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ABSTRACT: The structure and folding of dihydrofolate reductase (DHFR) fromEscherichia coliand the
mutant G121V-DHFR, in which glycine 121 in the exterior FG loop was replaced with valine, were
studied by molecular dynamics simulations and CD and fluorescence spectroscopy. The importance of
residue 121 for the chemical step during DHFR catalysis had been demonstrated previously. High-
temperature MD simulations indicated that while DHFR and G121V-DHFR followed similar unfolding
pathways, the strong contacts between the M20 loop and the FG loop in DHFR were less stable in the
mutant. These contacts have been proposed to be involved in a coupled network of interactions that influence
the protein dynamics and promote catalysis [Benkovic, S. J., and Hammes-Schiffer, S. (2003)Science
301, 1196-1202]. CD spectroscopy of DHFR and G121V-DHFR indicated that the two proteins existed
in different conformations at room temperature. While the thermally induced unfolding of DHFR was
highly cooperative with a midpoint at 51.6( 0.7 °C, G121V-DHFR exhibited a gradual decrease in its
level of secondary structure without a clear melting temperature. Temperature-induced unfolding and
renaturation from the urea-denatured state revealed that both proteins folded via highly fluorescent
intermediates. The formation of these intermediates occurred with relaxation times of 149( 4.5 and 256
( 13 ms for DHFR and G121V-DHFR, respectively. The fluorescence intensity for the intermediates
formed during refolding of G121V-DHFR was approximately twice that of the wild-type. While the
fluorescence intensity then slowly decayed for DHFR toward a state representing the native protein, G121V-
DHFR appeared to be trapped in a highly fluorescent state. These results suggest that the reduced catalytic
activity of G121V-DHFR is the consequence of nonlocal structural effects that may result in a perturbation
of the network of promoting motions.

The ubiquitous enzyme dihydrofolate reductase (DHFR)1

is responsible for maintaining the intracellular pool of 5,6,7,8-
tetrahydrofolate (H4F) in prokaryotes and eukaryotes via the
nicotinamide adenine dinucleotide phosphate (NADPH)-
dependent reduction of 7,8-dihydrofolate (H2F). H4F is
required for the biosynthesis of thymidylate, purines, and
several amino acids (1), making DHFR an important
pharmacological target. DHFR has been studied extensively
by X-ray crystallography (2-5), NMR spectroscopy (6-10),
and computation (11-24). DHFR fromEscherichia coliis
a monomeric enzyme consisting of fourR-helices, eight
â-sheets, and four mobile loops. The enzyme is separated
into two domains, the adenosine binding domain (ABD) and
the loop domain (LD) (Figure 1). High-temperature molec-
ular dynamics (MD) simulations of the unfolding of DHFR

suggested that the core of the LD and the N-terminalâ-sheet
(â1) form first followed by the folding of the ABD (25, 26).

Previous studies have reported the central role of the M20,
FG, and GH loops for the catalytic activity and mechanism
of DHFR (Figure 1) (27). The M20 loop adopts the closed
conformation in the reactive ternary complex when both H2F
and NADPH are bound (5). This conformation is stabilized
through hydrogen bonds between residues in the M20 and
FG loops. The backbone nitrogen atoms of these loops
displayed high dynamic mobility in NMR relaxation experi-
ments (6, 10), which has been interpreted to suggest a
connection between the dynamic properties of these loops
and the catalytic behavior of DHFR. The relationship
between movements of these loops and catalysis has been
probed by site-directed mutagenesis. Replacement of Gly
121, a highly mobile residue located in the middle of the
FG loop more than 19 Å from the active site (6, 10), with
Val or Leu slowed hydride transfer dramatically and
weakened binding of NADPH (28). While being strictly
conserved in all prokaryotic DHFRs, Gly 121 does not appear
to form any interactions with other residues.

Molecular dynamics (MD) simulations ofE. coli DHFR
revealed a strong correlation between the movement of the
catalytically important M20 and FG loops (15). These
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correlated motions were only observed in reactive complexes
of the enzyme and were absent in the product complex.
Mixed quantum mechanical molecular mechanics (QM/MM)
simulations and genomic sequence analysis have identified
a network of hydrogen bonds and van der Waals contacts
from Asp 122 on the surface of the protein to the active site
(14). This network may facilitate hydride transfer (29),
suggesting a direct link between the motion of the FG loop
and the catalytic events in the active site. In good agreement
with the kinetic measurements, computation revealed a
significant increase in the energy barrier for the hydride
transfer of the Gly 121 to Val mutant (G121V-DHFR)
relative to the wild-type enzyme (DHFR) (13). Because no
X-ray structure for G121V-DHFR was available, the structure
of the mutant enzyme was generated by building the valine
side chain onto the glycine backbone of the wild-type
structure (13). Rotamer libraries were then used to determine
the most likely orientation of the isopropyl side chain
followed by a full equilibration of the entire system prior to
data collection in an unrestrained calculation. This is a
reasonable procedure as in the majority of cases structural
changes arising from point mutations are limited to the
conformation of side chain of the mutated residue and those
side chains contacting it (30-33). However, the above
observation was based on analysis of crystal structures of
mutants. Since there is to date no such structure for G121V-
DHFR, we have used both theoretical and experimental
techniques to investigate the relative stabilities and folding
properties of DHFR and G121V-DHFR.

High-temperature MD simulations for investigating the
unfolding of DHFR and G121V-DHFR revealed significant

differences in the stability of the tertiary structural elements
surrounding the site of the mutation. Stopped-flow fluores-
cence and CD spectroscopy confirmed that the structural and
folding properties of the mutant were different from those
of the wild-type enzyme. These results demonstrate that the
primary sequence of the FG loop of DHFR plays an
important role in atomic packing and/or protein dynamics
with consequences for the tertiary structure, stability, and
functional activity of the whole protein.

MATERIALS AND METHODS

Biochemicals.All reagents were molecular biology-grade
and from Sigma. Diethylaminoethane fast flow (DEAE) ion-
exhange resin, methotrexate-agarose, and DEAE-Sepharose
were from Amersham Biosciences and Sigma, respectively.
All enzymes required for recombinant DNA methods were
obtained from New England Biolabs.

Computation.Procedures similar to those described previ-
ously were used (26). All simulations were carried out using
the c28b1 version of CHARMM (34). Effective Energy
Function 1 (35) represented solvent. The CHARMM 19 polar
hydrogen energy function (36) was used to describe the
protein (26, 37). For a more detailed description of the
suitability of the method, see ref26. Initial protein coordi-
nates were taken from a ternary complex of the enzyme with
folate and NADP+ [PDB entry 1RX2 (5)]. The coordinates
for folate, the cofactor, and all crystallographic waters were
deleted.

Wild-Type Control Simulation. After 1000 steps of Adopted
Basis Newton-Raphson (ABNR) minimization, the protein

FIGURE 1: (A) Structure ofE. coli DHFR taken from PDB entry 1RX2 showingR-helices in red,â-strands in yellow, and loops and
random coils in green. Secondary structure elements mentioned in the text are indicated. Snapshot structures from typical DHFR (B) and
G121V-DHFR (C) simulations at 500 K at 100, 520, and 920 ps. The structures are colored according to the secondary structural characteristics
from the X-ray structure. Residues 12, 13, 124, and 125, which are involved in three of the native contacts (light blue), and residues 15,
16, and 121, which are involved in the two other native contacts between the M20 and FG loops (pink), are also shown.
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was heated to 300 K over the course of 10 ps followed by
a 20 ps equilibration. The final structure from the minimiza-
tion and heating procedure was then used as the starting point
for a 1 nscontrol simulation at 300 K. A 2 fs time step was
used, and coordinates were saved every 2 ps. The Verlet
leapfrog algorithm was used for all MD simulations.

Wild-Type High-Temperature Simulations.Twenty 1 ns
simulations were carried out at 500 K. The starting points
for each were structures taken at regular intervals from the
control simulation described above. Each was, after a short
minimization (500 steps of ABNR), heated to 500 K over
the course of 20 ps before a production run at 500 K for 1
ns. A 2 fstime step was used, and coordinates were saved
every 2 ps.

Mutant Enzyme High-Temperature Simulations.The 20
structures obtained from the wild-type control simulation
were modified to build the Val side chain onto the backbone
of Gly 121 using InsightII (Biosym Technologies Inc., San
Diego, CA). Each time, the CR-Câ torsion was set so that
the Cγ atoms were in one of the three possible staggered
configurations relative to the backbone nitrogen and carbonyl
groups. This meant that of the three possible configurations,
two were used as starting structures seven times and the other
was used six times. Each of these mutant structures was then
subjected to a 1 nssimulation at 500 K as described above.

Analysis. Moil-view (version 10.1) (38) was used to
calculate root-mean-square deviations (rmsds), to measure
interatomic distances, and for visual analysis of the trajec-
tories. The control simulation was analyzed for native
contacts that were described as any two nonconsecutive CR
atoms that were less than 6 Å apart for g70% of the
simulation. This definition is the same as that used previously
(26). All native contacts found in the control simulation were
then monitored in the high-temperature trajectories.

Cloning of the DNA for DHFR and Site-Directed Mu-
tagenesis.Wild-type E. coli DHFR was amplified fromE.
coli genomic DNA using standard PCR techniques. The
forward primer (5′-GAGGCACATATGATCAGTCTGAT-
TGCGGCG-3′) introduced anNdeI restriction site, and the
reverse primer (5′-CTCAGCGGATCCTTATTACCGC-
CGCTCCAGAATCTC-3′) introduced aBamHI restriction
site. The PCR product was purified by agarose gel electro-
phoresis and digested withNdeI andBamHI, and the resulting
fragment was inserted into pET21a (Novagen).

G121V-DHFR was generated using the QuikChange site-
directed mutagensis kit (Stratagene) following the manufac-
turer’s protocol. Mutagenic primers were 5′-CGACGCA-
GAAGTGGAAGTCGACACCCATTTCCCG-3′ and 5′-
CGGGAAAATGGGTGTCGACTTCCACTTCTGCGTCG-
3′ (mutations are underlined). DNA sequences were confirmed
by automated DNA sequencing (Functional Genomics Labo-
ratory, School of Biosciences, University of Birmingham).

Protein Purification. For the production of DHFR and
G121V-DHFR, BL21(DE3) cells containing the respective
plasmid were grown at 37°C in LB medium containing 200
µg/mL ampicillin to an OD600 of 0.8. Isopropyl â-D-
thiogalactoside was added to a final concentration of 0.4 mM,
and the cells were grown for an additional 4 h. Cells were
harvested by centrifugation (3000g for 30 min), resuspended
in 25 mM sodium phosphate (pH 7.0) and 5 mM EDTA,
and sonicated for 5 min on ice. The lysate was cleared by
centrifugation (50000g for 30 min). The supernatant was

applied to a methotrexate-agarose column (10 mL), which
had been pre-equilibrated with 25 mM sodium phosphate
(pH 7.0), 250 mM NaCl, and 5 mM EDTA. The column
was washed with 200 mL of the same buffer followed by
elution of bound proteins with 25 mM sodium phosphate
(pH 7.0), 250 mM NaCl, and 5 mM EDTA containing 2
mM folate. The eluted protein was dialyzed for 24 h against
three changes of 2 L of 10 mM potassium phosphate (pH
7), 0.2 mM EDTA, and 1 mM 2-mercaptoethanol. The
dialysate was applied to DEAE-Sepharose (15 mL) equili-
brated with 25 mM Tris (pH 8.0) and 5 mM EDTA. Bound
proteins were eluted with a gradient from 0 to 1 M NaCl in
25 mM Tris (pH 8.0), 5 mM EDTA, and 1 mM 2-mercap-
toethanol, affording essentially pure protein as judged by
SDS gel electrophoresis. Protein concentrations were deter-
mined spectroscopically assuming an extinction coefficient
of 3.11 × 104 M-1 cm-1 at 280 nm and by titration with
methotrexate (39). Turnover numbers for DHFR and G121V-
DHFR were in good agreement with those previously
reported (28, 39).

CD and Fluorescence Spectroscopy.Equilibrium and
kinetic measurements were carried out in 10 mM potassium
phosphate (pH 7.0), 0.2 mM EDTA, and 1 mM 2-mercap-
toethanol with a protein concentration of 10µM. CD spectra
(J-810 CD spectropolarimeter, Jasco) were obtained by
scanning from 190 to 260 nm, with a 0.5 nm pitch using a
stepped wavelength response of 1 s and a bandwidth of 2
nm. CD unfolding measurements were obtained with tem-
perature increments of 10°C and temperature slopes of 0.5
°C/s. Mean residue ellipticities ([θ]R) were calculated using
the formula [θ]R ) [θ]/[10(n - 1)cl], where [θ] is the
measured ellipticity in millidegrees,n is the number of amide
bonds,c is the concentration in molar, andl is the path length
in centimeters. All reported values of [θ]R are the average
of four independent experiments, and the standard errors are
indicated for 1σ.

Fluorescence unfolding was monitored using an LS-55
luminescence spectrometer (Perkin-Elmer) fitted with a
temperature-controlled cuvette holder with a path length of
10 mm and slit widths of 2.5 nm. Excitation and emission
wavelengths were 292 and 340 nm, respectively. Tempera-
ture increments of 1°C were followed by an equilibrium
period of 2 min before measurement. The concentrations of
the proteins were 10µM.

Kinetic refolding experiments were carried out at 25°C
using an SX 18MV-R stopped-flow spectrometer (Applied
Photophysics) in the fluorescence mode. The dead time of
the instrument was 2.5 ms in a cell with a path length of 2
mm. The refolding reaction was initiated by a concentration
jump from 8 to 0.8 M urea using a 1:10 mixing ratio. The
protein concentration after mixing was 10µM. DHFR had
been shown to resist denaturation by urea for concentrations
up to 2 M (40). Conformational changes were monitored
using an excitation wavelength of 292 nm and measuring
the intensity of the fluorescence with a cutoff filter (>320
nm) with entrance and exit slit widths of 1 mm. Data were
collected with a single time base (1000 data points) over
the course of 10 s.

RESULTS

Control MD Simulation at 300 K.The reduction in the
catalytic activity ofE. coli DHFR caused by the substitution
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of Gly 121 with Val has been the focus of much recent
interest (13-15, 27-29, 41). As there is currently no
structure of the mutant G121V-DHFR, computational studies
have been based on the assumption that its backbone structure
was similar to that of the wild-type enzyme. High-temper-
ature MD simulations of the folding pathways of various
enzymes (37, 42-47), including E. coli DHFR (26), have
generally shown good agreement with experimental studies.
Here we report the results from a series of MD simulations
of both DHFR and G121V-DHFR at high temperatures for
studying further the effects of the mutation of Gly 121 inE.
coli DHFR.

A control simulation of DHFR was carried out at a
temperature of 300 K to benchmark the high-temperature
simulations. The rmsd of all the CR atoms showed that the
simulation was stable (Figure 2), indicating that the DHFR
fold observed in the crystal structure was maintained during
the simulation. Secondary and tertiary structure elements
were analyzed by the identification of native contacts, which
were defined where two nonsequential CR atoms were within
6 Å of each other in at least 70% of the frames of the
simulation (26). This led to the identification of 145 native
contacts for a 1 nssimulation of DHFR at 300 K (Figure
3A), in good agreement with a previous study of the wild-
type enzyme (26).

Unfolding MD Simulations at 500 K.The potential
unfolding of both DHFR and G121V-DHFR was addressed
in 40 MD 1 ns simulations at 500 K. The DHFR simulations
were started from structures obtained at regular intervals from
the 300 K simulation, and the results were in general
agreement with those previously reported (26). For the
G121V-DHFR simulations, the 20 DHFR structures were
modified to generate a structure for the mutant as described
in Materials and Methods. A separate control simulation for

the mutant was not performed as previous work had shown
that, within the confines of an MD simulation at 300 K, the
mutant G121V-DHFR behaved like wild-type DHFR (P. J.
Shrimpton and R. K. Allemann, unpublished results). Only
minor deviations of the backbone atoms from the starting
structure were observed during these simulations.

The average rmsd of all the CR atoms versus time of all
20 DHFR simulations showed a maximum of 7.2 Å (Figure
2), lower than the value of 13 Å seen previously (26). The
average rmsd of the CR atoms of G121V-DHFR versus time
for all 20 simulations was found to be slightly higher than
for the wild-type, peaking at 8.0 Å (Figure 2). However,
analysis of each individual rmsd plot showed that this
increase was not a significant result. Both forms of the
enzyme had significantly higher CR rmsd values at 500 K
than had been observed in the control simulation at 300 K
(Figure 2). However, all simulations showed the presence
of some residual secondary or tertiary structure. Analysis
showed that not all trajectories behaved the same but that
general trends could be formed.

As expected from the rmsd plots (Figure 2), both the wild-
type and mutant enzymes showed similar behavior at 500
K. The first contacts lost were usually in the ABD, normally
those betweenâ-strand B and strands C and E, followed by
loss of interactions betweenâ-strands C and D (Figure 1).
After the loss of these initial contacts,R-helices B and to a
lesser extent C began to unfold. Contacts between residues
i andi + 3 in the helices were usually lost before thei-i +
2 interactions. After the tertiary contacts betweenâ-sheets
B and E were lost completely, helix A unfolded, again losing
first the interactions between residuesi and i + 3. Interest-
ingly, the contacts between the CD loop and strand D were
seen to be much more stable than the intersheet contacts.
Later unfolding events were the loss of the contacts between
â-strands A and E as the ABD became completely unfolded.
This was normally associated with the beginning of the loss
of structure within helix D. The most stable contacts, across
all the simulations, were those betweenâ-strands A and F
in the core of the LD.

In the majority of DHFR simulations, contacts between
the M20 loop and the FG loop were stable until late stages.
In some cases, these contacts remained formed throughout
the whole trajectory. In 20% of DHFR simulations, these
contacts were lost early with the subsequent loss of structure
in â-strands F and then G and associated loss of contacts
between these strands and also with strand H.

FIGURE 2: Root-mean-square deviations (rmsds) of all the CR atoms
vs time for the 300 K control simulation (a), the average of 20
simulations at 500 K each for DHFR (b), and G121V-DHFR (c).

FIGURE 3: (A) Map of the 145 native contacts (as defined in the text) identified during a 1 ns MDsimulation of DHFR at 300 K. Average
occurrence of each of the 145 native contacts for 20 DHFR (B) and 20 G121V-DHFR (C) simulations at 500 K. The color indicates the
percentage of time that each contact was intact: red for>80%, yellow for 61-80%, green for 41-60%, light blue for 21-40%, and dark
blue for<20%. The contacts between the M20 and FG loops (1) and the local contacts within the FG loop (2) are highlighted for G121V-
DHFR.
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The occurrences of all 145 native contacts identified from
the 300 K trajectory were monitored throughout each of the
high-temperature simulations. Average native contact maps
were produced for DHFR (Figure 3B) and G121V-DHFR
(Figure 3C). Analysis of each individual run showed that it
was rare for contacts to be lost and then re-formed and that
the majority of simulations exhibited similar patterns.
Therefore, the contacts with the lowest average occurrences
were generally assumed to be those lost earliest in the
unfolding process.

Comparison of the contact maps of DHFR and G121V-
DHFR showed one major difference, namely, that the
contacts between the M20 and FG loops and the local
contacts within the FG loop occurred much less frequently
in the mutant (Figures 3 and 4). Interestingly, the contacts
betweenâ-strands G and H and in the GH loop, C-terminal
to the FG loop, were similar for the two enzymes, as were
other interactions with the M20 loop andâ-strand F (Figure
3). When the five native contacts between the M20 loop and
the FG loop seen in the control simulation were plotted for
each of the 20 simulations of DHFR and G121V-DHFR, it
was clear that they were less stable in the mutant (Figure
4). While they were lost early in the unfolding process in
four of the DHFR simulations (Figure 4A), they were lost
in 16 of the G121V-DHFR simulations (Figure 4B). The
simulations of DHFR and G121V-DHFR were started from
the same initial structure, with the exception of the side chain
of residue 121. Therefore, the different stabilities in the
region of the contacts between the M20 and FG loops
observed may indicate either a late folding event in G121V-
DHFR or the formation of a different native structure.

Structural Characterization of the DHFR and G121V-
DHFR by CD Spectroscopy.The computational results
described above suggested the existence of nonlocal differ-
ences in the structural and folding properties of DHFR and
G121V-DHFR, which could be studied experimentally.
DHFR and G121V-DHFR were therefore produced in BL21-
(DE3) cells and purified to homogeneity according to well-
established protocols by affinity chromatography on meth-
otrexate-agarose and anion-exchange chromatography.

The far-UV CD spectra of DHFR and G121V-DHFR were
different (Figure 5). The spectrum of the wild-type enzyme
had a single minimum at 218 nm and a maximum at 195
nm. The mean residue ellipticity at 218 nm was-9150(
330 deg cm2 dmol-1, which compared well with the
published value (40, 48, 49). This minimum was shifted to
222 nm for G121V-DHFR and its intensity reduced to-7450
( 375 deg cm2 dmol-1, indicating that the secondary
structures of the two proteins were slightly different. The
addition of cofactor or substrate did not significantly change
the CD spectrum of G121V-DHFR.

The thermal stabilities of DHFR and G121V-DHFR were
determined by measuring CD spectra at various temperatures
(Figure 6). An isodichroic point was identified at 230 nm
for both proteins. Further isodichroic points were identified
at 211.5 and 215 nm for the wild-type and the mutant,
respectively. The thermal unfolding profile of DHFR at 222
nm exhibited small linear variations of the signal between
20 and 40°C corresponding to native baselines with a sharp
cooperative unfolding reaction and unfolded baseline regions
at temperatures greater than 64°C (Figure 6A). The midpoint
of the transition was at 51.6( 0.7 °C. In contrast, G121V-
DHFR did not exhibit this highly cooperative unfolding
behavior, but rather, a gradual decrease in mean residue
ellipticity at 222 nm was observed (Figure 6B); therefore,
no melting temperature could be determined for the mutant.
The spectra of both proteins at high temperatures were
identical (Figure 6), indicating identical states under these
conditions. The mean residue ellipticity at 222 nm of-5095
( 215 deg cm2 dmol-1 indicated that some residual second-
ary structure was present in the thermally unfolded forms.

Thermal Unfolding of DHFR and G121V-DHFR by
Fluorescence Spectroscopy.The thermal unfolding reactions
of DHFR and G121V-DHFR were also monitored by
fluorescence spectroscopy. The temperature dependence of

FIGURE 4: Percentage occurrence during 500 K MD simulations
of the five native contacts between the M20 loop and FG loop for
each of the 20 DHFR simulations (A) and the 20 G121V-DHFR
simulations (B). Contacts between residues 12 and 124 are shown
in black, between residues 12 and 125 in white, between residues
13 and 125 in blue, between residues 15 and 121 in red, and
between residues 16 and 121 in yellow.

FIGURE 5: Far-UV CD spectra of DHFR (O) and G121V-DHFR
(b) between 190 and 280 nm at 20°C. The protein concentration
was 10µM in 10 mM potassium phosphate (pH 7), 0.2 mM EDTA,
and 1 mM 2-mercaptoethanol.
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the fluorescence signal at 340 nm of DHFR revealed major
structural changes around 51°C, which corresponded to the
melting temperature of the enzyme as determined in CD
experiments (Vide supra) (Figure 7A). The disruption of
structure appeared to occur in two stages. First, an ap-
proximately 28% increase in the fluorescence intensity
occurred with a midpoint at∼43 °C followed by a rapid
decrease of the fluorescence intensity above 51°C toward
the unfolded state. These results indicated that at least one
intermediate existed in the thermal unfolding of DHFR as
had been described previously (49, 50).

The fluorescence intensity of G121V-DHFR at ambient
temperature was approximately 33% higher than that of the
wild-type enzyme at the same temperature (Figure 7A). Its
fluorescence was however only 12% higher than that of the
highly fluorescent state of DHFR. With increasing temper-
atures up to approximately 46°C, the magnitude of the
fluorescence signal for G121V-DHFR diminished only
slightly. At higher temperatures, a rapid decrease in the
intensity of the fluorescence signal was observed, similar to
that observed for DHFR.

Refolding Kinetics of DHFR and G121V-DHFR.Refolding
of DHFR from the denatured state has been described to
occur via the population of two classes of intermediates. First,
a marginally stable burst phase intermediate is formed, which
is characterized by a high degree of secondary structure and
an exposed hydrophobic core (51, 52), followed by the
formation of an ensemble of metastable species, designated

as the highly fluorescent intermediate(s), which contains
specific tertiary structure (53). The above results from
thermal unfolding suggested therefore that at low tempera-
tures the mutant enzyme adopted a conformation similar to
that of the highly fluorescent folding intermediate of the wild-
type.

The formation of the highly fluorescent intermediate(s)
was monitored by stopped-flow fluorescence. The relative
fluorescence intensity as a function of time was measured
for refolding jumps from 8 to 0.8 M urea for DHFR and
G121V-DHFR (Figure 7B). The fluorescence signal for
DHFR rapidly rose to its maximal value with a relaxation
time of 149 ( 4.5 ms, followed by a slow decrease in
intensity leading to the formation of the native fold. This

FIGURE 6: Temperature dependence of the far-UV CD spectra of
DHFR (A) and G121V-DHFR (B) between 190 and 280 nm
between 20 and 80°C for temperature increments of 10°C. The
insets depict mean residue ellipticities at 222 nm for DHFR (A)
and G121V-DHFR (B) as a function of temperature. The protein
concentrations were 10µM in 10 mM potassium phosphate (pH
7), 0.2 mM EDTA, and 1 mM 2-mercaptoethanol.

FIGURE 7: Folding and unfolding of DHFR and G121V-DHFR
measured by fluorescence spectroscopy. (A) Thermal unfolding of
DHFR (O) and G121V-DHFR (b) measured by fluorescence. The
protein concentrations were 10µM in 10 mM potassium phosphate
(pH 7), 0.2 mM EDTA, and 1 mM 2-mercaptoethanol. Plots of the
change in the relative fluorescence intensity of DHFR and G121V-
DHFR as a function of time from 0 to 2 s (B) and from 0 to 10 s
(C) for a refolding jump from 8 to 0.8 M urea at 25°C. The final
protein concentrations were 10µM in 10 mM potassium phosphate
(pH 7), 0.2 mM EDTA, and 1 mM 2-mercaptoethanol.
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behavior was in good agreement with previous reports (54,
55) and indicative of the transient population of a highly
fluorescent intermediate followed by the formation of the
native protein.

Similar to the behavior of the wild-type enzyme, refolding
of G121V-DHFR was accompanied by an increase in the
intensity of the fluorescence signal. The relaxation time of
256 ( 13 ms was slightly longer than that measured for
DHFR (Figure 7B). The maximal value in the intensity
observed for G121V-DHFR was approximately twice that
observed for DHFR. In contrast to the early folding events,
the decay of the intermediate into the folded state was
different for the mutant enzyme. While the highly fluorescent
intermediate of DHFR decayed relatively rapidly to the
folded state (54), the intermediate state observed for G121V-
DHFR was much more stable, and only a slow decrease in
the fluorescence intensity was observed (Figure 7B). The
mutant protein appeared to be trapped at a point in the folding
process that corresponded to a highly fluorescent intermedi-
ate. However, the different fluorescence intensities for the
mutant and wild-type implied that there were structural
differences between the two intermediate structures.

DISCUSSION

This report presents a combination of theoretical and
experimental evidence suggesting that replacing Gly 121 with
Val in the FG loop of DHFR results in a change in the folded
structure of the mutant. Although Gly 121 is on the exterior
of the protein and more than 12 Å from C4 of NADPH,
kinetic work had indicated that its replacement resulted in a
reduction in the rate of hydride transfer of more than 2 orders
of magnitude (28). NMR relaxation experiments revealed
that the backbone nitrogen atoms of residues in the FG loop
were highly mobile (6, 10). Molecular dynamics simulations
identified a set of strongly coupled motions between the FG
loop and the M20 loop (15), the conformation of which had
been suggested to be important in the catalytic cycle (5).
These correlated motions were only present in the reactive
complex (DHFR‚NADPH‚H2F) but were not observed in the
product complex and were drastically diminished in G121V-
DHFR (41). A network of interactions within DHFR was
identified that might promote catalysis (14, 15). Hammes-
Schiffer and co-workers suggested that the replacement of
Gly 121 with Val might interrupt this network of promoting
motions, thereby reducing the catalytic activity of the enzyme
(13). Such a direct coupling between enzyme dynamics and
catalysis through a network of promoting motions (29) might
explain how local structural changes could have long-range
effects. Molecular mechanics simulations of DHFR and
G121V-DHFR had, however, suggested that distal mutations
can have structural effects on the active site, thereby
providing an alternative explanation for their effect on
catalysis (41). It may be surprising that the replacement of
a residue situated in a loop on the outside of the protein
may potentially have such structural effects. Examination
of high-resolution structural data of DHFR indicated, how-
ever, that the isopropyl side chain introduced by the
conversion of Gly to Val pointed toward the interior of the
enzyme, potentially leading to unfavorable steric interactions
with other residues in the interior of the enzyme.

The MD simulations of DHFR and G121V-DHFR reported
here indicated that both the wild-type and the mutant, when

stated from the same folded structure, followed similar
pathways during temperature-induced unfolding. While there
were slight differences in the detail of the events in the
unfolding of DHFR observed here and those reported in a
previous study (26), the same general conclusions were
reached. For both DHFR and G121V-DHFR, an initial
collapse of the ABD into more extended loops was followed
by a gradual breakdown of the remainingâ-sheet structure
in the ABD (Figure 1). The LD was more stable and unfolded
relatively late in the simulations.

The major differences between DHFR and G121V-DHFR
were that the contacts between the M20 loop and the FG
loop were lost much more readily in the mutant (Figures 3
and 4). Contacts between these two loops have been shown
to be critical for the catalytic properties of DHFR. In the
catalytically active, closed conformation, the NH group and
the carboxylate of Asp 122 in the FG loop are hydrogen
bonded to the carbonyl of Gly 15 and the NH group of Glu
17 in the M20 loop, while the oxygen in the side chain of
Thr 123 forms a hydrogen bond to the NH group of Ile 14
(5). These bonds, which control the movement of the M20
loop between the closed and the occluded conformations,
have been suggested to be involved in a network of
promoting motions (29). MD 1 ns simulations of the ternary
complex of G121V-DHFR with NADPH and H2F at 300 K
indicated that the hydrogen bonds between Asp 122 and Gly
15 and between Glu 17 and Asp 122 were broken (P. J.
Shrimpton and R. K. Allemann, unpublished results). Similar
observations have been reported by Brooks III and co-
workers (41). Due to the nature of these simulations, the
backbone atoms in the FG and M20 loops did not undergo
significant conformational changes. The unfolding studies
presented here suggested that the mutation of residue 121
of DHFR could not only generate subtle long-range perturba-
tions in correlated (15, 41) or promoting (13, 14) motions
but also lead to conformational changes involving rearrange-
ments of backbone atoms with implications for the kinetic
activity of the mutant. In this context, it is noteworthy that
kinetic experiments for G121V-DHFR revealed a confor-
mational change prior to the chemical step (28).

A comparison of the CD spectra of DHFR and G121V-
DHFR indicated that the two proteins may adopt different
conformational states at room temperature. While the spectra
were similar in shape, the minimum in mean residue
ellipticity observed was shifted from 218 nm for the wild-
type to 222 nm in the mutant, together with a decrease in its
intensity by almost 19% (Figure 5). The thermal unfolding
reaction of DHFR occurred in a highly cooperative fashion
with a melting point of approximately 52°C (Figure 6A).
On the other hand, a gradual increase with temperature of
the mean residue ellipticity of the mutant was observed, and
no defined melting temperature could be determined (Figure
6B), suggesting a structure that was less compact than that
of the wild-type enzyme.

Thermal unfolding and refolding from the urea denatured
state revealed significant differences between DHFR and
G121V-DHFR. DHFR folds via a series of parallel reactions
(53). Each parallel path proceeds through collapsed burst
phase intermediates followed by the formation of a highly
fluorescent intermediate. The interconversion between indi-
vidual folding channels is slow relative to the overall folding,
and the mechanism can therefore be described by a four-
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state model, in which the initial burst phase intermediates
reorganize to form the highly fluorescent intermediates,
which contain specific tertiary contacts (56). The results
presented here indicated that unlike DHFR, which slowly
progressed toward the native state, G121V-DHFR was
trapped in a state that resembled the highly fluorescent
intermediate of the wild-type. The differences in fluorescence
intensities observed for the refolding of DHFR and G121V-
DHFR implied that there were structural differences between
the highly fluorescent states of the wild-type and the folded
form of the mutant. For DHFR, stopped-flow CD studies in
conjunction with site-directed mutagenesis had demonstrated
that Trp 47 and Trp 74 adopted an edge-to-face interaction
in the highly fluorescent intermediate as well as in the native
protein, suggesting that in the highly fluorescent state the
ABD adopted a structure similar to that found in the folded
protein (54, 57). The differences in fluorescence between
DHFR and G121V-DHFR might therefore indicate a differ-
ence in folding of the ABD, in agreement with the 40-fold
reduced affinity of the mutant enzyme for NADPH (27).
However, altered interactions between the M20 and FG loops
were also likely to contribute to this reduction in binding
affinity, since these loops are involved in the binding of the
nicotinamide ring of the cofactor.

It has previously been suggested that the decrease in the
reaction rate in G121V-DHFR may arise from the interrup-
tion of a network of promoting motions (13). The results
presented here provide a possible structural basis for this
proposal. While the structural changes in G121V-DHFR
could not be defined at the atomic level, they appear to
contain some rearrangements of the backbone atoms. The
reduced activity of the mutant may therefore be explained
without invoking long-range coupling of dynamics and
catalysis through a network of coupled motions. Rather, it
appeared to be based on structural effects of surface
mutations on the overall fold of the protein.
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