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ABSTRACT 

A comprehensive view of all the structural aspects related to NCp7 is essential to understand how this 

protein, crucial in many steps of the HIV-1 cycle, binds and anneals nucleic acids (NA) mainly thanks 

to two zinc fingers, ZF1 and ZF2.  Here, we inspected the structural properties of the available 

experimental models of NCp7 bound to either DNA or RNA molecules, or free of ligand.  Our 

analyses included the characterization of the relative positioning of ZF1 and ZF2, accessibility 

measurements and the exhaustive, quantitative mapping of the contacts between amino acids and 

nucleotides by a recent tessellation method, VLDM. This approach unveiled the intimate connection 

between NA binding process and the conformations explored by the free protein. It also provided new 

insights into the functional specializations of ZF1 and ZF2. The larger accessibility of ZF2 in free 

NCp7 and the consistency of the ZF2/NA interface in different models and conditions give ZF2 the 

lead of the binding process. ZF1 contributes to stabilize the complexes through various organizations 

of the ZF1/NA interface. This work outcome is a global binding scheme of NCp7 to DNA and RNA, and an 

example of how protein-NA complexes are stabilized.  
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INTRODUCTION 

The nucleocapsid proteins NCp15, NCp9 and NCp7 from the human immunodeficiency virus type 1 

(HIV-1) are the products of the precursor Pr55Gag. They are small basic proteins containing a 

common NC domain that includes two zinc fingers, ZF1 and ZF2, separated by a short basic linker of 

7 residues as earlier shown by a structural study [1]. Owing to their NC domain these proteins form 

complexes with nucleic acids (NA) and mediate many stages of the HIV-1 cycle, from viral genome 

recognition to RNA packaging [2–10]. They are able to bind nucleic acids in a non-specific mode as 

exemplified by the 1000-1500 NCp7 copies covering the RNA genome in the mature viral particle 

[11,12]. However, the highest NC affinities are measured for particular sites of the viral genome 

[4,13–15]. Such genomic studies as well as in vitro approaches [16–24] showed that NC proteins 

prefer to interact with accessible, unpaired guanines and, more broadly, with single-strand nucleic 

acids. 

NCp7 is the fully matured form of NC proteins, present in both the host cell and the mature 

viral particle [2,25–27]. It shows an efficient chaperon activity, reorganizing DNA and RNA 

molecules and promoting their hybridization, two properties essential for the strand transfers occurring 

during the reverse transcription process ([28] and references herein). This protein of 55 residues is 

constituted by the NC domain flanked by unstructured N- and C-terminal regions (Fig. 1).  

The earliest structural characterizations of free NCp7 (not bound to nucleic acids) by classical 

NMR concerned first a 39-residue peptide containing the two zinc fingers and the linker [29], followed 

by the entire protein [30,31]. However, the disorder in the N- and C-terminal domains and the 

flexibility of the linker complicated the interpretation of data [31]. This issue was recently overcome 

by combining small angle solution X-ray scattering experiments and exhaustive NMR investigations 

on labeled truncated and full length NCp7 [32]. This approach resulted in a series of structural models 

that, taken together, fit at best the whole experimental datasets. It confirmed that the conformational 

space sampled by NCp7 covers the so called “closed” and “open” forms which correspond to the 

presence or absence of ZF1/ZF2 contacts, respectively.  These conformations likely originate from the 

intrinsic dynamics of the linker, also observed by NMR measurements of order parameter S2 [33]. 
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From a mechanistic point of view, the existence of contacts between ZF1 and the linker [32,33] was 

interpreted as a factor limiting the accessibility of ZF1 that could thus play a secondary role in the 

binding process [33]. Indeed, several studies of mutated or designed NCp7 established that the 

principal function of ZF1 relates to the chaperone activity and RNA packaging [34–38].  

3D structures of NCp7 bound to NA were also derived from NMR studies, unveiling the main 

elements constituting the protein/NA interface. These complexes represent five systems; they contain 

NCp7 from two different HIV strains associated to RNA [39,40] or DNA [41–43] molecules that are 

either folded in stem-loop [39–41] or single-strand [42,43].  In particular, these studies elucidated the 

reason why NCp7 has a preference for guanines and underlined the importance of ZF1 and ZF2 

aromatic amino acids in the protein-NA interface. Indeed, a guanine optimizes the contacts with the 

zinc finger interaction pockets by offering the possibility of 4 hydrogen bonds; in addition, compared 

to any pyrimidine, a guanine can maximize the stacking with aromatic residues, PHE16 in ZF1 and 

TRP37 in ZF2, which were consequently usually mentioned as strong elements of hydrophobic clamps.  

It was also proposed from a qualitative visual inspection of some complexes that the N-ter → C-ter 

NCp7 orientation and the 5’ → 3’ course of NAs were parallel in NCp7/DNA complexes while anti-

parallel in NCp7-RNA complexes [41,43]. If such a specific polarity remains ascertainable across a 

larger pool of DNA or RNA sequences, it could reflect the mode of differentiation of DNA and RNA 

chains by NC proteins.   

 Understanding the complete molecular mechanism by which NC proteins bind to their RNA 

and DNA targets ideally requires to collect extensive information about the structural behavior of free 

NC proteins, free NA and NC-NA complexes.  Here, we were interested in carrying out exhaustive 

analyses of the five available NCp7/RNA [31,40] and NCp7/DNA [41–43] systems to compare them 

and try to extract information about the binding process. Each of these systems consist of a set of 

structures – between 10 and 25 – representing in the best possible way NMR data introduced as 

restraints in refinement protocols.  Although the structures in each set are not necessarily 

representative of a full statistical distribution, the samples are expected to reflect the plasticity of the 

3D organization of the considered complexes. In addition, as mentioned above, these different NMR 



4 

 

systems present a diversity of partner composition and conformation. This offers the opportunity to 

achieve a comprehensive overview of characteristics either common to the organization of very 

different complexes or, conversely, limited to specific cases.  

  The first part of this work was devoted to structural explorations of NCp7-NA complexes, in 

particular regarding the variability of the relative spatial orientations of ZF1 and ZF2, inside each 

system and across the systems. The most recent models of free NCp7 [32] were also analyzed and 

compared to bound NCp7 structures. Then, NCp7/NA interfaces were explored using a recent, original 

tessellation method, called VLDM (Voronoi Laguerre Delauney for Macromolecules) [44,45]. Based 

on a representation of molecules by a collection of polyhedra filling space without overlaps or gaps, 

VLDM has the advantage of analyzing interfaces without resorting to any empirical or adjusted 

parameter. Thus, VLDM deciphers macromolecular interactions but does not evaluate forces or energy 

directly. Here, VLDM provided an exhaustive inventory of the interacting elements by precisely 

mapping the NCp7/NA contacts that were further characterized in terms of contact area and nature, 

specifying the balance between electrostatic and non-electrostatic (hydrophobic, van der Waals) 

components. Overall, this work provided an in-depth structural overview of the functional elements of 

NCp7 as well as a detailed description of NCp7/NA interfaces. Importantly, our results lead to a much 

finer understanding of the reading of NA by NCp7.   

 

RESULTS 

Survey of the studied systems 

To identify the structural features shared by both NCp7-RNA and NCp7-DNA complexes or, 

conversely, those that are specific to one or the other family, a total of 84 available NMR-based 

structures of NCp7-nucleic acid (NA) complexes belonging to five different systems (Table 1) was 

analyzed. Before reporting the results of our analyses, we need to make a few comments regarding 

both the proteins and nucleic acids in these systems.  
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PDB code NCp7 NA Nmodels 

1A1T 55 residues, full length; NL4-3 strain RNA of 20 nt from SL3 stem-
tetraloop 

25 

1F6U 55 residues, full length; NL4-3 strain RNA of 19 nt from SL2 stem-
tetraloop 

20 

2JZW 44 residues: truncation of the first 11 N-
terminal residues; M-B strain 

DNA of 14 nt from HIV-1 Primer 
Binding Site (PBS, stem-pentaloop) 

19 

2L4L 45 residues: truncation of the first 10 N-
terminal residues; M-B strain 

DNA of 4nt, a single-strand region 
of the stem-hexaloop mini cTAR 

10 

1BJ6 
42 residues: truncation of the first 11 N-
terminal and the last two C-terminal 
residues; M-B strain 

Single-strand DNA of 5 nt 10 

 

Table 1. Summary of the studied NCp7-NA complexes. 

This Table gives the PDB codes of the NCp7-NA complexes studied here, specifying NCp7 length, 

eventual truncation and provenance, as well as NA provenance and conformation. The number of 

models (Nmodels) in each system is given in the last column, summing up to 84. “nt” stands for 

nucleotide.  

 

Although NCp7 is non-specific in the sense that it binds to any NA accessible region, this 

protein prefers to interact with single-strand sequences containing at least one guanine [16–19]. A 

maximal affinity was obtained for NCp7 -not included within Gag- and a RNA sequence derived from 

SL3 that includes two guanines separated by one base [17,24]. Such double guanine containing motif 

is present in both NCp7-RNA complexes studied here, GAG in 1A1T [39] and GUG in 1F6U [40]. In 

the NCp7-DNA systems, the 2JZW  [41] and 2L4L [43] complexes are formed with DNA including a 

TG dinucleotide that is very attractive for NCp7 [16,17]; 1BJ6 [42] contains only one guanine. Most 

of these different complexes may therefore represent examples of optimal interactions. 

Also, the complexes differ in NA length and conformation (Table 1): the 1AIT, 1F6U and 

2JZW systems involve NAs folded in stem-loops; 1BJ6 contains a short single-strand DNA fragment; 

the DNA in 2L4L is the 4 nt single-strand region of a large stem-loop.  NCp7 binds to RNA loops in 

SL2 (1F6U) and SL3 (1AIT) without inducing any stem destabilization while the NCp7-DNA 

complex 2JZW was considered as a first stage of stem melting because of interactions with both loop 
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and stem which were suspected to induce a weakening of one C:G base pair [41]. 

Finally, NCp7 produced from two different HIV-1 strains (Table 1) differ by three amino acids: 

THR 12, ILE 24 and LYS 26 in 1A1T and 1F6U (NCp7-RNA complexes) are ASN 12, THR 24 and 

ARG 26 in 2JZW, 1BJ6 and 2L4L (NCp7-DNA complexes). In addition, the full length NCp7, i.e. the 

two zinc fingers ZF1 and ZF2 separated by a short linker and surrounded by C-and N-terminal 

domains (Fig. 1), is present only in the NCp7-RNA complexes; the three NCp7-DNA complexes 

contain a N-terminal domain truncated from several residues (Table 1). In the NCp7-RNA complexes, 

the intact N-terminal domain, folded in a 310 helix, interacts with either the major groove (1A1T, [39]) 

or the phosphodiester backbone (1F6U, [40]) of the SL3 and SL2 RNA stems, respectively.  The 

importance of such contributions for the complex stability and functions [9] cannot be ignored. 

However, in our comparative study, we focused on the interactions between NA and the NCp7 part 

that is common to the five systems, i.e. amino acids 12-53.  

The diversity of NA and protein compositions and conformations in our pool of data is an 

advantage for our purpose which is to detect characteristics either common or specific of NCp7/NA 

organizations. Since the two zinc fingers ZF1 and ZF2 are key components for NA binding, their 

structures and relative positioning were first scrutinized. The NCp7/NA interfaces were then analyzed 

and quantified using the VLDM approach, and finally compared to each other. 

 

Structural variability of the zinc fingers ZF1 and ZF2 in NCp7-NA complexes 

A previous study of complexes in which NCp7 binds the loop of NA hairpins inspected the 

conformation of the individual zinc fingers and concluded that their folding was identical regardless of 

the different NA targets [41]. Here we extended the analysis to our 84 structure dataset by calculating 

the cross-Root Mean Square Deviations (RMSD) on the backbone heavy atoms of either ZF1 (CYS 15 

→ CYS 28) or ZF2 (CYS 36 → CYS 49). The very low cross-RMSD values, 0.7 ± 0.25 Å for ZF1 

and 0.85 ± 0.6 Å for ZF2 on average, confirms that each type of zinc finger, ZF1 or ZF2, adopts the 

same 3D conformation across the models, regardless of the systems. 
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 The next step was to compare the spatial positioning of ZF1 and ZF2 with respect to each 

other. For that we defined the so-called ZF1-ZF2 ensemble in which the residues CYS 15 → CYS 28 

and CYS 36 → CYS 49 were considered as a whole. The linker was thus excluded from the analysis. 

Indeed, the extensive conformational versatility affecting the Φ, Ψ backbone angles all along this short 

domain submerges the information about the ZF1-ZF2 ensemble by for instance dominating RMSD 

values. RMSD calculations carried out on the ZF1-ZF2 ensemble (Supplemental Fig. S1-A) show a 

good conservation of the ZF1 and ZF2 relative positioning within or across the three NCp7-DNA 

systems.  The low cross-RMSD values (average value of 1.4 ± 0.3 Å) associated to 2JZW, 1BJ6 and 

2L4L testify of the structural homogeneity of the ZF1-ZF2 ensemble across the NCp7-DNA systems 

(Supplemental Fig. S1-A). More noticeable cross-RMSD values emerge from the comparison between 

the two NCp7-RNA systems (Supplemental Fig. S1-A, cross-RMSD values of 3.8 ± 0.2 Å on average 

for 1A1T vs 1F6U) or between NCp7-RNA and NCp7-DNA systems (Supplemental Fig. S1-A, cross-

RMSD values of 3.4 ± 0.3 Å on average for 1A1T or 1F6U vs 2JZW, 1BJ6 or 2L4L). However, such 

conformational variability does not imply dramatic rearrangements, as illustrated by the 

superimposition of typical structures of ZF1-ZF2 ensembles from two RNA- and one NCp7-DNA 

systems (Supplemental Fig. S1-B).  

This global structural conservation is further established by measuring the distance DZnZF1-ZnZF2 

between the two zinc atoms in ZF1 and ZF2 and pseudo-dihedral angles reflecting the relative 

orientations of ZF1 and ZF2. The values of DZnZF1-ZnZF2 tend to be slightly shorter in NCp7-RNA than 

in NCp7-DNA complexes but remain in the same order of magnitude across the systems (Table 2); the 

standard deviations also indicate limited variations across the models of a given system (Table 2).  
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 NCp7-RNA NCp7-DNA 

Distance (Å) 1A1T 1F6U 1BJ6 2JZW 2L4L 

DZnZF1-ZnZF2 16.4 (0.1) 18.0 (0.5) 19.5 (0.6) 19.0 (0.3) 18.0 (0.2) 

Pseudo-dihedral angle (°) 1A1T 1F6U 1BJ6 2JZW 2L4L 

(CαCYS15- ZnZF1-ZnZF2-CαCYS49) 17 (4) 78 (11) 49 (7) 40 (5) 63 (3) 

(CαLYS20- ZnZF1-ZnZF2-CαGLY43) 166 (4) 234 (10) 179 (6) 184 (6) 205 (3) 

(CαCYS28- ZnZF1-ZnZF2-CαCYS49) 35 (7) 26 (9) or 130 (19) 42 (7) 37 (5) 56 (6) 

 

Table 2: Structural parameters related to the relative positioning of ZF1 and ZF2 in bound NCp7. 

The spatial positioning of ZF1 and ZF2 with respect to each other was monitored in each system by 

calculating DZnZF1-ZnZF2, the distance between the two zinc atoms in ZF1 and ZF2, and three pseudo-

dihedral angles. These angles are all defined around the two zinc atoms in ZF1 and ZF2 but differ by 

the two Cα atoms that complete the dihedral tetrads: i) CYS 15 and 49, the first and last residues of 

ZF1 and ZF2, respectively ii) LYS 20 and GLY 43, in ZF1 and ZF2, respectively and iii) CYS 28 and 

49, the last and first residues of ZF1 and ZF2, respectively. The data are averaged values calculated 

on the model set constituting each system. Standard deviations are given in brackets. 

 

Overall, the form characterized by the proximity of the two zinc fingers (closed form) is 

preserved, as firmly ascertained by the existence of measurable NMR distances between PHE 16 and 

ASN 17 on one hand and TRP 37 on the other hand [39,41–43]. The relative orientations of ZF1 and 

ZF2 was then scrutinized through three Cα-ZnZF1-ZnZF2-Cα pseudo-dihedral angles involving the two 

Zn atoms and two Cα atoms of various residues chosen in three different ways: i) CYS 15 at the 

beginning of ZF1 and CYS 49, the last residue of ZF2, ii) the ZF1 and ZF2 centers, LYS 20 and GLY 

43 and iii) CYS 28 at the end of ZF1 and CYS 49 at the beginning of ZF2. As for DZnZF1-ZnZF2, the 

values and standard deviations of these three pseudo-angles are consistent within and across the 

systems (Table 2). One exception concerns the 1F6U system in which 6 on a total of 19 models show 

alterations in the ZF1 and ZF2 folding and relative positioning, at least according to the CαCYS28-

ZnZF1-ZnZF2-CαCYS36 pseudo-angle (Table 2).  However, a clear, dominant scheme characterizes the 

ZF1-ZF2 ensemble, which can be summarized in terms of couples of vectors. Thus, ZnZF1→CαLYS20 

and ZnZF2→CαGLY43 point towards opposite directions conversely to ZnZF1→ CαCYS15 and 
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ZnZF2→CαCYS49 that are directed towards similar directions as well as ZnZF1→CαCYS28 and 

ZnZF2→CαCYS49 (Fig. 2).  

In summary, each zinc finger, ZF1 or ZF2, behaves as a quasi-rigid body in our dataset of 

NCp7-NA structures. Despite of a residual variability of the relative orientation of ZF1 and ZF2, the 

organization of the ZF1-ZF2 ensemble is globally remarkably conserved in view of the disparity of the 

studied systems.  

 

Analysis of free ZF1-ZF2 ensemble and comparison with their bound counterparts 

The next question we addressed concerned an eventual resemblance between the free and bound forms 

of NCp7, in particular regarding the ZF1 and ZF2 relative positioning. For that, we benefited from a 

recent study that mixed NMR experiments, solution X-ray scattering and simulated annealing to 

quantitatively depict the conformational space sampled by free NCp7 from the M-B strain [32]. Three 

clusters of structures were defined, which, taken together, satisfied at best the whole collection of 

experimental data. At the end of their paper, the authors mentioned that their cluster 1 resembled to the 

bound NCp7 structure in 1F6U and 2JZW. Here, we focused on the ZF1-ZF2 ensemble and used our 

own criteria to analyze the 21 models (PDB code 5I1R) that stand for typical free NCp7 structures and 

to compare them to the 84 models of bound NCp7.  

Let us look at the 5I1R models categorized using the DZnZF1-ZnZF2 distance and  Cα-ZnZF1-

ZnZF2-Cα angles. The existence of four distinct and homogeneous groups (Table 3 and Fig. 3-A) 

reflects without surprise the variability of the relative positioning of ZF1 and ZF2, which contrasts 

with the monotony observed in NCp7-NA complexes. The conformational combinations of Cα-ZnZF1-

ZnZF2-Cα angles that are observed correspond to either short or larger distances between the two Zn 

atoms, defining closed conformations in groups 2 and 3 and open conformations in groups 1 and 4.  

The examination of the Φ, Ψ angles along the linker stresses the flexibility of two linker residues, LYS 

34 and GLY 35, as previously described [32]. Indeed, various Φ, Ψ combinations of LYS 34 and GLY 
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35 are associated to each type of ZF1 and ZF2 relative positioning, except from ΦLYS 34 in g- in all 

open models. 

 

Group 
Models in 

5I1R 
DZnZF1-ZnZF2  

(Cα15-ZnZF1- 
ZnZF2-Cα49) 

(Cα20-ZnZF1- 
ZnZF2-Cα43) 

(Cα28-ZnZF1- 
ZnZF2-Cα36) 

Free vs bound 
NCp7: 

RMSDav  
G1 1,4,7 23.0 (0.3) -56 (8) 100 (7) -158 (12) 6.4 (0.1) 

G2 
2,5,8,11,14,1

7,21 
16.6 (0.3) 76 (8) -91 (5) 68 (5) 4.7 (0.4) 

G3 
3,6,9,12,15,1

8,20 
15.6 (0.5) 14 (6) -173 (6) 11 (7) 3.1 (0.2) 

G4 10,13,16,19 24.5 (0.7) 77 (47) -158 (43) -55 (40) 5.7 (0.3) 
 

Table 3: Structural parameters related to the relative positioning of ZF1 and ZF2 in free NCp7. 

This table reports the four groups of free NCp7 models resulting from the classification of the ZF1 and 

ZF2 spatial positioning relative to each other. The 21 models and their numbering are from the 5I1R 

PDB file. The relative positioning of ZF1 and ZF2 was monitored by the same parameters as in Table 

2. The distance DZF1-ZF2 (Å) and three pseudo-dihedral angles (°) are given in term of averaged values 

and standard deviations in brackets. The last column shows the average RMSD values (Å) calculated 

on the heavy backbone atoms of the ZF1-ZF2 ensemble (CYS 15 → CYS 28 and CYS 36 → CYS 49), 

in free and bound NCp7 (complete sets of 21 and 84 free and bound structures, respectively).  

 
 

The structures of group 3, characterized by moderate DZF1-ZF2 values and (Cα15-ZnZF1-ZnZF2-

Cα49) in g+, (Cα20-ZnZF1-ZnZF2-Cα43) in trans and (Cα28- ZnZF1-ZnZF2-Cα36) in g+ (Table 3) are in quasi 

perfect agreement with the bound ZF1-ZF2 ensemble (Table 2).  Accordingly, the ZF1-ZF2 ensembles 

of this group remarkably well match their bound equivalents (Supplemental Fig. S2; example in Fig. 

3-B), clearly more than those of the other groups (Table 3).  

To gain more information about a possible scenario of the NCp7 binding process, VLDM  was 

used to calculate the contact area between each residue in the free NCp7 models and water molecules 

(for details of model hydration, see Materials and Methods). Irrespective of their location and the 

conformational group, arginines and lysines largely expose their charged, hydrophilic side chains to 

the solvent (Fig. 4-A). Less expected because of a poor hydration potential of their large side chains 
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[46–48], PHE 16 and TRP 37, both essential for NCp7/NA interaction [39–43], also show a 

consequent accessibility to water molecules. The TRP 37 is a special case because it has a variable 

accessibility: maximal in the open conformations of groups 1 and 4 (Figs. 4-A and 4-B),  this 

accessibility is reduced in the closed conformations of group 3 and, to a lesser extent, of group 2, due 

to additional contacts between TRP 37 and linker or ZF1 residues – mainly ASN 17 - (Fig. 4-B). More 

globally, the residues of ZF2 are more accessible than those of ZF1 in the four conformational groups 

that we identified (Fig. 4-A).  

These analyses support the idea that both open and closed conformations sampled by NCp7 in 

its free state are exploited during the NA binding process.  Indeed, the accessibility measurements 

reveal that ZF2 and more specifically TRP 37 in free NCp7 open conformations are in the best 

position to interact with NA targets. However, the fixation of RNA or DNA to NCp7 clearly stabilizes 

a closed conformation type also explored by the free ZF1-ZF2 ensemble. The next step was to explore 

the protein/NA interface to understand how the NCp7 closed conformation is maintained in the 

complexes.  

 

NCp7/NA interface composition and characteristics 

The analyses of the NCp7-NA structures with VLDM provided the list of the amino acids and 

nucleotides that are in contact, and the quantification of the interface in terms of contact areas (CA). 

Despite the fact that contact areas do not measure energies directly, comparison of surfaces of similar 

electrostatic/non-electrostatic balance do give indications of the relative strength of interactions. CAs 

were averaged over the set of models of each system, distinguishing the surfaces interactions 

involving the different parts from NCp7, ZF1 (CAZF1/NA), the linker (CAlinker/NA) and ZF2 (CAZF2/NA) 

(Fig. 5, Supplemental Table S1). The largest CAs are observed with amino acids belonging to one or 

the other zinc finger, with an additional secondary contribution of residues of N-terminal or linker 

regions (Fig. 5-A, Supplemental Table S1), which were of course also taken into account in the 

analyses. The term “extended ZFx/NA interfaces” will designate this extended series of contacts 
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involving ZFx amino acids and additional relevant residues that, strictly speaking, belong to the N-

terminal domain or the linker.  

A first result about interfaces relates to the balance between the different component of CAs, 

electrostatic, hydrophobic or contacts due to the simple proximity (see Materials and Methods). The 

contribution of these three components is consistent not only across the five considered systems but 

also across the ZF1/, linker/ and ZF2/NA interfaces (Table 4).   Electrostatic CAs correspond to very 

modest percentages of the total CAZF1/NA, CAZF2/NA and even CAlinker/NA in spite of the linker 

enrichment in basic residues (Table 4). The electrostatic interactions include hydrogen bonds mostly 

engaging the guanines interacting with linker and ZF2 residues (Supplemental Fig. S3), as earlier 

noticed [39].  Supplementing the electrostatic component, hydrophobic contacts represent the main 

contribution to CAZF1/NA and a substantial part of CAZF2/NA (Table 4). This marked hydrophobic 

character as well as the slightly different balance between the CA types in the ZF1 and ZF2 interfaces 

resonate with previous physicochemical studies [4,16,49,50]. Hydrophobic contacts primarily 

implicate aromatic amino acids and aliphatic chains of arginine and lysine on NCp7 side, and base 

carbon atoms on the NA side. The bases emerge as the major interacting NA elements, accounting for 

64 ± 4 % of the total CAs – regardless of the type of contacts (Supplemental Fig. S4). The remaining 

CAs include sugars (C1’, C2’, C3’, C4’, C5’, O4’ and, when relevant, O2’; 23 ± 5 % of the total CAs) 

and phosphate groups (P, O1P, O2P, O5’ and O3’ atoms; 13 ± 4 % of the total CAs) (Supplemental 

Fig. S4).  

 

Interface CA component (%) NCp7-RNA NCp7-DNA AV(SD) 

1A1T 1F6U 2JZW 1BJ6 2L4L 

ZF1/NA  
Electrostatic 15 15 18 14 9 14 (3) 

Hydrophobic 44 36 37 46 59 44 (9) 

Proximity 41 49 45 39 32 41 (6) 

Linker/NA  

Electrostatic 26 18 21 21 30 23 (5) 

Hydrophobic 2 15 15 11 2 9 (6) 

Proximity 72 67 64 68 68 68 (3) 

ZF2/NA  Electrostatic 19 18 20 20 14 18 (2) 
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Hydrophobic 26 28 29 24 25 26 (2) 

Proximity 55 55 51 56 61 55 (4) 
 

Table 4: Components of NCp7/NA contact areas. 

The CA contribution of electrostatic, hydrophobic and simple C-O or C-N proximity components is 

given in percentage of total CA for the five systems studied here. The percentage values were 

calculated over the whole model set constituting each system. The overall average values (AV) and 

standard deviations (SD) are given in the last columns. 

 

The interfaces were then examined in detail, starting with the simplest case, namely the ZF2 

interface keeping a unique global organization preserved in all models.  From the NA point of view, 

the most important CA contribution arises from a single guanine (Fig. 5-B), extruded from the NA 

loops in 1A1T, 1F6U and 2JZW and intrinsically accessible in the single-strand DNAs in 2BJ6 and 

2L4L. These particular guanines are enclosed in pockets of very similar structure and composition 

across the systems (Supplemental Fig. S5; Tables 5 and S1). Among their interactions with amino 

acids, those involving TRP 37 and GLN 45 (Fig. 6-A) prevail, accounting for half or even over half of 

the total CAs (Table 5).  Indeed, the exceptionally large CAs between TRP 37 and these guanines 

(Table 5) have no equivalent elsewhere in the NCp7/NA interfaces (Supplemental Table S1); they 

reflect the large overlap of the TRP and guanine aromatic rings (Fig. 6-A). According to quantum 

mechanical calculations, such stacking is the spatial configuration that corresponds to the best 

interaction energy for a couple composed of these two elements [51].  

 

system base 
CA(linker/NA) CA(ZF2/NA) 

Sum 
ARG 

32 
LYS 
33 

LYS 
34 

GLY 
35 

CYS 
36 

TRP 
37 

HIS 
44 

GLN 
45 

MET 
46 

LYS 
47 

1AIT G210 no 2 (1) 14 (7) 11 (1) 10 (0) 40 (2) 2 (1) 32 (3) 17 (2) 22 (6) 150 (3) 

1F6U G209 3 (5) no 2 (3) 9 (2) 4 (1) 37 (3) no 22 (8) 19 (3) 10 (7) 106 (5) 

2JZW G107 7 (6) 11 (2) 7 (1) 11 (1) 4 (1) 48 (4) no 29 (3) 14 (2) 16 (5) 147 (3) 

1BJ6 G3 18 (5) 12 (2) 7 (2) 10 (1) 8 (1) 56 (2) no 25 (3) 22 (3) 12 (6) 170 (3) 

2L4L G126 13 (7) 13 (2) no 6 (2) 7 (1) 45 (2) 3 (1) 30 (3) 21 (5) 1 (1) 139 (3) 
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Table 5. Contact areas associated to key guanines in the linker-ZF2/NA interfaces. 

This table reports, for each system, the detailed contacts of the guanine that engages major contacts 

with TRP 37 and other amino acids of the linker or ZF2. Each nucleotide/amino acid couple is 

characterized by the contact area (CA, Å2) calculated and averaged on the model set of each system; 

the last column, “Sum”, gives the total CA of each considered nucleotide. Standard deviations are 

given in brackets. “no” stands for not observed.  

 

In addition to interactions with ZF2 amino acids, the residues 32 → 35 of the linker (one ARG, 

two LYS and one GLY) complete the interface by contacting the sandwiched guanine and sometimes 

its nearest neighbors (Tables 5 and S1). These contacts are generally more fluctuating than those 

involving ZF2 residues, apart from the noticeable case of a recurrent hydrogen bond engaging the 

backbone of GLY 35.  Yet, their contribution cannot be underestimated since their substitution by 

ALA residues affects NCp7 binding properties [9]. 

Both ZF1/ZF2 and ZF1/NA interfaces show alternative organizations, in contrast with what 

happens in the uniform ZF2/NA interface. As discussed in the first section, the global conservation of 

the relative orientation of ZF1 and ZF2 does not totally preclude some variability in backbone courses, 

which can be amplified by the diversity of side chain conformations. Thus, although ZF1 and ZF2 are 

always interconnected via PHE 16 and TRP 37, these residues do not occupy the same relative 

position in NCp7-RNA and NCp7-DNA complexes (Fig. 6-B). Despite the visual impression of large 

structural differences, four of the PHE 16 /TRP 37 arrangements (in 1A1T, 2JZW, 2BJ6 and 2L4L) 

display similar CAs, 11.7 ± 1.5 Å2 on average. The remaining interaction in 1F6U has a very weak CA 

of 1.3 ± 5 Å2. Besides, it should be noted that this ZF1/ZF2 interface is strengthened in the NCp7-

RNA complexes by an ASN 17/ TRP 37 contact, as observed in the conformational group 3 of free 

NCp7.  

Two distinct spatial arrangements are also detected in the ZF1/NA interfaces. These interfaces 

extend over a variable number of nucleotides (Fig. 5-B). One spectacular case is the amino acid 26 

(LYS or ARG in NCp7-RNA, NCp7-DNA complexes, respectively) which covers from two (2L4L) to 
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nine (2JZW) nucleotides (Supplemental Table S1) and, accordingly, has a variable CALYS or ARG 26 

value (Fig. 5-A and Supplemental Table S1). A potential source of variability is the NA 

folding/unfolding stem-loops offering a priori a possibility to multiply the contact points conversely to 

short single-strand segments. This in fact occurs in two out of the three systems containing contacted 

stem loops: the NA folding in 1F6U and 2JZW allows proximity interactions that increase the total 

CAs of the ZF1/NA interfaces (CAav-ZF1/NA = 313 ± 18 Å2 for 1F6U, 348 ± 35 Å2 for 2JZW; 242 ± 10 

Å2 for 1A1T; 161 ± 23 Å2 for 1BJ6 and 147 ± 20 Å2 for 2L4L).  

Independently of the above considerations, the ZF1/NA interfaces are built around three 

elements: two amino acids surrounding one nucleotide. One of these elements, PHE 16, is common to 

all systems whereas the other two, the amino acid 24 and the nucleotide, are either ILE and guanine in 

NCp7-RNA or THR and pyrimidine in NCp7-DNA complexes. As a first remark, it should be noticed 

that the CAs associated to guanines are significantly lower with ZF1 (Table 6) than with ZF2 (Table 

5).  

 

 

system base 
N-ter domain ZF1 

Sum 
VAL 

13 
LYS 
14 

CYS 
15 

PHE 
16 

ILE 
24 

ALA 
25 

LYS 
26 

1AIT G212 8 (1) 13 (2) 1 (1) 27 (1) 29 (3) 12 (1) 18 (3) 108 (2) 

1F6U G211 2 (2) 9 (2) 3 (1) 19 (2) 29 (3) 10 (2) 28 (7) 100 (3) 

system base 
VAL 

13 
LYS 
14 

CYS 
15 

PHE 
16 

THR 
24 

ALA 
25 

ARG 
26 Sum 

2JZW T106 5 (2) no no 27 (3) 13 (2) 4 (2) 18 (8) 67 (3) 

1BJ6 C2 9 (6) 3 (4) 1 (2) 31 (6) 21 (2) 10 (4) 16 (9) 91 (5) 

2L4L T124 13 (6) 8 (4) 1 (2) 32 (7) 12 (5) 2 (4) no 68 (4) 

 

Table 6. Contact areas associated to key nucleotides in extended ZF1/NA interfaces. 

This table concerns specifically each nucleotide of each system which engages major contacts with 

PHE 16 and other amino acids of the N-terminal domain or ZF1. Each individual nucleotide/amino 

acid couple is characterized by the contact area (CAav, Å2) calculated and averaged on the models of 
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each system; the last column, “Sum”, gives the total CAav of each considered nucleotide. Standard 

deviations are given in brackets. “no” stands for not observed. 

 

Observing that the electrostatic/non-electrostatic CA ratios are comparable (0.25 ± 0.04 on 

average), we could interpret this difference as a relative weakness of the ZF1/guanine interactions. 

Focusing on the extended ZF1/NA interfaces (Table 6) reveals that the nature of the sandwiched 

nucleotide, guanine or pyrimidine, does not systematically affect the interface area (see for instance 

guanine 211 in 1F6U versus cytosine 2 in 1BJ6 in Fig. 5-B and Table 6). Yet, the presence of a 

pyrimidine clearly disfavors the electrostatic component, the electrostatic/non-electrostatic CA ratio 

decreases down to 0.06, against 0.25 for a guanine.  

In the three NCp7-DNA complexes (Fig. 6-C), and thus irrespective of the DNA folding, a 

pyrimidine is twisted so that large CAs occur between the attached sugar, in particular the O4’, C4’ 

and C5’ atoms, and THR 24 (Supplemental Table S1); the same base also interacts with PHE 16 via 

either face or stacked configurations known to be energetically equivalent for all PHE/nucleotide 

couples [51]. This pyrimidine acts as a shield precluding PHE 16 contact with any other nucleotide 

(Supplemental Table S1). The NCp7-stem loop RNA complexes are constituted by PHE 16 and ILE 

24 surrounding a guanine (Fig. 6-D) in a manner that evokes the ZF2/NA interface (Fig. 6-A) while 

here, the guanine and PHE 16 adopt a face conformation. The other side of the same guanine engages 

large contacts with ILE 24 (Fig. 6-D and Table 6), comprising CH/π interactions recurrently observed 

in protein/RNA interfaces [52,53]. A very similar interaction scheme was described for PHE 16-GUA-

ILE 24 in a NCp7- single-strand RNA complex for which corresponding model coordinates are 

unfortunately unavailable [54], indicating that, as for the NCp7-DNA complexes, the NA 

folding/unfolding does not change the interface pattern. Another point shared by all the complexes 

concerns the CAs associated to PHE 16/nucleotide/amino acid 24 which show similar values, 45 ± 6 

Å2 and 51 ± 6 Å2 in NCp7-DNA and NCp7-RNA complexes respectively, despite the change of 

interacting partners and major structural differences. For comparison, the surface of the TRP 

37/GUA/GLN 45 interface reaches 73 ± 8 Å2.  
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A last comment relates to the orientation of NCp7 and NA, parallel or anti-parallel, previously 

postulated to be a hallmark of NCp7-DNA and NCp7-RNA complexes [41,43]. Here, the CA profiles 

along the 5’ → 3’ course of NA sequences (Fig. 5-B) already indicate that the NCp7 N-ter → C-ter 

directions are not identical in NCp7-DNA and NCp7-RNA complexes.  Focusing on the nucleotides 

contacted by the couple typical of ZF1, PHE 16 and residue 24, much more clearly shows that, in 

NCp7-DNA or NCp7-RNA structures, they precede (N-ter → C-ter and 5’ → 3’) or follow (N-ter → 

C-ter and 3’ → 5’) the guanine stacked with TRP 37 and GLN 45 of ZF2, respectively (Supplemental 

Fig. S6). However, nothing in the interface composition – for instance specific contacts with the OH 

group of RNA sugars - relates the relative NCp7/NA direction to any discrimination mode between 

RNA and DNA. 

Our VLDM approach provides in particular an objective and quantitative description of the 

interfaces involving both zinc fingers and some residues of the linker. In addition, it emphasizes the 

contrast between the variability of the extended ZF1/NA interfaces and the robust organization of 

ZF2/NA contacts, almost perfectly reproduced across the systems. Keeping in mind that the ZF2 

sequence and the linker contacted segment are identical in all the complexes, the uniformity of the 

extended ZF2/NA interface reveals its insensitivity to the other two variables, the NA conformation 

and sequence. The extended ZF1/NA interfaces testify of an ability to accommodate different i) amino 

acids at position 24 (ILE vs TRP) and 26 (ARG vs LYS), ii) NA nature (RNA vs DNA) and iii) NA 

sequences. 

 

DISCUSSION 

We analyzed here the available models of NCp7 bound to NA, a collection of five NCp7-NA systems 

differing by the NA nature (RNA vs DNA), the NA folding (stem-loop vs single strand), the base 

sequence, and, ultimately, the origin of NCp7. Our investigations also incorporated the free NCp7 

models, recently published ([32]. These sets of models were exploited for their ability to provide an 

experimental-based view of the NCp7 shape variability, keeping in mind that they do not necessary 
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reflect the relative populations of different 3D organizations when several structural families are 

explored.  

In a first part, we scrutinized the structure of the ensemble constituted by the two zinc fingers 

ZF1 and ZF2 that have a leading role in NA binding. Then, the NCp7/NA interfaces were described in 

detail by mapping the contacts between amino acids and nucleotides; their quantification was achieved 

from a strict topological point of view by measuring contact areas.  Our rationale and quantitative 

approach enabled us to collect information that led in particular to a scenario for the NCp7-NA 

binding process, unifying and complementing some aspects already proposed.    

Introducing the notion of a temporal succession between the bindings of ZF1 and ZF2 is very 

tempting but premature given our current state of knowledge. However, the larger accessibility of ZF2 

compared to ZF1 in free NCp7 (Fig. 4-A) argues for an initial event involving ZF2. During this step 

ZF2 specifically recognizes one accessible guanine, ignoring available nucleotides of other type. The 

open conformations sampled by free NCp7, by enhancing the exposition of TRP 37 to the solvent (Fig. 

4-B), likely facilitate the detection and the fixation of the targeted guanine by this residue. This 

guanine in fact concentrates most contacts (Fig. 5-B) that primarily involve TRP 37 and GLN 45 but 

also engage additional amino acids belonging to both linker and ZF2 (Table 5 and Supplemental Fig. 

S5). The organization of this interface is remarkably consistent across the NCp7-NA models, implying 

that the binding step involving ZF2 is insensitive to the guanine neighboring sequence as well as to the 

NA conformation and nature (Fig. 6-A).  

After or simultaneously with the ZF2 binding event, ZF1 interacts with the region adjacent to 

the guanine contacted by ZF2, according to two modes that are further discussed below. PHE 16 and 

ARG 26 are the most accessible ZF1 residues in free NCp7, independently of its intrinsic dynamics 

(Fig. 4). Considering their important implication in the ZF1 interfaces (Fig. 5-A), these amino acids 

may be decisive at this stage of NA binding.  Finally, once assembled to NA, NCp7 adopts a restricted 

collection of conformations that, globally, corresponds to a unique relative orientation of the two zinc 

fingers with respect to each other (Table 2; Fig. 2). This 3D arrangement perfectly matches one closed 
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type of conformation sampled by free NCp7 (Fig. 3-B), whose assembling in complexes should 

therefore induce minimal energetic cost.  

In the light of the former description, NCp7 appears as a very interesting case in which not 

only one but all the conformations sampled by the protein in its free state have the potential to be 

exploited during the NA binding process. Thus, NCp7 meets the criteria of the “linkage scheme for 

binding” previously described as a mix between two mechanisms, the conformational selection and the 

induced fit ([55]. According to this scheme, a macromolecule exists as multiple conformations capable 

of interacting with its targets but, after binding, one of the free forms is trapped in the complex, which 

is stabilized via interactions with the target that obviously alter the free energetic landscape.  

Concerning the functions of the two zinc fingers, the elements concerning ZF2 in the above 

considerations (large accessibility in free NCp7, conserved interface across the systems) clearly 

corroborate the strategic role of this zinc finger in the guanine recognition process. That ZF2 is the 

principal actor of this function is supported by the dramatic decrease in affinity for RNA observed 

when ZF2 was deleted in a Gag context, an effect that does not appear with ZF1 deletion [49]. The 

ZF1/NA interfaces, despite their variable organizations, show characteristics shared by the five studied 

systems, which at last relate to the ZF1 function. The major contact areas of these interfaces do not 

clearly depend on a particular type of nucleotide (Table 6). In addition, the nucleotides, guanines as 

well as pyrimidines, interacting with the key ZF1 amino acids 16 and 24 are never so firmly anchored 

as the guanines contacted by ZF2 (Table 6 versus Table 5). Nevertheless, ZF1 and some neighboring 

amino acids cover numerous nucleotides, so that the total areas of the corresponding interfaces reach 

extensive values in complexes containing stem-loops of various sequences (Supplemental Table S1). 

These observations point towards the ability of ZF1 to lock NCp7-NA complexes without really 

needing well-defined NA sequence. In addition, ZF1 was previously assumed to be responsible for the 

NCp7 chaperone activity [34,35]. In this context, 2JZW was presented as an example of the early stage 

of unfolding a strong secondary structure [41]. Indeed, our analysis shows that a set of five ZF1 

residues (GLY 22, HSD 23, THR 24, ARG 26 and ASN 27) engage substantial contacts with the first 

C105:G111 base pair next to the loop (Supplemental Table S1), which gives clear signs of destabilization 
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[41]. In sum, rather than for distinct roles, our results advocate for two specializations of ZF1 and ZF2: 

ZF2 would be in charge of the recognition phase itself, while ZF1 would assist the stabilization of the 

NCp7-NA complexes and, if appropriate, carry out the chaperone function.   

We now come back to the extended ZF1/NA interfaces that, regardless of the NA 

conformation (stem-loop versus single strand), are organized in two global patterns (Fig. 6-C) and 

display either parallel or anti-parallel mutual orientation of NCp7 and NA. At first sight, these 

organizations are typical of the NA nature (NCp7/RNA versus NCp7/DNA). However, the complexes 

also differ by other features comprising the type of the amino acids at position 24 (ILE or THR) and 

26 (ARG or LYS). It would be amazing that changing ARG for LYS or the inverse is the main source 

of the interface alterations since both residues have equivalent properties – here, they essentially 

interact thanks to their similar long aliphatic side chains. This argument can no longer be invoked for 

polar THR and hydrophobic LEU or ILE. Indeed, THR → LEU mutation affects the NCp7 affinity for 

specific RNA sequences ([38]. Thus, before we are able to conclude about the reasons that preside 

over the stabilization of either one or the other organization, it would be desirable, if not essential, to 

determine the effect of the presence of LEU or ILE 24 on the interface with DNA, reminding that 

these amino acids are present in 95% of HIV-1 NCp7 (http://hivmut.org, ([56]). Whatever the causes, 

the ZF1/NA arrangements reveal a definite structural plasticity of the NCp7. This is a very important 

point, given the ability of this protein to assume many different functions. 

Finally, our analyses also stress some additional points concerning the protein/NA interfaces. 

Most ARG and LYS exhibit a large surface accessible to the water molecules in free NCp7 (Fig. 4) ; in 

the complexes they are associated to important CAs (Fig. 5), in line with their role in NA interaction 

highlighted by using mutants [9]. Nevertheless, they are generally engaged in contacts that are quite 

variable in terms of number and location of nucleotides (Supplemental Table S1), suggesting that they 

have a role in finely adjusting the partners together rather than in the binding events, strictly speaking. 

Although positively charged, the major contribution of these amino acids to the interfaces consists in 

making hydrophobic interactions thanks to the aliphatic part of their side chains.  With the additional 

contribution of other amino acids such as aromatic residues, hydrophobic interactions are omnipresent 
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in the NCp7-NA complexes (Table 4). This should be put in perspective with previous studies that 

also underline the substantial occurrence of non-electrostatic contacts in protein–DNA structures 

[45,57]. The case of NCp7 containing complexes reinforces the idea that protein/NA interfaces are 

stabilized by both hydrophobic and electrostatic interactions. 

 

MATERIALS AND METHODS 

NCp7/NA models 

We examined available experimental models of NCp7-DNA and NCp7-RNA complexes, all 

based on NMR data and deposited in the PDB under the codes 1A1T, 1F6U, 2JZW, 1BJ6 and 2L4L. 

As usual in the case of structures from NMR, each PDB file provided a series of models (Table 1) that 

were all studied here. Information about the nucleic acids (NA) and protein contained in each complex 

is supplied in the Table 1. Since two different VIH-1 strains were used to produce NCp7, THR 12, ILE 

24 and LYS 26 in NCp7-RNA complexes (1A1T, 1F6U) becomes ASN 12, THR 24 and ARG 26 in 

NCp7-DNA complexes (2JZW, 1BJ6, 2L4L). Fig. 1 illustrates the composition(s) and numbering of 

NCp7. 

Interface analysis 

The NCp7/NA interface was analyzed by VLDM (Voronoi Laguerre Delaunay for 

Macromolecules), a software originally developed for proteins [44] and recently extended to nucleic 

acids [45]. VLDM relies on a tessellation method, that is, a partition of space into a collection of 

polyhedra filling space without overlaps or gaps. The 3D structure entered as input is initially solvated 

by an 8 Å thick water layer using the Solvate procedure  [44,45] to avoid open or distorted polyhedra 

in the tessellation. The partition of space is carried out on the solute and the solvent atoms considered 

as a set of sites defined by atomic positions and weights depending on the atom van der Waals radii. 

Technically, the Delaunay tessellation is first built on all atoms of the whole system; then the Laguerre 

tessellation is deduced as the geometric dual of the Delaunay diagram. In the Laguerre tessellation, 
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each polyhedron is convex and most often encloses a single atom. The shape of these polyhedra is 

variable, but it only depends on the mutual positions of neighboring atoms. In this sense, the Laguerre 

partition is a faithful representation of the structure, free from adjustable parameters. The contacts are 

represented as facets shared by two nearest neighbor polyhedral. In the present analysis, only the 

heavy atoms of the solute or water molecules were considered. 

In this approach, a contact occurs whenever two atoms share a common face in the tessellation. 

The interface between two molecules or molecular groups is a polygonal surface, quantified by its area 

(CA for contact area). The protein or NA accessibility was represented by the contact areas between 

water molecules and solute residues. The NCp7/NA interfaces were quantified by the contact areas 

between protein residues and nucleotides. These interfaces were also analyzed according to the contact 

nature. Electrostatic contacts involve N and O atoms (N-N, N-O or O-O), excluding repulsive 

interactions between two donors or two acceptors; hydrogen bonds and salt bridges belong to this 

category. The other types report either hydrophobic contacts involving carbon atoms exclusively (C-

C) or a simple proximity of N-C or O-C atoms. Examination of the distances characterizing the 

hydrophobic or electrostatic contacts showed maximal distribution peaks at 4 Å (from 3.5 to 6 Å) for 

C-C contacts and 2.5 Å (from 2.5 to 5 Å) for N-O, N-N and O-O contacts. 

Hydrogen bonds between donor (D) and acceptor (A) were calculated with HBPlus [58], using 

as existence criteria D-A distance < 3.9 Å and D-H-A angle > 120°.  
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FIGURES LEGENDS 

Fig. 1: Schematic representation of NCp7. 

This schema presents the 55 amino acids composing NCp7 from the NL4-3 strain of HIV-1; the 

residues 12, 24 and 26 in brackets are found in NCp7 from the M-B strain. The two zinc fingers (ZF1 

in red and ZF2 in cyan) are separated by a short linker (grey) and surrounded by N- and C-terminal 

domains (black). In 2JZW, 1BJ6 and 2L4L, 10 or 11 amino acids of N-terminal domain are lacking 

(see Table 1).  

Fig. 2: Characteristics of the relative positioning of ZF1 and ZF2 in bound NCp7 

The three panels represent the backbone trace of ZF1 (red) and ZF2 (cyan) separated by the linker 

(grey). The structure used here is the model 1 of 2L4L. Three couples of vectors (yellow arrows) were 

chosen to characterize the relative orientation of the two zinc fingers with respect to each other: 

ZnZF1→CαLYS20 / ZnZF2→CαGLY43 (a), ZnZF1→ CαCYS15 / ZnZF2→CαCYS49 (b) and ZnZF1→CαCYS28 / 

ZnZF2→CαCYS49 (c). 

Fig. 3: Typical structures of free ZF1-ZF2 ensembles and comparison with a bound structure.  

In these representations showing NCp7 backbone traces, ZF1 is in red, ZF2 in cyan, the linker in grey 

and the N- and C-terminal domains in black. (a): Typical structures of the four groups defined in Table 

3 from the 21 models of free NCp7 in 5I1R; model 1, 2, 3 and 10 are representative of Group 1, 2,  3,  

and 4, respectively. (b) : Superimposition of the backbone trace of the ZF1-ZF2 ensembles in free 

(model 9 of Group 3 of 5I1R) and bound (model 16 of 2JZW) NCp7; the corresponding RMSD is 2.2 

Å.  

Fig. 4: Accessibility to water molecules of amino acids in free NCp7 and the particular case of TRP 

37. 
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(a): The contact areas (CAav) between amino acids and water molecules are plotted along the free 

NCp7 sequence for the four structural groups identified in Table 3. The data were averaged over the 

models that constitute each group; the vertical error bars correspond to standard deviations. (b): These 

pie charts represent the contact areas (Å2) between TRP 37 and either amino acids or water molecules 

in the same four structural groups. In both panels, the data associated to ZF1, linker and ZF2 residues 

are in red, grey and cyan, respectively. 

Fig. 5: Amino acids and nucleotides involved in the NCp7/NA interfaces. 

The contact areas (CAav) between amino acids and nucleotides are plotted along the NCp7 sequences 

(a) or for the contacted nucleotides (b). The NA structures of each studied complex are also 

schematically represented (c). In (a) and (b) panels, the data associated to N-terminal domain, ZF1, 

linker and ZF2 residues are in grey, red, grey and cyan, respectively. The data were averaged over the 

models that constitute each system; the vertical error bars correspond to standard deviations. In the (a) 

panels, the vertical dashed lines point out the contacts involving PHE 16 and TRP 37, central in the 

ZF1 and ZF2 interfaces. 

Fig. 6: Typical major interactions in NCp7/NA interfaces. 

(a): representation of the TRP 37/GUA/GLN 45 interactions observed in all studied NCp7-DNA and 

NCp7-RNA models; the superimposition was made on the guanines. (b): representation of the TRP 

37/PHE 16 interactions observed either in NCp7-DNA or NCp7-RNA models; the superimposition 

was made on TRP 37. (c): representation of the PHE 16/PYR/THR 24 interactions observed in NCp7-

DNA models; the superimposition was made on the pyrimidines. (d): representation of the PHE 

16/GUA/ILE24 interactions observed in NCp7-RNA models; the superimposition was made on the 

guanines.  


















