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Why doesn’t the F19A mutant of p53 
bind to MDM2? Binding thermo-

dynamics have suggested that the loss of 
packing interactions upon mutating Phe 
into Ala sidechain results in destabiliz-
ing the binding free energy between p53 
and MDM2. Does this mutation also 
modulate the initial recognition between 
p53 and MDM2? We look at atomistic 
computer simulations of the process of 
the initial encounter between wild-type 
p53 peptide and its F19A mutant with 
the N-terminal domain of MDM2. 
These simulations show that binding 
is characterized by a complex multistep 
process. It starts with the capture of F19 
of wild-type p53 by certain residues in 
the MDM2 binding pocket. This ini-
tial step anchors the peptide onto the 
surface of MDM2, and with the conse-
quent reduction in the search space of 
the peptide, the peptide docks into the 
partially occluded surface of MDM2. 
This is similar to a crack forming in an 
otherwise occluded hydrophobic cav-
ity in MDM2, and the peptide, docked 
through F19, modulates the propagation 
of this crack, which subsequently results 
in the stepwise docking of the rest of the 
peptide through insertions of W23 and 
L26. The lack of the bulky sidechain of F 
in the F19A mutant results in the absence 
of the initial “grasp” complex, and hence 
the mutant peptide diffuses randomly on 
the surface of MDM2 without binding. 
This is the first such demonstration of 
the possibility that a “kinetic” effect may 
partly underlie the destabilized thermo-
dynamics of binding of F19A and is a 
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feature that appears to be conserved in 
evolution. The observations by Wallace 
et al. (Mol Cell 2006; 23:251–63) that 
despite the inability of F19A to bind at 
the N-terminal domain of MDM2, it 
gets ubiquitinated, can now be partly 
understood based on a mechanism 
whereby the occupation of the binding 
pocket by ligands/peptides induces, via 
crack propagation and the dynamics of 
gatekeeper Y100, the ubiquitination sig-
nal for interactions between the acidic 
domain of MDM2 and the DNA bind-
ing domain of p53.

The ubiquitin ligase MDM2 negatively 
regulates the tumor suppressor protein p53 
in normal cells by binding to it, blocking 
its function as a transcription factor and 
targeting it for degradation by promot-
ing its ubiquitin modification.1 In stressed 
cells, the MDM2-p53 complex formation 
is inhibited by posttranslational changes 
such as phosphorylation. This releases 
p53, which then activates a coordinated 
response to trigger either cell repair pro-
cesses or apoptosis.1 The interaction 
between the transactivation (TA) domain 
of p53 and the p53 binding domain of 
MDM2 under chemical equilibrium con-
ditions has been well characterized by 
experiments and computations;2-4 three 
amino acid side chains F19, W23 and L26 
have been shown to make the most criti-
cal contribution to the association. These 
three residues of p53 lie on the hydropho-
bic face of an amphipathic helix (Fig. 1) 
and embed into a hydrophobic pocket 
in MDM2. There is a limited degree of 
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binding, and that binding must involve 
a combination of the peptide docking to 
some partially open pocket in the confor-
mational ensemble of MDM2 molecules 
followed by “induced opening” of the 
pocket and subsequent “induced fit” of the 
peptide into this pocket.12 Unfortunately, 
this level of atomistic detail along the 
pathway of binding is not yet amenable 
to experimental determination. Recent 
developments in computer hardware and 
simulations have begun to enable the elu-
cidation of atomistically detailed path-
ways of the binding of ligands to proteins 
but require very long simulations that are 
not easily accessible.24-26

To address the mechanism of the lack 
of binding of the F19A mutant of p53 to 
MDM2, we first study the thermodynam-
ics of the interaction between wild-type 
p53 and MDM2 and between the F19A 
peptide and MDM2; we assume that 
the description of the interaction of the 
peptide fragment of wild-type p53 with 
MDM2 as seen in the crystal structure3 is 
a good description of their actual interac-
tion. We further assume that if the F19A 
mutant peptide were to bind MDM2, it 
would adopt the same overall conforma-
tion in its complex as seen for the wild-type 
peptide. The energetics of such complex-
ation are computed carrying out molecu-
lar dynamics (MD) simulations of the two 
complexes and computing the binding 
affinities using the MMGBSA protocol 
in a manner that we have used for analyz-
ing the p53-MDM2 system elsewhere.13,27 
These studies have suggested that the loss 
of the hydrophobic interactions and exten-
sive contacts that are incurred by replac-
ing the large Phe sidechain with the much 
smaller Ala sidechain leads to a large loss 
(~14 kcal/mol) of binding energy between 
the peptide and MDM2 (Table 127 and 2) 
arising, as expected, from the van der 
Waals component. This reduction in 
affinity has been reported from several 
experiments.6,28 This clearly suggests that 
the lack of binding of F19A to MDM2 
may possibly arise from a significantly 
reduced residence time of the peptide in 
its bound state.29

However, the above process describes 
the state of the peptide after it has formed 
a complex with MDM2, albeit a rather 
short-lived one. But complex formation 

mechanism.9-11 There is increasing recog-
nition of the complex choreography that 
characterizes the interaction between a 
peptide, particularly the ones that are dis-
ordered in solution, and a protein domain. 
Experimental and computational studies 
are beginning to reveal that these inter-
actions are multi-step processes, starting 
from an initial encounter complex12-15 
followed by some degree of folding/bind-
ing/induced fit.9,10,16-22 In the case of the 
interaction between p53 and MDM2, the 
story is complicated by the observation 
that the p53 binding pocket of MDM2, 
so “open” in the crystal structure of the 
complex between p53 and MDM2, is 
actually occluded in the apo state in solu-
tion as revealed by NMR.23 This suggests 
that the binding pocket is by itself not 
in a conformation suitable for peptide 

tolerance for substitutions in these three 
positions, with L26 being the most tol-
erant.5 It has been shown that the muta-
tion F19A renders the peptide incapable 
of binding MDM2 and is thus used as 
a control in experiments;6,7 for example, 
the F19A mutation makes p53 resistant to 
MDM2-mediated degradation.8 Indeed, 
the loss of packing interactions between 
p53 and MDM2 when the bulky sidechain 
of F19 is reduced to a smaller sidechain in 
A19 will result in destabilized interactions 
in the complex and, hence, reduce their 
affinity for each other. However, there is 
a possibility that such mutations may also 
impact the initial recognition between 
the two species prior to final complex-
ation; indeed, computational studies have 
lead to the development of hypotheses 
such as the identification of a fly-casting 

Figure 1. Crystal structure of MDM2 (surface with carbon in green, nitrogen in blue and oxygen in 
red) and wild-type p53 (cartoon in cyan with the sidechains of the 3 critical residues F19, w23 and 
L26 shown in sticks while the other sidechains are shown in lines) taken from PDB code 1YCr.

Table 1. Computed binding energetics (all values in kcal/mol) of the wild-type p53 peptide  
with MDM2 27

MDM2-p53 MDM2 p53 Δbinding

eelec -1817.0 -1510.8 -103.9 -202.3

evdw -378.4 -294.2 -15.3 -68.9

einternal 1786.3 1537.2 241.5 7.6

eGBpolar -1728.7 -1556.6 -384.6 212.5

eelec + GBpolar -3545.7 -3067.4 -488.5 10.2

esolv(nonpolar) 38.1 34.0 7.6 -3.4

emm (total) -2099.7 -1790.4 -254.7 -54.7
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the sidechain of Q72 and the amide of 
the F19 backbone (Fig. 2a-iv). The initial 
docking and sequestration of F19 into the 
hydrophobic cluster of M62, Y67, V75 
and Q72 reduces the search space for the 
rest of the peptide. Local rearrangements 
and partial unfolding or opening of the 
binding site is accompanied by insertion 
of W23 (the W23 is initially anchored 
between the side chains of F55 and Q59 
with an Hbond between the carbonyl of 
the side chain of Q59 and the NH on 

open state. The docking of the wild-type 
p53 into MDM2 appears to proceed 
by the docking of the sidechain of F19 
(Fig. 2a-i and ii) and is further strength-
ened by the interaction between E17 and 
the cationic region of MDM2 around 
K70 (Fig. 2a-iii). This appears to firmly 
anchor the peptide onto the surface, albeit 
asymmetrically, through its N-terminal 
end, even as F19 nestles between M62, 
Y67 and V75 in a hydrophobic clamp 
constrained by a hydrogen bond between 

must be preceded by initial recognition 
events that clearly will play a major role 
in complexation. In earlier work, where we 
had explored the docking of the wild-type 
p53 peptide to MDM2, we had noticed 
that long-range electrostatics brought the 
two species together, but at close range 
van der Waals interactions dominated 
and drove binding.13 This appeared to 
manifest in a phase where the peptide 
and MDM2 engage in exploration of each 
other’s surfaces, resulting in the formation 
of transient complexes coupled to step-
wise docking. Hence it is not surprising 
that in the F19A mutant, the loss of the 
larger sidechain of F19 would manifest 
in altered modulation of the protein and 
peptide structures by each other. Such 
dynamical interactions leading to complex 
formation have been proposed for a vari-
ety of systems.30,31 We now examine the 
process of binding of the wild-type and 
F19A mutants to the N-terminal domain 
of Mdm2 in some detail.

During the initial approach of p53 
to MDM2 a large cationic potential on 
the surface of MDM2 that lies at the 
N-terminal end of the docked p53 appears 
to exert a pull on the p53 peptide. During 
this process of association, it was appar-
ent that the p53 peptide first engaged 
MDM2 physically by the docking of the 
F19 sidechain into the binding pocket of 
MDM2. To pursue these further, simu-
lations were performed to examine the 
“approach” of p53 and MDM2 to each 
other for both the wild-type and for the 
F19A peptide. The calculations were per-
formed for both the open state of MDM2 
as extracted from the crystal structure of 
the complex between MDM2 and p53 
(PDB code 1YCR) and for a closed state 
of MDM2 that was extracted from the 
NMR structure of apo MDM2 (PDB 
code 1Z1M);23 this was done because 
the hydrophobic binding site of p53 in 
its apo state is not as accessible as it is in 
the crystal structure of its complex with 
p53. Although the sampling covers only a 
small subspace of the large set of encoun-
ter complexes, the studies, nevertheless, 
yield clues regarding the intricate man-
ner in which the two surfaces modulate 
each other as they “embrace” and how 
this induces the transition of the bind-
ing pocket of MDM2 from a closed to an 

Figure 2. (a-i–iv) show representative snapshots from the trajectories of wild-type p53 peptide 
(cyan) approaching MDM2 (green). F19 and w23, the two important side chains of p53 have been 
shown with partially transparent spheres that clearly shows the initial anchoring of F19 followed 
by incorporation of w23 leading to complex formation. the animations can also be seen in mov-
ies included as Supporting information. (b-i–iv) shows the representative snapshots for the F19a 
mutant p53 peptide (cyan) approaching MDM2 (green) and its failure to anchor is evident.
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whose dynamics intimately control the 
size of the binding pocket.32-34

We next repeated the studies with 
the F19A mutant of the p53 peptide, 
starting from the same relative orienta-
tions as for the wild-type peptide. We 
assume that the F19A mutation does not 
affect the electrostatic complementar-
ity of the two partners,12,35 since this is a 
hydrophobic to hydrophobic mutation. 
Simulations reveal that as for the wild-
type p53, F19A is initially electrostatically 
drawn toward MDM2, especially with the 
attraction between E17 of F19A and the 
region around K70 of MDM2 (Fig. 2b-i). 
However, in the absence of the longer 
hydrophobic sidechain of F19 in F19A, the 
cluster of side chains M62, Y67, V75 and 
Q72 are unable to “grasp” the side chain 
at position 19 (Fig. 2b-ii and iii) and 
“anchor” the peptide, with the result that 
the peptide appears to slide on the surface 
of MDM2 in a seemingly random manner 
(Fig. 2b-iv). The corresponding surface 
figures are shown in Figure 3b-i–iv and 
Movie2a-f19a and Movie2b-f19a). The 
calculations were repeated for the wild-
type p53 and the F19A using as target the 
apo state of MDM2 (taken from the NMR 
structure), and the pattern we see is the 
same; note that the apo state of MDM2 
as derived from the NMR structure has 
the p53 binding pocket fairly occluded 
to begin with. Hence the observation 
that the wild-type p53 actually anchors 
to apo MDM2 through F19 followed by 
the multistep insertion that includes W23 
followed by the rest of the peptide lends 
further support to our hypothesis.

We hypothesize that F19 is not only 
responsible for thermodynamic stabiliza-
tion of the peptide, but also critical for 
initiating docking to MDM2. The cur-
rent simulations suggest that the nucle-
ation of this complex multistep peptide 
binding process starts with the anchoring 
of F19. Experimental reports have shown 
that complexes involving F19A undergo 
loss of stability to the extent of ~50%.28 
It has also been shown that that the F19A 
mutant of p53 does not respond to ubiq-
uitination by MDM236 and appears to 
need binding at the p53-binding site. Our 
simulations suggest that either the F19A 
mutant does not bind to MDM2, or else 
the residence time is too short for the 

p53 “wriggles” into the binding pocket 
(see Movie M2a and M2c at http://web.
bii.a-star.edu.sg/~shubhragd/paper_mov-
ies/additional/).12 However with the F19 
and W23 anchored into the binding 
pocket, L26 slowly embeds into the bind-
ing pocket and nudges the side chain of 
Y100 out of the binding pocket. Y100 
is stabilized with a network of Hbonds 
to the C terminus of the p53 peptide in 
1YCR (and likely by the carbonyl in the 
longer p53) and the side chain of Y104. 
In the docking of the p53 peptide, this 
movement of Y100 is the last phase of 
the crack propagating along the bind-
ing pocket. Indeed, it is this very residue 

the side chain of W23) as it is attracted 
to (or eased into) the hydrophobic pocket 
and, subsequently, by L26 (Fig. 3a-i–
iv), showing the gradual opening of the 
binding site starting from an occluded 
state and leading approximately to the 
conformation seen in the p53-MDM2 
crystal structure3 (also see Movie1a-wt 
and Movie1b-wt). In addition, there are 
occasional encounters where the F19 and 
L26 appear to dock initially followed by 
embedding of W23. Earlier studies12 had 
shown that the gatekeeper residue Tyr100 
occupies the position in the apo state that 
would be partly occupied by L26. These 
two residues compete for this space as 

Figure 3. the snapshots shown in Figure 2 are shown with the surface representation of MDM2 to 
highlight the development of the binding groove and the anchoring.
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that, indeed, this mechanism of initial 
encounter between p53 and MDM2 and 
subsequent binding may be conserved in 
evolution; there are differences in some 
fishes, with an I in place of M62, and in 
zebrafish, K70 is replaced by Q; how-
ever, the interactions of the incoming 
peptides involve the hydrophobic regions 
of these side chains, suggesting that the 
overall patterns of stepwise binding will 
be conserved, albeit with differences in 
the kinetics of capture. The importance 
of these residues was also highlighted 
in an early computational study4 of the 

by the formation of an initial “defect” or 
“fault” in the binding pocket of MDM2 
by insertion of F19 appears similar to the 
process of crack propagation so familiar 
in materials research. As the crack opens 
further upon the initial F19 insertion, the 
anchored peptide now enables W23/L26 
to insert into the propagating crack, thus 
stabilizing it and catalyzing the widen-
ing process. The fact that residues M62, 
Y67, K70, Q72 and V75 are conserved in 
MDM2 (Fig. 4A) and that E17, F19, W23 
and L26 are conserved in p53 (Fig. 4B) 
further lends support to this hypothesis 

signal to transfer allosterically to the ubiq-
uitination site. This study paves the way 
for testing the validity of this hypothesis 
by generating mutants that can be defec-
tive at different stages of this step-wise 
process and perhaps give higher-resolution 
insights into signaling mechanisms. For 
example, the M62A mutant should disable 
the initial capture event, while the F55A/
Q59A mutants (single or double) should 
arrest the peptide in a state where it is cap-
tured only at F19.

This process of local “unfolding” of the 
binding pocket that is initiated/activated 

Figure 4. (a) Sequence alignment of the p53 binding domain of MDM2 from different species. (B) Sequence alignment of the N-terminal domain of 
p53 from different species.
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bound to MDM2—a state where its PEN 
motif is embedded in MDM2 and pushes 
against Y100–Y104, leading to ubiquiti-
nation, and another state where this seg-
ment is free, and as a result, no signal is 
transmitted. If this model is correct, then 
the P27S mutant peptide of p535,27 should 
provide an interesting test system. Earlier 
work27 suggested that this peptide can 
adopt two conformations when bound to 
MDM2, with similar affinities—a helical 
conformation and a semi-extended con-
formation. The former is modulated by 
Y100 toggled “in” and will not trigger the 
allosteric signal, while the more extended 
conformation, with Tyr toggled “out” 
should lead to ubiquituination.

Together, these models suggest that the 
transmission of the crack will modulate 
the toggling of Y100 (and Y104), which, 
in turn, will modulate ubiquitination. 
This begins to explain their observation 
that the F19A mutant p53 is ubiquiti-
nated in the presence of these “activating” 
peptides. The transactivation domain of 
F19A p53 cannot be “captured” by the 
N-terminal domain of MDM2; however, 
its DNA binding domain can interact 
with the acidic domain of MDM2. Hence, 
for the allosteric signal to be transmit-
ted and for ubiquitination to take place, 
the p53-binding site in the N-terminal 
domain of MDM2 must be occupied by 
molecules such as nutlin or “activating” 
peptides as is seen in the work of Ball and 
colleagues.36 This occupation of the p53 
binding cavity will trigger the allosteric 
signal, via the Y100–Y104 axis, and lead 
to ubiquitination of F19A. So for any p53-
like protein that interacts with MDM2, 
the occupation of the p53 binding cavity 
of the N-terminal domain of MDM2, and 
the interaction with the DNA binding 
domain appears to be critical.

These observations suggest that there 
are at least two factors that control ubiq-
uitination and transactivation repression: 
(1) the occupancy of the p53-binding site 
of MDM2, particularly the region near 
Y100, is essential to transmit the allosteric 
signal; (2) the kinetics of crack propaga-
tion will only modulate the rates of trans-
mission of the allosteric signal. Across 
species, the variations in the amino acids 
that constitute the binding pocket will 
determine the rate at which p53 embeds 

the conformational dynamics of the lid 
and of the C terminus of the N-terminal 
domain of MDM2. The latter links to the 
acidic domain of MDM2, which, in turn, 
interacts with the DNA binding domain, 
modulating ubiquitination. Crystal struc-
tures of short peptides, including one that 
terminates with P (RCSB code 2Z5T),38 
reveal the Y100 pointing “in” and so does 
Y104. Examination of the crystal structure 
1RV139 (nutlin bound to the p53-binding 
N-terminal domain of MDM2) reveals 
that nutlin has a hydroxyl group that just 
extends past the site occupied by L26 in 
p53; Y100 points “in,” although Y104 
points away. MD simulations of nutlin 
complexed to MDM2,35 and the NMR 
structure of a nutlin-like molecule bound 
to MDM2 (RCSB code 1TTV)40 shows 
that Y100 toggles between the “in” and 
“out” positions. Thus the evidence from 
the work of Ball and coworkers, when 
framed against the available dynamic 
models, suggests that when Y100 (and 
possibly Y104) are in the “out” position, 
an allosteric signal is transmitted that 
leads to some conformational change, and 
the associated interaction between the 
acidic domain of MDM2 and the DNA 
binding domain of p53 led to ubiquitina-
tion. When nutlin occupies the binding 
pocket, Y100 largely points “in” with a 
small population of the “out” state. This 
offers a possible mechanism underlying 
the observation that ubiquitination of p53 
by MDM2 bound to nutlin is attenuated 
compared with when it is bound to “acti-
vating” peptides, such as BOX1 or 12-1. 
Indeed, this may also explain the low 
ubiquitination when full-length wild-type 
p53 is used in their experiments. In simu-
lation studies, we find that the C-terminal 
end of the p53 peptides, when bound to 
MDM2, is very flexible,27,41 and it is pos-
sible that p53 exists in two states when 

thermodynamics of p53-MDM2 interac-
tions, where they showed that Ala scan 
of M62, Y67, Q72 leads to a substantial 
destabilization of the interactions.

What implications may this have for 
the general control (transactivation repres-
sion/degradation) of p53 by MDM2? A 
comprehensive study with a very provoca-
tively appealing hypothesis was presented 
by Kathryn Ball and coworkers.36 They 
demonstrated unambiguously that the 
interaction between p53 and MDM2 in 
the region we have examined modulates 
ubiquitination. This interaction triggers 
a signal that modulates the interaction 
between the acidic domain of MDM2 and 
a region in the DNA binding domain of 
p53 and leads to ubiquitination of p53.37 
They find that when the peptide PPL SQE 
TFS DLW KLL P (BOX1 peptide) binds 
to MDM2, ubiquitination of p53 is stron-
ger than when the peptide SQE TFS DLW 
KLL P (12-1 peptide) binds to MDM2, 
and this, in turn, leads to a ubiquitination 
signal that is stronger than when nutlin 
binds. From the series of peptides they 
tested, it is clear that the maximum ubiq-
uitination occurs when the binding cav-
ity is occupied by the peptide SQE TFS 
DLW KLL PEN and also that ubiquitina-
tion only occurs when the peptides extend 
to the residue P and beyond. The crystal 
structure 1YCR (with the N-terminal p53 
binding domain of MDM2 complexed to 
a p53 peptide) shows that P27 of the p53 
peptide pushes against Y100 (as a result this 
points away from the p53 binding cavity), 
and, together, the PEN region of p53 and 
Y100–Y104 of MDM2 engage E25 (the 
end of the 1–24 “lid” region of MDM2); 
further, the C-terminal end of MDM2 lies 
at the end of the helix that contains Y100 
and Y104. Hence it is clear that modula-
tion of this region by any ligand occu-
pying the p53 binding cavity will affect 

Table 2. Computed binding energetics (all values in kcal/mol) of the F19a p53 peptide with MDM2

MDM2-F19A MDM2 F19A Δbinding

eelec -1898.9 -1510.8 -65.6 -322.5

evdw -375.3 -294.2 -26.2 -54.9

einternal 1774.9 1537.2 233.6 4.1

eGB-polar -1632.0 -1556.6 -410.2 334.8

eelec+GB-polar -3530.9 -3067.4 -475.8 12.3

eGB-nonpolar 38.3 34.0 7.4 -3.1

emm (total) -2093.0 -1790.4 -261.0 -41.6
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example, highlighted the complex dynam-
ics of the interactions of p21 and of p27 
with cyclin-CDK,15,55 the recognition of 
Retinoblastoma by viral E7 proteins,56 etc. 
All these processes will likely involve an 
initial docking of one element that will, 
in turn, be associated with the reduction 
of the search space for subsequent recog-
nition events. The initial docking will be 
followed by the propagation of “cracks,” 
which are associated with local unfold-
ing/activation, and these must be respon-
sible for lowering the activation barriers 
for the subsequent multi-step recognition 
events.57 A deep understanding of these 
events will be exceptionally helpful for 
the design of improved protein-protein 
interaction inhibitors such as Nutlin and 
Abbott that are now just entering clini-
cal use.8 They are of special value in the 
design of optimized peptides as repre-
sented for example by recent analysis of 
hydrocarbon bond “stapled” peptides.58,59

Supplemental Materials

Supplemental movies can be found at:
http://web.bii.a-star.edu.sg/bmad/f19a/
movie1a-wt
http://web.bii.a-star.edu.sg/bmad/f19a/
movie1b-wt
http://web.bii.a-star.edu.sg/bmad/f19a/
movie2a-f19a
http://web.bii.a-star.edu.sg/bmad/f19a/
movie2b-f19a
http://web.bii.a-star.edu.sg/~shubhragd/
paper_movies/additional/ (ref. 12).
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