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Abstract 

Intrinsically disordered proteins (IDPs) and intrinsically disordered regions (IDRs) are 

characterized by high disorder, flexibility and lack a stable three-dimensional 

structure. These properties confer to IDPs advantages for molecular recognition and 

interactions. In fact, IDPs and IDRs often act as hub proteins, by interacting with 

different partners through a unique segment. Since IDPs and IDRs are highly flexible 

and more exposed, they can be readily modified through post-translational 

modifications, heaving thus, an additional point for modulation of their activities. 

These particular features offered by IDPs and IDRs are extremely relevant for viruses, 

which need to overcome the limitation of their small genome that is not large enough 

to encode all proteins necessary to interact with key proteins from the host cell. 

Intrinsic disorder is relatively abundant among cancer-related diseases where 

IDPs play a number of key roles in oncogenesis. Good examples of oncogenic viral 

proteins are E7 from human papillomavirus (HPV) and E1A from human adenovirus 

(HAdV). In this work we present the structural and dynamic characterization, at 

atomic resolution of both E7 and E1A proteins. This is an important step to better 

understand the particularities of these proteins, laying the basis to study important 

interactions.  

E7 and E1A proteins act as molecular hubs, interacting with many key 

partners like the retinoblastoma tumour suppressor (pRb) and p300/CREB-biding 

protein (CBP), for example. Many of the interactions of both proteins are modulated 

by PTMs, in particular by their phosphorylation state, which has been shown to 

increase the affinity with their partners. Although the biological importance of 

phosphorylation events on E7 and E1A is well known, the structural effect of this 

PTM is still not clear.  In this context, as a first step, we also investigated the 

structural effect of one of the most important PTMs on HPV-16 E7, the 

phosphorylation by Casein Kinase II.  
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Chapter 1  

Introduction 

Viruses are small obligate intracellular parasites involved in a huge variety of diseases 

going from simple infections to severe complications that may cause ultimately death. 

Due to the limitations imposed by their genomes, which are not large enough to 

encode all biomolecules required to reproduce themselves, viruses are absolutely 

dependent on the host cell functions and complex networks of interactions 1.  

Viruses and cancers have shown to be closely related. It has been shown that 

approximately 12% of human cancers worldwide are strictly connected to viral 

infection, with more than 80% of cases occurring in the developing world 2,3. Cancer 

incidence is much lower than virus prevalence in human population. It shows that 

oncoviruses may be necessary but they are not a determinant factor for cancer 

development 4. The infection process as well the oncogenic virus potential is directly 

correlated to the interactions of the virus and host cell proteins. Hence, the knowledge 

about viral proteome and about protein interactions is crucial for understanding viral 

infection mechanisms and to identify target proteins involved in host cell regulation.  

Eukaryotic and non-eukaryotic cells frequently make use of alternative 

splicing to express multiple proteins from one gene, increasing the diversity of 

proteins to be expressed. With the same purpose, viruses often use the host machinery 

to obtain alternative splicing of their mRNA in order to compensate their limited 

genome architecture. Another way found by organisms to increase diversity is the 

construction of multi-target (hub) proteins 5. 

Hubs are, by definition, proteins able to bind to a large number of other 

proteins, creating highly connected nodes of links inside complexes protein-protein 

interaction networks 6. The ability to constitute a high level of intermolecular 
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interactions, as observed in hub proteins, is less compatible with globular proteins or 

globular domains features, which, in many cases, bind with high-affinity to a specific 

target.  

 The first evidences that non-structured segments of proteins could play 

important roles in protein functions appeared in the literature more than 20 years ago 
7,8. These evidences require an extension of the structure function paradigm, 

originated by the “lock and key” hypothesis formulated by Emil Fischer in 1894 

which affirms that a three-dimensional structure is a prerequisite for a functional 

protein 9. Nowadays it is clear that hub proteins tend to be more disordered than other 

proteins 10. In this context, intrinsically disordered proteins (IDPs) and intrinsically 

disordered regions (IDRs) occupy a very important place. In fact, IDPs/IDRs 

frequently interact with or act as hubs 11,12. 

IDPs/IDRs are characterized by the lack of a three-dimensional stable fold and 

by a high flexibility, existing as dynamic conformational ensembles. All the structural 

properties of IDPs/IDRs are the result of their amino acid sequence which has a low 

content of hydrophobic residues, respect to folded proteins 13–15 while it is in general 

rich in aspartic acid, glycine, lysine, arginine, serine, glutamine, proline and glutamic 

acid. Most of these residues are polar, often charged, and commonly found on the 

surfaces of ordered proteins 16,17. This explains why IDPs are unable to fold 

spontaneously into a stable well-defined three-dimensional structure 16–19. Although 

the term IDPs and IDRs is now used to refer to highly flexible and disordered 

proteins, not all of them are in fact entirely disordered. Several proteins that contain 

disordered sequences in combination with more structured globular domains, resulting 

in highly heterogeneous systems are still called IDPs 20.  

IDPs/IDRs play important roles in regulatory functions and signalling 

pathways being crucial in so many cellular processes including regulation of 

transcription, translation and cell cycle control 21–24. Thanks to their structural 

plasticity and flexibility, IDPs/IDRs can associate with several unrelated partners with 

a high specificity and a moderate affinity, acting as sensitive “on-off” switches 25. 

Moreover, IDPs present accessible sites for post-translational modification being 

easily modulated by interaction with partners and more generally by environmental 
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conditions 19,20 .  In some cases protein-protein interactions can be mediated by short 

segments of linear sequences named molecular recognition features (MORFs) or short 

linear motifs (SLiMs), two additional ways to maximize their interaction capabilities 
11. These features are extensively used by viruses that need to hijack the host cell, 

using the host machinery to work in their own favour. In fact, many viral proteins are 

found to be intrinsically disordered. The percentage of distribution of ID in organisms 

estimates that eukaryotes exhibit 33% of their proteins with such long predicted 

regions of disorder. Bacteria and archaea are expected to have 2-4% of IDPs/IDRs in 

their proteomes25. On the other hand viruses have the widest spread of the proteome 

disorder content, ranging from 7.3% to 77.3% depending of the virus type 26,27.  

Among the several viruses that make use of intrinsically disordered proteins 

are human papilloma virus (HPV) and human adenovirus (HAdV) 28. Several proteins 

encoded by these viruses play similar roles in several human pathways. Good 

examples are E7 from HPV and E1A from HAdV. Both proteins are predicted to have 

heterogeneous structural and dynamic properties and despite they are related to 

different diseases, they share several similarities on the primary sequence and its 

organization. They also contain two CXXC motifs which are expected to bind zinc 

and form a more structured, although minimal, protein domain. Moreover, E7 and 

E1A share common interaction partners and some of these interactions are modulated 

by post-translational modifications. These and various other aspects, addressed in 

Sections 1.1 and 1.2, encouraged us to focus on the structural and dynamic 

characterization of both proteins.  

Considering the high level of distribution of IDPs/IDRs in organisms, in 

particular for viruses and their high biological importance, it is necessary to contribute 

to the structural characterization of these important classes of proteins. 

X-ray crystallography is one of the major techniques to access high-resolution 

information on large biomolecules. A great number of protein structures have been 

elucidated through X-ray crystallography. However, IDPs and IDRs usually fail to 

give crystals and/or to coherently scatter X-rays due to their highly flexible properties 
29. In some cases the NMR structure in solution reveals also dynamic features that are 

more difficult to observe by crystallography 30,31. Indeed, results obtained by X-ray 
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and NMR analyses of the same protein revealed that the structures might be quite 

different. For X-ray crystallography analysis the protein needs to be in the crystalline 

state, which consequently reduces its natural flexibility. In fact, the crystal lattice 

favours only one of the several conformations that a protein could adopt in solution 32.  

NMR spectroscopy is the unique technique to access atomic resolution 

information on structural and dynamic properties of IDPs/IDRs in solution. Indeed it 

is a powerful tool to study interactions and naturally occurring reactions such as post-

translational modifications, at high resolution.  
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1.1 E7 protein from human papillomavirus  

The human papillomavirus (HPV) family comprises more than 100 different viruses 

that infect the basal layers of mucosa and the stratified epithelium. HPV has been 

found in over 90% of cervical cancers, as well as in other carcinomas 33 . 

Based on their pathogenicity, HPVs are classified in two groups: The “Low-

risk” (LR), which may cause benign warts and the “High-risk” (HR), related to cancer 

development 34,35. Within the HR group, HPV-16 and HPV-18 are responsible for 

almost 70% of all cervical cancers, the third most common cancer in women 

worldwide 36,37. In particular, HPV-16 is considered the most carcinogenic type and it 

is more often found in cervical cancer than HPV-18. Furthermore, HPV-16 is 

uniquely associated to oropharyngeal tumours 34,35,38.  

The infection by HPVs requires the access by the virus to the epithelia basal 

layers, usually allowed by the presence of small wounds in the epithelium. Once 

there, the virus particles use the host cell machinery to amplify their genome. After a 

while, the replication takes place in the differentiating keratinocytes, leading to their 

abnormal cell proliferation 39. During this infection process, the HPV’s genome 

coordinates the expression of eight viral proteins: L1 and L2, structural proteins, and 

the non-structural proteins E1, E2, E4, E5, E6 and E7 (Figure 1.1).  

L1 and L2 are the major and minor capsid protein, respectively 40. E1 and E2 

are directly involved in the viral DNA replication, regulating the early transcription 
41,42. E4 accumulates in the cell during the viral genome amplification, promoting the 

differentiation-dependent productive phase of the viral life cycle 43–45. E5 supports late 

functions and modulates cell signalling, allowing cell cycle progression; E5 is also 

important to disrupt the MHC class II maturation 46,47.  

E6 and E7 work as oncoproteins in the HR HPVs, interacting with the cell 

cycle regulators p53 and retinoblastoma tumour suppressor (pRb), respectively 48,49. 

Despite E7 and E6 work in cooperation to haywire the cell cycle, HPV-16 E7 alone is 

sufficient to immortalize cells, showing its high importance in the tumorigenic 

process 50.  
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Figure 1.1. Schematic representation of the HPV infection. On the left the different layers of 
the epithelium are shown. The virus particles infect the basal layer of the keratinocytes 
establishing the viral genomes and expressing the early viral proteins E1, E2, E5, E6 and E7 
(orange arrow). During this phase the viral genome is replicated in synchrony with the host 
DNA replication. After cell division, keratinocytes undergo differentiation. In infected cells, 
E6 and E7 deregulate the cell cycle control, pushing differentiating cells into S phase (blue 
arrow). In the late-phase, the viral capsids are assembled through the expression of L1 and L2 
proteins, allowing the release of new virus copies. Adapted from Thomas et. al, 2008  39,51. 
 

E7 is a small protein with almost 100 amino acids. Its length and amino acid 

composition may be different among the different types of HPV, influencing its 

affinity with partners and, consequently, its oncogenic potential. Within the HPV 

family, E7 shows the presence of three conserved regions (CR), named CR1, CR2 

and CR3 (Figure 1.2) 52,53. 

As a result of bioinformatics predictions, CR1 and CR2, located in the N-

terminal part, are expected to be intrinsically disordered, while CR3 is expected to be 

more structured 54–56. The first two domains (CR1 and CR2) have been described to 

interact with many target proteins. The CR2 presents a specific LXCXE motif which 

targets the main partner of E7, pRb 49,57. E7 proteins from HPV strains of the LR 

group have reduced or no affinity for pRb suggesting that the binding to pRb is 

essential for the ability of E7 to transform cells 58. Once bound to pRb, the 
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transcription factor E2F is displaced, resulting in abnormal DNA transcription and 

forcing the cells to go in S phase 54,59. 

 
Figure 1.2. The amino acid sequence of E7 from the LR HPV-1a and the HR HPV-45 and 
HPV-16 and its conserved regions CR1, CR2 and CR3. The length of the protein for each 
HPV type is shown on the right. The pRb binding motif LXCXE is highlighted in green. The 
zinc-binding site is highlighted in yellow. Adapted from Roman and Munger, 2013 53. 
 

In fact HPV-16 E7 acts as a hub-protein, interacting with several partners 

involved in the cell cycle control and apoptosis (Figure 1.3). Besides the interaction 

with pRb, E7 interacts also with its family member p107 and p130, important tumour 

suppressors responsible for the G1/S check point of the cell cycle 38,60,61. E7 also 

associates with other proteins involved in cell proliferation like cyclin A- and cyclin 

E/cyclin-dependent kinase-2 (A/CDK-2 and E/CDK-2, respectively) and p21 and p27 

protein 62–64. E7 binds also to the transcription factors TATA box-binding protein 

(TBP), p300/CBP and E2F, completely deregulating the normal cell cycle 65–67.  

Moreover, E7 presents post-translational modifications (PTMs) sites, in particular for 

phosphorylation, that allows the modulation of some of the most important 

interactions of E7 by increasing its affinity for specific partners 68–71.  

CR3 is also a very important domain for the biological activity of E7, 

including the interaction with pRb (Figure 1.3)72. It presents two CXXC zinc-binding 

motifs separated by 29 amino acids. The integrity of the zinc-binding domain is very 

important for the intracellular stability and for the aggregation state of E7 73–75. In 

solution, E7 can be found as monomer in equilibrium with dimeric, tetrameric and 
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oligomeric forms but under physiological conditions the majority is found as a 

dimer75–78.  

The structural and dynamic characterization of E7 has been achieved only 

through short constructs. Till now, the whole protein had not been characterized. It 

fails to produce crystals and the complete characterization through NMR could not be 

achieved, despite documented attempts to obtain it 77. The NMR characterization is 

available for CR1 and CR2 of HPV-16 E7, revealing the intrinsic disorder and the 

high flexibility of these domains 56. CR3 from LR HPV-1a E7 was characterized by 

crystallography and the NMR solution structure is available for HR HPV-45 54,77. For 

both structures, CR3 consists of two β-strands and two α-helices mediating the 

formation of a homodimer. The E7’s topology is unique, not present in any other 

known zinc-binding protein. Since HPV-45 E7CR3 and HPV-16 E7CR3 are closely 

related and their sequences share almost 43% identity and 73% of similarity 78, HPV-

45 E7 structure could be used as a template for constructions of a HPV-16 E7 model 

through homology methods (Figure 1.3).  
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Figure 1.3. Schematic representation of HPV-16 E7 and its partners, including the structure 
location of the conserved regions CR1, CR2 and CR3. Adapted from Noval et al., 2013 79. 

 

Despite the importance of HPV-16 E7, its CR3 domain was not yet 

characterized. The atomic resolution structural and dynamic information of this 

domain is extremely important to better understand the interactions in which E7 is 

involved as well to figure out the basic differences between the different E7 variants 

in the HPV family. 
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1.2 Human adenovirus E1A proteins 

Adenoviruses (AdVs) are members of the Adenoviridae family. These are non-

enveloped medium–size viruses (about 90 nm), with an icosahedral capsid packing a 

linear double-stranded DNA of 34 - 48 Kb (Figure 1.4) 80–82.   

Since their isolation from human adenoids, AdVs have been extensively 

characterized and classified according to their DNA sequences and to their 

agglutination properties 83. Nowadays over 100 distinct serotypes have been isolated 

from a broad range of hosts including birds, reptiles and amphibians 81. More than 50 

serotypes were isolated from humans and are related to an array of clinical diseases 

like respiratory infections, conjunctivitis and gastroenteritis 84–87.  

 

 
 
Figure 1.4. (a) Electron microscopy of a Human adenovirus particles and (b) a three-
dimensional representation of the icosahedral virion 80,82 . 

 

The discovery that some human AdVs (HAdVs) induce undifferentiated 

sarcomas in new-born hamsters and rodent cells stimulated the characterization of the 

many aspects of its lifecycle. These findings established HAdV as a model system to 

study the molecular mechanisms controlling cell cycle progression and apoptosis 88–90.  

Among the HAdVs, the closely related serotypes HAdV-2 and HAdV-5 are 

the most extensively studied in particular for vaccine development and clinical trials. 

Their genome is approximately 36 kbp encoding six early transcription units (E1A, 

E1B, E2A, E2B, E3 and E4) and one predominant late promoter that generate five late 
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transcripts (L1-L5) 91,92. Each transcript can raise multiple mRNAs by alternative 

splicing.  

E1A is the first gene to be expressed after HAdV infection. Initial studies 

demonstrated that the expression of E1A from HAdV-5 is sufficient to transform 

primary rodent cells 93 and that E1A is the main factor that determines whether the 

transformed cells are tumorigenic in immunocompetent animals 94. However, 

controversially, it was later demonstrated that E1A products act as a tumour 

suppressor in specific human cells 95. These findings pose fundamental questions on 

the molecular origins of this apparently controversial behaviour and demand further 

investigation on the molecular determinants of E1A function 96.  

Through alternative splicing HAdV E1A gene gives rise to five different 

mRNAs named 9S-13S, according to their sedimentation coefficients. The products of 

9S, 10S and 11S mRNAs are expressed later and their functions are not well 

understood yet. Instead, the 12S and 13S mRNAs code for two main proteins 

expressed right after the HAdV infection: a 243 and a 289 amino acid protein 

(E1A243 and E1A289, respectively).  

The sequence analysis of E1A243 and E1A289 from different serotypes of 

HAdV reveals the presence of four conserved regions (CRs) called CR1-CR4, that are 

connected by less conserved segments. The major difference between E1A243 and 

E1A289 proteins consists in the presence of the CR3 domain (46 residues) in E1A289  

but not in E1A243 (Figure 1.5) 97,98.  
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Figure 1.5. Schematic representation of the alignment of E1A289 and E1A243 from HAdV-
2/5. It shows the disposition of the conserved regions (CRs) 1-4 for both proteins. The most 
important motifs for the main interactions and structure stability of E1A are highlighted. 
Adapted from Chinnadurai, 2011 99. 

 

Bioinformatic analysis using disorder predictors suggests that a large portion 

of the protein has a high propensity to be disordered, although several regions 

showing tendency to be more ordered can be identified (Figure 1.6) 100.  

 

 
 

Figure 1.6. Disorder disposition of E1A289 predicted by PONDR-FIT. The colors represent 
the conserved regions present in the protein: blue for CR1, green for CR2, red for CR3 and 
light violet for CR4. The analysis shows that E1A289 is expected to be a very heterogeneous 
structure where the initial N-terminus (residues 1-40), the CR3 and CR4 would be the well-
structured parts of the protein 101.  
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Both E1A243 and E1A289 (E1A) have been reported to alter or inhibit the 

function of several cellular proteins. The conserved regions are responsible for 

important interactions with host proteins, often supported by other parts of the protein 

not necessarily well conserved 28,102.  

The CR1 domain is reported to cooperate with the N-terminal part (first 41 

residues of E1A) during the interaction with transcriptional co-activators such as 

p300/CBP through the FPESVML sequence (residues 66 - 72)103 and with the member 

of the chromatin remodelling proteins, p400/TRRAP (the 

transactivation/transformation-domain-associated protein) via the ELYD sequence 

(residues 45 - 48) 104. E1A might sequester TRRAP, and lead to a loss of 

transcriptional activation by factors that recruit these complexes. However, the 

molecular mechanisms and the consequences of this interaction are still not clear 
105,106.  

The most important and best-characterized interactions of E1A are related to 

cell cycle control partners and transcription factors. Both E1A243 and E1A289 bind 

pRb through an LXCXE motif present in the CR2 domain (residues 122 -126) in a 

similar way as E7 from HPV 107,108,60. However, in case of E1A, this interaction is 

anchored by the CR1 domain, making two distinct points of contacts 109.  

The CR2 may interfere with crucial pathways in the host cell. It mediates the 

interaction with the potent transcriptional repressor BS69, through the PXLXP motif 

(residues 113 - 117). This PXLXP sequence is not highly conserved, being expressed 

in some E1A from few serotypes of HAdVs 98. The interaction requires also the CR3 

domain. As consequence, E1A243, which misses CR3, has much lower affinity for 

BS69 110–112. It interacts with proteins from the small- ubiquitin-related modifier 

(SUMO) family, which regulate several cellular processes such as nuclear transport, 

transcription, chromosome segregation and DNA repair 113,114. Moreover, CR2 binds 

to the S2 component of the 19S regulatory complex of the 26S proteasome interfering 

with its activity 115. The 26s proteasome is responsible for balancing the amount of 

proteins inside the cell by degrading unneeded or damaged proteins. One of these 

proteins is the tumor suppressor p53. The interaction of E1A with S2 contributes to 

the stabilization of p53 and consequently induces apoptosis processes 116. 
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The CR3, present only in E1A289, contains two CXXC motifs (residues 154 – 

157 and 171 – 174) expected to form a zinc-binding domain 117. It works as a potent 

transcriptional activator domain, being thus essential for activating viral early gene 

expression 118–120. E1A289 interacts, with the transcription factors like TATA box-

binding protein (TBP) and with a component of the mediator adaptor complex 

MED23, through specific residues on the CR3 121,122. The interaction is important to 

nucleate the transcriptional pre-initiation complex 122. Nowadays, all deletions or 

mutations within CR3 resulted in decrease or in the complete loss of transcriptional 

activation function 123–126.  

The 26S proteasome was shown to interact with the CR3. 26S is the major 

non-lysosomal proteolytic machinery in eukaryotes. It is a complex composed by two 

large macromolecular complexes: the proteolytic particle, 20S; and the regulatory 

complex 19S 127. CR3 was shown to be able to interact with 19S independently of 20S 

complex via the residues 169 -188. The 20S proteasome subunit has also been shown 

to interact with CR3 independently. Chemical inhibition of the 26S proteasome also 

represses CR3-dependent activation of transcription, suggesting that the proteasome 

directly controls E1A-dependent transcriptional activation. 

CR4 domain of E1A is 48 amino acid residues predicted to be structured, as 

noted previously in the Figure 1.6. This C-terminus region is required for oncogenic 

transformation of rodent cells, cooperating with E1B 128. Indeed, it seems to be 

required for the activation of transcription of specific genes in the epithelium, 

inducing the mesenchymal to epithelial transition 99. However, paradoxically, it seems 

to suppress cell transformation by interaction with the activated Ras, leading 

ultimately to a negative modulation of tumorigenesis and metastasis 129,130. 

Despite decades of extensive studies, the function of CR4 as well its binding 

partners are not well characterized. Among the few known proteins that interact with 

this domain, the binding to the E1A C-terminal binding protein (CtBP) family via the 

PXDLS motif (residues 279 to 283), is the best characterized 130,131 . CtBP is a 

transcriptional corepressor that dimerizes after NADH binding and, ultimately, drives 

the formation of a silencing complex 132,133. E1A competes with the cellular targets of 

CtBP, inhibiting its activities and consequently leading to a derepression of 
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transcription of specific repressed promoters. Hypothetically, E1A can use the CtBP 

to access those repressed promoters, then recruit coactivators to turn on the gene 

transcription 134.  

Despite the biological importance of E1A243, E1A289 and its CR3 domain 

their structure and dynamic properties remain still undetermined. 
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1.3 Post-translational modifications 

While the human genome is estimated to comprise about twenty-five thousand genes, 

the total number of proteins is estimated to be over one million 135–137. This feature is 

possible thanks to the genomic recombination, transcription initiation at alternative 

promoters, differential transcription termination, and alternative splicing. In this way, 

single genes can generate different mRNAs and thus encode multiple proteins 138,139. 

Moreover, proteomic diversity is vastly increased by post-translational modifications 

(PTMs). 

PTMs are chemical modifications of specific protein sites that play a key role 

in functional proteomics by influencing numerous properties of proteins including 

enzymatic activity, protein interactions with other biomolecules as well their 

subcellular location 140. These chemical modifications occur through different 

mechanisms in response to different conditions in a time- and signal-dependent way, 

allowing the cell to regulate a range of functional/structural responses that are crucial 

for several cellular processes.  

Fast cellular signalling responses usually require the quick access by 

modifying enzymes to specific recognition sites (PTM sites), encoded into the 

primary sequences of proteins 141. In this context, the naturally solvent exposed amino 

acids of IDPs/IDRs offer advantages for the easier occurrence of PTMs 142–145.  

More than 200 different types of PTMs have been described in the literature, 

ranging from small chemical modifications such as phosphorylation and acetylation to 

the addition of proteins or sugars by ubiquitination and glycosylation, respectively 146. 

The combinatorial use of these different types of PTMs in a transient and reversible 

way allows the creation of a complex signalling network. The Table 1.1 shows the 

most common PTMs in eukaryotic cells.  

Some reactions also provide different forms, for example lysines may be 

mono-, di- or tri-methylated. This variety of different states for a single amino acid 

further increases the diversity and plasticity of protein functions.  
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Table 1.1. Examples of the most common post-translational modifications in 

eukaryotic cells. 

Modification Added group Modified residues 
Example of 

Enzymes 

Phosphorylation Phosphoryl Ser, Tyr, Thr, His 
CKII, PKA, TK, 

CAMK 

Acetylation Acetyl Lys HAT, Nat family 

Methylation Methyl Lys, Arg 
Histone 

methyltransferases 

Nitrosylation Nitric oxide Cys, Met SOD, NOS 

Glycosylation Glycosyl 

N-Glyscosylation: Asn, 

Arg, N-terminus 

GlcNAc-T1 and 

Mann II 

O-Glycosylation: Ser, 

Thr and amino acids 

close to Tyr 

phosphorylation sites 

Ubiquitination Ubiquitin 
Lys, N-terminus, Cys, 

Thr, Ser. 
E2, E3 

 

1.3.1 PTMs of E1A proteins 

E1A presents several possible sites for phosphorylation in particular within CR1 and 

CR2. The major sites were mapped to Ser89 and Ser219 that are substrates of Cdk-

like protein kinases 147,148. The phosphorylation of Ser89 of both E1A proteins 

improves the efficiency of interaction with pRB in disrupting the complex E2F-pRB 
148 and their ability to mediate cell transformation 149–151. On the other hand, mutations 

on Ser129 do not have pronounced biological effects 152. Another residue 

phosphorylated near the N-terminal part is Ser96 by a yet unidentified enzyme. The 

phosphorylation of this serine seems to be regulated by the phosphorylation of Ser89 
149–151. 
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An additional and very important phosphorylation site is Ser132, which is 

phosphorylated by CKII. Ser132 is located in the CR2 domain, near the pRB binding 

site found also in HPV-16 E7. In E1A289, this serine residue is just upstream of CR3, 

the important domain involved in the regulation of early viral gene expression 153.  

The phosphorylation of Ser132 residue in E1A reduces its apoptosis-inducing 

ability, thus increasing its transforming potential. This phosphorylation may enhance 

the binding of pRB and related proteins. In the case of E1A289, it also reduces 

cytotoxicity, thus increasing its transforming activity 153 .The replacement of Ser132 

by alanine or glycine reduces the efficiency of these interactions. However, these 

mutations do not kill the transformation ability of E1A proteins in primary rat cells 

when E1A is in cooperation with E1B protein 153.  

Within the C-terminal part of E1A289 two that can be phosphorylated include 

Ser185 and Ser188. Studies demonstrated that at least one of these two sites, is 

phosphorylated in vitro by purified mitogen-activated protein kinase (MAPK), and 

both are hyperphosphorylated in cells which express a constitutively active form of 

MAPK kinase 154. Another PTM within the C-terminal part is the acetylation of 

Lys285 which disrupts the interaction with the transcriptional co-repressor CtBP 155.  

Another important but not well-characterized PTM of E1A is the 

phosphorylation of the CR4 domain by the dual-specificity tyrosine phosphorylation-

regulated kinase 1 and 2 (DYRK1A and DYRK1B, respectively). DYRK1A/1B are 

kinases involved in regulating cell proliferation and differentiation survival. These 

interactions of E1A with DYRK1A/1B seem to overlap with the CtBP binding site 156. 

1.3.2 PTMs of E7  

The sequence analysis of E7 predicts PTMs sites, in particular phosphorylation sites 

spread throughout the whole protein. E7 contains consensus sequences for 

glycosylation at Asn29 and two sulfation sites at Tyr23 and Tyr26. However, till 

today, only phosphorylation reactions have been reported. HPV-16 E7 is 

phosphorylated at Thr5 and Thr7 by DYRK1A. This phosphorylation interferes with 

the degradation of E7 by 26S proteasome and thus increases its transforming potential 

by extending the half-life of E7 within the cells 157. The phosphorylation of Ser71 is 
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also reported to occur in vivo by an unidentified kinase and the biological effects of 

this modification remain still unknown 69.  

The most important phosphorylation of E7 is performed by CKII at Ser31 and 

Ser32 within a conserved motif present also in E1A proteins, as mentioned before 69. 

In this way, CKII represents a very important modifying enzyme present in human 

cells required to enhance the oncogenic potential of E7 and E1A proteins. 

As mentioned before, the CR2 domain of both HPV-16 E7 and E1A proteins 

plays a critical role in its oncogenic function by interaction with pRb via its LXCXE 

motif. On E7 this highly flexible domain contains two phosphorylation sites (Ser31 

and Ser32) in a recognition site for CKII (-N-D-S-S-E-E-E-D-E-) very close to pRb 

binding site 158,159.  

It has been shown that E7 is differentially phosphorylated during the cell cycle 

at G1 phase by CKII and at S phase by enzymes not yet identified 69. The 

phosphorylation of both Ser31 and Ser32 by CKII is shown to enhance not only the 

interaction with pRb but also with CBP 70 and TBP 65,69, contributing to E7’s 

transforming activity. Indeed, the phosphorylation of HPV-18 E7 on Ser32 and Ser43 

has been shown to be critical to promote S-phase entry 71. In a similar manner, 

mutations of both serines in the consensus sequence for HPV-16 E7 (Ser31 and 

Ser32) affect its transforming ability 159,160. Interestingly, the replacement of Ser31 and 

Ser32 by aspartic acid residues, creating a negative charge mimicking the 

phosphorylated residue is able to restore the transforming activity of E7 159,160. In 

addition, the level of E7 phosphorylation and transformation activity is lower in low-

risk HPV types than in high-risk HPV types 159. All these results show that the 

phosphorylation of E7 by CKII is critical for the enhancement of its oncogenic ability 

and for the development of HPV-associated neoplasia.  
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1.4 Casein Kinase type II and its requirements to perform phosphorylation 

While some protein kinases like the extracellular-signal-regulated kinase (ERK) and 

mitogen-activated protein (MAP) kinase are more specific, phosphorylating only one 

or two distinct protein targets, other kinases show to be much less selective, 

phosphorylating hundreds of distinct proteins. This is the case of the protein casein 

kinase II (CKII). 

CKII is a small family of closely related serine/threonine kinases involved in 

multiple functions including signal transduction, cell division and proliferation. It is 

overexpressed in malignant tumours representing thus a molecular target for drug 

design 161. Studies have demonstrated the ability of CKII to phosphorylate also 

tyrosine under special circumstances, showing the plasticity of the recognition site of 

this kinase 162. CKII is present in the cytoplasmic and nuclear compartments, which is 

consistent with its wide spectrum of physiological targets, and its multiple functional 

activities within the cell 163–165. It is independent of second messengers or 

phosphorylation for activation and is able to use GTP besides ATP as a phosphate 

donor.  

In terms of structure, CKII is a tetrameric enzyme consisting of two catalytic 

(α) and two regulatory (β) subunits 166,167. While only one form of regulatory subunit 

is known, the catalytic subunit may exist as different isoforms in many organisms 168–

170. In humans three catalytic isoforms have been found  (α, α’ and α’’) 171,172 . All 

these three catalytic isoforms are very similar with the exception of their unrelated C-

terminal domains. The catalytic isoforms exhibit a great functional overlap. Evidence 

suggests a functional specialization of the different CKII isoforms in mammals, mice 

and yeasts 173. However, due to their high similarities it is not possible to determine 

which isoform contributes more to a specific reaction. 

CKII is an acidic-directed kinase i.e. it requires acidic residues like Asp or Glu 

close to the modified Ser/Thr (serine being preferred over threonine) 162. Acidic amino 

acids are more strongly selected at the C-terminal position of Ser/Thr than at their N-

terminal position. Although the presence of acidic residues on the N-terminal side of 
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the serine/threonine is not required for recognition, it can improve the kinetic 

constants of phosphorylation by CKII 174. 

Some positions of the acidic residues are preferred by CKII for substrate 

recognition and for kinetic improvements. The presence of an acidic residue at n+3 

position (where n is the phosphorylatable amino acid, serine or threonine) is crucial 

for substrate recognition by CKII. The second most important position is n+1 175–179. 

The presence of an acidic residue at this position in fact is not required for substrate 

recognition but it can considerably improve the Michaelis-Menten constant (Km). On 

the other hand, peptides presenting the position n+2 occupied by an acidic residue or 

by an arginine are equally phosphorylated, suggesting that an acidic residue at this 

position is not important for substrate recognition or kinetic improvements. The 

minimal structural requirements for substrate recognition by CKII is represented on 

Figure 1.7.  

 
 
Figure 1.7. Minimum substrate requirements for CKII phosphorylation. CKII recognizes and 
phosphorylates serines (S) and threonines (T) in acidic regions. The presence of acidic 
residues at n+3 and n+1 position, respect to the S or T is required.  

 

HPV-16 E7 and E1A fulfil these minimum requirements for CKII 

phosphorylation (Figure 1.8). As it is possible to see, Ser132 of E1A and Ser32 of 

HPV-16 E7 fulfil both n+3 and n+1 requirements. Instead, Ser31 of E7 fulfils only 

the n+3 requirement. For this residue, by the sequence analysis, one could expect a 

lower phosphorylation rate respect to its neighbour, Ser32. 
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Figure 1.8. The specific recognition site for CKII found in HPV-16 E7 and in E1A. In Both 
proteins the minimum sequence requirement for CKII phosphorylation is present. In HPV-16 
E7 Ser31 fulfils only the n+3 requirement, while Ser32 in HPV-16 E7 and Ser132 in E1A 
fulfil the n+1 and n+3 requirements 
 

1.5 Studying PTMs by NMR techniques 

As mentioned in Section 1.3, most part of PTMs occurs by the covalent addition, to 

the side-chains of proteins, of small chemical groups, such as phosphoryl groups, acyl 

and alkyl chains and sugars. These modifications induce specific changes in the 

chemical environments of the modified residues. More specifically, phosphorylation 

results in a large downfield shift for protons of the amide resonances (Δδ ≈ 0.5/1.5 

ppm) and thus they can be readily detected at atomic resolution through NMR 

spectroscopy. Indeed, NMR is the only tool that allows studying PTMs at atomic 

resolution on a mechanistic and structural perspective, by following these 

modifications in a time-resolved manner either in vitro 180 or in vivo 181. 

Another advantage of studying PTMs by NMR is the possibility to follow 

reactions at multiple sites. Distinct modifications that may occur in parallel (i.e. 

phosphorylation and acetylation) can be easily identified by NMR; this would be 

challenging for most analytical methods, in particular for mass spectrometry (MS), 

which is based on proteolytic processing routines and peptide fragment-based 

detection. As illustrated in Figure 1.9, MS could generate identical fragments from 

two different PTMs that cannot be distinguished by MS without elaborated 

identification processes of MS/MS fragmented peptides. In contrast, since the 

presence of one PTM influences the chemical shifts of the modified amino acids and 

of the adjacent ones, the corresponding NMR peak patterns can be unambiguously 

identified whether both PTMs are present on the same, or on different molecules.  
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Figure 1.9. a) Schematic illustration of the information provided by MS and NMR on PTM 
sites. By MS analysis (a), identical pairs of PTM/peptide fragments are generated from two 
different PTM distributions (case 1 and case 2). On the other hand, by NMR (b), these PTMs 
could be individually identified, since each modification influences the chemical 
environment, and hence resonance frequency, of the respective other site. Adapted from 
Theillet, F et al., 2012 182. 
 

The quantitative nature of NMR spectroscopy is another feature that makes it 

particularly interesting for PTM studies. The reaction occurring can be followed by 

time-resolved experiments (acquisition of a series of uninterrupted bidimensional 

spectra). The changes in NMR signal intensities of modified and unmodified 

substrates residues are related to changes in their concentration and can be measured 

through simple NMR signal integration. With this, kinetic reaction parameters can 

directly be extracted 183. These measurements are particularly useful in providing 

additional mechanistic insights into stepwise PTM reactions, in particular for 

multistep reactions where the modifications happen in a defined order 181. 

Conformational changes reported as a direct consequence of individual PTMs 

are immediately assessed by NMR, by observing additional resonance peaks 

displacements that may occur on other regions of the protein (distant from the 

specifically modified residues). The resulting chemical shift changes often increase 

spectra complexity, as they no longer involve only the modified residues alone. 

Protein phosphorylation in particular has been reported to promote conformational 

changes including modulations in α-helix stability or C-terminal destabilization 184–188.  
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Phosphorylation reactions are the most abundant PTM in eukaryotes and 

typically involve different kinases. In fact, phosphorylation and dephosphorylation act 

as molecular switches regulating many cellular processes 189,190. The human genome 

encodes several hundred distinct kinases and one third of all cellular proteins appear 

to be phosphorylated 191,192. In many cases different reactions are performed in the 

same protein/domain, resulting in several combinations of possible protein states that 

play a key role in signalling processes 193,194.  

Serine residues are the most common amino acid phosphorylated in 

eukaryotes, whereas threonine and tyrosine phosphorylation are less common 195,196. 

These amino acids present a nucleophilic hydroxyl group (–OH) that attacks the 

terminal phosphate group (γ-PO4
-) on a phosphoryl donor (usually ATP) resulting in 

the transfer of the phosphoryl group to the amino acid side chain (Figure 1.10). The 

reaction is facilitated by the presence of magnesium (Mg2+), which chelates the γ- and 

β-phosphate groups, lowering the threshold for phosphoryl transfer to the nucleophilic 

(–OH) group.  

 

Figure 1.10. Schematic reaction of serine phosphorylation. Kinases catalyse proton transfer 
from the (–OH) group on serine stimulating the nucleophilic attack of the γ-phosphate group 
on ATP. As a result, the phosphoryl group is transferred to the serine to form phosphoserine 
residue and adenosine diphosphate (ADP). The reaction is unidirectional due to the large 
amount of free energy released when the phosphoanhydride bond in ATP is broken. (—B:) 
indicates the enzyme base that initiates proton transfer.  
 Chemical changes caused by phosphorylation can induce conformational 

changes leading to activation or inactivation of the protein. Alternatively they can 
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contribute to recruitment of proteins that have structurally conserved domains able to 

recognize and bind to specific phosphomotifs (phosphotyrosines, phosphoserines and 

so on). In some cases these phosphoproteins may have a huge ability to recruit other 

proteins and start a signalling cascade.  

Despite the important biological role of PTMs on the function of both E7 and 

E1A, the impact of phosphorylation on their structure has not been studied. The 

identification, characterization, and mapping of these modifications through NMR and 

their effect on the whole protein are very important to understand their functional 

significance in a biological context. 

 
. 



 

 

 

 

 

 

Chapter 2  

Methods 

2.1 Bioinformatics studies 

Nucleic acids (DNA and RNAs) are very important biomolecules for cell function. 

DNA stores the information for protein synthesis and RNA carries out the instructions 

encoded in DNA. However, proteins are the primary cellular effectors, responsible for 

carrying out and mediating most of the biological activities. Thus, the study of 

proteins is crucial for the understanding of cellular functions.  

The collection of physicochemical and structural properties of the 

biomolecules of interest is generally the first task to accomplish. To help on this, 

several databases and web software tools have been developed throughout the years 

and are still in continuous evolution. Nowadays, there are databases and advanced 

software tools available to provide rich information about DNA sequences, expression 

profiles, protein sequences and their three dimensional structures or structural 

ensembles. The tools to predict physicochemical properties of a protein from its 

primary sequence are very useful. Some of these tools were essential for the 

development of this work. They are briefly summarized below:  

BLAST - The Basic Local Alignment Search Tool (BLAST) finds regions of 

local similarity between sequences. The program compares a given nucleotide or 

protein sequence to sequences on databases and calculates the statistical significance 

of the matches 197.   
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ExPASy-ProtParam – It computes various physicochemical parameters for a 

given protein sequence, including isoelectric point (pI), atomic composition, 

molecular weight (MW) and extinction coefficient (ε) 198. 

 PROSITE – It is a database of protein families, domains and functional sites, 

useful to identify functional sites and/or sequence similarities between proteins, often 

from the same family or from a common ancestor.  Thus, for a given protein, 

PROSITE may indicate the presence of conserved regions and functional sites such as 

sites for occurrence of PTMs (by identification of specific PTMs sites and/or by 

similarity analysis) 199. 

KinasePhos – It predicts phosphorylation sites within a given protein 

sequence categorizing these sites by substrate sequences and their corresponding 

protein kinase classes. Thus, KinasePhos provides not only the phosphorylation site 

but also the corresponding catalytic protein kinases that could be involved in the 

predicted phosphorylation 200. 

2.1.1 Prediction of disordered proteins/domains  

The prediction of the tendency of a protein to adopt stable and well defined 3D 

structure or to be intrinsically disordered can be achieved through several web servers 

and bioinformatics tools. Dunker, Uversky and their co-workers developed the first 

well-tested predictor based on the analysis of protein primary sequences 14,201. After 

this, many methods have been designed and different computing techniques have been 

utilized. Nowadays, several web servers are available for prediction of disorder. They 

are regularly assessed as part of the Critical Assessment of Techniques for Protein 

Structure Prediction (CASP), a community-wide experiment for blind protein 

structure prediction 202. Besides the developed methods have generally been 

successful on predicting disorder, their accuracies are variable.  

Basically, the methods apply three general prediction strategies: sequence-

based approach, machine learning classifiers and meta-prediction. It is important to 

mention that this is not an absolute classification since some of the methods use more 

than one of these strategies. The general prediction strategies are briefly described 

below: 
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Predictors based on sequence properties – These methods are based on the 

relative propensity of amino acids to form secondary structures depending on their 

physicochemical properties. Example of sequence-based methods are IUPred203, 

GlobPlot 204, Ucon205 and  FoldIndex206. 

Predictors based on machine learning classifiers – This is a knowledge-

based method i.e., it involves extracting knowledge from solved structures existent on 

databases (such as the PDB) and then use the information achieved to classify new 

proteins whose structures are unknown. Many machine-learning algorithms for IDPs 

are available including artificial neural network (ANN) and support vector machine 

(SVM). Some examples of machine learning systems are the DisPredict, DISOPRED 

and DISOPRED2 26,207.  

 Meta-predictors - They combine the final results reported by series of 

disorder predictor methods to increase the accuracy of the prediction. Examples of 

meta-predictors are meta PrDOS 208, PONDR-FIT 101 and DisMeta 209.  

In the present work, all predictions were performed using PONDR-FIT, a 

meta-predictor which combines six predictors (PONDR-VLXT, PONDR-VSL2 210, 

PONDR-VL3, FoldIndex, IUPred and TopIDP 17). The three predictors of the 

PONDR series use ANN. FoldIndex, IUPred, and TopIDP use sequence-based 

methods.  

2.2 Recombinant protein expression using Escherichia coli (E. coli) systems 

Genetic engineering has enabled the production of numerous recombinant proteins in 

large scale by using heterologous systems. It has been essential for several 

applications such as pharmaceutical industry and drug discovery, food industry, 

research, etc. The expression of a desired recombinant protein depends on many 

factors such as the biological activity of both, the recombinant protein itself and the 

host system used. Today, several host systems are available for protein production, 

such as bacteria, yeast, fungi, algae, insects, plants, and mammalian cells 211.  
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 The selection of a good host system needs to consider the growth features of 

cells, eventually PTMs within cells and, of course, the overall expression levels of 

protein. In this respect, E. coli offers many advantages for rapid and economical 

recombinant protein production such as fast growth kinetics when cells grow in the 

optimal environmental conditions (media composition and temperature, for example) 
212; easy achievement of high cell density in cultures 212,213 and fast and easy 

transformation with exogenous DNA 214. Thanks to these features, E. coli is the most 

used prokaryotic system for production of recombinant proteins 212. Today, many 

distinct E. coli strains, presenting specific advantages to improve protein expression, 

are available. The choice of a correct plasmid system and the best E. coli strain for 

each case is critical to obtain the desired protein with a good yield and quality.  

 

2.3 The plasmid systems 

In the present work pET systems (plasmid for expression by T7 RNA polymerase) 

were used as vectors to carry the genes for expression of the desired proteins. pET 

vectors are derived from the pBR322 plasmid, one of the first used E. coli cloning 

vectors 215. Nowadays, pET systems are the most widely used systems for cloning and 

expression of recombinant proteins in E. coli 216. 

pET systems take advantage of T7 bacteriophage gene 10 (g10-L), which 

encodes the expression of a ribosome-binding site able to stimulate an efficient 

translation in E. coli. In these vectors the gene of interest, encoding the target protein, 

is cloned downstream of the T7 promoter and gene 10 leader sequences. The T7 

promoter is recognized by the bacteriophage T7 RNA polymerase but not by the host 

E. coli RNA polymerase. In this way, recombinant protein expression is initiated 

either by transferring the plasmid into an expression host containing integrated copies 

of the T7 RNA polymerase gene under lacUV5 control, or by infecting the host cells 

with λCE6, a bacteriophage that carries the T7 RNA polymerase gene under the 

control of the λ pL and pI promoters. In the first case, expression is induced by the 

addition of isopropyl β-D-1- thiogalactopyranoside (IPTG) to the bacterial culture. 
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2.3.1 Plasmid of the full-length HPV-16 E7  

The plasmid pET20b(+) containing  HPV-16 E7 (pET20b_E7) gene was generously 

provided by Thomas Hey from Scil Protein GmbH, Halle, Germany 217. The pET20(+) 

(Novagen) vector includes a sequence for expression of β-lactamases, resulting in 

ampicillin resistance, an N-terminal pelB leader sequence for potential periplasmic 

localization and an optional C-terminal His-tag (6x Histidine) sequence for further 

optimization of protein visualization/purification (Figure 2.1).  

 

 

Figure 2.1. Novagen pET-20b (+) plasmid map where HPV-16 E7 construct is inserted.  
 

The original plasmid provided does not generate a native protein (98 residues) 

but a construct including the C-terminus His-tag. In order to express the wild type 

form, in a previous work 218 a stop codon (TAG) was inserted right after the sequence 

of HPV-16 E7 removing the expression of the His-tag.   

 

Protein sequence expressed (HPV-16 E7): 
MHGDTPTLHEYMLDLQPETTDLYCYEQLNDSSEEEDEIDGPAGQAEPDRAHY

NIVTFCCKCDSTLRLCVQSTHVDIRTLEDLLMGTLGIVCPICSQKP 
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DNA sequence (HPV-16 E7): 

ATG CAC GGA GAT ACA CCA ACA TTG CAT GAA TAT ATG TTA GAT TTG 
CAA CCA GAG ACA ACT GAT CTC TAC TGT TAT GAG CAA TTA AAT GAC 
AGC TCA GAG GAG GAA GAT GAA ATA GAT GGT CCA GCT GGA CAA 
GCA GAA CCG GAC AGA GCC CAT TAC AAT ATT GTA ACC TTT TGT TGC 
AAG TGT GAC TCT ACG CTT CGG TTG TGC GTA CAA AGC ACA CAC GTA 
GAC ATT CGT ACT TTG GAA GAC CTG TTA ATG GGC ACA CTA GGA ATT 
GTG TGC CCC ATC TGT TCT CAG AAA CCA 

2.3.2 Plasmid of E7CR3 and E1ACR3 domains 

The plasmids pET21a(+) containing either E7CR3 or E1ACR3 genes (pET21a_ E7 

CR3 and pET21a_ E1ACR3, respectively) were synthetized by Eurofins Genomics. 

pET21a(+) vectors carry optional N-terminal T7-tag sequence and C-terminal 

sequence. These vectors also include a sequence for expression of β-lactamases, 

conferring resistance to ampicillin (Figure 2.2). 

 

 

Figure 2.2. Novagen pET-21a(+) plasmid map where E7CR3 or E1ACR3 constructs are 
inserted.  
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Protein sequence expressed (E7CR3): 

MAEPDRAHYNIVTFCCKCDSTLRLCVQSTHVDIRTLEDLLMGTLGIVCPICSK

P 

 
DNA sequence (E7CR3): 

ATG GCG GAA CCA GAT CGT GCC CAC TAT AAC ATC GTC ACG TTT TGC 
TGC AAA TGC GAT TCG ACC TTA CGC TTG TGT GTG CAA AGT ACC CAT 
GTA GAC ATT CGC ACA CTG GAG GAT CTC CTG ATG GGT ACT CTG GGC 
ATT GTT TGT CCG ATC TGT AGC CAG AAA CCG 
 

Protein sequence expressed (E1ACR3): 

MDEEGEEFVLDYVEHPGHGCRSCHYHRRNTGDPDIMCSLCYMRTCGMFVYS

PVSE 

 

DNA sequence (E1ACR3): 
ATG GAT GAG GAA GGG GAA GAG TTT GTC CTG GAT TAC GTT GAA CAC 
CCA GGT CAT GGC TGT CGC AGT TGC CAC TAT CAT CGC CGT AAC ACC 
GGT GAT CCG GAC ATT ATG TGC TCG TTA TGC TAC ATG CGT ACG TGT 
GGC ATG TTC GTG TAT AGC CCG GTA TCC GAA 
 

2.4 Cell transformation 

The first step of protein expression is the cell transformation, i.e. the insertion of the 

foreign plasmid in the selected host systems. In E. coli, efficient cell transformation 

can be reached through the heat shock method 219. It consists in incubating the 

chemically competent E. coli cells on ice in the presence of the plasmid of interest for 

some minutes. After, the mix of bacterial cells and plasmid is placed at 42°C for 45 

seconds (heat shock) and then placed back on ice. Then, a rich medium (SOC or LB) 

is added to the mix and the transformed cells are incubated at 37°C with agitation for 

some minutes. After, the cells are disposed in a LB-agar plate containing antibiotics 

for cell selection. The efficient transformed cells present the antibiotic resistance 

offered by the plasmid inserted and thus, grow on the plate surface, forming colonies. 
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For further cultures one single colony is chosen to prepare the pre-inoculum. The 

latter consists of a small volume of LB medium 

(10-50 mL) supplemented with specific antibiotics (according to plasmid and cell 

resistances) where the chosen cells grow overnight at 37ºC.  

2.5 Expression tests and final cultures 

In order to obtain a high yield of expression of the desired protein, different E. coli 

strains were used on small-scale expression tests (2-5 mL of culture). Since the 

expression tests were realized in small volumes, the cells were added directly to the 

growth medium (without preparing the pre-inoculum).  

The expression tests are very important to choose the most appropriate E. coli 

strains and also to set up the optimal experimental conditions to obtain a soluble 

protein (preferable) with good yield and quality. Usually, several conditions are 

evaluated during the expression tests. For example, the culture medium composition, 

the temperature to grow the culture and to induce protein expression, the 

concentration of the inducer agent, the optical density of the culture for the induction 

as well the expression time 220,221.  

In the present work, expression tests were performed using BL21(DE3) and  

BL21(DE3)pLysS, a protease deficient strain. Both E. coli strains were transformed 

with the plasmid for expression of E1ACR3, HPV-16 E7 and E7CR3. Transformed 

BL21(DE3) and  BL21(DE3)pLysS were induced with IPTG at different 

concentrations (0.25, 0.5 and 1 mM), with an optical density (OD600) of  0.6 and 1.0; 

after induction, the expression was accomplished at three different temperatures (17, 

30 and 37 °C) for three time periods (4h, 8h and overnight). 

The evaluation of an expression test includes harvesting and disrupting cells 

under similar conditions. The solubility of the target protein can be evaluated by SDS 

polyacrylamide gel (SDS-PAGE). The best choice would be the E. coli strain and 

experimental conditions that could provide a good yield of soluble protein. As cited 

before, protein solubility depends not only by the toxicity of the protein in the host 

system but also by the experimental conditions. The composition of the culture 

medium including its additives is one of the most important factors that can influence 
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not only the yield but also the solubility of the desired protein. For example, the 

addition of metal ions such as zinc salts (ZnCl2 or Zn(CH3COO)2) for expression of a 

zinc-protein and the amount of carbon and nitrogen sources as well their substitution 

with the proper reagents for preparation of isotopically enriched ones, can greatly 

influence the expression levels and/or the formation of inclusion bodies (IBs).  

IBs are the result of intracellular accumulation of partially folded and/or 

insoluble non-native proteins overexpressed within E. coli cells. Changes on the 

growth conditions, such as growth temperature, concentration of inducer, and 

induction time, can often help in decreasing the formation of IBs. The addition of 

chemical additives to the culture medium such as sorbitol, arginine, and trehalose 

could decrease or even suppress the formation of aggregates 222. However, in some 

cases, after several expression tests and improvement of conditions, the target protein 

is still obtained as IBs. Besides IBs are devoid of biological activity, they can be 

recovered and provide functional and active proteins through elaborated 

solubilization, refolding and purification procedures. 

After the optimal growth conditions are identified, the expression of the target 

protein takes place on large scale. Usually, the productions of non-labelled proteins 

without specific requirements may be performed by using a rich medium such as LB 

to grow cells and induce protein expression. Instead, to express proteins that 

coordinate metal ions and/or isotopically enriched (15N, 13C and/or 2H) proteins a 

medium in which the concentration of the various compounds can be controlled is 

required. The minimal salts (M9) medium* is one of the most common media for 

these purposes. It can be easily supplemented, for example with metal ion sources. 

For preparation of 15N-labelled samples, (NH4)2SO4 is generally replaced by 

(15NH4)2SO4 in the M9 medium. The same is done for the preparation of 13C-labelled 

samples where also C6-Glucose was replaced by 13C6-Glucose as source of carbon.  

In the present work, all proteins present a zinc-binding site. Due to that, the 

target proteins were prepared by using M9 media supplemented with 100 µM of 
                                                
* M9 composition: 48.5 mM Na2HPO4, 22.0 mM KH2PO4, pH 7,4; 8.5 mM NaCl, 0.2 mM CaCl2, 2.0 

mM MgSO4, 100.0 μM ZnCl2, 1 mg/L each of biotin and thiamin, 7.5 mM (NH4)2SO4 or (15NH4)2SO4 

and 11.1 mM C6-glucose  or 13C6-glucose) 
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ZnCl2. In addition, M9 was supplemented with specific antibiotics (See table 2.1). In 

all the cases, the pre-inoculum was prepared in 50 mL of LB with the specific 

antibiotic, growing at 37ºC. HPV-16 E7 and E7CR3 cultures were prepared by adding 

10-12 mL of pre-inoculum in 1L of M9 medium. When OD600 reached 0.7, protein 

expression was induced by the addition of IPTG. E1ACR3 was instead prepared by 

the Marley method 223 in order to improve the expression yield. For this, 40-48 mL of 

pre-inoculum was used to inoculate 4L of LB medium supplemented with ampicillin 

(0,1 mg/mL). The cultures were allowed to grow at 37ºC in constant agitation (180 

rpm) till they reach OD600 0.8. After that the cells were gently harvested (4.500 rpm) 

for 20 min at 4ºC. Thus, the pellet obtained was re-suspended with M9 medium and 

allowed for adaptation at 37ºC in constant agitation (180 rpm) for 1hour before the 

addition of IPTG. 

After protein expression, the cell culture should be gently harvested by 

centrifugation in order to separate the cells (pellet) form the culture medium. The 

portion that contains the protein may be frozen (-20ºC) before proceeding with the 

purification steps. Generally this portion is the pellet but in cases of excreted protein, 

the portion to be stored for purification is the growth medium. 

 
Table 2.1. Parameters for the expression of target proteins:  

Protein Transformed E. coli 
Strain (a)/Plasmid 

Medium and 
Antibiotic 

I
IPTG 
(mM) 

Temperature 
and time of 
induction 

Unlabelled, 15N- 
and 13C, 15N- 

labelled E1ACR3 

BL21(DE3)/ 
pET21a_ E1ACR3 M9, Ampicillin (b) 

0
0,5 

17 ºC; 16 
hours 

Unlabelled, 15N- 
and 13C, 15N- 

labelled HPV-16 
E7 

BL21(DE3)pLysS/p
ET21a_E7 

M9, Ampicillin (b), 
Chloramphenicol(c) 

1
1 37 ºC; 5 hours 

Unlabelled, 15N- 
and 13C, 15N- 

labelled E7CR3 

BL21(DE3)/ 
pET21a_ E7CR3  M9, Ampicillin (b) 

0
0,25 37 ºC; 5 hours 

(a) Stratagene® E. coli competent cells; (b) (0,1 mg/mL); (c) (0,34 mg/mL) 



CHAPTER 2. METHODS 

 

 

 

2.6 Protein purification strategy  

The purification of proteins is an essential step in understanding their structure and 

function. The use of several and distinct techniques enables to obtain pure protein 

samples useful for biochemistry and biophysical analysis. Protein purification is not a 

trivial work. Several characteristics of the protein must be considered before starting 

with purification trials: isoelectric point (PI), solubility, influence of pH, temperature 

and salt concentration, the consequences of protein concentration and possible 

aggregation tendencies, etc. A preliminary bioinformatic analysis as well as 

consideration based on the behaviour of similar protein systems already described in 

literature may help in designing the protein purification strategy.  

In some cases, special procedures need to be adopted during the purification 

steps. This is the case of the purification of proteins containing free cysteine residues. 

The addition of reducing agents such as 2-mercaptoethanol or 1, 4-Dithiothreitol 

(DTT) in all buffers used during the purification may be necessary. In some cases, the 

addition of reducing agents is not sufficient to prevent protein oxidation, in particular 

when the oxidizing agent is the oxygen. In such cases, the purification steps should 

take place inside an anaerobic chamber. 

Taking in consideration a recombinant protein expressed and kept within cells 

(non-excreted), the first step of protein purification must rely on the disruption of the 

host cells. First of all it is necessary to re-suspend the host pellet cells obtained after 

culture harvesting in a lysis buffer. This buffer must be compatible with the later 

procedures of purification. It usually contains protease inhibitors and possible 

additives that could guarantee the protein conservation during the initial purifications 

steps (for example reducing agents).  

The disruption of the cells can be performed though several techniques 

depending on the scale of culture and expression. Usually sonication is largely used 

for small scale while French press and high-pressure homogenization are used for 

medium scale and large scale, respectively. In the present work, the expression of 

proteins was performed in small scale. After cells growth and harvesting, E. coli cells 

were disrupted by sonication. During this procedure the control of temperature is a 
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critical parameter. However, the use of a series of short pulses incremented with 

intervals while keeping the cells suspension on ice during all the procedure is a way to 

avoid the heating problem.  

The protein solution obtained after sonication contains membranes, disrupted 

organelles and, in some cases, IBs (when insoluble proteins are expressed). These 

components must be separated by centrifugation resulting on a dense pellet and a 

supernatant. While soluble proteins can be purified directly from the supernatant, 

insoluble proteins need to be recovered from IBs using denaturant agents such as urea 

or guanidinium chloride at different concentrations. The last procedure may cause 

partial or total protein denaturation, thus requiring a refolding step.  

Usually, protein mixtures are subjected to a series of separation steps. They 

can be purified according to their size, charge, solubility and binding affinity. The 

choice of each technique needs to take into consideration the sample conditions 

including its impurity level, the amount of protein to be purified as well the yield 

expected. The chromatography methods are extensively used to reach a high yield of 

pure protein. Among many existent chromatography techniques, these were mainly 

used in this work: ion exchange chromatography (IEC), affinity chromatography 

represented by the immobilized metal ion affinity chromatography (IMAC), and size 

exclusion chromatography (SEC). 

The IEC separates proteins on the basis of their net charge at a given pH. 

Thus, the protein solution to be loaded into the column needs to follow specific 

conditions that favours the binding of the target protein to the column, like controlled 

pH and low salt concentration. To this end, it is very important to known the 

isoelectric point (pI) of the target protein. Tools such as ExPasy224 server* may be 

used to calculate the expected pI for a given protein sequence, facilitating the choice 

of the column resin and buffers to be used on this purification step. At pH values 

lower than pI, the protein is positively charged and can bind to a negatively charged 

column resin (cation exchange solid phase) such as carboxymethyl-cellulose (CM-
                                                
*http://web.expasy.org/protparam/ 
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cellulose). The gradual increase of salt concentration in the eluting buffer (usually 

NaCl or KCl) makes the cation compete with the positively charged groups on the 

protein for binding to the column. Proteins that have a low density of net positive 

charge are eluted first, followed by those having a higher charge density. On the other 

hand, at pH values higher than the pI, the protein of interest is negatively charged and 

can bind to a positively charged column resin (the anion exchange solid phase) such 

as diethylaminoethyl-cellulose (DEAE-cellulose). In a similar way as for cation 

exchange purification, the gradual increase of salt concentration (usually NaCl or 

KCl) in the eluting buffer makes the anion compete with the negatively charged 

groups on the protein for binding to the column. The correct balancing of this 

amphoteric phenomenon is essential to the success of IEC methods. 

Affinity chromatography takes advantage of the high affinity of many proteins 

for specific chemical groups. One of the most used systems for protein purification is 

the IMAC 225. It exploits the affinity of the side chains of specific amino acids (like 

histidine, cysteine and tryptophan) for metal ions (such as Cu2+, Ni2+, Co2+ and Zn2+) 

attached to the stationary phase (resin) 226. The interaction of the specific amino acid 

with metal ions is affected by many variables such as buffer solution composition and 

pH and temperature during the purification. Moreover, protein purification in IMAC 

depends on the number and distribution of specific amino acids that can interact with 

the metal ion as well on protein size 225,227. Thus, when designing the DNA sequence 

to express the desired protein, it is important to consider the addition of a sequence for 

expression of tags in the N or C-terminus as well its cleavage sites (protease 

recognition site), in order to eliminate the tag after the purification step, if it is 

necessary.  

The first step for protein purification consists in loading the protein solution in 

the column. Proteins that do not contain a sufficient number of the specific amino 

acids in an exposed region of the protein do not bind the metal ions immobilized onto 

the resin and pass through. The purification procedure is based on the elution of the 

bound protein by a decreasing pH gradient or by an increasing gradient of a 

competitive agent, such as imidazole, in a buffer. The tag attached to the eluted 

protein can be cleaved by enzymatic digestion with specific proteases (like TEV, 
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Thrombin, etc), according to the strategy chosen during the sequence design. After the 

enzymatic digestion the target protein can be purified from the cleaved tag again with 

the IMAC. In this case, the cleaved tag remains attached to the column while the 

target protein is not attached and passes through immediately.   

Size exclusion chromatography (SEC), also known as gel-filtration 

chromatography, is often combined with other techniques like IEC and IMAC for 

protein purification. It consists in separating the molecules based on their 

hydrodynamic radius, by passing the mix of proteins through spherical beads (resin) 

containing pores of a specific size distribution. According to their hydrodynamic 

properties, proteins may be separated by inclusion or exclusion from the pores of the 

resin. Molecules larger than the pores size do not enter the pores. They pass between 

the beads following the solvent flow, being thus eluted first. Instead, smaller 

molecules diffuse into the pores, being retarded and eluted after larger molecules. The 

high efficiency on separating molecules by SEC depends of many factors including 

the column length, pore size, buffer conditions, temperature and pressure of the 

system, flow rate, and fractionation volume. All these parameters need to be well 

planned and tested in order to find the best conditions for a high resolution and 

efficient chromatographic separation. 

Since SEC separates proteins based on their radius but not on their molecular 

weight, the separation of proteins with the same molecular weighs but different 

shapes is possible. In this case, it is expected that the more globular protein will have 

a longer retention time than less folded proteins or IDPs. Due to these features, SEC is 

also used for buffer exchange (desalting) and for the characterization/monitoring of 

aggregation tendencies and analysis of molecular shape 228. With the same purpose, 

SEC may also be combined with other techniques where size/shape based separations 

are required like dynamic light scattering (DLS), small-angle X-ray scattering 

(SAXS), etc. 

In order to purify HPV-16 E7, the pellet cells obtained after cells harvesting 

(as described Section 2.5) were re-suspended in 25 mL of degassed buffer A (20 mM 

TRIS buffer at pH 8.5, 10 mM DTT supplemented with Roche complete protease 

inhibitors) and bacterial cells were disrupted by sonication (20 kHz sonication 
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frequency and 40% of amplitude) with cycles of 3s and 10s of delay for 20 min, in 

anaerobic conditions. Lysed cells were then centrifuged at 165000 g for 30 min at 

4ºC. The supernatant containing HPV-16 E7 protein was loaded on a HiTrap QFF 10 

mL, an ionic exchange column, pre-equilibrated with buffer A. The purification step 

was followed with buffer A in a gradient with buffer B (buffer A + 0.5 M NaCl). 

HPV-16 E7 protein was eluted with 0.5 M NaCl (100% buffer B). Fractions 

containing the protein were mixed, concentrated to 4 mL and injected in a Superdex 

75 16/100 size exclusion chromatography column pre-equilibrated with the final 

degassed buffer (10 mM HEPES pH 7.5, 50 mM KCl, 10 mM DTT and 10 µM 

ZnCl2).  The purification step was followed by using a flow rate of 1 mL/min until the 

elution of the protein (about 70 mL). After analysis by SDS-PAGE 17%, fractions 

containing the pure protein were mixed and concentrated to 500 µL for NMR 

analysis. 50 µL of D2O was added to each NMR sample for the lock signal. Protein 

concentration was estimated by refractometer using Lysozyme as standard. 

For the purification of E1ACR3 the pellet cells were resuspended in 50 mL 

equilibration buffer A (20 mM TRIS, 10 mM NaCl pH 8.0, 1 mM DTT and Roche 

complete mini protease inhibitor). Cells were disrupted by sonication on ice (20 kHz 

sonication frequency and 80% of amplitude) with cycles of 3s and 10s of delay for 25 

min, in anaerobic conditions. Lysate cells were centrifuged at 165000 g for 30 min at 

4 °C. The supernatant was filtered and loaded on a HiTrap Q FF 5 mL, an ionic 

exchange column, pre-equilibrated with buffer A (20 mM TRIS, pH 8.0 and 1 mM 

DTT). The purification step was followed with buffer A in a gradient with buffer B 

(buffer A + 1 M NaCl). The recombinant E1ACR3 was eluted between 0.25M and 

0.35 M NaCl gradient. All the fractions containing the protein were concentrated until 

5 mL and loaded on a HiLoad16/60 Superdex 30 prep grade size-exclusion 

chromatography column pre-equilibrated with 10 mM HEPES pH 7.5, 50 mM KCl, 1 

mM DTT and 10 µM ZnCl2. The purification step was followed by using a flow rate 

of 1 mL/min until the elution of the protein (about 80 mL). After analysis by SDS-

PAGE 17%, fractions containing the pure protein were mixed and concentrated to 500 

µL for NMR analysis. 50 µL of D2O was added to each NMR sample for the lock 

signal. Protein concentration was estimated by UV measurement using the molar 



2.6. PROTEIN PURIFICATION STRATEGY  

 

 

   
42 

extinction coefficient (5960 M-1cm-1) calculated from ExPASy ProtParam tool*. The 

purification of E7CR3 followed a different protocol, since this protein was expressed 

in IBs. The detailed protocol of purification and refolding of E7CR3 is described in 

the next section. 

2.7 Refolding Processes  

Several approaches have been reported to recover the insoluble target protein in a 

biologically active form. Despite the protein expressed in IBs has no biological 

activity, IBs allow a very high level of protein expression with lower degradation 

inside the cells. Indeed, expression of proteins as IBs may even facilitate the 

following purification steps, provided of course the refolding procedure is working 

properly. Since the target protein is delivered in IBs with less impurities, a reduced 

number of purifications steps are required when compared to proteins expressed in the 

soluble phase 229.    

The refolding process involves the recovery of inclusion bodies from disrupted 

bacterial cells using low speed centrifugation and their dissolution with a high 

concentration of chaotropic reagent used to decrease the non-covalent interactions 

between proteins. Some examples of chaotropic reagents commonly used to solubilize 

proteins from IBs are urea, guanidinium chloride and ionic detergents, such as N-

lauroylsarcosine. In addition, reducing agents such as DTT, 2-mercaptoethanol or 

tris(2-carboxyethyl)phosphine (TCEP) are required to reduce undesirable inter- and/or 

intramolecular disulfide bonds formation 230. The solubilisation of proteins from IBs 

using high concentrations of chaotropic reagents causes loss of tertiary structure 

leading to the random coil formation and consequently exposure of hydrophobic 

cores, when present. 

Nevertheless, some secondary structures may remain in protein chains 231. The 

refolding may be achieved through the slow removal of the chaotropic added reagent, 

leading the target protein from the completely or partially unfolded state to a folded 

form. This process may take from a few seconds to several days.  
                                                
*http://web.expasy.org/protparam/ 
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In order to favour the refolding pathway it is necessary to have under control 

the most critical parameters that may affect the refolding process:

 Protein concentration: the refolding process must be performed with a low 

concentration (diluted) of the target protein. High protein concentration can result in a 

massive and irreversible protein aggregation and precipitation.  

Salt concentration: although most proteins are less soluble at high salt 

concentration, in most cases the presence of salt (such as NaCl or KCl) in buffers is 

required to guarantee protein solubilization. It is very important to work in a safe 

range of salt concentrations where protein solubility can be maintained without 

protein precipitation. Usually, 50-100 mM salt is considered a safe range to preform 

refolding.  

pH: protein stability is highly dependent of buffers’ pH. The buffers used for 

the refolding process should be at least one pH unit away from the pI of the target 

protein in order to guarantee a minimum protein net charge, thus avoiding massive 

protein precipitation. 

Temperature: it influences the speed of folding but also the propensity of 

aggregation, having thus a dual effect on the refolding process. Each protein is 

thermodynamically stable in a given buffer system in a limited temperature range. In 

general, low temperatures are favorable for productive folding (less propensity of 

aggregation) but they also reduce the folding rates, increasing the time required for 

refolding. Trials of refolding with different temperatures may be necessary in order to 

find the best conditions.   

Additives: the use of some compounds often helps on the solubility and 

avoids aggregation during the refolding process. L-arginine (0.4-1 M) may reduce 

protein aggregation and in a higher concentration range (0.5-2 M) it helps on protein 

solubilization 232; also proline 233, polyethylene glycol (PEG) 234 and polyols such as 

sorbitol 235 and, in particular, glycerol 236 are also used as co-solvents and inhibitors of 

aggregation. 

In the past years many methods have been reported to refold proteins such as 

dilution, dialysis, chromatography methods reversed micelle systems 237, zeolite 

absorbing systems 238 as well as the exploitation of natural folding chaperones 239.  
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Among these approaches, dilution, dialysis and chromatography are the most 

used methods in the lab routine. SEC is well suited to recover solubilized proteins, 

since it involves the separation of molecules (depending on their hydrodynamic 

radius) during buffer exchange, it is able to separate different folding intermediates, 

reducing protein-protein interaction and thus, prevents aggregation. Indeed, SEC is 

able to separate soluble aggregates perhaps formed during the previous steps (e.g. 

solubilization), allowing the obtainment of more homogeneous and pure protein 

samples. 

The E7CR3, expressed in inclusion bodies, was solubilized with 25 mL of 50 

mM HEPES, pH 8.5, 50 mM KCl, 2 M urea and 5 mM DTT. After this, the solution 

obtained was centrifuged at 165000 g for 30 min at 4 °C. The supernatant was thus 

concentrated until 4mL. The purification and refolding of the protein was performed 

on a Superdex 75 16/100 size exclusion chromatography column pre-equilibrated with 

the final degassed buffer (50 mM HEPES, 50 mM KCl, 5 mM DTT, 10 µM ZnCl2 at 

pH 7.5 or 8.5 depending on the analysis to be performed). All the buffers and 

purification systems were refrigerated at 4°C. The purification was obtained by using 

a flow rate of 1 mL/min until the elution of the protein (about 70 mL). After analysis 

by SDS-PAGE 17%, fractions containing the pure protein were mixed and 

concentrated to 500 µL for NMR analysis. 50 µL of D2O was added to each NMR 

sample for the lock signal. Protein concentration was estimated by refractometer using 

Lysozyme as standard. 

During the set-up of the refolding protocol, our tests showed that the addition 

of zinc ions salts (such as ZnCl2) had no effect on the refolding of the protein. For this 

reason, no zinc salt was added to the E7CR3’s buffers during this procedure. 

 

2.8 Structural and dynamic properties of proteins by NMR techniques 

NMR spectroscopy provides a unique tool to investigate the structural and dynamic 

properties of biomolecules at atomic resolution in solution. NMR signals chemical 

shifts (CS) provide highly sensitive probes of molecular structure since they are 

directly related to the local chemical environment of each nucleus itself 240. The 
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information contained in CS is useful for the characterization of conformational 

changes or binding, to figure out regions with secondary structural elements as well as 

to aid in the refinement of complex structures and in the determination of the tertiary 

structure of proteins.  

In order to obtain all this information it is strictly necessary to correlate the CS 

observed with the amino acid sequence of the protein under study. Thus, the sequence 

specific assignment of a protein is the starting point for the investigation of its 

structural and dynamic properties as well as of binding to other molecules and metal 

ions. The assignment process begins by the CS assignment of backbone resonances. 

Once these CS have been obtained, the assignment of side chains can be achieved.  

NMR applied to biopolymers generally results in poorly resolved 1D NMR 

spectra. The addition of one dimension to the 1D NMR spectra spreads overlapping 

signals increasing the resolution and consequently providing a clearer protein 

“fingerprint” 241. However, in most cases the use of multidimensional and 

multinuclear experiments is necessary to obtain the necessary information or 

resolution for protein characterization. This is generally the case of proteins larger 

than 50 amino acids and/or with high flexibility.  

Compact structures found in globular proteins create a unique chemical 

environment for each nuclear spin, resulting in a large CS dispersion. Instead, for 

IDPs, their highly flexible nature induces extensive conformational averaging, thus 

causing a reduction of the CS dispersion. This leads to extensive signal overlap, 

complicating significantly the interpretation of the NMR spectra 242. The overlap 

problem frequently found in 2D NMR spectra can be significantly reduced by the 

addition of more indirect dimensions, generating for example three and four-

dimensional spectra. These strategies rely on coherence transfer between 1HN ,15N and 
13C nuclei along the backbone chain. 
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2.9 Sequence specific assignment and structure determination 

Sequence specific assignment strategies are well established for globular proteins 

where combinations of triple-resonance experiments linking 1HN, 13Cα, 13Cβ, 13C', 15N 

CS provide the necessary information for connecting neighbouring residues. For 

example, one can combine 3D HNCA and 3D CBCA(CO)NH experiments. While 3D 

HNCA provides intra- and inter-residue correlations between 1HN, 15N, and 13Cα 

resonances, 3D CBCA(CO)NH gives only inter-residue correlations between the 1HN 

and 15N resonances of one residue and the 13Cα and 13Cβ resonance of the preceding 

residue. Hence, each 13Cα resonance is linked to both the 1HN, 15N resonances of  intra-

residue and preceding amino acids and, in addition, 13Cβ resonance information is 

achieved 243,244. Ambiguities caused by possible CS degeneracy can be solved with 

additional experiments that provide alternative correlations such as the 3D HNCO and 

3D HN(CA)CO that correlate the 1HN and 15N resonances with intra-residue and the 

sequential 13C' resonances. After getting information about the backbone, the side 

chains assignment can be accomplished with 3D HCCH-TOCSY and 1H-15N TOCSY-

HSQC experiments 243. This is a very important step to verify sequential assignment 

and to get information for further structure determination. 

Triple-resonance experiments acquired on structured proteins that give 1HN, 
15N resolved spectra work well but when they are applied to IDPs they are often 

doomed to failure due to two reasons: (i) the significant chemical exchange of 

exchangeable protons with the solvent protons which reduces 1HN signal intensities 

(amide signal broadening resulting in low signal-to-noise ratios), (ii) the extensive 

signals overlap. In order to address these problems, specific NMR experiments were 

designed. Increasing dimensionality of the experiments is a solution to increase 

resolution. The acquisition of 5D - 7D NMR experiments is possible for IDPs thanks 

to their reduced transverse relaxation rates (compared to structured proteins of similar 

size).  

One approach adopted to reduce the influence of proton chemical exchange on 

line broadening and increase resolution when working with IDPs, is to use 13C 

detection 245. These experiments allow also efficient assignment of proline residues 
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which are very abundant in IDPs and thus are considered the most disorder-promoting 

residues 246.  

Once chemical shift assignment is obtained, CS can be used to measure 

backbone dihedral angles Φ and Ψ 247,248 for structured proteins and to estimate 

secondary structure propensity (SSP) 249 in case of disordered proteins.  

The SSP score is based on the deviation of the CS of various resonances of the 

protein under investigation from their expected random coil values 250. In particular 

13Cα, 1Hα and 13Cβ nuclei are considered good probes for secondary structure since 

their dispersion is much greater in folded proteins than in IDPs 251. The SSP score 

ranges from --1 to 1, representing the tendency of a protein fragment for a specific 

secondary structure element. Positive values indicate the formation of α-helix 

structure and negative values indicate the formation of β-strand or extended structure 

(Figure 2.3). SSP can be calculated in various ways through easily accessible online 

tools such as through the ncSPC* (neighbour-corrected Structural Propensity 

Calculator) 249 . 

 

 
Figure 2.3. SSP integrates different backbone and side-chain nuclear chemical shifts to 
generate a single estimate of fractional secondary structure content. Adapted from Marsh et 
al., 2006 252. 

 

Protein structure determination by NMR requires the measurement of 

parameters sensitive to distances between nuclei and molecular conformation. At 

                                                
* http://www.protein-nmr.org 
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present, the nuclear Overhauser effect (NOE) and the residual dipole–dipole 

couplings (RDCs) measurements are the most commonly utilized parameters for 

protein structure determination. 

2.10 Nuclear Overhauser effect 

The main source of geometric information used in NMR structure determination of 

biomolecules lies in short inter-proton distance restraints derived from Nuclear 

Overhauser effect (NOE) measurements. NOE results from cross-relaxation due to the 

dipole-dipole interaction between two nearby spins 253. Since the NOE effect is 

proportional to the inverse sixth power of the distance between the two protons, it is 

measurable only for distances up to about 5Å i.e. the NOE is useful to give both short 

range and local information as well as distances between two protons belonging to 

different amino acids which may be far away from each other in the primary sequence 

of the protein but that are close in space.  

In two- or higher-dimensional heteronuclear resolved 1H-1H-NOESY spectra 

the NOE is manifested by cross-peaks between pairs of protons at a short distances 

one from the other. The evaluation of cross-peak intensity provides an estimate of the 

inter-proton distances. Thus, besides giving information on distance constraints, 

NOESY cross-peaks are very useful to verify or complete the sequence specific 

assignment and eliminate possible ambiguities 254,255. Indeed, sequentially 

neighbouring amino acids are also close in space and in general provide inter-residue 

correlations. In addition, short proton–proton correlations are specific for each type 

secondary structure. Thus, their identification helps to define local structural features 

such as the presence of α-helices and β-strand. α-helices are characterized by a stretch 

of strong or medium HN(i) - HN(i±1), weaker HN(i) - HN(i±2) and HN(i) - HN(i±3) and 

Hα(i) - HN(i±1) while β-strands are characterized by strong Hα(i) - HN(i±1) and the 

absence of other short range NOEs involving the HN and Hα protons 256.  
The NOESY cross-peak intensity may be affected by several factors such as 

protein or domain mobility, solvent exchange and spin diffusion, making invalid the 

linear correlation between intensity and r-6. Nevertheless, if NOESY spectra have 
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been acquired in order to avoid severe spin-diffusion effects (by using shorter mixing 

times) the intensities can be converted into the corresponding 1H–1H distances. 

However, additional problems may arise from spectral artefacts and noise as well 

from the absence of some expected signals due to the fast relaxation. Due to these 

inevitable shortcomings interactive procedures are necessary for 3D protein structure 

determinations.

 

2.11 Residual Dipolar Coupling   

Dipolar couplings are sensitive to the chemical environment and molecular motions. 

They are a useful probe of molecular structure and dynamics associated with 

biological processes such as ligand binding, conformational exchange and protein-

protein interactions.  
Residual dipolar couplings (RDCs) are complementary to NOEs, being used 

as restraints in molecular dynamics calculations. However, RDCs report on the 

orientation of dipolar coupling vectors within a common reference frame. In solution 

NMR and under isotropic conditions, inter-nuclear dipolar couplings average to zero 

as a result of the effects of Brownian motion. In order to reach a measurable dipolar 

coupling in solution, protein molecules must be weakly aligned relative to the field, 

creating an anisotropic condition.  

The partial orientation of molecules to enable the determination of residual 

dipolar couplings is basically created by two ways: one is the direct observation of 

biomolecules that have a large magnetic susceptibility anisotropy such as 

metalloproteins with paramagnetic centres or diamagnetic systems, e.g. DNA, where 

its interaction with the magnetic field produces a weak alignment 257,258. In the same 

context, proteins can be also linked to a metal-chelating tag 259,260. Another way is to 

make use of an orienting medium that contains small amounts of orienting agents 

(substances with a large magnetic anisotropy) that could weakly (almost negligibly) 

interact with the target protein.  
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2.11.1 Alignment media 

RDCs resulting from external alignment media are usually extracted from 

measurements of observed scalar couplings in the presence and absence of an 

alignment medium. Many different alignment media have been employed to generate 

the anisotropic molecular orientation including stretched acrylamide gel (SAG) 261,262, 

liquid crystalline phases based on virus particles (in particular filamentous phage) 
263,264, phospholipids (bicelles) and surfactants, in particular poly(ethylene glycol)- 

(PEG-) based bilayers 265,266.  

The choice of the alignment medium is a not obvious and it is frequently 

empirically determined. Some criteria must be evaluated such as (i) the chemical 

compatibility of the system considering buffer conditions (pH and ionic strength) (ii); 

the stability (the orienting medium must remain stable and oriented, not leading to 

phase separation) (iii) the possibility of strong interaction between the systems, which 

must be avoided. Despite none of the alignment media is universally applicable, liquid 

crystalline media based on bicelles and PEG-based bilayers have been widely used for 

protein solutions in NMR due to their high versatility. 

Bicelles are disk-shaped particles made from a mixture of long- and short-

chain phospholipids (usually the long-chain is 1,2-dimyristoyl-sn-glycero-3-

phosphocholine, DMPC, and the short-chain is the detergent 1,2-dihexanoyl-sn-

glycero-3-phosphocholine, DHPC) 267,265. The formation of a liquid crystalline phase 

with DMPC/DHPC mixtures is very complex and depends on many variables 

including the DMPC:DHPC ratio and their absolute concentration as well as 

temperature, salt concentration and buffer pH 268–271.  

In solution-state NMR the ratio of DMPC:DHPC is typically 3:1 and the 

absolute concentration in solution is usually 3-5% (w/v). These conditions allow 

obtaining small and fast-tumbling bicelles, with a minimal impact on line widths. The 

use of DMPC/DHPC bicelles has some limitations. The phospholipids are only stable 

in a narrow pH range (around 6.5). Outside this range, hydrolysis can take place in 

some days or weeks. Clearly it can be a trouble when working with proteins not stable 

at this conditions. Indeed, bicelles adopt liquid crystalline phase behaviour, with and 
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optimal alignment, only over a narrow range of temperatures and ionic strength 272. 

These ranges extremely depend on the DMPC:DHPC ratio and on their absolute 

concentration in solution. Bicelles can be constituted by other phospholipids, for 

example the 1,2-di-O-dodecyl-sn-glycero-3-phosphocholine (DIOPC) and 3-([3-

chloramidopropyl]dimethylammonio)-2-hydroxyl-1-propanesulfonate (CHAPSO). 

Although they are more stable at low pH, they still do not form stable crystalline 

phase at neutral pH 273. 

Upon these conditions, the PEG-based bilayers are useful alternatives for the 

use of bicelles in solution-state NMR. The main advantage relative to bicelles is that 

they are characterized by high stability. The PEG-based systems are uncharged and 

thus insensitive to pH and little sensitive to salt concentrations. Thus, they may 

remain as liquid crystalline phase for long times, even years. Indeed, PEG-based 

systems have little or no interaction with macromolecules 266.  

PEG-based bilayers are formed by the mixture of PEG and n-alkyl alcohol 

(usually n-octanol or n-hexanol). The different PEGs are denoted as CmEn, where m 

is the number of carbons in the linear alkyl chain and n is the number of the glycol 

units in the poly(ethylene glycol) moiety (e.g. C12E6, C12E5 and C8E5). Molar ratios 

of CmEn to n-alkyl alcohol are generally in the 0.64-0.96 range and the weight 

percentages of CmEn are between 3 and 11% 274. These bilayers have shown a large 

temperature range (below 0 °C up to almost 40 °C) as demonstrated in Figure 2.3. In 

fact, the temperature range depends on the n-alkyl alcohol concentration, which 

lowers the temperature range of stability for the liquid crystalline phase. 

 
 



2.11. RESIDUAL DIPOLAR COUPLING  

 

 

   
52 

 
 
Figure 2.3. Temperature range of stable liquid crystalline phases based on 
CmEn/alcohol/H2O. The systems are identified by the surfactant/H2O ratio in weight 
percentages (wt %) taking into account the presence of D2O, but not the alcohol. The r-value 
denotes the molar ratio surfactant to alcohol. Adapted from Rückert and Otting, 2000 266.  

 

In NMR spectra, RDCs can be easily determined by measuring the additional 

contribution to splitting deriving from the scalar J couplings (Figure 2.4). Thus, the 

magnitude of the dipolar coupling between two nuclei, A and B (DAB), can be easily 

measured by taking the difference of the splitting under anisotropic conditions (J + 

DAB) and under the isotropic conditions isotropic state (J) 275. 

 
Figure 2.4. Small regions of 1H-15N HSQC spectra of Ubiquitin protein collected without 1JNH 
decoupling in the following conditions: A) Isotropic; B) In crystalline liquid medium 4.5% 
(w/v) of bicelles DMPC/DHPC and CTAB on the proportion 30:10:1, respectively; C) In 8% 
(w/v) of bicelles DMPC/DHPC and CTAB on the proportion 30:10:1, respectively. The 1H-
15N HSQC scalar coupling are indicated in Hz.  Adapted from Bax, 2003 276.  
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In the present work, the RDCs measurements of HPV-16 E7 were performed 

by creating a crystal medium using C8E5 (pentaethylene glycol monooctyl ether) and 

n-octanol. These components were added to the NMR tube in order to have a final 

solution of 5% w/v (C8E5/buffer) and a molar ration (r) of C8E5 to n-octanol of 0.87. 

The experiments were performed using variants of 2D 1H-15N HSQCs in which the 

information about the coupling was encoded in the indirect 15N dimension of the 

spectra through the IPAP approach. Two subspectra were acquired, one collecting the 

in-phase (IP) component and one the anti-phase (AP) component. Linear combination 

of the two subspectra allowed to separate the two multiplet components and to 

measure RDCs for the majority of the residues in the N-terminal part of E7.  

 

2.12 Dynamic studies 

The intrinsic dynamic properties of proteins play a key role in their functions and thus 

they represent an important feature to be investigated. NMR can provide dynamic 

information in several timescales (ps-ns) by measuring relaxation rates, which depend 

on molecular motions 277. NMR relaxation depends on the physical bond vibrations, 

side chain rotamer interconversion, the presence of random coil, loop motions and 

backbone torsion angle rotation 278.  
15N nuclear spin relaxation is used to probe protein backbone dynamics. 15N R1 

(1/T1, the longitudinal relaxation time constant), 15N R2 (1/T2, the transverse relaxation 

time) and the heteronuclear nuclear Overhauser effect (1H-15N hnNOE) are generally 

measured 279.  

15N R1 and 15N R2 data utilize a series of spectra that quantify the time-

dependent decay of magnetization due to spin-lattice relaxation rates (R1) occurring 

along the z axis and via spin-spin relaxation rate (R2) occurring in the x,y plane. The 

hnNOE results from the magnetization transfer via dipolar coupling between 1H and 

the directly attached 15N (relaxation properties of backbone). It is obtained by 

comparing signal intensities in the presence and absence of 1H radiofrequency 
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irradiation 280. These parameters provide information on local structure, rigidity and 

chemical exchange. 

The 15N R2 and 15N R1 ratios (R2/R1) are useful to estimate the effective 

rotational correlation time (τc) in proteins with molecular weights up to about 30 kDa 
281. In folded proteins, τc can be correlated with a good approximation to the molecular 

weight and thus be used as an indicative measure of possible aggregation.  

The 15N relaxation experiments to determine R1, R2 and 1H-15N NOEs of 

E7CR3 were acquired on a Bruker AVANCE 500 MHz spectrometer (11.8 T) at 298 

K. E7CR3 sample was 300 µM concentrated in 50 mM HEPES (pH 8,5), 50 mM KCl, 

5 mM DTT, 10 µM ZnCl2. 

The 15N relaxation experiments to determine R1, R2 and 1H-15N NOEs of 

E1ACR3  were acquired on a Bruker 700 MHz spectrometer at 288 K on a 140 µM 

E1ACR3 in 10 mM HEPES (pH 7,5), 50 mM KCl, 1 mM DTT, 10 µM ZnCl2

 

2.13 Computational approaches to describe the structural and dynamic 

properties of IDPs 

The lack of a stable 3D structure, a characteristic feature of highly flexible and 

heterogeneous proteins, prevents the use of well-established computational 

approaches to study IDPs. In principle, molecular dynamics simulations can generate 
ensembles of structures once accurate energy functions and efficient sampling 

methods are provided. In practice, however, often the energy functions are known 
only approximately and the sampling can be carried out only in a limited manner 282. 

Indeed, molecular dynamics suffers of a number of problems resulting from an 

incomplete conformational sampling 283. The determination of meaningful 

descriptions of the structural and dynamic properties of IDPs is still a very 

challenging task. Two different methods were used in this work for the 

characterization of E1A and HPV-16 E7. In the case of E1A its large size prevents the 

use of computationally intensive methods; NMR data were thus used as input for 
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flexible-meccano calculations 284, which nicely allowed us to visualize the information 

content of experimental data.  

In case of E7, the more limited size of the protein allowed us to exploit 

replica-averaged metadynamics (RAM), a computationally intensive approach, for the 

determination of the conformational energy landscape of the protein. This method 

enables to increase the quality of the energy functions and of the extent of the 

sampling. The method is based on the incorporation of experimental data as replica-

averaged structural restraints in molecular dynamics simulations and exploits the 

meta-dynamics framework to enhance the sampling 282. This approach in combination 

with NMR CS and RDCs was used for the characterization of the structural and 

dynamic features of HPV-16 E7 thanks to a collaboration with the group of Michele 

Vendruscolo. 

. 

 

2.14 Phosphorylation of HPV-16 E7 followed by time-resolved experiments 

As mentioned in Section 1.3, NMR is a powerful technique to identify and follow 

PTMs, allowing the investigation of kinetics and structural changes without further 

requirements for selective enrichment or purification procedures, as would be 

required for MS analyses.  

The biological consequences of the phosphorylation of Ser31 and Ser32 of E7 

are well known. It is an important mechanism of E7 on improving binding with key 

partners and increasing its oncogenic potential. This phosphorylation reaction requires 

the presence of Mg2+ to form the active Mg2+-ATP complexes. Indeed, Mg2+ is 

required for CKII activity 285,286. In previous studies performed by our group we have 

observed that high concentrations of MgCl2 causes loss of signals in NMR spectra of 

the CR3 domain. Thus, in order to establish the optimum Mg2+ concentrations to 

perform HPV-16 E7 phosphorylation, an MgCl2 titration of HPV-16 E7 and 

phosphorylation trials were performed with 15N-labeled samples. The titration was 

followed by acquiring a series of SOFAST-HMQC collected at 298 K on Bruker 
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Avance 900 MHz instrument when 108 µM E7 were mixed with different MgCl2 

concentrations: 0.1; 0.5, 1; 5; 10; 15; 20 and 50 mM. 

In vitro HPV-16 E7 phosphorylation was performed with 15N-labelled samples 

with different concentrations of ATP (15, 25, 35, 350 and 800 µM) from Sigma-

Aldrich®; and also different concentration of recombinant human CKII (2500 and 

5000 UI) from New England Biolabs®, in presence of 1 mM MgCl2 . The reagents 

were added directly in the NMR tube and monitored by NMR spectroscopy. The 

reaction was followed with uninterrupted cycles of 1D 1H [36], 1H-15N SOFAST-

HMQC [37;38] and 1H-15N HSQC [27-29;39] NMR experiments acquired over the 

time until the end of the reaction (disappearance of signals of unphosphorylated Ser31 

and Ser32). All NMR experiments were acquired at 303 K on a 16.7 T Bruker 

AVANCE 700 equipped with a cryogenically cooled triple resonance probehead. 1H-
15N SOFAST-HMQC experiments were recorded with 16 transients and 1,204 (1H) x 

128 (15N) complex points. 1H-15N HSQC were recorded with 4 transients and 1,536 

(1H) x 256 (15N) complex points. Each experiment required 20 min of acquisition 

time. NMR data were processed with TopSpin 2.0 and analysed with the program 

ccpNMR[34].  

2.15 Sample preparation and their analysis/assays  

The expressions and all steps of purification of each protein were designed 

considering the analyses to be performed. In particular, the last step of purification 

(usually SEC) was optimized to obtain the target protein in the optimal buffer 

conditions. Further modifications such as pH adjustments or buffer exchanges were 

performed under anaerobic conditions by using Millipore (Amicon®) ultra-centrifugal 

filters to wash the protein with the desired buffer until reaching the desired conditions. 

The general buffer content for each protein is summarized below: 

 

Sequence specific assignment 

 
E7CR3: 250 µM E7CR3 in 50 mM HEPES (pH 8,5), 50 mM KCl, 5 mM DTT, 10 

µM ZnCl2. 
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E1ACR3: 140 µM E1ACR3 in 10 mM HEPES (pH 7,5), 50 mM KCl, 1 mM DTT, 

10 µM ZnCl2. 

Dynamic studies 

 
HPV-16 E7: 170 µM HPV-16 E7 10 mM TRIS (pH 8,5), 50 mM KCl, 10 mM DTT, 

10 µM ZnCl2.  

E7CR3: 300 µM E7CR3 in 50 mM HEPES (pH 8,5), 50 mM KCl, 5 mM DTT, 10 

µM ZnCl2. 

E1ACR3: 140 µM E1ACR3 in 10 mM HEPES (pH 7,5), 50 mM KCl, 1 mM DTT, 

10 µM ZnCl2. 

 

RDC analysis 
 

HPV-16 E7: 150 µM HPV-16 E7 20 mM HEPES (pH 7,5), 50 mM KCl, 10 mM 

DTT, 10 µM ZnCl2. 

 

MgCl2 titration and phosphorylation assays 
 

HPV-16 E7: 125 – 340 µM HPV-16 E7 20 mM HEPES (pH 7,5), 50 mM KCl, 10 

mM DTT, 10 µM ZnCl2.



 

 

 

 

 

 

Chapter 3 

Results   

The biological importance of HPV-16 E7 and HAdV-E1A proteins (E1A289 and 

E1A243) and the lack of high-resolution structural and dynamic data on these two 

important proteins motivated this research project. Besides being involved in different 

pathologies, HPV-16 E7 and HAdV-E1A proteins share a lot of similarities, in 

particular interactions with the same key partners and structural elements.  

The complete structural and dynamic characterization of both proteins 

represents an important step for the understanding of their properties at the molecular 

level. Some of the highly flexible domains of HPV-16 E7 and HAdV-E1A proteins 

were previously characterized by NMR 56,287 However, the CR3 domains of both 

proteins revealed to be a challenging target for high resolution characterization. In 

order to investigate CR3 in both cases, the isolated domains (E7CR3 and E1ACR3) 

were expressed, purified and analysed by NMR.  

The complete sequence specific assignment of E1ACR3 was obtained and thus 

it was possible to access dynamic information on the specific residues as well as to 

perform SSP calculations. The results indicate that CR3, in the short construct, is a 

relatively flexible domain composed by two helices of less than ten residues each, 

each of them hosting one of the two CXXC zinc-binding motifs. The complete high-

resolution characterization of E1A is described in detail in Section 3.1 (“Structural 

and dynamic characterization of the molecular hub E1A from human adenovirus”, 

published in Chemistry, 2016). 

In case of HPV-16 E7, the strategy of expressing the isolated E7CR3 allowed 

achieving the sequence specific assignment of most parts of this domain, and thus to 

calculate the SSP. This analysis shows the presence of two α-helixes in regions from 
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residue 69 to 82 and 92 to 96 in agreement with the structural investigations on the 

other HPV serotypes 54,77. 15N relaxation data were also collected and are reported in 

the Appendix. Since the structural properties of the E7CR3 showed to be quite similar 

to the CR3 domain in the full-length E7, the assignment obtained in the isolated 

domain could be transferred to the full-length E7. This represents the assignment of 

about 90% of the amino acids of HPV-16 E7 (1HN and 15N, 13C', 13Cα, 13Cβ resonances). 

In order to access complementary structural information of HPV-16 E7, RDCs were 

measured. For this analysis (C8E5) and n-octanol were used to induce weak 

orientation of the protein. The resulting RDCs together with CS information were 

used as structural restrains on replica-average metadynamics (RAM). This part of the 

work was possible thanks to the collaboration with Prof. Michele Vendruscolo from 

University of Cambridge. 

Through RAM methodology it was possible to reconstruct the free energy 

landscape of the protein and to obtain a conformational ensemble that describes the 

dynamics of its domains. Our results show that the N-terminus of HPV-16 E7 is 

characterized by high disorder content while the CR3 domain is more compact. On 

this domain our results also indicate the presence of two α-helices and one β-sheet 

and also small linkers that could behave as coiled regions, providing also certain 

flexibility to this folded domain. The high quality of the 3D models obtained can be 

useful to understand and design potential anti-HPV drugs to target HPV-16 E7. This 

work is described in detail in Section 3.2 (The structure and dynamics of HPV-16 E7 

described by NMR-guided metadynamics draft in preparation). 
The resulting assignment of HPV-16 E7 allowed also to investigate the impact 

of one of the most important PTMs on E7, the CKII-dependent phosphorylation 

occurring in Ser31 and Ser32. As mentioned in Section 1.3.2, the phosphorylation of 

E7 may enhance the affinity of E7 for important key partners, in particular pRb 48 and 

TBP 65,69. The phosphorylation of Ser31 and Ser32 monitored through time-resolved 

NMR experiments showed that the phosphorylation of Ser31 and Ser32 results in 

minor changes to the local residues. During and after the reaction no conformational 

changes were observed. The ensemble of these results suggests that the enhancement 

of affinity of HPV-16 E7 to its partners is due more to the negative charge provided 
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by the phopshoryl group added by phosphorylation. Sample checks performed after 

the phosphorylation of Ser31 and Ser32 revealed that the protein remains stable 

enough time to perform further experiments such as interaction studies. The work 

HPV-16 E7 phosphorylation is described in Section 3.3  (“Toward the real-time 

monitoring of HPV-16 E7 phosphorylation events”, submitted for publication) 
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&NMR Spectroscopy

Structural and Dynamic Characterization of the Molecular Hub
Early Region 1A (E1A) from Human Adenovirus
Tomµš Hošek+, Eduardo O. CalÅada+, Marcela Oliveira Nogueira, Michele Salvi, Talita
Duarte Pagani, Isabella C. Felli,* and Roberta Pierattelli*[a]

Abstract: The small-DNA human adenovirus encodes one
of the most versatile molecular hubs, the E1A protein. This
protein is essential for productive viral infection in human
cells and a vast amount of biologically relevant data are
available on its interactions with host proteins. Up to now,
however, no high-resolution structural and dynamic infor-
mation on E1A is available despite its important biological
role. Among the different spliced variants of E1A, two are
expressed at high level in the early stage of infection.
These are 243 and 289 residues isoforms. Herein, we pres-
ent their NMR characterization, showing that they are
both highly disordered, but also demonstrate a certain
heterogeneous behavior in terms of structural and dynam-
ic properties. Furthermore, we present the characteriza-
tion of the isolated domain of the longer variant, known
as CR3. This study opens the way to understanding at the
molecular level how E1A functions.

Adenovirus early region 1A (E1A) is the first protein to be ex-
pressed by the human adenovirus (HAdV) following viral infec-
tion and can generate diverse responses in host cells by bind-
ing to a large number of cellular proteins.[1–3] Originally identi-
fied as an oncogene in rodents,[4] it was later shown to act as
a tumour suppressor in specific human cells[5] posing funda-
mental questions on the molecular origins of this apparently
controversial behaviour and demanding further investigation
on the molecular determinants of its function.[6] The E1A gene
actually codes for two major proteins that are expressed from
two alternatively spliced mRNA species (13S and 12S). The
13SmRNA codes for a 289 amino acids protein (E1A289) and
the 12SmRNA codes for a 243 amino acids protein (E1A243).[7]

The two proteins differ by the presence of a 46 amino acids
module that plays a crucial role in viral replication through
transcriptional activation of other viral early genes.[8–11] Both

E1A289 and E1A243 can immortalize primary cells and can
transform them in co-operation with other viral and cellular
oncogenes[12] but detailed functional studies on the longer
constructs are very limited.[6]

Amino acid sequence alignment of E1A289 from different
serotypes reveals four main conserved regions (CR1-CR4),[2,13]

as schematically indicated in Figure 1, which are separated by

less conserved regions. E1A243 misses the entire CR3. The
latter contains two highly conserved CXXC motifs that are re-
sponsible for ZnII binding.[14] The primary sequence of E1A has
been used to predict through bioinformatic tools the tendency
of the different parts of the polypeptide chain to adopt more
ordered or disordered conformations.[15,16] These clearly indi-
cate that E1A is not expected to adopt a stable 3D struc-
ture.[2,13,17] E1A is involved in protein–protein interactions with
a multitude of cellular factors through short linear motifs
(SLiMs) modulating signalling outcomes.[18,19] In this way E1A
functions as a molecular hub that can bind promiscuously to
numerous cellular proteins and organize them into higher-
order complexes that efficiently disrupt regulatory networks
and hijack cell regulation.[2,20]

Despite all the information available on E1A and on its docu-
mented interactions with key players in host cells, there is no
high-resolution structural and dynamic information available
on the whole protein.[2] The 3D structure could not be resolved
by X-ray crystallography as the protein does not crystalize,
confirming the presence of conformational heterogeneity. The
investigation through NMR spectroscopy has so far focused on

Figure 1. E1A289 and E1A243 amino acid sequences, and their classification
in conserved regions (CR).
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protein fragments involved in specific protein–protein interac-
tions,[21] since the entire protein is difficult to handle and
prone to oligomerization. Notwithstanding these limitations,
we decided to undertake the NMR investigation of E1A243 and
E1A289 exploiting the recently developed NMR strategy com-
bining 1H and 13C detection experiments.[22–26]

The 2D 1H–15N correlation NMR experiments acquired on
E1A289 and E1A243 (Figure 2 A,B) confirm that both isoforms
of E1A are highly disordered and flexible, as inferred from the
small chemical shift dispersion of the NMR signals.[27] A second
observation is that the spectra of the two forms are remarkably

similar. Indeed, the number and distribution of the cross-peaks
is almost equal, with minor differences in the intensity for
some of the correlation peaks. In the spectrum of the longer
form there is no evidence of the presence of signals due to
the additional CR3 domain.

The tendency of E1A289 to form large aggregates upon in-
creasing concentration poses limits in terms of protein concen-
trations that can be used for NMR experiments, restricting the
choice among the available assignment strategies to those in-
cluding the most-sensitive 1H-detected NMR experiments. The
E1A243 isoform instead doesn’t show any tendency to aggre-
gate, hence a higher protein concentration could be obtained,
which allowed us to use 13C direct-detected experiments for
sequence specific assignment.[25,26] The analysis of experiments
exploiting the higher chemical shift dispersion provided by the
carbonyl dimension, enabled us to count 240 isolated cross
peaks in the CON experiment, which corresponds to what is
expected on the basis of the primary sequence, including
46 proline correlations. A series of 4D 13C-detected experiments
based on carbonyl detection were selected for the sequence-
specific assignment[28–30] complemented by 1H-detected experi-
ments in the BEST-TROSY version,[23,31] providing the identifica-
tion of 93 % of the assignable backbone signals (BMRB 25989).
In the case of E1A289, the acquired experiments were blind

with respect to the CR3 domain, providing a less complete as-
signment, but still reporting about the conformation of 66 %
of the full length polypeptide (BMRB 25990). Information
about the CR3 domain could be recovered by investigating
the isolated CR3 domain. Its 2D 1H–15N spectrum (Figure 2 C)
shows a number of well distributed cross-peaks, consistent
with the presence of secondary structural elements; the se-
quence-specific assignment of 97 % of the CR3 domain could
be obtained (BMRB 25991).

By comparing experimental chemical shifts of E1A243 and
E1A289 with those predicted assuming a completely random
coil conformation it is possible to identify partially populated
secondary structural elements within E1A.[32;33] The resulting
SSP scores, reported in Figure 3, show that in the N-terminal

Figure 2. 1H–15N BEST-TROSY spectra recorded for E1A289 (panel A, green),
E1A243 (panel B, blue), and the 2D 1H-15N SOFAST-HSQC spectrum recorded
for E1ACR3 (panel C, red). In the latter panel, the left inset shows the same
map drawn with a lower threshold for the sake of clarity. The complete
chemical shift tables are deposited to the Biological Magnetic Resonance
Data Bank (BMRB) with ID 25989, 25990, and 25991, respectively.

Figure 3. Secondary Structure Propensity (SSP) score and nuclear relaxation
data for backbone amide 15N obtained for E1A289 (green), E1A243 (blue),
and E1ACR3 (red) from HAdV as a function of the residue number. From top
to bottom, SSP, 15N transverse relaxation rates (R2, in Hz), and 1H–15N NOE
values. The position of proline residues is indicated by black triangles, while
the yellow triangles identify the ZnII-binding cysteine residues (see text).
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part of the protein the amino acids stretch encompassing resi-
dues 12–22 has a significant a-helical secondary structural pro-
pensity, as suggested by previous studies on an N-terminal
fragment of E1A.[21] The rest of the polypeptide does not show
strong secondary structural propensities, with SSP values close
to zero and small segments with SSP values within ⌃0.2. The
results obtained for the detectable signals of the two variants
are remarkably similar, showing that the two proteins in these
regions are highly flexible and intrinsically disordered and
share most of their structural and dynamic properties. As previ-
ously noted for other intrinsically disordered proteins,[34,35] pro-
lines are very abundant (46 in total, that is, 16 %) and appear
to have an active role in modulating the structural and dynam-
ic properties of the polypeptide chain: they are quite uniformly
distributed throughout the primary sequence except for re-
gions characterized by partially populated secondary structural
elements. The protein is also very rich in negatively charged
amino acids (Glu/Asp, 49 in total, that is, 17 %), largely distrib-
uted in the disordered parts of the protein.

Heteronuclear relaxation rates, 15N R2 relaxation rates and
1H–15N heteronuclear NOEs in particular, provide useful infor-
mation to characterize the dynamic properties of the protein.
These data (Figure 3) indicate that the two E1A isoforms
behave similarly for what concerns the common parts. Further-
more, the 1H–15N NOE values are significantly low, with an
average value of 0.25, confirming that the proteins are largely
disordered.

The detailed comparison of the data also shows some re-
gions with meaningful differences in their heteronuclear relax-
ation properties, such as the regions flanking the CR3 and the
CR4 region. The slightly higher 15N R2 relaxation rates observed
for these parts of the protein in the E1A289 variant do indicate
some interaction with the CR3 module present in E1A289 but
the overall properties of the long disordered parts do not
markedly change. A similar analysis was accomplished for
E1ACR3. The SSP plot derived for the amino acids of this con-
struct indicates the presence of two a-helices beginning with

the CXXC motifs and including residues 153–165 and 170–180
(Figure 3). The five cysteine residues were assigned and the
chemical shifts values for the Ca and Cb of Cys 154, 157, 171,
and 174 are consistent with their involvement in ZnII-binding.
As this domain is not detectable in the E1A289 spectra we
cannot confirm that these features are maintained in the full
length protein. On the other hand, the results on the E1ACR3
clearly indicate the presence of a minimal fold composed by
just two helices of less than 10 amino acids embedded in a rel-
atively flexible polypeptide. The binding of ZnII restricts the
conformational space for the two helices, which should face
each other to properly locate the ligand cysteines. Significantly
higher values for the 1H–15N NOEs, confirm the presence of
a more rigid domain in the short construct. However, the pos-
sibility to measure the proximity of these secondary structural
elements is hindered by the low concentration of the sample,
which should be maintained diluted due to the aggregation
propensity of the CR3 domain. In fact, the analysis of 3D 15N-
edited and 13C-edited NOESY experiments reveals only a few
NOEs (essentially only intra-residue and sequential correlations)
which are not sufficient to validate a structural model of this
minimal fold. A statistical coil generator like flexible-meccano[36]

can help visualizing the ensemble of possible conformations
consistent with the information obtained so far. The pictures
reported in Figure 4 provide a clear representation on how the
different regions of E1A are able to expose the protein back-
bone for productive interactions with a number of partners,
exploiting a number of SLiMs, and that the two partially struc-
tured regions (the first helix and the CR3 module) can adopt
a multitude of different relative orientations.

The characterization presented here of the structural and dy-
namic properties of the two alternative spliced variants of E1A
naturally exploited by HAdV nicely illustrates how intrinsic dis-
order is a key vehicle to encode in a relatively short polypep-
tide many functional modules that can be assembled to bring
a tremendous functional complexity. The minimal Zn-binding
module provided by the CR3 domain has been also character-

Figure 4. Conformers of E1A289 are shown to highlight the conformational heterogeneity of this protein. The protein is shown as a ribbon representation;
the three regions characterized by a-helical secondary structural propensity are displayed in different colors (11–22 in red, 154–165 in green, and 170–180 in
cyan). The sulfur atoms of the four cysteine residues forming the two CXXC motives (154CXXC157 and 171CXXC174) are shown as yellow spheres. The panel on
the left shows a subset of conformers superimposed using the CR3 domain coordinates (154–180). In addition, on the right some conformers are shown as
examples of the many different relative orientations that the two more structured elements may adopt.
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ized. This unprecedented result, even if obtained on a small
construct, represents a valid starting point to frame the many
observations about its role in viral function.

Finally, many interactions have already been documented
for the N-terminal fragment of E1A such as CBP/p300 and pRB,
revealing peculiar ways for intermolecular interactions, and
suggest a new concept of allostery modulated by intrinsic dis-
order.[37,38] The present results are going to provide a fertile
ground to discover new ways in which proteins communicate
in the cell and highlight key mechanisms through which hub
proteins such as E1A are able to engage in an extremely com-
plex network of intermolecular interactions and hijack cell reg-
ulation.

Experimental Section

All the details about cloning, expression and purification of the var-
ious isoforms of E1A, both 15N and 13C,15N-labelled, studied in this
work are reported in the Supporting Information. All the samples,
with a concentration ranging between 75 and 500 mm, were in
10 mm HEPES buffer at pH 7.5, containing 50–150 mm KCl, and 1–
10 mm DTT in H2O with the addition of 10 % D2O for the lock
signal. The 13C-detected NMR experiments for sequence-specific as-
signment were acquired on a 16.4 T Bruker AVANCE 700 NMR spec-
trometer equipped with a cryogenically cooled triple resonance
probehead optimized for 13C direct detection. The 1H-detected
NMR experiments for sequence specific assignment were acquired
on 21.1 T Bruker AVANCE 900 and 22.3 T Bruker AVANCE 950 NMR
spectrometers, equipped with cryogenically cooled triple-reso-
nance probeheads. 15N relaxation experiments (R1, R2 and 1H–15N
NOEs) were recorded on a 16.4 T Bruker AVANCE 700 spectrometer
equipped with a cryogenically cooled triple resonance probehead.
All experimental parameters used to acquire all the NMR experi-
ments are reported in more detail in the Supporting Information.
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Proteins expression and purification 
HAdV E1A243 

The gene codifying HAdV-2 E1A243 was optimized for the expression in E.coli and synthesized by GeneArt® 

(Invitrogen). AttL recognition sites were added to the gene at 3’ and 5’ to allow gateway recombination by LR clonase 

II enzyme mix into pETG-20A (from EMBL) destination vector. The resulting expression vector will generate E1A243 

fused with thioredoxin A protein and a His-tag at the N terminus. The resulting expression vector, with the modified 

TEV cleavage site, yields the native 243 residues E1A243 protein with no additional amino acids. 

The plasmid pETG-20A/HAdV-2 E1A243 was transformed into E.coli BL21(DE3) (Stratagene) and a single colony was 

selected to prepare a pre-inoculum in LB with ampicillin, grown overnight at 37°C, 180 rpm. The unlabelled, single 

labelled 
15

N, and double labelled 
13

C,
15

N cultures were inoculated with 10 mL pre-inoculum into 1 L of chemically 

defined culture medium (48.5 mM Na2HPO4, 22.0 mM KH2PO4, 8.5 mM NaCl, 0.2 mM CaCl2, 2.0 mM MgSO4, 100 µM 

ZnCl2, 1 mg/L each of biotin and thiamin, 7.5 mM (NH4)2SO4  / (
15

NH4)2SO4 and 11.1 mM glucose / 
13

C6-glucose) with 

ampicillin and grown at 37°C with constant agitation at 160 rpm. When OD600 reached 0.6-0.8, cells were induced for 5 

h with IPTG (250 µM in case of unlabelled and single labelled 
15

N cultures at 30°C; 100 µM in case of double labelled 
13

C,
15

N cultures at 37°C). The cells were harvested by centrifugation at 8000 g for 15 min and the cell pellet stored at -

20°C. 

All buffers used in E1A243 purification were deoxygenated and all the purification steps were taken inside an 

anaerobic chamber using refrigeration systems to keep the temperature lower than 10°C. Frozen cells were thawed 

and suspended in 25 mL of equilibration buffer A (50 mM HEPES pH 8.0, 500 mM NaCl, 5 mM imidazole, 2 mM DTT, 10 

µM ZnCl2 and Roche complete protease inhibitors). Cells were disrupted by sonication on ice (at 40% sonication 

amplitude using a Sonics Vibracell vcx 750 sonication system) with cycles of 3 s with 10 s delay pulses for 15 min. 

Lysate cells were centrifuged at 30000 rpm for 30 min at 4°C and the supernatant was loaded on a Ni
2+ 

loaded HisTrap 

FF 5mL column (GE Healthcare Life Sciences) pre-equilibrated with buffer A. Column was washed using 10x column 

volumes of buffer A with 50 mM imidazole and the E1A243 protein was eluted using buffer A with 250 mM imidazole. 

The protein was concentrated to 2.5 mL and the buffer exchanged to 50 mM TRIS pH 8.0, 200 mM NaCl, 5 mM 

imidazole, 10 mM DTT using a PD10 column (GE Healthcare Life Sciences). 750 µL of TEV protease (0.1 mg/mL final 

conc.) were added for overnight digestion at room temperature inside the anaerobic chamber. After digestion, the 

E1A243 was further purified using Ni
2+ 

loaded HisTrap FF 5ml column pre-equilibrated with buffer B (10 mM HEPES pH 

8.0, 100 mM NaCl, 5 mM imidazole, 2 mM DTT). The digested E1A243 was eluted in the flow-through. The E1A243 was 

collected, warmed at 80°C for 20 minutes and centrifuged at 14000 g for 15 minutes. The supernatant was filtrated, 

concentrated at 5 mL and loaded on a HiLoad 16/100 Superdex 75 (GE Healthcare Life Sciences) size-exclusion 

chromatography column previously equilibrated with 10 mM HEPES pH 7.5, 50 mM KCl, 10 mM DTT using a flow-rate 

of 1.0 mL/min. The collected purified samples were checked by SDS-PAGE and mass-spectrometry to confirm the 

purity and molecular mass.  

Protein concentration for NMR was estimated using the molar extinction coefficient (1490 M
-1

cm
-1

) calculated from 

ExPASy ProtParam tool [http://web.expasy.org/ protparam/]. The concentration was also confirmed using a Rudolph 

Research Analytical J357 automatic refractometer. 

 

HAdV E1A289  

The gene codifying HAdV-2 E1A289 construct inserted into the pET42a (EMD Millipore) expression vector in between 

the Nde1/Xho1 restriction sites, was generously provided by Peter Pelka. This construct contains two point mutations 

(S276P and E148G).  

The plasmid pET42a-E1A289 was transformed into E. coli BL21(DE3)pLyS (Stratagene) and a single colony was selected 

to prepare a pre-inoculum in LB with kanamycin and chloramphenicol, grown overnight at 37°C, 180 rpm. The 

unlabelled, single labelled 
15

N, and double labelled 
13

C,
15

N cultures were inoculated with 10 mL pre-inoculum into 1 L 

of chemically defined culture medium (48.5 mM Na2HPO4, 22.0 mM KH2PO4, 8.5 mM NaCl, 0.2 mM CaCl2, 2.0 mM 

MgSO4, 100 µM ZnCl2, 1 mg/L each of biotin and thiamin, 7.5 mM (NH4)2SO4 /(
15

NH4)2SO4 and 11.1 mM glucose / 
13

C6-

glucose) with kanamycin and chloramphenicol, grown at 37°C with constant agitation at 160 rpm. When OD600 

reached 0.6-0.8, cells were induced with IPTG (500 µM in case of unlabelled and single labelled 
15

N cultures; 100 µM 

in case of double labelled 
13

C,
15

N) for additional 8 h at 25°C. The cells were harvested by centrifugation at 8000 g for 

15 min and the cells pellet stored at -20°C. 
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All buffers used for protein purification were deoxygenated and all the purification steps were taken inside an 
anaerobic chamber refrigerated to keep the temperature lower than 10°C. Frozen cells were thawed and suspended 
in 25 mL equilibration buffer A (50 mM HEPES pH 8.0, 500 mM NaCl, 5 mM imidazole, 2mM DTT, 10 µM ZnCl2 and 
Roche complete protease inhibitors). Cells were disrupted by sonication on ice (at 40% sonication amplitude using a 
Sonics Vibracell vcx 750 sonication system) with cycles of 1 s with 10 s delay pulses for 30 min. Lysate cells were 
centrifuged at 30000 rpm for 30 min at 4°C and the supernatant was loaded on a 5 mL Ni2+ loaded HisTrap FF 5mL 
column (GE Healthcare Life Sciences) pre-equilibrated with buffer A. Column was washed using 10x column volumes 
of buffer A with 50 mM imidazole and the E1A289 protein was eluted using buffer A with 250 mM imidazole. The 
eluted sample was filtrated, concentrated at 5 mL and loaded on a HiLoad 16/100 Superdex 75 (GE Healthcare Life 
Sciences) size-exclusion chromatography column previously equilibrated with 10 mM HEPES, pH 7.5, 150 mM KCl, 10 
mM DTT using a flow-rate of 1.0 mL/min. The collected purified samples were checked by SDS-PAGE and mass-
spectrometry to confirm the purity and the molecular mass of the protein. 

Protein concentration for NMR was estimated using the molar extinction coefficient (7450 M-1cm-1) calculated from 
ExPASy ProtParam tool [http://web.expasy.org/ protparam/]. The concentration was also confirmed by refractometer 
using a Rudolph Research Analytical J357 automatic refractometer. 

 

HAdV E1ACR3  

The gene codifying HAdV-2 E1ACR3 was synthesized by Eurofins Genomics in a pET21a (EMD Millipore) destination 
vector. The primary sequence contains residues 136-189 of the wild type protein and a methionine at the beginning of 
its sequence, comprising 54 residues of a native protein, without the addiction of a tag. 

The plasmid was transformed into E.coli BL21(DE3) (Stratagene) and a single colony was selected to prepare a pre-
inoculum in LB with ampicillin, grown overnight at 37°C, 180 rpm. 48 mL pre-inoculum were inoculated into 4 L of LB 
with ampicillin at 37°C, and as the cells reach OD600 0.8, they were centrifuged gently at 4.500 rpm for 20 min at 4 °C, 
according to the Marley method[1]. The supernatant was discarded and the pellet was resuspended on a single 
labelled 15N or double labelled 13C,15N media and the culture was inoculated into 1 L chemically defined culture 
medium (48.5 mM Na2HPO4, 22.0 mM KH2PO4, 8.5 mM NaCl, 0.2 mM CaCl2, 2.0 mM MgSO4, 100 µM ZnCl2, 1 mg/L 
each of biotin and thiamin, 7.5 mM (NH4)2SO4 /(15NH4)2SO4 and 11.1 mM glucose / 13C6-glucose) with ampicillin at 37°C 
with constant agitation at 180 rpm for 1 hour. After that, the culture was induced with 0.5mM IPTG, stored at 4 °C and 
at the end of the day the cells were shacked at 160 rpm, 17 °C for 16 h. The cells were harvested by centrifugation at 
8000 g for 20 min and the cells pellet stored at -20°C. 

All buffers used in protein purification were deoxygenated and all the purification steps were taken inside an 
anaerobic chamber using a refrigeration system to keep the temperature lower than 10 °C. Frozen cells were thawed 
and suspended 50 mL equilibration buffer A (20 mM TRIS, 10 mM NaCl pH 8.0, 1 mM DTT) and Roche complete mini 
protease inhibitor. Cells were disrupted by sonication on ice (at 80% sonication amplitude using a Sonics Vibracell vcx 
750 sonication system ) with cycles of 2 s with 10 s delay pulses for 25 min. Lysate cells were centrifuged at 30000 rpm 
for 30 min at 4 °C and the supernatant was filtered and loaded on a HiTrap Q FF 5 mL (Ge Healtcare Life Sciences), pre-
equilibrated with buffer A. The recombinant E1ACR3 was eluted between 250 mM and 350 mM NaCl by a Buffer B (20 
mM TRIS, 1 M NaCl, pH 8.0, 1 mM DTT) gradient from 0-50% in 15 minutes and 50-100% in 3 minutes. All the fractions 
containing the protein were concentrated until 5 mL and loaded on a HiLoad 16/60 Superdex 30 prep grade (GE 
Healthcare Life Sciences) size-exclusion chromatography column refrigerated at 4°C previously equilibrated with 10 
mM HEPES pH 7.5, 50 mM KCl, 1 mM DTT using a flow-rate of 1.0 mL/min. The elution volume of the protein was 
about 80 mL. The fractions collected were conserved at 4°C for biophysical studies or frozen at -20 °C. The purified 
samples were checked by SDS-PAGE and mass-spectrometry to confirm the purity and the molecular mass of the 
protein. Zn(II) content was measured with an ICP Optical Emission Spectrometer Varian 720 and resulted to be 1:1. 

Protein concentration was estimated by UV measurement using the molar extinction coefficient (5960 M-1cm-1) 
calculated from ExPASy ProtParam tool [http://web.expasy.org/protparam/] and confirmed by refractometer and with 
the Bradford assay.[2] 

 

NMR Acquisition Parameters 
The NMR experiments and acquisition parameters used for sequence specific assignment of HN, N, C', Cα, Cß 
resonances and for further dynamics characterization were recorded at 278 K for HAdV  E1A289 and E1A243 and at 
288 K for E1ACR3. 
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The 
13

C detected experiments for sequence specific assignment were acquired with a Bruker AVANCE 700 
spectrometer equipped with a cryogenically cooled probe optimized for 13C direct detection (CON 

[3]
, 4D HCBCACON- 

[4]
, 4D HCBCANCO 

[4]
, 4D HCACONCACON 

[5]
 and 4D HNCONCACON 

[5]
). The 

13
C carrier was placed at 173 ppm, the 15N 

carrier at 124.8 ppm and the 1H carrier at 4.7 ppm. Band selective 
13

C pulses were given at 173 and 39 ppm to excite 
or invert C' and C

ali
 spins respectively. The following band-selective pulses were used: 300 µs with newQ5 and time 

reversed newQ5 shapes for C' and C
ali

 excitation, 220 µs newQ3 shape for C'/C
ali

 inversion. 

The 
1
H detected experiments for sequence specific assignment were acquired with Bruker AVANCE 900 and Bruker 

AVANCE 950 spectrometers equipped with an inverse triple-resonance cryogenically cooled probehead (
1
H-

15
N BEST-

TROSY 
[6;7]

, BEST-TROSY HNCO 
[8;9]

, BEST-TROSY HNCACO 
[8;9]

, BEST-TROSY HN(CO)CACB 
[8;9]

, BEST-TROSY HNCACB 
[8;9]

, 
BEST-TROSY HN(CA)NNH 

[8;10;11]
 and TROSY HN(COCA)NNH 

[12;13]
). The 

1
H carrier was placed at 4.7 ppm, the 

15
N carrier 

at 118.5 ppm and the 
13

C carrier at 173 ppm for C' and at 39 ppm for C
ali

. Band selective 
1
H pulses were given at 8.9 

ppm to excite or invert H
N
 spins. The following band-selective pulses were used: 1800 µs with Pc9 shape for H

N
 

excitation, 1270 µs EBURP and time reversed EBURP shapes for H
N
 excitation, 1250 µs REBURP shape for H

N
 inversion. 

Band selective 
13

C pulses were given at 173 and 39 ppm to excite or invert C' and C
ali

 spins respectively. The following 
band-selective pulses were used: 274 µs with G4 and time reversed G4 shapes for C' and C

ali
 excitation, 190 µs Q3 

shape for C'/C
ali

 inversion. The other experiments (
15

N R1, 
15

N R2 and 
1
H-

15
N NOEs) were acquired with a Bruker 

AVANCE 700 spectrometer equipped with an inverse triple-resonance cryogenically cooled probehead. 

The conditions for  E1A243 samples were 0.5 mM protein concentration in 10 mM HEPES buffer at pH 7.5, 50 mM KCl, 
and 10 mM DTT, for E1A289 were 0.2 mM in 10 mM HEPES buffer, pH 7.5, 150 mM KCl, 10 µM ZnCl2, and 10 mM DTT 
and for E1ACR3 were 75 µM (unless otherwise specified) in 10 mM HEPES buffer, pH 7.5, 50 mM KCl and 1 mM DTT. 

 

Experiments used for E1A289 
sequence specific assignment  

Dimension of acquired data Spectral width (ppm) na db 

t1                            t2                           t3 F1                 F2                F3    
 

 
13C detected       

CONc 512* (15N ) 1024 (13C )  38 30  48 2.2 

HCBCACONc 128* (13C) 64 (15N) 1024 (13C) 60 30 49 32 1 

  
1H detected       

1H-15N HSQC 256 (15N ) 1024 (1H)  23 12  4 1 

1H-15N BEST-TROSY 512 (15N ) 2048 (1H)  30 12  8 0.2 

BEST-TROSY HNCO 96 (13C) 196 (15N) 2048 (1H) 8 24 15 8 0.2 

BEST-TROSY HN(CA)CO 164 (13C) 196 (15N) 2048 (1H) 8 24 15 16 0.2 

BEST-TROSY HN(CO)CACB 164 (13C) 196 (15N) 2048 (1H) 70 24 15 16 0.2 

BEST-TROSY HNCACB 164 (13C) 196 (15N) 2048 (1H) 70 24 15 16 0.2 

BEST-TROSY HN(CA)NNH 156 (15N) 156 (15N) 2048 (1H) 26 26 15 24 0.25 

TROSY HN(COCA)NNH 96 (15N) 150 (15N) 2048 (1H) 26 26 15 16 1 

  Dynamics      
 

15N R1
d 350 (15N) 2048 (1H)  24 15  16 3.0 

15N R2
d 350 (15N) 2048 (1H)  24 15  16 3.0 

steady-state heteronuclear 1H -15N-NOEsd 640 (15N) 2048 (1H)  24 15  48 6.0 

a number of acquired scans.  
b Relaxation delay in seconds. 
c For experiments acquired in the IPAP mode, the dimension in which the two experiments are stored is indicated with an asterisk. 
d In 15N R1, 

15N R2 and heteronuclear 1H-15N-NOEs experiments the water signal was suppressed with the ‘water flip-back’ scheme.  For the 
determination of R1, 10 experiments were acquired changing the variable delay from 20 ms to 850 ms. For the determination of R2 , 9 experiments 
were acquired changing the variable delay from 18 ms to 250 ms. 
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Experiments used for E1A243 
sequence specific assignment 

Dimension of acquired data Spectral width (ppm) na db 

t1                            t2                           t3 F1                  F2                 F3    
  13C detected       

CON-IPAPc 1024* (15N ) 1024 (13C )  40 30  24 2 

  1H detected       

1H-15N BEST-TROSY 512 (15N ) 2048 (1H)  23 12  4 0.2 

BEST-TROSY HNCO 164 (13C) 196 (15N) 2048 (1H) 9.5 23 15 4 0.2 

BEST-TROSY HN(CA)CO 164 (13C) 196 (15N) 2048 (1H) 9.5 23 15 8 0.2 

BEST-TROSY HN(CO)CACB 188 (13C) 196 (15N) 2048 (1H) 58.1 23 15 8 0.2 

BEST-TROSY HNCACB 188 (13C) 196 (15N) 2048 (1H) 58.1 23 15 8 0.2 

BEST-TROSY HN(CA)NNH 138 (15N) 138 (15N) 2048 (1H) 23 23 15 24 0.28 

TROSY HN(COCA)NNH 104 (15N) 168 (15N) 2048 (1H) 23 23 15 8 1 

  Dynamics       

15N R1
d 350 (15N) 2048 (1H)  24 15  16 3.0 

15N R2
d 350 (15N) 2048 (1H)  24 15  16 3.0 

steady-state heteronuclear 1H -15N-NOEsd 640 (15N) 2048 (1H)  24 15  48 6.0 

a number of acquired scans.  
b Relaxation delay in seconds. 
c For experiments acquired in the IPAP mode, the dimension in which the two experiments are stored is indicated with an asterisk. 
d In 15N R1, 

15N R2 and heteronuclear 1H-15N-NOEs experiments the water signal was suppressed with ‘water flip-back’ scheme.  For the 
determination of R1, 10 experiments were acquired changing the variable delay from 20 ms to 1 s. For the determination of R2 , 10 experiments 
were acquired changing the variable delay from 18 ms to 250 ms. 

 

Experiment Spectral width and maximal evolution times na db cpc hpd texp
e 

ρ
f 

13C detected 

4D HCBCACON 8800 Hz (13C ) 
2600 Hz (15N ) 
50ms 

12500 Hz (13Cali ) 
7.6ms 

5000 Hz (1H ) 
10ms 

8 0.9 512 850 35 0.07 

4D HCBCANCO 8800 Hz (13C ) 
2600 Hz (15N ) 
32ms 

12500 Hz (13Cali ) 
7.6ms 

5000 Hz (1H ) 
10ms 

16 0.9 512 850 74 0.11 

4D (HCA)CON(CA)CON 8800 Hz (13C ) 
2600 Hz (15N ) 
30ms 

2200 Hz (13C' ) 
25ms 

2600 Hz (15N ) 
25ms 

16 0.9 512 930 82 0.34 

4D (HN)CON(CA)CON 8800 Hz (13C ) 
2600 Hz (15N ) 
30ms 

2200 Hz (13C' ) 
25ms 

2600 Hz (15N ) 
25ms 

16 0.5 512 910 54 0.33 
a number of acquired scans.  
b inter-scan delay in seconds. 
c number of complex points. 
d number of hypercomplex points. 
e duration of the experiment. 
f relative data points density (%) 

 

Experiments used for E1ACR3  
sequence specific assignment  

Dimension of acquired data Spectral width (ppm) na db 

t1                     t2                  t3 F1          F2        F3    

  1H detected       

1H-15N HSQC 128 (15N ) 2048 (1H)  28 16  8 1.5 

1H-15N BEST-TROSY 256 (15N ) 3072 (1H)  28 12  8 0.3 

BEST-TROSY HNCO 140 (13C) 96 (15N) 3072 (1H) 8 28 12 8 0.3 

CBCACONHe 156 (13C) 96 (15N) 2048 (1H) 55 28 12 16 1 
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BEST-TROSY HN(CO)CACB 180 (13C) 96 (15N) 3072 (1H) 70 28 12 16 0.3 

BEST-TROSY HNCACB 180 (13C) 96 (15N) 3072 (1H) 70 28 12 16 0.3 

BEST-TROSY HNCAe 140 (15N) 96 (15N) 3072 (1H) 28 28 12 40 0.3 

BEST-TROSY HN(CO)CAe 140 (15N) 96 (15N) 3072 (1H) 28 28 12 32 0.3 

  Dynamics       

15N R1
d 128 (15N) 1800 (1H)  28 16  32 3.0 

15N R2
d 128 (15N) 1800 (1H)  28 16  40 3.0 

steady-state heteronuclear 1H -15N-NOEsd 256 (15N) 1800 (1H)  28 16  152 6.0 

 

a number of acquired scans.  
b Relaxation delay in seconds. 
c For experiments acquired in the IPAP mode, the dimension in which the two experiments are stored is indicated with an asterisk. 
d In 15N R1, 

15N R2 and heteronuclear 1H-15N-NOEs experiments the water signal was suppressed with ‘water flip-back’ scheme.  For the 
determination of R1, 10 experiments were acquired changing the variable delay from 20 ms to 1000 ms. For the determination of R2 , 10 
experiments were acquired changing the variable delay from 18 ms to 250 ms. 
e Sample concentration was 140 µM 

 

 

NMR data processing and analysis 
Conventionally sampled NMR data sets were processed using either Bruker TopSpin 1.3 or TopSpin 2.0 software. 
Instead, when non uniform sampling (NUS) was employed, the NMR data were converted with nmrPipe [14] and then 
processed using either the Multidimensional Fourier Transform (MFT) algorithm (for 3D data sets) or the Sparse MFT 
(SMFT) algorithm (for 4/5D data sets), respectively, as implemented in ToASTD [15] and in reduced [16;17] programs 
(available at http://nmr.cent3.uw.edu.pl). CcpNMR [18], CARA [19] and Sparky [20] were used to analyze and annotate the 
spectra.  

The 15N relaxation rates (R1 and R2) were determined by fitting the cross-peak intensity measured as a function of 
variable delay, to single-exponential decay. 1H-15N NOE values were obtained as a ratio between peak intensity in 
spectra recorded with and without 1H saturation.  

The secondary structure propensity (SSP) from heteronuclear chemical shifts was determined by using the neighbor 
corrected structural propensity calculator (ncSPC) tool [21] available online at http://nmr.chem.rug.nl. The Tamiola, 
Acar and Mulder random coil chemical shift library [22] was chosen for the analysis. 

To obtain the ensemble description of E1A289, 5,000 conformers were generated using the program flexible-meccano 
[23], available at http://www.ibs.fr. The SSP score calculated for the first helix of E1A289 was used as input in the 
calculation while the regions encompassing residues 153-164 and 170-180 were imposed to have helical 
conformations assigning to each residue an SSP value equal to 1; the 154CXXC157 and 171CXXC174 fragments were further 
constrained to be at contact distance (less than 10 Å), imposing a further restrain in the calculation.  
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Supplementary Figures 
Figure S1 

Nuclear relaxation data for backbone amide 
15

N for (from top to bottom) HAdV E1A289 (green), E1A243 (blue) and 

E1ACR3 (red) as a function of the residue number. From left to right, 
15

N longitudinal relaxation rates (R1, Hz), 
15

N 

transverse relaxation rates (R2, Hz), and 
1
H-

15
N NOE values. Experiments were recorded on a 16.4 T NMR spectrometer 

as reported above. 
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Figure S2 

Secondary structure propensity (SSP) score[21] obtained by combining chemical shifts for the all assigned resonances 
for (from top to bottom) HAdV E1A289 (green), E1A243 (blue) and E1ACR3 (red). 
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ABSTRACT 

HPV-16 E7 is one of the key proteins that, by interfering with the host metabolism 

through many protein-protein interactions, hijack cell regulation and contributes to 

malignancy. Here we report the high-resolution investigation of the CR3 region of 

HPV-16 E7, both as an isolated domain and in the full-length protein. This opens the 

way to the atomic level study of the many interactions in which HPV-16 E7 is 

involved. Along these lines we show here the effect of one of the key post-

translational modifications of HPV-16 E7, the phosphorylation by casein kinase II.  

 INTRODUCTION 

Human papillomaviruses (HPVs) constitute a family of more than 100 viruses, which 

infect the mucosa and the squamous epithelia 1. HPVs are classified as Low risk or 

high Risk depending on their propensity to cause either benign or dysplastic lesions 

which can ultimately lead to cancer 1–3. Within the HR group, HPV-16 and HPV-18 

are the types most often found in cervical cancer, which is the second most common 

cancer in women worldwide 2,4.  

HPVs have a small circular double stranded DNA (about 8 kb) encoding only 

a few proteins. Among them, two proteins, E6 and E7, play an important role in 

cancer development in the oncogenic variants 5. Both proteins work in cooperation to 

hijack cell regulation by interacting with many proteins of the host, such as the tumor 

suppressors p53, in case of E6, and pRb in case of E7 6–8. However, the presence of 

E7 is sufficient to immortalize epithelial cells even in absence of E6 9 and in 

transgenic mouse models E7 plays a major role in cervical cancer development 10. 

This shows the importance of E7 in the development of HPV-related malignancy 

caused by HPVs. 

HPV-16 E7 is a heterogeneous protein in terms of its structural and dynamic 

properties. It is 98 amino acids long, with three conserved regions (CR) 11. CR1 and 

CR2 are located in the N-terminal half, which is intrinsically disordered and is 

characterized by high flexibility 12,13. CR3 is in the C-terminal part of the protein, 

which appears to be more structured and which contains two CXXC zinc-binding 

motifs separated by 29 amino acids (Figure 1A). This domain is also responsible for 
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the formation of a homodimer, the form in which E7 is was found in other variants in 

vitro 13–15.   

E7 acts as a hub protein, interacting with several partners that are involved in 

many different processes, such as cell cycle control and apoptosis 16–20. One of the 

most important and well-described interactions for HPV-16 E7 is with the 

retinoblastoma tumor suppressor (pRb), which binds through the LXCXE motif 

present in CR2 (Figure 1A) 8,21. However, optimal interaction with pRb also requires 

residues in the CR3 domain 22–24. Indeed, CR3 is involved in many other interactions 

that contribute to HPV-mediated oncogenesis such as, for example, interactions with 

the cyclin-dependent kinase inhibitors p21 and p27, and transcription factors like the 

TATA box-binding protein (TBP), p300/CBP and E2F. Some of these interactions 

are strongly modulated by post-translational modifications (PTMs) of E7. In 

particular, the phosphorylation of Ser31 and Ser32 by casein kinase II (CKII) has 

been shown to play an important role in modulating many of E7s activities. For 

example CKII phosphorylation of E7 plays an important role in the ability of E7 to 

transform cells and for its ability to interact with TBP 20,25. Recent studies also suggest 

that the acidic domain that comprises the CKII recognition site, which lies 

downstream of the LXCXE motif, also contributes towards the recognition of pRb 
26,27. Furthermore an intact CKII phosphorylation site was also found to be important 

for E7 to be able to target the pRb and the related p130 pocket proteins for 

degradation 28,29. However, what effects phosphorylation of E7 by CKII has upon the 

structural and dynamic properties of E7 is still unknown. Whilst recent studies have 

used nuclear magnetic resonance (NMR) spectroscopy to characterize the N-terminal 

domain of HPV-16 E7 12 and structures of the C-terminal region have been reported 

for HPV-1a 14 and HPV-45 E7 13, there is currently no information on how 

phosphorylation of E7 by CKII might modulate this structure.  

Here we describe the atomic resolution characterization of E7CR3 from HPV-

16. Moreover we investigated the effect of phosphorylation of E7 through time-

resolved NMR experiments. This provides the basis for detailed studies of the 

properties of the phosphorylated forms of E7 and how this modulates its interactions 

with many cellular proteins.  
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RESULTS AND DISCUSSION 

For any detailed analysis of E7 at the molecular level, including the effect of post-

translational modifications (PTMs) and protein-protein interactions, it is necessary to 

have the sequence-specific assignment of the polypeptide. The NMR analysis of the 

full-length protein had provided only the assignment of the N-terminal portion, 

comprising the CR1 and the CR2 regions 12, since the weak intensity and the 

broadening of the signals from the CR3 region in the 2D and 3D NMR spectra of E7 

did not allow detection of the correlations necessary to achieve sequence-specific 

assignment. Therefore, the isolated E7 CR3 domain was expressed, purified and 

analysed by NMR spectroscopy.  

The overlay of the 1H-15N correlation spectra acquired from the full length 

protein (E7) with that from the CR3 domain (E7CR3) clearly shows that the 

structural properties of the CR3 domain are quite similar in both polypeptides, since 

there are only minor changes in the chemical shift between the two spectra (Figure 

1B). This also means that the assignment obtained for the E7CR3 can be easily 

transferred to the full length E7. 

On the shorter construct a series of 3D measurements could be acquired with 

sufficient sensitivity and resolution to achieve the sequence-specific assignment of 

the majority of the E7 CR3 signals. A few cross peaks in the 2D 1H-15N correlation 

spectra, most likely deriving from the 64-72 fragment, could not be assigned because 

of insufficient information in the 3D spectra. Chemical shifts of 1HN, 15N, 13C', 13Cα 

and 13Cβ of the assigned residues are reported in Table 1 and deposited in the 

BioMagResBank (accession number 26069 at http://www.bmrb.wisc.edu/). The 

assignment of the signals of E7 CR3 was then transferred to those of CR3 in the full-

length protein.  

The chemical shifts obtained from the sequence-specific assignment were 

used for the secondary structure propensity (SSP) analysis 30. In Figure 2 the SSP 

score for the initial disordered N-terminal half of E7 is also shown. The results are in 

agreement with the structural investigations on the other HPV serotypes 13,14, and 

confirm the high propensity of the initial N-terminal part of CR3 (residue 45-58) to 
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adopt an extended conformation, and also confirm the presence of two α-helixes in 

the regions from residue 69 to 82 and 92 to 96. 

The assignment of 1HN and 15N resonances of about 90% of the amino acids of 

HPV-16 E7 allows us to monitor at atomic resolution the occurrence of PTMs that are 

linked to its high oncogenic potential.  

As mentioned above, E7 is a heterogeneous protein in terms of structural and 

dynamic properties. The folded domain (CR3) has different spectral properties from 

the flexible domain. The former yields quite weak but well dispersed signals, while 

the latter yields very intense signals clustered in a very narrow region. Thus, in order 

to follow both sets of signals, we acquired two different variants of 2D 1H-15N 

correlation experiments, one optimized for sensitivity (1H-15N SOFAST-HMQC) to 

monitor the signals from CR3 and one optimized for resolution (1H-15N HSQC) to 

follow the signals deriving from the highly disordered and flexible N-terminal part 

(CR1 and CR2). This strategy allowed us to monitor the majority of signals of E7 

despite their extremely different properties.  

Several interactions of E7 are modulated by the phosphorylation of E7 by 

Casein Kinase II (CKII) 31,32,24,33, which phosphorylates E7 in the CR2 region, 

recognising the specific motif, SSEEEDE 22,29. Therefore, we decided to investigate 

the effect of this post-translational modification on the structure of the full-length E7. 

Before monitoring the in vitro CKII phosphorylation of E7 by NMR, the 

conditions were optimized using autoradiography essays, in particular to monitor the 

effect of the buffer and the reducing agent present in the buffer. Afterwards, a series 

of time-resolved NMR experiments were performed to monitor the complete 

phosphorylation of the protein.  

During the time-course of the reaction the appearance of NMR signals and the 

disappearance of others was observed. The signals have the characteristic 1H signals 

from the backbone amides of phosphorylated serine residues expected at higher 

chemical shifts (Figure 3A) 34. The evolution of the signal intensity of the two 1H-15N 

backbone correlations of un-phosphorylated and phosphorylated serine residues is 

reported in Figure 3B.  
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This series of time-resolved experiments enables us also to analyze in detail 

the chemical shift and intensity changes of the signals throughout the reaction to 

assess whether only Ser31 and Ser32 are affected, or whether other residues are also 

perturbed, either located close or distant from the phospho-acceptor sites.  

The chemical shifts of backbone amide resonances for most of E7 residues are 

unchanged upon Ser31 and Ser32 phosphorylation (Figure 3A). Only amino acids 

closer to the phosphorylated serine residues in the primary sequence (in particular 

residues 26-29) are significantly affected by the phosphorylation reaction, as would 

be expected (Figure 3A). Interestingly this potentially affects the pRb binding 

LXCXE motif, which spans amino acid residues 22-26 35. Overall, the fingerprint of 

the E7CR3 domain (well dispersed signals in the 2D 1H-15N correlation map) is 

maintained throughout the phosphorylation reaction, suggesting that this domain 

remains stable, in terms of structure and conformation, throughout the reaction.  

At the end of the reaction, the phosphorylated E7 was isolated from the 

medium to evaluate the stability of the phosphorylated form of the protein. Once the 

buffer was exchanged to eliminate the reagents, E7 was shown to be stable for more 

than one week. The overall maintenance of the signal intensities also suggests that E7 

does not form big oligomers after the phosphorylation reaction as has been suggested 

in previous studies 36. These findings open the possibility for further atomic resolution 

investigation of how phosphorylation of the protein influences its properties as well 

as its interactions with protein partners. 

CONCLUSIONS 

The sequence-specific assignment of E7CR3 represents an important additional step 

in the characterization of HPV-16 E7. The structural properties of the CR3 domain 

are quite similar in the full-length E7 and the isolated CR3 region and the assignment 

obtained from the isolated domain could be transferred to the full-length protein. This 

information, essential for better understanding the peculiarities of this protein, could 

thus be used to investigate the impact of one of the most important PTMs on E7, the 

CKII-dependent phosphorylation occurring in two adjacent serine residues. In the 

present work we have optimized the experimental conditions to study the 
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phosphorylation of E7 in vitro in a time-resolved manner through NMR spectroscopy. 

With these investigations we were able to monitor all signals from HPV-16 E7 during 

the phosphorylation of Ser31 and Ser32 by CKII, and we can finally conclude that the 

phosphorylation of both serines does not affect E7’s overall conformation, which 

remains stable several days after the reaction. Previous studies have however shown 

an important requirement for the acidic residues that make up the CKII consensus 

motif for optimal pRb recognition 26,27, and presumably the negative charges added by 

phosphorylation may also play an additional role in this 28,29. However our studies 

here also highlight the chemical shifts in backbone residues as far away from the 

CKII phospho-acceptor site as E26, which is an integral part of the pRb recognition 

motif 37. This suggests that phosphorylation of E7 by CKII may also modulate the 

LXCXE/pocket protein interaction. Taken together these results suggest that 

alterations in E7’s capacity to interact with its target proteins as a result of CKII 

phosphorylation are most likely all due to local changes in charge at Ser31/Ser32 and 

minor changes to the local residues 26-29, and not due to major structural alterations 

in the rest of the E7 protein.  

MATERIALS AND METHODS 

Full-length E7 expression and purification 

For the expression of E7 wild type protein from HPV-16 (amino acids 1-98) the 

recombinant vector pET20-E7-opt 12 containing the gene for expression of E7 protein 

(1-98-His6), was mutated by the insertion of a stop codon (TAG) between the codon 

for Pro 98 and the codons for the His6 tag, generating the pET20-E7-WT. Thus, that 

plasmid was used for transformation of E. coli BL21 pLys (Stratagene®) cells.  

After expression tests, one colony was selected for the growing in LB medium 

with ampicillin (0.1 mg/mL) and chloramphenicol (0.34 mg/mL). Finally, the cells 

were cultured in 1 L of M9 medium at 37 °C containing (15NH4)2SO4, 0.1 mg/mL 

ampicillin, 0.34 mg/mL chloramphenicol and 100 µM ZnCl2. When the culture 

reached OD600 0.7 protein expression was induced by the addition of IPTG (isopropyl 

β-D-1- thiogalactopyranoside) during 5h at 37 ºC. After that the cells were harvested 

at 4.500 rpm for 20 min at 4°C. The supernatant was discarded and the cells were re-
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suspended in 25 mL of degassed buffer A (20 mM TRIS buffer at pH 8.5, 10 mM 

DTT supplemented with Roche complete protease inhibitors). After this the bacterial 

cells were disrupted by sonication (20 kHz sonication frequency and 40% of 

amplitude) with cycles of 3s and 10s of delay in anaerobic conditions. Lysed cells 

were then centrifuged at 165000 g. The supernatant containing E7 protein was loaded 

on a HiTrap QFF 10 mL ionic exchange column pre-equilibrated with buffer A. The 

purification step was followed with buffer A in a gradient with buffer B (buffer A + 

0.5 M NaCl). E7 protein was eluted with 0.5 M NaCl (100% buffer B). Fractions 

containing the protein were mixed, concentrated to 4 mL and injected in a Superdex 

75 16/100 size exclusion chromatography column pre-equilibrated with the final 

degassed buffer (10 mM HEPES pH 7.5, 50 mM KCl, 10 mM DTT 10 µM ZnCl2).  

After analysis by SDS-PAGE 17%, fractions containing the pure protein were mixed 

and concentrated to 500 µL for NMR analysis. 50 µL of D2O was added to each 

NMR sample for the lock signal. Zn2+ content was measured by Inductively Coupled 

Plasma-Optical Emission Spectrometer (ICP-OES) Varian 720 and resulted to be 2:1 

(E7:Zn2+). 

Expression and purification of E7CR3 domain 

E. coli Bl21 (DE3) (Stratagene®) were transformed with the plasmid pET21a-E7-

CR3_WT (Invitrofins®), encoding the gene to express the E7CR3 construct 

comprising amino acids 45-98. After expression tests, one colony was selected to 

grow in LB medium with 0.1 mg/mL of ampicillin and 0.34 mg/mL of 

chloramphenicol. Finally, cell cultures were grown in 1 L of M9 medium at 37 °C 

enriched with (15NH4)2SO4, 13C6-glucose and 100 µM ZnCl2. When the culture 

reached OD600 of 0.6-0.7, cells were induced with 250 µM IPTG and allowed to grow 

for 5 additional hours at 37 ºC. Thus, cells were harvested by centrifugation at 8000 g 

for 15 minutes at 4 ºC. 

HPV-16 E7 CR3 was expressed in inclusion bodies, which were suspended 

with degassed 50 mM HEPES buffer, pH 8.5, 50 mM KCl with 2 M urea in anaerobic 

conditions. The solubilized protein was concentrated to 4 mL and injected in a 

Superdex 75 16/100 size exclusion chromatography column pre-equilibrated with the 
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final degassed buffer (50 mM HEPES pH 8.5, 50 mM KCl, 5 mM DTT, 10 µM 

ZnCl2). Fractions containing the pure protein were mixed and concentrated to 500 µL 

(250 µM concentration) for NMR experiments.  

E7 phosphorylation by CKII 

The purified full-length HPV-16 E7 protein was in vitro phosphorylated in 

suspension buffer (10 mM HEPES pH 7.5, 10 mM DTT, 10 µM ZnCl2), with 20 mM 

MgCl2, 25µM [32P] γ-ATP (in the control), 0.3 µM Aprotinin, 1 µM Pepstatin, 50 mM 

NaF, 4 mM Na3VO4, 200 Units of recombinant human CKII kinase enzyme (New 

England Biolabs) at 30°C for 20 minutes. The reaction was monitored by SDS-gel 

and autoradiography 32.  

For the NMR experiments, the protein was treated with different 

concentrations of Mg-ATP from Sigma-Aldrich® and also different concentration of 

recombinant human CKII from New England Biolabs® as reported in the main text. 

The reagents were added directly in the NMR tube containing the protein in the 

suspension buffer.  

NMR experiments 

Sequence specific assignment of E7CR3 from HPV-16  

The 1H detected NMR experiments for sequence specific assignment were acquired at 

298 K on the 22.3 T Bruker AVANCE 950 spectrometer, operating at 950.2 MHz for 
1H, equipped with cryogenically cooled triple resonance probehead. A dataset of 1H 

detected NMR experiments including 1H-15N BEST-TROSY 38,39, 1H-13C HSQC 40–42, 

BEST-TROSY HNCO 43,44, BEST-TROSY HNCA 43,44, CBCACONH 45, HCCH-

TOCSY 46 were acquired for sequence specific assignment of HN, N, C', Cα, Cß 

resonances.  

The 1H carrier was placed at 4.7 ppm, the 15N carrier at 121.3 ppm and the 13C 

carrier at 173 ppm for C' and at 39 ppm for Cali. Band selective 1H pulses were given 

at 8.9 ppm to excite or invert HN spins. The following band-selective pulses were 

used: 1800 µs with Pc9 shape for HN excitation, 1270 µs EBURP and time reversed 
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EBURP shapes for HN excitation, 1250 µs REBURP shape for HN inversion 47. Band 

selective 13C pulses were given at 173 and 39 ppm to excite or invert C' and Cali spins 

respectively. The following band-selective pulses were used: 274 µs with G4 and 

time reversed G4 shapes for C' and Cali excitation, 190 µs Q3 shape for C'/Cali 

inversion. 

Data were processed with Bruker TopSpin 2.0 and analyzed with ccpNMR 48 

and Computer Aided Resonance assignment (CARA) 49 programs. The secondary 

structure propensity was determined from chemical shifts data by using the ncSPC 

web-portal [http://nmr.chem.rug.nl/ncSPC/] 30. 

Time resolved experiments to follow E7 phosphorylation  

In vitro E7 phosphorylation was followed with series of NMR experiments (1D 1H 

NMR, 1H-15N SOFAST-HMQC 50,51  and 1H-15N HSQC 40–42,52) acquired over the time 

of the reaction. All NMR experiments were acquired at 303 K on a 16.7 T Bruker 

AVANCE 700 MHz NMR spectrometer equipped with a cryogenically cooled triple 

resonance probehead. 1H-15N SOFAST-HMQC experiments were recorded with 16 

transients and 1204 (1H) x 128 (15N) complex points. 1H-15N HSQC were recorded 

with 4 transients and 1536 (1H) x 256 (15N) complex points. Each experiment required 

about 20 minutes of acquisition time. NMR data were processed with TopSpin 2.0 

and analyzed with the program ccpNMR 48.  

ACKNOWLEDGMENTS 

This work has been supported by the European Commission Projects Marie Curie 

ITN IDPbyNMR (Contract No. 264257), BioNMR (Contract No. 261863) and 

INSTRUCT (Contract No. 211252). LB and PM gratefully acknowledge research 

support provided by the Associazione Italiana per la Ricerca sul Cancro (Grant 

number 14025). MON is grateful to the program Science without Borders of the 

Brazilian Ministry of Science and Technology (CNPq) for financial support. Jochen 

Junker and Leonardo Gonnelli are gratefully acknowledged for many stimulating 

discussions. We are also grateful to Miranda Thomas for valuable comments on the 

manuscript. 



3.2. TOWARD THE REAL-TIME MONITORING OF HPV-16 E7 PHOSPHORYLATION 

EVENTS  

 

 

88 

FIGURES 

 
Figure 1. A) Amino acid sequence of HPV-16 E7, where specific motifs are highlighted in 

red: the LXCXE motif for pRb binding, the CKII phosphorylation site in CR2, and the zinc-

binding motifs CXXC in CR3. B) 1H-15N SOFAST-HMQC spectra recorded for HPV-16 E7 

(black) and for HPV-16 E7CR3 (red). The resulting assignment is reported in the figure, 

indicating the amino acid residue. The experiments were recorded at 11.7 T on samples 0.30 

mM E7CR3 and 0.34 mM E7 in 50 mM HEPES, pH 8.5, 50 mM KCl, 10 µM ZnCl2 and 5 

mM DTT.  
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Figure 2. Secondary structural propensity (SSP)[35] score obtained by combining N, C', Cα, 

and Cβ chemical shifts for the assigned resonances of HPV-16 E7 (data for the N-terminal 

half were taken from 56). 

 

 
Figure 3. A) Superposition of 2D 1H-15N HSQC spectra of E7 before (green) and after (blue) 

phosphorylation (acquired after 414 min of reaction). B) The intensity changes of Ser31, 

Ser32 and their respective phosphorylated products were followed over time. Experiments 

were recorded at 303K at 16.4 T NMR spectrometers. Buffer conditions for the 

phosphorylation assay: 340 µM E7 in 20 mM HEPES pH7.5, 50 mM KCl, 10 mM DTT, 10 

µM ZnCl2; 800 µM Mg-ATP, 5000 UI CKII. 
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Table 1. Sequence specific assignment of HN, N, C', Cα, and Cβ in HPV-16 E7CR3. 

Proton resonances were calibrated with respect to the signal of 

2,2-dimethylsilapentane-5-sulfonic acid (DSS). Carbon and nitrogen resonances were 

referenced indirectly to the 1H standard using the conversion factor derived from the 

ratio of NMR frequencies 42. The data have been deposited to the BMRB with 

accession number 26069. 

 

Residue n° A HN N Cα Cβ C' 

45 A   52.299 19.266 173.93 

46 E 8.331 121.697 54.332   

47 P   63.1 31.956 176.417 

48 D 8.455 120.689 54.573 41.041 175.901 

49 R 8.110 120.219 55.214 32.632 174.792 

50 A 8.494 125.49 50.817 21.219 174.727 

51 H 7.932 116.60 55.878 32.508 175.293 

52 Y 9.284 122.751  57.522 40.044  

53 N   52.804  174.270 

54 I 9.075 124.900 60.075  174.773 

55 V 8.566 127.639 61.837  175.267 

56 T 8.674 123.831 58.428 69.480 170.94 

57 F 8.287 119.959 55.373 41.769 175.153 

58 C 9.369 125.214 59.125  178.164 

59 C 8.853 127.143 59.73 27.542 174.048 

60 K 9.578 125.272 57.611 33.806 177.301 

61 C 8.471 118.714 59.161  176.082 

62 D 8.197 119.847 56.931 40.706 175.255 

63 S 8.639 117.413 60.242   

…       

73 H   59.407 30.220 177.145 

74 V 7.497 118.474 65.485  178.249 

75 D 7.308 120.287 57.253  177.978 
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76 I 7.309 118.536 60.820  176.710 

77 R 7.172 122.696 58.272 29.211 178.547 

78 T 7.681 116.151 66.399 67.980 176.382 

79 L 8.090 122.277 58.333 41.617 177.846 

80 E 8.812 118.524 60.672 29.647 179.315 

81 D 8.148 119.128 57.633 39.993 180.132 

82 L 8.068 121.238 58.096   

83 L      

84 M     176.454 

85 G 7.566 110.055 45.333  174.716 

86 T 8.985 116.231 61.913 68.962 173.881 

87 L 7.513 124.51 55.903  174.519 

88 G 9.014 114.181 44.083  171.823 

89 I 9.292 123.761 59.982 24.191 174.210 

90 V 8.493 128.626 60.883 33.804 175.721 

91 C 10.009 131.874 58.092   

92 P   65.474 32.132 178.975 

93 I 7.867 119.219 63.976 37.299 179.316 

94 C 8.466 124.621 64.186 29.364 178.051 

95 S 8.383 113.839 60.392 63.396 174.493 

96 Q 7.248 119.203 55.797   

97 K 7.605 122.545 54.378   

98 P      
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INTRODUCTION 

The high-risk HPV-16 E7 protein is one of the most striking examples of proteins 

that possess partially folded secondary structure and, in contrast to common globular 

proteins, exists as a dynamic ensemble of flexible conformers. Such intrinsically 

disordered proteins (IDPs) fail to form a stable structure and their backbone dihedral 

angles vary significantly over time with no specific equilibrium values 1. 

The polypeptide chain of HPV-16 E7 consists of 98 amino acids and is usually 

subdivided into three conserved regions called CR1 (a.a. 1-15), CR2 (a.a 16-40), and 

CR3 (a.a. 41-98). Evidence suggests that the CR3 region adopts a folded three-

dimensional arrangement and is actively involved in protein dimerization2–4. By 

contrast, CR1 and CR2 have properties of intrinsically disordered regions and their 

flexibility is thought to mediate interactions that contribute to HPV-mediated 

oncogenesis 5. 

Many attempts have been made to fully characterise the structure of E7 either 

by simulation or experimentally, but it still remains an important open issue to be 

settled. We thus decided to apply an NMR-guided metadynamics approach to describe 

the structure and the dynamics of E7. 

RESULTS AND DISCUSSION  

In order to determine the conformational properties of E7, we performed molecular 

dynamics simulations using replica-averaged metadynamics (RAM). This technique 

combines the sampling efficiency of metadynamics with experimentally restrained 

force fields. All the simulations were run using the bias-exchange sampling method and 

included chemical shifts and residual dipolar couplings as ensemble-averaged structural 

restraints 6. This allowed us to define a system-dependent potential acting on the 

molecule and to increase the accuracy of the conformational space sampling. Several 

independent simulations were carried out on four different replicas of the system and 

the trajectory of each replica was biased by a different collective variable. As recently 

demonstrated by Cavalli and co-workers 7, the ensemble of structures determined with 

this method agrees with the maximum entropy principle and is the best possible result 

that satisfies the experimental data. 
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The first and the second collective variables (CVs) used in the simulations were 

chosen to bias the backbone dihedral angles ϕ and ψ of all residues in the protein. The 

third collective variable acted on the side-chain dihedral angle χ1 of all the heavy side-

chain residues (His, Tyr, Met, Arg, Phe, and Lys). The fourth collective variable was 

used to calculate the electrostatic energy between the two monomeric subunits using an 

approximated form of the Debye-Hückel equation 7. 

The dynamic evolution of E7 during a period of 250 ns per replica (for a total 

simulation time of 1 µs) was simulated using the RAM approach. The first 200 ns were 

needed for the system to reach convergence while the additional 50 ns were spent to 

thoroughly sample the free energy landscape of the protein. Figure 1 reports the free 

energy as a function of the four collective variables. Error bars correspond to standard 

deviations ≤ 3.5 kJ/mol. 

The inclusion of NMR data (NH, Cα, Cβ and C’ chemical shifts and RDCs) in 

the simulations made a fundamental difference in terms of convergence time and 

model accuracy. The structural restraints forced the protein to assume conformations 

consistent with the measured data, which resulted in an increased average value for the 

root-mean-square deviations of atomic positions (12.9 ± 0.9 Å for NMR-guided 

simulations, 7.8 ± 0.94 Å for unrestrained simulations). The conformational ensemble 

calculated with RAM, therefore, was substantially different from that predicted by 

standard metadynamics and the population of structures was characterised by much 

more opened geometries. 

In order to further validate RAM simulations, we used the resulting pools of 

structures to back-calculate NMR chemical shifts with the SPARTA+ algorithm 8. As 

SPARTA+ is based on different principles than CamShift 9, which was here used during 

replica-averaged metadynamics, the resulting agreement provided an independent 

validation of the quality of the ensemble. Separate backbone and Cβ chemical shifts 

were predicted for both restrained and un- restrained simulations and the ensemble-

averaged values were given as Boltzmann- weighted averages over all the conformers. 

The comparison of our simulations with the experimental data is illustrated in Figure 2. 

Unrestrained metadynamics showed almost no correlation with experimental chemical 

shifts, with squared correlation coefficients at most equal to 0.0671. By contrast, the 
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incorporation of NMR data into the force field led to a significant increase in R2 values 

and to a more accurate sampling of the conformational space. All the correlation 

coefficients reached values close to 1, with the exception of amide hydrogens whose 

R2 is 0.3588.  This discrepancy is common to all the major chemical shift prediction 

programs and is due to the sensitivity of proton chemical shifts to chemical exchange, 

solvent exposure, pH, ionic strength, as well as to structural effects like hydrogen 

bonding, electric fields, and ring currents 10. 

In the same fashion, measured RDC values were used as criteria for the 

validation of the ensembles generated with both RAM and unrestrained simulations 

(Figure 2). Since RDCs provide information about how bond vectors between nuclei 

are aligned relative to each other, the use of such data in protein molecular dynamics is 

an effective way to simulate the folding of a polypeptide into secondary and tertiary 

structural elements. The agreement between experimental and calculated RDC values 

was assessed by using the quality factor (Q) as proposed by Cornilescu and co-

workers  11. The Q factor obtained from the RAM ensemble was 0.2715, whereas the 

corresponding value for the unrestrained ensemble was 0.8465. The lower value of the 

former quality factor demonstrates that the corresponding ensemble was in good 

agreement with the experimental residual dipolar couplings and that the RAM method 

was able to capture the dynamics of E7 better than standard metadynamics. 

Traditionally, protein folding is illustrated by 1-D profiles such as root-mean-

square deviations, energy, radius of gyration and inter-residue distances. The hyper-

dimensional nature of a protein’s free energy landscape makes none of these 

monodimensional representations adequate to properly describe the thermodynamics of 

folding processes. The opportunity of shifting the attention from the enormous number 

of atomic positions to a restricted set of degrees of freedom (often referred to as 

collective variables, CVs) greatly simplifies the analysis of protein dynamics and 

permits to condense all the information in a few basic parameters. The combination 

of any pair of collective variables with the free energy coordinate ∆F results in a 

three-dimensional energy surface (or landscape) which maps every possible 

conformation of the protein to its corresponding energy level. From the overall shape 

of such surfaces, the folding rate, the flexibility, and the native structure of the protein 
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can be argued. Rapidly foldable proteins have smooth “funnel-shaped” energy surfaces 

with a single basin of attraction corresponding to the native state. Disordered proteins 

have rugged surfaces with multiple local minima separated by small energy barriers. 

Halfway between the two classes are partially folded proteins whose free energy 

landscape has a funnel-like shape and is characterised by many local minima 12. 

The three-dimensional (ϕ, ψ, ∆F) free energy landscape of E7 and its 

projection onto the plane of CVs are given in Figure 3. As in the case of proteins 

having one or more IDRs, the calculated energy surface displays two major basins 

surrounded by a series of shallower local minima. Each well corresponds to a 

microstate of the system and each microstate is populated by a multitude of 

isoenergetic conformers. The most populated basin (55% population, labelled A in the 

figure) corresponds to ϕ = 84.8°, ψ = 93.9°, χ1  = 19.7°, and EDH  = 2.1 kJ/mol. 

The second most populated basin (7% population, labelled B in the figure) is 

characterised by ϕ = 82.9°, ψ = 85.4°, χ1 = 15.1°, and EDH = 0.9 kJ/mol. A 

remaining 35% of the ensemble is distributed over the portion of the energy surface 

ranging between 7.5 and 15 kJ/mol and only 3% of the structures populates states with 

energy > 15 kJ/mol. The energy barrier that separates neighbouring local minima is 

generally small compared with RT and transitions between different conformations of the 

protein can easily occur under physiological conditions. This is consistent with the idea 

that structures of different microstates are in fast exchange on the NMR time scale and 

every single conformer makes its contribution to the observed chemical shifts and 

RDCs. This is supported by the fact that neglecting even the least probable structures 

in the ensemble led to an incorrect back-calculation of the NMR observables and 

sensibly decreased the correlation between theoretical and experimental data. 

Even if E7 should always be described in terms of an ensemble of states, 

analysis of the most stable conformations can give an insight into the general features 

of the protein’s structure. An example of such conformations is given in Figure 4 (left 

panel). In accordance with confirmed experimental evidences 13,14, all RAM simulations 

produced a homodimer model whose subunits interacted predominantly through the 

hydrophobic residues in the C-terminal domain. Analysis of secondary structural 

elements during the simulations confirmed that the N-terminus is characterised by a 
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high flexibility and a marked disorder content (Figure 4, right panel). Most of its 

residues form a coiled structure with a probability greater than 96% and only a few of 

them show a limited propensity for folding into structured elements. As already noted, 

residues 10 to 15 populate a conformationally fluctuating α-helix element with a 

probability of ∼ 20%. This suggests that the second half of CR1 is subject to 

interresidue forces, which stabilise the structure and lead to a conformational 

equilibrium involving coil-helix transitions. 

The LXCXE motif in CR2 demonstrated a high propensity for remaining in an 

unfolded state, having only a 2% of probability of populating a short α-helix element. 

This section of CR2 is known to have binding affinity for the pRb protein 15 and its 

disorder content could be partially responsible for modulating the interaction of E7 with 

its substrates. Our finding contradicts other studies 16,17 which presented the LXCXE 

sequence as a statically folded motif. The hypothesis we present is supported by the 

evidence that a highly disordered nature of E7 is always required for the development of 

high-grade lesions and cancer 18. In fact, while E7 proteins of high-risk HPV types 11 

and 18 have a prominent coil-like nature, HPV-1 E7 is less disordered and is not 

responsible for the onset of cervical cancer. The intrinsically disordered character of 

CR1 and CR2 may thus have two different functions. The first function is providing to E7 

enough mobility for sampling a wide area in the search for its partners. The second is 

related to the possibility of a binding-induced folding of residues 10-15. After the highly 

complementary interaction of LXCXE with pRb, in fact, vicinal amino acids could be 

affected by the new arrangement of the domain and could undergo a conformational 

transition to stabilise the structure and the binding site. 

Inspection of the dynamics of the N-terminus also revealed that CR1 tends to 

bend back on itself and sometimes to associate with the same region of the other 

subunit. The interaction is dominated by van der Waals forces and is responsible for 

the formation of small unstructured clusters. In fact, hydrophobic amino acids present 

in CR1 and CR2 tend to repel the aqueous environment and to cluster together, 

stabilising the protein structure. The phenol group of Tyr, in particular, is prone to 

interact with other aromatic ring systems and to create a hydrophobic moiety in the 

middle of the otherwise highly hydrophilic coil. This decreases the free energy content 
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of the structure and helps stabilising apolar side-chains of neighbouring residues. 

The CR3 region in the C-terminal domain is characterised by a folded structure 

containing a major right-handed α-helix (a.a. 72-83), an antiparallel β-sheet (a.a. 50-69) 

and a minor right-handed α-helix formed by residues 91 to 95. The zinc finger domain 

is located in between these folded elements and comprises two CXXC motifs. The first 

CXXC motif is formed by residues 58 to 61 and is always part of a small unstructured 

coil. The second motif lies between Cys-91 and Cys-94 and has a probability of ∼ 

20% of populating the minor α-helix of CR3. The structure is held together by the 

donor-acceptor interaction between the sulphur atoms of cysteines and the Zn2+ ion. 

Analysis of the interdomain linkers within CR3 revealed that the segments 

corresponding to a.a. 57-62 and 70-78 continuously fluctuate in space and generally adopt 

a random coil conformation. The disordered behaviour of inter-domain linkers is a 

common feature of IDPs 19 and is one of the main contribution to the overall motion of 

partially structured proteins. Interestingly, the linker between the two β-strands 

contains one of the two CXXC motifs, a  fact that seems to be inconsistent with the 

rigidity required by the zinc finger domain. Looking at the relative position of the four 

Cys, however, it is clear that sulphur atoms always maintain their positions at the 

vertices of the tetrahedron centred on the zinc (Figure 3.12(b)). Therefore, the whole zinc 

finger domain behaves as a rigid structure able to adjust itself in response to major 

structural modifications of the N-terminal regions but not to get deformed. It is only 

allowed to translate in space to follow the wiggling motion of the inter-domain linker. 

The partial plasticity of CR3 confirms earlier suggestions that this region plays a 

role in the binding mechanism of E7 with the pRb protein. As reported by Liu and co-

workers 20, the two segments 57-62 and 70-78 are thought to be involved in the formation 

of the E7-pRb complex thanks to their marked disorder content. After the formation of 

the stable E7-pRb complex, the two coiled segments tend to make contact with the bound 

pRb and establish an interaction that inhibits the regulatory function of the substrate. 

The low affinity and high specificity of such interaction resembles that of many IDP 

binding mechanisms and suggest that the localised disorder of CR3 could be essential for 

E7’s biological functions. 
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CONCLUSIONS  

In this work we have demonstrated that NMR-driven replica-averaged metadynamics is 

able to describe the conformational space of the HPV-16 E7. Bias-exchange 

metadynamics enhances the sampling of the conformational space whereas NMR 

restraints continuously modify the force field to increase the consistency of simulations 

with experimental measurements. In this way, we have been able to reconstruct the free 

energy landscape of the protein and to obtain a conformational ensemble that represents 

the dynamics of its domains.  

The high-quality three-dimensional models of E7 obtained in this work can be 

used for designing new drugs with desired anti-HPV properties. In vitro and in vivo 

experimentations are needed for a better understanding of the exact interaction mechanism 

of E7 with its partners, but the validation of our structural model could provide great 

opportunities to decrease subclinical infections and to expand the pharmaceutical arsenal 

against cancer and cervical lesions. 
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FIGURES 
 

 
 

 
 
Figure 1. Free energy landscapes as a function the four used collective variables. The 

projected surfaces are averaged over the last 50 ns of the simulations and their standard deviations 

are reported as error bars. 
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Figure 2. Scatter diagrams showing correlation between experimental and back-

calculated NMR chemical shifts and RDCs. Unrestrained metadynamics results are 

shown in grey and NMR-guided RAM results are shown in blue. 

 

 

   
Cα chemical shifts. Unrestrained 
simulations: R2 = 0.0116, slope = 
0.11. NMR- guided simulations: 
R2 = 0.9604, slope = 1.00. 

N chemical shifts. Unrestrained 
simulations: R2 = 0.0118, slope 
= −0.13. NMR-guided 
simulations: R2 = 0.8768, slope = 
1.00. 

C’ chemical shifts. Unrestrained 
simulations: R2 = 0.0671, slope 
= 0.24. NMR-guided simulations: 
R2 = 0.8115, slope = 0.78. 
 

   
Cβ chemical shifts. Unrestrained 
simulations: R2 = 0.0124, slope 
= 0.14. NMR-guided simulations: 
R2 = 0.9477, slope = 0.96. 
 

HN chemical shifts. Unrestrained 
simulations: R2 = 0.0023, slope = 
0.20. NMR-guided simulations: 
R2 = 0.3588,  slope = 0.53. 
 

RDCs. Unrestrained simulation: Q 
= 0.8465, slope = 0.18. NMR-
guided simulation: Q = 0.2715, 
slope = 0.90. 
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Figure 3. Left Panel: Three-dimensional free energy landscape as a function of the collective 

variables for the ϕ and ψ dihedral angles. Right panel: Characterisation of the microstates of 

the E7 protein. The free energy landscape (in kJ/mol) is reported as a projection on the 

plane of the two collective variables ϕ and ψ. A representative structure is shown for the two 

microstates with a free energy lower than 5 kJ/mol. 
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Figure  4. Left panel: Representative structure of a minimum-energy conformation of HPV-16 E7. 

The structure is coloured from the N-terminal in red to the C-terminal in blue and the two zinc 

ions are shown as spheres. Right panel: Ribbon diagram of three representative conformations 

of the CR1 and CR2 regions. The LXCXE motif of each structure is coloured in orange. All the 

structures illustrated in the text are visualised using PyMOL. 
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Supplementary Material 
 

Protein expression and purification 

For the expression of the wild type HPV-16 E7 (amino acids 1-98) the recombinant 

vector pET20-E7-opt 1 containing the gene for expression of E7 protein (1-98-His6), 

was mutated by the insertion of a stop codon (TAG) between the codon for Pro 98 and 

the codons for the His6 tag, generating the pET20-E7-WT. Thus, that plasmid was used 

for transformation of E. coli BL21 pLys (Stratagene®) cells.  

After expression tests, one colony was selected for the growing in LB medium 

with ampicillin (0.1 mg/mL) and chloramphenicol (0.34 mg/mL). Finally, the cells 

were cultured in 1 L of M9 medium at 37 °C containing (15NH4)2SO4, 0.1 mg/mL 

ampicillin, 0.34 mg/mL chloramphenicol and 100 µM ZnCl2. When the culture reached 

OD600 0.7 protein expression was induced by the addition of IPTG (isopropyl β-D-1- 

thiogalactopyranoside) during 5h at 37 ºC. After that the cells were harvested at 4.500 

rpm for 20 min at 4°C. The supernatant was discarded and the cells were re-suspended 

in 25 mL of degassed buffer A (20 mM TRIS buffer at pH 8.5, 10 mM DTT 

supplemented with Roche complete protease inhibitors). After this the bacterial cells 

were disrupted by sonication (20 kHz sonication frequency and 40% of amplitude) with 

cycles of 3s and 10s of delay in anaerobic conditions. Lysed cells were then centrifuged 

at 165000 g. The supernatant containing E7 protein was loaded on a HiTrap QFF 10 

mL ionic exchange column pre-equilibrated with buffer A. The purification step was 

followed with buffer A in a gradient with buffer B (buffer A + 0.5 M NaCl). E7 protein 

was eluted with 0.5 M NaCl (100% buffer B). Fractions containing the protein were 

mixed, concentrated to 4 mL and injected in a Superdex 75 16/100 size exclusion 

chromatography column pre-equilibrated with the final degassed buffer (10 mM 

HEPES pH 7.5, 50 mM KCl, 10 mM DTT 10 µM ZnCl2).  After analysis by SDS-

PAGE 17%, fractions containing the pure protein were mixed and concentrated to 500 

µL for NMR analysis. 50 µL of D2O was added to each NMR sample for the lock 

signal.  
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NMR Restraints 

Two system-dependent energy terms were included in the force field in order to bias the 

potential acting on the molecule and to better reproduce the local rearrangement of the 

protein. The two energy terms were defined as: 

 

and relied on nuclear magnetic resonance (NMR) chemical shifts and residual dipolar 

couplings as structural restraints. Their function was to modify the force field during the 

simulations and to increase the consistency of the sampling with experimental 

measurements. In this way the RAM method was able to explore low-probability 

regions of the free energy landscape and to allow the free diffusion of the system 

along particular reaction coordinates (collective variables). 

Sequence-specific assignment of HN, N, C', Cα , and Cβ resonances was 

achieved using a series of 1H- and 13 C-detected NMR experiments at 298 K 2,3. In the first 

case, measurements were carried out on a18.8 T Bruker Avance 800 operating at 

800.13 MHz for 1H; in the second case we used a 16.4 T Bruker Avance 700, operating 

at 176.03 MHz for 13C. The assignments of the HPV-16 E7 protein have been reported 

by Calçada and co-workers 1 and are available in the BMRB database (Accession 

number 19442). 

One-bond N-H RDCs (1DNH) were measured with a 2D 1H-15N HSQC-IPAP 

experiment in the aligned liquid crystalline media n-octyl-penta(ethylene glycol)/octanol 

(C8E5) 4,5. All spectra were recorded on a Bruker Avance III spectrometer operating at 

950 MHz for 1H and at 15 Hz for 2H. Experimental values are shown in the following 

Table (S1). 
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Table S1 Residual dipolar couplings (Hz) for HPV-16 E7 at 293 K. 

 

Residue 1DNH Residu

e 

1DNH 

4 2.150 29 -0.040 

5 -0.460 30 2.710 

8 -5.260 31 0.190 

11 -3.220 32 0.350 

16 0.150 33 0.800 

18 0.860 34 3.210 

19 3.060 35 3.670 

20 1.870 36 2.030 

21 0.910 37 3.050 

22 0.180 38 2.840 

23 -0.190 39 3.680 

25 1.170 40 2.660 

26 3.250 42 2.490 

27 1.590 43 2.530 

28 1.460 44 3.650 
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RAM calculations 

The computational modelling of HPV-16 E7 was performed using replica-average 

metadynamics (RAM). This technique involves a combination of replica exchange 6 

and metadynamics 7 and is today one of the most reliable methods for reconstructing 

the free energy of complex biological systems. All the simulations presented in this 

work were performed using GROMACS 8 implemented with PLUMED2 9 and Almost 
10,11. 

The amino acid sequence was retrieved from the UniProt database (code P03129) 

and the first guess of the protein’s three-dimensional structure was obtained by 

comparative modelling using the Rosetta server. The carboxy-terminal half of the protein 

was built using the CR3 region of HPV-45 E7 (PDB 2EWL) as a template; CR1 and 

CR2 were built using a de novo prediction protocol. Both the monomeric and dimeric 

forms of E7 were considered and different symmetries of the dimer were attempted. The 

top-ranking model is shown in Figure S1. The structure appeared to us too compact 

and lacking some of the features typical of IDPs/IDRs. The reason of such anomaly 

lies in the protocol Rosetta uses to assign the ranking score to the resulting structural 

models. In fact, Rosetta’s scoring function is based on the energy of the polypeptide 

chain while the experimentally observed native state is at a minimum of the free energy, 

rather than the energy 12. The neglect of the missing configurational entropy contribution 

to the free energy is irrelevant for folded states but is an important shortcoming in 

structure predictions of disordered proteins. The quality of subsequent MD 

simulations, however, was not affected by the compactness of the starting structure and 

the resulting equilibrium ensemble was populated by conformations significantly more 

disordered. 

 Once the comparative modelling was completed, the protein was solvated with 

25,000 molecules of water in a 800 nm3 dodecahedron box, and 32 Na+  ions were 

added to neutralize excess charges. AMBER ff99SB* 13,14 was chosen as the force field 

acting on the molecule and solvent was explicitly accounted with the TIP3P water 

model 15. The system was evolved with a time step of 2.0 fs by constraining the fast 

bonded modes to their equilibrium value with the LINCS algorithm 8. Temperature 
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was kept constant at 298 K by the velocity-rescaling thermostat so no preliminary 

heating period was needed. Van der Waals and Coulomb interactions were truncated at 

the cut-off distance of 1.2 Å and 0.9 Å, respectively. The two zinc fingers were taken 

into account by coordinating each Zn2+ ion to four CYM residues, that is to four 

cysteines having deprotonated sulphur atoms s in place of the normal –SH groups. 

The mobility of zinc ions was reduced by an upper wall of 2.2 Å in order to avoid 

their departure from the zinc finger domains. 

 A total of six RAM simulations were run: two were unrestrained simulations, 

two were CS-guided simulations and the other two were simultaneously CS- and 

RDC-guided simulations. In each run four replicas of the system were considered, one 

per collective variable. Every simulation lasted for 250 ns, 200 ns of which were 

required to reach convergence and the successive 50 ns were devoted to free energy 

estimation. 

 
Figure S1. Comparative modelling of the dimeric structure of E7. 

 

Collective Variables 
The choice of collective variables (CVs) is a very important issue in metadynamics 

simulations since the evolution of the systems, and hence the time amount required to 

reach convergence, depends directly on their definition. In order to explore 

exhaustively the conformational space of E7, four collective variables related to 

specific molecular geometric properties were used. The first three collective 

variables were defined by the quantity ‘alpha-beta similarity’ that measured the 
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departure of the instantaneous values of a set of torsional angles from a set of 

reference values. The general formula is: 

 

In our specific case, we monitored three different torsion angles (ϕ, ψ, χ1). The 

first and second dihedrals defined the pair of Ramachandran angles (ϕ, ψ) and were 

thus for the determination of the structural elements formed by the backbone chain. 

The third angle was related to the orientation of side-chains and carried information 

about the packing of these groups. All the reference values θref were set to zero since 

our intention was to explore as much conformational space as possible. The fourth 

collective variable was defined as the ‘Debye-Hückel interaction energy’. It calculated 

the electrostatic interaction between two groups A and B of atoms using an 

approximation of the Debye-Hückel equation: 

 

The use of this CV was justified by the fact that the studied protein was a 

dimer and the most stable structures were those that minimize the electrostatic 

interaction between the two subunits. Group A was defined as formed by atoms 

belonging to one monomer and group B as formed by atoms of the other monomer. 

The height (w), width (σ), and deposition pace (τ) of metadynamics’ 

Gaussian functions were set to the following values: 

CV1 (ϕ):w = 0.05 kJ/mol, σ = 0.50, τ = 20 ps. 

CV2 (ψ):w = 0.05 kJ/mol, σ = 0.50, τ = 20 

ps. CV3 (χ1 ):w = 0.05 kJ/mol, σ = 0.30, τ = 

20 ps. CV4 (EDH):w = 0.05 kJ/mol, σ = 0.25, 

τ = 20 ps. 
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Chapter 4  

Conclusions  

HPV-16 E7 and HAdV-E1A proteins have been studied for years and despite 

documented attempts the characterization of these proteins either through NMR or 

X-ray crystallography failed due to their heterogeneous structural and dynamic 

properties54,56,77,287. 

Thanks to the recently developed NMR approach to characterize highly 

heterogeneous proteins289,290, in combination with clever sample preparation strategies, 

it was possible to complete the high resolution characterization through NMR of both, 

HPV16-E7 as well as HAdV-E1A. The information obtained, deposited in the BMRB 

and in the pEDB, can now be used by the scientific community to answer the many 

open questions on the molecular determinants of the function of these two distinct 

proteins that are able to hijack cell regulation by a closely related mechanism. The 

example of the high resolution study of one of the key post-translational modifications 

linked to the oncogenic process reported here just represents the first example of 

many studies that now can be performed taking advantage of the available NMR 

chemical shift assignment. This information can in turn be used to design innovative 

drugs that target, instead of well-structured proteins, these two IDPs.  
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Report of activities   

During the three years of doctorate I attended diverse seminars, conferences and 

training courses. With all these activities I earned a total of 45 credits, respecting the 

minimum credits to be earned (40 credits). The credits obtained distributed by the 

type of activities is indicated below:  

• 32 Internal seminars (3,9 credits) 

• 7 Advanced Seminars (5,25 credits)  

• 9 PhD program courses (10 credits) 

• 4 Courses offered by the Master on Biological Macromolecules (24 credits)  

• 2 Oral presentations: “A step further in the NMR characterization of the 

heterogeneous structural and dynamic behaviour of E7 from HPV16: the C-

terminal module” and “The NMR characterization of E7 from HPV16 and its 

post-translational modifications studies” (2 credits) 

 

Indeed to these activities I had the opportunity to attend Conferences and training 

activities as listed below: 

Conferences: 

• EMBO workshop on Magnetic Resonance for structural biology, Principina 

Terra (Grosseto), Italy, June 1-6, 2014; 

• IDPbyNMR Final Meeting “High resolution tools to understand the functional 

role of protein intrinsic disorder”, Castiglione della Pescaia, Grosseto, Italy, 

September 21-26, 2014. 

Advanced training course: 

• EMBO practical course “Solution and Solid-state NMR of paramagnetic 

molecules”, CERM, University of Florence – Italy, July 13-19, 2014; 

Training courses: 

• Insurance and risk management according to the University of Florence rules 

(Sicurezza Accordo Stato Regione). Department of Pharmaceutical sciences, 

University of Florence- Italy, July 11 2013; 
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• Principle and rules for safety and accident prevention in CERMs laboratories. 

CERM, University of Florence – Italy, April 20, 2015. 

 

Publications:  
During these three years I actively participated in all parts of my PhD project, 

working on interdisciplinary fields. The ensemble of this work generated three 

articles: 

  

1. The highly flexible and heterogeneous nature of HAdV E1A characterized 
at atomic resolution through NMR (published in 2016_ DOI 

10.1002/chem.201602510 by Chemistry) 

Tomáš Hošek a, Eduardo O. Calçada a, Marcela Oliveira Nogueira a, Michele 

Salvi a, Talita D. Pagani a,  Isabella C. Felli a, Roberta Pierattelli a  
a Magnetic Resonance Center (CERM) and Department of Chemistry “Ugo 

Schiff”, University of Florence, Italy   

 

2. Towards the real-time monitoring of HPV-16 E7 phosphorylation events 
(submitted to Virology) 

Marcela O. Nogueira a, Tomáš Hošek a, Eduardo O. Calcada a, Francesca 

Castiglia a, Paola Massimi b, Lawrence Banks b, Isabella C. Felli a, Roberta 

Pierattelli a 
a Magnetic Resonance Center (CERM) and Department of Chemistry “Ugo 

Schiff”, University of Florence, Italy   
b International Centre for Genetic Engineering and Biotechnology (ICGEB),, 

Trieste,  Italy 

 

3. The structure and dynamics of HPV-16 E7 described by NMR-guided 
metadynamics (in preparation) 

Magnetic Resonance Center (CERM) and Department of Chemistry “Ugo 

Schiff”, University of Florence, Italy   
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Department of Chemistry, University of Cambridge, Cambridge, United 

Kingdom 
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Appendices 

Relaxation rates of E7CR3 

 
Relaxation rates of 15N labelled E7CR3 measured at 11.8 T on a Bruker instrument. Sample 
conditions: 250 µM protein in 50 mM HEPES, pH 8.5; 50 mM KCl, 5 mM DTT. 
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Sequence alignment of E1A289 from HAdV-2 and HAdV-5 

 
The sequence alignment of E1A289 from the HAdV-2, the HAdV-5 and the hybrid HAdV-
2/5 (studied in the present work). Asterisks (*) indicate the same residue while colons (:) 
indicate the presence of a different residue among the three sequences. E1A289 from the 
hybrid HAdV-2/5 is essentially the same as E1A289 from HAdV-2, with the exception of the 
residues highlighted in Red (Gly148 and Pro276).  
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Sequence alignment of E1A243 and E1A289 

 
The sequence alignment of E1A243 and E1A289 from the hybrid HAdV-2/5 studied in this 
work. Both sequences are the same except by the presence of the CR3 domain (46 residues), 
present in E1A289 but not in E1A243. Asterisks (*) indicate the same residues while hyphens 
(-) indicate missing residues in one of the two sequences.  
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Table AP1- Amino acid content of HPV-16 E7, E7CR3 and E1ACR3 

 

Amino acid 

Number of residues and their percentage 
respect to the whole protein 

HPV-16 E7 E7CR3 E1ACR3 

Ala (A) 3 (3.1%) 2 (2.7%) 0 0.0% 

Arg (R) 3 (3.1%) 3 (5.6%) 4 7.3% 

Asn (N) 2 (2.0%) 1 (1.9%) 1 1.8% 

Asp (D) 10 (10.2%) 4 (7.4%) 4 7.3% 

Cys (C) 7 (7.1%) 6 11.1% 5 9.1% 

Gln (Q) 5 (5.1%) 2 3.7% 0 0.0% 

Glu (E) 9 (9.2%) 2 3.7% 6 10.9% 

Gly (G) 5 (5.1%) 2 3.7% 5 9.1% 

His (H) 4 (4.1%) 2 3.7% 4 7.3% 

Ile (I) 5 (5.1%) 4 7.4% 1 1.8% 

Leu (L) 11 (11.2%) 6 11.1% 2 3.6% 

Lys (K) 2 (2.0%) 2 3.7% 0 0.0% 

Met (M) 3 (3.1%) 2 3.7% 4 7.3% 

Phe (F) 1 (1.0%) 1 1.9% 2 3.6% 

Pro (P) 6 (6.1%) 2 3.(7%) 3 5.5% 

Ser (S) 5 (5.1%) 3 5.(6%) 4 7.3% 

Thr (T) 9 (9.2%) 5 (9.3%) 2 3.6% 

Trp (W) 0 (0.0%) 0 (0.0%) 0 0.0% 

Tyr (Y) 4 (4.1%) 1 (1.9%) 4 7.3% 

Val (V) 4 (4.1%) 4 (7.4%) 4 7.3% 
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Table AP2 - Protein parameter calculated by ProtParam tool 

 

Parameters HPV-16 E7 E7CR3 E1ACR3 

Number of amino acids 98 54 55 

Molecular weight 11022.3 6043.1 6391.1 

Theoretical isoelectric 
point 4.20 5.99 4.85 

Extinction coefficients a  5960 1490 5960 

 (a) (M-1 cm-1, at 280 nm) Assuming that all Cys residues are reduced 
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