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Lactobacillus casei dihydrofolate reductase (M, 18 500) contains 16 valine and 14 leucine residues. By com-
paring the 2D COSY NMR spectra of normal and [y-?H Jvaline enzyme we have been able to identify all
60 methyl resonances from these residues, and to connect the pairs arising from the same residue. This pair-
ing of the methyl resonances was aided by the examination of the 2D RELAY spectrum which also allowed
the C,H resonances (and hence the complete spin systems) of 14 of the valine residues to be identified. The
combination of selective deuteration with 2D NMR techniques is shown to be a powerful general method
for resolving *H resonances in the complex spectra of proteins and for assigning them to amino-acid type.

Dihydrofolate reductase

1. INTRODUCTION

The resolution and assignment of resonances
from individual amino-acid residues is a necessary
first step in the study of proteins by high-
resolution NMR spectroscopy, and it remains the
most time-consuming part of such studies, par-
ticularly for proteins of M, > 15000. Resonance
assignments proceed in two stages: first, the
resonance is resolved and assigned to an amino-
acid type, and, second, it is assigned to an in-
dividual residue in the sequence.

Two approaches to the first stage of assignment
have been used. If the spin system of an amino-
acid side chain can be identified, for example, in a
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Resonance assignment

2D COSY NMR Deuteration

two-dimensional COSY experiment [1], the residue
type can be determined in many cases. Alternative-
ly, removal of signals from the spectrum by selec-
tive deuteration provides a direct method of identi-
fying the type of residue from which they arise. We
have earlier described the use of selective deutera-
tion as an aid to '"H NMR studies of dihydrofolate
reductase [2—4]. For a protein of this size (M,
18500), each of these approaches, when used in
isolation, can only provide sufficient spectral
resolution to permit a limited number of first-stage
assignments.

We now report that a combination of selective
deuteration and 2D shift correlation experiments
(COSY and RELAY) allows resolution and first-
stage assignment of an increased number of
resonances. Using this approach, we have iden-
tified all 16 pairs of valine methyl resonances and
all 14 pairs of leucine methyl resonances in the 'H
spectra of inhibitor complexes of dihydrofolate
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reductase. In addition the RELAY experiment has
enabled us to extend these assignments to a large
proportion of the C,H resonances of valine
residues in this protein.

2. MATERIALS AND METHODS

DL-[y-’Hg]Valine was synthesized using the
method described for unlabelled valine [5] incor-
porating the method of Cook et al. [6] for the
preparation of the starting material, 2-mercapto-
thiazol-5-one. Lactobacillus casei MTX/R was
grown on a defined medium containing DL-
[y-*Hg]valine and a mixture of the other 19 amino
acids. Isolation and purification of dihydrofolate
reductase were carried out as described in [7].

500 MHz 'H NMR spectra were obtained on a
Bruker AMS500 spectrometer using samples of
[y->’Hg]valine dihydrofolate reductase (0.5 mM)
and of isotopically normal enzyme (4 mM) in
’H,O containing 500 mM KCI and 50 mM
potassium phosphate at pH 6.5. The ligands
trimethoprim and NADPH were added as 1.1-1.3
molar equivalents to ensure complete complexa-
tion of the enzyme. Dioxan (1 mM final concentra-
tion) was added as a chemical shift reference.

2D NMR experiments, including absolute value
mode COSY and RELAY experiments, were ob-
tained with a 16-step phase cycle to select N-type
peaks and to suppress quadrature images and axial
peaks [8]. The RELAY experiment [9] using a
(90—t—90—71/2~180—7/2—90—d), pulse sequence
was used with a mixing time 7 = 30 ms, optimized
according to Bax and Drobny [10] for an AMQ3.X;
spin system (JMQ = JMX = 7 Hz, JAQ = JAX =
0).

Both experiments were carried out with the car-
rier frequency placed at the centre of the spectrum
using a spectral width of 6410 Hz and quadrature
detection in both dimensions. In the lower resolu-
tion experiment (12.8 Hz/point) data were record-
ed as 1024 points in £, for each of 256 #; values. For
higher resolution spectra (6.4 Hz/point) the
number of data points was increased to 2048 in 1,
for each of 450—512 ¢, values. A relaxation delay
(d) of 0.8—1.0 s was incorporated into each pulse
sequence and the number of scans per FID was
160-256, depending on the available time. The
total accumulation time for a single 2D spectrum
was in the range 15-24 h in both COSY and
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RELAY experiments. The data were zero-filled to
512-1024 points in ¢ and multiplied by a sine bell
squared window function before Fourier trans-
formation.

3. RESULTS AND DISCUSSION

Selective deuteration provides an unambiguous
method for assigning resonances by residue type in
the 'TH NMR spectrum of a protein. As reported
previously [4], [y-2He]valine has been incorporated
into L. casei dihydrofolate reductase enabling the
C,H; resonances of valine residues in the
isotopically normal enzyme to be identified by dif-
ference spectroscopy. Fig.l illustrates the high-
field region of the '"H NMR spectra of the com-
plexes of trimethoprim with isotopically normal
dihydrofolate reductase and with the [y-*Hg]valine
enzyme. The difference spectrum contains only the
32 methyl resonances from the 16 valine residues
present in the enzyme. In this complex, methyl
resonances from two valine residues, V, (Val 61)

a
|
Normal Enzyme

[V-zlis] Valine Enzyme
Difference
C VB Va

p.p.m. from dioxan

Fig.1. High-field region of the 500 MHz 'H NMR

spectra of (a) the dihydrofolate reductase-trimethoprim

complex and (b) the corresponding complex of the

[y-*Hg]valine-containing enzyme. (c) The difference
spectrum, (a) — (b).
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and Vg (Val 110 or 115; M.S. Searle, unpublished),
are shifted to high field by the magnetic shielding
effects of nearby aromatic rings, and only these
two valine resonances can be individually resolved,
even with the aid of the deuterated enzyme. The
large group of valine methyl resonances between
—2.5 and —3.4 ppm remains unresolved (fig.1).
Thus in this case selective deuteration alone has
not allowed us to make first-stage assignments for
all the valine signals.

In the COSY spectrum of the isotopically nor-
mal enzyme-trimethoprim complex (fig.2A), valine
and leucine residues can be identified by pairs of
cross-peaks, corresponding to the two methyl
groups of each residue, that are connected to a
common (CgH or C,H) w; frequency in the 2D
matrix. For example, in fig.2A, two methyl
resonances at —3.90 and —3.38 ppm give cross-
peaks with a common w1 frequency of —2.20 ppm,
and they thus arise from the same valine or leucine
residue (in this case valine Va; see below). Two
kinds of ambiguity arise in interpreting this spec-
trum. First, in crowded regions of the spectrum
where a number of different methyl resonances are
coupled to CsH or C,H resonances with very
similar chemical shifts it may be difficult to ‘pair
up’ the two methyl resonances from the same
valine or leucine residue with certainty. Second,
valine and leucine resonances cannot be
distinguished by examination of the -CH(CHs),
part of their spin systems at the resolution at-
tainable for most protein COSY spectra, and the
complexity of the region of the spectrum contain-
ing the CsH and C,H resonances makes it very dif-
ficult to trace the spin systems any further in the
COSY spectrum.

A combination of 2D correlation spectra with
selective deuteration can be of considerable value
in resolving these ambiguities. Because of the
relatively high cost of preparing selectively
deuterated enzymes, they are generally only
available in small quantities, while the 2D NMR
experiments are generally of rather low sensitivity,
and thus require high-concentration samples.
However, we have found that satisfactory COSY
spectra can be obtained in 24 h from [y->Hg]valine
enzyme at a concentration of only 0.5 mM. The
high-field part of this spectrum is shown in fig.2B.
The high concentration of the sample used for
fig.2A allowed us to record a relatively high resolu-
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Fig.2. The high-field region of the 500 MHz 'H 2D
COSY spectra of (A) the dihydrofolate reductase-
trimethoprim complex and (B) the corresponding
complex of the [y->Hg]valine containing enzyme. The
pairs of C,H3-CgH cross-peaks from valine residues
identified by comparison of these two spectra (see text)
are connected by horizontal lines in (A); these lines are
also included in (B), the dots at either end showing the
positions of the valine cross-peaks present in (A) but
missing in (B).

tion COSY spectrum; this is necessary in order to
resolve all the cross-peaks in this region of the
spectrum. The lower concentration of the
[y-*He]valine enzyme sample meant that only a
lower resolution COSY spectrum could be ob-
tained. However, as can be seen from fig.2, this is
quite adequate to establish which cross-peaks are
present in both spectra and which are present only
in fig.2A.
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We can thus identify all the cross-peaks arising
from valine residues. For example, the pair of
methyl cross-peaks with a common w; frequency of
—2.20 ppm is clearly missing in fig.2B, and thus
must arise from a valine residue (Va), while the
pair with a common w; frequency of —2.58 ppm is
still present in fig.2B and must arise from a leucine
(Lp). The valine methyl signals are indicated in
fig.2 by horizontal lines linking the cross-peaks
from the two methyl groups of the same residue. In
the few cases where the CsH chemical shifts of two
or more residues are similar, it is sometimes dif-
ficult to pair up the methyl resonances by com-
parison of the COSY spectra of the normal and
deuterated enzyme.

The resolution of ambiguities in identification of
methyl resonances arising from the same residue is
one useful application of the homonuclear relayed
coherence transfer (RELAY) experiment [9—13].
In this experiment cross-peaks are observed not
only between pairs of protons that are scalar
coupled but also between two protons that each
have a scalar coupling interaction with a third
nucleus. The spectrum from an AMX spin system
will thus give rise to an AX cross-peak even when
the spins A and X are not directly coupled. This ex-
periment thus allows relayed shift correlation to be
observed between the two C,Hj3 resonances of the
same valine residue. This is illustrated in fig.3,
which shows the RELAY spectrum of the enzyme-
trimethoprim-NADPH complex, with the cross-
peaks of valine V, (Val 61; M.S. Searle, unpub-
lished) connected by dashed lines. The two cross-
peaks at w; —2.39, w2 —~3.94 ppm and w; —-2.39,
w2 —3.38 ppm, which are also observed in the
COSY spectrum, have been identified as two valine
C,H;-CsH cross-peaks. Although they have a
common « frequency, there are other cross-peaks
with very similar w; frequencies in the spectrum of
this complex, and one cannot immediately be cer-
tain that the two indicated C,Hs;-CsH cross-peaks
do arise from the same residue. However, a
RELAY cross-peak (not observed in the COSY
spectrum) is observed at w; — 3.38, w2 —3.94 ppm;
this C,1H3-C,2H; cross-peak is unambiguous
evidence that the two methyl resonances at — 3.38
and -3.94 ppm do indeed arise from the same
residue. Thus the RELAY experiment clearly pro-
vides a valuable aid to the pairing of the methyl
cross-peaks in the COSY spectrum.
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Fig.3. The high-field region of the 500 MHz 'H 2D
RELAY spectrum of the dihydrofolate reductase-
trimethoprim-NADPH complex. The cross-peaks
defining the spin system of valine V, (Val 61) are
connected by dashed lines; for details, see text. In the
lower part of the figure, the pairs of valine C,H;-C,H
RELAY cross-peaks are connected by horizontal lines.

The combination of the RELAY spectrum with
the COSY spectrum of the [y-*Hg}valine enzyme
has allowed us to identify all 32 valine methyl
resonances in the spectrum of dihydrofolate reduc-
tase and to connect each pair originating from the
same residue. By elimination, the remaining pairs
of methyl cross-peaks must arise from leucine
residues, and in this way all 28 leucine methyl
resonances have been identified, and similarly con-
nected in pairs. The chemical shifts of these valine
and leucine resonances are summarised in table 1.

The sheer complexity of the spectrum of a pro-
tein of this size makes it impossible to trace the
valine spin system step-wise from the C,Hj;
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Table 1

Chemical shifts (ppm from internal dioxan) of valine and leucine resonances of the dihydrofolate
reductase-trimethoprim complex

Valine? C,H; CsH

Leucine?® CsH;3 C,H

Va (V61)
Ve (V115/V110)
Vc (V110/V115)

Vo —-3.35, -3.31 —2.48
Ve -3.28, —-3.12 -2.05
Vg —3.40, -3.15 -1.90
Ve -3.15, -3.12 -1.92
Vu —2.86, —2.81 —1.84
Vi —-2.95, —2.89 -1.78
Vv, -2.78, -2.73 -1.71
Vk —2.83, -2.79 -1.60
VL —2.83, -2.79 —1.61
VM -3.21, -3.08 —1.55
VN —2.83, —-2.62 -1.50
Vo -2.75, -2.70 —1.47
Ve —-2.97, -2.64 -1.25

—-3.90, —-3.38 -2.20
-3.76, —3.16 -3.03
-2.89, —2.81 -3.12

La (L113) —4.70, —3.43 -2.83

Ls (L118) -4.31, —4.08 —2.84
Lc (L23) -3.72, -3.03 -2.70
Lp (L62) -3.32, -3.11 -2.58
Le (L131) -3.77, -3.31 -2.50
Lr (L19) -3.34, -3.05 -2.37
Lo (L54) —3.48, —-3.11 -2.23
Lu -2.98, —-2.95 -2.31
L1 -2.91, —-2.59 -2.13
L; -2.92, —2.80 -2.02
Lx -2.75, —2.68 - 1.94
Ly (L27) -3.09, -3.14 -1.95
Lm —2.82, —2.62 -1.79
Ln (L4) -3.06, —2.54 -1.37

? Valine and leucine residues are denoted V,, Vg, ... and Ly, Lj, ..., respectively; where a specific
assignment to an individual residue is known it is given in parentheses ([15]; M.S. Searle,

unpublished)

through the CgH to the C,H resonance in the
COSY spectrum. However, by supplementing the
COSY experiment with a RELAY experiment, cor-
relations can be extended directly from the C,Hj to
C.H resonances for this residue. This is illustrated
in fig.3 for Val 61; as shown by the dashed lines,
RELAY cross-peaks are observed between the
methyl signals at —3.94 and — 3.38 ppm and the
C.H resonance at 0.86 ppm. The observation of
RELAY cross-peaks for the valine residues is
greatly aided by the selectivity of this experiment.
The spectrum in fig.3 was obtained with r, =
30 ms, which is optimum for AMX; (threonine)
and AMQ;X; (valine) spin systems (with 7, ~
20 ms) [10,11], and in fact we find that RELAY
cross-peaks are seen only for these residues. A
similar observation has recently been reported [11]
on the cro protein. From the RELAY spectrum,
the pattern of connectivities to the C,H (and hence
the complete spin system) has been traced for 14 of
the 16 valine residues of dihydrofolate reductase;
some of the pairs of C,H3-C,H RELAY cross-
peaks are connected by solid horizontal lines in the
lower part of fig.3. The low intensity of these
RELAY cross-peaks for two of the valine residues

could-readily be accounted for if the C,H-CsH
coupling constant were small (i.e. if the conforma-
tion about the C,—Cgs bond were g~ or #) in these
residues. In a statistical survey of side-chain con-
formations in proteins [14], it was noted that
valine residues show a strong preference for the g*
conformation, in which the C, and Cs hydrogens
are frans. One would therefore expect that
C,H;-C,H RELAY cross-peaks should be ob-
served for the majority of valine residues in
proteins.

The experiments reported here show that an ap-
propriate combination of selective deuteration
with 2D NMR methods allows the resolution and
first-stage assignment of the resonances from a
substantial proportion of the aliphatic residues in
a protein having M; 18 500. It seems likely that fur-
ther experiments of this kind with different selec-
tively deuterated enzymes could complete the first-
stage assignment of the spectrum. In view of the
crucial importance of selective deuteration in ex-
tending these assignment procedures to larger pro-
teins, it is encouraging that an adequate COSY
spectrum can be obtained with only 3 mg
(160 nmol) of protein. The method could be im-
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proved by using COSY difference spectra, but this
would require a somewhat better signal-to-noise
ratio for the spectrum of the deuterated enzyme.
Once the first-stage assignments have been made,
subsequent assignment to individual residues in the
sequence depends largely on NOE experiments.
Using this approach resonances from some 20% of
the residues of dihydrofolate reductase have been
assigned [4,15], allowing a detailed comparison of
the binding of different ligands, and a description
of the conformational changes they produce.
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