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Effects of Fluorine Substitution on the Structure and Dynamics of
Complexes of Dihydrofolate Reductase (Escherichia coli)

E. Y. Lau and J. T. Gerig
Department of Chemistry, University of California, Santa Barbara, California 93106 USA

ABSTRACT Fluorine NMR experiments with a protein containing fluorinated amino acid analogs can often be used to probe
structure and dynamics of the protein as well as conformational changes produced by binding of small molecules. The
relevance of NMR experiments with fluorine-containing materials to characteristics of the corresponding native (nonfluori-
nated) proteins depends upon the extent to which these characteristics are altered by the presence of fluorine. The present
work uses molecular dynamics simulations to explore the effects of replacement of tryptophan by 6-fluorotryptophan in folate
and methotrexate complexes of the enzyme dihydrofolate reductase (DHFR) (Escherichia colt). Simulations of the folate-native
enzyme complex produce local correlation times and order parameters that are generally in good agreement with experi-
mental values. Simulations of the corresponding fluorotryptophan-containing system indicate that the structure and dynamics
of this complex are scarcely changed by the presence of fluorinated amino acids. Calculations with the pharmacologically
important methotrexate-enzyme complex predict dynamical behavior of the protein similar to that of the folate complex for
both the fluorinated and native enzyme. It thus appears that, on the time scale sampled by these computer simulations,
substitution of 6-fluorotryptophan for tryptophan has little effect on either the structures or dynamics of DHFR in these
complexes.

INTRODUCTION

Biosynthetic incorporation of fluorinated amino acids into
proteins has been demonstrated for over a dozen different
analogs (Hortin and Boime, 1983). Classical synthetic
methods and more recent in vitro enzymatic methods can
provide peptides or proteins with a fluorinated residue at a
single defined position (Wallace, 1978; Noren et al., 1989).
Peptides and proteins containing fluorinated amino acids
have utility in exploring or modifying the functional role of
specific residues in biological activity. Moreover, proteins
containing fluorinated amino acids can be examined prof-
itably by fluorine NMR spectroscopy (Gerig, 1994) and,
primarily because of the high sensitivity of the fluorine
chemical shift parameter to local structure and environment,
such experiments often provide useful information about
conformational changes, protein association, or stoichiom-
etry of binding interactions (Danielson and Falke, 1996).
From a chemical perspective, interactions between amino

acid side chains are altered when a fluorinated amino acid
replaces the corresponding native, nonfluorinated amino
acid in a peptide or protein. Although the volume occupied
by a covalent carbon-fluorine bond is similar to that occu-
pied by the corresponding carbon-hydrogen bond (Gavez-
zotti, 1983; Nyberg and Faerman, 1985), the C-F bond is
much more polar than a C-H bond (Smyth and McAlpine,
1934), so that new dipolar or electrostatic interactions are
possible. Such interactions would include the formation of
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hydrogen bonds. Carbon-fluorine bonds are more hydro-
phobic or lipophilic than C-H bonds, and fluorine substitu-
tion could augment interactions between hydrophobic side
chains (Leo et al., 1971). Finally, fluorine is more massive
than hydrogen, so that the frequencies and amplitudes of
molecular vibrations significantly involving the fluorine-
substituted group will be changed relative to those of the
corresponding native system. Potential consequences of any
of these considerations is that fluorine substitution for hy-
drogen could alter the time-average positions of atoms in a
protein as well as change the rates of conformational fluc-
tuations. Experimentally, it is found that the presence of
fluorinated amino acid analogs may alter the stability and
biological activity of a protein or may have no effect (Gerig,
1994); a consistent picture of the effects of fluorine on
protein structure or activity has not emerged.

Although placement of fluorinated amino acid analogs
into proteins provides systems that are usefully studied by
means of fluorine NMR experiments, it is not clear a priori
that the conclusions reached through such observations are
relevant to understanding the properties of the native sys-
tem. It was the purpose of the present work to studied the
effects of fluorine substitution on the structure and dynam-
ics of a small protein by means of molecular dynamics
(MD) simulations. Protein motions occur on a wide time
scale (McCammon and Harvey, 1987), and such simulations
are an effective way of exploring motions that take place in
the time range 10- 12 to 10-9 s. Such motions can be
accessed experimentally by means of NMR relaxation stud-
ies (Wagner et al., 1993), and the characterization of rapid
protein motions by such MD calculations are generally in
accord with experimental observations (Smith and Dobson,
1996).
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The enzyme dihydrofolate reductase (DHFR) from Esch-
erichia coli was chosen for study in our work. This rela-
tively small protein (159 residues) is present in all dividing
cells, where it catalyzes the interconversion of 7,8-dihydro-
folate and 5,6,7,8-tetrahydrofolate and aids in maintaining
the necessary concentrations of folate coenzymes. DHFR
has been well characterized mechanistically and structur-
ally, such work being driven by its importance as a target for
clinically significant antineoplastic and antibacterial drugs
(Fierke et al., 1987; Penner and Frieden, 1987; Bystroff et
al., 1990; Bystroff and Kraut, 1991; Blakley, 1995; Reyes et
al., 1995). Experimental observations indicate that internal
motions of the protein and of small molecules bound to the
protein are important aspects of catalysis and inhibition of
catalysis in this system (Searle et al., 1988; Farnum et al.,
1991; Li et al., 1992). Dynamics of the DHFR backbone in
the binary DHFR-folate complex have recently been char-
acterized by means of 15N NMR relaxation studies (Epstein
et al., 1995).

Previous computational studies of DHFR have largely
focused on the determination of free energy changes upon
binding inhibitors or the NADPH cofactor (Singh, 1988;
Singh and Benkovic, 1988; Cummins et al., 1991; Mc-
Donald and Brooks, 1992), although a study of domain
motions in the Lactobacillus casei enzyme by dynamics
sumulations has recently been reported (Verma et al., 1997).
We show that computer simulations of molecular dynamics
of the DHFR-folate complex and the structurally similar
complex of DHFR with the drug methotrexate (MTX) are in
accord with experimental observations. Computational
studies of the corresponding DHFR-folate and DHFR-MTX
complexes in which 6-fluorotryptophan replaces the trypto-
phan residues of the enzyme indicate that the fluorine sub-
stitutions in DHFR have only minor effects on the structures
of these complexes or their dynamics over the time scale of
100 ps. Our calculations are thus consonant with the dem-
onstration that the stability and activity of the 6-fluorotryp-
tophan-substituted enzyme are nearly identical to those of
the native enzyme (Hoeltzli and Frieden, 1994).

METHODS

All molecular dynamics simulations were performed according to the
following general protocol, using CHARMM (Version 22.5; Brooks et al.,
1983). All force-field parameters, except the partial atomic charges of the
ligands, were obtained from the file PARM.PRM, which was included with
the program QUANTA 3.2 (Molecular Simulations, Burlington, MA; Poly-
gen, 1990). The 1-4 nonbonded interactions were scaled by one-half
(Momany and Rone, 1992). Each simulation used all-atom representations
of the protein, ligand, and solvent molecules. Except as detailed below, the
initial heavy atom coordinates were those of crystal structures available
from the Protein Data Bank (PDB).

The overall charge of a simulated system (DHFR, ligand, and solvent)
was zero. For most simulations arginine, lysine, glutamate, and aspartate
were modeled as neutral residues unless they were in the proximity of a
charged group of a ligand. Folate and methotrexate were modeled as
charged species; the overall charge of the system was neutralized by
retaining charges on the side chains of Arg52 and Arg57, which are near
charges of the ligands.

Simulations of the fluorinated DHFR-MTX complex were performed
with aspartate, glutamate, arginine, and lysine side chains with full charges.
The net charge of DHFR-MTX in this case was -11 au. This system was
neutralized by placing 11 Na+ atoms in the proximity of carboxylate
groups that were not involved in a salt bridge with either lysine or arginine.
No constraints were placed on the enzyme, ligand, or counterions during
these simulations.

For all simulations reported, the protein-ligand complex was surrounded
by a collection of solvent water molecules. In forming the protein-solvent
system, the complex was placed in the center of a droplet of water 35 A in
radius. The solvent sphere was sufficient in size that all protein atoms were
at least 10 A away from the solvent-vacuum interface. Any water molecule
within 2.8 A of any protein atom or a crystallographic water (if included in
the simulation) was deleted. The TIP3P model for water was used in all
simulations (Jorgensen et al., 1983). When crystallographic waters were
included, all crystallographic waters in the PDB file were used and all were
modeled as TIP3P waters. A typical simulation involved 16,762 atoms
(protein, ligand, solvent) and included 4742 water molecules.

The SHAKE algorithm was not used in the simulations (Ryckaert et al.,
1977). However, the TIP3P water was held rigid by increasing the angle
bend force constant to 250 kcal mol-1 radian-2. A harmonic constraint
(k = 50 kcal mol-' A-2) was placed on the oxygen atom of any water
molecule more than 34 A from the center of the sphere, to prevent
"evaporation" of molecules from the droplet surface. As described further
below, NOE constraints were placed on some structurally important water
molecules.

After formation, the system was extensively potential energy minimized
by a combination of steepest descents and Newton-Raphson methods
before the molecular dynamics calculation was started. The system was
then heated to 300 K in 5 ps and allowed to equilibrate for 20 ps, after
which 100 ps of constant energy production dynamics was performed. The
nonbonded potentials were cut off with smoothing functions to conserve
the total energy of the system (Brooks et al., 1983). A switching function
was used on the Lennard-Jones potential between 10 A and 11 A. The
electrostatic potential was cut off by using a shifting function at 12 A
(Tasaki et al., 1993). The Verlet algorithm was used to integrate the
equations of motion (Verlet, 1967). A time step of 1 fs was used for all
simulations, and the nonbonded interactions were updated every 10 time
steps. A dielectric constant of 1 was used in all simulations. All molecular
dynamics runs were replicated, using different seed values for the random
number generator.

Models of methotrexate and folate were built in QUANTA 4.0. The
electrostatic charges for both molecules were assigned by the Gasteiger
method as implemented in QUANTA (Gasteiger and Marsili, 1980). It
should be noted that there can be some question of whether these charges
are appropriate in the context of the CHARMM force field and these binary
structures. However, the same approach apparently was used by Verma et
al. (1997).

The crystal structures of the DHFR-folate complex (lDYI.ENT) and
DHFR-methotrexate (4DFR.ENT) were used to provide starting coordi-
nates (Bolin et al., 1982; Reyes et al., 1995). There are two crystallographic
waters in the crystal structures of these complexes that have low Debye-
Waller factors. These two water molecules appear to form extensive
hydrogen bonds with the ligand and the protein; one of these has been
postulated to be important in catalysis (Bystroff et al., 1990; Reyes et al.,
1995). The two water molecules are located at corresponding positions in
the crystal structures of DHFR from L. casei in a binary complex with
MTX and DHFR from humans in a binary complex with folate (Bolin et
al., 1982; Oefner et al., 1988). Nuclear Overhauser effects have been
observed between these water molecules and the protein for the ternary
complex of DHFR from L. casei (MTX and NADPH) and for the binary
complex (MTX) and ternary complex (MTX and NADPH) from humans
(Gerothanassis et al., 1992; Meiering et al., 1995; Meiering and Wagner,
1995). The NMR lifetimes of these water molecules in both the L. casei
and human DHFR systems are in the nanosecond range, indicating that
they are not transient entities, but part of a stable complex. Thus weak NOE
constraints were placed on these two waters for our simulations. The force
constant for all NOE constraints was 1 kcal mol-' A-2. Eight such
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constraints were used in the DHFR-folate simulations, whereas 11 con-
straints were present in the DHFR-methotrexate calculations. Omission of
NOE constraints on the crystallographic waters from the calculations did
not appear to have an appreciable effect on the backbone dynamics of the
complexes.

For the fluorinated DHFR systems, all of the tryptophans in the DHFR
portion of the models were replaced with 6-fluorotryptophan. The fluori-
nated amino acid was created by "mutating" the hydrogen attached at the
6 position of tryptophan to fluorine. The partial atomic charge used for
fluorine was -0.25 au; the charge on the carbon bonded to the fluorine was
adjusted to 0.25 au. These charges are consistent with ab initio calculations
at the SCF/3-21G level for the 4-fluorophenyl group and with charges used
in previous simulations of fluorinated amino acids and fluorobenzene
(Gregory and Gerig, 1989, 1991; Pearson et al., 1993; Lau and Gerig,
1996).

Order parameters (S2) were calculated for backbone N-H and C.-H
bonds as well as the NEl-HEI bonds of the tryptophan residues. The
autocorrelation function

C2(t) c(P2[~3(0)r3(t)]) (1)

was computed from snapshots of the dynamics trajectory taken at 0.1-ps
intervals. Here c = (r(t)-6)-l serves as a normalization constant, ,u is a
normalized vector along the bond of interest, r is the bond length, and P2
is the second-order Legendre polynomial. The normalization constant c
ensures that the autocorrelation functions begin at 1 when t = 0. The order
parameter S2 was estimated by averaging the values of the autocorrelation
function after it had decayed to a plateau (Palmer and Case, 1992).
Typically, the data between 75 and 80 ps were used. In the case of glycine,
the S2 reported for the Ca-H bond vector is the average of the order
parameters found for the two C,-H bonds. The effective internal correla-
tion time was calculated by using the following equation:

80

Te = (1- S2) J [C2(t) -S2]dt (2)

Debye-Waller (B) factors were calculated with Eq. 1, where Ar, is the
atomic displacement for atom i calculated from 100 ps of production
dynamics, and the bracket indicates an average.

The rotation and diffusional motions were removed from the coordinate
sets when the root mean squared deviation was calculated, by centering all
of the protein atoms about the origin and then rotating the coordinates into
alignment with the reference coordinate set. No attempt was made to
remove possible effects of overall rotational diffusion of the protein when
the correlation function was calculated, because it has been shown that
these motions are on a different time scale and do not affect the correlation
function or the subsequent 52 and Te (Palmer and Case, 1992).

RESULTS

An eventual application intended for the work we carried
out was examination of the role of dynamics in defining
protein structure-induced fluorine chemical shifts. The only
previous study of this nature used a computational model in
which the ionizable amino acid side chains of the protein
were treated as the corresponding neutral residues (Pearson
et al., 1993). This approach was justified by the experimen-
tal observation that modification of surface charges of a
protein by pH titration or acetylation of lysine side chains
had little effect on fluorine chemical shifts of groups within
the protein structure and the expectation that the charge of
an ionized amino acid side chain at a protein is largely

neutralized by nearby residues or ions of the medium that
bear the opposite charge. We therefore considered two
models of fluorotryptophan-containing DHFR. In one the
side chains of Asp, Glu, His, Lys, and Arg are present in
their neutral forms. For the second model these side chains
were in the charge state that would be expected at neutral
pH, with Asp and Glu negative, Lys and Arg positive, and
His neutral. Sodium ions were included in these latter sim-
ulations to give an overall electrically neutral system.

Computational models of solvated native DHFR or
DHFR with 6-fluorotryptophan residues in place of trypto-
phans were constructed from available crystallographic data
and included -5000 water molecules. The dynamics simu-
lations used the facilities of the CHARMM package and the
force field therein (Brooks et al., 1983). Typically, 100 ps of
constant energy production dynamics was calculated after
the system was heated to 300 K and equilibrated. Details of
the models used and the simulations are given above.

Stability of the dynamics simulations

Stabilities of the computational models after temperature
equilibration were examined in terms of the deviations of
heavy atom positions from the positions found in the crystal
structures that were used for construction of the computa-
tional model.

After extensive energy minimization, the root mean
square deviation (RMSD) of the positions of heavy peptide
backbone atoms of the DHFR-methotrexate complex com-
pared to their positions in the crystal structure was 0.43 A,
when we used the model in which all side chains are
electrically neutral. The same comparison for all heavy
atoms of the protein-MTX complex led to a RMSD of 0.55
A. Fig. 1 a presents a plot of the RMSD of the peptide
backbone atoms as a function of simulation time in a dy-
namics simulation of the DHFR-MTX complex carried out
as described above. The starting structure for the simulation
was the energy-minimized model. After some initial drift,
the RMSD of the heavy backbone atoms from the starting
structure appears to fluctuate randomly in the range 0.93-
1.3 A. The RMSD of all atoms of the protein over the same
time range was 1.4-1.9 A. A duplicate simulation of this
system, done with different initial velocities, behaved sim-
ilarly, with the RMSD of the heavy backbone atoms found
in the range 0.98-1.3 A and the RMSD of all atoms ranging
from 1.4 to 1.9 A. The ranges of variation in backbone and
all atom RMSDs observed in these and all of our simula-
tions compare favorably with simulations by others of sys-
tems of similar complexity (Chandrasekhar et al., 1992;
Philippopoulos and Lim, 1995).
A fluorine atom was introduced at the 6 position of each

tryptophan residue in the initial DHFR-methotrexate model,
and the energy of the system (with neutral side chains) was
minimized. The RMSDs of the heavy atoms of this structure
compared to the corresponding positions of atoms in the
crystal structure of the native enzyme-MTX complex were
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FIGURE 1 Root mean squared deviations of heavy atoms relative to
their positions in the starting energy-minimized structure during molecular
dynamics simulations. (a) Results for the native enzyme-MTX complex.
(b) Results for the enzyme-MTX complex in which tryptophan residues of
the protein have been replaced by 6-fluorotryptophan. In both cases all
amino acid side chains were electrically neutral.

0.32 A for the backbone atoms and 0.76 A for all atoms.
Comparing only heavy atoms within a 5-A radius of a
fluorine atom in the latter structure produced RMSD values
between 0.4 and 0.9 A, depending on the tryptophan residue
examined. However, similar calculations comparing the po-
sitions of heavy atoms within 5 A of the C1,2 carbon atom of
tryptophan residues in the nonfluorinated system to those
found in the crystal structure indicated similar RMSDs from
residue to residue. Thus the RMSDs from the crystal struc-
ture observed for heavy atoms in the vicinity of a 6-fluoro-
tryptophan residue are not abnormal, and no effect on struc-
ture could be ascribed to the presence of fluorine. However,
in both fluorinated and nonfluorinated DHFR-MTX com-
plexes, deviations from the crystal structure of those heavy
atom positions near Trp74 were appreciably larger than
observed for the other tryptophan positions, at -0.9 A in
both systems.

Fig. 1 b provides a plot of backbone RMSDs observed
during a dynamics simulation of the DHFR-MTX complex
in which all five tryptophan residues of the protein have
been replaced by the 6-fluoro analog. As in the simulation
of the native enzyme complex, some possible drift is ap-
parent in the early phase of this simulation, but atom posi-
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tions appear to fluctuate randomly about a mean later in the
calculation. (The simulation represented in Fig. 1 b showed
the largest initial drift of RMSDs of any simulation done for
this work.) We found that simulations of systems containing
fluorine generally exhibited slightly greater RMSDs of
heavy atom positions than was observed in simulations of
the corresponding native systems. For the simulation repre-
sented in Fig. 1 b, the RMSD for the heavy backbone atoms
ranged from 0.95 to 1.6 A, and for all atoms, from 1.6 to 2.3
A. A duplicate simulation done with different initial veloc-
ities produced RMSDs for heavy backbone atoms of 0.82-
1.2 A and for all atoms of 1.3-1.7 A. Considering the
RMSDs for all simulations of the native DHFR-MTX com-
plex and the form of this complex in which tryptophan has
been replaced by 6-fluorotryptophan, there was no signifi-
cant difference in the dynamics of heavy atoms.
The heavy atom RMSDs for DHFR-MTX in dynamics

simulations of the model that has charged residues did not
differ from those obtained from simulations using neutral
side chains. One such simulation showed a range of 1.6-2.1
A for all atoms and 1.1-1.4 A for the heavy backbone atoms
(Fig. 2 a); a replicate simulation had a slightly smaller
RMSD range, 1.3-1.9 A for all atoms and 0.88-1.5 A for all
heavy backbone atoms (Fig. 2 b). The ranges in the RMSDs
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FIGURE 2 Root mean squared deviations of heavy atoms relative to
their positions in the starting energy-minimized structure during MD
simulations of 6-fluorotryptophan-containing DHFR-MTX complex using
residues with fully charged Asp, Glu, Lys, and Arg side chain, as described
under Methods. The simulations differ only in their initial velocities.
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of the heavy atoms of DHFR in simulations using residues
with full charges thus are similar to those obtained from
simulations using neutral residues.
The binary complex between DHFR and its substrate

folate were carried out in a similar manner. After energy
minimization, the computational model of the native en-
zyme-folate complex had consistently smaller RMSDs of
atom positions when compared to the corresponding crystal
structure than were observed with DHFR-MTX complexes.
The energy-minimized native DHFR-folate complex had a
0.29-A RMSD for positions of the heavy backbone atoms
relative to the corresponding crystal structure; the same
comparison for all heavy atoms in the protein was 0.38 A.
Introduction of 6-fluorotryptophan into the DHFR-folate
complex did not appear to significantly affect the protein
structure. After energy minimization of the fluorinated
DHFR-folate complex, the positions of the heavy backbone
atoms had a 0.21-A RMSD when compared to their posi-
tions in the crystal structure, whereas the RMSD for all
heavy atoms after energy minimization was 0.26 A. Again,
the positions of atoms near a fluorine were not detectably
affected in a specific way by the presence of the fluorine,
showing RMSDs (0.19-0.29 A) not appreciably different
from the RMSDs of positions for atoms within 5 A of the
C,2atom of a given tryptophan residue and typically 0.27-
0.43 A, depending on the residue. Interestingly, the RMSDs
for atoms in the vicinity of Trp74 in the folate complex were
0.28 and 0.42 A for the native and fluorinated complexes,
respectively. The apparently high structural plasticity ob-
served for this residue in the methotrexate complex is thus
not apparent in the folate-enzyme complex.

Considering all of the simulations done, we observed
essentially no difference in the RMSDs of heavy atoms
during dynamics simulations of the native and fluorinated
forms of the DHFR complexes. When comparing variations
of atomic positions in simulations of native DHFR-ligand
complexes and the corresponding fluorinated DHFR com-
plexes, the differences between the fluorinated and nonflu-
orinated systems were no larger or more localized than the
differences between replicate simulations of the native and
fluorinated systems. It also appears that the charge state of
Asp, Glu, His, Lys, and Arg side chains has little influence
on dynamics of systems where 6-fluorotryptophan replaces
the somewhat less polar tryptophan residues.

Isotropic B-factors

As a means of further accessing the dynamics simulations of
the folate and MTX complexes of DHFR that were carried
out, we calculated Debye-Waller factors. The Debye-Waller
(B) factors produced during the analysis of diffraction data
from protein crystals reflect thermal fluctuations of atomic
positions, slower conformational changes such as aromatic
ring rotation, and lattice disorder within the crystal (Petsko
and Ringe, 1984). Presuming the absence of, or correction
for, lattice disorder, a B-factor can be related to the mean

square atomic fluctuation of an atom by Eq. 1 (McCammon
and Harvey, 1987):

8(Ar2)
3(3

In Fig. 3 a B-factors for the backbone amide nitrogens of
DHFR in the enzyme-folate complex obtained from the
crystal structure data of Reyes et al. (1995) are compared to
B-factors calculated from one of our 100-ps dynamics sim-
ulations. The agreement between experiment and the com-
putational results is good, primarily because the quality of
the crystal structure is high (solved to a resolution of 1.9 A,
R = 13.7%), so that the contribution of lattice defects to the
experimental B-factors is likely low. The correlation coef-
ficient (rc) for the B-factors from this simulation to the
experimental B-factors is 0.43. The rc for the replicate
simulation is 0.34. The correlation coefficient found is
approximately the same as has been found by comparisons
of calculated B-factors with crystallographic data (Ichiye et
al., 1986).

Fig. 3 b shows the amide nitrogen B-factors calculated
from a dynamics simulation of the 6-fluorotryptophan-con-
taining DHFR-folate complex. In this case there is a differ-
ence between the calculated B-factors for the fluorinated
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FIGURE 3 Comparison of calculated Debye-Waller B-factors ( ) for
backbone amide nitrogens with experiment (-- -). (a) Results from a
simulation of the native DHFR-folate complex. (b) Results from a simu-
lation of the enzyme-folate complex in which tryptophan residues of the
protein have been replaced by 6-fluorotryptophan.
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DHFR-folate complex relative to both experimental and
calculated B-factors for the native structure, with the spatial
fluctuations of the amide nitrogens in the fluorinated en-
zyme-folate complex being somewhat larger than those
observed or calculated for the crystalline native DHFR-
folate complex. Nonetheless, the general trends found for
the native enzyme system are still fairly well reproduced by
this simulation. Considering all simulations done, differ-
ences between calculated B-factors for the native and
6-fluorotryptophan-containing systems were no larger than
variations noted between replicate simulations of the same
systems. Interestingly, the B-factors for the fluorinated en-
zyme complex are better correlated with experiment (rc =
0.62) than those obtained from simulations of the native
(nonfluorinated) enzyme complex.

Fig. 4 a compares B-factors for backbone nitrogens of the
native DHFR-methotrexate complex and those calculated
from a 100-ps dynamics trajectory. The B-factors obtained
from the simulation are similar to the crystallographic B-
factors, rc = 0.80, using enzyme B in the PDB file. A
replicate simulation gave rc = 0.62. In this case the crystal
structure again was of high quality, with a resolution of 1.7
A and a R value of 15.5% (Bolin et al., 1982). (It may be
noted that the crystal contains two protein molecules per
unit cell; the correlation coefficient for the B-factors of

these is 0.78.) Introduction of 6-fluorotryptophan residues
had little effect on the computed B-factors for the DHFR-
MTX complex; simulations of this system gave calculated
B-factors that also agreed with experiment (rc = 0.49-0.53
in duplicate simulations).
Enzyme-MTX simulations using fully charged side

chains showed more variability in their agreement between
calculated and experimental B-factors (Fig. 5, a and b). In
one simulation the calculated B-factors showed no correla-
tion with experiment values (rc of 0.04; Fig. 5 a). In this
case, the greatest difference between experiment and simu-
lation is in turn E (residues 63-73), where the calculated
B-factors are no larger than average. The disagreement in
this area is due to frequent dihedral transitions in the protein
backbone. For this particular simulation, a dihedral transi-
tion does not take place in turn E until after 90 ps of
production dynamics. A second simulation shows better
agreement with experiment (r, = 0.52; Fig. 5 b), exhibiting
a correlation coefficient comparable to those obtained using
B-factors obtained from simulations of systems with neutral
residues.

Autocorrelation functions

The autocorrelation functions (C2(t)) for all DHFR back-
bone N-H and Ca-H spin pairs were computed to examine
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FIGURE 4 Comparison of calculated Debye-Waller B-factors ( ) for
backbone amide nitrogens with experiment (-- -). (a) Results from a

simulation of the native DHFR-methotrexate complex. (b) Results from a

simulation of the methotrexate-enzyme complex in which tryptophan res-

idues of the protein have been replaced by 6-fluorotryptophan.
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FIGURE 5 Comparison of calculated Debye-Waller B-factors ( ) for
backbone amide nitrogens with experiment (--- -). Both simulations are

for fluorinated DHFR + MTX, using residues with full charges. The only
difference between simulations is in the initial velocities.
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the temporal aspects of the simulations. As has been ob-
served in MD simulations by others, our calculated auto-
correlation functions exhibited an initial burst phase in
which there is a very rapid decay over a subpicosecond time
period, followed by a slower decay. (For recent examples in
other systems, see Palmer and Case (1992), Chandrasekhar
et al. (1992), Smith et al. (1995), Yamasaki et al. (1995),
and Philippopoulos and Lim (1995).) The burst phase ob-
served for backbone N-H bonds was typically longer than
the burst phase for the C,,,-H systems, but in either case the
correlation functions usually settled to a plateau value
within tens of picoseconds. The early rapid phase seen in the
calculated autocorrelation functions for backbone N-H and
Ca-H bonds in the protein was also observed in the auto-
correlation functions for bonds of the ligands, with the
magnitude and time scale of the burst phase for the C-H and
N-H bonds of the ligand similar to those of the backbone
N-H and Ca-H bonds in secondary structures. Where feasi-
ble, the time constant (the effective internal correlation
time, Te) characteristic of the decays of N-H and C.-H bond
correlation functions was estimated.

'5N NMR studies of mobility in the DHFR-folate com-
plex have identified a range of time scales for internal
motions in this system, as reflected in internal correlation
times (Te) for N-H bond reorientation, that span a range
from 3 to 6050 ps (Epstein et al., 1995). Table 1 compares
correlation times calculated from our dynamics simulations
of this complex to some of these experimental results.

TABLE I Comparison of Experimental and Calculated
Correlation Times for DHFR + folate (all values are in
picoseconds)

Residue Experiment* Native* Fluorinated

Ala7 12 (16) 2 9
Glul7 20 (6) 32
Trp22 10 (8) 19 15
Asn23 4 (6) 10, 1
Arg33 6(12) 12, 1
Leu36 19(10) 12, 3 17
Ile5O 22 (7) 4 11
Gly5l 8 (6) 4
Gln65 12(9) 24, 14 2
Ala83 14 (13) 5 2
Gly86 4 (7) 5, 6
Met92 7 (16) 2
Val93 3 (5) 10, 2
LyslO9 7 (15) 8 8
Tyrlll 6 (11) 6 14
Alall7 10(6) 25, 19
Aspl22 30 (7) 35 33
Glu129 12(15) 11, 20 11
Aspl3l 40 (35) 15, 23
Leul56 10 (8) 6
Argl58 32 (13) 10 22

*Epstein et al., (1995); value in parenthesis indicates experimental range
#Correlation times for both native simulations. A single value indicates the
other correlation time is below 1 ps.
Residues Thr46, GlulOl, and Aspl44 were omitted from this table because
both native simulations of DHFR had correlation times below 1 ps.
A blank area corresponds to a correlation time below 1 ps.

Experimentally, there are 25 residues in the DHFR-folate
complex that have Te for their N-H bonds that are less than
80 ps. These are the only residues that can feasibly be
compared to the MD simulations. In duplicate simulations
of the DHFR-folate complex, seven residues had calculated
Te within the error range of the experimental Te in both,
whereas 16 of the 25 residues had a calculated Te within the
quoted error of the experimental value in at least one sim-
ulation. The correlation time for N-H bonds involved in
secondary structures was usually below 15 ps, and many
residues had values of Te of less than 5 ps. Correlation times
for N-H bonds in residues found in turns and loops tended
to be 20 ps or greater. No N-H bond vector of the complex
had a Te greater than 40 ps in our MD simulations.

Fourteen correlation times (Te) calculated from the sim-
ulation of the 6-fluorotryptophan-containing DHFR-folate
complex were within the error of the experimental values
observed for the native DHFR-folate complex. This is the
level of agreement of these correlation times with experi-
ment exhibited by the native DHFR-folate complex, indi-
cating that inclusion of fluorine in the protein does not
significantly change any internal dynamics relative to the
native system.

Similar correlation times for a given bond were not
always obtained in replicate simulations. However, we em-
phasize that the calculation of Te from our data assumes only
Woessner's simple model of reorientation about an axis
(Woessner, 1962). The use of more elaborate models to
characterize the differing decays of the autocorrelation
function (Yamasaki et al., 1995) might produce better
agreement between simulations in that they could be more
responsive to details of the motions sampled during the
simulation.

There are no published experimental Te values for the
Ca-H bond vectors of DHFR from Escherichia coli. Corre-
lation times (Ta) for Ca-H bond calculated from our simu-
lations are highly dependent on the location of the residue.
If the residue is located in an area of secondary structure, the
Te was usually below 5 ps. The Te for Ca-H bonds in flexible
loops and turns ranged from 15 to 40 ps.

Backbone amide N-H bond order parameters and
dihedral transitions

Order parameters (S2) for backbone N-H bonds were cal-
culated from the dynamics trajectories (Lipari and Szabo,
1982). A comparison of order parameters calculated from
the averaged results of simulations to those found experi-
mentally by analysis of '5NNMR data for the native DHFR-
folate complex (Table 2) shows that there is very good
overall agreement of the calculations with experiment. Or-
der parameters for backbone N-H bonds were also com-
puted for the 6-fluorotryptophan-containing complexes of
DHFR. There was very little difference between S2 calcu-
lated for corresponding residues in the native or fluorine-
containing complexes. As with other measures of structure
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TABLE 2 Order Parameters for NE1-HE1 of Tryptophan Residues

DHFR-folate DHFR + folate F-DHFR + folate DHFR + MTX F-DHFR + MTX
(exp) (calc) (calc) (calc) (calc)

Trp22 0.91 0.83 0.91 0.84 0.91

Trp3O 0.97 0.85 0.76 0.86 0.90
Trp47 0.85 0.86 0.89 0.78 0.90
Trp74 0.95 0.85 0.91 0.85 0.86
Trp133 0.90 0.84 0.92 0.85 0.89

and dynamics in these systems, the differences between
order parameters calculated from simulations of 6-fluoro-
tryptophan-containing complexes and complexes of the na-
tive enzyme were no larger than the variations observed
from simulation to simulation in either the native or the
fluorinated systems, and in any case agreed well with ex-
perimental results for the native (nonfluorinated) system.
Although simulations of the fluorinated DHFR-MTX com-
plex using charged side chains had a slightly larger range in
mean S2, there was no significant difference noted between
simulations of enzyme-MTX complex with charged or neu-
tral Asp, Glu, Lys, and Arg side chains.
Mean N-H bond order parameters (S2) for structural re-

gions of DHFR are tabulated in Table 2. The mean N-H
bond S2 was highest for the a-helices. For all simulations,
and by experiment, the mean order parameters for (3-sheets
were less than those of the a-helices. Except for turn E, only
minor differences were observed between order parameters
calculated using the model with neutral side chains and the
system in which Asp, Glu, Lys, and Arg side chains are
charged. In turn E, the computed N-H bond S2 was 0.76 in
simulations using charged residues, whereas the mean of
results from all simulations that used neutral residues was
0.60. The differences in order parameters for this region are
due to the high S2 calculated for Gly67 and Asp69 in both
simulations done with charged residues; the dihedral tran-
sition that commonly occurs at Gly67 happened after 85 ps
of production dynamics, which was too late to affect the
calculation of S2 according to our procedures.

Conformational flexibility appears to be an essential as-
pect of the catalytic activity of dihydrofolate reductase
(Sawaya and Kraut, 1997). There are three regions within
the structure of DHFR that show much conformational
flexibility: loop 1, also known as the methionine loop (res-
idues 9-23); turn E (residues 63-73); and the f3F-f3G loop
region (residues 117-132). Presuming the same structure in
solution as found in the crystalline state, all of these loops
are solvent exposed. We observed in all simulations that
backbone dihedral angle transitions within these regions are
common, although it was not always the same residue in a
region that underwent these conformational changes in a
given simulation. Residues undergoing dihedral transitions
within a certain region in different simulations were usually
within one or two residues of each other; residues in these
three regions typically had lower than average calculated
N-H bond order parameters.

Each of these loops contains a glycine (Fig. 6). According
to NMR results, Gly'5 in loop 1 has a high s2 of 0.88 and
a short correlation time (0.08 ns). Gly121 has a lower S2 of
0.50 and a longer Te of 0.6 ns, whereas Gly67 is most
disordered (S2 = 0.29), with a Te of - 1.6 ns. In all of the
simulations of DHFR, the computed order parameters for
these glycines were consonant with these experimental re-
sults. The dihedral angle (F formed by HN-N-CA-HAl bond
system was measured for these three glycines in all of the
simulations. In simulations of the native enzyme-folate and
MTX complexes, as well as the complexes formed with the
6-fluorotryptophan-substituted protein, the (F angle of Gly15
shows a relatively restricted range during dynamics (Fig. 7).
Over 100 ps there are high-frequency fluctuations of (F for
this residue within a single potential well, with deviations
from average of about ± 150. Fig. 8 shows that the (F angle
for Gly121 in this system also tends to remain in a single
potential well but, unlike Gly'5, the fluctuations in (F are
larger. Most of the conformation space of the potential well
is sampled, which would result in a lower S2 for this residue
relative to Gly15, as well as a longer correlation time.
Infrequently a dihedral transition of this residue takes place
(Fig. 8 d).

In all simulations of the DHFR complexes examined, the
dynamics of Gly67 were vastly different from those of Gly15
and Gly121. The (F angle for Gly67 is prone to undergo
dihedral transitions, even in the relatively short time frame
of 100 ps (Fig. 9), and there is at least one dihedral transi-
tion during the trajectory of all of the simulations (except
for fluorinated DHFR-folate complex), and two or three
dihedral transitions are often observed. Frequent dihedral
transitions would appear to account for the extremely low
experimental S2 and long Te of 1.6 ns found experimentally
for this residue.
The dynamical behavior exhibited by these three glycines

in the simulations using neutral residues was also apparent
in simulations using residues with full charges. Fig. 10
shows the variations of (F for residues Gly121 and Gly67 for
two charged simulations during production dynamics. A
single dihedral transition occurs in Gly121 in one of the
simulations. Gly67 undergoes a dihedral transition in both
simulations after 85 ps. The dynamics of Gly15 are similar
to those observed in simulations with neutral residues.
Loop 1 of DHFR (residues 9-23) has been implicated in

controlling the rate of catalysis for this enzyme (Farnum et
al., 1991; Li et al., 1992; Sawaya and Kraut, 1997). In
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contrast to crystal structures of other forms of DHFR, in
DHFR-MTX and DHFR-folate complexes loop 1 is ordered
and coordinates have been assigned for all of the heavy
backbone atoms that comprise the loop. All of our simula-
tions of DHFR show that this region tends to be flexible,
regardless of the nature of the bound ligand.

Turn E and the 3F-3G loop are also important for both
the stability of the protein and catalysis. Single point mu-
tations of the glycines at position 67 or 121 adversely affect
the stability of the enzyme and the rate of hydride transfer,
presumably because the mutations alter the conformation
and flexibility of the loops (Gekko et al., 1994; Ohmae et
al., 1996). However, it is currently unclear how either of
these two loops could influence catalysis directly, because
Gly121 is 19 A and Gly67 is almost 30 A away from the
critical Asp27 residue at the active site.
The residues in turn E, especially residues 67-69, con-

sistently had the lowest calculated order parameters. '5N
NMR data confirm that turn E is the most flexible region of
the protein in the DHFR-folate complex. Although the
NMR data indicate that the ,BF-,BG loop region is not
significantly more mobile than other regions of the protein,
calculated order parameters from simulations of the DHFR-
folate and DHFR-MTX complexes indicate that the N-H
bonds of many residues in this part of the structure undergo
large-scale reorientations. B-factors from DHFR crystal
structures are consistent with the conclusion that this seg-
ment of the protein undergoes large spatial fluctuations;
residues with the highest B-factors are consistently located
in this part of the structure.

Gly67

'7i

,

121

FIGURE 6 A schematic rendering of DHFR (E. coli). Glycines in the
flexible loops discussed in the text are represented by the spheres. The
drawing was generated by MOLSCRIPT (Kraulis, 1991).
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FIGURE 7 Changes of the dihedral angle c) of glycine-15 during the
course of a 100-ps dynamics simulation of (a) the native DHFR-folate
complex, (b) the 6-fluorotryptophan-containing DHFR-folate complex, (c)
the native DHFR-MTX complex, and (d) the 6-fluorotryptophan-contain-
ing DHFR-MTX complex.

There appears to be an intriguing correlation between the
average order parameter (S2) for the N-H bonds of turn E
(residues 67-69) and those for residues 120-122, a portion
of the 13F-t3G loop. The correlation is found only in simu-
lations of the folate and MTX complexes and not in simu-
lations of other DHFR systems (E. Lau, work in progress);
the correlation is also reflected in order parameters for C,-H
bond in these residues. For residues 67-69 the mean N-H
bond S2 in the folate and MTX binary complexes was below
0.70, whereas in simulations of other complexes or the
apoenzyme, S2 was greater than 0.70. The experimental
values for residues 67 and 69 were 0.29 and 0.58, respec-
tively. (An experimental value for residue 68 was not de-
termined.) Similarly, calculated order parameters for N-H
bonds in residues 120-122 in simulations of the folate and
MTX complexes are consistently less than 0.75, whereas
these parameters for simulations of other forms of the
enzyme are greater than 0.75. (Experimental values for
residues 120-122 are 0.72, 0.50, and 0.68, respectively.)
Thus increased disorder of residues of turn E and the ,BF-,BG
loop in the binary complexes appears simultaneously, al-
though this is not observed in simulations of other com-
plexes or the apoenzyme. It is not apparent how the motions
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FIGURE 8 Changes of the dihedral angle (I of glycine-121 during the
course of a 100-ps dynamics simulation of (a) the native DHFR-folate
complex, (b) the 6-fluorotryptophan-containing DHFR-folate complex, (c)
the native DHFR-MTX complex, and (d) the 6-fluorotryptophan-contain-
ing DHFR-MTX complex.

of these two loops become codependent; a direct correlation
of their motions seems unlikely because these residues are

separated by over 27 A.

Order parameters for Ca-H bonds

Order parameters for backbone Cf-H bonds calculated from
our simulation were usually higher than the backbone N-H
bond s2 values in corresponding amino acids (Fig. 1 1). This
observation has been routinely made in other MD simula-
tions (for examples see Palmer and Case, 1992; Smith et al.,
1995; Philippopoulos and Lim, 1995), and a summary of
possible reasons has been offered by Philippopoulos and
Lim (1995). In our work the range of average order param-
eters calculated for the backbone N-H bonds was 0.75-
0.78; the range for the average s2 values for the C.-H
calculated from the same MD trajectories was 0.85-0.87. In
the simulations there was always at least one residue in turn
E that had a C,-H order parameter below 0.50. Interest-
ingly, only simulations of these binary complexes unusually
exhibit mobility in this loop; it is not detected in simulations
of the apoenzyme or other complexes (E. Lau, work in
progress).
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FIGURE 9 Changes of the dihedral angle (I) of Gly67 during the course

of a 100-ps dynamics simulation of (a) the native DHFR-folate complex,

(b) the 6-fluorotryptophan-containing DHFR-folate complex, (c) the native

DHFR-MTX complex, and (d) the 6-fluorotryptophan-containing DHFR-

MTX complex.

Ligand order parameters

Order parameters were calculated for all C-H and N-H
bonds of the ligands in the DHFR complexes. The average
of calculated s2 values for MTX in the DHFR-MTX com-
plex ranged from 0.85 to 0.90, including order parameters
for the amino groups of MITX, and was independent of whether
the model used neutral or charged side chains. All NH groups

of MTX form hydrogen bonds with either the protein or with
water molecules. Computed order parameters for all spin pairs
of the p-aminobenzoylglutamate portion of MIX were also
high. Order parameters for ligand N-H and C-H spin pairs of
the DHFR-folate complex were generally similar to the corre-
sponding parts of the DHFR-MTX complex, except that the
p-aminobenzoylglutamate portion of the folate complex ap-
pears to be more mobile, with S2 as low as 0.49 for some spin
pairs. The generally high order parameters for spin pairs of
MTX and folate in the enzyme complexes indicate that these
two ligands do not undergo large-scale reorientations relative
to their protein partner.

Order parameters for the NA1-HA1 bond of
6-fluorotryptophan and tryptophan

Order parameters calculated for the NEl-HEl bond of the
6-fluorotryptophan and tryptophan residues calculated from
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FIGURE 10 Changes in the dihedral angle cF of Gly'2' and Gly67 during
the course of a 100-ps dynamics simulation using residues with full
charges. The dihedral angle CF of Gly12' from the two simulations is shown
in a and b, and CF for Gly67 is shown in c and d.

simulations of their respective folate and MTX complexes
were somewhat smaller than the order parameters found
experimentally for these groups in the native DHFR-folate
complex by 15N NMR studies (Table 3). The addition of
fluorine to the indole ring does not seem to affect the
dynamics of the ring, because there was no discernible
difference between the calculated N-H S2 values at corre-
sponding positions for the 6-fluorotryptophan and trypto-
phan forms of the complexes. Although the failure of the
simulations to reproduce the behavior of the N,1-H,,1 bonds
better is not understood, the near-identity of computed indole
N-H order parameters for native and the 6-fluorotryptophan-
complexes of DHFR argues that the fluorine substitution has
little effect on indole ring dynamics. The 52 for the Ne1-He1
bond vector for the fluorotryptophans from simulations using
fully charged residues are similar to those obtained with neutral
residues.

There is an experimental value for the correlation time Te
for only one Na,1-Ha,1 bond vector: Trpl33 has a Te of 35 ±
23 ps (Epstein et al., 1995). The calculated rTe for this bond
vector was found to be 11 and 22 ps in the two DHFR-folate
simulations, both in reasonable accord with experiment.

Folate and NADPH binding sites

15N NMR studies have shown that residues comprising the
NADPH-binding site of DHFR-folate complex (residues 5,

IJ)

0 20 40 60 80 100 120 140 160

residue number

FIGURE 11 Calculated CaX-H order parameters S2 from a molecular
dynamics simulation of the native DHFR-folate complex (a), native
DHFR-MTX complex (b), and fluoro-DHFR-MTX using fully charged
residues (c).

6, 7, 44, 46, 63, 76, 77, 78, 94, 95, 96, 99, 100, 102, 123) are
as restricted toward angular reorientation as residues in the
occupied folate site (residues 5, 6, 7, 20, 22, 27, 28, 30, 31,
32, 50, 54, 94). The average experimental S2 for backbone
N-H of the residues comprising these two regions are 0.83
and 0.80, respectively. Thus the order parameters for these
two regions are approximately the same as the average order
parameter (0.81) characteristic of the entire protein. Simu-
lations of the DHFR-folate complex reproduce the confor-
mational restriction of both binding sites, with the mean s2

for the occupied folate site being 0.85 in replicate simula-
tions. The average N-H bond order parameter calculated for
the empty NADPH-binding site was 0.79-0.82 in these
simulations. The addition of fluorine to the DHFR + folate
complex did not affect the conformational restriction of
either the folate or NADPH binding sites.

Similar results are obtained from simulations of the
DHFR-MTX complex, and the average s2 for either binding
site was not affected by the inclusion of the 6-fluorotryp-
tophans or the charges of the residues. The mean N-H bond
S2 for residues defining the (occupied) folate site was 0.82-
0.85 in simulations of the native DHFR-folate complex and
0.79-0.83 in simulations of the corresponding fluorinated
system. The average order parameter for N-H bonds in the
unoccupied NADPH binding site ranged from 0.83-0.85 for
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the nonfluorinated case and 0.81-0.82 for the 6-fluorotryp-
tophan-containing DHFR-MTX complex. The average S2
for the occupied folate site was 0.85-0.86 for simulations
with charged residues, and the empty NADPH site had
average s2 values of 0.82-0.83.
A conformational change within the protein accompanies

binding of methotrexate to apo-DHFR. This includes a -6°
relative rotation of the adenine binding domain and a shift
of helix B by -0.5 A (Bystroff and Kraut, 1991). A similar
but smaller conformational change is found when folate is
bound to apo-DHFR (Reyes et al., 1995). From our simu-
lations, we find that these conformational changes do not
significantly change the N-H bond order parameters for
either binding site, and it appears that the folate-binding site
is just as rigid when occupied as when unoccupied (E. Lau,
work in progress).

DISCUSSION

There have been crystallographic studies of fluorine-con-
taining proteins or protein-ligand complexes. However, in
most cases the fluorine is part of the ligand, such as triflu-
oromethyl ketone, and is chemically situated so that it has a
direct chemical effect on the interaction/reaction of the
ligand with the protein. By their nature, these structures
usually do not provide much information regarding the
effects of simply changing a C-H bond to a C-F bond in a
nonreactive part of the structure. Crystallographic studies of
small proteins containing fluorinated aromatic residues or
NMR structural studies of 15N-labeled analogs of such
proteins, while highly desirable in this context, have not
appeared. Until studies of such multiply labeled systems are
available, theoretical simulations provide a bridge between
experimental studies of native (but 15N-labeled) dihydrofo-
late reductase and an analog of the protein in which all tryp-
tophan residues have been replaced by 6-fluorotryptophan.
Many aspects of our simulations of the DHFR-folate

complex are in good agreement with experimental results,
including the Debye-Waller (B) factors as defined by crys-
tallographic efforts (solid state), and backbone N-H bond
order parameters in solution. The simulations reflect the
conformational rigidity of the occupied folate-binding site
and the empty NADPH-binding site seen in the nitrogen
NMR results. Thus, although the time period of the simu-
lations is short, our computational models appear to accu-
rately capture features of the structures and dynamics of the
folate and methotrexate complexes of DHFR.
The ability of the ligands MTX and folate to alter the

dynamics of a flexible loop over 10 A away from any atom
of the ligand, and the apparent correlation between motions
in turn E and the PF-13G loop, despite their appreciable
separation, are features of the simulations that are poten-
tially significant for understanding the stability and mech-
anism of action of DHFR. An elucidation of these facets of
our simulations would appear to require the availability of
longer dynamics trajectories and investigation of the depen-
dence of these observations on the parameters of the model.

Accepting that our structural models and simulations
provide reasonably reliable indications of structure and dy-
namics in solvated dihydrofolate reductase, it is clear that
introduction of 6-fluorotryptophan into DHFR does not
significantly alter the structure or perturb the dynamics of
the enzyme in DHFR-folate or DHFR-methotrexate com-
plexes, at least on the time scale sampled by these MD
simulations. The C-F for C-H change at a tryptophan resi-
due leads to many small adjustments of the positions of
atoms surrounding the fluorotryptophan side chains to ac-
commodate the halogen. These changes apparently are so
small that they are not reliably reflected in statistics such as
the RMS deviations. It thus may require a very strongly
diffracting crystal before an x-ray structural study would
show significant differences between the fluorinated and
native system.

Mobilities of the backbone and side chains of the fluoro-
enzyme are computed to be virtually identical to their coun-
terparts in the native enzyme. It has been observed that
DHFR in which the 6-fluoroanalog replaces tryptophan
residues has "enzyme activity and stability nearly identical
to those of the unlabeled wild-type protein," although de-
tails are not given (Hoeltzli and Frieden, 1994). The results
of our calculations are consistent with this report.
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