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Abstract

The MDM2 N-terminal domain can bind to the transactivation domain of p53 and downregulate its
ability to activate transcription. It was found that binding with p53 stabilizes the MDM2 Nterminal
domain. Thus the coupling between binding and folding is essential in the normal functional
interactions between p53 and MDM2. We have performed explicit-solvent molecular dynamics
simulations (MD) for both bound and apo-MDM2 to study the interdependence of binding and folding
in the p53-MDM2 complex. Kinetic analysis of high-temperature MD simulations shows that both
bound and apo-MDM2 unfold via a two-state process. Both kinetics and free energy landscape
analyses indicate that bound MDM2 unfolds in the order of p53 unbinding, tertiary unfolding, and
finally secondary structure unfolding. Our data show that the unfolding pathways are different
between bound and apo-MDM2: the unfolding order of unstable helices and tertiary contacts is
reversed. Transition state analysis shows that the transition state of bound MDMZ2 is more native-
like and more heterogeneous than that of apo- MDM2. The predicted ®-values suggest that the stable
helices are more native-like than other regions in both bound and apo-MDM2. Within the stable
helices, helix Il in bound MDM2 is more native-like than that in apo-MDM2. However, helix | and
IV in bound MDM2 are less native-like than those in apo-MDM2.

Keywords
folding; binding; protein-protein interactions; p53; MDM2

Introduction

The human version of mouse double minute protein 2 (MDM2) has 491 residues. Its best known
biological role is to negatively regulate the tumor-suppressor activity of p53 when its N-
terminal domain (MDM2N) binds to the transactivation domain of p53.1'4 Because of its
importance in cancer development, the MDM2N-p53 complex is a target for anticancer drug
design576 to restore normal p53 function in tumor cells and to induce growth suppression and
apoptosi5.7v8

The crystal structure for the MDM2N-p53 complex was reported in 1996 (pdb code: 1YCR).
3 The complex has five a-helices and two strands of anti-parallel -sheet. MDM2N consists of
helix | from Pro32 to Val4l, helix Il from Met50 to Lys64, helix 111 from Leu81 to Phe86,
helix IV from His96 to Asn106, strand | from lle74 to Tyr76, and strand 11 from Ser90 to Ser92.
p53 consists of helix V from Phel8 to Leu25. Two longer helices (helix 11 and 1V) and two
shorter helices (helix 1 and 111) form a deep hydrophobic cleft for p53 binding in MDM2N (see
Figure 1).
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NMR experiment indicates that MDM2N is unstable. 9 There are evidences of partial unfolding
and multiple conformations. 9 MDM2N becomes several-fold more stable in the presence of
peptide or small-molecule Ilgands When MDM2N interacts with p53, chemical shifts are
changed not only in the binding pocket of the protein, but also over other parts of the protein,
suggesting global conformational change in MDM2N.10 These experimental observations
raise a series of interesting questions. 1) How does the folded state of MDM2N change upon
p53 binding? 2) How does p53 binding influence the folding pathway of MDM2N? 3) How
does p53 binding influences the unfolded state of MDM2N? To answer these questions, we
utilize molecular dynamics (MD) simulations in explicit solvent to analyze the coupling
between binding and foldlng 1,12 i the MDM2N- -p53 complex.

However the folding time scales of most smfjle -domain proteins, 10-1000 ¥s as recent ultrafast
spectroscopy experiments have shown, ! are much longer than that of MD simulations.
The longest single simulation trajectory performed so far is about 1 %s on the ab initio folding
of villin headpiece, a small protein domain of only 36 residues. 16 In order to study protein
folding within reasonable time, simulations of protein unfolding have been widely used.
17-25 Thjs is because the rate of unfolding increases at high temperatures, for example at as
high as 498K, so that most single-domain proteins unfold in the ns time scale.? Althou h
hightemperature simulations could favor uncharacteristic and/or “fast-track” pathways they
have been found to yield room-temperature folding pathways consistent with experimental
measurements.25 Indeed, a number of interesting observatlons have emerged from MD
unfolding simulations of many small globular protems.17 Ideally, room-temperature
folding simulations would be used to study the coupling between binding and folding in the
MDM2N-p53 complex. However, it is impossible to accumulate long enough trajectories to
draw any meaningful conclusions. Therefore, unfolding simulations at high temperature have
been used in the current study.

In the following, we will discuss the unfolding kinetics, unfolding landscapes, transition states,
unfolded states, and folded states for both bound and apo-MDM2N to understand the influence
of binding in the folding of MDM2N.

Results and Discussion

Unfolding kinetics

Native tertiary contacts (Qf) and native binding contacts (Qb) are used to monitor unfolding
and unbinding kinetics. Time evolutions of Qb and Qf for bound MDM2N are shown inFigure
2. Overall, the tertiary unfolding and unbinding kinetics can be represented well by single
exponential functions, indicating that they are first order kinetics in the NVT ensemble at 498K
but with the room-temperature water density. The fitted kinetics data are shown in Table 1.
Our Kkinetics analysis shows that the unbinding half-time is 0.21ns, and the unfolding half-time
is 1.27ns, indicating that unbinding is much faster than tertiary unfolding. The time evolution
of Qf for apo-MDM2N is also shown inFigure 2. It is found that tertiary unfolding of apo-
MDM2N also obeys first order kinetics, with a half-time of 1.36ns, which is very similar to
that of bound MDM2N.

Unfolding kinetics of all five helices is also analyzed and presented inFigure 3. It was found
that the five helices can be grouped into two categories: stable helices: I, Il & I1V; and unstable
helices: 111 & V. Time evolution curves for both stable and unstable helices in both bound and
apo-MDM2N, respectively, are shown inFigure 4. Our analysis shows that helix unfolding also
obeys first order kinetics under the high-temperature simulation condition. Unfolding half time
is 1.70ns for unstable helices and 3.58ns for stable helices, respectively, in bound MDM2N,
Unfolding half time is 2.36ns for stable helices and about 0.39ns for unstable helices (111 only),
respectively, in apo-MDM2N. Not surprisingly, helical unfolding is slower than tertiary
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unfolding and unbinding. This is consistent with other unfolding simulations of helical proteins,
for example chymotrypsin inhibitor 2.28 Note also that the helical unfolding half times of the
bound MDM2N are longer than those of apo-MDM2N, suggesting that binding to p53 stabilizes
the helices in MDM2N.29 Finally, since the two short beta strands are too weak, they are not
monitored during unfolding.

Unfolding landscapes

To further understand the coupling between unfolding and unbinding, the unfolding landscape
of bound MDM2N was analyzed with the progress variables Qf and Qb, as shown inFigure 5.
The unfolding landscape shows that unbinding proceeds first while tertiary contacts are held
stable. This is followed by tertiary unfolding. This is in agreement with the unfolding kinetics
analysis for the bound MDM2N. Note also that even if the time scale of unbinding is much
shorter than that of tertiary unfolding, there is no rapid transition between binding and
unbinding during tertiary unfolding. This suggests the formation of binding interface depends
on formation of overall tertiary contacts, different from the coupling between secondary
unfolding and tertiary unfolding to be shown below.

The coupling between secondary and tertiary unfolding is studied for both bound and apo-
MDM2N, and is shown inFigure 6. Since the two short beta strands are too weak, only helical
structures were monitored during unfolding. The coupling between stable helices and tertiary
contacts in unfolding is shown inFigure 6A. It is found that Qf decreases first while stable
helical content does not change. This is followed by simultaneous decrease of tertiary contacts
and stable helical content. This suggests that the tertiary unfolding is followed by secondary
and tertiary unfolding. This is also consistent with the above unfolding kinetics analysis. The
coupling between unstable helical content and tertiary contacts is also monitored as shown
inFigure 6B. We found that unstable helices (I11 and V) are in rapid transition between folding
and unfolding during tertiary unfolding due to their fast folding/unfolding rates. This is
different from binding, even if its time scale is similar to that of unstable helix in apo-
MDM2N.

Transition state

Our kinetics analysis shows that tertiary unfolding of both bound and apo-MDM2N obey first
order kinetics. This suggests that bound and apo-MDM2N unfold via a two-state process.
Therefore, there is a transition state corresponds to the free energy maximum along each of
their unfolding pathways. The structures at the free energy-maxima comprise the transition
state ensemble (TSE). TSE structures can either fold or unfold, and the transition probability
(P) will be 50%. We have scanned MD snapshots for TSE structures in all 10 unfolding
trajectories for each of bound and apo-MDM2N, respectiV(-:‘Iy.?’O Transition probabilities versus
candidate snapshot are shown inFigure 7. The transition probability curves are further fitted
by the Boltzmann equation, P = 1/(1 + exp((t-rTS)/rtrang} .» Where 175 is the time when P = 50%
and tyrans Sets the period when P is between 0.4 and 0.6. -32 our analysis yields 382 snapshots
for bound MDM2N TSE, and 271 snapshots for apo-MDM2N TSE, respectively.

Figure 8 illustrates the average structures for all TSE snapshots for bound and apo-MDM2N,
respectively. Apparently fromFigure 8, TSE of apo-MDM2N is less-structured than that of
bound MDM2N. Indeed, there are 50% native hydrophobic contacts, 70.5% stable helical
content, and 23.9% unstable native helical content for apo-MDM2N TSE, while there are 57%
native hydrophobic contacts, 84.6% stable native helical content, and 37.0% unstable native
helical content for bound MDM2N. Overall, it can be concluded that the TSE of bound
MDM2N is more native-like than that of apo-MDM2N. This indicates that the folding activation
free energy for bound MDM2N is probably smaller than that for apo-MDM2N, leading to a
relatively faster folding rate for bound MDM2N. Combining with the above analysis that the
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unfolding rates for bound and apo-MDM2N are virtually the same, this leads to the conclusion
that bound MDM2N is more stable than apo-MDM2N, based on the following relationship for
two-state folding systems,33 K=k¢/k,, where K is folding equilibrium constant, k; and k, are
folding and unfolding rates, respectively. This conclusion on the relative stability between
bound and apo-MDM2N is consistent with the previous experimental observation.?

Figure 9 illustrates structural variations of TSE structures for bound and apo-MDM2N,
respectively. The Ca fluctuation of bound MDM2N is larger than that of apo-MDM2N,
suggesting that bound MDM2N is more heterogeneous than that of apo-MDM?2N at the
transition state. Thus TSE for bound MDM2N is more native-like and more heterogeneous than
that for apo-MDM2N. However, the ®/y fluctuation of bound MDM2N is similar to that of
apo-MDM2N: there are three stable helices with low fluctuation in both states.

Finally, all TSE snapshots were used to predict ®-values of bound and apo-MDM2N as shown
inFigure 10. The sequence distribution of ®-values suggests that the three stable helices
identified in the above structural variation analysis (Figure 9) are more native-like than other
regions for both bound and apo-MDM2N. Within the three stable helices, the F-values of helix
1 for bound MDM2N are larger than those of apo-MDM2N. However the ®-values of helix |
and 1V for bound MDM2N are smaller than those of apo-MDM2N,

Unfolded state

Folded state

All unfolding simulations eventually reach the unfolded equilibrium state under the high-
temperature unfolding condition. For the unfolded state of bound-MDM2N, there are 41.2%
native hydrophobic contacts, 67.8% stable helical content, and 36.5% unstable helical content
remaining. Worth noting is the fact that the hydrophobic intra-helix contacts on the unstable
helix 111 all disappear. There is still a well-defined hydrophobic cluster among the three stable
helices. This is very different from that of the apo-MDM2N, for which the hydrophobic contacts
are divided into two clusters. One is located between helix | and I, the other is on helix V.
There are 35.3% native hydrophobic contacts, 59.6% stable helical content, and 41.5% unstable
helical content remaining.

Conformational fluctuation was also analyzed using structural variation from the average
structures for the unfolded state (Figure 11). The Ca. fluctuation of bound MDM2N is larger
than that of apo-MDM2N, indicating that bound molecules are more heterogeneous. This is
similar to the transition state structures analyzed above. Also similar to the transition state,
there is little difference in the ®/y fluctuation between bound and apo-MDM2N.

As a reference for the above unfolding simulations and to further compare with experiment by
structures and dynamics, 10 trajectories of 10.0 ns each were simulated at 298 K to analyze
the folded state of apo-MDM2N, apo-p53, and their complex, respectively. Here, the structural
influence of p53 binding on the folded MDM2N is first analyzed. It has been observed in
experiment that MDM2N must undergo an expansion upon p53 binding, achieved through a
rearrangement and outward expansion of the helices surrounding the binding cleft.9 To make
the statement quantitative for easy comparison, the distance between the centers of helix 1l and
IV at the cleft opening in the experimental structures is measured and is found to increase by
0.5A upon p53 binding.9 In simulation, the average distance between the centers of the same
helices increases by about 0.7A upon p53 binding, in qualitative agreement with experiment.
In addition, the distance between the centers of helix | and Il at the cleft bottom in the
experimental structures increases by 0.8 A upon p53 binding. In simulation, the average
distance between the centers of the same helices increases by 0.5A, also in qualitative
agreement with experiment.9
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To study the influence of p53 binding on the dynamics of the folded MDM2N, Ca and ®/y
variations for bound and apo-MDM2N are analyzed and shown inFigure 12. The Ca variation
of bound MDM2N is smaller than that of apo-MDM2N, especially in the loop connecting helix
I1and 111, and the loop connecting helix 111 and 1V at the p53 binding site. This suggests that
bound MDM2N become less flexible and more stable upon p53 binding, consistent with
experiment.9 The ®/y variation of bound MDM2N is similar to that of apo-MDM2N,
suggesting that secondary structure stabilities have no significant change upon p53 binding.
Indeed, helices I, 111 and IV are already very stable in apo-MDM2N. Helix II undergoes large
fluctuating motions in both bound and apo-MDM2N as observed in experiment.9 Main-chain
based clustering analysis is also performed to investigate conformational fluctuation and
stability in bound and apo-MDM2N. There are 9 main-chain clusters for bound MDM2N and
16 main-chain clusters for apo- MDM2N. This is also consistent with the experimental
observation that bound-MDM2N is more rigid and less disordered.9

To understand the causes for binding induced change in the folded state, interactions between
p53 and MDM2N were analyzed. All possible hydrophobic and hydrogen-bonding contacts in
the crystal structure were identified with Ligplot,?’4 as shown inFigure 13. The populations of
eight hydrophobic contacts in simulation are shown inFigure 14A. Five stable hydrophobic
interactions can be found: Phe19/1le61, Trp23/lle61, Leu22/Val93, Phe19/Met62, and Phel9/
Val75, with populations higher than 60%. The other three hydrophobic interactions are rather
unstable. The structural analysis by Kussie et al shows that Phe19 and Trp23 are in van der
Waals contact with 11e61.3 Besides hydrophobic interactions, four possible hydrogen bonds
were also identified with Ligplot.34Figure 14B shows their populations in simulation.
However, only one stable hydrogen bond (Trp23/Leu54) exists, with population higher than
60%. There is also one marginally stable hydrogen bond (Phe19/GIn72) with population around
30%. The other two hydrogen bonds are very weak. This is consistent with the structural
analysis by Kussie et al3 Comparing hydrophobic and hydrogen-bonding interactions,
hydrophobic interactions pIa}/ a key role in stabilizing the protein-protein interface as in most
protein-protein interactions. 91n summary, p53 binding introduced more hydrophaobic
contacts at the interface and within MDM2N which are responsible for the higher stability in
MDM2N,

Unfolding pathways and likely folding pathways

Based on the unfolding kinetics, landscape analysis, and transition state analysis, unfolding
pathways for bound MDM2N can now be constructed as shown inFigure 15. 1) At the unbinding
half time, there are 23 out of 34 (folded state) native hydrophobic contacts within MDM2N,
Most lost hydrophobic contacts are with Helix 1. The native hydrophobic contacts between p53
and MDM2N also start to disappear: only 1 out of 5 exists. There are 90.1% stable helical
content and 57.2% unstable helical content remaining. The two short beta strands have
disappeared. 2) At the half time of tertiary unfolding, there are 20 native hydrophobic contacts
within MDM2N. The hydrophobic core is located mostly among the stable helices. All native
hydrophobic contacts between p53 (one of the unstable helix) and MDM2N have disappeared.
There are 83.2% stable helical content and 48.4% unstable helical content remaining. 3) At the
half time of unstable helix (111 and V) unfolding, there are 19 native hydrophaobic contacts, and
they are located among the stable helices only. There are 82.4% native stable helical content
and 47.7% unstable helical content remaining. 4) At the half time of stable helix (I, 11 and V)
unfolding, there are 16 native hydrophobic contacts among the three stable helices. The
hydrophaobic core is broken into two clusters, one centered on helix I, and the other between
helix Il and helix IV. There are 78.3% native stable helical content and 36.5% native unstable
helical content remaining. The average time for visiting the transition state is between the half
times of unstable helical unfolding and stable helical unfolding.
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Similarly, the unfolding pathway of apo-MDM2N is constructed and shown inFigure 16. 1) At
the half time of unstable helix (I11) unfolding, there are 21 out of 32 (folded state) native
hydrophobic contacts. Most lost hydrophobic contacts are with helix I1. There are 85.9% stable
helical content and 42.4% unstable helical content remaining. 2) At the half time of tertiary
unfolding, there are 16 native hydrophobic contacts. The hydrophobic core is located mostly
among the stable helices. There are 82.0% stable helical content and 41.6% unstable helical
content remaining. 3) At the half time of stable helix (I, Il and IV) unfolding, there are 17 native
hydrophobic contacts. The hydrophobic core among the stable helices has significantly
unpacked into multiple clusters. There are 82.3% stable helical content and 21.6% unstable
helical content remaining. The average time for visiting the transition state is between the half
times of tertiary unfolding and stable helical unfolding.

If we assume that folding is the reverse of unfolding, the proposed folding/binding pathway of
bound MDM2N is stable helix (I, Il and V) folding, unstable helix (111 and V) folding, tertiary
folding, and finally p53 binding. The folding order for apo-MDM2N is stable helix (I, 11 and
IV) folding, tertiary folding, and finally unstable helix (I11) folding. The difference between
the folding pathways of bound and apo-MDMZ2N is the reverse of unstable helix folding and
tertiary folding, indicating that the unstable helix is stabilized by p53 binding in bound
MDM2N. Note that the extra stability of helix |11 is offered by unspecific (nonnative) p53
binding contacts because specific (native) binding contacts only occur after tertiary folding.

Entropy effect in the binding/folding coupling

In the folded state, bound MDM2N is less heterogeneous than apo-MDM2N, indicating that
the entropy decreases in the presence of p53. This results from specific binding interactions
between MDM2N and p53. The strong and specific binding interactions make the specific
binding favorable thermodynamically. In the unfolded state, however, there is no specific
binding interaction between the two molecules. Nevertheless, bound MDM2N is more
heterogeneous than that of apo-MDM2N, so that the entropy of increases in the presence of
p53. Thus the nonspecific binding of the two molecules is also favorable
thermodynamically.Figure 17 presents the thermodynamic circle of entropy changes between
bound and apo-MDM2N and between the folded and unfolded states. Apparently, the entropic
effect is highly unfavorable in the coupled folding and binding in the MDM2N-p53 complex.
This unfavorable entropy effect partly weakens the contribution of hydrophobic interactions
between p53 and MDM2N. Therefore bound MDM2N is onlg moderately more stable upon
p53 binding as observed in both experiment and simulation.

Conclusion

We have performed explicit-solvent molecular dynamics simulations (MD) for both bound and
apo-MDM2N to study the interdependence of binding and folding in the p53-MDM2N complex.
Our folded state simulation shows that the MDM?2N binding cleft has to expand upon p53
binding through a rearrangement of the surrounding helices, consistent with the experimental
observation.® Our folded state simulation further shows that bound-MDM2N is more rigid and
less disordered, also in agreement with experimental structural comparison.9 Kinetics analysis
of high-temperature MD simulations shows that both bound and apo-MDM2N unfold via a
two-state process with very similar unfolding rates. Combining unfolding kinetics analysis
with transition state analysis for bound and apo-MDM2N leads to the conclusion that bound
MDM2N is more stable than apo-MDM2N, in agreement with the previous experimental
observation on the relative stabilities between bound and apo-MDMZN.9 The entropic effect
in the coupled folding and binding in the MDM2N-p53 complex is found to be highly
unfavorable. The unfavorable entropy effect partly weakens the contribution of hydrophaobic
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interactions between p53 and MDM2N upon the complex stability, resulting in only moderately
more stable bound MDM2N as observed in both experiment and simulation.

Both kinetics and free energy landscape analyses indicate that bound MDM2N unfolds in the
order of p53 unbinding, tertiary unfolding, and finally secondary structure unfolding. Our data
show that the unfolding pathways are different between bound and apo-MDM2N: the unfolding
order of unstable helices and tertiary contacts is reversed.

Transition state analysis shows that the transition state of bound MDM2N is more native-like
and more heterogeneous than that of apo-MDMZ2N. Finally we have predicted the ®-values in
both bound and apo-MDM2N. This experimentally testable prediction suggests that the stable
helices (I, Il and IV) are more native-like than other regions. Within the stable helices, helix

11 in bound MDM2N is more native-like than that in apo-MDM2N. However, helix I and 1V in
bound MDM2N are less native-like than those in apo-MDM2N,

Materials and Method

Room-temperature and high-temperature molecular dynamics simulations

The atomlc coordinates of the MDM2N-p53 complex were obtained from the X-ray structure
1YCR.3 Hydrogen atoms were added using the LEAP module of AMBERS. 35 Counter-ions
were used to maintain system neutrality. All systems were solvated in a truncated octahedron
box of TIP3P36 waters with a buffer of 10 A. Particle Mesh Ewald (PME) was employed
to treat longrange electrostatic interactions with the default setting in AMBERS. 35 A revised
parm99 force field was used for intramolecular interactions.38:39 The SHAKE algorithm 40
was used to constrain bonds involving hydrogen atoms. 1000-step steepest descent
minimization was performed to relieve any structural clash in the solvated systems. This was
followed by heating up and brief equilibration for 20 ps in the NVT ensemble at 298 K with
SANDER of AMBERS. Langevin dynamics with a time step of 2fs was used in the heating
and equilibration runs with a friction constant of 1ps 2.

To study the folded state of each solvated system, ten independent trajectories of 10.0 ns each
in the NPT ensemble?L at 298K were then simulated with PMEMD of AMBERS. Here
molecular dynamics with a time step of 2fs was used for all production dynamics runs. To
study unfolding pathways of each solvated system, ten independent unfolding trajectories of
10ns each were performed in the NVT ensemble at 498K but with the water density at 298K
(i.e. all hightemperature simulations were started from the end of the 10ns 298K trajectories).
A total of 600ns trajectories were collected for three solvated systems (bound-MDM2N, apo-
MDM2N, and p53) at both 298K and 498K, respectively, taking about 26,400 CPU hours on
the in-house Xeon (3.0GHz) cluster.

Native contacts for the bound and apo-MDM2N were monitored to detect the beginning of
unfolded state simulations. It was found that 6ns at 498K were needed to reach the equilibrium
stage for both bound and apo-MDM2N, so that the first 6ns (a total of 60ns for each system)
were used to study unfolding kinetics and the remaining 4ns (a total of 40ns for each system)
were used for equilibrium simulations at unfolded state for each system. The p53 peptide is far
less stable, it was found that only 2ns at 498K was enough to reach the unfolded state, so that
the first 2ns (a total of 20ns) were used to study unfolding kinetics and the remaining 8ns (a
total of 80ns) were used to study the unfolded equilibrium state.

Transition state simulations

According to the definition of transition state (TS), 40 test MD runs for each candidate snapshot
were performed to calculate the transition probability (P) 0-32 Al test simulations have the
same initial conformation for protein and solvent atoms, but differing initial velocities. Because
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transition state structures agree with experiment under varying simulation temperature's,28 TS
simulations were done at 498K in order to accelerate simulated folding/unfolding rate. Each
test trajectory is terminated when a conformation has reached the folded or unfolded state, as
determined by Ca-RMSD. The folded state defines as the Ca-RMSD within 3.0A from the
average structure at folded state at 298K. Up to 1ns simulation at 498K was found to be
sufficient for each test trajectory, i.e. P values for tested snapshots were no longer changing
when longer trajectories were run.

Data Analysis

Tertiary contact assignment was handled with in-house software. Two non-adjacent residues
are in contact when their Co. atoms are closer than 6.5 A. Secondary structure assignment was
performed with DSSP.42 All RMSD calculations were performed with PTRAJ in
AMBERS.3% The unfolding kinetics was fitted in Origin 6.1. The unfolding landscapes were
determined by calculating normalized probability from a histogram analysis.30 Here we used
fraction of native tertiary contacts Qf, fraction of native binding contacts Qb, and fraction of
native helical content H, to map the unfolding landscape. Representative structures at folding
half times were used to construct unfolding pathways. Each representative structure is the
closest snapshot to the average of all chosen snapshots at a given half time (within +/— its
standard deviation).

®-values were computed with a strategy similar to those used in other studies; 31,4344
(equation) where N;S is the number of native contacts of residue i at transition state, N;F and
N;Y is the number of native contacts of residue i at folded and unfolded states, respectively.
As defined by Calfisch and coworkers, contacts were counted when the side chain heavy atoms
of two nonadjacent residues are closer than 6 A .31 This method has been validated in previous
comparative studies of different proteins and found to yield ®-values in good agreement with
experiment.?’l'df?’v44
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Figure 1.

Ribbon representation of the x-ray structure of p53-MDM2N (pdb code: 1YCR). Blue
represents helix I, green represents helix 11, yellow represents helix 111, orange represents helix
1V, and red represents helix V.

J Am Chem Soc. Author manuscript; available in PMC 2008 September 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen and Luo

1.00

0.75{
0.50{
0.25{"
0.00

Qb

Bound MDM2

0.751™..

0.50
0.25-

Qf

0.00
0.75%,
0.50
0.251

Qf

[T

.
pLL -

L
. e

Apo-MDM2

— L]
I.“Il7._..I_..jl.'._._-.7-Jl.....- .

0.00
0

Figure 2.

3 4 5 6

Time (ns)

Kinetics fitting of Qb and Qf for bound and apo-MDM2N,

J Am Chem Soc. Author manuscript; available in PMC 2008 September 2.

Page 11



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Chen and Luo

1.004
0.75{ M,
T 0.50-
0.25-

—a— Helix |

o— Helix Il
Helix 111
—»— Helix IV

Helix V

0.00+— ——r
o 1 2 3 4
Time (ns)

Figure 3.

5 6

Unfolding of five helices in bound MDM2N. H is fractional native helical content.
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Figure 4.
Kinetics fitting for stable helices (I, Il & IV) and unstable helices (111 & V) or helix Il for

bound and apo-MDM2N, respectively.
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Figure 5.
Unfolding landscapes with respect to Qb and Qf for bound MDM2N.
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Figure 6.
Unfolding landscapes with H and Qf for bound and apo-MDM2N, respectively.
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Figure 7.

Arepresentative transition probability P calculated at 498K for the F<U transition for snapshot
in the transition region for one of trajectories for bound and apo-MDM2N, respectively. The
red line is the fit to P = 1/{1+ exp[(t-t1s)/ttrans]}- See text for more information on the fit.
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Figure 8.
Average TSE structures for bound and apo-MDM2N, respectively.
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Predicted ®-values for bound and apo-MDM2N, respectively.
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Figure 13.
Two-dimensional representation for the interactions between p53 and MDM2N.,
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Figure 14.

Interactions between p53 and MDM2N. A: hydrophobic contacts. 1 is for Phe19/1le61, 2 for
Trp23/1le61, 3 for Leu22/Val93, 4 for Phe19/Met62, 5 for Phe19/Val75, 6 for Pro27/Tyr100,
7 for Trp23/Met62, and 8 for Pro27/Met50. B: Hydrogen bonds. 1 is for NE1(Trp23)/O(Leu54),
2 for N(Phe19)/OE1(GIn72), 3 for O(Asn29)/OH(Tyr100), and 4 for OD1(Asn29)/0G1
(Thr26).

J Am Chem Soc. Author manuscript; available in PMC 2008 September 2.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen and Luo

Page 24

Figure 15.
Unfolding pathway of bound MDM2N. A: <0ns (F), B: 0.21ns (tqb), C: 1.27ns (1gf), D: 1.70ns
(tH3s), E: 3.58ns (tH1/2/4) and F: > 6ns (U).
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Figure 16.
Unfolding pathway of apo-MDM2N. A: <0ns (F), B: 0.39ns (t3), C: 1.36ns (tqf), D: 2.36ns
(tH1/2/4) and E: > 6ns (U).
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Entropy effect in the folding/binding coupling between p53 and MDM2N.
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