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A discovery approach based on an intramolecular inhibitory mechanism was applied to a
prototype calmodulin (CaM)-regulated protein kinase in order to demonstrate a proof-of-principle
for the development of selective inhibitors. The overall approach used functional genomics
analysis of myosin light chain kinase (MLCK) to identify short autoinhibitory sequences that
lack CaM recognition activity, followed by recursive combinatorial peptide library production
and comparative activity screens. Peptide 18 (Arg-Lys-Lys-Tyr-Lys-Tyr-Arg-Arg-Lys-NH2), one
of several selective inhibitors discovered, has an IC50 ) 50 nM for MLCK, inhibits CaM kinase
II only at 4000-fold higher concentrations, and does not inhibit cyclic AMP-dependent protein
kinase. Analogues of peptide 18 containing conformationally constrained cis-4-aminocyclohex-
anecarboxylic acid retained affinity and selectivity. The inhibitors add to the armamentarium
available for the deconvolution of complex signal transduction pathways and their relationship
to homeostasis and disease, and the approach is potentially applicable to enzymes in which
the catalytic and regulatory domains are found within the same open reading frame of a cDNA.

Introduction

Ca2+ is key to the regulation of a diverse array of
cellular pathways, and intracellular Ca2+ signal trans-
duction pathways are attractive in the search for
potential new drug discovery targets. For example,
clinically effective drugs that alter intracellular Ca2+

signal transduction pathways are available, but their
therapeutic index and untoward effects are a limitation
to their broader use.1,2 The problems with such calcium
antagonist drugs are not surprising based on the
knowledge that intracellular Ca2+ signaling is complex,
with specificity primarily in the downstream compo-
nents of the pathways. For example, the first molecular
discrimination is the calcium receptor protein, with
calmodulin (CaM) being the most extensively character-
ized.3 However, CaM itself is not an attractive drug
discovery target because it functions as a Ca2+ binding
subunit of approximately a dozen different classes of
enzymes. The most detailed knowledge about CaM-
regulated enzymes is that for the CaM-regulated serine/
threonine protein kinases, of which there are at least
10 groups.4 Each CaM-regulated protein kinase controls
distinct cellular response pathways. It is at this down-
stream point in the CaM-mediated Ca2+ signal trans-
duction pathways, i.e., at the level of the CaM-regulated
protein kinases, that there is a degree of control that is
attractive for investigations on ligand modulation of
biological responses. There is increased biological speci-
ficity due to the selection of CaM as the calcium receptor
and the inherent properties of each CaM-regulated
protein kinase, such as peptide substrate recognition
and cellular localization. In addition, this is a point in
the pathway where stoichiometric interactions, such as

the recognition of the Ca2+ signal by CaM, are amplified
due to the catalytic properties of the kinase. Additional
amplification may occur if the kinase substrate, in turn,
influences the activity of other downstream enzymes.
Because of the biological selectivity and signal ampli-
fication potential at this point in the Ca2+ signal
transduction mechanism and the demonstration that
serine/threonine protein kinases can be attractive drug
discovery targets,5,6 the CaM-regulated protein kinases
should be investigated as potential targets for ligand
modulation of biological responses.

The development of selective kinase inhibitors is
needed for the further dissection of signal transduction
pathways and their links to biological responses. How-
ever, specific compounds that might prove useful in such
critical biological investigations of CaM-regulated path-
ways are lacking, and the database of available inhibi-
tors has not provided a good starting point for the
development of drugs or lead compounds. Although
inhibitors targeted to the ATP substrate site of serine/
threonine protein kinases have proven valuable in the
dissection of molecular mechanisms7 and have served
as lead compounds for drug development,5 CaM-
regulated protein kinase inhibitors that compete with
the ATP substrate lack the desired biological and
biochemical selectivity.8-11 In addition, the various
CaM-regulated protein kinases overlap in terms of their
ATP and peptide substrate recognition properties, add-
ing to the problems with using only a substrate ana-
logue approach as a starting point in the development
of new classes of inhibitors. In contrast, an accumulating
body of evidence has revealed that each CaM-regulated
protein kinase has a level of selectivity in its CaM
regulatory domain,4 raising the possibility for a new
focus in the development of selective inhibitors for this
class of enzymes.
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Much has been learned over the past decade about
the molecular basis of CaM recognition and activation
of protein kinases, especially for vertebrate nonmuscle
and smooth muscle myosin light chain kinase (MLCK).4
While it is widely accepted that there are CaM regula-
tory sequences that flank the core catalytic segment,
there is controversy concerning the relationships be-
tween sequence segments and mechanism of CaM
recognition and enzyme inhibition. The controversy
surrounds whether the functionally coupled activities
of CaM recognition and intramolecular inhibition are
centered in distinct regions that allow for a general
allosteric model of CaM regulation or are centered in a
common pseudosubstrate region. The CaM binding
region of MLCK was first identified by Lukas et al.,12

who purified and characterized a high-affinity CaM
binding sequence, termed the RS20 region, from digests
of MLCK isolated from vertebrate tissues. DNA probes
based on these amino acid sequences were used by
Shoemaker et al.13 to isolate cDNA clones and demon-
strate, by site-directed mutagenesis and enzymology
experiments, the RS20 CaM recognition region in the
context of a fully active protein kinase sequence. In
addition, Shoemaker et al.13 defined the relationship of
the RS20 region to contiguous autoinhibitory sequences
(referred to as AM13 region) that are functionally
coupled to, but distinct from, the CaM recognition
sequences. The relief-of-autoinhibition model proposed
by Shoemaker et al.13 was a general functional model
that allowed for allosteric regulation of protein kinase
activity by CaM and other effectors. This model is
supported by more recent site-directed mutagenesis and
proteolysis studies of MLCK,14 the homology of the
MLCK regulatory segment to domains in the crystal
structure of a related CaM kinase,15 and the ability of
synthetic peptides based on the autoinhibitory sequence
to inhibit MLCK catalytic activity without binding to
CaM.16 The simpler pseudosubstrate model17 is based
upon the sequence similarity between a region of MLCK
and the phosphorylation site in its substrate, myosin
light chain. It is proposed that the pseudosubstrate
sequence occupies the active site of the enzyme, and
activation is through a competition between CaM bind-
ing and active site binding. The pseudosubstrate model
is supported by the ability of synthetic peptides based
on the pseudosubstrate sequence to inhibit MLCK17,18

and by the ability of an engineered MLCK with this
sequence replaced by a phosphorylation site to undergo
autophosphorylation.19 Regardless of which model better
describes the biological mechanism, synthetic peptides
based on the pseudosubstrate sequence bind to CaM as
well as inhibit MLCK, resulting in a lack of selectivity
among CaM-regulated enzymes.18,20 Therefore, the use
of sequences based on the functional genomics analyses
of Shoemaker et al.13 would appear to be a reasonable
focus in using MLCK as a prototype to demonstrate that
autoinhibitory sequences can be used as starting points
in the discovery of selective inhibitors of CaM-regulated
protein kinases.

The increasing availability of automated combinato-
rial peptide chemistry technologies21 provides an op-
portunity to utilize peptide libraries, based on the amino
acid sequences identified from functional genomics
investigations, as a starting point to probe for new high-

affinity and selective inhibitors. The work described in
this report provides a proof-of-principle for using recur-
sive combinatorial peptide libraries to identify new
potent and selective peptide inhibitors based on such
functional genomics knowledge about a prototype CaM-
regulated protein kinase. The selection of an appropriate
starting sequence based on functional genomics and the
use of comparative activity screens for each peptide
library were the key features of the approach described
here that allowed success where previous attempts
using only sequence similarity and substrate analogue
approaches had failed. Further, the knowledge base
derived from the comparative activity analyses provides
a starting point for future investigations into how
inhibitor structure is related to function, potentially
enhancing the future identification of peptidomimetic
compounds. Clearly, additional investigations with a
variety of enzymes are required to explore the broader
application of such approaches, but the protein kinase
inhibitors produced as a result of the investigations add
to an accumulating array of tools needed to understand
the complex area of protein kinases and their relation-
ship to biological homeostasis and disease.

Results

Strategy and Rationale for Combinatorial Li-
brary Synthesis and Activity Screens. The combi-
natorial chemistry approach used in this study is based
upon the sequential synthesis of peptide libraries as
originally described by Houghten and co-workers.21 In
the original demonstration,21 libraries were designed to
allow deconvolution of the amino acid sequences in pools
with the desired bacteriocidal activity. For our investi-
gation, the activity analysis was for comparative protein
kinase inhibitory properties using screening conditions
with multiple enzyme targets that favor competition
with peptide substrate rather than ATP. The recursive
use and design of the libraries was based on the
functional genomics studies, for the first library, and
on the comparative activity analyses, for the second and
third libraries.

The focus of the study was to improve the MLCK
inhibitory activity of a lead peptide identified from
functional genomics studies, while making the inhibition
of CaM-dependent kinase II (CaMPKII) worse and
maintaining the lack of cyclic AMP-dependent protein
kinase (PKA) inhibition. Because PKA-mediated path-
ways undergo signal transduction cross-talk with CaM-
mediated pathways,4 it is imperative that inhibitors of
CaM-regulated protein kinases do not inhibit PKA.

Selection of the lead peptide sequence for the focused
library was based upon functional genomics and peptide
analogue data for MLCK.13,16 The core autoinhibitory
sequence of MLCK was experimentally determined by
site-directed mutagenesis, protein engineering, and
enzymology.13 The importance of the flanking basic
amino acids in the starting nonapeptide sequence for
autoinhibition for MLCK was demonstrated by the fact
that mutation of multiple basic amino acids within the
autoinhibitory segment renders the enzyme constitu-
tively active.13 The selectivity of the lead nonapeptide
sequence for inhibition of MLCK was indicated by
results with synthetic peptides, based upon the MLCK
autoinhibitory segment, that showed competitive inhibi-
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tion of peptide substrate phosphorylation and lack of
CaM antagonism.16 The lead nonapeptide, Arg-Lys-Lys-
Tyr-Met-Ala-Arg-Arg-Lys-NH2 (peptide 26), inhibits
MLCK (IC50 of 1.2 µM) and CaMPKII (IC50 ) 90 µM),
but not the catalytic subunit of PKA. Because of the
need for the basic amino acids within the lead peptide
sequence for selective inhibition of MLCK, the clusters
of basic residues were not changed as part of the studies
reported here. Therefore, the internal tripeptide seg-
ment was varied using amino acids with different side
chains as shown in Scheme 1.

From the 20 naturally occurring amino acids, 18 were
used for creating the combinatorial libraries. Cysteine
and arginine were not used in the variable part of the
sequence. Cysteine was not incorporated because of
potential problems of oxidation/dimerization of the
peptide. Arginine was not used because the inclusion
of additional arginine to the core triad would add to the
byproducts resulting from incomplete cleavage of the
protecting group in peptides containing multiple argi-
nine residues22 and would limit the diversity of side
chain properties in a lead peptide.

The recursive library design (Scheme 1) was one in
which 18 pools of peptides were made with decreasing
complexity based on the activity screen results. For
example, the synthesis of the first library was designed
to make 18 peptide pools in which there was a known
amino acid at position 4 but all possible combinations
of the 18 amino acids at positions 5 and 6. This results
in 324 amino acid sequences being present in each pool
of the first library, for a total analysis of 5832 possible
amino acid sequences in the library. The inhibitory
activity of all peptide pools was tested with the two
closely related CaM-regulated protein kinases, MLCK
and CaMPKII, and with PKA. On the basis of the
activity screening results, the amino acid at position 4
(R4) was fixed for the next library production. The
subsequent library would, thus, have 18-fold fewer
sequences than the initial library. After selecting one
or more residues for R5, the final library is a series of
parallel syntheses in which the side chain R6 is varied
in a set of 18 peptides that are purified and character-
ized.

Library Screening Results. The peptide pools from
the first library (pools 1a-1r) had IC50 values ranging
from 0.18 to 14.2 µM for inhibition of MLCK. Peptide
pools containing glutamic acid, glycine, or aspartic acid
at position 4 were much less effective inhibitors of
MLCK, suggesting that a negatively charged side chain
or lack of appropriate conformational constraints at
position 4 might diminish MLCK inhibitory activity,
regardless of the neighboring functionality. Pools con-
taining tyrosine, valine, or lysine at this position
displayed improved inhibition compared to the lead
peptide (Figure 1A), consistent with a potential need
for conformational constraints that could be provided
by chemically diverse side chains at position 4, in the
context of several possible sequences found in the
various combinations of amino acids at positions 5 and
6. Pool 1p contains tyrosine at position 4, the same
amino acid present in the lead peptide 26 and in the
enzyme autoinhibitory segment, and has an IC50 ) 0.18
µM. Pool 1p, therefore, displays a 6.7-fold improvement
in IC50 for MLCK compared to 26 and a 5-fold enhanced
selectivity for MLCK inhibition against inhibition of
CaMPKII (Figure 1B). Tyrosine was held constant at
the 4-position in the next focused library based on the
gain in selectivity and activity of a variety of potential
sequences derived from the 18 possible amino acids at
positions 5 and 6 and having tyrosine a position 4. It
should be noted that, on the basis of the MLCK
inhibitory activity, valine or lysine also could have been
pursued further for a proof-of-principle investigation.

For the second library, 18 pools were made in parallel
with position 5 being one of the possible 18 amino acids.

Scheme 1. Flow Diagram of Peptide Libraries Design
and Deconvolutiona

a Nonapeptide libraries based on the sequence of the lead
peptide 26 (Arg-Lys-Lys-Tyr-Met-Ala-Arg-Arg-Lys-NH2) were de-
signed and screened to optimize the central tripeptide sequence
toward MLCK inhibition and away from other related kinases.
One of the best peptides for these criteria was found to be the
peptide containing the Tyr-Lys-Tyr sequence at positions 4-6
(peptide 18).
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At position 6, each pool was a mixture of the 18 amino
acids. This resulted in 324 potential amino acid se-
quences in the library, arranged as 18 pools containing
18 possible amino acid sequences each. The pools from
the second library (2a-2r) have IC50 values for MLCK
inhibition spanning a 20-fold range from 0.09 to 1.79
µM (Figure 2A). All of the pools were relatively poor
inhibitors of CaMPKII (Figure 2B). Only four pools were
as good as or better than pool 1p, the starting point from
the first library. Pools containing Thr (2o) or Trp (2r)
at position 5 had about the same IC50 for MLCK
inhibition as pool 1p. Pools containing lysine (2h) or
valine (2q) at position 5 were about 1.5-2-fold better
than pool 1p, or 10-13-fold better than the starting
peptide 26. However, pool 2r was not as attractive based
on CaMPKII inhibition, and pools 2o, 2r, and 2q were
less attractive for further refinement than pool 2h
(lysine at position 5) when additional protein kinases,
such as protein kinase C, were examined.23 Pool 2h,
with R5 ) (CH2)4-NH2, provided >800-fold selectivity
toward MLCK inhibition compared to CaMPKII. These

results suggested that when position 4 is a tyrosine,
certain side chains at R5 contribute to the bias in favor
of MLCK inhibition versus other protein kinases, al-
though a clear trend was not apparent in terms of the
side chain chemistry. As noted later, these observations
raised the question of conformational restriction, rather
than a particular side chain, as being a potential
structure-function consideration.

To determine the more favorable side chains at
position R6, parallel syntheses were done in which
positions 4 and 5 were held constant (tyrosine and
lysine, respectively) based on the results from the first
two library screens. The amino acid at position 6 was
varied with each of the possible 18 amino acids. The
resulting 18 peptides were purified and characterized
by amino acid analysis, HPLC, and mass spectrometry
(Table 1). The IC50 values for MLCK inhibition ranged
from 0.05 to 0.87 µM (Table 2). Peptides 4, 7, 10, 12,
14, 17, and 18 had the highest MLCK inhibition (IC50
e 0.2 µM). These contain phenylalanine, isoleucine,
methionine, proline, serine, tryptophan, or tyrosine at
position 6. However, peptides 7 and 17 are less selective
than the other peptides with respect to CaMPKII
inhibition (Table 2). Five of the peptides (4, 10, 12, 14,
and 18) exhibit >1000-fold selectivity as evaluated by
the ratio of CaMPKII to MLCK inhibitory activity (Table

Figure 1. Summary of the inhibition of CaM-regulated
protein kinases by peptide pools from the first combinatorial
library. Pools from the library contained peptides where
positions 5 and 6 are any of 18 amino acids chosen for
combinatorial synthesis (see the text). Pools labeled 1a-1r
represent the presence at position 4 in the peptide of the amino
acid Ala (1a), Asp (1b), Glu (1c), Phe (1d), Gly (1e), His (1f),
Ile (1g), Lys (1h), Leu (1i), Met (1j), Asn (1k), Pro (1l), Gln
(1m), Ser (1n), Thr (1o), Tyr (1p), Val (1q), or Trp (1r). Pool
1p is marked with an asterisk; on the basis of the comparative
activity of this pool, which has Tyr at the same position as
the endogenous sequence found in peptide 26, Tyr was fixed
at position 4 in the design of the next library. IC50 values were
estimated by a linear regression analysis on data points
corresponding to 15-85% of maximal activity; here 100% is
enzyme activity in the absence of inhibitors. The standard
error of the IC50 values is 10% or less. A. Inhibition of MLCK.
MLCK inhibition assays were done as described in the
Experimental Section. The IC50 values for pools 1a, 1b, 1c,
1e, and 1g are >2 µM. B. Inhibition of CaMPKII. CaMPKII
inhibition assays were done as described in the Experimental
Section. Pools with IC50 values shown as 100 µM on the graph
lack inhibitory activity at this concentration.

Figure 2. Summary of the inhibition of CaM-regulated
protein kinases by peptide pools from the second combinatorial
library. Pools from the library contained peptides where
position 4 is tyrosine and position 6 is any of 18 amino acids
chosen for combinatorial synthesis (see the text). Pools labeled
2a-2r represent the presence at position 5 of the amino acid
Ala (2a), Asp (2b), Glu (2c), Phe (2d), Gly (2e), His (2f), Ile
(2g), Lys (2h), Leu (2i), Met (2j), Asn (2k), Pro (2l), Gln (2m),
Ser (2n), Thr (2o), Tyr (2p), Val (2q), or Trp (2r). The most
active and selective pool (2h) is marked with an asterisk. IC50

values were calculated from the data points corresponding to
15-85% of maximal activity by linear regression analysis. The
standard error of the IC50 values is less than 10%. A. Inhibition
of MLCK. MLCK inhibition assays were done as described in
the Experimental Section. B. Inhibition of CaMPKII. CaMPKII
inhibition assays were done as described in the Experimental
Section. Pools with IC50 values displayed at 100 µM lack
inhibitory activity at this concentration.
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2). The highest selectivity (>4,000-fold) for MLCK
inhibition compared to CaMPKII inhibition is found
with peptide 18. None of the peptides inhibited PKA.
Thus, chemically diverse amino acid side chains at
position 6 allow for relatively high affinity and selective
inhibitory activity. While there was a slight bias in the
chemical characteristics of the side chain at position 5,
this is less evident at position 6 and is suggestive of
conformational constraint as a potential factor in se-
lectivity and affinity. However, it is not known from the
screening data alone if the recursive library approach
maintained the bias toward inhibition competitive with
the peptide substrate.

Mechanism of Peptide Inhibition. The experimen-
tal conditions used in our screening assays were biased

toward the detection of inhibitors that compete with the
peptide substrate because we used a peptide substrate
concentration close to the Km value and an ATP sub-
strate concentration approximately 10-fold above the
estimated Km value. To check if our reiterative library
synthesis and screen resulted in an inhibitor that is
competitive with peptide substrate, we determined the
mode of MLCK inhibition by Arg-Lys-Lys-Tyr-Lys-Tyr-
Arg-Arg-Lys-NH2 (peptide 18) by kinetic analysis. As
shown (Figure 3A) in the double-reciprocal (Lineweaver-
Burk) plots at different inhibitor concentrations, the
lines intersect at the y axis, indicating that the inhibi-
tion is competitive with respect to the peptide substrate.
A Ki of 52 ( 1 nM was calculated based on two
independent experiments (Figure 3B). In control experi-
ments, MLCK was assayed at several concentrations of
peptide 18 and ATP (28.6-200 µM) using a fixed
concentration of the peptide substrate (100 µM). Double-
reciprocal plots were indicative of mixed noncompetitive/
uncompetitive inhibition with respect to ATP (not
shown). Finally, inhibition of MLCK by peptide 18 was
also found to be independent of CaM concentration (0.1-
10 µM). All of these data indicate that peptide 18 has a
selective effect on peptide substrate utilization by
MLCK, does not interfere with kinase activation by
CaM, does not have significant inhibitory activity with
the closely related CaMPKII, and does not inhibit PKA.
Thus, peptide 18 and related peptides represent a novel
class of protein kinase inhibitors.

Structurally Constrained Peptide Inhibitors.
Given the mode of inhibition and the structures that
result in high selectivity toward MLCK, we can derive
some insight into the features of the inhibitor that are
key for selective kinase inhibition. For example, there
is a clear preference for tyrosine at R4. However, the
nature of the side chains at R5 and R6 that result in
high selectivity toward inhibition of MLCK versus

Table 1. Characterization of Peptides

MH+

peptide sequence amino acid compositiona calcd foundb

1 RKKYKARRK-NH2 R(2.8), A(1.0), Y(1.0), K(4.1) 1233.6 1232.7
2 RKKYKDRRK-NH2 R(2.9), D(1.0), Y(1.0), K(4.1) 1277.6 1277.2
3 RKKYKERRK-NH2 R(2.9), E(1.1), Y(1.0), K(3.9) 1291.6 1291.1
4 RKKYKFRRK-NH2 R(2.8), Y(1.0), F(1.0), K(4.1) 1309.7 1309.3
5 RKKYKGRRK-NH2 R(2.6), G(0.9), Y(1.3), K(4.3) 1219.5 1219.0
6 RKKYKHRRK-NH2 R(2.9), H(1.0), Y(1.1), K(4.1) 1299.6 1299.5
7 RKKYKIRRK-NH2 R(3.0), I(0.9), Y(1.0), K(4.1) 1275.6 1275.2
8 RKKYKKRRK-NH2 R(3.0), Y(0.9), K(5.0) 1290.7 1290.1
9 RKKYKLRRK-NH2 R(2.8), L(1.2), Y(1.1), K(4.0) 1275.6 1274.4

10 RKKYKMRRK-NH2 R(3.3), M(0.8), Y(1.0), K(4.0) 1293.7 1293.8
11 RKKYKNRRK-NH2 R(3.0), Y(1.0), N(1.0), K(4.0) 1276.6 1276.2
12 RKKYKPRRK-NH2 R(3.0), P(1.0), Y(1.0), K(4.0) 1259.6 1258.9
13 RKKYKQRRK-NH2 R(2.9), Q(1.1), Y(0.9), K(4.0) 1290.6 1291
14 RKKYKSRRK-NH2 R(3.0), S(0.9), Y(1.0), K(4.0) 1249.6 1250.1
15 RKKYKTRRK-NH2 R(2.9), T(0.9), Y(1.0), K(4.1) 1263.6 1263.2
16 RKKYKVRRK-NH2 R(3.1), V(0.9), Y(1.0), K(4.1) 1261.6 1261.7
17 RKKYKWRRK-NH2 R(2.8), Y(0.9), K(4.3) 1348.7 1348.1
18 RKKYKYRRK-NH2 R(3.0), Y(1.9), K(4.3) 1325.7 1324.3
19 RKKY(Ach)YRRK-NH2

c R(3.1), Y(1.7), K(3.2), Ach(0.9) 1322.7 1323
20 RKK(Ach)KYRRK-NH2 R(3.8), Y(1.1), K(3.2), Ach(1.1) 1287.7 1287.1
21 RKKYK(Ach)RRK-NH2 R(3.1), Y(0.9), K(4.4), Ach(0.9) 1287.7 1287.7
22 RKKY(Ach)(Ach)RRK-NH2 R(3.4), Y(0.8), K(3.6), Ach(1.5) 1284.6 1284.0
23 RKK(Ach)(Ach)YRRK-NH2 R(3.3), Y(1.1), K(3.4), Ach(1.4) 1284.6 1284
24 RKK(Ach)K(Ach)RRK-NH2 R(3.0), K(4.4), Ach(2.0) 1249.6 1249.0
25 RKK(Ach)(Ach)(Ach) RRK-NH2 R(3.4), K(3.5), Ach(2.6) 1247.6 1246.6
26 RKKYMARRK-NH2 R(2.8), A(1.1), Y(1.0), M(1.0), K(3.1) 1236.6 1236.1

a Amino acid analysis was done after acid hydrolysis, and amino acid ratios are normalized to the peptide molecular weight. b Protonated
molecular ions were determined as described in the Experimental Section. c (Ach), cis-4-aminocyclohexanecarboxylic acid.

Table 2. Specificity of MLCK Inhibition by Peptides 1-18

IC50, µMa

peptide sequence MLCK CaMPKII

ratio
IC50(CaMPKII)/

IC50(MLCK)

1 RKKYKARRK-NH2 0.42 >200 >476
2 RKKYKDRRK-NH2 0.61 >200 >328
3 RKKYKERRK-NH2 0.87 >200 >230
4 RKKYKFRRK-NH2 0.15 >200 >1333
5 RKKYKGRRK-NH2 0.31 >200 >645
6 RKKYKHRRK-NH2 0.29 16.2 56
7 RKKYKIRRK-NH2 0.16 57.4 359
8 RKKYKKRRK-NH2 0.22 >200 >909
9 RKKYKLRRK-NH2 0.32 132.0 413

10 RKKYKMRRK-NH2 0.16 >200 >1250
11 RKKYKNRRK-NH2 0.29 >200 >690
12 RKKYKPRRK-NH2 0.12 >200 >1667
13 RKKYKQRRK-NH2 0.30 >200 >667
14 RKKYKSRRK-NH2 0.15 >200 >1333
15 RKKYKTRRK-NH2 0.73 >200 >274
16 RKKYKVRRK-NH2 0.36 >200 >556
17 RKKYKWRRK-NH2 0.20 26.7 134
18 RKKYKYRRK-NH2 0.05 >200 >4000

a IC50 values were calculated from the linear part of inhibition
curves and represent the mean obtained from at least two different
experiments.
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CaMPKII inhibition is diverse. Lysine and valine are
preferred at R5 in the context of a pool that has tyrosine
at R4 and any of the 18 amino acids at R6 (Figure 2).
Similarly, side chains of tyrosine, phenylalanine, pro-
line, methionine, and serine are preferred at R6 when
R4 and R5 are restricted to tyrosine and lysine (Table
2). The poorer activity of glycine in this context indicates
that extensive flexibility at these positions is probably
not desirable. Although there is not a simple correlation
with the chemical properties (charge, length) of the side
chain present at these positions, there is the possibility
of an interdependence of R5 and R6 (a nearest neighbor
effect) and there is an apparent need for some confor-
mational restriction, as suggested by the need for amino
acids with side chains larger than glycine. We hypoth-
esized, therefore, that residues 5 and 6 might contribute
conformational constraints that restrict interactions
with the different kinases, resulting in selectivity. While
a three-dimensional structure is not available for MLCK,
structures of two other Ser/Thr protein kinases with
peptides bound in the active site are available.24 The

most relevant model is that of the catalytic subunit of
phosphorylase kinase because it is a CaM-regulated
protein kinase. In the phosphorylase kinase structure,
the peptide substrate (Arg-Gln-Met-Ser-Phe-Arg-Leu)
is in an extended conformation.24b Our screening results
with changes at residue 5 or 6 are consistent with a
requirement for such an extended conformation of the
MLCK inhibitors. As a test of this possibility, we sought
to incorporate a constrained residue that might allow a
better interpretation of the results and potentially
provide a starting point for future attempts at peptido-
mimetics. While there are many nonstandard amino
acids available, one that has been used to mimic an
extended conformation and to give an increase in
selectivity is 4-aminocyclohexanecarboxylic acid.25 Analy-
sis of possible conformations of the commercially avail-
able cis-4-aminocyclohexanecarboxylic acid using the
Insight/Discover molecular modeling suite revealed that
the insertion of cis-4-aminocyclohexanecarboxylic acid
can potentially make a backbone angle of 120-135°,
resulting in a slightly bent conformation. The calculated
nitrogen-carbonyl carbon distance of a cis-4-aminocy-
clohexanecarboxylic acid model is 5-5.1 Å, compared
to 2.5-3 Å for an R-amino acid. Therefore, the use of
cis-4-aminocyclohexanecarboxylic acid potentially offers
novel angle and distance constraints in the backbone
of a peptide and has been used successfully in attempts
to improve peptide ligand selectivity.

To explore the effect of cis-4-aminocyclohexanecar-
boxylic acid at different positions in the backbone of
peptide 18 on its kinase inhibitory activity, peptides
containing cis-4-aminocyclohexanecarboxylic acid at
positions 4, 5, and 6 and multiple combinations at these
positions were synthesized and tested for inhibition of
MLCK and CaMPKII. Peptide 19, with cis-4-aminocy-
clohexanecarboxylic acid in position 5, was as active and
selective as peptide 18 (Table 3). Peptide 22, with two
cis-4-aminocyclohexanecarboxylic acid residues at posi-
tions 5 and 6, has an IC50 for MLCK only 2-fold different
from peptides 18 and 19. Consistent with the screening
of the combinatorial libraries, peptides 20, 23, 24, and
25 (with cis-4-aminocyclohexanecarboxylic acid at posi-
tion 4) are less effective MLCK inhibitors (Table 3) than
peptides 19, 21, and 22 (with tyrosine at position 4).
All peptides containing cis-4-aminocyclohexanecarboxy-
lic acid are poor CaMPKII inhibitors, with IC50 > 200
µM. Thus, the selectivity factors (Table 3) for MLCK
versus CaMPKII inhibition by these peptides are lower
estimates.

Discussion

The discovery of novel peptide inhibitors that have
better selectivity and inhibitory activity for MLCK
versus CaMPKII than currently available peptide or
nonpeptide inhibitors provides a proof-of-principle for
a multidisciplinary approach that combines mechanistic
knowledge from functional genomics with recursive
combinatorial chemistry technologies and functional
diversity in activity screens. Key considerations for
success were the choice of an appropriate starting
sequence based on the functional genomics analysis and
the use of multiple activity analyses for each library as
a basis for the design of the focused libraries. The
recursive screening of focused combinatorial libraries

Figure 3. Kinetic analysis of inhibition of MLCK substrate
phosphorylation by inhibitor peptide 18. A. Double-reciprocal
plots of the rate of substrate phosphorylation as a function of
substrate concentration. Incorporation of 32P into peptide
substrate in the presence or absence of peptide 18 was
measured as described under the Experimental Section. Each
point is the mean of triplicate points in one representative
experiment. Error bars indicate the standard errors and are
not visible in the graph if the error is smaller than the symbol.
The inhibitor peptide concentrations are 0 nM (b), 25 nM (O),
50 nM (2), and 100 nM (9). B. Secondary plot of apparent Km

as a function of inhibitor concentration. The Km values (mean
( SE) were estimated from linear regression of the double-
reciprocal plots (panel A).
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based on the lead peptide sequence resulted in an
enhancement of more than 20-fold in the IC50 for MLCK
and greater than a 50-fold increase in selectivity for
inhibition of MLCK over CaMPKII. The genome per-
spective, which is being provided by the rapidly ac-
cumulating body of data on potential open reading
frames (ORFs) and changes in gene expression in
response to various stimuli, provides a starting point
and a vast resource for the potential extension of such
a multidisciplinary approach to other enzymes that have
catalytic and autoinhibitory domains in the same ORF.
The combined application of functional genomics, com-
binatorial peptide chemistry, and high-throughput dif-
ferential activity screens and enzyme kinetics needs to
be tried with other enzymes in order to demonstrate the
broader utility of the approach. However, the success
with the CaM-regulated protein kinase family, which
has not yielded to some of the approaches used for other
protein kinases, provides a proof-of-principle for its
potential utility with signal transduction pathways with
established roles in organismal homeostasis.

The peptide inhibitors can be used with other protein
kinase inhibitors and enzymology measurements to
dissect the contribution of various signal transduction
pathways to biological responses. For example, the
response of cells and tissues to agonist or antagonist
treatment is analyzed by rapid cell harvest at defined
times after treatment, followed by immediate quantita-
tive analysis of changes in a diverse array of enzyme
activities. Because of the crude nature of the extract and
the technical demand for use of peptide substrates to
measure kinase activity, there is an inherent variability
among repeat biological experiments. This variability
is partially due to phosphorylation of endogenous sub-
strates during the course of the enzyme reaction and
overlapping peptide substrate recognition properties of
the kinases, especially among a subgroup of CaM-
regulated kinases. The ability to run control reactions
which include addition of selective inhibitors is invalu-
able in the deconvolution of the data from such complex
biological analyses. Newer technologies26 allow the
introduction of such peptide inhibitors into cultured cells
for the inhibition of kinase activity,23 providing ad-
ditional potential uses.

In addition to the immediate uses of the peptide
inhibitors, the profile of context-dependent activity for
each amino acid position in the core tripeptide, including
the cis-4-aminocyclohexanecarboxylic acid derivatives,
provides a firm foundation for current studies of pep-
tidomimetic analogues that retain inhibitory selectivity.
For example, the activity screen conditions used in this
study were chosen to bias competition with peptide

substrate, versus nucleotide substrate as used in many
other investigations. Kinetic analyses of peptide 18
demonstrated that it is competitive with peptide sub-
strate. Therefore, a logical possibility for future inves-
tigations is to combine targeting to both substrate sites
simultaneously in attempts to develop novel classes of
inhibitors. Although peptide 18 was chosen for further
analysis, it was only one of a series of peptides found
during the screen that are more selective than currently
available inhibitors of MLCK. On the basis of insight
into the relation of inhibitor activity with structure from
the recursive library screens, the unusual amino acid
cis-4-aminocyclohexanecarboxylic acid was used in spe-
cific positions of the sequence with retention of both
selectivity and inhibitory activity. The constraints in-
herent in cis-4-aminocyclohexanecarboxylic acid and its
potential ability to promote novel extended conforma-
tions in peptides suggest that it provides a peptide
backbone and orientation of functional groups that are
favorable for selective inhibition of MLCK versus other
protein kinases. The three-dimensional structure of
MLCK is not available, thus precluding the efficient use
of structure-assisted inhibitor development in conjunc-
tion with the combinatorial chemistry, and three-
dimensional homology models of MLCK based on dis-
tantly related serine/threonine protein kinases did not
offer sufficient information to fully explain the structure-
activity correlates. Nonetheless, precedents with other
systems27 suggest that cis-4-aminocyclohexanecarboxy-
lic acid and other conformationally constrained deriva-
tives might provide new scaffolds for further develop-
ment of peptidomimetic inhibitors.

Conclusion

A generalizable multistep approach for the develop-
ment of potent and selective inhibitors of proteins which
regulate their activity by means of autoinhibitory
sequences was tested with a prototype CaM-regulated
enzyme. On the basis of the identification of the ap-
propriate lead sequence by functional genomic analyses,
the activity and selectivity of peptide inhibitors can be
enhanced using focused recursive combinatorial peptide
library screening with multiple enzymes. The insight
into structure-activity data derived from the screen can
be used as the basis for substitution of unusual amino
acids at selected positions with retention of affinity and
selectivity. The inhibitors generated by this proof-of-
principle study add to the available tools for the dis-
section of the linkage between protein kinases and cell
function.

Table 3. Specificity of MLCK Inhibition by Selected Peptides

IC50, µMa

peptide sequence MLCK CaMPKII ratio IC50(CaMPKII)/IC50(MLCK)

19 RKKY(Ach)YRRK-NH2
b 0.04 >200 >5000

20 RKK(Ach)KYRRK-NH2 1.04 >200 >192
21 RKKYK(Ach)RRK-NH2 0.27 >200 >741
22 RKKY(Ach)(Ach)RRK-NH2 0.11 >200 >1818
23 RKK(Ach)(Ach)YRRK-NH2 2.97 >200 >67
24 RKK(Ach)K(Ach)RRK-NH2 20.0 >200 >10
25 RKK(Ach)(Ach)(Ach)RRK-NH2 20.0 >200 >10

a IC50 values were calculated from the linear part of inhibition curves and represent the mean obtained from at least two different
experiments. b (Ach), cis-4-aminocyclohexanecarboxylic acid.
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Experimental Section

Combinatorial Peptide Resin Mix and Split Protocol.
The solid-phase mix and split technology28 was used to
generate peptide mixtures such that each resin bead has a
single peptide. For 1.3 g of resin, the collection vessel on the
Advanced ChemTech 357 synthesizer was filled with 80 mL
of dimethylformamide:dichloromethane (1:1, v/v) and mixed
for 3 min. The resin sampling syringe then dispensed 3.5 mL
of the suspension to each of 18 reaction vessels. The collection
vessel was drained and then filled again with 70 mL of
dimethylformamide:dichloromethane (1:1, v/v) and 3.5 mL of
suspension transferred to each reaction vessel and then
drained. This second transfer was repeated two additional
times. For recombination of the 18 pools, 3 mL of dimethyl-
formamide:dichloromethane (1:1, v/v) was dispensed to each
reaction vessel and mixed for 1 min. Using the resin sampling
syringe 3 mL of suspension was transferred from each reaction
vessel to the collection vessel. The dispense and transfer
process was repeated two additional times.

General Repetitive Solid-Phase Synthesis Protocol.
Peptides and peptide libraries were synthesized by solid-phase
peptide synthesis techniques using Fmoc chemistry. Fmoc
amino acids were from Advanced ChemTech. The side chains
of His, Asn, and Gln were protected with trityl; the guanyl
group on Arg was protected with 2,2,5,7,8,-pentamethylchro-
man-6-sulfonyl; Ser, Thr, Asp, and Glu were protected with
tert-butyl; Lys and Trp side chains were blocked with tert-
butyloxycarbonyl.

The N-R-Fmoc group was cleaved at each step with 25%
(v/v) piperidine:dimethylformamide for 3 min with continuous
mixing followed by another treatment with fresh reagent for
12 min with continuous mixing. The resin was washed with
dimethylformamide (3×), methanol (2×), and dimethylforma-
mide (3×). Fmoc amino acids were dissolved in N-methylpyr-
rolidone (NMP) at 0.5 M containing 0.5 M hydroxybenzotria-
zole (HOBt). A 6-fold molar excess of amino acid was used at
each coupling step. The first coupling reaction was done by
adding an amount of diisopropylcarbodiimide (DIC) in NMP
equivalent to the amount of Fmoc amino acid and mixing for
45 min. The second coupling step was done by adding an
equivalent of O-benzotriazole-N,N,N′,N′-tetramethyluroni-
umhexafluorophosphate (HBTU) and 2 equiv of diisopropyl-
ethylamine in NMP and mixing for 30 min. After the coupling
steps the peptide-resin was washed three times with dimeth-
ylformamide.

Combinatorial Library 1 Synthesis, Cleavage, and
Characterization. Rink resin, 1.3 g (Advanced ChemTech;
0.56 mmol of N/g), containing the carboxyl-terminal tripeptide
Arg-Arg-Lys was prepared in a single batch using Fmoc-
protected amino acids (Advanced ChemTech). A 3-fold excess
of amino acid was used in each of the two coupling steps for
the tripeptide batch synthesis, while a 6-fold excess was used
for each of the 18 pools in the subsequent cycles of synthesis.
The tripeptide resin was mixed and split into 18 vessels, and
the next amino acid was coupled (one per vessel). Using the
same mix and split protocol, synthesis was done at position 5
of the peptide. After another mix and split round, one of 18
amino acids was coupled to the resin in each vessel for position
4. Each of the 18 vessels then had Lys, Lys, and Arg added in
three synthetic rounds. The final weight of resin containing
each pool was in the range of 94-184 mg. The peptides were
cleaved from the resin for 3.5 h in 0.8 mL of trifluoroacetic
acid (TFA):anisole:dithioethanol (90:5:5, v/v/v) at room tem-
perature. Peptides were precipitated with ethyl ether, washed,
and then extracted with 20% (v/v) acetic acid and freeze-dried.
Crude peptide mixtures of each pool were dissolved in 1 mL
of water and quantitated by amino acid analysis normalized
to Arg after acid hydrolysis. The yield of peptide material in
the pools was in the range of 45.5-81.3% of theoretical.

Combinatorial Library 2 Synthesis, Cleavage, and
Characterization. As with the first combinatorial library, 1.3
g of Rink resin (Advanced ChemTech; 0.52 mmol of N/g),
containing the carboxyl-terminal tripeptide Arg-Arg-Lys was
prepared. Resin was divided into 18 vessels. One round of split

and mix technology was used for random synthesis at position
6. For position 5, one of 18 amino acids was coupled to the
resin in each vessel, and the remaining Tyr, Lys, Lys, and Arg
were coupled to each of the 18 pools as above. The final weight
of each resin pool was 115-215 mg; 70 mg of each resin was
cleaved for 3.5 h in 0.8 mL of the mixture TFA:anisole:
dithioethanol (90:5:5, v/v/v) at room temperature. Peptides
were precipitated with ethyl ether, washed, extracted, and
dried as described above. The crude peptides were dissolved
in 1 mL of water and quantitated by amino acid analysis after
acid hydrolysis normalized to Arg and Tyr. The yield of
peptides was in the range of 44.4-64.3% of theoretical.

Solid-Phase Synthesis of Individual Peptides. In the
parallel syntheses, 50 mg of Rink resin (Advanced ChemTech;
0.52 mmol of N/g) containing the carboxyl-terminal Arg-Arg-
Lys-NH2 was used for each of 18 vessels. Amino acid synthesis
was done for 6 additional cycles so that position 6 contained
one of 18 amino acids and followed by Lys, Tyr, Lys, Lys, and
Arg. Peptides were cleaved and processed as described above.
The yield of peptide pools was in the range of 24-50% of
theoretical.

Peptides were further purified by HPLC chromatography
on a preparative Chromosorb C18 column using gradients of
0.1% (v/v) TFA in water and 60% (v/v) aqueous acetonitrile
containing 0.08% (v/v) TFA. Fractions of the desired peptide
were freeze-dried, dissolved in water, and quantitated by
amino acid analysis after acid hydrolysis.12 Peptides were
characterized by analytical HPLC on a Chromosorb C8 column
using aqueous acetonitrile gradients. Purified peptides were
also characterized by matrix-assisted laser-desorption mass
spectrometry (MALDI-TOF) (Table 1). Peptide purity was at
least 88-95%.

Fmoc-cis-4-aminocyclohexanecarboxylic acid was prepared
in 85% yield from Fmoc-OSu (Aldrich) and cis-4-aminocyclo-
hexanecarboxylic acid (Aldrich) as described.25 The derivatized
amino acid was an oil, appeared to be >90% homogeneous by
TLC in chloroform:methanol:acetic acid (89:10:1, v/v/v) and
was used without further purification.

Library Validation. We performed multiple amino acid
analyses of the combinatorial library pools hydrolyzed for 24
or 72 h to quantitate the amount of peptides present. This was
based upon normalization to the fixed amino acids in the
peptide (e.g., arginine and/or tyrosine). The normalization also
indicated that the pools contained a relatively unbiased
representation of all of the peptides. If the constituent peptides
of the pool were not evenly represented, the activity of the pool
might have been better or worse than we observed. To test
this possibility, we created a mock pool equivalent to pool 2h
using an equimolar mix of the individually purified peptides
in Table 1 and tested it for MLCK inhibition. This mixture
exhibited an IC50 of 0.11 µM, comparable to that of pool 2h
(IC50 ) 0.09 µM). Therefore, pool 2h appears to be an unbiased
representation of the peptide constituents.

Enzyme Inhibition Assays. MLCK was purified from
chicken gizzard tissue,13 recombinant CaMPKII was from New
England Biolabs, and the catalytic subunit of PKA was from
Promega. CaM was made as previously described.13 All assays
were done in a final volume of 50 µL. Each point was tested
in duplicate. The standard assay conditions were 50 mM
HEPES, 0.2 mM [γ-32 P]ATP (specific activity 200-300 cpm/
pmol), 1 mM DTT, 1 mg/mL bovine serum albumin, 5 mM
MgCl2, 150 mM KCl, 15 mM NaCl, pH 7.5, with or without
inhibitors. Synthetic substrate concentrations, KKRPQRATSN-
VFAM-NH2 for MLCK, PLRRTLSVAA-NH2 for CaMPKII, and
LRRASLG for PKA, were 20 µM. The reactions were initiated
with the addition of 5 µL of enzyme (PKA) or enzyme:CaM
complex (for MLCK and CaMPKII). Enzyme:CaM complexes
were preformed by incubation of enzyme in ice for 1 min in
the presence of 1 µM CaM and 5 µM CaCl2 (for MLCK) or 30
µM CaM and 2 mM CaCl2 (for CaMPKII). Assay conditions
were 20 min, 25 °C for MLCK; 8 min, 25 °C for CaMPKII; 6
min, 25 °C for PKA. Aliquots of each reaction tube were spotted
into phosphocellulose filter paper (P-81, Whatman). Filters
were washed in 75 mM phosphoric acid solution, followed by
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95% ethanol, dried, and placed into vials containing 10 mL of
Ecoscint O (National Diagnostics). Radioactivity was deter-
mined by counting vials in a Beckman 6500 liquid scintillation
counter. No quenching corrections were applied. Data were
transformed as percent of the maximal enzyme activity, where
enzyme activity in the absence of inhibitors was taken as
100%. IC50 values were calculated by a linear regression data
analysis on data points corresponding to 15%-85% of maximal
activity. This analysis was done using InPlot version 4.0
(GraphPad Software Inc., 1992).

Kinetic Analysis of MLCK Inhibition. MLCK inhibition
by peptide 18 was assayed in the presence of 25-100 nM
peptide. Substrate concentration was varied from 10 to 200
µM, and ATP concentration was fixed (200 µM). For analysis
of ATP kinetics, MLCK inhibition by peptide 18 was assayed
in the presence of 25-200 nM peptide, ATP concentration was
varied from 28.6 to 200 µM, and peptide substrate concentra-
tion was fixed (100 µM). Assays were done as described above,
except that the time of assay was 10 min at 25 °C. Data were
analyzed by double-reciprocal (Lineweaver-Burk) plots using
InPlot version 4.0 (GraphPad Software Inc., 1992).

Computational Analysis. Isomers of cis- and trans-4-
aminocyclohexanecarboxylic acid were constructed using the
fragment and group libraries in InsightII (Molecular Simula-
tions, Inc). For a generic model, the amino-terminus was
acetylated, and the carboxyl-terminus was N-methylamide.
The initial models were structurally optimized with Discover
(Molecular Simulations) using Newton-Rhapson followed by
conjugate gradient (1000 cycles or till convergence) minimizer
routines. Atom types, partial charges, and potentials were from
the CVFF library29 (Molecular Simulations). Torsional energies
were evaluated using real-time monitoring within InsightII
of total van der Waals and electrostatic electrostatics while
changing a single torsional angle.
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