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Two different crystal structures of the human immunodeficiency virus type 1 (HIV-1) integrase (IN) catalytic
domain were analyzed for interactions at the enzyme active site. GIn-62 and Glu-92 interact with active-site
residue Asp-64, and Lys-136 interacts with active-site residue Asp-116 across a dimer interface. Conservative
and nonconservative substitutions were introduced at these positions to probe the roles of these interactions
in HIV-1 integration. Purified mutant proteins were assayed for in vitro 3’ processing, DNA strand transfer,
and disintegration activities, and HIV-1 mutants were assayed for virion protein composition, reverse tran-
scription, and infectivities in human cell lines. Each of the mutant IN proteins displayed wild-type disinte-
gration activity, indicating that none of the interactions is essential for catalysis. Mutants carrying Gln or Ala
for Glu-92 displayed wild-type activities, but substituting Lys for Glu-92 reduced in vitro 3’ processing and
DNA strand transfer activities 5- to 10-fold and yielded a replication-defective IN active-site mutant viral
phenotype. Substituting Glu for GIn-62 reduced in vitro 3’ processing and DNA strand transfer activities 5- to
10-fold without grossly affecting viral replication kinetics, suggesting that HIV-1 can replicate in T-cell lines
with less than the wild-type level of IN activity. The relationship between IN solubility and HIV-1 replication
was also investigated. We previously showed that substituting Lys for Phe-185 dramatically increased the
solubility of recombinant IN but caused an HIV-1 particle assembly defect. Mutants carrying His at this
position displayed increased solubility and wild-type replication Kkinetics, showing that increased IN solubility

per se is not detrimental to virus growth.

Like all retroviruses, human immunodeficiency virus type 1
(HIV-1) integrates a double-stranded DNA copy of viral RNA
into host chromosomal DNA. Integration requires two bio-
chemical activities of the virion-associated integrase (IN)
protein. The first activity is 3" processing, wherein IN cuts
blunt-ended viral DNA near each 3’ end, adjacent to CA
dinucleotides which are conserved in all retroviruses and retro-
transposons. IN subsequently joins each recessed 3’ end to the
5'-PO, of a double-stranded staggered cut in chromosomal
DNA. This second activity is referred to as DNA strand trans-
fer. Repair of the integration intermediate, which requires
filling in the single-strand gaps between the unjoined viral 5’
ends and the cut host 3’ ends, as well as joining these ends,
yields the integrated provirus flanked by the sequence dupli-
cation of the double-stranded cut. At present it is unclear
whether viral reverse transcriptase (RT) and IN, and/or host
cell enzymes, accomplish these final steps (for a recent review
of retroviral integration, see reference 25).

HIV-1 IN purified from a variety of sources displays 3’
processing and DNA strand transfer activities in vitro. Reac-
tions require IN, substrates which mimic the ends of HIV
DNA, and either Mg®" or Mn?" (7, 19, 39). IN also displays a
third in vitro activity, termed disintegration, which is an appar-
ent reversal of the DNA strand transfer reaction (9). Whereas
full-length HIV-1 IN is required for efficient in vitro 3’ pro-
cessing and DNA strand transfer activities (11, 38, 47), the
isolated catalytic domain, encompassing approximately resi-
dues 50 to 212 of the 288-residue protein, can catalyze disin-
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tegration (6). The catalytic domain contains three amino acid
residues, Asp-64, Asp-116, and Glu-152, which comprise the
enzyme active site (6, 13, 15, 27, 30, 44, 47).

The three-dimensional structures of the catalytic domains of
HIV-1 (13) and avian sarcoma virus (4) INs have been solved
by X-ray crystallography. IN belongs to a structurally related
superfamily of polynucleotidyltransferases (reviewed in refer-
ence 32). All members of this family, which include RNase H,
RuvC, and bacterial transposases, catalyze one-step transes-
terification reactions using Asp and Glu active-site residues.
The proposed role of these residues is to bind and coordinate
the catalytically essential divalent metal ions.

In this study, we identified three amino acid residues, Gln-
62, Glu-92, and Lys-136, which interact with either active-site
residue Asp-64 or active-site residue Asp-116 in two different
crystal structures of the HIV-1 IN catalytic domain. The roles
of these interactions in IN function were probed by studying a
series of site-directed mutants. The results indicate that the
interactions are not essential for catalysis, suggesting they may
play a more significant role in crystal packing than in integra-
tion. We also determined that HIV-1 can replicate in T-cell
lines with less than the wild-type (WT) level of IN activity and
that increased IN solubility does not necessarily inhibit HIV-1
assembly and replication.

MATERIALS AND METHODS

Site-directed mutagenesis. Site-directed mutations were introduced into the
IN coding regions of plasmid DNAs by using overlapping PCR as previously
described (16, 23). For expression of recombinant IN in Escherichia coli, pINSD
(15), which encodes IN from the NL4-3 strain of HIV-1, was used as the
template. For expression of HIV-1yy 4 3 in human cell lines, pNL4-3 (1) was used
as the template. The presence of mutations was confirmed by dideoxy sequencing
(37).



3508 ENGELMAN ET AL.

Protein expression and purification. Bacterial expression constructs were
transformed into E. coli BL21(DE3) (41). Cells were grown at 37°C in Terrific
broth (1.5 liters) containing 100 pg of ampicillin per ml, and IN expression was
induced as previously described (10). Cells were harvested, resuspended in 35 ml
of cold 25 mM HEPES (pH 7.6)-0.1 mM EDTA, frozen in liquid N,, and thawed
on ice overnight. The remainder of the preparation was done at 4°C. Cells were
harvested, resuspended in 35 ml of buffer A (20 mM Tris-HCI [pH 8.0], 0.5 M
NaCl, 2 mM B-mercaptoethanol [3-ME], 0.1 mM EDTA, 5 mM imidazole, 0.2
mg of lysozyme per ml), incubated for 30 min, and then sonicated as previously
described (10). The lysate was centrifuged at 40,000 X g for 35 min, and the
supernatant (fraction I) was saved. The pellet was resuspended by homogeniza-
tion in 20 ml of buffer B (20 mM Tris-HCI [pH 8.0], 0.5 M NaCl, 6 M guanidine-
HCI [Gnd-HCI], 2 mM B-ME, 0.1 mM EDTA, 5 mM imidazole). The suspension
was stirred for 30 min and centrifuged at 40,000 X g for 35 min, and the
supernatant (fraction IT) was saved. IN-containing fractions were identified fol-
lowing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and staining with Coomassie blue.

IN mutants were expressed as fusion proteins containing a 21-residue N-
terminal affinity tag with six adjacent histidine residues. The His tag facilitates
purification by metal-chelating chromatography (43). The His tag was removed
from IN prior to in vitro integration assays (see below).

(i) Purification under native conditions. A 2-ml chelating Sepharose Fast Flow
(Pharmacia Biotech, Piscataway, N.J.) column was precharged with 50 mM
NiSO, - 6H,O as previously described (10) and then equilibrated with buffer A.
Fraction I was loaded, and the column was washed with approximately 50 ml of
buffer A, then with approximately 50 ml of buffer A containing 2 M NaCl-20 mM
imidazole, and then with about 50 ml of buffer A containing 60 mM imidazole.
The protein was eluted with a linear gradient of 60 mM to 1 M imidazole in
buffer A. IN-containing fractions were pooled, EDTA was added to the final
concentration of 5 mM, and the protein was dialyzed against 20 mM HEPES (pH
7.6)-1 M NaCl-2 mM EDTA-2 mM B-ME-0.3 M imidazole-10% (wt/vol) glyc-
erol. The His tag was removed from IN by treatment with human thrombin
(Sigma, St. Louis, Mo.) essentially as previously described (10). Four vector-
derived residues, Gly-Ser-His-Met, remain at the N terminus after cleavage.
Thrombin was removed by adsorption to Benzamidine Sepharose 6B (Pharma-
cia). Cleaved protein was dialyzed against 20 mM HEPES (pH 7.6)-1 mM
EDTA-1 M NaCl-10% glycerol-1 mM dithiothreitol and centrifuged at
19,000 X g for 10 min. The concentration of IN in the supernatant was adjusted
to 0.1 mg/ml in the presence of 10 mM [(3-cholamidopropyl)-dimethylammonio]-
1-propanesulfonate (CHAPS), and the protein was dialyzed against buffer C (20
mM HEPES [pH 7.6], 1 mM EDTA, 0.2 M NaCl, 10% glycerol, 1 mM dithio-
threitol, 15 mM CHAPS). The dialysate was centrifuged at 19,000 X g for 10 min,
and the supernatant was concentrated by ultrafiltration in a Centriprep 10 con-
centrator (Amicon, Inc., Beverly, Mass.) under conditions specified by the man-
ufacturer. Concentrated protein was dialyzed against buffer C and centrifuged at
19,000 X g for 10 min, and the soluble IN was frozen in liquid N, and stored at
—80°C.

WT IN (INW7) was purified and dialyzed against buffer C as previously
described (10, 14, 39).

(ii) Purification under denaturing conditions. Fraction II was loaded over a
precharged 2-ml Ni?* chelating column equilibrated with buffer B. The column
was washed with approximately 50 ml of buffer B and then with about 50 ml of
buffer B containing 20 mM imidazole. Protein was eluted with a linear gradient
of 20 to 600 mM imidazole in buffer B. IN-containing fractions were pooled,
EDTA was added to the final concentration of 5 mM, and the protein was
dialyzed against 6 M Gnd-HCI-20 mM HEPES (pH 7.6)-2 mM EDTA-2 mM
B-ME. The concentration of IN was adjusted to 1 mg/ml in dialysis buffer, and an
equal volume of buffer containing 1 M NaCl-20 mM HEPES (pH 7.6)-2 mM
EDTA-2 mM B-ME was added. The protein was sequentially dialyzed against
three buffers which were progressively less denaturing, essentially as previously
described (6, 10). The final dialysis was against buffer C. The dialysate was
centrifuged at 19,000 X g for 10 min, and the supernatant containing soluble
refolded IN was treated with thrombin. The flowthrough from the Benzamidine
Sepharose column was dialyzed against buffer C and clarified by centrifugation
(19,000 X g for 10 min), and the IN was frozen in liquid N, and stored at —80°C.

Protein crystallography. Crystallization and structure determination of IN
residues 50 to 212 of the NL4-3 strain of HIV-1 containing substitutions of Ser
for Cys-56 and Lys for Phe-185 will be described elsewhere (12).

IN assays. Three different substrates were used to monitor in vitro biochemical
activities. The substrate for assaying 3’ processing activity corresponded to the
terminal 21 bp of the U5 end of HIV-1. This DNA was labeled at the 3" end of
the strand which is cleaved by IN. Processing yields different labeled forms of the
cleaved GT dinucleotide (10). The substrate for assaying DNA strand transfer
activity corresponded to the terminal 30 bp of US. In this case, the GT dinucle-
otide normally removed by IN in the 3’ processing reaction is absent, and so
strand transfer activity is assayed independent of 3" processing activity. The third
substrate was the Y-mer oligonucleotide, used to measure disintegration activity
(9). All three substrates were prepared essentially as previously described (10).

In vitro assay mixtures (16 wl) contained 25 mM morpholinepropanesulfonic
acid (pH 7.2), 0.1 mg of bovine serum albumin per ml, 10 mM B-ME, 10%
glycerol, 25 nM DNA, 1.7 mM CHAPS, 24 mM NacCl, 7.5 mM MnCl,, and 0.3
wM IN. The concentration of NaCl was varied in some reactions as indicated in
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the text. Reactions were terminated after 60 min at 37°C and analyzed by
electrophoresis on denaturing polyacrylamide sequencing gels as previously de-
scribed (10). Results were visualized by autoradiography and quantitated by
densitometry (IS-1000 Digital Imaging System; Alpha Innotech Corp., San Le-
andro, Calif.).

Cells and viruses. HeLa cells were grown in Dulbecco modified Eagle medium
supplemented to contain 10% fetal calf serum (FCS), 100 U of penicillin G
sodium, and 0.1 mg of streptomycin sulfate per ml. Cells (0.7 X 10°) were seeded
in 10-cm-diameter tissue culture plates 24 h prior to transfection. Virus stocks
were prepared by transfecting cells with 35 wg of plasmid in the presence of
calcium phosphate (36). Culture supernatants were tested for Mg?*-dependent
32P_RT activity 48 h posttransfection as previously described (16). Supernatants
were filtered through 0.45-pum-pore-size nitrocellulose, and equal *>P-RT counts
per minute of WT and mutant HIV-1 were used in subsequent infections.

The CEM-12D7 (34) and Jurkat (48) CD4" T-cell lines were grown in RPMI
1640 supplemented to contain 10% FCS, 100 U of penicillin G sodium, and 0.1
mg of streptomycin sulfate per ml (RPMI-10). Cells (5.0 X 10°) were infected
with 5.0 X 10° 32P-RT cpm in 0.5 ml of RPMI-10 for 1 h at 37°C prior to addition
of 5 ml of RPMI-10. In some cases, 2.5 X 10° cells were infected with 2.5 X 10°
32P-RT cpm in 0.5 ml of RPMI-10. Cultures were fed at 2-day intervals, and
aliquots of the medium were assayed for 3?P-RT activity. Each virus was tested
in at least two independent experiments.

The CD4-LTR/B-gal indicator cell line (26) was maintained in Dulbecco
modified Eagle medium supplemented to contain 10% FCS, 100 U of penicillin
G sodium, 0.1 mg of streptomycin sulfate, 0.2 mg of G418 sulfate, and 0.1 mg of
hygromycin B per ml. Cells were infected, fixed, and stained as previously de-
scribed (16).

Analysis of HIV-1 proteins. Both cell- and particle-associated HIV-1 proteins
were analyzed by radiolabeling transfected HeLa cells and immunoprecipitation
with AIDS patient antisera essentially as previously described (16, 18). Results
were visualized by fluorography and quantitated by densitometry as described
above.

Analysis of viral DNA synthesis. Viral DNA synthesis was analyzed by PCR
using primers which amplify sequences from the two-long-terminal-repeat
(LTR)-containing circle formed in the nuclei of infected cells. CEM-12D7 cells
(5.0 X 10°) were infected as described above, and cells were lysed 18 h postin-
fection as previously described (16). PCR and electrophoresis conditions were as
previously described (16).

RESULTS

Mutagenesis strategy. HIV-1 IN is a member of a superfam-
ily of structurally related polynucleotidyltransferase proteins
(reviewed in reference 32). These proteins, which include ret-
roviral INs, bacteriophage MuA transposase, RNase H, and
RuvC, cut phosphodiester bonds in polynucleotides, generat-
ing 3'-OH and 5'-PO, ends. The INs and transposases also
contain DNA strand transfer activity, which joins the 3'-OH of
an integrating donor DNA to a 5'-PO, at the site of insertion
in a target DNA. The structurally related active-site regions
consist of a central five-stranded 8 sheet flanked by « helices.
Conserved carboxylate amino acid residues play critical roles in
catalysis. The HIV-1 active-site residues are Asp-64, Asp-116,
and Glu-152.

We previously reported the three-dimensional structure of
trigonal crystals of the catalytic domain (residues 50 to 212 of
the 288-residue protein) of HIV-1 IN to 2.5-A resolution (13).
This structure revealed the locations of two of the three active-
site residues, Asp-64 and Asp-116. We recently solved the
structure of orthorhombic crystals to 2.0-A resolution, which
revealed the location of Glu-152 (12). Both structures were
analyzed to identify amino acid side chains which interact with
the side chains of either Asp-64, Asp-116, or Glu-152 (Fig. 1).

(i) GIn-62 and Glu-92. The amide nitrogen of Gln-62 is in
hydrogen-bonding distance to a carboxylate oxygen of Asp-64
(Fig. 1A). Glu-92 interacts with the other carboxylate oxygen
of Asp-64 through three water molecules (Fig. 1A). Each of
these residues is well conserved in an amino acid sequence
alignment of retroviral INs: Gln-62 is conserved in 16 of 21
sequences, and Glu-92 is conserved in 18 of the sequences (15).
Conservative and nonconservative single amino acid substitu-
tions were introduced at these positions in recombinant IN
protein and infectious HIV-1. The roles of these residues in
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FIG. 1. Structure of the HIV-1 IN active site. (A) Intramolecular side chain interactions. The polypeptide backbone is in green, the side chains of active-site residues
Asp-64, Asp-116, and Glu-152 are in red, and the side chains of GIn-62 and Glu-92 are in yellow. Water molecules are in blue, and H bonds are indicated by thin lines.
(B) Intermolecular salt bridge. A carboxylate oxygen from one monomer (green backbone) forms an ionic bond (thin line) with the e-amino group of Lys-136 (yellow)
of the second monomer (blue backbone). Other labels are as in panel A. The structure of the orthorhombic crystal is shown (12); each of the interactions is maintained
in the trigonal crystal structure (13). The images were drawn by using the program O (24).

integration were assessed after analysis of purified mutant pro-
teins for in vitro biochemical activities and mutant HIV-1 for
infectivities in human cell lines.

(ii) Lys-136. There are two dimers in the HIV-1 IN struc-
ture, one with an extensive interface and the other with a much
smaller contact area (13). Lys-136 interacts with Asp-116
across the minor dimer interface (Fig. 1B), and HIV-1 carrying
the substitution of Ala for Lys-136 was previously reported
replication defective due to a block in integration (49). Al-
though not well conserved among retroviral INs, Lys-136 is the
only non-active-site residue conserved in a structure-based se-
quence alignment of HIV-1 IN, bacteriophage MuA trans-
posase, and RNase H (33). To further probe the role of Lys-
136 in HIV-1 integration, Arg, Glu, and Ala were substituted
for Lys in recombinant IN, and Glu was tested in HIV-1.
We also analyzed the in vitro activities of recombinant IN
containing Ala substitutions for both Lys-136 and Glu-138
(INK136A/ELBA) "3 HIV-1 containing these changes is temper-
ature sensitive for replication (50).

(iii) Phe-185. The substitution of Lys for Phe-185 was re-
quired to crystallize the HIV-1 catalytic domain, in part be-
cause of a dramatic increase in recombinant IN solubility (13,
23). The e-amino group of the substituting Lys forms an inter-
molecular H bond with the main-chain carbonyl of Ala-105
across the larger dimer interface (23). HIV-1 carrying the
F185K change (HIV-15sk), however, is replication defective
due to defective virion morphogenesis (22). Is the increased
solubility of the INF'85X protein, and/or the two additional H
bonds, responsible for the virus assembly defect? His, Leu, and
Ala were each substituted for Phe-185 to address these ques-
tions. Table 1 lists each of the mutations analyzed in this study.

In vitro biochemical activities. Site-directed mutations were
introduced into bacterial expression constructs, and recombi-
nant IN expression was induced in E. coli. Each of the mutant
proteins was induced to a similar level as INWT, Cells were
lysed in buffer containing 1 M NaCl, and the pellet following
centrifugation was extracted with buffer containing 6 M Gnd-
HCI. IN-containing fractions were identified by SDS-PAGE,
and the mutant proteins were purified under either native or

TABLE 1. In vitro activities of HIV-1 IN mutants®

In vitro activity

Protein
3’ processing DNA strand transfer Disintegration

Q62E ++ ++ +4++
Q62A + + +++
E92A +++ +++ +++
E92Q +++ +++ +++
E92K + + +++
K136R +++ +++ +++
K136E +++ +++ +++
K136A +/= +/—= +++
K136A/E138A +++ +++ +++
F185K +4++ +++ ND?
F185H +++ +++ ND
F185L +++ +++ ND
F185A +++ +++ ND

“+++, 50 to 100% of WT IN activity; ++, 20 to 50% of WT activity; +, 5 to
20% of WT activity; +/—, 1 to 5% of WT activity. Values are averages of at least
two independent experiments.

» ND, not determined.
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FIG. 2. Replication kinetics of WT and mutant HIV-1. (A) Jurkat cells (2.5 X 10°) were infected with 2.5 X 10° 32P-RT cpm of each indicated virus stock, and
culture supernatants were monitored for RT activity at the indicated time points. (B and C) Jurkat cells (5.0 X 10°) were infected with 5.0 X 10° 3?P-RT cpm of the
indicated viruses, and culture supernatants were monitored as indicated in panel A. In independent infections, CEM-12D7 cells did not support the replication of
HIV-1gg51, HIV-1gg5a, or HIV-15g,¢. CEM-12D7 cells (5.0 X 10°) infected with 5.0 X 10° 32P-RT cpm of HIV-1y; 4.3, HIV-156sg, or HIV-156,4 revealed similar
growth kinetics, although total virus yields were about twofold lower than those shown in panel A.

denaturing conditions, using one-step nickel affinity chroma-
tography (10, 43). No differences in in vitro integration activ-
ities have been seen for WT or mutant IN proteins purified by
using the alternative approaches (6, 10, 20, 21).

Two of the 13 recombinant mutant proteins analyzed in this
study, INE92K and INKI36AEISSA 'were dramatically less solu-
ble than INWT following lysis in 1 M NaCl buffer. Each of these
proteins was purified under denaturing conditions and refold-
ed in the presence of detergent. IN"'%5 was slightly less sol-
uble than INWT following lysis, as judged by an approximately
fourfold reduction in the amount of protein recovered from
the 1 M NaCl lysate following chromatography. INF'854 wags
also purified in denatured form and refolded. In contrast,
INF'H was more soluble than INWT following cell lysis, sim-
ilar to the increase previously reported for INF'8K (22),

In vitro Mn*"-dependent 3’ processing and DNA strand
transfer activities were assayed by using oligonucleotide sub-
strates which mimic the U5 end of HIV-1. Many of the puri-
fied proteins retained WT levels of in vitro IN activities (Ta-
ble 1). Notable exceptions were IN9®?E INQ02A INEP2K and
INKI36A Each of these proteins, however, displayed WT dis-
integration activity (Table 1).

HIV-1 infectivities. Site-directed mutations were introduced
into the pNL4-3 infectious molecular clone of HIV-1 (1).
HeLa cells were transfected with plasmid DNA to generate
virus stocks. Transfection bypasses early steps in replication,
such as reverse transcription, 3’ processing, nuclear localiza-
tion of the preintegration complex, and DNA strand transfer,
any of which may be affected by IN mutations. Each of the
mutant plasmids yielded levels of Mg®"-dependent RT activity
in HeLa cell supernatants similar to those of the WT plasmid,
with the exception of pNL43/F185K. In repeated experiments,
this plasmid yielded 15 to 20% of the level of WT activity.
After normalization for **P-RT activity, the infectivity of each
virus stock was assessed in Jurkat and CEM-12D7 T-cells by
monitoring RT production over a 1-month period.

Cells infected with WT HIV-1y, 4.5 displayed levels of peak
RT activity 8 to 12 days after infection (Fig. 2). Cells infected
with HIV-1y 365, HIV-1gg,6, HIV-1g4,, (Fig. 2B), and HIV-
1p1ssu (Fig. 2C) supported WT replication kinetics. In re-
peated experiments, cells infected with HIV-1,¢ displayed
peak activities delayed 2 to 4 days from WT-infected cells (Fig.
2A). Cells infected with HIV-144,, yielded a much greater
delay in peak RT activities, ranging 18 to 24 days from WT-

infected cells (Fig. 2A). As previously reported (22), cells in-
fected with HIV-1g, 45k did not support detectable levels of
virus replication (Fig. 2C). Cells infected with HIV-14,,, (Fig.
2B), HIV-1g g5, and HIV-1p,¢5. (Fig. 2C) also showed no
signs of virus replication over the course of the experiment.

The infectivity of HIV-1y; 4 5 and each replication-impaired
virus was also measured in a single round by using the multinu-
clear activation of galactosidase indicator (MAGI) assay (26).
CD4-LTR/B-gal indicator cells contain a chromosomal copy of
the lacZ gene under the control of the HIV-1 promoter. After
infection, newly synthesized Tat protein transactivates the pro-
moter and induces B-galactosidase expression. Cells are fixed
and stained 48 h postinfection. The infectious titer is the num-
ber of cells with blue-stained nuclei per 10° **P-RT cpm of
input virus.

Infection of CD4-LTR/B-gal cells with HIV-1y; 4.5 yielded a
titer of approximately 1.8 X 10* (Table 2). The titers of HIV-
logoe and HIV-154,4 were 7- to 10-fold lower than that of
HIV-1y; 4.5 (Table 2). Although HIV-154,, Was unable to rep-
licate in infected T-cells, its titer was similar to that of HIV-
1og2e- The titers of HIV-1g 45, and HIV-1g,45, Were approx-
imately 80- and 400-fold, respectively, lower than that of WT
(Table 2).

Virion protein composition. In addition to affecting the in-
tegration step of the HIV-1 life cycle (2, 8, 16, 28, 29, 31, 35, 40,
42, 49), IN mutations can affect particle assembly and release
(2,5, 16, 22, 40) and reverse transcription (see below). Four of
the mutant IN viruses novel to this study either showed grossly
delayed replication kinetics (Fig. 2A) or failed to replicate

TABLE 2. MAGTI assay with wild-type and mutant HIV-1

Titer”
Virus (blue cells/10°
32P-RT cpm)

WT NLA-3 ettt 18,400

“ Cells which contained dark blue nuclei were counted. Each value is the
average from at least three independent infections.



VoL. 71, 1997

A B

virus

S &
m
L e e

cell

o v & ot
S &

virus

0% ¥ S
o q\o*’o“«

cell

o)
D
S

STRUCTURE-BASED HIV-1 IN MUTANTS

3511

& ot

200- ! ‘ 200- [ ¢ -
-SuU j E"! . - e -su
97- 4
b -u.—.-. -p66(RT)  68- B o o L e -pP66(RT)
i a
43- m A m' 4 o 1 e
- - - - ‘ : ant - —— - .
- -IN =, N
29. 29- i
- ep® wees SWPw
B 18-
18- o - -MA
- VA
1a- i ;
et - -NC
1234;-675 1 2 345 6 7 89 10
(e cell D VII‘US
R T & RN I
S q" & L& q* «° RPN «" @ «ﬁ‘«" «" & «i‘«" &
200- 200- . mT = i
il il - .su
68- I
68 —_— -p66(RT)
'!l "o .
29- . &l 4 29- "" v i
CA- il - -.» * S cA
18- 18-
1a- 1a-
- - s -NC
1 2 3 4 56 7 8 1 2 3 4 56 7 8 9 10 1112

FIG. 3. Analysis of HIV-1 proteins. (A) Cells expressing WT HIV-1y; 4.3 (lanes 1 and 5), HIV-14,¢ (lanes 2 and 6), and HIV-1g4,4 (lanes 3 and 7) were analyzed
for cell (lanes 1 to 4)- and particle (lanes 5 to 8)-associated proteins. Lanes 4 and 8 are from mock-transfected cells. The migration positions of HIV-1 proteins are
indicated on the right. The migration positions of molecular mass standards are indicated in kilodaltons on the left. (B) Cells expressing WT HIV-1y; 4.5 (lanes 1 and
6), HIV-1gg,0 (lanes 2 and 7), HIV-1gg,4 (lanes 3 and 8), and HIV-1gg,k (lanes 4 and 9) were analyzed for cell (lanes 1 to 5)- and particle- (lanes 6 to 10)-associated
proteins. Lanes 5 and 10 were from mock-transfected cells. Other labeling is the same as in panel A. (C) Cell-associated proteins following transfection with either the
WT (lanes 1 and 5) or indicated mutant plasmids. Lanes 4 and 8 were from mock-transfected cells. Other labeling is the same as in panel A. (D) Particle-associated
proteins from cells expressing WT HIV-1y; 4.5 (lanes 1, 5, and 10), HIV-1g g5y (lane 2), HIV-1g g5 (lane 3), HIV-1gg5; (lanes 6 and 10), and HIV-1g, g5 (lanes 7
and 11). Lanes 4, 8, and 12 were from pelleted supernatants of mock-transfected cells. The amount of viral lysate analyzed by immunoprecipitation in lanes 9 to 11

was adjusted for equal 3?P-RT cpm. Other labels are the same as in panel A.

in human T-cell lines (Fig. 2B and C). To determine wheth-
er virion protein composition or release was affected by
these mutations, transfected HeLa cells were radiolabeled, and
HIV-1 proteins were visualized in cell lysates and pelleted
virions following immunoprecipitation with AIDS patient an-
tisera.

Transfected cells expressing HIV-1y, HIV-1gep, and
HIV-156,4 contained similar amounts of the capsid (CA) pro-
tein (Fig. 3A, lanes 1 to 4). Numerous proteins, including the
surface (SU) envelope glycoprotein, the p66 subunit of RT, the

Pr55%*¢ precursor, IN, CA, matrix (MA), and nucleocapsid
(NC), were detected in pelleted HIV-1y, 45 (Fig. 3A, lane 5).
HIV-15,g and HIV-144,4 contained each of these proteins at
levels similar to the WT level (Fig. 3A, lanes 6 and 7). HIV-
1g920, HIV-1ggy4, and HIV-1gg,¢ also displayed the WT pat-
tern of virion proteins (Fig. 3B, lanes 6 to 10). These results
indicate that neither the delayed growth of HIV-14,, (Fig.
2A) nor the replication-defective phenotype of HIV-1p4,x
(Fig. 2B) is due to improper virion assembly or release.
HeLa cells expressing HIV-1g g5k, HIV-1g45;, and HIV-
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FIG. 4. PCR analysis of the two-LTR-containing circle in CEM-12D7 cells.
Reactions in lanes 2 to 6 contained lysates of cells infected with the indicated
viruses. Lane 1 contained a lysate from mock-infected cells. The migration
positions of DNA standards are indicated in base pairs on the left. The positions
of the polyacrylamide gel well and the 170-bp U5/U3 circle junction PCR prod-
uct are indicated on the right.

151854 contained roughly similar amounts of the CA protein as
cells expressing HIV-1y; 4.5 and HIV-1g 4514 (Fig. 3C). As pre-
viously reported (22), the Lys substitution affected particle
assembly and release. Approximately 10-fold less HIV-1g g5
than WT was released (Fig. 3C and D; compare lanes 5 and 7).
Normalizing transfected cell supernatants for equal **P-RT
activity prior to immunoprecipitation demonstrated an approx-
imate fivefold reduction in IN relative to CA in HIV-15 55k
(Fig. 3C, lane 11). In contrast, HIV-1y,45, and HIV-1g65;
were efficiently released from transfected cells (Fig. 3D, lanes
3 and 6). HIV-1g4s4 contained the WT level of virion pro-
teins, while HIV-1,45; contained about twofold less IN com-
pared to CA (Fig. 3D, lanes 6 and 10). Unlike HIV-1 45k, the
primary mechanism for the defective phenotypes of HIV-
151851, and HIV-1g, 454 is apparently not at the particle assem-
bly step of replication.

IN mutations and viral DNA synthesis. Certain HIV-1 IN
mutations affect reverse transcription (16, 29, 31, 40, 42). To
assess whether any of the mutations in this study affect DNA
synthesis, CEM-12D7 cell lysates were analyzed by PCR 18 h
after infection, using primers which amplify sequences unique
to the two-LTR-containing circular DNA formed in the nuclei
of infected cells. This analysis revealed amplified fragments of
the appropriate size in cells infected with HIV-1; 4.5, HIV-
loezes HIV-16624, HIV-1gg5k, and HIV-1¢,¢5; but not in cells
infected with HIV-15,45. (Fig. 4). The signals from cells in-
fected with HIV-14455, HIV-1G4,4, and HIV-1g g5, Were con-
sistently less intense than the signal from WT-infected cells. In
contrast, cells infected with HIV-1q,« yielded a signal more
intense than the signal from WT-infected cells (Fig. 4; compare
lanes 4 and 7).

DISCUSSION

Structure-based mutagenesis. Retroviral INs are polynucle-
otidyltransferases. All members of this structurally related pro-
tein superfamily require highly conserved Asp and Glu resi-
dues and divalent metal ion for catalysis. In this study, we
analyzed two different crystal structures of the HIV-1 IN cat-
alytic domain for interactions at the active site. We hypothe-
sized that such interactions may be important for IN function.
Three residues, Gln-62, Glu-92, and Lys-136, were identified as
interacting with either active-site residue Asp-64 or active-site
residue Asp-116. The roles of these interactions in integration
were addressed by analyzing purified mutant proteins for in
vitro biochemical activities and mutant HIV-1 for infectivities
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in human cell lines. The results indicate that none of these
interactions is essential for catalysis. It is possible that the
participating residues are not in their active configurations in
the structures. This is not surprising given that neither divalent
metal ion or DNA substrate is present in the crystals. It is
tempting to speculate that some of these interactions play a
more significant role in crystal packing than in IN function. It
has also been suggested that the structure of the MuA trans-
posase catalytic domain, which was solved in the absence of
DNA and metal, represents an inactive conformation (33).

Integration-minus HIV-1. Our structure-based mutagenesis
strategy uncovered novel HIV-1 IN mutant phenotypes. The
substitution of Lys for Glu-92 reduced in vitro 3’ processing
and DNA strand transfer activities 5- to 10-fold and blocked
HIV-1 growth in both Jurkat and CEM-12D7 T-cells. HIV-
1ggok behaved like previously described IN active-site mutants
(2, 16, 49): virus assembly and reverse transcription were un-
affected by the mutation, infected T cells contained more cir-
cular DNA than WT-infected cells, and a relatively high titer
was observed in the MAGI assay. This phenotype is expected
for a virus which is blocked specifically at the integration step
of the life cycle. As suggested for active-site mutants, it is
possible that infected CD4-LTR/B-gal cells express Tat from
unintegrated viral DNA. Because of the similar viral pheno-
type, we propose that INF*?K is also catalytically inactive in
infected cells. What function may be altered in cells infected
with HIV-154,,? Since recombinant INF*¥ protein displayed
partial in vitro 3" processing and DNA strand transfer activi-
ties, as well as the WT level of disintegration activity, we
speculate that DNA recognition by the mutant IN may be
impaired in infected cells. Experiments to test this hypothesis
are under way.

Minor dimer interface. Results of in vitro complementation
experiments have shown that the catalytic domain plays an
important role in the functional multimerization of HIV-1 IN
(14, 45). There are two dimers in the HIV-1 structures; one has
a large solvent-excluded interface of approximately 1,300 A,
while the other interface is much smaller (13). It seems likely
that the larger interface is biologically relevant, as avian sar-
coma virus forms a similar dimer (4). The active sites in this
dimer are separated by about 35 A in HIV-1, which is about
twice the distance required to integrate two viral ends 5 bp
(approximately 17 A) apart (13). Lys-136 and Asp-116 interact
across the smaller dimer interface, and HIV-1 carrying the
substitution of Ala for Lys-136 is replication defective due to a
block in integration (49). We found that mutants carrying Glu
for Lys-136 displayed WT levels of in vitro and in vivo activi-
ties, suggesting that the Lys-136—Asp-116 interaction, and by
extension the dimer interface which it helps form, is not bio-
logically relevant. It is possible that Lys-136 and Asp-116 are in
their native configurations in the structures, and the minor
dimer interface is solely the result of crystal packing.

It is unclear why HIV-1y,54g replicated with WT Kkinetics,
since HIV-1y 344 is Teplication defective (49). IN¥134 may
not form functional protein-protein and/or IN-DNA interac-
tions in the viral preintegration complex. Alternatively, the
different replication profiles may simply reflect in vitro inte-
gration activities, as IN®!3%4 displayed only 1 to 5% of the level
of INWT and IN®!'3°E 3’ processing and DNA strand transfer
(Table 1). Substituting Ala for Glu-138 in IN®134 restored
these activities to nearly WT levels (Table 1). The 3" process-
ing, DNA strand transfer, and disintegration activities of
INWT, IN®I364 and INKI3OAEDLSA were tested at 30 and 42°C.
As previously reported (46), INVT displayed greater 3’ pro-
cessing and DNA strand transfer activities at the elevated
temperature. IN¥1364 and INK3OAELBA 64 ch supported more
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FIG. 5. NaCl affects the 3’ processing activity of IN?®?E more than that of
INWT, 3’ processing reactions contained the indicated IN protein and NaCl
concentration. In repeated experiments, the activities of IN@®?E and INQ°24
were undetectable (<0.1% of substrate converted to products) in reactions
containing 80 mM NaCl. INE2K displayed 5 to 20% of INWT 3’ processing
activity at each indicated NaCl concentration. The 3’ processing activities of both
INWYT and INE92K were undetectable in reactions containing 160 mM NaCl.

3’ processing activity at 42°C than at 30°C but about two-
fold less strand transfer activity at 42°C than at 30°C (17).
We conclude that the in vitro DNA strand transfer activity
of INKI3SA/ELSA ig marginally temperature sensitive. These
results are consistent with the previous report that HIV-
Iki36a/E1384 1S blocked at the nonpermissive temperature in
infected cells at a step in the life cycle other than integration
(50).

IN solubility and HIV-1 replication. The substitution of Lys
for Phe-185 dramatically increased the solubility of recombi-
nant HIV-1 IN and was required to crystallize the catalytic
domain (13, 23). HIV-1 carrying this change, however, was
replication defective due to defective virus assembly (22). Sub-
stituting His for Phe-185 increased the solubility of full-length
IN protein similarly to the increase reported for INF'8% and
HIV-14,451; replicated with WT kinetics. This shows that in-
creased IN solubility is not necessarily detrimental to particle
assembly or replication. However, the extra H bonds in the
HIV-1 structure between the substituting lysines and the main-
chain carbonyls of Ala-105 might contribute to the HIV-1g g5k
particle assembly defect. Bujacz et al. (3) recently solved the
crystal structure of the HIV-1 catalytic domain containing His
in place of Phe-185. The larger dimer interface is intact in that
structure, and intermolecular H bonds form between each His-
185 and Ala-105. We infer that neither the increased solubility
of INF'85K nor the extra H bonds in the dimer necessarily
contribute to the particle assembly defect of HIV-1g; 45 HIV-
1g1gse and HIV-1g 454 Were replication defective and dis-
played nearly normal virion protein composition but reduced
DNA synthesis and MAGI assay titers. Based on these results,
we suggest that an amino acid side chain with aromatic behav-
ior at position 185 may be important for proper reverse tran-
scription and HIV-1 replication. Mutants of Phe-185 display
quite different replication phenotypes considering that each
recombinant IN protein displays nearly WT levels of in vitro
integration activities.

IN activity and HIV-1 replication. Mutants carrying either
Glu or Ala for Gln-62 displayed partial activities in vitro and
in vivo. Interestingly, HIV-144,g replicated similarly to HIV-
1n1.4.3, despite approximately fivefold reductions in in vitro 3’
processing and DNA strand transfer activities (Table 1). There
are numerous examples of mutations which affect virus growth
more than recombinant IN function, which in many cases is
explained by the pleiotropic effects of IN mutations on virus
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assembly and reverse transcription (8, 16, 22, 29, 31, 40, 42).
However, reports of the opposite effect (i.e., mutations which
affect in vitro IN activities more than virus growth) are rare.
One mutation which in part displays this phenotype is the
substitution of Gly for Asn-120. In this case, in vitro 3’ pro-
cessing and DNA strand transfer activities are reduced 2- to
10-fold, and the titer of pseudotyped HIV-1 is reduced about
30-fold (29). Altering the concentration of NaCl in in vitro 3’
processing reactions highlights the defective nature of the
IN©%2E enzyme reported here. IN®?E displayed about 20% of
INWT 3’ processing activity in reactions containing 20 mM
NaCl (Fig. 5). Whereas the activity of INVT in mixtures con-
taining 80 mM NaCl was similar to the activity at 20 mM NaCl,
the activity of IN®“*F was undetectable (<0.1% of substrate
converted to products) at 80 mM NaCl (Fig. 5). The substitu-
tion of Glu for GIn-62 is the most striking example of an IN
mutation which affects in vitro activities more than virus rep-
lication. Thus, these studies support the conclusion that HIV-1
is competent to replicate in T-cell lines with less than the WT
level of IN activity. This result has important implications for
drug discovery efforts, as compounds identified by using in
vitro assays which inhibit IN function may have little or no
effect on HIV-1 replication. Future studies of IN mutants
should guide the development of antiviral agents directed
against this critical HIV-1 enzyme.
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