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Changes in protein mobility accompany changes in conformation
during the trans-activation of enzymes; however, few studies exist
that validate or characterize this behavior. In this study, amide
hydrogen/deuterium exchangeymass spectrometry was used to
probe the conformational flexibility of extracellular signal-regu-
lated protein kinase-2 before and after activation by phosphory-
lation. The exchange data indicated that extracellular regulated
protein kinase-2 activation caused altered backbone flexibility in
addition to the conformational changes previously established by
x-ray crystallography. The changes in flexibility occurred in regions
involved in substrate binding and turnover, suggesting their im-
portance in enzyme regulation.

The mitogen-activated protein (MAP) kinase extracellular
regulated protein kinase-2 (ERK2) plays a central role in

signaling pathways regulating cell growth and differentiation in
eukaryotic cells. Phosphorylation at Thr-183 or Tyr-185 by MAP
kinase (MAPK) kinase-1y2 leads to .1,000-fold enhanced
specific kinase activity, resulting in elevated phosphorylation of
cellular targets including transcription factors and downstream
kinases (1). ERK2 presents an attractive model system for
understanding regulated changes involved in enzyme activation,
because x-ray structures are available for both inactive, unphos-
phorylated (ERK) and active diphosphorylated (ppERK) ki-
nases (2, 3).

X-ray structures of ERK2 show features conserved in protein
kinase catalytic cores (2, 4) (Fig. 1b). These include the N-
terminal lobe (b1–b5 and helix aC) and the larger C-terminal
lobe (helices aD–aI and b6–b9), which are responsible for
nucleotide and protein substrate binding, respectively, and which
surround residues in the catalytic cleft that facilitate phosphoryl
transfer. A hinge joins the two lobes and serves as the pivot for
domain closure, a conformational change associated with for-
mation of the ternary enzyme-substrate complex (5). The phos-
phorylation sites in ERK2 are contained in the activation lip, a
key site for regulatory phosphorylation and substrate recogni-
tion in protein kinases (4, 6).

Phosphorylation causes major rearrangements within the ac-
tivation lip and the adjacent P 1 1 protein substrate specificity
site (3, 7) (Fig. 1a). These structural rearrangements create a
competent substrate binding pocket and properly orient residues
necessary for phosphoryl transfer. In addition, phosphorylation
induces structural changes in a C-terminal extension (L16),
forming a homodimerization interface and stable dimers in
active ppERK, but not in inactive ERK (8) (Fig. 1 b and c). Minor
structural changes also occur within the MAPK insert (a1L14
and a2L14) where side-chain interactions with the activation lip
are disrupted (Fig. 1 b and c).

Limited information is available on kinase flexibility and
dynamics, factors that are presumably critical to the regulation
of enzyme activity. Advances in hydrogen exchangeymass spec-
trometry (HXyMS) enable analysis of solution conformational
ensembles for larger proteins such as protein kinases (9–11). By
measuring exchange between protein backbone amide hydro-

gens and deuterated water, HX measurements report chemical
environment and secondary structure, because exchange rates
are reduced by hydrogen bonding andyor burial within the
protein (12–16). In addition, theory predicts that observed rates
are proportional to the equilibrium constants for conversion
between solvent accessible and inaccessible conformations (17–
20). HX measurements report internal motions of the folded
state because exchange at neutral pH under nondenaturing
conditions predominantly occurs through low energy fluct-
uations in protein structure that enable transient solvent
accessibility.

In this study, changes in HX rate in peptides derived from
intact, labeled ERK and ppERK were monitored by HXyMS,
and these changes were compared with conformational
changes in corresponding regions of the x-ray structures. In the
activation lip and dimerization interface, HX rates increased
or decreased in a manner that coincided with changes in
conformation, assessed by the number of amide hydrogen
bonds and the degree of amide hydrogen burial. In contrast, in
the ATP binding loop, hinge, and substrate binding site,
changes in HX rates occurred in a manner unaccountable by
x-ray structures, but consistent with changes in backbone
f lexibility upon activation. These results illustrate the power of
HXyMS to complement static structural information from
x-ray crystallography by providing insight into internal motions
of enzymes. Importantly, we demonstrate that kinase activa-
tion by phosphorylation not only leads to changes in confor-
mation, but also causes significant changes in protein mobility
in regions important for catalysis.

Methods
HX Measurements. (His)6-tagged rat ERK2 was expressed in
Escherichia coli and stoichiometrically diphosphorylated with
the constitutively active mutant MAPK kinase-1 G7B (MKK1-
G7B), and both ERK and ppERK were further purified by FPLC
and stored in aliquots at 280°C as described (1, 16, 21). The HX
experiments were performed as described, using separate ali-
quots of enzyme for each measurement within 3 h after thawing,
and alternating measurements of ERK and ppERK (16). Ex-
change reactions were performed from 7 sec to 5 h by using 5 mg
(50 mgyml) of kinase in 90% D2O, 2.5 mM KPO4 (pH 7.4), 12.5
mM KCl, and 0.25 mM DTT at 10°C. Reactions were quenched
by acidification and cooling, digested with pepsin, and analyzed
on a reversed-phase capillary column (POROS R120, PerSeptive
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Biosystems, Framingham, MA) coupled to an API-III1 triple
quadrupole mass spectrometer (Perkin–Elmer Biosystems). The
time from the initiation of digestion to the elution of all peptides
was 22 min. Zero time point controls were performed by adding
quench buffer before D2O.

Measured peptide masses were corrected for exchange at t 5
0, normalized to 100% D2O, and corrected for back-exchange as
described (16). Kinetics of exchange using corrected peptide
masses were fit by nonlinear least squares to the equation: Y 5
N 2 Ae-k1t 2 Be-k2t 2 Ce-k3t (DATAFIT 6.1, Oakdale Engineer-
ing, Oakdale, PA), where N is the peptide mass after complete
exchange of deuterium at backbone amides, and A, B, and C

correspond to the number of amides exchanging with rate
constants k1, k2, and k3, respectively (16). In the text, A, B, C, and
N are reported to the nearest integer.

Calculation of Hydrogen Bond Length and Distance-to-Surface for
Amide Hydrogens. X-ray coordinates of monomeric ERK and
monomeric ppERK were as described [Protein DataBank codes
1ERK (2) and 2ERK (3)]. Neither structure contains ATP,
although subsequent diffusion into the crystal demonstrates
interaction of the adenine ring with the backbone of residues
Asp-104 and Met-106 (2, 22). Coordinates of the second mono-
mer in dimeric ppERK were obtained from the crystallographic

Fig. 1. Peptides analyzed in this study. (a) Sequence coverage of ERK2 indicating residue numbering and secondary structure as in Zhang et al. (2). Peptides
colored red, green, yellow, or white showed HX rates that, respectively, increased, decreased, both increased and decreased, or did not change upon kinase
phosphorylation. Peptides recovered only from unphosphorylated ERK but not ppERK are shown in black. Residues phosphorylated in ppERK are shown in blue.
(b) Structural representation of ERK (2). Sequences not recovered from peptide digests are colored gray. (c) Structural representation of ppERK (3) as in b, rotated
slightly clockwise (as viewed down the vertical axis) to more clearly show the major differences with the inactive form, the reorganization of the activation lip
(yellow arrow) and the formation of a 3y10-helix near the C terminus (green arrow).
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symmetry (3). Amide hydrogens were positioned in the x-ray
structure, and hydrogen bonds were identified by using IN-
SIGHTII, constraining donor (D) to acceptor (A) distances ,3.0
Å, and D-H-A and C-A-H angles .90° (16). The shortest
distance between each amide hydrogen and the surface was
calculated by using the program MINSURF (written by Leland
Mayne, Univ. of Pennsylvania, Philadelphia, and provided by
John Milne and S. Walter Englander, Univ. of Pennsylvania,
Philadelphia), which uses a molecular surface calculated with the
Connolly algorithm and a probe radius of 1.4 Å (15). Back-
exchange calculations were performed by using HXPEP, written
and provided by Zhongqi Zhang (Amgen, Thousand Oaks, CA),
based on an algorithm described in ref. 23. Figs. 2d and 3f were
generated by using MOLSCRIPT 1.4 (24) and RASTER-3D (25).

Results
HX Rate Measurements. HX exchange rates for ERK vs. ppERK
were measured by incubating proteins for varying times in D2O,
in the absence of ATP or protein substrate. After quenching the
exchange, protein was digested by limited proteolysis, and masses
of the resulting peptides were determined by liquid chromatog-
raphyyMS (LCyMS). This measures deuteration at backbone
amides, because side-chain deuterons back-exchange to hydro-
gen during LCyMS. Thirty-nine peptides were sequenced by MS,
which provided 90% coverage (330 of 366 amides) over the
entire backbone (Fig. 1a). Kinetics of exchange for each peptide
were fit by a nonlinear least-squares method to sums of expo-
nentials (e.g., Figs. 2 and 3). This yielded exchange rates ranging
between 0.002 min-1 and .14 min-1 in 56% of observed amides
(see Table 1, which is published as supplemental data on the
PNAS web site, www.pnas.org); for convenience, these rates
were classified as fast (.1.0 min-1), intermediate (0.1–1.0 min-1),
or slow (0.002–0.1 min-1). The remaining 44% of amides showed
no exchange within 5 h (,0.002 min-1, nonexchanging). The
back-exchange during the experiment averaged over all peptides
was 22 6 6%, consistent with the calculated value of 23% for
peptides in low salt at 0°C (23).

Twenty of the 39 peptides (some overlapping) showed differ-
ences upon ERK2 activation, including five peptides with in-
creased exchange rates (Fig. 1, indicated in red), 14 peptides with
decreased rates (Fig. 1, indicated in green), and one that showed
complex behavior reflecting both increased and decreased rates
(Fig. 1, indicated in yellow). Peptides displaying the greatest
changes were from regions known to be involved in substrate
binding and catalysis, with minor deviations in the MAPK insert.
Differences also were observed in and near the C-terminal
extension, a crystal contact shown by mutagenesis to function as
an interface for homodimerization.

HX Rates Reporting Changes in Conformation. To interpret the x-ray
structure in terms of solvent accessibility of amides and hydrogen
bonding, atomic coordinates of monomeric ERK and dimeric
ppERK were used to calculate the positions of the amide
hydrogens, the distance of each amide to the solvent accessible
surface (distance-to-surface), and the length and orientation of
amide hydrogen bonds (2, 3, 15). Regions of altered exchange
were analyzed in terms of changes in both distance-to-surface
and the number of hydrogen bonds, which modulate exchange
rates through changes in steric protection and altered reactivity
to proton abstraction. For example, peptides 35 and 33y34yL,
which encompass the dimer interface in ppERK (8) (Fig. 1 a and
b), both showed decreased rates consistent with changes in
solvent protection (Fig. 2a). A 2-fold decrease in rate of the slow
class was measured for peptide 35, consistent with the significant
reduction in solvent accessibility in this region, particularly at
amide 335 (Fig. 2b). In addition, peptide 33y34yL showed a
2-fold decrease in the intermediate rate class, concomitant with
new hydrogen bonds established due to reorganization of L16

from coil to 3y10 helix. These results further validate the
existence in solution of the crystallographically observed dimer
interface.

The HX rate behavior also agreed with structural changes at
the activation lip. The total exchange in this region was signif-
icantly greater than the average over the rest of the molecule,
consistent with its high solvent accessibility in the x-ray structure.
Altered proteolytic cleavage occurred at Thr-183 and Tyr-185
after phosphorylation, which complicated comparison between

Fig. 2. Comparison of peptide HX kinetics and associated x-ray structural
changes in ERK (E) and ppERK (F) in the dimer interface and activation lip. (a)
Deuterons incorporated vs. time is shown for peptides 35 and 33y34yL in the
dimer interface. Exchange into peptide 35 in 5 h totaled seven of 11 amides,
and curve fitting indicated a decreased rate upon ERK activation of two
amides from k3(ERK) 5 0.014 min-1 to k3(ppERK) 5 0.006 min-1. In peptide 33y34yL,
14 of 16 amides exchanged, with decreased rate for the slow class (four
amides; k2(ERK) 5 0.64 min-1; k2(ppERK) 5 0.37 min-1). (b) X-ray structure of the
dimer interface illustrating the phosphorylation induced 3y10 helix (arrow)
and side-chain associations that contribute to dimer formation. Amide hydro-
gens of Asp-335 from each monomer are represented by orange spheres and
the cleavages between peptides 35 and 33y34yL by black bars. (c) Kinetics of
exchange for activation lip peptides 23 and 20y23 as in a. In peptide 23, four
of five amides exchanged in ERK and three exchanged in ppERK. In the
simplest model, ERK activation led to a 1.8-fold decrease in rate for the
intermediate class (two amides; k2(ERK) 5 0.62 min-1; k2(ppERK) 5 0.35 min-1) and
a conversion of one slow amide to nonexchanging. Peptide 20y23 has 19
amides of which 14 exchange. Phosphorylation led to complex effects involv-
ing both a decrease at short times (Inset) and an increase at longer times. (d)
Ribbon diagram illustrating structural changes in the activation lip. The
conformation of peptide 23 and residues 177–190 of peptide 20y23 in ppERK
are shown in green and orange, respectively. Corresponding residues 177–190
in ERK are shown in gray.
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ERK and ppERK within residues 162–177 (Fig. 1a). Where
comparable peptides were generated, the observed changes in
HX were consistent with the x-ray structure. One of these,
peptide 23 (residues 191–197), encompasses a 3y10 helix at the
C terminus of the activation lip, where three amides were buried
upon phosphorylation. These included the amide hydrogen at
Ala-193, whose distance-to-surface increased by .5 Å, the
greatest increase in solvent protection between the two struc-
tures (Fig. 2d). Accordingly, peptide 23 showed the greatest
decrease in total exchange after 5 h (Fig. 2c), with the best-fit
model predicting conversion of one slow amide to nonexchang-
ing and two intermediate amides to slow. In addition, peptide
20y23 (residues 178–197), containing the phosphorylation sites
and the P 1 1 substrate binding loop, showed complex behavior
indicating both increased and decreased exchange rates due to
interconversion between fast, intermediate, and slow classes
(Fig. 2c). In the x-ray structures, one hydrogen bond was broken
(amide 179) and three new hydrogen bonds were formed (amides
180, 181, and 183) upon phosphorylation, whereas amides 187
and 181 became buried and unburied, respectively. Although the
complexity in this region precluded precise interpretation of
exchange rate interconversions, overall the data reflected both
increased and decreased solvent exposure predicted by the x-ray
structures.

HX Rates Reporting Regulation of Protein Mobility. Four regions in
ERK2 showed altered HX behavior upon activation that were
inconsistent with the conformational changes demonstrated by
crystallography. These were the glycine-rich ATP binding loop,
the hinge region, the extended substrate binding groove, and the
MAPK insert. In the first three, changes in protein flexibility
occurred within regions of the molecule that are distant from the
site of phosphorylation and are known to be important for
substrate binding and catalysis (1, 2, 4–8, 22).

The first case is peptide 3, which contains the glycine-rich loop
between b1 and b2, a key site for contact with the nucleotide
triphosphate (4). The least-squares fit for peptide 3 indicated a
7-fold rate increase of one slow amide in ERK to an intermediate
amide in ppERK (Fig. 3a). However, the ppERK structure
predicts reduced exchange in this region, with a new hydrogen
bond at amide 32 and a marked decrease in B factors (from 70
to 15 Å2) ascribed in part to side-chain interactions between
Tyr-34 and Tyr-62 in helix aC (3) (Fig. 3b). The discordant
behavior between the HXyMS measurements and x-ray confor-
mation reveals increased protein mobility in this region upon
ERK2 activation, although differences between solution and
crystal structures cannot be ruled out. Enhanced flexibility in
this region may contribute to catalysis in ppERK by facilitating
ATP binding andyor ADP release. The importance of the ATP
binding loop to catalysis is supported by the variable conforma-
tions observed in different cocrystal structures of protein kinase
A with ATP, ADP, and adenosine, leading to the proposal that
gating movements of the loop are critical for nucleotide associ-
ation and dissociation (26, 27).

Peptides 12 and 13 comprise the hinge of ERK2, the second
region that apparently undergoes a change in flexibility upon
activation. The hinge backbone includes the pivot for opening
and closing the active site cleft (26, 28) and sites of contact for
the adenosine ring of ATP (2, 22). Exchange data for peptide 12

Fig. 3. Comparison of HXyMS data and x-ray structure in the ATP binding
loop, hinge, and the extended peptide substrate binding groove. (a) Peptide
3 in the ATP binding loop has 11 amides of which nine exchange, where the
increased exchange in ppERK indicates conversion of one slow amide to an
intermediate amide (k3(ERK) 5 0.024 min-1; k2(ppERK) 5 0.16 min-1). (b) Confor-
mational change in peptide 3 for ERK (white, red) and ppERK (gray, dark red),
representing amide hydrogens by spheres and the backbone hydrogen bond
formed between residues 32 and 35 in ppERK as a dotted line. (c) The hinge
peptides 12 and 13 each showed two of four amides exchanging. In peptide
12, the decreased rate is consistent with conversion of one intermediate amide
to a slow amide (k2(ERK) 5 0.21 min-1; k3(ppERK) 5 0.035 min-1), whereas in
peptide 13 one slow amide increased in rate (k3(ERK) 5 0.013 min-1; k3(ppERK) 5
0.060 min-1). Decreased exchange in overlapping peptide 12yME (not shown)
was identical to the decreased exchange in peptide 12, indicating that no
change in rate occurred at residues Met-106 and Glu-107, within peptides
12yME and 13. (d) Superposition of the hinge (rmsdbackbone 5 0.33 Å) as in b,
showing peptide 12 in green and peptide 13 (excluding Met-106 and Glu-107)
in red. Shown in blue is the adenine ring of ATP, which if present would
directly contact peptide 12 (28). (e) Peptides 24 and 27 in the extended
substrate binding groove. Peptide 24 shows seven of 10 amides exchanging,
best fit to decreased rates for both the fast amides (five amides; k1(ERK) 5 11
min-1; k1(ppERK) 5 3.3 min-1) and the slow amides (two amides; k3(ERK) 5 0.019

min-1; k3(ppERK) 5 0.010 min-1). Peptide 27 shows 17 of 25 amides exchanging,
fit to the conversion of one slow amide (0.002 min-1) to nonexchanging. ( f)
Ribbon diagram of the substrate binding groove, indicating peptide 24 in
green (format as in Fig. 2d). (g) Superposition of peptide 27 of ERK (green) and
ppERK (dark green) with rmsdbackbone 5 0.50 Å (format as in b).
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fit to a 6-fold decrease in the intermediate rate upon ERK
phosphorylation. In contrast, data for peptide 13 fit to a 4-fold
increase in the slow rate (Fig. 3c). However, none of the
backbone amides in either peptide 12 or 13 showed any changes
in distance-to-surface or number of hydrogen bonds between the
two structures, which were nearly superimposable in this region
(Fig. 3d). Thus the change in HX behavior most likely reflects
alterations in backbone flexibility, in which the magnitude of the
difference in DGHX for the conversion between solvent acces-
sible and inaccessible conformations is a function of observed
HX rate constants [DDGHX 5 2RTln(kobs,ppERKykobs,ERK)] (20).
The calculated DDGHX is 60.8–1.0 kcalymol, which is consistent
with the energetics of conformational f luctuations of the folded
state (20). We hypothesize that the region corresponding to
peptide 12, which has been shown to form hydrogen bonds with
the adenosine ring of ATP (2, 22), adopts a more rigid structure
before nucleotide binding thus reducing the entropic cost of
association. We also envision that increased motions in the
region corresponding to peptide 13, which includes the N
terminus of aD, likely contributes to enhanced flexibility vital
for domain closure during catalysis.

Residues 199–248 spanning helices aF, aG, and the interven-
ing L13 loop comprise the third region in which HXyMS
indicates a change flexibility. Exchange data for overlapping
peptides 24 (residues 199–209) and 24y25 (residues 199–213) fit
within error to identical decreases in both fast and slow rate
classes, which were therefore localized to peptide 24 (Fig. 3f ).
These decreases were inconsistent with the structure of residues
200–205, where amide hydrogens are highly solvent exposed in
ppERK vs. ERK, with an average decrease in distance-to-surface
of 1.7 Å (Fig. 3g). Likewise, peptide 27 (residues 220–248) and
overlapping peptides 27yDL and 27y28 all fit to the conversion
of one slow amide to a nonexchanging amide, whereas x-ray
structural comparison showed no changes in hydrogen bonding
or distance-to-surface (Fig. 3 f and h). This region forms an
extended peptide substrate binding groove (3) in protein kinase
A (29) and twitchin (30) and also corresponds to the c-Jun
D-domain binding site in c-Jun N-terminal protein kinase (31).
It is therefore likely to form at least part of the protein substrate
binding site in ERK2. The HXyMS measurements clearly indi-
cate decreased conformational mobility in this region upon
activation, which likely functions to promote protein substrate
binding, thus contributing to enzymatic turnover.

The last region of altered deuterium exchange is peptide 30,
spanning residues 256–262 of the MAPK insert. The HXyMS
data fit to an increase of one nonexchanging amide converting
to a slow amide (0.002 min-1) upon ERK phosphorylation (data
not shown). Structural contacts between the side chains in the
insert (Ile-254) and the activation lip (Phe-181 and Leu-182) are
disrupted after reorganization of the activation lip (3). However,
this led to no change in hydrogen bonding or distance-to-surface
of the backbone amide hydrogens, although the B factors
increased from 10 to 50 Å2. Thus, in the context of little
structural change, the increased exchange rates in peptide 30
revealed enhanced conformational mobility in the MAPK insert.

Discussion
By comparing the HX solution behavior of ERK2 to the
structural information available from x-ray crystallography, we
demonstrate that phosphorylation and activation of this enzyme
leads to significant changes in its f lexibility. There is surprisingly
little experimental evidence for the common expectation that
enzyme mobility influences catalysis (32, 33), particularly with
larger enzymes like protein kinases. Our study correlates
changes in internal motions with enzyme activation and shows
that such changes occur in localized regions of the protein.

HXyMS of ERK2, measured in solution at physiological
concentrations, confirmed that conformational changes oc-

curred in the homodimerization interface and the activation lip
after phosphorylation, as predicted from x-ray studies. In con-
trast, altered HX occurred in other regions in a manner incon-
sistent with the x-ray structure, and were thus more likely
explained by altered protein mobility. Three of these regions are
known to contribute to catalysis. First, the ATP binding loop
showed an enhanced exchange rate inconsistent with the x-ray
structure, thus indicating enhanced flexibility of this region upon
activation. In protein kinase A, which is constitutively active in
the absence of its regulatory subunit, f lexibility of the corre-
sponding loop has been postulated to permit the rate-limiting
release of ADP (26–28). In ERK2, enhanced flexibility in the
phosphate binding loop also may contribute to increased specific
activity by facilitating nucleotide binding or release. Second, the
hinge in ERK2 showed decreased exchange rate within the ATP
binding site and increased exchange at the N terminus of aD in
the absence of any x-ray structural change. In protein kinases the
hinge is critical for domain closure and formation of the active
site cleft, as well as for binding the adenine ring of ATP (2, 22,
26, 28). Enhanced flexibility in aD may facilitate domain closure
vital for enzyme activity, whereas decreased flexibility in b5 may
favor subsequent ATP binding. Third, two peptides in ERK2 that
show decreased exchange encompass the extended peptide
substrate binding groove (6). One showed decreased exchange in
the absence of any x-ray structural change, whereas the other
showed decreased exchange despite markedly decreased dis-
tance-to-surface in the x-ray structure. It is significant that those
regions of ERK2 that become more solvent accessible upon
phosphorylation, in a manner ascribed to enhanced flexibility,
are those that are thought to move in the catalytic mechanism
and are thus likely to contribute to enzyme activation. Con-
versely those regions that become less solvent accessible upon
phosphorylation are those thought to be involved in substrate
binding. Decreased flexibility in these regions could contribute
to kinase activation by reducing the entropic cost of substrate
binding.

Kinetic studies show that the major effect of phosphorylation
and activation of ERK2 is to increase kcat by 50,000-fold, with
minor effects on the binding affinity for ATP and peptide
substrate (34). It is therefore conceivable that the changes in
mobility in ERK2 that we observe are important for enhancing
the rate of phosphoryl transfer. Two other examples exist in
which changes in protein dynamics can be correlated with
changes in the rate of the chemical step. First, studies by Klinman
and colleagues (35) on glucose oxidase show that reducing
protein flexibility by glycosylation correlates with a reduced
degree of hydrogen tunneling in the hydrogen transfer step of the
enzymatic reaction (35). Because hydrogen tunneling depends
on vibrational modes of donor and acceptor atoms, this implies
that the protein flexibility can be transmitted to the vibrational
modes of bound substrates. Second, in studies by Imoto and
colleagues (36), deletion of Arg-14 and His-15 at $ 20 Å from
the catalytic center of lysozyme leads to a 1.4-fold increase in
chitinase activity (36). Recently, NMR relaxation measurements
showed that this mutation altered 15N-relaxation rates of several
residues at or near the active site (37). These studies offer
correlative but compelling evidence for the contribution of
protein dynamics to enzyme catalysis.

What are the amplitudes and time scales of the motions in
enzymes that are needed to facilitate catalysis? In the two-state
Linderstrøm–Lang model, HX rates report the equilibrium
between open and closed native-state conformations, thus
changes in exchange rates reflect changes in kinetics of opening
and closing. It currently is thought that micro to millisecond
time-scale fluctuations are most relevant to HX behavior, al-
though there is no theoretical basis to exclude the importance of
shorter time-scale motions on the exchange process (17–20). We
therefore can estimate only an upper limit of milliseconds for the
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motions that affect HX, which nevertheless includes loop move-
ments, f luctuations in domain orientation, and other motions
that are very likely to be important in substrate turnover. On the
other hand, an equally valid interpretation is to view changes in
equilibria as being due to changes in the number of conforma-
tional states in the ground-state ensemble, and thus the proba-
bility of exchange from the subset of open conformations (13).
This would predict a change in average conformation upon
ERK2 phosphorylation. We observed minimal differences be-
tween ERK2 and ppERK2 in crystallographic structure in the
glycine-rich loop, hinge, and extended peptide substrate binding
groove, thus to the extent that x-ray structures reflect an average
of native-state conformations, we would conclude that the
number of conformers is not altered in the phosphorylated
ERK2 ensemble. However, x-ray structures may in fact represent
one of the many energetically favorable conformations visited in

solution. Therefore kinetic vs. statistical mechanical interpreta-
tions of the deuterium exchange data cannot be distinguished,
and both deserve consideration. As a better theoretical under-
standing of the motions and time scales important in HX unfolds,
these methods should provide a wealth of information on
mechanisms by which protein motions control catalysis.
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