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ABSTRACT: In a series of complexes ofLactobacillus caseidihydrofolate reductase (DHFR) formed with
substrates and substrate analogues, the1H/15N NMR chemical shifts for the guanidino group of the conserved
Arg 57 residue were found to be sensitive to the mode of binding of their Hη protons to the charged
oxygen atoms in ligand carboxylate groups. In all cases, Arg 57 showed four nonequivalent Hη signals
indicating hindered rotation about the Nε-Cú and Cú-Nη bonds. The Hη12 and Hη22 protons have large
downfield shifts as expected for a symmetrical end-on interaction with the ligand carboxylate group. The
chemical shifts are essentially the same in the complexes with folate andp-aminobenzoyl-L-glutamate
(PABG) and similar to those found previously for the methotrexate complex reflecting the strong and
similar hydrogen bonds formed with the carboxylate oxygens. Interestingly, the rates of rotation about
the Nε-Cú bond for the complexes containing the weakly binding PABG fragment are almost identical
to those measured in the complex with methotrexate, which binds 107 times more tightly. In the methotrexate
complex, this rotation depends on correlated rotations about the Nε-Cú bond of Arg 57 and the CR-C′
bond of the ligand glutamateR-carboxylate group. Thus, even in a fragment such as PABG, which has
a much faster off-rate, the carboxylate group binds to the enzyme in a similar way to that in a parent
molecule such as folate and methotrexate with the rotation about the Nε-Cú bond of Arg 57 being essentially
the same in all the different complexes.

NMR is proving to be a very effective method for
characterizing hydrogen bonding and electrostatic interactions
between the guanidino NH groups of arginine residues in
proteins and anionic groups in bound ligand molecules (1-
5). For example, in complexes of SH2 domains formed with
bound phosphopeptides, several important arginine-ligand
interactions between arginine Hη hydrogens and the phos-
phorylated tyrosines have been detected (2-4). Interactions
involving guanidino groups have also been characterized in
complexes ofLactobacillus caseidihydrofolate reductase
(DHFR)1 between a conserved arginine residue (Arg 57) and
carboxylate groups in antifolate agents such as methotrexate

(5) and several brodimoprim analogues (6). Previous studies
have been aimed at identifying the arginine guanidino Hη

hydrogens specifically involved in the interactions and
characterizing the dynamic processes of the interacting
groups in the complex (5-7). In 1H/15N HSQC spectra of
proteins, the Hη signals from most of the arginine residues
appear as a group of broad unresolved signals in the1H/15N
region 6.0-7.5 ppm/70-76 ppm corresponding to the four
Hη protons and two Nη nitrogens in the arginine guanidino
NH2 groups. Some peaks are coalesced signals arising from
exchange between the nuclei caused by rotations about the
Nε-Cú and Cú-Nη bonds. Large downfield1H chemical
shifts (∼3 ppm) are observed for guanidino NH groups
involved in hydrogen bonding interactions. For example, in
a study of the complex ofL. caseiDHFR with methotrexate,
four separate Hη signals were observed for the Arg 57 residue
(Figure 1a and Table 1) indicating hindered rotation in its
guanidino group (5) and strong hydrogen bond interactions
with two of the Hη protons. The observed1H and 15N
chemical shifts indicated that the Arg 57 guanidino group
interacts with theR-carboxylate group of the glutamate
moiety of methotrexate in an symmetrical end-on fashion
(see structure in Figure 2) (5, 8). From temperature-dependent
line shape changes of the Hη signals and from results of zz-
HSQC exchange experiments, the rates of rotation about the
Nε-Cú and Cú-Nη bonds were determined and shown to
indicate the presence of correlated rates of rotation about
the Nε-Cú bond of Arg 57 and the CR-C′ bond in the
glutamate moiety of bound methotrexate (see Figure 2) (7).
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The presence of correlated rotations was deduced from the
relative rates of rotation about these two bonds that are
reversed in the protein complexes as compared with their
values in free arginine (7, 9, 10). The reversal of the rates
could be demonstrated in experiments at 40°C in which the
rate of the Nε-Cú bond rotation (565( 20 s-1) is greater

than the measured upper limit for the rate of the Cú-Nη bond
rotation (<120 s-1) (data included in Table 2). In this
correlated motion model, rotation can take place about the
Nε-Cú bond even when the interactions of the guanidino
NH2 protons with the carboxylate oxygens remain intact,
whereas rotation about a Cú-Nη bond can only occur when

FIGURE 1: Part of the1H/15N HSQC spectrum recorded at 274 K for complexes ofL. caseiDHFR with (a) methotrexate (at 600 MHz, pH
6.5, and 1 mM) and (b) folate and NADP+ (at 500 MHz, pH 7.3, and 1.2 mM). Complexes contained one equivalent of each ligand. At this
pH, two conformations of the folate-NADP+ complex predominate, Forms IIa and IIb. The major differences between the forms are the
tautomeric states and the orientations of the folate pterin rings (∼180° difference) (25, 26).

Table 1: 1H and15N Chemical Shifts (ppm) for Arg 57 Guanidino NH Signals in DHFR Complexes with Substrates and Substrate Analogsa

DHFR
complex PABG

PABG
+ DAP

folate
+ NADP+

Form I

folate
+ NADP+

Form IIa

folate
+ NADP+

Form IIb
folate

Form a
folate

Form b MTX MTX
MTX

+ NADPH BDM-4 BDM-4,6

pH 6.5 6.5 5.3 7.3 7.3 7.3 7.3 6.5 6.5 6.5 6.5 6.5
temp°C 1 1 1 1 1 1 1 1 35 35 35 35
NE 80.26 80.34 80.15 80.26 80.26 79.97 79.97 80.05 79.90 80.20 81.91 82.05
HE 5.67 5.70 5.64 5.66 5.66 5.63 5.63 5.67 5.66 5.62 5.85 5.99
Nη1 79.88 80.20 78.20 78.47 80.24 78.36 79.65 79.46 79.00 78.60 75.42 77.10
Hη11 6.99 6.86 6.68 6.68 6.70 6.90 6.90 6.79 6.77 6.55 6.70 6.83
Hη12 10.18 10.51 10.00 9.77 10.16 9.75 10.09 10.15 10.17 10.00 7.91 8.71
Nη2 75.65 74.97 75.45 74.91 74.67 75.92 76.27 75.25 75.00 75.20 75.33 73.84
Hη21 7.00 6.87 7.10 6.97 6.88 7.01 7.01 6.86 6.89 6.87 6.79 6.89
Hη22 9.34 9.28 9.47 9.37 9.07 9.39 9.55 9.30 9.33 9.33 7.87 7.36

a The 1H and15N chemical shifts are referenced to DSS (sodium 2,2-dimethyl-2-silapentane-5-sulfonate) and liquid NH3, respectively.
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the interactions with the NH2 protons are broken. Thus, the
rates of rotation about the two bonds will be influenced
differently by the rates of hydrogen bond breaking, with the
rotation rate for the Cú-Nη bond being impeded more than
that for the Nε-Cú bond by the interactions between the
arginine guanidino NH2 protons and the ligand carboxylate
groups (7). NMR has also been used to identify such
interactions in complexes ofL. caseiDHFR formed with a
series of analogues of the antibacterial drug trimethoprim
[2,4-diamino-5-(3′,5′-dimethoxy-4′-bromobenzyl)pyrimi-

dine] that have substituents at the 3′-O position containing
carboxylate groups designed to interact with Arg 57 (6).

The aim of the present work is to characterize the
structures and dynamics of the Arg 57 guanidino interactions
with ligand carboxylate groups in complexes of DHFR with
the substrate folate and its fragment, PABG (see Scheme
1). A comparison of the rates of the guanidino bond rotations
in different ligand complexes should provide insights into
the effects on the dynamics of the individual binding
components contributing to the overall set of interactions
between the ligand and the protein.

MATERIALS AND METHODS

Materials and Sample Preparation.15N-labeledL. casei
DHFR was expressed inEscherichia colicells grown on a
minimal medium and isolated and purified as described
previously (11, 12). Folate, methotrexate, NADP+, p-
aminobenzoyl-L-glutamate (PABG), and 2,4-diaminopyri-
midine (DAP) were obtained from Sigma.

Equimolar complexes (∼1 mM) of DHFR were formed
with folate (binary complex) and folate and NADP+ (ternary
complex) and examined by NMR as 0.6 mL samples in 90%
H2O/10% D2O and 50 mM potassium phosphate, 100 mM
KCl, and pH* ) 7.3, 6.3, and 5.3 (pH* values are meter
readings, unadjusted for deuterium isotope effects). The folate
binary complex was prepared by first adding excess folate
to the DHFR samples and then dialyzing at pH* 6.5. The
pH was adjusted using HCl or KOH solutions as appropriate.
The ternary complex was made by adding NADP+ solution
to the binary complex, and the sample was examined at pH*
) 5.3, 6.3, and 7.3.

The binary complex of DHFR with PABG was prepared
by titrating 0.8 mL of a 1.25 mM DHFR solution with
aliquots of a concentrated (95 mM) PABG solution and
recording the1H/15N HSQC 500 MHz spectrum after each

FIGURE 2: Structure of an arginine-carboxylate complex showing
the symmetrical end-on interactions of the methotrexate glutamate
R-carboxylate group with the guanidino group of Arg 57 of DHFR.
Arrows indicate the correlated rotations about the Nε-Cú bond of
Arg 57 and the CR-C′ bond of the glutamateR-carboxylate group
of methotrexate.

Table 2: Rates of Rotation (s-1) about the NE-Cú and Cú-Nη

Bonds in Free and Complexed Arginine Residues in DHFR
Complexes with Substrates and Substrate Analogues

rate constants (s-1)

residue bond 1°C 40°C

Arg 57 in DHFR-PABG-DAP NE-Cú 13 ( 2a

Arg 57 in DHFR-folate-NADP+

(Form I, pH 5.3)
NE-Cú 12 ( 3a

Arg 57 in DHFR-folate-NADP+

(Form IIa, pH 7.3)
NE-Cú 21 ( 3a

Arg 57 in DHFR-folate-NADP+

(Form IIb, pH 7.3)
NE-Cú 31 ( 3a

Arg 57 in DHFR-MTX N E-Cú 14 ( 2a 565( 20b

Arg 57 in DHFR-MTX-NADPH NE-Cú 17 ( 4a,c 930( 100b

free arginined NE-Cú 110-180e 3000-4000f

Arg 57 in DHFR-PABG Cú-Nη <200g

Arg 57 in DHFR-PABG-DAP Cú-Nη <60g

Arg 57 in DHFR-folate-NADP+

(Form I, pH 5.3)
Cú-Nη <65g

Arg 57 in DHFR-folate-NADP+

(Form IIa, pH 7.3)
Cú-Nη <90g

Arg 57 in DHFR-folate-NADP+

(Form IIb, pH 7.3)
Cú-Nη <100g

Arg 57 in DHFR-MTX Cú-Nη <110g <120b

Arg 57 in DHFR-MTX-NADPH Cú-Nη <70b

free Nr-Ac-Arg-OiPrh Cú-Nη 26000-53000h

a From zz-HSQC exchange analysis.b From line shape analysis in
ref 7. c Extrapolated to 1°C from rates measured at 15°C in ref 7
using the activation energy from the DHFR-MTX complex. d Data
reported in refs3 and 10. e Extrapolated to 1°C from rates and
activation energies in refs3 and10. f Extrapolated to 40°C from rates
and activation energies in refs3 and10. g Upper limit determined from
two-site line shape analysis.h Extrapolated to 40°C from rates and
activation energy for Na-acetylarginineiso-propyl ester in ref9.

Scheme 1
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addition (0.25, 0.46, 0.70, 1.1, 1.8, 2.4, 3.8, and 7.9 equiv).
The ternary complex of DHFR with PABG and DAP was
prepared by first titrating 1.4 mL of 1.0 mM DHFR (in an
8-mm Shigemi tube) with concentrated PABG solution (0.7,
1.7, 2.9, and 4.4 equiv) and after each addition measuring
the1H/15N HSQC spectrum. At the end of the titrations, the
DHFR was 50 to 60% covered with PABG (13-15). Three
aliquots (0.33, 0.66, and 1.3 equiv) of a DAP solution (18.2
mM) were added to this sample, and1H/15N HSQC spectra
were again recorded after each addition. The DHFR was
estimated to be more than 90% covered with each ligand in
the ternary complex by monitoring enzyme1H signals
affected during the titration (14, 15). The 1:1 binary DHFR-
MTX complex was examined as a 0.6 mL sample (1 mM)
in 90% H2O/10% D2O and 50 mM potassium phosphate,
100 mM KCl, and pH* 6.5.

NMR Experiments.The NMR experiments were performed
at 1-35 °C on Varian 500- and 600-MHz spectrometers.
All the NMR experiments used the Watergate technique for
water suppression (16) and the GARP sequence (17) for 15N
decoupling during the detection period. Quadrature detection
in all indirectly detected dimensions was achieved using the
method of States and coworkers (18).

The 2D1H/15N HSQC sequence used in the experiments
was essentially the same as that proposed by Mori and
coworkers (19). The experiments were performed using the
following parameters for the1H and15N dimensions respec-
tively: sweep widths 7000-8000 Hz (1H) and 3600-4000
Hz (15N); 2100-2432 data points (1H) and 128-180 t1
increments (15N); processed after zero filling to 4 K (1H)
and 1 K data points (15N). The 2D zz-HSQC experiments
(20, 21) used in the exchange study on the DHFR-MTX,
DHFR-folate-NADP+ and DHFR-PABG-DAP com-
plexes were carried out at 1°C using a pulse sequence
described by Yamazaki and coworkers (22). The experiment
has a modified gradient enhanced HSQC pulse sequence with
a mixing time inserted just prior to the transfer of magnetiza-
tion from 15N to 1H. This allows observation of the
transference of15N labeled heteronuclear zz-magnetization
(IzSz) between the different sites: this experiment was used
to connect signals from exchanging species. The experiment
was carried out with mixing times of 1-30 ms. The data
were processed with zero-filling in both dimensions using
Varian software (VNMR, version 5.1). In principle, informa-
tion about Cú-Nη bond rotation rates could be obtained from
3D NOESY-HSQC and ROESY-HSQC experiments.
However, in the 3D NOESY-HSQC experiments, there was
insufficient sensitivity to detect the diagonal or cross-peaks
from the Hη signals.

Rates of bond rotations were also estimated from NMR
line shape calculations for two- and three-site exchange
processes (including the rates of ligand dissociation where
appropriate) using the general multiple site exchange matrix
algorithm (23). All the calculations and graphical representa-
tions of the results were obtained using the program Muses
(multiple site exchange simulations), written in-house (24)

NMR Signal Assignments.For the binary and ternary
complexes of DHFR with PABG and DAP-PABG, the1H
chemical shift assignments of the Hη signals to Arg 57 could
be made in the 3D NOESY-HSQC spectra [at 20°C
(binary) and 35°C (ternary)] by noting NOEs from the Arg
57 Hε proton to the Hη21 proton. The Hη chemical shifts of

the four resolved signals for the complexes examined here
are all very similar to those of the DHFR-MTX complex,
and thus it is possible to make detailed assignments for their
Hη signals by comparison with the DHFR-MTX results
where full assignments have already been made (5). The
assignments for Arg 57 in the free enzyme have not been
made, but the cluster of arginine resonances are observed in
the 1H/15N region 6.5-7.4 ppm/70-76 ppm. Table 1
summarizes the1H and15N chemical shifts for nuclei in the
guanidino groups of arginine residues in binary and ternary
complexes of DHFR with substrates and substrate analogues.

RESULTS

Complexes of DHFR with Folate and NADP+. The1H and
15N resonance assignments for the Arg 57 guanidino NHη

signals in the DHFR-methotrexate complex made earlier
by using 3D1H/15N TOCSY-HSQC and NOESY-HSQC
experiments (5, 7) are indicated in Figure 1a. The corre-
sponding region of the1H/15N HSQC spectrum for the
DHFR-folate-NADP+ complex at pH 7.3 presented in
Figure 1b, shows two sets of resolved Hη signals with very
similar chemical shifts to those of the Arg 57 Hη signals in
the DHFR-methotrexate complex. These signals can be
assigned to the two different conformations previously
characterized for this complex at high pH, Forms IIa and
IIb, where the latter is known to have the larger population
(25, 26). The signals could be identified as two separate sets
of four connected signals by using zz-HSQC experiments.
Figure 3 presents the low field part of the spectrum showing
cross-peaks between theη1 andη2 signals in the connected
pairs of NH2 groups in each of the two forms. The cross-
peaks result from the exchange of the Nη magnetization
accompanying the slow rotation about the Nε-Cú bond that
interchanges the two NH2 groups. The DHFR-folate-
NADP+ complex at pH 5.3 showed a different set of Hη

signals for Arg 57 (see Table 1): these could be assigned to
a third conformation (Form I) of the complex, which is

FIGURE 3: Part of the zz-HSQC spectrum recorded with a mixing
time of 22 ms, showing the low-field guanidino NHη signals of
Arg 57 in the complex ofL. caseidihydrofolate reductase with
folate and NADP+ at pH 7.3. Exchange peaks are indicated by (ex)
in the spectrum and allow the connection of the two separate sets
of Hη signals corresponding to the two conformations Forms IIa
and IIb. Major differences between Forms IIa and IIb are the
tautomeric states and the orientations of the folate pterin rings
(∼180° difference).
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dominant at lower pH. At this temperature, there was no
evidence of exchange between the three forms in zz-HSQC
spectra recorded at pH values where all three forms coexist
(rates of <6 s-1 would be difficult to detect in this
experiment). Although the Arg 57 Hη signals have different
chemical shifts in the three forms, the chemical shift
differences between the different forms are fairly small, and
the chemical shifts are quite similar to those measured for
the DHFR-methotrexate complex (see Table 1). For the
binary complex of DHFR-folate at pH 7.3, the Arg 57 Hη

signals are also detected as two sets of resolved resonances
with similar chemical shifts to those of the DHFR-
methotrexate complex (see Table 1).

Complexes of DHFR with PABG and DAP.The 1H/15N
HSQC spectra for the binary complex DHFR-PABG and
the ternary complex DHFR-PABG-DAP are shown in
Figure 4, panels a and b, respectively. These complexes were
formed by titrating the DHFR sample with concentrated
solutions of the ligands (see Materials and Methods). In the
titration with PABG, all four Hη signals were clearly visible
in the spectra recorded at 2.4 to 7.9 equiv of PABG where
they appeared with constant chemical shifts (as reported in

Table 1). The low field Hη signals increase in intensity as
the PABG concentration is increased (up to 7.8 equiv of
PABG) and show essentially no change in the1H or 15N
chemical shifts. This clearly demonstrates that these Arg 57
Hη signals are in slow exchange on the chemical shift time-
scale in both dimensions. The low field signals sharpen in
the 1H dimension on lowering the temperature: this further
confirms the slow exchange between bound and free species.
The high field signals were detected earlier in the titration
than the low field signals (at 0.46 equiv of PABG), which
suggests that the high field1H signals result from a fast
exchange between bound and free protein. The high field
signals sharpen in the1H dimension as the temperature is
increased as expected for fast exchange. However, because
the chemical shifts do not change during the titration, the
1H chemical shifts differences between bound and free must
be very small for the high field NHη signals. All four Hη

signals detected for Arg 57 for the DHFR-PABG complex
have very similar1H/15N chemical shifts to the corresponding
signals in the DHFR-folate complexes (see Table 1).

In the presence of DAP, PABG binds 50 times more tightly
to DHFR (14, 15). At 1 °C and 4.4 equiv of PABG and an
excess of DAP, the DHFR is almost completely covered by
both ligands. The1H/15N HSQC spectrum shows four sharp
Hη signals of equal intensity for Arg 57, and these also have
very similar chemical shifts to the corresponding signals in
the DHFR-folate complexes (see Table 1).

Rates of Nε-Cú and Cú-Nη Bond Rotations.The Nε-Cú

bond rotation rates were all obtained from zz-HSQC
measurements and gave values that are fairly similar for all
the complexes (12-31 s-1 at 1 °C, see Table 2).

For the DHFR-PABG complex, where a large population
of free protein is present, a line shape analysis of the Hη

signals based on a three-site exchange model involving
protons in an NH2 group in their free and bound state was
carried out (23, 24). From this analysis, both the dissociation
rate and the Cú-Nη bond rotation rate were estimated to be
<200 s-1 at 1 °C. For the other complexes, line shape
analyses of the Hη proton signals based on a two-site
exchange between the NH2 protons (Hη11 and Hη12) were
carried out to provide upper limits for the Cú-Nη bond
rotation rates (ranging from 50 to 90 s-1 at 1 °C). Because
rotation about this bond is very fast in free arginine (see
Table 2), the measured value in each complex will reflect
the upper limit of the microscopic dissociation rate for the
interaction between the arginine guanidino NH2 group and
the ligandR-glutamate carboxylate group.

DISCUSSION

Protein EnVironment of the Side Chain of Arg 57.In
separate structural studies on complexes of DHFR with
methotrexate, trimethoprim, trimetrexate (27-30), and NAD-
PH (Polshakov, V. I., Birdsall, B., and Feeney, J., unpub-
lished results), it was found that the side chain of Arg 57 is
in the same position in all the structures with the arginine
Hε forming hydrogen bonds with the carbonyl oxygen of Pro
55 (distance about 2.0 Å) and probably also with the carbonyl
oxygen of Leu 54 (distance around 2.4 Å) regardless of
whether a ligand carboxylate group is interacting with the
guanidino group. Further evidence for the hydrogen bonding
to Hε comes from its atypical chemical shifts and from the

FIGURE 4: Part of the1H/15N HSQC spectrum and the rows
corresponding to the Arg 5715Nη signals for complexes ofL. casei
DHFR with (a)p-aminobenzoyl-L-glutamate (PABG) and (b) PABG
plus 2,4-diaminopyrimidine (DAP). Complexes were formed in the
presence of excess PABG and DAP (1.0 mM DHFR, 4.4 mM
PABG, and 1.1 mM DAP), and the 500-MHz spectra were recorded
at 1 °C.
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observation of very slow H to D exchange rates for Arg 57
Hε in all the complexes and also in apo DHFR. For apo
DHFR, the Arg 57 Hε chemical shift has the atypical value
of 6.05 ppm and has very similar values in the spectra of
the DHFR complexes with trimethoprim, trimetrexate, and
NADPH (5.95, 6.02, and 6.02 ppm), where Hε is known to
have the hydrogen bonding interactions to Leu 54 and Pro
55. For complexes where a carboxylate group also interacts
with Arg 57 (such as in DHFR-MTX), there is only a small
shift for the Hε (to 5.65 ppm) indicating that the Hε proton
is not greatly influenced by the Hη interactions with the
carboxylate group. Thus in complexes such as DHFR-
NADPH (and probably for apo DHFR) where the folate
binding site is unoccupied, the presence of the Hε hydrogen
bonding ensures that the side chain of Arg 57 is already
oriented in a way such that it can make good interactions
with the ligand glutamateR-carboxylate group without
requiring significant displacement of the side chain.

The Folate Glutamate Moiety Binds to Arg 57 in DHFR
with a Symmetrical End-On Interaction and Binds in the
Same Way in the Different Forms of the Folate and Folate-
NADP+ Complexes.The similar chemical shifts seen for the
Arg 57 Hη signals observed for the methotrexate and folate
complexes indicate that theR-carboxylate group of the ligand
glutamate moiety interacts with the Arg 57 guanidino group
in a similar way in the different complexes. In earlier work
(5), it was shown that the only way in which a carboxylate
group can interact with the Hη protons of Arg 57 to produce
the large deshielding of the two centrally situated Hη12 and
Hη22 protons is for the carboxylate oxygen atoms to form
hydrogen bonds with these hydrogens in a symmetrical end-
on manner described as a type 1 interaction by Lancelot and
coworkers (31) and shown in Figure 2. In an analysis of
arginine-aspartate interactions found in X-ray structures of
proteins by Mitchell and coworkers (32), such an symmetrical
end-on structure was found to be one of the most favored
orientations for intermolecular interactions between arginine
guanidino NH2 and carboxylate groups. This model is fully
consistent with the large downfield shifts seen for the Arg
57 Hη12 and Hη22 signals seen for the complexes of DHFR
containing methotrexate or folate (see Figure 1, panels a and
b and Table 1).

Furthermore, the similar chemical shifts observed for the
Arg 57 Nη and Hη nuclei in the different conformations of
the folate complexes (Forms I, IIa, and IIb) indicate that the
glutamic acid moiety of folate is binding in a similar fashion
in the different conformations (see Table 2 and Figure 1b).
This agrees with earlier studies in which it was noted that
His 28 of DHFR changes its pK by equal amounts in the
different folate conformations: an increase in pK of His 28
by ∼1 unit results from theγ-carboxylate group of the
glutamate moiety binding to His 28 (33, 34). The major
differences between the three forms of the folate complexes
result from differences in the orientation of the pterin ring
(∼180o different between Form IIb and Forms I and IIa)
and in the charge/tautomeric states of the pterin ring (25,
26). Despite these major differences in the pterin-binding
site, it is clear that the glutamate interactions with His 28
and Arg 57 are the same in the different forms.

The Glutamate Moiety of the PABG Fragment Binds to
Arg 57 of DHFR with an Almost Identical Symmetrical End-
On Interaction to that Found in the DHFR-Folate and

DHFR-Folate-NADP+ Complexes.Arginine Hη chemical
shifts are expected to be very sensitive to the lengths of the
hydrogen bonds formed by the Hη protons with the oxygen
of a ligand carboxylate group (6, 35). Thus, the very similar
Arg 57 Hη chemical shifts observed for DHFR complexes
with PABG and those with the substrate folate indicate that
theR-carboxylate group of the glutamate moiety is binding
in an essentially identical manner to Arg 57 in the different
complexes and with very similar hydrogen bond lengths and
energies for the interactions. Earlier studies (36) had shown
that theγ-carboxylate group of glutamate in PABG and folate
also bind in a similar manner (in this case both increasing
the pK value of His 28 by∼1 pK unit). Thus the PABG
glutamate moiety binds to DHFR in almost exactly the same
way as does the folate glutamate with theR-carboxylate
group binding to Arg 57 and theγ-carboxylate group binding
to His 28.

Use of Arg 57 NH Signals for Monitoring Protein-Ligand
Interactions with New Antifolates.The measured1H and15N
chemical shifts of the Arg 57 guanidino NH signals for
DHFR complexes with the substrate folate can be considered
as characteristic values expected on formation of “optimized”
interactions with a ligand carboxylate group. This pattern
of shifts provides a target for use in monitoring the presence
and quality of these interactions in complexes with new
antifolate analogues containing carboxylate groups. In earlier
NMR studies of DHFR complexes formed with brodimoprim
analogues having carboxylate containing side chains (6), the
changes in the Arg 57 Hη signals accompanying ligand
binding indicated that one of the ligand carboxylate groups
binds to Arg 57. However, the observed downfield shifts
for Hη12 and Hη22 were much smaller than those seen in the
DHFR-folate complexes (see Table 1), indicating that the
interactions could probably be optimized by further modi-
fications of the side chains.

Hindered Rotation in the Arg 57 Guanidino Group and
Correlated Motion with the Ligand.At 1 °C, all the
complexes examined showed four resolved Arg 57 Hη signals
in their 1H/15N HSQC spectra indicating hindered rotation
about the Nε-Cú and Cú-Nη bonds. Thus, even for the most
weakly binding ligand, PABG, [Ka 8.1× 102 M-1 (15)] the
interactions of the glutamateR-carboxylate with the Arg 57
guanidino group are sufficiently strong to induce hindered
rotation. Interestingly, the rate of rotation about the Nε-Cú

bond in the complexes with the PABG binding fragment [for
example, in the DHFR-PABG-DAP complex (13( 2 s-1;
Ka PABG 6.0 × 104 M-1 (14, 15)] is almost identical to
those measured in the complex with the much more tightly
binding methotrexate [14( 2 s-1; Ka 2 × 109 M-1 (14, 37)]
and fairly similar to those measured in the DHFR-MTX-
NADPH complex [17( 4 s-1; Ka MTX 1.2 × 1012 M-1

(38)] and in folate-containing complexes [12 to 31 s-1; Ka 1
× 105 to 2 × 106 M-1 (37, 38)]. Previous studies on
methotrexate complexes had indicated that this rotation does
not require breakage of bonds between the ligand carboxylate
group and the arginine guanidino Hη protons but rather
depends on correlated rotations about the Nε-Cú bond of
Arg 57 and the C′-CR bond of the glutamateR-carboxylate
group of the ligand. The presence of correlated motions in
PABG-containing complexes cannot be demonstrated directly
(for the MTX complex, the necessary experiment to see the
reversal of the rates of Nε-Cú and Cú-Nη bond rotation
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required a temperature of 40°C, and such experiments are
not possible for the PABG-containing complexes because
of sample instability). However, it seems likely that these
correlated motions will be present in all these complexes
because the Nε-Cú bond rotation rates are remarkably similar
in the PABG-containing and methotrexate complexes. This
would mean that theR-carboxylate group in a fragment (such
as PABG) is binding to the enzyme in a similar way to the
carboxylate groups in parent molecules such as folate and
methotrexate, thus leading to the correlated rotations being
essentially the same in the different complexes.

From line shape analyses, the Cú-Nη bond rotation rates
were estimated to be<200 s-1 in all the complexes
examined. These bond rotations will depend on the rates of
breaking of the hydrogen bonds. Our results can be consid-
ered in the context of our previously discussed model of
dynamic processes within a protein ligand complex where
we found that separate parts of a bound ligand can make
and break its interactions with the protein many times within
the lifetime of the complex (39). Thus, for example, the
glutamateR- andγ-carboxylate groups would be expected
to break their interactions with Arg 57 and His 28 several
times (and not necessarily simultaneously) during the lifetime
of the DHFR complex whether it be with PABG, folate, or
methotrexate. At 1°C, the microscopic rates of dissociation
for the glutamateR-carboxylate group interaction with Hη

of Arg 57 are <200 s-1 for all the complexes studied
regardless of their binding constants. However, a more
detailed comparison of the complexes would require deter-
mination of the actual rates of rotation for the Cú-Nη bonds
rather than upper limits.

It is clear that results from detailed NMR studies of
specific protein-ligand interactions of the type discussed
here can complement conventional structural information and
thus provide a more complete understanding of the interac-
tions and dynamics in protein-ligand complexes.
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