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Abstract

Nucleic-acid-related events in the HIV-1 replication cycle are mediated by nucleocapsid, a small 

protein comprising two zinc knuckles connected by a short flexible linker and flanked by 

disordered termini. Combining experimental NMR residual dipolar couplings, solution X-ray 

scattering and protein engineering with ensemble simulated annealing, we obtain a quantitative 

description of the configurational space sampled by the two zinc knuckles, the linker and 

disordered termini in the absence of nucleic acids. We first compute the conformational ensemble 

(with an optimal size of three members) of an engineered nucleocapsid construct lacking the N- 

and C-termini that satisfies the experimental restraints, and then validate this ensemble, as well as 

characterize the disordered termini, using the experimental data from the full-length nucleocapsid 

construct. The experimental and computational strategy is generally applicable to multidomain 

proteins. Differential flexibility within the linker results in asymmetric motion of the zinc knuckles 

which may explain their functionally distinct roles despite high sequence identity. One of the 

configurations (populated at a level of ≈40%) closely resembles that observed in various ligand-

bound forms, providing evidence for conformational selection and a mechanistic link between 

protein dynamics and function.
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The human immunodeficiency virus 1 (HIV-1) nucleocapsid protein plays a critical role in 

various stages of the HIV-1 replication cycle including viral genome recognition and 

packaging, immature virion assembly and reverse transcription.[1] Nucleocapsid is a 55-
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residue polypeptide, one of the smallest constituents of the Gag precursor polyprotein, 

comprising two highly conserved zinc (Zn) knuckles that are separated by a basic linker 

(407APRKKG412; numbering based on Gag polyprotein precursor from strain HXB2) and 

flanked by disordered N- and C-termini (Figure 1A). Both Zn knuckles—N-Zn and C-Zn—

are characterized by a C-X2-C-X4-H-X4-C motif. Despite their high (≈57%) sequence 

identity (Figure 1B), the two Zn knuckles are functionally distinct,[2] and enable 

nucleocapsid to interact with almost any nucleic acid, albeit with different specificity. 

Nucleocapsid binds to single stranded RNA with very high affinity culminating in selective 

packaging of the viral genome, and drives nucleic acids into thermodynamically stable 

conformations, a vital prerequisite for reverse transcription.[3] The exact mechanism for this 

chaperone activity is unclear, but is thought to involve entropy exchange[4] whereby binding 

to nucleic acids is coupled to a structural transition in nucleocapsid and partial melting of the 

oligonucleotide, allowing the oligonucleotide to sample multiple conformations, eventually 

resulting in a stable protein-nucleic acid complex.

The functional versatility of nucleocapsid relies upon plasticity in the spatial orientation of 

the two Zn knuckles, a quantitative description of which would provide a deeper mechanistic 

understanding of nucleocapsid function. Several structures of intact nucleocapsid have been 

solved by NMR in the presence of nucleic acids which lock the two Zn knuckles into a 

single configuration.[6,7] In the absence of nucleic acids, however, 15N relaxation data 

indicate significant motion between the two knuckles, precluding crystallization, and the 

few, observed weak inter-knuckle nuclear Overhauser enhancements (NOE) are inconsistent 

with a single structure.[8] Moreover, both the N- and the C-termini, which constitute 

significant portions of nucleocapsid, are unstructured in the absence of nucleic acids, further 

complicating structural characterization. In such cases integrating NMR-derived residual 

dipolar couplings (RDCs) with small angle solution X-ray scattering (SAXS) can be used to 

generate conformational ensembles that accurately describe the accessible conformational 

space.[9] This is because RDCs acquired using a steric alignment medium, such as neutral 

bicelles, provide orientational information on bond vectors relative to an external alignment 

tensor whose elements (magnitude and orientation) can be directly calculated from 

molecular shape (derived from the coordinates) using a steric obstruction model.[9,10] SAXS 

provides complementary information on overall molecular size and shape. Combining these 

two different sets of experimental data is necessary to remove their respective intrinsic 

ambiguities. Here we make use of a novel simulated annealing approach driven by RDC and 

SAXS data acquired on two engineered nucleocapsid constructs—full length (residues 378–

432) and truncated (residues 390–428), where the latter lacks the disordered N- and C-

termini of the former (Figure 1A), to obtain a quantitative description of the configurational 

space sampled by the two Zn-knuckles relative to one another, as well as the disposition of 

the disordered tails.

Comparison of 1HN/15N chemical shifts of full-length and truncated nucleocapsid, acquired 

under identical experimental conditions, reveal only a few perturbations—specifically for 

Glu398 and Gly399 in the N-Zn knuckle and Lys415 in the C-Zn knuckle, primarily due to 

interactions between the disordered termini and surface exposed regions of the knuckles 

(Supporting Information, Figure S1 A). The 1HN/15N chemical shifts for the linker residues 

(407APRKKG412) connecting the N-and C-Zn knuckles are virtually identical for the two 

Deshmukh et al. Page 2

Chemphyschem. Author manuscript; available in PMC 2017 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



constructs indicating that the conformational and dynamic properties of the linker remain 

unchanged.

The structures of the knuckles are unaffected by the presence or absence of the disordered 

termini as the RDCs of the individual knuckles (measured in neutral lipid bicelles) display 

excellent agreement to those calculated from the coordinates of the respective knuckles 

taken from the NMR structure of a nucleocapsid–inhibitor complex (PDB 2M3Z)[11] with 

RDC R-factors[13] less than 25% (Figure 2). Moreover, the magnitude (Da) and rhombicity 

(η) of the alignment tensors calculated for the N-Zn and C-Zn knuckles are different from 

one another (especially evident for the full-length construct; cf. right panels in Figure 2), 

indicating that the two knuckles align (and therefore tumble) semi-independently of one 

another.[14] Although the RDCs for the full-length and truncated constructs are correlated to 

one another, the correlation is poor (ρ=0.83 and 0.75 for N-Zn and C-Zn, respectively; 

Supporting Information Figure S1 B) as the presence of disordered tails alters the overall 

shape of the conformational ensemble sampled by nucleocapsid resulting in different 

alignment tensors.

As the useful residue-specific experimental data for the disordered N- and C-terminal tails 

are limited to RDCs, we used a two-stage calculation strategy. Specifically, RDC and SAXS-

driven ensemble simulated annealing was used to first characterize the conformational space 

sampled by the N-Zn and C-Zn knuckles in the truncated nucleocapsid construct lacking the 

tails. Subsequently, the full-length construct was used to validate the conformational 

ensemble obtained for the truncated construct and to characterize the conformational space 

sampled by the tails. Full details of the calculation strategy using Xplor-NIH[15] is provided 

in the Supporting Information.

The initial coordinates for the simulated annealing calculations were taken from PDB 

2M3Z.[11] The N-Zn and C-Zn knuckles were treated as rigid bodies while the linker 

(residues 407–412) was given all degrees of freedom. Calculations were carried out with 

ensemble sizes Ne ranging from one to eight, and the population weights of the ensemble 

members were optimized during the course of simulated annealing (Figure 3A). While a 

Ne=1 ensemble can account for the SAXS data, it fails to account satisfactorily for the RDC 

data. The optimal ensemble size for which both RDC R-factors for the N-Zn and C-Zn 

knuckles reach their target values (from the SVD fits to the individual Zn knuckles; cf. 

Figure 2) and the SAXS χ2 approaches a value of one, is Ne=3. Agreement between 

observed and calculated RDC and SAXS data for the Ne=3 truncated ensemble is shown in 

the left panels of Figures 3B and C, respectively, and the results are summarized in Table 1. 

The Ne=3 ensemble is characterized by two major, approximately equally populated, 

clusters (pcluster1≈0.40; pcluster2≈0.50) and one minor cluster (pcluster3 ≈0.10) which are best 

visualized when the ensembles are fit to the C-Zn knuckle (Figure 4A). Since only a single 

set of 1HN/15N cross-peaks is observed, interconversion between the three states is fast on 

the chemical shift time scale (i.e. sub-millisecond).

The results obtained for the truncated nucleocapsid were validated against the RDC and 

SAXS data for full-length nucleocapsid as follows. The ten lowest energy Ne=3 ensembles 

for the truncated nucleocapsid were used as starting coordinates with the disordered N- and 
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C-terminal tails added to the coordinates. For each ensemble member, the tails were 

represented by a five-member sub-ensemble. The knuckles and linker for each ensemble 

member were held fixed in the configuration obtained from the calculations with the 

truncated construct, while only the tails were allowed to move (in torsion space) subject to 

RDC and SAXS-driven simulated annealing. Seven of the ten resulting ensembles satisfy 

both the RDC and SAXS data within experimental error for the full-length nucleocapsid, 

including the RDCs within the tails (Figures 3B and 3C, right panels, and Table 1). Three of 

the full-length ensembles, however, showed significant deviations for the N-C′ and/or Cα-C

′ RDCs of Arg 409 (the third residue of the linker) due to very subtle changes in the 

distribution of the ϕ/ψ ensemble for this residue (see Supporting Information Figure S2), 

illustrating the discriminating power of cross-validation against the full-length nucleocapsid 

data. Note also how the two-fold increase in the span of the RDCs for the N-Zn (≈ ±20 Hz) 

versus C-Zn (≈ ±10 Hz) knuckle of the full-length nucleocapsid is faithfully reproduced. 

The origin of this effect lies in the impact of the longer N-terminal tail (12 residues) relative 

to the shorter C-terminal one (4 residues) on the alignment of the respective adjacent Zn-

knuckles.

Reweighted atomic probability maps[16] generated from the seven lowest energy full-length 

nucleocapsid ensembles are shown in Figure 4, and depict the positional distributions of the 

N- and C-Zn of nucleocapsid relative to one another. While the overall configurational space 

sampled by the full-length nucleocapsid is large, the conformational distribution of the N-Zn 

is clearly distinct from that of the C-Zn as a result of differential flexibility along the linker 

region, with increased conformational flexibility from the N- to the C-terminal end of the 

linker. Thus, the three clusters are clearly visualized when best-fitting to the C-Zn knuckle 

where the N-Zn knuckle exhibits a boomerang-like distribution (Figure 4A), but not when 

best-fitting to the N-Zn knuckle (Figure 4B).

Examination of the ϕ/ψ backbone torsion angles for the linker residues reveal that 

interconversion between the three configurational states involves changes in ϕ/ψ angles 

within the most favorable regions of Ramachandran space (Supporting Information, Figure 

S2). For Ala 407, Pro 408, Arg 409 and Lys410, the variations in ϕ/ψ are relatively minor, 

occur within the β-region and therefore involve minimal energy barriers. Likewise, the larger 

variation in ϕZ/ψ space sampled by Gly 412 involves contiguous low energy regions. For 

Lys411, however, significant barriers have to be overcome since hops between β, α-helix 

and possibly left-handed helix regions are observed. The larger ϕ/ψ space sampled by 

Lys411 and Gly 412 is fully consistent with their smaller (0 to 0.1) heteronuclear 15N-{1H} 

NOE values compared to those for Ala 407 (0.46), Arg 409 (0.33) and Lys410 (0.36) (Figure 

4C), in agreement with previous NMR relaxation data.[8e] Interestingly, the residues at either 

end of the linker, Pro 408 and Gly 412, are highly (≥99%) conserved in all HIV-1 strains,[5] 

and further, Pro 408 and Arg 409 are completely conserved in HIV-1, HIV-2 and SIV 

(Figure 1C). Moreover, mutational analysis of linker residues indicate that both Pro 408 and 

Arg 409 are essential for HIV-1 replication[17] which would support the functional 

importance of Pro408 in limiting the conformational flexibility at the N-terminal end of the 

linker.
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There are inter-knuckle contacts ≤ 4 Å in Clusters 1 and 2, but none in Cluster 3 (Supporting 

Information, Figure S3). Those in cluster 1 are fully consistent with the previously observed 

weak inter-knuckle 1H-1H NOEs.[8d,e] All three clusters exhibit contacts ≤ 4 Å between 

Asn393 of the N-Zn knuckle and residues within the linker, also consistent with previously 

reported NOE data.[8e] The majority of residues involved in inter-knuckle and knuckle-linker 

contacts are highly conserved throughout all HIV-1 strains (Supporting Information, Figure 

S3).

Comparison of the three spatial configurations of the Zn-knuckles of free nucleocapsid with 

that observed in ligand-bound forms complexed to either DNA[6c] or RNA[6b] indicate that 

cluster 1 is closest to the ligand-bound conformation (Figure 4D). Thus, ligand binding 

involves a degree of conformational selection in which a configuration close, but not 

necessarily identical, to the final ligand-bound form is preferentially recognized by the 

ligand.

It is tempting to speculate from the current structural and dynamic data that differential 

flexibility of the residues within the linker connecting the N- and C-Zn knuckles of 

nucleocapsid may play an important role in the functional diversity of nucleocapsid. For 

example, the binding specificity of nucleocapsid is dependent upon the oligomerization state 

of the Gag precursor, and varies from high affinity towards A-rich mRNA sequences in an 

assembled immature Gag lattice to GU-rich motifs in cytosol and mature virions, as well as 

under in vitro conditions.[18]

The coordinates and experimental restraints have been deposited in the Protein Data Bank 

accession code 5I1R.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Domain organization of HIV-1 nucleocapsid. A) Nucleocapsid constructs used in the current 

work: full-length (residues 378–432) includes the N- and C-terminal tails, while the tails 

have been removed in the truncated version (residues 390–428). Residue numbering is based 

on the full-length Gag polyprotein precursor from HIV-1 strain HXB2. B) Sequence 

comparison of the N-Zn and C-Zn knuckles. C) Sequence comparison of the linker from 

HIV-1, HIV-2 and simian immunodeficiency virus (SIV).[5]
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Figure 2. 
Backbone RDC analysis of truncated and full-length nucleocapsid (NC) constructs (left and 

right panels, respectively). Panels show the best-fit agreements from singular value 

decomposition (SVD) between backbone (N-H, N-C′ and Cα-C′) RDCs measured in 5% 

lipid bicelles and those calculated from coordinates of the individual N-Zn and C-Zn 

knuckles taken from the NMR structure of a nucleocapsid–inhibitor complex (PDB ID 

2M3Z).[11] Cα-C′ and N-C′ RDCs were normalized relative to the N-H RDCs by scaling 

them by factors of 5.05 and 8.33, respectively, based on bond lengths and gyromagnetic 

ratios.[12] The data for the N-Zn (residues 392–406) and C-Zn (residues 413–426) knuckles 

are depicted in red and blue, respectively. The RDC R-factor, Rdip, is given by {<(Dobs–

Dcalc)2>/(2<Dobs
2>)}1/2, where Dobs and Dcalc are the observed and calculated RDC values, 

respectively.[13] Da and η are the magnitude (normalized to the N-H RDCs) and rhombicity, 

respectively, of the alignment tensor obtained by SVD.
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Figure 3. 
RDC- and SAXS-driven ensemble-simulated annealing calculations for truncated and full-

length nucleocapsid (NC) constructs. A) RDC R-factors and SAXS χ2 as a function of 

ensemble size, Ne, for the truncated construct. Note that the increase in the SAXS χ2 for 

Ne=2 simply indicates that there is conflict between the RDC and SAXS data at Ne=2 that is 

resolved for Ne ≥ 3. B) Agreement between observed and calculated RDCs for truncated 

(left) and full-length (right) NC ensembles. C) Agreement between observed and calculated 

SAXS curves for truncated (left) and full-length (right) NC ensembles. The experimental 

SAXS data are shown in black with gray vertical bars equal to ±1 standard deviation, and the 

calculated curves for the ten (truncated) and seven (full-length) lowest energy ensembles are 

shown in red. The residuals, given by (Ii
calc–Ii

obs)/Ii
err, are plotted above the curves.
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Figure 4. 
Three-member ensemble of full-length unliganded nucleocapsid derived from RDC and 

SAXS-driven simulated annealing. Overall distribution of: A) the N-Zn knuckle when best-

fitting to the C-Zn knuckle and B) the C-Zn knuckle when best-fitting to the N-Zn knuckle, 

displayed as reweighted atomic probability maps[16] plotted at 10% (semi-transparent red) 

and 50% (blue) of maximum, and calculated from the seven lowest energy Ne=3 ensembles. 

Representative structures from the three clusters are shown as ribbon diagrams with the N-

Zn in red, the C-Zn in blue, the linker in green, and the tails in gray (for each ensemble 

member within the Ne=3 ensemble, the tails are represented by a five-member sub-

ensemble). Zinc atoms are depicted by black spheres. A few residues including those that 

coordinate the zinc atoms are also shown. C) 15N-{1H} heteronuclear NOE data for linker 

residues in the context of full-length nucleocapsid (data were recorded in the absence of 

nucleic acids at 35 °C and a 1H frequency of 500 MHz.) D) Comparison of the cluster 1 

conformation (gray) with the ligand-bound conformations observed in structures of 

nucleocapsid-DNA (blue, PDB 2EXF)[6c] and RNA (red, PDB 1F6U)[6b] complexes. For the 

sake of clarity, the nucleic acids are not shown.
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Table 1

Structural statistics for the Ne=3 ensemble obtained from RDC and SAXS-driven simulated annealing.[a]

Truncated NC
(residues 390–428)

Full-length NC
(residues 378–432)

RDC R-factors [%][b]

 N-Zn (37/34)[c] 18.1±0.03 20.3±0.2

 C-Zn (37/37)[c] 19.4±0.06 26.4±1.5

 Linker (13/11)[c] 12.8±3.1 35.5±3.0

 N-terminal tail (−/11) – 9.8±0.6

 C-terminal tail (−/12) – 26.0±2.9

 Overall (87/105) 18.2±0.2 21.0±0.4

SAXS χ2 1.03±0.01 1.09±0.10

[a]
For truncated nucleocapsid, values are reported for the ten lowest energy Ne=3 ensembles. These ten ensembles were used to generate the full-

length nucleocapsid ensembles (Ne=3×5, with five copies of the tails per ensemble member; see text and Supporting Information), where only the 

tails are allowed to move during simulated annealing (i.e. the knuckles and linker are treated as single rigid bodies held fixed to the configurations 
obtained from the truncated construct calculations). The values reported for the full-length nucleocapsid represent the averages for seven of the ten 
ensembles, as three of the ensembles showed significant deviations between observed and calculated N-C′ and/or Cα-C′ RDCs for Arg 409 within 
the linker (see text).

[b]
The RDCs comprise backbone N-H, N-C′ and Cα-C′ RDCs. In calculating the RDC R-factors,[13] all RDCs are normalized relative to the N-

H RDCs (see Figure 2, caption). The numbers of RDCs are given in parentheses, with the first and second numbers relating to the truncated and 
full-length nucleocapsid (NC) constructs. At each step of simulated annealing refinement, the RDC alignment tensor of each ensemble member is 

calculated in Xplor-NIH[15] directly from its overall molecular shape (derived from the molecular coordinates) using a steric obstruction 

model.[9,10]

[c]
The N-Zn, C-Zn and linker comprise residues 392–406, 413–426 and 407–412, respectively. The target RDC R-factors for the N-Zn and C-Zn 

knuckles, obtained by SVD fitting[15b] against the individual knuckle template coordinates (PDB 1M3Z),[11] are 18.1 and 19.4%, respectively, 
for the truncated construct, and 19.4 and 22.6%, respectively, for the full-length construct.
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