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ABSTRACT: We have used nuclear magnetic resonance spectroscopy to compare the conformational changes 
produced by replacement of bound GDP by the GTP analogs guanosine 5'-0(3-thiotriphosphate) (GTPyS) 
and guanylyl (B,y-imido)diphosphate (GMPPNP) in wild-type p21" as well as the oncogenic mutant 
(G12D)p2lrnS. We have used isotope-edited nuclear magnetic resonance spectroscopy to observe the amide 
resonances of selectively [ I5N]glycine and [ 15N]isoleucine labeled p2 1 rns-nucleotide complexes. We find 
that eight of the nine resonances that respond strongly to GTPyS and GMPPNP binding are the same but 
that the nature of the effect appears different. With GTPyS, seven new resonances replace the eight 
resonances specifically associated with GDP-p2 lras, but in GMPPNPp2lraS only two resonances replace 
the GDP-specific resonances that are lost. The resonance of Gly 60 is clearly shown to be responsive to 
replacement of GDP by GMPPNP, in addition to glycines 10, 12, 13, 15, and 75 and isoleucines 36, 21, 
and one other, that were found to respond to GTPyS by Miller et al. [Miller, A.-F., Papastavros, M. Z., 
& Redfield, A. G. (1992) Biochemistry32,10208-10216). The two GMPPNP-specific resonances observed 
appear in positions similar to GTPyS-specific resonances, and the GTPy S-specific resonances, although 
not lost altogether, are weaker than the GDP-specific resonances they replace. Thus, the two GTP analogs 
have similar effects on the spectrum of p21rm, suggesting that the effects are due to features common to 
both analogs. We propose that active site resonance intensities are specifically attenuated when GTP 
analogs are bound because interactions with the y-phosphate of GTP analogs couple the flexible loops 2 
and 4 to the rigid loop 1 of the active site. The conformational heterogeneity and dynamics of loops 2 and 
4 would be constrained by loop 1 but also transmitted to it. Coupled conformational exchange on a common 
intermediate time scale could explain the simultaneous loss of resonances from all three loops in the active 
site. In our comparison of wild-type and (G12D) GDP-p21ras, we find that the resonance of Ile 36 is not 
visible in (G1 2D)p21raS. In (G12D)p2lrnS, replacement of GDP by GTPyS causes the resonances of glycines 
10,13,15,60, and 75 and isoleucine 21 and four others to shift from their GDP-specific positions. GTPyS- 
specific resonances are observed for all but two of these. The assigned responsive resonances all correspond 
to residues in the active site or connected to it. Largely the same resonances respond to GMPPNP binding, 
but only four corresponding resonances specific to GMPPNP-(GI 2D)p2 lras are observed. Thus, replacement 
of glycine 12 by aspartate only slightly alters the responsiveness of the ground state of p2lraS to nucleotide 
replacement. Furthermore, the observed GTPyS-specific resonances of (G1 2D)p21ras are close to GTPyS- 
specific resonances of wild-type p2lrnS, even though several of the GDP-specific (G12D)p21ms resonances 
differ significantly from those of wild-type p2 lrns. 

Human p2 1 is a guanine-nucleotide binding protein 
implicated in regulation of cell differentiation and proliferation 
(Bourne et al., 1990). It occurs in three very similar variants 
called N-, H-, and K-p21ras and is physiologically active when 
GTP' is bound and inactive when GDP is bound. It cycles 
between these two states under the control of other proteins 
(Bourne et al., 1990). GTPase activating protein (GAP; 
Trahey & McCormick, 1987) accelerates GTP-p21ras's hy- 
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drolysis of GTP and return to the inactive GDP-p2lmS state, 
whereas exchange factor proteins catalyze exchange of GDP 
for plentiful GTP, thus restoringactiveGTP-p21m (Downward 
et al., 1990; West et al., 1990; Wolfman et al., 1990). GAP 
and other downstream effectors of p2lmS must distinguish 
between active and inactive p2 lrnS. The structural differences 
between active and inactive p21" were found to be localized 
in loop 2 (residues 3&38), loop 4 (residues 60-65), and cy 
helix 2 (residues 6675) by crystallographic studies (Milbum 
et al., 1990; Wittinghofer & Pai, 1991), although thestructure 
of p2lrnS was not uniquely defined in the region of residues 
60-65 (Pai et al., 1990; Tong et al., 1991). Loops 2 and 4 
have been shown by mutational studies to be important for 
effector and GAP binding (McCormick, 1989). 

NMR studies have confirmed that the conformational 
differences between the two states are concentrated around 
the active site and loops 2 and 4 and have identified additional 
residues involved in the conformational change (Miller et al., 
1992; Yamasaki et al., 1989). Both these studies employed 
GTPyS as the slowly-hydrolyzed GTP analog, whereas the 
detailed crystallographic studies employed GMPPCP or 
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GMPPNP (Briinger et al., 1990; Pai et al., 1989). Therefore, 
we have compared the effects of replacing GDP with GMPPNP 
and GTPyS by NMR. In addition, we have performed our 
studies on a truncated version of p2lraS similar to that used 
for the crystallographic studies (Pai et al., 1990; Schlichting 
et al., 1990). 

Both GTPyS and GMPPNP produce the active confor- 
mation of p21ras, based on the abilities of GMPPNP-p21ras 
and GTP+p2lras to bind to GAP (Antonny et al., 1991). 
GMPPNP differs from GTP in having a /3q bridging imido 
group instead of GTP's bridging oxygen and is hydrolyzed 
extremely slowly, if at all, when bound to p2lraS. The amide 
hydrogen of Gly 13 of p2lraS is believed to make a hydrogen 
bond to the /3-/ bridging oxygen of GTP, and weakening of 
this hydrogen bond in GMPPNP-p21ras (Schlichting et al., 
1990) may be responsible for the 20 times weaker binding of 
GMPPNP to p21m than GTP (John et al., 1989). GTPyS 
retains the bridging oxygen of GTP, but a sulfur atom replaces 
one of the terminal oxygens on the y-phosphate. GTPyS's 
affinity for ~ 2 1 ' ~  is higher than GMPPNP's and closer to 
those of GTP and GDP (John et al., 1989). Finally, GTPyS 
is hydrolyzed by p2lraS, with a rate constant of 0.003 m i d ,  
compared to 0.02 m i d  for GTP (Feuerstein et al., 1989). In 
view of their different properties, it was interesting tocompare 
the conformational changes induced by the two GTP analogs, 
in the hope of being able to relate different aspects of the 
conformational response to the different features of GTP that 
are retained in one analog or the other. 

We have also compared the responsiveness of wild-type 
(WT) p2lraS with that of p2lraS in which Gly at position 12 
is replaced by Asp: (G12D)p2lmS. Substitution of any amino 
acidotherthan Proat thispositioncauses p2l"'tobeoncogenic 
(Seeburg et al., 1984). Asp is found at position 12 in the 
activated rasgene 134-51 Ha-rasl (Santos et al., 1983) and 
is associated with acute myeloblastic leukemia (Gambke et 
al., 1985). (G12D)p2lraS has GAP-independent GTP hy- 
drolysis activity comparable to that of (WT)p21raS (Goody et 
al., 1992; Trahey et al., 1987), and position 12 mutants of 
p2lraS bind to GAP (Vogel et al., 1988) and activate 
downstream effectors as part of their transforming activity. 
This suggests that they can adopt an active conformation 
similar to that of (WT)p21raS. However, the GTPase activity 
of position 12 mutants of p21ras is not stimulated by GAP 
(Trahey & McCormick, 1987), indicating that some aspect 
of the conformational coupling between the active site and 
the site of GAP binding is compromised. 

(G12D)- and (WT)p21rU in the GDP-bound state have 
been compared by NMR, and glycines 10,13,15, and 60 were 
shown to be affected by the amino acid substitution (Campbell- 
Burk, 1989; Miller et al., 1992). All these glycines are in the 
active site of p21ras, in the immediate vicinity of residue 12. 
Gly 12 has dihedral angles accessible to other amino acids as 
well (Pai et al., 1990), suggesting that amino acid substitutions 
need not dramatically rearrange the backbone. However, the 
Asp side chain could interact electrostatically or conceivably 
hydrogen bond with the y-phosphate, or affect the ability of 
other residues in the active site such as Gln 61 to do so. When 
Val replaces Gly at position 12, the structure of p2lraS is 
virtually identical to(WT)p21min theGDP-boundstate (Tong 
et al., 1991), but residues 60 and 61 are displaced by steric 
effects of the Val side chain in the GMPPNP-bound state 
(Krengel et al., 1990). Because it is the GTP-bound state of 
p2lraS that is physiologically active, we have now compared 
the NMR spectra of (G12D)- and (WT)p21ras bound to the 
GTP analogs GTPyS and GMPPNP and have taken advan- 

tage of our recent assignments of the resonances of glycines 
60 and 75 and isoleucines 21,24, and 36 (Miller et al., 1992) 
to assess the impact of the G12D mutation on loop 2 (residues 
32-38) and other regions more distant from the active site. 

The (G12D)p2lraS protein used in the current studies lacks 
the 23 C-terminal amino acids, so comparisons were made 
between it and a similarly truncated (WT)p2lraS (consisting 
of residues 1-166 of the 189 residues of full-length ~21"'). 
Only the last four residues of the 23 C-terminal residues are 
conserved among p2 lras proteins, and the last four are believed 
to serve primarily as a membrane attachment site in vivo 
(Bourne et al., 1991). The truncated (WT)p21ras used has 
been shown to retain essentially the same nucleotide-binding 
affinities and GTP hydrolysis activity as full-length p2 1 
(John et al., 1989). Our earlier NMR studies showed that 
the glycine and isoleucine resonance positions of truncated 
p2lraS respond to replacement of GDP by GTPyS in the same 
way as those of full-length p2lraS (Miller et al., 1992). 
Therefore, full-length and truncated p21 are only distin- 
guished in the text when they give different results. 

Thus, using highly simplified HMQC spectra of specifically 
[15N]Gly and [15N]Ile labeled p2lraS, we have performed a 
six-way comparison of the GDP-, GMPPNP-, and GTPyS- 
bound states of (WT)- and (G12D)p2lmS, with the aim of 
refining our understanding of the conformational difference 
between inactive and active p2lraS, including its dependence 
on specific features of GTP and specific amino acid residues 
of p21ra9. 

MATERIALS AND METHODG 

13C- and lSN-labeled amino acids were purchased from 
Cambridge Isotope Laboratories. GTPyS, GMPPCP, and 
GMPPNP were purchased from Boehringer Mannheim 
Biochemicals, and GMPPNP was purified from contaminating 
GDP by ion-exchange chromatography on QA52 (from 
Whatman BioSystems Ltd.) equilibrated with 200 mM 
triethylammonium bicarbonate (pH 7.5) and developed with 
a gradient of 200-700 mM triethylammonium bicarbonate at 
2 mL/min (Reynolds et al., 1983). The elution profile was 
monitored at 253 nm, and fractions were characterized by 
HPLC (below). The GTPyS batch used was found by HPLC 
to be approximately 90% pure, and the GMPPNP purified as 
above was at least 95% pure. Sephadex G-75 gel filtration 
resin was from Sigma Chemical Co., PDlO Sephadex G-25M 
columns were obtained from Pharmacia, and Centricon- 10 
microconcentrators were from Amicon. Alkaline phosphatase 
was purchased from Boehringer Biochemicals, and the 
immobilization procedure used will be reported elsewhere. 

Plasmids and Expression of N-p21ras. The gene for full- 
length human N-p21raS, the truncated gene for residues 1-166 
of N-p21ras, and the truncated gene for residues 1-166 of 
N-p21rU with the mutation encoding Asp at position 12 instead 
of Gly (G12D) were each carried on the pTrc99c plasmid 
(Amann et al., 1988) under control of the trc promotor (these 
constructions were made by J. A. Noble and others at Chiron 
Co.). p2 lms was expressed in the polyauxotrophic Escherichia 
coli strain DL39 AvtA::Tn5 (AvtA::Tn5 aspC ilvE tyrB; 
LeMaster h Richards, 1988; Muchmore et al., 1990) as 
previously described (Campbell-Burk et al., 1989; Miller et 
al., 1992). Cells were grown in media containing the five 
bases and vitamins as well as all the amino acids except Asn. 
Cells from unlabeled medium were used to inoculate cultures 
containing lSN-labeled Gly and/or 15N-labeled Ile as well as 
1 mM IPTG to a starting OD of approximately 0.8. Labeled 
cultures were harvested after 3 h. 



Conformational Responses of p2lmS to GMPPNP and GTPyS 

Isolation of p2lroS. p2lraS was isolated and purified as 
described in detail by Miller et al. (1992). Briefly, truncated 
p21ras was purified from the cell sonication supernatant by 
ion-exchange chromatography on QA52 followed by gel 
filtration on G75. Full-length p2lraS was isolated from the 
sonication pellet denatured in urea and refolded before 
purification by ion-exchange chromatography on QA52. 
Finally, p21ras was transferred to NMR buffer (NMR buffer 
= 20 mM Tris-HC1, pH = 7.6 at room temperature, 50 mM 
NaCl, 10 mM DTT, 5 mM MgCl2,l pM GDP, 0.02% azide) 
by dialysis and concentrated for NMR spectroscopy. This 
procedureresults in at least 95% purep21ras (basedon PAGE) 
bound to GDP. Our refolded ~ 2 1 ~ "  binds approximately one 
stoichiometric equivalent of GMPPNP. Assays performed 
on similar preparations have shown that GAP-dependent 
GTPase activity is retained. 

Nucleotide Exchange. All procedures except incubation 
with immobilized alkaline phosphatase (AP) were performed 
in a cold room at 6 O C .  Replacement by GTP analogs of GDP 
bound to p21ras using the immobilized AP system was 
essentially as described by John et al. (1990) and will be 
discussed in more detail elsewhere. In brief, p21ras was 
transferred to GDP- and Mg2+-free Tris-AP buffer 132 mM 
Tris-HC1, pH = 8 at room temperature, 200 mM (NH4)2- 
SO4, 10 pM ZnSO4, 10 mM DTT, 0.02% azide, 1 pM each 
pepstatin and leupeptin] by gel filtration. After concentration 
of p2lraS to 0.4 mL in a Centricon-10, 1.5-2 stoichiometric 
equivalents of the desired GTP analog were added, and p2lraS 
was loaded onto a l-mL column of immobilized AP and 
incubatedfor 1.5hatroomtemperature(23 "C). p21r"bound 
to the GTP analog was eluted with Tris-AP buffer and MgCl2 
was added to produce =5 mM MgCl2 to stabilize nucleotide 
binding, along with half a stoichiometric equivalent more of 
GMPPNP when appropriate. p21 ras was separated from excess 
nucleotides and transferred to NMR buffer by gel filtration 
(NMR buffer = 20 mM Tris-HC1, pH = 7.6 at room 
temperature, 50 mM NaCl, 10 mM DTT, 5 mM MgC12,l pM 
GMPPNP or GTPyS as appropriate, 0.02% azide). Aliquots 
of p21ras and buffer alone were subjected to HPLC analysis 
of the nucleotide content. 

The above procedure resulted in essentially complete 
(>90%) replacement of GDP by the GTP analog and an 
average nucleotide:p2 lrns binding stoichiometry of 0.75. An 
aliquot of GTPyS-p2 1 ras withdrawn after 2 days of NMR 
data collection at 5 O C  was analyzed by HPLC and indicated 
that only minor (<lo%) GTPyS hydrolysis to GDP had 
occurred. HPLC was performed on an LC-18-DB column 
with a mobile phase of 200 mM K2HP04, 100 mM acetic 
acid, and 4 mM tetrabutylammonium phosphate, as in Seckler 
et al. (1990). (Elution times were 7.3 f 0.1 min for GDP, 
8.5 f 0.1 min for GMPPNP, and 1 1.4 f 0.2 min for GTPyS 
at 1 mL/min.) 

Paramagnetic Impurities. An aliquot of a representative 
sample was removed from its NMR tube and analyzed by 
atomic absorption spectroscopy (Galbraith Laboratories Inc.). 
Mn was present at a level of less than 10-6 M, and Fe was 
present at less than M. 

NMRSpectroscopy. NMR samples were 0.5-1 mM p21ras 
in NMR buffer, plus 10% 2Hz0 (v/v) . Two-dimensional 5N 
and lH correlation HMQC spectra were obtained as described 
previously (Campbell-Burk et al., 1989) using water sup- 
pression pulses (Roy et al., 1984) on a custom-built 500-MHz 
spectrometer. Unless otherwise noted, spectra were collected 
at 5 OC with digital output resolution of 10 Hz per point in 
the lH dimension and 8 Hz per point in the 15N dimension 
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after 2-fold zero-filling. Data were processed with minor 
preweighting to reduce noise from H2O. 'H chemical shifts 
are relative to that of H2O at 4.8 ppm, and l5N chemical shifts 
are relative to neat 15NH3 at 0 ppm. The pH of the NMR 
samples was not measured directly but is estimated to be pH 
= 8.1 at 5 OC, from the measured pH of 7.6 at 23 OC and the 
published temperature dependence of Tris buffer (Dawson et 
al., 1986). The positions of the Gly and Ile amide resonances 
of GDP-p21ras are not strongly pH dependent. 

Analysis and Interpretation. The HMQC spectra of GDP- 
p21r", GMPPNP-p21ras, and GTPyS-p21r", labeled with 
[15N]Gly and/or [ISN]Ile were compared. p2lrns refers to 
the WT protein, except when specified otherwise. Resonances 
that appear in GDP-p21ras spectra but shift by more than the 
line width (approximately 0.09 ppm 'H, 0.6 ppm lSN) or are 
no longer visible upon nucleotide replacement are referred to 
as strongly responsive and GDP-specific. Resonances that 
shift by less than this but more than 0.04 ppm lH or 0.3 ppm 
15N are called weakly responsive. Their counterparts in the 
spectra of GTPyS-p21raS or GMPPNP-p21mS are called 
GTPyS-specific or GMPPNP-specific and identified with 
primes (') or double primes ("), respectively. Our resonance 
assignments were made in the GDP-bound state. GTPyS 
and GMPPNP resonances are identified by letters with a 
GTPyS-specific resonance receiving the letter of the closest 
GDP-specific resonance in accordance with minimization of 
total change. The one exception is GC', which is paired with 
GC because GC' appeared and GC disappeared when Mn2+ 
or Cd+ replaced Mg2+ bound to p21ras (Miller et al., 1992). 
Because we have paired each GDP-specific resonance lost 
with the closest GTPyS-specific resonance to appear, the 
difference in chemical shifts between the two represents the 
minimum possible response for the GDP-specific resonance. 
It is possible that the resonance of one residue could be exactly 
replaced by the resonance of another, producing no apparent 
change in chemical shift. However, this is not likely con- 
sidering the relatively small number of resonances observed 
at a time in our specifically labeled samples (Figures 1 and 
2) * 

RESULTS 

Comparisons of the Effects of Binding of GDP, GTPyS, 
GMPPNP, and GMPPCP to ( W17p21*as. Upon replacement 
of GDP by GTPyS, at least nine Gly and Ile amide resonances 
were lost from their GDP-specific positions in the HMQC 
spectra (Figures 1 and 2). All of the responsive glycine 
resonances have been assigned (Campbell-Burk et al., 1989; 
Redfield & Papastavros, 1990; Miller et al., 1992) as well as 
the strongly responsive isoleucine resonances IA and IJ (Miller 
et al., 1992). We observed enough GTPyS-specific resonances 
to account for all but one of the strongly responsive glycines 
and isoleucines (see Table I), but most of these were weaker 
than the resonancm they appear to replace, even in preparations 
showing complete replacement of GDP by GTPyS and close 
to 1:l GTPyS:p21raS stoichiometry. 

When p21ras was complexed to a different analog of GTP, 
GMPPNP, there were significantly fewer resonances visible 
at 5 O C  than in either GDP- or GTPyS-p21ra8 (Figures 1 and 
2). The five Gly resonances that responded strongly to GTPyS 
also responded to GMPPNP, but counterparts for only two 
of these were visible in spectra of GMPPNP-p21raS (Figure 
1). The one responsive resonance which was strong was GA", 
even though GA' was weak. The resonance GF of Gly 60 was 
unambiguously absent from GMPPNP-p2 lraS spectra of 
truncated p21ras, indicating that Gly 60 is responsive to 
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FIGURE 1: Comparison of (WT)p21m in the GDP-, GTPyS-, and 
GMPPNP-bound states. Gly was labeled with I5N, and HMQC 
spectra of the amide protons of Gly are shown. The spectrum of 
GDP-bound p2Im is in the top panel, the spectrum of GTPyS-bound 
p21N is in the center, and the spectrum of GMPPNP-bound p21N 
is in the bottom panel. Although not evident in the spectra shown, 
weak resonances a t  7.18 ppm 'H, 108.7 ppm I5N and 7.99 ppm 'H, 
111.5 ppm l5N are observed in GTPyS-(WT)p21m. Resonances 
that do not shift far are labeled only in the GDP-bound state (top). 

nucleotide replacement, in agreement with the reproducible 
difference observed between GF in GDP-p2lraS and GF' in 
GTPyS-p2 lra. Finally, the two GMPPNP-specific Gly 
resonances that were visible were both close in chemical shifts 
to GTPyS-specific Gly resonances (Table I). Thus, the same 
Gly resonances were affected by replacement of GDP by 
GTPyS and GMPPNP, but significantly fewer GMPPNP- 
specific resonances were observed than GTPyS-specific 
resonances. 

Of the four Ile resonances that responded strongly to 
replacement of GDP by GTPyS, three were also strongly 
affected by GMPPNP (Table I). However, no corresponding 
GMPPNP-specific resonances were observed (Figure 2 and 
Table I). Thus, as for the Gly resonances, fewer Ile resonances 
were observed from GMPPNP-p2 lra8, and the resonances lost 
were resonances that were also responsive to GTPyS. 

The effect of binding GMPPCP was also assessed, from the 
spectrum of [ 15N] Gly-labeled full-length GMPPCP-p2 lra, 
All the Glyresonances that were strongly responsive to GTPyS 
also responded strongly to GMPPCP. New resonances were 
observed for four of these, at chemical shifts close to those of 
GTPyS-p2Iras. Thus, the spectrum was similar to that of 
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FIGURE 2: Comparison of (WT)p2lN in the GDP-, GTPyS-, and 
GMPPNP-bound states. Ile was labeled with 'L", and HMQC 
spectra of the amide protons of Ile are shown. The spectrum of 
GDP-bound p21m is in the top panel, the spectrum of GTPyS-bound 
p21m is in the center, and the spectrum of GMPPNP-bound p2lN 
is in the bottom panel. The spectrum of GMPPNP-p21m was 
collected on a more dilute sample and therefore was collected a t  
lower spectral resolution in the I5N dimension (16 Hz per point). 
Resonances that do not shift far are labeled only in the GDP-bound 
state (top). An arrow indicates the position from which a GDP- 
specific resonance was lost for which nocorresponding GTPyS-specific 
resonance has been proposed. 

GTPyS-p21ras, except for minor shifts and the apparent loss 
of resonance GA'. Nonetheless, more Gly resonances were 
visible in GMPPCP-p21ras than in GMPPNP-p21ra* (10 Gly 
resonances vs 7 resonances for the 11 glycines in truncated 
p21'8s). 

Comparison of ( WT)p21ra5 and (GI 2D)p2lrOs in the GDP- 
Bound State. When GDP-(WT)p21ra was compared with 
GDP-(G12D)p21m, the resonances of Gly 60, Gly 15, and 
Gly 13 were found to be significantly displaced (Figure 3, 
Table 11), and those of Gly 10 and Gly 115 shifted slightly 
(Campbell-Burk, 1989). In addition, the resonance for Ile 36 
in loop 2 was missing in (G12D)p2lraS (Table 11). 

Comparisons of the Effects of Binding of GDP, GTP-/S, 
and GMPPNP to (G12D)pZP.  Replacement of GDP by 
GTPyS in (G 12D)p2 lras strongly affected the resonances of 
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Table I: Amide Chemical Shifts of Glycine and Isoleucine Resonances in (WT)p21m Bound to GDP, GTPyS, and GMPPNP 
~~ 

GDP GTPyS GMPPNP 
resonance assignment‘ chemical shifts (IH, 15N) resonanceb chemical shifts (lH, lSN) resonanceb chemical shifts (IH, l5N) 

GA 10 6.97, 108.0 GA’* * 7.18, 108.7c GAf!** 7.15, 108.8 
GB 7.05, 101.6 GB‘ 7.06, 101.6 GB” 7.07, 101.6 
GC 75 7.82, 11 1.6 GC’** 7.80, 108.7 GCff** 7.72, 108.7 
GD 115 8.03, 114.1 GD’ 7.99, 114.1 GD”* 7.98, 114.0 

8.16, 111.4 GE 8.18, 111.6 GE’ 8.15, 111.5 GE” 
GF 60 8.24, 109.1 GF’ * 8.20, 108.4 

8.22, 104.0 GG’ 8.23, 104.1 GG” 8.25, 104.0 GG 
GH 15 8.44, 110.0 GH’** 7.99, 11 1 3  
GI 12 8.54, 107.0 GI/** 8.23, 105.6 ** 
GJ 8.84, 116.2 GJ’ 8.85, 116.1 GJ” 8.85, 116.0 

IA 36 6.79, 121.8 ** ** GK 

IB 7.45, 121.5 IB’** 7.41, 120.8 IB”* 7.40, 121.1 
IC 7.87, 120.8 IC’** 8.25, 120.8 ** 
ID 7.95, 113.6 ID’ 7.97, 113.4 ID” 7.92, 113.3 
IE 24 8.07, 115.1 IE” 8.15, 115.0 IE” 8.08, 115.0 
IF 8.44, 114.6 IF’ 8.43, 114.4 IF’’ * 8.40, 114.2 
IG 8.35, 130.8 IG’ 8.37, 130.8 IG” 8.32, 130.7 
IH 8.31, 127.1 IH’ 8.35, 127.4 IH” 8.32, 127.3 

163 8.41, 123.7 11’ 8.43, 123.5 II”* 8.38, 123.3 I1 
IJ 21 8.81, 121.6 IJ’** 9.15, 122.1 
IK 9.20, 124.7 IK’* 9.17, 125.1 IK”* 9.12, 125.0 

GDP-bound assignments are from Campbell-Burk (1989), Redfieid and Papastavros (1990), and Miller et al. (1992). Gly chemical shifts are from 
truncated p21m; Ile chemical shifts are from full-length ~21”.  Chemical shifts from Ile in truncated p21“ are quoted in Table 11. Resonances of 
GTPyS- and GMPPNP-p21W are not yet assigned but are each tentatively paired with the GDP-p2IrU resonance closest to them in chemical shift, 
with the exception of GC’, which was paired with GC on the basis of the effects of metal ion substitution (Miller et al., 1992). It is likely that at least 
some of these pairings are incorrect. Resonances that appeared to shift by at least 0.09 ppm lH or 0.6 ppm I5N upon nucleotide substitution or were 
no longer visible nearby are marked**, and others that shifted by at least 0.04 ppm ‘H or 0.3 ppm ISN are marked *. These resonances were very 
weak in intensity. Although this resonance was consistently observed in GTPyS-p21m and therefore was identified as resonance IA’ in Miller et al. 
(1992), it was also occasionally observed in GDP-p21m, so it is not certain whether or not it is a GTPyS-specific resonance. On the basis of the new 
data reported here, we have classified IB as a strongly responsive resonance, although it seemed only weakly responsive in earlier work (Miller et al., 
1992). We also note that IB’ appears to be a pair of resonances for (WT)p21W and that both IB’ and IB” appear to he a pair of resonances for 
(G12D)p21m (Table 111). More data are required to clarify the identities of these resonances. 
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FIGURE 3: Comparison of (WT)- and (G12D)p2lW bound to GDP. Gly and Ile were labeled with IsN, and HMQC sp :tra of the mide 
protons are shown. The spectrum of (WT)p2lW is in the left-hand panel, and the spectrum of (G12D)p21* is in the right-hand panel. An 
arrow indicates the position from which a (WT)p21m1 resonance was absent for which no corresponding (G12D)p21m resonance has been 
proposed. 

glycines 10, 13, 15, and 60 in the active site as well as Gly 75 strongly affected. Five corresponding resonances were ob- 
at the endof LY helix2 (Figure4 andTableII1). Three GTPyS- served within two line widths of GTPyS-(WT)p21r“ reso- 
specific resonances appeared in the Gly region of the spectrum nances (Tables I and 111). Thus, a conformation similar to 
(15N upfield) at similar positions to three GTPyS-specific the active conformation of (WT)p21ras is suggested for 
resonances of (WT)p21ras. Five Ile resonances were also GTPyS-(G12D)p21raS. 
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spectra, so we do not know if they also moved as a single 
broadened resonance, whether their intensity became dispersed 
among multiple subpopulations, or whether resonance intensity 
was lost due to an increased rate of exchange with water. 

chemical shifts shifts Nonetheless, the conformqtion changes induced by GTPyS 
and GMPPNP (as well as GMPPCP) appear to involve 

GAS 7.03, 108.1 essentially the same regions of p2 lras, Furthermore, although 
GB 7.03, 101.4 
GC 7.82. 111.4 GMPPNP-p2 lras displayed relatively few GMPPNP-specific 

Table 11: Amide Chemical Shifts of Glycine and Isoleucine 
Resonances in (WT)- and (G12D)p21W in the GDP-Bound State 

wild type Gl2D 

resonance assignment' ('H, 15N) resonanceb ('H, 15N) 
GA 10 
GB 
GC 75 
GD 115 
GE 
GF 60 
GG 
GH 15 
GI 12 
GJ 
GK 13 
IA 36 
IB 
IC 
ID 
IE 24 
IF 
IG 
IH 
I1 163 
IJ 21 
IK 

6.97, 108.0 
7.05, 101.6 
7.82, 1 1  1.6 
8.03, 114.1 
8.18, 111.6 
8.24, 109.1 
8.22, 104.0 
8.44, 110.0 
8.54, 107.0 
8.84, 116.2 

10.37, 116.1 
6.75, 121.9 
7.40, 121.5 
7.79, 120.7 
7.93, 1 1  3.9 
8.03, 115.1 
8.39, 114.7 
8.31, 130.8 
8.14, 126.8 
8.03, 121.4 
8.77, 121.6 
9.13, 124.8 

GD* 
GE 
GF** 
GG 
GH** 
GI 
GJ 
GK** 

IB' 
IC 
ID* 
IE 
IF* 
IG 
IH* 
11* 
IJ 
IK* 

** 

7.98; 114.1 
8.14, 111.6 
8.85, 110.9 
8.23, 104.0 
8.65, 110.8 
mutated to Asp 
8.82, 116.1 
10.8, 114.0 

7.32, 121.3 
7.75, 120.5 
7.88, 113.6 
8.01, 115.1 
8.35, 114.3 
8.30, 130.8 
8.06, 126.6 
7.96, 121.3 
8.73, 121.5 
9.07. 124.4 

Glycine assignments are from Campbell-Burk (1989), Redfield and 
Papastavros(1990),andMilleretal. (1992). Inthecaseoftheisoleucines, 
the positions of the G12D resonances are extremely close to those of the 
WT resonances, except for IA. Thus, although not confirmed, the above 
assignments are most likely. All chemical shifts are from truncated (WT)- 
and (G12D)p21W. Resonances that differed by at least 0.09 ppm 'H 
or 0.6 ppm 15N between (WT)- and (G12D)p21W or were no longer 
visible nearby are marked **, and others that differed by at least 0.04 
ppm 'H or 0.3 ppm 15N are marked *. 

The five glycine resonances in (G12D)p21r" that responded 
strongly to GTPyS also responded strongly to GMPPNP, but 
only one GMPPNP-specific glycine resonance was visible, at 
a position very similar to that of a GTPyS-specific resonance 
of (WT)p2lraS. Likewise, three Ile resonances (that were 
strongly responsive to GTPyS) were also strongly responsive 
to replacement of GDP by GMPPNP in (G12D)p21raS. 
Counterparts to two of these were visible in the GMPPNP- 
(G1 2D)p21raS spectrum, within two linewidths of GTPyS- 
specific resonances of (WT)p21raS . 

Overall, the spectra of GTP analog-bound (G12D)p21ras 
bore strong resemblances to those of GTP analog-bound (WT)- 
p21ras (Figure 5 ) ,  even where the spectra of the GDP-bound 
states differed (Figure 3). Thus, it appears that (WT)- and 
(G12D)p21raS respond similarly to the two GTP analogs, with 
respect to the scope and nature of the conformational change, 
except for minor details (see tables). 

DISCUSSION 

Because we are observing peptide amide proton resonances, 
and their chemical shifts are sensitive to the environment and 
interactions that also determine reactivity, we can obtain a 
very comprehensive picture of the possible effects of the 
conformational change on functionality, to complement the 
crystallographic comparisons of the structure. 

Most of the resonances of (WT)p21raS that responded 
strongly to GTPyS correspond to residues around the active 
site loops 1,2, and 4 and helix 2 (see Figure 6) .  All of these 
residues also responded to replacement of GDP by GMPPNP 
(Table I). Some resonances responded by moving to new 
positions, and others responded by disappearing from the 

resonances, those that were found [GA" and GC") were within 
a linewidth of GTPyS-specific resonances. This suggests that 
the conformations of GTPySp2 lraS and GMPPNP-p2lmS are 
very similar in the regions represented by these resonances. 
This is consistent with the fact that both GTPyS-p2lmS and 
GMPPNP-p21ras bind to GAP (Antonny et al., 1991). 

Significantly fewer resonances were observed in GMPPNP- 
p2lraS than in GTPyS-p21raS or GDP-p21ras. The resonances 
missing from GMPPNP-p21ras were all resonances that were 
shifted in GTPyS-p21ras. Only two of the eight resonances 
that responded strongly to GTPyS and GMPPNP were visible 
in GMPPNP-p21raS. In addition, many of the responsive 
resonances were also weakened in spectra of GTPyS-p2lraS 
(see Figures 1 and 2). Thus, not only changes in chemical 
shifts but also weakening of NMR signal intensity are shared 
effects of replacement of GDP by GTPyS and GMPPNP. 
The difference between the effects of these two analogs is the 
degree of weakening. 

Amide proton resonances can be rendered less visible by an 
increase in the range of conformations (and chemical shifts) 
accessed by a residue, by a decrease in the rate of confor- 
mational averaging, by an increased rate of exchange with 
water, by shortening of the T2 due to dipolar interactions, or 
by paramagnetic impurities. Dipolar T2 effects cannot make 
the responGve resonances weaker or broader than the reso- 
nances of immobile residues, which are evident in our spectra, 
Our samples contained negligible paramagnetic impurities, 
and barring some unlikely catalysis, proton exchange should 
not be fast enough at the pH and temperature we used to 
make amide resonances unobservable. Therefore, the lost 
resonance intensity is most likely due to an increase in the 
range or number of conformations explored and/or a decrease 
in the rates of motions. 

The crystal structures reveal evidence for disorder or the 
possibility of multiple conformations for the responsive loops 
2 and 4 of p2lraS in both the active and inactive states. 
However, the crystal structures indicate that, on average, these 
loops make more hydrogen bonds with the triphosphate group 
of GTP analogs than with the diphosphate group of GDP (Pai 
et al., 1990; Milburnet al., 1990; Wittinghofer & Pai, 1991). 
The additional interactions are not expected to increase the 
range of conformations accessed by loops 2 4nd 4 or to increase 
the rate of proton exchange with water. They are more likely 
to slow down motional averaging of the resbnances of loops 
2 and 4. 

The collective strength of the interactions between ~21'" 
and the nucleotide is reflected in the nucleotide's binding 
affinity for p21ras. Compared to GDP, GTPyS binds less 
tightly to p2lraS, and GMPPNP binds less tightly still (John 
et al., 1989). This trend parallels that of responsive resonance 
strength, as GDP-p21ra8 produces the strongest resonances 
and GMPPNP-p2lr" produces the weakest. However, our 
limited results with GMPPCP-p21ms do not follow this 
correlation, as more responsive Gly resonances were observed 
in GMPPCP-p21ras than in GMPPNP-p21ras, although 
GMPPCP binds less tightly to p21r" than GMPPNP (John 



Conformational Responses of p2lraS to GMPPNP and GTPrS Biochemistry, Vol. 32, No. 29, 1993 1373 

GF GH 
GE 
e 

0 

0 
IK 0 

IH 

I 

9.0 8.0 7.0 
Proton chemical shift (ppm) 

u 

9.0 8.0 7.0 
Proton chemical shift (ppm) 

4 A 
GMPPNP 

IJ“ o Q IB” 

IK“ @ 

I H ,  

9.0 8.0 7.0 
Proton chemical shift (ppm) 

FIGURE 4 Comparison of (Gl2D)p2lm in the GDP-, GTPyS-, and GMPPNP-bound states. Gly and Ile were labeled with IsN, and HMQC 
spectra of the amide protons of Gly and Ile are shown. The spectrum of GDP-bound p21m is in the left-hand panel, the spectrum of GTPyS- 
bound p21m is in the center, and the spectrum of GMPPNP-bound p2lnS is in the right-hand panel. 

Table 111: Amide Chemical Shifts of Glycine and Isoleucine Resonances in (G12D)p21m Bound to GDP, GTPyS, and GMPPNP 
GDP GTPyS GMPPNP 

resonance assignment“ chemical shifts (IH, lsN) resonanceb chemical shifts (IH, lSN) resonanceb chemical shifts (IH, IsN) 
GA 
GB 
GC 
GD 
GE 
GF 
GG 
GH 
GJ 
GK 
IA 
IB 
IC 
ID 
IE 
IF 
IG 
IH 
I1 
IJ 
IK 

10 

75 
115 

60 

15 

13 
36 

24 

163 
21 

7.03, 108.1 
7.03, 101.4 
7.82, 11 1.4 
7.98, 114.1 
8.14, 111.6 
8.85, 110.9 
8.23, 104.0 
8.65, 110.8 
8.82, 116.1 

10.8, 114.0 

7.32, 121.3 
7.75. 120.5 
7.88; 113.6 
8.01,115.1 
8.35, 114.3 
8.30, 130.8 
8.06, 126.6 
7.96, 121.3 
8.73, 121.5 
9.07. 124.4 

** 
GB’ 
GC’* * 
GD’* 
GE‘ 
GF’ * * 
GG’ 

GJ’ 
GK’* * 

** 

IB‘** 
IC’” 
ID’ 
IE’* 
IF’ 
IG’ 
IH’** 
11’ 
IJ’** 
IK’** 

7.06, 101.4 
7.84, 108.4 
7.96, 113.6 
8.14, 111.3 
8.13, 109.2 
8.22, 103.9 

8.85, 115.9 
9.26. 11 5.1 

7.30, 120.5 
8.21, 120.7 
7.86, 113.4 
8.08, 114.9 
8.32, 114.0 
8.30, 130.7 
8.18, 126.9 
8.00, 121.1 
9.07, 122.0 
9.10, 125.1 

(8.18, 126.1)c 

** 
GB” 

GD” * 
GE” 

GG“ 

GJ” 

GCff** 

** 
** 
*e  

IB” 

ID” 
IE” * 
IF” 
IG” 

II”* 

IK”* 

** 

IHff** 

I J f t * *  

7.07, 101.5 
7.79, 108.6 
8.01, 113.6 
8.16, 111.3 

8.24, 103.8 

8.86, 115.9 

7.34, 121.4 

7.90, 113.4 
8.08, 114.8 
8.32, 114.0 
8.30, 130.8 
8.20, 127.0 
8.03, 121.0 
9.17, 122.3 
9.11, 124.8 

@ GDP-bound assignments are from Campbell-Burk (1 989), Redfield and Papastavros (1990), and Miller et al. (1 992). In the case of the isoleucines, 
the positions of the G12D resonances are extremely close to those of the WT resonances. Thus, although not confirmed, the above assignments are 
most likely. Resonances of GTPyS- and GMPPNP-(G12D)p21ras are not yet assigned but are each tentatively paired with the closest GTPyS- 
(WT)p21m resonance in chemical shift. It is likely that at least some of these pairings are incorrect. Resonances that appeared to shift by at least 
0.09 ppm ‘H or 0.6 ppm lsN upon nucleotide substitution or were no longer visible nearby are marked **, and others that shifted by at least 0.04 ppm 
‘H or 0.3 ppm ISN are marked *, A resonance close to this position was also occasionally observed in GDP-p21m, so it is not certain whether or not 
it is a GTPyS-specific resonance. All chemical shifts are from truncated (G12D)p21rw. We also note that IB’ appears to be a pair of resonances for 
(WT)p21m (Table I) and that both IB’ and IB” appear to be. a pair of resonances for (G12D)p21ns. More data are required to clarify the identities 
of these resonances. 

et al., 1989). This is consistent with the conclusions of Sanders 
et al. (1989), who have shown that strong binding does not 
necessarily imply conformational rigidity. 

On the basis of crystallographic studies, loop 4 (residues 
60-65) does not interact with GDP, loop 1 (residues 10-17), 
or loop 2 (residues 32-38) when GDP is bound, except possibly 
by hydrogen bonds mediated by H2O (Tong et al., 1991; 
Schlichting et al., 1990). In the GMPPNP-bound state, 
however, Gly 60 in loop 4 forms a hydrogen bond to the 
y-phosphate, which is a ligand to Mg2+ (see Figure 6; Briinger 
et al., 1990; Pai et al., 1989). Thr 35 loop 2 also becomes a 
ligand to the Mg2+ ion in the GMPPNP-bound state and 

hydrogen bonds to the y-phosphate, so that loops 2 and 4 
become linked indirectly. The Mg2+ ion is additionally ligated 
by Ser 17 (in loop l), as well as the 8- and 7-phosphates 
(Milburn et al., 1990; Pai et al., 1990). The @-phosphate also 
forms multiple hydrogen bonds with residues in loop 1. Thus, 
in the active state, loop 2 (containing Ile 36) and loop 4 
(containing Gly 60) acquire new indirect interactions with 
each other, the phosphates of the GTP analog, and loop 1 
(containing Gly 10, 12, 13, and 15; see Figure 6) whereas 
these interactions are not evident in the GDP-bound state. 
Coupling of loops 2 and 4 to loop 1 would limit their range 
of conformations and slow down their motion. Slower 
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FIGURE 5: Comparison of (WT) and (G12D) GTPyS-p21m. Gly and Ile were labeled with 15N, and HMQC spactra of the amide protons 
of Gly and Ile are shown. The spectrum of (WT) GTPyS-p21= is in the left-hand panel, and the spectrum of (G12D) GTPyS-p21" is in 
the right-hand panel. 
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FIGURE 6 Cartoon of the interactions between residues of p21m and 
the triphosphate group of GTP, based on the crystal structures of 
Milbum et al. (1990) and Pai et al. (1990). Amide protons that were 
monitored by NMR in this study are shown in stippled balloons. 
Protein backbone connectivities are drawn with wavy lines. Dashed 
lines indicate proposed hydrogen bonds or bonds to the Mg2+ ion. 

exchange could explain the loss of resonance intensity from 
loops 2 and 4. 

The same coupling would also necessarily transmit the 
conformational heterogeneity and motions of loops 2 and 4 
to loop 1, in addition to any time-averaged change in their 
conformations. A conformation change in loop 1 might be 
subtle enough not to produce a significant change in the crystal 
structure while nonetheless resulting in altered amide chemical 
shifts. The combination of a change in chemical shifts and 
coupled motion on a common time scale with loops 2 and 4 
could explain why resonances in loops 1 as well as 2 and 4 are 
all unobservable under our conditions. 

The similarity of the residues affected by GMPPNP and 
GTPyS substitution suggests that similar conformational 
effects would also be observed upon GTP binding and 
formation of the physiological active state of p21ras. It is 
interesting that thedifferences between GTPyS and GMPPNP 
do not affect the scope of the conformation change very much. 
The y sulfur of GTPyS may be relegated to a position with 
fewer interactions and therefore less importance for confor- 
mational coupling than the positions assumed by the two 
terminal oxygens of GTPyS. The e bridging oxygen which 

is replaced by NH in GMPPNP is thought to hydrogen bond 
to residue 13 in loop 1 (Pai et al., 1990), but this is only one 
of many interactions between loop 1 and the phosphates, so 
its weakening in GMPPNP may not have a significant effect. 

In order to be able to assess the importance of Gly 12 to 
the conformational switch of p21m, we compared the effects 
of nucleotide substitution in (WT)- and (G12D)p21m. The 
NMR spectrum of the mutant differed from that of WT with 
respect to the resonances of Gly 13,15, and 60 in the active 
site, as observed by Campbell-Burk (1 989). We also observed 
a loss of the resonance of Ile 36 (in loop 2) from its WT 
position. This result contrasts with that of crystallographic 
comparisons of WT and position 12 mutants of p2 1 m, which 
did not indicate a change at residue 36 (Krengel et al., 1990; 
Tong et al., 199 1). The G 1 2D mutant of p2 1 raS also provided 
a useful test of the responsiveness of Gly 60 to GTPyS. In 
the G12D mutant, the resonance of Gly 60 was in a position 
different from that of WT in the GDP-bound state, and this 
resonance was clearly shifted (or lost) when GTPyS replaced 
GDP. Thus, Gly 60 responds strongly to nucleotide substi- 
tution in (G12D)p21mS, as expected from crystallographic 
results (Briinger et al., 1990; Pai et al., 1989). It is interesting 
to note that none of the Gly resonances in the active state of 
p21 ras display striking downfield chemical shifts such as those 
of Gly 13 and Lys 16 in the inactive state, that are possibly 
associated with hydrogen bonding to phosphate group oxygens 
(Redfield & Papastavros, 1990). 

The responses of (G12D)p21m to GTPyS and GMPPNP 
strongly paralleled those of (WT)p21rm. The response to 
GMPPNP differed from the response to GTPyS in the same 
way in the two proteins. It seems possible that the GTPyS 
states of WT and G12D are less different from one another 
than are GDP-(WT)p21m and GDP-(G12D)p21m. Table 
IV lists all the strongly responsive resonances that werevisible 
in theGTPySstatesof (WT)-and (G12D)p21mandcompares 
the differences between their chemical shifts in (WT)- and 
(G12D)p2 1 ras, in each of the GDP- and GTPyS-bound states. 
The difference between the (WT)- and (G1 2D)p21m chemical 
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Table IV Comparison of the Differences between the (WT)- and (G12D)p21m Glycine and Isoleucine Resonance Chemical Shifts in the 
GDP-Bound and GTPyS-Bound States 

GDP Bound 
(WT)p21m (G12D)p2 lm difference 

resonance assignment' (IH, 15N) resonand assignment" (lH, 15N) (IH, 15N) 
chemical shifts chemical shifts chemical shifts 

GC 75 7.82, 11 1.6 GC 7.82, 11 1.4 0,0.2 
GF 60 8.24, 109.1 GF 60 8.85, 110.9 0.61, 1.8 
GK 13 10.37, 116.1 GK 13 10.8, 114.0 0.43,2.1 
IB 7.40, 121.5 IB 7.32, 121.3 0.08,0.2 
IC 7.79, 120.7 IC 7.75, 120.5 0.04,0.2 
IJ 21 8.77, 121.6 IJ 21 8.73, 121.5 0.04.0.1 
totals 1.20,4.6 

GTPyS Bound 
(WT)p2 lm (GI 2D)p21m difference 

resonand ('H, 15N) rcsonanceb (IH, 15N) (IH, 15N) 
GC 7.80, 108.7 GC 7.84, 108.4 0,0.3 
GF 8.20, 108.4 GF 8.13, 109.2 0.07,0.8 
GK 9.10, 114.9 GK 9.26, 115.1 0.16,0.2 
IB 7.33, 120.8 IB 7.30, 120.5 0.03,0.3 
IC 8.17, 120.9 IC 8.21, 120.7 0.04,0.2 
IJ 9.07, 122.2 IJ 9.07, 122.0 0,0.2 
totals 0.30,2.0 

chemical shifts chemical shifts chemical shifts 

a GDP-bound assignments are from Campbell-Burk (1 989), Redfield and Papastavros (1990), and Miller et al. (1992). Unassigned Gl2D resonances 
are each tentatively paired with the WT resonance closest to them in chemical shift. In the case of the isoleucine- and GTPyS-spccific resonance, 
the positions of the G12D resonances are extremely close to those of the WT resonances so that, although not confirmed, the above assignments and 
pairings are likely to be correct. All chemical shifts are from truncated (WT)- and (G12D)p2lN. 

shifts is significantly lower in the GTPyS state than in the 
GDP-bound state. This could be because GTP analogs induce 
a common structure, overriding differences stemming from 
the single amino acid substitution, in addition to coupling the 
local conformation more closely to the rest of the protein, 
which is unchanged by the mutation. Because the interactions 
of Gly 12 involve only its amide group (Pai et al., 1990), they 
could be retained by Asp 12 as well. 

Position 12 mutants of p2lraS including G12D are known 
to be able to activate downstream effectors of p2lraS and bind 
to GAP (Seeburg et al., 1984; Vogel et al., 1988), so the active 
conformation of (G12D)p21ras must resemble that of (WT)- 
p21ras. Thus, the apparent similarity of the spectra of (WT)- 
and (G12D)p21raS in the active state is expected (Figure 5 
and Table IV), and the greater similarity than the GDP- 
bound states (Figure 3 and Table 11) suggests that it is not 
only the absence of profound differences from the WTstructure 
in the GDP-bound state but also the ability to adopt a similar 
conformation upon binding GTP that makes (G12D)p21raS a 
good mimic of active (WT)p21raS. 

The loss of amide resonances from regions of GMPPNP- 
p2lmS has also recently been reported by Itoh et al. (1992). 

CONCLUSIONS 

We observe that the conformational effects of replacing 
GDP by GTPyS or GMPPNP are qualitatively similar, both 
with respect to the identities of the residues affected and the 
nature of the effect. Thus, the conformational response we 
observe is elicited by features common to both GTP analogs. 
(G12D)p21r" responds similarly to WT, to both nucleotide 
substitutions, with respect to the specific residues affected 
and the greater loss of intensity of responsive resonances in 
the GMPPNP-bound state, compared to the GTPyS-bound 
state. Moreover, the conformation of (G12D)p21ras appears 
to differ less from (WT)p21ras in the active state than in the 
inactive state. This may be related to (G12D)p21ras's ability 
to stimulate the signaling pathways of (WT)p21raS. The 

resonanax most severely attenuated in the activestateof p21m 
were specifically from the active site residues, in loops 1, 2, 
and 4. We propose that new interactions between each of 
these loops, the y-phosphate, and the Mg2+ ion couple the 
conformations and motions of these loops together. The 
heterogeneity and motions of loops 2 and 4 are reduced with 
a concomitant increase in the heterogeneity and motion of 
loop 1, resulting in motion on a common time scale that is too 
slow to produce single motionally averaged NMR resonances. 
Thenew interactionsin theactive~tateofp21~~couldconstrain 
loops 2 to 4 to those conformations that could be recognized 
by GAP. This mechanism would be compatible with the very 
high binding affinity of p2 1 r*s for guanine nucleotide di- and 
triphosphates. 
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