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ABSTRACT

[Methyl—]3c]methionine and [guanido-]3C]arginine have been incorporated
with high efficiency by Streptococcus faecium var. Durans strain A into
dihydrofolate reductase isoenzyme 2 and ]3C NMR spectra have been obtained
for the labeled enzymes and their complexes with substrates, co-factors, and
inhibitors. The ]3C NMR spectra exhibit a high degree of discrimination --
up to six guanido—]3C resonances spanning a 1.2 ppm range have been resolved
for the eight arginine residues and, under certain conditions, seven methyl—]ac
resonances spanning a 3 ppm chemical snift range have been resolved for the
seven methionine residues of the enzyme. The ]3C chemical shifts and spin
lattice relaxation times of these distinct, relatively narrow resonances can
be interpreted in terms of the coniormational states of the enzyme and the
interactions of the ]3C—]abe1ed residues with bound ligands. In a larger
context, the results reported here provide experimental data which bear on a
central question in the use of ]3C NMR spectroscopy to probe the structure of
labeled macromolecules, vis.: Where should the ]3C label be incorporated to
ensure a relatively narrow resonance whose chcemical shift is nonetheless
sensitive to perturbations of the macromolecule? Contrary to one accepted view,
this study demon<trates that a significant degree of internai motion for a class

of amino acid residues is not necessarily incompatible with a larae chemical

shift dispersion within the class.



IHTRODUCTIGH

It is becoming generally recognized that ]3C NMR spectroscopy in

conjunction with the use of ]3C enriched amino acids to label specific
sites has a great potential for providing unique insiahts into the
structures of enzymes in solution. Unlike fluorescent probes or paramag-
netic spin labels, ]3C enriched amino acids act as innocent reporter groups
and do not perturb the structure of the protein. With respect to the NMR

characteristics of 13

C itself, the chemical shift range is large and the
favorable relaxation rates can result in re]gtive]y narrow lines, both
characteristics preservina the high resolution nature of the spectra for even
large molecules or heterogeneous systems. Indeed high resolution 13C NMR
spectra have been reported even for a variety of aqueous suspensions of ]3C
enriched intact cells and virus particles (1-7).

Despite the considerable potential of the technique, there have been

only a few 13

C NMR studies of proteins labeled by the incorporation of

enriched amino acids, including: [2-]3C]hist1dine incorporated into tryptophan
synthetase (8,9), o-lytic protease (10,11), and hemoglobin (12) by biosynthesis
and into ribonuclease S' by synthesis of the labeled S peptide (13); [Me-]ac]
methionine incorporated into cytochrome ¢ (5) by biosynthesis and into myoglobin
(14) and myelin basic protein (15) by semi-synthetic methods; and [4-]3C]
histidine into alkaline phosphatase (16) by biosynthesis. The small number

of these studies is due, in part, to the continued high cost and limited
availability of ]3C enriched amino acids; but more important, perhaps is the
fact that there is as yet no completely firm experimental or theoretical basis

for selecting the site(s) of enrichment in the amino-acid which will yield

the optimum structural NMR data.



The central question in the selection is:  "“dhich ]jC site in the amino
acid exhibits chemical shifts that are most sensitive to structural perturbations
but does not experience cxtensive broadening by nuclear dipolar coupling with
directly-bonded or adjacent protons in a slowiy tumbling protein?" Experimental
and theorctical (17) studies suggest that in proteins in which an amino acid
residue is tightly locked into thc structure with little freedom of internal
motion, those ]3C atoms bearing directly bonded protons frequently will exhibit
broad resonances containing little structural information. For example, the
thirty-eight [2—]3C]histidine residues of the hemoqlobin tetramer (12) give

rise to a single, broad (half-width, 85 Hz)'2—]3C—H resonance. On the other

hand, the 13

C-H dipolar interaction varies as the inverse sixth power of the C-H
distance and quaternary carbons like [4-]3C]histidine which does not bear directly
bonded protons, should exhibit much narrower lines. In the case of alkaline
phosphatase selectively enriched with [4-]3C]histidine, eight narrow 4-]3C
resonances corresponding to the 8-9 histidine rcsidues per identical sub-unit

were resolved (16). An interesting aspect of the latter study is that the

4-]3C resonances exhibited an extremely large sensitivity to chemical environment,
having spanned a 14 ppm chemical shift range. At this writing it is not clear
what structural features of the enzyme caused this large shift variation or indeed
whether all histidine residues are tightly locked into the alkaline phosphatase

structure. In any case, the experimental data and theoretical tre.tments avail-

able now show that if one wants to probe the structure of a protein at the site

of a tightly locked amino acid residue by ]3C NMR, then a quaternary carbon is
the ]3C labeling site preferred provided that the chemical shift or relaxation
time at the site is sensitive to structural perturbations. In the case of ]3C

at the present stage of development of the technique, this is usually not known



and is difficult to predict: but, even in the case of a small sensitivity
of shift to perturbation, relaxation effects provide useful information (vide
infra).

The situation is rot so clear cut with respect to those amino acid residues
having segments which are not tightly locked into the protein structure and

which have a considerable freedom of motion. This rapid segmental motion can

13

narrow the ~C resonances of the segment as predicted theoretically (17) and

13 +

observed experimentally, for example, in the 3

C resonances of the N(]3CH3)

group of the N-trimethyl lysine residue of cytochrome c biosynthetically

1

enriched with [Me- 3C]methionine as the substrate (5). Although the motional

narrowing is highly desirable in the high resolution ]3C NMR spectroscopy of
these macromolecules, it has been suggested (17) that the equally desirable
chemical shift non-equivalence "caused" by the folding of the protein into its
native conformation is probably diminished because these segments are not locked
and are free to rotate. There are important assumptions about the nature of the
chemical shift and relaxation processes inherent in this suggestion and they are
probably incorrect as we discuss in the following description of the ]3C NMR
spectra of dihydrofolate reductase (DHFR) containing [Me-]3c]methionine and
[guanido-]3c]arginine.

The work described is part of a general proaram on the 13

13

C NMR spectroscopy
of DHFR specifically enriched with "“C labeled amino acids. The enzyme was
selected for NMR investigations because its structure is currently under intensive
study in a number of laboratories. General interesc in DHFR derives in part from
its clinical significance, beinqg the target of methotrexate, a drug used in the

treatment of various types of cancer. In addition, the bacterial enzyme is

specifically inhibited by trimethoprim which, in combination with sulfa drugs,



is used extensively for the treatment of some infectious diseases.

EXPERIMENTAL
The preparation of the ]3C enriched enzyme from S. faecium and the NMR

procedures are discussed in detail elsewhere (18,19).

RESULTS AND DISCUSSION

The 13

C NMR spectrum of [guanido-]3C]arginine labeled dilydrofolate
reductase (DHFR) in the guanido carbon region only is shown in Figure 1a. Four
resonances are clearly resolved and have integrated intensities of 1:1:5:1 (in
the order low to high field for the resonances designated 1, 2, 3, 4). These
narrow resonances (expected for a quaternary carbon) correspond to the eight
arginine residues of DHFR from S. faecium and they span a chemical shift range
of 1.2 ppm, somewhat larger than that observed in other proteins (20). The
chemical shifts of the quanido carbon resonances in the free enzyme and in
several of its binary and ternary complexes are summarized in Table 1. As
illustrated in Figure 1b, when the enzyme is denatured with []ZC—99.999%]urea,
all the resonances collapse to a single line with a chemical shift near that
of peak 3 whoce chemical shift in turn is near that of the quanido carbon in
free arginine.

The arginine residues in DHFR can be divic¢ 1 into two classes on the basis
of their chemical shifts. Residues of the first class which give rise to the
components of peak 3 (Table 1), appear to be solvent accessible whereas the
second class comprised of peuaks 1, 2, and 4 corresponds to residues subject to
significant environmental perturbations such as proximity to the ring currents

of aromatic residues and involvemert in sait bridges and hydrogen bonds. The

relative spin lattice relaxation times for these residues (Table 2) are con-



sistent with these ccrnclusions. In contrast to the data for peaks 1, 2, and

4, the longer T] values and the complex temperature dependence of the peak 3

T] imp., - »ignificant internal motion for the residues comprising that resonance.
The T] values for the arginines 1, 2, and 4, together with line width and
Nuclear Overhauser Enhancement data (19), indicate that these three residues
are tightly locked into the DHFR structure and that the motion responsible for
their relaxation is the slow tumbling of the protein. From the relative values
of T] in 020 and H20 solvents for peaks 1, 2, and 4, a rotational correlation
time for the protein of 2 x 10-8 sec (diffusion coefficient for tumbling of
8.33 x 100 sec']) was calculated, a reasonable value for a protein of M.W.
20,000.

Thus the data for the arginine labeled enzyme are consistent with the
suggestion (17) that it is the residues which are restricted in their internal
motion as a result of protein folding that give rise to chemical shift
inequivalence. The data for the [Me-]3c]methionine labeled enzyme provide an
interesting contrast. The ]3C chemical shifts of the proton bearing methyl
group of the seven methionine residues in the labeled enzyme and several of
its complexis are summarized in Table 3 (18). The labeled enzyme denatured
with []2C-99.999%]urea exhibits a single resonance centered at 15.32 ppm,
whereas the resonance of free methionine occurs at 15.04 ppm. It is evident
from the data in the table the methionine methyi groups in the labeled enzyme
complexes exhibit a large chemical shift dispersion to both the low and high
field side of the single resonance in the denatured enzyme, the total chemical
shift range for the methyl group spanning more than 3 ppn. The surprising
result is that all the lines are quite narrow (2.5 - 5 Hz width at half-height)

indicating that there is rapid rotation about the CH3-S bond. The measured T]



values are consistent with this conclusion. For cxample, the peak at 15.34
ppm in the free enzyme exhibits a T] of 590 msec and a line width of 3.2 Hz.
Using these values, the measured Huclear Overhauser Enhancement of 2, and

the diffusion coefficient of 8.33 x 10% sec™! for tumbling of the protein,

a diffusion coefficient of 4 x 1010 sec—] was calculated for the rotation
about the CH3-S bond (18,21). It is significant that the latter data could
not be fit using a model based on isotopic diffusion of the protein and free
segmental motion of the methionine side chain. Instead, it was necessary to
develop one based on isotropic diffusion, free rotacion about the CH3-S bond
where the angular excursions about the CH2-5'axis are restricted to 90°.
Thus, although protein folding certainly affects the relaxation and chemical
shifts in the side chains of amino-acids in proteins, the observation of

narrow lines and large chemical shift dispersions for proton bearing ]3C atoms

in such side chains are not necessarily mutually exclusive.
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Table 1

C Chemical Shifts of the Guanido Carbon of Arginine in

[Guunido-]3C]Arginine Labeled DHFR (ppm with respect to external TMS).

Complex

Enzyme (E)

L+ NADPH

£. NADPY

E- Dihydrofolate
£+ Aminopterin

£+ NADPH-Aminopte-in

158.24
158.10
158.11
158.29
153.40
158.30

__Peak Position

2

157.86
157.84

157.81

157.84
157.85
157.84

—— e 3
157.46; 157.40
157.5; 157.38
157.48; 157.40

157.45

157.52; 157.45; 157.33

157.55; 157.48; 157.33

157.17
157.18
157.16
157.20
157.20



Table 7

Effect of Temperature on T] Values (Sec.) of the Guanido Carbons of

Arginine Residues in the Ternary Complex of [Guanido—]3C]Arginine

2

Labelced DHFR with NADPH and Methotrexate in D,0.

Peak e Jemperature, °C AR
5_ A5 _25

1 1.14 0.96 0.9

2 1.21 1.06 0.85

3 1.14 1.37 1.31

4 - 0.94 0.84



Table 3
13

13

C Chemical Shifts of the Methyl Carbon of Methionine in [Me- "7C

Methion ne Labeled DIUFR (in ppn with respect to external THS).

Complex .. . .____ Chemical Shifts
E 15.35 14.39
E-NADPH 15.40 15.17
E-NADP® 17.08 15.68 15.39 15.24 14.95
E-Dihydrofolate 15.41 14.98
E-Methotrexate 15.37  15.24  14.95
E-NADP -Dihydrofolate 15.40  15.17  15.01
E-NADP «Mcchotrexate 15.34  15.08

14.66
14.75
14.73
14.77
14.74
14.74

14.55

14.57
14.62
14.53

14.18

14.09 13.94
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N,
t, Vd

Figqure |

3¢ MR spectrum (25.2 mHz) in the Guanido

Guanido (N-]3C-HH2) Carbon Reqion for Aqueous (1.1 mM) Dihydrofolate

Reductase Labeled with [Guanido-]3C]Arginine.

Proton Noise Decoupled !

Urca.

3C NMR Spectrum of a Denatured with [lzc-99.999z]



(a) J/\/\jk\

A'l'
IV ds \"\.“ﬁ\"ﬂl\d'

()

donPuio V) AR

1 I 1 -
159 158 157 ppm




