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ABSTRACT: Dihydrofolate reductase (DHFR) has several flexible active site loops that facilitate ligand
binding and catalysis. Previous studies of backbone dynamics in several complexes of DHFR indicate
that the time scale and amplitude of motion depend on the conformation of the active site loops. In this
study, information on dynamics is extended to methyl-containing side chains. To understand the role of
side chain dynamics in ligand binding and loop conformation, methyl deuterium relaxation rates of
Escherichia coliDHFR in binary folate and ternary folate:NADP+ complexes have been measured, together
with ø1 rotamer populations for threonine, isoleucine, and valine residues, determined from measurements
of 3JCγCO and3JCγN coupling constants. The results indicate that, in addition to backbone motional restriction
in the adenosine-binding site, side chain flexibility in the active site and the surrounding active site loops
is diminished upon binding NADP+. Resonances for several methyls in the active site and the surrounding
active site loops were severely broadened in the folate:NADP+ ternary complex, suggesting the presence
of motion on the chemical shift time scale. The side chains of Ile14 and Ile94, which pack against the
nicotinamide and pterin rings of the cofactor and substrate, respectively, exhibit rotamer disorder in the
ternary folate:NADP+ complex. Conformational fluctuations of these side chains may play a role in
transition state stabilization; the observed line broadening for Ile14 suggests motions on a microsecond/
millisecond time scale.

Experimental and theoretical studies suggest that protein
structure is frequently dynamic over a wide range of time
scales. Molecular motions are implicit in several aspects of
enzyme function, including ligand binding and catalysis.
Thus, it is not surprising that enhanced dynamics are often
observed in ligand-binding sites and active site loops. Fast
motions on the picosecond/nanosecond time scale arise from
simple thermal fluctuations and may play a direct role in
catalytic phenomena such as electron transfer (1-3) and
hydrogen tunneling (4, 5). Such fast motions have also been
described as a sort of lubricant for larger protein conforma-
tional changes on a physiological (microsecond/millisecond)
time scale (6). The importance of these motions in catalysis
remains controversial (7). However, the finding that many
enzymes are most active near the edge of their stabilities,
when thermal energy becomes comparable to the energy of
the forces holding the enzymes together, supports the
functional importance of fast motions (8, 9).

Our studies have focused on the enzyme dihydrofolate
reductase (DHFR)1 from Escherichia coli. DHFR is respon-
sible for maintaining the cellular pool of tetrahydrofolate
(THF). DHFR produces THF by reduction of dihydrofolate
(DHF) in the presence of reduced nicotinamide adenine
dinucleotide phosphate (NADPH). THF is an essential
coenzyme that transfers single-carbon units in the biosyn-
thesis of purine, thymidylate, and several amino acids. The

central role of THF in biosynthesis makes DHFR an
attractive target for antineoplastic and antibiotic drugs, and
DHFR has been the subject of numerous structural and
biochemical studies. DHFR is a relatively small but structur-
ally diverse enzyme consisting of a catalytic subdomain and
an adenosine-binding subdomain. The catalytic cycle includes
a number of binary and ternary complexes of substrate,
cofactor, and product (10).

X-ray crystal structures of a series of DHFR complexes
(11) showed that a significant portion of the catalytic
subdomain consists of three flexible loops, referred to as the
Met20 (residues 9-24), F-G (116-132), and G-H (142-
150) loops, which surround the active site and undergo
ligand-dependent conformational changes. The loops assume
different conformations, termed occluded or closed or open,
depending on the combination of substrate and cofactor
bound. The largest conformational change occurs in the
Met20 loop. In substrate complexes without cofactor, the
occluded conformation is favored, in which the side chain
of Met16 is inserted into the nicotinamide-binding pocket
(11). Upon binding cofactor, Met16 is flipped out of the
active site, allowing the nicotinamide ring to bind, and the
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side chain of Met20 is packed against the nicotinamide ring
and the pterin ring of the substrate. A set of hydrogen bonds
between the Met20 loop and the G-H loop are broken, and
a new set is formed with residues in the F-G loop, stabilizing
the closed conformation. The importance of these hydrogen
bonding networks has been verified by mutagenesis (12, 13).

In previous work, the backbone dynamics of three DHFR
complexes, which model several intermediates in the DHFR
catalytic cycle, were investigated by15N spin relaxation (14).
The binary complex with the substrate/product analogue
folate (E:folate) and the ternary complex with folate and 5,6-
dihydroNADPH (E:folate:DHNADPH) adopt occluded loop
conformations and model the product complexes. The ternary
complex with folate and oxidized cofactor (E:folate:NADP+)
adopts a closed loop conformation in which both the pterin
ring of the substrate and the nicotinamide ring of the cofactor
are in the active site, appropriately positioned for hydride
transfer (11, 14). The E:folate:NADP+ complex thus serves
as a model of the reactive Michaelis complex. The backbone
dynamics of the active site loops in the occluded E:folate
complex are characterized by low order parameters and
nanosecond time scale motions (14). Upon binding NADP+

to form the Michaelis complex analogue, the nanosecond
time scale motions are quenched, and the order parameters
are increased indicating restriction of motion. Diminished
flexibility in the Met20 and F-G loops probably reflects
stabilizing contacts between these two loops in the closed
conformation.

Studies of side chain dynamics have the potential to reveal
new and useful information, as there appears to be little
correlation between backbone and side chain dynamics (15,
16). In addition, attempts to correlate side chain dynamics
with purely structural or chemical variables, such as solvent
accessibility or local packing, have mostly failed. Motions
in aliphatic side chains may be particularly informative, as
they are often found at protein-ligand interfaces and within
hydrophobic cores. Furthermore, the persistence of side chain
motions in folded proteins could make a significant entropic
contribution to protein stability.

Measurements of deuterium (2H) relaxation rates can be
used to determine aliphatic side chain dynamics (17, 18).
The advantage of measuring2H relaxation over13C relaxation
is that the primary mechanism for deuterium relaxation is
quadrupolar. The efficiency of the quadrupolar relaxation
mechanism makes contributions from other processes such
as cross-correlation with neighboring1H-13C dipoles or
relaxation from other nonbonded spins insignificant, thus
greatly simplifying analysis (19). Kay and co-workers have
developed a scheme in which the magnetization transfer to
deuterium and subsequent relaxation delay are inserted into
a conventional constant-time1H,13C HSQC experiment (17).
The deuterium relaxation is observed as the attenuation of
cross-peaks in simple 2-D1H,13C HSQC spectra. Thus, the
problem of large deuterium line widths is avoided (as well
as the need for assigning2H resonances). Methyl groups are
particularly amenable to study since they often give rise to
intense, well-resolved peaks. In addition, methyls are com-
mon in proteins and can, on average, increase the number
of probes of motion by one-third over the measurement of
backbone amide15N relaxation alone.

In the present study, side chain dynamics of the occluded
E:folate and closed E:folate:NADP+ complexes were studied

to identify motions that correlate with cofactor binding and
loop conformation. Full13C labeling and random partial
deuteration of DHFR allowed measurement of R1(2H) and
R1F(2H) relaxation rates for∼90% of side chain methyl
groups. Also,ø1 rotamer averaging was investigated by
measurement of3JCγCO and 3JCγN coupling constants. The
results reveal a restriction of picosecond/nanosecond motions
in the active site loops and the adenosine-binding site,
consistent with the changes in structure (11) and backbone
dynamics (14). In addition, resonances for several methyl
groups in the E:folate:NADP+ ternary complex were severely
broadened, indicating motion on the microsecond/millisecond
chemical shift time scale.

MATERIALS AND METHODS

Sample Preparation. E. coliDHFR was overexpressed in
BL21-DE3 cells (Novagen) in M9 minimal medium. Samples
for measurement of deuterium relaxation rates were uni-
formly 15N/13C labeled and partially (∼45%) deuterated by
cell growth on 15N-ammonium sulfate and13C-glucose
dissolved in 65% D2O. Deuteration to∼45% results in a
large fraction of the isotopomer of interest (13CH2

2H).
Samples for measurement of3JCγN and3JCγCO were uniformly
15N/13C labeled. DHFR was isolated and purified as described
previously (20, 21). The protein was exchanged into NMR
buffer (50 mM potassium phosphate, pH 6.8, 100 mM
potassium chloride, 1 mM EDTA, and 1 mM DTT in
degassed, argon-saturated, and double-distilled H2O contain-
ing 10% D2O) to a final concentration of 2.5-3.0 mM. The
E:folate complex was formed by the addition of 6-fold excess
folate. The E:folate:NADP+ complex was formed by the
addition of 6- and 10-fold excess folate and NADP+,
respectively. The complexes were stored in amberized NMR
tubes (Wilmad) sealed with a septum to minimize degrada-
tion of the ligands by light and/or oxidation. A binary
complex of DHFR and 7,8-dihydrofolate (E:DHF) was used
to resolve overlap of the methyl resonances of Met20-ε and
Met42-ε in the spectrum of the E:folate complex and thereby
allow measurement of deuterium relaxation data for these
important residues. Since DHF is very labile and light
sensitive, the E:DHF sample was prepared by addition of
6-fold excess DHF under low-light conditions in an argon-
purged glovebox, freeze-pump-thawed 3 times to minimize
oxidation, and flame-sealed in amberized NMR tubes.

Resonance Assignments.Methyl resonance assignments for
the E:folate:NADP+ complex were obtained from 3-D15N
TOCSY-HSQC (22) and (H)C(CO)NH/H(CCO)NH spectra
(23) on the basis of published assignments for the backbone
1H,15N amide resonances (14, 24). Side chain methyl
assignments for the E:folate complex have been published
(25, 26). However, deuteration results in small chemical shift
changes in methyl1H and13C resonances (27), and assign-
ments were therefore verified by recording the above triple-
resonance experiments on the same uniformly15N/13C and
partially deuterated samples used for the methyl deuterium
relaxation experiments. All spectra used for assignments were
recorded at 28.5°C at 1H spectrometer frequencies of 500
or 750 MHz.

Stereospecific Methyl Assignments.The methyl resonances
of all valine and leucine residues were stereospecifically
assigned by the method of Neri and co-workers (28). For

Methyl Dynamics in Dihydrofolate Reductase Biochemistry, Vol. 43, No. 2, 2004375



this, DHFR was overexpressed on minimal media containing
10% 13C-glucose (0.4 g/L) and 90% natural abundance
glucose (3.6 g/L). Thepro-R methyl was identified from the
∼35 Hz13C-13C splitting in a high-resolution1H,13C HSQC
spectrum.

2H Relaxation. Methyl dynamics were probed by measure-
ment of deuterium R1 and R1F relaxation rates. Relaxation
datasets were recorded at 28.5°C on Bruker DRX spec-
trometers operating at1H frequencies of 600 and 800 MHz
(92 and 123 MHz for2H) using published pulse sequences
(17). TheR1(IzCzDz) experiments were recorded with delays
of 0.05*, 4, 14, 20, 27, 35*, 44, 64, and 75* ms, and the
R1F(IzCzDy) experiments were recorded with delays of 0.25*,
2, 3.5, 5*, 7, 9, 14*, 17, and 28 ms, where I, C, and D refer
to the 1H, 13C, and 2H spins, respectively. The asterisks
denote delays at which data were collected in duplicate. The
contribution to relaxation from spin flips in neighboring
protons (R1(IzCz)) 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 obtain R1(2H) and
R1F(2H). The deuterium relaxation rates were determined
from two parameter fits to peak heights. Time points at which
the peak intensity was less than 2 times the signal/noise ratio
were excluded (29). Decay curves were fit using the program
CurveFit (30, 31).

Deuterium relaxation rates were fit to the Lipari-Szabo
model-free parameters S2

axis and τe, where S2axis refers to
motion about the vector between the methyl carbon and the
adjacent covalently bonded carbon (17, 32, 33). S2

axis is
derived from S2 scaled by [(3 cos2 θ -1)/2]2 to remove the
contribution from free methyl rotation. For tetrahedral
geometry,θ, the angle between the C-Cmethyl bond and the
Cmethyl-2H bond is 109.5°, and the S2axis is S2/(0.111). The
molecular tumbling time,τm, was determined independently
from backbone amide15N relaxation measurements.15N R1

and R2 relaxation data were acquired as described previously
(14) on the same NMR samples used for the deuterium
relaxation experiments. The correlation times,τm, were
estimated from the double-trimmed mean of R2/R1 after
removal of data from residues having significant internal
motion (34). Absence of aggregation was verified by
diffusion tensor analysis in which the anisotropies of the
diffusion tensors (D|/D⊥) were calculated from the backbone
amide15N R1 and R2 relaxation rates. The values ofD|/D⊥
for the E:folate and E:folate:NADP+ complexes were 1.14
and 1.16, respectively, consistent with previous results (14).
The effective isotropic tumbling times were 10.54 and 9.52
ns for the E:folate and E:folate:NADP+ complexes, respec-
tively; the observed differences in the rotational correlation
times probably arise from differences in protein concentration
(14). Fitting of 2H relaxation rates to S2axis and τe was
accomplished using a modified version of ModelFree 4.0
(Arthur Palmer) substituted with the appropriate equations
for deuterium quadrupolar relaxation (35). Isotropic tumbling
was assumed: errors introduced by neglect of anisotropy are
estimated to be smaller than the experimental uncertainties.
The quadrupolar coupling constant (e2qQ/h) was set to 167
kHz (36).

Determination ofø1 Rotamers. 3JCγCO and3JCγN coupling
constants were measured using spin-echo difference spectra
(37, 38). Two interleaved spectra were recorded as constant-
time 1H,13C HSQC spectra in which the 3-bond couplings

were either active, or inactive, depending on positioning of
the carbonyl13C (3JCγCO) or amide15N (3JCγN) refocusing
pulse. The coupling constants were calculated from (Ia -
Ib)/Ia ) 2 sin2(πJCγXT)), in which Ia andIb are the signals in
the absence and presence of coupling, respectively,T is the
constant-time evolution period (28.6 ms), andJCγX is the
3-bond coupling constant whereX is either13CO or15N (37).

The coupling constants were used to calculate rotamer
populations from a simple 3-site jump model (39, 40)
following Hennig and co-workers (41):

where p-60, p60, and p180 correspond to the populations of
each rotamer, and3Jtransand3Jgaucheare the coupling constants
expected for full rotamer occupancy.3Jtrans was set to 3.6
and 2.1 Hz for3JCγCO and3JCγN, respectively, in the case of
Ile and Val and 3.4 and 1.9 Hz, respectively, in the case of
Thr. 3Jgauchewas set to 0.6 and 0.4 Hz for3JCγCO and3JCγN,
respectively, in the case of Ile and Val and 0.4 and 0.2 Hz,
respectively, in the case of Thr (42).

RESULTS
2H Relaxation. Methyl 2H R1 and R1F relaxation rates

measured at1H spectrometer frequencies of 600 and 800
MHz are tabulated in the Supporting Information. Reliable
resonance intensities could be obtained for 82 methyls in
the E:folate complex and 82 methyls in the E:folate:NADP+

complex. Relaxation parameters for a total of 72 methyl
groups could be compared between the two complexes.
Relaxation data for Val13-γ1, Met20-ε, Ala29-â, Met42-ε,
Leu54-δ1, Thr68-γ2, Val75-γ1, Ala83-â, Ile94-γ2, Leu104-
δ1, Thr113-γ2, and Val136-γ1 in the E:folate complex and
Leu28-δ1, Val40-γ1, Val88-γ1, Val99-γ1, Leu110-δ2, and
Val119-γ1 in the E:folate:NADP+ complex could not be
measured due to resonance overlap. In addition, peak
intensities for methyl Leu24-δ1/δ2 in the E:folate complex
at 1H frequencies of 800 MHz were weak and could not be
measured reliably. Resonances for Ala7-â, Ile14-δ1, Ala19-
â, and Ala117-â in the E:folate:NADP+ complex were weak
at both fields, and their intensities could not be measured
reliably.

Resolution of Met20/Met42 Methyl Resonances.The
methyl resonances for the highly conserved residues Met20
and Met42 were overlapped in the1H,13C HSQC spectrum
of the E:folate complex. The side chain of Met20 plays an
important role in sealing the active site in the closed loop
conformation, and motions in the Met20 loop have been
implicated in catalysis (11, 43). Experimental mutagenesis
(44) and quantum/classical dynamic models of DHFR
kinetics (45) suggest that Met42 is structurally and/or
dynamically coupled to Gly121 during the hydride transfer.
Because of the potential importance of these residues to
DHFR function, we sought to resolve their methyl resonances
to measure relaxation rates. We were unable to resolve the

3Jexp(CγN) ) p180
3Jtrans(CγN) +

(1 - p180)
3Jgauche(CγN) (1)

3Jexp(CγCO) ) p-60
3Jtrans(CγCO) +

(1 - p-60)
3Jgauche(CγCO) (2)

p60 ) 1 - p180 - p-60 (3)
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methyls using changes in temperature or pH. However, we
were able to resolve them by substituting folate with 7,8-
dihydrofolate (DHF), which is the natural substrate for
DHFR. Nearly all of the methyl resonances of the DHF
binary complex could be assigned by analogy with the folate
binary complex; only four methyls within the substrate-
binding site (Ala6-â, Ala7-â, Leu24-δ2, and Leu28-δ2) could
not be assigned in this way. Methyl deuterium relaxation
rates were measured at a1H spectrometer frequency of 600
MHz (92 MHz in 2H). The relaxation rates were essentially
unchanged from those of the E:folate complex (data not
shown).

ø1 Rotamers.Coupling constant measurements are a useful
source of information on conformational averaging as well
as structure (46) and provide insights into side chain
dynamics that are complementary to those derived from
relaxation measurements (47). The deuterium R1 and R1F

relaxation rates in CH2D methyl groups primarily probe

picosecond time scale motions, whereas rotamer transitions
are more likely to occur on longer time scales (48, 47). Thus,
investigation of rotamer averaging provides complementary
information on side chain motions. The3JCγCO and 3JCγN

coupling constants for isoleucine, threonine, and valine
residues were measured in the E:folate and E:folate:NADP+

complexes to investigate rotamer averaging. Theø1 rotamer
populations were calculated using eqs 1-3. The crystal
structures 1rx7 and 1rx2 (11) were used for initial comparison
of the extractedø1 angles for the E:folate and E:folate:
NADP+ complexes, respectively.

DISCUSSION

Methyl Dynamics.Methyl S2
axis andτe parameters extracted

from deuterium relaxation rates measured at2H frequencies
of 92 and 123 MHz are summarized in Table 1. As observed
for methyl groups in other proteins (15), the range of order
parameters is large (0.09-1.00). The number of bonds

Table 1: Methyl Model-Free Parametersa

E:folate E:folate:NADP+ E:folate E:folate:NADP+

methyl S2
axis τe S2

axis τe methyl S2
axis τe S2

axis τe

Met1-ε 0.10 (0.01) 17.0 (0.1) 0.09 (0.01) 15.5 (0.1) Thr68-γ2b 0.70 (0.01) 69.2 (1.3)
Ile2-γ2 0.69 (0.02) 23.7 (1.0) 0.74 (0.03) 23.2 (2.1) Val72-γ1 0.75 (0.04) 66.2 (3.3) 0.78 (0.12) 84.7 (11.2)
Ile2-δ1 0.42 (0.01) 17.3 (0.5) 0.48 (0.01) 16.3 (1.0) Val72-γ2 0.74 (0.03) 53.3 (2.4) 0.78 (0.06) 73.3 (6.7)
Leu4-δ1 0.43 (0.01) 77.5 (1.3) 0.52 (0.01) 66.8 (2.1) Thr73-γ2 0.82 (0.03) 32.4 (1.5) 0.79 (0.03) 42.9 (2.3)
Leu4-δ2 0.44 (0.03) 187.3 (6.6) 0.48 (0.05) 159.0 (10.4) Val75-γ1b 0.77 (0.02) 56.3 (2.1)
Ile5-γ2 0.82 (0.07) 44.8 (3.7) 0.86 (0.11) 71.8 (9.8) Val75-γ2 0.87 (0.03) 19.7 (1.2) 0.90 (0.04) 12.1 (1.8)
Ile5-δ1 0.68 (0.07) 24.7 (3.4) 0.80 (0.06) 25.6 (3.8) Val78-γ1 0.80 (0.01) 35.5 (0.8) 0.85 (0.02) 28.3 (1.7)
Ala6-â 0.71 (0.05) 62.2 (3.8) 0.81 (0.09) 55.9 (6.5) Val78-γ2 0.79 (0.02) 32.6 (0.9) 0.87 (0.02) 29.9 (1.6)
Ala7-â 0.83 (0.07) 32.8 (3.6) c Ala81-â 0.89 (0.03) 34.2 (1.3) 0.91 (0.03) 34.2 (1.6)
Leu8-δ1 0.31 (0.01) 84.4 (1.9) 0.31 (0.02) 75.9 (2.6) Ile82-γ2 0.83 (0.01) 34.5 (0.7) 0.78 (0.03) 33.4 (1.7)
Leu8-δ2 0.24 (0.01) 54.7 (1.5) 0.28 (0.01) 41.1 (0.9) Ile82-δ1 0.50 (0.01) 20.8 (0.8) 0.52 (0.01) 29.2 (1.5)
Ala9-â 0.79 (0.06) 15.2 (2.5) 0.77 (0.05) 27.2 (5.1) Ala83-âb 0.90 (0.02) 33.4 (1.1)
Val10-γ1 0.63 (0.02) 98.0 (2.2) 0.66 (0.03) 114.4 (4.5) Ala84-â 0.80 (0.02) 49.3 (1.3) 0.84 (0.03) 48.5 (2.2)
Val10-γ2 0.64 (0.09) 22.1 (4.3) 0.77 (0.06) 25.8 (4.9) Val88-γ1 0.75 (0.02) 43.2 (1.0)
Val13-γ1b 0.79 (0.02) 46.5 (1.9) Val88-γ2 0.77 (0.02) 25.9 (1.0) 0.76 (0.03) 23.5 (1.6)
Val13-γ2 0.70 (0.04) 49.6 (3.0) 0.69 (0.07) 60.8 (8.7) Ile91-γ2 0.85 (0.02) 29.6 (1.1) 0.85 (0.04) 31.9 (2.2)
Ile14-γ2 0.71 (0.03) 47.4 (1.8) 0.81 (0.10) 34.3 (7.0) Ile91-δ1 0.76 (0.02) 13.2 (0.8) 0.80 (0.02) 19.0 (1.6)
Ile14-δ1 0.69 (0.03) 15.9 (1.4) c Met92-ε 0.75 (0.01) 9.4 (0.8) 0.76 (0.01) 7.6 (1.0)
Met16-ε 0.22 (0.01) 15.5 (0.4) 0.31 (0.01) 5.3 (0.5) Val93-γ1 0.90 (0.03) 52.8 (1.8) 0.87 (0.03) 44.7 (2.5)
Ala19-â 0.66 (0.01) 45.5 (1.0) c Val93-γ2 0.92 (0.03) 19.5 (1.1) 0.89 (0.03) 21.9 (2.4)
Met20-εe 0.14 (0.01) 21.6 (0.2) 0.34 (0.01) 23.5 (1.2) Ile94-γ2b 0.70 (0.08) 43.9 (6.3)
Leu24-δ1d 0.58 (0.12) 25.9 (13.0) 0.52 (0.10) 44.8 (21.4) Ile94-δ1 0.68 (0.05) 14.2 (2.5) 0.67 (0.05) 23.8 (3.7)
Leu24-δ2d 0.47 (0.06) 29.3 (4.8) 0.49 (0.16) 42.4 (13.0) Val99-γ1 0.77 (0.03) 64.3 (2.1)
Ala26-â 0.86 (0.04) 56.0 (2.6) 1.00 (0.01) 68.9 (0.1) Val99-γ2 0.80 (0.02) 19.5 (1.1) 0.85 (0.05) 38.3 (4.4)
Leu28-δ1 0.36 (0.01) 46.4 (0.7) Leu104-δ1b 0.47 (0.02) 46.8 (3.0)
Leu28-δ2 0.33 (0.01) 61.0 (1.5) 0.32 (0.02) 57.4 (2.3) Leu104-δ2 0.52 (0.02) 32.9 (1.6) 0.52 (0.03) 35.3 (2.8)
Ala29-âb 0.91 (0.02) 37.2 (1.0) Ala107-â 0.78 (0.03) 96.8 (3.3) 0.85 (0.05) 84.2 (4.5)
Thr35-γ2 0.75 (0.05) 21.3 (2.3) 0.78 (0.07) 21.9 (3.5) Leu110-δ1 0.66 (0.07) 44.3 (5.3) 0.69 (0.12) 48.7 (10.4)
Leu36-δ1 0.27 (0.01) 56.7 (0.4) 0.29 (0.01) 59.4 (1.0) Leu110-δ2 0.65 (0.04) 35.2 (3.2)
Leu36-δ2 0.27 (0.01) 56.8 (0.4) 0.29 (0.01) 61.8 (1.2) Leu112-δ1 0.36 (0.02) 83.2 (2.4) 0.36 (0.04) 66.6 (5.8)
Val40-γ1 0.75 (0.02) 39.6 (1.4) Leu112-δ2 0.82 (0.06) 26.8 (3.1) 0.84 (0.06) 23.6 (4.3)
Val40-γ2 0.71 (0.03) 49.5 (2.3) 0.84 (0.05) 50.0 (4.6) Thr113-γ2b 0.86 (0.04) 22.9 (3.8)
Ile41-γ2 0.80 (0.02) 30.0 (1.1) 0.79 (0.03) 29.2 (1.9) Ile115-γ2 0.82 (0.06) 53.4 (4.8) 0.89 (0.07) 44.5 (5.3)
Ile41-δ1 0.62 (0.02) 25.4 (1.0) 0.70 (0.03) 18.1 (2.0) Ile115-δ1 0.59 (0.04) 29.1 (2.4) 0.63 (0.05) 26.2 (4.2)
Met42-εe 0.82 (0.01) 8.7 (0.3) 0.84 (0.02) 4.5 (0.9) Ala117-â 0.76 (0.03) 45.7 (1.6) c
Thr46-γ2 0.61 (0.08) 30.8 (8.5) 0.58 (0.05) 47.3 (4.9) Val119-γ1 0.27 (0.01) 76.3 (0.8)
Ile50-γ2 0.61 (0.01) 28.7 (0.8) 0.65 (0.02) 22.7 (1.6) Val119-γ2 0.25 (0.01) 72.6 (1.0) 0.45 (0.02) 60.8 (3.0)
Ile50-δ1 0.76 (0.03) 16.7 (1.4) 0.80 (0.04) 11.5 (2.4) Thr123-γ2 0.50 (0.01) 51.0 (1.2) 0.69 (0.18) 30.7 (29.7)
Leu54-δ1b 0.71 (0.12) 64.0 (14.9) Val136-γ1b 0.68 (0.02) 65.6 (1.6)
Leu54-δ2 0.81 (0.06) 40.2 (3.3) 0.82 (0.04) 43.1 (4.7) Val136-γ2 0.67 (0.02) 62.9 (1.7) 0.68 (0.02) 58.4 (2.7)
Ile60-γ2 0.82 (0.03) 33.3 (1.2) 0.81 (0.03) 36.9 (2.5) Ala143-â 0.92 (0.02) 41.3 (1.1) 0.87 (0.04) 40.7 (2.6)
Ile60-δ1 0.30 (0.01) 24.3 (0.5) 0.29 (0.01) 25.0 (1.1) Ala145-â 0.82 (0.02) 46.6 (0.9) 0.78 (0.03) 46.9 (1.7)
Ile61-γ2 0.76 (0.04) 62.8 (2.8) 0.75 (0.08) 92.8 (9.4) Ile155-γ2 0.84 (0.03) 35.8 (1.8) 0.85 (0.04) 27.8 (2.7)
Ile61-δ1 0.25 (0.01) 31.9 (1.1) 0.20 (0.01) 35.6 (2.0) Ile155-δ1 0.73 (0.03) 6.5 (1.1) 0.77 (0.03) 13.8 (1.8)
Leu62-δ1 0.38 (0.01) 53.8 (0.8) 0.46 (0.02) 67.8 (2.9) Leu156-δ1 0.37 (0.01) 43.4 (1.2) 0.33 (0.01) 33.2 (1.3)
Leu62-δ2 0.38 (0.01) 43.4 (1.5) 0.43 (0.04) 94.3 (6.3) Leu156-δ2 0.37 (0.01) 54.2 (1.6) 0.32 (0.01) 39.6 (1.9)

a Methyl model-free parameters S2
axis andτe extracted from fits to methyl deuterium relaxation data at2H spectrometer frequencies of 92 and 123

MHz, except where indicated. Errors are given in parentheses.b Relaxation data were not available due to spectral overlap of resonances.c Relaxation
data were not available due to weak or absent resonances.d Relaxation data at2H spectrometer frequency of 123 MHz were not available due to
weak resonance intensities. Model-free parameters were extracted from fits to relaxation data collected at a2H spectrometer frequency of 92 MHz
only. e Parameters were extracted from relaxation data obtained on the binary complex with dihydrofolate (E:DHF; see text for details).
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separating the methyl group from the peptide backbone is
an important determinant of the magnitude of S2

axis (Table
2). The average values of S2

axis in the E:folate complex based
on methyl-type are Ala-â (0.80 ( 0.08) ≈ Ile-γ2 (0.78(
0.08) > Val-γ1/γ2 (0.71( 0.18)≈ Thr-γ2 (0.67( 0.14)
> Ile-δ1 (0.58( 0.18)> Leu-δ1/δ2 (0.45( 0.17)≈ Met-ε
(0.41( 0.35). However, significant variation exists for any
given methyl type, as indicated by the standard deviations
of the methyl-type averages. The variation appears to increase
with the number of intervening bonds from the backbone.
For example, the range of S2

axis values observed for Ala-â
S2

axis is 0.66-0.92, while the range for Met-ε is 0.10-0.82.
The decreased variation in Ala-â order parameters is
consistent with a small but significant correlation of Ala-â
S2

axis with backbone order parameters (15) since backbone
amide order parameters are generally more uniform, with
slightly higher values in helices and lower values in loops
and termini.

The lack of correlation between backbone amide S2 and
methyl S2

axis (excluding alanine) order parameters can be
understood from the viewpoint of amide flexibility (49).
There is a positive correlation between backbone amide order
parameters and side chain volume. The correlation is intuitive
based on the trivial example of glycine, which has the lowest
average backbone S2 value. However, the side chain volume
scales with the number of rotatable bonds. Thus, longer side
chains are more effective at anchoring the backbone but at
the same time increase the degrees of freedom for the
terminal methyl groups.

Variation of the internal correlation time,τe, is also large
(Table 2). However, a qualitative trend is noted with the
degree of substitution at the adjacent carbon. The average
τe values for methyl types in which the adjacent carbon is
tertiary (Ala-â, Ile-γ2, Leu-δ1/δ2, Thr-γ2, and Val-γ1/γ2)
are about twice that of methyl groups in which the adjacent
carbon is secondary (Ile-δ1 and Met-ε).

Methyl Dynamics in the E:Folate Complex.To account
for differences in flexibility due to methyl type, the order
parameters for E:folate and E:folate:NADP+ are plotted as
the deviation from the methyl-type averages (Figure 1).
Mittermaier and co-workers (15) have calculated average
methyl-type order parameters from a set of eight proteins.
Because of the larger sample size (292 methyls vs 82
measured in the E:folate or E:folate:NADP+ complex), the
following average methyl-type order parameters from the
study by Mittermaier et al. were used: Ala-â, 0.82; Ile-γ2,
0.71; Ile-δ1, 0.47; Leu-δ1/δ2, 0.47; Met-ε, 0.22; Thr-γ2,
0.72; and Val-γ1/γ2, 0.63.

Deviations of the E:folate methyl order parameters from
the methyl-type averages are displayed on the X-ray structure

in Figure 2. Negative deviations from the average methyl-
type order parameter (Figures 1 and 2) identify side chains
with enhanced flexibility. The largest negative deviations
occur for Val119-γ1/γ2 and Thr123-γ2 in the F-G loop. The
observation of enhanced flexibility for these side chains is
consistent with studies of backbone amide dynamics, which
show that the F-G loop is highly flexible in the occluded
state (14). In contrast, positive deviations from the average
methyl-type order parameters, indicating more restricted
motion, are observed for methyl groups of several residues
within the hydrophobic core and the substrate-binding pocket.
It is notable that these residues are predominantly located
in the core of the adenosine-binding subdomain of DHFR;
in the loop subdomain, only theδ1 methyl group of Ile14,
which packs against helix F of the adenosine-binding domain,
exhibits above average motional restriction (Figure 2).
Methyl groups in residues throughoutâ-strand E (Ile91-δ1,
Met92-ε, Val93-γ1, Val93-γ2, and Ile94-δ1) exhibit above

Table 2: Methyl-Type Averages for the E:Folate Complex

average
methyl
S2

axis

average
methyl
τe (ps)

distance to
backbone
(bonds)

methyls
observed

Ala-â 0.80( 0.08 48( 20 1 11
Ile-γ2 0.78( 0.08 38( 12 2 11
Val-γ1/γ2 0.71( 0.18 48( 22 2 19
Thr-γ2 0.67( 0.14 34( 12 2 4
Ile-δ1 0.58( 0.18 20( 7 3 12
Leu-δ1/δ2 0.45( 0.17 57( 35 3 20
Met-ε 0.41( 0.35 14( 5 4 5

FIGURE 1: Plot of the methyl axis order parameter (S2
axis)

normalized by the methyl-type average as a function of the
corresponding residue number for (a) E:folate and (b) E:folate:
NADP+. Data for methyls Ala-â, Thr-γ2, Met-ε, Ile-γ2, Leu-δ1,
and Val-γ1 are shown as open squares, and Ile-δ1, Leu-δ2, and
Val-γ2 are shown as filled squares. Methyl S2

axis values are
normalized by the following methyl-type averages: Ala-â, 0.81;
Ile-γ2, 0.71; Ile-δ1, 0.47; Leu-δ1/δ2, 0.47; Met-ε, 0.22; Thr-γ2,
0.72; and Val-γ1/γ2, 0.63 (15). Values greater than zero indicate
that motion is more restricted than expected based on methyl type.
Values less than zero indicate motion that is less restricted than
expected based on methyl type. Methyl order parameters were
calculated from simultaneous fits to R1(2H) and R1F(2H) at 1H
spectrometer frequencies of 600 and 800 MHz, except where
indicated. Folate binary parameters for Leu24δ1 and δ2 are
extracted from data at 600 MHz only. Folate binary values for
Met20-ε and Met42-ε are derived from the dihydrofolate binary
complex at (1H) 600 MHz, which allowed separation of the
corresponding resonances. Data for Met20-ε and Met42-ε are
indicated with a star in panel a.
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average values of S2axis (Figure 1). These residues, together
with Ile50, Leu54, and Met42, form a contiguous patch of
hydrophobic residues with restricted motion (Figure 2). Many
of the methyl groups that form one face of the substrate-
binding pocket (Ile50-δ1, Leu54-δ2, Ile94-δ1, and Ile5-δ1),
or immediately abut it (Met42-ε and Met92-ε), exhibit more
restricted motions. In contrast, methyl groups in side chains
forming the opposite face of the substrate-binding pocket or
lining the nicotinamide-ribose-binding pocket exhibit aver-
age or below average order parameters, suggesting that these
regions are less tightly packed and of average or enhanced
flexibility.

Methionine methyl S2axis values have been shown to have
some correlation with solvent accessibility (15). This cor-
relation is seen also for DHFR: the Met42-ε and Met92-ε
methyls, which are buried in the hydrophobic core and are
completely inaccessible to solvent, have much greater than
average S2axis values. In contrast, Met1, Met16, and Met20,
which have methyl order parameters close to the methyl-
type average, have solvent accessible surface areas of 10-
30%.

Changes in Flexibility upon Binding NADP+. The differ-
ences in model-free parameters for side chain methyl groups
in the ternary E:folate:NADP+ complex relative to the binary
E:folate complex are shown in Figure 3 and are mapped onto
the structure in Figure 4. The S2

axis values are generally larger
in the E:folate:NADP+ complex, indicating greater motional
restriction of the aliphatic side chains. Some of the loss of
flexibility is attributable to direct interactions with cofactor.
The adenosine ring of NADP+ packs against the methyls of
Leu62, which exhibit slightly increased values of S2

axis and
τe in the E:folate:NADP+ complex. Increases in S2

axis are
also observed for both methyls of Val78, which packs against
the adenosine ring of NADP+, and theγ2 methyl of Val99,
which contacts both the adenosine ring and the pyrophos-
phate group. These residues form part of a hydrophobic
cluster, with Phe103 at its center; interestingly, several other

methyl groups in this cluster (Ile2-γ2 and -δ2, Leu4-δ1,
Ile41-δ1, and Ala107-â) also show small (∆S2 ) 0.05-0.1)
increases in the order parameter, suggesting a general
decrease in flexibility in the core of the adenosine-binding
loop upon cofactor binding (Figure 4a). Thr123, which is
partially solvent exposed in the folate binary complex, packs
against the C4′ and C5′ sites of the nicotinamide-ribose

FIGURE 2: Normalized methyl S2axis values for the E:folate complex mapped onto a stereoview of the X-ray structure of the E:folate
complex (1rx7) (11). Methyls are shown as solid spheres and color-coded to show deviations from methyl-type averages according to the
scale shown. Positive deviations in S2

axis indicating more restricted motion than expected based on methyl-type are shown in blue, and
negative deviations indicating less restricted motion are shown in red. The backbone trace of the Met20, F-G, and G-H loop are shown in
green, light blue, and red, respectively, and the atoms of the bound folate are shown as gray spheres. In the structure coordinates used to
generate the figure, theø1 angle of Val75 was rotated to gauche- to reflect the rotamer determined from coupling constant measurements.
The figure was generated using MOLMOL (54).

FIGURE 3: Difference in methyl (a) S2axis and (b)τe between the
occluded E:folate and closed E:folate:NADP+ complexes as a
function of the corresponding residue. Differences are shown as
the values for E:folate:NADP+ minus those for E:folate complex.
Data for methyls Ala-â, Thr-γ2, Met-ε, Ile-γ2, Leu-δ1, and Val-
γ1 are shown as open circles, and Ile-δ1, Leu-δ2, and Val-γ2 are
shown as filled circles.
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moiety. The value of S2axis for Thr123-γ2 is increased by
∼0.2 in the E:folate:NADP+ complex.

Significant increases in methyl order parameters are also
observed for several residues in the active site and the Met20
and F-G loops (Figure 4b). The E:folate:NADP+ complex
adopts the closed conformation, with the nicotinamide-ribose
moiety of the cofactor inserted into the active site adjacent
to the pterin ring of the folate (11, 14). The Ala6-â and the
Ile14-γ2 methyl groups, which pack against the nicotinamide
ring, and the Ile5-δ1 methyl, which contacts the pterin ring
of the folate, all exhibit increased S2

axis values in the E:folate:
NADP+ complex, indicating increased motional restriction
in the active site upon insertion of the nicotinamide moiety
of the cofactor. Likewise, the Met20 side chain, which
undergoes a large structural rearrangement on going from
the occluded to the closed conformation, exhibits a large
increase in S2axis upon formation of the E:folate:NADP+

complex. In the closed state, the Met20-ε methyl packs

tightly against the nicotinamide ring of the cofactor and the
pterin ring of the substrate, effectively sealing off the active
site and sequestering it from bulk solvent. Methyl groups in
the packing interface between the Met20 and the F-G loops
(Val10-γ2, Met16-ε, Ile115-γ2, and Val119-γ2) also become
less flexible in the closed conformation (Figure 4b). These
side chain motional restrictions parallel changes observed
in backbone flexibility and reflect the formation of new
hydrogen bonds between the Met20 and the F-G loop and
tighter packing of these loops in the closed state (14).

ø1 Rotamer AVeraging. In the majority of isoleucine,
threonine, and valine residues, a singleø1 rotamer state
predominates (>70% occupancy) in both the E:folate and
the E:folate:NADP+ complexes. Theø1 rotamer populations
are summarized in Table 3, together with theø1 dihedral
angles in the X-ray structures (1rx7 and 1rx2, respectively).
The agreement with the X-ray structures is good for residues
where coupling constant data indicate a single predominant

FIGURE 4: Difference in methyl S2axis mapped onto a stereoview of the E:folate:NADP+ complex X-ray structure (1rx2) (11). (a) Back view
of DHFR showing restricted motion in the adenosine-binding subdomain. (b) Front view of DHFR showing the active site and flexible
loops. Methyls are shown as solid spheres and color-coded according to the scale shown. Methyls that show more restricted motion in the
E:folate:NADP+ complex are colored in blue. A space-filling model of the Phe103 side chain is shown in magenta in panel a. The backbone
trace of the Met20, F-G, and G-H loop are shown in green, light blue, and red, respectively. In the structure coordinates used to generate
the figure, theø1 of Val119 was rotated to gauche- to reflect the rotamer determined from coupling constant measurements. The figures
were generated in MOLMOL (54).
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ø1 rotamer. Discrepancies, however, were noted for Val75
in the E:folate complex:ø1 in the X-ray structure 1rx7 is
+128°, whereas the coupling constant data show that theø1

) -60° rotamer is strongly preferred (81% population).
However, three additional crystal structures of the E:folate
complex in different space groups are available in the Protein
Data Bank (PDB) (1dyi, 1rd7, and 1re7) (11, 50). In contrast
to 1rx7, theø1 values for Val75 in these crystal structures
range from-46 to -57°, in agreement with the coupling
constant data. It is interesting to note that in theø1 ) -60°
rotamer, the Val75γ2 methyl group is buried in the protein
core, consistent with its above average S2, whereas it is
solvent exposed in the 1rx7 crystal structure. Coupling
constant data for Val119 in the E:folate:NADP+ complex
indicate a significant population (68%) of theø1 ) -60°
rotamer; however, in the X-ray structure 1rx2, Val119 has
an intermediateø1 angle of 117°. Additional structures of
the E:folate:NADP+ complex crystallized in different space
groups are also present in the PDB (1ra2, 1rb2, and 7dfr):
values ofø1 in these structures range from-45 to -48°,
consistent with the experimentally determined coupling
constants.

Rotamer averaging was apparent for several residues
(Table 3). Significant rotamer averaging in the E:folate
complex was observed in residues Ile14 (ø1 ) (60°), Thr35
(ø1 ) +60°/180°), Ile94 (ø1 ) (60°), Val119 (ø1 ) -60°/
180°), and Thr123 (ø1 ) -60°/180°). In some cases, the
heterogeneity was apparent from different crystal struc-
tures: for example, Val119 and Thr123 haveø1 values that
vary between crystal structures. The methyl groups in these

residues, especially the Val119γ1 andγ2 methyls, have low
methyl S2

axis (Figure 2) and largeτe values, suggesting large
amplitude motions within rotamer wells and possibly fast
(picosecond/nanosecond time scale) jumping between wells.
In contrast, values of S2axis for the methyls of Ile14, Thr35,
and the Ile94-δ1 methyl are close to the methyl-type average,
implying that the deuterium relaxation is dominated by
restricted picosecond time scale motions within rotamer wells
and implying that jumps between rotamer wells occur on a
time scale slower than the rotational correlation time (ca.
10 ns).

In the ternary E:folate:NADP+ complex, Val119 primarily
populates theø1 ) -60° rotamer (68%). At the same time,
the methyl S2axis value for Val119-γ2 increases (∆S2 ∼0.2)
(Figure 4b). A change in rotamer distribution is also reflected
in theø1 rotamer populations of the strictly conserved residue
Ile14. In the occluded loop conformation, the two gauche
conformations ofø1 in Ile14 are roughly equally probable;
however, the population of theø1 ) +60° rotamer increases
significantly in the closed conformation of the E:folate:
NADP+ complex (68%), averaged with a significant popula-
tion of the trans rotamer. Stabilization of a single rotamer
in the E:folate:NADP+ complex may be related to contacts
made with the nicotinamide ring. In the closed E:folate:
NADP+ complex, the backbone carbonyl of Ile14 hydrogen
bonds to the carboxamide of the nicotinamide ring, restricting
rotation inψ (11).

It is notable that many of the methyl-containing residues
that exhibit rotamer disorder are located in the substrate and
cofactor-binding sites and in the interface between the Met20

Table 3: ø1 Rotamer Populations Calculated from3JCγCO and3JCγN
a

E:folate E:folate:NADP+

p-60 p60 p180 X-rayb p-60 p60 p180 X-rayb

Ile2 0.92 (0.06) 0.08 (0.04) 0.00 (0.09) -74 0.91 (0.06) 0.09 (0.04) 0.00 (0.10) -69
Ile5 0.32 (0.15) 0.05 (0.08) 0.63 (0.23) 170 0.00 (0.24) 0.00 (0.13) 1.00 (0.36) 172
Ile14 0.52 (0.06) 0.48 (0.04) 0.00 (0.10) 46 0.01 (0.20) 0.68 (0.03) 0.31 (0.24) 57
Ile41 0.90 (0.06) 0.10 (0.03) 0.00 (0.09) -60 0.89 (0.07) 0.03 (0.04) 0.08 (0.10) -70
Ile50 0.88 (0.06) 0.12 (0.04) 0.00 (0.10) -88 0.93 (0.06) 0.06 (0.04) 0.01 (0.09) -68
Ile60 0.94 (0.07) 0.02 (0.05) 0.04 (0.11) -59 0.94 (0.06) 0.06 (0.04) 0.00 (0.10) -68
Ile61 0.85 (0.09) 0.01 (0.07) 0.14 (0.12) -60 0.80 (0.11) 0.00 (0.09) 0.20 (0.15) -38
Ile82 0.87 (0.05) 0.13 (0.03) 0.00 (0.10) -62 0.99 (0.06) 0.01 (0.04) 0.00 (0.10) -69
Ile91 0.91 (0.05) 0.09 (0.04) 0.00 (0.09) -62 0.94 (0.06) 0.06 (0.03) 0.00 (0.09) -69
Ile94c 0.39 (0.08) 0.48 (0.04) 0.13 (0.11) 61 0.02 (0.19) 0.52 (0.03) 0.46 (0.22) 71
Ile115 0.89 (0.11) 0.00 (0.09) 0.11 (0.16) -61 0.62 (0.11) 0.00 (0.09) 0.38 (0.16) -50
Ile155 0.70 (0.09) 0.00 (0.07) 0.30 (0.13) -65 0.88 (0.06) 0.05 (0.03) 0.07 (0.09) -60
Thr35 0.00 (0.18) 0.53 (0.03) 0.47 (0.21) 71 0.44 (0.13) 0.56 (0.03) 0.00 (0.16) 69
Thr46 0.92 (0.07) 0.08 (0.05) 0.00 (0.12) -55 0.90 (0.11) 0.05 (0.10) 0.05 (0.16) -64
Thr68 52 0.25 (0.06) 0.63 (0.04) 0.12 (0.10) -71
Thr73 0.88 (0.06) 0.12 (0.04) 0.00 (0.10) -43 0.94 (0.07) 0.06 (0.04) 0.00 (0.10) -60
Thr113 -41 0.66 (0.08) 0.34 (0.04) 0.00 (0.11) -62
Thr123 0.64 (0.05) 0.07 (0.03) 0.29 (0.10) 78 0.85 (0.14) 0.15 (0.07) 0.00 (0.21) -53
Val10 0.15 (0.03) 0.11 (0.09) 0.74 (0.06) -170 0.00 (0.04) 0.33 (0.09) 0.67 (0.06) 171
Val13c 0.13 (0.03) 0.00 (0.09) 0.87 (0.06) 171 0.64 (0.03) 0.00 (0.09) 0.36 (0.06) 172
Val40 0.91 (0.03) 0.04 (0.18) 0.05 (0.15) -64 -61
Val72 0.71 (0.03) 0.12 (0.17) 0.17 (0.15) -60 0.94 (0.05) 0.06 (0.30) 0.00 (0.26) -59
Val75c 0.81 (0.03) 0.09 (0.12) 0.10 (0.08) 128 0.90 (0.03) 0.10 (0.15) 0.00 (0.12) -63
Val78 0.25 (0.03) 0.00 (0.09) 0.75 (0.06) -167 0.27 (0.04) 0.00 (0.10) 0.73 (0.06) 161
Val88c 0.72 (0.03) 0.21 (0.09) 0.07 (0.06) -58 0.62 (0.03) 0.28 (0.09) 0.10 (0.06) -63
Val93 0.15 (0.04) 0.10 (0.10) 0.75 (0.07) 168 0.06 (0.05) 0.16 (0.10) 0.78 (0.07) 165
Val99 0.29 (0.03) 0.00 (0.10) 0.71 (0.06) 180 173
Val119c 0.46 (0.03) 0.19 (0.09) 0.35 (0.06) -28 0.68 (0.03) 0.18 (0.10) 0.14 (0.07) 117
Val136 0.63 (0.03) 0.30 (0.10) 0.07 (0.06) -68 0.78 (0.03) 0.08 (0.10) 0.14 (0.06) -54
a Rotamer populations were calculated using eqs 1-3 in Materials and Methods.b Values ofø1 observed in the representative X-ray structures

1rx7 and 1rx2 for the E:folate and E:folate:NADP+ complexes, respectively (11). c Some methyl resonances that could not be resolved in the
deuterium relaxation experiments could be resolved in theø1 coupling constants experiments: Val13-γ2, Val75-γ1, and Ile94-γ2 in the E:folate
complex and Val88-γ1 and Val119-γ1 in the E:folate:NADP+ complex.
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and the F-G loops (Figure 5a). In particular, the side chains
of Ile14 and Ile94, which contact the nicotinamide and pterin
rings, respectively, each populate both the gauche+ (ø1 )
+60°) and trans (ø1 ) 180°) rotameric states in the E:folate:
NADP+ complex; however, only the gauche+ rotamer is
observed in the X-ray structures (11, 51). In the minor trans
rotamer (31% population) of Ile14, theγ1 methylene and
δ1 methyl groups would undergo steric clash with the
nicotinamide ring of the cofactor if it remained in its position
in the X-ray structure (Figure 5b). The net effect would be
an upward force on the nicotinamide, in the direction of the
pterin ring of the substrate. Likewise, within the 1rx2 X-ray
structure, the trans rotamer of Ile94 (46% population) also
leads to unfavorable contacts with Phe31 and with the pterin
ring of the bound folate; steric clash could be relieved by
pushing the pterin ring toward the nicotinamide ring. Thus,

the observation that the transø1 rotamers of Ile14 and Ile94
are populated in solution implies the presence of significant
conformational flexibility in the active site and suggests that
the enzyme may sample states in which the nicotinamide
and pterin rings are closer together than is observed in the
static crystal structures. In the calculated optimal geometry
of the transition state (52), the distance between the donor
and the acceptor carbon atoms (nicotinamide C4 and pterin
C6) involved in the hydride transfer is significantly closer
than in the X-ray structures of the E:folate:NADP+ complex
(11). Thus, the transø1 rotamers of Ile14 and Ile94 could
play a role in transition state stabilization. Also, side chain
fluctuations involving the trans rotameric state could direct
the motion of the nicotinamide and pterin rings toward each
other, thereby facilitating the hydride transfer. In support of
this function, we note that recent quantum mechanical/
classical molecular dynamics simulations suggest that Ile14
is part of a network of dynamically coupled residues that
promote catalysis in DHFR, helping to direct the donor
toward the acceptor through motions of its side chain (45).
An Ile14Ala mutation has been shown to decrease the
hydride transfer rate by nearly 20-fold (53).

Several methyl resonances were severely broadened in
spectra of the E:folate:NADP+ complex (data not shown),
suggesting the presence of motions on the chemical shift time
scale (i.e., on a time scale of microseconds to milliseconds).
The broadened resonances are associated with residues in
and around the active site (Ala7-â, Ile14-δ1, Ala19-â, and
Ala117-â), indicating extensive slow time scale motions in
the E:folate:NADP+ complex. Broadening is unlikely to arise
from substrate or NADP+ exchange, which is much too slow
to have a significant effect on line widths (10). The
broadening observed for theδ1 methyl resonance of Ile14,
a residue that undergoesø1 rotamer averaging, is of particular
interest. This methyl group packs tightly against the nico-
tinamide ring: resonance broadening could result from
motions in the Ile14 side chain itself (such as conformational
transitions between the gauche+ and transø1 rotamers
discussed above) or from fluctuations in the nicotinamide
ring, both of which could modulate the chemical shift on
the microsecond/millisecond time scale.

CONCLUSION

Side chain motions inE. coli DHFR have been probed by
measurement of methyl deuterium relaxation rates and side
chain coupling constants. A motionally restricted hydropho-
bic core that encompasses part of the substrate-binding site
is seen in both the E:folate and E:folate:NADP+ complexes.
However, significant changes are observed in methyl dynam-
ics for residues in the active site loops and in the adenosine-
binding site on transition to the closed E:folate:NADP+

complex, which is considered to be an analogue of the
Michaelis complex. Several methyl-containing side chains
in the Met20 and F-G loops become more rigid. Loss of
flexibility in the F-G loop and at the active site is confirmed
by the absence ofø1 rotamer averaging in the closed E:folate:
NADP+ complex. On the basis of comparisons with X-ray
structures and theoretical calculations (11, 45), rotamer
averaging that does persist in the E:folate:NADP+ complex
may reflect motions that are along the catalytic pathway.
Although some motions on the picosecond/nanosecond time
scale are restricted, methyl resonances from several side

FIGURE 5: (a) View of the active site face of the DHFR ternary
complex (1rx2) with folate and NADP+ shown in black and gold,
respectively. Isoleucine, threonine, and valine residues for which
solution stateø1 angles could be determined are represented as solid
spheres equivalent in size to the van der Waals radii. Residues
exhibiting a singleø1 rotamer (>70% occupancy) are shaded white.
Residues that exhibitø1 rotamer averaging are colored red. (b) A
close-up view of the active site showing the side chains of Ile14
and Ile94 in the minor trans rotamer conformations; dotted lines
indicate instances of steric clash between atoms of Ile14 and
nicotinamide ring of the cofactor and between Ile94 and pterin ring
of the substrate. The hydride donor and acceptor atoms of the
cofactor and substrate are shown in magenta. The figures were
generated using MOLMOL (54).
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chains in the active site of the E:folate:NADP+ ternary
complex are severely broadened, suggesting the presence of
new motions on the microsecond/millisecond time scale.
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