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respectively. For example, peptides that target the FRS have been
proposed to inhibit all ERK2 activity (Galanis, A., Yang, S. H., and

Sharrocks, A. D. (2001) J. Biol. Chem. 276, 965—973); however, it has not been established whether this inhibition is steric or
allosteric in origin. To facilitate inhibitor design and to examine potential coupling of recruitment sites to other ligand
recognition sites within ERK2, energetic coupling within ERK2 was investigated using two new modular peptide substrates for
ERK2. Modeling shows that one peptide (Sub-D) recognizes the DRS, while the other peptide (Sub-F) binds the FRS. A steady-
state kinetic analysis reveals little evidence of thermodynamic linkage between the peptide substrate and ATP. Both peptides are
phosphorylated through a random-order sequential mechanism with a k,,/K,, comparable to Ets-1, a bona fide ERK2 substrate.
Occupancy of the FRS with a peptide containing a modular docking sequence has no effect on the intrinsic ability of ERK2 to
phosphorylate Sub-D. Occupancy of the DRS with a peptide containing a modular docking sequence has a slight effect (1.3 +
0.1-fold increase in k) on the intrinsic ability of ERK2 to phosphorylate Sub-F. These data suggest that while docking
interactions at the DRS and the FRS are energetically uncoupled, the DRS can exhibit weak communication to the active site. In
addition, they suggest that peptides bound to the FRS inhibit the phosphorylation of protein substrates through a steric
mechanism. The modeling and kinetic data suggest that the recruitment of ERK2 to cellular locations via its DRS may facilitate
the formation of F-site selective ERK2 signaling complexes, while recruitment via the FRS will likely inhibit ERK2 through a

ABSTRACT: ERK2 primarily recognizes substrates through two
recruitment sites, which lie outside the active site cleft of the kinase.
These recruitment sites bind modular-docking sequences called
docking sites and are potentially attractive sites for the development
of non-ATP competitive inhibitors. The D-recruitment site (DRS)

Sub-D
and the F-recruitment site (FRS) bind D-sites and F-sites, !

Sub-F

steric mechanism of inhibition. Such recruitment may serve as an additional level of ERK2 regulation.

RK2 plays an integral role in regulating biological processes

in eukaryotic organisms."””> They primarily recognize
substrates through two recruitment sites, which lie outside
the active site cleft of the kinase. These recruitment sites bind
modular-docking sequences called docking sites® and are
attracting interest as potential target sites for non-ATP
competitive inhibitors (reviewed in ref 4). The D-recruitment
site (DRS) and the F-recruitment site (FRS) bind D-sites and
F-sites, respectively.’ ® Figure 1 shows the general structural
organization of ERK2 and the positions of the DRS and FRS on
its surface relative to the active site cleft. While all the MAPKs
are thought to possess a DRS, the FRS appears to be a feature
common only to ERK1/2 and p38 MAPKa;”~'' however,
evaluations of ERKS and other MAPKs such as ERK3 and
ERK7 have not been reported.

A D-site contains a conserved (R/K),_;—X,_—® ,—X—D
sequence where @, and @ are hydrophobic residues. Crystal
structures of MAP kinases in complex with D-site peptides '*
have shown that basic residues of a D-site can bind to a
negatively charged surface on the MAPK termed @ 4, in Figure
1, which contains two Asp residues previously identified as the
common-docking domain."® However, recent NMR studies
have suggested that not all D-sites engage the Asp residues of
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the @ g, site.'* The ® ,—X—®; sequence binds to a nearby
hydrophobic pocket termed @} in Figure 1. The two sites,
® 4,y and @y, constitute the D-recruitment site (DRS).

The FRS binds a second docking motif termed an F-site, or
the “DEF” motif (docking site for ERK FXFP), which was first
characterized as an FXFP sequence.">~"” This site is conserved
in multiple ERK targets including Elk-1, c-Fos, SAP1, and the
kinase suppressor of Ras (KSR).*'* More recently, a library-
scan analysis suggested that either of the phenylalanines in the
F-site motif may be substituted for tyrosine or tryptophan.''
Unlike the DRS, no clear crystallographic information exists for
the nature of the interactions that define the F-recruitment site
(FRS). However, key residues that define this site have been
identified using elegant hydrogen exchange mass spectrometry
(HXMS) coupled with mutational analysis.® It was shown that
Y231, L232, and L235 on one side of a hydrophobic groove on
ERK2 together with M197, L198, and Y261 were crucial in
defining the FRS and interacting with F-site sequences.
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Figure 1. Diagrams of activated ERK2 (PDB 2ERK) showing the following. (A) The G-loop, which clamps onto ATP, and the binding site for
substrate Ser/Thr-Pro motifs (which become phosphorylated). Also indicated are the D and F recruitment sites and loop-16 (green), which
communicates between the D-recruitment site and the activation loop (red). A small insert, unique to MAP kinases, called the MAPK insert is also
shown (colored blue, residues 246—276). The D-recruitment site comprises the common-docking domain and two hydrophobic areas (® , and @)
as shown in Figure 1B. The F-recruitment site (indicated) is a hydrophobic pocket with a preference for binding a y—X— motif (where y are
aromatic residues). (B) A negatively charged surface on the MAPK termed @ 4, which two Asp residues (D319 and D316) previously identified as
the common-docking domain. A nearby hydrophobic site termed ® 1,4 (which consist with two hydrophobic areas @ , and ® s)- The two sites, ® chg

and @, constitute the D-recruitment site (DRS).

Mutation of the residues Y231, L1232, L23S, and Y261 to
alanine in active ERK2 leads to significant reduction in
binding.6 These data allowed a model of an F-site peptide
from Elk-1 bound at the FRS to be obtained.® (See also ref 18
for a related model.)

Substrates of ERK2 may be recognized through canonical
modular docking interactions with the DRS, the FRS, or both™
and in addition may also utilize more extensive noncanonical
docking interactions. For example, we recently showed that
while the N-terminus of the transcription factor Ets-1 binds to
the @y, site of the DRS its SAM domain binds to the MAP
kinase insert of ERK2."****! Recent studies have evaluated the
relative contributions of the FRS and the DRS in the
recognition of a number of substrates.'®"”

Using point mutations to impair binding at either the FRS or
DRS of ERK2, Dimitri et al. showed that single canonical
docking interactions are capable of supporting recognition and
turnover of certain protein substrates,”” suggesting that the
docking interactions may function independently, a notion
supported by the recent studies reported by Burkhard et al.'’
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However, Glanis et al. have reported that F-site peptides inhibit
all ERK2 activity.” The question of whether such inhibition is
steric or allosteric in origin has not been resolved. Recently, our
modeling studies suggested that an F-site peptide impedes the
interaction between the SAM domain of Ets-1 and the MAPK
insert of ERK2 through a steric mechanism.'® However,
hydrogen exchange mass spectrometry (HXMS) studies have
revealed changes in ERK2 dynamics at significant distance from
the FRS upon docking an F-site peptide, supporting a possible
allosteric mechanism of inhibition.®

The purpose of this study was to evaluate the mechanism of
inhibition of ERK2 by F-site peptides and to assess whether
canonical docking interactions at one recruitment site
communicate to distal sites to affect catalysis.”®> Peptide
substrates of ERK2 that are recognized by the active site are
phosphorylated with low efﬁciency;24’25 however, peptides that
utilize modular docking interactions exhibit significantly
improved rates of phosphorylation.’*™>® Here we designed
two new peptides that exclusively recognize either the DRS or
the FRS and show that both peptides are phosphorylated with a
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specificity constant (k,/K,,) comparable to that of the protein
substrate Ets-1.”” We provide the first evaluation of the kinetic
mechanism for such modular peptides. Our kinetic analysis
suggests that while docking interactions are not communicated
to each other, weak communication may occur from the DRS
to the active site. Both peptides represent excellent tools with
which to examine small molecule interactions at the recruit-
ment sites. These studies suggest that F-site peptides probably
inhibit ERK2 through a steric mechanism, suggesting that small
molecules that locate to the FRS have potential to exhibit
substrate selectivity.

B EXPERIMENTAL PROCEDURES

Reagents. NovaSyn TGR resin was purchased from
Novabiochem (Gibbstown, NJ). Fmoc-6-aminohexanoic acid
was purchased from AnaSpec (Fremont, CA). Other Fmoc-
amino acids, HBTU, and HOBT were obtained from Advanced
ChemTech (Louisville, KY). Ultrapure grade Tris and HEPES
were obtained from Sigma (St. Louis, MO). MP Biomedicals
(Irvine, CA) supplied [y-**P]-ATP. P81 ion exchange cellulose
chromatography paper was purchased from Whatman (Piscat-
away, N_]) Yeast extract, tryptone, agar, and IPTG were
obtained from US Biologicals (Swampscott, MA). Ni-NTA
agarose was supplied by Qiagen Inc. (Valencia, CA). A Mono
Q HR 10/10 anion-exchange column was purchased from
Amersham Biosciences (Piscataway, NJ). The Escherichia coli
strain BL21 (DE3) used for recombinant protein expression
was obtained from Invitrogen. The remaining molecular
biology reagents, including protein molecular mass standards,
were obtained from Invitrogen Corp. All other buffer
components and chemicals were obtained from Sigma.

Preparation of Proteins. Activated tagless ERK2 was
generated essentially as described.** Expression and purification
of Ets-1 (1—138) was followed by the method described in the
previously published literature.*

Peptide Synthesis and Purification. The synthesis and
purification of peptides Lig-F (Ac-YAPRAPAKLAFQFPSR-
NH,) and LigD (FQRKTLQRRNLKGLNLNL-NH,) have
previously been reported.'® Sub-D (Ac-
QRKTLQRRNLKGLNLNL-XXX-TGPLSPGPE-NH,; X = 6-
aminohexanoic acid) and Sub-F (YAEPLTPRILAKWEWPA-
NH,) were synthesized using a Liberty CEM automated
microwave peptide synthesizer by utilizing an Fmoc solid-sate
peptide synthesis protocol. Sub-F was cleaved using a cleavage
cocktail (1 mL of thioanisole, 0.5 mL of H,O, 0.5 mL of
ethanedithiol, and 18.0 mL of trifluoroacetic acid) for 3 h. Sub-
D was acetylated at the N-terminus and then cleaved using a
cleavage cocktail (0.75 mL of thioanisole, 0.2 mL of H,0, 0.4
mL of ethanedithiol, and 18.65 mL of trifluoroacetic acid) for 4
h. Sub-F was subjected to an elution profile of 0—10%
acetonitrile 0—5 min; 10—30% 5—60 min. Likewise, Sub D was
purified with a gradient of 0—20% acetonitrile 0—5 min; 20—
50% 5—60 min. Purified peptides were characterized for purity
and mass by analytical HPLC (System Gold, Beckman Coulter)
followed by mass spectrometry using either a MALDI-TOF
(Voyager, PerSeptive Biosystem) or an ESI (LCQ, Thermo
Finnigan). The following analytical results were obtained; Sub-
F, obsd 2041.00, calcd mass 2040.08; Sub-D, obsd mass
3445.02, calcd mass 3446.85).

Kinase Analysis. ERK2 activity was determined as
described previously.*

Data Analysis. Steady-State Kinetic Experiments. Re-
actions were carried out at 27 °C in kinase assay buffer (25 mM
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HEPES pH 7.4, 100 mM KCl, 2 mM DTT, 40 ug/mL BSA,
and 20 mM MgCl,) containing 2 nM ERK2 and varied
concentrations of peptide substrates, Ets-1, and inhibitors.
Rates were measured under conditions where total product
formation represented less than 10% of the initial substrate
concentrations. The reaction was incubated for 10 min before
initiation by addition of enzyme and quantified as described
previously.”” Initial rates were determined by linear least-
squares fitting to plots of product against time. Reciprocal plots
of 1/v against 1/s were checked for linearity, before the data
were fitted to eq 1 using a nonlinear least-squares approach,
assuming equal variance for velocities, using the program
Kaleidagraph 3.5 (Synergy software). The intercepts 1/ViEP
and slopes KiP?/ViEP obtained from these fits were then plotted
against either the inhibitor concentration (i) (for inhibition
experiments) or the reciprocal of the nonvaried substrate
concentration (1/s) (for initial velocity experiments). These
plots were used to determine the appearance of the overall
kinetic equation. To obtain kinetic parameter K2'* of Ets-1
phosphorylation (Table 1), a double-reciprocal plot of 1/v vs

Table 1. Kinetic Parameters for the Phosphorylation of
Substrates by ERK2

substrate K, peptide ;M KEeptide M KATP M ke s
Sub-D 24+ 10 25+ 1.8 62 + 42 15 £ 0.7
Sub-F 33+ 1.1 54 + 32 130 + 110 6.5 + 04
Ets 2.6 + 1.8 29 + 2.7 130 + 100 17+ 1

1/[MgATP?"] was obtained at 15 M Ets-1. Values for kinetic
constants were then obtained using the program Scientist
(Micromath) by fitting the kinetic data to the relevant overall
equation. Data conforming to a sequential initial velocity
pattern were fitted to eq 2; data conforming to linear
competitive inhibition were fitted to eq 3; data conforming to
noncompetitive inhibition were fitted to eq 4. Dose—response
curves for data conformed to hyperbolic inhibition to eq S and
for data conformed to activation to eq 6.

kobs — S

kP KR+ S (1)

kobs _ ab

kcat KlAKmB + Km_Ab + KmBa + ab (2)

kobs — S

kP KR+ /KPP + S 3)

K

;z_m(1+m)L+L(l+m)

kobs kcat Ki [S] kcat Ki (4)
kO

ko= ——2 4K

k bs = r_ kO

. 1+ (x/Ksp) ©)

The parameters used in deriving equations are defined as
follows: k,, observed rate constant; kXF, apparent catalytic
constant; s, concentration of substrate S; kX, apparent
Michaelis constant for substrate S; a, concentration of substrate

A; b, concentration of substrate B; Kj,, inhibition constant for
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Scheme 1. Schematic Representation of ERK2 and the ERK2*Sub-D and ERK2-Lig-D Complexes Depicting the DRS, the FRS,

and the Active Site”
ERK2

DRS
FRS

Activ
site

ERK2+SubD

ERK2¢LigD

Lig-D FQRKTLQRRNLKGLNLNL
consensus EEXXXX?‘X(DB

“The RRNLKGLNL modular docking site and consensus phosphorylation site are shown in Sub-D and Lig-D.

Scheme 2. Schematic Representation of ERK2 and the ERK2-Sub-F and ERK2-Lig-F Complexes Depicting the DRS, the FRS,

and the Active Site”

ERK2 ERK2°SubF ERK2-LigF
DRS
FRS E
Activ
site
Sub-F

—o—MH
Sub-F YAEPLTPRILAKWEWPA

Li g- F YAPRAPAKLAFQFPSR
consensus YXYP

“The WEWP modular docking site and consensus phosphorylation site is shown in Sub-F. The Modular FQFP docking site is shown in Lig-F.

substrate A; K,,, Michaelis constant for substrate A; K,p,
Michaelis constant for substrate B; i, concentration of inhibitor
I; K;** or K{f?, apparent competitive inhibition constant for
inhibitor I; k, is the observed rate constant in the absence of
inhibitor; k' is the observed rate constant at saturating inhibitor,
I, or activator x; Ky is the concentration that leads to half the
maximal change in kg,

Molecular Modeling. To facilitate the virtual docking of
peptides to ERK2, we constructed the initial peptide structures
using Modeller9v4,>" as described previously for Lig-D and Lig-
F.'"® Here we briefly describe the approach used to model the
structures of Sub-D and Sub-F onto the surface of activated
ERK2: a) FQRKTLQRRNLKGLNLNL-XXX-TGPLSPGPF
(Sub-D) - FQRKTLQ-RRNLKGLNLNL (Lig-D) was modeled
as described previously.'® Then the LEaP module in Amber
9.0% was used to generate a random 3-D structure of
TGPLSPGPF. This was then connected to the C-terminus of
Lig-D with a flexible linker to generate Sub-D. (b)
YAEPLTPRILAKWEWPA (Sub-F) coordinates were first
obtained for an FSFG motif as described previously for Lig-
E.'"® The FSFG was then transformed to WEWP using the
LEaP module® of Amber. Binding within the DRS, the FRS,
and the active site were performed to the active form of ERK2
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(PDB-ID: 2ERK)* as described previously with GOLD 4.1
Cambridge Crystallographic Data Centre'®3*3%).
ge Lry. grap

B RESULTS

Design of Peptide Substrates. Recently, several peptide
substrates for ERK2 were described whose principle design
feature was to take advantage of the modular docking strategy
employed by ERK2."'"?® Basing our design on these peptides,
we developed two new substrates for ERK2 called Sub-D and
Sub-F, which were expected to exhibit specific interactions with
the DRS and the FRS respectively '"*® (see Figure 1 and
Schemes 1 and 2). Sub-D is comprised of a short docking
sequence based on the docking site of the yeast MKK STE7,
which is separated by a flexible hydrophobic linker from a C-
terminal MAPK phosphorylation consensus sequence (Scheme
1). Sub-F contains a C-terminal WXWP motif (rather than the
conventional FXFP motif) separated by five amino acids from a
MAPK phosphorylation consensus sequence (Scheme 2).
These simple modular peptide substrates offer a unique
opportunity to examine features of the MAPK catalytic
mechanism that are difficult to investigate using protein
substrates. In particular, they allow experiments to be designed
that focus on each specific docking interaction.

dx.doi.org/10.1021/bi201103b | Biochemistry 2011, 50, 9500—-9510
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Figure 2. Molecular models of peptides bound to ERK2. (A) Sub-D (QRKTLQRRNLKGLNLNL-XXX-TGPLSPGPF) (X = 6-aminohexanoic acid)
bound to the DRS of ERK2. The flexible X; linker (yellow) (X = 6-aminohexanoic acid) joins the Lig-D'® moiety to the phosphorylation motif (Ser-
Pro indicated). (B) Sub-F (YAEPLTPRKLAKWEWPA) bound to the FRS. The y—X—y motif of Sub-F binds the FRS. The phosphorylation motif,
Thr-Pro, is indicated. Coulombic surface representation was performed in Chimera using default parameters.

2. Modeling the Binding of Modular Peptide
Substrates to ERK2. Recently, using a series of biophysical
approaches we determined that activated ERK2 is mono-
meric.”® Therefore, potential allosteric effects due to subunit
interactions within an ERK2 dimer may be discounted.
Accordingly, Sub-D and Sub-F were modeled onto the surface
of monomeric ERK2 using a molecular docking approach using
the software GOLD 4.1 (Cambridge Crystallographic Data
Centre®**®) (Figure 2). The docking site of Sub-D was
modeled using distance restraints in a manner similar to that for
the modeling of the peptide Lig-D.'® In addition, the Thr-Pro
motif was restrained within the active site as described
previously for Ets-1.>' The modeling of Sub-D to the surface
of ERK2 reveals a plausible mode of binding where the D-site
engages the DRS (Figure 2A). The modeling also reveals a
potential pathway for the hydrophobic linker along the surface
of ERK2. The top-ranked 15 structures all revealed a similar
pathway. The engagement of Sub-D at the DRS is in agreement
with a recent NMR study, which examined the binding of Sub-
D to inactive ERK2.'*

As noted above, a distinct hydrophobic binding pocket for
the F-site, formed by the P+1 site, the aF helix, and the MAP
kinase insert was first identified using hydrogen-exchange mass
spectrometry ! (Figure 1). This was set as the search region
for the WXWP binding motif of Sub-F. After the Thr-Pro motif
at the active site was restrained, our modeling studies suggest
that the WXWP motif of Sub-F binds the FRS of ERK2 in a
similar manner to the FXFP motif of the peptide Lig-F with the
five residues that link the two motifs adopting an extended
configuration (Figure 2B). These modeling studies provide the
basis for understanding how ERK2 recognizes the modular
peptide substrates Sub-D and Sub-F. While the predicted
binding mode of the substrates may not represent the lowest
energy mode of binding for each substrate, we believe that it
does approach a structure the peptides must adopt in order to
be phosphorylated. These models establish important features
of the ERK2-peptide interactions and provide a platform from
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which to examine how docking interactions may affect substrate
binding and catalysis of ERK2.

Kinetic Mechanisms of Modular Peptide Phosphor-
ylation. The kinetic mechanism of peptide phosphorylation
by ERK2 has not previously been reported. Therefore, in order
to assess potential allostery in the catalytic mechanism we
sought to first establish the mechanism. To understand the
mechanism of Sub-D phosphorylation, the dependence of
product formation on the concentrations of each substrate was
determined by the method of initial rates using a radioactive
kinase assay.”* In each case the appearance of product with time
was linear and highly reproducible to within 10%. Double-
reciprocal plots of 1/v versus 1/[Sub-D] (Figure 3A) or 1/v
versus 1/[MgATP>"] (Figure 3B) are linear and displayed a
pattern of intersecting lines on the abscissa at a common
vertical coordinate. This pattern is consistent with a sequential
mechanism where both substrates react before either product
dissociates from the enzyme.** The mechanism of Sub-F
phosphorylation was analyzed in a similar manner. The double-
reciprocal plots of 1/v versus 1/[Sub-F] or 1/v versus 1/
[MgATP?"] at varied fixed concentrations of second substrate
are linear and also display a pattern of intersecting lines (Figure
4A,B) consistent with a sequential mechanism where both Sub-
F and M%ATP react before either product dissociates from the
enzyme.”® Kinetic parameters describing a sequential mecha-
nism were obtained by fitting the initial rate data to eq 2 (Table
1). In both cases, the kinetic parameters (e.g, K, and K;)
indicate that there is little thermodynamic linkage between
peptide substrate and ATP when bound to ERK2 (see ref 37
for a discussion of thermodynamic linkage).

A sequential mechanism can be described further as random
or ordered.*® To assess the mechanism of Sub-D and Sub-F in
more detail, inhibition studies were performed and a mode of
inhibition was assigned. Inhibitors are classified according to
whether they affect the apparent specificity constant, kZF /KPP
(competitive inhibition), the apparent catalytic constant k2P
(uncompetitive), or both (mixed). By plotting the data in
reciprocal form as 1/k., against 1/[substrate] at varied
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Figure 3. Substrate dependence and inhibition studies of Sub-D phosphorylation. (A) Double-reciprocal plot of 1/k, vs 1/[Sub-D] (3.13—50 uM)
at varied fixed concentrations of MgGATP (3.13—500 pM). The data were fitted to eq 2 according to ke, = 15.0 + 1.0 s7}, K50 = 3.0 + 1.0 uM,
KMATP = 62 + 42 yM and & = 0.95 + 0.74 s™". (B) Double reciprocal plot of 1/kg, vs 1/MgATP (31.3—500 uM) at varied fixed concentrations of
Sub-D (3.13—50 uM). The data were fitted to eq 2 according to k= 15.0 + 1.0 57, KSD =30 + 1.0 uM, KMATP= 62 + 42 yM and a = 0.95 +
0.74 s7". (C) Double reciprocal plot of 1/ky, vs 1/[Sub-D] (6.25—100 uM) at varied fixed concentrations of Lig-D (0 — 40 uM) and 1 mM
MgATP. Initial velocities were measured using various concentration of Sub-D (3—50 uM). The data were fitted to a model of competitive inhibition
according to eq 3, where KSD = 4.9 + 0.7 uM, and k%P = 10.9 + 0.5 s, (D) Double-reciprocal plot of 1/ky vs 1/[Sub-D] (6.25—100 M) at
varied fixed concentrations of MgADP (0—2000 yM) and 1 mM MgATP. The data were fitted to a model of noncompetitive inhibition according to
eq 4 where K3**P = 3 + 0.5 4M and k¥P = 10.0 + 0.5 s™". (E) Double-reciprocal plot of 1/ky, vs 1/[MgATP] (31.3—500 M) at varied fixed
concentrations of MgADP (0—1000 M) and 20 4M Sub-D. The data were fitted to a model of competitive inhibition according to eq 3 where KA™*
=27 + 8 uM and k%P = 10.0 + 0.5 s™". (F) Double-reciprocal plot of 1/k, vs 1/[MgATP] at varied fixed concentrations of Lig-D (0 — 164 uM)

and 20 uM Sub-D. The data were fitted to a model of noncompetitive inhibition according to eq 4 where K™ = 40 + 4 uM and k%P = 10.0 + 0.5
-1
s

concentrations of inhibitor one can determine the mechanism inhibition pattern toward Sub-D and competitive pattern for
by noting whether an inhibitor affects the slope or intercept of a toward MgATP>~ (Figure 3D,E). The data were fitted using
plot. A mode of inhibition was determined for each inhibitor/ eqs 2—4 (Table 2). Sub-F also follows a similar inhibition
substrate pair (Tables 2 and 3).*® The peptide Lig-D showed a pattern to Sub-D. Lig-F showed a competitive inhibition
competitive inhibition pattern toward Sub-D (Figure 3C) and a pattern toward Sub-F (Figure 4C) and a noncompetitive
noncompetitive inhibition pattern toward MgATP?*~ (Figure inhibition pattern toward MgATP> (Figure 4F). When
3F). When MgADP was used as the product inhibitor, double- MgADP was used as the inhibitor, double-reciprocal plots of
reciprocal plots of 1/v vs 1/[S] showed a noncompetitive 1/v versus 1/[S] showed a noncompetitive inhibition pattern

9505 dx.doi.org/10.1021/bi201103b | Biochemistry 2011, 50, 9500—9510



Biochemistry

0.8

[ ] [ ]
0.6 | 0.6 |
» * » D)
S04l / 2 04l
< <
02} % 0.2 /
0 L 1 0 L L 1 1
-0.2 -0.1 0 10.1 0.2 -0.01 0 0.01 0.02 0.03 0.04
1/Sub-F, pM" 1/MgATP, uM™
C.s D
vary Lig-F vary ADP
2+ 1F v
? 15t »
g 2 4
x «° 05¢
-~ 1+ = s 7|
0.5
0 /
0 ﬂ 1 1 1 1 N 1
0 0.04 0.08 0.12 0.16 -0.05 0 0.05 0.1
£ 1/Sub-F, pM”* 1/Sub-F, pM”!
2.5 F 14
vary ADP vary Lig-F
21
w 15} 2
2 § 0.7 + e
s ] /
-~ B -~ N
*
05} °
0 . . . 0 = P
-0.005 0 0.005 0.01 0.015 0.02 -0.015-0.01-0.005 0 0.005 0.01 0.015 0.02
1/MgATP, uM’” 1/MgATP, uM’’

Figure 4. Substrate dependence and inhibition of the phosphorylation of Sub-F. (A) Double-reciprocal plot of 1/k, vs 1/Sub-F (6.25—100 uM) at
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3.2 uM, KMATP = 130 + 100 uM, and a = 0.98 + 0.74 s™". (B) Double-reciprocal plot of 1/k.,, vs 1/MgATP (31.3—500 uM) at varied fixed
concentrations of Sub-F (6.25—100 #M). The lines correspond to the best fit to eq 2 according to k., = 6.5 + 0.4 57!, K3"F= 5.4 + 3.2 M, KMATP
=130 + 100 M, and @ = 0.98 + 0.74 s~". (C) Double-reciprocal plot of 1/k, vs 1/[Sub-F] (6.25—100 sM) at varied fixed concentrations of Lig-F
(0—168 uM) and 1 mM MgATP. The data were fitted to a model of competitive inhibition according to eq 3, where K3 = $.4 + 0.7 uM, k¥ =
7.6 + 0.4 s7', and K,*8F = 26 + 5 uM. (D) Double-reciprocal plot of 1/k,, vs 1/Sub-F (6.25—100 uM) and varied fixed concentrations of MgADP
(0—2000 M) and 1 mM MgATP. The data were fitted to a model of noncompetitive inhibition according to eq 4 where KSF = 63 + 2.4 yM and
k¥P = 5.5 + 0.5 s7". (E) Double reciprocal plot of 1/k, vs 1/[MgATP] (31.25—500 M) at varied fixed concentrations of MgADP (0—1000 xM)
and 15 uM Sub-F. The data were fitted to a model of competitive inhibition according to eq 3 where K2 = 41 + 10 uM and kZ%F = 5.5 + 0.5 57",
(F) Double-reciprocal plot of 1/kg,, vs 1/[MgATP] at varied fixed concentrations of Lig-F (0—164 uM) and 1S yM Sub-F. The data were fitted to a
model of noncompetitive inhibition according to the eq 4 where K™ = 71 + 10 4M and k¥P = 5.8 + 0.5 57",

toward Sub-F and a competitive pattern for toward MgATP?*~ is unlikely to effect a significant reversal of any of the forward
(Figure 4D,E). The data were fitted using eqs 2—4 (Table 3). steps of the reaction because the formation of products on the
ERK2 is known to phosphorylate the protein substrate Ets-1 enzyme is expected to be highly favorable.*' Furthermore, ADP
through a random-order mechanism,” and the plots shown in is expected to bind ERK2 to form an abortive ternary complex
Figures 3 and 4 are consistent with a similar random-order in the presence of either of the peptide substrates.”
mechanism for the phosphorylation of the peptide substrates. A Specificity of ERK2 When Complexed to an Exoge-
steady-state ordered mechanism can be excluded; it predicts an nous Docking Site Mimic. The kinetic data establishes that
uncompetitive pattern of inhibition for one of the substrate— both peptides are phosphorylated with a catalytic efficiency that
inhibitor pairs. It should be noted that ADP may be regarded as compares to the bona fide protein substrate Ets-1.* Together
a dead-end inhibitor. Although it is a product of the reaction it with the modeling these data suggest that both peptides
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Table 2. Inhibition Patterns for the Phosphorylation of Sub-
D by ERK2

varied fixed
substrate substrate inhibitor mechanism K#P (uM)
Sub-D MgATP Lig-D competitive 20 + 4
MgATP Sub-D Lig-D noncompetitive 108 + 8”
Sub-D MgATP MgADP noncompetitive 730 + 56”
MgATP Sub-D MgADP competitive 91 + 25¢

“The parameters are the best fits according to eq 3 for competitive
inhibition. “The parameters are the best fits according to eq 4 for
noncompetitive inhibition (Figure 3).

Table 3. Inhibition Patterns for the Phosphorylation of Sub-
F by ERK2

varied fixed
substrate substrate inhibitor mechanism K®P (uM)
Sub-F MgATP Lig-F competitive 26 + 5
MgATP Sub-F Lig-F noncompetitive 81 + 10°
Sub-F MgATP MgADP noncompetitive 808 + 78°
MgATP Sub-F MgADP competitive 132 + 28¢

“The parameters are the best fits according to eq 3 for competitive
inhibition. “The parameters are the best fits according to eq 4 for
noncompetitive inhibition (Figure 4).

represent excellent monodocking substrates with which to
examine the importance of each recruitment site within the
context of ERK2 catalysis. Two important questions can now
be addressed using these peptides: (1) does a peptide that
binds the FRS block the ability of ERK2 to phosphorylate Sub-
D and (2) is there evidence of allosteric communication from
the recruiting sites to distal sites on ERK2. To address both
questions, we examined the ability of ERK2 to phosphorylate
either peptide in the absence or presence of saturating peptide
ligands (Lig-D and Lig-F; see Schemes 1 and 2) that target the
DRS and the FRS, respectively.'® Modeling (not shown)
suggested that Lig-D does not compete in a steric manner with
Sub-F for binding to ERK2. Similarly, Lig-F is not predicted to
compete in a steric manner with Sub-D. Thus, any effects of

Lig-D on Sub-F phosphorylation or Lig-F on Sub-D
phosphorylation may be interpreted as allosteric in origin.

First we assessed whether docking at the FRS blocks the
ability of ERK2 to phosphorylate Sub-D. The phosphorylation
of Sub-D (at its K,,, of ~3 M) was determined in the presence
of 1 mM MgATP and an increasing concentration of Lig-F.
Notably, Lig-F has no effect on kg, for the phosphorylation of
Sub-D under these experimental conditions (Figure SA, ll). In
a control experiment Lig-F was shown to exhibit a dose-
dependent decrease in the phosphorylation of Sub-F (Figure
5B, l)- To our knowledge this demonstrates for the first time
that an F-site ligand is not a universal ERK2 inhibitor.
Furthermore, these data are consistent with the notion that
canonical docking interactions at the FRS are not strongly
coupled to the active site or the DRS of activated ERK2.

When the phosphorylation of Sub-F (at its K, of 15 uM)
was determined in the presence of 1 mM MgATP and an
increasing concentration of Lig-D a very slight dose-dependent
increase in kg, was observed as the concentration of Lig-D was
increased (Figure SB, O). Conversely, the peptide decreased
the ability of ERK2 to phosphorylate Sub-D in a dose-
dependent manner (Figure SA, O). A full kinetic analysis in the
presence of saturating Lig-D (Figure SC) suggests that the
binding of Lig-D to ERK2 induces a 1.3 + 0.1-fold increase in
k., without affecting the binding of ATP or the peptide. These
experiments suggest that docking interactions at the DRS are
weakly coupled to the active site but uncoupled to the FRS and
further show that the DRS can be occupied without hindering
the catalytic ability of ERK2.

B DISCUSSION

Docking interactions at the DRS or the FRS (Figure 1)
represent a key mechanism to affect cellular signaling involving
ERK2, as they mediate the specificity and the efficiency of all
the catalytic processes involving downstream substrates.>
Therefore, they have attracted considerable interest as possible
targets for the development of non-ATP competitive inhibitors
(reviewed in ref 4). Efforts to understand the role of docking
interactions in mediating substrate recognition and turnover
have been hampered by the lack of crystal structures of
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Figure 5. Sensitivity of ERK2 to docking site occupancy. (A) Dose—response curve for the effect of Lig-F (Ill) or Lig-D (O) on the ability of ERK2
to phosphorylate Sub-D (3 M) in the presence of 1 mM MgATP. The line through the closed squares (Lig-F) corresponds to a linear fit. The line
through the open circles (Lig-D) corresponds to the best fit to eq 5 for a dose—response curve for competitive inhibition, where ko = 5.3 + 0.2 s~
and ksy = 30 = 4 uM. (B) Dose—response curve for the effect of Lig-F (lll) or Lig-D (O) on the ability of ERK2 to phosphorylate Sub-F (15 #M) in
the presence of 1 mM MgATP. The line through the closed squares (Lig-F) corresponds to the best fit to eq S for a dose—response curve for a
competitive inhibitor where ko = 7.2 + 0.1 s™ and Ky, = 35 + 3 uM. The line through the open circles (Lig-D) corresponds to the best fit to eq 6 for
a dose—response curve to an activator where ky = 7.2 + 0.3 57, k' = 8.9 + 0.3 s}, and K, = 10 + 8 uM. (C) Double-reciprocal plot of 1/k, vs 1/
Sub-F at various concentrations of MgATP (31—500 #M) with a saturating concentration of Lig-D (100 uM). The lines correspond to the best fit to
eq 2 where kg, = 8.0 + 0.3 7, KPP = 5 + 2 uM, KS*F = 5.6 + 2.1 uM, and KM = 76 + 33 uM.

9507 dx.doi.org/10.1021/bi201103b | Biochemistry 2011, 50, 9500—9510



Biochemistry

ERK2-substrate complexes. However, a recent experimentally
and computationally derived model for the complex between
ERK2 and the transcription factor Ets-1 has revealed, for the
first time, how two docking interactions can position a
phosphorylation site within proximity of the active site."®
This study shows how the disordered N-terminus of Ets-1
docks to the DRS and stabilizes the ERK-Ets-1 complex by
approximately 10-fold."® In addition, the study also suggests
that Ets-1 binds the MAPK insert of ERK2 through its SAM
domain.'®

While three crystal structures are available to illustrate
docking interactions at the DRS of unactivated ERK2,'>#0* pq
crystallographic information is currently available to reveal
interactions at the FRS. However, HXMS data coupled to site-
directed mutagenesis and computational modeling has been
invaluable in providing some insight into the nature of docking
at the FRS.® These data have enabled mutagenesis experiments
to be designed to impair docking interactions, which have
identified substrates that utilize just the DRS, the FRS, or
both."”

In the present study, we designed two new peptide
substrates, Sub-D and Sub-F, to investigate whether allosteric
effects at ERK2 recruitment sites underlie catalysis and/or
inhibition of ERK2 (Schemes 1 and 2). In particular, we were
interested in learning the underlying mechanism by which
peptides containing F-sites inhibit the activity of ERK2 toward
protein substrates.

The modeling studies (Figure 2) suggest how docking
interactions facilitate the binding of both peptides to ERK2. For
example, a key feature of the ERK2-Sub-D model (Figure 2A)
is that the docking interaction of the RRXXXXIXL sequence of
Sub-D at the @ 4, site of the DRS position the linker to thread
loosely along the groove of the DRS, somewhat reminiscent of
the manner in which the intrinsically disordered N-terminus of
Ets-1 may engage the same groove.'® Presumably, the docking
as well as the weak association of the linker promotes
interaction of the consensus phosphorylation site, PLSP, with
the active site. Sub-F contains a WXW motif, previously shown
to facilitate recognition by ERK2."" The docking interactions of
the WXW motif of Sub-F at the FRS, appears to provide
sufficient auxiliary interactions to promote the weak association
of Sub-F to the surface of ERK2. Again, these docking
interactions allow the appropriate binding of the consensus
phosphorylation sequence.

The mechanistic studies (Figures 3 and 4) are consistent
with both Sub-D and Sub-F being phosphorylated through a
random-order sequential mechanism. Both peptides are
efficiently phosphorylated by ERK2 with k/K,, values of 6
x 10 M~' s7! and 2 x 10° M7! s7! for Sub-D? and Sub-F,
respectively. Both peptides are phosphorylated with efficiency
similar to that of the protein substrate Ets-1 (6 X 10° M~
s71).* Thus, peptide substrates that exclusively target either the
DRS or the FRS may be phosphorylated with equal efficiency
to a bona fide protein substrate. Unlike peptides that were
tested previously as substrates,'' Sub-F does not exhibit
pronounced substrate inhibition and in this respect represents
a useful ERK2 substrate for the evaluation of FRS-directed non-
ATP competitive inhibitors.

The kinetic parameters for both Sub-D and Sub-F suggest
that the binding affinity of neither peptide is substantially
affected by the binding of MgATP to the active site. An absence
of thermodynamic linkage®” between the peptides and ATP is
consistent with there being little coupling between the ATP
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binding site and either of the two recruitment sites in activated
ERK2.

Modeling suggests that Lig-F inhibits the phosphorylation of
Ets-1 through a steric mechanism as the binding of Lig-F to the
FRS appears to block the binding of the SAM domain to the
MAPK insert. Based on a similar analysis, we reasoned that the
phosphorylation of Sub-D will not be subject to steric
inhibition by Lig-F. Therefore, we tested whether Lig-F inhibits
Sub-D phosphorylation to provide evidence for a possible
allosteric mechanism. Significantly, Lig-F has no effect on the
ability of ERK2 to phosphorylate Sub-D (Figure SA). In
contrast, Lig-F competitively inhibits Sub-F. These data
demonstrate, for the first time, that peptides bound to the
FRS probably inhibit protein substrate phosphorylation
through a steric mechanism. The data also provide support
for the notion that small molecule inhibitors that bind the FRS
may be developed to exhibit substrate-selective inhibition. The
ability to inhibit the activation of a specific subset of ERK2
substrates may provide unique opportunities in the develop-
ment of therapeutics. In this respect it is interesting that F-site-
mediated phosphorylation of IEG-products, such as c-fos and c-
Myc leads to the prolon§ation of their nuclear expression and
activity by several hours.” * The selective inhibition of these
immediate early genes might provide significant therapeutic
benefit.

The studies also show that a peptide ligand bound to the
DRS does not inhibit the phosphorylation of a substrate
utilizing the FRS. In fact, the slight 1.3 + 0.1-fold increase in k.,
observed for the phosphorylation of Sub-F suggests there can
be favorable, but weak coupling between the DRS and the
active site in activated ERK2. A number of studies support the
notion that MAPKSs may stably associate with some substrates
following cell stimulation. For example, ERK2 is reported to
stably associate with RSK3*® and the nuclear pore protein
Tpr,"” following cell stimulation and studies in yeast suggest
that MAPKSs become physically associated with genes through
association with various proteins, including transcription
factors, following cell stimulation.”® > The kinetic studies
reported here demonstrate that docking sites that interact with
either the DRS, or the FRS have little effect on the intrinsic
catalytic activity of ERK2. Furthermore, they suggest that ERK2
complexes mediated by the DRS may be capable of
phosphorylating substrates that utilize the FRS. Recently, we
showed that activated ERK2 is monomeric.>> Thus, the
ERK2-RSK3 complex, which is thought to be mediated by
docking to the DRS * is predicted on the basis of this study to
exhibit an exclusive activity toward substrates containing F-sites.
In contrast the ERK-Tpr complex, which is mediated by the
FRS, is likely to be catalytically inactive due to steric effects.

B CONCLUSION

Single docking interactions at either the DRS or the FRS
promote efficient phosphorylation of a peptide substrate with a
specificity constant comparable to a bona fide protein substrate.
On the basis of the use of peptide probes there appears to be
limited allosteric communication within the ERK2 monomer
between the active site, the FRS, and the DRS. Docking
interactions on activated ERK2 may be characterized as both
spatially discrete as well as functionally independent. Activated
ERK2 that is directly recruited to cellular locations through
binding to its DRS may selectively phosphorylate substrates
containing F-sites. Such recruitment may serve as an additional
tier of ERK2 regulation. Peptide sequences that target the FRS

dx.doi.org/10.1021/bi201103b | Biochemistry 2011, 50, 9500—9510



Biochemistry

are likely to block ERK2 activity through a steric mechanism.
However, smaller molecules may be designed to target the FRS
and exhibit selectivity for substrates that utilize the FRS
exclusively.
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Bl ABBREVIATIONS

ATP, adenosine triphosphate; BSA, bovine serum albumin
fraction V; DTT, dithiothreitol; EDTA, ethylene diamine
tetraacetic acid; EGTA, ethylene glycerol-bis[2-aminoethyl
ether]-N,N,N',N"-tetraacetic acid; HEPES, N-(2-hydroxyethyl)-
piperazine-N'-2-ethanesulfonic acid; HTS, high throughput
screening; IPTG, isopropyl-fB-p-thiogalactopyranoside; ERK,
extracellular signal-regulated protein kinase; Ets, murine (His-
tagged)Ets1(1—138); MAPK, mitogen-activated protein kinase;
IEG, Immediate early gene; MK2, mitogen-activated protein
kinase activated protein kinase; MKK1, MAP kinase kinase 1;
PCR, polymerase chain reaction; ESI, electrospray ionization;
Sub-D, FQRKTLQRRLKGLNLNL-XXX-TGPLSPGPF (X =
6-aminohexanoic acid); Sub-F, YAEPLTPRILAKWEWPA, Lig-
D, FQRKTLQRRLKGLNLNL; Lig-F, YAPRAPAKLAFQFPSR

Bl ADDITIONAL NOTE

“Sub-D is similar to the previously described modular
peptide;** however, Sub-D has a longer, more hydrophobic
linker, suggesting that the precise nature of the linker is not
critical for efficient phosphorylation.
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