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Abstract

Immature HIV-1 virions have spherical cores which become conical due to cleavage of the capsid domain of Gag.
Here, we have used an immature form of capsid and show by electron microscopy, atomic force microscopy and
single angle light scattering that it aggregates to spherical cores resembling immature virions at high ionic strengths
and at pH values above 6. Dynamic angle light scattering of the dissociated protein shows structural changes that
promote oligomerization above pH 6. We then examined the role of the required host protein cyclophilin A on
assembly. Cyclophilin A is incorporated into virions at a 1:10 cyclophilin Aycapsid ratio. We find that although
cyclophilin A does not affect the oligomerization rate or stability of immature capsid cores, it does bind strongly to
immature capsid at physiological stoichiometry above pH 6. This association serves as an entry route of cyclophilin
A into HIV-1 virions.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Human immunodeficiency virus(HIV) is a
member of theRetroviridae family (for back-
ground information see Coffin et al.w1x). A central
theme in retroviral assembly is the coordinated use
of large precursor polyproteins like Gag. Approx-
imately 1500–2500 copies of Gag self-associate
and bind two unspliced copies of RNA before
binding to the cell membrane via the matrix
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domain of Gag. The virus buds from the host cell
and then undergoes maturation, which is charac-
terized by a morphological transition from a spher-
ical to a conical-shaped core to give an infectious
particle. During subsequent infection, the core
disassembles in the cytosol of the newly infected
host cell. Disassembly releases a reverse transcrip-
tionypreintegration complex that is responsible for
the synthesis of proviral DNA and its subsequent
nuclear localization and chromosomal integration.

During maturation, Gag is proteolytically
cleaved by the viral protease into three major
structural proteins: matrix, capsid, and nucleocap-
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sid w1x. Matrix initially targets Gag to the plasma
membrane and remains membrane-bound in the
virion. However, some of it may dissociate from
the membrane upon entry into the host cell to
become part of the preintegration complexw2–4x.
The capsid forms the conical core that encapsulates
the RNA–protein complex and disassembles upon
entry of the virus into host cells. Nucleocapsid
binds specifically to viral RNA forming a ribonu-
cleoprotein complex.

HIV type 1 (HIV-1) requires the cytosolic pro-
tein cyclophilin A (CypA) from host cells for
infectivity w5x. CypA is a peptidyl-prolylcis-trans
isomerasew6x and has chaperone activity in cells
w7x. CypA is specifically incorporated into HIV-1
virions via its interaction with the capsid domain
of Gag w8–10x. Using radiolabeling, gel densito-
metry and immunoblot analysis it was shown that
for every 10 Gag molecules, 1 CypA molecule is
incorporated into the virionw8,9,11x. The CypA
binding site on HIV-1 capsid is localized to a
proline-rich flexible exposed loop that lies in the
amino terminal domainw8,9,12–14x and includes
residues 85–93w12,14,15x, which encompasses the
critical residue Pro90w8,12,13,16x. Disruption of
the cyclophilin Aycapsid interaction by either
cyclosporin w8–10x, its analogsw17,18x, mutage-
nesis of residues in the binding sitew19–22x or
deletion of the CypA genew23x blocks CypA
incorporation into virions and greatly reduces HIV-
1 viral replication and therefore infectivity. Remov-
al of cellular CypA has no visible effect on virus
assembly, budding or maturationw24x.

Capsid(CA) gives the HIV virus its distinctive
conical structure in contrast to the typical spherical
form seen in immature HIV virions and other
retroviruses. In this study, we used aminohexahis-
tidine tagged-CA(N His6-CA) as a model for
immature capsid. In the Gag precursor, the amino
terminus of capsid is linked to the matrix domain.
Recent NMR studies of matrix protein linked to
the N-terminal region of capsid shows that cleav-
age of matrix liberates Pro1 of capsid to form a
salt bridge with Asp51 connected by ab hairpin
turn w25x. This b-hairpin turn appears to adversely
affects the CypA binding site which may promote
dissociation of the complex as the virus matures
w25x.

In this study, we have used a capsid with a
hexahistidine tag attached to the N-terminus in
order to prevent the formation of the Pro1–Asp51
salt bridge and thus allow us to study an immature
from of the capsid. The amino terminal extension
on the HIV-1 capsid results in a protein that can
assemble in vitro into hollow spheres resembling
the shape of an immature virionw26,27x. Removal
of the amino terminal extension from the capsid,
which can be paralleled to viral maturation by
proteolysis of Gag, results in the formation of
cylindrical particlesw27–29x. In vitro formation of
cores using an amino terminally-extended capsid
requires high protein concentration and high ionic
strengthw26x.

The physiological basis for the need of high
ionic strengths to form immature viral cores may
stem from the need to assemble highly charged
species. Before budding at the plasma membrane
of the host cell, Gag molecules assemble on viral
RNA via the zinc fingers of nucleocapsidw30,31x.
Assembly of Gag on RNA results in reduction of
dimensionality, which has the effect of locally
increasing Gag concentration and promoting Gag
assembly. The presence of negatively charged lip-
ids, basic resides on the matrix and nucleocapsid
domains of Gag, and negatively charged RNA all
work to increase local electrostatic conditions and
may promote assembly of the whole virus.

Although lipid membranes and RNA are clearly
needed for HIV-1 Gag assembly, our previous work
has shown that the capsid must make critical
contacts in order for assembly to proceedw32x.
The observations that the capsid itself can form
structures that mimic the mature and immature
forms, as discussed above, support this idea. Here,
we have used an immature form of capsid to study
environmental factors that promote assembly. We
find that as the pH is raised to values above 6.0,
capsid monomers undergo condensation to an
‘oligomerization-ready’ form. Not only does this
form have a high potential to self-associate, but it
is also able to form strong, specific contacts with
CypA. These contacts with CypA do not affect
assembly, but rather serve to promote CypA inser-
tion into the virion at the specific, physiological
stoichiometry.
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2. Materials and methods

2.1. Constructs

The HIV-1 capsid sequence was derived from
pBH10, GenBank Accession Number M15654
w33x. To simplify purification, the CA sequence
was subcloned into pB6, a derivative of pET 11d
(Novagen, Madison, WI, USA) that expresses
aminohexahistidine tagged-proteins. The entire
insert region was confirmed by DNA sequencing.
GlutathioneS-transferase(GST) cyclophilin A was
a gift from Braaten and Lubanw19x, Department
of Microbiology, College of Physicians and Sur-
geons of Columbia University.

2.2. Recombinant protein expression and
purification

N His6-CA protein was expressed inEscheri-
chia coli (E. coli) strain BL21(DE3) and purified
by gravity chromatography using Ni-NTA Super-
flow resin under native conditions as described by
the manufacturer(Qiagen). Successive washing
with 250 mM imidazole eluted bound N His6-CA
and N His6-CA was found to be)95% pure by
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and Coomassie staining. N His6-CA was
dialyzed into 30 mM MES pH 6, 1 mM EDTA, 1
mM DTT and 20% glycerol and stored aty70
8C.

GST-cyclophilin A protein was expressed inE.
coli strain c600 and purified by gravity chroma-
tography using glutathione sepharose resin under
native conditions as described by the manufacturer
(Amersham Biosciences, Piscataway, NJ, USA).
The GST moiety was cleaved off using the endo-
protease, thrombin. Cyclophilin A was found to be
)95% pure by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and coomassie staining.
Cyclophilin A was dialyzed into 50 mM Tris pH
8, 30 mM NaCl and 0.5 mM DTT. After dialysis,
sodium azide(0.004%) was added to cyclophilin
A and cyclophilin A was stored at 48C. Protein
concentrations were determined using Bio-Rad
Protein Assay Dye Reagent Concentrate(Bio-Rad
Laboratories, Hercules, CA, USA).

2.3. Extent of N His6-CA oligomerization under
different pHs

N His6-CA (;4.6 mgyml) was dialyzed into
100 mM NaH PO and 1 M NaCl at pHs 6, 7 and2 4

8 overnight followed by dilution to 1.6 mgyml.
Single angle light scatter measurements were made
on an ISS PC1� photon counting spectrofluoro-�

meter(I.S.S., Inc, Champaign, IL, USA) in 3-mm
quartz cuvettes at an angle 908 of the incident
light (340 nm). Buffer measurements were sub-
tracted from sample measurements.

2.4. Atomic force microscopy

Aliquots (;5 ml) of the capsid solution in
aqueous buffer were allowed to adsorb onto freshly
cleaved mica for 0.5–1 min prior to spin-drying.
The samples were then subsequently rinsed with
buffer and deionized, distilled water(10–50 ml)
to remove loosely bound protein and buffer salts,
and spun dry each time. All images on the
adsorbed protein were carried out with etched Si
(ks1–5 Nym, Digital Instruments, Santa Barbara,
CA, USA) tips under ambient conditions with a
Nanoscope IIIa Multimode scanning probe instru-
ment (Digital Instruments, Santa Barbara, CA,
USA) operated in TappingMode�. Scanning par-
ameters varied with individual tips and samples.
However, typical ranges were as follows. Drive
amplitude and setpoint parameters were adjusted
to apply a force sufficient to ensure ‘light’ tapping
for both types of tips. The scan rates used varied
from 0.5 to 2 Hz, while resonant frequencies were
in the 60–80 kHz range with oscillation amplitudes
of 15–75 nm. Image analysis was performed using
Excel on the digitized images.

2.5. Labeling N His6-CA with acrylodan

Capsid contains two Cys residues which were
modified at a 1:1 stoichiometric ratio with the
probe acrylodan(6-acryloyl-2-dimethylaminona-
phthalene). Acrylodan was purchased from Molec-
ular Probes, Inc.(Molecular Probes, Inc., Eugene,
OR, USA). N His6-CA (0.13 mmoles) was incu-
bated with acrylodan(0.5 mmoles) in 100 mM
NaH PO pH 8 for 2 h at room temperature on a2 4
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rotary shaker. Unreacted acrylodan was removed
using P-2 size exclusion gel(Bio-Rad Laborato-
ries, Hercules, CA, USA) and 100 mM NaH PO ,2 4

pH 7 as the eluent. Typically 40–80% of capsid
molecules were labeled with a single acrylodan
molecule. Protein concentration was determined
using Bio-Rad Protein Assay Dye Reagent Con-
centrate (Bio-Rad Laboratories, Hercules, CA,
USA). The extent of labeling was estimated using
the following formula:

A MW of capsid moles of acrylodanx
= s

´ mg capsidyml moles of capsid

whereA is the absorbance value of acrylodan atx

its absorption maximum(390 nm) and ´ is the
molar extinction coefficient of acrylodan(20 000
cm M ) at 390 nm.y1 y1

2.6. Binding affinities as measured by fluorescence
spectroscopy

All fluorescent measurements were made using
an ISS PC1� photon counting spectrofluorome-�

ter (I.S.S. Inc, Champaign, IL, USA) and quartz
microcuvettes with a path length of 3 mm. Exci-
tation wavelength was set to 380 nm while the
emission wavelength was scanned from 400 to 600
nm. Acrylodan-labeled N His6-CA(2 mM) in 100
mM NaH PO at pH 6, 7 and 8, was titrated with2 4

cyclophilin A (3 mM). Binding was measured by
using the spectral area of the emission spectra(see
Section 2.10).

2.7. Core formation

N His6-CA (18 mg) was dialyzed overnight
into 50 mM Tris pH 8 and 1 M NaCl. To form
cores, N His6-CA was incubated at 378C for 1 h
w26x. Protein concentration was determined using
Bio-Rad Protein Assay Dye Reagent Concentrate
(Bio-Rad, Hercules, CA, USA).

2.8. Rate of core formation

Measurements were made on an ISS PC1��

photon counting spectrofluorometer(I.S.S. Inc.,
Champaign, IL, USA) in 10-mm quartz cuvettes

with constant stirring. N His6-CA(1.6 mgyml) in
50 mM Tris pH 8 and 1 M NaCl was incubated at
37 8C while its oligomerization state was moni-
tored using single angle light scatter with an
incident light of 340 nm set at a 908 scattering
angle. This was repeated in the presence of cyclo-
philin A (0.13 mgyml) at the physiologically
relevant ratio of 1 cyclophilin A for every 10
capsid molecules.

2.9. Pressure dissociation of cores as monitor by
single angle light scatter

Cores made of N His6-CA protein(1.6 mgy
ml), formed either in the presence or absence of
cyclophilin A (0.13 mg), were loaded into a
silanized, bottle shaped quartz cuvette topped with
a polyethylene lid for transmission of pressure.
The cuvette was placed into a high-pressure cell
made of heat-treated Vascomax, which was con-
nected to a pressure generator(High Pressure
Equipment Company, Erie, PA, USA) through a
high-pressure line also made of Vascomax. Pres-
sure was generated through the compression of
100% ethanol. The windows of the cell are made
of sapphire and are set 908C from each other to
allow light measurement. Single angle light scat-
tering measurements were collected at an angle
908 of the incident light(340 nm). The pressure
was increased in steps of 250 bars allowing 5 min
for equilibrium to be reached. Single angle light
scatter measurements were made on an ISS�

PC1� photon counting spectrofluorometer(ISS�

Inc., Champaign, IL, USA)

2.10. Data analysis

To measure binding affinities, the resulting acry-
lodan-labeled N His6-CA emission spectra was
integrated from 400 to 600 nm. Control studies
substituted buffer for cyclophilin A. Changes are
reported based on changes in the normalized spec-
tral area:

Normalized spectral area
ls600 nm ls600 nmB E B ExI y IC F C F8 8

D G D Gls400 nm ls400 nm i
s ls600 nmB E

IC F8
D Gfls400 nm
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Fig. 1. Negative-stain electron micrograph of in vitro assembly products. N His6-CA(113 mM) were dialyzed overnight against
100 mM NaH PO , either pH 6(panel A) or pH 8 (panel B), and 1 M NaCl and incubated at 378C. The samples were stained2 4

with 1% uranyl acetate.

whereI is intensity, andi is initial, x is intermediate
and f is final concentration of cyclophilin A.

3. Results

3.1. N His6-CA forms cores more efficiently at pH
8 and 7 as opposed to pH 6 in the presence of
1 M NaCl

Using single angle and dynamic light scattering
techniques, our laboratories have previously shown
that at pH 6 and high ionic strengths(i.e. 1 M)
purified mature capsid is largely monomeric,
whereas raising the pH to 8 resulted in the for-
mation of higher order capsid aggregatesw34x. To
test whether this pH-dependent aggregation would
occur for N His6-CA, which is our model for
immature capsid, we characterized the structures
using electron microscopy. Protein samples at 113
mM were prepared in 100 mM phosphate buffer
at either pH 6.0 or pH 8.0 and 1 M NaCl. The
results are shown in Fig. 1A,B. At pH 8 we find
dense, uniform spheres similar to the immature
cores structuresw35,36x, whereas at pH 6 we only
find a small amount of disperse aggregates.

The structures seen by EM were further char-
acterized by atomic force microscopy(AFM).

Again, samples were prepared by dialyzing puri-
fied N His6-CA into 100 mM NaH PO , 1 M2 4

NaCl at pH 6 and 8, depositing a layer of protein
on mica by spinning and then drying, and then
imaged. We note that under these conditions the
samples may have undergone some flattening.

In Fig. 2a,b we show the resulting AFM images.
At pH 6 we find disperse spherical structures
indicating a network of capsid monomers whose
units corresponded to the size of the protein
(3.5=7 nm) w37x. Aggregates at this pH were
scarce(;5 in a 1 mm area) with heights and2

diameters corresponding to capsid tetramers and
octomers. In contrast, at pH 8, capsid oligomers
were observed at a three-fold higher density and
began to aggregate into larger structures.

Taken together, the images in Figs. 1 and 2
show that the formation of spherical core structures
by immature capsid is a pH-dependent process and
that aggregation will be promoted above pH 6. We
also note that the pH-dependent aggregation of N
His6-CA seen here is comparable to that observed
by dynamic light scattering for a mature capsid
w34x.

To relate the above images to the behavior of
immature capsid in solution, we carried out a
series of single angle light scatter experiments as



72 M. BonHomme et al. / Biophysical Chemistry 105 (2003) 67–77

Fig. 2. Atomic force microscopy images of vitro assembly products. Panel(a) shows N His6-CA(113 mM) aggregates at pH 6 in
100 mM NaH PO and 1 M NaCl followed by 1 h incubation at 378C. Panel(b) shows N His6-CA aggregates at pH 8. All other2 4

conditions were the same.
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Fig. 3. Extent of core formation as determined by single angle
light scatter(SALS). The effect of pH and ionic strength on
in vitro assembly of N His6-CA(60 mM) was measured by
single angle light scatter at 340 nm and 908 scattering angle.
The dots represent the average of six trials and the error bars
are the standard deviations. At pH 8 no salt, the error bar is
within the symbol.

Fig. 4. The effect of pH on N His6-CA as measured by dynam-
ic angle light scattering. N His6-CA(20 mM) in 100 mM
NaH PO was centrifuged at 16 000=g for 20 min. The gray2 4

open circles represent an individual trial, the black closed cir-
cles represent the mean of the trials and the error bars are the
standard deviations.

a function of pH. Starting at an initial value of pH
8.0 (Fig. 3), we find that lowering the pH decreas-
es the average scattering value to 93% at pH 7
and 29% at pH 6. These results correlate well with
the images in Figs. 1 and 2 showing that at pH 8
these proteins assemble in solution and that this
assembly can be monitored by light scattering.

The above studies were done at high ionic
strength(1 M NaCl). To determine the importance
of ionic strength to the assembly process, we
started with the assembled protein at pH 8, 1 M
NaCl and removed the salt from the buffer solution
by dialysis. Using light scattering(Fig. 3), we find
complete disruption(i.e. from a normalized value
of 100% to 3%) of cores showing that the presence
of ions is necessary for assembly to occur. This
same low value was seen in a protein concentration
range of 2–67mM (data not shown).

To better understand the basis for the pH-
induced oligomerization, we conducted dynamic
angle light scattering of the dissociated protein at
low ionic strength. We measured the change in
hydrodynamic radius, assuming a spherical protein,
of the immature capsid solution at 20mM protein
and without salt. We find a reduction in radius
from 3.74 to 3.52 nm as the pH is raised from 6.0
to 8.0 (Fig. 4). These results indicate a condensa-
tion of the protein with increasing pH.

3.2. Binding of cyclophilin A to N His6-CA is
dependent on capsid’s potential to form cores

The data presented above show that we can
monitor the assembly of immature capsid in solu-
tion by light scattering. This ability allows us to
test factors that may play either a direct or indirect
role in assembly. One of these factors is CypA. At
some point before the release of the immature
virus from infected host cells, the cellular protein
cyclophilin A binds to the capsid domain of Gag
and becomes incorporated into HIV-1 virionsw8–
10x. Since cyclophilin A binds to Pro90 of capsid
w12,13x in the immature state, it is possible that
the cis-trans proline isomerase activity of CypA is
important in promoting maturation of the capsid
domain of Gag.

Using fluorescence spectroscopy, we first quan-
tified the interaction energy between CypA and N
His6-CA. To carry out these measurements, CypA
was titrated into acrylodan-labeled N His6-CA in
100 mM NaH PO at pH 6, 7 and 8, the resulting2 4

data were fitted to a bimolecular dissociation
constant(see Section 2). We found that the appar-
ent dissociation constant for cyclophilin A binding
to acrylodan-labeled N His6-CA at pH 7.0 was
similar to that found at pH 8.0(13"6 nM and
31"3 nM, respectively; Fig. 5). We confirmed
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Fig. 5. The effect of pH on cyclophilin A binding to N His6-
CA was measured by fluorescence spectroscopy. Panel(a)
shows binding under stoichiometric conditions while Panel(b)
shows binding under physiological conditions. The dots rep-
resent the average of three trials and the error bars are the
standard deviations. CyP A is cyclophilin A and CA is N His6-
CA.

that the change in acrylodan-labeled N His6-CA
with increasing amounts of CypA reflected a pro-
tein–protein interaction by repeating the titrating
at pH 7.0 at different initial values of acrylodan-
labeled N His6-CA, and showing that the resulting
K is unchanged within error(data not shown).d

The physiological stoichiometry of CypA to CA
has been found to be 1:10w8,11,38x, but it is
unclear whether this protein ratio is due to the
intrinsic thermodynamic binding behavior of the
proteins, or whether the stoichiometry is altered
by the local availability of CypA andyor the

occlusion of binding sites in the oligomerizing
Gag. In the inset in Fig. 5, we show an expanded
version of the beginning of the titration curve. We
find that at pH 7.0 and pH 8.0 saturation is reached
at 1:10 CypAycapsid, even though all potential
CypA binding sites on the capsid should be avail-
able under these conditions. Thus, the conforma-
tion of the immature form of the capsid is
responsible for recruiting CypA into the virion at
a specific conformation.

Interestingly, at pH 6.0 we could not detect
association between acrylodan-labeled N His6-CA
and CypA. Thus, this more extended immature
capsid structure can neither oligomerize nor bind
CypA.

3.3. Cyclophilin A does not affect the rate of N
His6-CA oligomerization

The preference of cyclophilin A for the ‘oligo-
merization-ready’ form of N His6-CA suggests
that CypA may promote oligomerization by stabi-
lizing this form of the protein. To test this possi-
bility, we measured the rate of N His6-CA
oligomerization by monitoring single angle light
scatter of the protein at 67mM in the presence
and absence of cyclophilin A(6 mM) as a function
of time. The raw data are shown in Fig. 6. We
find that the presence of cyclophilin A does not
affect the initial rate of capsid oligomerization.

3.4. Cyclophilin A does not affect the stability of
N His6-CA cores

Since CypA did not affect the rate of core
formation, it is possible that its presence in the
immature cores may alter the stability of the
immature capsid–capsid protein contacts through
its cis-trans isomerase activity. We tested this idea
using high hydrostatic pressure. The application of
high hydrostatic pressure to a protein complex will
cause dissociation due to the decrease in volume
achieved as solvent is forced into the cavities left
by inefficient protein packing at the subunit inter-
faces. In general, the steepness of a pressure–
dissociation curve as well as the midpoint is
indicative of the energetics and efficiency of the
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Fig. 6. Initial rate of core formation. N His6-CA(60 mM) in
50 mM Tris, pH 8 and 1 M NaCl was incubated at 378C while
its oligomerization state was monitored using single angle light
scatter(SALS) with an incident light of 340 nm set at a 908

scattering angle. This was repeated in the presence of cyclo-
philin A (6 mM) at the physiologically relevant ratio of 1
cyclophilin A molecule for every 10 capsid molecules. The
ordinate is measured in arbitrary units(a.u.).

Fig. 7. Stability of cores. N His6-CA(60 mM) in 50 mM Tris
pH 8 and 1 M NaCl was incubated at 378C for 1 h. The
aggregates were pressurized and their oligomerization state was
monitored using single angle light scatter(SALS) with an inci-
dent light of 340 nm set at a 908 scattering angle. This was
repeated in the presence of cyclophilin A(CyP A, 6 mM) at
the physiologically relevant ratio of 1 cyclophilin A for every
10 capsid molecules. The data points represent the average of
five experiments. The error bars represent standard deviations.
The ordinate is measured in arbitrary units(a.u.).

subunit interfaces and in turn, the strength of the
association.

We first formed the N His6-CA cores in the
presence of CypA(1:10) by raising the pH to 8.0
and increasing the ionic strength by the addition
of 1 M NaCl. We monitored the aggregation state
of the N His6-CA cores by single angle light
scattering as a function of hydrostatic pressure.
The application of pressure up to 2000 bars caused
complete dissociation of the aggregates as com-
pared to values obtained from control curves made
at atmospheric pressure. In Fig. 7 we find that the
pressure dissociation curve was unchanged in the
presence of CypA indicating that CypA does not
affect the stability of immature capsid cores

4. Discussion

In this study, we have shown that the formation
of spherical immature-like cores of capsid requires
at least two conditions, a neutral or slightly basic
pH and a relatively high ionic strength. This
observation allowed us to test the conditions in
which the host protein, CypA is recruited into the
virion and the repercussions of this recruitment on
the assembly processes.

We begin this study by verifying that our model
of immature capsid, N His6-CA is appropriate. We
did this by viewing the aggregation of the protein
by electron and atomic force microscopy as well
as single angle light scattering. The observation
that this construct would form spherical particles
or cores was expected based on previous structural
studies showing that removal of the N-terminus of
capsid is an absolute requirement to induce the
transition from the spherical, immature structures
to the conical mature capsidw25–27x.

Our data show a strong pH dependence of
immature capsid assembly. The mature capsid has
an isoelectric point of 6.7 and we previously found
that at high ionic strengths, decreasing the pH
from 8 to 6 results in dissociation of capsid
aggregate to monomersw34x. Here, we found that
our immature capsid formed cores more efficiently
at pH 8 and 7 as opposed to pH 6, as predicted
from previous electron microscopy studiesw26x.
The observation that oligomerization of both
mature and immature capsid is inhibited below pH
7 indicates that protonation of some population of
residues in the capsid–capsid association region is
responsible. The single His residue, His226, in the
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domain responsible for oligomerization(i.e. the
C-terminal domain), is a candidate. We can spec-
ulate that since capsid in virions is subject to a
highly electronegative environment due to anionic
lipid head groups and RNA, the pH dependence
of oligomerization may stabilize the aggregated
form.

We have also found that oligomerization of
immature capsid is solely dependent on ionic
strength because, in the absence of salt, N His6-
CA was unable to form cores even at pH 8. Our
dynamic light scattering studies show that at pH
8, the immature capsid is more condensed. Thus,
the combination of deprotonating critical groups
and shielding the charge of others is necessary for
the subunits to self-associate. We stress that we
could not find evidence of large scale protein
unfolding at pH 6 as shown here, by a small
increase(0.22 nm) in hydrodynamicity by dynam-
ic light scattering.

Our studies also show a strong pH dependence
of CypA binding to immature capsid. Presently,
the requirement of CypA for efficient infectivity
of HIV-1 is unknownw39x. It is known that CypA
is incorporated into HIV-1 virions by specific
interaction with Pro90 of capsid at a 1:10 CypAy
CA ratio w8,10,11,38x and since cyclophilin A is a
cis-trans proline isomerase, it is possible that it
mediates the conformational changes in the capsid
domain of Gag needed for proper assembly.

Tight binding affinities for CypA were measured
for pH 8 and 7, while binding at pH 6 was too
weak to be quantified. These dissociation constants
are three orders of magnitude higher than the
previously reported value of 16"4 mM obtained
for CypA binding to full length mature form capsid
w15x implying that CypA has a higher affinity for
capsid in the context of Gag. This hypothesis is
supported by experiments using ELISA(enzyme-
linked immunosorbant assay) which quantitatively
showed that cyclophilin bound tighter to capsid
when recombinants contained at least 12 carboxy
terminal amino acids from matrix in addition to
capsid then when recombinants contained only
capsidw40x. We could not detect CypA association
to N His6-CA at pH 6, which is most likely due
to protonation of His87 in the CypA binding site.
Alternately, the lack of CypA binding at pH 6 may

result from large scale conformational changes in
either of the two proteins.

Under conditions where all CypA binding sites
on immature CA should be available, the stoichi-
ometry of the complexes is identical to that seen
in the virion. This finding argues against the idea
that factors limiting 1:1 stoichiometry(e.g. protein
availability, occlusion of binding sites, etc.) exist
during assembly and argue that stoichiometry is
dictated by the isomeric form of Pro90 in the
CypA binding pocket.

We tested the idea that CypA may play a role
in promoting the formation of cores possibly
through its prolinecis-trans isomerase activity by
measuring the rate of N His6-CA oligomerization
in the presence and absence of CypA. Both sam-
ples showed identical rates in the first hour of
assembly. Minor differences in rates at longer times
where cores had formed prompted us to test
whether CypA alters the stability of the cores.
High-pressure dissociation studies showed no dif-
ference in the dissociation of cores formed in the
presence or absence of CypA. Thus, core stability
is due to the protein–protein contacts between the
capsid subunits themselves without involvement of
CypA or the CypA binding site on capsid. Taken
together, our data thus suggest that CypA may not
play a role in assembly, but the cyclophilin Ay
capsid interaction instead serves as entry point into
the HIV-1 virion. The role of CypA in disassembly
of mature capsid is now being tested.
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