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'H-NMR and "N-NMR signal assignments have been made for the eight arginine residues i n  Lacto- 
bucillus casei dihydrofolate reductase in its binary complex with methotrexate and in its ternary complex 
with methotrexate and NADPH. 'H-NMR chemical shifts for the guanidino groups of two of the arginines 
(Arg57 and Arg43) were sensitive to different modes of binding of the guanidino groups with charged 
oxygen atoms of the ligands. In the complexes formed with methotrexate, Arg57 showed four non- 
equivalent NHq proton signals indicating hindered rotation about the N"-Ci and C"-Nq bonds. The NHVI2 
and NHtL2 protons showed large downfield shifts, which would be expected for a symmetric end-on 
interaction of these protons with the charged oxygen atoms of a carboxylate group in methotrexate. These 
effects were not observed for the complex formed with trimethoprim, which does not contain any carbox- 
ylate groups. In the complex formed with NADPH present, Arg43 showed a large downfield chemical 
shift for its NH" proton and a retardation of its rate of exchange with water. This pattern of deshielding 
contrasts with that detected for Arg57 and is that expected for a side-on interaction of the guanidino 
group protons with charged oxygen atoms of the ribose 2'-phosphate group of NADPH. 
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Dihydrofolate reductase catalyses the reduction of 7,8-dihy- 
drofolate to 5,6,7,8-tetrahydrofolate using NADPH as coenzyme 
[I]. The enzyme is of considerable pharmacological interest, 
since it is the target for a number of antifolate drugs such as 
the antineoplastic agent methotrexate and the antibacterial agent 
trimethoprim. There have been several X-ray and NMR struc- 
tural studies aimed at understanding the origins of the specificity 
of the ligand binding [I -71. The crystal structure of the Lacto- 
hucilliis casei dihydrofolate reductase . methotrexate . NADPH 
ternary complex indicates that specific interactions occur be- 
tween several of the arginine residues and the bound ligands 
[6, 71. To obtain more information about such interactions in 
solution we have examined NMR data from two-dimensional 
(2D) 'H-IiN heteronuclear single quantum coherence (HSQC), 
three-dimensional (3D) "N edited NOESY-HSQC and HNHB 
(three-dimensional NMR experiment for correlating backbone 
"N and side-chain 'H,, in proteins) spectra [S-101 of various 
binary and ternary dihydrofolate reductase complexes, looking 
explicitly at the signals arising from the arginine side chain pro- 
tons. The chemical shifts of these protons should be sensitive to 
any changes in their local geometry and electronic environment 
brought about by ligand binding and therefore could act as use- 
ful probes of the different modes of ligand binding to arginine 
residues. An earlier NMR study examining "C-labelled arginine 
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Scheme 1. Structures of methotrexate and trimethoprim ligands. 
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residues has been reported [ 1 I ]  for Streptococcus ,faecium dihy- 
drofolate reductase, and although this was limited by the lack of 
specific signal assignments, some classification of the interact- 
ing and non-interacting arginine residues was possible. In this 
present study, the availability of the specific ' H  and "N assign- 
ments allows a more detailed consideration of the arginine-li- 
gand interactions. 

MATERIALS AND METHODS 
"N-labelled L. casei dihydrofolate reductase was expressed 

in Escherichia coli cells grown on a minimal medium and iso- 



436 Gargaro et al. (Eur: J .  Biochem. 238) 

Table 1. The 'H-NMR and "N-NMR chemical shifts of arginine residues in ligand complexes of L. casei dihydrofolate reductase. The 'H- 
NMR chemical shifts at 281 K are referenced to 2,2-dimethy1-2-silapentane-S-sulphonate (after measuring from dioxane) and the "N-NMR chemical 
shifts are referenced to liquid NH, calibrated using the ratios method 1221. 'H errors (?0.02 ppm), 15N errors (20.1 ppm) except where stated 
otherwise. 

Residue Chemical shift of 

dihydrofolate reductase . methotrexate 
__ - 

'5" ' H  '5"' 1 H'i 

dihydrofolate reductase . methotrexate NADPH 

I5N' ' H  '"7 ' H" 

R9 

R3 1 

R43 

R44 

R52 

R57 

R117 

R142 

85.1 

85.7 

85.1 

84.0 

81.4 

79.9 

85.4 

83.1 

7.33 

7.39 

8.32 

7.29 

6.69 

5.66 

8.52 

7.44 

70 ? 1.5 
70 2 1.5 

70 -t 1.5 
70 2 1.5 

70 ? 1.5 

70 ? 1.5 

75.0 
79.2 

70 ? 1.5 

70.3 
70 -+ 1.5 

6.47 
6.94 

6.57 
6.87 

6.86 

6.48 
b 

6.89, 9.33 
6.77, 10.17 

5.61 
6.75 

6.23 
6.99 

85.6 

85.1 

84.4 

84.1 

81.9 

80.2 

86.1 

83.1 

7.36 

7.29 

9.23 

7.12 

6.73 

5.62 

8.54 

7.44 

70 ? 1.5 
70 5 1.5 

70 2 1.5 
70 2 1.5 

70 2 1.5 
(70 t 1.5 

70 ? 2.5 

75.2 
78.6 

70 ? 1.5 

7 0 ?  1.5 
70 -t 1.5 

6.53 
6.90 

6.54 
6.84 

6.79, 6.65 
6.65, 7.12)" 

6.61 
h 

6.87, 9.33 
6.55, 10.0 

5.21 
6.74 

6.23 
6.96 

" These measurements were made at 308 K where an additional broad signal for NH" proton (at 7.12 ppm) with an NOE connection to NHz 
was detected. 

H and H" protons are possibly degenerate: no NOE connections observed from NH.  
' Signal not detected in HSQC spectrum 

lated and purified as described previously [ 12- 141. Trimetho- 
prim, methotrexate, and NADPH were obtained from Sigma. All 
other chemicals used were analytical grade. 

The NMR experiments were performed on 0.6-ml samples 
of the binary complexes dihydrofolate reductase . methotrexate 
and dihydrofolate reductase . trimethoprim and the ternary com- 
plex dihydrofolate reductase . methotrexate . NADPH. The sain- 
ples were 4 mM in protein complex in 90% H,0/10% D,O con- 
taining 50 mM potassium phosphate and either 50 mM KCI 
(methotrexate and methotrexate . NADPH) or SO0 mM KCI (tri- 
methoprim), pH* 6.5 (the pH* values are meter readings, unad- 
justed for deuterium isotope effects). 

The NMR experiments were performed at 281 K on a Varian 
Unity spectrometer operating at 14.1 T. All the NMR experi- 
ments used the Watergate technique for water suppression [IS] 
and all employed the GARP (computer-optimised wide-band 
decoupling technique) sequence [ 161 for "N decoupling during 
the detection period. Quadrature detection in all indirectly de- 
tected dimensions was achieved using the method of States et 
al. [17]. 

The 2D HSQC sequence used was essentially that proposed 
by Mori et al. [18]. These experiments were performed using 
acquisition times of 15-50ms and 1 2 8 m s  in the 'N and 'H 
dimensions respectively. The data were processed with zero-fill- 
ing in both dimensions using Varian software (VNMR, version 
5.1). 

The 3D NOESY-HSQC experiments were carried out using 
a Watergate version of the original sequence of Marion et al. 
[9]. One experiment was carried out with a mixing time of 50 ms 
and one with a mixing time of 100 ms. Acquisition times were 
7.6 ms and 10.5 ms in the "N dimension, 12.8 ins and 15.0 ms 
in the indirect 'H dimension, and 51 ms and 64 nis in the real- 
time 'H dimension. 

The sequence used for the HNHB experiment was essentially 
a Watergate version of the constant-time method of Archer et al. 
[lo]. The delay in the sequence that allows long-range "N-IH 
couplings to evolve was set to 38 ms [lo]. This experiment was 
carried out with acquisition times of 16.8, 15.3 and 71 ms in the 
"N, indirect 'H, and direct ' H  dimensions, respectively. 

The data from 3D experiments were transformed and dis- 
played using software written in-house. The "N dimension of 
the data set with the shortest acquisition time was extended by 
SO% using linear prediction methods [19]. The real part of each 
final data matrix had a size of 128 ("N) X512 (indirect 'H) 
XI024 (direct 'H) points. 

RESULTS 

Arginine N H  assignments. The 'H-NMR assignments for most 
resonances in the spectra of the binary dihydrofolate reductase . 
methotrexate and dihydrofolate reductase . trimethoprim com- 
plexes have been published [14, 20, 211. For the dihydrofolate 
reductase . methotrexate complex, these included the partial as- 
signments for six of the eight arginine residues [20]. From a 
detailed analysis of the 3D "C-edited correlation spectra [20] in 
combination with the "C-edited HMQC-NOESY spectrum (data 
not shown), the side-chain CH assignments of the previously 
unassigned arginine residues have now been obtained. The NH" 
proton assignments were then made from examination of the 
low temperature (281 K) 3D "N/'H NOESY-HSQC spectrum 
where the NH'. protons in all eight arginine residues could be 
connected to the assigned side-chain CH protons in the same 
residues (see Table 1). The signal from the NH'. proton of Arg43 
is shifted 0.91 ppm downfield by the addition of NADPH to 
the dihydrofolate reductase . methotrexate complex. In the 3D 
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Fig. 1. Part of the ‘H/”N HSQC spectrum at 600 MHz (281 K) re- 
corded for complexes of L. casei dihydrofolate reductase with (A) 
methotrexate and (B) methotrexate and NADPH. Both complexes 
were formed with one equivalent of each ligand (4 mM at pH” 6.5). 

NOESY-HSQC spectrum of the dihydrofolate reductase . metho- 
trexate . NADPH complex at 281 K, the Arg43 NH“ proton 
showed no exchange cross-peak to the water signal whereas 
such a cross-peak was detected in the corresponding spectrum 
of the dihydrofolate reductase . methotrexate complex. This indi- 
cates that the addition of NADPH retards the proton exchange 
rate of the Arg43 NH‘: proton with water. 

Arginine NH” assignments. The HSQC spectrum of the dihy- 
drofolate reductase . methotrexate complex (Fig. 1 A) revealed a 
set of four signals from two NH, groups with ”N chemical shifts 
at 79.2 ppm and 75.0 ppm. Chemical shift comparisons with 
data from earlier NMR studies on arginine residues allowed 
these signals to be assigned to nuclei from arginine guanidino 
NH, groups [23-251. The observation of NOES between these 
NH” protons in the 3D NOESY-HSQC spectra showed that these 
two groups belong to the same arginine residue. The signals 
were assigned to the guanidino group of Arg57 on the basis of 

an NOE between one of the NHI protons and the previously 
assigned NH“ of Arg57. This also allowed the stereospecific as- 
signment of the protons of one of the NH, groups ( H I ” ,  

6.89 ppm; H I “ ,  9.33 ppm) (Fig. 2). The fact that the four gua- 
nidino H /  nuclei and two Nv nuclei of Arg57 have different 
chemical shifts indicates that there is hindered rotation about 
both the W-Cr and Cc-Nl bonds of Arg57 in this complex. It can 
be seen in Fig. 1 B that a similar pattern of chemical shifts is 
observed for the Arg57 NH? protons in the ternary complex 
dihydrofolate reductase . methotrexate . NADPH indicating that 
there is hindered rotation in this complex as well. 

In the HNHB experiment on the dihydrofolate reductase . 
methotrexate . NADPH complex at 308 K, a cross-peak between 
the Arg43 IsNH and a signal at 6.65 ppm was detected and the 
latter could thus be firmly assigned as an NH” signal. In the 
3D NOESY-HSQC spectrum recorded at 308 K, the Arg43 NH“ 
proton shows two NOE cross-peaks to signals at frequencies 
assignable to NHV protons, one at 6.65 ppm as expected from the 
HNHB results and a broad signal at 7.12 ppm. This broad signal 
was not observed in the 3D NOESY-HSQC spectrum recorded 
at 281 K and its appearance at 308 K is consistent with the 
signal arising from coalescence of signals from a pair of ex- 
changing guanidino NH, protons which are in intermediate ex- 
change at the lower temperature. The results indicate that there 
is hindered rotation about at least one of the Cc-Nq bonds and 
that none of the observed NHV protons have been appreciably 
deshielded by the presence of NADPH. The ‘H and “N assign- 
ments for the guanidino group nuclei for the arginine residues 
are listed in Table 1. 

DISCUSSION 
Interactions with Arg57. From considerations of the crystal 
structure of dihydrofolate reductase . methotrexate . NADPH, 
Bolin et al. [6] inferred the presence of hydrogen bonding in- 
teractions between the guanidino group of Arg57 and the a-car- 
boxylate of the glutamate moiety of methotrexate. The NMR 
results (Table 1 and Fig. 1) provide clear evidence that this 
interaction is also present in solution : the interactions cause the 
hindered rotation in the guanidino group leading to separate 
signals being detected for the four non-equivalent NH, protons 
with two of the protons showing large downfield chemical 
shifts. 

The only way in which a carboxylate group can interact with 
the NH, groups of Arg57 to perturb the shielding of the NHv” 
and one of the NHQ protons is for the carboxylate oxygen atoms 
to form hydrogen bonds with the centrally situated hydrogens, 
NH”“ and NHqZ2, described as type 1 by Lancelot et al. [26] and 
shown in Fig. 2A. In an analysis of arginine-aspartate interac- 
tions by Mitchell et al. [27], such an end-on symmetric structure 
was found to be one of the most favoured orientations for inter- 
molecular interactions between arginine guanidino NH, and car- 
boxylate groups. In this model, the NH”” and NH”” protons 
interact with the carboxylate oxygen atoms. The large downfield 
shift of Arg57 NH”” (9.33 ppm) compared to other Arg NH’7 
signals is fully consistent with this model and i t  is also reason- 
able to assign the other downfield shifted signal at 10.17 ppm to 
the NHrZ2 proton. 

Yamazaki et al. 1241 have reported similar results for a com- 
plex of the SH2 domain and a phosphotyrosyl peptide where 
they suggested that the hindered rotation resulted from the in- 
teractions between the arginine guanidino NH, groups and a 
phosphate group. In this case, the NH”’ and NH@ protons 
formed hydrogen bonds with the phosphate oxygen atoms. 

Further support for the interaction between Arg57 and a car- 
boxylate group in the glutamate moiety of methotrexate comes 



438 

A 

0 6  

/ 
CB-CY 

\ 
0 6  

Gargaro et al. (Eur: J.  Biochem. 238) 

Type 1 B Type 2 

/Hqpl 
\ /“6 

Hr122 - h z  
F2’ 
\ Y6 
/Ct-NE 

Hr122 - Nrl2 

\ 
HE Hr112-Ntli /Ct-Nr HE 
\ 

\ 
H~)12-“11 

P Hqi 1 
\ 

Hrll 1 

Arg57 Arg43 

Fig. 2. Structures of arginine residues (A) in a type 1 end-on symmetrical interaction with a carboxylate group, as found in the interaction 
of Arg57 with the glutamate a-carboxylate of methotrexate, and (B) in a type 2 side-on interaction with a phosphate group, as found in the 
interaction of Arg43 with the 2’-phosphate group of NADPH. 

from examining the spectra of the trimethoprim and trimetrexate 
complexes with dihydrofolate reductase (data not shown). The 
unusual Arg57 NHV signals present in the HSQC spectrum of 
the dihydrofolate reductase . methotrexate complex are not ob- 
served in the spectra of binary complexes formed with these 
ligands. These compounds lack the carboxylate groups of meth- 
otrexate (Scheme 1) and are unable to interact with the Arg57 
residue. 

The NMR spectrum of the dihydrofolate reductase . metho- 
trexate . NADPH ternary complex showed similar characteristic 
chemical shifts to those in the binary complex for the Arg57 
guanidino NH, protons again indicating the presence of the same 
interactions between Arg57 and the bound methotrexate in the 
ternary complex. 

Arg43 and Arg44 interactions. In the spectrum of the dihydro- 
folate reductase . methotrexate . NADPH complex (Fig. 1 B), the 
chemical shift of the NH‘: proton of Arg43 is shifted 0.91 ppm 
downfield from its value in the spectrum of the binary dihydro- 
folate reductase . methotrexate complex. From the crystal struc- 
ture, Filman and coworkers [7] proposed that the NH‘ and NHI 
protons of Arg43 make hydrogen bonds to the adenine ribose 
2’-phosphate of the bound NADPH (Fig. 2B). This orientation, 
described by Lancelot et al. [26] as type 2, is a side-on interac- 
tion which lies in  one of the energy-minimum regions and is 
favoured by intermolecular interactions 1271. The difference i n  
chemical shifts of the NH’. proton of Arg43 between the binary 
and ternary complexes (0.91 ppm) and the decrease in its rate of 
proton exchange with water strongly supports the idea of an 
interaction between the NH“ proton and one of the oxygens of 
the ribose 2‘-phosphate group in a side-on interaction with the 
phosphate group. However, the absence of an appreciable down- 
field chemical shift for any of the Arg43 NH” protons on addi- 
tion of NADPH means that there is no direct evidence for the 
involvement of an NH’’ proton in the interaction. 

The X-ray data 16, 71 indicated that the 0 atom of the ade- 
nine ribose 3’-OH group interacts with one of the NH” protons 
of Arg44. However, no low-field-shifted NH’I signals could be 
detected for this residue. 

Argll7 interactions. Argl17 is the only other arginine residue 
which shows H’’ atoms with a large chemical shift difference, 
which suggests that its guanidino group is involved in a hy- 
drogen bonding interaction. From a consideration of the crystal 
structure [6, 71, the most likely candidate for an interaction with 

Argll7 is Glu156. Direct NOEs between Argl17 and Glu156 
would not be expected because of the relative orientations of 
their side chains. However, other detected NOEs involving 
nearby residues (such as that between Argll7 NH‘ and Trp158 
H”) indicate that the crystal and solution structures are similar 
in this region of the protein. 

Conclusions. We have shown that the guanidino group NH pro- 
ton chemical shifts of two arginine residues in L. casei dihydro- 
folate reductase (Arg57 and Arg43) are sensitive to distinct 
modes of binding with charged oxygen atoms on the ligands 
methotrexate and NADPH (Fig. 2). The ligand-induced differ- 
ences in chemical shifts of the NH“ and NH” protons and the 
observations of the presence or absence of hindered rotation in 
the NH, fragments of their guanidino groups allows us to moni- 
tor interactions between arginine residues and specific groups on 
ligands binding to dihydrofolate reductase. This could provide a 
useful approach for monitoring dihydrofolate reductase interac- 
tions with substrate analogues containing carboxylate or phos- 
phate groups. Typical examples are the previously studied tri- 
methoprim analogues having side chains containing carboxylate 
groups designed to interact specifically with conserved arginine 
residues in dihydrofolate reductase [28 -301. 
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