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Abstract

Capsid (CA) proteins from all retroviruses, including HIV-1, are structurally homologous dual-

domain helical proteins. They form a capsid lattice composed of unitary symmetric CA hexamers.

X-ray crystallography has shown that within each hexamer a monomeric CA adopts a single

conformation where most helices are parallel to the symmetry axis. In solution large differences in

averaged NMR spin relaxation rates for the two domains were observed, suggesting they are

dynamically independent. One relevant question for the capsid assembly remains, whether the

inter-domain conformer within a hexamer unit needs to be induced or pre-exists within the

conformational space of a monomeric CA. The latter seems more consistent with the relaxation

data. However, possible CA protein oligomerization and the structure of each domain will affect

relaxation measurements and data interpretation. Here using CA proteins from Equine Infectious

Anemia Virus (EIAV) as an example, we demonstrate a linear-extrapolation approach to obtain

backbone 15N spin relaxation time ratios T1/T2 for a monomeric EIAV-CA in the presence of

oligomerization equilibrium. The inter-domain motion turns out to be limited. The large difference

in the domain averaged <T1/T2> for a CA monomer is a consequence of the orthogonal

distributions of helices in the two domains. The new monomeric inter-domain conformation in

solution is significantly different from that in CA hexamer. Therefore if capsid assembly follows a

nucleation-propagation process, the inter-domain conformational change might be a key step

during the nucleation, as the configuration in hexagonal assembly is never formed by diffusion of

its two domains in solution.

Large proteins (> 20 kDa) may consist of multiple domains. Individual domains can

function as a scaffold or catalytic unit so that the full-length protein is more efficient in

serving as a structural component or performing an enzymatic reaction, or both.(1) A

retroviral capsid (CA) protein, consisting of two helical domains, is a typical example of the

utilization of both domains to assemble a dense core to protect the retroviral genomic RNA

in complex with the nucleocapsid (NC) protein. CA and NC proteins, in addition to matrix

(MA) protein, are the three major proteolytic products of the precursor Gag poly-protein

formed during viral maturation. CA proteins from all species of retroviruses are 26-27 kDa

in size and structurally homologous.(2) X-ray crystallography and cryo-Electron-
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Microscopy (EM) structures of CA proteins from N-tropic murine leukaemia virus (N-

MLV),(3) HIV-1,(4-6) and Rous Sarcoma Virus (RSV)(7) have revealed that the outer-layer

of the capsid core is composed of a hexagonal and pentagonal assembly of the 7-helix CA

N-terminal domain (CAN) and the inner-layer is formed through dimerization of

neighboring hexamers by the 4-helix C-terminal domain (CAC). The inter-domain

conformation within all known CA assembly is unique and most helices, helices α1-3 and

α7 of the CAN and helices α8-11 of the CAC, are parallel to the hexamer symmetric axis.

Though the inter-domain structure of CA is available for the assembled lattice, the assembly

process of CA itself is dynamic and less understood.(8) The proteolysis cleavage of Gag

poly-protein, a process that has been targeted by HIV-1 drug, regulates the release of CA,

but may or may not be directly related to the CA assembly.(9, 10) Structure and dynamics

studies of CA in solution can perhaps address a relevant question whether the assemble

ready conformer has to be induced from or is already pre-existing in its monomer state in

solution. Analogous to helix-coil transition(11) or protein-ligand conformational switch,(12)

if a retroviral capsid assembly has to be induced, other factors, e.g. pH or ligand or protein-

protein interaction, must be involved to create an activated conformer of CA from its

equilibrium state, corresponding to the initial process of nucleation-propagation; in contrary,

pre-existing would suggest the assembly starts from a sub-population of assemble ready

inter-domain conformer within an equilibrated ensemble of CA structures in solution.

Generally solution NMR can provide inter-domain structural information, i.e., inter-domain

NOEs, residual dipolar coupling (RDC),(13-16) and relaxation time ratios T1/T2.(17-22)

NOEs are measurable only if the inter-domain contacts involving protons are within a short

distance and long lived. Even when these requirements are fulfilled, the NOEs may not be

measureable in large proteins, since deuteration maybe required to obtain sharper resonance

lines. RDCs are very useful in positioning domains relative to each other. If a multi-domain

protein is within oligomerization equilibrium, RDCs are averaged results of all possible

oligomers exchanging up to millisecond time scale and are strongly biased toward larger

oligomers. RDC data interpretations quickly become difficult if the oligomerization is

coupled to inter-domain structural change. The ratio of backbone 15N spin relaxation times

T1/T2 is insensitive to fast local dynamics of the amide H-N bond,(23) and reflects the

overall rotational diffusion of the domain.(24-27) The average T1/T2 values as well as their

variation can be used to estimate a domain rotational correlation time and its geometrical

shape, respectively. The average <T1/T2> of each domain can be directly used to indicate the

presence of inter-domain motion.(28, 29)

The previous solution NMR studies on RSV-CA(28) have suggested that the motion of the

two retroviral CA domains are independent of each other based on the lack of inter-domain

NOEs and the difference in 15N T1/T2.(8) This observation is consistent with the pre-

existing mechanism for CA assembly. However, CA proteins are likely to be in

oligomerization equilibrium through domains CAN or CAC, and the measured T1/T2 might

contain contributions from oligomers that can bias the relaxation values for each domain

differently. For instance, the CA protein of Equine Infectious Anemia Virus (EIAV),

belonging to the same lentivirus subfamily as HIV-1, weakly oligomerize and dimerize

through its the CAN and CAC domains, respectively. And these two equilibriums appear to
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be independent processes as a result of the different motional time scales.(30) The

assembled EIAV capsid is in the same conical shape as HIV-1 capsid.(31) The study here is

to use NMR 15N relaxation and extrapolation data analysis to overcome oligomerization

problem and at the same time to quantitatively reveal if the assemble-ready inter-domain

conformer could be present in the conformational space of a monomeric EIAV-CA. Our

results showed that the inter-domain structure of EIAV-CA monomer is relatively rigid and

different from the assembled structure, and the CA assembly should be induced by other

factors.

Materials and Methods

Backbone 15N T1 and T2 Measurements

The expression and purification of 15N/2H labeled EIAV-CA protein was described.(30)

Four samples at protein concentrations of 0.426, 0.213, 0.106, and 0.053 mM were prepared

in a buffer of 20 mM potassium phosphate at pH 6.7. All spin relaxation measurements were

performed at 27 °C on a Bruker Avance 600 MHz spectrometer equipped with a cryogenic

probe. Pulse sequences with TROSY detection scheme and minimal water saturation were

applied.(32) For T1 measurements eight data points with relaxation delay of 80, 240, 420,

620, 840, 1140, 1460, and 1940 ms were collected. For T1ρ the 15N spin lock power was set

at 2000 Hz and eight data points with relaxation delay of 2, 7.2, 12.8, 20, 28.8, 39.2, 50.4,

and 67.2 ms were collected. Both T1 and T1ρ experiments were collected in an interleaved

manner. NMRPipe was used to process all spectra.(33) Relaxation time constants and errors

were obtained from exponential fitting on peak heights using Sparky (T.D. Goddard and

D.G. Kneller, University of California, San Francisco). The calculation of T2 using T1 and

T1ρ was previously described.(32)

Extrapolation and Extended Model Free Fitting of 15N T1/T2

The relaxation time ratios T1/T2 at four different protein concentrations were linearly

extrapolated. The extrapolated value at the zero concentration was termed T1/T2 at “0 mM”.

The error of the extrapolated T1/T2 was obtained from Monte-Carlo steps. The extended

model free (EMF) fitting of T1/T2 was carried out as described previously.(34) A fully

anisotropic tensor was adopted as the overall rotational diffusion tensor. The domain

coordinates were obtained from the crystal structure (35) with the refined β-hairpin motif.

(30) The EMF fitting parameters included three principal components of the overall

rotational diffusion tensor (Dzz, Dyy and Dxx), two sets of Euler angles (α, β and γ) defining

the orientation of the overall diffusion tensor within each of the domain coordinates, the

domain motion order parameters S2
domain and correlation time τdomain that describe the

amplitude and time scale of the domain motion within the overall diffusion tensor frame

(Table 1). The χ2 minimization was against the difference between the measured T1/T2 and

the calculated values, i.e., Eq. (1), where N (N = 151) the total number of residues used for

fitting and δ(T1/T2) is the experimental error. A simplex searching algorithm written in

MATLAB (The Mathworks, MA) was used to locate the global minimal.
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(1)

Results

Simulation and Extrapolation on Concentration Dependent T1/T2

The observation of 15N T1/T2 ratios as a function of protein concentration originates from

weak protein oligomerization.(36) When a protein “A” is in a monomer to oligomer (An)

equilibrium as indicated by Eq. (2), two basic equations, Eq. (3-4), exist, where c is the total

protein concentration, Kd is the dissociation constant, and n is the number of monomers

within one oligomer. Solving Eq. (3-4) for [A] and [An] can be performed using

Mathematica (Wolfram, IL) for various oligomeric states. For examples, the analytical

solutions for [A] when n = 2 and 3 are given in Eq. 5 and 6, respectively. With the

knowledge of [A], one can readily obtain the population fraction of monomer fA in the

equilibrium using Eq. (7), and calculate the averaged value (T1/T2)ave according to Eq. (8),

where (T1/T2)A and (T1/T2)An are relaxation times ratios for the monomer and the oligomer,

respectively.

(2)

(3)

(4)

(5)

(6)

(7)

(8)

Now we consider simulating a system of monomer-dimer (n = 2) equilibrium with a weak

dissociation constant Kd of 5 mM, and (T1/T2)mono and (T1/T2)dimer of 10 and 20,

respectively. Using Eq. 5, 7, and 8, we calculated and plotted (T1/T2)ave at each
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concentrations of 0.05, 0.1, 0.2, and 0.4 mM (Fig. 1A), which were chosen to closely match

the current experimental conditions. The linear and quadratic fittings yielded (T1/T2)ave-

intercept values of 10.07 and 10.01, respectively. Such intercept values are taken as

extrapolated data points, both of which are within 5%, roughly the experimental error range,

of the target (T1/T2)mono value of 10. We then fit another system of monomer-trimer (n = 3)

equilibrium with a weak dissociation constant Kd of 0.125 mM2, and (T1/T2)mono and

(T1/T2)trimer of 10 and 30, respectively. Here we have assumed that there are one monomer-

monomer interface within a dimer and three interfaces within a trimer, therefore the

dissociation constant for the trimer is chosen to correspond to three times the free energy

change of the dissociation of the dimer (-RTlnKd). Using Eq. 6, 7, and 8 we again calculated

and plotted (T1/T2)ave at each concentrations of 0.05, 0.1, 0.2, and 0.4 mM (Fig. 1B). The

linear and quadratic fittings yielded (T1/T2)ave-intercept values of 10.39 and 8.800,

respectively. Only the linear fitting intercept value of 10.39 is within 5% of the targeted

(T1/T2)mono value of 10.

Of course our simulation is rudimentary and has a number assumptions. However, it does

show that simpler linear fitting could be a more reliable method to obtain monomeric

relaxation value when only data from a small number of concentrations are available. This

constitutes one reason why we adopted the linear extrapolation for the study.

Concentration Dependent T1/T2 of EIAV-CA and its Extrapolation

The 15N T1/T2 ratios were measured at four EIAV-CA concentrations, 0.4, 0.2, 0.1, and 0.05

mM, showing strong concentration dependent for residues in structured region of the protein

(Fig. 2 and 3, Table S1). The full-length EIAV-CA protein has a total of 212 non-proline

residues. Backbone 1H-15N resonances for 186 residues were assigned and missing residues

are I2-M3, R18-T22, I43-E51, M53, N54, G65, Q127, and Y129-I134, which are located

along the domain CAN oligomeric interfaces. The previous R2-CPMG dispersion results

demonstrated residues with significant μs-ms exchange contributions are T16, D82, L87 and

M102, where the last three are in the cyclophilin A (CypA) binding loop.(30) Those residues

undergoing chemical exchange or missing have been removed from the analysis. Further,

residues with significantly low signal to noise ratio, yielding large errors in their relaxation

times, and the C-terminal flexible residues, displaying no concentration dependence, were

removed. Finally 90 and 61 total residues for domains CAN and CAC, respectively, were left

for T1/T2 analysis, which were tabulated in the supporting materials (Table S1). To obtain

proper 15N T1/T2 for the monomeric EIAV-CA, we applied the linear as well as the

quadratic extrapolations using all four sets of T1/T2. For all 151 data points the quadratic

fitting did not yield statistically better fitting, judged by the F-test (data not shown),

therefore, only the linear extrapolation was applied (examples of fitting shown in Fig. 3).

The obtained new relaxation time ratios from the linear extrapolation were termed T1/T2 at

“0 mM” and assumed to be the corresponding value in the monomeric state (Fig. 2).

Empirical Estimation on <T1/T2> Yields Large Scale of Inter-Domain Motion

Similar to the previous observations on RSV-CA,(28) the domain averaged <T1/T2> values

differ significantly for all measured and the extrapolated datasets (Fig. 2). The size ratio of

the domain EIAVCAN (residue 1-146) and EIAV-CAC (residue 149-220) is 2:1. If the two
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domains are completely independent (S2
domain = 0), under the assumptions of isotropic

diffusion and isotropic distribution of H-N vectors, the <T1/T2> value of domain CAC

should be 50% of the <T1/T2> value of domain CAN, roughly scaled with the relative

domain sizes. For the “0 mM” dataset, the <T1/T2> value of domain CAC is 14.86, 66% of

the <T1/T2> value of domain CAN of 22.26 (Fig. 2). The large difference in domain <T1/T2>

suggests the presence of a large-scale inter-domain motion based on the assumption of the

isotropic diffusion in each domain.

Numeric Fitting on T1/T2 Results in Limited Inter-Domain Motion

We fit the “0 mM” T1/T2 dataset using the EMF approach described previously (Table 1).

(34) The resulting diffusion anisotropy (2Dzz/(Dxx+Dyy)) and asymmetry (Dyy/Dxx) are

large, 1.84 and 1.69, respectively, indicating the “0 mM” T1/T2 values are very sensitive to

structure coordinates. The S2
domain for both domains are high, 1 and 0.854 for domain CAN

and CAC, respectively, meaning inter-domain motion is limited and the empirically

estimated large-scale of domain motion is not correct. The reason for the large difference in

domain <T1/T2> is obvious once we rotated and positioned the two domains into the overall

diffusion tensor (Fig. 4). It should be noted the simple domain rotation generated structure

shown in Fig. 4 only represents a mean inter-domain conformation, not a structure ensemble

from any simulated annealing calculations. The helices of domain CAC are all perpendicular

to the long axis (Dzz) of the diffusion tensor, sampling the fastest components of the overall

motion, in contrast, helices α1-3, and α7 of domain CAN run parallel to the long axis,

experiencing slower tumbling from Dyy and Dxx. One cross-validation of the domain

positioning result is to compare the T1/T2 values of the N-terminal β-hairpin residues,

representing only 4% of the T1/T2 dataset, to the rest of the data. The N-terminal β-hairpin,

though well ordered within the domain CAN,(37-39) is close in T1/T2 values to domain

CAC. This could only be true if the two domains share the same diffusion tensor and the

amide bond vectors of the β-hairpin are oriented similar to helices of domain CAC (Fig. 2

and 4).

In parallel the EMF fit for T1/T2 values of the 0.4 mM dataset was performed (Table 1). The

nearly 4-fold higher χ2 value indicates the fitting quality is much worse than the

extrapolated “0 mM” dataset. The overall correlation time of 18.6 ns is significantly higher

than the monomer value of 13.6 ns. The lower diffusion anisotropy and asymmetry indicate

less sensitivity of the 0.4 mM dataset to structural coordinates. The lower anisotropy/

asymmetry also suggested a more compact conformer was formed upon oligomerization.

The S2
domain of CAC is higher, indicating even less inter-domain motion in oligomer. The

Dzz axes of the fit overall diffusion tensors differ by 2.8° and 4.3° for domains CAN and

CAC, respectively, from those of the monomeric tensor, indicating the oligomer (mostly

dimer here) tensor direction is not significantly different from the monomer tensor.

Validation of T1/T2 Derived Inter-domain Structure

The new inter-domain conformation obtained using the extrapolated T1/T2 is different from

that in the crystal structures of monomer EIAV-CA(35) or hexamer structure of HIV-1-CA

(Fig. 4).(5) The hexamer is the unit for capsid-assembly of all retroviruses. This

inconsistency in the inter-domain conformations prompted us to inspect if the T1/T2 derived
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inter-domain conformation in solution is a true representation. To further investigate this

question, we performed a small angle X-ray scattering (SAXS) experiment at concentration

of 0.05 mM. The SAXS profile showed the T1/T2 derived CA structure provides a better fit

than the crystal structures of either monomer or a monomer unit within a hexamer (Fig. 5).

As could be expected, the fit for the T1/T2 derived CA structure is not perfect at the long-

range distance region, indicating the presence of a tiny population of oligomer even at this

diluted concentration.

Discussion

In summary we have presented a straightforward method to extract the mean inter-domain

structure and dynamics information from backbone 15N T1/T2 data on a protein undergoing

oligomerization. Based on simulations and statistical test we suggested the linear

extrapolation, as opposed to a combination of linear and quadratic fittings,(36) should be

applied to recover the monomer relaxation data at “0” concentration. If the contribution

from protein oligomerization was not removed, the data fitting quality would be worse,

meaning less agreement between structural coordinates and measured relaxation data. Worse

fitting will also cause errors in the resulting parameters, i.e., the correlation time would be

higher; the diffusion tensor anisotropy and asymmetry could be wrong; the inter-domain

motion S2
domain could be different, perhaps resulting in an inaccurate biological conclusion;

the tensor direction might not be representative of the monomer if the oligomer tensor

direction is significantly different. As has been shown previously, diffusion tensor

anisotropy and asymmetry are a few long-range restraints for protein shape that can be used

in NMR structure calculation.(25, 27, 40) Though not being tested here, any inaccuracy in

the diffusion tensor can bring errors in refining a monomeric protein structure and domain

positioning of a multi-domain protein. In theory we might be able to extend the usage of the

precisely measured 15N T1/T2 to derive protein quaternary structure of oligomers. However,

practical methods to take into account the exchange kinetics if it occurs in the ns timescale

are not currently available though theoretical treatments do exist.(41, 42)

Though the inter-domain dynamics we identified on EIAV-CA using EMF method is

relatively restricted with a higher order parameter S2
domain of 0.85, it should not be deemed

as the limit of the EMF method. Previous simulations and measurements suggested the EMF

fitting approach could be valid for larger domain motions with S2
domain as low as 0.4-0.5,

corresponding to a semi-cone angle of 45° in the diffusion in the cone model.(43, 44)

Our structural data has an implication on the nucleation of a retroviral CA assembly. The

CA assembly is not an isolated event, which results from the proteolytic processing of its

precursor Gag, and rather complicated. The nucleation step in capsid assembly, though

generally accepted,(45) has not been clearly demonstrated by any physical observations. In

fact the in vitro assembly of a cone-shaped HIV-1 capsid using recombinant protein was

only successful with a combination of its precursor CA-NC protein and RNA, not CA alone.

(46, 47) Further, a close inspection of the recent 8Å cryo-EM structure of an immature

Mason-Pfizer Monkey Virus (MPMV) CA-NC assembly (PDB id 4ARG) (47) revealed a

similar inter-domain orientation to the one in a matured HIV-1-CA hexamer (PDB id 3GV2)

(5). The difference lies in a translational movement of the CAC or the CAN domain. These
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results might suggest the capsid assembly proceed directly from its assembled proteolyitc

fragment CA-NC proteins during maturation without major inter-domain re-orientation.

Therefore the CA assembly probably does not require the diffusion and the nucleation-

propagation in solution. A contrasting view can be made from the fact that only a small

fraction of CA molecules processed from Gag were utilized for assembly (48) and the

observations of the dual-core HIV-1 virion (49) suggest a CA release and re-assembly with

several nucleation centers in solution have to take place. These observations argue against

direct CA condensation from lattices of Gag or CA-NC. Our T1/T2 derived inter-domain

structure suggested that the capsid assembly, if it is occurring in solution, does not start

readily from a pre-existing assemble-ready conformer, rather a nucleation step involving at

least significant inter-domain structure re-orientation appears to be necessary. This finding

implies that factors other than the CA protein itself might play a role in promoting capsid

assembly. This is inline with earlier observations where neutral pH and high salt

concentration helped nucleation,(50) which had been shown to be important for in vitro

assembly of tubular lattice using recombinant HIV-1-CA proteins.(45) The essential factors

capable of inducing an authentic cone-shaped lattice are not known, but are potential for

therapeutic targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The linear (solid lines) and quadratic (dashed lines) fittings on simulated (T1/T2)ave data

points (solid dots) under weak dimerization (A) and trimerization (B) equilibriums. The

target (T1/T2)ave-intercept value is 10.
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Figure 2.
The measured (for clarity only the 0.4 mM and 0.2 mM datasets are shown in blue and red,

respectively) and the extrapolated (“0” mM, black) backbone 15N spin relaxation time ratios

T1/T2. The dashed lines mark the average <T1/T2> for each domain in each measurement

and end at domain boundaries.
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Figure 3.
Examples of linear extrapolation. The T1/T2 ratios are plotted as a function of protein

concentration for N25 (circle) and M215 (square).

Chen and Tjandra Page 14

Biochemistry. Author manuscript; available in PMC 2014 August 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
The alignment of domain CAN within the dual-domain EIAV-CA structure from the current

T1/T2 analysis (red), monomeric crystal structure (magenta, 2EIA-B), and a monomer within

the HIV-1-CA hexamer crystal structure (green, 3GV2).
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Figure 5.
Experimental (dots) and fitting curves (solid) of small angle X-ray scattering. The structural

coordinates of the current T1/T2 determined (red), the monomeric EIAV-CA (2EIA, blue),

and one monomer in hexameric HIV-1-CA (3GV2, green), were used for fittings. The

EIAV-CA sample for SAXS measurement is 0.05 mM in the same buffer as NMR samples.

Fitting of the structural coordinates were performed using XPLOR-NIH.(51)
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