
The tribological behavior of C,, on 
NaCl(001) is unusual. Extremely low shear 
strengths of 0.05 to 0.1 MPa are found. The 
small dissiwation energies and the reason- 'z 

able cohesive energy allow C60 islands to 
move as an  entitv with small lateral forces. 
Conceivably, CGO islands could be used as 
transoort devices for fabrication orocesses of 
nanometer-sized machines, whereby C60 is- 
lands might play the role of a transport 
carrier. Larger molecules (biomolecules) 
could be deposited on such a nanosled and 
then transported to a desired location. 
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Crystal Structure of the Catalytic Domain of 
HIV-I Integrase: Similarity to Other 

Polyn ucleotidyl Transferases 
Fred Dyda,* Alison B. Hickman," Timothy M. Jenkins, 

Alan Engelman, Robert Craigie, David R. Davies-f 

HIV integrase is the enzyme responsible for inserting the viral DNA into the host chro- 
mosome; it is essential for HIV replication. The crystal structure of the catalytically active 
core domain (residues 50 to 212) of HIV-1 integrase was determined at 2.5 A resolution. 
The central feature of the structure is a five-stranded P sheet flanked by helical regions. 
The overall topology reveals that this domain of integrase belongs to a superfamily of 
polynucleotidyl transferases that includes ribonuclease H and the Holliday junction re- 
solvase RuvC. The active site region is identified by the position of two of the conserved 
carboxylate residues essential for catalysis, which are located at similar positions in 
ribonuclease H. In the crystal, two molecules form a dimer with an extensive solvent- 
inaccessible interface of 1300 A2 per monomer. 

Integration of HIV DNA into the host 
genome is an  essential step in the viral 
replication cycle (1 ). The enzyme responsi- 
ble for integration, HIV integrase, has no 
known functional analog in human cells 
and is therefore a particularly attractive tar- 
get for the design of antiviral agents. The 
three-dimensional structures of two other 
essential HIV enzymes, reverse transcriptase 
and wrotease, have been determined and 
much progress has been made toward the 
structure-based design of effective inhibi- 
tors, particularly with protease (2). 

HIV DNA integration occurs through a 
defined set of DNA cutting and joining 
reactions. In the first step of the integration 
process, 3' processing, two nucleotides are 
removed from each 3' end of the blunt- 
ended viral DNA made bv reverse tran- 
scription. A subsequent DNA strand trans- 
fer reaction covalently joins the recessed 3' 
ends of the viral DNA to the 5' ends of the 
target DNA at the site of integration. Puri- 
fied HIV integrase carries out these reac- 
tions in vitro with either Me2+ or Mn2' as - 
a cofactor (Fig. 1). Integrase cleaves two 
nucleotides from the 3' ends of DNA sub- 
strates that mimic the viral DNA ends and 
also inserts the processed ends into other 
DNA molecules that serve as targets for 
strand transfer (3). When presented with a 
DNA substrate that mimics the wroduct of 
DNA strand transfer, integrase can catalyze 
an  apparent reversal of the strand transfer 
reaction, termed disintegration (4). In this 
reaction, the viral DNA end segment of the 
substrate is liberated and the target DNA 
segment is sealed. 

Several lines of evidence point to a com- 

mon active site for all three catalvtic activ- 
ities. Three highly conserved ak in0  acid 
residues in the central core domain of 
HIV-1 integrase, Asp", Asp'16, and G ~ u ' ~ ~ ,  
the D,D-35-E motif, are observed in the 
integrase proteins of retroviruses and retro- 
transposons as well as in the transposase 
proteins of some prokaryotic transposons 
(5-7). In general, mutation of any one of 
these residues abolishes all enzyme activi- 
ties (6-9). Stereochemical analysis of the 3'  
orocessing and DNA strand transfer reac- - 
tions also indicates .that each occurs 
through a one-step transesterification 
mechanism (10). In the 3' processing reac- 
tion, integrase activates the phosphodiester 
bond at the site of cleavage to nucleophilic 
attack by various nucleophiles (1 0, 1 1 ). 
The DNA strand transfer reaction may oc- 
cur by a similar mechanism, with integrase 
playing the additional role of positioning 
the 3'-OH end of the viral DNA for nu- 
cleophilic attack on a phosphodiester bond 
in the target DNA (10). 

While the full-length integrase protein 
(288 residues) is required for 3' processing 
and DNA strand transfer activities 19, 12, . ,  , 

13), the central core domain can carry out 
the disintegration reaction and therefore 
contains the catalytic site for polynucleoti- 
dyl transfer (14). The precise' roles of the 
NH,- and COOH-terminal domains in the 
3'  processing and DNA strand transfer re- 
actions are not known, although the 
COOH-terminal domain binds to DNA 
nonspecifically (1 2, 15, 16). 

Previous attempts to crystallize HIV-1 
integrase have been obstructed by its poor 
solubility (1 7). In an attempt to circumvent 
this problem, we undertook a svstematic 

Laboratoy of Molecular Biology, NDDK, NIH Bethesda, rep1acement of the hydrophobic residues in 
MD 20892-0560, USA. the core domain of YIV-1' integrase (resi- 

-These two authors contributed equally to ths work, dues 50 to 21 2, (I8). The sing1e acid 
tTo whom correspondence should be addressed. substitution of Lys for PhelS5 resulted in a 
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protein with considerably improved solubil- 
ity and biophysical properties which was as 
active for disintegration as the unmutated 
core (1 8). The protein could be concentrat- 
ed to at least 25 mglml, was monodisperse 
in solution in the absence of detergent, and 
was crystallized (19). We describe the 
three-dimensional structure of this catalyt- 
icallv active core domain of HIV-1 inte- 
grasd at 2.5 A resolution, locate the posi- 
tions of the conserved acidic amino acids 
that have been shown to be essential for 
activity, and relate the structure to those of 
other known enzymes. 

The crystal structure was determined by 
means of a combination of multiwavelength 

Fig. 1. The three catalytic activities of retroviral 
integrase. In the 3' processing reaction, integrase 
cleaves viral substrate DNA (thin lines) at a specific 
phosphodiester bond 3' of the COnSe~ed CA 
dinucleotide. In the strand transfer reaction, the 
recessed 3'-OH end is covalently joined to a 5' 
phosphate at the site of integration in a target DNA 
(bold lines). Viral end sequences are separated 
from target DNA in the disintegration reaction. Pu- 
rified HIV-1 integrase predominantly joins just a 
single viral DNA end to target DNA in vitro. In the 
complete integration reaction, integrase inserts a 
pair of viral DNA ends with a spacing of five base 
pairs between the sites of insertion on the two 
target DNA strands. Repair of the single strand 
gaps between viral and host DNA in the resulting 
integration intermediate, which is probably ac- 
complished by cellular enzymes, results in a five 
base pair duplication of target DNA sequence 
flanking the integrated viral DNA. 

anomalous diffraction (MAD) and multiple 
isomorphous replacement with anomalous 
scattering (MIRAS) metbods. The resulting 
electron density at 2.75 A resolution was of 
good quality for most of the polypeptide 
chain (Fig. 2), allowing unambiguous chain 
tracing (Table 1). The current crystallo- 
graphic R factor is 22.7% at 2.5 A resolu- 
tion with no solvent molecules added. 

The structure of the core domain con- 
sists of a central five-strand P sheet and six 
helices (Figs. 3 and 4). Its overall topology 
is similar to that of ribonuclease H (RNase 
H)  (20, 21) (Fig. 5, A and B). A similar 
resemblance has been observed between 
RNase H, the Holliday junction resolvase 

3' Processing 

A 
Strand transfer Disintegration 

RuvC (22), and the core domain of the 
transposase protein of bacteriophage Mu 
(23). This topological similarity has also 
been observed in the connection domain of 
HIV-1 reverse transcriptase and the adeno- 
sine triphosphatase (ATPase) domains of 
hexokinase, glycerol kinase, actin, and the 
70-kD heat-shock protein (24). 

The first four strands of the inteerase B - ,  
sheet superimpose closely on the corre- 
sponding HIV-1 RNase H sheet- [root mean 
square deviation (rmsd) = 2.1 A for 32 C a  
atoms]. When the two P sheets are super- 
imposed, however, it becomes apparent that 
a 1  of integrase is iisplaced from the sheet by 
approximately 6 A relative to the first helix 
of RNase H. The three-turn helix in RNase 
H, 012, is a one-turn helix in integrase; a 3  is 
similar in both structures. In contrast, the 
orientation of a 4  is quite different in the 
two structures; in RNase H, a 4  aligns paral- 
lel to pl. After 014, there are two additional 
helices in the integrase structure that are not 
present in RNase H. These are 015, consist- 
ing of residues 171 to 186, and a6,  extend- 
ing from residues 196 to 208; a 5  is located 
adjacent and parallel to P3, and a 6  is locat- 
ed on the same side of the p sheet as al. 
The orientation of a 6  is approximately 90' 
relative to 015. Carboxyl-terminal truncation 
mutants of HIV-1 integrase that lack both 
a 5  and a 6  are catalytically inactive (14, 
16). 

No intemretable densitv is observed for 
the first nine residues at the NH2-terminus, 
corresponding to three amino acids that are 
not part of the core sequence but are rem- 
nants of the histidine tag after thombin 

I 

A after solvent flattening. (6) Electron density (2F, - 2FJ based on phases both is at one standard deviation. 
computed from the current model at 2.5 A resolution. The current model is 

I 
Fig. 2. The electron density based on (A) the MAD-MIRAS phases at 2.75 superimposed on the electron density in both panels. The contour level in 
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cleavage, together with amino acids 50 to 
55. There is also an internal loop region, 
consisting of residues 141 to 153, which is 
disordered. In addition, the COOH-termi- 
nal four residues are not visible. 

Despite lack of sequence similarity be- 
tween the core domain of HIV-1 integrase 
and RNase H (25, 26), there is remarkable 
similarity in the positioning of two of the 
catalytic residues. Two of the conserved 
acidic residues of integrase that are essential 
for catalysis (6, 8,  9) are Aspw in the 
middle of $1 and Asp116 after $4. These 
superimpose well on two of the catalytic 
residues of HIV-1 RNase H, Asp443 and 
Asp*'. The third integrase catalytic resi- 
due, G ~ u ' ~ ~ ,  lies in a disordered region be- 
tween $5 and a 4  and is therefore not part 
of the current interpretation, although it 
must be located in the general area of the 
two aspartates on the basis of the location 
of 014, which begins at residue 154. In 
HIV-1 RNase H, the third essential catalyt- 
ic residue, G1u4", is part of a 1  (20). In the 
integrase'structure, the displacement of a 1  
makes it unlikely that an active site residue 
is contributed by this helix. Thus, in the 
two structures, it appears that the location 
and positioning of the two aspartates in $1 
and after $4 are the most highly conserved 

features of the active sites. A similar con- 
clusion can be drawn from a visual inspec- 
tion of the RuvC structure (22). . . 

As with integrase, divalent metal ions 
are essential for RNase H activity (27) and 
various metals, including Mn2+ and Mg+,  
have been observed in close proximity to 
active site residues in both Escherichia coli 
and HIV-1 RNase H (20, 21). As the crys- 
tallization medium here is free of divalent 
metals, none are observed at the active site. 
However, there is a samarium binding site 
close to catalytic residues Aspw and Asp116 
in one of the isomorphous derivatives used 
in the structure determiiwtion. Torsional 
movements about the side-chain bonds of 
these residues could place their carboxylate 
groups within interaction distance of the 
samarium. 

In the crystal, there are two observed 
contacts between monomers. One of these. 
between two subunits related by a dyad axis, 
consists of a large solvent-excluded inter- 
face of 1300 A2 per subunit (Fig. 6). It 
contains a number of salt bridges and hy- 
drogen bonds involving $3, a 1  , a.3, a5, and 
016, and can be compared with interactions 
between antibodies and protein antigens, 
where the solvent-excluded surface area is 
approximately 800 A2 for each molecule 

Fig. 3. Stereo diagram of a ribbon model of the core domain of HIV-1 integrase drawn with the program 
MOLSCRIFT vl.1 (49). The secondary structural elements are labeled as shown in Fig. 4. The disordered 
NH,- and COOH-terminal regions are not shown. The disordered region from residues 141 to 153 is 
indicated by a gap in the model; residues 140 and 154 are marked. Two residues of the D,D-35-E motif, 
AspB4 and Asp1 16, are shown as ball-and-stick models. 

Fig. 4. Amino acid sequence of the 
core domain of HIV-1 integrase (amino 
acids 50 to 21 2) containing the substi- 
tution of Lys for PhelE5 showing the 
secondary structure. Not shown are 
the first three amino acids of the crys- 
tallbed protein, Gly-Ser-His, which re- 
main after removal of the histidine tag 
with thrombin. Every tenth residue is 
numbered in the sequence. The three 
conserved carboxylate residues of the 
D,D-35-E motif are marked with aster- 
isks. A dotted line beneath the se- 
quence indicates diiordered regions in 
the crystal structure. 

50 % ' *  7." %' ?' 
~GQVDCSPGIWQLDCTHLEGKVILVAVHVASGYIEAEVIP - -  1 - ' 
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'9 'P * 'P 1" 
WWAGIKQEFGIPYNPQSQGVIESMNKELKKIIGQVRDQAE 
A L ----------------- L I 
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(28). The other contact in the crystal, 
formed between subunits related by a crystal 
translation. has a much less extensive inter- 
face. We s;e no evidence that the subunits 
in the dimer interact through a leucine 
zipper coiled coil involving residues 15 1 to 
172, as has been suggested (29). 

The greatly improved solubility property 
of the core domain containing the substitu- 
tion of Lys for Phel" may be considered 
relative to the position of this residue in the 
structure. The side-chain amino group of 
the lysine of one subunit is hydrogen bond- 
ed to the main chain carbonyl oxygen of 
Alalo5 of the other subunit in the dimer. 
This interaction occurs at the periphery of 
the interface between the subunits, accessi- 
ble to solvent. If LyslE5 does not induce 
major conformational changes, the wild- 
type residue Phel" should also be located 

Fig. 5. Schematic diagram of the folding topolo- 
gies of (A) the core domain of HN-1 integrase and 
(B) RNase H from HIV-1 reverse transcriptase (20). 
Arrows are the p strands and the cylinders are a 
helices. 

Fig. 6. A ribbon representation of the dimer ob- 
served in crystals of the core domain of HIV-1 
integrase, generated with the program RIBBON 
v2.2 (50). One monomer of the dimer is shown in 
yellow, the other in green. 
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on or very close to the surface and present a 
hydrophobic side chain that could poten- 
tially interact with other protein molecules. 
Unlike lysine, phenylalanine cannot partic- 
ipate in hydrogen bond formation, so the 
unmutated core dimer will most likely be 
less stable than the dimer formed with the 
mutant protein. Both of these factors could 
contribute to the improved solubility prop- 
erties of the mutant protein. Initial experi- 
ments suggest that the mutant protein is 
exclusively dimeric under conditions where 
the unmutated core domain exists as dimers 
and higher aggregates ( 1  8). 

Although in vitro com~lementation ex- 
periments have established that the active 
form of HIV integrase for 3' processing and 
DNA strand transfer is a multimer, they do 
not address whether the functional unit is 
dimeric, tetrameric, or higher order (30) .  In 

a dimeric model, the monomers of integrase 
within the dilner would each process one of 
the viral DNA ends. A rearrangement with- 
in the complex would then be required to 
introduce target DNA into the active sites 
and position the 3'-OH groups at the ends 
of the viral DNA for nucleophilic attack on 
a pair of phosphodiester bonds in the target 
DNA. 

Any viable model for the authentic 
complex must be consistent with the ob- 
served spacing between the sites of inser- 
tion of the two viral DNA ends in target 
DNA. The phosphates to which the pair of 
viral DNA ends join on the two strands of 
target DNA are separated by five nucleo- 
tides, as inferred from the five base-pair 
duplication of host DNA that flanks inte- 
grated HIV DNA (25, 31 ). This would 
require a pair of active sites separated by a 

spacing co~pa t i b l e  with five nucleotides, or 
about 15 A, depending on the cpnforma- 
tion of the DNA helix. The 35 A separa- 
tion of active sites observed in the dimer is 
at first sight incompatible with the required 
spacing. It is also not possible to configure a 
pair of dimers so that four active sites are in 
close proximity. However, the interface ob- 
served in the dimer, although it could con- 
ceivably be an  artifact of crystal packing, is 
so extensive we are persuaded it represents a 
functional interaction. This interpretation 
is compatible with several models. For ex- 
ample, a tetramer formed by a pair of dirners 
could position two active sites within the 
required spacing. In this model, two active 
sites from separate dimers would catalyze 
both 3' processing and DNA strand trans- 
fer, and the other two active sites of the 
tetramer would not participate in catalysis. 

Table 1. Structure determination. All diffraction data were collected at 95 K, 
integrated with DENZO (41) and scaled with SCALEPACK (41). The crystals 
belong to the trigonal system, space group P3,21, with unit cell parametersa = 
72.8, c = 66.1 (A). The asymmetric unit contained one molecule. Data on the 
selenomethionine-containing crystals were collected at the Howard Hughes 
Medical Institute beam line (X4A) at the Brookhaven National Synchrotron Light 
Source with Fuji imaging plates. Images were digitized on a BAS 2000 image 
plate scanner. Ideal incident beam energies were determined from 
EXAFS scans performed in the neighborhood of the Se K absorption edge with 
the aim to maximize the difference in the real part of the Se scattering factor (at 
L2) and to maximize the imaginary part at L3. Data were collected with the 
inverse beam method in 2" oscillation frames with 0.3" overlap angles. Only fully 
recorded reflections were used. The Pb and Sm derivative data sets (and also 
native set 2 used in model refinement) were collected on a Raxis IIC image plate 
detector mounted on a RU200 rotating anode source operated at 50kV 100 mA 
with monochromatized CuKa radiation in 1.2" oscillation frames. Phasing cal- 
culations were performed with the PHASES package (42). The Se scattering 

factors were as described (43). The data set collected at wavelength L2 was 
chosen as native in the phasing process, the set collected at L1 was used as an 
isomorphous derivative, and the set collected at L3 as an anomalous scattering 
data set, based on the procedure of Ramakrishnan et a/. (44); Pb and Sm 
derivatives were also included. Heavy atoms were located by Patterson and 
cross Fourier methods and their parameters were refined by maximum likeli- 
hood phase refinement. The final figure of merit was 0.681 at 2.75 (A) resolution. 
Phases were improved by iterative solvent flattening (45). When the process 
converged, the R factor between observed and ~alculated structure factors 
obtained after map inversion was 0.212 at 2.75 (A) resolution. The molecular 
model was built with 0 (46). The model was refined by several rounds of 
molecular dynamics and energy minimization by means of XPLOR (44 against 
the native data set 2, followed by manual rebuilding. The present model con- 
tains residues 56 to 140 and 154 to 208, and has no solvent molecules. Of the 
three methionine residues, the first (residue 50) is in a completely disordered 
region and invisible; the second (residue 154) is partially disordered. All calcu- 
lations and modeling were performed on Silicon Graphics work stations. 

Data se, , ,Us"- 
waveleng'" ,. .&:.._ Detector 

(A) IT\] 
(N) (N) ness* (%) n ~ y m  1 "c 

t Rncn. Reflections Phasing power11 

11 I IULlUl I 
i X \  source Total Unique Complete- n .I. n Isomor- Anom- 

L ~ I ~ I S ~  R ~ r a u t s  phous alous 

Se L2 2.3 
0.9794 
(native 1) 
Se L1 2.3 
0.9879 
Se L3 2.3 
0.971 2 
(CHsIsPb 2.5 
acetate 
1.541 8 
SmAcetate 2.8 
1.541 8 
Native 2 2.5 
1.541 8 
Refinement 
Resolution (A) 
Atoms (N) 
Reflections I > 241) (N) 
R factor (%)I 
R (free) (%)# 
rms bond lengths (A) 
rms bond angles (") 

Fuji 74576 7079 76.3 0.050 
x 4A 

Fuji 77745 7250 78.2 0.047 0.480 0.01 4 2.55 
X 4A 
Fuji 81431 7303 78.5 0.059 0.022 
X 4A 
Raxis IIC 50770 6789 92.0 0.040 0.71 3 0.116 

RU200 
Raxis IIC 26767 5266 81.5 0.056 0.675 0.1 16 
RU20D 
Raxis IIC 52552 6746 93.6 0.040 
RU200 

*Incl[rding data with I > m(0. R = Z 1 I - I 1 1 SR,,,,,, = Z 1)) FPH, 1 2 1 FPJI - I FH,IIaIIFPH, I ? I FP,II for centric refectons; §R,,,, = ZlIFPH I - 
I FPH,/Z I FPH, I for acentrlc reflections, isomorphous case; $R,,,,, = ZIIFPHOt I - FPH,' + IIFPH,- I - FPH,.II/I ( FPHOt + I FPH,- ) foracentrlc reflections, 

anomalous case. FP is the proten, FPH is the derivative, and FH is the heavy atom structure factor, respectively. FPHt and FPH- denote the Bljvoet mates. IThe phasing power 
is defined as FH,/Efor the isomorphous case and 2FH,"/E for the anomalous case, where E is the rms lack of closure. The R,,,l,,, R,,,,, and phasing power values are repbrted at 
2.75 A resolution, rj R factor = Z FP, - FP, I / ZFP,. #R,,,, 1s computed on a randomly selected 10% of the data which were excluded from refinement (48). 
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There is precedence in other systems, such 
as Tn3 resolvase, for protomers in an active 
multimeric complex playing solely architec
tural roles {32). Alternatively, we cannot 
exclude the possibility of significant rear
rangement in either the core domain or the 
DNA substrates in the active complex. It is 
possible to envision some unwinding of the 
host DNA, which might reflect distortions 
that have been observed at sites of integra
tion in vitro (33). The structure and rela
tive positioning of the missing NH2- and 
COOH-terminal domains of integrase may 
reveal alternative interactions that bring 
the catalytic sites into a configuration con
sistent with the complete integration reac
tion. The active multimer of the prokaryot-
ic MuA transposase is a tetramer, and all 
four active sites have been implicated in 
catalysis (34)- It is also possible that the 
dimer interaction plays a role in the viral 
life cycle separate from the catalysis of in
tegration, for example, in virus assembly. 

It has become clear that retroviral DNA 
integration is mechanistically closely relat
ed to the transposition of many DNA ele
ments, including certain prokaryotic trans-
posons (35). The finding that a triad of 
acidic amino acid residues is conserved 
among these elements (5-7), combined 
with the result that mutations of these res
idues can abolish catalytic activity (6-9), is 
consistent with their playing a key role in 
catalysis. The involvement of acidic resi
dues in catalysis of polynucleotidyl transfer 
has been noted for many nucleases and 
polymerases (20-22, 36). In the case of the 
3'-5' exonuclease activity of E. coli DNA 
polymerase I, it has been proposed that the 
function of ,the carboxylate groups is to 
position two divalent metal ions, one of 
which activates a water molecule for nu-
cleophilic attack on a phosphorus atom in 
the DNA backbone, while the second diva
lent metal ion stabilizes the transition state 
(37). It has been suggested that retroviral 
integrase may use a similar reaction mech
anism (6). Our finding that at least two, 
and most probably all three, conserved res
idues are in close proximity in the three-
dimensional structure supports the view 
that they are directly involved in*catalysis. 
The relative positions of these residues are 
therefore consistent with a role in divalent 
metal ion coordination. 

The structure of the core domain of 
HIV-1 integrase is remarkably similar to 
that of RNase H (20, 21), the Holliday 
junction resolving enzyme RuvC from E. 
coli (22), and the catalytic domain of the 
MuA transposase protein (23). The finding 
that the catalytic domains of MuA trans
posase and HIV-1 integrase share structural 
similarities was somewhat anticipated due 
to their functional similarity. Conserved 
acidic amino acid residues in MuA trans

posase have been aligned with the retroviral 
D,D-35-E motif, and mutation of these res
idues can abolish transposition in vitro (7). 
However, the functions of RNase H and 
RuvC are not obviously related to transpo
sition. Together with the previously noted 
ATPase domains (24), these enzymes pro
vide yet another example of a superfamily of 
proteins with low sequence similarity that 
are topologically related (38). The active 
sites in integrase, RNase H, RuvC, and 
MuA are in part formed from residues ex
tending from analogous structural elements. 
Thus, these four proteins share a common 
structural motif that catalyzes polynucleoti
dyl transfer for different biological roles. 

The structure of the catalytic domain of 
HIV integrase reported here should facili
tate the development of inhibitors to this 
viral target. Although the search for inhib
itors of integrase is at an early stage com
pared to the more extensively studied re
verse transcriptase and protease, suitable 
assay systems for large-scale screening are 
available (39), and compounds that inhibit 
the enzyme in vitro have been identified 
(40). The structures of complexes of inte
grase with these compounds, and others as 
they become available, can be expected to 
elucidate their mode of action and guide 
the design of improved inhibitors for use in 
antiviral therapy. 
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Splicing of the rolA Transcript of Agrobacterium 
rhizogenes i n Ara bidopsis 

Armando Magrelli, Kerstin Langenkemper, Christoph Dehio," 
Jeff Schell, Angelo Spenat 

The rolA gene encoded on the Ri plasmid A4 of Agrobacterium rhizogenes is one of the 
transferred (T,-DNA) genes involved in the pathogenesis of hairy-root disease in plants. 
The function of the 100-amino acid protein product of rolA is unknown, although its 
expression causes physiological and developmental alterations in transgenic plants. The 
rolA gene of A. rhizogenes contains an intron in its untranslated leader region that has 
features typical of plant pre-messenger RNA introns. Transcription and splicing of therolA 
pre-messenger RNA occur in the plant cell. 

T h e  rolA gene from the Ri plasmid A4 of 
A. rhizogenes is one of the TL-DNA genes 
transferred from the bacterium to the plant, 
and it is involved in the pathogenesis of 
hairy-root disease ( I ) .  Although transferred 
DNA (T-DNA)-encoded genes of A. tu- 
mefaciens can be transcribed and translated 
in bacterial extrkcts (Z), we are not aware of 
data reporting bacterial transcription of TL- 
DNA-encoded genes of A, rhizogenes. Ex- 
pression takes place in transformed plant 
cells, and the rolA gene by itself causes 
plant developmental alterations, including 
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dwarfism (due to reduced growth and inter- 
node distance) and wrinkled leaves (due to 
reduced growth of the midrib and of vascu- 
lar tissue) (3). 

Conflicting results concerning the initi- 
ation of transcription of the rolA gene 
[mapped by primer extension to position 
-29 from the ATG initiation codon (4) or 
to position - 100 (5)] led us to analyze the 
structure of the transcript in more detail. 
We did reverse transcription-polymerase 
chain reaction (RT-PCR) with polyaden- 
ylated [poly(A) + ] RNA extracted from 
Arabidopsis thaliana plants transgenic for the 
rolA gene (line 23) (5), using as a 5' primer 
an oligonucleotide spanning nucleotides 
- 100 to -82 (primer a in Fig. 1) and as 3' 
primer an oligonucleotide spanning nucle- 

otides +300 to +282 of the rolA gene 
(primer b in Fig. 1). The polyadenylation 
site is at position +530 (5). The PCR pro- 
duced fragments of two lengths, differing by 
76 nucleotides (Fig. 1). DNA sequence 
analysis indicated that, in Arabidopsis, rolA 
transcripts have either an untranslated 
leader region (ULR) of at least 100 bases (I 
in Fig. 1) or a ULR of 24 bases (I1 in Fig. 1). 
The shorter class of transcripts is identical 
to the long one except for the deletion of 76 
bases in the ULR of the rolA mRNA. The 
deletion starts with the sequence G T  at 
position -76 and ends with AG at position 
-3. The dinucleotides G T  (at the 5' end) 
and AG (at the 3' end) are known to 
delimit eukaryotic introns and to be invari- 
able parts of the splice sites (6). Thus, the 
two classes of RT-PCR products represent 
the unspliced and spliced mRNA of the 
rolA gene. The reported discrepancy could 
be partially explained by the fact that map- 
ping experiments have used poly(A)+ RNA 
extracted from tobacco (4) and Arabidopsis 
(5) plants. The efficiency of rolA pre-mes- 
senger RNA (pre-mRNA) splicing differs in 
these two plant species (7). 

To further characterize the spliced rolA 
mRNA, 12 indepen4ent RT-PCR products, 
corresponding to spliced mRNAs, were 
cloned and sequenced. Ten clones had a 
ULR of 27 bases (111 in Fig. lB), whereas in 
the remaining two clones, the ULR was 24 
bases long (I1  in Fig. 1B). This result defines 
two classes of spliced transcripts that were 
generated by the use of alternative 5' splice 
sites: the G T  at position -73 for class I and 
the G T  at position -76 for class 11. Con- 
sequently, splicing of rolA pre-mRNA re- 
moves an intron of 73 to 76 nucleotides, 
which is in agreement with a minimum 
length of 70 to 73 nucleotides reported for 
efficient splicing of introns in plants (8). 
Furthermore, the rolA intron has a 71% AT 
content and the AG 3'  splice site is preced- 
ed by a T-rich region, features considered 
typical of plant pre-mRNA introns (9). The 
two 5' exon-intron junctions show homol- 
ogy to the plant consensus sequence 

(G7zG,,,T,,*70Aj,G,iT49) (6). 
Many mutant alleles are caused bv mu- 

tations that interfere with RNA splicing 
(10). Thus, to confirm the molecular data, 
rolA alleles from seven independent null 
mutants isolated by ethylmethane sulfonate 
mutagenesis of an Arabidopsis line trans- 
genic for the rolA gene (line 23) (5) were 
cloned by PCR (5' primer: AACGCT- 
TCAATACGGTGAG; 3 '  primer: AAT- 
ACGCACGTGGCTGGCGGTCTT) and 
sequenced. Four out of seven were single 
point mutations leading either to amino 
acid substitutions [Arg at position 37 to Trp 
in mutant line 23-4(1); Pro -at position 40 
to Ser in mutant line 23-1; Pro at position 
40 to Leu in mutant line 23-61 or to change 

SCIENCE VOL. 266 23 DECEMBER 1994 


