8892 Biochemistry1999, 38, 8892-8898

The Mobility of an HIV-1 Integrase Active Site Loop Is Correlated with Catalytic
Activity T*

Jason Greenwal! Vincent Le$! Scott L. Butler! Frederic D. Bushmah,and Senyon Choe*

Structural Biology and Infectious Diseases Laboratories, The Salk Institute, La Jolla, California 92037, and Department of
Chemistry and Biochemistry, Urarsity of California, San Diego, California 92037

Receied March 29, 1999; Résed Manuscript Receeéd May 14, 1999

ABSTRACT. Replication of HIV-1 requires the covalent integration of the viral cDNA into the host
chromosomal DNA directed by the virus-encoded integrase protein. Here we explore the importance of
a protein surface loop near the integrase active site using protein engineering and X-ray crystallography.
We have redetermined the structure of the integrase catalytic domain (residu@4Z0using an
independent phase set at 1.7 A resolution. The structure extendsidedix its N-terminal side (residues
149-154), thus defining the position of the three conserved active site residues. Evident in this and in
previous structures is a conformationally flexible loop composed of residues1¥#8lL To probe the role

of flexibility in this loop, we replaced Gly 140 and Gly 149, residues that appear to act as conformational
hinges, with Ala residues. X-ray structures of the catalytic domain mutants G149A and G140A/G149A
show further rigidity ofa4 and the adjoining loop. Activity assays in vitro revealed that these mutants are
impaired in catalysis. The DNA binding affinity, however, is minimally affected by these mutants as
assayed by UV cross-linking. We propose that the conformational flexibility of this active site loop is
important for a postbinding catalytic step.

Integration of the viral cDNA into a host chromosome is (16—19). This domain by itself can carry out covalent
required for viral replication. Prior to integration, viral cDNA  chemistry on permissive disintegration substrates, an indica-
is cleaved on each strand near thee®d by integrase  tion of its role in catalysisZ0, 21). A conserved amino acid
(terminal cleavage), probably to remove nontemplated extrasequence motif, D,D-35-E, is found in the central domain
bases occasionally added by reverse transcripthse)( of integrases and some related prokaryotic transposases. The
Integrase then catalyzes the attachment of the recessed Zarboxyl-terminal domain (amino acids 21388) is com-
ends to the target DNA (strand transfeB—). In vitro, posed of a five-strandggtbarrel resembling an SH3 domain,
purified integrase protein can carry out the terminal cleavage and contributes to DNA bindin@@, 23). All three domains
(6, 7) and strand transfer reactior&«(11). Purified integrase ~ form dimers independently, and the full-length integrase is
can also carry out an apparent reversal of strand transfer likely to act as a higher-order multimer (reviewed in 2dj.
termed “disintegration” 12). We have used X-ray crystallography and protein engineer-

The structure of full-length integrase has not yet been ing to investigate the active site of HIV-1 integrase. We
identified. However, the structure of each of its three domains determined the structure of 5@12 using an independent
has been determined in isolation. The amino-terminal domain Phase set at 1.7 A resolution. After this work was completed,
(amino acids +50) is composed of three-helices with an two reports of 56-212 structures in new crystal forms were
embedded zinc binding siteld, 14). The central domain  Published, both of which contained bound metal cofactor near

[amino acids 56212 (50-212)] is composed of mixed the active siteZ5, 26). In our structure, we observed that
a-helix and -sheet 15), forming a compact fold seen the inferred active site was more visible than in the structure

previously in several polynucleotidyl phosphotransferases Of Dyda et al. 15); however, we found that a surface loop
(residues 14%1148) was still disordered. In many well-
studied enzymes, flexible surface loops are important for
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Table 1: X-ray Data and Phasing and Refinement Statistics

space group P3:21

data set 56212 (. = 1.0162 A) G149Af = 1.54 A) G140A/G149A1 = 1.08 A)

resolution (A) 26-1.7 20-2.0 20-1.7

completeness (%)/outer 5% 99.2/96.9 98.4/91.9 95.3/98.5

Rsym (%)/outer 5% 4.2/31.9 3.9/25.9 5.4/21.2

no. of protein/water atoms 1094/110 1094/100 1147/69

R-factorRyee (%0)? 22.4/27.8 21.9/28.9 24.3/28.0

rmsd bond distance 0.020 0.019 0.015

rmsd angle distanée 0.033 0.037 0.032

MAD Phasing Statistics

resolution (A) 9.49 5.98 4.27 3.35 2.76 2.34 2.04 1.80 overall
no. of reflections 52 317 713 1319 2076 2966 4041 5281 16765
phasing power

A1¢ anomalous 0.67 0.83 1.17 111 1.28 1.18 0.84 0.52 0.92

A1 isomorphous - - - - - - - - -

A2 anomalous 0.82 0.96 1.33 1.34 1.46 1.35 0.98 0.57 1.03

Az isomorphous 1.68 3.15 3.28 3.20 3.76 3.75 271 1.40 2.69

Az anomalous 0.42 0.72 0.61 0.57 0.62 0.59 0.40 0.17 0.43

Azisomorphous 1.81 3.10 3.60 3.50 4.03 4.24 3.26 211 3.26

A4 @anomalous 0.23 0.25 0.20 0.17 0.22 0.17 0.10 0.07 0.12

Asisomorphous 1.45 2.17 2.47 2.18 2.47 2.76 2.23 1.53 2.19

mean FOM 0.60 0.78 0.86 0.85 0.87 0.86 0.79 0.60 0.76

a Ryee Was calculated with 5% of the data. No cutoff was used for statistics or refinerlREEMAC defines angles as-B bond distances.4;
=1.0162 A.1, = 1.0458 Al = 1.0464 A.J, = 1.0596 A.

contain the F185K change known to improve solubilBg)( strate was mixed with 58212 or each of the constrained-
using the Excite Mutagenesis Kit (Stratagene). All catalytic loop mutants, each at /@M, in the presence of integration
domain fragments used in this study contained this mutation. buffer containing 5 mM M#a" and 0.4 pmol of DNA in a
The G149A and G140A/G149A mutations were constructed 20 uL final volume, incubated on ice for 30 min, and then
in a similar fashion, and expressedischerichia colifrom irradiated at 254 nm (3 mV) for 3 min. Samples were then
a pET28 vector (Novagen) as described previous).( boiled in SDS loading buffer and separated by SIPAGE.
Briefly, E. coli cells containing the pET28 vector with 50 Cross-linked products were visualized as labeled complexes,
212 were grown fo4 h at 37°C and then lysed by sonication ~ which exhibited the molecular masses expected for that of
in nickel loading buffer [20 mM HEPES (pH 7.5), 500 mM the integrase domain and the labeled DNA. Results are shown
NaCl, and 5 mM SME]. The lysate was cleared by for protein containing the HT. Assays without the HT yielded
centrifugation at 1000@f) loaded onto a nickel column reduced amounts of product but in the same relative ratios
(Qiagen), washed with 10 mM imidazole, and then eluted (data not shown). Tests of the terminal cleavage and strand
with a gradient of 20 to 100 mM imidazole. The eluted transfer activities of integrase under the conditions described
protein was dialyzed into thrombin cleavage buffer [40 mM in ref 8 showed no effect of the cacodylate buffer on activity
Tris (pH 8.0), 300 mM NaCl, 2 mM Cagl5 mM SME, in the millimolar range.
and 5% glycerol], digested with thrombin, and then run over  Crystallization and Data CollectiorCrystals of 56-212
a benzamidine Sepharose column and then a nickel column were obtained by vapor diffusion at 4C using 15%
to remove thrombin and uncleaved protein. The cleaved PEG8000, 100 mM cacodylic acid (pH 6.5), 200 mM
protein was dialyzed into storage buffer [20 mM HEPES ammonium sulfate, 5 mM DTT, 5 mM Mngland 5 mM
(pH 7.5), 500 mM NaCl, and 1 mM DTT]. The vector MgCl,, as a precipitant (modified from that described in ref
expressing the G140A change alone was constructed byl5). Crystals of the mutants G149A and G140A/G149A were
mutagenizing a synthetic integrase gene containing F185Kalso obtained under the same condition. The amino-terminal
(GenBank accession number AF029884 kindly provided by hexahistidine tag was removed by treatment with thrombin
P. Brown) by replacing wild-type DNA with DNA encoding for the crystallization studies. Each protein crystallizes
the G140A change. isomorphously in space groig3,21 with the following unit
Disintegration and UV Cross-Linkingthe HIV-1 inte- cell dimensions:a = b = 72.6 A andc = 65.5 A with one
grase catalytic domain (residues-5212) containing an  monomer per asymmetric unit. To collect X-ray diffraction
amino-terminal hexahistidine tag (HT) was overexpressed data, crystals were equilibrated in cryoprotectant containing
and purified essentially as described previoudly, (20). 30% ethylene glycol prior to freezing in a nitrogen stream
Disintegration assays were carried out as described in refsat 110 K. Multiwavelength anomalous diffraction (MAD)
12and?20. Briefly, disintegration substrates were end-labeled data for 56-212 were collected at the ALS 5.0.2 beamline
with 32P and then incubated with 5@12 or the constrained-  on a Quantum 4 CCD detector (ADSC). G140A/G149A data
loop mutants at 37C (0.8 pmol of DNA per 10uL of were collected at the SSRL 7-1 beamline on a 30 cm Mar
reaction mixture). Aliquots were taken at various time points, imaging plate (Mar Research) and G149A data on a
separated by denaturing gel electrophoresis, and quantifiedviacScience imaging plate detector (DIP2020k) with a
with a phosphorimager. Initial rates were determined at early rotating anode equipped with platinum-coated focusing
times when less than 20% of the substrate had beenmirrors. All data were integrated and scaled with DENZO
consumed. UV cross-linking studies were carried out as and SCALEPACK 82) except the MAD data (56212)
previously described3(). End-labeled disintegration sub- which were processed with MOSFLN3J) and SCALA @3).
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A

Ficure 1: (A) Ribbon diagram of 56212 (G140A/G149A) witho4 in front of the-sheet core and colored blue. Three catalytic residues

are shown with carboxylate oxygen atoms in red. The two positions that were mutated to alanine are in orange, and the poorly defined part
of the catalytic loop is in red (residues 14144). This figure was created with Setalg]. (B) Stereoview of the experimental electron

density in the region of the disordered loop overlaid with the final model. The map was calculated ysamgl fhe MAD phases to 2.2

A and'is contoured at 0.%5

MAD Phasing and Model BuildingFrom the earlier default restraints of 15 1.0s, and 1.% for bonded atoms,
studies 15), it was known that two free sulfhydryl groups 1—3 nonbonded atoms, and-4 nonbonded atoms, respec-
of Cys 65 and Cys 130 in the 5@12 structure were tively. The refined model was then used to calculate phases
covalently modified by the cacodylate buffer in the crystal- for the &, — F¢, Fo — F¢, andF, — F, maps for the two
lization solution to form Cys-S-AsO(Cfih. We took ad- mutant data sets (G149A and G140A/G149A). In the G140A/
vantage of the presence of two As atoms to derive an G149A data, residues 14948 became clearly defined as
unbiased experimental phase set for an independent structuran extension ofi4 by four residues toward its N-terminus.
determination (Table 1). To obtain the MAD phases, four Water molecules were independently added in three different
data sets from four wavelengths near the absorption edge ofmodels. In all three models, the main chain conformations
As (1 = 1.046 A) were collected from a single frozen crystal of all residues lie in favored and allowed regions in the
using the inverse beam technique. Initial phases were Ramachandran plots.
calculated with MLPHARE 33) to 1.8 A resolution. The
resulting electron density maps were of high enough quality RESULTS
to build a complete model, including most of the side chains,
with the program O 34). Refinement with REFMAC 33) Fold of the 506-212 Monomer.We carried out an
and addition of waters using ARB3) led to the current  independent structure determination of-5012 at 1.7 A
R-factor of 22.4% against all data in the resolution range of resolution, derived from a MAD phase set. For this experi-
20.0-1.7 A. The temperature factors were refined using the ment, we used the previously determined positions of two
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A :

Ficure 2: (A) Superposition of the structure described by Dyda etld) in yellow (residues 56140 and 154-208), the MAD-phased
structure of the wild-type 56212 in blue (residues 57140, 149-189, and 193-210), and 56-212 (G140A/G149A) in green (residues
56—188 and 193-210). The view is in the same orientation as Figure 1A. Chain breaks are denoted by black dots and termini by colored
balls. The three conserved acidic residues are displayed with their side chains to highlight the similarity of their conformations. (B)
Superposition of 56212 (G140A/G149A) in green with the ASV integrase catalytic domain in gray in the same orientation as Figure 1A.
Ca positions of three catalytic residues are shown in blue for HIV and in red for ASV structures. This figure was created wi#8petor (

As atoms that become covalently bound to the integrase63, Thr 66, Glu 138, and Lys 186). The model also includes
molecule in the presence of cacodylate buffer and a reducinga sulfate whose binding in a basic patch (Lys 71, Arg 166,
agent (DTT) (5. As seen previously16, 25, 35), the and His 171) was confirmed by its anomalous signal at 1.54
structure of the catalytic core consists of a central antiparallel A.
pB-sheet f1—p5) flanked bya-helices on both sides(, Comparison of the currently available structures indicates
a3, anda5 on one side and4 on the other). Two subunits  that covalent modification by cacodylate causes structural
form a dimer interface througil, a3, o5, anda6, whereas changes which may obstruct metal binding. The structures
o4 (in blue in Figure 1A), on the opposite side of {hisheet of 50—212 in this study did not reveal any bound metal ion
core, forms a part of the active site pocket. in the active site, even when the crystals were soaked at a
The 1.7 A MAD-phased structure differs from that reported concentration as high as 0.5 M MnCThe three conserved
in ref 15in that it extends4 on its N-terminal side to Gly  acidic residues are thought to utilize metal in several
149 (Figure 1B), providing a complete description of the polynucleotide phosphotransfer enzymes related to integrase,
three conserved acidic residues (Asp 64, Asp 116, and Gluso it is presumed that metal atoms should bind. The binding
152; see Figure 2A) inferred to form part of the active site. of cacodylate causes a series of structural movements in the
The region from residue 141 to 148 remains disordered. region aroungs5 which result in the side chains of Asp 64
Furthermore, the C-terminal helixx§) is now continuous  and Asp 116 moving away from the metal-binding confor-
to Thr 210. The other differences are in the conformations mation found in ref25, 26, 36, and37. The binding of Mg+
of some side chains, including several residues which clearly or Mn?*, in contrast, does not alter the structure, as revealed
exist in two conformations and are modeled as such (Leu by comparison of the structures of the HIV and ASV
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integrase catalytic domains in the absence of cacodylate but A G404

in the presence and absence of me?&| 86, 38). Neverthe- — 50212 G14DA GI4BA 5o

less, 56-212 retains its disintegration activity in cacodylate Tims F_H RS Eﬁ L Frm"ﬂg—m

buffers (unpublished data). Possibly, the presence of substrate _—_—

stabilizes the metal binding and permits catalysis, at least f,.r“"'

disintegration. —
A surface loop (residues 19192) was disordered in the

1.7 A MAD structure. This loop has been found to adopt

several different conformations in previously reported struc-

tures (L5, 25, 35), indicating its mobility. Possibly contribut- Substrai

ing to the mobility in this loop is the F185K substitution, - },

which was included to improve solubility. Given that this

_—-—‘ -

mutant obstructs replication of HI\B9), it seems possible 1 Z34s5eTo9 0B BET

that the F185K change disrupts the native conformation in h&

this reg|on_. _ _ _ q:,{tf ﬁ'? h#'?a“ o rﬁﬂ"'
The Actie Site Conformation of the Constrained-Loop B I & o o

Mutants.To explore the function of the active site loop, we RSl s, 2B o6 46 B
replaced two glycines that flank the loop and potentially act

as hinges with alanines. 5@12 mutants containing G140A, .
G149A, and G140/G149A were generated and the structures

of the latter two determined (the G140A mutant did not yield
diffraction-quality crystals). Both structures exhibit increased Complax '. “ . “ - 30
rigidity of the active site loop. In G140A/G149A, the major
difference from nonmutant structures is in the extension of

a4 to Pro 145. The backbone trace of G140A/G149A for Subsiralg » -21.5
residues 141144 of the active site loop is poorly defined .
(red in Figure 1A) with temperature factors reaching 82.1. {2 a4 EBE 7B 8

In G149A, the increased rigidity af4 is less profound, and Ficure 3: Disintegration and DNA binding activities of 5212,

is evident in the lower relative temperature factors of the 5140A G149A. and G140A/G149A. (A) Time course analysis of
helix as well as in the presence of weak density near the disintegration. Reaction products were denatured, separated by
borders of the disordered region. electrophoresis on a DNA-sequencing type gel, and visualized by

Atomi dinat fth d catalvti id . autoradiography. Disintegration substrates were labeled as marked
omic coordinates of the conserved catalytic residues In ,y +he asterisk. Lane 1 is a control without protein. (B) Assay of

three related 56212 structures [Asp 64 and Asp 116 in  DNA binding by UV cross-linking. DNA substrates were labeled
Dyda et al. {5) and Asp 64, Asp 116, and Glu 152 in two on the indicated DNA strand (asterisk). Proteins and concentrations

structures reported here] exhibit few differences regardlesstested are indicated above each lane. Numbers to the right of the
of the degree of order in4 (Figure 2A). On the other hand, gel indicate the mobilities of protein molecular mass standards.
comparison between G140A/G149A and the ASV integrase yyjle the double mutant nearly eliminates activity (about a
catalytic core domain structures reveals titdtand the loop 90-fold decrease).
preceding it have significant positional differences. Figure  pnA Binding by 56-212 and the Constrained-Loop
2B shows thati4 is shifted in its position in relation to the  \jytants. The reduced activity seen with the constrained-
rest of the molecule between HIV and ASV enzymes. |oop mutants could be a result of either impaired DNA
However, the catalytic residues from the two enzymes retain binding or impaired catalysis. To address this issue, DNA
a common _spatial _qrientation and distance relationship binding was assayed by UV cross-linking. Assays with wild-
between their @ positions (Glu 152, Asp 64, and Asp 116 {yne 50-212 and each of the constrained-loop mutants
from HIV and Glu 157, Asp 64, and Asp 121 from ASV: yie|ded cross-linked products in similar abundance (Figure
Figure 2B). 3B, lanes +8). No products were seen when no protein was
Activities of 50-212 and the Constrained-Loop Mutants. added (data not shown). As a control, a longer form of
The catalytic activities of constrained-loop mutants were integrase 56288 (F185K/C260S) was also tested by cross-
tested in vitro. 56-212 alone cannot carry out normal linking. This protein yielded a cross-linked complex, but as
terminal cleavage or strand transfer, but does catalyzeexpected with slower mobility than that seen with the-50
disintegration 20), a reaction resembling the reversal of 212 derivatives (Figure 3B, lane 9).
integration that is apparently more permissive)((dia- Quantitation revealed that DNA binding is not greatly
grammed beside Figure 3A). After 20 min, 25 pmol of50  perturbed in the constrained-loop mutants. The amount of
212 converted 18% of the substrate (0.8 pmol of DNA per complex formed with each single mutant was within 2-fold
reaction) to product, for a conversion rate of %210 %% of the wild-type amount, while that of the double mutant
mol/min (Figure 3A, lanes-25). The rates were slower with  was within 4-fold. The defects in activity, in contrast, were
the single mutants, 4 107% and 8 x 10 ¢ mol/min for 9—18-fold for the single mutants ar¥l90-fold for the double
G140A (lanes 6:9) and G149A (lanes 1013), respectively. mutant. Since the changes in the loop do not strongly
Product formation by G140A/G149A was almost undetect- influence DNA binding, these data support a model in which
able with a rate of 8< 10°*” mol/min (lanes 14-17). Thus, the correct loop sequence is important in a reaction step after
the single mutants impair disintegration activity $8-fold, the DNA binding step.
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Ficure 4: Two integrase structures color-coded by their relative temperature fad®rdbe relative temperature factor is calculated as

the number of standard deviations from the mean within one structure. The lowest is blue, and the highest is red with a continuous spectrum
in between. Only the & atoms were used in the calculation. The low, average, and higie@perature factors for each structure are listed

below. The program O3{4) was used to make this figure. (A) For G140A/G149A, the low is 19.1, the average 34.0, and the high 82.1. (B)
For 50-212(W130E) molecule 2 of the P1 crystal for26], the low is 10.9, the average 29.7, and the high 90.0. The residue with the
highest temperature factor in each model is Pro 142 (G140A/G149A) and Asn 144 (W130E).

DISCUSSION represent a nonfunctional conformation which is more stable
than the functional ones.

Previous studies of the activities of integrase mutants
bolster the idea that the loop is important for catalysis and
help distinguish between models for the mutant defect.
Normally, integrase carries out hydrolysis of the viral cDNA
3 end prior to integration. However, under some in vitro
conditions, integrase can recruit nucleophiles other than water
to participate in this reaction, such as glycerd#,(45).
groups also reported structures determined in the absenc%/il#g:gast EEZIi(?per?iInelsd?rrr::cl)flli(e:gtitggttr?elztseer :zgi(;izzgg;g?;sg
of bound cacodylate that confirm th|'s POIEY 26). Such mutants have been identified in residues 143 anet 146
_Inour 1.7 A MAD structure and in other structures of g @6), implying that the flexible loop studied here interacts
integrase catalytic domains, a flexible loop (amino acids i, the incoming nucleophile. Given that four residues in
140-149) is located near the conserved acidic reS|dues.thiS loop show this effect, it seems simplest to propose that

Cross-linking studies O.f in;egrasg with DNA4Y, 42) some of the reduction in catalytic efficiency of the mutants
revealed that residues in this region (£3%2) could be g5 result of altering the mobility of the loop rather than
cross-linked to DNA near the reactive phosphate, placing y, tating residues directly involved in catalysis. Also em-

the loop near the substrate during the reaction. Figure 4 ,p,.q,ing the importance of Gly 140 and Gly 149 is the fact
illustrates the difference in flexibility of the loop between yna gpstituting these residues abrogates distintegration,
the G140A/G149A mutant and a 5212 ;tructureE(S)_. The . while changes in the other loop residues that were tested do
latter structure was chosen for comparison since it contains, o oot disintegration under the reported conditiot).(

? fully ttradc_e((jj ﬁctive ;i}te _ll?jOp' TTe structures in ;he crtyr?tal Thus, we presently favor the view that the loop must move
orms studied here with wi -_type oop sequences do hot _aveduring the catalytic cycle, though further evidence is needed
fully defined loop conformations, emphasizing the flexibility on this point

of the wild-type loops. The structures are color-coded by . . o
relative temperature facto4®), an indication of uncertainty Recently, Robinson and co-workers isolated a derivative
of position and hence probable mobility. The relative of H!V showmg reduced sensitivity to thg integrase |nh|b|§or
temperature factor was greatly reduced by the glycine to L-chlcorlc aqld and found that the substitution of Glé}O with
alanine substitutions, confirming that the position of the loop S€rine contributed to the phenotyp&7). On the basis of
was constrained. The catalytic activity of the G140A/G149A the data presented here, that change would be expected to
mutant was greatly reduced compared with that of the wild diminish integrase activity. If[ is conceivable that the inhibitor
type, and each single mutant alone diminished activity. DNA reduces the activity of the wild type more than that of G140,
binding was not significantly altered by comparison, indicat- Making the mutation favorable under the selective pressure
ing that the mutants are affecting primarily a postbinding ©f L-chicoric acid.

step. Two models could account for the impairment of  The structures reported here may find several uses. The
catalytic activity observed in the constrained-loop mutants. full visualization of the active site provides information
The mutants could reduce activity by altering the energetics required for the structure-based design of inhibitors. The
of interconversion between different conformations required availability of mutations that hold the loop in a defined
at different steps in the catalytic cycle. Alternatively, the conformation provides a means of probing the loop function
structure adopted by the constrained loop mutants maygenetically by the isolation of second site revertants in virus.

The structures of HIV-1 integrase 5@12 presented here
provide a detailed picture of the integrase active site. The
conformations of the three acidic residues inferred to be
involved in catalysis are all visualized in defined conforma-
tions. The @ positions of these residues conform to that
predicted by the two-metal mechanism for catalysis proposed
by Beese and Steitz to describe the function of enzymes of
this class 40). After this work was completed, two other
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Moreover, the structure of the constrained-loop mutants
might be used as an alternate template for structure-based
design, in which inhibitors are developed that stabilize the
loop in a conformation that is catalytically impaired.
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