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HIV-1 integraseconsistsof three functionaldomains, anN-terminal zincfingerdomain, a
catalyticcoredomainandaC-terminalDNAbindingdomain.NMRanalysisofanisolated
N-terminal domain (IN1–55) has shown that IN1–55 exists in two conformational states
[E and D forms; Cai et al. (1997) Nat. Struct. Biol. 4, 567–577]. The two forms differ in
thecoordinationof thezinc ionbytwohistidineresidues. In thepresentstudy, structural
analysis of a mutant of IN1–55, Y15A, by NMR spectroscopy indicated that the mutant
protein folds correctly but takes only the E form. Since the Y15A mutation abrogates
the HIV-1 infectivity, Y15 might have some important role in the full-length integrase
activity during the virus infection cycle. Our results suggest a possible role of Y15 in
structural transition between the E and D forms of HIV-1 integrase to allow the optimal
tetramerization.
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Human immunodeficiency virus type 1 (HIV-1) integrase
mediates the insertion of the newly synthesized proviral
DNA intermediate into the host chromosomal DNA as the
last event of the provirus establishment (1). HIV-1 inte-
grase consists of three functional domains: a central cata-
lytic core domain, an N-terminal zinc binding domain, and
a C-terminal nonspecific DNA binding domain. The central
core domain contains the highly conserved D,D(35)E motif,
which is directly involved in the catalytic activity of
integrase. The C-terminus, having a structure that closely
resembles Src homology 3 domains, possesses sequence–
and metal ion–independent DNA binding activity. The
N-terminal domain contains a highly conserved zinc-
binding HHCC motif consisting of two His and two Cys
residues. Although the catalytic core is not located in
the N-terminal domain, this domain at least influences
the catalytic activity.

The solution structure of the isolated N-terminal domain
(IN1–55) has been determined by NMR (2). In the solution
structure, the IN1–55 monomer consists of four helices with
a zinc ion tetrahedrally coordinated to the HHCC residues,
His12, His16, Cys40 and Cys43, and helices 2 and 3 of
IN1–55 form a helix-turn-helix motif. IN1–55 is dimeric
and, interestingly, exists in two interconverting conforma-
tional states (E and D forms) that differ with regard to the
coordination of the two histidine side chains to zinc. Helices
2, 3 and 4 are the same in the E and D forms of IN1–55, and
helix 1 extends from residues 2–14 in the E form and from
2–8 in the D form. The loop connecting helices 1 and 2 in
the E form is changed into a helical turn (residues 14–17)
in the D form. Thus, there is a large difference in the

conformation of the polypeptide chain comprising residues
9–18. In the E form, His12 is located in helix 1 (residues
2–14), whereas, in the D form, His12 locating between the
shortened helix 1 and the helical turn is exposed to the
solvent. As a consequence, the coordination of His12 to zinc
is different for the E and D forms (Fig. 1); the Ne2

and Nd1

atoms are coordinated to zinc, respectively. On the other
hand, the crystal structure of the N-terminal and catalytic
core domains (IN1–212) of HIV-1 integrase has been deter-
mined (3). At the monomeric level, the structure of the
N-terminal domain in the crystal structure is similar to
the IN1–55 E form in the solution structure, but the
dimer structure is entirely different between the two struc-
tures. The dimer structure of the core domain in the crystal
structure of HIV-1 IN1–212 is essentially identical to the
crystal structures of the core domain (4), and the core
and C-terminal domains (5). It should be noted that, in
the crystal structure of HIV-1 IN1–212, two dimers form
a tetramer.

Recently, it was found that mutation of a conserved
amino acid Tyr15 replaced by Ala in the zinc finger domain
(Fig. 2) resulted in loss of the infectivity (Masuda et al.,
unpublished data). In the present study, structure of the
mutant of IN1–55, Y15A, was analyzed by NMR and it was
found that Y15A takes only the E form, whereas the wild
type (IN1–55) can take on both the E and D forms.

MATERIALS AND METHODS

Cloning and Preparation of IN1–55 or Y15A—A plasmid
that encodes the gene for glutathione-S-transferase (GST)
fused to IN1–55 or Y15A was prepared. The integrase gene
fragment was created by amplification of the appropriate
region of HIV-1 pNL43 (Genbank accession number,
M19921) with primers introducing a BamHI site at the
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50-end of the product, and a stop codon and an EcoRI site at
the 30-end of the product. The fragment was inserted into
the BamHI and EcoRI sites of the multiple cloning site of
pGEX-2T.

15N-labeled GST-IN1–55 or GST-Y15A was expressed
in the E. coli BL21 strain using the plasmid vector.
Cells were grown in 5 mL LB medium at 37�C. Upon reach-
ing an optical cell density at 600 nm of 0.6, the cells
were subcultured in 300–1,000 ml isotopically-labeled
minimal medium including 1 g/liter [15N]ammonium chlor-
ide (Taiyo Nippon Sanso, Japan). When the optical cell
density at 600 nm reached 0.8, isopropylthio-b-D-galacto-
side (IPTG) was added to a concentration of 1 mM. After
incubation for 6 h, the cells were harvested by centrifuga-
tion at 4�C and 7,000 rpm for 10 min. Wet cells containing
15N-labeled GST-IN1–55 or GST-Y15A of 2.0–6.0 g were
obtained.

Expression of 13C/15N-labeled GST-Y15A was
preformed as described by Marley et al. (6). Cells were
grown in 3 L LB medium at 37�C. When the optical cell
density at 600 nm reached 0.6, the cells were pelleted by
10 min centrifugation at 7,000 rpm. The cells were then

washed and pelleted two times using an M9 salt solution to
exclude all nitrogen and carbon sources. Cell pellets were
resuspended in 1 L isotopically-labeled minimal medium
including 1 g/liter [15N] ammonium chloride and 2 g/liter
[13C]glucose (Taiyo Nippon Sanso, Japan), and then
incubated until the recovery of growth. Protein expression
was induced after 15 min by the addition of IPTG to a
concentration of 1 mM. After incubation for 6 h, the cells
were harvested by centrifugation at 4�C and 7,000 rpm for
10 min. Wet cells containing 13C/15N-labeled GST-Y15A of
4.0 g were obtained.

Wet cells containing 13C/15N or 15N-labeled GST-IN1–55,
or GST-Y15A were resuspended in sonication buffer
(20 mM HEPES, 500 mM NaCl, 2 mM b-mercaptoethanol
(BME), 0.4 g/liter lysozyme, 0.1 mM ZnCl2, pH 7.5). Sub-
sequently, the cells were sonicated and the cell walls were
removed by centrifugation at 4�C and 15,000 · g for 60 min.
The supernatant containing soluble proteins were filtered
through a 0.2 mm filter, and then loaded onto a GST affinity
column equilibrated with binding buffer (1.8 mM KH2PO4,
10 mM Na2HPO4, 140 mM NaCl, 2.7 mM KCl, 2 mM BME,
0.1 mM ZnCl2, pH 7.3). The column was washed with 5

Fig. 1. Schematic drawings and
structures of the zinc coordination
for the E (A, C) andD (B, D) forms of
the solution structure of IN1–55 (2).
For panels C and D, Zn2+ is shown as a
space filling model in yellow. His12,
His16, Cys40, Cys43 and Met22 are
shown as a stick model, and His12
and Met22 are colored light blue.
Tyr15 is shown as a space filling
model in pink, and Glu13 and Lys14
as a space filling model in green. The
dashed red line indicates the hydrogen
bond between the His12 Hd1

proton and
Met22 Sd sulfur. The diagrams were
created with the program ICM
(MolSoft).
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column volumes of the binding buffer. GST-IN1–55 or
GST-Y15A was eluted with an elution buffer (50 mM
Tris-HCl, 10 mM glutathione in the reduced form, 2 mM
BME, 0.1 mM ZnCl2). GST was removed by incubating the
purified GST-IN1–55 or GST-Y15A with thrombin at 22�C
for 16 h.
NMR Spectroscopy—The purified stable-isotopic labeled

IN1–55 or Y15A was concentrated and then dissolved in
buffer for the NMR experiment (50 mM sodium phosphate,
150 mM NaCl, 2 mM BME, 0.1 mM ZnCl2, pH 6.5) by using
Centricon-3 (Millipore Inc.). 13C/15N-labeled Y15A was con-
centrated to 1.8 mM, and 15N-labeled IN1–55 and Y15A
were concentrated to 1.0 mM. All NMR experiments
were carried out at 293 K on Bruker DRX500 and
DRX600 spectrometers. 15N-1H HSQC (7) spectra were
measured for 15N-labeled IN1–55 and Y15A. The main
chain signals for Y15A were assigned using 3D 15N-edited
NOESY (mixing times: 200 ms, 75 ms) (8), 3D
HBHACONH (9), 3D HNCA (10), 3D HN(CO)CA (11),
3D CBCANH (12), 3D CBCA(CO)NH (13), 3D HNCO (10),
and 3D HNCACO (14). Side chain signals were assigned
using 3D 13C-edited NOESY (mixing times: 150 ms, 75 ms)
and 3D HC(C)H-TOCSY (15). Data were processed with
the program X-WinNMR (Bruker Biospin) and spectra
were analyzed using the program Felix (Accelrys Software
Inc.). Secondary structures were predicted with the pro-
gram TALOS (16) using N, Cb, Ca, and Ha chemical shifts.
Computational Analysis—The coordinates of the IN1–55

E form (PDB code 1WJC) and the D form (PDB code 1WJA)
were obtained from the Brookhaven Protein Data Bank
(PDB) (2). All free energy calculations were performed
with the GIBBS module of the program AMBER version
7 (17) to calculate the mutation energy, DGWT-Y15A = GWT –
GY15A, for the E or D form. For each of the E and D forms of

IN1–55, a model system was built in a periodic box of the
TIP3P solvent molecules with a minimum distance of 10 Å
from the protein molecule. All simulations were prepared
with 100 steps of minimization and 130 ps of solvent equi-
libration, with a slow warm up from 0 to 298 K over 20 ps.
The temperature was set at 298 K for the molecular
dynamics simulation. The simulations were performed
at constant pressure and with periodic boundary condi-
tions with the slow growth method, and SHAKE was
used for bonds involving hydrogen. The total length of
the simulation was set at 20 ps. For each of the E and D
forms of IN1–55, the side chain solvent accessible surface
area (ASA) for Tyr15 was calculated with the program
GETAREA 1.1 (18).

RESULTS

Spectral Comparison—The structures of purified IN1–55

and Y15A were analyzed by NMR spectroscopy. The
15N-1H HSQC spectra of IN1–55 and Y15A are shown in
Fig. 3. The well dispersed resonances in the spectra indi-
cated that IN1–55 and Y15A are in correctly folded confor-
mations. We observed resonances corresponding to the E
and D forms of IN1–55, whereas mutant Y15A was found to
exist in a single conformation under the same condition
based on the fact that Cys40 and Asp41 exhibited only a
single set of resonances per residue in the HSQC spectrum
of Y15A. Their HN chemical shifts suggested that Y15A is
in the E form.
Structural Analysis of Y15A—The structure of Y15A

was further analyzed. Triple resonance experiments
were performed by with 13C/15N Y15A. N, HN, Ca and
Cb chemical shifts were derived from the following
spectra, 3D HNCA, 3D HN(CO)CA, 3D CBCANH and

Fig. 2. Amino acid sequences of the N-terminal zinc
finger domains of integrases from HIV-1NL43, HIV-2ROD

and SIVAGM. The accession numbers for HIV-1NL43, HIV-2ROD

and SIVAGM are M19921, M15390 and M66437, respectively.

The amino acid sequence alignment was performed using
BLAST. The location of Tyr15 is indicated by a triangle. The aster-
isk and sharp indicate homology and analogy in amino acids,
respectively.

Fig. 3. 15N-1H HSQC spectra of IN1–55 (A)
and Y15A (B) recorded at pH 6.5 and 293 K.
‘‘E’’ and ‘‘D’’ indicate the E and D forms of IN1–55,
respectively.
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3D CBCA(CO)NH. Ha and Hb chemical shifts were derived
from the following spectra, 3D 15N-edited NOESY (mixing
times: 200 ms, 75 ms) and 3D HBHA(CO)NH. Side chain
chemical shifts were derived from the following spectra, 3D
13C-edited NOESY (mixing times: 150 ms, 75 ms) and 3D
HC(C)H-TOCSY. NOEs were derived from 3D 15N-edited
NOESY (mixing times: 200 ms, 75 ms) and 3D 13C-edited
NOESY (mixing times: 150 ms, 75 ms). The chemical shift
differences between IN1–55 in the E form and Y15A are
shown in Fig. 4A together with the chemical shift differ-
ences of Cys40 and Asp41 between IN1–55 in the E and D
forms in the right panel. Although differences of more than
0.1 ppm were observed for the residues flanking the muta-
tion site, the chemical shift differences between IN1–55 in
the E form and Y15A were small in general. Moreover, the
NOEs for Ha(i)-HN(i+3) and HN(i)-HN(i+2) indicated that
the location of the a helices (Fig. 4B) is also consistent with
those for IN1–55 in the E form (Fig. 4D). The secondary
structures predicted with the program TALOS with the
chemical shifts of Cb, Ca, Ha and N were also consistent
with the E form (Fig. 4, C and D). In the solution structure
of the IN1–55 E form, the Hd1 proton of His12 donates
a hydrogen bond to the Sd atom of Met22 (2), as shown
in Fig. 1, and thus the Hd1

proton signal of His12 can be
detected in the 15N-1H HSQC spectrum. In fact, an Hd1

proton signal was observed for Y15A suggesting that the
zinc coordination also corresponds to that in the E form
(Fig. 5). Table 1 shows some peak intensities in the 15N-1H
HSQC spectra referred to the peak intensity of Asp55 at
the carboxyl terminal. For the split peaks of IN1–55, the
intensity ratio for the E and D forms is almost 1.0, indicat-
ing that the molar ratio of the E and D forms is about 1.0. In
the case of Y15A, the peaks corresponding to the E form of
IN1–55 show almost twice the intensity of the E form of
IN1–55, clearly indicating that Y15A exists in a single con-
formation. It should be noted that the peak intensity for
His12 Hd1

–15Nd1
of Y15A is also roughly twice that of the E

form of IN1–55. These facts indicated that Y15A takes on
the E form exclusively under the present experimental
conditions.
Computational Analysis of the IN1–55 Mutation—The free

energy differences between IN1–55 and Y15A (DGWT-Y15A)
were calculated by using AMBER7 GIBBS module (17).

Fig. 4. Structural analysis of Y15A.
(A) Chemical shift differences in HN and N
signals between the IN1–55 E form and
Y15A. The mutated residue (residue 15) and
proline residues at positions 29 and 30 are not
shown. Chemical shift differences were mea-
sured by comparison of the cross peaks in the
15N-1H HSQC spectra of the IN1–55 E form and
Y15A. Dav is a weighted average of the 1H
and 15N chemical shift differences;
Dav = [((DHN)2 + (DN/5)2)/2]1/2, where DHN
and DN are the 1H and 15N chemical shift dif-
ferences in ppm, respectively (19). Chemical
shift differences between the E and D forms
of IN1–55 for Cys40 and Asp41 are shown in the
right panel for reference. (B) Ha(i)–HN(i+3)
and HN(i)–HN(i+2) NOEs indicating a helices.
(C) a helices of Y15A analyzed by TALOS (16)
with N, Cb, Ca and Ha chemical shifts.
(D) Arrangements of a helices for the E and
D forms determined by Cai, M. et al. (2).
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Fig. 5. 15N-1H HSQC spectra of IN1–55 (A) and Y15A (B) show-
ing the Nd1-Hd1 cross peak for His12. The Hd1

proton signal of
His12 is observed when its Hd1

proton donates a hydrogen bond to
the Sd atom of Met22 in the E form type zinc finger in solution (2).
The Ne2

-He2
cross peaks of the other His can not be observed due to

the rapid exchange of the He2
proton with the bulk solvent.

Table 1. Relative peak intensities of IN1–55 and Y15A
determined from 15N-1H HSQC spectra.

Atom Intensity Ratio
E1 D1 Y15A E/D Y15A/E

Split peaks

Q9HN 0.08 0.08 0.20 1.07 2.41

A21HN 0.10 0.09 0.21 1.08 2.15

S24HN 0.10 0.10 0.15 1.00 1.60

N27HN 0.08 0.08 0.13 1.03 1.63

K34HN 0.04 0.04 0.09 1.03 2.21

C40HN 0.09 0.06 0.16 1.42 1.80

D41HN 0.11 0.08 0.21 1.24 2.00

H12Hd1 0.07 N.D. 0.10 N.D. 1.45

Atom IN1–55 Y15A Y15A/IN1–55

Single peaks

A49HN 0.47 0.44 0.94

G52HN 0.19 0.15 0.77

V54HN 0.78 0.66 0.85

D55HN 1.00 1.00 1.00
1‘‘E’’ and ‘‘D’’ refer to the ‘‘IN1–55 E form’’ and ‘‘IN1–55 D form,’’
respectively. NMR data were processed using p/2 shifted squared
sine bell (F2) and p/2 shifted sine bell (F1) window functions.
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DGWT-Y15A for the E and D forms were –5.33 and -42.5 kJ/
mol, respectively. Based on the fact that IN1–55 takes on the
E and D forms equally at room temperature, it was sug-
gested that the E form is more stable than the D form in
Y15A, which is consistent with the above conclusion. The
ASA values of the side chain of Tyr15 for the E and D forms
were calculated using the program GETAREA 1.1 (18), it
being found that the ASA values are 109.50 and 122.73 Å2

for the E and D forms, respectively. The greater exposure of
the hydrophobic side chain of Ala15 may make the D form
less stable in Y15A.

DISCUSSION

Comparison Between Y15A and Related Zinc Fingers—
Proteins containing the classical CCHH zinc fingers are
found in many nucleic acid binding proteins. In contrast,
HHCC zinc finger is peculiar to integrase. The HIV-1 inte-
grase N-terminal zinc finger domain, IN1–55, is unstruc-
tured in the absence of zinc, but in the presence of zinc
folds into a well-defined dimeric structure comprising four
helices per monomer (2), and the zinc ion coordinated by
His12, His16, Cys40 and Cys43. Interestingly, IN1–55

exists in two interconverting conformational states (E
and D forms) in solution that differ with regard to the
coordination of the two histidine side chains to zinc, as
shown in Fig. 1 (2). The solution structure of IN1–55 mutant
H12C has also been determined by NMR (20), it being
found that H12C forms multiple conformations when in
a complex with zinc, whereas the cadmium substituted
protein takes on a single conformation. The conformation
of H12C in the presence of cadmium is intermediate
between the two forms of IN1–55, and the cadmium is coor-
dinated by Cys12, His16, Cys40 and Cys43. The presence of
two interconverting structures (E and D forms) was pre-
viously observed for a mutant nucleocapsid protein, NCp7,
of HIV-1, in which the CCHC motif was replaced by a
CCHH motif (21). The structure of the CCHH motif in
the zinc finger domain of NCp7 is different to that of the
native CCHC motif. In the present study, the structure of
Y15A was analyzed by NMR, it being found that Y15A
takes only the E form. Although the Y15A and H12C muta-
tions in IN1–55 as well as the CCHC/CCHH mutation in
NCp7 affect the equilibrium between the two conforma-
tions, the interesting feature of Y15A is that a mutation
introduced at a residue other than the zinc coordinating
His or Cys residue contributes to the stability of the protein
structure.
Why Does Y15A Take Only the E Form?—Tyr15 in

IN1–55 is not involved in the hydrophobic core which con-
tributes to the formation of the helix-turn-helix motif and
the zinc finger. Nevertheless, Y15A was found to form only
the E form. The side chain of Tyr15 is exposed to the sol-
vent (Fig. 6). The ASA values of Tyr15 in the E and D forms
are 109.55 and 122.73 Å2, respectively, indicating that the
side chain of Tyr15 in the D form is exposed to the solvent
more than that in the E form. Because the hydrophobicity
of Ala with the value of 1.6 is higher than that of Tyr,
–0.7 (22), the Y15A mutation may destabilize the D form
structure more than the E form structure. The interaction
between His12 and Met22 is one of the possible underlying
factors for the stability of the E form (Fig. 1, A and C). This
interaction does not occur in the D form and this energy

loss may be compensated for by the amphiphilic interaction
among E13, K14 and Y15, as shown in Fig. 1D; these amino
acid residues are classified as being highly amphiphilic
(23). The mutation of Tyr15 to Ala may disrupt this amphi-
philic cluster. Further analysis will lead to a deeper under-
standing of this interesting phenomenon.
Structure and Function Relationship of the HIV-1

Integrase Zinc Finger Domain—It has been shown that
mutations of the N-terminal domain HHCC motif disrupt
the 30-end processing and the strand transfer activity of
integrase in vitro (24, 25), and inhibit viral replication in
cultured cells by preventing the reverse transcription reac-
tion (26). Thus, the zinc finger domain of integrase is
required for full infectivity.

In general, the correct folding of a protein is required for
the expression of its function. Although, Y15A is in one of
the correctly folded conformations, the mutation abolishes
the infectivity (Masuda et al., unpublished data). This is
different from the cases of CCHH type NCp7 (21) and H12C
IN1–55 (20) forming incorrect conformations. The structure
of the N-terminal domain in the crystal structure of IN1–212

is similar to that in the IN1–55 E form of the isolated domain
at the monomeric level (3). On the other hand, the HIV-2
integrase zinc finger domain forms only the E form in solu-
tion structure in spite of the presence of Tyr15 (27, 28). It is
notable that the Tyr15 residue is conserved at the same
position and the structure is also conserved among the
three zinc finger structures; the E form of the IN1–55 solu-
tion structure, the N-terminal domain in the crystal struc-
ture of IN1–212 and the solution structure of the HIV-2
integrase zinc finger domain (Fig. 7). Although the func-
tional role of the D form remains to be determined, it is
suggested that the HIV-1 integrase zinc finger domain is
required to take the E form with Tyr15 for full infectivity.

As described above, the catalytic core and zinc finger
domains interact to form the dimer of dimers in the crystal
structure of HIV-1 IN1–212 (3). Moreover, integrase forms a
tetramer in solution, as judged on gel filtration, and its

A

B

Fig. 6. Molecular surface diagrams of the IN1–55 monomer.
The side chain of Tyr15 shown in red is exposed to the solvent in
each of the E (A) and D (B) forms. The molecular surfaces were
created using the program InsightII (Accelrys Software Inc.).
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tetramer formation is required for integration activity (24).
In the crystal structure of the IN1–212 tetramer, Tyr15 is
located at the dimer-dimer interface of the integrase tetra-
mer and the side chain of Tyr15 stacks on the side chain of
Lys186 of other subunit. It is notable that a mutation of
Lys186 was also found to abrogate the infectivity (29).
Thus, it was suggested that the interaction between
Tyr15 and Lys186 is required for the optimal
tetramerization of integrase, which is required for the
integration activity. In the course of the integration reac-
tion, formation of the D form may be required, for example,
the dissociation of the tetramer into dimers.

Further analysis of the role of Tyr15 might be useful also
for elucidation of the function of integrase as well as the
development of the integrase inhibitor.
Database Deposition—The chemical shift assignments

have been deposited in the Biological Magnetic Resonance
Data Bank (accession code 10015).
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