 2 ml of buffer S0 containing 10% glycerol).
Aliquots were snap-frozen in liquid nitrogen and stored at
� 80 �C. Biotinylation was confirmed by Western blot
analysis using a horseradish-peroxidase conjugated sec-
ondary rabbit anti-goat antibody (1:10 000) and primary
goat anti-biotin antibody (1:10 000) as described by the
manufacturer (Pierce). ERK2 that was not biotinylated was
not detected in the Western blot.

Kinetic measurements of biotin-ERK2
in solution

The specific activity of ERK2 was determined by mea-
suring initial rates of radiolabeled phosphate incorpora-
tion into the substrate Ets�138 by spotting the reaction
on P81 paper as previously described.24 Reactions were
performed in a 100ml volume in the presence of 1–2 nM

b-ERK2, 11.3mM Ets�138, 10 mM MgCl2, 100mg ml� 1

BSA, and 100mM [�-32P]ATP (500–1000 cpm pmol� 1)
in buffer S0 lacking DTT at 25 �C.

Kinetic measurements of immobilized
b-ERK2

Immobilization of b-ERK2 in 96-well streptavidin-
coated plates was carried out by adding the enzyme in
binding buffer B0 (buffer S0 containing 0.1% 2-mercap-
toethanol substituted for DTT) for 2 h at 4 �C with mild
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shaking. The wells were washed once with buffer B0 to
remove the unbound b-ERK2, prior to the addition of
blocking buffer B1 (buffer B0 containing 5 mg ml�1 BSA
and 0.1mg ml�1 streptavidin, to bind any contaminating
biotin in the BSA) for 1 h at 4 �C. The wells were washed
(6� 5 min) with buffer S0 lacking DTT to remove
residual 2-mercaptoethanol in preparation for non-redu-
cing biopanning conditions. Immobilized b-ERK2 assays
were carried out in the streptavidin-coated wells using
similar conditions to the kinetic assays described above
without addition of ERK2, since it is already immobi-
lized. The number of active b-ERK2 molecules was
estimated using the observed rate constant (kobs) of
immobilized b-ERK2 and the specific activity (SA) of
b-ERK2 in solution using the equation

Active immobilized b-ERK2 ðmgÞ

¼ kobs immobilized ðnmol min
�1Þ

SA solution ðnmol min
�1

mg�1Þ
ð1Þ

Large-scale amplification and purification
of phage

K91BluKan cells were grown to late log phase at 37 �C in
200 ml of Terrific broth (TB)28 containing 100mg ml�1

kanamycin. Fd-tet bacteriophage were added after slow
shaking for 5 min to allow F-pili regeneration. Slow
shaking was continued to allow infection for 15 min.
The cultures were added to 2 l of LB containing
0.22mg ml�1 tetracycline and shaken at 300 rpm for
35 min. The concentration of tetracycline was increased
to 18mg ml�1 and shaken overnight. Purification of phage
was carried out as described29 preceding the cesium
chloride purification steps that remove trace amounts of
PEG. The purified phage were raised in TBS (25 mM

Tris–HCl, pH 7.5, 3 mM KCl, 137 mM NaCl) containing
15% glycerol and snap-frozen in liquid nitrogen. To
determine the quantity of phage, phage were titered using
serial dilutions in TBS and allowed to infect late log
phase K91BluKan cells at 25 �C for 10 min, followed by a
30 min incubation at 37 �C in 100ml of TB containing
0.2mg ml�1 tetracycline, plated on agar plates containing
40mg ml�1 tetracycline and 100mg ml�1 kanamycin, and
grown overnight to select for phage-infected E. coli. The
number of transduced units (TU) were determined by
counting the colonies that gained resistance to tetracy-
cline via bacteriophage infection.29

Biopanning conditions

Similar procedures to those described above were carried
out to immobilize b-ERK2. After blocking with BSA, the
wells were briefly washed six times with phage binding
buffer B2 (TBS containing 5 mg ml�1 BSA). The phage
were added in buffer B2 and allowed to bind immobilized

b-ERK2 for 1 h (Rounds I–III) or 20 min (Round IV) at
25 �C with mild shaking. After phage binding in the first
two rounds, 0.1 mM biotin was added for 5 min to free any
streptavidin-binding phage. The wells were washed 12
times with buffer B2 containing 0.1% Tween-20 in the first
two rounds, increasing to 0.3% Tween-20 in the third and
fourth rounds. Washes were carried out for 1 min in Round
I, extended to 10 min in Round II and 5 min in Round III
and IV. Phage were eluted for 10 min using 100ml of 0.2 M

glycine, pH 2.2, containing 1 mg ml�1 BSA and immedi-
ately buffered with 15ml of 1 M Tris–HCl, pH 9.1, follow-
ing the elution. To prepare phage for freezing, 15ml of
100% glycerol were added prior to storage at �80 �C. After
each round of biopanning, eluted phage were titered and
amplified for further rounds using phage eluted from wells
containing 4mg, 1mg and 10 ng of plated b-ERK2 follow-
ing Rounds I, II and III, respectively.

Enzyme-linked immunosorbent assay (ELISA)

Individual phage were obtained by growing a single
transduced unit (colony) overnight in 3 ml of LB contain-
ing 40 mg ml�1 tetracycline and 100mg ml�1 kanamycin.
The phage were purified in 1.5 ml centrifuge tubes by
subjecting 1200ml of cleared supernatant to two over-
night pecipitations at 4 �C by adding 200ml of 16.7%
PEG 8000 and 3.3 M sodium chloride followed by ex-
tensive mixing. The precipitated phage were raised in
100ml of TBS containing 10% glycerol, snap-frozen and
stored at �80 �C. Yields were �1� 108 TUml�1. Similar
conditions to biopanning were carried out by plating
500 ng of b-ERK2 and using �1� 108 TU of an indivi-
dually purified phage clone for binding b-ERK2 in buffer
B2 for 1 h at 25 �C. Following phage binding, the wells
were washed (12� 5 min) with buffer B2 containing
0.1% Tween-20. Phage bound to immobilized b-ERK2
were detected by horseradish peroxidase-conjugated anti-
M13 (1:5000 dilution in buffer B2þ 0.5% Tween-20)
using the hydrogen donor immunopure ABTS to reduce
hydrogen peroxide as described by the supplier (Pierce).
The colorometric assay was monitored using a 96-well
plate reader (Bio-Tek Instruments, Winooski, VT, USA)
following the absorbance at 405 nm. ELISAs using
10 mM DTT to reduce cyclic phage peptides were carried
out by adding the DTT to buffer B2 during phage binding.
ELISAs using Ets�138 to compete with phage binding
were carried out by adding Ets�138 in buffer S0 without
DTT to buffer B2 for 10 min prior to phage addition.
ELISAs using MgATP2� to compete with phage binding
were carried out by adding MgATP2� in buffer B2 10 min
prior to phage addition in buffer B2.

Synthesis and purification of peptide 20a

The peptide NH2-KKKIRCIRGWTKDIRTLADSCQY-
COOH (peptide 20a) was synthesized using Fmoc-based

464 M. A. RAINEY, K. D. LINSE AND K. N. DALBY

Copyright # 2004 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2004; 17: 461–471



solid-phase synthesis. The crude form of the peptide
was dissolved in equilibration buffer [0.1% (v/v) tri-
fluoroacetic acid and 5% (v/v) acetonitrile] and purified
by reversed phase chromatography using an Econosil
C18 10 mm column (Alltech, Deerfield, IL, USA),
developed with a linear acetonitrile gradient of 5–
80% over 75 min using a flow-rate of 5.0 ml min�1.
Fractions absorbing at 280 nm were applied to MALDI
and analyzed for peptide purity. Pure fractions were
pooled and analyzed by ESI and determined to have a
molecular weight of 2782.6 Da.

Oxidation of peptide 20a

Pure linear peptide 20a was oxidized to form an
intramolecular disulfide bond between the cysteine
residues using iodine essentially as described.30 The
peptide was oxidized while stirring in 80% acetic acid
by dropwise addition of iodine (in 100% acetic acid)
until a pale yellow color appeared, indicating the
completion of the reaction and allowed to react for 10
further min at 25 �C. The reaction was quenched with
two volumes of water and the iodine was extracted six
times with equal volumes of dichloromethane. The
aqueous phase, containing the peptide, was lyophilized
and re-purified using reversed phase chromatography
(as described above). Analysis with ESI showed a shift
to 2780.4 Da in accordance with the cyclization of
the peptide and loss of two protons. The peptide
was >90% pure as determined by reversed phase
HPLC analysis. The concentration of peptide was
determined by denaturation in 6 M guanidine chloride
("¼ 7210 M

� 1 cm�1).31

Peptide inhibition

Inhibition studies were carried out using the active form
of ERK2 and p38 MAPK� as described previously by
measurement of radiolabeled phosphate incorporation
into protein substrates Ets�138 and GST-ATF2-(1–
115), respectively,25,26 in the presence and absence of
peptide 20a. All assays were carried out at 27 �C without
a reducing agent in S1 buffer (20 mM HEPES, pH 7.3,
100 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 20 mM

MgCl2). ERK2/Ets�138 assays were carried out with
1 nM ERK2 and varied peptide 20a (0–50mM) using either
(a) varied Ets�138 (6.25–200mM) and fixed ATP (270 mM

or 2 mM in separate experiments) or (b) fixed Ets�138
(25mM) and varied ATP (62.5–2000mM). p38 MAPK�
assays were performed in S1 buffer containing 4 nM p38
MAPK�, varied GST-ATF2-(1–115) (3–15 mM), fixed
ATP (2 mM) and varied peptide 20a (0–20mM). Concen-
trations of all proteins were determined using either
Bradford assay32 or 6 M guanidine hydrochloride dena-
turation.31

RESULTS AND DISCUSSION

Immobilized biotinylated ERK2 is active

The active form of ERK2 was purified, biotinylated and
captured in streptavidin-coated wells via high-affinity
biotin–streptavidin interactions to obtain a solid-state
receptor for phage display biopanning. ERK2 was bioti-
nylated using NHS-LC-biotin, which covalently attached
biotin to surface-exposed primary amine groups. Bioti-
nylation was confirmed by Western blot analysis using an
antibody that specifically recognized biotin (data not
shown). The specific activity of b-ERK2 ‘in solution’
was determined (1925 nmol min� 1 mg� 1 using subsatur-
ating substrate conditions as described in the Experi-
mental section) by measuring initial rates of phosphate
incorporation into a model protein substrate Ets-1(1–138)

(Ets�138). The observed catalytic rate constant (kobs) of
b-ERK2 was within 2-fold of unbiotinylated ERK2 (data
not shown), indicating that biotinylation did not greatly
affect the activity of the enzyme.

b-ERK2 was immobilized in streptavidin-coated wells
using conditions similar to biopanning and assayed for its
ability to phosphorylate Ets�138 to determine the kobs of
immobilized b-ERK2. After plating 1 mg of the receptor
b-ERK2 for immobilization on the plates, blocking and
washing, to remove unbound b-ERK2 and BSA, immo-
bilized b-ERK2 was assayed and shown to be catalyti-
cally active towards the transcription factor Ets�138
(kobs immobilized: 0.007 nmol min�1). Using Eqn (1),
�5� 1010 molecules of immobilized b-ERK2 were
estimated to be active following the initial stages of
biopanning prior to phage addition. The activity asso-
ciated with immobilized b-ERK2 phage receptor in-
creased in a dose-dependent manner with respect to the
amount of receptor plated (data not shown) indicating
that increased concentrations of receptor led to increased
b-ERK2 capture in streptavidin-coated wells. These re-
sults further confirm the biotinylation of b-ERK2 and
demonstrate that streptavidin is capable of capturing the
catalytically active receptor using biopanning conditions
prior to the addition of phage. These data also indicate
that immobilized b-ERK2 maintains functional protein
binding sites, as indicated by its ability to phosphorylate a
protein substrate, suggesting that b-ERK2 is an excellent
receptor for phage displaying peptide targets.

Biopanning scheme for selection of
phage that bind b-ERK2

Biopanning was carried out to select for phage that bind
b-ERK2 from a large library of fd-tet bacteriophage
displaying a single polypeptide (X2CX14CX2) fused to
the N-terminus of the surface coat protein pIII.33 When
phage are produced in E. coli, the N-terminus of pIII is
exposed to the oxidized environment of the periplasm
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causing disulfide bridge formation in the phage-displayed
peptides containing cysteines, thereby, maintaining con-
formational rigidity of the peptides favored for bind-
ing.34,35 Each round of biopanning was carried out as
follows: (1) b-ERK2 was immobilized in streptavidin-
coated wells; (2) non-specific binding sites were blocked
using BSA; (3) the phage were allowed to bind the
receptor; (4) the wells were washed to remove weak
binding phage; and (5) the bound phage were eluted.
Following each round, the eluted phage were amplified in
E. coli to create multiple copies of each selected member
so that they could be re-introduced to subsequent rounds
of selection with increased selection pressures to encou-
rage the selection of tight binding phage over the weaker
binders. The stringency of selection was increased using
methods such as extending the washing times following
phage binding (to encourage the release of phage with
fast koff rates prior to the elution of those with slow koff

rates), lowering the concentration of receptor used to
capture the phage (to select for tight binding phage via
competition for rare receptor), decreasing the phage
binding time (to select for those phage with higher kon

rates) and increasing the concentration of the detergent in
the washing steps (to discourage weak and non-specific
binding). Individual phage selected in later rounds were
tested for their ability to bind b-ERK2 in a phage ELISA
to select specifically for receptor-binding phage over non-
specific binding that may be selected for by binding other
members in the phage library or the streptavidin-coated
wells. The genomic DNA of each receptor-binding phage
was purified and sequenced to determine the primary
amino acid sequence of the polypeptide displayed on the
phage surface.

Round I: non-stringent biopanning conditions
to select phage that bind b-ERK2

It is critical in early rounds to use non-stringent condi-
tions that allow the phage an opportunity to bind the
receptor since each member of the library is represented
by only a few copies and the yields of tight binding phage
are usually <1%.29 In later rounds, the selected phage are
amplified several-fold so members are not as scarce, and
the stringency of selection can be increased to select for
tighter binding phage. Therefore, 4mg of receptor were
allowed to bind the streptavidin-coated plates, biopanned
in the presence of 1.4� 1011 TU of input phage in the first
round of biopanning. These conditions allowed for a
better than 3:1 ratio of phage to b-ERK2 (these data are
based on the results that �5� 1010 molecules of b-ERK2
were able to phosphorylate Ets�138 during biopanning
conditions after plating 1 mg of b-ERK2 on the plates.
This ratio is based on TU. The physical phage particle
ratio is estimated to be 5–20-fold larger than the TU ratio
owing to the inherent low copy number of fd-tet
phage.36), giving each of the phage a sufficient opportu-

nity to bind b-ERK2. Eluted phage titers from wells
containing b-ERK2 were 1.5-fold higher (Table 1) than
those eluted from wells lacking the receptor, indicating
that the presence of b-ERK2 increases phage capture.
However, these results indicate that a significant portion
of the eluted phage were binding non-specifically to the
wells lacking receptor (non-specific binders are estimated
from the number of phage eluted from wells lacking
receptor). Therefore, the eluted phage from the receptor-
containing well were amplified and biopanned in Round
II to discriminate against the non-specific binders and
select for phage members that bound specifically to b-
ERK2.

Round II: extending wash time to select for
small koff rates

In the second round, the stringency of selection was
increased by temporally extending the washes following
phage binding to enhance selection of phage with small
koff values. Also, several concentrations of the receptor
were biopanned under identical conditions to determine
the effects of receptor concentration on phage binding.
Eluted phage were shown to increase with increasing
receptor concentrations, indicating that members of the
Round II phage pool could specifically bind b-ERK2 and
that increased receptor enhanced the binding opportu-
nities for the phage (Fig. 1). These results are consistent
with immobilized b-ERK2 phosphorylation assays of
Ets�138 that exhibited an increase in phosphorylation
of Ets�138 with respect to receptor concentration (data
not shown). The enrichment ratio, defined as the number
of eluted phage from wells containing receptor divided by
the number of phage eluted from wells lacking receptor in
a given round,37 increased in Round II to 63-fold above
non-specific binding compared with 1.5-fold in Round I
(Table 1). Enrichment ratios above unity indicate that the
phage are binding to the receptor. The increase in
enrichment ratio is expected in early rounds and indicates
an increase in selectivity for the receptor. It should also be
noted that the number of non-specific phage binding to
wells lacking the receptor also increased compared with

Table 1. Yields of eluted phage from biopanning
experiments used for subsequent roundsa

Round Plated Input Eluted Background
b-ERK2 (ng) phage (TU) phage (TU) (TU)

1 4000 7.9� 1010 2.3� 105 1.5� 105

2 1000 1.4� 1011 6.9� 107 1.1� 106

3 10 2.0� 1011 6.0� 105 1.9� 105

4 0.1 2.0� 1010 1.1� 104 4.0� 103

a In the first round, an amplified version of the original X2CX14CX2 library
was used. Thereafter, eluted phage were amplified from wells containing
the amount of plated receptor concentration shown here and added as input
phage to subsequent rounds. The concentrations of phage (TU) were
determined by titering experiments based on the number of bacterial
infections from eluted phage (see Experimental).
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Round I, albeit at a lesser extent than those phage eluted
from wells containing receptor. These results can be
explained by the fact that both b-ERK2-binding phage
and non-specific binding phage were selected for in
Round I and amplified prior to Round II. To discourage
the selection of non-specific phage in later rounds, the
amplified pool of phage should contain a large ratio of
receptor-binding to non-specific binding phage to in-
crease the chance of selecting receptor-binding phage.
Therefore, the phage eluted from wells using 1000 ng of
plated receptor were amplified for further selection.

Round III: decreased receptor concentration
to encourage phage competition

The stringency of selection was increased in Round III by
using multiple receptor concentrations during biopanning
and selecting the phage eluted from wells containing b-
ERK2 with titers just above non-specific phage binding.38

As receptor concentrations are lowered and become
limiting, phage must compete with one another for
limited receptor sites creating conditions where tighter
binders can be selected for. In addition, the detergent
concentration was increased to 0.3% Tween-20 during
washes to discriminate further against non-specific bind-
ing. The concentrations of receptor allowed to bind the
wells were 100, 10, 1 and 0 ng of b-ERK2. In wells in
which 1 ng of receptor was plated, eluted phage titers
were only �2.8-fold above non-specific binding. Single
bacteriophage were selected, amplified, purified and
subjected to an ELISA to select for phage binding
specifically to b-ERK2 (a positive signal in the presence
of receptor and no signal in the absence of receptor). Of
40 phage clones tested, 11 tested positive for receptor
binding, which is consistent with the fact that eluted
phage from this well was �2.8-fold above background

(�14 expected). Single-stranded genomic DNA was
purified from these clones and sequenced. Three of the
sequences were similar, indicating that the selected clone
bearing the peptide IRCIRGWTKDIRTLADSCQY was
being selected for more often than others. No other
sequences were identical with one another and a con-
sensus sequence was not observed. The lack of consensus
sequence is possibly due to the complexity of the library,
since all possible combinations of amino acids cannot be
represented in libraries greater than X6–7. However, it
could also be due to the fact that ERK2 recognizes and
binds a variety of amino acid combinations, where
individual amino acids make a small contribution to
binding. Single phage clones eluted from wells contain-
ing more receptor (100 ng of plated b-ERK2) showed that
17/20 were able to bind b-ERK2 in an ELISA, further
indicating that phage selected from wells containing
more receptor are more likely to bind b-ERK2 due to a
greater ratio of b-ERK2-binders to non-specific binders.

Round IV: decreased receptor

A fourth round of biopanning was carried out to deter-
mine if a consensus sequence could be reached or to
confirm the selection of similar phage from the previous
round. Receptor concentrations of 100, 10, 1, 0.1 and 0 ng
were plated and biopanned. Individual phage eluted from
wells in which 0.1 ng of receptor was plated were sub-
jected to an ELISA and phage with the ability to bind b-
ERK2 were sequenced. Six of the 13 positive phage
clones contained the peptide sequence IRCIRGWTK-
DIRTLADSCQY (termed hereafter peptide 20), also
seen in Round III (Table 2), indicating that the
selection of phage bearing peptide 20 was favored under
these conditions. Only one other sequence, HQCDSLHY-
PTSGWWATACHG (Table 2), was similar to those
selected in Round III, indicating that both displayed
peptides were selected under the conditions of Rounds
III and IV.

Figure 1. Eluted phage increase with increased receptor
concentration. Biopanning was carried out using various
amounts of plated b-ERK2 while holding the input phage
constant at 1.4� 1011 TU. Phage were allowed to bind for
1 h, washed (12� 5min) in buffer B2 containing 0.1%
Tween-20 and eluted with 0.2M glycine, pH 2.2, containing
1mgml�1 BSA. The eluted phage were equilibrated with
Tris--HCl buffer and titered as described in the Experimental
section

Table 2. Round IV ERK2-binding peptides displayed on
phagea

Clone Amino acid sequence

12 IWCNGGGMTNGLLDAVRCHS
20b,c IRCIRGWTKDIRTLADSCQY
32b HQCDSLHYPTSGWWATACHG
40 QHCQGIWKSCSKHSTKCCSL
52 TGCRTTWIRWGWGQAETCTS
55 YSCKAWNRTVSGRIASGCLW
68 MGCVRRVTRPGLAVAEACSV
76 VFCRDVTRTPFGSFAPQCMR

a Isolated phage clones selected in Round IV were tested using a phage
ELISA for the ability to bind b-ERK2. The DNA of positive clones was
purified and sequenced to determine the primary amino acid sequence of the
displayed peptide on the phage.
b Sequence also represented in phage after Round III (data not shown).
c Selected at a frequency 6 times greater than the others.
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DTT inhibition of cyclic peptide binding

To determine whether the disulfide bond cyclization of
the peptides on the phage were important for ERK2
binding, a reducing agent, DTT, was added to an ELISA
using the phage clones selected from Round IV. An
ELISA detects the ability of a population of an individual
phage to bind the receptor. The ELISA was carried out in
a manner similar to biopanning; however, instead of
eluting the receptor-bound phage, a horseradish perox-
idase-linked antibody specific for the phage coat was
used to detect the relative amount of receptor-bound
phage using a colorometric assay based on the reduction
of hydrogen peroxide. Addition of DTT during phage
binding significantly reduced the ELISA signal for all of
the phage clones, indicating that the reduction of intra-
molecular disulfide bonds in each of the phage polypep-
tides ameliorates binding to b-ERK2 (Fig. 2).35 These
results indicate that the disulfide constraint within the
displayed peptide is critical for efficient binding to b-
ERK2 and also emphasizes the importance of biopanning
in non-reducing conditions when using disulfide-con-
strained phage libraries.

Ets�138 disrupts phage binding to b-ERK2

The effects of protein–protein interactions on phage
binding to b-ERK2 were studied using the protein sub-
strate Ets�138 to elute phage during biopanning and to
inhibit phage binding using a competition ELISA. Using
Round III phage, biopanning conditions were carried out
using Ets�138 to elute phage in lieu of acidic conditions
(Fig. 3). These results show that phage can be eluted from
b-ERK2 using a protein substrate Ets�138. We hypothe-
size that ERK2-Ets�138 interactions cause the phage to
be released either through direct competition for similar
binding sites or through non-competitive release. The
non-competitive release could be due to an Ets�138-

driven conformational change of b-ERK2 which does not
allow the phage to stay bound.

A competition phage ELISA was carried out with
phage selected from Round IV using several concentra-
tions of Ets�138 to compete with phage binding using a
limited quantity of b-ERK2. The results indicate that the
presence of Ets�138 decreased phage binding to b-ERK2
in a concentration-dependent manner (Fig. 4). Conver-
sely, the addition of BSA, a protein that does not bind
ERK2, did not have a concentration-dependent effect
(data not shown). The data indicate that a protein capable
of binding ERK2 can release the bound phage or prevent
them from binding since Ets�138 is added prior to the
addition of the phage. Whether or not Ets�138 is
competing with phage for a similar binding site or simply
detaching phage due to a conformational change of the
enzyme upon substrate binding cannot be elucidated from
these experiments.

Figure 2. Phage binding to b-ERK2 decreases in the pre-
sence of a reducing agent. An ELISA was performed using
�1� 108 TU of individually purified phage clones and
500ng of plated b-ERK2 in the presence of 0mM (black)
and 10mM dithiothreitol (gray) during phage binding. A
control was performed in the absence of b-ERK2 (white),
revealing background phage binding to wells lacking DTT

Figure 3. Elution of phage that bind b-ERK2 in round III
using ERK2 substrates Ets�138 and ATP. Biopanning was
carried out using 500 ng of plated b-ERK2 and 2�1011 TU
of Round III input phage. Phage were allowed to bind for 1 h,
washed (12�5min) in buffer B2 containing 0.1% Tween-20
and, instead of acid elution, phage were eluted for 1 h using
either 233mM Ets�138 in S0 buffer (Ets�138), 2mM ATP in
S0 buffer (ATP) or S0 buffer (control)

Figure 4. Transcription factor Ets�138 reduces phage bind-
ing b-ERK2 in a phage ELISA. An ELISA was performed using
500 ng of b-ERK2 and �1� 108 TU of individually purified
phage clones in the presence of 0 mM (black), 100mM (dark
gray) and 200mM (light gray) Ets�138 added 10min prior to
phage. A control was performed in the absence of b-ERK2
and in the presence of phage (white)
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MgATP2� inhibits phage binding

The effects of a smaller non-protein substrate on phage
binding were also studied using MgATP2� to elute phage
during biopanning. MgATP2� binds ERK2 in a hydro-
phobic pocket and is required for protein phosphoryla-
tion. In the absence of a protein substrate, ERK2 can bind
MgATP2� and carry out its hydrolysis to form the
products ADP and inorganic phosphate. MgATP2�

showed the ability to elute phage during Round III
biopanning (Fig. 3) and inhibit phage binding in a phage
ELISA in a concentration-dependent manner (Fig. 5).
The mechanism by which MgATP2� is capable of eluting
phage bound to b-ERK2 during biopanning and in a
competition ELISA cannot be elucidated by these experi-
ments but is possibly due to competitive binding or
through an indirect conformational change upon binding.

Inhibition of ERK2 by cyclic peptide 20a

Since the phage displaying peptide 20 was predominantly
selected in Rounds III and IV, this peptide was chemically
synthesized and examined for inhibition of ERK2 as
measured by the phosphorylation of the protein substrate

Ets�138. This experiment accomplishes two goals: (i)
the characterization of the peptide binding ERK2 in the
absence of the phage coat proteins and (ii) an interaction
study with active ERK2 in the absence of biotin to assure
that the biotin moiety is not being recognized by the
peptide. Unfortunately, peptide 20 was not readily solu-
ble at neutral pH. To circumvent this problem, the
peptide was synthesized with three lysines attached to
the N-terminus (N-KKKIRCIRGWTKDIRTLADSCQY-
C, termed peptide 20a hereafter) that increased the
solubility of the peptide significantly. Peptide 20a was
purified using reversed phase HPLC, oxidized to form a
cyclic peptide with a disulfide bond formed between the
cysteine residues, and re-purified using reversed-phase
HPLC. Oxidation was confirmed by mass using ESI by
revealing the loss of two protons due to cyclization.

Peptide 20a inhibited ERK2 phosphorylation of
Ets�138 and a mode of inhibition was assigned for the
substrates Ets�138 and MgATP2� (Table 3). Inhibitors
are classified according to whether they affect the appar-
ent specificity constant (kcat/Km)app by affecting only the
apparent Henri–Michaelis–Menten constant Km (compe-
titive inhibition), only the apparent observed rate constant
k

app
cat (uncompetitive inhibition) or both (mixed inhibi-

tion). By plotting the data in reciprocal form as 1/v
against 1/[substrate] at various concentrations of inhibi-
tor, one can determine the mechanism of inhibition by
noting whether an inhibitor affects the slope or intercept
of a plot. A competitive inhibitor increases the slope
while maintaining a constant y-intercept, an uncompeti-
tive inhibitor increases the intercept while maintaining a
constant slope and a mixed inhibitor affects both the
slope and intercept of such plots. A mixed inhibition
pattern was seen for peptide 20a with respect to
MgATP2� (Fig. 6) and a competitive inhibition pattern
with respect to Ets�138 (Fig. 7).

As seen in Scheme 1, a productive complex leading to
a phosphorylated product (P) is formed when ERK2
binds both MgATP2� (ATP) and Ets�138 (S). In order
to bind Ets�138, ERK2 cannot be bound to the peptide
20a inhibitor (I) as determined by the competitive inhibi-
tion results. Since the inhibition of ERK2 by peptide 20a
is mixed with respect to MgATP2�, the enzyme can
bind ATP in the presence and absence of the inhibitor.

Figure 5. MgATP2� reduces phage binding b-ERK2 in a
phage ELISA. An ELISA was performed using 500 ng of b-
ERK2 and �1� 108 TU of individually purified phage clones
in the presence of 0mM ATP and 0mM MgCl2 (black), 5mM

ATP and 10mM MgCl2 (dark gray) and 10mM ATP and
10mM MgCl2 (light gray). A control was performed in the
absence of b-ERK2 and in the presence of phage (white)

Table 3. Inhibition patterns for the phosphorylation of Ets�138 by eRK2a

Varied substrate Fixed substrate Inhibitor Mechanism kobs (s�1) Km (mM) K
app
i (mM) K

app
ii (mM)

MgATP2� b Ets�138c Peptided Mixede 15.9� 0.4 91.3� 9.5 76.7� 32.9 91.0� 11.9
Ets�138f MgATP2� g Peptided Competitiveh 15.3� 0.6 13.0� 2.2 20.7� 5.5 —

a Initial velocities were measured using 1 nM ERK2, 20 mM MgCl2, 62.5–2000 mM ATP and 6.25–200mM Ets�138, 20 mM HEPES, pH 7.3, 0.1 mM EDTA,
0.1 mM EGTA, 27 �C, and an ionic strength of 0.1 M (KCl).
b 62.5–2000mM.
c 25 mM.
d 0–50mM.
e Best fit of the data according to V¼ (Vmax[S])/{Km(1þ [I]/Ki)þ [S](1þ [I]/Kii)} for mixed inhibition using global fitting in the program Scientist.
f 6.25–200mM.
g 270mM.
h Best fit of the data according to V¼ (Vmax[S])/{Km(1þ [I]/Ki)þ [S]} for competitive inhibition using global fitting in the program Scientist.
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Therefore, peptide 20a binds a region of ERK2 that is
distinct from the MgATP2� binding site.

The kinetic inhibition data are in accord with the
experimental evidence that Ets�138 competed with
phage 20 in a dose-dependent manner for binding to
ERK2 in a competition ELISA (Fig. 4). The K

app

iðEts�138Þ, a
measure of the affinity of the peptide for the enzyme, has
a similar affinity to the Km of the protein substrate

Ets�138,24 indicating that they not only compete for
the same binding site but also bind with similar affinities
(Table 3), despite their difference in size. While it
remains to be determined how peptide 20a competes
with Ets�138 for ERK2 binding, it is certainly concei-
vable that it binds a site utilized by Ets�138, which lies
outside the active site. This is consistent with the ob-
servation that the peptide is not a competitive inhibitor
for MgATP2�.

Inhibition is not specific to ERK2

A related member of the MAPK family, p38 MAPK�,
was also inhibited by peptide 20a. In this case, the kinetic
data of inhibition were best fitted to a competitive
inhibition mechanism with respect to the protein sub-
strate GST-ATF2-(1–115) (kcat¼ 0.7� 0.1 s�1, Km¼
3.6� 0.9mM, Ki¼ 5.6� 1.4mM) (data not shown). These
results indicate that peptide 20a, although selected for
ERK2 binding, is not specific for ERK2 and may recog-
nize a motif shared among this family of kinases such as a
docking groove. Indeed, both MAPK family members,
46% identical, have a number of regions of similarity that
the peptide may be recognizing. One region could be the
semi-conserved active site region responsible for peptide
substrate recognition and MgATP2�-binding. However,
peptide 20a could bind ERK2 in the presence and absence
of MgATP2�, indicating that the peptide may not be
targeting the active site. Both MAPKs share a similar
phosphorylation loop containing a phosphorylated threo-
nine and tyrosine residue required for the activation of
each enzyme. Basic residues on peptide 20a could bind
this region through recognition of negatively charged
phosphate groups, thereby inactivating the enzyme. An-
other region of similarity between p38 MAPK� and
ERK2 is the common docking domain composed of
acidic residues responsible for binding substrates, activat-
ing kinases and phosphatases.15 Several basic residues in
peptide 20a could mediate the binding to this acidic region
through electrostatic interactions. However, it has not yet
been determined whether Ets�138 and GST-ATF2-(1–115)
utilize the common docking domain on ERK2 and p38
MAPK�. It is also plausible that the peptide recognizes a
novel hot spot, conserved amongst ERK2 and p38 MAPK�,
mediating protein substrate docking.

CONCLUSIONS

We have shown that phage display can be used to select
peptides that bind the active form of ERK2. One of the
peptides selected, peptide 20a, was chemically synthe-
sized and shown to competitively inhibit the ability of
ERK2 to phosphorylate a model transcription factor
substrate, Ets�138. However, the selected peptide also
inhibited a closely related MAPK family member, p38

Figure 6. Cyclic peptide 20a exhibits a mixed inhibition
mechanism of ERK2 with respect to MgATP2� Initial velo-
cities were measured using 2 nM ERK2, 20mM MgCl2 and
25 mM Ets�138 in the presence of several fixed concentra-
tions of peptide 20a (1, 0 mM; 2, 12.5mM; 3, 25 mM; and 4,
50 mM), various concentrations of ATP (62.5--2000 mM),
20mM HEPES, pH 7.3, 0.1mM EDTA, 0.1mM EGTA, 27 �C,
and an ionic strength of 0.1M (KCl). The data were globally
fitted to the equation V¼ (Vmax[S])/{Km(1þ [I]/Ki)þ [S](1þ
[I]/Kii}) using the program Scientist

Figure 7. Cyclic peptide 20a exhibits a competitive inhibi-
tion mechanism of ERK2 with respect to Ets�138. Initial
velocities were measured using 1 nM ERK2, 20mM MgCl2
and 270mM ATP in the presence of several fixed concentra-
tions of peptide 20a (1, 0 mM; 2, 12.5mM; 3, 25 mM; and 4,
50 mM), and various concentrations of Ets�138 (6.25--
200mM), 20mM HEPES, pH 7.3, 0.1mM EDTA, 0.1mM

EGTA, 27 �C, and an ionic strength of 0.1M (KCl). The
data were globally fitted to the equation V¼ (Vmax[S])/
{Km(1þ [I]/Ki)þ [S]}) using the program Scientist

Scheme 1
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MAPK�. These results suggest that there may be a hot
spot on ERK2 and p38 MAPK� that has evolved to bind
ligands and serves as a superficial target for phage
display. In nature, this same region on ERK2 may act
to entice other ligands within the cell to bind.

Acknowledgements

We thank Dr George Georgiou for the use of the 96-well
plate reader (Bio-Tek Instruments). We also thank Sandie
Smith for her work on the peptide synthesis. We acknowl-
edge the Welch Foundation (Grant F-1390) and the
National Institutes of Health (Grant GM59802) for their
financial support.

REFERENCES

1. Canagarajah BJ, Khokhlatchev A, Cobb MH, Goldsmith EJ. Cell
1997; 90: 859–869.

2. Khokhlatchev AV, Canagarajah B, Wilsbacher J, Robinson M,
Atkinson M, Goldsmith E, Cobb MH. Cell 1998; 93: 605–615.

3. Cobb MH, Hepler JE, Cheng M, Robbins D. Semin. Cancer Biol.
1994; 5: 261–268.

4. De Azevedo WF Jr, Mueller-Dieckmann HJ, Schulze-Gahmen U,
Worland PJ, Sausville E, Kim SH. Proc. Natl. Acad. Sci. USA
1996; 93: 2735–2740.

5. Engh RA, Girod A, Kinzel V, Huber R, Bossemeyer D. J. Biol.
Chem. 1996; 271: 26157–26164.

6. Xu RM, Carmel G, Kuret J, Cheng X. Proc. Natl. Acad. Sci. USA
1996; 93: 6308–6313.

7. Tong L, Pav S, White DM, Rogers S, Crane KM, Cywin CL,
Brown ML, Pargellis CA. Nat. Struct. Biol. 1997; 4: 311–316.

8. Wilson KP, McCaffrey PG, Hsiao K, Pazhanisamy S, Galullo V,
Bemis GW, Fitzgibbon MJ, Caron PR, Murcko MA, Su MS.
Chem. Biol. 1997; 4: 423–431.

9. LoGrasso PV, Frantz B, Rolando AM, O’Keefe SJ, Hermes JD,
O’Neill EA. Biochemistry 1997; 36: 10422–10427.

10. Davies SP, Reddy H, Caivano M, Cohen P. Biochem. J. 2000; 351:
95–105.

11. Traut TW. Mol. Cell. Biochem. 1994; 140: 1–22.

12. Knighton DR, Zheng JH, Ten Eyck LF, Xuong NH, Taylor SS,
Sowadski JM. Science 1991; 253: 414–420.

13. Parang K, Till JH, Ablooglu AJ, Kohanski RA, Hubbard SR, Cole
PA. Struct. Biol. 2001; 8: 37–41.

14. Schulman BA, Lindstrom DL, Harlow E. Proc. Natl. Acad. Sci.
USA 1998; 95: 10453–10458.

15. Tanoue T, Adachi M, Moriguchi T, Nishida E. Nat. Cell Biol.
2000; 2: 110–116.

16. Tanoue T, Maeda R, Adachi M, Nishida E. EMBO J. 2001; 20:
466–479.

17. Takeda DY, Wohlschlegel JA, Dutta A. J. Biol. Chem. 2001; 276:
1993–1997.

18. Lowman HB, Bass SH, Simpson N, Wells JA. Biochemistry 1991;
30: 10832–10838.

19. Koivunen E, Gay DA, Ruoslahti E. J. Biol. Chem. 1993; 268:
20205–20210.

20. Giebel LB, Cass RT, Milligan DL, Young DC, Arze R, Johnson
CR. Biochemistry 1995; 34: 15430–15435.

21. Fernandez A, Scheraga HA. Proc. Natl. Acad. Sci. USA 2003;
100: 113–118.

22. Scott JK, Smith GP. Science 1990; 249: 386–390.
23. Zwick MB, Bonnycastle LL, Noren KA, Venturini S, Leong E,

Barbas CF III, Noren CJ, Scott JK. Anal. Biochem. 1998; 264:
87–97.

24. Waas WF, Dalby KN. Protein Expr. Purif. 2001; 23: 191–197.
25. Waas WF, Lo HH, Dalby KN. J. Biol. Chem. 2001; 276:

5676–5684.
26. Waas WF, Dalby KN. J. Biol. Chem. 2002; 277: 12532–12540.
27. Robinson MJ, Harkins PC, Zhang J, Baer R, Haycock JW, Cobb

MH, Goldsmith EJ. Biochemistry 1996; 35: 5641–5646.
28. Tartof KD, Hobbs CA. Bethesda Res. Lab. Focus 1987; 9.
29. Smith BP, Scott JK. Methods Enzymol. 1993; 217: 228–257.
30. Annis I, Hargittai B, Barany G. Methods Enzymol. 1997; 289:

198–221.
31. Gill SC, von Hippel PH. Anal. Biochem. 1989; 182: 319–326.
32. Bradford MM. Anal Biochem. 1976; 72: 248–254.
33. Wang B, Yang H, Liu YC, Jelinek T, Zhang L, Ruoslahti E, Fu H.

Biochemistry 1999; 38: 12499–12504.
34. Luzzago A, Felici F, Tramontano A, Pessi A, Cortese R. Gene

1993; 128: 51–57.
35. McLafferty MA, Kent RB, Ladner RC, Markland W. Gene 1993;

128: 29–36.
36. Smith GP. Virology 1988; 167: 156–165.
37. Sidhu SS, Lowman HB, Cunningham BC, Wells JA. Methods

Enzymol. 2000; 328: 333–363.
38. Barrett RW, Cwirla SE, Ackerman MS, Olson AM, Peters EA,

Dower WJ. Anal. Biochem. 1992; 204: 357–364.

PHAGE DISPLAY IDENTIFIES NOVEL PEPTIDES 471

Copyright # 2004 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2004; 17: 461–471


