
In the Quest for Stable Rescuing Mutants of p53: Computational Mutagenesis of
Flexible Loop L1†

Yongping Pan,‡ Buyong Ma,‡ R. Babu Venkataraghavan,§ Arnold J. Levine,§ and Ruth Nussinov*,‡,|

Basic Research Program, SAIC-Frederick, Incorporated, Laboratory of Experimental and Computational Biology,
NCI-Frederick, Frederick, Maryland 21702, Institute for AdVanced Study, Einstein DriVe, Princeton, New Jersey 08540, and

Sackler Institute of Molecular Medicine, Department of Human Genetics and Molecular Medicine, Sackler School of Medicine,
Tel AViV UniVersity, Tel AViV 69978, Israel

ReceiVed October 6, 2004; ReVised Manuscript ReceiVed NoVember 14, 2004

ABSTRACT: p53 is a protein with marginal stability. Its transcriptional functions are often inactivated by
single missense mutations, shown to be associated with half of all human cancers. Here, we aim to design
stable functional p53 mutants. We target loop L1, one of the most mobile structural motifs in the p53
core domain (p53C). Specifically, we selected Ser116 in the middle of loop L1 and mutated it to 14 other
amino acids. All resulting mutants were subjected to molecular dynamics simulations, revealing a wide
spectrum of stabilities. Among these, mutant S116M displayed a remarkable stability, with a structural
deviation comparable to that of the experimental quadruple mutant M133L/V203A/N239Y/N268D that
is thermodynamically more stable than that of the wild type by 2.6 kcal/mol. Structural analysis showed
that the high stability of the S116M mutant was indeed due to the preservation of the p53C loop L1
conformation and the reduction of mobility in that region. The differential stabilities conferred by the
single mutations are rationalized based on the geometries and chemical properties of the side chains
introduced into this site. Linearity (i.e., nonbranched), moderate size, and balanced hydrophobic and
hydrophilic properties of the side chain are crucial to the stabilizing effect of the residue substitutions.

p53 tumor-suppressor protein is among the central hubs
(1) that regulate many important cellular functions (2).
Among these is the prevention of cancer development by
inducing the transcription of genes for cell-cycle arrest or
apoptosis (3-5) in response to DNA damage or to other
cellular stress. Maintaining the structural integrity of the p53
protein is therefore of crucial importance to the living or-
ganism (1, 2). However, p53 is known to be only marginally
stable (6), leaving it highly susceptible to structural perturba-
tions, such as single-point missense mutations leading to a
loss of function. It is now well-documented that many
missense mutations result in the inactivation of p53 and are
responsible for at least half of all human cancers (7-9). The
structural consequence of cancer-related missense mutations
is the much lower population of the native state because of
partial or complete denaturation (10-13) and an increased
population of alternate conformations that differ in their
DNA-binding interfaces (14, 15) or in the variable regions
(16). These observations clearly show that the stabilization
of p53 is of primary importance.

p53 has three domains: the N-terminal domain, the DNA-
binding core domain (p53C),1 and the C-terminal tetramer-

ization domain (14, 17). It functions in a tetramer form (18).
Most of the missense mutations have been mapped to the
p53C (8). Studies of the relationships between specific mu-
tations and their effect on protein function and between
structure and function further indicate that p53C is much
more sensitive to residue substitutions than the N- and
C-terminal domains (19). Consequently, several approaches
aiming at the stabilization of the p53 structure to rescue its
functions have focused on p53C, including the design of
small molecules or peptides that bind to it (16, 20, 21),
introduction of another mutation (22, 23), or design of new
stable and functional mutants (24, 25). The latter approach
was based on molecular evolution and combined naturally
occurring stabilizing mutations, yielding a functional, stable
quadruple mutant (24). This mutant is not only functional
but also structurally very similar to that of the wild type as
revealed by crystallography (25). This highlights the impor-
tance of the maintenance of the native conformation and the
feasibility of a stable mutant design. However, the nonnatu-
rally occurring mutations have largely not yet been explored.

The major structural features of p53C have been charac-
terized previously (26). The mainframe of p53C consists of
two â sheets packed against each other, with a Zn-centered
region and helix H2 packed against it (Figure 1). Theseâ
sheets serve as the p53C scaffold. Crystallography (25)
reveals that they are essential for the overall stability because
of the main-chain hydrogen bonding and the hydrophobic
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packing among the side chains. Although the stability and
structural integrity of p53C can be easily damaged by per-
turbations in theâ sheets as observed in the study of the
temperature-sensitive missense mutations (27), there is little
room to enhance the stability by introducing better residue
packing within the already highly packedâ sheets. On the
other hand, the peripheral regions including loops and turns
and even the helices display higher mobility because they
are loosely packed against each other or against theâ sheets
(Figure 1). In addition, these mobile regions are structurally
affected more than theâ sheets by missense mutations in
the core region (28), leading to higher sensitivity to tem-
perature and, consequently, fast unfolding. Therefore, target-
ing flexible regions could have direct impact on the stability
of p53C.

Previous work has shown that the loop L1 region substitu-
tions often enhanced DNA-binding affinities of p53 (29, 30).
For example, the S116T and the C124F/Y (30) mutants have
higher DNA-binding affinity because of the stabilization of
the loop L1 region by the introduction of the extra functional
groups. On the other hand, there is only a very small number
of known cancer-related mutations in this region (7), making
loop L1 an attractive target for engineering. On the basis of
these observations, we aim to systematically study the effect
of mutagenesis in the loop L1 region on the local and overall
stability of p53C using computations. We select residue
Ser116 as the specific mutation site because of its unique
location. The stability effects of 14 different mutations at
this position are compared with respect to structural deviation
generated in molecular dynamics (MD) simulations. Such
computational experiments yield considerable insight into
the physical basis of structural stabilization. On the basis of
these, we identify S116M as the most stabilizing mutation.

MATERIALS AND METHODS

MD simulations were performed using CHARMM (31)
with the CHARMM 22 force field (32). The starting struc-
tures of the mutant p53C were built from the wild-type
crystal structure (PDB code 1tsr) (26). All of the backbone
and heavy atoms at theâ andγ positions on the side chain
of the replacing residue were initially superimposed on the

corresponding atoms of the wild-type Ser116 in the crystal
structure. The conformation of the side chain for residue 116
of the mutant was then manually adjusted to remove steric
conflicts between the new side chain and the core domain.
Residues such as Gln, Lys, Arg, Leu, and Met with several
rotatable bonds in their side chains were kept extended.
Residues Cys, Thr, Asn, and His were placed so that a
hydrogen bond between their side chains and CdO group
of Cys124 were initially present. The modeled mutant p53C
was solvated under neutral pH in a TIP3P (33) water box
with dimensions of about 81× 66× 63 Å3, with a minimum
distance of 10 Å from any edge of the box to any protein
atom, resulting in a system size of over 27 000 atoms. The
positive charges in the system were balanced by adding chlor-
ide ions. The structure of the mutated residue was energeti-
cally minimized for 500 steps with the steepest decent algo-
rithm with the backbone of the protein constrained, followed
by additional 500 steps of minimization for the whole system
to eliminate any other residual unfavorable interactions. The
systems were then equilibrated for 20 ps with the NVT
ensemble before the production simulations, which lasted
for up to 5 ns with the NPT ensemble at a temperature of
300 K. During the simulations, the distances between the
zinc ion and the coordinating atoms from three Cys and one
His residues were constrained within(0.1 Å of the crystal
distance with the nuclear Overhauser enhancement module
implemented in CHARMM. A time step of 2 fs and a
nonbonded cutoff of 12 Å were used in the trajectory produc-
tion. Electrostatic energies were calculated with the PME
algorithm implemented in CHARMM with a switch function
applied from 8 to 10 Å. Structures were saved every 2 ps
for analysis.

RESULTS AND DISCUSSION

Selection of Mutation Site Ser116.The most flexible region
in loop L1 encompasses residues Phe113, Leu114, His115,
Ser116, Gly117, and Thr118 (Figure 1). In the crystal
structure, Phe113 is in tight contact with several hydrophobic
residues, including Leu111, Tyr126, Val143, and Phe270
(Figure 1). Leu114 is in contact with the Pro142 side chain.
His115 points away from the protein core. Ser116 interacts

FIGURE 1: Structural features of the p53 core domain. (A) Ribbon representation of the whole core domain with some residues near loop
L1 displayed. Secondary structures are labeled by black letters, and residues are labeled by red letters. (B) Atomic details of the structure
near the loop L1 region showing the three hydrogen bonds near residue S116 in the crystal structure: Ser116-Cys124, Gly117-Thr125, and
Thr125-Arg282.
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with Cys124 through a hydrogen bond (Figure 1). Gly117
also makes a hydrogen bond with Thr125, and its CR
hydrogens are oriented such that an introduction of a larger
side chain at this position cannot directly enhance the
interactions within the protein (Figure 1). Thr118 sits
between two consecutive Arg residues 282 and 283, with
its OH group forming a hydrogen bond with the side chain
of Arg283 and its methyl group packing against the Arg282
side chain. In loop L1 region, there is also a hydrogen bond
between the side chain of Thr125 and the side chain of
Arg282 from helix H2 that is directly involved in DNA
binding (Figure 1). Between loop L1 and the protein core,
there is a large pocket with mostly hydrophobic residues
residing at the bottom (Figure 1). It can be seen that residues
His115, Ser116, and Gly117 of loop L1 compose the most
mobile region of loop L1 because there is very little
interactions between this part of the loop and the bulk protein
except a hydrogen bond between Ser116 and Cys124 (Figure
1). Given the orientations of residues His115 and Gly117 in
the crystal structure, it is difficult to enhance the interactions
by introducing other residues at these two positions without
affecting the native loop conformation, leaving Ser116 the
only candidate for mutagenesis screening.

Selection of Substituting Residues.Among the potential
mutations with 19 naturally occurring amino acids, the S116/
127A mutation is known not to affect the p53 functions,
while the S116/127D mutation led to the abolishment of the
DNA-binding affinity because of the structural alteration
(34). These residues (Ala and Asp) were not tested in this
work. Glu has a similar property to Asp and therefore was
excluded as well. Similarly, Ile was not selected because its
behavior should be very similar to Val or Leu. In addition,
Gly was not considered as a potential stabilizing residue
because a Ser to Gly mutation at position 116 would only
increase its mobility because of the loss of interactions. The
remaining 14 residues, including 5 polar, 4 hydrophobic, 3
aromatic, and 2 charged, were tested for their effect on the
stability of the p53C. These tested residues together with
their potential to form a hydrogen bond and their geometrical
features are listed in Table 1. Although a Cys or Pro
substitution was reported to be potentially cancerous (7), the
structural information from their MD trajectories can provide

insight into the relationship between the structural integrity
of p53C and cancer. Thus, they were also tested here.

Control Simulations.For MD simulations to be able to
predict the stabilities of the mutant p53C with various
substitutions at position 116, it is critical to ensure that the
simulations are able to reproduce the difference in stability
of known species. Therefore, MD simulations were first
performed on the wild type and the quadruple mutant because
their thermodynamic stabilities differ by 2.6 kcal/mol (25).
Over the 5 ns trajectory, the CR root-mean-square deviation
(CR-RMSD) for the wild-type continued to rise to reach 3
Å relative to the crystal structure, while that of the quadruple
mutant was leveled at around 1.5 Å (Figure 2A). This
suggests that the wild type is indeed unstable, consistent with
its known marginal stability, whereas the quadruple mu-
tant is much more stable than the wild type. Moreover, the
CR-RMSD separation between the wild type and the qua-
druple mutant was significant, indicating that it was respon-
sive to stability changes and was appropriate for measuring
the stability of p53C.

The stabilities of the wild type and the quadruple mutant
were further compared based on the residue-based root-mean-
square fluctuations (RMSFs) (Figure 3). Three observations
can be made from Figure 3. First, the fluctuation profiles
from the simulations were consistent with the experimental
temperature factor profile (25). Second, the fluctuations of
most residues were reduced in the quadruple mutant relative
to the wild type, also consistent with the experimental data
(25). Last, the relative extent of the reduction in residue
fluctuations is similar to that revealed by X-ray data. For
example, the fluctuations of residues 100-150, 180-185,
225, 240-250, and 270-280 were reduced the most, and
only very little reductions in the fluctuations around residues
170 and 210 were observed. These results clearly indicate
that MD simulations were able to reproduce the stability
differences between the different species.

It should be noted that the fluctuations in the loop L1
region in the simulations were much larger than in the rest
of the protein; these larger fluctuations were not observed
in the experimental data. It is likely that crystal packing
hampered the otherwise larger fluctuations of loop L1
because loop L1 is at the interface of the crystal packing,
while our simulations were performed on monomers sur-
rounded by solvent molecules. Results from p53C dimer
simulations revealed lowered fluctuations in the loop L1
region (Ma et al., submitted).

Stability of Modeled Mutants.The 14 selected mutations
at position 116 displayed a wide spectrum of effects on the
stability of p53C (parts A and B of Figure 2). With the 4
hydrophobic residues (Pro, Val, Leu, and Met), the Pro and
Val substitutions were destabilizing, while Leu and Met were
strongly stabilizing (Figure 2A). The structural deviation for
the S116P mutant was among the largest (Figure 2A), mainly
because of the dramatic structural deviation in the loop L1
region (Figure 2C). Mutant S116V also suffered a large
conformational change in the first 0.5 ns and then continued
to deviate from the starting structure with large RMSD
fluctuations (Figure 2A). The overall CR-RMSD was well-
correlated with the loop L1 structural deviation (parts A and
C of Figure 2). The structural deviation for the S116L mutant
was maintained at a relatively low level in the 5 ns period
(Figure 2A). The average CR-RMSD for the final 3 ns was

Table 1: Tested Mutations at Position S116a

residue
side chain

hydrogen bonding
â branched
or aromatic

biological
effect

Ser × wild type
1 Thr × ×
2 Asn ×
3 Gln ×
4 Cys × cancerb

5 His × ×
6 Val ×
7 Leu
8 Met
9 Pro cancerb

10 Phe ×
11 Trp ×
12 Tyr ×
13 Lys
14 Arg

a The five untested residues are Gly, Ala, Asp, Glu, and Ile.b These
cancer related mutations were reported once each in the latest TP53
mutation database (7).
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1.75 Å, slightly higher than that of the quadruple mutant
(1.5 Å). However, loop L1 in this mutant experienced some
conformational change, with an average CR-RMSD of about
3.0 Å in the last 3 ns. Surprisingly, the S116M mutation
was able to maintain the native conformation with the lowest
structural deviation among all of the mutants over the 5 ns
period (Figure 2A). The average RMSD for the last 3 ns
was only 1.3 Å, even lower than that of the quadruple mutant.
Accordingly, loop L1 in S116M only suffered a structural
deviation of around 1.5 Å, lower than that of the quadruple
mutant (Figure 2C).

None of the aromatic residues (Phe, Tyr, and Trp) was
able to stabilize the native conformation to the extent that
mutations S116L or S116M did. The CR-RMSD of the
mutant S116F was maintained at around 1.5 Å for only the
first 1.5 ns. The mutant then experienced larger structural
deviations during the rest of the trajectory, which were
directly correlated with the disruption of the loop L1 structure
(parts A and C of Figure 2). The S116Y mutant behaved
similarly except that the CR-RMSD was 1.7 Å for the first
1.5 ns, slightly larger than that of the S116F mutant (Figure
2A). This deviation is also proportional to the loop L1
conformational changes (Figure 2C). The S116W mutation
caused a large overall structural change (Figure 2A).
However, interestingly, the conformational change of loop
L1 was moderate, with the CR-RMSD maintained at around
2.0 Å.

From the seven polar or charged residues including Asn,
Cys, Gln, His, Thr, Lys, and Arg, only the mutant S116N
was able to stabilize the protein to an extent comparable to
the quadruple mutant (Figure 2B). The CR-RMSD for S116N
was around 1.5 Å, although the loop L1 structural deviation
was slightly higher than that of the quadruple mutant (Figure
2D). Surprisingly, the mutant S116K was the second most

FIGURE 3: CR RMSFs relative to the average structures of the last
3 ns of the trajectories for the quadruple mutant (PDB code 1UOL),
S116L, S116M, and S116N in comparison with that of the wild
type.

FIGURE 2: CR RMSDs from the crystal structure. (A and B) p53 core domain. (C and D) Loop L1 (residues 113-123). The structural
superimposition excludes the 3 residues at each terminus.

1426 Biochemistry, Vol. 44, No. 5, 2005 Pan et al.



stabilizing among the polar and charged residue substitutions
(Figure 2B). The conformation of S116K was very stable
for the first 1.5 ns, with an overall CR-RMSD of 1.3 Å,
among the lowest of all mutants (Figure 2B). The CR-RMSD
became larger and continued to increase afterward. The
increased structural deviation was clearly related to the loop
L1 movement (Figure 2D). All of the other polar mutants
involved quick and large structural deviation (Figure 2B).
In each case, the loop L1 region deviated most significantly
(Figure 2D).

On the basis of the RMSD data from the trajectories,
replacements of S116 by Met, Leu, and Asn were identified
as having significant stabilizing effects on the native
conformation of p53C. The trajectories of these mutants were
further analyzed with respect to the individual residue
fluctuations. Figure 3 compares the residue fluctuations of
each of the three stable mutants with those of the wild type.
Overall, the decrease in residue fluctuations was very similar
among 116L, 116M, and 116N, with S116M being more
stable at the mutation site (Figure 3). The most dramatic
reduction of mobility in the three mutants compared with
the wild type was also at the mutation site, indicating that
the impact of the mutation on residue flexibility is near that
site. In addition, the magnitude of the reduction in the
mutation site region for all three mutants was more signifi-

cant than in the quadruple mutant. These results demonstrate
that the low fluctuations near residue 116 and the overall
stability of the mutants were indeed the result of the residue
substitution.

Structural Basis for the Stabilization/Destabilization.Our
simulations have shown a wide spread of effects on p53C
stability upon residue substitution at position 116. Detailed
analysis of the interactions between the substituted residue
and the bulk protein is important to understand the underlying
structural basis of these effects.

(a) Hydrogen Bond.It would be ideal for the polar residues
to have both hydrogen-bonding and favorable packing
interactions with the neighboring residues. Unexpectedly,
none of the polar residues was able to form a hydrogen bond
without disrupting the loop conformation. The hydrogen
bonds initially built between CdO of Cys124 and side chains
of residue 116 in S116C, S116N, or S116T mutants only
survived the equilibration phase (Figure 4). The hydrogen
bond between Cys116 and Cys124 for the S116C mutant
was broken shortly after the start of the production run during
which the backbone constrains were removed, leaving the
loop highly dynamic. Such a highly mobile region allowed
a conformational adjustment, resulting in the rotation of
Cys116 and the favorable interactions between Leu114 and
Val122 that flank the loop L1 (Figures 1 and 4). The

FIGURE 4: Superimposed equilibrated structures (red) before production run and average structures (green or cyan) from the last 2 ns for
each of the trajectories, showing the mutational impact on the overall stability and the conformation of loop L1 and turn s7/s8. The heavy
atoms of residue 116 in each of the structures are displayed.
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hydrogen bond between the side chain NH2 of Asn116 and
the CdO of Cys124 did not survive either. This residue
moved toward the inner side of the loop, pointing in the
opposite direction to that of the starting conformation. Such
a movement led to the conformational change of the loop.
However, the loop L1 change was minimal, possibly because
of the small size of the residue and the absence of a branch
at theâ position (Figure 4). Interestingly, no other hydrogen
bond by this residue was found to contribute to the stability
of this mutant. In mutant S116T, the hydrogen bond between
Thr116 and Cys124 only lasted for about 0.8 ns. This
hydrogen bond was more stable than that of the wild type,
indicating that the extra methyl group helped the stabilization
by reducing the mobility of the loop, which might help the
overall stability, consistent with the experimental data (30).
However, the overall stabilization was not significant, and
both the loop L1 and the turn s7/s8 were distorted to a large
extent (Figure 4).

The side chain of His116 for the S116H mutant was also
initially oriented so that the hydrogen bond with Cys124 can
be formed. However, the side chain of His116 rotated to the
opposite direction so that the NH hydrogen-bond donor group
on the side chain was far apart from residue Cys124, making
the hydrogen bonding between His116 and Cys124 unlikely
(Figure 4). Being polar and rigid, His116 was unable to pack
well with the neighboring hydrophobic residues Leu114 and
Val122. Instead, it favored polar-polar interactions with the
solvent, leading to the loosening of loop L1 (Figure 4).

The S116Q mutant was unable to make a hydrogen bond
with Cys124 because of geometrical mismatch. The stabi-
lization of the S116Q mutant structure in the first 1.5 ns
was due to the hydrogen bonds between the side chain
CdO group of Gln116 and the two HN groups of Thr123
and Cys124, from 0.5 to 1.2 ns (data not shown). The newly
formed three-centered hydrogen bond was unstable, because
the backbone was forced to make a conformational change
to make the donors available. As a result, the hydrogen bond
between Gly117 and Thr125 (Figure 1) was also affected
early in the trajectory (data not shown). Gln116 then further
pulled the loop away from the bulk protein possibly because
of the favorable interaction between the solvent and the polar
side chain, resulting in the unfolding of loop L1 at its
C-terminal end (Figure 4).

From the above observations, it seems that the intended
hydrogen bonds for the polar residues were either too weak,
as in the cases of S116C and S116T, posed excessive
geometrical strain, as in the cases of His and Asn, or both.
To investigate the importance of this hydrogen bond to the
overall stability of p53C, the dynamic behavior of the
hydrogen bond between Ser116 and Cys124 was followed
for both the wild type and the quadruple mutant (Figure 5).
As expected, this hydrogen bond was very fragile and was
not formed most of the time in the wild type. In the quadruple
mutant, it also displayed a high flexibility and was formed
for only 2/3 of the trajectory time. While it certainly
contributes to the stability of p53C, the role of this hydrogen
bond to the overall stability might not be critical based on
these results.

(b) Side-Chain Geometry. The immediate dramatic change
in the conformation of loop L1 in the S116P mutant resulted
from the release of the backbone strain in the initial
conformation. In the S116V mutant, Val116 preferred a

conformation where the two methyl groups were parallel to
the loop, with each of the two methyl groups pointing toward
Leu114 and Val122, respectively, to form hydrophobic
interactions. However, the conformation of loop L1 changed
during the first 1 ns because of the branching at theâ position
of the Val side chain (Figure 2C). When the Val116 side
chain pointed inward into the pocket to form hydrophobic
interactions with residues Tyr126 and Phe113, loop L1
further deformed and unfolded (Figure 4). In the case of the
S116L and S116M mutants, both Leu116 and Met116 made
favorable interactions with their neighboring residues Leu114
and Val122. However, in S116L, the side chain of Leu116
moved further toward the inner side of the loop to form
additional hydrophobic interactions with Pro142 on the other
side of the loop (Figure 1), resulting in some perturbation
to the loop L1 conformation (Figure 4). In the S116M
mutant, the side chain of Met116 pointed straight up, almost
perpendicular to the loop pocket and did not lean over to
cover the pocket, which allowed a better conservation of the
loop L1 conformation (Figure 4). This result indicates that
the flexible linear side chain was able to adjust its conforma-
tion to avoid a steric conflict while still maintaining favorable
interactions.

(c) Side-Chain Size. Above, we have shown that small
residues such as Cys and Thr, even if they had the potential
to preserve the hydrogen bond between the same residues
in the wild type, have a small or even negative effect on
stabilization because they cannot attain sufficient packing
interactions or the hydrogen bond was too weak. On the other

FIGURE 5: Variations of distances between 3 pairs of atoms that
form hydrogen bonds in the crystal structure near residue 116. The
physical locations of the residues are displayed in Figure 1B.
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hand, very large aromatic residues impacted the stability by
over-restricting the motions of the nearby residues. For
example, the S116F mutant was initially stabilized when the
aromatic ring of Phe116 partially inserted into the pocket
(Figure 4). However, such a conformation was not very
stable, lasting only for 1.2 ns (parts A and C of Figure 2).
Later, the pocket expanded, and the aromatic ring stretched
further into the pocket to form hydrophobic interactions with
residues Phe113 and Tyr126, which led to the loop disruption
and conformational changes in the turn s7/s8 region (Figure
4). The S116Y mutant was stabilized in a similar manner
for the first 1.5 ns, with large fluctuations in the turn s7/s8
region. However, loop L1 was again disrupted because of
the penetration of the Tyr116 side chain into the pocket
(Figure 4). The most significant effect caused by large-size
residues can be best illustrated by the S116W mutant. With
the presence of the large Trp, the available conformational
space for residues neighboring Trp116 in the S116W mutant
was further confined so that the loop L1 region did not suffer
much conformational change (Figures 2C and 4). Instead,
the motions of the protein in other regions, such as the turn
s7/s8, became much higher than they were in the case of
S116F and S116Y (Figure 4). Furthermore, the loop L1
conformation was preserved longer than in the S116F and
S116Y mutants, because the huge side chain could not move
into the pocket as easily as in Phe and Tyr (Figure 4).

(d) Hydrophobicity. The favorable geometry of the residues
Leu and Met at position 116 allowed them to stabilize the
loop and the overall structure, with loop L1 in the S116L
mutant moved more than that in the S116M mutant. The
Lys side chain is geometrically similar to Leu and Met, in
that, it is unbranched at theâ position. The conformation of
Lys116 in the S116K mutant was well-maintained in the first
1.5 ns, probably for the same reason (Figure 2D). However,
because of its charged nature, the NH3

+ group at the tip of
the Lys116 side chain shifted away from the pocket and
pointed toward the solvent (Figure 4). The difference in
orientation preferences for Leu, Met, and Lys at position 116
illustrates that the balance between the hydrophilic and
hydrophobic properties is important for the preservation of
the loop conformation.

Figure 6 highlights the differences in the solvent-accessible
surface areas (SASAs) of residue 116 in the three mutants
S116K, S116L, and S116M and the differences in packing
interactions measured by the VDW energy between these
residues and the surrounding bulk protein. It can be seen
that the SASA of the Lys116 side chain was much larger
than those of Leu116 and Met116, indicating that Lys116
preferred to be more exposed to the solvent, while Met and
Leu tended to anchor themselves toward the pocket. The
VDW interaction energies revealed the same pattern with
Lys116 making much less contact with the bulk protein than
Leu116 and Met116 (Figure 6), although the interaction made
by Leu116 varied because of its effect on the loop conforma-
tion.

From these results, it seems that proper geometry is im-
portant for the residue to fit into this position without de-
forming the loop conformation, while a balanced hydropho-
bic and hydrophilic property of the side chain played a major
role in the maintenance of the loop and the overall stability.
In general, large orâ-branched residues could not stabilize
the conformation because they either disrupt the conforma-

tion or impose excessive confinement on the movement of
the neighboring residues. Consistent with our observations,
it was recently shown thatâ-branched and aromatic residues
have different effects on the conformations of neighboring
residues as compared to other residues except Gly and Pro
(35). On the other hand, small residues fail to stabilize p53C
because of their inability to lend sufficient packing.

Structural Integrity and Residue Flexibility of Mutant
S116M.We have shown that S116M is the most stable
among all 14 tested mutants (parts A and B of Figure 2 and
Figure 4). In addition, in this mutant, the conformations of
loop L1 and the turn s7/s8 were maintained over the
simulated time, remaining very close to those in the crystal
structure (Figure 4). Figure 7 provides representative snap-
shots of the loop L1 structures from the trajectory, in atomic
detail. As discussed earlier, in all other mutants, loop L1
suffered much larger deviations (Figure 4). Furthermore, the
S116M mutation can stabilize loop L1 and the turn s7/s8
simultaneously, while other mutants can only preserve one
of the two structural motifs at a time. For example, S116L
and S116Q had small conformational changes in the s7/s8
turn, while suffering larger structural deviations in loop L1.

As mentioned earlier, there is a hydrogen bond between
Gly117 and Thr125 in the wild-type crystal structure (Figure
1). This hydrogen bond was quickly broken in the wild type
(Figure 5) and was short-lived in most other mutants (data
not shown). Interestingly, this hydrogen bond was not even
formed in the quadruple mutant most of the time (Figure 5).
However, in mutant S116M, this hydrogen bond was very
stable throughout the trajectory, indicating a minimum
disturbance of the loop L1 region by this mutation. The
hydrogen bond between residues Thr125 and Arg282,
however, was stable for most of the mutants, regardless of
the loop L1 conformational changes (Figure 5).

Loop flexibility is crucial to protein function. Therefore
over-reduction of residue flexibility is not desirable. Aφ, ψ

FIGURE 6: Differences between S116K, S116L, and S116M in their
interactions with the environment. (A) Changes in the SASAs of
residue 116. (B) Changes of the interaction energies between residue
116 and the rest of the protein. The two direct neighboring residues
were excluded in the calculations of the interaction energy. Both
the SASA and the interaction energy were normalized against the
total number of heavy atoms on the side chain of the respective
residues.
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dihedral analysis shows that residues 116 and 117 in S116M
actually sampled slightly larger conformational space than
in the quadruple mutant (data not shown). However, the
neighboring residues, including residues 120, 121, 122, and
123, sampled smallerφ, ψ dihedral space in S116M than in
the quadruple mutant. Residue 115 sampled onlyâ confor-
mations in S116M, while it sampledR-helical conformations
in the quadruple mutant. However, the sampled conforma-
tional space was more diffusive in S116M than in the
quadruple mutant (data not shown). Overall, these results
indicate that the extent of decrease in the loop L1 flexibility
by the S116M substitution was comparable to that of the
functional quadruple mutant.

Correlation between Loop L1 and Turn s7/s8.Our
simulations revealed that loop L1 changed its conformation
by pulling away its C-terminal end from the helix H2 motif
in most of the unstable mutants (Figure 4). This loop motion
was often accompanied by the turn s7/s8 changes (Figure
4). Interestingly, the turn s7/s8, which was one of the most
mobile regions revealed by the MD simulations, tended to
move in the same direction as loop L1 (Figure 4), probably
to avoid the close contact between these two structural motifs.
Lowering the mobility of loop L1 also helped in the
stabilization of the turn s7/s8, as observed in mutants S116M,
S116L, and S116N (Figure 4). It was also observed that
extreme confinement of residues in that position can lead to
the dramatic movement in the turn s7/s8 region, as shown
by the S116W mutant (Figure 2). Further understanding of
such correlations in motion might yield insight into the
allosteric conformational changes and its role in regulation

of DNA binding, which in turn may help in the design of
stable and functional p53 mutants.

Cancer Implications of Loop L1 Structural Disruption.
Among the 14 tested mutations, S116C and S116P are
potentially cancerous as discussed earlier. Interestingly, the
structural deviations for both mutants increased sharply early
in the trajectories. In fact, they were the two most unstable
mutants of the 14 mutants based on CR-RMSD (parts A and
B of Figure 2). In both cases, the loop L1 conformation was
quickly and largely disrupted, which was responsible for the
overall dramatic structural change. Because residue Ser116
in the wild type is not in direct contact with the DNA in the
p53C-DNA complex, such a correlation may imply that the
disruption of the loop L1 conformation lead to the overall
unfolding, interface disruption that affects dimer association,
or conformational changes of the loop L1 residues at the C
terminus that is in contact with DNA. For the latter case, it
is known from the p53-DNA complex crystal structure that
residues Arg280 and Lys120 bind to the DNA major groove
by hydrogen bonds, defining the binding specificity (26, 36).
Lys120 is located at the C-terminal end of loop L1. To retain
binding specificity, it is crucial to maintain residue Lys120
near its native location/conformation. The fact that both
cancer-related mutants S116P and S116C had severely
disrupted loop L1 conformation strongly suggests a relation-
ship between the loop L1 conformation and DNA-binding
specificity and affinity. If the stable mutant S116M, identified
in the simulations, retains biological activity, it may provide
direct insight into the relationship between the loop structure,
stability, and function. However, the question of whether the

FIGURE 7: Snapshots of loop L1 structures from the S116M trajectory. All of the residues within 10 Å of residue Met116 are shown, with
residue Met116 in green and Leu114 and Val122 in cyan. The loop L1 conformation from the crystal structure is also shown for comparison.
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S116M mutant is indeed biologically viable is currently still
open, requiring experimental validation.

CONCLUSIONS

We performed computational mutagenesis on residue
Ser116 in loop L1. A total of 14 different residues with
various chemical and physical properties were selected as
the substituting residues, and the stabilities of the corre-
sponding mutants were tested with MD simulations. The
designed mutants displayed a wide spectrum of stability
effects, from extremely destabilizing, such as S116P and
S116C, to highly stabilizing, such as S116L, S116M, and
S116N. However, only the S116M mutation can substantially
preserve the native conformation of the mobile loop L1.
Detailed analysis and comparison between the properties of
the residues and their effect on stability demonstrates that
size, geometry, and polarity of the replacing residues were
important factors in their ability to stabilize the loop L1. The
correlation between the motions of loop L1 and the turn s7/
s8 and possibly other regions shows that the stabilization of
loop L1 might have a global effect on the protein stability.
Finally, the high instability of the two cancer-related mutants
is strongly supportive of the connection between the p53
function and the loop L1 conformation.

Currently, considerable efforts are being invested in
approaches to stabilize p53. We hope that our work provides
insight into the structural basis of the ability of different
residues to stabilize p53C and suggests an efficient strategy
toward the design of stable and functional mutants of p53,
to be tested by experiment.
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