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We have developed a novel computational alanine scanning approach that
involves analysis of ensemble unfolding kinetics at high temperature to
identify residues that are critical for the stability of a given protein. This
approach has been applied to dimerization of the oligomerization domain
(residues 326-355) of tumor suppressor p53. As validated by experimental
results, our approach has reasonable success in identifying deleterious
mutations, including mutations that have been linked to cancer. We discuss
a method for determining the effect of mutations on the location of the

dimerization transition state.
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Introduction

Tumor suppressor p53 is a “gatekeeper” of the
genome, functioning at the center of a network of
biological pathways that guard the cell from
potential cancer. As a multidomain transcription
factor, p53 is comprised of an N-terminal acti-
vation domain, a central DNA-binding domain, an
oligomerization domain, and a C-terminal regu-
latory domain. The oligomerization domain
enables p53 to adopt its biologically active
tetrameric form. More than half of human cancers
result from mutations in the p53 gene." Although
most of these mutations are in the DNA-binding
domain, several studies have identified mutations
within the oligomerization domain (p53tet) that
are linked to increased incidence of cancer.””
More cancer-associated mutations may yet be
identified in p53tet, due to the fact that this region
of the p53 gene was not sequenced in studies that
searched for mutations in the p53 DNA-binding
domain.’

Structures of p53tet have been determined by
both NMR spectroscopy (Protein Data Bank 1PES°
and 1SAK’) and X-ray crystallography (Protein
Data Bank 1C26° and 1AIE’). This o./B domain,

Abbreviations used: p53tet, p53 oligomerization
domain; MD, molecular dynamics; RMSD, root-mean-
squared deviation.
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which is one of the smallest known protein
oligomerization domains, assembles as a dimer of
dimers.'” Each dimer consists of an antiparallel
B-sheet and a pair of antiparallel helices. The two
dimers associate with one another to form the
active tetramer via an extensive hydrophobic
surface that is formed by the antiparallel helices
of each dimer. Based on kinetics experiments and
®-value analysis, tetramerization of p53tet is
thought to involve induced-fit associations of
monomers to form the dimer intermediates
followed by “lock-and-key” associations of pre-
organized dimers to form the tetramers.'’ A recent
study of p53 biogenesis in vitro has shown that p53
dimerizes cotranslationally and then forms the
tetramer post-translationally.’ Given the kinetic
advantage of dimerization before the p53 chains
leave the polysome, mutations that affect the
kinetics could play important biological roles.
Consistent with the importance of kinetics in p53
function, molecular dynamics (MD) simulations of
p53tet dimerization evolving from the rate-limiting
transition state ensemble have revealed a nuclea-
tion-condensation mechanism in which L330, 1332,
and F338 from each monomer form a folding
nucleus.'?

Because of the structural symmetry of p53, point
mutations in the oligomerization domain can
reduce the stability of its tetramers significantly.
For example, mutation of L330H in the folding
nucleus is thought to disrupt the hydrophobic core
of the dimers (Figure 1(a)) and has been linked to

0022-2836/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Amino acids that are mutated in the test set of
mutant p53tet dimers: (a) L330 in the hydrophobic core of
the dimer; R337, which forms a salt-bridge with D352
across the monomer-monomer interface; (b) L344 and
L348, which are located centrally at the tetramer interface.

hepatocarcinoma and ovarian sarcoma.' As another
example, an inherited mutation of R337C is
associated with Li-Fraumeni-like syndrome
(LFLS), in which the individual is predisposed to
form a broad spectrum of tumors, including brain
tumors, sarcomas, and adrenal cortical tumors.®
Due to this mutation, the salt-bridges between R337
and D352 across the monomer—-monomer interfaces
no longer form; four such salt-bridges are lost in the
tetramer (Figure 1(a)). The germline mutation of
R337H also leads to loss of these salt-bridges and
has been associated with pediatric adrenal cortical
carcinoma (ACC).” Unlike many cancer-associated
mutations in p53, this mutation is tumor-specific,
leading only to pediatric ACC. Interestingly, mal-
function of the p53 R337H mutant is pH-dependent,
occurring only when the histidine residue, which
has an elevated pK,, is neutral as opposed to
positively charged, when the mutant has near
wild-type stability."

Residues that are critical for the stability of the
p53tet tetramer have been identified by system-
atically replacing nearly every residue in p53tet by
alanine (alanine scanning) and experimentally
measuring the effect on the stability of the
tetramer.'* The most critical of these residues are
1332, L330, and F341, which lie in the hydrophobic
core of the dimer; truncations of 1332 in each of four
monomers to alanine residues prevent folding
while truncations of either L330 or F341 lead to
folding at only high concentrations of protein or
low temperature. Other critical residues are L344
and L348, which are located centrally at the
tetramer interface; truncation of either residue
leads to formation of stable dimers instead of
tetramers (Figure 1(b)). To aid in the interpretation
of folding kinetics data on p53tet, these mutants
have been used as experimental models of the
transient dimeric intermediates.'® Residues that are
strongly destabilizing when truncated (AAG, of
8.8-11.7 kcal/mol) lie in the periphery of the core
(R337, F328, and F338) and at the tetramer interface
(M340). Less critical, but still important (AAG,, of
4.1-5.7 kcal/mol) are residues that are solvent-
exposed (T329), involved in intermonomer
hydrogen bonds (R333, N345, E349), or at the
tetramer interface (A347).

To provide more efficient, alternative strategies
for performing alanine scanning, computational
approaches have been developed in recent years.
The first computational alanine scanning study
involved the MM-PBSA approach, in which mole-
cular dynamics simulations with explicit water
were used to generate relevant protein confor-
mations and a continuum solvent model was
applied to compute the free energies of the
conformations.'® Other computational mutagenesis
studies involved the application of energy functions
that were parameterized to reproduce experimen-
tally measured changes in stabilitz for a large
database of mutations in proteins.'®

While the computational mutagenesis
approaches that have been developed thus far are
based on thermodynamic analyses, the use of
kinetic analyses can be effective as well. In
particular, kinetic analyses can be used to identify
thermodynamically destabilizing mutations if the
mutations are also kinetically destabilizing, redu-
cing the barriers to unfolding by destabilizing
primarily the native, folded state of the protein.
Indeed, it has been found for cancer-associated
mutants of the p53 DNA-binding domain that, the
more unstable the mutants, the faster they unfold.'®
With a few exceptions, destabilizing mutations to
alanine residues in p53tet have little effect on
unfolding rates of the tetramer, since the rate-
limiting transition state to tetramer unfolding,
which involves unfolding to the dimer interme-
diate, is suggested by ®-value analysis to closely
resemble the native tetramer.' However, these
mutations may have a greater effect on unfolding
rates of the dimer intermediate, since the transition
state to dimer unfolding involves a transition state
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with near-zero ®-values'® that have been charac-
terized by simulations as having some unstructured
regions and native-like regions that exist as residual
structure in the unfolded state."

Here, we have probed the contributions of
individual residues to the thermodynamic stability
of the tetramer using a novel, kinetic computational
alanine scanning approach that involves high-
temperature MD simulations of dimer unfolding.
Distributed computing is used to provide necessary
statistical precision by running 100 independent
unfolding simulations per mutant dimer. We have
tested the robustness of this approach by applying it
to a test set that consists of the wild-type dimer and
six mutant dimers that are either cancer-associated
or silent: L330H, R337C, R337H, R337HIP, L344A,
and L348A where H and HIP indicate neutral and
positively charged histidine, respectively. Our
approach has reasonable success in identifying the
main cancer-associated mutations in the test set and
yields alanine scanning results that are qualitatively
consistent with data from experiments.!

Results
Test set

A robust protocol for evaluating unfolding rates
was developed using the test set described above
(see Methods for details). For each p53tet dimer in
the test set, an ensemble of unfolding pathways was
generated by performing 100 independent simu-
lations at 470 K for 10 ns. As experimental models
of the p53tet dimer,'” the 1.344A and L348A mutant
dimers are likely to have near-wild-type stability
and thus, unfolding rates similar to that of the wild-
type dimer. On the other hand, the L330H, R337C,
and R337H mutant dimers would be expected to
have faster unfolding rates, since the mutations
disrupt the monomer-monomer interface signifi-
cantly, leading to a predisposition for cancer.'*!
Finally, since the R337HIP mutant tetramer has
near-wild-type stability,'> the R337HIP mutant
dimer is likely to have an unfolding rate that is
similar to that of wild-type.

Unfolding rates were found to be sensitive to the
starting conformations used for the high-tempera-
ture simulations. For example, unfolding simu-
lations for a given dimer that start from a single,
equilibrated structure yield unfolding rates that
differ depending on the equilibration temperature
used (300K and 470K in Figure 2(a) and (b),
respectively). In particular, both the R337H and
R337HIP mutant dimers have much faster unfol-
ding rates relative to the other mutants when an
equilibration temperature of 470 K is used instead
of 300 K.

To reduce the sensitivity of unfolding rates to the
initial structure, 100 independent equilibrations
were performed for each dimer, each of which
was then used for a single unfolding simulation.
Results with this new protocol were much less

—WT

—L330H
R337C
—R337H
——R337HIP
——L344A
L348A

ensemble fraction unfolded

time (ns)

Figure 2. Ensemble fraction unfolded f,(t) as a function
of time for each p53tet dimer in the test set evolving from
a single structure that was equilibrated at either (a) 300 K
or (b) 470 K. Structures are based on the initial FO dimer
model. Uncertainty estimates represent one standard
deviation, as described in Methods.

sensitive to the temperature used for the equili-
brations (see Figure 3(a) and (b)). Due to partial
unfolding during the 1 ns equilibration stage, the
unfolding simulations from conformations equili-
brated at 470 K started to unfold about 1 ns earlier
than simulations from conformations equilibrated
at 300 K. However, the relative rates of unfolding in
both sets of results are consistent. The R337C and
R337H mutants unfold the most rapidly, while the
L344A and L348A mutants unfold at rates similar to
that of the wild-type dimer. The R337HIP and
L330H mutants unfold moderately faster than wild-
type. These results are in qualitative agreement
with experiment, except for the fact that the L330H
mutant, which has a disrupted hydrophobic core,
would be expected to be thermodynamically
destabilized to a significant extent and therefore
unfold significantly faster than the wild-type dimer.
It is possible that the thermodynamic instability of
the L330H mutant does not result in kinetic
instability. Nonetheless, given the robustness of
results obtained by unfolding from an ensemble of
conformations, the final protocol for computational
alanine scanning of the p53tet dimer involves
performing unfolding simulations at 470 K from
an ensemble of 100 independent conformations that
have been equilibrated at 300 K.

Since the model of the dimer used above, which
we label the FO dimer, is an approximate one, the
final protocol was repeated for mutants based on a
relaxed conformation of the dimer, the F1 dimer,
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Figure 3. Ensemble fraction unfolded f,(t) as a function
of time for each p53tet dimer in the test set evolving from
100 different structures that were obtained after perfor-
ming 100 independent equilibrations at either (a) 300 K or
(b) 470 K. Structures are based on the initial FO dimer
model. The relaxed F1 dimer model was used in (c),
where the unfolding simulations evolved from 100
structures equilibrated at 300 K. Uncertainty estimates
represent one standard deviation, as described in
Methods.

which was taken from room-temperature MD
simulations in explicit water that evolved from the
FO dimer.'? Both the FO and F1 dimer conformations
are likely to be local minima in the folded dimer
basin.'? Results for the test set of mutants based on
the F1 dimer (Figure 3(c)) are in agreement with
those obtained using the FO dimer (Figure 3(a)).

Appropriate simulation lengths

In general, the ensemble unfolding data for
mutant dimers in this study show three distinct
phases: an initial lag phase, an intermediate non-
exponential phase, and a final, single-exponential
phase. The lag phase is possibly due to non-
equilibrium processes of relaxation or local

structural rearrangements of the dimer before
unfolding. The significance of the intermediate,
non-exponential phase is not clear and awaits
further investigation; this phase is absent from
the unfolding kinetics of some mutant dimers.
Fitting the final phase of the unfolding data to a
single-exponential function with a lag time
enables us to extract an unfolding rate constant.

For more than half of the mutant dimers (31 in the
combined test and alanine scanning sets), 10 ns
unfolding simulations were sufficient for deter-
mining unfolding rate constants from the fits to a
single-exponential function with a lag time. The
quality of the fits was judged by visual inspection.
Plots of the ensemble fraction unfolded versus time
and corresponding fits to data from the first 10 ns
and entire 20 ns of simulations are included for each
mutant dimer in Supplementary Data.

As shown in Figure 4(a), the fits to the 10 ns and
20 ns simulation data for the wild-type p53 dimer
were mutually consistent. However, in cases such as
the E339A mutant dimer, the fits to the first 10 ns and
the entire 20 ns of simulation data were significantly
different. As shown in Figure 4(b), the 10ns
simulations had extended beyond the lag time, but
had not progressed beyond the intermediate, non-
exponential region into the later exponential region
of the data that is visible from 10to 20 ns. It is
evident in this case that extending the simulations
out to 20 ns was necessary to obtain a more reliable
estimate of the unfolding rate constant.

The only case in which 20 ns was not sufficient is
the E336A mutant dimer, which has been experi-
mentally determined to be more stable than wild-
type'* with less than half of the ensemble unfolding
after 20ns of high-temperature simulation
(Figure 4(c)). As a general rule of thumb, we
found that if the ensemble fraction unfolded had
not yet reached 50% or the data had not yet reached
a plateau and adopted a negative curvature, then
the simulation time (e.g. 10 ns) should be doubled
to obtain a more reliable single-exponential fit to the
data. However, since the goal was to identify
destabilizing mutations, it was not necessary to
extend the simulations if the mutant did not meet
the aforementioned criteria long after the wild-type
protein did (e.g. 20ns). Thus, 20ns unfolding
simulations were sufficient for performing muta-
genesis of the p53tet dimer.

Alanine scanning

To determine whether a mutation is stabilizing or
destabilizing based on 20 ns unfolding simulations,
the effect of the mutation on the height of the barrier
to unfolding was estimated as In(kmyt/kwt). Results
from our kinetic computational alanine scanning
approach were validated by comparing In(kpt/ kwt)
values to thermodynamic data (AAG,,) from alanine
scanning experiments that were performed using
CD spectroscopy and guanidinium hydrochloride
as a denaturant.'* It is not possible to compare the
computed and experimentally measured results
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Figure 4. Examples of fits using a single-exponential
function with a lag time determined using the first 10 ns
and entire 20 ns of data from unfolding simulations of the
(a) wild-type dimer, (b) E339A mutant dimer, and
(c) E336A mutant dimer. Fits corresponding to average
unfolding rate constants and time lag are shown as
continuous lines while fits representing uncertainties (one
standard deviation) in the unfolding rate constant and the
average time lag are shown as broken lines. Uncertainties
shown for the unfolding data represent one standard
deviation.

quantitatively, due to differences in the nature of the
analysis (kinetic versus thermodynamic), the dena-
turant used (thermal versus chemical), and the
oligomerization state of p53tet being considered
(dimer wversus tetramer). However, as shown in
Figure 5, it is clear that the computed results, using
both the FO and F1 dimer models, generally agree
with the experimentally measured results in terms
of the sign of the mutation-induced change in free
energy when the uncertainties are taken into
account. Consistent with experiment, most of the

mutations, E336A and KB351A, actually stabilize
the dimer. The former is solvent-exposed and the
latter lies at the tetramer interface. Our approach
clearly distinguishes between destabilizing and
stabilizing mutations.

No experimental values are available for four sets
of mutations: (1) Y327A, since solvent-exposed
Y327 was used as a reporter for measuring protein
concentration and was therefore not mutated; (2)
L330A, I332A, and F341A, due to absence of folding
under the experimental conditions used; (3) L344A
and L348A, due to formation of dimers instead of
tetramers; and (4) Q354A, which lies beyond the
range of residues evaluated.'* Our results suggest
that Y327A, L330A, and I332A destabilize the
dimer. In the case of F341A, definitive conclusions
cannot be drawn from the simulations, since the
mutation is predicted to be stabilizing by compu-
tations based on the FO dimer and destabilizing by
computations based on the F1 dimer. The L344A
and L348A mutations are predicted to be moder-
ately destabilizing, while Q354A has no effect on the
stability of the dimer.

Strongly versus moderately destabilizing
mutations

As discussed in Introduction, mutations that
were determined by alanine scanning experiments
to destabilize the tetramer significantly are at the
tetramer interface (L344A, L348A, M340A, A347G),
in the dimer core (L330A, I1332A, and F341A), in the
periphery of the dimer core (R337A, F328A, F338A),
exposed to solvent (T329A), and otherwise involved
in intermonomer, water-mediated hydrogen bonds
(R333A, N345A, and E349A)." In addition, cancer-
associated L330H, R337C, and R337H mutations
that inactivate p53 function would be expected to be
strongly destabilizing."*'® To distinguish between
mutations that kinetically destabilize the dimer to a
strong or moderate extent using our simulation
data, unfolding rate constants computed for both FO
and F1 mutant dimers are plotted in descending
order according to the values for the FO mutant
dimers (Figure 6). The most kinetically destabilizing
mutations, which result in unfolding rate constants
that are distinct from that of wild-type, are R333A,
R337A, R337H, R337C, L330A, F328A, and E349A.
All of these mutations have been determined by
experiment to destabilize the tetramer thermo-
dynamically to a significant extent.'*

While the L344A and L348A mutations were
experimentally determined to be strongly destabi-
lizing due to the fact that the mutations lead to the
formation of dimers instead of tetramers, these
mutations would not be expected to strongly
destabilize the dimers. Thus, the fact that the
unfolding rate constants for the L344A and L348A
mutant dimers are similar to that of the wild-type
dimer is consistent with experiment. The failure to
predict M340A as a detrimental mutation is likely
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Figure 5. Qualitative comparison of alanine scanning results from computational versus experimental approaches.
Computational results are from 20 ns unfolding simulations and reported as mutation-induced changes in the height of
the unfolding barrier as estimated by In(kmut/kwt) for the p53tet dimer. Experlmental results are AAG,, values at a

denaturant concentration that leads to ~50% unfolding of the p53tet tetramer."

4 Standard deviations for the simulation

results were determmed as described in Methods. Uncertainties shown for the experimental results are the standard
errors of fitting.'* For various reasons (see Results) no experimental measurements were available for the following
mutations: Y327A, L330A, 1332A, F341A, L344A, L348A, and Q354A.

due to the fact that the mutation is at the tetramer
interface, destabilizing the tetramer in a way that
cannot be detected by simulations of the dimer. The
A347G mutation at the tetramer interface was not
analyzed in our study.

The inability of our computational approach to
predict 1332A, F341A, F338A, N345A, T329A, and
L330H as the most severely destabilizing mutations
could be because these thermodynamically desta-
bilizing mutations are not necessarily kinetically
destabilizing. For example, it is conceivable that
F338A and L330H, which are in the folding
nucleus,'? destabilize the transition state and folded
state to similar extents, such that the resulting
barriers to unfolding do not change significantly
from that of the wild-type dimer. Interestingly,
L330H, unlike L330A, was not found to be strongly
kinetically destabilizing. While several false nega-
tives have resulted from our computational alanine
scanning approach in terms of identifying deleter-
ious mutations, it is worth emphasizing that there
are no false positives: all of the mutations that our
approach has predicted to be strongly destabilizing
are in experimental agreement. Thus, our approach
has the potential to be predictive of deleterious
mutations that may be difficult to detect by
experimental strategies.

Discussion
Comparison to previous methods

We have developed a novel computational
alanine scanning approach that reliably identifies

mutations that destabilize the p53tet dimer. The
approach also has reasonable success in identifying
the most strongly destabilizing mutations, and is
able to determine the effects of mutations that
cannot be measured by experiment. While our
kinetic approach does not yield results as quanti-
tatively accurate as prior approaches, which are
based on thermodynamic analyses,">'*'? it has a
number of advantages. First of all, with a modest
amount of computation required per mutant (under
a week on a 2.8 GHz Intel processor for each of the
100 20 ns simulations), our approach is ideal for
identifying kinetically destabilizing mutations,
which are often thermodynamically destabilizing
as well. The approach can therefore be applied to
high-throughput mutagenesis studies. Second, the
protocol, by design, incorporates flexibility of the
protein backbone, generating a large ensemble of
structures for each mutant at room temperature.
Finally, our approach uses a general, physics-based
energy function that is predictive and does not rely
on parameterization to a partlcular subset of all
proteins or database of structures.

Limitations

An obvious criticism of our approach is the use of
high-temperature (470 K) simulations. While it has
been argued that high-temperature simulations can
be representative of room—temperature folding/
unfolding pathways,? it is possible also that such
simulations are biased toward “fast-track” path-
ways that are uncharacterlstlc of pathways at room
temperature.”’ Nonetheless, even if the absolute
unfolding rates are not directly comparable to
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Figure 6. Unfolding rate constants determined for
mutant dimers in the alanine scanning and test set
based on the FO dimer and the F1 dimer. Ranges shown
for the unfolding rate constants represent mean values
one standard deviation and are plotted in descending
order according to mean values for the FO mutant dimers.
The gray region labeled as WT is the range for the
unfolding rate constant determined for the wild-type FO
dimer (0.11(+0.02) ns™ %), which has a slightly higher
maximum value than that of the wild-type F1 dimer
(0.09(£0.01) ns ™).

experiment, we have shown that In(ku¢/kwt) can be
used to predict destabilizing mutations of the p53tet
dimer reliably in a qualitative manner.

Another limitation is the use of a dimer model to
evaluate the effects of mutations on the stability of
the p53tet tetramer. A dimer model was used rather
than a tetramer model for a greater likelihood of
identifying thermodynamically destabilizing
mutations with kinetic analyses. While our
approach is unable to detect mutations that
destabilize the tetramer, but have little effect on
the dimer, destabilizing mutations identified on the
basis of the dimer model would certainly destabi-
lize the tetramer. That said, the FO dimer model is an
approximate one, taken from the crystal structure of
the tetramer.” This issue has been addressed by
testing the same protocol on mutants based on an
alternative dimer model (F1 dimer). Results from
the two dimer models generally agree (see Figures
3(a) and (c), and 5), with a few exceptions,
demonstrating the robustness of our protocol.

Finally, our approach to alanine scanning iden-
tifies destabilizing mutations only if the folded

dimer state is destabilized more than the transition
state to unfolding. Since transition state confor-
mations are often relatively unstructured, this
differential destabilization of the folded and tran-
sition states would generally occur for destabilizing
mutations. However, as mentioned above, the
breakdown of this assumption may account for
the fact that the I332A, F341A, F338A mutations in
the alanine scanning set as well as the cancer-linked
L330H mutation in the test set do not unfold
significantly faster than wild-type, even though
the mutations are thermodynamically destabilizing
to a significant extent. These mutations, which lie
either in the hydrophobic core or its periphery, may
destabilize the transition state nearly as much as
they destabilize the folded state, thus resulting in
only a moderate reduction in the barrier to
unfolding.

Determining shifts in the transition state

In addition to analyzing changes in the stability of
the p53tet dimer due to a particular mutation, we
tested the effectiveness of an approach for deter-
mining changes in the location of the rate-limiting
transition state along the dimerization pathway in
response to the mutation. This approach involves
determining the probability of folding (pfc,ld)22 for a
set of protein conformations by performing 100
independent simulations starting from each confor-
mation. Due to the large amount of computational
effort required for this approach, it was applied
only to mutants in the test set.

As described in Methods, mutant versions of 40
randomly selected putative transition state confor-
mations of the wild-type dimer were created by
first mutating the appropriate residues, then re-
solvating the resulting mutant conformation with
new configurations of water molecules and the
appropriate number of neutralizing counter-ions.
To test the effect of solvent (and counter-ion)
configurations on the py, 4 values, we removed the
original water molecules and counter-ions from the
wild-type conformations, added a different con-
figuration of solvent and counter-ions, and then re-
evaluated the p¢,14 values. Given the uncertainties of
the computations, the resulting p¢14 values for the
re-solvated wild-type conformations (WT*°'V) are in
excellent agreement with the values for the original
wild-type conformations (WT) (see Figure 7). The
dimerization pathway of p53tet is therefore deter-
mined solely by the protein conformations and not
by the surrounding water configurations.
A previous study on the folding of the monomeric
protein BBA5 had the same finding, suggesting that
water equilibrates much faster than the protein
conformation rearranges along the folding path-
way.”?

Since the water dynamics do not affect the
dimerization pathway, any differences in the pf,q
values of mutant dimers relative to those of wild-
type can be attributed to the mutations. Corre-
lations of pgoq values for wild-type versus proia
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Figure 7. Correlations of ps,q values for 40 randomly
selected wild-type (WT) FO dimer conformations versus
Prola Vvalues for mutant versions of the conformations,
which were each resolvated with different configurations
of water molecules and counter-ions (see Methods). As a
control, pfold values were determined for resolvated wild-
type (WT**) conformations. The Piola Values for a glven
dimer conformation were determined from 100 simu-
lations at 300K, yielding uncertainties of less than or
equal to 0.05. The diagonal line in each plot is included as
a guide for visualizing deviations from perfect corre-
lation.

values for mutant conformations are shown in
Figure 7. As predicted for the cancer-associated
L330H, R337C, and R337H mutant conformations,
more than half of the ps,q values are lower than
those of the wild-type conformations, suggesting
that the transition states have moved closer to the
folded dimer states, thereby lowering the probabil-
ities of folding. In the context of the Hammond
postulate for a unimolecular process, the movement
of the transition state along the reaction coordinate,
or Hammond effect, is hkely caused by destabili-
zation of the folded state.* On the other hand, the
R337HIP, L344A, and L348A mutant conformations
yield proiq values that correlate with those of the

Table 1. Average poq differences

Mutant Average Apsoiq
WT 0.006
L330H 0.077
R337C 0.084
R337H 0.092
R337HIP 0.027
L344A 0.026
L348A —0.001

Average pio1q differences (average Apyoid; see Methods) between a
total of 40 peoia values for wild-type conformations and psoq
values of mutant versions of the conformatlons, including re-
solvated wild-type conformations (WT*™) as a control. For
comparison, the average uncertainty of ps,14 values for wild-type
and all mutants is ~0.04.

wild-type conformations to the same extent as pso1q
values of the re-solvated wild-type conformations,
implying no shifts in the locations of the transition
states. The correlations of these mutants with wild-
type conformations are consistent with their pre-
dicted near-wild-type stabilities.

To quantify deviations from a perfect correlation,
the average differences between the p¢,14 values of
the wild-type conformations and conformations
with a particular mutation were computed and
are shown in Table 1. Average differences were
significant, or greater than the average uncertainty
for the psoq values (~0.04 for wild-type and all
mutants, as can be seen in Figure 7), for the L330H,
R337C, and R337H mutant conformations. As
expected, the wild-type conformations with new
water and ion configurations as well as the
R337HIP, L344A, and L348A mutant conformations
did not have significant average differences. Thus,
even though unfolding simulations were unable to
detect the L330H as being strongly destabilizing,
results from pg,q simulations show that this
mutation is nearly as destabilizing as the R337C
and R337H mutations, and certainly more destabi-
lizing than mutations (R337HIP, L344A, and L348A)
that either moderately destabilize the dimer or have
little effect. These results demonstrate that pgoq
values, Wthh effectively order conformations along
a pathway,”** can be used to determine changes in
the location of the transition state due to mutations,
and infer effects on the stability of the folded state in
the context of the Hammond postulate.

Conclusions and Future Work

In conclusion, we have developed a novel, kinetic
approach for computational alanine scanning that
distinguishes rapidly between kinetically stabil-
izing and destabilizing mutations. With some
exceptions, mutations that thermodynamically
destabilize the p53tet tetramer appear to kinetically
destabilize the dimer, enabling the identification of
seven strongly destabilizing mutations (R333A,
R337A, R337C, R337H, L330A, F328A, and E349A)
with no false positives. Given these encouraging
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results, we are in the process of performing more
extensive mutagenesis of the p53 oligomerization
domain, analyzing the effects of all possible single-
nucleotide polymorphisms at each residue position
in order to predict cancer-associated mutations.
Finally, we have shown that ps,4 simulations can be
used to determine mutation-induced shifts in the
rate-limiting transition state for dimerization that
are consistent with experiment. Both the compu-
tational alanine scanning and pfoq simulation
approaches can be applied to any system, provided
that the folded and unfolded states are clearly
defined.

Methods

Simulation details

Model building and simulations were performed using
the GROMACS MD software package®® modified for the
Folding@Home distributed computing infrastructure.”
Coordinates of heavy atoms were taken from the crystal
structure of p53tet (Protein Data Bank 1AIE) in its active
tetrameric form to create a starting model of the wild-type
dimer (FO dimer). An alternative, relaxed model (F1
dimer) of the transient dimer intermediate was obtained
from room-temperature MD 51mu1atlons in explicit water
that evolved from the FO dimer.' Heavy atoms for
residue mutations, affecting both monomers, were
positioned using the SCAP side-chain prediction program
in the ]ackal L5 protein structure modeling software
package Acetyl and N-methyl capping groups were
added to the N terminus and to the C terminus,
respectively, of each monomer (residues 326-355).
Hydrogen atoms were added using ionization states
present in neutral solution. Neutral histidine residues
were protonated at the e-nitrogen atom, which is the
predominant tautomer for free histidine in solutron 2 The
dimer was solvated in a cubic box of TIP3P water,® with
an initial box length of 50 A, then charge-neutralized by
adding counter-ions.

MD simulations were performed using the modified
AMBER f{f94 force-field developed by Garcia and
Sonbanmatsu (2 MBER-GS),®! which is essentially the
£f94 force-field>* with the torsional potentials of ¢ and ¢
angles set to zero to achieve agreement wrth experiment
for the helical propensity of peptides.®® Normally, no
scaling of 1-4 van der Waals interactions is used in the
AMBER-GS force-field. In this study, 1-4 van der Waals
interactions were divided by a factor of 2, which is
standard for all AMBER force-fields. A 10 A cut-off
distance was used for coulombic and van der Waals
interactions along with a reaction-field treatment™ of
long-range electrostatics and periodic boundary con-
ditions. A dielectric constant of 80 was used beyond the
Coulombic cut-off distance. To enable use of a 2 fs time-
step, bonds involving hydrogen atoms in the protein and
water were constrained to their equilibrium values with
the LINCS* and SETTLE® algorithms, respectively.
Constant temperature and pressure (1 atm=
101,325 kPa) were maintained by the Berendsen coupling
algorithm®” with time constants for coupling set to 0.5 ps.

To relieve unfavorable interactions, each initial model
was subjected to energy minimization followed by MD
equilibration in two stages: first, the solvent and counter
ions for 1 ns at 300 K with the protein restrained, then the

entire system for 1ns at 300 K. The second stage of
equilibration was carried out in 100 independent
trajectories with different initial velocities (selected from
a Maxwell-Boltzmann distribution at 300 K) that were
run in parallel on the Folding@Home distributed
computing network.” Each of these 1ndependent trajec-
tories was then simulated at 470 K for 20 ns in order to
unfold the dimer rapidly, yielding ~2 ps of aggregate
simulation time for each mutant dimer.

Determination of unfolding rates

Definitions for the unfolded and folded manifold were
taken from Chong et al.'? These definitions involve the
evaluation of the root-mean-squared deviation (RMSD) of
the C* atoms in the B-sheet region as well as the RMSD of
all C* atoms from the initial dimer model. Fitting for
RMSD calculations was performed using the quaternlon
superposition algorithm,*® as implemented in the pro-
gram ProFitf. For each mutant dimer, the increase in the
ensemble fraction unfolded (f,(t)) as a function of time (t)
can be described for t > t, by a single-exponential function
with a lag time (to):

fu) =1—e

where k, is the rate constant for unfolding at 470 K. The
ensemble fraction unfolded was determined every 200 ps
from simulations of the mutant dimer at 470 K, yielding
1o uncertainties off,(t)] that are ~0.05 or less according to
a binomial distribution:

[fu®1 —fu ()]
(D] = 4 [
olfu®] N

where N is the total number of unfolding simulations
(i.e. 100). To estimate the unfolding rate constant (k,) at
470 K based on the long-timescale events, as opposed to
the short-timescale events represented by the lag portion
(t<to) of the data, the natural logarithm of both sides of
the equation was taken:

In[1 —f,(H)] = —k,t + kutg

—ku(t—o)

and the uncertainties off,(t)]/[1—fu(t)] in the In[1— fu(t)
values were then used to compute the welghts in a
weighted linear, least-squares fit of the data.*

To optimize the accuracy of the fit to the linear portion
of the data, which corresponds to single-exponential
unfolding kinetics, weighted linear fits were performed
for successively larger sets of data starting from the latest
time data point (i.e. at 20 ns) and working backwards
until a linear fit could no longer pass within two standard
deviations of all of the data. Due to the significant amount
of noise in In[1—f,(t)] when the ensemble fraction
unfolded is 0.85 or greater, this portion of the data was
ignored in the fit. While it is straightforward to compute
the uncertainty in the unfolding rate constant from a
weighted linear fit,** this approach was not used, since it
underestimates the uncertainty for time-correlated
ensemble kinetics data. Instead, the uncertainty in the
unfolding rate Constant was determined using the boot-
strap method,* randomly selecting sets of 100 trajec-
tories, with replacement, from the 100 independent
trajectories in 20 trials and determining the unfolding
rate constant for each set. An average unfolding rate

1 http:/ /www.bioinf.org.uk/software/ profit/
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constant and its uncertainty could then be determined
from 20 estimated unfolding rate constants.

Determination of p;, 4 values

The probability of entermg the folded basin before the
unfolded basin (pf(,]d) for any particular protein
conformation was evaluated by performing a large
number of independent simulations at room temperature
evolving from that conformation and terminating when
either the unfolded or folded basin (described above) is
reached. The pg,q simulations were performed for 40
protein conformations that were selected randomly from
the 799 putatlve transition state structures identified by
Chong et al.'®> Mutations were modeled, solvated, and
charge-neutralized by adding counter ions as described
above. Each model was energy minimized followed by
equilibration of the solvent, counter ions, and mutated
residues for 1 ns at 300 K. To determine the probability of
folding, 100 independent simulations starting from the
equilibrated system were performed at 300 K, yielding
standard deviations for ps,q <0.05. Conformations were
saved for analysis with a sampling period of 200 ps.
Average po1q differences (average signed Apg,14) between
sets of mutant and wild-type conformations were
computed as follows:

mut
Ptold,i

Average Apgq = Z pf‘ﬂd’T
i=1

where N is the number of conformations (i.e. 40).
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