
Structure and dynamics of a molten globular enzyme
Konstantin Pervushin1,3, Katherina Vamvaca2,4, Beat Vögeli1,4 & Donald Hilvert2

Although protein dynamics has been recognized as a potentially important contributor to enzyme catalysis, structural disorder is
generally considered to reduce catalytic efficiency. This widely held assumption has recently been challenged by the finding that
an engineered chorismate mutase combines high catalytic activity with the properties of a molten globule, a loosely packed and
highly dynamic conformational ensemble. Taking advantage of the ordering observed upon ligand binding, we have now used
NMR spectroscopy to characterize this enzyme in complex with a transition-state analog. The complex adopts a helix-bundle
structure, as designed, but retains unprecedented flexibility on the millisecond timescale across its entire length. Moreover,
pre–steady-state kinetics data show that binding occurs by an induced-fit mechanism on the same timescale as the enzymatic
reaction, linking global conformational plasticity with efficient catalysis.

Proteins are intrinsically flexible molecules that undergo conforma-
tional changes over a wide range of timescales and amplitudes. In
enzyme catalysis, dynamic fluctuations can influence substrate binding
and product release, and they may even shape the effective barrier for
the catalyzed reaction1–4. Nevertheless, how protein motions are
coupled to catalysis remains poorly understood5.

Intrinsically disordered proteins, whose structures and dynamics
alter dramatically as they perform their biological roles6,7, represent
potentially attractive systems for examining dynamical contributions
to function. In previous experiments, we converted the intimately
entwined homodimeric chorismate mutase from Methanococcus
jannaschii (MjCM)8 into a functional monomer (mMjCM) by insert-
ing the hinge-loop sequence ARWPWAEK into its long, dimer-
spanning N-terminal helix (we refer to the loop positions as residues
23a–h)9. The topologically redesigned enzyme catalyzed the conver-
sion of chorismate to prephenate, a key step in the biosynthesis of
aromatic amino acids, with activity similar to that of the native
enzyme (kcat ¼ 3.2 s–1, Km ¼ 170 mM). Unexpectedly, however, it
had biophysical properties associated with a non-native molten-
globule state, including poor NMR signal dispersion, rapid hydrogen-
deuterium exchange, noncooperative thermal denaturation and
binding to 8-anilino-1-naphthalene sulfonate (ANS)10. Here we use
spectroscopy and rapid kinetics measurements to characterize the
structural changes that occur in this conformational ensemble upon
binding of a transition-state analog (TSA)11.

RESULTS
Solution structure of the mMjCM–TSA complex
Although extreme line broadening hinders structural characterization
of the apoprotein, addition of ligand to mMjCM causes a transition
from a disordered to a more ordered state10, opening the door to

detailed NMR spectroscopic studies. We determined the structure of
the enzyme–TSA complex by standard three-dimensional NMR
methods using NOEs and residual dipolar couplings12. Aside from
a few residues in or near the engineered loop (at positions 23, 23e–h
and 24–28) and in the C-terminal helix (73, 77 and 80), which are
broadened beyond detection, all backbone resonances and 89% of
the protein side chains were assigned. The ensemble of the ten
lowest-energy conformers has an r.m.s. deviation of 0.49 Å for all
backbone atoms.

The protein folds as a four-helix bundle that closely matches the
intended design9 (Fig. 1). Superposition of the helices in the mean
mMjCM–TSA NMR structure (residues 5–22, 30–42, 49–66 and
70–97) with the corresponding segments in the crystal structure of
the homologous chorismate mutase dimer from Escherichia coli
(EcCM)13 yields an r.m.s. deviation of 0.9 Å. By comparison, the
engineered loop is poorly restrained, and it probably adopts multiple
conformations. Partial fraying of the adjacent N terminus of the
second helix is also apparent. Nonetheless, the catalytic residues,
which point toward the interior of the protein, form an active site
that closely resembles that of EcCM and recognize the TSA in
essentially the same way (Fig. 2).

At high protein concentrations, partial dimerization is evident.
Consistent with analytical ultracentrifugation data affording a Ka

value of 900 M–1 for self-association (Supplementary Fig. 1 online),
the rotational correlation time of the complex increased from 5 ns to
10.6 ns when its concentration was raised from 70 mM to 0.6 mM
(data not shown). Dimerization is mediated by a small number of
intermolecular contacts near the engineered loop (Fig. 1d). In
particular, interactions between the two exposed tryptophan residues
from one polypeptide and the side chains of Leu24 and Ile72 from the
other appear to be key. As expected from such an arrangement,

©
20

07
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

 h
tt

p
:/

/w
w

w
.n

at
u

re
.c

o
m

/n
sm

b

Received 7 June; accepted 26 September; published online 11 November 2007; doi:10.1038/nsmb1325

1Laboratory of Physical Chemistry and 2Laboratory of Organic Chemistry, ETH Zurich, CH-8093 Zurich, Switzerland. 3Present address: School of Biological Sciences,
Nanyang Technological University, 60, Nanyang Drive, Singapore 637551, Singapore. 4These authors contributed equally to this work. Correspondence should be
addressed to K.P. (kpervushin@ntu.edu.sg) or D.H. (hilvert@org.chem.ethz.ch).

NATURE STRUCTURAL & MOLECULAR BIOLOGY ADVANCE ONLINE PUBLICATION 1

ART IC L E S

http://www.nature.com/doifinder/10.1038/nsmb1325
mailto:kpervushin@ntu.edu.sg
mailto:hilvert@org.chem.ethz.ch
http://www.nature.com/nsmb


replacement of Trp23c with lysine by mutagenesis strongly inhibits
dimer formation without altering catalytic activity.

Protein dynamics
In addition to revealing the overall structure of the mMjCM complex,
NMR spectroscopy enables analysis of protein motion on multiple
timescales3,14,15. We directly probed fast (picosecond to nanosecond)
and slow (microsecond to millisecond) dynamic fluctuations in
this system by measuring longitudinal and transverse relaxation of
backbone 15N spins as well as heteronuclear 1H-15N NOE relaxation.
Generalized order parameters (S2), internal correlation times (te)
and conformational exchange–induced line broadening (Rex)
were calculated from these data by the model-free approach16,17

(Supplementary Tables 1 and 2 online). The Rex values were also
measured independently using 15N chemical shift anisotropy/
dipole-dipole cross-correlated relaxation at high and low protein
concentrations (0.6 mM and 70 mM, respectively; Supplementary
Table 3 online).
S2 order parameters, which reflect spatial restriction of 1H-15N

bonds on the picosecond-to-nanosecond timescale, range from 0 for
unconstrained motion to 1 for completely rigid proteins. With
the exception of the engineered loop, for which no data are available,
the S2 values for ligand-bound mMjCM are rather uniform, ranging
between 0.66 and 0.95 (Fig. 3a). Their magnitude is characteristic of
well-folded proteins, demonstrating that fast internal motions are
limited in mMjCM3,17. The te values are also in the picosecond range,
as is typical for a well-folded protein3,17.

The dynamic behavior of the mMjCM–TSA complex is notably
different on a slower timescale, as judged by pervasive conformational
exchange–induced line broadening. The Rex parameter monitors
microsecond-to-millisecond fluctuations, with larger values corres-
ponding to greater conformational diversity3,15,17. For mMjCM, Rex

values are between 2 and 25 Hz, with an average of 12.7 Hz for all
residues (Fig. 3a). Residues directly preceding the engineered loop are
subject to greater conformational exchange–induced line broadening,
and amide resonances of residues in the insert are broadened beyond
detection (Rex 4 30 Hz; Fig. 3b).

The Rex rates are independent of protein
concentration, eliminating dimerization as
the cause of conformational exchange–
induced line broadening (Supplementary
Fig. 2 online). Ligand dissociation cannot
account for these observations either, as
shown by simulations of NMR spectra using
experimental rate constants and observed
chemical shift differences (see below and

Supplementary Fig. 3 online). The high relaxation rates thus seem
to be an intrinsic feature of the mMjCM–TSA complex. Detailed
characterization of conformational exchange would require Carr-
Purcell-Meiboom-Gill (CPMG)-based relaxation dispersion measure-
ments14, but poor sensitivity precluded quantitative analysis of
mMjCM. On the basis of the likelihood that the frequency separation
(Do) of two extreme conformations in the exchanging ensemble is
between 10 and 100 Hz, however, rate constants for conformational
exchange in this protein can be estimated to range from 10 to 103 s�1.

The millisecond conformational exchange processes throughout the
mMjCM–TSA complex are unusual and imply a pervasive dynamic
character that is atypical for conventional enzymes. In a well-folded
protein, most residues have Rex values below 5 Hz, and only a few
positions—most often located in flexible surface loops, at subunit
interfaces or in the active site—are subject to more extensive con-
formational exchange3,15,17. A case in point is the TSA complex of
Bacillus subtilis chorismate mutase, in which only 5 of 124 residues
have Rex values greater than 5 Hz (ref. 18). Our preliminary studies of
the MjCM dimer suggest that it behaves like the B. subtilis enzyme in
the presence and absence of ligand (data not shown). In contrast, it
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Figure 2 Stereo view of the mMjCM active site with bound TSA. The polar

residues (cyan) that contact the TSA (yellow) are superimposed on their

counterparts from the EcCM crystal structure (pink). Amino acid numbering

is based on the EcCM sequence13.

Figure 1 Structure of the topologically

reengineered chorismate mutase mMjCM.

(a) Left, conversion of chorismate to pre-

phenate catalyzed by the enzyme. Right, a

conformationally constrained oxabicyclic

dicarboxylic acid TSA13. (b) Model of the

96-residue monomer based on the X-ray structure

of the EcCM complex with the TSA. (c) The ten

lowest-energy conformers of the mMjCM–TSA

NMR structure. The engineered loop,

residues 23a–h, is shown in red. The

TSA, which binds at the active site, is shown

in ball-and-stick representation. (d) Structure

of the mMjCM dimer that forms at high

protein concentration.
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seems that the monomeric mMjCM–TSA complex lies somewhere
between the molten-globule state, with its fluctuating tertiary
structure, and a native state with an ordered structure that shows
only small, localized motions.

Pre–steady-state kinetics
We obtained evidence relating slow protein motions in mMjCM to
molecular recognition processes at the active site by analyzing the pre–
steady-state kinetics of ligand binding. The change in intrinsic protein
fluorescence was monitored upon rapid mixing with various concen-
trations of prephenate (the product of the enzymatic reaction) or of
the TSA. With prephenate, the data fit well to a single-exponential
function, affording kon and koff values of (1.4 ± 0.3) � 106 M–1 s–1 and
250 ± 80 s–1, respectively (Supplementary Fig. 4 online). The resulting
equilibrium constant Kd (calculated as koff /kon) of 180 mM agrees well
with the independently determined inhibition constant Ki of 190 mM
for prephenate and is similar to the Km value for chorismate
(170 mM). kon[L] (where [L] is ligand concentration) and koff are
both similar to the upper estimates of the rate constants for con-
formational exchange in mMjCM, suggesting that fluctuations in the
protein conformational ensemble might gate substrate binding or
product dissociation.

In contrast to the results with prephenate, the binding data for the
TSA fit best to a double-exponential function (Fig. 4), from which two
rate constants were extracted, one for a fast and one for a slow phase.
The fast phase shows linear dependence on ligand concentration and
represents the bimolecular binding process, yielding kon and koff

constants of (4 ± 1) � 104 M–1 s–1 and 8 ± 2 s–1, respectively.
When plotted against TSA concentration, the rate constants for the
slow phase increase hyperbolically (Fig. 4). The latter finding rules out

a binding mechanism that involves a shift in the pre-equilibrium
population of the conformational ensemble, as such a model predicts
an asymptotic decrease of the rate constants with increasing ligand
concentration19. Instead, the data support an induced-fit mechan-
ism19,20 (equation (1)), in which the molten-globule conformational
ensemble (E) binds the TSA to give a ‘loose’ complex (E–TSA) that
subsequently undergoes a relatively slow structural change to produce
a ‘tight’ complex (E¢–TSA):

E + TSA Ð
k1 ½TSA�

k�1

E�TSAÐ
k2

k�2

E0�TSA ð1Þ

Fitting the data for the slow phase to the equation

kslow ¼ k�2 + k2½L�=ð½L�+ k�1=k1Þ ð2Þ

yields k2 and k–2 values of 5.4 ± 0.2 and 0.2 ± 0.1 s–1, respectively. The
overall dissociation constant calculated from these data (7 mM) is in
good agreement with the equilibrium value determined by isothermal
titration calorimetry (5 mM).

DISCUSSION
The induced-fit model is conventionally viewed as a conversion of one
tight conformational ensemble (free enzyme) to another distinct
ensemble (bound enzyme) through local substrate-mediated
structural rearrangements. In contrast, free mMjCM exists as a©
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Figure 3 Enzyme dynamics on fast and slow timescales. (a) Order parameters

Ss
2 (subscript s denotes ‘slow’) and conformational exchange–induced 15N

line-broadening rates Rex at high (0.6 mM, filled circles) and low (70 mM,

open circles) protein concentration. Ss
2 values were calculated using

ModelFree and Rex values were obtained from cross-correlation relaxation

measurements. Gray lines mark positions of active site residues. (b) Spline

representation of the enzyme with the tube radius set to 3 � (1 – Ss
2),

colored by Rex of residues: cyan, Rex o 6.4 s–1; yellow, 6.4 s–1 o Rex o
13 s–1; red, Rex 4 13 s–1; black, unassigned Rex values (prolines and

residues whose backbone resonances are broadened beyond detection). The

TSA bound in the active site is shown in ball-and-stick representation.

Figure 4 Pre–steady-state kinetics. Fluorescence intensity of mMjCM (2 mM)

increases upon addition of the TSA (40 mM). Each trace was fit to a double-
exponential decay function Ft ¼ F1e

�kfastt + F2e
�kslowt + F3 , where Ft is the

fluorescence at time t and kfast and kslow are the observed rate constants for

the fast and slow phases, respectively. Similar measurements were

performed at different ligand concentrations (40, 80, 160 and 320 mM),

and the obtained rate constants for the fast phase (inset, top) and the slow

phase (inset, bottom) were plotted against ligand concentration.
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dynamic ensemble of a-helical conformers that rapidly interconvert
on the millisecond timescale10. This molten state undergoes global
conformational changes that ultimately lead to a structurally defined
enzyme–ligand complex, albeit one that retains unusually high
flexibility. Though probably stochastic in nature, internal motions in
the complex may generate a collective dynamic matrix that samples
catalytically active conformation(s) often enough to achieve rapid
turnover in the presence of the true transition state. Although there is
no evidence to suggest that fluctuations in the active site are directly
coupled to the substrate such that they facilitate its conversion to
product, the large reduction in enzyme dynamics in response
to TSA binding implies widespread increases in noncovalent interac-
tions throughout mMjCM. Such structural tightening has been
suggested as a general means of increasing transition-state affinity
and hence catalytic efficiency21. It is notable in this context that
conversion of the initial-encounter complex to the high-affinity
complex (k2 ¼ 5.4 s–1) occurs on the same timescale as en-
zyme turnover (kcat ¼ 3.2 s–1). This coincidence suggests that con-
formational changes may partially limit catalytic efficiency. Notably,
though, the molten globular ensemble suffers no catalytic dis-
advantage relative to the parent MjCM dimer, a conventionally pre-
folded scaffold, as both enzymes achieve identical 106-fold rate
accelerations (kcat/kuncat).

Once described as ‘kicking and screaming stochastic molecules’22,
proteins span a continuum from totally disordered to well-folded
structures. Enzymes have generally been placed at the upper end of
this scale, their dynamic character being restricted to a small set of
tightly folded conformations. Our findings expand this view, demon-
strating that a highly dynamic, non-native conformational ensemble
is compatible with efficient catalysis. Consequently, enzyme engineers
might profit by shifting their focus from the design of structurally
precise active sites to the creation of scaffolds with appropriate
dynamic networks.

METHODS
Protein production and purification. The protein was produced and

purified as described8,9. For the production of 15N-labeled and 13C,15N-labeled

proteins, Bioexpress growth medium (Cambridge Isotope Laboratories) con-

taining additional nutrients was used (see Supplementary Methods online).

Nuclear magnetic resonance spectroscopy and data analysis. NMR experi-

ments were performed at 20 1C on Bruker Avance 600-MHz and 900-MHz

spectrometers, using (13C)15N-labeled protein samples in PBS buffer (20 mM

sodium phosphate, 50 mM NaCl (pH 6.5)) supplemented with 5% D2O.

Backbone and side-chain resonances of mMjCM and TSA resonances were

assigned by standard methods (see Supplementary Methods) and deposited in

the Biological Magnetic Resonance Data Bank (see below). Assignments were

verified by AutoLink and SideLink23.

Restraints for backbone torsion angles were derived from Ca and Cb
secondary chemical shifts. NOESY cross-peaks were assigned in the free enzyme

model by CANDID24 and DYANA25. The obtained dihedral angles and NOE

restraints, in combination with 50 1H-15N residual dipolar couplings measured

in the presence of pf1 phages and 40 protein-ligand NOE-derived restraints,

were used to recalculate ten conformers of the mMjCM–TSA complex with

XPLOR-NIH26. To maintain a correct geometry13 for hydrogen bonds in the

active site, 22 additional intermolecular restraints were imposed between the

TSA and mMjCM donor and acceptor groups. These additional restraints

altered neither the orientation of bound TSA nor that of catalytic residues. The

resulting bundle of ten energy-refined DYANA conformers represents the

solution structure of the mMjCM–TSA complex. The structure of the mMjCM

dimer was calculated with CYANA27 by explicit imposition of 18 additional

NOE-derived restraints between two monomers. Statistical analysis showed

that 87% of residues with assigned backbone resonances are in sterically

favored regions of the Ramachandran map, with 10% and 3% in

additionally and generously allowed regions, respectively. No residues were

found in the disallowed regions. NMR and refinement statistics are summar-

ized in Table 1.
15N R1, R2 (refocused echo) and 1H-15N heteronuclear NOE relaxation were

measured at high (0.6 mM) protein concentration, whereas cross-correlated

relaxation rates Zxy (ref. 28) were measured at both high (0.6 mM) and low

(70 mM) concentrations. In the 15N R1r relaxation dispersion experiments, the

CPMG repetition rates varied from 70 to 1,000 Hz. The relaxation data were

interpreted with Modelfree29 and Fast ModelFree30.

Stopped-flow measurements. TSA binding kinetics were followed with an

Applied Photophysics SX.18MV stopped-flow instrument in PBS buffer at

20 1C. Samples were excited at 275 nm and fluorescence emission was

monitored with a 305-nm-cutoff filter. Prephenate binding to mMjCM is too

fast to be detected under these conditions and was monitored in 20%–50%

(v/v) glycerol at 7.5 1C; rate constants were obtained by extrapolation to a

glycerol concentration of 0 (Supplementary Fig. 4).

Accession codes. Protein Data Bank: Coordinates have been deposited with

accession code 2GTV. BioMagResBank: accession code 7093.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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Table 1 NMR and refinement statistics

mMjCM–TSA complex

NMR distance and dihedral constraints

Distance constraints

Total NOE 1,410

Intra-residue 439

Inter-residue 931

Sequential (|i – j| ¼ 1) 325

Medium-range (1 o |i – j| o 4) 254

Long-range (|i – j| 4 5) 352

Intermolecular 40

Hydrogen bonds 97

Total dihedral angle restraints

f 62

c 62

Total 1H-15N residual dipolar couplingsa 50

Structure statistics

Violations (mean ± s.d.)

Distance constraints (Å) 1 ± 1

Dihedral angle constraints (1) 2 ± 1

Max. dihedral angle violation (1) 2.4 ± 0.5

Max. distance constraint violation (Å) 0.5 ± 0.1

Deviations from idealized geometry

Bond lengths (Å) 0.03 ± 0.01

Bond angles (1) 5 ± 2

Impropers (1) 2 ± 1

Average pairwise r.m.s. deviationb (Å)

Heavy (residues 5–23 and 25–97) (Å) 1.33 ± 0.21

Backbone (residues 5–23 and 25–97) (Å) 0.49 ± 0.12

aExperimental vs. calculated residual dipolar coupling correlation factor ¼ 0.989 ±
0.001. bPairwise r.m.s. deviation was calculated for ten refined structures.
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