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a b s t r a c t
Formation of the HIV-1 core by the association of capsid proteins is a critical, not fully understood, step in
the viral life cycle. Understanding the early stages of the mechanism may improve treatment opportunities. Here, spectroscopic analysis (opacity) is used to follow the kinetics of capsid protein assembly, which
shows three stages: a lag phase, followed by a linear increase stage and terminated by a plateau. Adding
pre-incubated capsid proteins at the start of the lag phase shortens it and increases the rate of assembly
at the linear stage, demonstrating autoacceleration and cooperative assembly. Cryogenic transmission
electron microscopy is used to probe structural evolution at these three stages. At the beginning of the
lag phase, short tubular assemblies are found alongside micron long tubes. Their elongation continues
all throughout the lag phase, at the end of which tubes start to assemble into bundles. Based on these
results, we suggest a multi-step self-assembly process including fast nucleation and elongation followed
by tubes packing into arrays.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Protein self-assembly into ordered supramolecular structures
is the underlying event of many physiological as well as pathological processes, varying from actin and tubulin ﬁlaments formation
to amyloid ﬁbril and viral particles association [1]. Understanding the initial stages of the assembly pathway is fundamental for
the development of therapeutic intervention in the case of pathological ultrastructure formation [2]. While monitoring late stages
in the assembly of various proteins is well-established [3], the
detection of the initial conformers has been rather scarce due to
resolution and rapid kinetics issues for many systems. HIV-1 capsid protein is the structural component forming the inner core
of the infectious particle, encapsulating the viral genome that is
bound to nucleocapsid protein [4]. Structural studies of native HIV1 capsid have been greatly facilitated by the capacity of capsid
protein to self-assemble in vitro into tubes and cones [5]. Electron
diffraction and cryogenic transmission electron microscopy (cryoTEM) revealed that the tubes formed by capsid protein in vitro and
cores isolated from virions share common structural motifs, both
composed of helical arrays of protein hexamers [6,7], indicating
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that the in vitro assembly of puriﬁed capsid protein is a reliable
model for native capsid assembly in vivo. The in vitro assembly
of capsid protein is concentration dependent and highly affected
by molecular crowding agents [8], chemical chaperones [9] and
by high ionic strength [10], which is required for reducing the
electrostatic repulsion between capsid protein molecules and consequentially promoting molecular recognition,
The assembly process of HIV-1 capsid protein, similar to that of
other viral capsids, was suggested to be a nucleation-dependent
process [11,12]. According to the classical model, the assembly
reaction originates with the formation of protein nuclei that slowly
assemble into steady intermediates [13] which followed by an
elongation step characterized by a fast kinetics [14]. Finally, at
equilibrium, the elongated intermediates eventually give rise to
the expected helical-cylindrical structures [12]. Correspondingly,
the in vitro assembly of hepatitis B virus (HBV) capsid protein was
also suggested to be initiated by a rate-limiting nucleus formation [13–15]. While the HBV capsid assembly nucleus is a putative
trimer of dimers [13], the identity of HIV-1 capsid nucleus still
needs to be clariﬁed. Most structural studies (by X-ray crystallography, cryo-TEM and tomography analyses) of capsid protein
organization mainly focused on the intermolecular interactions
between protein subunits [6,7,16,17], hence, little is known on the
kinetics of HIV-1 capsid protein assembly in its early stages.
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2. Experimental
2.1. Protein expression and puriﬁcation
Pet11a-based expression vector of HIV-1 capsid protein was
kindly provided by W. I. Sundquist (University of Utah). HIV-1 capsid was expressed in BL21 (DE3) Escherichia coli Rosetta cells and
puriﬁed as previously described [4]. Brieﬂy, cells were grown to an
OD600 ∼0.8 at 37 ◦ C and induced with 0.4 mM IPTG (isopropylb-d-thiogalactopyranoside) for 4 h. Cells were resuspended and
lysed by 12.5 mg/ml of lysozyme in 50 mM Tris–HCl (pH 8.0) 5 mM
␤-mercaptoethanol. Lysates were centrifuged for 30 min at 4 ◦ C
and 10,000 rpm and capsid was precipitated from the supernatant
with 25% saturated ammonium sulfate buffer, by centrifugation
for 30 min at 4 ◦ C and 20,000 rpm. The crude protein was dialyzed
against 25 mM Tris–Cl (pH 8.1) and was puriﬁed by anion exchange
chromatography (20 ml Q-Sepharose column, Amersham Pharmacia Biotech) using Akta prime system (GE Healthcare). The protein
was ﬂash frozen and stored at −80 ◦ C.

2.2. Turbidity assay
Puriﬁed HIV-1 capsid protein was dialyzed into 50 mM Na2 HPO4
(pH 8.0) solution and was triggered to assemble by rapid dilution
into 50 mM Na2 HPO4 -4 M NaCl (pH 8.0). To examine the effect of
ionic strength, assembly reactions were carried out at a ﬁnal protein
concentration of 50 M either in the absence or presence of varying
concentrations of NaCl (Fig. 1a). For the seeding experiment, capsid
protein (50 M) was pre-incubated with 0.5 M NaCl for 2 h at 25 ◦ C,
designated “seeds”. Freshly thawed capsid protein with 0.5 M NaCl
was monitored either in the absence or the presence of varying
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volume percentages of seeds (Fig. 1b). For all samples, ﬁnal protein
and salt concentrations were 50 M and 0.5 M, respectively.
All assembly reactions were monitored by measuring the
increase in optical density at 350 nm over time at 25 ◦ C in 2 min
intervals using Synergy HT Microplate Reader (BioTek Instruments,
Inc.).
2.3. Stability of capsid protein assemblies
24 h after incubation with salt (0.5 M) at 25 ◦ C, assembly reactions of HIV-1 capsid protein (50 M) were sonicated using bath
sonicator DG-1 mini supersonic cleaner (mrs) with operating frequency of 43 kHz and Power of 50 W.
2.4. Cryo-TEM
Aliquots were taken from the solution after different incubation
times. Specimens for cryo-TEM were prepared using Leica EM GP
cryo-preparation station operated at 100% relative humidity. A drop
of 4 l of solution was applied on a holey carbon TEM grid (Lacey
substrate, 300 mesh, Ted Pella, Inc.) automatically blotted with a
ﬁlter paper, and plunged into liquid ethane at its freezing point. The
vitriﬁed samples were stored under liquid nitrogen before being
transferred to a TEM (Tecnai 12, FEI) using a Gatan workstation and
cryo-holder for imaging at 98 K. The microscope was operated at
120 kV in low electron dose mode (to reduce radiation damage)
and with a few micrometers under-focus to increase phase contrast.
Images were recorded on a Gatan 794CCD camera.
3. Results and discussion
To study the early stages of assembly, we ﬁrst monitored the
assembly kinetics of HIV-1 capsid protein under mild conditions

Fig. 1. Monitoring the kinetics of capsid protein assembly by turbidity assay. Capsid protein (50 M) kinetics of assembly was monitored as a function of (a) salt concentration
and (b) seeds percentage (protein pre-incubated with 0.5 M of salt for 2 h at 25 ◦ C). The dashed lines represent the different incubation stages. The ﬁnal protein and salt
concentration in each sample were 50 M and 0.5 M, respectively. The decrease in the lag time and the increase in the linear assembly rate of the reaction following the
addition of seeds are shown in (c) and (d), respectively. The error bars of these measurements are smaller than the marker size.
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Fig. 2. Cryo-TEM analysis of capsid protein assembly (50 M, 0.5 M NaCl). (a–c) micrographs taken immediately after salt addition (t =0 h). The imaged structures consist of
(a) nuclei-cones (striped arrow, face-on) and short tubes (white arrow, face-on, black arrow, edge-on), (b) hollow tube (dotted arrow) surrounded by nuclei; (c) short and
long tubes. Formation of ordered tube bundles as a function of incubation time—(d) 12 h and (e) 24 h. (f) Thickness (black circles) and diameter (blue squares) vs incubation
time. (g) Percentage of ﬁelds containing nuclei (black circles)/tubes (blue squares) at different incubation times. Scale bars =200 nm. (h) Suggested model of capsid protein
assembly. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

(50 M, low ionic strength) using a turbidity assay. The minimal
salt concentration which induced assembly is 0.5 M (Fig. 1a); to
enhance our temporal resolution, we selected this slow kinetics
condition. To verify the existence of a nucleation step, we monitored the kinetics in the presence of pre-incubated protein with
salt (2 h at 25 ◦ C), designated “seeds”. Higher volume percentage of
seeds in solution shortened the lag (nucleation) time of the reaction
(Fig. 1b and c) and Supplementary Table S1); addition of 2% or 25%
(v/v) seeds decreased the lag time by ∼36% ∼64%, respectively. The
presence of 25% (v/v) seeds increased the linear assembly rate, with
more than 800% (Fig. 1b and d). We suggest that the assembly pathway is not altered by the addition of seeds but merely shortened
since the protein seeds provide assemblies ready for the elongation
phase, thus eliminating the lag phase of the reaction, e.g., 2% (v/v)
seeds shortened the lag time with only a minor effect on the linear
assembly rate. Similar observation was reported by Lorenzo et al.,
for the Amyloid assembly process of the mutant Ribosomal protein S6 [18]. Moreover, the in vivo assembly of the capsid protein
nucleates by a complex consisting of the viral RNA and the domain
capsid-nucleocapsid [11].
Cryo-TEM micrographs of the capsid assembly were collected
at different incubation stages of the reaction (arrows in Fig. 2). The
reaction stages, namely, initial lag phase, linear growth and a ﬁnal
plateau are indicated in Fig. 1b. Cryo-TEM imaging was performed
immediately after salt addition (t =0 h), and after 1 and 2 h of incubation with salt (arrows in Fig. 3). Surprisingly, at t = 0 we found a
heterogeneous population of assemblies consisting of short structures (Fig. 2a and b) and long hollow uncapped tubes (Fig. 2c). The
short structures, termed nuclei, are either cylindrical (Fig. 2a, white

Fig. 3. Turbidity measurements of capsid protein assembly (50 M protein, 0.5 M
NaCl). Cryo-TEM images were collected at time points indicated by full arrows.
Samples were bath sonicated for 90 s (43 kHz, 50 W) after 24 h incubation (dashed
arrow), and the turbidity was monitored for additional 9 h.

arrow) or cone shaped (Fig. 2a, striped arrow). Similar conical structures were previously reported to form in vitro by the Gag-derived
polyprotein MA-CA-NC(SP1), containing part of the matrix protein, capsid and nucleocapsid proteins and a deletion of spacer
peptide 1 (SP1) [19].
The nuclei are much shorter (99 ± 30 nm) than the tubes (few
microns) and are characterized by inner diameter of 38 ± 5 nm
and wall thickness of 8 ± 2 nm, in the same order of magnitude
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as the tubes values (Fig. 2f). We found that the nuclei have also
co-localized with longer hollow tubes and aggregate around them
(Fig. 2b dotted arrow). Most of the tubes are uncapped and tube
elongation could be clearly observed (Supplementary Fig. S1), indicating that although long tubes are detected at t =0 h, this process
continues throughout the lag phase of the reaction. After 1 and 2 h
of incubation the nuclei abundance was decreased, and the hollow
tubes became the dominant structure (Fig. 2g). This result is in consistence with previous ﬁndings showing that longer capsid protein
tubes are favorable at the employed pH (8.0) [12].
The aggregation of the nuclei, their disappearance at the end
of the lag phase and their structural similarities with the developed tubes suggest that nuclei formation is almost immediate and
is followed by extremely rapid elongation. Hence, the elongation
of capsid tubes cannot be represented spectroscopically by the
increase in optical density. No additional changes are found in
the structural parameters of the individual tubes (inner diameter,
thickness, length) during the lag phase (Fig. 2f). The linear growth
stage is characterized by tube bundling (e.g., at t = 12 h, Fig. 2d).
These bundles are also found during the ﬁnal plateau (t = 24 h),
where they are the exclusive structure (Fig. 2g).
We explored the stability of the obtained structures (t =24 h)
by exposing it to weak sonication treatment. It resulted in a
rapid two-fold decrease in sample turbidity (Fig. 3). Yet, the
absorbance recovered immediately (lag time = 0) and linearly. The
initial assembly rate of both reactions (before or after sonication)
was similar, however, the maximal absorbance did not recover to
the same level. The absence of a lag time indicates that the bundles
did not dissociate to nuclei but to individual tubes, which rapidly
re-bundled.
4. Conclusion
Generally, it is assumed that the lag phase in assembly reactions
represents the time in which protein nuclei reach a steady-state
[12–14], however, Zlotnick and co-workers suggested that the
lag phase in the assembly reactions of icosahedral viruses is the
time required to generate a steady state concentration of partial capsid intermediates [13–20]. Based on our cryo-TEM and
spectroscopic analyses, we suggest that the formation of nuclei
and their elongation are rapid processes, and thermodynamically
driven via Ostwald ripening [21]. A similar phenomenon was
recently reported for discrete structural states during the assembly of peptide supramolecular assemblies [22]. Based on previous
crystallographic structure of capsid protein C-terminal domain
dimerization [23] and the effect of salt on the assembly reaction, we suggest that the assembly process is mainely mediated
by hydrophobic interactions and partly by van der Waals forces.
The suggested model is illustrated in Fig. 2h, during the lag
phase of the assembly reaction, elongation of the nuclei transforms them into hollow tubes, manifested by an increase in tubes
abundance on the expense of nuclei. We suggest that the initiation of tubes elongation is a highly rapid process and therefore was
not detected by our cryo-TEM analysis. During the linear growth
phase, the tubes start bundling into arrays. A recently reported
electron cryo-tomography study of actively maturing HIV-1
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particles showed the formation of capsid protein sheets inside the
virions during HIV-1 core assembly [24], which were suggested as
structural intermediates for the mature core formation. This study
provides an indication for the biological relevance of the observed
tubes bundling into sheets. In summary, the presented multi-step
assembly pathway of HIV-1 capsid protein may shed light on the
formation mechanism of helical capsids and their organization in
tubular structures.
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