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ABSTRACT The three-dimensional structures of the car-
boxyl-terminal regions of the P21 protein products of the
human Harvey (Ha), Kirsten (KiA and KiB), and neuroblas-
toma (N) RAS oncogenes and various mutants have been
determined by using conformational energy analysis. The
carboxyl-terminal region ofP21 has been strongly implicated in
the binding of the protein to the inner surface of the plasma
membrane without which the protein is inactive. The only
invariant residue in this region is Cys-186, which is necessary
for the post-translational addition of palmitic acid. The sur-
rounding sequences of the active native proteins differ consid-
erably. Nevertheless, certain amino acid substitutions in this
region are known to eliminate membrane binding and protein
activity, suggesting that there is a conserved common struc-
tural feature in this region in the native proteins that is
disrupted in the mutant proteins. Conformational energy
analysis shows that the four native P21 proteins have a common
structure in the form of an a-helix for the terminal pentapep-
tide. A mutant, pBW277, that fails to bind to the membrane
and is inactive cannot adopt an a-helical structure in this region
because of a proline at position 188. Another mutant, pBW766,
that retains membrane binding and activity, on the other hand,
retains the preference for an a-helical conformation in the
terminal pentapeptide. These rindings suggest that, despite
various amino acid sequences in this region, the carboxyl-
terminal pentapeptides of the P21 proteins form a distinctive
structural domain that must have an a-helical structure for
membrane binding and intracellular activity.

It has been well-documented that the ras gene-encoded
protein product (P21) must be membrane-bound to function
intracellularly (1, 2). Naturally occurring single amino acid
substitutions at positions 12, 13, 59, 61, and 63 in this protein
result in cell transformation (1, 2). P21 proteins with substi-
tutions at position 12 and also with Cys-186 deleted or
substituted with another amino acid, such as serine, were not
active in cell transformation and failed to bind to the inner cell
membrane (3-7). These cytosolic proteins nonetheless ex-
hibited typical P21 protein activity-i.e., the naturally oc-
curring P21 proteins and the substituted P21 proteins had the
same binding affinities for GDP (3-7).
Cys-186 is the site at which palmitic acid is covalently

linked as a thioester to the free thio group of this residue
post-translationally (4, 5, 8, 9). It is this event that presum-
ably results in the attachment of the protein to the inner cell
membrane (4, 5, 8, 9). Amino acid sequences for many ras
gene-encoded proteins from diverse eukaryotic cells, includ-
ing yeast, reveal that this residue is conserved (4, 5). The

surrounding sequences, however, vary considerably among
the ras gene-encoded proteins (4, 5). For example, human
Harvey (Ha), Kirsten (KiA and KiB), and neuroblastoma (N)
RAS gene-encoded P21 proteins [P21(Ha), P21(KiA),
P21(KiB), and P21(N), respectively] have strongly homolo-
gous sequences in other regions but differ substantially in the
last 10 amino acid residues from position 180 to position 189
(10-13). The sequences of these proteins are as follows (10-
13):

180 185
Gly-Cys-Met-Ser-Cys-Lys-Cys-Val-Leu-Ser H
Cys-Val-Lys-Ile-Lys-Lys-Cys-Ile-Ile-Met KiA
Lys-Lys-Ser-Lys-Thr-Lys-Cys-Val-Ile-Met KiB
Gly-Cys-Met-Gly-Leu-Pro-Cys-Val-Val-Met N.

The full-length proteins are fully active and transform NIH
3T3 cells in culture if substituted, for example, at position 12.
The carboxyl-terminal decapeptide may not interact with

the remainder of the protein. It has been shown in genetic
splicing experiments that if residues from position 164 to
position 183 are deleted from P21(Ha) (and, because of
frame-shifting, the sequence Pro-Asp-Gln is inserted), the
protein retains full transforming activity (3-7). Conversely,
changes further into the sequence from position 180 to
position 189 sequence that, nonetheless, leave Cys-186 intact
can significantly lower the transforming activity of the
protein (3-7). For example, if the sequence to residue 187 is
left intact and the sequence Thr-Pro replaces the carboxyl-
terminal Val-Leu-Ser sequence of P21(Ha) (the pBW277
mutant), then the resulting protein does not bind to the cell
membrane (4, 5).

It, therefore, appears that despite differences in sequences
among the four membrane-binding decapeptides of P21(Ha),
P21(K), and P21(N) there may be a common structural
feature that is conserved and that may be destroyed by the
substitutions in the pBW277 mutant. A truncated form of P21
containing residues 1-171-i.e., without the carboxyl-
terminal end-was analyzed by x-ray crystallography at
2.7-A resolution (14). The carboxyl terminus of this protein
contains an a-helix from about residue 150 to residue 171, the
last residue. Further toward the carboxyl-terminal end of the
complete molecule, sequences, such as Pro-Pro (residues 173
and 174) and Pro-Gly (residues 179 and 180), occur that may
terminate this helix or introduce "kinks" in a propagating
helix past residue 171. We have computed (15, 16) that
P21(Ha) and P21(N) contain helical segments for residues

Abbreviations: P21(Ha), P21(KiA), P21(KiB), and P21(N), Harvey,
Kirsten A and B, and neuroblastoma RAS-encoded P21 proteins,
respectively.
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Table 1. Low-energy conformations for the decapeptide N-acetyl-Gly-Cys-Met-Ser-Cys-Lys-Cys-
Val-Leu-Ser-NHCH3, the carboxyl-terminal sequence for P21(Ha)

Conformational state*
Conformer Gly Cys Met Ser Cys Lys Cys Val Leu Ser Energy, kcal/molt

1 Ct A A A A A A A A A 0.0
2 Ct A A A A A A A A G 1.4
3 Ct A A A A A A A A C 1.7
4 Ct A A A A A A A A D 1.8

*These are defined in ref. 23. The single letter conformation code is defined by ranges of dihedral angles
as follows: A, -110° < ¢ < -40°, -900 < * < -10°; C, -110° s 't' < -400, 500 < T < 1300; D,
-1800 ID < -1100, 200 PT <1100; E, -1800 s . < -1400, -1800 PT < -140° or 1300 AP
< 180°; F. -110° -s (1 < -400, -180° -< qr < - 1400 or 1300 < AP < 180°; G. - 180° -- (D < -110°,
-900 < p < -400

tEnergies are expressed relative to the energy of conformer 1. All conformers with relative energies
within a cutoff of 2 kcal/mol of the energy of the global minimum are shown.
tStates were obtained by multiplying the corresponding single letter state by -1 and reversing the
inequality.

180-189 and may in fact form amphipathic helices in this
segment.

In this communication by using conformational analysis,
we explore the possible conformations for the carboxyl-
terminal decapeptide sequences in P21(Ha), P21(Ki), and
P21(N) to determine the common structures. We also exam-
ine the preferred conformations for mutant carboxyl-terminal
sequences that do not bind to cell membranes or bind with
lower affinities than do the parent proteins. Conformational
analysis has been used to explore the structural effects of
amino acid substitutions in the amino-terminal and central
transforming regions of P21 proteins and to determine struc-
tural commonalities in various other biologically active
peptides (17-21).

METHODS

Conformational analysis was performed on six carboxyl-
terminal sequences of the following P21 proteins: P21(Ha),
P21(KiA), P21(KiB), P21(N), the pBW277 mutant, and the
pBW766 mutant. As noted, the pBW277 mutant has the same
sequence as P21(Ha) except Thr-Pro replaces the terminal
Val-Leu-Ser (4, 5); the pBW766 mutant has the same se-
quence as P21(Ha) except there is a deletion from position
166 to position 183 and Pro-Asp-Gln is inserted before the
sequence from position 184 to position 189 (6).
The general methods used are based on the program

ECEPP (Empirical Conformational Energy for Polypeptides
and Proteins) (22). This approach has been used to compute
the allowed conformations of the naturally occurring amino

acids (23), short oligopeptides (24), and long constrained
oligopeptides (25, 26), as well as long unconstrained poly-
peptides including other regions of the P21 proteins (15-20,
27, 28).

In this study, all of the peptides were constructed by the
successive addition of single amino acid residues from the
amino- to the carboxyl-terminal end. Thus, the single residue
minima for the first two amino acids were combined and
subjected to energy minimization. The conformers whose
energies lay within a cutoff energy of that of the global
minimum (5.0 kcal/mol; 1 cal = 4.184 J) were retained and
then combined with the single residue minima for the next
residue in the chain. This process was repeated until all
residues of the peptide were added. At all stages of the
procedure, the amino and carboxyl termini contained N-
acetyl and NHCH3 groups, respectively, to include end
effects of neighboring residues not included in a particular
peptide.

RESULTS AND DISCUSSION
The low-energy conformers for the carboxyl-terminal pep-
tides of P21(Ha), P21(KiA), P21(KiB), P21(N), and pBW277
are presented in Tables 1-5, respectively. Examination ofthe
conformations of the decapeptides for the four naturally
occurring P21 proteins [P21(Ha), P21(KiA), P21(KiB), and
P21(N)] reveals them to be relatively inflexible well-defined
structures with relatively few conformers within 2 kcal/mol
of the global minimum; in fact, for P21(KiA), there were no
other conformations than the a-helix in Table 2 whose

Table 2. Low-energy conformations for the decapeptide N-acetyl-Cys-Val-Lys-Ile-Lys-Lys-Cys-
Ile-Ile-Met-NHCH3, the carboxyl-terminal sequence for P21(KiA)

Conformational state

Conformer Cys Val Lys Ile Lys Lys Cys Ile Ile Met Energy, kcal/mol
1 A A A A A A A A A A 0.0

Conformational states and energy are as described in Table 1.

Table 3. Low-energy conformations for the decapeptide N-acetyl-Lys-Lys-Ser-Lys-Thr-Lys-Cys-
Val-Ile-Met-NHCH3, the carboxyl-terminal sequence for P21(KiB)

Conformational state

Conformer Lys Lys Ser Lys Thr Lys Cys Val lie Met Energy, kcal/mol
1 A A A A A A A A A C 0.0
2 A A A A A A A A A A 0.5
3 A A A A A A A A A E 0.8
4 F A A A A A A A A C 1.2
5 C A A A A A A A A C 1.9

Conformational states and energies are as described in Table 1.
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Table 4. Low-energy conformations for the decapeptide N-acetyl-Gly-Cys-Met-Gly-Leu-Pro-Cys-
Val-Val-Met-NHCH3, the carboxyl-terminal sequence for the P21(N)

Conformational state

Conformer Gly Cys Met Gly Leu Pro Cys Val Val Met Energy, kcal/mol
1 C A C D D A A A C C 0.0
2 C A C D D A A A A A 0.6
3 C A C D D A A A C A 0.6
4 A A C D D A A A C C 0.7
5 C A C D D A A A A A 0.8

Conformational states and energies are as described in Table 1.

Table 5. Low-energy conformations for the P21 protein nonapeptide N-acetyl-Gly-Cys-Met-Ser-
Cys-Lys-Cys-Thr-Pro-NHCH3, the carboxyl-terminal sequence for the pBW277 mutant protein

Conformational state

Conformer Gly Cys Met Ser Cys Lys Cys Thr Pro Energy, kcal/mol
1 C A A A A A A D C 0.0
2 C A A A A A A D A 0.7
3 C A A A A A A D F 1.1

Conformational states and energies are as described in Table 1.

energies were within 3 kcal/mol of the global minimum.
Furthermore, variations in the low-energy structures of each
of the peptides tend to occur principally at the amino- or
carboxyl-terminal residues, whereas the central eight resi-
dues tend to be invariant. None ofthe global minima for these
four peptides are identical. However, overall they do have
conformational similarities, especially in the region around
the invariant residue Cys-186. In particular there is only one
long sequence that is common in structure for all these
proteins and that is the all a-helical terminal pentapeptide.
This occurs as the global minimum for P21(Ha) and P21(KiA)
and as the second lowest energy conformation (only 0.5

kcal/mol above the energy of the global minimum) in the
P21(KiB) and as the second and fifth lowest energy confor-
mations (only 0.6 and 0.8 kcal/mol, respectively, above the
energy of the global minimum) in P21(N). The global mini-
mum conformation for the P21(Ha) decapeptide is presented
in stereoview in Fig. 1, and the a-helical conformation of the
terminal pentapeptide for P21(N) is presented in stereoview
in Fig. 2 for comparison.

All of the four naturally occurring P21 proteins behave
similarly with regard to membrane binding and transforma-
tion activity. As noted, however, the pBW277 mutant fails to
bind to the membrane and transform cells, despite the fact

FIG. 1. Stereoview of the global minimum energy conformation of the terminal decapeptide of P21(Ha). The carboxyl terminus is to the right
of the figure.

FIG. 2. Stereoview ofthe all a-helical conformation ofthe terminal pentapeptide ofP21(N). The carboxyl terminus is to the right of the figure.
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FIG. 3. Stereoview of the global minimum energy conformation of the terminal tetrapeptide of the pBW277 mutant. The carboxyl terminus
is to the bottom of the figure.

that the Cys-186 residue is preserved. As can be seen in Table
5, the low-energy conformations for the terminal segment of
this protein are different from those in P21(Ha), P21(KiA),
P21(KiB), and P21(N), particularly at the carboxyl terminus.
In the global minimum conformation, the terminal a-helix is
disrupted by a DC conformation at positions 187 and 188. In
fact, this is not unexpected due to the substitution of proline.
It has been shown that proline is very likely to disrupt
a-helices and other types of regular structures because the
amino acid residue preceding proline makes unfavorable
backbone-backbone contacts with proline if it adopts the A
(a-helical) state (27, 28). Thus, the substitution of proline at
position 188 forces the preceding threonine in this case to
adopt a nonhelical conformation. This is true for all the
low-energy conformers of the pBW277 mutant (Table 5).
Therefore, this protein shares no low-energy conformations
in common with the active naturally occurring proteins in the
region between positions 185 and 188. The global minimum
conformation for the terminal tetrapeptide of pBW277 is
presented in stereoview in Fig. 3.
On the other hand, the pBW766 mutant, which is substi-

tuted at positions 181-183, and similar mutants, such as
pBW1092 (6), which has Cys-184 repeated and Pro-Asp-Gln
inserted between the two cysteine residues (and thus would
have the same amino acid sequence for the nine C-terminal
residues as the pBW766 mutant), retain membrane-binding
ability and transforming activity (6). In all of the low-energy
conformations for this nonapeptide, the terminal pentapep-
tide segment (data not shown) was found to be a-helical and
close to the common structure for the four naturally occur-
ring proteins for the corresponding last five residues.

Conclusions. These findings tend to support the conclusion
that the carboxyl terminus of the P21 proteins, in particular
the terminal five amino acids, form a distinctive structural
domain despite various amino acid sequences in this region.
It is likely that this domain is in the form of an a-helix, which
with the invariant Cys-186 for the post-translational palmi-
tation, is necessary for membrane binding and intracellular
activity. Any amino acid substitutions in this region that
would disrupt this conformation would be expected to alter
membrane binding. Thus, we would predict, for example,
that the substitution of proline at any position from position
186 to position 189 would break the a-helix and cause loss of
membrane binding and transforming activity.

It is interesting to speculate on possible conformations for
the segment of the protein from position 150 to position 189.
As noted above, x-ray crystallographic analysis shows (14)
that the entire segment from residue 150 to residue 171 (the
last residue of the crystallized protein) is an a-helix. Since in
P21(Ha) the sequences Pro-Pro and Pro-Gly occur several
residues toward the carboxyl-terminal end, it is likely that

these residues would cause hairpin turns. If indeed the
carboxyl-terminal decapeptides are a-helical as computed in
this paper, it may be that the entire carboxyl-terminal
segment from residue 150 to residue 189 exists in a helical
hairpin conformation. Such conformations have been pro-
posed for the membrane-binding domains of membrane-
bound proteins (29). This consideration would also apply to
the carboxyl-terminal end of the P21 protein since this is the
region that is membrane-bound.
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