NMR OF DIHYDROFOLATE REDUCTASE

Ptitsyn, O. B., and Finkelstein, A. V. (1970), Biofizika 15,
757.

Robson, B., and Suzuki, E. (1976), J. Mol. Biol. 107, 327-
356.

4285

Schiffer, M., and Edmundson, A. B. (1967), Biophys. J. 7,
121-135.

Tanaka, S., and Scheraga, H. A. (1976), Macromolecules 9,
142-159,

voL. 17, NO. 20, 1978

Nuclear Magnetic Resonance Studies on Bacterial Dihydrofolate
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ABSTRACT: Dihydrofolate reductase labeled with [guani-
dino-1*Clarginine has been purified from Srreprococcus
faecium and '3C nuclear magnetic resonance spectra of the
enzyme and its complexes with various ligands have been re-
corded. Resonances of the eight residues are resolved into 4 to
6 peaks with chemical shifts over a range of 1.2 ppm. There
appear to be two classes of residues: those with chemical shifts
very close to that of free [guanidino-13Clarginine (class 1);
and those with significantly different shifts (class 2). Spin-
lattice relaxation times (T), measured in H->O, for residues
of class | are approximately 50% greater than the values for
residues of the second class. In D,O the T values for both
classes of residues are essentially the same and approximately
twice the values obtained in H>O for residues of class 1. The
temperature-dependent behavior of T for residues of class 2,
together with the small nuclear Overhauser enhancement
values, and the difference in line width in H,O vs. D,O are
consistent with the assumption that the internal motion of these
residues is slow relative to the overall rotational motion of the

Increasing use is being made of nuclear magnetic resonance
(NMR) methods to study the structure and function of dihy-
drofolate reductase as well as other enzymes. Reports of studies
using the magnetic resonance of '°F (Kimber et al., 1977), 'H
(Birdsall et al., 1977; Feeney et al., 1977), and '3C (Blakley
et al., 1978; Cocco et al., 1977) have recently appeared. Al-
though '°F does prove to be a sensitive probe, the problem of
possible structural alteration due to the introduction of fluo-
rine-labeled residues into the protein must be considered. In
"H studies extensive deuterium substitution must frequently
be employed to simplify the spectrum, although certain reso-
nances can be observed in unsubstituted proteins. The use of
13C-labeled amino acids has neither of these disadvantages and
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protein. An overall rotational correlation time for the protein
of 20 ns has been estimated from the data for these immobil-
ized residues. Class 1 residues appear to have a significant
degree of internal motion and are probably accessible to sol-
vent, whereas class 2 residues are probably inaccessible. Of the
immobilized residues, one is not shifted by ligand binding.
Another at lower field is shifted both by ligand binding and by
temperature and is apparently monitoring conformational
changes which are produced by the combined interactions of
the 2’- and 5’-phosphate groups with the enzyme. The third
immobilized residue is shifted by binding of NADPH, 2’,5’-
ADP, or 2’-AMP and seems to be monitoring conformational
changes which are triggered by interaction of the 2-phosphate
group with a basic side chain, and which are prevented by the
nicotinamide ring of bound NADP* or by bound methotrexate.
Some of the mobile residues are also affected by ligand binding,
probably reflecting direct interaction of ligand with arginine
residues.

the commercial availability of several 3C-labeled amino acids
makes this an attractive technique.

Dihydrofolate reductase is of interest in that it is the target
of anti-folate drugs such as methotrexate (Blakley, 1969), but
in addition its relatively low molecular weight also makes the
catalytic mechanism of this NADPH-linked enzyme more
amenable to investigation by NMR methods than is the case
with most other dehydrogenases.

In this paper we report 13C NMR data for dihydrofolate
reductase of Streprococcus faecium obtained by in vivo in-
corporation of [guanidino-'3Clarginine. Spin-lattice relaxa-
tion data have been used to obtain information about the rel-
ative mobility of different arginine residues, and some tentative
conclusions about the effects of ligand binding on arginine
residues have been reached from 13C NMR spectra of enzyme
complexes.

Experimental Procedure

The experimental methods are as previously reported
(Blakley et al., 1978) with the following exceptions.

Limiting Arg Medium. The Met limiting medium was
modified as follows (quantities in g for 58 L of medium):
(guanidino-13Clarginine (90% enriched, KOR Isotopes,
Cambridge, Mass.), 1.0; Met, 8.2.

Enzyme Preparation. Cells were grown on a 58-L scale and
extracted as previously described, but the protamine sulfate
treatment was omitted in order to avoid introduction of unla-
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TABLE I: Chemical Shifts of the Guanidino Carbon of Arginine in Dihydrofolate Reductase.”

peak position

complex 1 2 a 3b 3¢ 4
3 158.24 (1) 157.86 (1) 157.46 (2) 157.40 (3) 13717 (1)
E-NADPH 158.10 (1) 157.84 (1) 137.51(2) 13738 ()
E-PADPR 158.13 (1) 157.85 (1) 157.50 (2) 137.39 (1)
E.27.5-ADP 158.14 (1) 157.85 (1) 157,50 (2) 13738 ()
2-AMP 158.29 (1) 157.90 (1) 157.47 13742
¥ 5-ADP 158.29 (1) 157.90 (1) 157.47 157,42 157.2%
E-NADH 158.17 (1) 157.85 (1) 157.46 (2) 157.38 (3) 157.16 (1)
E-NADP+ 158.11 (D) 15781 (1) 157,48 (2) 13740 (3) 15718 (1)
E-DHF 158.29 (1) 157.84 (1) 15745 (%) 15716 (1)
E-folate 158.28 (1) 157.89 (1) 157.48 (4) 137.38 (1) 15717 (1)
E-amin 158.40 (1) 157.85 (1) 157.52(2) 157.45(2) 157.33 (1) 157.20 (1)
E-NADPH-amin 158.30 (1) 157.84 (1) 157.55(2) 157.48 (2) 137.33 (1) 157.20 (1)
E-PADPR-MTX 157.32 (1) 157.82 (1) 157.55(2) 157.48 (2) 157.37(2)
denatured 157.38

“ Peak positions are given in ppm downfield from Me,Si. The number in parentheses after the chemical shift value is the normalized integrated

intensity estimated by a cut and weigh technique.
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FIGURE 1. 3C NMR spectra of [guanidino-13Clarginine-labeled dihy-
drofolate reductase, alone (a), and in its complexes with NADPH (b), with
NADP* (c). with dihydrofolate (d). with folate (e), with aminopterin (f).
with NADPH and aminopterin (g), with NADPH and methotrexate (h),
and with PADPR and methotrexate (i).

beled arginine in extraneous protein. Precipitation with am-
monium sulfate was carried out as described by Nixon &
Blakley (1968) and the remainder of the procedure was as
described by Blakley et al. (1978). Solutions of extraneous
proteins were dialyzed, concentrated by rotary evaporation,
and acid hydrolyzed, and the labeled arginine was recovered
from the hydrolysate. Approximately haif of the arginine
added to the medium was recovered without dilution of iso-
tope.

Efficiency of Incorporation of Labeled Arginine. A 1-L
culture of bacteria was grown on the limiting arginine medium
containing [guanidino-'4CJarginine instead of [guanidino-
13Clarginine. The cells were broken by sonication and the
dihydrofolate reductase was partially purified (specific activity
~20 units/mg). At least 835% of the arginine in the medium
was incorporated into the bacterial protein. Comparison of the

specific radioactivity of the arginine in the medium and that
of a hydrolyzed sample of the reductase showed that there was
less than 5% dilution of the label upon incorporation.
Spectra were recorded as previously described (Blakley et
al., 1978) with the following exceptions. A sweep width of 250
Hz was employed for all spectra. Enzyme was present in 20%
or 99% D,O containing 50 mM potassium phosphate buffer,
pH 7.3, and 0.5 M KCI. Samples of the enzyme complexes
were prepared by adding sufficient ligand, calculated from the
appropriate dissociation constants (Blakley et al., 1978), to
convert at least 95% of the enzyme to the complex. Peak po-
sitions were determined by computer examination of the final
Fourier transformed spectrum. All measurements unless
otherwise noted were made at 15 °C. NOE! values were de-
termined as previously described (Blakley et al., 1978).

Results

Chemical Shifts. Dihydrofolate reductase from S. faecium
contains eight arginines and five resonances can be resolved
in the proton-decoupled '*C NMR spectrum of the uncom-
plexed enzyme (Cocco et al., 1977). A comparison of the
proton-decoupled 13C spectra obtained in D;O (Figure 1) with
those obtained in H,O (Cocco et al., 1977) indicates signifi-
cantly better resolution in the former. as expected (Oldfield
et al., 1975a).

The chemical shifts of the guanidino carbons for the enzyme
and the enzyme-ligand complexes in D>O are collected in
Table 1. In the spectrum of the uncomplexed enzyme the res-
onances have a chemical shift range of 1.2 ppm and integrated
intensities of 1:1:2:3:1 (in the order, low to high ficid). Reso-
nances 3b and 3¢ have chemical shifts similar to that of free
arginine, and when the protein is denatured with ['°C-
99.999%] urea all the resonances collapse to a single line near
the position of peak 3c.

The binding of NADPH to the enzyme markedly alters the
appearance of the spectrum (Figure 1b), peak 1 shifting upfield
and peaks 3b and 4 downfield. Nearly identical changes in the
spectrum are caused by the binding of 2’-phosphoadenosine
5’-diphosphoribose (PADPR) and 2.5’-ADP. The binding of
2’-AMP also results in the shift of peak 4 into peak 3. while
3/.5-ADP causes peak 4 to shift about half as much. In both
cases the remaining pcaks arc essentially unchanged. The

I Abbreviations used: PADPR, 2’-phosphoadenosine 3-diphosphoribose:
amin, aminopterin; NOE. nuclear Overhauser enhancement.
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TABLE I1: Summary of T Values (in s) of the Guanidino Carbon
of Arginine Residues in Dihydrofolate Reductase at 15 °C.

H,0 D,0
] 2 34 4 1 2 34 4

enzyme 0.43 045 0.65 044 1.04 1.14 1.28 1.13
enzyme- 0.43 043 0.62 1.02 1.02 1.09
NADPH 0.62 1.02
enzyme- 0.38 0.43 0.62 0.37

metho-

trexate
enzyme- 0.95 095 1.27 0.88
NADPH-

metho-

trexate
enzyme- 0.39 041 0.6!

NADPH-

aminopterin

@ Poor resolution of the components of peak 3 prevented determi-
nation of separate 7' values for these resonances.

TABLE 11: Effect of Temperature on T Values (in s) of the
Guanidino Carbons of Arginine Residues in the Enzyme-
NADPH-Methotrexate Complex in D,0.

peak 5°C 15°C 25°C
1 1.14 0.96 0.91
2 1.21 1.06 0.85
3 1.14 1.37 1.31
4 0.94 0.80

spectrum of the NADP* complex (Figure 1¢) is intermediate
in appearance between that of the uncomplexed enzyme and
the NADPH binary complex, peaks | and 2 having the same
chemical shift in the latter whereas the shift of peak 4 is the
same as that in the uncomplexed enzyme. The binding of
NADH produces almost no effect on the spectrum; peak 1 is
shifted upfield slightly, while the remaining peaks are un-
changed.

In the spectrum of the dihydrofolate complex, peak 3c is
shifted downfield relative to its position in the spectrum of the
uncomplexed enzyme and coalesces completely with peak 3b,
while peak 1 is shifted downfield only slightly (Figure 1d). The
effects produced by the binding of folate are very similar with
one exception: the resonances of 2 of the 3 carbons contributing
to peak 3c are shifted into peak 3b (Figure le). The binding
of the inhibitor, aminopterin, gives spectral changes similar
to those of folate but more pronounced (Figure 1f). Thus peak
1 is shifted downfield and 2 of the 3 carbons contributing to
peak 3c are shifted to position 3a.

In the ternary complex enzyme-NADPH-aminopterin, it
appears that the binding of aminopterin reverses some of the
effects of NADPH binding (Figure 1g) so that the spectrum
resembles that of the uncomplexed enzyme. Peak 1 is shifted
downfield (relative to the enzyme-NADPH spectrum) and
peak 4 has been shifted upfield away from peak 3c. The spec-
trum of the ternary complex enzyme-PADPR-aminopterin
is nearly identical with that of enzyme-NADPH-aminopterin,
except that peak 4 has not been shifted upfield (Figure 11).

Relaxation Behavior. Spin-lattice relaxation times were
measured in both H,O and D,O for the uncomplexed enzyme,
the enzyme-NADPH complex, and for the enzyme-
NADPH-methotrexate complex (D,0) or the enzyme-
NADPH-aminopterin complex (H,0), Table II. In H,O peak
3 hasa T, longer than those for the remaining peaks. In D,O
differences in the T values are less pronounced except for peak
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FIGURE 2: Temperature dependence of peak 1 in the 13C NMR spectrum
of dihydrofolate reductase (@) and in spectra of its complexes with folate
(m), with methotrexate (0), and with NADPH and methotrexate (O).

3 in the enzyme-NADPH-methotrexate complex, which has
a slightly longer T',.

T, values for the enzyme-NADPH-methotrexate complex
were measured at several temperatures (Table I11). Two trends
are evident: the T for peak 3 increases with increasing tem-
perature, while the values for the remaining peaks decrease.

An important consideration in the interpretation of the
proton decoupled '3C spectra is the possibility of different
NOE values for the different arginine residues. The temper-
ature dependence of T for the resolved peaks 1, 2, and 4 is
consistent with complete immobilization of the corresponding
arginine residues in a slowly tumbling enzyme with a rotational
correlation time of 2 X 1078 s (see below), parameters which
are consistent with a negligible NOE (Doddrell et al., 1972).
NOE values were determined by comparing the intensities of
proton coupled and decoupled spectra, and by doing a pulsed
NOE experiment as described previously (Blakley et al., 1978).
The latter was performed on the 80% H,0-20% D,0 sample
so that a delay of 4 s gave a delay/ T ratio of ~10 for peak 1,
and ~6 for peak 3. NOE values thus determined are 1.13 for
peak 1 and an average value of 1.26 for the remaining peaks.
Values in D,O are expected to be less than or equal to those
determined in H,O, thus confirming the above conclusions.
The integrated intensity of peak 3 corresponds to five times that
of any of the resolved peaks, indicating a negligible NOE for
the peak 3 resonances also.

Temperature Dependence of the Chemical Shifts. Spectra
at several temperatures were obtained for the uncomplexed
enzyme and for the enzyme-folate, enzyme-methotrexate, and
enzyme-NADPH-methotrexate complexes. In all cases,
resonance | shifts toward the large central envelope at higher
temperature and is the only resonance to exhibit any significant
temperature dependence (Figure 2).

Discussion

The range of chemical shifts observed for the guanidino
carbons in arginine-labeled dihydrofolate reductase is some-
what larger than that observed in other proteins (Oldfield et
al., 1975b). The arginine residues in the reductase can be di-
vided into two classes based on their chemical shifts: the first
class gives rise to the components of peak 3 (Table I), while
peaks 1, 2, and 4 are produced by residues of the second class.
Residues of the first class appear to be solvent-accessible since
their chemical shifts are close to those for free arginine and for
arginine in the denatured enzyme. On the other hand, those
resonances outside the central envelope correspond to residues
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TABLE 1V: Summary of Line Widths? (in Hz) of the Resolved
Guanidino Carbons of Arginine Residues in Dihydrofolate
Reductase.

H,0 D,0
| 2 4 | 2 4
enzyme 3% 51 3% 31 18 20
enzyme-aminopterin 38 46 38 28 20 20
enzyme-aminopterin-NADP- 4.0 38 40 20 20 18
H

¢ Estimated error is £25%.

subject to significant environmental perturbations such as
proximity to the ring currents of aromatic residues, and pos-
sibly involvement in salt bridges, hydrogen-bonding interac-
tions, as well as inaccessibility to solvent. Further, as noted
below, this class of resonances exhibits significantly different
spin-lattice relaxation rates consistent with greater immo-
bilization in the protein compared with the residues corre-
sponding to peak 3. It is possible that the same factors which
immobilize these residues produce the chemical shift pertur-
bations.

Spin-Lattice Relaxation Times. A significant feature of
the T, values obtained for peaks 1, 2, and 4 is the inverse
temperature dependence (Table 111). This behavior, coupled
with the very small NOE values and the line widths shown in
Table 1V, indicates that the motion of these residues falls into
the slow tumbling range. [t should be noted that this conclusion
is valid regardless of the relative importance of dipolar inter-
actions with 'H, "N, or 2H which may all be significant for
the arginine guanidino carbon (Oldfield et al., 1975a) since
the position of the 7| minimum as a function of 7 is similar in
all cases. The T values for peaks 1, 2, and 4 can therefore be
used to calculate the rotational correlation time of the enzyme.
One approach is to measure the difference in relaxation rates
observed in D,O and H,O which can be attributed primarily
to dipolar interaction with the five exchangeable guanidino
protons. Although intermolecular dipolar interactions with
solvent may also contribute, this effect is negligible due to the
shorter correlation time for this interaction. The rate attrib-
utable to the exchangeable guanidino protons, 1 /Ty, is re-
lated to the measured values by

I
Tieer  Thin0

This rate can then be related to the rotational correlation time
using the relation:

T 50

I Syelyuth?
Tyerr 10rcy®

[J(we = wn) + 3J(we)

+ 6J(wc + wn)l

where repp = 2.05 A for each of the five guanidino protons.
When the above approach is applied to peaks 1, 2, and 4, it
leads to values of 0.66-0.74 s for T .. Due to the double-
valued nature of the T curve as a function of 7, these values
lead to 7 values of about 7 X 1019 or 2 X 10~85.2 One means

2 Since the "HLO" sample actually contains 20% D,O, there are only
4 exchangeuble protons. and. if the calculation is corrected for this, the
value of 7. is decreased. On the other hand. correction for the viscosity
difference between H,O and D,O based on the assumption that 7y «
o 7 in the slow tumbling limit increases the value of T erp and almost ex-
actly offsets the former correction. Thus the uncorreeted calculation gives
the same value of 7 within experimental error as the corrected calcula-
tion.
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of choosing between these values is based on a comparison of
the line widths obtained in H,O and in D>O (Table 1V). Using
an approach analogous to that employed in T), above,? a
contribution due to 4 exchangeable protons is calculated to be
~0.4 Hz for the shorter correlation time, and 2.7 Hz for the
longer one. The mean observed line-width difference of 1.9 Hz
(Table 1V) is thus more consistent with a correlation time of
2 X 10~¥s. This value is similar to that observed for a number
of proteins with molecular weights close to that of dihydrofo-
late reductase (mol wt = 20 000: Allerhand et al., 1973:
Browne et al., 1973; Hunkapillar et al.. 1973: Cozzone et al.,
1975; Vischer & Gurd. 1973).

In contrast to the data for peaks 1, 2, and 4. the longer T,
values and the complex temperature dependence for the 7 of
peak 3 imply significant internal motion, so that several cor-
relation times are needed to provide a minimal description of
the motion. Furthermore, the marked 7, increase between 3
and 25 °C is consistent with some motion in the extremc nar-
rowing limit, Oldfield et al. (1975a) have concluded that the
arginine resonances of hen egg white lysozyme exhibit a con-
siderable degree of internal motion. The 7 values observed
in that case cover the range observed in dihydrofolate reductase
but consist primarily of values similar to those of peak 3 in the
present study.

Finally, we note that changes in 7 coincident with the
binding of ligands are negligible for the H~O solutions and
generally within experimental error for the D-O solutions
(£15%). Although the T values for peak 3 are somewhat re-
duced in the enzyme-NADPH complex in D>O, six residues
including peak 4 contribute to this resonance making specific
conclusions on the possible effects of ligands impossible.

Temperature Dependence of the Chemical Shifts. The
temperature dependence of the peak 1 chemical shift (Figure
2) is remarkable given the relatively large shift (0.4 ppm) ob-
served over a range of only 35 °C. Although the data are in-
sufficient for the determination of hydrodynamic parameters
describing the effect, some evaluation is possible subject to a
simplifying assumption. In particular. if the data are assumed
10 reflect equilibrium between two stable conformational
states, A and B, thermodynamic parameters can be calculated
if the limiting shifts corresponding (o both states arc known.
However, it is not possible o lower the temperature sufficiently
10 observe the system completely in state A (because of
freezing) or to raise the temperature enough to obtain the
system completely in state B (because of denaturation). Since
at high temperature the resonance appears to move toward the
position of peak 3.1.c., the denatured resonance shift, the most
likely model is that at low temperature the shift is perturbed
by some residue interaction in state A and that in the high
temperature state, B, this interaction is elintinated. Taking the
shift for state B equal to that of the denatured enzyme, we have
then estimated that the shift of peak | in state A is approxi-
mately 2 ppm downficld. This is a reasonable order of mag-
nitude given the typical perturbations and the total arginine
chemical shift range observed. A fit of the temperature de-
pendent data then leads 1o the parameters AH = 5 kcal/mol
and AS = 1.9 X 107" keal/(mol deg). The significant result
is the rough equality of A/ and TAS. 1f, on the other hand.
the AS term is neglected. it becomes necessary to assume that
the shift difference Ay = v\ — vy is 212 ppm-—clearly an un-

“1n contrast to the 1 viscosity correction. the assumption that e« 1 /13
o 1o pimplies an increused lne width in D,O. The value of 2.7 Hz given
in the text includes the effect of the 4 exchangeable protons. The viscosity
correction will further reduce this value. making it closer to the measured
mean of 1.9 Haz.
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reasonable assumption.

Ligand-Induced Changes in Chemical Shift. The relatively
large displacements of peaks 1, 2, and 4 (solvent-inaccessible
residues) from the position for denatured enzyme are most
likely due to charged residues or ring currents in aromatic
residues which are in close proximity to the corresponding
arginine side chains. Salt linkages presumably contribute to
the immobilization of the arginine residues in this microenvi-
ronment. Peak 2 is essentially unaffected by addition of any
ligand yet studied, so that the microenvironment of this residue
is unaffected by whatever conformational changes are induced
in the enzyme as ligands bind and is therefore probably remote
from the active site. Peak 1 is the most interesting one of this
class, shifting upfield upon complexation of the enzyme with
NADPH, downfield upon complexation of inhibitor, and being
the only peak for which the chemical shift is temperature de-
pendent. Since the rate of change of chemical shift with tem-
perature is essentially the same for free enzyme and for the
enzyme-methotrexate, enzyme-folate, and enzyme-
NADPH-methotrexate complexes, it seems likely that the
position of peak 1 is monitoring a conformational change. This
is consistent with the presence of a charged residue or an aro-
matic ring in the vicinity of this side chain, since the chemical
shift should be sensitive to small changes in the position of an
arginine residue with respect to these residues.

Peak 4 is sensitive to the binding of NADPH, which shifts
this resonance downfield so that it coalesces with peak 3¢. Since
2/.5’-ADP and PADPR also produce this downfield shift, it is
caused by the interaction of the ADP moiety of NADPH with
the enzyme. When a series of related nucleotides was investi-
gated, it was found that 2’-~AMP, 3/,5’-ADP, and NADH were
alt weak inhibitors, competitive with NADPH, with K values
of 2.75,0.76, and ~1 mM, respectively. They are therefore all
capable of binding at the NADPH site, but the relative
weakness of the binding compared with 2°,5'-ADP indicates
that both the phosphate groups of the latter interact strongly
with the enzyme, presumably by electrostatic bonds to arginine
or lysine residues. The association constants of 2’-AMP, 3’-
,5-ADP, and NADH are sufficiently great that the enzyme
can be converted almost quantitatively to the nucleotide
complexes at suitable nucleotide concentrations. When the
NMR spectra of these complexes were examined, 2-AMP was
found to shift peak 4 into peak 3, in the same way as
2',5-ADP, PADPR, and NADPH, so that it is specifically the
interaction of the 2’-phosphate with the enzyme that perturbs
the peak 4 arginine. This is further substantiated by the spec-
trum of the 3/,5-ADP complex where peak 4 is shifted only
part of the way downfield toward peak 3. Apparently the 3’-
phosphate is near enough to the position occupied by the 2’
phosphate to produce a partial effect similar to the 2’-phos-
phate. Neither 2’-AMP nor 3',5-ADP produce the upfield
movement of peak 1 that is caused by 2’,5-ADP, PADPR, or
NADPH, so that both the 2’- and 5’-phosphates are necessary
for the conformational change induced by NADPH bind-
ing.

Although the position of peak 4 is clearly affected by the
presence on the enzyme of a ligand with a 2’-phosphate, it is
unlikely that the 2’-phosphate group interacts directly with
the peak 4 arginine. This is indicated by the observation that
the enzyme-NADP* complex does not show the downfield
shift of peak 4: yet the 2’-phosphate groups of NADP* and
NADPH interact with the enzyme in the same way. Evidence
for the latter was obtained by Feeney et al. (1975) who showed
that the chemical shift of the 2’-phosphate is the same in the
3IP NMR spectra of the binary complexes of NADP™,
NADPH, and 2’-AMP. A more likely interpretation is that the
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2’-phosphate interacts with a lysine residue or one of the peak
3 arginines (causing a very small change in its chemical shift)
but that this interaction in turn causes a conformation change
that affects a rather large part of the active site and adjacent
areas. It is this conformation change which causes the changes
in position of peak 1, peak 4, and perhaps some of the individual
resonances underlying peak 3. Examples of such a widespread
conformation change resulting from the binding of a single
ligand group can be found in the literature. Thus the binding
of a glycyltyrosine to carboxypeptidase A and particularly the
interaction of its terminal carboxylate group with Arg-145
cause significant movement of a considerable portion of the
peptide backbone, a large (12 A) movement of the side chain
of Tyr-248 and significant movements of the side chains of
Arg-145 and Glu-270 (Hartsuck & Lipscomb, 1971).

The presence of the fully unsaturated nicotinamide ring in
NADP* must produce some additional conformational effects,
one result of which is to nullify the effect of the 2’-phos-
phate-induced conformational transition on the peak 4 argi-
nine. Other evidence for differences in the interaction of the
nicotinamide rings of NADP* and NADPH with the enzyme
has been obtained from NMR studies of reductase labeled with
[methyl-'*C]methionine (Blakley et al., 1978). Similarly, the
conformational effects of methotrexate binding must also
prevent the conformational transition caused by the 2’-phos-
phate group from affecting peak 4 arginine in the usual way,
since there is no downfield shift of peak 4 in the spectrum of
the enzyme-NADPH-methotrexate complex.

The small displacements of resonances in peak 3 from the
position of the denatured enzyme resonance are perhaps ex-
plicable in terms of salt linkages with other residues, although
other effects, such as ring currents of adjacent aromatic resi-
dues, cannot be ruled out. The positions of resonances within
peak 3 are changed by the binding of either the nucleotides or
dihydrofolate, folate or aminopterin. There is presently no
direct evidence as to whether these peak movements are caused
by direct interaction of ligand residues with the corresponding
arginine side chains, or to the conformational transitions in-
duced by ligand binding, or both. However, it has been argued
above that some (or all) of these arginines of peak 3 are ac-
cessible to the solvent, so that any surface arginines which in-
teract with ligands probably have resonances in this group. At
least some of the changes occurring on ligand binding may
therefore be the result of direct interaction between ligand and
arginine side chains.

Tentative Peak Assignments. The S. faecium reductase has
eight arginine residues which occur at sequence positions 23,
29, 32, 44, 58, 102, 116, and 156 (Gleisner et al., 1975; Pe-
terson et al., 1975). Two of these residues (Arg-44 and Arg-58)
are conserved in three other dihydrofolate sequences (Stone
etal., 1977, Bitar et al., 1977; Stone & Phillips, 1977). Arg-32
is conserved in the L1210 and L. casei sequences, but it is not
clear whether Lys-32 or Arg-33 is the functionally corre-
sponding residue in the E. coli sequence. Matthews et al.
(1977) have reported data derived from X-ray crystallography
on the three-dimensional structure of the methotrexate com-
plex of E. coli dihydrofolate reductase. From examination of
their results they conclude that Arg-57 is hydrogen bonded to
the a-carboxyl group of the glutamic acid moiety of metho-
trexate. In one of the two compiexes within the asymmetric
unit, the y-carboxyl group may be hydrogen bonded to Lys-32,
though in the other complex it is hydrogen bonded to an exte-
rior water molecule. It is possible that the corresponding
residues in the sequences of S. faecium reductase are Arg-32
and Arg-58 and these two residues may be involved in binding
the carboxyl groups of methotrexate, folate, and dihydrofolate
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to the S. faecium reductase.

Which of the NMR peaks in Figure 1 correspond to arginine
residues that are hydrogen bonded to the carboxyls of the
bound substrate or inhibitor? The binding of folate or ami-
nopterin shifts two of the three carbon resonances in peak 3¢
downfield into peak 3b. It has been argued above that these
resonances correspond to solvent-accessible, mobile residues
and they should therefore be able to hydrogen bond with sub-
strate carboxyl groups. Consequently, it seems not unreason-
able to conclude that the two resonances of peak 3¢ which are
displaced by folate and aminopterin binding correspond to
Arg-32 and Arg-58, the presumptive carboxyl sites. So far as
one can tell from the backbone diagram provided by Matthews
etal. (1977), Arg-32 and Arg-58 would be solvent-accessible
and mobile as required by this hypothesis. When dihydrofolate
binds to the reductase of S. faecium, all three resonances of
peak 3¢ move downfield. Presumably the displacement of the
third resonance in this case results from a conformational
change.

Matthews et al. (1977) deduced from a comparison of the
(BaB), fold of E. coli dihydrofolate reductase with the (8af8);
fold of lactate dehydrogenase that Arg-44 of the reductase is
likely to be the residue that hydrogen bonds to the 2’-phosphate
of NADPH. This is one of the conserved arginine residues in
the reductase sequence. Since the binding of NADPH, 2/,5"-
ADP, 2’-phosphoadenosine 5’-diphosphoribose, and (to a
smaller extent) NADP* to the S. faecium reductase causes
a downfield shift of peak 3b (a two-carbon resonance), it seems
likely that the resonance corresponding to Arg-44 lies within
peak 3b.
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