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ABSTRACT: [ 15N]Glycine was biosynthetically incorporated into normal cellular N-ras p2 1 and a position 
12 transforming mutant, in order to produce p21 proteins containing several site-specific N M R  probes a t  
or near activating positions in the guanine nucleotide binding domain. We  have previously assigned all five 
glycine resonances located in loops directly involved in binding of guanosine diphosphate in the wild-type 
p21 protein [Campbell-Burk, S., Papastavros, M. Z., McCormick, F., & Redfield, A. G.  (1989) Proc. Natl. 
Acad. Sci. U.S.A 86, 817-8201, In this report, the corresponding glycine resonances in the p21 mutant 
have been assigned, and spectral differences between normal and mutant p2 1-guanosine diphosphate 
(p210GDP) complexes have been investigated. Our combined 'H(15NJ and 31P N M R  results show that 
substitution of aspartate for glycine- 12 produces perturbations in the phosphoryl binding domain, near the 
point of the mutation. Although many of the remaining glycines were unaffected, spectral differences were 
also observed outside the GDP binding domain. Two of the five active-site glycines in wild-type p21.GDP 
have very slow amide proton exchange rates with water ( k  < 2.8 X s-l). The active-site glycines are 
located in solvent-exposed loops, so their apparent solvent inaccessibility may result from strong hydrogen 
bond formation between glycine amide protons and bound guanine diphosphate and/or other nearby groups 
in p21. 

x e  most prevalent oncogene found in human cancer belongs 
to the ras gene family (Nishimura et al., 1987). There are 
three well-characterized classes of mammalian ras genes (N- 
ras, K-ras, and H-ras) which encode highly related 21-kDa 
proteins [for a recent review, see Barbacid (1987)l. p21 
proteins are located on the inner surface of the plasma mem- 
brane (Willingham et al., 1980; Furth et al., 1983), bind 
guanine nucleotides with high affinity (Scolnick et al., 1978; 
Papageorge et al., 1982; Finkel et al., 1984), and possess 
guanosinetriphosphatase (GTPase) activity (McGrath et al., 
1984; Sweet et al., 1984; Gibbs et al., 1984; Manne et al., 
1985). 

Certain point mutations in the coding sequences of ras genes 
give rise to p21 proteins capable of inducing transformation- 

+ This work was partially supported by USPHS Grants 5-F32- 
G M I  1847 and GM20168 to S C - B .  and to A. G. Redfield and by the 
Cetus Corp. 

'Present address: E. I. du Pont de Nemours and Co., Inc., CR&D, 
Wilmington, DE 19880-0328. 

specific phenotypes. Mutant p2 1 proteins derived from cellular 
(N-ras) and retroviral (v-H-ras, v-K-ras) ras oncogenes have 
one to two amino acid substitutions at  positions 12, 13, 59, 
and 61 (Tabin et al., 1982; Reddy et al., 1982; Taparowsky 
et al., 1982; Yuasa et al., 1983; Bos et al., 1985). These 
mutant proteins were found to possess lower guanosinetri- 
phosphatase activity relative to their normal cellular homo- 
logues (Yuasa et al., 1983; Capon et al., 1983; Reddy et al., 
1982). A large number of mutants were produced by site- 
directed mutagenesis, and their biochemical properties and 
transformation capabilities were characterized. A correlation 
was found between mutant proteins capable of stabilizing the 
GTP-bound conformation and loss in cellular growth control, 
suggesting that p2l.GTP is the biologically active form. 

Although the function of p21 proteins is currently unknown 
despite intensive investigation, similarities between p21 proteins 
and mammalian G-proteins have led to the hypothesis that 
p21 proteins may be involved in signal transduction (Halliday, 
1984; Gilman, 1987). In analogy with the well-characterized 
adenylate cyclase regulating G-proteins, G, and Gi (Gilman, 
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1984, 1987), binding of specific guaning nucleotide substrates 
(GDP, GTP) is believed to promote association and dissoci- 
ation of p21 from its targets by generation of an activated 
enzyme via a GTP-dependent mechanism and inactivation by 
enzymatic hydrolysis to GDP and inorganic phosphate. 

Site-directed mutagenesis studies have identified several 
domains which are critical for p21 function (Barbacid, 1987). 
A crystal structure of H-ras p21.GDP has recently been re- 
ported (de Vos et al., 1988), showing most of these critical 
domains or positions to be located in loops which connect 
a-helix or @-sheet secondary elements. These loops are highly 
conserved in N-ras and H-ras p21 and contain active-site 
residues involved in binding of guanine nucleotides, putative 
molecular recognition sites, and amino acids involved in 
Y13-259 antibody binding (Sigal et al., 1986). Regions 
containing loops are generally difficult to define by structural 
analysis relative to a-helix and @-strand secondary structural 
elements because they lack predictable periodic structure, are 
generally located at surface-exposed regions, and have more 
conformational flexibility. However, these same features, 
which make structural analyses difficult, may prove important 
for molecular recognition and binding of ligands. 

In our initial studies, [lSN]glycine was biosynthetically in- 
corporated into both wild-type p21 and a transforming mutant 
(Gly- 12 - Asp- 12) because several glycines are located at or 
near activating positions in the p21.GDP binding domain 
(deVos et al., 1988). With the use of isotope-edited 1D and 
2D NMR techniques [reviewed in Griffey and Redfield 
(1987)], the 14 glycine resonances were filtered out from over 
1000 proton resonances, providing considerable spectral sim- 
plification. All five glycine residues located in GDP binding 
loops were previously identified in wild-type p2 1.GDP 
(Campbell-Burk et al., 1989) using proton-edited NMR 
techniques. 

We report here the assignment of several active-site glycines 
resonances in an Asp-12 transforming mutant and 31P and 
isotope-edited NMR results obtained from studying spectral 
differences between normal and mutant p21 proteins com- 
plexed to guanosine diphosphate. 

MATERIALS AND METHODS 
Production of [ lSN] Glycine-Enriched p21 Proteins. 

[ lSN]Glycine-enriched N-ras p21 and [lSN]glycine Asp-1 2/ 
p21 proteins were produced as previously described (Camp- 
bell-Burk et al., 1989). Guanosine diphosphate was obtained 
from Boehringer Mannheim and used without further puri- 
fication. 

GTPase Assay. GTPase activity of p21 proteins was de- 
termined by using a radioassay similar to that of Manne et 
al. (1984). The standard assay reaction mixture consisted of 
10 pg/mL p21,2.5 mM GTP (95 pmol of [yJ2P]GTP, -5000 
Ci/mmol), 50 mM tris(hydroxymethyl)aminomethane, 5 mM 
MgCl,, and 2 mM dithiothreitol, pH 7.5, 37 OC, in a total 
volume of 0.2 mL. Aliquots (0.04 mL) of the reaction mixture 
were taken at different times and quenched in an ice-cold 
solution containing 0.05 mL of 6 M HCl, 0.15 mL of 3.75% 
(NH4)6M07024, and 0.3 mL of butyl acetate, 0 "C. The 
quenched reaction mixture was vortexed for 30 s and cen- 
trifuged at 5000 rpm in a clinical centrifuge. One hundred 
microliters of the organic phase was added to 10 mL of 
scintillation fluid (Opti-fluor, Packard) and counted using a 
Beckman scintillation counter. Protein concentration was 
determined by using the Bio-Rad assay. 

Samples (10-20 mg) for N M R  
analysis were prepared by dialysis against 50 mM NaCl, 5 mM 
MgC12, 0.2 mM dithiothreitol, and 0.02% sodium azide with 

N M R  Spectroscopy. 

Biochemistry, Vol. 28, No. 24, 1989 9479 

either 20 mM Tris, pH 7.5, or 50 mM borate, pH 8.2. The 
samples were then concentrated at low pressure in an Amicon 
Model 8010 with a Diaflo YMlO membrane, followed by 
further concentration to about 0.4 mL with Amicon Centricon 
10 cartridges. D 2 0  (Bio-Rad, biochemical grade) was added 
to 10% for NMR lock. 

Exchange of NMR samples into a D20-based buffer was 
accomplished by using a Quik-sep column (Isolab Inc., Akron, 
OH). Sephadex G-25 resin was equilibrated with NMR buffer 
prepared in D20,  and 2.5 mL was added to the spin column. 
The excess solvent was quickly spun out using a rotating-bucket 
centrifuge. The excluded solvent was then removed by a 
second spin at full speed for 90 s. Up to 450 pL of protein 
sample was added and spun again for 60-90 s at full speed, 
and the effluent protein was collected for NMR analysis. 

Proton-I5N 2D correlation or HMQC (Bax et al., 1983; 
Griffey & Redfield, 1987) and edited nuclear Overhauser 
effect (NOE) experiments were performed as described pre- 
viously (Griffey & Redfield, 1987; McIntosh et al., 1987; 
Campbell-Burk et al., 1989), on a home-built 500-MHz 
spectrometer and using a quadruply tuned probe supplied by 
Cryomagnet Systems. Data were transformed on an IBM AT 
compatible microcomputer with minor preweighting to reduce 
H 2 0  noise and to optimize resolution. The data were then 
transferred to a VAX computer for plotting using software 
kindly supplied by Hare Software (Woodinville, WA). 31P 
NMR measurements were performed on a Varian XL 300- 
MHz spectrometer at 121.416 MHz. 

RESULTS 
'H-lSN 2 0  Map of Wild-Type p21-GDP. The HMQC 

(heteronuclear multiple quantum correlation) spectrum of 
wild-type [ *5N]glycine-enriched N-ras p2 1 proteins is displayed 
in the left panel of Figure 1. All 14 peaks are resolved in the 
2D map shown, with each peak corresponding to a single 
glycine amide (lSNH) group in wild-type p21. [lSN]Glycine 
chemical shifts are obtained by extrapolation down to the 
horizontal axis, while the glycine amide proton resonance 
frequencies can be read from the vertical axis. 

All five glycine residues located in the guanosine diphosphate 
binding domain of wild-type p2 1 .GDP have previously been 
identified (Campbell-Burk et al., 1989) with resonances A, 
F, K, L, and N in Figure 1. Three of these glycines resonances 
(A, F, and K), were collectively assigned to glycines at positions 
10, 15, and 1 15. Gly-12 and Gly- 13 were assigned to peaks 
L and N,  respectively. 

Glycine amide proton resonances B, F, and K were the only 
three resonances observed in a HMQC map of Gly-12 p21. 
GDP, 10 h after p21 was transferred to a D20-based buffer 
(Table I). These resonances correspond to 3 glycine residues 
in p21.GDP whose amide protons exchange slowly with water 
(k < 2.8 X s-I), relative to the other 11 glycines in p21. 
Two of the three slowly exchanging amide protons were 
identified as active-site glycine peaks (F  and K). 

Comparison of Normal and Transforming Mutant p21. 
GDP IH-ISN 2 0  Maps. The transforming mutant was ori- 
ginally cloned from a patient with acute myelocytic leukemia 
(Gambke et al., 1985) and encodes a 21-kD protein containing 
aspartate instead of glycine at position 12. The GTPase ac- 
tivities of normal and mutant p21 proteins were found to be 
similar to those reported by Trahey et al. (1987), with Asp-12 
p21 retaining approximately 50% of wild-type GTPase activity. 
The GTPase activity of normal and mutant p21 proteins did 
not vary over the course of the NMR measurements. 

Comparison of normal and transforming mutant 2D maps 
shows both chemical shift as well as intensity variations in 
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taining both [ l-13C]valine and [I5N]glycine allowed active-site 
resonances corresponding to Gly-1 0, - 15, and - 1 15 in wild-type 
p21 to be collectively identified (Campbell-Burk et al., 1989). 
These assignments were made by observing changes in the line 
width of [ 15N]glycine resonances in heteronuclear correlation 
2D maps of doubly labeled [ l-'3C]valine/ ["Nlglycine before 
and after I3C decoupling of carbonyl amide splittings. 

In a similar manner, HMQC spectra of Asp- 12/p2 1 .GDP 
doubly labeled with [ l-'3C]valine and [I5N]glycine were re- 
corded (Figure 2). The 13C nucleus splits glycine 15NH 
resonances of the three glycine residues which possess valine 
N-terminal neighbors (Gly-10, -15, and -115). Since the 
coupling constant is on the order of the line width (- 15 Hz), 
peak broadening rather than splitting is observed in the 15N 
dimension of Figure 2a. Inspection of Figure 2a shows reso- 
nances A', F', and K' broadened due to the J(  l3C-I5N) cou- 
pling interaction. The HMQC spectrum acquired with 
monochromatic radiofrequency irradiation applied to the I3C 
amide region is displayed in Figure 2b. Peaks labeled A', F', 
and K' show increased intensity and narrower line widths in 
the I5N dimension relative to Figure 2a, due to collapse of J 
coupling between [ 13C]Val/ [ "NIGly. 

These measurements do not provide individual assignments 
for glycines- 10, - 15, and - 1 15 (collectively assigned to A', F', 
and K'), because all three glycine residues share a valine 
N-terminal neighbor. The resonance at 8.2, 114.1 ppm was 
assigned to F' since its chemical shift is identical with glycine 
peak F in the wild-type HMQC 2D spectrum. Similarly, A' 
was assigned to the peak at 7.1, 108.0 ppm since its chemical 
shift is similar to resonance A in wild-type p21 (7.1, 108.0 
ppm). By difference, the peak at 8.9, 11 1 .O ppm was assigned 
to K'. 

Further confirmation of A', K' assignments was obtained 
by use of a one-dimensional isotope-edited NOE experiment. 
This NMR technique (Griffey & Redfield, 1987) selects for 
nuclear Overhauser effects from only a single preselected 
amide proton residing on a I5N-labeled nitrogen. The edited 
NOE experiment is similar to ordinary 1D NOE measure- 
ments but uses predecoupling of I5N frequencies, guided by 
the chemical shift information from 2D maps such as Figure 
1. This method was previously used to assign Gly-12 and 
Gly-13 N H  resonances in wild-type p21.GDP (Campbell-Burk 
et al., 1989). 

The downfield region (7-11 ppm; 'H) of wild-type and 
mutant isotope-edited NOE difference spectra, produced by 
selective irradiation of nitrogen and proton resonance fre- 
quencies of peaks K and K', is shown in the top and bottom 
of Figure 3a, respectively. Identical downfield NOE peaks 
are generated by irradiation of K and K', indicating that they 
arise from the same glycine residue. Thus, the resonance at 
8.6, 110 ppm (K) in wild-type p21.GDP appears to shift to 
8.9, 110 ppm (K') in the transforming mutant. 

Nuclear Overhauser effects characteristic of a valine spin 
system were observed in the upfield region (not shown), in- 
dicating that K and K' are within 5 A from a valine side chain. 
An isotope-edited NOE difference spectrum of Asp-12 
p21.GDP, produced by selective irradiation of A' at 7.2, 108 
ppm (IH, 15N ppm), is shown in Figure 3b. Strong upfield 
NOES unique to valine CB-methine and Cy-methyl protons are 
observed. These results are consistent with our assignments 
of A' and K' obtained on a doubly [1-l3C]Val, [15N]Gly 
mutant ras sample. 

The resonance corresponding to glycine-1 3, located next to 
the point of mutation, was assigned by comparison of wild-type 
and mutant ras-p21 2D maps after identification of resonances 

GIv-12 A s p 1  2 

, , , I  

124 116 108  100 
I l l 1  

124  116 108 100 

- 7  0 

- 8  0 

'H  
( P P m  

- 9  0 

- 1 0  0 

- 1 1  0 

''N 
(PPm) 

FIGURE 1: Proton-lSN correlation spectra of [I5N]glycine N-ras p21 
(left) and mutant ( A s p l 2 )  [l5N]g1ycine-enriched N-ras p21 (right). 
p21 samples consisted of -2 mM protein in 20 mM Tris, 40 mM 
NaCI, 5 mM MgC12, 0.2 mM DTT, 10% D20, and 0.02% Az. The 
spectrum was recorded at 22 OC, essentially as described by McIntosh 
et al. (1987a,b). Spectra were acquired using a total of 128 t l  with 
16 rl/cycle. Six complete cycles of 5 12 free induction decays and 
512 total points were collected in 9 h. The proton sweep width was 
512 kHz, and the IsN sweep width was 5.0 kHz. The data were 
zero-filled 2-fold and complex Fourier transformed, with mild Gaussian 
convolution flattening and line broadening in both directions. 

Table I: 'H-I5N Heteronuclear 2D Chemical Shift Data 
Gly- 12 ASP- 12 

p21GDP p2 1 G D P  
peak Glv oosition 'H "N Deak 'H I5N 

A 10, 15, 115 7.13 108.0 A' 7.22 108.3 
B 7.18' 101.8 B' 7.21' 101.6 
C 7.94 110.5 C' 7.96 110.5 
D 7.99 111.2 D' 8.06 111.8 
E 8.10 117.4 E' [9.02 111.0Ib 
F 10,15,115 8.19" 114.1 F' 8.20' 114.1 
G 8.33 111.4 G' 8.34' 111.8 
H [60Ic 8.31 108.7 H' [9.02 111.0Ib 
I 8.29 104.1 I' 8.29 104.1 
J 8.52 110.3 J' 8.55 110.1 
K 10,15,115 8.604 110.3 K' 8.92 111.0 
L 12 8.64 107.0 
M 8.92 115.8 M' 8.94 116.0 
N 13 10.48 115.8 N' 10.94 113.9 

either E' or H'. CProbable assignment for Glv-60 NH resonance. 
a Slowly exchanging amide protons. Resonance may correspond to 

several peaks (Figure 1). The mutant contains aspartate 
instead of glycine at  position 12 so its HMQC map contains 
one fewer glycine resonance. The chemical shifts of glycine 
15NH resonances are listed in Table I, with wild-type p21.GDP 
glycine chemical shifts designated as A-N, and Asp-12 
p21.GDP resonances, A'-". All four glycine resonances (A', 
F', K', N') in the GDP binding site of Asp-l2/p21 were as- 
signed as described below. 

There are three Val-Gly pairs (Val9-Gly 10, Val 14-Gly l 5 ,  
and Val1 14-Glyll5) in the sequence of normal and mutant 
p21. HMQC spectra of a doubly labeled p21 sample con- 
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ASP-12 p21 .GDP 

a) No13C Decoupling b)13C Decoupling 
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FIGURE 2: (a) HMQC spectrum of Asp-lZ/pZl.GDP doubly labeled ([l-'3C]valine and [lSN]glycine). Data were acquired with 4-fold increased 
resolution in the IsN dimension and 2-fold increased resolution in the IH dimension relative to Figure 1. (b) HMQC spectrum of [1J3C]- 
~aline/['~N]glycine-labeled Asp-l2(?2l*GDP acquired as described in (a) except that radiofrequency irradiation was applied at the "C-peptide 
carbonyl region, to collapse the [ 1- C] Val/ [ lsN]Gly coupling interaction as described previously (Campbell-Burk et al., 1989). Resonances 
A', F', and K' have higher intensity and decreased line widths in the 15N dimension relative to (a), while the line width of the other resonances 
is not affected by "C irradiation. 

A', F', and K'. Peak N was identified as Gly-13 in the 
wild-type p21.GDP 2D map. This glycine resonance has an 
unusual chemical shift, 10.48, 115.8 ppm (lH, 15N ppm) in 
the 2D spectrum of wild-type p21 and was replaced by a peak 
in the Asp-12 mutant that was sufficiently close to its position 
in the normal protein (10.94, 113.9 ppm) that we assumed it 
arose from the same residue. Resonances N and N' decrease 
significantly in intensity when guanosine diphosphate is par- 
tially removed from the protein. 

The peak positions of three (A, K, N)  out of four (A, F, 
K, N) active-site glycine resonances differ between wild-type 
and mutant p21.GDP 2D maps. A small shift was also ob- 
served for peak D. Although this resonance (D) has not yet 
been assigned, it corresponds to a glycine residue located 
outside the loops directly involved in GDP binding, since all 
of the glycines located in the GDP binding site have been 
assigned. 

Further inspection of normal and mutant 2D maps shows 
additional spectral differences. We did not observe a resonance 
at 8.3, 108 ppm (lH, I5N), the peak position of resonance H 
in the wild-type p21 spectrum. A probable assignment for 
resonance H is glycine-60, because a large edited NOE was 
observed from peak H in wild-type p21.GDP to a resonance 
at 1.3 ppm (data not shown), which may correspond to the 
Ala-59 methyl. Glycine-60 is believed to be located in a &turn, 
near the y-phosphate of GTP in a p21.GTP complex (de Vos 
et al., 1988), so there is a high probability of seeing an NOE 
between the Ala-59 methyl and Gly-60 NH. The only other 
glycine resonance with an alanine N-terminal neighbor is 
Gly-12, which has already been assigned. It is likely that 
resonance H shifts from 8.3, 108 to 9.02, 111 ppm in the 
mutant spectrum. A large isotope-edited NOE at 1.5 ppm 
was observed upon irradiation of the resonance at 9.02, 11 1 
ppm, suggesting that this glycine NH may be near (<5 %.) 
an alanine methyl in mutant p21.GDP. However, a resonance 

Table 11: N M R  Chemical Shifts (ppm) 
complex CK P 

Mg.GDP -9.9 -5.8 
p21.MgGDP -10.5 -1.8 
Asp-12 p21.MpGDP -1 1.4 -2.9 

at the position of E in the wild-type p21.GDP lH-"N 2D map 
is not observed in the mutant spectrum. Therefore, the res- 
onance at position 9.02, 11 1 ppm may be either H or E. One 
of these two peaks is either shifted under another glycine peak 
or decreases in intensity, so that it is not detectable in the 
mutant spectrum shown. We expect to resolve this assignment 
by generation of a [ l-'3C]Ala/[1SN]glycine doubly labeled 
sample. 
31P N M R  of a- and 8-Phosphate Resonances of MpGDP, 

Gly-I2 p21*GDP, and Asp-I2 p21.GDP. 31P NMR spectra 
of free MpGDP, Gly-l2/p21-MpGDP, and Asp  12/p21*GDP 
are shown in Figure 4a-c. Inspection of Figure 4a,b shows 
a large upfield displacement in the position of the GDP p- 
phosphate in the spectrum of Gly-l2/p21*GDP relative to free 
MgSGDP. The a-phosphate undergoes a much smaller 
downfield shift. Chemical shift values for a- and &phosphate 
resonances of GDP are listed in Table 11. The line widths 
of the bound phosphates are larger than those of free MpGDP 
(Figure 4a) as expected from the increased rotational corre- 
lation time of the protein-nucleotide complex. 

The mutant 31P NMR spectrum of p21-GDP (Figure 4c) 
differs from that of wild-type p21.GDP (Figure 4b). Both a- 
and &phosphate resonances in the Asp- 12/p21 .GDP complex 
shift downfield relative to Gly-12/p21.GDP phosphate peaks. 
The chemical shifts of Asp-l2/p21*GDP also differ from free 
MpGDP. The a-phosphate of Asp-12/p21.GDP is shifted 
downfield by 1.5 ppm relative to free Mg-GDP whereas the 
8-phosphate is shifted 2.9 ppm upfield from the 8-phosphate 
resonance of Mg-GDP. 
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FIGURE 3: (a) Comparison of wild-type (top) and mutant (bottom) 
isotope-directed NOE difference spectra. Both glycine amide proton 
resonances have common downfield NOEs as shown. The resonance 
at 8.6, 110 ppm in wild-type p21-GDP appears to shift to 8.9, 110 
ppm (K)  in the transforming mutant. (b) Isotope-directed NOE 
difference Asp-1 2/p21*GDP. Spectra were acquired as described in 
McIntosh et al. (1987a,b). Selective preirradiation of resonance A 
[7.2, 108 ppm ('H, ISN) ppm] shows strong upfield NOEs unique 
to valine Cgmethine and C,-methyl protons. The Cg-methine and 
C -methyl protons are inverted because the J-R 90' pulse, used to 
selectively excite the amide proton region, produces an excitation profile 
which has a null at the water resonance (for solvent suppression) and 
is 180° out of phase upfield from water (Redfield, 1986; Plateau & 
Gueron, 1982). An isotope-directed NOE experiment was performed 
on peak A in the normal protein and gave similar upfield NOEs 
characteristic of the valine spin system. Peak A in the normal protein 
was assigned by reparation of a doubly labeled protein sample ([l-I3C]valine, [ I  P Nlglycine). 

DISCUSSION 
We have identified several glycine resonances in 2D maps 

of ['5N]glycine-enriched normal and mutant p21 proteins. Of 
the 14 glycine residues in p21, all 5 resonances corresponding 
to glycines in GDP binding loops have been identified, and a 
preliminary assignment for Gly-60 was obtained. Spectral 
differences between normal p21 and an Asp-l2/p21 trans- 
forming mutant complexed to GDP were monitored by using 
glycine resonances as site-specific probes. 

The crystal structure of H-ras p210GDP has identified the 
GDP binding site (de Vos et al., 1988; Tong et al., 1989). 
Although the N-ras p21.GDP crystal structure has not been 
solved, the amino acid sequences in the N-terminal domain 
of N-ras and H-ras p21 are practically identical (Wigler, 
1984), making it possible to draw structural correlations be- 
tween the N-terminal domain of H- and N-ras p21.GDP. 

Our [15N]glycine spectral probes are located in the following 
domains. A glycine-rich loop in the phosphoryl binding domain 
contains glycines-10, -12, -13, and -15. Glycine-60 is located 
in a loop near the glycine-rich phosphoryl binding loop and 
is believed to be near the 7-phosphate of GTP in p21.GTP 
complexes. Glycine-1 15 is located in one of the two loops 
which form a side of the pocket for the guanine nucleotide 
base. 

GPC 
I 

Gly12-p21 
11-P 

A 

0 -2 -4 -6 -8 -10 -12 -14 
PPM 

FIGURE 4: 31P NMR spectra of (a) free MpGDP, (b) p21qMgGDP, 
and (c) Asp-l2/p21*Mg~GDP. Sample conditions are as in Figure 
1. Chemical shifts are given using glycerophosphocholine as an internal 
reference (-0.49 ppm; H3P04 = 0.0 ppm). A 45' pulse and 3-s 
relaxation delay were used to acquire spectra. 

Miscoding mutations in residues 12, 13, 15, 16,61, 63, 116, 
and 119 result in oncogenic activation of ras genes [reviewed 
in Barbacid (1987)l. These activating positions are located 
at or near glycine probes at positions 10, 12, 13, 15, 60, and 
115. Certain mutations in the phosphoryl binding domain near 
glycines 10, 12, 13, 15, and 60 give rise to altered proteins with 
impaired GTPase activity and transforming-inducing prop- 
erties, whereas p21 proteins with mutations in regions involved 
in binding of the guanine nucleotide base (near glycine-1 15) 
show increased guanine nucleotide exchange rates. The ac- 
tivating mutations are believed to stabilize the p21-GTP 
conformation in vivo. This activated p21 state is believed to 
be a necessary intermediate in the recognition and modulation 
of the activity of a target enzyme, which through a series of 
events (signal transduction) leads to regulation (wild-type p21) 
or loss of cellular growth control (ras-oncogene p21 products). 

There are three slowly exchanging glycine amide proton 
resonances in Gly-l2/p21*GDP. Two of these slowly ex- 
changing amide proton resonances correspond to glycines lo- 
cated in the GDP binding domain. Protons which do not 
exchange in aqueous solution are often located in the interior 
of the protein and/or correspond to protons which form hy- 
drogen bonds, such as those necessary to stabilize a-helix or 
P-sheet secondary structures. The crystal structure of H-ras 
p21.GDP revealed that the two loops containing Gly-10, - 12, 
-13, -15, and -1 15 are exposed at  the surface of the protein 
(deVos et al., 1988), so it is likely that strong hydrogen bond 
formation between these glycine amide proton resonances and 
other p21 residues or bound substrates prevents exchange with 
D,O. These observations are particularly interesting because 
they indicate that the glycine-rich phosphoryl binding loop may 
form tight associations in p2 1.GDP and may be conforma- 
tionally restrained, rather than highly flexible and capable of 
adopting several conformations (Fry et al., 1986; Pincus & 
Scheraga, 1985). 

A significant NOE (- 10%) was observed between Gly-12 
and Gly-13, indicating that the glycine amide protons are less 
than 5 A from each other (Campbell-Burk et al., 1989). 
Sequential NOEs between two amide protons are generally 
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not observed in parallel or antiparallel @-sheet secondary 
structures, but are observed in a-helix, 3,0-helix, and type I 
and I1 turns. Since Gly-12 and Gly-13 are located in the 
middle of the phosphoryl binding loop in H-ras p21GDP, it 
is likely that the conformation of the loop near these glycines 
more closely resembles a turn than an extended loop. These 
results are consistent with the structure of the glycine-rich loop 
determined by X-ray crystallography (deVos et al., 1988) as 
predicted earlier by McCormick et al. (1985). 

Results from our 'H(15N) studies of p21.GDP and Asp- 
12/p21*GDP indicate a perturbation in the phosphoryl binding 
domain when aspartate is substituted for glycine at position 
12. The peak positions of three out of four glycine N H  res- 
onances, assigned to glycines residues located in the guanine 
nucleotide binding domain, differ between normal and mutant 
2D spectra. 

Glycine-60 is located in a P-turn near the glycine-rich loop 
in the phosphoryl binding domain and is believed to be near 
the y-phosphate of GTP in the p21.GTP complex (de Vos et 
al., 1988). The chemical environment of a glycine resonance 
believed to be glycine-60 is also perturbed by the aspartate 
substitution at position 12. 

The position 12 mutation affects the chemical environment 
of a- and P-phosphates of bound GDP as well as glycine 
residues located near the phosphates, since our 31P NMR 
results indicate that the chemical environment of both a- and 
P-phosphates in p21.GDP complexes differs in normal and 
transforming mutant p21.GDP. In the H-ras p21GDP crystal 
structure, the /3-phosphate of GDP is located just above the 
glycine-rich loop (glycines- 10, - 12, - 13, and -1 5 ) .  

A small shift is also observed in a resonance (D) which 
corresponds to a glycine residue located outside the loops 
involved in binding of GDP. Furthermore, since we were not 
able to assign resonance E in the mutant spectrum, our results 
indicate that the Asp-12 mutation appears to affect one or 
more regions outside the GDP binding domain in addition to 
the GDP binding domain. However, the mutation does not 
produce a global perturbation in p21 structure since six gly- 
cines dispersed throughout the protein are not affected by the 
Asp- 12 substitution. 

The Asp-12 substitution does not appear to confer tem- 
perature sensitivity to p2 1 (Le., morphological transformation, 
GTPase activity, GDP binding, susceptibility to proteolysis), 
so it is unlikely that generation of a temperature-sensitive 
mutant is responsible for the observed glycine N H  chemical 
shift differences in normal and mutant 2D spectra. Fur- 
thermore, none of the active-site glycine resonances displayed 
a large chemical shift dependence as a function of temperature 
over a range of 4-37 "C. The observed perturbations in the 
chemical shifts of these resonances may result from a con- 
formational change in the phosphoryl binding domain or a 
more localized perturbation in the chemical environment of 
glycine amide groups positioned near the mutation. 

It is not surprising that the amino acid substitution produces 
perturbations in glycine amide resonances residing in the 
phosphoryl binding domain, since Gly- 12 is replaced by a 
larger acidic amino acid in a loop containing several hydro- 
phobic amino acids. However, substitution of glycine-12 for 
any amino acid except proline produces transformation-active 
p21 proteins. It is likely that conformational changes, pro- 
duced by various amino acid substitutions, will depend on the 
substitution and that glycine-1 2 or proline-12 is critical for 
stabilization of the conformation which represents the inactive 
state of p21 in vivo. 

A report of the crystal structure of H-ras p21,GDP and 
Val-12/p21.GDP refined to 2.2-A resolution has recently 
appeared in the literature (Tong et al., 1989). Structural 
changes in loops 1 and 4 between normal and Val-12 H- 
ras/p21.GDP were observed, consistent with our NMR com- 
parison of N-ras/Gly-12 p2 1 G D P  and N-ras/Asp- 12 p2 1 - 
GDP. 

In summary, our results demonstrate the potential of iso- 
tope-edited NMR to investigate domains in larger proteins 
(>20 D a ) .  This NMR approach can be used to rapidly assess 
perturbations at or around specific sites or domains, due to 
point mutations or binding of ligands, in a way that comple- 
ments crystallographic studies. Further NMR studies should 
provide additional information concerning relative structural 
and dynamic changes between normal and transforming mu- 
tant p21 proteins, in addition to ligand-induced (GTP vs GDP) 
changes (unpublished results). In addition, studies of this type 
may provide valuable information not only of molecular details 
which contribute to biological transformation but also of the 
activation process common to homologous G-proteins which 
play a role in signal transduction. 
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Sequence- and Structure-Dependent DNA Base Dynamics: Synthesis, Structure, 
and Dynamics of Site and Sequence Specifically Spin-Labeled DNA? 
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ABSTRACT: A nitroxide spin-labeled analogue of thymidine (la), in which the methyl group is replaced by 
an acetylene-tethered nitroxide, was evaluated as a probe for structural and dynamics studies of sequence 
specifically spin-labeled DNA. Residue l a  was incorporated into synthetic deoxyoligonucleotides by using 
automated phosphite triester methods. 'H N M R ,  CD, and thermal denaturation studies indicate that l a  
(T*) does not significantly alter the structure of 5'-d(CGCGAATT*CGCG) from that of the native do- 
decamer. EPR studies on monomer, single-stranded, and duplexed DNA show that l a  readily distinguishes 
environments of different rigidity. Comparison of the general line-shape features of the observed EPR spectra 
of several small duplexes ( 12-mer, 24-mer) with simulated EPR spectra assuming isotropic motion suggests 
that probe l a  monitors global tumbling of small duplexes. Increasing the length of the D N A  oligomers 
results in significant deviation from isotropic motion, with line-shape features similar to those of calculated 
spectra of objects with isotropic rotational correlation times of 20-100 ns. EPR spectra of a spin-labeled 
G T  mismatch and a T bulge in long DNAs are distinct from those of spin-labeled Watson-Crick paired 
DNAs, further demonstrating the value of EPR as a tool in the evaluation of local dynamic and structural 
features in macromolecules. 

Improvements in the synthesis of sequence-defined DNA 
fragments have made possible the study of sequence-dependent 
properties of nucleic acids. Both single-crystal X-ray (Wing 
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et al., 1980; Dickerson & Drew, 1981) and nuclear magnetic 
resonance (Wemmer et al., 1985) studies have revealed a 
remarkable sequence-dependent structural diversity within 
B-DNA. The likelihood that this structural variety is im- 
portant in sequence-dependent recognition phenomena has 
engendered intense interest in this area' lines Of ev- 
idence have recently suggested that sequence-dependent DNA 
dynamics might likewise be of biological importance. Spe- *Address correspondence to this author. 
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