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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 N-terminal 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
MDM2N and apo-MDM?2 to study the interdependence of binding and folding in the p53—MDM2 complex.
Kinetic analysis of high-temperature MD simulations shows that both bound MDM2N 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 MDM2N and apo-MDM2: the unfolding
order of unstable helices and tertiary contacts is reversed. Transition state analysis shows that the transition
state of bound MDM2 is more nativelike and more heterogeneous than that of apo-MDM2. The predicted
®-values suggest that the stable helices are more nativelike than other regions in both bound MDM2N and
apo-MDM2. Within the stable helices, helix Il in bound MDM2 is more nativelike than that in apo-MDM2.

However, helix | and IV in bound MDM2 are less nativelike than those in apo-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 (MDM¥Y) binds to the transactivation
domain of p53:~4 Because of its importance in cancer develop-
ment, the MDM2—p53 complex is a target for anticancer drug
desig®® to restore normal p53 function in tumor cells and to
induce growth suppression and apoptdsis.

The crystal structure for the MDM2-p53 complex was
reported in 1996 (pdb code: 1YCR)The complex has five
R-helices and two strands of antiparalj@isheets. MDM®
consists of helix | from Pro32 to Val41, helix Il from Met50 to
Lys64, helix Il from Leu81 to Phe86, helix IV from His96 to
Asnl106, strand | from lle74 to Tyr76, and strand Il from Ser90
to Ser92. p53 consists of helix V from Phel8 to Leu25. Two
longer helices (helix Il and 1V) and two shorter helices (helix
I and I1l) form a deep hydrophobic cleft for p53 binding in
MDM2N (see Figure 1).

NMR experiments indicate that MDM2s unstablé. There
is evidence of partial unfolding and multiple conformatiéns.

MDM2N becomes several-fold more stable in the presence of
peptide or small-molecule ligandswWhen MDM2V 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 MDM® These
experimental observations raise a series of interesting questions.
(1) How does the folded state of MDN{Zhange upon p53
binding? (2) How does p53 binding influence the folding
pathway of MDM2'? (3) How does p53 binding influence the
unfolded state of MDMP®? To answer these questions, we utilize
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molecular dynamics (MD) simulations in explicit solvent to
analyze the coupling between binding and fold#ig in the
MDM2N—-p53 complex.

However the folding time scales of most single-domain
proteins, 16-1000us as recent ultrafast spectroscopy experi-
ments have show#; 1% are much longer than those of MD
simulations. The longest single simulation trajectory performed
so far is about ks on the ab initio folding of a villin headpiece,

a small protein domain of only 36 residu€dn order to study
protein folding within reasonable time, simulations of protein
unfolding have been widely usé#:2® This is because the rate
of unfolding increases at high temperatures, for example, at as
high as 498 K, so that most single-domain proteins unfold in
the nanosecond time scafeAlthough high-temperature simula-
tions could favor uncharacteristic and/or “fast-track” pathwiys,
they have been found to yield room-temperature folding
pathways consistent with experimental measurentéitsleed,

a number of interesting observations have emerged from MD
unfolding simulations of many small globular protefrfs2
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

Figure 2. Kinetics fitting of Qb and Qf for bound MDM? and
apo-MDM2V,

Table 1. Unfolding Kinetics Constants?@

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 MDNI2and apo-MDM2 to
understand the influence of binding in the folding of MDNI2

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 in Figure 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 498 K but with the room-temperature
water density. The fitted kinetics data are shown in Table 1.
Our kinetics analysis shows that the unbinding half time is 0.21
ns, and the unfolding half time is 1.27 ns, indicating that
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7(ns) A B R?
bound MDM2 Qb 021 056 0.0011 0.94
Qf 127 041 041 0.98
helix I, ll,and IV  3.58 0.36 0.53 0.86
helix lll and V 1.70 0.29 0.29 0.67
apo-MDM2 Qf 136 0.42 0.38 0.98
helix I, ll,and IV~ 2.36 0.51 0.49 0.90
helix 11l 0.34 0.56 0.25 0.86

aAll curves are fitted byA exp(-t/t) + B.

Figure 3. Unfolding of five helices in bound MDM? H is fractional native
helical content.

unbinding is much faster than tertiary unfolding. The time
evolution of Qf for apo-MDMZ2 is also shown in Figure 2. It
is found that tertiary unfolding of apo-MDM?also obeys first-
order kinetics, with a half time of 1.36 ns, which is very similar
to that of bound MDM®2.

Unfolding kinetics of all five helices is also analyzed and
presented in Figure 3. It was found that the five helices can be
grouped into two categories: stable helices (I, I, and IV) and
unstable helices (Il and V). Time evolution curves for both
stable and unstable helices in both bound MDM#hd apo-
MDM2N, respectively, are shown in Figure 4. Our analysis
shows that helix unfolding also obeys first-order kinetics under
the high-temperature simulation condition. The unfolding half
time is 1.70 ns for unstable helices and 3.58 ns for stable helices,
respectively, in bound MDM2 The unfolding half time is 2.36
ns for stable helices and about 0.39 ns for unstable helices (llI
only), respectively, in apo-MDM2 Not surprisingly, helical
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Figure ,f Unfolding landscapes with respect to Qb and Qf for bound s the fit toP ) 141 + exp[r — 79)/tvand}. See text for more information
MDM2. on the fit.

unfolding is slower than tertiary unfolding and unbinding. This
is consistent with other unfolding simulations of helical proteins
for example, chymotrypsin inhibitor Z. Note also that the
helical unfolding half times of the bound MDNf2are longer
than those of apo-MDM$, suggesting that binding to p53
stabilizes the helices in MDM22° Finally, since the two short
beta strands are too weak, they are not monitored during
unfolding.

shown in Figure 6. It is found that Qf decreases first while stable
' helical content does not change. This is followed by a
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

Unfolding Land To furth d dth i as shown in Figure 6. We found that unstable helices (Il and
nfolding Landscapes.To further understand the coupling V) are in rapid transition between folding and unfolding during

Eemzepﬂgrl\lﬂfgiding and :anigdingr; tEe unfolding Ian_dsb(iape ?f tertiary unfolding due to their fast folding/unfolding rates. This
oun was analyze with the progress variables Q is different from binding, even if its time scale is similar to
and Qb, as shown in Figure 5. The unfolding landscape showsthat of the unstable helix in apo-MDNI2

that unbinding proceeds first while tertiary contacts are held Transition State. Our kinetics analysis shows that tertiary

Sable T b Blowes, by Lty urIDdng, The o sl o boh bound OV an o W oy 15
g 9 y order kinetics. This suggests that bound MDMand apo-

N . . e
MDM2N. Note also that even if the time scale of unbinding is MDM2N unfold via a two-state process. Therefore, there is a

much shorter than that of tertiary unfolding, there is no rapid o .
transition between binding and unbinding during tertiary unfold- transition state that corresponds to the free energy maximum
along each of their unfolding pathways. The structures at the

ing. This suggests the formation of binding interface depends : . .
on formation of overall tertiary contacts, different from the free energy maxima comprise the transition state ensemble
’ (TSE). TSE structures can either fold or unfold, and the

coupling between secondary unfolding and tertiary unfolding transition probability B) will be 50%. We have scanned MD
to be shown below. . . . .
snapshots for TSE structures in all 10 unfolding trajectories for

The coupling between secondary and tertiary unfolding is i ; 0
studied for both bound MDM2and apo-MDM2 and is shown each p.f the boungl_MDM? and apo MDMQ’ respectively’
Transition probabilities versus candidate snapshot are shown

n E|gure 6. Since the two ;hort beta_ strands are too weak, inyin Figure 7. The transition probability curves are further fitted
helical structures were monitored during unfolding. The coupling by the Boltzmann equatio® ) 1/(1 + exp(t — 779)/Trand)
3 — UTS)/'ltrand )s

between stable helices and tertiary contacts in unfolding is wherezrs is the time wherP Y 50% andreane sets the period

(28) Day, R.; Daggett, VVProtein Sci.2005 14, 1242-1252.
(29) Petsko, G. A.; Ringe, DProtein Structure and FunctiorNew Science (30) Pande, V. S.; Rokhsar, D.Broc. Natl. Acad. Sci. U.S.A999 96, 9062—
Press: London, 2003. 9067.
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whenP is between 0.4 and 0332 Our analysis yields 382
snapshots for bound MDM2



This suggests that bound MDNMzbecomes less flexible and
more stable upon p53 binding, consistent with experirfdiiite
®/¥ variation of bound MDM2 is similar to that of apo-
MDM2N, suggesting that secondary structure stabilities have
no significant change upon p53 binding. Indeed, helices I, I,
and IV are already very stable in apo-MDM2Helix I
undergoes large fluctuating motions in both bound MD\4ad
apo-MDM2\ as observed in experimehtMain-chain-based
clustering analysis is also performed to investigate conforma-
tional fluctuation and stability in bound MDM2and apo-
MDM2N. There are 9 main-chain clusters for bound MDWM?2
and 16 main-chain clusters for apo-MDMZ2This is also
consistent with the experimental observation that bound MHM2
is more rigid and less disorderéd.

To understand the causes for binding induced change in the
folded state, interactions between p53 and MDM&ere
analyzed. All possible hydrophobic and hydrogen-bonding
contacts in the crystal structure were identified with Ligstot,
as shown in Figure 13. The populations of eight hydrophobic
contacts in simulation are shown in Figure 14A. Five stable
hydrophobic interactions can be found: Phel9/lle61, Trp23/
lle61, Leu22/Val93, Phel9/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 Phel9 and Trp23 are in van der Waals contact
with Ile613 Besides hydrophobic interactions, four possible
hydrogen bonds were also identified with LigpféFigure 14B
shows their populations in simulation. However, only one stable
hydrogen bond (Trp23/Leu54) exists, with a population higher
than 60%. There is also one marginally stable hydrogen bond
(Phel19/GIn72) with a population around 30%. The other two
hydrogen bonds are very weak. This is consistent with the
structural analysis by Kussie et®Comparing hydrophobic and
hydrogen-bonding interactions, hydrophobic interactions play
a key role in stabilizing the proteiprotein interface as in most
protein—protein interactiond? In summary, p53 binding intro-
duced more hydrophobic contacts at the interface and within
MDM2N which are responsible for the higher stability in

- L MDM2N,
of p53 binding on the folded MDM2is first analyzed. It has Unfolding Pathways and Likely Folding Pathways.Based

been observed in experiment that MDM#nust undergo an . Lo . "
. - - on the unfolding kinetics, landscape analysis, and transition state
expansion upon p53 binding, achieved through a rearrangement

and outward expansion of the helices surrounding the binding analysis, unfolding pathways for bound MDM2an now be

cleft® To make the statement quantitative for easy comparison, fi?nn;tmcetrida?: ;goc\)/tlrt] (;r; gfég d}ail. s(tlazteA)t r:gzvljanr? '%?g‘ghgg:i
the distance between the centers of helix Il and IV at the cleft ’ yarop

S . . . dcontacts within MDM2'. Most lost hydrophobic contacts are
opening in the experimental structures is measured and is foun vith Helix 1. The native hvdrophobic contacts between 53 and
to increase by 0.5 A upon p53 bindifign simulation, the ) yarop P

N . ) .
average distance between the centers of the same helice&"le'vl2 also start to disappear: only 1 out of 5 exists. There

increases by about 0.7 A 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 0.5 A, also in qualitative agreement
with experimeng.

To study the influence of p53 binding on the dynamics of
the folded MDM2, CR and®/¥ variations for bound MDMP
and apo-MDM?2' are analyzed and shown in Figure 12. The
CR variation of bound MDM2 is smaller than that of apo-
MDM2N, especially in the loop connecting helix Il and 11l and
the loop connecting helix 1l and 1V at the p53 binding site.
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Figure 13. Two-dimensional representation for the interactions between p53 and MDM2

1

Population (%)

123 45678 1 2 3 4
Hydrophobic contacts Hydrogen bonds

Figure 14. Interactions between p53 and MDM2(A) Hydrophobic
contacts. 1 is for Phel9/1le61; 2, for Trp23/lle61; 3, for Leu22/Val93; 4,
for Phel9/Met62; 5, for Phel9/Val75; 6, for Pro27/Tyrl00; 7, for Trp23/ .
Met62; and 8, for Pro27/Met50. (B) Hydrogen bonds. 1 is for NE1(Trp23)/ F/9ure 15. Unfolding pathway of bound MDM2. (A) <0 ns (F), (B) 0.21
O(Leu54); 2, for N(Phe19)/OEL(GIn72); 3, for O(Asn29)/OH(Tyr100); and 1S (ab), (C) 1.27 ns ), (D) 1.70 ns fars), (E) 3.58 ns ¢iy2i4), and (F)
4, for OD1(Asn29)/0G1(Thr26). >6ns (U).

content and 47.7% unstable helical content remaining. (4) At the transition state is between the half times of unstable helical
the half time of stable helix (1, I, and 1V) unfolding, there are unfolding and stable helical unfolding.

16 native hydrophobic contacts among the three stable helices. Similarly, the unfolding pathway of apo-MDM2is con-
The hydrophobic core is broken into two clusters, one centered structed and shown in Figure 16. (1) At the half time of unstable
on helix | and the other between helix Il and helix IV. There helix () unfolding, there are 21 out of 32 (folded state) native
are 78.3% native stable helical content and 36.5% native hydrophobic contacts. Most lost hydrophobic contacts are with
unstable helical content remaining. The average time for visiting helix 1l. There are 85.9% stable helical content and 42.4%
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ARTICLES

Chen and Luo

Figure 16. Unfolding pathway of apo-MDM?. (A) <0 ns (F), (B) 0.39
ns @n3), (C) 1.36 ns {or), (D) 2.36 ns {n124), and (E)>6 ns (U).

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, ' and 1V) unfolding, there are 17 native hydrophobic

p53 (F) —_ p53 (U) ‘
+ +
MDM2 (F) = MDM2 (U)
§ increases 5 increases
“ Binding “ Binding
‘ p53-MDMZ (F) =—= p53-MDMZ(J)

Figure 17. Entropy effect in the folding/binding coupling between p53
and MDM2V,

more stable upon p53 binding as observed in both experiment
and simulatior?.

Conclusion

We have performed explicit-solvent molecular dynamics
simulations (MD) for both bound MDM2 and apo-MDM?2
to study the interdependence of binding and folding in thep53
MDM2N complex. Our folded state simulation shows that the
MDM2N binding cleft has to expand upon p53 binding through
a rearrangement of the surrounding helices, consistent with the
experimental observatichOur folded state simulation further
shows that bound MDM2is more rigid and less disordered,
also in agreement with experimental structural comparfson.

contacts. The hydrophobic core among the stable helices hascjnetics analysis of high-temperature MD simulations shows

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 MDM% stable
helix (I, Il, and V) folding, unstable helix (Il and V) folding,
tertiary folding, and finally p53 binding. The folding order for
apo-MDM2\ is stable helix (I, Il and 1V) folding, tertiary
folding, and finally unstable helix (I11) folding. The difference
between the folding pathways of bound MDMznd apo-
MDM2N is the reverse of unstable helix folding and tertiary
folding, indicating that the unstable helix is stabilized by p53
binding in bound MDMZ2'. Note that the extra stability of helix
Il 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 MDM2is 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 MDN42
more heterogeneous than that of apo-MDW 2o that the

that both bound MDM¥ and apo-MDM?2' unfold via a two-
state process with very similar unfolding rates. Combining
unfolding kinetics analysis with transition state analysis for
bound MDM2' and apo-MDM2! leads to the conclusion that
bound MDM2 is more stable than apo-MDNI2in agreement
with the previous experimental observation on the relative
stabilities between bound MDM2and apo-MDM2.° 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
hydrophobic interactions between p53 and MDM#pon the
complex stability, resulting in only moderately more stable
bound MDMZ2! as observed in both experiment and simulafion.

Both kinetics and free energy landscape analyses indicate that
bound MDMZ2) 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
MDM2N and apo-MDMZ2': the unfolding order of unstable
helices and tertiary contacts is reversed.

Transition state analysis shows that the transition state of
bound MDM2 is more nativelike and more heterogeneous than
that of apo-MDM?2!. Finally we have predicted thé@-values
in both bound MDM2' and apo-MDM2'. This experimentally
testable prediction suggests that the stable helices (I, Il, and
I\V) are more nativelike than other regions. Within the stable
helices, helix Il in bound MDM¥ is more nativelike than that
in apo-MDM2\. However, helix | and IV in bound MDM2

entropy increases in the presence of p53. Thus the nonspecific@'€ less nativelike than those in apo-MDM2

binding of the two molecules is also favorable thermodynamic-
ally. Figure 17 presents the thermodynamic circle of entropy
changes between bound MDMand apo-MDM?2' 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

Materials and Methods

Room-Temperature and High-Temperature Molecular Dynamics
Simulations. The atomic coordinates of the MDNM2p53 complex
were obtained from the X-ray structure 1YCRIydrogen atoms were
added using the LEAP module of AMBERBCounterions were used
to maintain system neutrality. All systems were solvated in a truncated

p53 and MDM2'. Therefore bound MDM2is only moderately

2936 J. AM. CHEM. SOC. = VOL. 129, NO. 10, 2007
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octahedron box of TIP3Pwaters with a buffer of 10 A. Particle Mesh  agree with experiment under varying simulation temperattf@s
Ewald (PMEJ” was employed to treat long-range electrostatic interac- simulations were done at 498 K in order to accelerate the simulated
tions with the default setting in AMBERS.A revised parm99 force folding/unfolding rate. Each test trajectory is terminated when a
field was used for intramolecular interactiof¥$? The SHAKE conformation has reached the folded or unfolded state, as determined
algorithnf® was used to constrain bonds involving hydrogen atoms. by CR-rmsd. The folded state defines as thB-@nsd within 3.0 A
1000-step steepest descent minimization was performed to relieve anyfrom the average structure at the folded state at 298 K. Up to 1 ns
structural clash in the solvated systems. This was followed by heating simulation at 498 K was found to be sufficient for each test trajectory;
and brief equilibration for 20 ps in the NVT ensemble at 298 K with i.e.,P values for tested snapshots were no longer changing when longer
SANDER of AMBERS. Langevin dynamics with a time step of 2 fs trajectories were run.
was used in the heating and equilibration runs with a friction constant ~ Data Analysis. Tertiary contact assignment was handled with in-
of 1 ps. house software. Two nonadjacent residues are in contact when their
To Study the folded state of each solvated system, 10 independentCR atoms are closer than 6.5 A. Secondary structure assignment was
trajectories of 10.0 ns each in the NPT ensertfae298 K were then ~ performed with DSSP? All rmsd calculations were performed with
simulated with PMEMD of AMBERS. Here molecular dynamics with  PTRAJ in AMBERS8? The unfolding kinetics was fitted in Origin 6.1.
a time step of 2 fs was used for all production dynamics runs. To study The unfolding landscapes were determined by calculating normalized
unfolding pathways of each solvated system, 10 independent unfolding Probability from a histogram analysi¢Here we used the fraction of
trajectories of 10 ns each were performed in the NVT ensemble at 498 native tertiary contacts Qf, the fraction of native binding contacts Qb,
K but with the water density at 298 K (i.e., all high-temperature and the fraction of native helical content H to map the unfolding
simulations were started from the end of the 10 ns 298 K trajectories). landscape. Representative structures at folding half times were used to
A total of 600 ns trajectories were collected for three solvated systems construct unfolding pathways. Each representative structure is the closest
(bound MDM2Y, apo-MDM2Y, and p53) at both 298 and 498 K, snhapshot to the average of all chosen snapshots at a given half time

respectively, taking about 26 400 CPU hours on the in-house Xeon (within (its standard deviation).
(3.0GHz) cluster. ®-Values were computed with a strategy similar to those used in

Native contacts for the bound MDNf2and apo-MDMZ2 were other studieg? 344

monitored to detect the beginning of unfolded state simulations. It was
found that 6 ns at 498 K were needed to reach the equilibrium stage
for both bound MDM?2' and apo-MDM2, so that the first 6 ns (a total
of 60 ns for each system) were used to study unfolding kinetics and
the remaining 4 ns (a total of 40ns for each system) were used for
equilibrium simulations at the unfolded state for each system. The p53
peptide is far less stable; it was found that only 2 ns at 498 K was
enough to reach the unfolded state, so that the first 2 ns (a total of 20
ns) were used to study unfolding kinetics, and the remaining 8 ns (a
total of 80 ns) 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 probabilitp).£%-32 All test
simulations have the same initial conformation for protein and solvent
atoms but differing initial velocities. Because transition state structures

where N/® is the number of native contacts of residueat the
transition state, anti and N}’



