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ABSTRACT: Correlated networks of amino acids have been proposed to
play a fundamental role in allostery and enzyme catalysis. These networks

G121V

of amino acids can be traced from surface-exposed residues all the way /\,/::—D
into the active site, and disruption of these networks can decrease enzyme r\ '\‘—”N _

activity. Substitution of the distal Glyl21 residue in Escherichia coli
dihydrofolate reductase results in an up to 200-fold decrease in the
hydride transfer rate despite the fact that the residue is located 15 A from
the active-site center. In this study, nuclear magnetic resonance relaxation
experiments are used to demonstrate that dynamics on the picosecond to
nanosecond and microsecond to millisecond time scales are changed
significantly in the G121V mutant of dihydrofolate reductase. In particular,
picosecond to nanosecond time scale dynamics are decreased in the FG
loop (containing the mutated residue at position 121) and the
neighboring active-site loop (the Met20 loop) in the mutant compared to those of the wild-type enzyme, suggesting that
these loops are dynamically coupled. Changes in methyl order parameters reveal a pathway by which dynamic perturbations can
be propagated more than 25 A across the protein from the site of mutation. All of the enzyme complexes, including the model
Michaelis complex with folate and nicotinamide adenine dinucleotide phosphate bound, assume an occluded ground-state
conformation, and we do not observe sampling of a higher-energy closed conformation by '*N R, relaxation dispersion
experiments. This is highly significant, because it is only in the closed conformation that the cofactor and substrate reactive
centers are positioned for reaction. The mutation also impairs microsecond to millisecond time scale fluctuations that have been
implicated in the release of product from the wild-type enzyme. Our results are consistent with an important role for Gly121 in
controlling protein dynamics critical for enzyme function and further validate the dynamic energy landscape hypothesis of
enzyme catalysis.

o
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here is now a significant body of evidence supporting a function is Escherichia coli dihydrofolate reductase
functional role for protein dynamics in biologically (DHFR).>'>'"72* DHEFR is a small (18 kDa) enzyme that
important processes such as protein—protein interactions, catalyzes the reduction of folate (FOL) to dihydrofolate (DHF)
allosteric regulation, and enzyme catalysis.' ® These studies and dihydrofolate (its physiological substrate) to tetrahydrofo-
suggest that protein motions can be directed toward a late (THF) using the cofactor NADPH.* The rate-limiting
functional purpose (e.g, capture or release of a ligand). It has step in the steady-state catalytic cycle is the release of product
been suggested that coupled networks of amino acids exist in THF, which is coupled to rebinding of NADPH to the
proteins such that motions in distant regions can influence enzyme.”* Structural and kinetic studies suggest that control
events at a functional site.>”?™ 13 It has also been shown that over substrate and cofactor binding is mediated by several
disruption of these proposed networks leads to severe flexible loops that surround the active site.”> > The loops are
impairment of protein function,”® suggesting new mechanisms termed the Met20 (residues 9—24), FG (residues 116—132),
of allostery whereby changes in global structure and/or protein and GH (residues 142—150) loops (Figure 1). These loops
dynamics can significantly influence biological activity, even in assume three distinct conformations ir;5 the crystalline state,
monomeric or traditionally “nonallosteric” proteins.'*~"® These denoted occluded, closed, and open,™ although only the
insights offer additional complexities to protein engineering and
new opportunities for drug design. Received: May 2, 2013
One of the enzymes in which coupled networks of protein Revised:  June 10, 2013
motion have been proposed to play a major role in catalytic Published: June 11, 2013
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Figure 1. Structures representing the (A) occluded (PDB entry
1RX7)*® and (B) closed loop (PDB entry 1RX2)*® conformations of
E. coli DHFR. The active-site loops are colored green (Met20), blue
(FG), and red (GH). Residues involved in hydrogen bonding
interactions between these loops are shown as sticks and labeled.
Hydrogen bonds that stabilize the different loop conformations are
indicated with dashed lines. In the occluded conformation of the
Met20 loop (A), hydrogen bonds are formed between Asn23 in the
Met20 loop and Ser148 in the FG loop. In the closed conformation of
the Met20 loop (B), hydrogen bonds are formed between Asp122 in
the FG loop and Glyl$ and Glul7 in the Met20 loop. This figure was
prepared using PyMOL.”

occluded and closed loop conformations appear to be
significantly populated in solution.”® In product complexes,
the Met20 loop is occluded, with the central region (residues
Met16 and Glul7) flipped into the cofactor binding pocket
such that the nicotinamide ring is sterically occluded from
binding. However, when the nicotinamide ring binds in the
active site, Met16 and Glul7 move out of the binding pocket,
residues Met16—Alal9 adopt a type III" S-hairpin, and the side
chains of Asnl8 and Met20 pack over the pterin ring to form
the closed conformation. Only the closed conformation allows
proximal positioning of the cofactor and substrate reactive
centers, and therefore, it is the closed conformation that must
be adopted in the Michaelis complex.”** The occluded and
closed Met20 loop conformations are stabilized by unique
networks of hydrogen bonds to the GH and FG loops,
respectively.

On the basis of mixed quantum mechanical/classical
molecular dynamics simulations (QMMM), it has been
proposed that a network of coupled promoting motions,
involving amino acid residues in the active site and on the
exterior of the protein, is important for DHFR catalysis.9 In
particular, Glyl21 and Aspl22 in the FG loop appear to
participate in a network of correlated protein motions that act
to compress the reaction coordinate and stabilize the transition
state.”"” ' Consistent with this hypothesis, Glyl21 and
Aspl22 mutants exhibit significantly decreased hydride transfer
rates.”®?”°~3* For example, mutation of Gly121 to Val results
in a 40-fold decrease in NADPH binding affinity and a 200-fold
decrease in the hydride transfer rate, despite the fact that
Gly121 is located ~15 A from the active site** (Figure 1). In
addition, the G121V mutation results in a 7-fold decrease in the
rate of product release.>* Moreover, enzymes with double and
triple mutations involving Gly121 and other proposed members
of the network (e.g, Met42) showed synergistic decreases in
hydride transfer rates, suggesting that the amino acid residues
in the network are kinetically and thermodynamically
coupled.”™*> Both molecular dynamics simulations®**® and
experimental kinetic isotope effects suggest different gating
motions or conformational sampling between the WT and
mutant enzyme.>’ >
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These results are especially interesting in light of the fact that
Gly121 appears to be the most flexible residue in the enzyme.
Previous NMR relaxation studies of the backbone dynamics of
DHER identified large amplitude motions on the nanosecond
time scale for Gly121 and other residues in the FG loop.**™*
NMR R, relaxation dispersion experiments have also shown
that Gly121 is conformationally mobile on the microsecond to
millisecond time scale for most complexes of DHFR.**** These
results raise questions about the role of flexibility and protein
motion in DHFR catalysis and, specifically, the role of Glyl121
in the catalytic cycle of DHFR.

To further explore the relationship between catalysis and
protein dynamics in DHFR, we used NMR relaxation
experiments to study protein dynamics on the picosecond to
millisecond time scales for four complexes of G121V DHFR —
E:FOL:NADP*, a model for the Michaelis complex
(E:DHF:NADPH); E:FOL, a model for the binary product
complex (E:THF); and the two product ternary complexes,
E:THF:NADP" and E:THF:NADPH. The largest motional
differences between WT and G121V DHEFR on the picosecond
to nanosecond time scale are for residues located in the FG and
Met20 loops, providing evidence that motions in the active-site
loops are coupled. These changes in dynamics are propagated
more than 25 A across the protein to the adenosine-binding
domain. Moreover, in all four complexes, the G121V enzyme
populates an occluded ground state* and does not appear to
significantly sample the catalytically competent closed con-
formation on the microsecond to millisecond time scale
(population of <1% of the conformation ensemble). These
results help to explain the differences in ligand affinities and
hydride transfer rates between WT and G121V enzymes and
serve as a further validation of the dynamic energy landscape
hypothesis of enzyme catalysis.>*>*

B MATERIALS AND METHODS

Sample Preparation. WT and G121V DHFR were
overexpressed and purified as described previously.®**
Samples for resonance assignments consisted of an ~1.0—1.5
mM solution of G121V DHFR uniformly labeled with N and
BC or ?H, N, and "*C. Samples for R;, R,, and heteronuclear
NOE experiments consisted of ~1.5 mM protein uniformly
labeled with N. R, relaxation dispersion experiments were
performed with 1 mM uniformly *H- and "*N-labeled DHFR.

Samples for the measurement of methyl *H relaxation
consisted of a 2.5-3.0 mM solution of G121V protein
uniformly labeled with BN and BC, and with partial random
deuteration at all nonexchangeable proton sites. Deuteration to
~45% results in a large fraction of methyls with a single
deuterium spin ("*CH,’H) and was achieved by growth of
transformed E. coli BL21-DE3 cells on 65% D,O. The extent of
deuteration was estimated by matrix-assisted laser desorption
ionization mass spectrometry.

NMR samples for E:FOL and E:FOL:NADP* complexes
were prepared in argon-flushed buffer (pH 6.8) containing SO
mM potassium phosphate, 100 mM KCl, and 1 mM DTT and
stored in amberized tubes sealed with a septum. FOL and
NADP* were added to 6- and 10-fold excesses over protein,
respectively. THF and NADPH are more susceptible to
oxidation; therefore, the buffer was thoroughly degassed
through freeze—pump—thaw cycles using a vacuum apparatus,
and ascorbic acid was added to act as an oxygen scavenger. The
final samples for the E:THF:NADP* or E:THF:NADPH
complex contained 1 mM DHFR, 10 mM NADP*/NADPH,
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6 mM THF, 1 mM DTT, 25 mM KCl, and 10% D,0O in 70 mM
KP; (pH 7.6). The samples were placed in amberized NMR
tubes, subjected to vacuum again, overlaid with argon, and
flame-sealed.

Resonance Assignments. Backbone amide assignments
for the GI21V complexes were determined using either
standard”’™* or deuterium-decoupled®® versions of HNCA
and HNCACSB for *C- and "*N-labeled and *H-, 3C-, and "*N-
labeled mutant proteins, respectively. In some cases (E:FOL
and E:FOL:NADP"), additional experiments, including HN-
(CO)CA, HN(CO)CACB, and/or CBCA(CO)NH, were used
to confirm the assignments. Methyl resonances for the E:FOL
complex were assigned from three-dimensional "N TOCSY-
HSQC®' and (H)C(CO)NH/H(CCO)NH spectra.*>

R;, R,, and Heteronuclear NOE. >N relaxation data for
the WT and G121V E:FOL complexes were recorded at 306.4
K at three fields using Bruker Avance 500 MHz, DRX 600
MHz, and DMX 750 MHz spectrometers (Figure S1 of the
Supporting Information). The pulse sequences closely followed
those of Farrow et al>> with sensitivity enhancement and
coherence selection via pulsed field gradients. NMR samples of
the two complexes were made fresh within a month of each
other using the same folate stock, and relaxation parameters
were collected back to back on the same spectrometers to
ensure the smallest amount of sample and spectrometer
variability. The choices of delays in the R, and R, experiments
were based on the two-delay Cramer—Rao approach®* in which
the shortest experimentally accessible delay is recorded along
with a second delay at 1.3 times the relaxation time, taken as
the trimmed mean (T.,,) for all residues. Optimal delays were
chosen on the basis of preliminary measurements in which the
tull decay was sampled. The R, experiments were recorded with
a short delay of 10 ms and a long delay (~1.3T,,) of 770 ms
(500 MHz), 1000 ms (600 MHz), or 1606 ms (750 MHz). The
R, measurements were recorded with a short delay of 4 ms and
along delay (~1.3T,..,) of 120 ms (500 and 600 MHz) or 108
ms (750 MHz). Three (two) duplicates at the short delay and
five (four) duplicates at the long delay at SO0 and 750 MHz
(600 MHz) allowed direct estimation of the uncertainty in the
peak intensity on a residue-by-residue basis. The R, and R,
rates were determined from a two-parameter exponential fit to
the peak heights using CurveFit.>>*® R, data obtained
previously for the same WT sample at 600 MHz using a
traditional sampling scheme with 10 delays spaced between the
shortest attainable delay to roughly 2.5T ..., were compared to
R, data measured using the Cramer—Rao method. The R,
values derived from the two sampling schemes were very
similar. The average R, values and standard deviations were
10.66 + 1.16 and 10.73 + 1.26 s™', and the range of R, values
was 6.10—16.60 and 5.82—16.66 s~ for traditional and
Cramer—Rao sampling schemes, respectively.

The {'H}—"N NOE was recorded five (600 MHz) or six
(500 and 750 MHz) times with a saturation period consisting
of 120° 'H pulses spaced 18 ms apart for a total of 3.0 s.>” The
saturated and unsaturated spectra were recorded in an
interleaved manner to minimize systematic errors. A relaxation
delay of 2.6 s was used for all >N relaxation experiments.

COPED Analysis. An accurate description of the internal
motions requires that deviations from isotropic molecular
tumbling be taken into account.”® Previous work has identified
a small degree of anisotropic molecular rotation in E. coli
DHFR that, if neglected, can lead to erroneous fitting of
exchange terms (R,,).” Care must be taken that residues with

4607

genuine exchange terms or large amplitude internal motions are
not included in the initial description of the molecular diffusion
parameters.”® With this in mind, the COPED approach® was
used to determine the diffusion tensor and rotational
correlation time 7, through a comparison of the experimental
local diffusion coefficients derived from relaxation data and the
diffusion coefficients predicted from a hydrodynamic model. In
this way, residues with significant contributions to relaxation
rates from picosecond to nanosecond or microsecond to
millisecond motions were identified and excluded from the
initial calculations of the molecular diffusion parameters.
Predicted local diffusion coefficients [Di(pred)] were calculated
using the in-house program MASH (written by I. Radhak-
rishnan), which incorporates the HYDRO suite of programs.61
The protein was modeled as a set of beads with a radius of
3.09—3.11 A centered on the Ca atoms. The exact bead radius
was chosen to minimize the error function y* = [Di(exp) —
Di(pred)]/az) where o is the uncertainty in D). The
experimental local diffusion coefficients were calculated from
local correlation times estimated from the R,/R, ratio using the
program tmest.”” Residues with a positive or negative deviation
from Dj(,peq) and a 1 of >6 at either 500 or 600 MHz were
identified as undergoing picosecond to nanosecond or
microsecond to millisecond internal motions, respectively,
and excluded from determination of the initial diffusion tensor.
These residues were later reintroduced for the determination of
model-free parameters. As shown in Table S1 of the Supporting
Information, the lists of excluded residues are similar for WT
and G121V DHFR. However, FG loop residues 120—122,
which are excluded for the WT because of picosecond to
nanosecond motions, no longer exhibit these motions in
G121V DHFR. Instead, residues 119 and 122 are excluded
because of predicted microsecond to millisecond motions.
Residues exhibiting a {'H}—'"*N NOE of <0.65 were also
excluded from the calculation of the molecular diffusion
parameters. The initial estimates of 7, based on the '*N R,/
R, ratios of the retained residues were 8.72 and 8.64 ns for WT
and G121V DHEFR, respectively. Final 7, values optimized
using the model-free results (Table S2 of the Supporting
Information) differed only slightly. The program quadric_dif-
fusion was used to estimate D”/D . and rotate the crystal
structure along the principal component of the diffusion tensor.

Anisotropic Model-Free Analysis. The relaxation data
sets for the WT and G121V E:FOL complexes were analyzed
independently using an axially symmetric diffusion tensor and
ModelFree version 4.15. Backbone amide vector orientations
determined from the crystal structure of DHFR in complex
with folate (PDB entry 1RX7)>® were used for both WT and
G121V DHER (see Results). Although an N—H bond length of
1.04 A and a N CSA of —160 ppm may be more physically
reasonable,**** the combination of 1.02 A and —172 ppm was
used in this study to facilitate comparison with earlier work.
With these parameters, S* values reflect both librational
motions of the peptide plane and quantum mechanical zero-
point motions. The CSA for the *N¢ atom in the tryptophan
indole ring was set to —126 ppm. For each complex, the
relaxation data at multiple fields were fit simultaneously using
the extended Lipari—Szabo formalism.”® The appropriate
dynamic model for each residue (model 1, S% model 2, $?
and 7,; model 3, §? and R.; model 4, $%, 7,, and R, ; model 5,
S¢, S, and 7.) was selected with an in-house program using the
Bayesian information criterion for model selection (Table S3 of
the Supporting Information).®*~%
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Table 1. Kinetic and Thermodynamic Fitting Parameters for WT and G121V DHFR N R, Relaxation Dispersion Curves

WT4? Gl121V*
cluster 1, active site® cluster 2, C-terminal region cluster 1, active site” cluster 2, C-terminal region
Py kg (s7) ka (s71) Py kas (571 ks (571 Py kag (571 kpa (s7) P kag (571 kpa (571

E:F

306 K 0.030 16.1 521 0.031 14.9 465 0.017¢ 11.0 624 0.034 46.8 1320
E:F:N*

303 K 0.043 204 457 0.038 37.8 972 0.055 28.1 484 0.032 29.8 900

306 K 0.085 30.5 524 0.037 45.1 1234 0.060 32.8 517 0.036 32.8 871

309 K 0.072 43.0 552 nd® nd® nd® 0.062 40.0 605 nd® nd® nd®

312 K 0.082 53.2 598 nd® nd® nd® 0.069 61.5 833 nd® nd® nd®
E:T:N*

300K 00147 (0.030) 18.5 (50.8) 1280 (1650)  0.022 124 538 0.069 476 644 0.024 172 714
E:T:NH

300 K 0.025 18.5 734 0.018 114 610 nd® nd® nd® nd® nd® nd®

305 K nd® nd® nd® nd® nd® nd® 0.085 60.3 647 0.026 18.1 687

“Uncertainties in the measurements are listed in Table S5 of the Supporting Information. “Data for the WT complexes taken from ref 77 for E:FOL,
ref 43 for E:FOL:NADP", ref 45 and unpublished work of D. D. Boehr for E:THF:NADP?, and ref 45 for E:THF:NADPH. “The location of the
residues showing conformational exchange in the “active site” (mcludlng the actlve site loops, cofactor-binding cleft, and/or substrate/product
binding pocket) depends heavily on the specific complex (see ref 45 and Figure 7). “Residues in the cofactor binding site were excluded from the
cluster 1 fit (see the text). “Not determined. Conformational exchange is apparent but could not be appropriately fit to k., and/or p,pg. FThere are
three regions of protein dynamics in the WT E:THF:NADP* complex that have different k., and p,pg values: the active-site loops, the cofactor-
binding cleft, and the C-terminal associated region. The k,, and p,pg values for the cofactor-binding cleft are given in parentheses. *Not determined.
Data for the WT or G121V complex were not collected at this temperature.

2H Methyl Side Chain Relaxation. The dynamics of
methyl-containing side chains in the G121V E:FOL complex
were probed using quadrupolar *H relaxation. Relaxation data
sets were recorded on Bruker DRX spectrometers operating at
'H frequencies of 600 and 800 MHz (92 and 123 MHz for *H,
respectively) using published pulse sequences.”” Because of a
large variation in rates, the two-delay Cramer—Rao method for
sampling the decay could not be applied. The R,(I,C,D,)
experiments were recorded with delays of 0.05%, 4, 14, 20, 27,
35%, 44, 64, and 75* ms. The Rl/)(IzCsz) experiments were
recorded with delays of 0.25%, 2, 3.5, 5%, 7, 9, 14*, 17, and 28
ms. The asterisks denote delays at which data were collected in
duplicate for the estimation of peak uncertainty. The
contribution from spin flips in neighboring protons R,(L,C,)
was measured using delays of 0.135%, 11, 30, 50, 80%, 110, 140,
170, and 210* ms and subtracted from the observed deuterium
relaxation rates to yield R;(*H) and R,(*H). All relaxation rates
were determined from a two-parameter fit to peak heights using
CurveFit.” Data points with intensities less than twice the
spectral noise were excluded from the fit.”!

’H relaxation rates were fit to model-free parameters S,
and 7., where S, reflects motion about the vector between
the methyl carbon and the adjacent bonded carbon. S, is
derived from S* scaled by [(3 cos* @ — 1)/2]* to remove the
contribution from free methyl rotation, where 6 is the angle
between the C—C,.n, bond and the Cmethyl—zH bond
(109.5°). Fitting was accomplished using ModelFree with the
appropriate equations for *H quadrupolar relaxation”” and with
the quadrupolar coupling constant (e2qQ/h) set to 167 kHz.”
Rotational correlation times were estimated from the ratio of
backbone amide '°N relaxation rates R, and R,”* collected for
the same samples. The methyl model-free parameters are
summarized in Table S4 of the Supporting Information.

>N R, Relaxation Dispersion. >N R, dispersion experi-
ments were performed for G121V E:FOL, E:FOL:NADP®,
E:THF:NADP', and E:THF:NADPH complexes at 'H
spectrometer frequencies of 500 and 800 MHz using
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constant-time relaxation-compensated CPMG (Carr—Purcell—
Meiboom—Gill) pulse sequences.””* The total relaxation time
was 40 ms for the E:FOL:NADP®, E:THF:NADP*, and
E:THF:NADPH complexes and 80 ms for the E:FOL complex.
The R, relaxation dispersion data were fit simultaneously at the
two frequencies using the in-house computer program GLOVE
with the following series of equations describing conforma-
tional exchange between two sites, A and B:

1 _
— — cosh 1|:D+
Tcp

1
RZ(I/TCP) = RS + E{kex

cosh(n+) —D_ COS(’L)]}

(1)
in which
W+ 2A0° ]
Do=—|+1+ "
* 2[ (wz i Cz)l/z 2)
_ Tcp 2 2\1/271/2
’L_,—ﬁ[illl“‘(l// +0977] 3)

where y = k> — Aw?, { = —2Awk(ps — pg), Tcp is the time
between successive 180° pulses in the CPMG pulse train, R) is
the R, relaxation rate in the absence of conformational
exchange, p, and pg are the populations of the ground- and
excited-state conformations, respectively (p, + pg = 1), and Aw
is the chemical shift difference between substates A and B. Rate
constants for the ground-to-excited-state transition (k,p) and
the excited-to-ground-state transition (kg,) can be determined
by pgke, and pyk.,, respectively. Residues generally fit in one of
two clusters, one containing residues in the active-site loops
and/or the substrate, product, or cofactor binding sites and the
other consisting of a small cluster of residues near the C-
terminus (residues 129—134 and 157—159). Each cluster was
fit with global k., and p,py values while allowing Aw values to

vary for each residue. The clusters showed significantly different
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Pp, kag, and kg, values (Table 1) (k. and p,pg values are shown
in Table SS of the Supporting Information). The sign for Aa)
was determined by comparing HSQC and HMQC spectra;”®
Aw values are listed in Table S6 of the Supporting Information.

Temperature Dependence of Microsecond to Milli-
second Time Scale Dynamics. The enthalpy (AH) and
entropy (—TAS) energy differences between the excited- and
ground-state conformations were estimated from the temper-
ature dependence of the conformational exchange equilibrium
constant using van't Hoff analysis:

In K = —AH/RT + AS/R 4)

where K is equal to kg,/kap. Reported errors are based on
jackknife simulations.*>** The activation barriers were
estimated using transition-state theory:

k = (kyT/h)edS"/ReAHY/RT s)

where k is the rate constant from R, relaxation dispersion (k,g),
kg is Boltzmann’s constant, h is Planck’s constant, R is the
universal gas constant, T is the temperature, AS* is the entropy
of activation, and AHjF is the enthalpy of activation.

B RESULTS

Chemical Shift Differences between WT and G121V
Complexes. Differences in backbone amide chemical shifts
between the WT and G121V DHFR complexes are shown in
Figure 2. For the E:FOL, E:THF:NADP", and E:THF:NADPH
complexes, the "H™ and "*N chemical shift differences between
WT and G121V complexes are small for most residues (Figure
2A,C,D), indicating that the G121V and WT enzymes adopt
the same occluded conformation. Not surprisingly, residues in
the FG loop near the site of mutation show large changes in
chemical shift, while small chemical shift changes are observed
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Figure 2. Backbone amide 'H" and "*N chemical shift differences
between WT and G121V DHFR complexes (A) E:FOL, (B)
E:FOL:NADP*, (C) E:THF:NADP*, and (D) E:THF:NADPH. The
weighted average shift difference (Ad,,.) for each residue was
calculated as [(Ady)? + (Ay/5)?]Y?, where Aby or Ady is
5(G121V) — 8(WT).'® For E:FOL:NADP* (B), the black line is a
comparison between G121V E:FOL:NADP" and WT E:FOL:NADP*
complexes and the red line is a comparison between G121V
E:FOL:NADP" and G121V E:THF:NADP" complexes.
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for some residues in the Met20 loop (Ala9, Vall0, Argl2,
Val13, Ile14, and Glyl15), indicative of the subtle adjustment of
the backbone to accommodate the bulky Val121 side chain. In
contrast to the WT E:FOL:NADP" complex, which adopts a
closed Met20 loop conformation, the E:FOL:NADP* complex
of the G121V mutant remains occluded. With the exception of
Ala7, which hydrogen bonds differently with folate and THF,*
only small chemical shift differences are observed between the
E:FOL:NADP" complex and the occluded E:THF:NADP*
complex of G121V (Figure 2B, red curve). In contrast, there
are large differences in chemical shifts for residues throughout
the Met20 loop (residues 9—24) between the closed WT
E:FOL:NADP" complex and the occluded G121V E:FOL:-
NADP* complex (Figure 2B).

Backbone Picosecond to Nanosecond Time Scale
Motions in the G121V E:FOL Complex. The picosecond to
nanosecond time scale dynamics of DHFR depend primarily on
the backbone conformation,** whereas the microsecond to
millisecond time scale dynamics are highly ligand specific.*>”
Backbone amide and tryptophan imino N R; and R,
relaxation rates and {'H}—""N NOEs were acquired under
identical conditions for the E:FOL complexes of WT and
G121V DHEFR, both of which adopt occluded ground-state
conformations (Figure S1 of the Supporting Information).

After acquisition of the R, R,, and heteronuclear NOE data
reported in this paper, Ferrage et al.”® demonstrated that
systematic errors in the magnitude of the NOE can result from
the use of a 120° flip angle for 'H irradiation. On the basis of
simulations by Ferrage et al, the measured rotational
correlation time of DHFR (~8.6 ns), and the 18 ms spacing
between successive 120° pulses in our experiments, we estimate
that any errors introduced would be smaller than the
uncertainties in the NOE measurements for residues with S*
values of >0.7. For residues in flexible loops, with S* values of
<0.7, systematic errors could occur in 7; however, S? values are
much more robust and are influenced only slightly by the
choice of flip angle.”® In our analysis of data for residues in
flexible loops, differences in dynamics between WT and G121V
DHEFR were considered to be significant only if a substantial
difference was observed in the order parameters (AS* = 0.06 —
0.18). Further, the relaxation data for the WT and G121V
complexes were acquired under identical conditions, and
residues that differ in S* and 7, can thus be identified with a
high degree of confidence, even if the absolute magnitude of 7,
for residues in flexible loops is subject to systematic error.

Anisotropic model-free analysis®™”**® was performed using
'"H-'N bond orientations determined from the crystal
structure of WT DHFR bound to folate (PDB entry 1RX7)
for both WT and G121V relaxation data sets. Use of the WT
crystal structure to model anisotropic tumbling of G121V is
justified because the available NMR data indicate no large scale
structural changes resulting from the mutation. First, large
chemical shift differences resulting from the mutation are
localized to regions immediately adjacent to the mutation site
(Figure 2A). Second, the relationship between the predicted
and experimental diffusion coefficients is similar, indicating a
comparable rotational correlation time and degree of
anisotropy (Figure S2 of the Supporting Information). The
final overall diffusion parameters calculated from the model-free
results confirm that the structures are very similar (Table S2 of
the Supporting Information). Third, it has been shown that
only modest changes in the circular dichroism spectra of
G121V are observed, and the thermodynamics of urea and
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thermal denaturation are similar.®’ Finally, the backbone
conformations of Glyl21 in the available X-ray structures of
the WT E:FOL and E:FOL:NADP* complexes are in the
region of conformational space that is allowed for valine,
suggesting that a valine substitution can be accommodated
without a significant change in backbone conformation.
Model-free analysis of the "N relaxation data (Figure 3)
shows that backbone amide and tryptophan imino motions in
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Figure 3. Backbone amide and tryptophan imino model-free
parameters S% 7,, and R, for the WT (black) and G121V (red)
E:FOL complexes extracted from fits to data at 500 and 600 MHz.
Values for R, are reported for 600 MHz.

the WT and G121V E:FOL complexes are similar. In both
complexes, select residues in the Met20 loop (residues 16—20),
the adenosine-binding loop (residues 67—69), and the hinge
region (residue 88) have lower than average S* and nanosecond
7, values. Not surprisingly, the largest differences in dynamics
between WT and G121V occur near the site of mutation in the
FG loop (residues 119—123), where the substitution of the
bulky valine results in an increase in S* and the introduction of
R, terms. The average backbone S* values of residues 120 and
122 increase from 0.64 to 0.75 upon mutation, while the S* for
residue 121 increases from 0.47 (Glyl21) to 0.65 (Vall21).
Motions of residues 120—123 that are on the order of 0.7—1.8
ns in the WT complex are on the picosecond time scale in
G121V (40—S50 ps). Thus, substitution of Glyl21 with Val
causes a decrease in the amplitude of backbone motions in this
part of the FG loop and a shift to a faster time scale. The
G121V substitution also affects the backbone dynamics of
Met20 loop residues, with significant increases in S* for residues
11, 15, 17, and 18 (Figure 3).

Interestingly, there are also changes in the backbone amide
relaxation of GIn6S or Thr68, located in the CD loop more
than 25 A from the site of the mutation. GIné5 in G121V
shows a decrease in S* and new nanosecond time scale motions
(Figure 3). The locations of these changes are shown on the
structure of DHFR in Figure 4. In contrast, the backbone S for
Thr68 is increased slightly in the mutant. The occurrence of
long-range communication between the active-site loops in the
major subdomain and the CD loop has been suggested
previously on the basis of both experimental®" and theoretical
studies.*>®
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(S?) and/or time scale (z,) of picosecond to nanosecond backbone
amide motions caused by the G121V mutation.

Side Chain Methyl 2H Relaxation in the G121V E:FOL
Complex. Methyl *H relaxation rates of *C'H,”H methyl
groups of the E:FOL complex were measured at 'H
spectrometer frequencies of 600 and 800 MHz. Methyl
model-free parameters (S,;> and 7,) were determined by
simultaneously fitting the *H quadrupolar relaxation at both
magnetic fields (Figure S) and were compared with parameters
reported previously for the E:FOL complex of the WT enzyme
(Figure 5B).** A complete set of calculated methyl model-free
parameters is shown in Table S4 of the Supporting
Information.

The changes in methyl S, with the G121V mutation are
consistent with the changes in backbone S* (Figures 3 and 4).
Locations of changes in S,;,> between the mutant and WT are
shown on the DHFR structure in Figure 6. Most notable are
increases in S,;,” at Alal17-f in the FG loop and Ala19-$ and
Met20-¢ in the Met20 loop in G121V DHFR. Smaller increases
in S, are observed for Vall119-y1/y2 and Thr123-y2 in the
FG loop. Large increases in S, also occur for Leul10-61/82
and Leull2-61/02 located in fB-strand F at the center of the
major subdomain f-sheet. These methyl groups are packed
tightly against each other and against the aromatic ring of
Phel25 in the C-terminal portion of the FG loop. The
introduction of valine at site 121 provides two additional
methyl probes in G121V. The Vall21 methyls exhibit S,
values (0.26 and 0.28) significantly lower than the average for
valine (0.71) but similar to that of Val119 (0.32 and 0.33), also
in the central portion of the FG loop. Low values of S, for
Vall19-y1/y2 and Val121-y1/y2 of G121V DHER indicate that,
although the amplitudes of motions are diminished relative to
those of the WT, the FG loop remains flexible relative to the
rest of the protein.

Backbone Microsecond to Millisecond Time Scale
Dynamics of G121V Complexes. As the backbone micro-
second to millisecond time scale dynamics of WT DHER are
very dependent on the nature of the bound ligands,*>”” we
used "N R, relaxation dispersion to study four complexes of
G121V, including E:FOL, E:FOL:NADP*, E:THF:NADP", and
E:THF:NADPH. The WT E:FOL:NADP" complex has been
previously used to model the reactive Michaelis complex
(E:DHE:NADPH) of DHFR.>>***® The E:FOL complex can
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Figure 5. Model-free parameters derived from methyl-incorporated deuterium relaxation data for the E:FOL complex of G121V DHFR. Shown are
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Figure 6. Location of methyl groups that show altered S, values.
Blue denotes increased motional restriction (decreased amplitude and
increased S,,;;%), red an increased level of motion (decreased S,.2),
and green methyl groups that show slower time scale motion (larger
7.) in the G121V mutant. Tryptophan side chains that show changes
in Ne order parameters or 7, are shown. A red Ne or a pink side chain
indicates increased flexibility, and a blue Ne or pale blue side chain
indicates more restricted side chain dynamics in the mutant protein.
The mutation site, Gly121, is indicated, and folate is shown as yellow
sticks. Selected sites in the backbone and side chain are labeled. This
figure was prepared using PyMOL.”

serve as a model for either the substrate binary (E:DHF) or
product binary (E:THF) complex, although there are some
notable changes in the WT backbone microsecond to
millisecond time scale dynamics in the active-site loops
between these complexes.”” Altogether, these complexes
represent four of the five major intermediates in the catalytic
cycles of WT?* and G121V DHFR.** The fifth complex, the
holoenzyme (E:NADPH), is conformationally heterogeneous
in the GI21V complex, containing at least three different
conformations,”® and, as such, was not investigated further
because of the complexity of its spectra. A summary of the data,
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including fits, for those residues exhibiting relaxation dispersion
is shown in Figure S3 of the Supporting Information.

R, relaxation dispersion spectroscopy monitors conforma-
tional exchange events on the microsecond to millisecond time
scale. For two-site exchange between states A and B, the
magnitude of the exchange contribution to R, (R,,) depends on
the rate of exchange (k. = kg + kg,), the populations of the
states (p, and pg), and the chemical shift difference between
them (Aw).*> A major advantage of R, relaxation dispersion
techniques is the ability to characterize minor populations
comprising <5% of the conformational ensemble that is
“invisible” to other structural techniques.®®

>N R, Relaxation Dispersion for the G121V E:FOL
Complex. Residues in the WT and G121V E:FOL complexes
that exhibit "N relaxation dispersion are shown in Figure 7A.
For both the WT and mutant enzyme, conformational
exchange is observed in the cofactor-binding cleft (green),
the active-site loops (red), and the C-terminal associated region
(blue). However, a major difference is observed in the folate-
binding pocket (gold), where many residues exhibit conforma-
tional exchange processes in the G121V E:FOL complex but
not in the WT complex (Figure 7A). For the WT enzyme, the
dispersion data for residues in the active-site loops and
cofactor-binding site can be fit to a single-exchange process
for which kg, = kap + kga = 537 s~ and py = 0.03 at 306 K./
Similar kinetics are observed for residues in the active site and
substrate binding site of the G121V mutant [k, = 635 s~', and
ps = 0.017 (Table 1)]. However, attempts to fit dispersion
curves for residues in the active site, substrate binding site, and
cofactor binding site with a global k. and pg were
unsatisfactory. Inclusion of the cofactor-site residues in the
cluster fits resulted in a large decrease in k., and significantly
worse fits (as indicated by y*) for many residues in the active-
site loops and substrate binding site. We attempted
unsuccessfully to fit the cofactor binding-site dispersion as a
separate cluster; however, the data are of insufficient quality,
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Figure 7. Comparison of microsecond to millisecond time scale
backbone dynamics between WT (left) and G121V (right) DHFR
complexes (A) E:FOL, (B) E:FOL:NADP*, (C) E:THF:NADP*, and
(D) E:THF:NADPH. Residues displaying conformational exchange
(Ry) are highlighted as colored spheres [red for Met20, FG, and GH
active-site loops, green for the cofactor-binding cleft, gold for the
substrate/product binding site, gray for other residues, and pale blue
(at the back of each structure) for the C-terminal associated region].
The coordinates used are from PDB entries IRX7 (WT and G121V
E:FOL) and 3QL3 and 1RX2 (WT E:FOL:NADP*, a closed
conformation). For everything else, the coordinate set from PDB
entry 1RX6 [the S,10-dideazatetrahydrofolate (ddTHF):NADPH
complex] was used to model an occluded conformation with the
adenosine ring bound but with the nicotinamide disordered and
solvent-exposed outside the active site. Substrate molecules (ddTHF
and FOL) are shown as yellow sticks, and cofactors (NADP* and
NADPH) are shown as green and red (phosphate) sticks.

and residues 63, 65, and 77 in the adenosine-binding site
appear to exhibit kinetics different from those of the other
residues. Even though we were unable to obtain robust fits for
these dispersion curves, our data suggest strongly that the
G121V mutation has decoupled fluctuations in the cofactor site
compared to those in the active site and has introduced new
conformational fluctuations into the substrate binding pocket.

The relaxation dispersion observed for residues in the
substrate binding site of the G121V E:FOL complex does not
appear to reflect dissociation of folate. On the basis of the
known dissociation constant, the free enzyme is estimated to
have a population (0.01%) very much smaller than the
population of the higher-energy substate (pg ~ 1%) determined
using R, relaxation dispersion. As for the corresponding WT
complex, the Aw values for residues in the active-site loops of
the G121V E:FOL complex differ from those expected for
occluded—closed conformational transitions, indicating that the
active-site fluctuations do not involve the formation of a closed
excited state.
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>N R, Relaxation Dispersion for G121V Product
Ternary Complexes. It is notable that, in comparison to
the corresponding WT complexes, dispersion is relatively weak
and limited to a small number of residues in both the
E:THF:NADP" and E:THF:NADPH complexes of GI121V.
Conformational exchange is observed for the same residues in
the Met20 loop and FG loop of both G121V complexes,
suggesting that similar conformational transitions are involved
(Figure 7C,D and Table S6 of the Supporting Information). As
for the mutant E:FOL complex, the pattern of residues
displaying dispersion and the dynamic chemical shift differences
(Aw) indicate clearly that these fluctuations do not involve
transitions to a closed excited state. It should be noted that
Met20 loop residues with measurable conformational exchange
also show small, but significant, chemical shift differences
between the WT and GI21V complexes (Figure 2). Weak
dispersion is observed for several residues near the N-termini of
helices aC and aF, at the site of binding of the pyrophosphate
moiety of the cofactor, in both the E:THF:NADP* and
E:THF:NADPH complexes of the G121V mutant. Conforma-
tional exchange is also observed in these regions in the WT
E:THF:NADP" complex and extends into the adenosine-
binding loop (Figure 7C).

The observed relaxation dispersion in the GI21V
E:THF:NADPH complex differs markedly from that in the
corresponding complex of the WT enzyme*® (Figure 7D).
Conformational exchange in the mutant DHFR complex is
limited to a small number of residues in the active-site loops, in
the immediate proximity of the site of mutation, in the cofactor-
binding site, and in the C-terminal associated region. In
contrast, for the WT complex, conformational exchange occurs
for many residues around the substrate/product binding site
but not in the cofactor-binding cleft (Figure 7D). Thus, the
microsecond to millisecond time scale dynamics in the product
ternary complexes differ significantly for the WT and G121V
mutant enzymes; the dynamics are very similar in the
E:THF:NADP* and E:THF:NADPH complexes of the
G121V mutant, whereas the corresponding complexes of the
WT enzyme differ greatly in their microsecond to millisecond
time scale motions.

>N R, Relaxation Dispersion for the G121V E:FOL:-
NADP* Complex. Many more residues show dispersive
behavior in the G121V E:FOL:NADP* complex than in the
product ternary complexes of the mutant enzyme (Figure 7B).
These include a large number of residues in the active-site
loops, many of which also show dispersion in the WT
E:FOL:NADP" complex (e.g, Asnl8, Alal9, Met20, Trp22,
Asn23, Gly96, Glul18, Val119, Glul20, Asp122, and His149)
where they report on a “closed—occluded” conformational
change.%’87 However, for the G121V E:FOL:NADP* complex,
there is no correlation between the dynamic chemical shifts
(Aw) determined from R, relaxation dispersion and the
equilibrium chemical shift difference (AS) between closed
and occluded conformations (Figure S4 of the Supporting
Information), showing that the microsecond to millisecond
time scale dynamics in the occluded active-site loops of the
mutant complex do not lead to sampling of the closed state.

Although the Gibbs free energy differences between higher-
and lower-energy substates are similar for the WT E:FOL:-
NADP*, WT E:THFE:NADP*, and G121 V E:FOL:NADP*
complexes, the enthalpy and entropy contributions differ
significantly for the G121V E:FOL:NADP* complex (Table 2
and Figure 8). Again, this indicates that the higher-energy
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Table 2. Comparison of Thermodynamic Parameters for WT
and Gly121Val DHFR Microsecond to Millisecond Time
Scale Dynamics at 300 K

WT WT
thermodynamic ~ E:FOL:NADP* E:THF:NADP* G121V
arameter closed — occluded — E:FOL:NADP*
kcal/mol) occluded” closed” occluded — ?
Energetic Differences between Higher-Energy and Ground-State
Conformations
AG 2.1 +03 2.7 £ 0.5 1.7 +£ 0.0
AH 15.6 + 2.1 139 £ 0.5 4.7 + 0.4
TAS 13.5 £ 2.1 112 + 0.5 3.0+ 04
Activation Energy Barrier Parameters
AG* 16.0 159 + 0.5 15.8 + 0.1
AH* 212 20.3 + 0.5 173 £ 1.9
TAS* 5.1 44 £0S5 15+ 18

“Data for the WT complexes taken from ref 43 for E:FOL:NADP* and
from the unpublished work of D. D. Boehr for E:THF:NADP".
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Figure 8. (A) Temperature dependence of the conformational
exchange kinetics in the G121V E:FOL:NADP* complex for the
active-site region. Rate constants for the transitions from the excited
state to the ground state [ky, ()] and from the ground state to the
excited state [ky; (A)] and the equilibrium constant [kgs/ksp (@)]
are plotted. (B) Thermodynamic comparison of the G121V
E:FOL:NADP* complex (occluded ground state, unknown excited
state; o — ?) with the WT E:FOL:NADP* (closed ground state,
occluded excited state; ¢ — o) and WT E:THF:NADP" (occluded
ground state, closed excited state; o — c) complexes at 298 K.
Thermodynamic barriers were calculated using transition-state theory
following Materials and Methods. AG, AH, and TAS traces are
colored green, blue, and red, respectively.

conformation is not closed. It is interesting to note, however,
that the energy barriers (AG¥, AH?, and TAS¥) associated with
the microsecond to millisecond time scale dynamics are similar
among all three complexes (Table 2 and Figure 8).
Microsecond to Millisecond Time Scale Dynamics in
the C-Terminal Associated Region. All WT and G121V
complexes show conformational exchange in the C-terminal
associated region (residues 129—134 and 155—159). The C-
terminal associated region appears to sample similar higher-
energy conformational substates in all complexes, because Aw
values are similar for all WT and mutant enzyme complexes
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(Table S6 of the Supporting Information). However, it should
be noted that the nature of the bound ligand(s) and the identity
of the amino acid at position 121 influence the kinetics and
thermodynamics of the fluctuations in this region (Tables 1 and
2). Neither the importance of the C-terminal dynamics nor the
impact of ligand binding and/or mutagenesis on the motions in
this region is understood.

B DISCUSSION

E. coli DHFR has been widely used as a model system to
investigate the relationship between protein dynamics and
enzyme catalysis.”®> One key finding has been that mutations
distant from the active-site center can significantly impact rates
of hydride transfer.26~>83%8%89 Thig behavior is consistent with
the suggestion that there is a catalytically important network of
coupled protein motion extending from the enzyme surface
into the active site.”'™>' A key residue in this network is
Gly121, which resides in the FG loop and is more than 15 A
from the active-site center. To obtain further insights into the
roles of Glyl121 and protein motion in DHFR, we used NMR
relaxation techniques to measure protein dynamics over the
picosecond to millisecond time scales for complexes represent-
ing intermediates in the catalytic cycle of G121V DHFR.

Structural models indicate that the G121V substitution can
be accommodated in the occluded state with only minor
conformational adjustment. In contrast, incorporation of the
bulky valine side chain would result in major steric clashes in
the closed or open states that would necessitate substantial
rearrangement of the Met20 and GH loop conformations and
the packing interactions between them. Further, simulations
suggest that substitution of valine at position 121 leads to
Met20 loop conformations that differ substantially from the
closed form and that a hydrogen bond between the Asp122
amide and GlylS carbonyl, which helps stabilize the closed
state, is disrupted.”””" The predicted destabilization of the
closed state is supported by NMR data for the E:FOL:NADP*
and E:FOL:NADPH complexes, which are in the fully closed
conformation in the WT enzyme but adopt the occluded
conformation in the corresponding complexes of the G121V
mutant.** The G121V E:NADPH complex, which is closed for
WT DHFR, is predominantly occluded but with a minor
population of a closed state present in slow exchange;”
addition of the inhibitor methotrexate (MTX) to form the
E:NADPH:MTX ternarg complex drives the G121V mutant
into a fully closed state.”>

Picosecond to Nanosecond Time Scale Dynamics in
G121V DHFR. In the WT enzyme, picosecond to nanosecond
time scale motions of DHFR are determined primarily by the
overall backbone conformation (closed or occluded),*”” and
we therefore used the E:FOL complex to probe picosecond to
nanosecond time scale dynamics in the occluded conformations
of G121V DHEFR; all of the G121V complexes studied here,
representing four of the intermediates of the catalytic cycle, are
in the occluded conformation.

The picosecond to nanosecond time scale backbone and
methyl side chain dynamics are overall quite similar for the WT
and G121V E:FOL complexes, with the largest differences in S*
and 7, occurring at the site of mutation (Figures 3 and 4). The
Val substitution decreases the amplitude (increased S*) and
changes the time scale (decreased 7,) of the backbone motions
of residues 120—123 in the FG loop (Figure 3). These changes
in FG loop dynamics are transmitted to both local and distant
sites in the protein.
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We first consider changes in side chain dynamics resulting
from the incorporation of the bulky valine side chain. A
decrease in the amplitude of side chain motions is observed for
side chains in the FG loop that directly contact the side chain of
Vall21 (Valll9 and Thrl23). The motional changes are
transmitted to the Alal9 and Met20 methyl groups in the
Met20 loop, more than 8 A from the site of mutation, as well as
the Alal17 methyl and Ile115-61 methyl group at the beginning
of the FG loop (Figure 6). The relaxation experiments thus
reveal a general restriction of side chain motion in the Met20
and FG loops caused by the Val substitution and provide direct
evidence of motional coupling between these regions of the
protein. Our results are fully consistent with molecular
dynamics simulations that revealed dynamic coupling between
the Met20 and FG loops that is modulated by ligands and
perturbed by the G121V substitution.**® Importantly,
however, the perturbations of DHFR dynamics extend far
beyond the Met20 loop—FG loop interface to distant regions of
the protein. Observed changes in methyl order parameters
reveal a pathway by which dynamic perturbations can be
communicated 25—30 A across the protein molecule from the
site of the G121V mutation (Figure 6). The motional changes
propagate outward from the mutation site along the fB-sheet,
with restriction of the amplitude of side chain methyl groups of
Leu8, Leull2, and LeullO and of the Ne atom of Trpl33.
These residues are all in van der Waals contact and lie on one
face of the fB-sheet, packed against the aromatic ring of Phel25
that likely couples their motions to those of the FG loop. The
side chain motional restrictions propagate further down strand
PA to Leu4 and Ile2 and then into the adenosine-binding
subdomain where increased order parameters are observed for
Ile82 and Ala81 in helix @E and Val88 in the EF loop. There is
also a substantial decrease in S* for the Ne atom of Trp74 in the
CD loop, close to the adenosine-binding site. The changes in
dynamics also extend, via IleS and Trp33, into the folate
binding site.

The motional perturbations observed in the side chains are
reflected in changes in picosecond to nanosecond time scale
backbone dynamics. Although there is a decrease in the
amplitude of backbone motions for residues 120—122 (average
increase in S* of 0.14), the FG loop remains relatively flexible
(Figure 3). Restriction of backbone dynamics is also observed
for Aspll, GlylS, Glul7, and Asnl8 in the Met20 loop,
providing further evidence that the motions of the FG and
Met20 loops are coupled.

The largest increase in backbone S* in the Met20 loop is seen
for Glul7, which undergoes the largest structural changes
between the occluded and closed conformations (the heavy
atom rmsd between Glul7 in the occluded and closed loop
conformations is 11.0 A). The shortest distance between Glul7
and any FG loop residue in the crystallographically observed
occluded conformation is >9 A. However, given the high
flexibility of the Met20 and FG loops, it seems likely that
conformational sampling would bring these loops into transient
contact. The importance of contacts between the FG and
Met20 loops has been highlighted by mutational studies in
which Asp122 is replaced by amino acids with side chains that
are less able to hydrogen bond.”’

The G121V mutation perturbs picosecond to nanosecond
time scale backbone dynamics far beyond the Met20 loop, in
regions of the protein that are more than 25 A from the site of
mutation. The extent of these perturbations is seen clearly in
Figure 4B, which maps residues that show changes in the
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amplitude (S?) and/or time scale (z,) of backbone motions
onto the DHFR structure. It seems likely that these dynamic
perturbations are propagated through the network of
dynamically coupled side chains that lie on one face of the f-
sheet at the core of the loop subdomain and are then
transmitted to the adenosine-binding subdomain via contacts
between the N-terminal region of strand A and helix aE or are
communicated via the bound folate ligand. For the majority of
residues for which changes in picosecond to nanosecond
dynamics are observed, the backbone motions become more
restricted (larger S?) in the GI21V mutant. However, for a
subset of residues at the C-terminal end of the FG loop, the C-
terminus, and at GIn6S (also the nearby side chain of Trp74) in
the adenosine-binding domain, the mutation increases the
amplitude of the motions but shifts them to a slower time scale
(Figure 4). Changes in backbone and side chain methyl group
dynamics in the adenosine-binding domain arising from
mutation of Glyl21 to Val have also been reported for the
complex of DHFR with NADPH and the drug methotrexate
(MTX).”” The NMR experiments thus provide insights into the
molecular mechanism by which substitutions at Gly67 and
Gly121 interact over long distances to exert nonadditive effects
on the catalytic activity of DHFR.*?

Mechanism of Allosteric Communication to Distant
Sites. DHFR exhibits allosteric behavior in several ways.
Binding of ligand in the substrate binding site alters the affinity
for cofactor binding and vice versa.”* Mutation of residues
distant from the active site affects both binding affinity and
hydride transfer kinetics, and nonadditive effects of double
mutations provide evidence of coupled interaction networks
spanning large distances within the protein.>>** The FG loop is
connected to the active site via an evolutionarily conserved
network of amino acids; insertion of a light sensitive LOV2
domain into DHFR between residues 120 and 121 results in
weak light-dependent allosteric control of DHFR activity.'>”*

These experiments show clearly that long-range structural
changes are not a prerequisite for transmission of allosteric
signals through a protein but that perturbations associated with
a local event can be propagated by dynamic changes, ie., by
changes in the conformational space available for sampling
through thermal fluctuations of the backbone or side chains.
Figure 2A shows that the G121V mutation in the E:FOL
complex leads to very few changes in backbone 'H and '*N
chemical shifts, all of which are entirely localized to backbone
amides lying within 9 A of the site of mutation, in the FG loop
itself, and in the tightly coupled Met20 loop (Figure 2A). The
G121V mutant adopts an occluded conformation that is
extremely close to that of the WT complex; however, the
mutation leads to substantial changes in dynamics, restricting
the amplitude and changing the time scale of motions of
residues in the FG loop and in the neighboring Met20 loop.
The effects of the mutation are transmitted to distant sites not
through propagation of structural change, as evidenced by the
almost complete absence of changes in chemical shifts for
residues outside the site of mutation, but through subtle
changes in the accessible conformational space sampled by
molecular fluctuations on the picosecond to nanosecond time
scale. Our results are fully consistent with theoretical
approaches that suggest long-range allostery in DHFR arises
from a redistribution of the conformational ensemble, with
significant contributions from perturbations of the protein
dynamics.*”
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Microsecond to Millisecond Time Scale Dynamics in
G121V DHFR. In contrast to picosecond to nanosecond time
scale dynamics of DHFR, the slower microsecond to
millisecond time scale conformational fluctuations change
signiﬁcantl;r depending on the ligands that are bound to the
enzyme.45’ 7 It was therefore necessary to measure protein
dynamics of several G121V complexes to elucidate the effect of
mutation on these slower time scale dynamics.

The microsecond to millisecond time scale dynamics are
quite similar for the FOL complexes of the WT and G121V
protein, except in the substrate binding site (Figure 7A). Both
exhibit extensive conformational fluctuations in the Met20 and
FG loops, although the Aw values for corresponding residues
differ, suggesting that the WT and mutant proteins sample
somewhat different conformational substates. Many residues in
the cofactor binding site of the G121V E:FOL complex
experience microsecond to millisecond time scale fluctuations,
although the data presented here are of insufficient quality to
quantitate this process. Fluctuations in the cofactor site were
observed previously for WT E:THF* and E:FOL”’ complexes,
and on the basis of chemical shift correlations, we have
suggested™ a conformational selection mechanism of ligand
binding. There are two significant differences in dynamics
between the WT and G121V E:FOL complexes: the micro-
second to millisecond time scale fluctuations in the active-site
loops propagate into the substrate binding site of the mutant
enzyme but not WT, and the mutation appears to decouple the
fluctuations in the cofactor binding site from the active-site
motions, as was ‘Freviously observed for the WT E:FOL:-
NADP* complex.”® As for the picosecond to nanosecond time
scale motions, the effects of the mutation are manifest in
changes in microsecond to millisecond time scale dynamics in
distant regions of the protein structure. Similar observations
have been made for other enzymes; mutations in cyclophilin A
and triosephosphate isomerase, for example, also result in
perturbation of millisecond time scale fluctuations at distant
sites.”™”

There are large differences in the microsecond to millisecond
time scale dynamics between the product ternary complexes of
the WT and G121V mutant enzyme. In the WT
E:THF:NADP" complex, we observe four regions of conforma-
tional exchange: in the active-site loops, in the cofactor-binding
cleft, for several residues in the proximity of the p-amino-
benzoic acid moiety of the product THF, and in the C-terminal
associated region.”* These fluctuations are mostly impaired in
the corresponding complex of the mutant, most notably in the
product and cofactor binding sites (Figure 7C). In the WT
E:THF:NADP" complex, there are widespread fluctuations in
all three active-site loops (Met20, FG, and GH), reflecting
conformational exchange between closed and occluded
conformations of DHFR.>* In contrast, very few residues in
the Met20 and FG loops, all of which are in the immediate
vicinity of the site of mutation, experience exchange in the
G121V E:THF:NADP' complex. The Aw values for these
residues do not reflect transitions into a closed conformational
state. Thus, the active-site region in the E:THF:NADP*
complex of G121V fluctuates into an alternate conformational
substate that differs from the closed state formed by the WT
enzyme. In the C-terminal associated region, comparable
microsecond to millisecond time scale dynamics are observed
for WT and the G121V E:THF:NADP® complex, although
there are small changes in the kinetics and thermodynamics

(Table 1).
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A very similar group of residues, located in the cofactor
pyrophosphate binding site and in the immediate vicinity of the
mutation site, exhibits microsecond to millisecond fluctuations
in both the E:THF:NADPH and E:THF:NADP* complexes of
the G121V enzyme (Figure 7C,D). Conformational exchange
in the WT E:THF:NADPH complex is far more widespread
than in the G121V mutant, with many residues in the Met20,
FG, and GH loops exhibiting relaxation dispersion*’ (Figure
7D). Most importantly, numerous residues in the THF binding
site undergo conformational fluctuations in the WT
E:THE:NADPH complex that are completely abrogated in
the GI21V mutant. We have previously proposed that
conformational fluctuations in the substrate/product binding
pocket of the WT E:THF:NADPH complex play a key role in
the release of product, because the rate of lower- to higher-
energy substate conversion (kap = 12—18 sH) s very similar to
the THF dissociation rate constant (k.= 13 s™').* The loss of
these fluctuations in the G121V E:THF:NADPH complex is
consistent with the decreased dissociation rate constant for
THE for the mutant enzyme (kg = 1.9 s7'),** which is too slow
to give measurable R, relaxation dispersion. Instead, for the
G121V E:THE:NADPH complex, we observe microsecond to
millisecond time scale dynamics in helix @C, which forms the
binding site for the ribose phosphate region of the cofactor.
The structural fluctuations in the cofactor-binding cleft of the
G121V E:THF:NADPH complex, which we cannot detect in
the corresponding WT complex using R, relaxation dis-
persion,*> may also explain why the dissociation rate constant
of NADPH is 3 times higher in the G121V protein than in the
WT enzyme.**

As noted above, the microsecond to millisecond time scale
dynamics of the product ternary complexes (E:THF:NADP*
and E:THF:NADPH) are similar for the G121V mutant but
differ for the WT enzyme. We have shown elsewhere*>’” that
the conformational fluctuations in the active-site loops for the
ternary product complexes of the WT enzyme allow the
nicotinamide ring to transiently enter the active-site pocket.
The different charge and/or shape of the reduced and oxidized
forms of the ring leads to different dynamic behavior in the
substrate and cofactor binding pockets for the E:THF:NADPH
and E:THF:NADP* complexes of the WT protein.*>”” Because
we cannot detect similar active-site loop motions in the G121V
complexes, it appears that, on the time scale of R, relaxation
dispersion, the nicotinamide ring cannot transiently enter the
active site to affect dynamics in the substrate and cofactor
binding sites. These findings suggest that the G121V mutation
has uncoupled the active-site loop motions and the
concomitant motion of the nicotinamide ring into the active
site from structural fluctuations in the binding pockets for the
cofactor and substrate/product. Structural fluctuations in the
substrate/product binding pocket still depend on the motions
of the active-site loops and the nicotinamide ring, whereas
those in the cofactor binding site are now independent.

Perhaps the most relevant complex for elucidating the role of
Glyl21 in DHFR-catalyzed hydride transfer is the G121V
E:FOL:NADP* complex. It has been suggested that the
E:FOL:NADP" complex serves as a good model for the
reactive E:DHF:NADPH (Michaelis) complex.****** The
E:FOL:NADP" complex of the WT enzyme adopts a closed
ground-state conformation that allows for close association
between the pterin and nicotinamide rings. However, the
G121V E:FOL:NADP" complex is clearly not in the closed
conformation. Moreover, there is no experimental evidence
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from the R, relaxation dispersion experiments that the G121V
complex even samples the closed conformation in thermally
accessible higher-energy states. Our results suggest that if the
G121V E:FOL:NADP* complex does fluctuate from its
occluded ground state into a closed conformation, either the
kinetics of conformational exchange are too slow (ie., k., < 100
s7") or the population of the closed conformation is too small
(ie, ps < 1%) to observe by R, relaxation dispersion. It should
be noted that pre-steady-state kinetic analysis of the G121V
enzyme revealed an additional step, not observed for the WT
enzyme, associated with a conformational change that precedes
hydride transfer.>* This process, with a rate constant of 3.5 st
(at 298 K), is too slow to be detected by R, relaxation
dispersion. Thus, there are potentially two conformational
changes in the G121V E:FOL:NADP® complex. The first
conformational change involving several of the Met20, FG, and
GH loop residues, which we can detect using R, relaxation
dispersion (k ~ 25 s™! at 303 K), may poise the enzyme for the
second conformational change (k ~ 3.5 s™') to the closed,
catalytically competent state, with the nicotinamide ring bound
in the active site. Although all of the intermediates from the
catalytic cycle adopt the fully occluded conformation, G121V
can be forced into the closed state by binding NADPH and the
drug methotrexate.”> Conformational fluctuations are observed
in the Met20 and FG loops of the G121V E:NADPH:MTX
complex, but amide resonances are severely exchange
broadened, precluding identification of the structure of the
state involved in the exchange.

Our results clearly indicate that conformational sampling is
different between WT and G121V DHFR and provide insights
into the molecular basis for the changes in both ligand affinities
and the hydride transfer rate. It is noteworthy that many of the
residues identified as being part of the network of coupled
promoting motions have different picosecond to nanosecond
and/or microsecond to millisecond time scale dynamics in the
G121V and WT complexes, including residues Ilel4, GlylS,
Tyr100, and Aspl122.” The side chains of several aliphatic
residues in and around the active site become more rigid in
G121V, and this may also impair the coupled motional network
that promotes catalysis. Overall, the changes in the dynamics of
the enzyme upon mutation of Glyl21 to Val provide
compelling evidence of motional coupling between residue
121 and other residues in the network.

Our findings are also entirely consistent with the dynamic
energy landscape view of enzyme catalysis.*® Changes in the
kinetics and thermodynamics of conformational exchange and/
or the nature of the higher-energy substates can lead to
substantial changes in enzyme function. For the
E:THFE:NADPH complex, the lowest-energy conformation is
very similar for the WT and G121V enzymes, and thus,
differences in ligand dissociation appear to depend on
differences in conformational sampling. In the case of the
model Michaelis E:FOL:NADP" complex, the nature of both
the ground state and higher-energy substates can help explain
the 200-fold reduction in the hydride transfer rate of the
G121V enzyme compared to that of the WT protein. Thus,
both the ground state and higher-energy conformations of
DHER participate in enzyme catalysis. Our studies demonstrate
that functional changes upon mutation not only are dependent
on structural changes in the lowest-energy conformations but
also can be propagated through changes in the higher-energy
conformations and/or overall protein dynamics. This suggests
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novel forms of dynamic alloste and offers new

dimensions for molecular evolution.
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