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ABSTRACT: Self-assembly properties of HIV-1 integrase were investigated by time-resolved fluorescence
anisotropy using tryptophanyl residues as a probe. From simulation analyses, we show that suitable photon
counting leads to an accurate determination of long rotational correlation times in the range of 20-80 ns,
permitting the distinction of the monomer, dimer, and tetramer from higher oligomeric forms of integrase.
The accuracy of correlation times higher than 100 ns is too low to distinguish the octamer from other
larger species. The oligomeric states of the widely used detergent-solubilized integrase were then studied
in solution under varying parameters known to influence the activity. In the micromolar range, integrase
exists as high-order multimers such as an octamer and/or aggregates and a well-defined tetramer, at 25
and 35°C, respectively. However, integrase is monomeric at catalytically active concentrations (in the
sub-micromolar range). Detergents (NP-40 and CHAPS) and divalent cation cofactors (Mg2+ and Mn2+)
have a clear dissociative effect on the high multimeric forms of integrase. In addition, we observed that
Mg2+ and Mn2+ have different effects on both the oligomeric state and the conformation of the monomer.
This could explain in part why these two metal cations are not equivalent in terms of catalytic activity in
vitro. In contrast, addition of Zn2+ stimulates dimerization. Interestingly, this role of Zn2+ in the
multimerization process was evident only in the presence of Mg2+ which by itself does not induce
oligomerization. Finally, it is highly suggested that the presence of detergent during the purification
procedure plays a negative role in the proper self-assembly of integrase. Accordingly, the accompanying
paper [Leh, H., et al. (2000)Biochemistry 39, 9285-9294] shows that a detergent-free integrase preparation
has self-assembly and catalytic properties different from those of the detergent-solubilized enzyme.

Human immunodeficiency virus type 1 (HIV-1)1 integrase
catalyzes both 3′-donor processing and strand transfer
reactions, leading to the integration of the viral DNA into
host chromosomal DNA. In vivo, these two reactions take
place in two distinct compartments of the cell. The 3′-
processing reaction occurs in the cytoplasm and consists of
the specific cleavage of each 3′-LTR end dinucleotide of
the viral DNA. The hydroxyl groups of recessed 3′-ends are
then used in the nucleus in the strand transfer reaction
transesterification to covalently join the viral and the target

DNAs. In vitro, recombinant integrase is capable of sepa-
rately catalyzing the 3′-processing and strand transfer reac-
tions on short oligonucleotides that mimic the viral LTR
termini (1).

HIV-1 integrase is a 32 kDa protein (288 amino acids)
that includes three different functional domains, the N-
terminus (residues 1-49), the central core (residues 50-
212), and the C-terminus (residues 213-288). (i) The
N-terminal domain contains a nonconventional HHCC zinc-
finger motif. Numerous methods, including spectroscopy
(2-4) and zinc blotting (5), have shown that this motif
coordinates Zn2+ with a stoichiometry of one zinc per
monomer. (ii) The central core domain, also called the
catalytic core domain, contains the so-called D, D35, E motif
(Asp 64, Asp 116, and Glu 152), conserved among retroviral
integrases and transposases. This motif is essential for
catalysis, and a single mutation of one of the three conserved
acidic residues impairs the enzymatic activity (6-9). Fur-
thermore, the central core domain is involved in binding of
the viral DNA ends (10-13). (iii) The C-terminal domain
contains the nonspecific DNA-binding activity of integrase
and is involved in stabilizing the integrase-DNA complex
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(10, 14-19). Even though the structures of the three domains
have been separately determined either by NMR or by X-ray
crystallography (20-26), no structural data are available on
the full-length integrase mainly due to its poor solubility.
The three domains of integrase are strictly required for 3′-
processing and strand transfer reactions (6). In vitro, a third
reaction called disintegration can be observed. This reaction
can be carried out by the central core alone (5, 27). The
different catalytic activities of integrase observed in vitro
require a divalent metal cation as a cofactor which is
coordinated by two residues of the catalytic triad (D64 and
D116) (23, 26). Although magnesium is considered to be
the most relevant biological cofactor, manganese is preferred
in in vitro activity assays.

Several studies suggest that the integrase functions as a
multimer. One strong argument in favor of this hypothesis
is that certain combinations of mutant integrase proteins,
which are inactive individually, can restore the activity in
vitro (28-31). The N-terminal domain bound to Zn2+ appears
to play a key role in the multimerization process (4, 30, 32,
33). This function of the N-terminal domain could explain
why the presence of zinc in general enhances the catalytic
activity (4, 32). In the past, numerous techniques such as
chemical cross-linking (29, 34), size exclusion chromatog-
raphy (33, 35), and analytical ultracentrifugation (4, 33, 35)
have been used to study the oligomerization properties of
integrase in solution. Results were apparently contradictory
depending on the protein concentration and the presence or
absence of detergents and divalent cations (Mg2+, Mn2+, and
Zn2+). In particular, the protein concentrations required for
these methods are relatively high compared to the catalyti-
cally active concentrations of integrase. Time-resolved
fluorescence anisotropy (TFA) is a convenient tool, in
particular for self-association studies of integrase, since its
sensitivity allows detection of low protein concentrations in
the range of those used in the enzymatic assays (sub-
micromolar).

TFA is a powerful and useful method for investigating,
via the determination of correlation times, molecular motions
such as overall tumbling of a macromolecule as well as
internal fluctuations (36, 37). TFA has been extensively
employed using tryptophanyl residues or an extrinsic fluo-
rophore as the probe in many studies of proteins in solution,
including folding reactions (38-40), the dynamics of do-
mains (41-44), interactions with a ligand (45-48) or with
nucleic acids (49-53), and self-assembly properties (50, 53-
57). Information about the oligomeric state of proteins can
be obtained by determining the rotational correlation time
which is related in a first approximation to the hydrated
volume of the entire particle. An accurate determination of
the rotational diffusion of the whole macromolecule using
tryptophan fluorescence anisotropy decay is often a problem
due to the rather short fluorescence lifetimes in comparison
with the expected long correlation time of such a motion.
On the other hand, the use of an extrinsic fluorophore could
modify protein-protein interactions. In this paper, we will
show that information about self-assembly of integrase can
be obtained using time-resolved tryptophan fluorescence
anisotropy with an appropriate photon counting statistics, and
that we were able to discriminate between most of the
different association states of integrase in solution.

Integrase purified in the presence of the detergent CHAPS
for solubility reasons is widely used for in vitro studies. The
CHAPS-solubilized integrase displays little or no Mg2+-
dependent activity at low protein concentrations, while it is
highly active in the presence of Mn2+, as shown in the
accompanying paper (73). We were interested in determining
both the oligomeric state of the CHAPS-solubilized integrase
in the standard conditions used in enzymatic assays and the
effects of divalent cations on the protein dynamics to gain a
deeper insight into the relationship between the structural
properties of integrase and the detection of the Mn2+- or
Mg2+-dependent activity. In the simulation part, we per-
formed analyses to predict a suitable and practicable photon
counting level for accurate determination of long correlation
times when using tryptophan fluorescence. In the experi-
mental part, oligomeric states of the detergent-solubilized
integrase are described under various conditions, e.g., protein
and detergent concentrations, temperature, and the presence
or absence of divalent cations. We found that monomer is
the predominant form of integrase at a concentration of 0.2
µM in the presence of Mn2+, under conditions where
integrase is highly active. Zn2+ plays a role in the multim-
erization process, while Mn2+ and Mg2+ have a tendency to
dissociate high-order multimeric forms. Furthermore, Mn2+

and Mg2+ display differential effects on the dissociation and
also on the proper conformation of the monomer. On the
other hand, detergents such as CHAPS or NP-40 were found
here to perturb the quaternary structure of integrase. The
accompanying paper (73) is devoted to the self-association
and functional characterizations of a highly active integrase
in the presence of Mg2+ when it is purified in the absence
of any detergent.

MATERIALS AND METHODS

Protein Preparation. Integrase was a generous gift of
Rhône Poulenc Rorer Co. (Vitry-sur-Seine, France). The
protein was produced inEscherichia coliand purified in the
presence of the detergent CHAPS (10 mM) as previously
described (58, 59). Dilution buffer for fluorescence measure-
ments was 20 mM Tris-HCl (pH 7.2) and 1 mM DTT. The
final CHAPS concentration was 1 mM. Nonionic Nonidet
P-40 (NP-40) and zwitterionic CHAPS detergents were from
Sigma.

Simulation of Time-ResolVed Fluorescence Experiments.
A computer program was developed to calculate the two
polarized components of the protein fluorescence decay
according to eqs 1 and 2:

whereEλ(t) is the time profile of the excitation pulse,Ri

represents the proportion of fluorophores with the lifetime
τi, andFj represents the initial anisotropy of molecules with
the rotational correlation timeθj. The symbolX denotes a
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convolution product.G is the correction factor for the
difference in the monochromator transmission between
parallel and perpendicular polarized components, andN is a
scaling coefficient. The decay of the total fluorescence
intensity is calculated from both polarized components by

We assume that each rotational correlation time is associated
with all the fluorescence lifetimes. The anisotropy is then
defined as

On the contrary, two-dimensional (τi and Fj) simulations
should be performed (54, 60). In this study, the tryptophanyl
residues were excited at 296 nm wherer0 ) 0.25.

For a spherical molecule, the rotational correlation time
is related to its volumeV by the relation

whereη is the viscosity,T the absolute temperature, andk
the Boltzman constant.

For a macromolecule having a fast internal flexibility, the
anisotropy decay can be described by the following function:

where θs and θf correspond to the overall motion (slow
component) and to the local flexibility (fast component),
respectively. On the basis of experimental results (see below),
we assume that the internal flexibility is much faster than
the tumbling (θf , θs). In addition, the local flexibility is
not detected when the fitting time domain is started att ≈
4θf. In the case where local flexibilities are not taken into
account, the apparent initial anisotropy for the overall motion
is

In this study, we used anr0′ of 0.15 on the basis of
preliminary measurements.

Synthetic data were generated by a convolution product
using a measured excitation time profile and the same
conditions that were used for the experimental data collection
(i.e., time scale, time resolution, andG-factor). A first set
of simulated data was scaled to 1.2× 106 and 1.6× 106

counts forIvv(t) andIvh(t) decays, respectively. A second data
set was scaled to 12× 106 and 16× 106 counts forIvv(t)
and Ivh(t) decays, respectively. For each calculated decay,
two “mock” data were generated by adding either a Gaussian
approximation of the Poisson noise or an experimental noise
extracted from the analysis of two measured polarized decays

[the corresponding residuals onIvv(t) andIvh(t) are shown in
Figure 1]. That allows for the comparison of the influence
of systematic errors on the results of the fitting procedure.

Time-ResolVed Fluorescence Measurements. The time-
resolved emission anisotropy was obtained by recording the
two polarized emission decaysIvv(t) andIvh(t), using the time-
correlated single-photon counting technique. The excitation
light pulse source was a Ti-sapphire sub-picosecond laser
(Tsunami, Spectra Physics) associated with a third harmonic
generator tuned at 296 nm. The repetition of the laser was
set down to 4 MHz. The average output power of the laser
at 296 nm was routinely 30µW. If necessary, a neutral
density filter was used to attenuate the excitation intensity.
Fluorescence emission was detected through a monochro-
mator (Jobin-Yvon model H10) set at 350 nm (∆λ ) 16
nm) by a microchannel plate photomultiplier (Hamamatsu
model R1564U-06) connected to a Phillips Scientific model
6954 amplifier (gain of 50). The excitation light pulse was
triggered by a Hamamatsu photodiode (model S4753). The
pulse signal was amplified, shaped, and connected to the stop
input of the TAC (time amplitude converter, Ortec model
457) through a Tenelec model 453 discriminator. The
function of the instrumental response of the laser pulse (100
ps) was recorded by detecting the light scattered by a water
solution. The time scaling was 34.6 ps per channel, and 2048
channels were used. The two polarized components of the
fluorescence decay and the instrumental response profile
were alternatively collected during 90 and 30 s, respectively,
over at least 20 periods until the total count of theIvv

component reached 12-16 million. To reduce the noise from
the time-amplitude converter, the counting rate never
exceeded 10 kHz. Correction for the monochromator trans-
mission (G-factor) Ivv/Ivh) was determined fromN-acetyl-
tryptophanamide-polarized decays under the same conditions.
The microcell (volume of 50µL) was thermostated with a
Haake type F3 circulating bath. The anisotropy decay
parameters were extracted from both parallelIvv(t) and
perpendicularIvh(t) polarized fluorescence decay components
elicited by vertically polarized excitation. The corresponding
analyses was performed by the quantified maximum entropy
method (MEM) (60, 61).

RESULTS

The aim of this study was to investigate the ability of
tryptophan-polarized fluorescence to discriminate between
the different self-association forms of HIV-1 integrase. Figure
1A shows one example of the typical fluorescence intensity
decays of the two polarized components of integrase (1.8
µM, 25 °C), with the lifetime distribution (inset) as recovered
by MEM analysis. The weighted residuals onIvv(t) and
Ivh(t) components and the corresponding autocorrelation
curves are plotted in panels B-E of Figure 1.

Concentration-Dependent Distribution of Long
Correlation Times of Integrase in Solution

To determine the oligomeric states of integrase in solution
at the low concentrations used in enzymatic assays, we
measured the correlation time distributionF(θ) at 25°C in
the protein concentration range of 1.8-0.045µM (see Figure
2). The values obtained in the long correlation time domain
(>10 ns) depend strongly on the protein concentration,
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whereas short correlation times, in the range of 400-800
ps, do not. Therefore, the internal flexibility of tryptophan
residues is not directly related to the oligomeric state of the
protein, and then, short correlation times are not very
informative with respect to the quaternary structure of

integrase. For the higher protein concentration (1.8µM), an
additional θ value of about 8 ns is necessary to obtain a
satisfying data fit (see curve a in Figure 2). This additional
correlation time seems to be related to the presence of
aggregated forms in the sample (see below). We have no
simple explanation for the finding of this rotational correla-
tion time which was reproductible and thus seems to have a
real physical meaning. Intermolecular tryptophan-tryptophan
energy transfer cannot be ruled out and then could contribute
to the depolarization process. We did not further explore this
phenomenon.

In the time range of long rotational correlation times, a
1.8µM concentrated INCHAPS solution exhibits a very broad
pattern ofF(θ) with values higher than 100 ns (see curve a
in Figure 2). Taking the molecular mass of integrase (32
kDa) into account indicated that the solution contained high-
order oligomeric forms of integrase. Decreasing the concen-
tration to 0.36 µM induced a significant shift ofF(θ)
distribution to lower values with a maximum around 28 ns
(see curve b of Figure 2), indicating a lower order of
association states. In addition, the solution appeared to be
heterogeneous in terms of molecular size as suggested by
the broad shape of the distribution. In contrast, the sharp
pattern ofF(θ) at lower concentrations such as 0.18 and 0.045
µM suggested that these INCHAPS solutions are rather
homogeneous (see curves c and d of Figure 2). Furthermore,
the same oligomeric state was present in these two diluted
solutions as suggested by the similar pattern ofF(θ) leading
to the identicalθ value (19( 0.6 ns). This limit value could
be reasonably attributed to the monomer (see the Discussion).

For HIV-1 integrase which contains seven tryptophans,
four excited-state lifetime classes were found (see Table 1).
These lifetime values were not significantly affected in a
protein concentration range from 1.8 to 0.045µM. Together
with the determination of long rotational correlation times,
this result means that the oligomeric state of the INCHAPS

does not significantly influence the kinetics of emission of
the tryptophans, suggesting that most of these residues are
probably not directly involved in protein-protein interac-
tions.

In time-resolved fluorescence studies, it is well-known that
the accuracy of lifetime determinations is strongly dependent
on the photon counting statistics (60, 62). This point is also
critical for the determination of rotational correlation times,
especially in the case of mixtures of molecules having
different sizes. Thus, we wondered whether time-resolved
tryptophan fluorescence anisotropy and MEM analysis had
the ability to recover and correctly resolve values of long
correlation times, in the range of 20-200 ns as found
experimentally. This question is fundamental for the inter-
pretation of the TFA analyses in relation with the overall
conformation of integrase and was approached using data
simulations.

FIGURE 1: Measurements of the polarized emission decays,Ivv(t)
and Ivh(t), of an integrase-containing sample. Experimental mea-
surements were performed as described in Materials and Methods.
The enzyme concentration was 1.8µM, and the temperature was
25 °C. (A) The two experimental polarized fluorescence decays,
Ivv(t) andIvh(t), of the integrase. The excitation signal corresponds
to the instrumental response of the laser pulse. (Inset) Lifetime
distributions as recovered by the maximum entropy method (MEM).
(B) Weighted residuals and (C) the corresponding autocorrelation
curve of the Ivv(t) decay; (D) weighted residuals and (E) the
corresponding autocorrelation curve of theIvh(t) decay.

FIGURE 2: Concentration dependence of the rotational correlation
time distributions of integrase at 25°C: 1.8 (a), 0.36 (b), 0.18 (c),
and 0.045 µM (d). Experimental measurements of rotational
correlation times were performed as described in Materials and
Methods.

Table 1: Excited-State Lifetimes of Integrase

[integrase] (µM) τ1 (ns) τ2 (ns) τ3 (ns) τ4 (ns)

1.8 0.08 (38%) 0.63 (21%) 2.18 (25%) 4.79 (16%)
0.36 0.09 (25%) 0.61 (25%) 2.03 (26%) 4.6 (23%)
0.18 0.11 (47%) 0.57 (24%) 1.95 (20%) 4.7 (10%)
0.045 0.15 (38%) 0.63 (26%) 1.80 (23%) 4.2 (13%)
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Analyses of Simulated Data

In this work, two classes ofF(θ) distributions have been
observed depending on the experimental conditions. The first
one corresponds to sharp peaks centered at about 20, 40, or
80 ns. The second one corresponds to the not well-defined
broad and flat peaks, characterized by a centroid position at
28, 60, or>100 ns. Therefore, simulations were performed
to determine, first, the accuracy of the correlation time
measurements for a given condition of photon counting and,
second, the ability of TFA coupled to MEM analysis to
separate two peaks from theF(θ) distribution in the case of
a mixture of oligomers. Since the fluorescence decay of the
tryptophan residues is not significantly affected by the state
of association of the protein, we used an average of lifetime
compositions to generate the “mock” data. The very short
lifetime of about 80 ps vanishes 400 ps after excitation and
then cannot report for the overall motion of the protein. Thus,
we used only three fluorescence lifetimes in our simula-
tions: 0.6, 2.1, and 4.7 ns with relative contributions of 35,
40, and 25%, respectively. The corresponding average
lifetime was 2.3 ns. We have constructed couples of polarized
fluorescence decays for molecular species having single
correlation times of 20, 40, and 80 ns, respectively. These
values were found experimentally as mentioned above, and
the rotational correlation time of 20 ns can be reasonably
attributed to the integrase monomer (see the Discussion).
Correlation times of 120 or 160 ns were used to simulate
high-order oligomeric forms. The predicted value of the
initial anisotropy (r0) which is related to the overall rotation
should be 0.25 for an excitation at 296 nm (63). In our case,
experimental data analysis showed the presence of initial fast
depolarization due to the local flexibility of tryptophans. The
initial anisotropy used in the simulation when taking into
account only the slow rotational motion was 0.15 (r0′ as
defined by eq 7). The influence of counting statistics [1.2×
106 and 1.6× 106 counts or 12× 106 and 16× 106 counts
for Ivv(t) andIvh(t) decays, respectively] as well as the nature
of the noise (experimental or random) on the determination
of the rotational correlation time have been tested.

The results of MEM analyses of simulated data are shown
in Figure 3. The correponding values of the peak centroid
and accuracies are given in Table 2. In the case of simulation
of a single component (see panels A-D of Figure 3), the
MEM analysis can recover a correct value of the expected
rotational correlation time of the monomer (θ ) 20 ns) (curve
a), regardless of the counting statistics or the noise. The
accuracy onθ ) 40 ns (curve b) determination is not very
satisfying at low counts but is strongly improved by
increasing the counts by a factor of 10, with experimental
or random noise (compare panels A and B of Figure 3, and
panels C and D of Figure 3). When the input correlation
time is 80 ns (curve c), a low counting statistics in all noise
conditions led to a very poor determination of the peak
centroid (see panels A and C of Figure 3). In contrast, a
high counting (see panels B and D of Figure 3) may allow
for the identification of the 80 ns correlation time with a
reasonable accuracy. For correlation times of>100 ns
(curves d and e), even countings of 12× 106 and 16× 106

of photons on the vertical and horizontal components,
respectively, do not allow for the recovery of correct values.
In other words, oligomeric forms of integrase higher than

tetramer cannot be distinguished from each other. In mixtures
with equal concentrations of two molecular species, char-
acterized for instance by rotational correlation times of 20
and 40 ns, respectively (Figure 3E), or 40 and 80 ns,
respectively (data not shown), simulation analysis led to a
single broad peak instead of two sharp separated peaks. The
values of centroids were intermediary (about 30 and 60 ns,
respectively) and correspond to average values of the two
long correlation times that characterized the individual
molecules. On the basis of simulation results, the experi-
mental measurements of correlation times shown in this work
were taken with high photon counting conditions, around
12× 106 and 16× 106 counts on the vertical and horizontal
components, respectively.

Modulation of Integrase Self-Assembly

Temperature Effect.Increasing the temperature from 10
to 35°C dissociated the aggregated form of INCHAPSobserved
at 1.8 µM, to a homogeneous form characterized by a
correlation time of 70 ns (see Figure 4). The slight difference
betweenF(θ) measured at 30 and 35°C (compare curves c
and d) is explained by temperature and viscosity effects on
the tumbling of a macromolecule in solution (see eq 5). To
compare theθ values obtained at different temperatures, a
correction taking into account the temperature and the
viscosity changes was required according to the Stokes-
Einstein equation. When applied toθ at 30 and 35°C, the
correction led to similarθ values (80 ns) calculated for a
temperature of 25°C. As already observed in Figure 2 (curve
a), the θ value found at about 10 ns was related to the
presence of aggregated forms of integrase in solution (see
curves a and b of Figure 4).

Detergent Effect.To measure the effect of detergent
concentration on the aggregated form of integrase, we
selected conditions which were optimal for the generation
of aggregates: high concentration of integrase (1.8µM) and
low temperature (10°C). From 0.01 to 0.09% (v/v) nonionic
detergent NP-40, aggregates (θ > 300 ns) were efficiently
dissociated in achieving an oligomeric form characterized
by a rather symmetric and sharp pattern ofF(θ) and a
temperature-correctedθ value of 40 ns (see Figure 5). A
similar result was found using the detergent CHAPS from 1
to 11.7 mM (data not shown). At 25°C, a NP-40 concentra-
tion of 0.05% (v/v) yielded the monomeric form (θ ) 20
ns) (data not shown), indicating synergistic effects of
temperature and detergent on the complete dissociation of
integrase.

Effects of DiValent Cations.Effects of activity cofactor
Mn2+ and Mg2+ on the self-assembly and conformation state
of INCHAPS were tested on both the aggregated (Figure 6A)
and monomeric (Figure 6B) forms. As mentioned above, the
integrase at 1.8µM is characterized by high-order multimeric
states (θ > 100 ns) (Figure 6A, curve a). Addition of 10
mM Mn2+ induced the dissociation of large molecular
assembly species to another multimeric form characterized
by a well-definedF(θ) centered at 80 ns (Figure 6A, curve
b). The same concentration of Mg2+ yielded a stronger effect
on the oligomer dissociation of the INCHAPS than Mn2+

(Figure 6A, curve c). In fact, in the presence of 10 mM Mg2+,
the position of the centroid was shifted to lower values (about
60 ns). On the other hand, the solution displayed a broad
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F(θ) distribution characteristic of a mixture of different
multimeric forms (probably a mixture of two major com-

ponents,θ ) 40 and 80 ns, as suggested by simulations).
The effects of these divalent cations on a monomeric protein

FIGURE 3: Influence of the counting statistics and the type of noise on the recovery of rotational correlation times from simulated polarized
decays. (A-D) Single input values of 20 (a), 40 (b), 80 (c), 120 (d), and 160 ns (e). (A and C) Low counting statistics (1.2× 106 and 1.6
× 106 counts on the vertical and horizontal components, respectively). (B and D) High counting statistics (12× 106 and 16× 106 counts
on the vertical and horizontal components, respectively). (A and B) Experimental noise (extracted from the residuals shown on Figure 1).
(C and D) Gaussian noise. (E) Simulation data analysis of a mixture (50%/50%) of two input correlation times (20 and 40 ns) under
conditions of high counting statistics and experimental noise (- - -). Single input values of 20 (a) and 40 ns (b) (s).

Table 2: Simulation Data Analyses

output value ofθ (ns) [width (ns)]

random noisea experimental noiseb

input value ofθ (ns) low countingc high countingd low countingc high countingd

20 20.6( 1.4 (3.5) 20.2( 0.4 (1.7) 21.2( 1.7 (3.9) 20.7( 0.9 (3.2)
40 45( 19 (20) 40.6( 2.2 (5.4) 48( 24 (24) 42( 5 (9.3)
80 118( 48 (71) 88( 21 (30) 113( 48 (65) 94( 29 (41)

120 151( 59 (70) 134( 41 (52) 165( 60 (70) 148( 46 (62)
160 188( 58 (66) 175( 43 (58) 205( 58 (62) 190( 44 (61)
20/40 (50%/50%) 29( 5 (8) 28.8( 3.2 (7.5) 31( 8.5 (11) 31( 8.6 (13)

a Gaussian approximation of a Poisson noise.b From the experimental residuals shown in Figure 1.c A total of 1.2× 106 and 1.6× 106 counts
for Ivv(t) and Ivh(t) decays, respectively.d A total of 12 × 106 and 16× 106 counts forIvv(t) and Ivh(t) decays, respectively.
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at 25°C are shown in Figure 6B. Increasing or decreasing
the temperature had no effect on the monomeric form (data
not shown). Mg2+ (curve c) but not Mn2+ (curve b) led to a
significant and reproductible decrease in the overall protein
volume (θ ) 16 ( 0.4 ns instead of 19( 0.6 ns) which
could be interpreted as a contraction of the monomer. A
similar effect of Mg2+ was also observed on the catalytic
core of HIV-1 integrase (unpublished results).

In the presence of zinc, the rotational dynamics of the
monomeric structure was not significantly modified with
respect to the usualθ value of 19 ns (Figure 7, compare
curves a and c). In contrast, in the presence of Mg2+ which
is not capable by itself of inducing oligomerization of the
integrase (curve b), Zn2+ stimulated self-association of the
protein (curve d). This result was not obtained using Mn2+

(data not shown).

DISCUSSION

The time-resolved tryptophan fluorescence anisotropy
technique has several advantages for studying the self-
assembly properties of integrase. Its detection sensitivity
allows for the performance of measurements using protein
concentrations in the 10-8-10-7 M range. This is much
lower than the concentrations used for protein-protein cross-
linking, size exclusion chromatography, or analytical ultra-

centrifugation (usually in the micromolar range). Therefore,
for the first time, information about the oligomeric states of
integrase in solution can be obtained under conditions of
protein concentrations which are routinely used in enzymatic
assays, i.e., 40-200 nM. Experimentally, the photon counting
required for accurate determination of long correlation times
(in this study, 12× 106 and 16× 106 counts on the vertical
and horizontal components, respectively) was typically
performed for 1-1.5 h, which is similar to the incubation
time used in the enzymatic assays (typically 1 h). The

FIGURE 4: Temperature dependence of the rotational correlation
time distributions of integrase at 10 (a), 25 (b), 30 (c), and 35°C
(d). The enzyme concentration was 1.8µM. Experimental measure-
ments of rotational correlation times were performed as described
in Materials and Methods.

FIGURE 5: Effect of the detergent NP-40 on the self-assembly of
integrase at 10°C. No detergent (a), 0.01% (v/v) NP-40 (b), 0.024%
(v/v) NP-40 (c), 0.05% (v/v) NP-40 (d), and 0.09% (v/v) NP-40
(e). The protein concentration was 1.8µM. Experimental measure-
ments of rotational correlation times were performed as described
in Materials and Methods.

FIGURE 6: Effects of Mn2+ or Mg2+ on the oligomerization and
the hydrated volume of integrase at 25°C: enzyme alone (a) and
with 10 mM Mn2+ (b) and 10 mM Mg2+ (c). The protein
concentration was 1.8 (A) or 0.18µM (B). Experimental measure-
ments of rotational correlation times were performed as described
in Materials and Methods.

FIGURE 7: Effect of Zn2+ on the oligomerization of integrase at 25
°C: enzyme alone (a) and with 10 mM Mg2+ (b), 10µM Zn2+ (c),
and 10 mM Mg2+ and 10µM Zn2+ (d). The protein concentration
was 0.18µM. Experimental measurements of rotational correlation
times were performed as described in Materials and Methods.
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acquisition time is thus reasonable, and neither an oligo-
merization drift nor a photobleaching phenomenon was
observed. On the other hand, using intrinsic tryptophan
fluorescence is of great interest since it does not result in
pertubation to the oligomerization state that may be caused
by attachment of extrinsic fluorophore to the protein.

In this study, we clearly determined three rotational
correlation times for integrase that depended on the experi-
mental conditions: 20, 40, and 80 ns. First, it is highly
probable that the correlation time found at 20 ns corresponds
to the overall tumbling of the monomer since no dilution
effect was observed on this value from 200 to 45 nM
integrase. This is consistent with the apparentKd value
(1.85-2.5 × 10-5 M) for the dimer dissociation found by
others (33, 64). The value of the rotational correlation time
expected for a globular 32 kDa protein is approximatively
13.5 ns at 25°C, assuming a partial specific volume of 0.73
mL/g and a typical hydration level of 50%. The discrepancy
between the calculated and the observed values can be
attributed to a nonspherical geometry of the monomer leading
to an axis ratio of 2.5 (for randomly orientated chromo-
phores). Second, it is reasonable to assume that the correla-
tion time found at 40 ns corresponds to the dimer of integrase
(MW of 64 kDa). This is substantiated by the absence in
this study of any well-defined peak between 20 and 40 ns.
Moreover, serum albumin (MW of 66 kDa) displays a similar
rotational correlation time of 41.7 ns (65). Finally, the
rotational correlation time found around 80 ns cannot be
clearly attributed to the tetramer on the basis of predictive
calculations. In fact, as the degree of oligomerization of
integrase increases, significant changes in both the overall
hydration and the geometry of the protein assembly are to
be expected. Therefore, the value of 80 ns could also be
attributed to a trimeric form. Nevertheless, to our knowledge,
the trimeric form of the integrase has been detected together
with the tetramer in only one study (34), whereas in many
other studies, monomer, dimer, and tetramer, but not trimer,
have been observed (4, 29, 33, 35). Thus, we hypothesise
here that the one well-defined rotational correlation time
found in the 60-100 ns range more likely corresponds to
the tetrameric form, which has been systematically detected
by other techniques.

Accurate determination of long correlation times, as
expected for the high-order oligomeric forms of integrase,
is obviously limited and may be subject to controversy
mainly due to the relatively short lifetimes of tryptophan
residues, as observed for integrase (Table 1). What is the
limit of this appoach in our study? Simulation analysis
demonstrates that pure monomeric species can be clearly
defined even with lower photon counting (1.2× 106 and
1.6× 106 counts forIvv andIvh decays, respectively). Under
these conditions, the recovery of the dimer is not very
satisfying and the tetramer is absolutely not well-defined.
In contrast, a 10-fold higher level of photon counting on each
component allows for a better determination of the correlation
times of both dimer and tetramer. These high-counting
experiments are now currently available due to the high
excitation intensity generated by solid-state lasers. In the case
of high photon counting, it is also possible to distinguish
tetramer (θ ) 80 ns) from higher oligomeric states (θ >
100 ns) but it is difficult to precisely describe the exact nature
of these large multimers (hexamers, octamers, ..., aggregates).

In other words, we cannot tell from our study if an octameric
form really exists in solution as has been previously
suggested (33). We have also looked at mixtures of oligo-
meric states in the same sample. Analyses of simulated data
of mixtures of either monomer and dimer (50%/50%) or
dimer and tetramer (50%/50%) under conditions of high
photon counting do not permit separation of the two
corresponding correlation times in theF(θ) distribution.
Instead, intermediary peaks were observed: 30 and 60 ns
for the monomer/dimer and dimer/tetramer mixtures, respec-
tively. In both cases, a much higher photon counting would
be required to separate the two molecular species which
would lead to unreasonable acquisition times. Theθ values
of 30 and 60 ns, as recovered experimentally from broad
peaks, very likely correspond to such mixtures.

Studies on different types of integrases strongly support
the role of the multimerization process in its catalytic activity.
In this paper, we found that integrase purified in the presence
of detergent is homogeneous and monomeric at catalytically
active concentrations, between 40 and 200 nM. Moreover,
the Mn2+-bound monomer of INCHAPS is highly active,
whereas the Mg2+-bound monomer is not (73). One hypoth-
esis is that Mn2+-dependent activity can occur when the
protein is in a monomeric state, whereas the more physi-
ological Mg2+-dependent activity absolutely requires a
higher-order oligomeric form. However, it is difficult to
reconcile this hypothesis with activity complementation
studies in the presence of Mn2+ performed with CHAPS-
containing samples of sub-micromolar pairs of integrase
mutant proteins, which are by themselves inactive (29). A
second hypothesis is that both Mn2+- and Mg2+-dependent
activities require integrase as a multimer; in this hypothesis,
substrate DNA could organize Mn2+-bound monomers into
a multimeric active form, according to Heuer and Brown
(66) and Pemberton et al. (67). This organization could not
occur at sub-micromolar concentrations in the case of the
Mg2+-bound monomer. Since we have unambiguously shown
that INCHAPSis monomeric in solution, these different studies
taken together strongly suggest that the Mn2+-bound mono-
meric protein is capable of recognizing the DNA substrate
and then forming a functional multimer in a DNA-dependent
manner. TFA studies of the self-association of integrase
bound to viral DNA are in progress to directly test this model.
Why is a monomeric form in the presence of Mg2+ unable
to multimerize in the same manner? Magnesium is considered
the relevant biological cofactor, and numerous studies show
that both metal divalent cations Mg2+ and Mn2+ are not
equivalent in terms of activity (10, 68, 69, 73). Our study
provides evidence that they also have clearly different effects
on the integrase structure. First, Mn2+ is less able to promote
the dissociation of high multimeric states than Mg2+. It
appears that addition of Mn2+ leads to a well-defined
tetramer, whereas protein in the presence of Mg2+ is
characterized by several suboligomers such as dimers and
tetramers. This dissociation effect does not appear to be
related to ionic strength since aggregates are resistant to NaCl
concentrations up to 1 M (data not shown). It is therefore
likely that the dissociation effect of these divalent cations
we have observed is specific and is due to a conformational
change of the protein. In this paper, we showed a differential
effect of both cations on the tertiary structure of integrase.
The monomer in the presence of Mg2+ systematically has a
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rotational correlation time around 16 ns instead of 19 ns.
This indicates a rigidification effect of Mg2+ on the dynamics
of the protein. This effect is not observed with Mn2+. It has
been previously shown that binding of the divalent cation
Mn2+ or Mg2+ induces a conformational change in the
integrase structure as probed by monoclonal antibodies or
proteolytic enzymes (70, 71). It seems from our results that
the hydrated volume and then the overall geometry of the
monomeric integrase are not sensitive to such a conforma-
tional change in the presence of Mn2+. In contrast, the
conformational change which occurs with Mg2+ could have
a direct consequence on the hydrodynamic property of
integrase. Thus, a differential conformational change on each
subunit of the multimer could be responsible for the
differential effect of both divalent cations on the quaternary
structure of integrase. This could explain the different
abilities of Mg2+ and Mn2+ to favor multimeric states of
INCHAPS on DNA. Mn2+, which promotes less dissociation,
yields the more efficient complex for the catalysis. Note that
the differential effects of Mg2+ and Mn2+ on the integrase
conformation could also lead to a less stable integrase-DNA
complex in the presence of Mg2+, according to Pemberton
et al. (67). Thus, we cannot neglect the fact that the integrase
multimerization on the viral DNA nucleation site is more
likely to occur under favorable conditions of free energy
binding (in the presence of Mn2+), independent of our
observation that the two divalent cations have diffential
effects on the protein self-assembly in the absence of DNA.
This point has been explored in the accompanying paper (73)
where it is shown that INCHAPS displays different DNA
binding properties depending on the nature of the divalent
cation.

Zinc is not considered to be a cofactor, but on the basis
of static fluorescence anisotropy (33) and size exclusion
chromatography experiments (4), it has been suggested that
zinc enhances the catalytic activity of integrase by stimulation
of self-association. In our study, we directly observed
stimulation of dimerization after the addition of Zn2+. This
effect was Mg2+-dependent and did not occur in the presence
of Mn2+. Therefore, the presence of zinc could counteract
the stronger effect of Mg2+ on the multimer dissociation.
Our results are consistent with those of Lee and Han (32),
who have shown that Mg2+-dependent activity is stimulated
by Zn2+ whereas Mn2+-dependent activity is not altered in
the presence of Zn2+.

Detergent is often present during protein purification to
aid in the solubilization of integrase. However, the detergent
may also perturb the multimeric state of the protein, inducing
dissociation of protein-protein interactions. Effectively, we
found that multimeric states of integrase are strongly
modified by varying the detergent concentration. NP-40 or
CHAPS results in similar degrees of dissociation of high-
order oligomerics of integrase and in addition seems to
change the nature of protein-protein interactions. In fact,
with the initial concentration of the detergent CHAPS (1
mM), the increase in temperature from 10 to 30°C
dissociates the high-order multimeric states, resulting in a
well-defined tetramer. This tetramer is rather stable versus
temperature since no variation in the self-assembly was
observed between 30 and 35°C. On the other hand, no
temperature effect was observed on the monomer between
10 and 35°C. Taken together, these results indicate a minor

contribution of the enthalpy in the monomer-dimer-
tetramer transition. A similar result was recently obtained
with the ASV integrase (72). In contrast, after the addition
of 0.05% (v/v) NP-40, we observed that the integrase sample
is characterized by a dimer-tetramer equilibrium at 10°C
whereas it displays a homogeneous monomeric form at 25
°C. Thus, it seems that the presence of detergent favors an
enthalpic contribution that does not really exist in pure
aqueous solvent and could disturb both self-assembly
organization of integrase and Mg2+-dependent activity. This
point is further discussed in the accompanying paper in which
integrase purified in the total absence of detergent is (i)
characterized by different multimeric states compared to the
detergent-solubilized enzyme and (ii) highly active in the
presence of Mg2+ even at sub-micromolar protein concentra-
tions.
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