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11 ABSTRACT: The E7 protein from high-risk human papil-
12 lomavirus is essential for cell transformation in cervical,
13 oropharyngeal, and other HPV-related cancers, mainly through
14 the inactivation of the retinoblastoma (Rb) tumor suppressor.
15 Its high cysteine content (∼7%) and the observation that
16 HPV-transformed cells are under oxidative stress prompted us
17 to investigate the redox properties of the HPV16 E7 protein
18 under biologically compatible oxidative conditions. The seven
19 cysteines in HPV16 E7 remain reduced in conditions
20 resembling the basal reduced state of a cell. However, under oxidative stress, a stable disulfide bridge forms between cysteines
21 59 and 68. Residue 59 has a protective effect on the other cysteines, and its mutation leads to an overall increase in the oxidation
22 propensity of E7, including cysteine 24 central to the Rb binding motif. Gluthationylation of Cys 24 abolishes Rb binding, which
23 is reversibly recovered upon reduction. Cysteines 59 and 68 are located 18.6 Å apart, and the formation of the disulfide bridge
24 leads to a large structural rearrangement while retaining strong Zn association. These conformational and covalent changes are
25 fully reversible upon restoration of the reductive environment. In addition, this is the first evidence of an interaction between the
26 N-terminal intrinsically disordered and the C-terminal globular domains, known to be highly and separately conserved among
27 human papillomaviruses. The significant conservation of such noncanonical cysteines in HPV E7 proteins leads us to propose a
28 functional redox activity. Such an activity adds to the previously discovered chaperone activity of E7 and supports the picture of a
29 moonlighting pathological role of this paradigmatic viral oncoprotein.

30Human papillomaviruses (HPV) have drawn the attention
31 of the scientific community since the discovery of their
32 direct involvement in human cancer development.1,2 Over 100
33 papillomavirus types that infect humans have been described,3

34 only a subset of which possess oncogenic potential and have been
35 classified as “high-risk” types.2 As opposed to high risk HPVs,
36 many HPV types produce benign lesions and are classified as
37 “low risk”.2 Moreover, most HPV infections are self-limited and
38 resolve without clinical manifestation.4 In fact, HPV-induced
39 neoplastic lesions do not produce infective particles and can be
40 considered as unproductive events in the HPV life cycle.5

41 In order to produce infective particles, the HPV genome must
42 replicate within a stratified epithelium, and as HPVs are devoid of
43 the enzymatic machinery required to duplicate their genome,
44 these viruses must use the host DNA replication machinery to
45 generate new infective viruses.6 Most papillomaviruses infect
46 basal undifferentiated cells of stratified skin andmucous epithelia,
47 where the genome is initially amplified and maintained at low
48 copy number, but subsequent viral replication takes place in
49 differentiating keratinocytes, which have withdrawn from the cell

50cycle. The HPV genome codes for a handful of proteins that act
51in a coordinate manner to override the control mechanisms that
52strictly regulate the host cell cycle.7 This complex task depends
53largely on the E7 oncoprotein, which is essential for stimulating
54S-phase reentry in differentiating keratinocytes, producing an
55uncoupling of proliferation and differentiation in these cells.8

56According to the experimental evidence obtained from the
57prototypical E7 protein from the HPV16 type (HPV16 E7), E7-
58related functions are mediated by its ability to interact with
59multiple cellular targets.9,10 The retinoblastoma protein (Rb)
60was the first cellular target identified for the E7 protein.11 High
61affinity binding of E7 to Rb is required for the transforming
62properties of the high-risk HPV16 E7 protein in transfected
63cells,12 and it is the primary and best-characterized interaction
64related to HPV-mediated cellular transformation.13 Rb binding is
65a property shared by both high- and low-risk HPVs.14 Persistent
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66 expression of the HPV16 E7 protein is required for maintenance
67 of the transformed phenotype.15 It has been described that
68 HPV16-positive cervical cancer lesions show a higher oxidative
69 environment than normal noninfected tissues and a marked
70 down-regulation of antioxidant enzymes such as superoxide
71 dismutase, catalase, and glutathione peroxidase.16−18 Moreover,
72 it was shown that the sole expression of HPV16 E7 in HaCaT
73 keratinocytes induces oxidative stress.19

74 HPV16 E7 is a small acidic 98-amino-acid protein20 with two
75 distinct structural domains, the globular C-terminal domain
76 (E7C) for which X-ray and NMR structures have been solved for
77 HPV types 1 and 4521,22 and the intrinsically disordered N-
78 terminal domain (E7N IDD), which is extended in solution and
79 lacks canonical secondary and tertiary structure elements.23

80 Although high-resolution structures show a homodimeric
81 arrangement for the E7C domain,22 E7 shows a complex
82 hydrodynamic behavior in solution and exhibits multiple
83 monomerization−dimerization−oligomerization equilibria with
84 a reported dimer dissociation constant of ∼1 μM.24 HPV16 E7
85 presents seven cysteine residues in its sequence, five of which
86 have a strict or very high conservation degree across HPVs25

f1 87 (Figure 1A). HPV16 E7 binds one Zn atom per monomer

88through a tetra-cysteine coordination site located in the globular
89E7C domain26 (Figure 1A). Metal coordination is essential for
90maintaining the structural integrity of the protein, and metal loss
91leads to the formation of large spherical soluble oligomers
92(E7SOs).27 The four cysteine positions corresponding to the
93tetra-cysteine Zn binding motif, CxxC-29aa-CxxC (positions 58,
9461, 91, and 94 in the HPV16 E7 sequence) are strictly conserved
95across human and animal papillomavirus types.25 A fifth highly
96conserved cysteine residue (85% occurrence) corresponds to
97position 24 in the HPV16 E7 sequence and is located in the IDD
98E7N domain within a short linear motif responsible for Rb
99binding that spans residues 21−29 (DLYCYEQLN)25 (Figure
1001A). A quantitative investigation of the interaction mechanism
101between the HPV16 E7 protein and the RbAB domain in
102solution revealed that 90% of the binding energy is provided by
103the LxCxE motif, with an additional binding determinant located
104in the E7C domain, establishing a dual-contact mode.28 Cysteine
10524 inHPV16 E7 is located in the IDD domain and hence is highly
106exposed to the solvent and to oxidative agents, which are present
107in dysplastic and neoplastic tissues that are under oxidative
108stress.16 The redox regulation of this fundamental cysteine and

Figure 1.Distribution of cysteine-rich positions in the E7 oncoprotein. (A) Alignment of 13 high-risk E7 sequences. A portion of the E7N and the entire
E7C domain are shown. Canonical cysteine residues involved in Rb binding and Zn coordination are shown in red, while noncanonical cysteines located
in Cluster 1 and Cluster 2 regions in E7C are indicated in pink and green, respectively. The 10 Cys-rich positions previously identified in 219
papillomavirus E7C sequences25 are indicated below the alignment; pink circles: Cluster 1 positions; green circles: Cluster 2 positions. (B) Structure of
the HPV45 E7 dimer (PDB id: 2F8B) showing the location of Cluster 1 (pink sticks) and Cluster 2 (green sticks) Cys-rich positions in one E7
monomer. Cyan shperes: Zn atoms. Each monomer in the homodimer is represented in light and dark gray, respectively. Cluster 1 positions are close to
the Zn coordination site of the same monomer, while Cluster 2 positions are close in space to the Zn coordination site of the opposite monomer. (C)
Model structure of the HPV16 E7 monomer obtained using Modeler and the HPV45 E7 monomer as a template (PDB id: 2EWL) (see Materials and
Methods). Cyan sphere: Zn atom; red sticks: Zn-coordinating cysteines; pink sticks: noncanonical cysteine 59 residue; green sticks: noncanonical
cysteine 68 residue. The distance between the -SH groups of cysteines 59 and 68 is indicated.
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109 the consequences of its oxidation on Rb binding remain
110 unknown so far.
111 On the basis of its high cysteine content, HPV16 E7 can be
112 considered as a cysteine-rich protein, with seven out of 98
113 residues (∼7%) corresponding to this amino acid, a proportion
114 well above the overall average content for mammalian proteins
115 (2.3%29). Recently, a detailed study on the sequence evolution of
116 the globular homodimeric E7C domain based on the alignment
117 of 219 papillomavirus sequences led us to identify 10 cysteine-
118 rich positions within the E7 sequence in addition to the canonical
119 cysteines involved in Zn and Rb binding. Despite presenting
120 fairly low degrees of conservation, these noncanonical positions
121 exhibit at least 5.9% cysteine abundance, 4-fold above the average
122 percentage reported in UniProt (Figure 1A).25 About 70% of E7
123 sequences possess at least one noncanonical cysteine occupying
124 one of these ten positions, and 30% of E7 sequences present two
125 noncanonical cysteines.25 These noncanonical cysteine-rich
126 positions can be classified in two clusters that differ in their
127 relative orientation with respect to the Zn binding sites of each
128 monomer.25 Cluster 1 positions (residues 56, 57, 59, 60, 63, and
129 98 of the HPV16 E7 sequence) are close in sequence to the Zn
130 binding site of the same monomer, while Cluster 2 positions
131 (residues 51, 68, 69, and 71 in HPV16 E7) are distant in
132 sequence from the Zn binding site of the same monomer but are
133 spatially proximal to the Zn binding site of the second monomer
134 in the structure of the E7 dimer (Figure 1B). HPV16 E7 presents
135 two noncanonical extra cysteines in addition to those involved in
136 Zn and Rb binding, located at positions 59 (Cluster 1, magenta)
137 and 68 (Cluster 2, green) (Figure 1C).25 Strong epidemiological
138 evidence indicates that 13 papillomavirus types (HPV types 31,
139 33, 35, 39, 45, 51, 52, 56, 58, 59, and 66) are considered high risk
140 for the development of cervical cancer and therefore are
141 considered of clinical relevance.30 With the exception of HPV
142 52, all E7 proteins from this group of high-risk types contain at
143 least two noncanonical cysteines in their sequence (Figure 1A).
144 The importance of the cysteine residue is based on its
145 particular chemical behavior, due to the presence of the ionizable
146 thiol group, which is an excellent nucleophile at neutral pH.31,32

147 This reactivity makes cysteine a likely target for chemical redox
148 modifications that often lead to redox-regulation of protein
149 function.33−35 Cysteine can suffer many chemical modifications
150 that include reversible changes such as the formation of disulfide
151 bridges, glutathionylation,36,37 and sulfenic acid formation,34 as
152 well as often irreversible changes such as sulfinic and sulfonic acid
153 formation.38,39 The oxidation agent and redox potentials that
154 trigger cysteine modification within the cell are finely tuned and
155 depend largely on the structural context of the reactive
156 cysteines.40 As an example, while the equilibrium oxidation
157 constant for the formation of an intramolecular disulfide bridge
158 between adjacent cysteines present in the CXXC motif of folded
159 thiorredoxin is 10−16 M,41 the equilibrium oxidation constant for
160 formation of an intramolecular disulfide bridge in the urea-
161 unfolded thiorredoxin is 0.026 M.41

162 The reactivity of the thiol group and the high prevalence of
163 noncanonical cysteines in E7 proteins from clinically relevant
164 HPV strains, together with the fact that HPV transformed tissues
165 own high levels of oxidative stress, suggest a previously
166 undescribed functional role for the noncanonical cysteines
167 present within the E7 sequence. In the present work, we assessed
168 the redox regulation and chemical reactivity of cysteines in the
169 high-risk HPV16 E7 protein and their consequences on E7
170 structure and conformation, by using a combination protein
171 mutagenesis, spectroscopy, and mass spectrometry techniques.

172■ MATERIALS AND METHODS

173Protein Expression and Purification and Peptide
174Synthesis. The E7 wild type protein from the HPV 16 strain
175was obtained as described earlier.20 Briefly, HPV 16 E7 was
176cloned as a thrombin-cleavable fusion protein downstream of the
177maltose binding protein (MBP) in a p-MALc2 vector (New
178England Biolabs) and expressed in the E. coli TB1 strain. After
179cleavage of theMBP-E7 fusion protein with protease, the isolated
180E7 protein was obtained containing two extra amino acids
181(glycine and serine) at the amino terminus due to the engineered
182thrombin cleavage site. The HPV 16 E7 protein was also cloned
183into a PTZ18u vector under the T7 promoter downstream to a
184short peptide (19 aa) of the β-galactosidase protein. An
185enterokinase (EK) cleavage site with the sequence DDDDK
186was inserted between the peptide and the amino terminus of the
187E7 protein. The cysteine mutants on the E7 HPV16 protein were
188obtained by site-directed, inverse polymerase chain reaction
189mutagenesis of the PTZ18u E7 HPV16 plasmid, used as a
190template. For this purpose, primers were synthesized containing
191the desired cysteine to alanine substitution (Integrated DNA
192Technologies). The obtained PCR fragment containing the
193mutation was ligated, and the resulting plasmid was sequenced in
194order to confirm the desired mutation and then transformed into
195BL21(DE3) E. coli strain for expression. By using the EK
196protease we obtained the E7 mutant proteins with the free N-
197terminus without the addition of any extra amino acid. Inclusion
198bodies (IBs) containing HPV-16 E7 mutants were purified as
199described.27 The final step in the purification of E7 wild type and
200mutant proteins is always a size exclusion chromatography in a
201Superdex 75 column (GE Healthcare Bio-Sciences Corp, USA)
202that is performed in 10 mM sodium phosphate, pH 7.0 buffer
203without the addition of any reductant agent (DTT or 2-
204mercaptoethanol would interfere in subsequent analytical
205determinations of the protein oxidation state). Concentrated
206stock proteins without the addition of any reductant were
207maintained at −80 °C during 3 months without any appreciable
208oxidative damage of the sample. The expression and purity of the
209purified proteins were checked by 15% SDS-PAGE Coomassie
210blue stained.42 All proteins presented 90% purity and no more
211than 10% of oxidized dimeric species. To obtain oxidized
212E7desLxCxE, a solution containing 50 μM of protein in 10 mM
213potassium phosphate buffer and 5 mM total glutathione
214concentration with a GSH/GSSG ratio of 0.1, pH 7.5, was
215incubated 80 min at 37C. After confirming by RP-HPLC that the
216oxidized species reached not less than 78%, the sample was
217desalted in a PD-10 column (GE Healthcare Bio-Sciences Corp,
218USA) equilibrated with 10 mM potassium phosphate buffer, pH
2197.5. Oxidized E7desLxCxE protein was concentrated up to 20
220μM and stored at −80 C.
221The N-terminal peptide spanning the first 40 amino acids of
222the E7 HPV16, which includes the cysteine 24, was obtained by
223chemical synthesis at the W. M. Keck Facility (Yale University,
224New Haven, CT) with the N-terminal acetylated and C-terminal
225amidation.
226Colorimetric Determination of Zn and Thiol Titration.
227Zinc release by thiol titration was determined spectrophoto-
228metrically by the measurement of the metallochromic indicator
229PAR.43 Purified E7 wild type protein at a concentration of 5 μM
230was incubated with PAR (100 μM) in 50 mM potassium
231phosphate buffer, pH 7.5 at RT. Under this condition, only soft-
232bound metal or adventitious metal is determined because the
233constant affinity for Zn of the E7 protein is higher than the PAR-
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234 Zn constant affinity and structural tetrahedrally coordinated Zn
235 is not transferred to PAR. By adding quantified aliquots of the
236 organomercury agent PMPS, which readily react with sulfhydryls
237 in proteins, Zn is released from E7 protein, and the reaction was
238 monitored at 500 nm. The exact metal content was determined
239 from a calibration curve using a Zn standard solution (Sigma, St
240 Louis, MO).
241 Thiol titration was performed by adding successive quantified
242 aliquots of PMPS to a 5 μM E7 wild type protein in 50 mM
243 potassium phosphate buffer, pH 7.5 at RT. The reaction of PMPS
244 with the thiol group of cysteines is followed at 250 nm.
245 The Zn content of E7 mutants was evaluated by adding PMPS
246 to a final concentration of 100 μM to a sample containing 3 μM
247 concentration of each protein and 100 μM PAR in 50 mM
248 potassium phosphate buffer, pH 7.5. The formation of PAR-Zn
249 complexes was assessed by following the time trace at 500 nm.
250 The addition of an excess of DTT (250 μM final concentration)
251 displaces the PMPS from the protein (DTT provides an excess of
252 reactive thiol groups) and allows the protein to reup take Zn. Due
253 to the high affinity of the E7 proteins for Zn, the addition of DTT
254 leads to a decrease in the absorbance at 500 nm (i.e., the PAR-Zn
255 complexes are dissolved).
256 Quantitative Thiol Determination by DTNB. A sample
257 containing 3 μM protein in 50 mM phosphate buffer pH 7.5 and
258 0.25 mM DTNB was incubated for 5−10 min, and the
259 absorbance a 412 nm was obtained.44 A calibration curve was
260 done using reduced glutathione (GSH) as standard.
261 Determination of Redox Equilibria in Glutathione
262 Buffer and H2O2 Oxidation. The redox equilibria of the E7
263 wild type and cysteine mutants was assessed by incubating a
264 protein solution with different reduced and oxidized glutathione
265 ratios (N), where N is [GSH]/[GSSG] at a constant total
266 glutathione concentration. For each evaluated protein, a curve
267 was obtained by incubating 250 μL of a solution containing 15
268 μM E7, 5 mM final glutathione concentration with different N
269 ratio in 50 mM potassium phosphate buffer, pH 7.5 at 8 C
270 overnight (18 h). To stop redox reaction, 200 μL of GdmCl 6.0
271 M and 0.1%TFAwere added to E7 samples. The identification of
272 the oxidized species and the quantitative analysis of the reduced
273 and oxidized species in E7 wild type and cysteine mutants were
274 performed by reverse phase HPLC (RP-HPLC) using a C4

275 column, 250 mm × 4.6 mm (Bio-Basic-C4, Thermo Scientific,
276 PA, USA). The eluted species were detected at 220 nm using an
277 isocratic step at 20% (v/v) acetonitrile/water 0.1% TFA for 10
278 min and a gradient step from 20% to 70% (v/v) acetonitrile/
279 water 0.1% TFA in 25 min. The oxidation of E7 wild type with
280 hydrogen peroxide was performed by incubating 250 μL of a
281 solution containing 15 μM E7 in 50 mM potassium phosphate
282 buffer, pH 7.5 for 30 min at 37 °C with 150 μM of H2O2. The
283 reaction was stopped by adding 200 μL of GdmCl 6.0 M, 0.1%
284 TFA, and 5 mM methionine.
285 The analysis of the redox equilibrium in glutathione buffer of
286 the N-terminal peptide (1−40) was performed using a different
287 RP-HPLC method using a C18 column, 250 mm × 4.6 mm (Bio-
288 Basic-C18, Thermo Scientific, PA, USA). The eluted species
289 were detected at 220 nm by an isocratic step from 10% (v/v)
290 acetonitrile/water 0.1% TFA for 10 min and a gradient step from
291 10% to 50% (v/v) acetonitrile/water 0.1% TFA in 30 min. The
292 reduced fraction at each N ratio was calculated by integrating
293 both the area under the peak corresponding to the reduced
294 species and the total peak area (all peaks). The equilibrium
295 constant (Kmix) for the formation of a mixed disulfide bridge

296between the cysteine 24 and the glutathione was calculated by
297fitting the reduced fraction to the following equation:

=
+

+
⎡
⎣⎢

⎤
⎦⎥K N

bRF
1

( / ) 1mix 298(1)

299where RF is the reduced fraction, Kmix is the equilibrium constant
300for the reaction of disulfide formation between a protein cysteine
301(P(SH)) and glutathione according to the following equilibrium:

++ ↔P(SH) GSSG PSSG GSH

302N is the ratio between GSH and GSSG, and b is a constant that
303corrects for a protein population that is refractive to oxidation.
304Intact Protein Analysis and Identification of Cysteine
305Connectivity by MALDI-TOF. MALDI-TOF mass spectrom-
306etry of intact protein was performed by diluting 1/5 v/v aliquots
307of the E7 samples in oversaturated solution of sinapinic acid in
30830/70/0.1% (v/v) acetonitrile/water/TFA. A 1-μL aliquot of the
309sample was spotted onto a AnchorChip (Bruker, Billerica, MA,
310USA) and left to crystallize by air-drying. Samples were analyzed
311on a Bruker Microflex MALDI-TOF (Bruker, Billerica, MA,
312USA). Identification of cysteine connectivity in E7desLxCxE
313oxidized sample was performed by treating a protein solution (ca.
31420−50 μM) with 56 mM iodoacetamide (IAA) in 50 mM Tris-
315HCl, pH 8.0 for 30 min at room temperature in a dark place in
316order to block reactive sulfhydryls. N-Ethylmaleimide (NEM)
317cysteine alkylation was performed by treating a protein solution
318(ca. 20−50 μM) with 30 mM NEM in 50 mM phosphate buffer,
319pH 8.0 for 30 min at room temperature in a dark place in order to
320block reactive sulfhydryls. The sample was precipitated by adding
32110% v/v TCA on ice, and after centrifugation at 9000g for 30 min
322the supernatant was discarded and the sample was washed twice
323with cold acetone and left to dry. Pellet was resuspended with 50
324mM Tris-HCl, 5 mM octyl β-D-glucopyranoside (OPG), pH 8.0
325containing sequencing grade trypsin (Sigma, St Louis, MO) at 1/
32610 (w/w). When reductant was required, 5 mM concentration of
327ultrapure DTT was added to the reaction. Proteolysis was left to
328proceed for 18 h at 8 °C, and then the reaction was stopped by
329the addition of TFA to 0.1% final concentration. A 1-μL aliquot
330was spotted onto a AnchorChip (Bruker, Billerica, MA, USA),
331and 1 μL of oversaturated solution of α-cyano-4-hydroxycin-
332namic acid (HCCA) in 30/70/0.1% (v/v) acetonitrile/water/
333TFAwas loaded to the protein sample. Samples were analyzed on
334a Bruker Microflex MALDI-TOF.
335Binding of Reduced and Oxidized E7N to the RbAB
336Domain. Experiments were performed as described in ref 45.
337Briefly, the E7N peptide (1−2 mg) was labeled at its amino
338terminus with 1.5 mg/mL fluorescein isothiocyanate (FITC) in
339100 mM sodium carbonate buffer, pH 8 for 2 h at room
340temperature and separated from labeling reagents by a desalting
341column (PD-10, GE Healthcare) followed by RP-HPLC.
342Oxidation of FITC-labeled E7N was performed as described,
343and the labeled and oxidized peptides were further purified by
344RP-HPLC. The purity of all preparations was evaluated by
345MALDI-TOF spectroscopy. Measurements were performed in a
346Jasco FP6500 fluorescence polarimeter assembled in L geometry,
347using excitation and emission wavelengths of 495 and 520 nm,
348with 3−5 nm bandwidth. All measurements were performed at
34920 ± 0.1 °C in 20 mM sodium phosphate buffer, pH 7, 200 mM
350NaCl, and 0.1% Tween-20. For titration, increasing amounts of a
351concentrated solution of RbAB protein were added to a cuvette
352containing 100 nM FITC-labeled E7N peptide. Only for testing
353binding of reduced E7N to RbAB, 2 mM DTT was added to the
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354 buffer solution. Samples were allowed to equilibrate for at least 2
355 min in order to ensure that measurements were performed at
356 steady state.
357 Data Analysis and Fitting. In order to obtain the KD values
358 for each interaction, the anisotropy values as a function of RbAB
359 concentration were fit to the quadratic equation

= +
−

·

+ + + + + −

Y Y
Y Y

P

x P K x P K P x

( )

( ) ( ) (4 )

2

F
B F

o

o D o D
2

o

360 where YF and YB are the signal of free and bound peptide, KD is
361 the dissociation constan,t and Po is the total peptide
362 concentration. Data fitting was performed with ProFit
363 (Quantumsoft, Zurich). To test whether reduction of the

364oxidized E7N yielded a species competent for RbAB binding,
365the reaction mixture obtained at the end point of the titration
366(100 nM oxidized FITC-E7N and 1 μM RbAB) was reduced by
367the addition of 5 mM DTT and the fluorescence anisotropy was
368followed over time.
369Circular Dichroism (CD) and Fluorescence Spectrosco-
370py. CD measurements were carried out on a Jasco J-810
371spectropolarimeter (Jasco, Easton, MD) employing a scan speed
372of 20 nm/min, a band-pass of 1 nm, and average response time of
3734 s. All spectra were an average of at least 5 scans. Temperature
374was maintained constant using a Peltier temperature-controlled
375sample compartment. Spectra of reduced and oxidized E7 at a
376concentration of 10 μMwere taken on 0.1 cm path length cells in
37710 mM potassium phosphate buffer, pH 7.5. Fluorescence
378emission scans were taken on a FP-6500 spectrofluorometer
379(Jasco, Easton, MD).

Figure 2. Basal redox state and oxidation behavior of the E7wt protein. (A) Cysteine sulfhydryl titration and Zn release of purified E7wt protein.
Cysteine residues were titrated by the addition of PMPS, and the formation of thiol-mercuric bonds was followed by recording the absorbance at 250 nm
(open circles). In an independent experiment, Zn release from E7wt was induced by the addition of PMPS, and released Zn was detected by the
colorimetric reagent PAR to obtain the Zn to protein molar ratio (full circles). The x-axis represents the ratio of PMPS [SH] molar equivalents per E7
monomer molar equivalents. (B) Effect of different oxidation agents on the E7wt protein analyzed by RP-HPLC. Upper panel: RP-HPLC
chromatogram of the E7wt protein incubated for 18 h with glutathione at a [GSH]:[GSSG] ratio of N:1000 (reducing conditions). Middle panel: RP-
HPLC chromatogram of the E7wt protein incubated for 18 h with glutathione at a ratio of N:1 (oxidative conditions). Bottom panel: RP-HPLC
chromatogram of the E7wt protein incubated for 18 h with 0.15 mM of H2O2. E7wt concentration was 15 μM. Peaks are identified with a number
according to their order of elution in the chromatogram, with peak 6 corresponding to the fully reduced protein. (C)MALDI-TOF spectrum of the E7wt
protein incubated with glutathione at ratio of N:1. Inset, detail of the major peak and mixed disulfide peak areas. (D) SDS-PAGE of the E7wt protein.
LaneM: molecular weight markers expressed in KDa. Lane 1: E7wt oxidized with glutathione at a ratio ofN:1. Lane 2: reduced stock E7wt sample. Lane
3: E7wt oxidized plus the addition of IAA in the cracking buffer. Lane 4: reduced stock E7wt sample plus the addition of IAA in the cracking buffer.
Arrow, major monomeric E7wt species found; ∗, minor dimeric E7wt species.
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380 E7 Sequence Analysis, Modeling, and Cysteine
381 Exposure Calculations. Alignments. Alignments for high
382 risk HPV E7 protein sequences were performed using the
383 MUSCLE algorithm46 and manually edited using the SeaView
384 software.
385 Modeling of the HPV16 E7 Monomer. Three-dimensional
386 models for the HPV16 E7 monomer were obtained by using
387 Modeler v9.7 (http://salilab.org/modeller/)47,48 using the
388 HPV45 E7 monomer structure (PDB id: 2EWL) as a template.
389 The model for the HPV16 E7 dimer was obtained by structural
390 alignment of HPV16E7 monomers to the HPV45 dimer
391 structure (PDB id: 2F8B) using the PyMol software (http://
392 www.pymol.org/).
393 Fractional Cysteine Exposure. Raw solvent accessibility
394 values, measured in Å2, for each residue in the HPV45 E7
395 structure (PDB id: 28FB) and in the HPV16 E7 model were
396 calculated by using the DSSP algorithm49 implemented by the
397 Centre for Molecular and Biomolecular Informatics (http://
398 www.cmbi.ru.nl/dssp.html). Raw accessibility values obtained
399 for each residue were normalized taking into account the
400 maximal accessibility for each aminoacid, also measured in Å2.49

401 ■ RESULTS
402 Redox Behavior of Cysteine Residues in the E7 HPV16
403 Protein. The HPV16 E7 protein was recombinantly expressed
404 to obtain a pure and conformationally homogeneous sample that
405 contains a tightly bound Zn atom per E7 monomer.20 This
406 protein sample is routinely stored at pH 7.0 in mild reducing
407 conditions (1 mM DTT) for several months without
408 modifications in its oligomeric or redox state. However, the
409 oxidation state of each of the seven cysteine residues in HPV16
410 E7 had not been previously assessed. In order to address this
411 issue, a sulfhydryl titration was performed on a HPV16 E7 stock
412 sample lacking reductant using the organomercuric reagent
413 PMPS, which shows a high reactivity and selectivity for thiols.43

414 The full-length wild type E7 protein stock (E7wt onward) was
415 stepwise titrated with quantified aliquots of PMPS and the

f2 416 reaction followed by absorbance at 250 nm (Figure 2A). A linear
417 increase in absorbance was observed with the titration of seven
418 cysteine equivalents per E7 monomer, indicating that all cysteine
419 residues in the sample were reduced. Independent measure-
420 ments of PMPS-induced Zn-release were performed by pre-
421 incubating E7wt samples with the PAR reagent and following
422 PAR-Zn complex formation following PMPS addition by
423 absorbance at 500 nm. The titration of ca. seven cysteines by
424 PMPS was also required to produce the complete release of Zn
425 from the E7wt protein (Figure 2A).
426 However, the Zn release curve showed two different slopes,
427 with the titration of the first three sulfhydryl equivalents by
428 PMPS not leading to stoichometric metal release. These results
429 could reflect the expected differences in reactivity of free
430 cysteines (CYS 24, 59, and 68), which account for the first slope,
431 and Zn-coordinating cysteines (CYS 58, 61, 91, and 93) that
432 account for the second slope. It should be noted that due to the
433 hydrophobic nature of PMPS, no differences in cysteine
434 reactivity based on their accessibility are expected.
435 Quantitative determination of the reactive cysteines with
436 DTNB yielded 6.3± 0.3 mol of cysteine per mole of protein (not
437 shown) in excellent agreement with the PMPS titration
438 experiments. MALDI-TOF analysis of the stock E7wt protein
439 yielded a main molecular ion mass [M + H]+ of 11170.8 m/z,
440 which can be assigned, considering the experimental error
441 (0.1%) to the monomeric E7 protein with an expected molecular

442weight of 11167.5 Da (Supplementary Figure S1) for the fully
443reduced protein. Moreover, the presence of oxidized dimeric or
444oligomeric species was not observed. Altogether, these results
445indicated that all seven cysteine residues in the stock E7wt
446protein were in their reduced state. No evidence of protein
447oxidation was observed during protein storage, despite the
448absence of reductant in the storage buffer.
449Next, we assessed the redox behavior of E7wt under oxidative
450stress conditions using two biologically relevant oxidants:
451glutathione and hydrogen peroxide. Glutathione is the main
452redox buffer in the cell,50 and varying the reduced over oxidized
453glutathione (GSSG) ratio allows us to control the redox
454potential,41 while the H2O2 molecule is a common although
455rather nonspecific oxidant stimulus in living cells.51 The E7wt
456stock solution incubated in reducing and oxidizing conditions
457was resolved by RP-HPLC (see Materials and Methods). The
458E7wt protein stock incubated overnight in a reducing condition
459with a total glutathione concentration of 5 mM at a ratio of N:
460[GSH]/[GSSG] of 1000 at 8 °C eluted as a main peak (peak 6)
461at ∼34.6 min (Figure 2B, upper panel) with minor low intensity
462peaks, identical to the profile observed for the reduced E7wt
463stock sample without glutathione incubation (not shown),
464confirming its reduced condition. The incubation of E7wt inmild
465oxidative conditions (N:1) at 8 °C led to a decrease in the
466intensity of peak 6 and to the appearance of four additional peaks
467in the RP-HPLC chromatogram (Figure 2B, middle panel). The
468most intense peak (peak 1) showed a retention time of∼27 min.
469The treatment of E7wt with 0.15 mM H2O2 at 37 °C for 30 min
470led to protein oxidation and to the appearance of 5 additional
471peaks (Figure 2B, bottom panel). The most intense peak
472observed in the peroxide-oxidized E7 chromatogram (peak 1)
473also showed a retention time of ∼27 min, identical within
474experimental error to that observed using glutathione.
475Although both glutathione andH2O2 are considered as generic
476oxidants, the mechanism and nature of the chemical modification
477produced in proteins can differ. Glutathione is a rather specific
478oxidant and can form mixed disulfides with protein cysteines (S-
479glutathionylation) or promote the formation of intra- or
480intermolecular disulfide bridges. On the other hand, H2O2 is
481less specific and can oxidize cysteine to sulfenic, sulfinic, and
482sulfonic acid, as well as other side chain groups including
483methionine, tyrosine, histidine, and tryptophan.52 Despite the
484mechanistic and chemical differences between both oxidants, the
485chromatographic profiles obtained after oxidation was very
486similar (i.e., the same number and retention time for each peak)
487(Figure 2B), suggesting that the oxidized products were
488comparable. The higher specificity of glutathione for studying
489cysteine oxidation led us to continue experiments using this
490reagent.
491We further analyzed oxidation products using mass spectros-
492copy and SDS-PAGE techniques.
493The glutathione-oxidized (N:1) E7wt sample containing at
494least 70% of peak 1 species (Figure 2B) presented a major ion of
49511166 m/z (Figure 2C). At this point we were unable to
496discriminate whether this molecular mass peak corresponded to
497fully reduced E7 or to an E7 monomer containing one or more
498intramolecular disulfide bridges, since the expected mass
499difference of 2 Da for formation of a single disulfide bridge is
500below the technique resolution for this molecular mass range (10
501Da, 0.1%). However, the fact that no covalent dimers or
502oligomeric species were detected by MALDI-TOF suggested
503that the oxidation event triggered by glutathione could
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504 correspond to an intramolecular oxidation event involving
505 cysteines or to the formation of mixed disulfides.
506 Although a minor peak matching the molecular weight of the
507 protein plus one glutathione molecule (307.3 Da) was observed
508 (11475 m/z, Figure 2C, inset), its low intensity suggested that

509mixed disulfides were underrepresented in the glutathione-

510oxidized sample at this N ratio. An SDS-PAGE experiment

511further confirmed that oxidized E7wt was mainly monomeric, as

512no major differences were observed when comparing oxidized

Figure 3. Assessment of redox centers in the E7 protein. (A) Redox titration of E7 variants in glutathione redox buffer. Each point corresponds to an
independent sample incubated overnight at the stated [GSH]:[GSSG]N ratio: E7N (▲); E7desLxCxE (○); E7wt (●). (B) RP-HPLC chromatogram
and (C) MALDI-TOF spectrum of E7N incubated at a ratio of N:1 (upper panel) or N:0.1 (lower panel). (D) RP-HPLC chromatogram and (E)
MALDI-TOF spectrum of E7desLxCxE incubated at a ratio of N:1 (upper panel) or N:0.1 (lower panel). (F) RP-HPLC chromatogram and (G)
MALDI-TOF spectrum of E7wt incubated at a ratio of N:1 (upper panel) or N:0.1 (lower panel). The chromatogram and MALDI-TOF spectrum of
E7wt at a ratio of N:1 are the same shown in Figure 2B and are presented here for comparative purposes. Observed m/z values for major peaks are
reported in each MALDI-TOF spectrum. Minor shifts in the retention time for the same species at the different N ratios are observed and can be
expected due to experimental variability.
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513 and reduced E7wt samples or oxidized and reduced E7wt treated
514 with IAA to quench residual reductant equivalents (Figure 2D).
515 Dissecting Redox Changes in the E7 Protein. A protein
516 with seven cysteines can undergo several oxidation reactions
517 including the formation of many potential disulfide bridges
518 between either of its residues, making identification of the redox
519 center experimentally complex. To address this problem, we took
520 a fragmentation approach and first assessed the oxidative
521 behavior of the chemically synthesized 40-residue encompassing
522 the entire HPV16 E7N domain, which includes cysteine 24 from
523 the LxCxE motif (Figure 1). Additionally, we obtained an
524 HPV16 E7 mutant where amino acids LYCYE corresponding to
525 the Rb binding site (positions 21−26 of the HPV16 sequence)
526 were mutated to the SSAAA sequence. In this mutant, named
527 E7desLxCxE, all remaining cysteines are located in the globular
528 C-terminal domain (Figure 1).
529 E7wt, E7N, and E7desLxCxE were incubated overnight in
530 phosphate buffer pH 7.5 at variable glutathione N ratios. The
531 redox reaction was quenched by the addition of 0.1% TFA, and
532 reduced and oxidized species were resolved by RP-HPLC and
533 quantified by integration of peak areas. The E7wt protein showed
534 a redox transition with an increase in the reduced fraction as N

f3 535 became higher (i.e., increase the GSH proportion) (Figure 3A).
536 We further observed that the E7N and E7desLxCxE could be
537 independently oxidized by increasing the GSSG concentration
538 (Figure 3A), although the N range at which the oxidation
539 reaction occurred varied for each protein. On the basis of the
540 experimental data, we can conclude that the cysteine 24 present
541 in the E7N can be readily oxidized, whereas on the other hand the
542 elimination of the cysteine 24 in the E7desLxCxE protein does
543 not preclude the oxidation of this mutant. The N ratio at which
544 the E7N and E7desLxCxE oxidation occurs is roughly the same.
545 Our interpretation is that in the full length protein two redox
546 centers could coexist, one at the cysteine 24 (reported by the
547 oxidation of the E7N) and the other involving one or more
548 cysteines at the C-terminal domain (reported by the oxidation of
549 the E7desLxCxE protein). However, whether these two potential
550 redox centers are independently oxidized in the E7wt protein
551 required further experimental analysis.
552 To gain information on the chemical nature of the redox
553 modification occurring in the IDD N-terminal and globular C-
554 terminal E7 domains, we further analyzed the redox curve by RP-
555 HPLC and MALDI-TOF, with representative profiles in mild
556 (N:1) and strong (N:0.1) oxidizing conditions shown in Figure
557 3B−G. E7N showed two well resolved peaks by RP-HPLC at a
558 ratio of N:1, with the oxidized and reduced peaks eluting at
559 roughly 25 and 26 min, respectively (Figure 3B, upper panel).
560 When this sample was analyzed by MALDI-TOF, two species
561 were identified: one with an observed molecular ion mass of [M
562 + H]+ of 4722.2 m/z corresponding to the unmodified peptide
563 (expected [M + H]+ 4720.0 m/z) and a second assigned to a
564 mixed disulfide between the peptide and glutathione (observed
565 [M + H]+ = 5027.7 m/z, expected [M + H]+ = 5025.3 m/z)
566 (Figure 3C, upper panel). When E7N was incubated at a ratio of
567 N:0.1 (10 times more GSSG over GSH), only one peak
568 corresponding to the oxidized species was observed both in the
569 RP-HPLC chromatogram (Figure 3B bottom panel) and the
570 MALDI-TOF spectrum showed a single peak assigned to an
571 E7N-glutathione mixed disulfide (observed [M + H]+ = 5027.8
572 m/z) (Figure 3C, bottom panel). On the basis of these results, we
573 fit the titration data to a model that considers the formation of a
574 single mixed disulfide bridge between glutathione and cysteine
575 24:

+ ↔ +P(SH) GSSG PSSG GSH

576Using this model, we obtained a Kmix of 1.04 ± 0.09 for cysteine
57724 (Supplementary Figure S2). The fact that the value obtained is
578very close to the Kmix values reported for the formation of mixed
579disulfides in free cysteine and glutathione (Kmix ≈ 1),41 reflects
580the solvent accessible structural environment of cysteine 24,
581which is located within an intrinsically disordered domain.23

582The E7desLxCxE protein incubated at ratio of N:1 showed
583two well resolved peaks at roughly ∼27 and ∼34.6 min
584corresponding to similar amounts of the oxidized and reduced
585species, respectively (Figure 3D, upper panel). However,
586MALDI-TOF analysis identified one major molecular ion of
58710738.3 m/z and only trace amounts of mixed disulfide (Figure
5883E, upper panel). The observed signal ([M + H]+ = 10738.3 m/
589z) could correspond either to fully reduced ([M +H]+ = 10738.9
590m/z) or to oxidized protein containing one internal disulfide ([M
591+ H]+ = 10736.9) within experimental error, since the 2 Da mass
592loss produced by the formation of an internal disulfide is beyond
593the resolution of the technique at high (11 KDa) molecular
594weight. At N:0.1, E7desLxCxE presented one major RP-HPLC
595peak representing over 80% of the total sample based on
596quantitative analysis, with a retention time of ∼27 min (Figure
5973D, bottom panel). MALDI-TOF identified a single major
598molecular ion of 10741.9 m/z (Figure 3E, bottom panel). The
599fact that no mixed disulfide was observed in the fully oxidized
600sample suggested that this species contained an internal disulfide
601bridge, although as explained above this could not be assigned
602using only this technique. Therefore, on the basis of these results
603we concluded so far that an oxidation event involving cysteine
604residues located in the E7 C-terminal domain takes place that
605does not involve the formation of a mixed disulfide.
606The chromatogram and MALDI-TOF spectrum of E7wt
607incubated at a ratio of N:1 was previously described (Figure 2)
608and is shown here for comparative purposes (Figure 3F and G,
609upper panel). The chromatogram profile of E7wt incubated at a
610ratio of N:0.1 (Figure 3F, lower panel) showed no major
611differences with the data for N:1, except for the broadening of
612peak 1 eluting at 27 min. However, as opposed to the single
613species observed at N:1, MALDI-TOF analysis at N:0.1 showed
614two major species, one with a molecular ion of [M + H]+ =
61511171.6 m/z corresponding to the reduced protein or to the
616protein with an internal disulfide and a second molecular ion [M
617+ H]+ = 11475.0 m/z corresponding to the mixed disulfide
618between the E7wt protein and one glutathione molecule (Figure
6193G, lower panel).
620This set of data can be interpreted by proposing that E7 can
621suffer two distinct redox modifications. The first corresponds to
622the formation of an intramolecular disulfide bridge involving
623cysteine residues located in the globular C-terminal domain,
624which produces a strong retention time shift of the full-length
625protein by RP-HPLC (∼7.6 min, from 34.6 to 27 min). Second,
626we propose the formation at higher N ratio of a stable mixed
627disulfide bridge involving cysteine 24 located in E7N. This
628oxidation event does not produce a retention time shift in RP-
629HPLC, which could be explained by the highly hydrophilic
630nature of the N-terminal domain where the mixed disulfide
631occurs. However, this oxidation event may be responsible for the
632broadening of peak 1 at 27 min corresponding to oxidized E7wt,
633a conclusion supported by the fact that this broadening is not
634observed in oxidized E7desLxCxE, which lacks cysteine 24. The
635absence of cysteine 24 in E7desLxCxE prevents mixed-disulfide
636formation, coincident with the fact that this modification was not
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637 observed in samples oxidized at a ratio ofN:0.1 (Figure 3E, lower
638 panel). The hydrophilic nature of the E7N domain may also
639 explain why the mutation of residues 21−26 in the E7desLxCxE
640 protein has no major impact on the overall reverse-phase binding
641 behavior and retention time of the reduced and oxidized species
642 in comparison to the E7wt protein.
643 Interestingly, a different behavior of E7N and the E7wt protein
644 with respect to the formation of a mixed disulfide bridge
645 involving cysteine 24 should be noted. While E7N is fully
646 glutathionylated at a ratio of N:0.1 (Figure 3C, lower panel), the
647 E7wt protein is only partially glutathionylated at the sameN ratio
648 (Figure 3G, lower panel), indicating that cysteine 24 is partially
649 protected from oxidation when found in the context of the full
650 length protein.
651 Binding of Reduced and Oxidized E7N Species to the
652 RbAB Domain. The finding that Cys 24, central to the Rb-
653 binding LxCxE motif, could be readily gluthationylated
654 prompted us to investigate the binding properties of the oxidized
655 E7N domain. For this purpose, we performed equilibrium
656 binding experiments, where we tested binding of the reduced and
657 oxidized FITC-labeled E7N domain. RbAB binding of reduced
658 E7N was measured in buffer containing 2 mM DTT, and we

f4 659 obtained a KD value of 8.6 ± 1.0 nM (Figure 4A) and
660 fluorescence anisotropy values of free and bound peptide of
661 0.054 and 0.12 respectively, in very good agreement with
662 previously reported values.45 In contrast, binding of the oxidized
663 E7N peptide to RbAB was negligible with a final anisotropy value
664 at the end point of the titration of only 0.06, close to the value of
665 free peptide, and a 1000-fold reduction in binding affinity to a KD
666 value of 6.8 ± 0.9 μM (Figure 4A). In order to test whether this
667 drop in binding affinity depended on oxidation of Cys 24 within
668 the LxCxEmotif, we added 5mMDTT to the reactionmixture at
669 the end point of the titration, containing 100 nM oxidized FITC-
670 E7N and 1 μM RbAB, concentrations that led to full binding of
671 the reduced peptide (Figure 4A). As can be observed, DTT
672 addition led to a slow increase in the anisotropy from a value of
673 0.06 to a final value of 0.124, characteristic of fully bound peptide
674 (Figure 4B), indicating that gluthationylation of Cys 24 was a
675 reversible process, and that Rb-binding affinity was restored
676 upon Cys 24 reduction. As binding of E7N to RbAB has been

677shown to be a very fast process occurring in the millisecond time
678scale (kon = 2.5 × 107 M−1 s−1),53 the slow increase in anisotropy
679value reflects a slow kinetics of reduction of the mixed disulfide
680upon DTT addition.
681Mapping Cysteine Connectivity in Oxidized E7. Since
682MALDI-TOF analysis of full length E7wt did not allow
683characterization of intramolecular disulfide bridges, further
684characterization of oxidized species was performed using a
685fragmentation approach. As opposed to the direct identification
686of the chemical species of the redox change that occurs in the
687single cysteine contained within E7N, determination of the
688cysteine connectivity in the C-terminal domain (containing six
689cysteines) was a complex task that required thiol alkylation
690followed by protein proteolysis and subsequent MALDI-TOF
691analysis.54 This strategy allows discrimination of cysteines that
692are in their thiol-reduced state, which are readily alkylated with
693iodoacetamide (IAA), from cysteines that are forming a disulfide
694bridge and are therefore not reactive. Cysteines involved in
695disulfide bridge formation can be further identified through the
696direct observation of disulfide-linked peptides. We evaluated
697cysteine connectivity using the oxidized E7desLxCxE protein,
698which was highly enriched in the peak 1 species (>80% peak area,
699Figure 3D) observed in both gluthatione and peroxide oxidized
700samples (Figure 2B). To this end, we prepared an oxidized
701E7desLxCxE sample highly enriched in peak 1 species as
702described in materials and method.
703Although ∼80% of E7desLxCxE protein is oxidized and
704present in peak 1 at N:0.1, a residual amount of reduced protein
705can account for low intensity fully reduced peptides that could be
706observed in theMALDI-TOF experiment. E7HPV16 is an acidic
707protein with only four R or K residues, which constitute targets
708for trypsin cleavage and are distributed over the E7 sequence
709yielding five digestion peptides (T1−T5) that allow character-
710 f5ization of most of the cysteine residues within E7 (Figure 5A).
711Three different representative samples were analyzed by
712MALDI-TOF: (i) oxidized E7desLxCxE protein treated with
713IAA and cleaved with trypsin; (ii) oxidized E7desLxCxE protein
714that was treated with IAA, reduced with DTT, and cleaved with
715trypsin; and (iii) a control stock sample of reduced E7desLxCxE
716 t1protein that was treated with IAA and cleaved with trypsin. The

Figure 4. Binding properties of reduced and gluthtionylated E7N to the RbAB domain. (A) Binding curve for the reduced (●) and gluthatione-oxidized
(○) E7N domain (E71-40) to the RbAB domain. The different peptides were FITC-labeled, and anisotropy at 520 nm was measured. E7N
concentration was 100 nM. The affinities calculated by curve fiting were KD = 8.6 ± 1.0 nM for reduced E7N and KD > 6.8 ± 0.9 μM for oxidized E7N.
(B) Recovery of RbAB binding of oxidized E7N upon reduction with DTT. For reduction, 5 mMDTT was added to the cuvette at the end point of the
titration shown in panel A) (time zero). After this, fluorescence anisotropy was followed over time, showing an increase from levels characteristic of no
binding (r = 0.06), to levels correponding to E7N being fully reduced and bound to RbAB (r = 0.124).
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t1 717 results from one representative experiment are shown in Table 1.

718 For each peptide, a series corresponding to the degree of

719 alkylation with IAA is reported (Figure 5A and Table 1). We

720 classified the observed ions in three main groups according to

721their intensity: not detected ions (nd), ions detected at low (less

722than 10%) intensity (li), and ions detected at high intensity for

723which the observed m/z is shown in Table 1. Peptide T1 with an

724estimated molecular weight of 5313.3 Da (Figure 5A)

Figure 5. Identification of a disulfide bridge in oxidized E7desLxCxE. (A) Schematic representation of peptide fragments digestion expected after trypsin
proteolysis of E7desLxCxE. Fragments are named by the letter T followed by a number that indicates the order of appearance in the primary sequence.
All fragments contain cysteines that can be derivatized with IAA; the number of alkylated cysteines present in each fragment is indicated by the lower
case letter i. Cysteines 58, 61, 91, and 94 involved in Zn binding are underlined and in bold, while noncanonical cysteines 59 and 68 are in bold. The
region mutated in E7desLxCxE encompassing the Rb binding site in E7N (see fragment T1) is underlined and in bold. (B) MALDI-TOF spectra
showing the T4 family ion. (C) MALDI-TOF spectra showing the T5 family ion. (D) MALDI-TOF spectra showing the disulfide-bound fragment of
2623.2m/z. A schematic representation of the T2i and T4 fragments linked by a disulfide bridge is presented in the upper panel. Since the T2 fragment
contains two cysteine residues (Cys 58 and 59) that are able to form a disulfide bridge, a peptidemass shift of 57 Da is observed due to the addition of one
molecule of IAA. (B−D) Upper panel: oxidized E7desLxCxE sample with IAA. Middle panel: oxidized E7desLxCxE reduced with DTT after IAA
addition. Lower panel: reduced E7desLxCxE sample with IAA.

Table 1. MALDI-TOF Identification of the IAA-Alkylated Fragments Obtained by the Treatment of E7desLxCxE Samples with
Trypsin

fragment expected monoisotopic (M + H)+ cysteine no. IAA oxidized E7desLxCxEa oxidized E7desLxCxE + DTTa reduced E7desLxCxEa

T2 1298.6 58−59 0 nd nd nd
T2i 1355.6 58−59 1 nd nd nd
T2ii 1412.6 58−59 2 li nd li
T3 694.3 61 0 nd nd nd
T3i 751.3 61 1 751.2 751.3 751.3
T4 1270.7 68 0 li 1270.7 nd
T4i 1327.7 68 1 1327.5 1327.7 1327.7
T5 2231.1 91−94 0 nd li nd
T5i 2288.3 91−94 1 nd li nd
T5ii 2345.2 91−94 2 2344.9 2345,3 2345.2
T4-s-s-T2i 2623.3 58−59 and 68 1 2622.9 nd nd

and, not detected; li, low intensity, less than 10% of the most intense fragment.
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725 corresponding to the first 49 amino acids of E7desLxCxE does
726 not contain cysteine and was excluded from the analysis.
727 The T2, T2i, and T2ii peptide family containing cysteines 58
728 and 59 modified with none, one, or two IAA moieties constitutes
729 a peptide family that was poorly detected or not detected in all
730 samples including the control reduced E7desLxCxE protein.
731 Among the peptides that contain cysteine 61 (T3 and T3i) only
732 the alkylated peptide T3i was detected with high intensity in all
733 samples, indicating that cysteine 61 is reduced in the oxidized
734 E7desLxCxE protein. The peptide family containing cysteine 68
735 (T4 and T4i) showed a clear differential pattern in the oxidized
736 and the reductant-treated oxidized sample. In oxidized
737 E7desLxCxE, only the alkylated T4i peptide was detected,
738 suggesting the presence of a residual population of cysteine in a
739 reduced state. In the oxidized E7desLxCxE sample treated with
740 DTT, both peptides were clearly detected (Table 1 and Figure
741 5B). In this last sample, the intensity of the T4 ion was higher
742 than the T4i ion, suggesting that two protein populations coexist
743 in the oxidized sample, one with cysteine 68 in its reduced form
744 (yielding the T4i peptide) and the other with cysteine 68 forming
745 a disulfide bridge and therefore not reactive toward IAA (yielding
746 the T4 peptide). In the reduced sample only the alkylated T4i
747 peptide was detected. The peptide family containing cysteines 91
748 and 94 (T5, T5I, and T5ii) did not show a differential pattern
749 between the three samples, and T5ii was the only species
750 detected (Table 1 and Figure 5C), indicating that cysteines 91
751 and 94 are not forming a disulfide bridge in oxidized
752 E7desLxCxE.
753 A strong positive evidence supporting the existence of a
754 disulfide bridge was the systematic detection of a peptide of [M +
755 H]+ = 2623.3 m/z in the oxidized E7desLxCxE sample that was
756 assigned to a fragment containing peptides T4 (cysteine 68) and
757 T2i (cysteines 58 and 59) linked by a disulfide bridge (Table 1
758 and Figure 5D, upper panel). This fragment was not observed
759 either in the oxidized E7desLxCxE sample treated with DTT or
760 in the reduced E7desLxCxE stock sample (Figure 5D, middle
761 and lower panel). In order to confirm this result, cysteine
762 connectivity was further analyzed using N-ethylmaleimide
763 (NEM) as a thiol-modifying agent. The second order rate
764 constant for the reaction of an average thiol with IAA (pH ≈ 8)
765 was 4.6 M−1 s−1, while NEM reacted 200-fold faster with a
766 constant of 10000 M−1 s−1.41 This large difference in reactivity
767 toward thiols can be useful to prevent rapid disulfide reshuffling
768 that can occur during sample handling.
769 The results for the NEM experiments are shown in
770 Supplementary Figure S3 and tabulated in Supplementary
771 Table 1. The results obtained with NEM fully support those
772 shown for IAA, with the same observed patterns of ions
773 compared to the IAA experiment. The TN2 ion family was
774 poorly detected as isolated fragments. Only TN3i was detected,
775 indicating that cysteine 61 was in its reduced form in the three
776 samples. The TN4 and TN4i peptides showed a clear differential
777 pattern in the oxidized and the oxidized plus DTT sample, with
778 the intensity of the TN4 ion being higher than the T4i ion in the
779 oxidized E7desLxCxE sample treated with DTT, indicating a
780 partial oxidation of cysteine 68 (Supplementary Figure S3).
781 Cysteines 91 and 93 were found in their reduced state and
782 reacted with NEM, yielding mainly the TN5ii (Supplementary
783 Figure S3). Finally, an ion of [M + H]+ = 2691.2 m/z was
784 observed in the oxidized sample only and could be assigned to a
785 fragment containing the TN4 and TN2i peptides linked by a
786 disulfide bridge (Supplementary Figure S3). Note that the
787 difference in the molecular weight of the disulfide-linked

788fragment obtained in the NEM experiment versus the IAA
789experiment is due to the differences in the molecular weight of
790both reagents (IAA = 57 Da vs NEM = 125 Da). Taken together,
791these data indicate that peak 1 corresponds to an oxidized species
792containing an internal disulfide bridge between cysteine 68 and
793either cysteine 58 or 59. Since both cysteines 58 and 59 are
794contained within the same tryptic peptide (T2 peptide family),
795this approach did not allow discriminating which cysteine was
796involved in the disulfide bridge. Remarkably, three of the four
797cysteine residues involved in Zn coordination (C61, C91, and
798C94) were protected from oxidation, suggesting that C58 may
799also be protected from oxidation and encounter a structural role
800in oxidized E7.
801Effect of C59AMutation on E7 Redox Behavior. In order
802to test whether cysteine 58 or 59 was the residue involved in the
803disulfide bridge with cysteine 68, we obtained the E7C59A
804mutant, which does not alter Zn-binding cysteines (Figure 1).
805The C59A mutation had no effect on Zn coordination or on
806protein stability as judged by PMPS-PAR and circular dichroism
807(CD) measurements (not shown). The formation of the
808disulfide-oxidized species in the E7C59A was evaluated by the
809appearance of peak 1 by RP-HPLC following incubation with
810different glutathione N ratios.
811A first inspection of the RP-HPLC profiles in highly reducing
812conditions (i.e.,N≥ 200) showed important differences between
813E7C59A and E7wt, with a marked increase in the content of
814oxidized species in the E7C59A, detected as increments in several
815 f6peaks, including peak 2 and peak 4 areas (Figure 6A, upper and
816middle panel). The chromatogram of oxidized E7C59A at
817glutathione ratios of N:1 and N:0.1 was devoid of peak 1
818observed in E7wt, indicating that formation of the oxidized
819species corresponding to peak 1 requires the presence of cysteine
82059 (Figure 6B and C, upper and middle panel). This result
821allowed us to assign a C59−C68 connectivity for the disulfide
822bridge identified in oxidized E7.
823The high level of oxidation observed in reducing conditions
824upon mutation of C59 suggested that this residue had a
825protective effect on the overall redox state of E7 cysteines. To
826further analyze this possibility, we tested oxidation in the
827E7C59A-desLxCxEmutant, where cysteines 59 and 24 have been
828replaced by alanine. Remarkably, this mutant presented a
829chromatogram similar to that observed for E7wt (Figure 6A,
830upper and lower panels). This result suggests that the presence of
831cysteine 59 prevents oxidation events mediated by cysteine 24.
832As expected by the absence of C59 in this mutant protein, no
833evidence for the appearance of peak 1 representing the disulfide
834linked species was observed upon incubation in oxidizing
835conditions (Figure 6B and C, upper and lower panels).
836Moreover, the fact that this mutant that retains C68 showed
837very low overall levels of oxidized species, with the exception of
838the nonidentified oxidized species peak X (Figure 6B and C,
839lower panel), was an indication that C68 had low intrinsic
840reactivity to oxidation. Taken together, these results confirmed
841that the disulfide bridge in oxidized E7 involves residues C59 and
842C68 and also indicated that the presence of cysteine 59 in the
843wild type protein prevents the formation of oxidized E7 species in
844reducing environments.
845C59−C68 Disulfide Yields a Conformational Rear-
846rangement in E7. Our experimental results indicated that the
847disulfide bridge in oxidized E7 forms between cysteines 59 and
84868 and does not involve the Zn-coordinating cysteines (positions
84958, 61, 91, and 94), implying that the oxidized protein is
850 f7potentially able to bind the metal atom. We assessed the binding
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f7 851 properties of oxidized E7desLxCxE (Figure 7A, upper panel),
852 reduced E7desLxCxE (Figure 7A, middle panel), and reduced

Figure 6. Effect of mutation of C59 and C59/C24 on E7 redox behavior.
(A) RP-HPLC chromatogram of E7wt (upper panel), E7C59A (middle
panel), and E7C59A-desLxCxE (lower panel) samples incubated with
glutathione at a ratio of N:200 (highly reducing conditions). (B) RP-
HPLC chromatogram of E7wt (upper panel), E7C59A (middle panel),
and E7C59A-desLxCxE (lower panel) samples incubated with
glutathione at a ratio of N:1. (C) RP-HPLC chromatogram of E7wt
(upper panel), E7C59A (middle panel), and E7C59A-desLxCxE (lower
panel) samples incubated with glutathione at a ratio of N:0.1 (highly
oxidizing conditions). Peak numbering is as in Figure 2, with peak 6
corresponding to the fully reduced protein. Peak ″X″ appears only in
E7C59A-desLxCxE oxidized samples.

Figure 7.Metal binding and conformation of oxidized E7desLxCxE. (A)
Quantitative evaluation of strongly bound Zn in oxidized E7desLxCxE
(upper panel), reduced E7desLxCxE (middle panel), and reduced E7wt
(lower panel). The addition of 100 μM PMPS is indicated by an arrow.
Released Zn was quantified by a colorimetric reaction with PAR (see
Materials and Methods). Cysteines were unblocked by the addition of
250 μM DTT, indicated by a second arrow. (B) Far-UV CD spectra of
reduced E7desLxCxE (dotted line with triangles), oxidized E7desLxCxE
(full line), and oxidized E7desLxCxE that had been reduced by
incubating the protein for 1 h at 37 °C with 1 mM DTT (full line with
circles). Inset: kinetics of reduction of oxidized E7desLxCxE followed by
molar ellipticity at 220 nm, initiated by adding 1 mM of DTT at 37 °C
(indicated by an arrow). (C) RP-HPLC chromatogram of oxidized
E7desLxCxE before (upper panel) and after reduction with DTT (lower
panel).

Biochemistry Article

dx.doi.org/10.1021/bi401562e | Biochemistry XXXX, XXX, XXX−XXXL



853 E7wt protein (Figure 7A, lower panel) using the colorimetric
854 detection of PAR-Zn complexes.43 Surprisingly, all three samples
855 showed a ∼1:1 Zn:protein stoichiometry, indicating that
856 oxidized E7desLxCxE was able to bind Zn despite the formation
857 of a disulfide bridge between cysteines 59 and 68. We assessed
858 the relative affinity for the Zn-protein interaction by comparing
859 the ability of PAR to compete for the protein-bound metal. The
860 PAR-Zn complex has a reported equilibrium constant Kd of
861 ∼10−12 M,43 and the estimated dissociation constant for the
862 E7wt-Zn complex was lower, since 100 μM concentration of
863 PAR present in the sample was unable to displace high affinity
864 protein-bound Zn (Figure 7A). The addition of PMPS produced
865 the release of Zn, which in turn formed a colored complex with
866 PAR producing an abrupt increase of the absorbance at 500 nm
867 (Figure 6A). The subsequent addition of DTT released PMPS-
868 blocked cysteines, leading to Zn reuptake by the protein and to a
869 decrease in the absorbance at 500 nm.43 Oxidized E7desLxCxE
870 showed a behavior similar to that observed for reduced
871 E7desLxCxE and E7wt, suggesting that oxidized E7desLxCxE
872 maintains its high affinity Zn-binding site and that the oxidized
873 protein is able to reuptake the metal ion once its cysteines have
874 been released from PMPS (Figure 7A). The protein samples
875 contain a basal, substoichiometric amount of spurious metal
876 detected by the level of the basal absorbance at 500 nm that
877 corresponds to soft-bound metal, not necessarily Zn, which is
878 readily complexed by PAR without the addition of PMPS.
879 According to the published structures of E7 from the HPV1A
880 and HPV45 types,21,22 cysteines 59 and 68 in HPV16 E7 would
881 be located too distant from each other (18.6 Å) to be able to form
882 a disulfide bridge without the protein suffering a considerable
883 rearrangement in its secondary and tertiary structure (Figure
884 1C). To assess this point, we performed far-UV CD measure-
885 ments of reduced and oxidized E7desLxCxE (Figure 7B). As a
886 control, we compared the CD spectrum of reduced E7desLxCxE
887 to that of reduced E7wt, which has been thoroughly
888 characterized,20 observing no significant differences among
889 them (not shown). The CD spectrum of oxidized E7desLxCxE
890 differed clearly from that of reduced E7desLxCxE (Figure 6B),
891 presenting a decrease in the absolute value of the negative
892 shoulder at 220 nm, assigned to an α-helical structure present in
893 the native E7 structure (Figure 1), as well as an increase in the
894 absolute value of the negative band at 200 nm that has been
895 assigned to intrinsically disordered elements, likely at the E7N
896 IDD.20,23 Together, these results indicated that oxidized
897 E7desLxCxE presented a loss of canonical secondary structure
898 elements. Despite the changes observed in the protein secondary
899 structure, oxidized E7 preserved its ability to bind Zn and
900 reuptake it with high affinity (Figure 7A). Finally, the addition of
901 1 mM DTT led to a slow reversal of these structural changes
902 (Figure 7B, inset), yielding a final CD spectrum that could be
903 superimposed to that of the reduced protein (Figure 7B). The
904 reversibility of the oxidation process was also verified by RP-
905 HPLC, where addition of 5 mM DTT to an oxidized
906 E7desLxCxE sample led to full recovery of the reduced peak 6
907 (Figure 7C).

908 ■ DISCUSSION
909 E7 is a small oncoprotein that plays a crucial role in theHPV virus
910 life cycle and in cervical cancer development in humans.9

911 Considerable work has been conducted to understand its
912 functional and structural properties; however, despite the fact
913 that HPV16 E7 shows high cysteine content and that 12 out of
914 the 13 high risk HPV E7 proteins contain at least two

915noncanonical cysteines, its redox behavior has not been
916investigated to date. In the present work we show the effect of
917oxidative conditions on E7, we describe two distinct redox
918centers in the HPV16 E7 oncoprotein involving cysteine 24 and
919the cysteine 59/68 pair, respectively, and we demonstrate the
920protective effect of noncanonical cysteine 59 on the overall E7
921redox state.
922Strictly conserved cysteines involved in Zn binding have been
923widely studied, revealing a marked decrease in protein stability
924upon mutation,55,56 and cysteine 24 within the LxCxE motif was
925pointed out as an important residue for Rb binding.57 The fact
926that noncanonical cysteines 59 and 68 in HPV16 E7 do not show
927strict conservation across papillomavirus E7 proteins may be the
928reason why this cysteine pair has not been previously identified as
929a potential site of redox regulation of E7 proteins.
930Our study shows that despite its high cysteine content all seven
931cysteine residues within HPV16 E7 are in their reduced state
932under conditions that resemble the basal reducing environment
933of the cell cytoplasm.50 However, E7 undergoes a controlled
934oxidation process upon the addition of biologically compatible
935oxidants such as hydrogen peroxide (H2O2) and glutathione
936(GSSG) (Figure 2). One redox center in E7 involves the solvent-
937exposed cysteine 24 located within the LXCXE Rb binding motif
938in the intrinsically disordered N-terminal domain of E7. This
939cysteine is readily glutathionylated in the context of the isolated
940E7N domain and has a Kmix value close to 1, similar to that
941observed for free alkyl thiols.41 The fact that this residue is within
942a disordered domain and exposed to the solvent indicates that it
943could be easily oxidized (i.e., undergo redox regulation) under
944stress conditions. Moreover, we demonstrate that Cys 24
945gluthationylation abolishes Rb-binding, a process that is fully
946reversible by the addition of DTT and leads to full recovery of
947Rb-binding (Figure 4). A second redox center is located in the E7
948C-terminal domain, where we show the formation of an internal
949disulfide bridge between cysteines 59 and 68 through peptide
950mapping (Figure 5). However, our results show that in the
951context of the full-length protein cysteine 24 is protected from
952oxidation and less prone to glutathionylation than in the context
953of the isolated E7N peptide (Figure 3), indicating that the C-
954terminal cysteine-rich domain can prevent the glutathione-
955induced oxidation of cysteine 24. The protective effect of the
956E7C domain over the E7N domain strongly suggests an
957unexpected long-range interdomain interaction.
958The fact that two very different oxidative agents lead to the
959same oxidized E7 end-product (peak 1) recalls canalization, an
960evolutionary process whereby a population produces similar
961phenotypes regardless of environmental variability,58 and
962suggests the presence of a common and evolved oxidation
963mechanism. Moreover, oxidation of solvent-accessible cysteine
96424 is diminished in the context of the E7wt protein (Figure 3),
965and removal of cysteine 59 leads to loss of peak 1 (C59−C58
966disulfide bridge) and to an increase in basal-state oxidation in
967conditions (N > 200) where the wild type protein remains fully
968reduced, suggesting that the evolutionary conservation of
969noncanonical cysteines in the E7 sequence is functionally driven.
970Considering the fact that the E7 oncoprotein performs its
971functions in an oxidative environment,16,17,19 a likely hypothesis
972is that noncanonical cysteines protect the E7 protein against
973oxidative damage and consequent loss of function as suggested
974by our experimental results (Figure 4). Alternatively, C24
975oxidation could serve as a sensor for redox regulation of Rb
976binding, modulating the interaction affinity.
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977 Analysis of surface accessibility of the positions corresponding
978 to residues C59 and C68 in HPV16 E7 reveals that while cysteine
979 59 is highly exposed in both the dimeric and monomeric E7

f8t2 980 structures (Figure 8 and Table 2), the position corresponding to

981 cysteine 68 (threonine in HPV45 E7) is fully buried in the dimer
982 interface but becomes exposed upon dimer dissociation (Figure
983 8 and Table 2). Moreover, we have experimentally demonstrated
984 that the E7 oxidation shows a marked dependence with the total
985 protein concentration (Supplementary Figure S4), indicating
986 that a dimer to monomer equilibrium shift led to an increase of
987 the amount of the oxidized E7 species (peak 1). Altogether, this
988 evidence suggests that the formation of the C59−C68 disulfide
989 requires E7 dimer dissociation. The low amount of oxidized
990 dimeric or oligomeric species observed in this study further
991 suggests that oxidation may proceed through a monomeric E7
992 intermediate (Figure 2C), in line with the weak (∼1 μM)
993 reported dissociation constant for the E7 dimer.24

994 The distance between positions 59 and 68 within the E7
995 HPV16 monomer is about 18.6 Å (Figure 1). This implies that
996 the formation of a disulfide bridge between C59 and C68 must
997 necessarily be accompanied by a large-scale rearrangement of the
998 protein secondary and tertiary structure. Such changes are
999 reported by the pronounced difference between the far-UV CD
1000 spectra of the oxidized and reduced E7desLxCxE protein.
1001 Interestingly, the conformational transition induced upon E7
1002 oxidation is fully reversible, as indicated by restoration of the
1003 reduced far-UV CD spectrum upon DTT addition (Figure 7B),
1004 supporting a regulatory role of this species. The fact that the

1005oxidized species retains strong Zn coordination despite the
1006strained conformation induced by the disulfide bridge formation,
1007suggests that the Zn binding motif may act as a scaffold to help
1008guide the structural changes leading back to the native state upon
1009reduction of the disulfide bridge. In support of this mechanism,
1010experimental evidence suggests that, with few exceptions,59,60 Zn
1011binding cysteines are less reactive to oxidation than others
1012cysteines, as they are protected by metal coordination (Table
10132).61 Many proteins regulated by disulfide formation present
1014cysteines that are far apart from each other in the reduced state. A
1015paradigmatic example is the redox-responsive regulator OxyR, a
1016transcription factor activated upon exposure to hydrogen
1017peroxide.62 This regulator forms an intramolecular disulfide
1018bridge between cysteines located 17 Å apart in the reduced
1019inactive form, which is accompanied by a dramatic structural
1020change in the regulatory domain.63 Similarly, formation of an
1021internal disulfide bridge in intracellular chloride ion channel
1022proteins (CLICs) induces a major structural rearrangement and
1023changes in the oligomerization state, as revealed by crystallo-
1024graphic studies of the oxidized form.64

1025Cysteine 59 is located in Cluster 1, proximal to the Zn binding
1026site of the same monomer and is exposed in both the dimer and
1027monomer structures (Figures 1 and 8A,C). Remarkably, the
1028position immediately following C59 is occupied by a basic
1029residue in most HPV E7 proteins (Figure 1), a feature known to
1030lower cysteine pKa, increasing its chemical reactivity.31,40,65

1031These structural features suggest that C59 is a highly reactive
1032cysteine, thus likely to play a functional role. On the other hand,
1033C68 belongs to Cluster 2 and is buried in the dimer structure,
1034requiring monomerization in order to be exposed (Figure 8
1035B,D). Moreover, experiments with the E7C59A-desLxCxE
1036variant indicate that C68 has low propensity to oxidation (Figure
10375), suggesting that this cysteine has low reactivity. The presence
1038of an exposed reactive cysteine surrounded by basic residues is a
1039common mechanistic feature of proteins that are redox regulated
1040due to conformational changes triggered by disulfide formation

Figure 8. Changes in exposure of noncanonical cysteines in E7 upon
dimer dissociation. (A, B) Side view of HPV16 E7 dimer modeled
showing the changes in exposure of cysteine 59 (pink) upon dissociation
of the E7 dimer. (C, D) Top view of the HPV16 E7 dimer showing the
changes in exposure of cysteine 68 (green) upon dissociation of the E7
dimer. The HPV16 E7 dimer was modeled using Modeler and the
HPV45 E7 dimer structure (PDB id: 2F8B) as a template, with both E7
monomers depicted in light and dark gray, respectively. The rotation of
structures with respect to the orientation depicted in Figure 1B is
indicated.

Table 2. Relative Accessibility for Cysteine-Rich Positions 24,
59, and 68 in E7

cysteine location

HPV45
E7a

dimer

HPV45
E7a

monomer

HPV16
E7a

monomer
experimental
reactivity

24 canonical Rb
binding

IDD Kmix = 1d

58 canonical Zn
binding

0 0 0 nre

59 noncanonical 0.62b 0.63b 0.47 disulfidee

61 canonical Zn
binding

0.37 0.43 0.5 nre

68 noncanonical 0.007c 0.51c 0.72 disulfidee

91 canonical Zn
binding

0.09 0.16 0.06 nre

94 canonical Zn
binding

0.01 0.05 0.08 nre

aRelative accessibility for cysteine residues was calculated using the
DSSP algorithm,49 with exposed surface areas normalized per maximal
residue area (see Materials and Methods). Cysteine residues with
relative accessibility values >0.2 were considered accessible, and those
with values <0.2 were considered buried. bThe position corresponding
to Cys 59 in HPV 16 E7 is also a cysteine in HPV45 E7. cThe position
corresponding to Cys 68 in HPV16 E7 is a threonine residue in
HPV45 E7. dReactivity was judged by comparison of the Kmix value to
that of free cysteine (Kmix ∼1).41 eReactivity was derived from
oxidation followed by MALDI-TOF analysis (Figure 4 and Table 1)
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1041 such as OxiR63 as well as of proteins involved in redox catalysis
1042 such as peroxiredoxin.66

1043 In redox regulated proteins such as OxyR, the C199 reactive
1044 cysteine has a positively charged environment and serves as the
1045 stimulus sensor, which is easily oxidized by H2O2, initiating a
1046 conformational change that allows for disulfide bond forma-
1047 tion.63 On the other hand, the existence of a highly reactive Cys
1048 may support an effective redox catalytic cycle, a mechanism that
1049 has been well studied in atypical mammalian 2-Cys peroxiredoxin
1050 (Prdx 5).66,67 Whether noncanonical cysteines in E7 proteins
1051 possess a relevant function, either as a conformational switch
1052 modulating the multiple target repertory of E7 or in redox
1053 catalysis protecting C24 from oxidation in an oxidized milieu,
1054 requires further research. In both scenarios, C59 could act as the
1055 reactive or catalytic cysteine and C68 as a resolving cysteine.
1056 Reversibility is strictly required to accomplish both regulatory
1057 and catalytic functions, a condition that is fulfilled by the redox
1058 behavior of the E7 HPV16 protein (Figure 7). Additionally,
1059 sequence analysis shows that virtually all E7 proteins presenting
1060 at least two noncanonical cysteines possess one cysteine in
1061 Cluster 1, a cluster likely to harbor exposed and highly reactive
1062 cysteines.25 In line with this, some peroxiredoxins (1-Cys) lack
1063 the resolving cysteine, which is substituted by low molecular
1064 weight thiols, but the absence of a catalytic cysteine is
1065 irreplaceable for redox activity.68

1066 A possible direct function for a redox catalytic pair in E7 could
1067 involve maintaining C24 in a reduced state, allowing Rb binding
1068 despite the presence of the oxidative environment observed in
1069 HPV-transformed tissues. In support of this, our results show
1070 that the full length E7 protein partially protects C24 from
1071 glutathionylation (Figure 3). Recently, it has been reported that
1072 the Glutathione S-transferase P1 (GST-P1) protein is also a
1073 target of HPV16 E7 protein.19 E7 binds to GST-P1 through a
1074 region that comprises amino acids 40−60 of the E7 sequence,
1075 and the E7-GSTP1 interaction modifies the redox equilibrium
1076 between the reduced and oxidized GST-P1 protein in favor of the
1077 reduced state of the enzyme.19 The reduced GST-P1 interacts
1078 and inhibits the c-Jun N-terminal kinase (JNK), which in turn is
1079 unable to phosphorylate the Jun protein. Since JNK-mediated
1080 signal transduction leads to apoptosis, it has been suggested that
1081 this is the mechanism by which HPV16 E7 transformed
1082 keratinocytes escape apoptosis.
1083 The presence of noncanonical cysteines in 70% of E7
1084 sequences includingmost clinically relevant HPV strains suggests
1085 that redox regulation may be a common property shared by a
1086 large number of E7 proteins, and the study of redox mechanisms
1087 is of particular interest in high-risk E7 proteins, known to be
1088 constitutively expressed in an oxidative environment within
1089 HPV-transformed cells. Finally, the multiple reported cellular
1090 effects of E7 could well be related to moonlighting functions that
1091 are redox-regulated. In this scenario, redox regulation provides an
1092 additional layer of conformational diversity to E7, allowing this
1093 small multitarget viral protein to gain complexity without paying
1094 the cost of an enlarged viral genome size.
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