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Wade Borcherds,1,2 Andreas Becker,3 Lihong Chen,4 Jiandong Chen,4 Lucı́a B. Chemes,5,*
and Gary W. Daughdrill1,2,*
1Department of Cell Biology, Microbiology, and Molecular Biology and 2Center for Drug Discovery and Innovation, University of South Florida,
Tampa, Florida; 3Drug Discovery Department and 4Molecular Oncology Department, Moffitt Cancer Center, Tampa, Florida; and 5Protein
Structure-Function and Engineering Laboratory, Fundación Instituto Leloir and IIBBA-CONICET, Buenos Aires, Argentina
ABSTRACT MdmX contains an intramolecular binding motif that mimics the binding of the p53 tumor suppressor. This intra-
molecular binding motif is connected to the p53 binding domain of MdmX by a conserved flexible linker that is 85 residues long.
The sequence of this flexible linker has an identity of 51% based on multiple protein sequence alignments of 52 MdmX homo-
logs. We used polymer statistics to estimate a global KD value for p53 binding to MdmX in the presence of the flexible linker and
the intramolecular binding motif by assuming the flexible linker behaves as a wormlike chain. The global KD estimated from the
wormlike chain modeling was nearly identical to the value measured using isothermal titration calorimetry. According to our cal-
culations and measurements, the intramolecular binding motif reduces the apparent affinity of p53 for MdmX by a factor of 400.
This study promotes a more quantitative understanding of the role that flexible linkers play in intramolecular binding and provides
valuable information to further studies of cellular inhibition of the p53/MdmX interaction.
Mdm2 and MdmX (also known as Mdm4) are arguably the
most important regulators of p53, being responsible for
generating the dynamic characteristics of the p53 signaling
pathway (1). Mdm2 is a classic p53 target gene and it was
recently shown that p53 also induces MdmX transcription
(2,3). Both Mdm2 and MdmX form negative feedback loops
that regulate p53 activity using different mechanisms and
mouse models show that Mdm2 and MdmX are necessary
for controlling p53 activity (4–9). Mdm2 and MdmX contain
N-terminal domains that bind tightly to residues 17–29 of the
p53 transcriptional activation domain (p53TAD). MdmX also
contains a short linear binding motif between residues 195–
206 that resembles residues 17–29 of p53TAD. This motif in-
teracts with the p53 binding domain (p53BD) of MdmX and
interferes with p53 binding (10,11). We recently showed that
a short peptide containing MdmX residues 195–206 binds to
the p53BD of MdmXwith a KD¼ 8.35 0.1 mM (11). Based
on this previous work, we hypothesize the intramolecular
binding motif at residues 195–206, referred to as the WW
motif because it contains two tryptophan residues, is con-
nected to the p53-binding domain of MdmX by a long flex-
ible linker that controls the intramolecular binding affinity.
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This hypothesis is supported by the IUPred disorder predic-
tion of human MdmX shown in Fig. 1 a (12). IUPred
correctly predicts the p53 binding domain of MdmX is or-
dered (13,14). After the p53 binding domain is a long
segment from residues 112–181 predicted to be disordered,
and a short segment from residues 182–211, which includes
the WW motif, with disorder tendency values that dip below
0.5. Previous studies have shown that short protein segments
with a disorder tendency<0.5 will often correspond to linear
binding motifs (15–17). In the case of MdmX, the binding of
this linear motif is intramolecular. It is also worth noting that
ANCHOR correctly predicts the WWmotif is a protein bind-
ing site (18).

The disorder prediction shown in Fig. 1 a provides a use-
ful global assessment of disorder propensity but it lacks the
resolution to determine the physical boundaries of the
MdmX linker at the single amino acid level. To determine
the C-terminal boundary of the linker, we analyzed a recent
study published by Fersht and colleagues, where NMR spec-
troscopy was used to characterize the interaction between
the p53BD of MdmX (residues 1–111) and a 15N-labeled
peptide containing the WW motif (residues 181–209)
(10). In the 15N-HSQC spectrum of this peptide bound to
the p53BD of MdmX, resonances for residues 195–204
disappear but the resonance for residue 194 is still detect-
able. It is not as strong as the resonance in the free peptide,
but it is clearly visible and does not shift its position. Based
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FIGURE 1 MdmX has a conserved flexible linker. (a) Plot

showing IUPred disorder prediction of human MdmX. (b)

Domain schematic of human MdmX showing position of p53

binding domain (p53BD), the linker, and the WW motif. The res-

idue numbers in the disorder prediction are aligned with the

domain schematic. (c) Model showing competition between

theWWmotif and p53TAD for the p53BD. (d) Histogram showing

the distribution of lengths for the flexible linkers of 52 MdmX

homologs based on a multiple protein sequence alignment

that included 10 primates, 24 other mammals, 4 birds, 1

amphibian, 1 reptile, and 12 fish. The number of species in

each bin is shown above the bars.
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on these observations, we conclude the C-terminal boundary
of the linker is at residue 194. To determine the N-terminal
boundary of the linker, we examined the structure of human
MdmX (residues 23–111) bound to a p53 peptide (residues
15–29; PDB: 3DAB) (14). Residue 109 of MdmX is the last
amino acid observed in this structure. This means that
residues 110 and 111 are flexible and do not produce
coherent scattering in the x-ray diffraction pattern. Based
on this observation, starting the linker at residue 110 seems
reasonable. Including residues 110 and 194 makes the linker
85 residues long. It is no great surprise that the last two
residues in a crystal structure are not resolved, but as we
show below, changing this length by 54 residues has a
minimal effect on the predicted strength of intramolecular
binding.

Using the linker boundaries described above, we
performed multiple protein sequence alignments on 52
MdmX homologs (Fig. S1). Based on the sequence identity
matrix calculated from the alignments, the overall sequence
identity is 51%. A histogram showing the length distribution
of the linkers from the 52 homologs is presented in Fig. 1 d.
A total of 48 of the 52 (92%) homologs have a length of
85 5 4 residues. The shortest linker length is 76 residues
(frog) and the longest is 91 residues (opossum). Based on
this analysis, we conclude both the length and sequence of
the linker is highly conserved in vertebrates.

Flexible linkers represent a functionally important class
of intrinsically disordered regions. They can modulate the
distance between multiple inter- or intramolecular pro-
tein-binding sites and this, in turn, can modulate binding
affinity. In some cases, this behavior can be predicted by
the wormlike chain (WLC) model initially proposed by
Zhou and co-workers (19–24). The WLC model describes
semiflexible polymers like IDPs using two variables—a
contour length (Lc) and a persistence length (Lp). For a
fixed chain length, higher values of Lc and Lp lead to
more extended conformations (20,22). Lc is the length of
a fully extended chain with a certain number of monomers.
Lp is a measure of polymer stiffness and corresponds to the
distance necessary for the direction of the chain to become
uncorrelated. For our modeling, Lc ¼ Nres � 3.8 Å, where
Nres is the number of residues in the linker, and 3.8 Å
is the distance per residue and Lp ¼ 3 Å. These values
provide a good approximation for the behavior of polypep-
tides (20). We used the WLC model to estimate the prob-
ability of end-to-end distances for the MdmX linker region
and the effective concentration (Ceff) for the WW motif at
the p53BD of MdmX (Supporting Material, Eqs. S1–S3).
Ceff represents the concentration of one linker end at a
fixed distance from the site of tethering. For a fixed dis-
tance, Ceff gradually increases with linker length up to
a maximal value, and then decreases slowly for longer
linkers (20,22).

The probability distribution of end-to-end distances, p(r),
for an 85-residue linker had a maximum at 36 Å (Fig. 2). If
we assume a binding orientation for the WW motif that is
similar to the p53TAD peptide shown in Fig. 2 a, 36 Å is
very close to the observed separation of 38 Å between the
end of the p53BD (residue 109) and the putative beginning
of the WW motif (14). Because 92% of the homologs used
to make the histogram in Fig. 1 d have linker lengths from
81 to 89 residues, we calculated p(r) for 81- and 89-residue
linkers. The values are 35.5 and 37 Å, respectively, which
are also very close to the experimentally measured distance
of 38 Å.

To estimate the effective concentration (Ceff) of the WW
motif at the p53BD of MdmX, we used the most probable
linker length of 85 residues and a separation distance
between the end of the p53 binding domain and the begin-
ning of the WW motif of 38 Å (Supporting Material;
Eq. S3). Using these values, we calculated a Ceff value
of 2.12 mM. This Ceff value, along with the previously
Biophysical Journal 112, 2038–2042, May 23, 2017 2039



FIGURE 2 Modeling MdmX intramolecular

interactions using polymer statistics. (a)

Shown here is the probability distribution

of end-to-end distances for the MdmX

linker region (residues 110–194). The distri-

bution peaks at 36 Å are given. The blue

dashed line marks 38 Å, the measured dis-

tance between the end of theMdmXdomain

and the beginning of the WW motif consid-

ering the same binding orientation as

p53TAD, measured from PDB: 3DAB. The

ribbon model shows a structure from

PDB: 3DAB. (b) Shown here is the pre-

dicted global KD as a function of linker

length for a direct binding orientation

model. Black circle: global KD predicted

by the WLC model for an 85-residue linker;

blue circle: experimentally measured

global KD (see Fig. 3).

FIGURE 3 Plots showing p53TAD binding to fragments of

MdmX with and without the flexible linker and WW motif. Black

circles show enthalpy per mole of injectant, measured using

isothermal titration calorimetry, plotted as a function [p53TAD]/

[MdmX]. Black lines show the fit to the data using a single

site binding model. (a) Shown here is p53TAD binding to

MdmX23–111. (b) Shown here is p53TAD binding to MdmX23–210.
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determined bimolecular association constant for a short
peptide corresponding to the WW motif binding to the
p53BD of MdmX (11), was used to calculate the intramolec-
ular association constant, KA

0, and the fraction of the MdmX
molecules that are in the closed conformation shown in
Fig. 1 c (Supporting Material; Eqs. S4 and S5). According
to these equilibrium calculations, the fraction of MdmX
molecules in the closed conformation is 0.996, which corre-
sponds to a KA

0 value of 255. Using KA
0, we calculated the

global dissociation constant for the binding of p53TAD to
a fragment of MdmX containing the p53BD, the linker,
and the WW motif (residues 23–210) (Supporting Material;
Eqs. S6 and S7). For this calculation, we considered the two
equilibrium reactions illustrated in Fig. 1 c. The first equilib-
rium reaction is between the closed and open conforma-
tions where the WW motif is respectively bound and not
bound to the p53BD. In the second equilibrium reaction,
MdmX23–210 is in the open conformation and p53TAD
is bound to the p53BD. The predicted global KD reached
a maximum value for a linker length of 62 residues
(Fig. 2 b). This is the length at which p53 binding is maxi-
mally compromised by the autoinhibitory effects of the WW
motif binding to the p53BD. Using a linker length of 85
residues, we calculate a global KD ¼ 9.4 5 1.5 mM for
p53TAD binding to MdmX23–210. The global KD values
we estimated for 81 and 89 residue linkers are 9.6 and
9.3 mM, respectively. Our modeling suggests that the intra-
molecular binding affinity achieved by an 85 residue linker
is close to the maximum and that the range of linker lengths
observed for the homologs will all have a similar autoinhi-
bitory effect on p53 binding.

Fig. 3 shows the results from isothermal titration calo-
rimetry (ITC) experiments for two fragments of MdmX
binding to a fragment of the p53 transactivation domain
that contains residues 1–73 (p53TAD). Fig. 3 a shows the
fitted ITC data for p53TAD binding to MdmX23–111. We
observe a KD ¼ 25 5 3 nM. p53TAD binds more tightly
2040 Biophysical Journal 112, 2038–2042, May 23, 2017
to MdmX23–111 than the short peptide corresponding to
p53 residues 17–28 used for previous structural studies
(25–27). This tighter binding is due to additional in-
teractions between MdmX23–111 and p53 residues 29–32
(10). Fig. 3 b shows the KD for p53TAD binding to
MdmX23–210 dramatically increases to a value of 10 5 1
mM due to the addition of the WW motif. Fig. S2 shows
ITC data for longer MdmX fragments that lack the WW
motif. As expected, the WW motif interferes with the bind-
ing of p53TAD to MdmX, reducing the apparent binding
affinity by 400-fold. The experimentally obtained KD value
is in very close agreement with the KD of 9.4 5 1.5 mM
predicted by the Ceff values obtained using the WLC
model. The agreement between the experimentally
measured KD and the value predicted using the WLC
model suggests that the MdmX linker behaves as a flexible
polymer that enhances the intramolecular binding of the
WW motif. This intramolecular binding competes with
the binding of p53, reducing its apparent affinity for
MdmX by two orders of magnitude. The fact the 92% of
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the homologs we analyzed have a linker length that is
within four amino acids of the human homolog suggests
the linker length and the intramolecular affinity enhance-
ment are conserved. These results have important implica-
tions for our understanding of p53 regulation and help to
explain previous results from the Chen group showing
that CK1a copurifies with MdmX by binding to the acidic
domain and stimulating MdmX-p53 binding (28). It is not
clear exactly where CK1a binds to MdmX, but we hypoth-
esize it is positioned to interfere with intramolecular bind-
ing of the WW motif, allowing p53TAD to access the
p53BD of MdmX (11). Our work also suggests that the
MdmX linker has evolved to promote optimal positioning
of the WW motif for binding to the p53BD. Finally, we
think our work adds support for the use of WLC modeling
of disordered regions that act mainly as flexible tethers
(21–24). To improve the accuracy of this modeling, addi-
tional variables, such as sequence patterning (see CIDER
analysis in Fig. S3) and tethering interactions, must ulti-
mately be considered (29,30).
SUPPORTING MATERIAL

Supporting Materials and Methods and three figures are available at http://

www.biophysj.org/biophysj/supplemental/S0006-3495(17)30433-2.
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