4466 HWILEY i

Angewandte

Zuschriften

Protein Structures

DOI: 10.1002/ange.201210015

Probing the Conformational Diversity of Cancer-Associated Mutations
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The tumor suppressor pS3 is the most mutated protein in
human cancers. It is implicated in lung (70 %), colon (60 %),
and stomach (45 %) cancers, respectively.!"! The latest release
(R16) of the International Agency for Research on Cancer
(IARC) TP53 mutation database contains 29575 somatic
mutations (November 2012; http://www-pS53.iarc.fr/). A dis-
tinctive feature of the p53 mutational map is the rate of
occurrence of missense mutations. Indeed, these single-point
amino acid substitutions in p53 lead to abrogation of protein
function, rather than deletions or nonsense mutations, as it is
the case with most tumour suppressor proteins. A technique
that is able to rapidly distinguish p53 mutants at low
concentrations could have marked benefits for cancer screen-
ing assays and also for drug discovery. In this study, we used
ion-mobility mass spectrometry (IM-MS) for this task.

The p53 protein contains 393 amino acids and is divided
into several structural and functional domains (Figure 1a):
a transactivation domain (TAD, residues 1-61, a proline-rich
fragment (PR, residues 62-94) with multiple copies of the
PXXP sequence, a DNA- binding domain (DBD, residues 94—
292), a tetramerization domain (TET, residues 325-355), and
a strongly basic C-terminal regulatory domain (CT, residues
363-393).2! Very few mutations have been reported in the N-
or C-terminal domains.’! The central core of the protein,
consisting of the DNA-binding domain, is the most highly
conserved domain and is required for sequence-specific DNA
binding. The majority of tumour-derived mutations (over
95%) are mapped to the DBD, where the cluster of six so-
called “hot spots” is located.”! The structure of the pS3DBD
was first solved by Cho et al. in 1994.°! Based on the structure,
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Figure 1. Structure of protein p53. a) Domain structure of full-length
p53 with six highlighted mutational “hot spots”. b) Structure of human
p53 DBD. Locations of residues mutated in the experiments described
herein are labeled in red, the zinc atom is represented as a red sphere
(PDB: 2FEJ; image generated using the VMD software).

the “hot spots” were classified as “structural” or “contact”
mutations. These residues can affect either the thermody-
namic stability and hence the structural integrity of the
pS3DBD, or the conformation of the protein required for
protein-DNA or protein—protein interactions.*'!

Herein, we report IM-MS studies on the conformational
diversity of wild-type pS3 and common cancer-associated p53
mutants. We define “conformational phenotypes” and mon-
itor the variation in these as exhibited by four single-point
mutations: R249A, R273H, K292I, and A276Y. Locations of
mutated residues used in the studies are depicted schemati-
cally on the 3D structure of p53 (Figure 1b). Specifically, we
test whether the second-site suppressor mutant from loop L1,
H115N, could trigger conformational changes in p53 cancer-
associated mutations. In addition we use mass spectrometry as
a tool to test the DNA-binding properties of the wild-type
(WT) p53 and H115N mutant proteins.

IM-MS can provide detailed insights into the structures of
macromolecular systems.'>'®) Measured drift times are
recorded as arrival-time distributions (ATDs), which can
then be converted into collision cross sections (CCSs).['"*¥ In
this study, a Synapt HDMS!'"! (Waters Corporation, Man-
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chester, UK) and in-house-modified drift-tube (DT) IM-MS
were used."!

In the absence of DNA and under near-neutral conditions,
the WTp53DBD exists mainly as a zinc-bound monomer
(calculated My =24615.5Da, observed My=24612.4 Da)
with the two major signals corresponding to [M+9H]’* and
[M+10H]"" (Figure S1A). This narrow spread of charge
states is usually indicative of a compact protein with a low
number of residues available for protonation in solution.
Higher-charged species (11 < z <18) are present with signifi-
cantly lower abundance, thus providing evidence for a small
population of more unfolded states of p53 in solution. IM-MS
analysis quantitates the conformational flexibility of p53
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in vacuo implied by the charge-state distribution (Figure 2a).
The majority of the protein molecules in the charge states z =
9* and 10" are indeed compact conformers (C1), which also
exist when z =11", 12, and 13", although the signal intensity
is reduced with each additional charge state and the
conformation of the protein molecules shifts to a more
extended form called X1. For 11 <z <18, multiple unfoldom-
ers (Un) are observed in each charge state, and the number of
resolvable Un conformers is at least four, albeit at low
intensity. The lack of baseline resolution in the arrival-time
distributions suggests interconverting conformers for these
extended forms. Using the trajectory method approach
established by Jarrold and co-workers*? we calculated
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Figure 2. Waterfall plots representing the in vacuo “conformational phenotypes” of the p53 DBD sprayed from buffered conditions (50 mm
ammonium acetate, containing 10vol% propan-2-ol). The x, y, and z axis show the collision cross section (CCS, in A?), charge state (range:
9<z<18), and the relative intensity, respectively. The plots show the abundance of the conformations present within the protein, here a range of
extended conformers for the higher charge states is observed. a) Wild-type p53, b) R249A, c) R273H, d) H115N, e) R249A/HT15N, f) R273H/
H115N. All data were obtained on the TW IM-MS with the exception of the R273H mutant, which was acquired on the drift-tube IM-MS
instrument (the data shown here were recorded at a 60 V electric potential across the drift cell).
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the CCS from coordinates obtained from the X-ray crystal
structure of p53 deposited by Wang et al. (PDB: 20CJ),*!
and found a CSS of 2072 A% The lowest experimentally
observable charge states have a smaller CCS than those
calculated using MOBCAL, thus indicating that the protein
has collapsed somewhat in comparison to the X-ray structure
(supporting the general tendency we have previously
reported for monomeric proteins'?). The CCS value of the
second, much less populated family of conformers, which
starts with the more extended conformer (X1) for z=10"%
(2157 A?), coincides with the CCS value calculated from
crystal structure coordinates (Figure 2a), but more extended
forms are also present, suggesting unfoldomers (U,).

One of the most common mutational ‘hot spots’ is at
position arginine 249, which is replaced by serine, thus causing
the loss of the local structure in loop L3 and distorting the
remainder of the DNA-binding surface.”?!! Here we exam-
ined the related mutation R249A with IM-MS (Figure 2b; see
the Supporting Information, Figure S1B for the mass spec-
trum). When compared to WT p53, it is clear that this single-
point mutation inflicts a dramatic change to the conforma-
tional space occupied by the protein, with the R249A mutant
possessing noticeably less flexibility. The majority of R249A
presents as z=9" and 10" ions, both in a compact form with
similar CCSs (1789 A?and 1818 A2 respectively) as for the C1
form of the WT p53, although the width of the ATDs for the
mutant is less than that for the WT, thus implying a more
“molten globule-like” compact conformer for this single-
point mutant, which we here denote C2. The 9" charge state is
also more intense here compared to WT p53, which suggests
a more compact structure. For 11<z<18, multiple
unfoldomers (Un) for each charge state are observed.
However these extended conformers are less populated
than in WTp53. Overall, the gas-phase structure of R249A
favors a compact geometry, suggesting that the mutation
conferred intrinsic stability to a collapsed form, which is
significantly smaller (by 14 %) than that found in WT p53.

The second class of cancer-associated mutants, such as
R273H, are present at the pS3 DNA-binding interface and
referred to as “DNA contact” mutants, representing about
20% of all mutants in the p53 database.*” They have
marginal effect on the stability, but affect the conformation
required for DNA binding.”) Introduction of the imidazole
ring by the histidine residue has been reported to perturb the
local environment, and to break a salt bridge between R273
and the carboxylate group of D281 in helix 2. Data for this
mutation were obtained using DT IM-MS (Figure 2c¢; see the
Supporting Information Figure S1C for the mass spectrum).
Here the compact conformation is retained over a large range
of charge states (9<z<16) and the more extended forms
(X1) are only present at the very high charge states. This
remarkable stability of a compact conformation and the lack
of unfoldomers indicate that this mutation favors more
compact and rigid conformations.

Cellular levels of p53 are controlled elaborately through
ubiquitylation and proteasomal degradation, which are medi-
ated by numerous E3 ubiquitin ligases. Interestingly, there are
two sequentially located lysine residues in the pS3DBD,
K291, and K292, which are required for polyubiquitination
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and degradation of p53 mediated by makorin ring finger
protein 1 (MKRN1).?% These two highly conserved residues
are mutated in several different types of human tumors,
suggesting their critical roles in p53 function.”! We examined
the “conformational phenotype” exhibited by one of these
cancer-associated mutants, K292I, which is implicated in the
inhibition of protein—protein interactions (see the Supporting
Information, Figure S2A; Figure S1D for the mass spec-
trum). Here a single compact conformation is only exhibited
by z=10" (C2), gradually shifting to more extended struc-
tures (X1). For 10<z<18, multiple unfoldomers are
observed and their distribution is comparable to that of the
WTp53. Another mutation, A276Y, is an example of a ‘con-
tact’ mutation as it directly binds to DNA.P?" However, the
substitution of the alanine residue with a larger aromatic
amino acid also has a significant effect on the function of the
protein. This mutation maps to the binding sites of protein
kinases and Mdm?2, a major regulator of p53 levels in the
cell.®®! In mobility space (see the Supporting Information,
Figure S2B; Figure S1H for the mass spectrum) the majority
of the protein molecules are located in the z=9* and 10"
region, and exist as a compact conformer (C2). Remarkably,
this compact form of the protein is retained over a wide range
of charge states (9<z<14) and its signal intensity is
significantly higher than that of all previously shown mutants
or WTp53 proteins. For 10 <z <18, multiple unfoldomers
(Un) are observed. The intensity of the latter is spread over
a very broad distribution of conformers; for instance for z =
177, at least four unfoldomers can be resolved, centered at
2778 A2, 3049 A2, 3689 A%, and 4046 A’. An extraordinary
feature of this substitution is that both compact forms and
more extended conformations are highly populated and
stable over a longer mobility time, which is in marked
contrast with other mutants or WT p53 proteins.

Based on the vital role of p53 in carcinogenesis, it is not
surprising that the identification of strategies to restore
function to cancer-associated mutants has attracted great
interest. Engineered mutation H115N in the loop L1 (known
as a mutational “cold spot”) of the DBD has been exploited
as a “second-site suppressor” in a double mutation approach
that aims to restore function to cancer-associated p53
mutants.? This mutant protein possesses superior DNA-
binding properties and is thermally more stable than
WTp53.24* When we performed IM-MS analysis to provide
a conformational “finger print” of H115N (Figure 2d), we
observed a broader distribution of conformers relative to the
WTp53. According to our mass spectrometry results (Fig-
ure S1E), the protein has a similar range of charge states (9 <
z<19) as the WTp53 protein, however the higher charge
states present with higher intensity. In IM-MS, the conforma-
tional diversity of this engineered mutant is remarkable. For
z=9"% and 10*, a Cl-type conformer with a CCS averaging
1730 A? is observed, but for z=11", the intensity is spread
over a wide distribution of conformers from C1, with a CCS of
1827 A2 to X1 with a CCS centered on 2184 A2. From mass
spectrometry space (see the Supporting Information, Fig-
ure S1E for the mass spectrum) we know that the intensity of
the more extended populations is more pronounced, but IM-
MS provides another dimension to this analysis, thus indicat-
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ing that this mutant is intrinsically more plastic and signifi-
cantly more disordered than the WT p53.

Figure 2e shows IM-MS data for the double mutant
R249A/H115N (see the Supporting Information, Figure S1F
for the mass spectrum). Here the effect of the “second site
suppressor” H115N becomes more apparent. In mobility
space, the conformational occupancy of this double mutant
appears highly similar to that presented by WTp53. The
highly abundant low charge states show an increased width in
their ATDs, which is indicative of a C1 conformer as opposed
to the more narrow C2 conformer, but remarkably the
extended conformers Un are noticeably more populated than
in the WTp53. It appears that the double mutant presents
a juxtaposition of the conformational space presented by each
single mutant, providing not just a visual reference but more
critically details on the conformational spread afforded by the
double mutant. This method has important implications for
drug discovery. For example, a small-molecule inhibitor that
might mimic the function of the H115N mutation could be
screened by using this IM-MS approach. Finally we consider
the impact of H115N as a “second-site suppressor” on the
contact mutant R273H (Figure 2f; see the Supporting
Information, Figure S1G for the mass spectrum). Again the
conformational signature of the double mutant is highly
comparable to that of the WTp53 and the plasticity of the
H115N mutant has increased the population of the more
extended forms of the protein. The data in Figure 2 a—c shows
the power of IM-MS in showing the effects of a single
oncogenic mutation on pS3 DBD on the fraction of folded and
unfolded protein. In the following section, we use IM-MS to
probe the DNA-binding ability of the pS3DBD. In order to
do this, we used a 12-mer double-stranded DNA (containing
two consensus binding sites) to probe the binding capacity of
the WTp53 and H115N mutant proteins. p53 is known to
regulate the gene transcription by binding to over 100
different, naturally occurring DNA-binding sites or response
elements.'”! The isolated p5S3DBD binds specifically to
double-stranded DNA sequence of two tandem decameric
elements PuPuPuC(A/T)(A/T)GPyPyPy (Pu=A/G,Py=T/
C) that can be separated by 0-13 base pairs.’!! In the absence
of DNA, the pS3DBD exists mainly as a free monomer in
solution and is also capable of weak monomer-monomer
interactions (see the Supporting Information, Figure S1 A). In
the presence of DNA, we find that p53 possesses a remarkable
self-organizing ability (Figure 3). The WTp53DBD consis-
tently binds consensus double-stranded DNA as a 2:1 com-
plex only (z =12"-15%; Figure 3a). In mobility space, the 2:1
p53DBD/DNA complex exists only as a single conformation,
with CCS values only minimally higher (mass corrected)
compared to the dimeric form without DNA (for instance, for
the z=14" complex, a CCS of 3196 A? was measured, and for
the z=14"% dimer, a CCS of 2644 A? was measured), thus
suggesting a tight association of this complex. In case of the
H115N mutation, we only observe a 2:1 protein/DNA
complex, thus implicating that the binding is strongly
cooperative. The data supports the superior DNA-binding
ability of this mutant. The p5S3H115N DBD/DNA complex is
much more pronounced and has a wider charge-state
distribution (z =12"-18"*, Figure 3b). The stoichiometric
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Figure 3. ESI mass spectra of the p53 DBD with a double-stranded 12-
base-pair DNA fragment. a) Wild-type p53 DBD with a double-stranded
12-base-pair DNA in a ratio of 2:1 (protein to DNA, based on a protein
monomer). b) HT15N mutant with a double-stranded 12-base-pair
DNA in a ratio of 7:1 (protein to DNA, based on a protein monomer).
Both spectra were obtained from a solution buffered with ammonium
acetate, and recorded on the DT IM-MS. The single spheres on the left
represents a p53 monomer, whereas the spheres with DNA spirals
correspond to the dimeric p53/DNA complex.

amount of DNA to the protein had to be radically decreased
(Figure S3) in order to remove the excess of unbound DNA
present in the mass spectrum, thus providing clear evidence of
improved DNA-binding activities for this mutation. IM-MS
data for this mutation show that the 2:1 HI15N DBD/DNA
complex favors a single conformational state. The CCSs are
centered around similar values as the corresponding charge
states of the 2:1 WTp53 complex. Since the p53DBD
evidently associates only when binding to consensus DNA,
it is possible that it undergoes allosteric conformational
changes as it forms a dimeric complex. Evidence for allosteric
regulation of DNA binding in wild-type p53 is already
available.P*% Interestingly, the oligomerization clearly cha-
peroned by DNA is possible without the tetramerization
domain.

We have demonstrated the application of IM-MS and its
capabilities for probing the conformation flexibility of p53
carcinogenic mutants. This novel application of IM-MS could
be exploited in elucidation of the relationship between p53
antineoplastic activities and its structure and functions, as well
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as in other medically important proteins in the human
genome. The striking ability of this technique to delineate
the stoichiometry and the conformational spread of this
tumor suppressor protein in the presence of binding partners
will provide unparalleled insights to its structure—function
relationships.

Experimental Section

Protein purification and expression is described in the Supporting
Information. The buffers of all protein samples were exchanged with
50 mM ammonium acetate using Slide-A-Lyzer dialysis cassettes
(Fisher Scientific, UK). Mass spectrometry and mobility data were
acquired either on Synapt HDMS!'”! (Waters Corporation, Man-
chester, UK) or on in-house-modified drift-tube (DT) IM-MS.?" The
instrumental conditions are detailed in the Supporting Information.
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