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ABSTRACT: p21H-ras is a 21 kDa,R/â sheet protein that, as a member of the GTPase superfamily, acts as
a molecular switch in signal transduction pathways. The essential role of GDP and Mg2+ in maintaining
the inactive conformation of p21H-ras prompted a study of the influence of these ligands on its structure
and stability. The urea-induced equilibrium unfolding transitions for the ternary (p21‚GDP‚Mg2+), binary
(p21‚GDP) and apo (p21) forms of p21H-ras at pH 7.5 and 25°C were monitored by absorbance and
circular dichroism spectroscopies. The cooperative disruptions of the secondary and tertiary structures
for all three forms are well-described by a two-state model. Global analysis of the equilibrium unfolding
data yields a free energy of folding in the absence of urea and under standard state conditions of 14.1(
0.2 kcal mol-1, 7.5 ( 0.4 kcal mol-1 and 1.8( 0.2 kcal mol-1 for ternary, binary and apo forms,
respectively. Near- and far-UV circular dichroism spectra of these three forms of p21H-ras show that
removal of the Mg2+ from the ternary complex loosens the aromatic side chain packing but leaves the
secondary structure largely unchanged. The removal of both GDP and Mg2+ completely releases the
side chain packing but leaves a substantial fraction of the secondary structure intact. These results
demonstrate that ligands play a significant role in the stability and structure of the p21‚GDP‚Mg2+ complex.
The amino acid sequence itself only contains sufficient information to direct the formation of a large
portion of the secondary structure in a molten globule-like state. Ligand binding is required to drive the
formation of specific tertiary structure.

The human proto-oncogene, p21H-ras 1plays a key role in
intercellular signal pathways (1-5). As a molecular switch,
it cycles between the GTP-bound active form and the GDP-
bound inactive form through hydrolysis and ligand exchange
reactions. The intrinsic conversion from the GTP-bound to
GDP-bound form that accompanies hydrolysis is very slow;
kcat ) 0.0028 min-1 (6). In vivo, this reaction is catalyzed
by GTPase-activating proteins (GAPs) which enhance the
rate by more than 105-fold (7). On the other half of the
GTPase cycle, the exchange of GDP for GTP is also a slow
reaction;kcat < 0.03 min-1. Guanine nucleotide exchange
factors (GEFs) increase the in vivo rate by 100-fold (4, 8).
Point mutations at several different sites result in the
disruption of the cycle and were among the first genetic
lesions associated with human cancer (2-4).

p21H-ras is an R/â-sheet protein with 189 amino acid
residues and a molecular mass of 21 kDa. The structures
of truncated p21H-ras(residues 1-166) complexes with GDP

and the nonhydrolyzable GTP analogues, GPPNHP and
GPPCH2P, have been solved to high resolution (9-15). The
native conformation has fiveR-helices and a centralâ-sheet
which contains five parallel and one antiparallel strands
(Figure 1). Three of the loops are centered on theγ-phos-
phate of GTP and constitute the major portion of the active
site. The side chains and backbone atoms in these loops
provide a large number of polar and nonpolar interactions
that stabilize the binding of the nucleotide to the protein. In
the GDP-bound form, several of the loops change their
orientation and their specific interactions with nucleotide and
Mg2+. Mg2+ is coordinated by the side chain hydroxyl group
of Ser-17 and theâ-phosphate of GDP; four water molecules
complete the octahedral coordination sphere of the metal ion
(13). Conformational changes that accompany the hydrolysis
of GTP are thought to be responsible for switching this
protein from the active to the inactive form (14, 16, 17).

Two features of p21H-ras make it an interesting target for
protein folding studies. First, an effective molecular switch
must be maintained in an inactive conformation for a period
that is comparable to or longer than the time required for
the completion of the events stimulated by the active
conformation (4). For switches that are driven by the binding
of small molecules, a thermodynamic consequence of this
temporal requirement is that these ligands must bind very
tightly to either one or both of the conformations. In other
words, diffusion-limited binding rates and long residence
times imply large association constants. This situation is
satisfied for p21H-ras: the association constant for GDP in
the presence of Mg2+ has been estimated to be in the range
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of 107-1011 M-1 (16, 18-20). Given the marginal stability
of most proteins (21), the binding of these ligands should
have a major impact on the stability of the ternary complex.
An examination of the free energy difference between native
and unfolded states of the ternary (p21‚GDP‚Mg2+), binary
(p21‚GDP), and apo (p21) forms should reveal the relative
roles of the polypeptide and ligand binding on the stability
and structure.

The second interesting feature of p21H-ras is the fact that
the amino acids which comprise the guanine nucleotide
binding site are highly conserved among all GTP binding
proteins (4, 22-25). Therefore, studies on p21H-ras may
provide insight into the role of the nucleotide binding
domains in the folding and stability of this class of proteins.
Comparison with the folding mechanisms of proteins con-
taining closely related domains that bind NADH or NADPH,
e.g., dihydrofolate reductase (26-28), may reveal an even
more general role for this very common motif.

Thermal unfolding studies on p21H-ras(20) have previously
demonstrated that GDP and Mg2+ stabilize the protein. The
melting temperature of the ternary complex of p21H-ras was
found to be 20°C higher than that for the apo form of the
enzyme. However, the irreversibility of the thermal unfold-
ing reaction precludes quantitative measurements of the
thermodynamic properties of either species. The purpose
of the present study is to determine the contribution of the
ligands, GDP and Mg2+, to the stability and structure of
p21H-ras under reversible conditions.

MATERIALS AND METHODS

Protein Source and Purification.Full-length p21H-raswas
expressed inEscherichia coliJM105 cells containing the
TACHRAS plasmid (a gift from John H. Coulby) and
purified according to previously published protocols with
some modifications (29). Briefly, the cells were harvested
3 h after IPTG induction by centrifugation at 3300g at 4°C
for 30 min, and the cell paste was stored at-20 °C. Cell

paste was resuspended to 0.1 g/mL with sonication buffer
(20 mM Tris-HCl, pH 7.2, 100 mM NaCl, 5 mM MgCl2, 1
mM DTE, and 1 mM PMSF), and the cells were washed
twice after pelleting at 16000g for 10 min. The cells were
then resuspended again to 0.1 g of cell paste/mL with
sonication buffer and broken by sonication. Soluble and
insoluble fractions were separated by centrifugation at
17000g for 30 min. If the soluble fraction was not used
immediately, ammonium sulfate was added to 80%, and the
resulting precipitate was stored at 4°C.

p21H-ras in the soluble fraction was purified following
established procedures (29). Purified protein was stored as
a precipitate in 80% ammonium sulfate at 4°C.

p21H-ras in the insoluble fraction was resuspended in the
sonication buffer and pelleted at 17000g. The resulting pellet
was resuspended with unfolding buffer (6 M urea, 20 mM
Tris-HCl, pH 8.0, 50 mM NaCl, 5 mM MgCl2, 30µM GDP,
5% glycerol, 1 mM Na2EDTA, 1 mM DTE, and 1 mM
PMSF) and stirred for 1 h at 4°C. The insoluble materials
were then pelleted by centrifugation at 17000g for 30 min.
The pellet was subjected to a second round of resuspension
and centrifugation. The pooled supernatants were diluted
20-fold with dilution buffer (20 mM Tris-HCl, pH 8.0, 50
mM NaCl, 5 mM MgCl2, 30 µM GDP, 5% glycerol, 1 mM
DTE, and 1 mM PMSF) and incubated overnight. The
sample was then loaded onto a Q-Sepharose Fast Flow anion
exchange (Pharmacia) column (2.5× 100 cm) preequili-
brated at 4°C with QFF buffer (20 mM Tris-HCl, pH 8.0,
50 mM NaCl, 5 mM MgCl2, and 1 mM DTE) at a flow rate
of 4 mL min-1. p21H-ras was eluted from the column with
a linear 2 L gradient from 50 to 350 mM NaCl in QFF buffer.
The fractions containing p21H-ras were identified by Na-
DodSO4-PAGE.

The purity of the protein was verified by the presence of
a single band on Coomassie blue-stained NaDodSO4-
polyacrylamide gels. Protein purified from inclusion bodies
was stored in 75% glycerol with 20 mM Tris-HCl, pH 7.5,
50 mM NaCl, 5 mM MgCl2, 30 µM GDP, and 1 mM DTE
at 4 °C.

Protein concentration was measured by the absorbance at
280 nm and calculated from Beer’s Law using an extinction
coefficient of 2.4× 104 M-1 cm-1 (30).

Preparation of the Binary Complex, p21‚GDP. The binary
complex was prepared by adding 10 mM Na2EDTA in buffer
to solutions containing the ternary complex. In the presence
of 1 mM MgCl2 and 10 mM Na2EDTA, the final free Mg2+

concentration was calculated to be about 0.1µM from the
following equation (31):

usingKEDTA‚Mg ) 1.0 × 10-6 M and KGDP‚Mg )2.8 × 10-6

M (20). At the concentrations of protein used in most of
the experiments, 16µM, the binary p21‚GDP complex
represented more than 97% of the protein in solution.

Preparation of Apo p21H-ras. Apo p21H-ras was prepared
each day by unfolding the ternary complex in a buffer
containing 6 M urea, 20 mM Tris-HCl, pH 7.5 at 25°C,
100 mM NaCl, 10 mM Na2EDTA, and 1 mM DTT. The
protein was incubated in this solution at room temperature

FIGURE 1: Ribbon diagram of truncated p21H-ras (residues 1-166)
complexed with GDP and Mg2+ (white sphere). The positions of
the nine tyrosine residues are indicated (dark spheres) (15).

[Mg2+]total )[Mg2+]free[1 + [EDTA] total/([Mg2+]free +

KEDTA‚Mg) + [GDP]total/([Mg2+]free + KGDP‚Mg)] (1)
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for 20 min. The sample was loaded onto a column of
Sephadex G-25 which had been preequilibrated at 4°C with
buffer containing 6 M urea, 20 mM Tris-HCl, pH 7.5, 100
mM NaCl, and 1 mM DTT. The column was run at a flow
rate of approximately 0.5 mL min-1. The peak fractions
were collected and assayed by UV absorbance spectroscopy.

The extinction coefficient for apo p21H-ras was measured
by the method of Gill and von Hippel (32) and found to be
1.7 × 104 M-1 cm-1.

Reagents and Experimental Conditions. Ultrapure urea
was purchased from ICN Biomedical, Inc. (Costa Mesa, CA),
GDP was purchased from Sigma (St. Louis, MO), and MgCl2

was purchased from Aldrich Chemical Co., Inc. (Milwaukee,
WI). All other chemicals were reagent grade. The buffer
used in all folding experiments contained 20 mM Tris-HCl,
pH 7.5, 67-100 mM NaCl, and 2 mM 2-mercaptoethanol;
MgCl2 and GDP concentrations were adjusted as necessary
for each experiment. To maintain constant ionic strength,
the concentration of NaCl was adjusted as the concentration
of MgCl2 or Na2EDTA was varied. The temperature was
maintained at 25°C for all experiments.

Spectroscopic Methods.Far- and near-UV CD spectra
were taken from 200 to 320 nm and from 240 to 350 nm,
respectively, on an AVIV 62DS spectropolarimeter. Far-
UV CD spectra were collected in 1.0 mm path length cells
using a 2.0 s averaging time and a 1.0 nm step size. Near-
UV CD spectra were collected in 1.0 cm cells using the same
scanning parameters. The spectra reported represent the
average of six repeat scans. Mean residue ellipticity was
calculated using an average residue molecular mass of 112.2
g mol-1. Absorbance data were collected on an AVIV 14
DS UV-Vis spectrophotometer. All samples were allowed
to fully equilibrate at 25°C before the acquisition of data.

Equilibrium Urea Titration Studies. The equilibrium
unfolding reaction was monitored by CD at 222 nm and by
ultraviolet absorbance spectroscopy at 287 nm. To ensure
full equilibration, the ternary complex of p21H-ras was
allowed to unfold overnight at 25°C prior to recording the
absorbance and CD spectra. The binary and apo forms of
p21H-ras were equilibrated for 3 h before collecting the
spectra. The protein concentration used in the equilibrium
studies was held constant in any individual study, generally
in the range of 10-17 µM.

Data Analysis.Equilibrium unfolding data for the ternary
complex of p21H-ras were fit to the following two-state
model:

where N is the native ternary complex of protein, p21‚Mg2+‚
GDP, U is the unfolded form without bound ligands, and
GDP and Mg2+ are the free ligands, respectively;K )
([U][Mg 2+][GDP])/[N]. In the presence of a significant
excess of Mg2+ (>100 fold), the apparent fraction of the
unfolded protein,Fapp, can be shown to be

where [P]t, [GDP]t, and [Mg2+]t are the total protein, total
GDP, and total Mg2+ concentrations, respectively.

Data from different techniques were compared by calcu-
lating the apparent fraction of unfolded protein,Fapp, using
the equation:

where Yobs is the observed optical parameter at a given
denaturant concentration andYN andYU are the values for
the native and unfolded forms under the same condition. The
values ofYN andYU were assumed to depend linearly on the
denaturant concentration:

whereYN0 andYU0 are the values in the absence of denaturant
andSN andSU are the slopes of the native and unfolded base
line regions, respectively. The equilibrium constant,K, from
eq 2 can be written asK ) exp[-(∆G°/RT)], where∆G° is
the free energy difference between the native and unfolded
forms at a given denaturant concentration. The urea
dependence of∆G° was assumed to have a linear dependence
on the denaturant concentration (33): ∆G° ) ∆G°(H2O) -
m[urea]. ∆G°(H2O) is the free energy difference in the
absence of denaturant, andm reflects the sensitivity of the
unfolding transition to denaturant.

Combining eqs 3-5, Yobs can be calculated as

This equation was used to fit the observed data using Savuka,
version 5.1, an in-house global fitting program.

When Mg2+ is removed from the ternary complex by
adding excess Na2EDTA to the buffer solution, the equilib-
rium unfolding reaction for the binary complex can be written
as

where K ) ([U][GDP])/[N] and N is the native binary
complex, p21‚GDP. Fapp can be expressed as

Assuming that the baseline regions depend linearly on the
denaturant concentration, the observed signal,Yobs, can be
calculated as

Fapp) (Yobs- YN)/(YU - YN) (4)

YN ) YN0 + SN[denaturant] (5a)

YU ) YU0 + SU[denaturant] (5b)

Yobs) 1/2{(YU0 - YN0) +
(SN - SU)[urea]}{-([GDP]t/[P]t +

exp(-(∆G°(H2O) - m[urea])/RT)/([P]t[Mg2+]t) - 1) +
{([GDP]t/[P]t + exp(-(∆G°(H2O) -

m[urea])/RT)/([P]t[Mg2+]t) - 1)2 +

4 exp(-(∆G°(H2O) - m[urea])/RT)/([P]t[Mg2+]t)}
1/2 +

YN0 + SN0[urea] (6)

N {\}
K

U + GDP (7)

Fapp) 1/2{([GDP]t/[P]t + K/[P]t -1) +

{([GDP]t/[P]t + K/[P]t - 1)2 + 4K/[P]t}
1/2} (8)

N {\}
K

U + Mg2+ + GDP (2)

Fapp) 1/2{-([GDP]t/[P]t + K/([P]t[Mg2+]t) - 1) +

{([GDP]t/[P]t + K/([P]t[Mg2+]t) - 1)2 +

4K/([P]t[Mg2+]t)}
1/2} (3)
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Equation 9 was used to fit the equilibrium data from the
binary form using Savuka, version 5.1.

The equilibrium folding reaction of apo p21H-ras was fit
to a two-state model:

whereK) [U]/[N], N is the native apoprotein, andFapp )
K/(1 + K). Yobs can be calculated as

This equation was used to fit the observed data using Savuka,
version 5.1.

RESULTS

Secondary Structure in Ternary, Binary, and Apo p21H-ras.
The far-UV CD spectra of the native ternary and fully
unfolded conformations of p21H-ras are shown in Figure 2.
The spectrum of the ternary complex exhibits a broad
minimum near 220 nm, typical ofR/â-sheet proteins. The
ellipticity at 222 nm is dramatically reduced in the presence
of 8 M urea, indicating that little or no secondary structure
remains under these conditions. The mean residue ellipticity
at 222 nm of the ternary complex is-12.3× 103 deg cm2

dmol-1, and that for the unfolded form is- 2.0 × 103 deg
cm2 dmol-1. The far-UV CD spectra of p21H-ras in the binary
and apo forms are also shown in Figure 2. The mean residue
ellipticity at 222 nm of the binary complex is-12.1× 103

deg cm2 dmol-1, and that for the apo protein is-9.51 ×
103 deg cm2 dmol-1.

The observed changes in the shape of the spectra and the
position of the minima suggest that the removal of Mg2+ to
form the binary complex causes small perturbations in the
secondary and, possibly, tertiary structure (34). The removal
of GDP and Mg2+ to form the apo protein induces a
somewhat larger decrease in the ellipticity at 222 nm and a
shift of the minimum to 213 nm. Even with these changes,
it is evident that the apo protein has significant secondary
structure. Perturbations in the secondary structure of the
binary and apo forms might be expected because both ligands
directly contact the loops which link the helices and strands
that define the native conformation (Figure 1).

Tertiary Structure in Ternary, Binary, and Apo p21H-ras.
Near-UV CD spectroscopy was used to examine the chirality
of the environments of the nine tyrosines and five phenyl-
alanines in p21H-ras; this protein lacks tryptophan. The
ternary complex, p21‚GDP‚Mg2+, shows a strong positive

signal near 287 nm (Figure 3) which primarily reflects the
tyrosine side chain packing in the native conformation.
When the Mg2+ is removed to form the binary complex, the
amplitude of the signal at 287 nm is decreased by about 15%.
When both GDP and Mg2+ are removed to form the apo

Yobs) 1/2{(YU0 - YN0) +
(SN - SU)[urea]}{-([GDP]t/[P]t +

exp(-(∆G°(H2O) - m[urea])/RT)/[P]t - 1) +
{([GDP]t/[P]t + exp(-(∆G°(H2O) - m[urea])/RT)/

[P]t - 1)2 + 4 exp(-(∆G°(H2O) - m[urea])/RT)/

[P]t}
1/2 + YN0 + SN0[urea] (9)

N {\}
K

U (10)

Yobs) {(YU0 - YN0) +
(SN - SU)[urea]}{exp(-(∆G°(H2O) -

m[urea])/RT))/(1 + exp(-(∆G°(H2O) -
m[urea])/RT)} + YN0 + SN0[urea] (11)

FIGURE 2: Far-UV CD spectra of p21H-ras. The thick solid line
shows the spectrum of the native ternary complex, and the thin
solid line represents the spectrum of the fully unfolded conformation
in 8 M urea. The short dashed line shows the spectrum of the binary
complex, and the alternating long and short dashes show the
spectrum of the apo protein. The protein concentration was 16µM
for both ternary and binary complexes as well as for the unfolded
protein and 10µM for the apo protein. The buffer used for the
ternary complex contained 20 mM Tris-HCl, pH 7.5, 85 mM NaCl,
10 µM GDP, 5 mM Mg2+, 0.6 M urea, and 2 mM 2-mercapto-
ethanol. The buffer used for the binary complex contained 20 mM
Tris-HCl, pH 7.5, 67 mM NaCl, 10µM GDP, 1 mM Mg2+, 10
mM Na2EDTA, 0.6 M urea, and 2 mM 2-mercaptoethanol. The
total GDP concentration in the solutions of ternary and binary
complexes was 26µM. The buffer used for the apo protein
contained 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.6 M urea,
and 2 mM 2-mercaptoethanol. The 0.6 M urea required to maintain
the apo protein in a soluble form was also included in the solutions
for the ternary and binary complexs. All spectra were taken at 25
°C.

FIGURE 3: Near-UV CD spectra of p21H-ras. The thick solid line
shows the spectrum of the native ternary complex; the thin solid
line represents the spectrum of the fully unfolded conformation in
8 M urea. The short dashed line shows the spectrum of the binary
complex, and the alternating long and short dashes show the
spectrum of the apo protein. The final protein concentration was
70 µM. The buffers used for the three forms of p21H-ras are
described in the caption for Figure 2.
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protein, a broad, slightly negative signal is observed in this
region. The near-UV CD spectrum of apo p21 is very similar
to the spectrum of the unfolded ternary complex (Figure 3),
demonstrating that the packing around the aromatic side
chains is completely disrupted in the absence of both ligands.

Stability of Ternary, Binary, and Apo p21H-ras. Urea
titration experiments were performed to determine the
appropriate folding models and stabilities of the ternary,
binary, and apo forms of p21H-ras. The changes in extinction
coefficient at 287 nm and mean residue ellipticity at 222
nm for the ternary complex of p21H-rasas a function of urea
concentration are presented in Figure 4A. As the urea
concentration is increased, the CD and UV absorbance
signals change in a sigmoidal fashion, indicative of coopera-
tive unfolding transitions. The reversibility of the unfolding
reaction was demonstrated by unfolding the protein overnight
in 6 M urea followed by refolding by dilution into buffer.
By comparing the spectrum of refolded protein to that
obtained from unfolding the native protein under the same
final conditions, it was demonstrated that the urea-induced
equilibrium unfolding reaction of p21H-rasis greater than 90%
reversible.

The fits of the equilibrium data, generated by ABS and
CD spectroscopy, to a two-state model that incorporates both
the protein and ligand concentrations (eq 6) are shown in
Figure 4 as solid lines. The coincidence of the normalized,
Fapp, curves for both techniques (Figure 4B) and the excellent
agreement with the predicted curve for a two-state model
demonstrate that only the native, ternary complex and the
unfolded, ligand-free form are highly populated at equilib-
rium during urea-induced unfolding.

The same experiments were performed on the p21‚GDP
binary complex and the apo protein. The results are shown
in Figure 5 and Figure 6, respectively. Removal of Mg2+

to form the binary complex appears to destabilize the protein
as evidenced by the∼1 M urea shift in the midpoint of the
unfolding transition to lower urea (Figure 5). In addition,
the unfolding transition occurs over a broader urea range,
indicative of a decrease in the amount of surface area buried
(35) relative to the ternary complex. Removal of both
ligands to form the apo protein results in an additional loss
of stability as evidenced by the absence of a well-defined
native baseline region and an even broader transition zone
(Figure 6). Removal of ligands did not have a detrimental

FIGURE 4: Equilibrium unfolding of the ternary complex of p21H-ras.
(A) Dependence of the mean residue ellipticity at 222 nm (O) and
the extinction coefficient at 287 nm (4) on the urea concentration.
Closed symbols represent the results for refolded protein that had
previously been unfolded in 6 M urea. (B) The apparent fraction
of unfolded protein,Fapp, versus the urea concentration. The line
represents the simultaneous global fits of both the CD and ABS
data to eq 6. The protein concentration was 16.5µM, and the total
GDP concentration was 17.5µM. Buffer conditions: 20 mM Tris-
HCl, pH 7.5, 85 mM NaCl, 5 mM MgCl2, 1.0 µM GDP, and 2
mM 2-mercaptoethanol at 25°C.

FIGURE 5: Equilibrium unfolding of the binary complex of p21H-ras.
(A) Dependence of the mean residue ellipticity at 222 nm (O) and
the extinction coefficient at 287 nm (4) on the urea concentration.
Closed symbols represent the results of refolding protein that had
previously been unfolded in 6 M urea. (B) The apparent fraction
of unfolded protein,Fapp, versus the urea concentration. Lines
represent the global fits of both the CD and ABS data to eq 9. The
protein concentration was 16µM, and the total GDP concentration
was 26µM. Buffer conditions: 20 mM Tris-HCl, pH 7.5, 67 mM
NaCl, 1 mM MgCl2, 10 mM Na2EDTA, 10 µM GDP, and 2 mM
2-mercaptoethanol at 25°C.
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effect on the reversibility of the unfolding transition as can
be seen by the near-coincidence of the solid and open
symbols in Figures 5A and 6A. The solid lines represent
fits of the binary and apo unfolding data to the appropriate
two-state models, using eqs 9 and 11, respectively. The
coincidence of the normalized CD and ABS unfolding curves
suggests that both the binary and apo proteins are also well
described by a two-state equilibrium unfolding transition
(Figures 5B and 6B). The two-state model is also consistent
with the decreased stability of the binary and apo forms
relative to the ternary form (Table 1); these species are
expected to be only marginally populated in the equilibrium
unfolding of the ternary complex.

As a further test of the two-state model for the ternary
and binary forms of p21H-ras, the effect of varying the
concentrations of these ligands on the apparent stabilities
was measured. When the total GDP concentration was
increased from 17.5 to 112.5µM and the MgCl2 and protein
concentrations were maintained constant at 5 mM and 12.5
µM, respectively, the midpoint of the unfolding transition
for the ternary complex monitored by CD spectroscopy
increased from 3.1 M urea to 4.0 M urea (Figure 7A). When
the total concentration of Mg2+ was increased from 0.1µM
to 5 mM and the total GDP and protein concentrations were

held constant at 27 and 17µM, respectively, the midpoint
of the unfolding transition increased from 2.0 to 3.5 M urea
(Figure 7B). These results are consistent with the dissocia-
tion of both ligands from the protein as it unfolds. The effect
of GDP binding on the apparent stability of the binary
complex, p21‚GDP, was tested by repeating the urea titration
at several different GDP concentrations. As expected, the
midpoint of the unfolding transition increased with increasing
GDP concentration (data not shown). Attempts to study the
effect of Mg2+ on the stability of the apo form were
precluded by problems with aggregation.

The thermodynamic parameters were extracted from the
fits of the data to appropriate two-state models as described
under Materials and Methods.

Table 1 shows the results from both global and individual
fits of a series of equilibrium unfolding experiments for the
ternary and binary complexes. For the individual fits, the
consistency in the values obtained for the thermodynamic
parameters over a wide range of ligand concentrations
supports the simplified two-state equilibrium models pre-
sented in eqs 2 and 7 for the ternary and binary complexes,
respectively. For the ternary complex, a global fit of 11 data
sets obtained from equilibrium CD and ABS experiments
over a range of ligand and protein concentrations gave a free
energy change under standard state conditions and in the
absence of urea of 14.1( 0.2 kcal mol-1 and anm value of
1.37 ( 0.05 kcal mol-1 (molar urea)-1. For the binary
complex, a global fit of 6 data sets over a range of GDP and
protein concentrations results in corresponding values of 7.5
( 0.4 kcal mol-1 and 1.0( 0.1 kcal mol-1 (molar urea)-1,
respectively. The results of the global fits are consistent with
those of the individual fits (Table 1), providing further
support for the validity of a two-state model for the ternary
and binary complexes of p21H-ras protein. Although the
marginal stability of the apo protein precluded a well-defined
native baseline, the transitions were sufficiently complete
to provide reliable fits. A combined fit of the ABS and CD
data shown in Figure 6 for the apo protein yielded a free
energy of unfolding in the absence of urea under standard
state conditions of 1.8( 0.2 kcal mol-1 and anm value of
0.78 ( 0.02 kcal mol-1 (molar urea)-1, respectively.

DISCUSSION

Stability and Structure of Apo p21H-ras and Its Binary and
Ternary Complexes with GDP and Mg2+. Thermodynamic
studies on the urea-induced unfolding of apo p21H-ras and
its binary and ternary complexes with GDP and GDP/Mg2+,
respectively, have shown that these ligands have a substantial
influence on the stability and the nature of side chain packing.
Interestingly, the secondary structure is less influenced by
these ligands than is the tertiary structure.

In the presence of both GDP and Mg2+, the free energy
of folding in the absence of denaturant is 14.1( 0.2 kcal
mol-1. This value is comparable to that of many small,
globular proteins (21) and reflects the numerous noncovalent
interactions observed in the X-ray structure (11) and implied
by the near- and far-UV CD spectra (Figures 2 and 3).
Removal of the Mg2+ decreases the stability by nearly half
to 7.5( 0.4 kcal mol-1. The binding of this doubly charged
cation to theâ-phosphate of GDP and the hydroxyl of Ser17

FIGURE 6: Equilibrium unfolding of the apo form of p21H-ras. (A)
Dependence of the mean residue ellipticity at 222 nm and the
extinction coefficient at 287 nm on the urea concentration, as
measured by CD (O) and by ABS (4), respectively. (B) The
apparent fraction of unfolded protein,Fapp, versus the urea
concentration. Closed symbols represent refolding points. Lines
represent the global fit of both the CD and ABS data to eq 11. The
protein concentration was 10µM. Buffer conditions: 20 mM Tris-
HCl, pH 7.5, 100 mM NaCl, 2 mM 2-mercaptoethanol at 25°C.

14886 Biochemistry, Vol. 37, No. 42, 1998 Zhang and Matthews



as well as its involvement in a network of water-mediated
hydrogen bonds to other side chains (17) appears to
contribute significantly to the free energy of folding of the
ternary complex. This substantial decrease in stability is
accompanied by relatively modest changes in both the far-
and near-UV CD spectra (Figures 2 and 3), suggesting that
both the secondary and tertiary structures are largely intact
in the binary complex. The decrease in them value from
1.38 to 1.0 kcal mol-1 M-1, however, indicates that the
amount of buried surface area (35) decreases when the Mg2+

is removed to form the binary complex. This result may
reflect, in part, the release of Ser17 and the dissociation of
helix R1 which contains this residue.

When the GDP is removed to create apo p21H-ras, the
stability undergoes a further decrease to 1.8( 0.2 kcal mol-1.
The marginal stability of apo p21H-ras leads to the prediction
that this form of the protein is approximately 5% unfolded
in the absence of denaturant (Figure 6). Therefore, the
ellipticity at 222 nm for the fully folded apo form should be
approximately 5% greater than that shown in Figure 2.
Including this correction, the ellipticity at 222 nm for the
apo protein is predicted to be about 80% that of the ternary
complex. Although there are obvious differences in the far-
UV CD spectra of ternary and apo p21H-ras (Figure 2), the
substantial amount of remaining secondary structure is in
striking contrast to the complete loss of specific side chain
packing around the aromatic chromophores in the apo protein
(Figure 3).

The numerous polar and nonpolar contacts between GDP
and the protein not only promote ligand binding at the active
site but also serve to organize the aromatic and, presumably,
other side chains in the protein. The loss of side chain
packing and further reduction in secondary structure observed
for the apo form are also consistent with the observed
decrease in them value for the urea-induced unfolding

transition, relative to the binary complex. Presumably, the
decrease in organized structure allows greater solvent access
to surface area that is buried in the binary form of p21H-ras.

Nativelike secondary structure and the absence of fixed
tertiary structure are characteristics of the molten globule
state, an often-observed early intermediate in folding reac-
tions (36-38). For a number of proteins, these alternatively
folded states are only stable under extreme conditions, i.e.,
low pH or high temperature, which selectively destabilize
the native conformation. However, ligands play such a
critical role in stabilizing the native conformation of p21H-ras

that their removal offers access to a molten globule-like state
at neutral pH and 25°C.

Similar results have been obtained by Shortle and his
colleagues on a truncated version of staphylococcal nuclease.
This reduced polypeptide adopts a partially folded form that
packs elements of secondary structure in a nativelike fashion
(39, 40) but lacks specific tertiary structure. This conformer
can be converted to a nativelike conformation by the addition
of nucleotide and calcium (41, 42). As another example,
R-lactalbumin exhibits a molten globule state simply by
removing Ca2+ at neutral pH (43, 44). Evidence has been
presented that apoR-lactalbumin can adopt a nativelike chain
fold in theR-domain but not theâ-domain (45). This latter
conclusion, however, has been disputed (46).

A common theme in these examples is that the amino acid
sequences of these apo or truncated proteins only contain
enough information and intrinsic folding energy to drive the
folding reaction to a molten globule-like stage. The driving
force to complete the folding reaction requires the binding
of ligand(s) to the native conformation. This phenomenon
might be regarded as a corollary of the Anfinsen hypothesis
(47) in that part of the information required to fold to the
native conformation may be contained in factors extrinsic
to the amino acid sequence. If the binding of these factors

Table 1: Stability Parameters for the Unfolding of P21H-ras as a Function of Ligand Concentration at pH 7.5 and 25°C

[GDP]a

(µM)
[Mg2+]a

(mM)
[P]

(µM)
∆G°(H2O)

(kcal mol-1)
m [kcal mol-1

(molar urea)-1] Cm
b(M) technique

Ternary Complex
individual fits 17.5 5.00 12.5 13.7( 0.7 1.36( 0.2 3.0 CD

17.5 5.00 16.5 14.0( 0.3 1.34( 0.1 3.0 CD
23.6 5.00 12.5 13.5( 0.5 1.30( 0.2 3.2 CD
37.4 5.00 12.5 14.0( 0.2 1.38( 0.1 3.5 CD

112.5 5.00 12.5 13.9( 0.5 1.37( 0.1 4.0 CD
27.0 1.02 17.0 14.0( 0.4 1.34( 0.06 2.8 CD
27.0 5.02 17.0 14.0( 0.2 1.39( 0.05 3.4 CD

23.65 5.00 12.5 14.1( 0.5 1.33( 0.2 3.2 ABS
27.06 1.02 17.0 14.6( 0.4 1.41( 0.1 2.7 ABS
27.0 5.02 17.0 14.5( 0.5 1.39( 0.1 3.3 ABS
37.4 5.00 12.5 14.2( 0.5 1.33( 0.2 3.4 ABS

global fitc 14.1( 0.2 1.37( 0.05

Binary Complex
individual fits 22.0 0.001 13.5 7.6( 0.3 1.1( 0.2 1.4 CD

26.0 0.001 13.5 7.6( 0.3 1.0( 0.2 1.4 CD
100.0 0.001 13.5 7.6( 0.2 0.99( 0.3 2.2 CD
27.0 0.001 17.0 7.7( 1.0 0.98( 0.1 1.4 CD

26.0 0.001 13.5 7.5( 0.8 1.1( 0.2 1.4 ABS
27.0 0.001 17.0 7.4( 0.9 0.95( 0.3 1.4 ABS

global fitd 7.5( 0.4 1.0( 0.1
a [GDP] and [Mg2+] are the total concentrations. Errors in the protein concentration are(10%. b The midpoint of the unfolding transition was

calculated from theFapp equations at the urea concentration whereFapp ) 0.5. Errors inCm are estimated to be(0.06 M. c The global fit included
all 11 data sets shown.d The global fit included all 6 data sets shown.
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provides the energy required to stabilize a unique, native
fold that is thermodynamically and structurally different from
the dynamic ensemble of partially folded forms that exist in
the absence of ligands, then the ligands themselves contain
essential folding information. A related situation exists for
the tryptophan repressor, a dimeric protein whose individual
subunits are highly intertwined. Polar mutations in the
hydrophobic core preclude the formation of the dimer but
not the folding of the individual subunits to non-native
conformations (48). Thus, a part of the information required
to direct the correct folding of one of the tryptophan repressor
subunits is contained in the other subunit.

Relationship between Ligand Affinity and Protein Stability.
The reported association constant of GDP for p21H-ras in
the presence of millimolar concentrations of magnesium
ranges from 1.7× 107 (18) to (2.1-5.7) × 1010 M-1 (16,
19, 20) under conditions similar to those in the present
experiments. These values correspond to a range in the free
energy of binding from 9.6 to 14.7 kcal mol-1. If the
predominant, folded apo enzyme is the species to which the

ligands bind, the difference in stability between the ternary
and apo forms of p21H-ras, 12.3 kcal mol-1, reflects the
binding free energy of the ligands. This corresponds to an
association constant for GDP of 1× 109 M-1 at pH 7.5, 25
°C, and excess Mg2+, within the range of previous measure-
ments. If the ligands instead bind to a minor conformer in
equilibrium with the predominant conformer, the binding free
energy estimated by this approach would increase in direct
proportion to the difference in free energy between the two
conformers. In effect, the binding energy would be de-
creased by the energy required to convert the stable apo form
to the minor, ligand-competent form. Therefore, an associa-
tion constant of 1× 109 M-1 represents a lower limit for
this parameter.

Biological Implications. The observation that the stability
of the ternary complex of p21H-ras is dominated by the
binding of GDP and Mg2+ may reflect both general aspects
of enzyme function and turnover and specific aspects of the
function of this protein. As discussed above, tight ligand
binding can be a thermodynamic consequence of slow ligand
release. However, strong binding to a very stable apo protein
would result in a complex whose stability could exceed 20
kcal mol-1 at standard state. A stability of this magnitude
for an enzyme could be detrimental to catalysis or to
proteolytic turnover by reducing access to small populations
of essential high-energy states. These and other reasons
might explain the observed marginal stability of many
globular proteins, 5-15 kcal mol-1 (21).

For p21H-ras, the rates of turnover of GTP to GDP and
exchange of GDP for GTP, in the absence of other cellular
factors, might be significantly retarded if the stability of the
ternary complex exceeded 20 kcal mol-1. For example, the
exchange reaction for the GDP ternary complex might be
mediated through binding of GEF to a partially unfolded
form of the complex that has a lower affinity for ligands.
Extraordinary stability of the ternary complex could reduce
the population of an exchange-competent state, thereby
inhibiting the action of GEF. Although the catalytic power
of GAPs (7, 49) and GEFs (4, 8) could be adjusted by
mutations to overcome this additional retardation, the primi-
tive signaling system that might have existed before GAPs
and GEFs evolved might not have been useful on a biological
time scale. Therefore, the marginal stability of the apo form
of p21H-ras might be a necessary consequence of the tight
binding of the GDP and Mg2+ ligands.
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APPENDIX

DeriVation of Equation 3.From the expression for the
equilibrium constant

FIGURE 7: Effect of ligand concentrations on the apparent fraction
of unfolded protein,Fapp, versus the urea concentration for the
ternary complex. Data are from equilibrium CD studies at 222 nm.
(A) Effect of GDP concentration on the equilibrium unfolding
reaction. The total GDP concentration was 17.5 (open triangles),
23.5 (closed circles), 37.4 (closed triangles), and 112.5µM (open
circles), respectively. The protein and Mg2+ concentrations were
12.5µM and 5 mM, respectively. (B) Effect of Mg2+ concentration
on the equilibrium unfolding reaction. The final Mg2+ concentration
was 0.1µM (open triangles), 1 mM (closed circles), and 5 mM
(open circles), and the total GDP and protein concentrations were
27 and 17µM, respectively. Lines represent the global fits of these
data to eq 3 except for the fit in panel (B) with a Mg2+ concentration
of 0.1 µM. In this case, the data were fit by eq 9.

K ) ([U][Mg 2+][GDP])/[N] (A1)
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we seek an expression for [U] in terms of the following
known quantities: the total protein concentration,Pt, the total
magnesium ion concentration, [Mg2+]t, and the total GDP
concentration, [GDP]t. Mass balance yields

Rearranging and substituting into eq A1 yield

The cubic equation in [U] can be reduced to a quadratic
equation if we take [Mg2+]t . Pt, which is a good
approximation for the conditions of these experiments. Then
eq A2 simplifies to

Rearranging yields a quadratic equation in terms of [U]:

whose solution is

where

The apparent fraction unfolded protein is then given by

A similar method can be used to derive eq 8.
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