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Summary 
The relaxation rates of the multiple-quantum coherence for the amide hydrogen of Gly ~3 in ras p21 oGDP 
were determined in the presence and absence of ~70 labeling in the 13-phosphate of GDP. No significant 
difference could be observed between labeled and unlabeled samples, in spite of the fact that the hydro- 
gen bond from the amide group of Gly 13 to the ~-phosphate is shorter than is typical, based on its 
chemical shift. For macromolecules in which an oxygen atom is the acceptor of a hydrogen bond, 
dipolar coupling between 170 and hydrogen is unlikely to be observable, except for extremely short H- 
bonds. 

Introduction 

Hydrogen bonds are ubiquitous throughout biomolecu- 
les. NMR can detect the existence of hydrogen bonds, 
apart from complete structural determination, primarily 
from chemical shift changes of the donor atom and the 
hydrogen itself. It would be of interest to detect and iden- 
tify the acceptor atom spectroscopically, and also to char- 
acterize the length of the hydrogen bond. As part of our 
continuing studies of the 21-kD products of the ras genes 
(p21), we are interested in the hydrogen bonds formed 
between the anionic oxygen atoms of tightly bound gua- 
nine nucleotides and the amide hydrogen atoms of the 
main chain. It is believed that the two most downfield 
amide hydrogen resonances in p21oMg(II)GDP belong to 
Gly 13 (Campbell-Burk et al., 1989) and Lys 16 (Redfield 
and Papastavros, 1990; Campbell-Burk et al., 1992) and 
that these two residues form hydrogen bonds to the di- 
phosphate portion of GDP (Tong et al., 1991). The reson- 
ance assigned to Gly 13 moves upfield when GTP analogs 
replace GDP (Miller et al., 1993), an exchange which 
drives p21 into its active state (Marshall, 1993). An inter- 
pretation of this upfield change in chemical shift is that 

this residue forms shorter H-bonds to the nucleotide in 
the GDP than in the GTP form (Wagner et al., 1983), 
and the shift indicates that these signals are markers for 
the relatively small conformational change of this region 
of the protein accompanying nucleotide substitution (Pai 
et al., 1990; Tong et al., 1991). 

We reasoned that the presence of 170 bound to the [3- 
phosphorus of GDP might lead to an observable increase 
in the relaxation rate of the amide proton of Gly 13, typi- 
cally detected by 1H/15N correlation experiments. Two 
reports have appeared which bear on this question. In 
their study of (+)-CC-1065 bound to a specific DNA 
duplex, Hurley and collaborators observed a shortening 
of T 2 for protons bound to oxygen or nitrogen in the 
presence of ~70 in the phosphate backbone or as H2170 
(Lin et al., 1991). These workers used only 1D proton 
NMR. On the other hand, Fesik and co-workers found 
that H2170 had essentially no effect on the IH relaxation 
parameters of the amide protons of the complex of (uni- 
formly 15N-labeled) FK506 binding protein with ascomy- 
cin (Yu et al., 1993). T2 values are about 10% shorter for 
most of the amide groups in the 170 sample, a fact which 
the authors suggest is the result of a difference in viscos- 
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ity between the two samples. These results cast some 
doubt on the changes in T 2 s e e n  with (+)-CC-1065. Both 
of these studies examined the T2 of 1H nuclei. 

For macromolecules, lIT 2 is dominated by the zero- 
frequency component of the spectral density function 
(Becker, 1980) and lIT 2 of the multiple-quantum coher- 
ence is not affected by dipolar coupling between the pro- 
ton and the nitrogen, at least to a first-order approxima- 
tion (Griffey and Redfield, 1987; Kay and Bax, 1990). 
The rate of (single-quantum) transverse relaxation of the 
amide proton, by contrast, is a function of the dipolar 
coupling to ~SN, and since this relaxation mechanism is in 
competition with dipolar broadening brought on by a 
more distant 170 nucleus, we felt that the rate of multiple- 
quantum relaxation might be more sensitive to the pres- 
ence of 170. 

In this paper we report the relaxation rate of the 
1H/15N multiple-quantum coherence of G l y  13 in the pres- 
ence of GDP compared with [170]GDE Since GDP is 
anionic, it may form shorter H-bonds than H20 and 
produce greater line broadening. We delineate the condi- 
tions under which observation of dipolar line broadening 
by 170 is likely. 

Materials and Methods 

Synthesis of [170]GDP 
[170]p i w a s  synthesized from 50% H2170 (Cambridge 

Isotope Laboratories, Andover, MA) and PC15 (Hackney 
et al., 1980). After elution from a column of AG1-X8 
with 30 mM HC1, the phosphoric acid was combined with 
distilled pyridine to give the pyridinium salt of phosphate. 

[170]GDP was synthesized from guanosine 5'-mono- 
phosphate 4-morpholine-N,N'-dicyclohexylcarboxamidine 
(Sigma, St. Louis, MO) and [170]p i (Moffatt, 1961). Tri- 
octylamine was stirred with Call  2 and distilled under 
reduced pressure. The GDP was purified on a DEAE 
Sephadex column (80 ml) with a 2 1 gradient of 0.1-0.5 M 
triethylammonium bicarbonate at a flow rate of 1.5 ml/- 
min (Reed and Leyh, 1980). The triethylamine had been 
stirred with Call  2 and distilled. Isotopic enrichment of the 
[I70]GDP was estimated to be 50% by integration of the 
31p signals of the tx- and ]3-phosphates (Tsai, 1979). 

Production of p21.[lYO]GDP 
p21oGDE labeled with [15N]glycine, was expressed and 

purified as described previously (Halkides et al., 1994). A 
sample of p21 (14 mg) was treated with alkaline phos- 
phatase and 1.5 equiv of GMPPCP (Boehringer Mann- 
heim) as described previously (Halkides et al., 1994). 
Then 1 mM EDTA and 10 equiv of [xYO]GDP were added 
and the mixture was kept at room temperature for 1 h. 
Finally, MgSO4 was added and the buffer was changed to 
20 mM Tris'HCl (pH 7.5 at 23 ~ mM NaCI/10 mM 
DTT/5 mM MgCI/0.02% sodium azide/1 ~M GDP by 
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Scheme 1. Pulse sequence of the modified difference-echo HMQC 
experiment. 

means of size-exclusion chromatography using a PD-10 
column (Pharmacia, Piscataway, N J). Since the affinity of 
p21 for GDP is about 100-fold greater than for GMPPCP 
(Scherer et al., 1989), the labeled GDP was expected to 
replace the GMPPCP completely, and an HPLC assay 
(Halkides et al., 1994) confirmed that p21 was entirely in 
the GDP form. 

NMR spectroscopy 
All NMR experiments were performed on a Bruker 

AMX-500 spectrometer at 11 ~ We modified the differ- 
ence-echo experiment by adding two 180 ~ pulses on 15N 
and four delays t' (Lowry, 1991). We used 15 or more 
values of t', ranging from 3 kts to 6 ms (see Scheme 1). In 
Scheme 1, all proton pulses are jump-return pulses with 
an interpulse delay of 95 ~ts for the 90 ~ pulse, and nitro- 
gen pulses are 25 and 50 las for the 90 ~ and 180 ~ pulses, 
respectively. The spectral width was 7042 Hz and 2K data 
points were collected. GARP decoupling of 15N was used 
during acquisition. FIDs were zero-filled twice and expo- 
nentially multiplied with a line broadening of 5 Hz. 

Data analysis 
The loss of phase memory can be expressed by: 

M x(t)/Mo = exp(-R2t ) (1) 

where R 2 is the sum of the rate constants for all relax- 
ation processes, except dipolar broadening from 170. 
When the correlation time is relatively long, the dominant 
dipolar relaxation from ~70 may be written as 

R207o) = 1/20 (35/3) (2nR) 2 (4xc) (2) 

where R = (g0/4n)r-37~uY17o(h/4n 2) (Harris, 1983). Higher 
frequency terms have not been included in this equation, 
because they make a small contribution to R2 for macro- 
molecules (Kay and Bax, 1990). The factor of 3513 
accounts for the fact that ~70 is a spin 512 nucleus and is 
the ratio of I(I+l) for a spin 512 to a spin 1/2 nucleus 
(Becker, 1980). Zc is the correlation time. Evaluation of 
the constants shows that 

R2~lVo~ = (2.444 x 10 -5~ (r -6) xc (3) 

where r is expressed in meters and z c in seconds. 
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Fig. 1. (A) 'H NMR spectrum of ['SN]Gly-labeled p21.GDP at 500 
MHz. The resonance assigned to Gly 13 has a chemical shift of ~ 10.5 
ppm. The data were acquired with a modification of a difference-echo 
sequence (Scheme 1), with t'= 3 ~ts. Exponential line broadening (5 
Hz) was used as apodization. (B) 1H NMR spectrum of [lSN]Gly- 
labeled p21o[~70]GDP at 500 MHz. The conditions are identical to 
those described in (A). 

Molecules bearing the 170 label possess a relaxation rate 

R2,tot = R 2 + R2(17o) (4) 

Molecules without the label possess a relaxation rate 
R 2, which may be dominated by CSA broadening of 
either the 15N or the proton spin (Kay and Bax, 1990). 

We analyzed the relaxation data as follows. We used 
a value for the rotational correlation time of 20.9 ns at 11 
~ (Hazlett et al., 1993). After fitting the relaxation rate 
for unlabeled GDP to obtain R 2, we fitted the data ob- 
tained with the ~70-labeled sample to Eq. 5, treating R 2 
as a constant to obtain R2,to t. The fact that the 170 la- 
beling was incomplete means that there are two popula- 
tions of NH protons, each relaxing at different rates, and 
that the expression for the relaxation rate of all observed 
magnetization is the sum of two exponentials: 

Mx(t)/M 0 = (1 - F) exp(-R2t ) + (F) exp(-R2,tott ) (5) 

where F is the fractional incorporation of 170 at a single 
site on the ~-phosphate of  GDP. 

We plotted Eq. 5 for different ratios of  the two rate 
constants using the program TEMATH (Brooks/Cole 
Publishing, Pacific Grove, CA, 1991). When the natural 
log of the peak area is plotted versus the length of the 
delay, the degree of curvature in the graph is dependent 
on the difference in relaxation rates as well as on the 
isotopic enrichment (if R2(17o) is small relative to R2, then 
essentially a straight line is obtained). A twofold differ- 
ence in rates produces noticeable curvature at 40-50% 
enrichment. We take this as the minimum difference that 
we can detect at the SfN level obtained with our experi- 
ment. Nonlinear least-squares fitting of the experimental 
data to Eq. 5 for both labeled (F=0.5) and unlabeled 
samples (F=0)  was done using the program Kaleida- 
Graph (Synergy Software, Reading, PA, 1992). 

Results 

Using the pulse sequence of Scheme 1, we recorded ~H 
N M R  spectra of p21oGDP with successively longer values 
of  t'. Figure 1A shows the spectrum of p21 complexed 
with unlabeled GDP with t '= 3 Its, and Fig. 1B depicts the 
spectrum of p21 complexed with [aTO]GDP under the same 
conditions. No obvious differences in intensity or line 
shape of the resonance at ~ 10.5 ppm (Gly t3) are apparent. 
We determined the relaxation rate of the multiple-quan- 
tum coherence of the amide group of Gly  13 in the presence 
of unlabeled GDP using the sequence shown in Scheme 1. 
Since there are four delays in the sequence, we divided the 
slope of the best fit line by 4 to calculate the value of R 2 
to be 0.117 ms -1 and T2=8.5 ms. The value of R 2 agrees 
well with the ~ 40 Hz line width for this resonance in the 
lSN dimension of HMQC spectra (data not shown). 

We repeated the relaxation experiment twice in the 
presence of [170]GDP; the results are shown in Fig. 2. We 
fitted the 170 data to Eq. 4, setting R2=0.117 ms -1 and 
calculating the best value of R2,to t. The first trial produced 
a value of 0.408/4=0.102 m s  -1 and in the second trial a 
value of 0.507/4 = 0.127 ms -1 was found for R2,to t. Because 
R2,to t is defined as the sum of R2 and R2(17o) , the data of 
the second trial (in which R2,to t > R2) suggest that R2(17o) is 
small. However, the data of  the first trial (in which R 2 > 
R2,tot) would yield a small, negative value of R2(17o) , which 
is absurd. Therefore, these data suggest that R2(17o) is tOO 
small to be observed. 

Discussion and Conclusions 

We chose to use a modification of the 1D (difference- 
echo) version of the HMQC experiment (Scheme 1) on a 
sample of p21 that had been labeled with [lSN]glycine. It 
has been shown that the relaxation rate of the multiple- 
quantum coherence is (to a first-order approximation) un- 
affected by dipolar coupling between I and S (IH and lSN, 
in this case), whereas transverse relaxation of the single- 
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Fig. 2. The natural logarithm of peak area as a function of t'. The 
area of the resonance at ~ 10.5 ppm (Gly 13) is plotted. The solid curve 
is the best fit to Eq. 4. An increase in relaxation rate caused by the 
presence of ~70 would bring about curvature of this decay. 

quantum coherence of the amide proton is affected by 
dipolar coupling to 15N (Griffey and Redfield, 1987; Kay 
and Bax, 1990). This also implies that measurement of the 
decay rate of zero- and double-quantum coherence will be 
more sensitive to the presence of other nuclei, namely 170, 
which are dipolarly coupled to the proton, than a simple 
proton relaxation experiment. We focussed our attention 
on the signal at ~ 10.5 ppm, which has been assigned to 
the amide group of Gly 13 (Campbell-Burk et al., 1989). 

We consider three cases. The contribution to the relax- 
ation rate from the presence of 170 may be much faster 
than, about equal to, or much slower than the rate due to 
the sum of all other mechanisms. The first case would 
manifest itself as a decrease in intensity of the Gly ~3 res- 
onance relative to all other peaks, even at short values of 
t'. Comparison of Figs. 1A and B shows that this is not 
observed. If the log of the intensity of this resonance is 
plotted versus the length of the delay, the second case 
would manifest itself either as curvature of this plot if the 
data were ideal, or possibly merely as an overall increase 
in relaxation rate. The third case would produce data 
which give insignificant curvature of such a plot. 

The rate of ~70-dependent relaxation increases with the 
inverse sixth power of the oxygen-hydrogen distance, and 
the expected distance between donor and acceptor in our 
system is uncertain. When both the phosphorus-contain- 
ing species and the nitrogen-containing species are neu- 
tral, the length of the hydrogen bond from the NH group 
to the oxygen acceptor is 1.99 A (Kostansek and Busing, 
1972). On the other hand, a cationic nitrogen atom do- 
nating a hydrogen bond to an anionic oxygen atom with- 
in a phosphoryl group displays somewhat shorter dis- 
tances. For anionic diesters of phosphate, forming hydro- 
gen bonds to imidazolium counterions, the average dis- 
tance between oxygen and hydrogen atoms is 1.83 A as 
determined by X-ray crystallography (Holmes et al., 
1992). However, X-ray crystallography is known to give 
significantly shorter (~0.1 ]~) bonds between hydrogen 
and a more electronegative atom to which it is directly 

attached than does neutron diffraction. This is illustrated 
by comparing the N-H bond distances in the urea/phos- 
phoric acid adduct studied by neutron diffraction (Kos- 
tansek and Busing, 1972) and by X-ray crystallography 
(Mootz and Albrand, 1972). We estimate that the dis- 
tances between oxygen and hydrogen are about 0.1 A less 
than 1.8 A; therefore, we take 1.7 A to be an approxi- 
mate lower bound for the oxygen-hydrogen distance 
when both donor and acceptor atoms are charged. 

The case of an anionic oxygen (from GDP) accepting 
a hydrogen bond from a neutral amide group (from Gly L3) 
would seem to be intermediate between these two cases. 
The relatively large downfield shift (~ 10.5 ppm) of this 
residue suggests that this group forms a shorter H-bond 
than most other amides in p21 (Wagner et al., 1983), 
many of which are involved in H-bonding to neutral 
carbonyl oxygen atoms of the peptide chain. The small- 
molecule models suggest the use of 2.0 A as the upper 
bound and 1.7 A as the lower bound for the oxygen-hy- 
drogen bond distance between the amide of Gly ~3 and 
GDR 

From Eq. 2, we calculate that the distance between the 
hydrogen and oxygen atoms would have to be 1.27 A to 
double the relaxation rate of the [170]GDP-containing 
species relative to the [160]GDP-containing species. The 
reason for the lack of any observed increase in relaxation 
rate is probably that the hydrogen bond is longer than 
this value. Even if the oxygen-hydrogen bond distance 
were 1.7 A, the increase in relaxation rate is calculated to 
be about 17%. A second reason is that the effective corre- 
lation time (Lipari and Szabo, 1982) may be shorter than 
20 ns, the rotational correlation time found from fluor- 
escence studies (Hazlett et al., 1993). The 170 relaxation 
pathway might still be observable for hydrogen bonds 
which are shorter and more constrained than the one 
between the amide proton of Gly 13 and the 13-oxygen 
atoms of GDP (Kostansek and Busing, 1972). Higher 
enrichment and, possibly, observation at a lower field 
where CSA broadening would be less, would facilitate 
observation of 170 relaxation. 
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