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ABSTRACT

Intrinsic disorder is a major structural category in biology, accounting for over 30% of coding
regions across life domains, yet it consists of conformational ensembles in equilibrium, a major challenge
in protein chemistry. Anciently evolved papillomavirus genomes constitute an unparalleled case for
sequence to structure-function correlation in cases where there are no folded structures. E7, the major
transforming oncoprotein of human papillomaviruses is a paradigmatic example among intrinsically
disordered proteins. Analysis of a large number of sequences of the same viral protein allowed for the
identification of a handful of residues with absolute conservation, scattered along the sequence of its N-
terminal intrinsically disordered domain, which intriguingly are mostly leucine residues. Mutation of
these led to a pronounced increase in both a-helix and B-sheet structural content, reflected by drastic
effects on equilibrium propensities and oligomerization kinetics, and uncovers the existence of local
structural elements that oppose to canonical folding. These folding relays suggest the existence of yet
undefined hidden structural codes behind intrinsic disorder in this model protein. Thus, evolution
pinpoints conformational hotspots that could have not been identified by direct experimental methods for

analyzing or perturbing the equilibrium of an intrinisic disordered protein ensemble.

Keywords: Intrinsically disordered proteins, E7, Virus, Papillomavirus, Protein evolution, Protein

folding, Mutagenesis
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Proteins require structural codes that allow chemistry to operate biological function. These codes
are no longer recognized as rigid, unique or even rendering defined structures represented by a set of
atomic coordinates'. Intrinsically disordered proteins (IDPs) and domains (IDDs) are unquestionably a
major structural category among proteins. They were initially defined experimentally as natively unfolded
proteins' but found to represent roughly over 30% of coding regions™. IDPs are frequent among
intracellular signaling networks and processes that involve protein interactions in both physiology and
pathology across living organisms*®. IDPs were initially defined as the absence of folded structure and
the binary concept of disorder and order are now recognized as coexistent within a protein, and a
convergence of techniques with NMR as the most powerful and promising are starting to provide
dynamic and realistic quantitative representations of conformational ensembles of proteins’.

IDPs are particularly overrepresented in virus genomes where the economy of functional versatility
evolved for minimal genetic information®. Eukaryotic viruses frequently use a number of gene products
that shift the cellular activity in their favor by interfering with cellular pathways. Human papillomaviruses
(HPVs) are the etiological agent for cervical cancer, among other malignancies’, and its tumorigenic
activity is linked to at least two oncoproteins, E6 and E7, which are paradigms for hijacking the cell
cycle'’. Intrinsic disorder plays a critical role in E7'!, the main cellular transforming factor which exerts
its effect by targeting the retinoblastoma (Rb) tumor suppressor for proteasomal degradation’”’”. This
causes the release of the general transcription factor E2F responsible for the transcription of a set of genes
required for DNA synthesis, indispensable for genomic replication of a virus with no such machinery.

HPV-16 E7 is a 98 amino acid acidic protein with a highly promiscuous target binding activity
despite its small size’””*". It consists of a tetrahedral zinc stabilized globular C-terminal domain (E7C,
residues 51-98) and a N-terminal IDD (E7N, residues 1-40), which contains the binding motif of the
primary target Rb plus several other linear motifs, linked by a proline-rich hinge region (E7H) (Fig.
1)’ We had earlier determined E7’s intrinsically disordered nature and described it as an extended
plastic dimer, with twice its expected hydrodynamic volume if globular'®. We experimentally defined
E7N as a bona fide domain, despite its small size, the lack of canonical secondary or tertiary structure,
and cooperative unfolding'”. Structures were determined for the E7C of HPV-1A and HPV-45 types,
but these could only be attained in the absence of the disordered E7N domain’®"’. No structure for HPV-
16 is available despite its high medical relevance. We have shown that HPV-16 E7 can also self-assemble
into defined spherical oligomers (E7SOs) with amyloid-like properties and chaperone holdase activity
upon removal of its coordinated zinc atoms, where the linear motif exposing E7N IDD faces the solvent,

providing solubility to the otherwise aggregation prone E7C oligomer’"'*?*%.
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Figure 1. Schematic representation of the structural and sequence properties of the HPV-16 E7 protein (Upper

Bits
01234

panel) Domain organization of the E7 protein. The intrinsically disordered N-terminal domain E7N (blue) is joined
to the globular dimerization domain E7C (orange) by a flexible hinge region E7H (green). For clarity, only one
monomer of the E7 dimer is depicted, with the second E7C unit in gray (PDB ID: 2F8B). (Lower panel) Sequence
logos of the E7N (left) and E7C (right) domains obtained from the alignment of 137 sequences of alpha and beta
HPYV species E7 proteins. Numbering corresponds to the HPV-16 E7 protein. The height of the letters in each

position is correlated to conservation of the respective residue.

Papillomaviruses are an ideal family of viruses for sequence evolutionary studies since there are a
few hundreds of anciently evolved and genetically stable variants (types) that provide a rich substrate for
addressing sequence conservation in connection with structure and function®*. We have found that E7N
and E7C show similar degrees of conservation and co-evolution of particular residues indicative of
interactions that could only be inferred by sequence analysis’***. However, an imperative question arises
related to the presence of a discrete number of hyperconserved residues (more than 80% or 4 bits
Shannon entropy) in a region that bears no defined folded structure. An additional challenge is how to
probe structure in a dynamic ensemble”, and non-classical approaches are required to investigate IDP
structrure, such as the combination of conformational sampling and NMR parameters®. Nevertheless,
identification and mutation of these conserved residues constitutes a powerful, almost unique, approach.

We show that the highly conserved residues do not respond to RNA sequence evolution events
related to known translation, transcription or splicing, but to yet unknown structure-folding reasons.
Single mutation of these residues leads to increase of structural content in the different conditions that
were purposely instrumented to test the ensemble. This increment is independent of the type of secondary
structure, where the conserved residues participate as local structural elements. Mutations of these

elements release structural transitions leading to the conformational diversity that can be adopted by the
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intrinsically disordered ensemble (IDE) of E7. In this work we show that sequence evolution guided-
mutagenesis is a unique source of perturbation of IDEs, which hopefully, acting in complementation with
advanced NMR and direct techniques, will provide integral and dynamic representation of the structural

basis of intrinsic disorder.
MATERIALS AND METHODS

Sequence and nucleotide conservation analysis — We used 137 protein sequences corresponding to
all alpha and beta species E7 proteins'®. We collected a single non-redundant nucleotide sequence
corresponding  to each  protein UNIPROT ID using  the Uniprot database

(http://www.uniprot.org/uploadlists/). We then used the tool TranslatorX®’ (http://www.translatorx.co.uk/)

to obtain a nucleotide alignment by back-aligning the nucleotide dataset to the previously obtained protein
dataset alignment, and produced nucleotide and aminoacid sequence logos for each alignment. In order to
search for conserved RNA structures, we used the RNAZ algorithm™ which uses an alignment of up to
six nucleotide sequences to search for conservation of RNA secondary structure elements. We used an
alignment of E7 nucleotide sequences from six types within the alpha 9 HPV species (HPV-16, HPV-31,
HPV-33, HPV-35H, HPV-52, and HPV-58), which includes the HPV-16 type. Considering that, even
within this closely related phylogenetic group, no conserved RNA structures were detected, the search did
not expand to more divergent alignments.

Expression and purification of proteins — HPV-16 E7 wild type (E7wt) and E7A1-26 (a truncated
variant with deletion of aminoacids 1-26) were cloned as thrombin cleavable proteins to the maltose
binding protein (MBP) into a pMALp2 vector (New England Biolabs, Beverly, MA), expressed in E. coli
TBI strain and purified as previously described’*””. E7A1-26 was used as control, being representative of
E7C, due to the difficulty in obtaining E7C for its tendency to aggregate. Using a site-directed
mutagenesis strategy, constructs containing a sequence codifying for E7 with point mutations on selected
conserved residues within the E7N were generated, amplified by inverse PCR and cloned into a pTZ18U-
based vector (Pharmacia, Uppsala, Sweeden) under control of the T7 promoter downstream to a short
peptide (19 aminoacids) of a B-galactosidase protein. The resulting expression vectors were transformed
into BL21(DE3) Plyss E. coli strain and proteins were purified as previously described’”*’. The following
mutants were obtained: L13A (leucine 13 was substituted by alanine), L13G (Leucine 13 was substituted
by glycine), L15G (Leucine 15 was substituted by glycine), P17A (proline 17 was substituted by alanine),
L22G (leucine 22 was substituted by glycine), L28G (leucine 18 was substituted by glycine). All proteins
were stocked in 10 mM sodium phosphate buffer pH 7.0 and 1 mM dithiothreitol (DTT). Additionally,
E7N(1-40) a peptide comprising the entire E7N domain was synthesized by F-moc chemistry (W.M Keck

Facility, Yale University, New Heaven, CT) and used as representative control of E7N. Protein
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concentration was determined by three different methods: Bradford assay, reverse phase HPLC and size
exclusion chromatography (SEC).

Size exclusion chromatography (SEC) — SEC experiments were carried out using a Superdex-200
(Pharmacia Biotech, Uppsala, Sweeden) equilibrated with 12.5 mM sodium phosphate buffer pH 7.3 and
1 mM DTT. The elution of proteins was monitored at 220 nm. The void volume (V;) and total volume (V)
were determined by loading blue dextran and methionine, respectively.

Far-UV Circular dicroism (CD) — Far-UV CD experiments were carried out on a Jasco J-810
spectropolarimeter (Jasco, Japan), with cell paths of 0.1 cm, employing a scanning speed of 50 nm/min, a
band width of 0.4 nm and an average response time of 4 sec. All spectra were an average of at least §
scans. Baseline measurements using buffer alone were subtracted from the measured spectra. The
temperature was set at 25 °C using a Peltier temperature-controlled sample compartment. Samples with
protein concentration of 10 uM and peptide concentration of 20 uM were used for the experiments. For
pH dependence experiments, an initial measurement in 10 mM sodium phosphate buffer pH 7.5 was
followed by a second measurement after addition of 100 mM sodium formiate buffer pH 3.0. Raw data

were converted to molar ellipticity [ ] using the following equation’:

0] - deg
[¢]*# bonds * L*10,000

(M

where deg is the raw signal in millidegs, [c] is protein concentration in molar units, # bonds is the number
of peptide bonds (number of aminoacids - 1), and L is the path length in cm.

Analysis of a-helix content by 2,2, 2-trifluoroethanol (TFE) measurements — TFE stabilization was
carried out at 25 °C. Samples were dissolved in 10 mM Tris HCI buffer pH 7.5 and equilibrated in 0 - 53
% TFE (volume of TFE added/total volume added) as previously described”. The mean residue ellipticity
at 220 nm, which is assumed to be proportional to helical content, was plotted as a function of
[TFE]/[H,O] ratio and was fit to a two-state “coil to helix” equilibrium model®. This model assumes that
the free energy for a-helix formation depends linearly on [TFE] / [H,O] ratio. Data were fitted using the
following equation:

[6]™ +[6]™ *exp((-AGHz0 - m[H,0] /[TFE])/RT)

1#]- 1+ eXp((—AG "0 _ m[H,0] /[TFE])/RT) @

where [6]"° and [9]™" are the mean residue ellipticities in water and at high TFE concentration. R is the

H20
G

gas constant and 7' is the temperature in kelvin. The thermodynamic parameters A and m value were

obtained from the data fit.
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The average percentage of residues in a-helix conformation in water and TFE for each protein was
calculated from the values [@]"° and [6)"*, using the following empirical equation to define molar

ellipticity value expected for 100% of a-helix’’:
2.57
[0] —39,500*(1——J (3)
n

where 7 is the number of residues.

Aggregation kinetic measurements — Aggregation kinetics were recorded in a Jasco V-550 UV
spectrophotometer (Jasco, Japan) by following scattering signals on 10 uM of E7wt and mutants in 10
mM of sodium phosphate buffer pH 7.5 during 5 minutes. After this initial measurement, the sample pH
was decreased by adding 100 mM of sodium formiate buffer pH 3.0. Immediately after mixing, scattering
was recorded until aggregation traces reached saturation. The temperature was controlled by a thermal
bath fixed at 25 °C. Considering that in all mutants aggregation was rapid, this experiment was repeated
using protein samples at a concentration of 2.5 uM in order to obtain kinetic traces more suitable for data
fitting. The kinetic traces for E7wt, L15G and L28G were fitted to the following empirical sigmoid

function®:

A
1+ exp[(tl/2 - t)]kagg

where A, is mean residue absorbance at time 0, 4 is the total change of mean residue absorbance from

[Absorbance]360nm = A, +

(4)

time 0 to oo, ¢, is the middle point of aggregation, and k,,, is the apparent aggregation rate constant.
Considering that in most of the mutant proteins aggregation was rapid and the /ag phase was not
measurable, the following single exponential function™ was used for fitting the kinetic traces of the rest

of the mutant proteins:
[Absorbance]360nm =4 exp(—kagg * t) +q (5)

where 4 and k,g, have the same meaning as for eq. #4, and ¢ is the final mean residue absorbance at time
. For better comparison of the &, values, all the kinetic traces, including those of proteins that exhibited
lag phase (E7wt, L15G and L28G), were fitted using eq. #5, selecting in these cases only the data points
of the exponential phase.

Far-UV CD kinetics were measured using 10 uM of protein samples at a fixed wavelength of 205
nm (at which a notorious difference in the CD spectra was observed between pH 7.5 and pH 3.0),
following the same conditions described for UV scattering (an initial measurement at pH 7.5 for 5
minutes, followed by addition of 100 mM of sodium formiate buffer pH 3.0 and a kinetic measurement at
this condition for 25 minutes). The data obtained from the CD aggregation kinetics concurred with those

obtained from scattering. Nevertheless, the CD data was not suitable for fitting.
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Dynamic light scattering (DLS) — DLS measurements were taken on a Zetasizer Nano S DLS device
(Malvern Instruments). Measurements were carried out on 50 uM of protein sample in 10 mM sodium
phosphate buffer pH 7.5 at 25 °C, followed by addition of 100 mM sodium formiate buffer pH 3.0. Under
the latter condition, measurements were taken at time-points 0 and 30 minutes. Prior to the experiments

protein samples and buffers were filtered with Ultrafree-MC microcentrifuge filters (0.22 uM, Millipore).
RESULTS

Origins for strong residue conservation in the E7N IDD — The papillomavirus E7 protein is
composed of an intrinsically disordered N-terminal domain (E7N IDD)'” evolved in close proximity to a
globular C-terminal dimerization domain (E7C), connected by a flexible linker or “hinge” (E7H) (Fig.
1)'*. Based on an extensive set of 200 sequences spanning a wide evolutionary range (~350 Mya), we
showed that despite its intrinsically disordered nature, the E7N domain displays similar levels of sequence
conservation to those of the globular E7C domain. This is even more evident if the zinc coordination
cysteins are not considered, leaving side chains that can only be involved in non-covalent and non-metal
folding interactions'*. While sequence conservation within E7C can be explained by conservation of the
globular fold, conservation within E7N can be only partially explained by the presence of linear motifs
that span short local stretches of sequence (Fig. 2A)'*. Surprisingly, strong sequence conservation is
observed in positions scattered along the sequence of E7N that do not correspond to functional motifs,
suggesting that yet uncovered conformational features could be conserved within this domain'®. The
length of the linker (E7H) is also rather conserved, mostly between 5 and 15 residues (Fig. S1). In
addition to its conserved short length, E7H is rich in proline residues, which isomerization was shown to
govern an extremely slow antibody-antigen binding reaction’. This is a strong indication that it plays a
role in connecting both domains with a conserved proximity, with so far undefined long range
interdomain non-covalent transient contacts between E7N and E7C.

Why are there so many highly conserved residues in an intrinsically disordered domain? First, we
sought to address whether this conservation originates at the amino acid or nucleotide levels. We analyzed
codon conservation for each residue within the E7N alignment and observed that nucleotide conservation
in all positions followed mainly the frequency distribution expected for all codons (Fig. 2A), strongly
suggesting that nucleotide variation was equilibrated within the time period analyzed, and provided no
evidence for selection pressures acting at the nucleotide level. We also analyzed the E7N nucleotide
sequences in search for conservation of known regulatory sites, such as splice acceptor and donor sites™,
presence of CpG islands, and internal late promoters such as p670 described for HPV-16 E7°°, and we
found no correlation with the highly conserved positions (Not shown). Finally, we found no evidence for
RNA structure conservation as a plausible reason (Fig. S2). Altogether, these observations point at the

conservation of residues responding to structure-folding events.
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Viavelength ifm) Mutation of highly conserved
residues in E7N IDD increases o-helix content — We had previously determined by nuclear magnetic
resonance (NMR) that the isolated E7N shows random coil-like chemical shifts, where 2,2,2-
trifluoroethanol (TFE) can stabilize two pre-existing a-helices spanning residues L8-L13 (Helix I) and
P17-N29 (Helix II)”*. There is no structure for the full length HPV-16 E7 or any other virus type, since

1819 something evident from inspection of the HSQC

the dynamics of the E7N perturbs the spectra
spectrum (Fig. S3). Therefore, we used far-UV circular dicroism (CD) spectra as a robust and highly
sensitive method for assessing secondary structure. At pH 7.5, HPV-16 E7 wild-type (E7wt) showed the
reported typical spectrum of a mixed folded/disordered conformation, with a minimum at 204 nm and a
band and 222 nm (Fig. 2B and Fig. S5)’’. On the other hand, the spectrum of E7N IDD is characteristic of
a disordered polypeptide, with a minimum around 200 nm’”?’. E7A1-26, a variant lacking the first 26
residues, showed a loss of signal at the 204 nm minimum under the same condition (pH 7.5), in
comparison with full-length wild-type E7 (Fig. 4A and Fig. S5), indicative of a lower disorder/order
structural ratio. Differential spectra showed that E7N lacks stable canonical secondary structure and

behaves as an IDD also in the context of the full-length protein’’. In a previous work, we showed that

E7N populates different conformational species at different solvent conditions with their own
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characteristic CD spectra'’, and this provides us with a valuable tool to probe the effect of mutation on the
structure content within the IDD.

In order to address the role of the hyperconserved residues, we mutated the four most conserved
leucine residues (positions 13, 15, 22 and 28) and a proline (position 17) (Fig. 2A). We mutated the
leucines to glycine instead of alanine, since we hypothesize them to be involved in non-polar interactions
and we intended to prevent any possible side chain interactions, and the proline residue was mutated to
alanine. Mutants showed the same anomalously extended hydrodynamic behavior of the wild-type protein
previously described (Fig. S4)'°. The secondary structure of full-length E7 turned out to be very sensitive
to the single mutations in the E7 IDD at neutral pH, as judged by modifications in the CD spectra
corresponding to a conformational ensemble (Fig. 2B and Fig. S5). The most salient feature was the
increase in a-helical content as indicated by the increase in the negative minimum at 222 nm for P17A
and L22G, and the opposite effect for L13G (Fig. 2B and Fig. S5). Although not affecting the 222 nm
minimum, L15G showed a change in the ratio 204/222 nm which indicates a significant change in the
structure population of the IDE (Fig. 2B and Fig.S5). A more accurate quantitative analysis of the effect
of the mutations on a-helix stabilization of the IDE can be obtained from TFE titrations”**’. Gradual
addition of TFE led to an increase in a-helix content judged by the unequivocal minima of the CD spectra
at 208 and 220 nm (Fig. 3A and Fig. 3B). Mutations had a marked effect on helix stabilization, with the
large increase observed in L.28G represented as an example (Fig. 3A, inset). We carried out TFE titrations
of all the variants and based on the known formalism of the effect of TFE on a-helix equilibria®™, we
calculated the percentage of a-helix content from extrapolation of the titrations, at zero or high TFE
concentrations (Fig. 3C, Table 1). Extrapolation of the wild-type data to buffer yielded a 18.6 = 0.4 % of
a-helix (o, 0% TFE) (Table 1) in excellent agreement to what is expected from the structures of E7C (16-
17%)"*"?. Similarly, extrapolation of ellipticity values from high TFE, yielded the o-helix content at
solvent saturation (o, 53% TFE), which in the case of wild-type is 32.9 £ 0.9 % (Table 1). For a
simplified evaluation of the effect of each mutant, we subtracted the value from the wild-type and
compared effects on o; and o (Fig. 3C, Table 1). All mutants showed an increase in o-helix content,
indicative of a release of structure caused by each replacement (Fig. 3C, Table 1), except for L13G that
showed no effect. This is in apparent contradiction with a decrease in a-helix in buffer (Fig. 2B), but we
consider the quantitative analysis from the extrapolation is more accurate. An additional major conclusion
is that the effect is different in water than in high TFE, with the smallest difference in o¢-0;in L13A and
the largest in L28G (Fig. 3C, Table 1). It is safe to assume that the TFE a-helix is consolidated”
differently from the pre-helical or nascent helix-like structures that may take place in water, and the
differential effect of mutations is precisely reflecting this fact. It is thus tempting to suggest that some of
the mutations, coincident with boundaries of the two a-helices as determined by NMR”, merely follow

helix propensity at N- or C- caps. This could be the case of P17A mutation, where a helix-breaking was

10
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replaced by a helix-stabilizing residue. However, glycine had the lowest helix propensity after proline,
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and leucine had the second highest helix

propensity after alanine’/, yet the

absolute largest increase in a-helix was
observed in L28G, and this applies to
L22G and L15G.

Figure 3. Characterization of a-helical
populations within HPV-16 E7 and E7 IDD
mutants by Far-UV CD spectroscopy. (A)
Titration curves for E7wt and mutants
following ellipticity at 220 nm as a function
of [TFE]/[buffer] molar ratio. 10 mM Tris
HCI buffer pH 7.5 was used for the
experiment. The temperature was set at 25
°C. Black circles represent E7wt, color
circles are used to represent mutant proteins.
Solid lines show fitting of the data to a two-
state "coil-helix" equilibrium model obtained
according to eq. #2. Inset: Far-UV CD
spectra of E7wt (black) and L28G (blue) in
10 mM Tris HCI buffer pH 7.5 containing 53
% TFE. (B) Far-UV CD spectra of E7wt in
10 mM buffer Tris HCl pH 7.5 at 25 °C and
TFE (v/v) percentages ranging from 0 % to
53%. The arrow indicates the sense of
change upon increasing TFE. (C) Initial
(blue bars) and final (red bars) percentages
of a-helix contents induced by TFE in E7
mutants relative to E7wt. The percentages of
conformation were

residues in o-helix

calculated from the data fit mentioned above.

The stability of the a-helix formed is determined by the free energy obtained from the titration

experiments, extrapolated to water (AG™’) (Table 1). These free energies were positive because energy is

provided by the addition of the solvent, the smaller the value the higher the stability. They are in the range

observed for peptides and fragments, where no other energetic components from tertiary interactions in a

cooperative fold should be present and reflected in overall larger folding free energies. Interestingly, the

largest stabilization was caused by L22G and L28G mutants (Table 1), which appeared to follow the same

11
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rationality of a higher stability caused by a residue with helix propensity at the opposed extreme of the
one replaced. Altogether, these results strongly suggest that the mutation does not generate a more stable
helix because of stabilization of the a-helix in TFE per se (the “end state”), but mutation of the leucine
residues is destabilizing a local yet undefined structure opposing to helix formation nucleated around a
leucine residue, and the effect of this is a shift of the equilibrium towards a folded helix. In the case of
P17A, the effect may well be that expected from removing the helix breaking proline and the consequent
stabilization or extension of a a-helix in TFE. The change in m values was particularly noticeable in
L22G and L28G (Table 1), which are within the a-helix II in TFE. Our interpretation is that a drastic
change in m value responds to a change in the structure at either or both sides of the equilibrium™. Since
we know that a-helices I and II are indeed formed at high TFE”, we propose that this drastic change
reflects a different structure in the IDE, where a-helix I is more coil-like while a-helix II, containing

L22G and L28G involve stable structures in the form of nuclei that oppose to helix formation.

Table 1. Parameters for a-helix stabilization in HPV-16 E7 protein and E7 IDD mutants

AGT© m % o-helix®

(Kcal/mol) | (Kcal mol™ (% TFE)™) | H,0 (Initial, o;) | TFE (Endpoint, a)® | o - o

E7. 20 £02] 282 + 31 |186 + 04| 329 + 09 | 144

LI3A |20 04| 280 + 39 [238 + 04| 405 = 09 | 167

LI13G |18 03| 237 + 38 |185 + 07| 323 =+ 15 | 138

L15G 19 £02| 282 + 3.1 200 + 0.5 361 + 1.2 16.1

P17A 1.5 £01| 228 + 2.0 229 + 06| 420 <+ 1.1 19.1

122G | 1.1 01| 171 = 1.1 | 186 + 05| 367 =+ 08 | 181

128G |13 +0.1| 185 + 1.5 | 238 + 08| 517 = 17 | 279

E7A1-26| 1.6 + 0.2 18.6 + 2.8 178 + 0.6 312 £ 19 13.4

*Percentage of residues in a-helix conformation

®Values calculated from molar ellipticity (220 nm) obtained from fitting with eq. #2

f3-sheet aggregation is drastically affected by mutation of conserved residues — E7 proteins are strongly
acidic, with pKas around 4.5. In order to uncover and probe further possible conformational biased
populations, we analyzed E7 in pH conditions where negative charges are neutralized. At pH 3.0, there
was a complete disappearance of the ca 204 nm disordered component present at pH 7.5 (Fig. 4A).
Although the resulting spectrum corresponds to an increase in B-sheet structure (Fig. 4A), the minima at
around 220 nm also suggest contribution of a- helix, most likely remaining native structure in globular

E7C. The truncated E7A1-26 variant showed an evident a-helix rich spectrum at pH 7.5, devoid of the

12
ACS Paragon Plus Environment



Page 13 of 22

©CoO~NOUTA,WNPE

Biochemistry

disordered contribution by the first 26 residues (Fig. 4A), strongly suggesting that the increase in B-sheet

requires the entire E7N IDD and occurs at the expense of the loss of disorder (Fig. 4A). There was a

further increase in a-helix of E7A1-26 at pH 3.0, as the shift and increase of minima at ca 208 nm and 220

nm indicate (Fig. 4A). The B-sheet enriched full-length E7 species formed a metastable monodisperse

oligomer of 100 nm size and a large polydisperse aggregate, while the a-helical E7A1-26 species at pH

A

(8] 5,0 X 107° (deg.cm®dmol™")  [8] ,,, . x 107 (deg.cm®dmol™")
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3.0 formed a monodisperse oligomer of 20 nm and no
aggregate, as determined by dynamic light scattering
(DLS) (Fig. 4A, inset). Under similar conditions, there
was no oligomer or aggregate formed in the E7N(1-
40) fragment (Not shown). These two results indicate
that not only the full sequence information of the E7N
IDD is required for B-sheet oligomerization and
aggregation, but it also requires both domains of the
protein, strongly suggesting that the first 26 residues,
in the context of the full-length protein, are required

for 3-sheet formation.

Figure 4. pH dependence oligomerization of HPV-16 E7 is
governed by E7N. (A) Far-UV CD spectra of E7wt (black)
and E7A1-26 (red) in 10 mM sodium phosphate buffer at
pH 7.5 (full line), followed by addition of 100 mM sodium
formiate buffer at pH 3.0 (broken line). Inset: Size
distribution measured by DLS at pH 3.0. Measurements
were performed in E7wt (black) and E7A1-26 (red)
immediately after decreasing the sample pH (7.5) by
addition of 100 mM sodium formiate buffer pH 3.0. (B) Far-
UV CD spectra of E7 and mutants, followed by acidification
of the environment by addition of sodium formiate buffer pH
3.0 to samples previously measured at pH 7.5. (C)
Aggregation kinetics determined by scattering at 360 nm.
Comparison of kinetic traces of E7wt (black) and two
representative E7 mutants, L13G (yellow) and L28G (blue).
E7A1-26 (red) did not aggregate under this condition. Solid
lines show the best-fit profiles obtained with sigmoid or

exponential functions (eq. #4 and eq. #5).

All mutants showed an overall similar behavior at pH 3.0 but with different qualitative and

quantitative degrees of B-sheet enrichment, with L13A, L15G and P17A being the most salient (Fig. 4B
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and Fig. S6A), even though the structural details were not possible to infer at this time. However,
aggregation kinetics was highly sensitive to mutation, under this acidic environment where, surprisingly,
all the mutations increased the rate (Fig. 4C and Fig. S6B). The wild-type E7 showed a lag phase where a
nucleation process most likely takes place, and this tends to disappear as the aggregation rate of the
mutants increases. We propose that mutation stabilizes the aggregation nucleus, which is defined as an
aggregation competent low molecular species, often monomer or dimer’”. This species is partly folded, as
is the case in most B-oligomerization processes, where a certain degree of folding, but not complete or
compact structure, is required for the self assembly to take place®. Mutation stabilizes the aggregation
nucleus and thus lowers the kinetic barrier because it destabilizes a folded structure, which population in
the IDE is increased under this acidic condition. Except for the most moderate effect of L28G, the rest of
the mutants (positions 13 to 22) accelerated the rate between 2.7 and 3.5 fold (Table 2). E7N(1-40) did
not spontaneously form B-sheet structure or aggregates at pH 3.0 (Not shown), and we know that residues
1-26 are required for B-structure formation, since E7 A1-26 could neither increase its B-sheet content nor

aggregate (Fig. 4A, Fig. 4C, and Fig. S6B).

Table 2. Parameters for aggregation in HPV-16 E7 protein and E7 IDD mutants

kagg tag tip kage MUt/kyge E7
E7.* | 0.13 + 0001| 2.5 17.3+0.1 1.0
E7 0.08 =+ 0.001 14.7 1.0
LI13A | 0.28 £ 0.003 2.3 3.6
L13G | 030 =+ 0.007 0.7 3.8
LI15G | 0.21 £ 0.003 2.3 2.7
P17A | 0.27 £ 0.002 1.3 3.5
L22G 0.22 + 0.002 2.6 2.9
L28G | 0.12 =+ 0.002 7.4 1.5

* Parameters obtained using a sigmoid function
kagq, apparent aggregation rate constant
tig lag time

t1», apparent aggregation middle time
DISCUSSION

The sequence-structure paradigm determines that the information required for a polypeptide to fold
into a discrete structure is provided by the amino acid sequence”. IDPs can be described as molecules

with no defined or compact structure’, in which it is assumed that there are not enough local and long-
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range native interactions to stabilize a particular fold, as in globular proteins. The question is whether this
lack of sequence information for a compactly folded structure is the single prerequisite for a protein to be
intrinsically disordered.

An additional far from trivial challenge is the fact that IDPs are conformational ensembles
consisting of a mix of populations, which are believed to be discrete yet dynamic and in fast

14142 " not amenable for most structural analysis methods of atomic detail. Moreover, we know

exchange
for a fact that there will be no atomic details, no fixed or defined structures, and that is the essence of
IDPs in biology. To experimentally overcome this, we established conditions where alternative a-helix or
B-sheet enriched conformers of the ensemble were stabilized, and the effect of the mutations was
quantitatively evaluated. Mutations are ideal to probe structure and function, and are fairly easy to select
for rational perturbation every time there is an atomic structure available”. This is not the case of IDPs,
and this makes the papillomavirus evolution not only an unusual but also a unique tool for investigating

“structure in the absence of structure” or in a mixture of conformers, by experiment’*”*

. Sequence
analysis of HPV E7s pinpointed a handful of residues in the E7N IDD, which are highly conserved for
reasons not related to nucleic acid sequence or function (Fig. 1), leaving yet unknown structural traits
related to intrinsic disorder as the main explanation’**”.

Several important conclusions can be obtained from the effect of the mutations on the a-helix
population of E7N in the context of full-length E7. First, that mutations at all positions produced an
increase in the structure content, and this effect was different in the consolidated a-helices in TFE (o)
from the nascent structures in aqueous buffer (o;), with no clear correlation in the aga; ratio of the
mutants. This indicates that the structures involved are different, and the structure increment can be either
stabilization of the consolidated (o) or the destabilization of a proto-structure (o;) that shifts the
equilibrium towards a consolidated a-helix. Although both showing a substantial increase in a-helix,
L28G showed a much larger og/o; ratio than L13A. The former had the largest effect on helix stabilization
in TFE, despite glycine being a poor helix former and leucine being the second highest helix former after
alanine. This strongly suggests that the stabilization of the o-helix is the result of a destabilization of
structure nucleated around L28. Moreover, P17A attained only half of the a-helix increase of L28G, yet
we replaced the best helix breaker with the best helix former, once again highlighting the presence of
folding nucleation around L28. A similar line of reasoning, with effects of different magnitudes, can be
applied for all four hyperconserved leucines. Leucine side chain is all apolar and buries 137 A of solvent
accessible surface area, corresponding to a transfer free energy of 1.6 kcal.mol'***. In any case, the
model we envision is that of individual local structure nucleation sites around each conserved leucine
residues, not a structure based on long-range interactions of these residues.

It remains to be established, if possible, with specific highly sensitive NMR methods, what is the

nature of the structure nucleation around each of these residues. This is rather challenging also because
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the assignment of the full length E7, both N- and C-terminal domains, has not been possible to date. What
it is clear is that the combination of rich sequence information and mutagenesis in this unique system
seems to be the only way we could learn about this phenomenon.

The formation of B-sheet oligomeric structures at acidic pH took place at the expense of a loss of
disorder at the E7N IDD, while the truncated variant E7(A1-26) did not increase the B-sheet structure
content, but showed a large increase in a-helix at the expense of the disordered contribution of residues
26 to 48 (Fig. 4A). These observations, together with the fact that E7N (1-40) did not lead to B-
oligomerization or aggregation, indicate that the full-length proteins, i.e. both domains, are required for
the B-sheet folding route. The large effect of mutations on the aggregation kinetics indicate that all
positions play a role in B-sheet stabilization by destabilizing structures that lead to a B-oligomerization
competent species, which we refer to as oligomerization nucleus. This is in line with the requirement of
the entire E7N domain for stabilization of these aggregating prone B-sheet conformers present in the IDE
enriched at acidic pH. The fact that the mutants with the most increased B-structure content in the
metastable oligomer (L13A, L15G, and P17A) are the ones with the largest effect on the aggregation rate
strongly suggests that both species are linked. Based on the cumulative results we propose that the limited
3-oligomerization responds to interactions formed within the E7N domain and between the E7N and E7C
domains. On the other hand, given that E7 is a dimer, we propose that macroscopic aggregation responds

B-sheet route to intermolecular interactions (Fig. 5). In any case,
mutation of hyperconserved residues release and
facilitate B-sheet formation either by stabilizing
endpoint B-sheet or by destabilizing structure nuclei

within E7N IDD that oppose to this folding route.

Figure 5. Proposed model of the effect of single
mutations on hyperconserved residues of E7 IDD. E7
monomer is shown as the start point of folding routes that
can be followed after destabilization of anti-folding nuclei

$ e S @ ‘v @ (knots). The [-sheet route is represented in red and the o-

Unraiest (ns) / Uradast (ne) helix route in green. The remaining structure and anti-
\ folding nuclei not involved in either [-sheet or o-helix

routes are depicted in blue. The [-sheet route, triggered

«— by acidic pH, is ultrafast, irreversible and at last leads to
—_—
oligomerization and aggregation. On the other hand, the
a-helix route a-helix route is in fast exchange and reversible.

The ability of certain sequences to form either a-helix or B-sheet structures, named chameleon

sequences, were shown to depend on the context within a protein®, or cases were described in which a-
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helix and B-sheet structure exchange in the millisecond time scale depending on solvent conditions,
indicating a transition between these structures in the same region within a protein”’. In the case of the
pS53 C-terminal IDD, a stretch of residues may form a-helix, B-sheet or coil depending on the binding
partner”. The work presented here builds on these phenomena and focuses on the unbound IDP partner,
where local structural nuclei around leucine residues in E7N holds back structure formation which,

depending on context or solvent, may go to either a-helix or B-sheet type of structures.

Despite the conserved short interdomain distance in E7, both domains were so far not reported to
interact in a structure or to form persistent contacts, and this may well be explained by the ID nature of
E7N. The increased proline content in this stretch in combination with a slow isomerization we
determined to take place in P47 as part of an epitope recognized by a monoclonal antibody’ strongly
suggest a functional role for this hinge region, as a sort of link of dynamic or transient interactions
between the two domains. We have shown that most a-helix structure gain in response to mutation and
TFE occurred within E7N, but E7N alone (E71-40) could not reach the same amount of a-helix in
TFE'”?. This means that E7C is required for the incremented a-helix structure caused by mutation, and
further supports the idea of at least transient domain interaction through long-range contacts, that could
not be observed to date by any structural method. In addition, we have shown here that both domains are
required for the formation of B-structure.

In summary, hyperconserved residues within an intrinsically disordered domain stabilize local
structures that oppose to a-helix folding or slow down B-sheet aggregation, and mutation of these release
structures by increasing a-helix content and accelerating aggregation. The fact that the conserved residues
are distributed along the E7N IDD as opposed to contiguous in sequence, strongly suggest that these
structures are local and nuclei-like. It is important to discriminate aggregation from folding nuclei: the
aggregation nucleus refer to a partly folded oligomerization competent monomer or dimer’, while the
folding nucleus consists of local interactions of adjacent side chains within a polypeptide that are capable
of guiding folding’”***’. Figure 5 shows a proposed model scheme for an integrative analysis of our
findings. E7 is a weak dimer, therefore in fast exchange with the monomer, and the E7N IDD does not
participate of the dimerization interface, so we use the monomer as the starting point for a simplified
representation. Anti-folding structural elements, possibly nuclei-like, formed around the conserved
residues are shown as circles or knots, where the red one represents those affecting the B-sheet route, and
the green one those affecting a-helix folding. These do no exclude each other, something experimentally
supported by the fact that L13A and P17A affect both routes (Table 1 and Table 2), and the mechanism
by which they participate in each route is likely to differ, whether destabilizing antifolding nuclei,
destabilizing the aggregation nucleus or stabilizing endpoint structures. The fact that the hyperconserved
residues are mostly leucines and that they do not form a-helix nuclei, in fact they oppose to helix

formation, suggest that the bulky aliphatic side chain is required for interactions at the local level.
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The B-sheet route can readily form a template which may lead to a discrete oligomer if the structure
stabilized is interdomain and intramolecule, or an aggregate if the B-sheet structure is stabilized
intermolecular between dimers, generating a network that leads to a macroscopic precipitate (Fig. 5). In
fact, we have shown that removal of zinc leads to soluble spherical oligomers rich in repetitive B-sheet™.
The a-helix route affecting nuclei is in fast exchange as is the case for helix folding in general, and most
processes are reversible, unlike B-sheet oligomerization and aggregation. Mutation releases a-helix, which
may either form structures within the E7N IDD or fold against the globular E7C domain. Clearly, these
are equilibria that are chemically possible and will determine the different ways of accommodating
different binding partners, representing the essence of the concept of multitarget IDP recognition as an
evolutive functional feature. They are very sensitive to mutation and it is hard to imagine that single
mutations of residues involved in non-covalent interactions stabilizing the globular E7C will have such an
impact on the overall fold. This could constitute an experimental demonstration that an IDE is at least as
sensitive to mutation than a globular domain of the same protein subjected to the same evolutive pressure,
and merits further investigation. The more sensitive to mutation, the highest pressure for particular
residue conservation. This takes place at structural elements that oppose to folding, which unveil a yet
undefined hidden structural code for intrinsic disorder only surfaced by mutagenesis guided in the dark by
sequence conservation of a unique system. Our results clearly show that IPDs such as E7 are far from a
random ensemble of conformers, and are a first step for establishing the structural basis of what may be

lowly populated, dynamic or marginally stable structures, not accessible to direct physical measurement.
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