
It is also worth noting that the photo- 
dimerization reaction at X > 265 mA 
was accompanied by formation of only 
traces of UdR-that is, photohydration 
was practically absent under these con- 
ditions. This, together with the absence 
of an 02 effect at 254 mtu, and the pro- 
nounced influence of 02 at X > 265 my, 
suggests that the difference in photo- 
chemical reactions may be due to for- 
mation of different excited states, at 
least in aqueous medium. In a polynu- 
cleotide chain, where the EtU residues 
are suitably oriented for dimerization, 
both photohydration (with concomitant 
reversal to hydrated uracil) and dimeri- 
zation would be expected as competing 
reactions, and results of preliminary ex- 
periments with synthetic polynucleo- 
tides are in agreement with this idea. 
The values for the quantum yields of 
the two reactions are also qualitatively 
in agreement with the unchanged sensi- 
tivity to radiation of phage T3 contain- 
ing incorporated EtU. 

These results are of additional in- 
terest in relation to the aqueous-solution 
photochemistry of thymidine. The rela- 
tive radiation resistance of thymine in 
aqueous medium at X - 254 mu has 
been variously interpreted in terms of 
formation of the photohydrate, which 
is unstable because of its rapid reversion 
to the parent compound (3, 7, 8). 
However, Nofre and Ogier (9), who 
reported the chemical synthesis of hy- 
drated thymine, claimed that its half- 
life at neutral pH and room tempera- 
ture is of the order of several hours, 
apparently in contradiction to the above 
hypothesis (9). 

Preliminary trials with a view to 
demonstrating the possible photohydra- 
tion and successive photoelimination 

It is also worth noting that the photo- 
dimerization reaction at X > 265 mA 
was accompanied by formation of only 
traces of UdR-that is, photohydration 
was practically absent under these con- 
ditions. This, together with the absence 
of an 02 effect at 254 mtu, and the pro- 
nounced influence of 02 at X > 265 my, 
suggests that the difference in photo- 
chemical reactions may be due to for- 
mation of different excited states, at 
least in aqueous medium. In a polynu- 
cleotide chain, where the EtU residues 
are suitably oriented for dimerization, 
both photohydration (with concomitant 
reversal to hydrated uracil) and dimeri- 
zation would be expected as competing 
reactions, and results of preliminary ex- 
periments with synthetic polynucleo- 
tides are in agreement with this idea. 
The values for the quantum yields of 
the two reactions are also qualitatively 
in agreement with the unchanged sensi- 
tivity to radiation of phage T3 contain- 
ing incorporated EtU. 

These results are of additional in- 
terest in relation to the aqueous-solution 
photochemistry of thymidine. The rela- 
tive radiation resistance of thymine in 
aqueous medium at X - 254 mu has 
been variously interpreted in terms of 
formation of the photohydrate, which 
is unstable because of its rapid reversion 
to the parent compound (3, 7, 8). 
However, Nofre and Ogier (9), who 
reported the chemical synthesis of hy- 
drated thymine, claimed that its half- 
life at neutral pH and room tempera- 
ture is of the order of several hours, 
apparently in contradiction to the above 
hypothesis (9). 

Preliminary trials with a view to 
demonstrating the possible photohydra- 
tion and successive photoelimination 

High-resolution nuclear magnetic res- 
onance (NMR) spectra of proteins 
have thus far yielded rather little in- 
formation because of the extensive over- 
lap (envelopes) of the resonance lines 

20 SEPTEMBER 1968 

High-resolution nuclear magnetic res- 
onance (NMR) spectra of proteins 
have thus far yielded rather little in- 
formation because of the extensive over- 
lap (envelopes) of the resonance lines 

20 SEPTEMBER 1968 

of methanol from irradiated thymidine 
have so far been unsuccessful. On the 
other hand we have found that about 
20 percent of the product (or prod- 
ucts) of irradiation of thymidine in 
solution at X - 254 m/r can be dark- 
reverted to one having an absorption 
maximum at about 265 mrn/, but the na- 
ture of this product has not yet been 
elucidated. 

Experiments with other 5-alkyl uracil 
nucleosides have shown some similarity 
in behavior to EtUdR, one of the final 
products being UdR. Further studies of 
these photochemical reactions should 
shed additional light on the photochem- 
istry of thymine nucleosides and of 
thymine residues in DNA (10). 
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carbon in the 2-position) resonances, 
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region of the aromatic spectrum (1, 2) 
and the high-field peaks seen in some 
proteins upfield from the methyl region 
(3, 4)-have proved amenable to de- 
tailed interpretation. Nevertheless, these 
few studies do demonstrate that unique 
information is provided by NMR spec- 
tra of proteins. To take advantage of 
this information, procedures must be 
devised for simplification of the spectra. 

In principle, the NMR spectral en- 
velope of proteins can be simplified (i) 
by increasing the strength of the applied 
field, thereby increasing the separation 
between component lines, or (ii) by 
reducing the number of proton reso- 
nance lines through selective deutera- 
tion of the protein. In practice, how- 
ever, the best available spectrometer 
(220 Mhz) does not give sufficient 
resolution to fully decipher the infor- 
mation contained in the spectrum (3). 
The chemical shifts of numerous amino 
acid peaks so overlap that many of the 
relatively broad peaks in proteins would 
not be separated even at frequencies of 
1000 Mhz or more. Furthermore, the 
task of assigning the multitude of peaks 
would still remain. Jardetzky has in- 
dicated (5) that selective deuteration of 
proteins provides the method of choice 
in protein NMR spectroscopy. We now 
report the experimental realization of 
this proposal. Similar experiments have 
also been performed by Crespi, Rosen- 
berg, and Katz (6). 

The criteria for selecting staphylococ- 
cal nuclease as the object of our studies 
have been outlined (5). The nuclease 
and its selectively deuterated analog have 
been isolated from a pure culture of the 
Foggi strain of Staphylococcus aureus 
by a modification of the method of 
Fuchs, Cuatrecasas, and Anfinsen (7). 
In the preparation of the normal, pro- 
tonated nuclease, the culture was grown 
on a complex medium containing cas- 
amino acids and yeast hydrolyzate. A 
chemically defined, synthetic medium 
containing a mixture of deuterated and 
protonated amino acids was used in the 
preparation of the selectively deuterated 
nuclease (8). The deuterated amino 
acid mixture used to prepare the selec- 
tively deuterated enzyme was obtained 
by the hydrolysis of protein isolated 
from algae (Scenedesmus obliquus) 
grown in 99 percent D20 by Merck 
Sharp & Dohme of Canada. A portion 
of the mixture was separated by ion- 
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High-Resolution Nuclear Magnetic Resonance Spectra 
of Selectively Deuterated Staphylococcal Nuclease 

Abstract. An analog of staphylococcal nuclease has been prepared in which all 
amino acids, except the six following, are fully deuterated: tryptophan; methionine; 
tyrosine, in ring positions 2 and 6; histidine, in ring position 2; aspartic acid and 
asparagine, 3-methylene; and glutamic acid and glutamine, y-methylene. The ana- 
log has a much simpler high-resolution nuclear magnetic resonance spectrum than 
the fully protonated enzyme. The effects of calcium ion and of the inhibitor 3',5'- 
thymidine diphosphate on the spectrum of the analog were readily detected. 
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detectable except for the following: (i) 
the 2-position and the 6-position in 
the tyrosine ring were approximately 
80-percent protonated; (ii) the 2-posi- 
tion of the histidine was fully proton- 
ated; and (iii) the fl-positions of aspar- 
tic acid and the y-positions of glutamic 
acid were approximately 50- and 30- 

percent protonated, respectively. Ex- 

change at these sites occurs under the 
conditions for hydrolysis of the deu- 
terated protein (2, 9, 11). 

We chose tryptophan and methionine 
to be the only fully protonated amino 
acids added in the preparation of this 

selectively deuterated derivative of 

staphylococcal nuclease. These two 
amino acids are present in the deu- 

terated amino acid mixture in low con- 
centration. Thus the presence of the 
deuterated amino acid could be easily 
masked by an excess of protonated 
amino acid. Since there are only four 
methonine residues and one tryptophan 
residue in staphylococcal nuclease, we 

expected a spectrum simple enough for 
easy interpretation. Furthermore, the 
methionine-methyl peaks should show 
up easily since they are singlets of in- 

tensity equal to three protons. 
The aromatic regions of the proton 

magnetic resonance spectrum of the 
nuclease and the deuterated nuclease 
are shown in Fig. 1, A and B. Peak 
assignments are indicated by letters 
above the peaks, and a bar graph in- 

dicates the intensities predicted for the 

peaks in the selectively deuterated ana- 

log on the basis of the amino acid com- 
position of the growth medium. 

The only positively identified peaks 
in the nuclease spectrum (Fig. 1A) are 
the four peaks (S1-S4) corresponding 
to the C2 protons of the four histidine 
residues (1). The position of these 

peaks is a sensitive indicator of the con- 
formational integrity of the enzyme 
molecule (11), and the fact that the 
peak positions of the C2 protons of the 
histidines of the selectively deuterated 
enzyme (Fig. 1B) correspond to those 
of the protonated enzyme suggests that 
the two are conformationally identical. 
Since the tyrosine residues are proton- 
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Fig. 1 (left). NMR spectra (100 Mhz) of the aromatic region 
of protonated staphylococcal nuclease and the selectively deu- 
terated analog of this enzyme. Staphylococcal nuclease from 
the Foggi strain contains four histidine (S), seven tyrosine (Y), 

pBl the i o ' i h ; o i n t ypeone tryptophan (T), and three phenylalanine residues (10). In 
the selectively deuterated analog, the phenylalanines are fully 
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PS DOWNFIELD FROM MS of the inhibitor 3',5'-thymidine diphosphate are identified by the symbols H6 and HI'. All solutions contained 0.3M NaCl in 99.87 percent D20 and were adjusted to pH 8.0 ? 0.1 (uncorrected 
glass electrode) at 32?C with NaOD or DC1. Spectra were obtained with a Varian HA-100 spectrometer at a sweep rate of 1 
hz/sec. The probe temperature was 32?C. Spectra were averaged over the given number of scans with a Varian C-1024 computer of average transients. The external standard used was hexamethyl disiloxane (HMS). (A) Twenty percent solution of protonated 
staphylococcal nuclease; 60 scans. (B) Six percent solution of the selectively deuterated analog of nuclease; 129 scans. The bar 
graph indicates the predicted intensities of the spectral lines. (C) Six percent solution of the selectively deuterated analog of nuclease 
plus the inhibitor 3',5'-thymidine diphosphate; the molar ratio of inhibitor to enzyme is approximately 3; 147 scans. (D) Six 
percent solution of the selectively deuterated nuclease analog plus 3',5'-thymidine diphosphate (the molar ratio of inhibitor to 
enzyme is approximately 3) plus calcium ion (the molar ratio of Ca2" to enzyme is approximately 10); 130 scans. 
Fig. 2 (right). A portion of the aliphatic region of the NMR spectrum (100 Mhz) of staphylococcal nuclease and the selectively deuterated nuclease analog. Solutions and experimental conditions are the same as in Fig. 1, curves A-D. Tentative assignments of the S-methyl (S-CHs) peaks (M1-M4) of the four methionine residues of the enzyme are given. The 5-methyl (5-CH,) peak of 
the inhibitor 3',5'-thymidine diphosphate is identified. (A) Protonated staphylococcal nuclease; 31 scans. (B) Selectively deuter- 
ated nuclease analog; 92 scans. (C) Selectively deuterated nuclease plus 3',5'-thymidine diphosphate; 58 scans. (D) Selectively deuterated nuclease plus 3',5'-thymidine diphosphate plus calcium ion; 56 scans. 
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ated in only the 2- and 6-positions of 
the ring they appear as singlets in the 
spectrum of the selectively deuterated 
staphylococcal nuclease. This simplifica- 
tion allows the peak positions of the 
individual tyrosines to be determined. 
The positions of the peaks corre- 
sponding to the single tryptophan resi- 
due were deduced from its unique 
splitting pattern. 

The effect of a threefold excess of 
the inhibitor deoxythymidine-3',5'-di- 
phosphate (pdTp) on the spectrum of 
the selectively deuterated nuclease is 
shown in Fig. 1C. The most striking 
change in the spectrum of the nuclease 
occurs in the region of tyrosine peaks 
Y4 and Y5. The peak height diminishes 
by almost one-half in the presence of 
the pdTp indicating that one of these 
peaks is either broadened or shifted. Our 
interpretation favors broadening of this 
peak. Tyrosine peaks Y6 and Y7 are 
shifted downfield in the presence of 
pdTp and appear to become magneti- 
cally equivalent. Tyrosine peaks Y1 and 
Y2 shift downfield slightly. The trypto- 
phan spectrum appears to remain un- 
changed. 

The proton in the 6-position (H6) 
of the thymine ring of the inhibitor is 
shifted 35 hz upfield from its posi- 
tion in the absence of selectively deu- 
terated staphylococcal nuclease and is 
broadened markedly. The proton of the 
ribose (HI') is shifted 3 hz upfield 
and broadened only slightly in the pres- 
ence of the deuterated nuclease. Similar 
changes in the pdTp spectrum have 
been observed in the presence of the 
protonated nuclease (11). 

Further changes in the pdTp spec- 
trum of the deuterated nuclease occur 
on the addition of calcium ion. The 
H6 peak and, to a lesser extent, the 
HI' peak of pdTp are further broaden- 
ed in the presence of Ca2+. Tyrosine 
peaks Y6 and Y7 shift further down- 
field. Tyrosine peaks Y1, Y2, and Y3 
are shifted upfield and become more 
nearly equivalent. 

A portion of the aliphatic NMR 
spectral region of the protonated nu- 
clease is shown in Fig. 2A. The simpli- 
fied spectrum of the selectively deu- 
terated nuclease is reproduced in Fig. 
2B. The methyl peak of methionine 
monomer occurs at 247 hz. In this 
region, there appear two broad peaks 
(M1, M2), tentatively identified as 
methionine peaks. The sharp peaks at 
169 and 162 hz have the proper inten- 
sity for methyl peaks and are tentatively 
labeled M3 and M4. The peaks in the 
region 350 to 275 hz probably repre- 
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sent peaks corresponding to the y-CH2 
groups of the four methionine residues, 
,P-CH2 groups of the 14 aspartic and 
asparagine side chains and y-CH2 
groups of the 18 glutamic and glutamine 
groups. The peak at 97 hz is a sideband 
from the HMS (hexamethyldisiloxane) 
peak used as an external standard. The 
peak identified as M1 is the only reso- 
nance line in this region, which appears 
to be affected by the addition of pdTp 
(Fig. 2C) and pdTp + Ca2+ (Fig. 
2D). The 5-methyl peak of pdTp is 
broadened but not shifted in the pres- 
ence of the selectively deuterated en- 
zyme. It remains unshifted but broadens 
when calcium ion is added. 

The chemical shifts of amino acid 
side chain protons in peptides are af- 
fected only slightly by peptide bond 
formation, nearest neighbors (12), and 
helix formation (13). The large shifts 
observed in several peaks of the proton- 
ated side chains of the deuterated nu- 
clease from their monomer positions, 
therefore, reflect the enivronment con- 
ferred on them by the tertiary structure 
of the enzyme. The NMR peaks of the 
single tryptophan residue of the deu- 
terated enzyme lie 53 hz upfield from 
their positions in the dipeptide tryp- 
tophanylalanine. Shifts of this direction 
and magnitude are observed on stack- 
ing of aromatic rings. The expected 
chemical shift at pH 8.0 for deuterated 
tyrosine in which the 2- and 6-positions 
in the ring are protonated is 716 hz, or 
approximately the position of Y2 (Fig. 
1B). Thus, in the deuterated nuclease, 
one tyrosine is shifted downfield (Y1) 
and five tyrosines are shifted upfield (Y3 
to Y7) from their normal positions. It 
is the nonequivalence of the tyrosines 
which makes the aromatic region of the 
spectrum of protonated nuclease (Fig. 
1A) virtually impossible to interpret. 
The ring protons of tyrosine give an 
AA'BB' spectrum which is roughly a 
quartet. These overlapping quartets 
probably account for the relatively fea- 
tureless spectral envelope of the fully 
protonated nuclease. 

The 35-hz upfield shift of H6 of 
pdTp and the concurrent shifts in the 
tyrosine peaks of the deuterated enzyme 
indicate that the inhibitor is bound to 
the enzyme in the absence of Ca2+. 
This result is at variance with the con- 
clusions of Cuatrecasas, Fuchs, and 
Anfinsen (14). However, the binding 
constant in the absence of calcium may 
be so small that it is undetectable by 
the methods they used, or it may be 
altered by the relatively high ionic 
strength used in our experiments. The 

addition of Ca2+ to a mixture of selec- 
tively deuterated nuclease and pdTp 
does produce further striking changes 
in the spectrum. The broadening of the 
H6 peak of pdTp and the further 
shifting and broadening of the tyrosine 
peaks indicate the formation of a 
stronger complex. Even in the presence 
of Ca2+ the bound pdTp appears to 
be exchanging rapidly with free excess 
pdTp in solution since only a single 
broad H6 peak of pdTp is observed. 
Thus, one may calculate from the ob- 
served 35-hz shift in the H6 peak of the 
bound as compared to the unbound 
pdTp an upper limit of 5 X 10-3 
second for the lifetime of the inhibitor- 
enzyme complex. 

Calcium ion alone at similar con- 
centrations shifts only the histidine 
C2-H peaks of the deuterated nuclease. 
Shifts of these C2-H peaks in staph- 
ylococcal nuclease in the presence of 
Ca2+ have been reported (1). 
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