
either during ontogeny or phylogenetic di- 
versification, small deviations from quarter- 
power scaling sometimes occur (3,  23). 
However, when body sizes vary over many 
orders of magnitude, these scaling laws are 
obeyed with remarkable precision. More- 
over, the predicted scaling properties do not 
depend on most details of system design, 
including the exact branching pattern, pro- 
vided it has a fractal structure (24). Signif- 
icantly, nonfractal systems, such as combus- 
tion engines and electric motors, exhibit 
geometric (third-power) rather than quar- 
ter-power scaling (1 ). Because the fractal 
network m p t  still fill the entire D-dimen- 
sional volume, our result generalizes to a = 

D/(D + 1). Organisms are three-dimension- 
al, which explains the 3 in the numerator of 
the 314 power law, but it would be instruc- 
tive to examine nearly two-dimensional or- 
ganisms such as bryozoans and flatworms. 
The model can potentially explain how 
fundamental constraints'at the level of in- 
dividual organisms lead to corresponding 
quarter-power allometries at other levels. 
The constraints of body size on the rates at 
which resources can be taken up from the 
environment and' transported and trans- 
formed within the body ramify to cause 
quarter-power scaling in such diverse phe- 
nomena as rate and duration of embryonic 
and postembryonic growth and develop- 
ment, interval between clutches, age of first 
reproduction, life span, home range and 
territory size, population density, and max- 
imal population growth rate (1 -3). Because 
organisms of different body sizes have dif- 
ferent requirements for resources and oper- 
ate on different spatial and temporal scales, 
quarter-power allometric scaling is perhaps 
the single most pervasive theme underlying 
all biological diversity. 
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Flexibility in DNA Recombination: Structure of 
the Lambda lntegrase Catalytic Core 

Hyock Joo Kwon, Radhakrishna Tirumalai, Arthur Landy,* 
Tom Ellenberger* 

Lambda integrase is archetypic of site-specific recombinases that catalyze intermolec- 
ular DNA rearrangements without energetic input. DNA cleavage, strand exchange, and 
religation steps are linked by a covalent phosphotyrosine intermediate in which Tyr342 
is attached to the 3'-phosphate of the DNA cut site. The 1.9 angstrom crystal structure 
of the integrase catalytic domain reveals a protein fold that is conserved in organisms 
ranging from archaebacteria to yeast and that suggests a model for interaction with target 
DNA. The attacking Tyr342 nucleophile is located on a flexible loop about 20 angstroms 
from a basic groove that contains all the other catalytically essential residues. This 
bipartite active site can account for several apparently paradoxical features of integrase 
family recombinases, including the capacity for both cis and trans cleavage of DNA. 

T h e  integrase protein (Int) of Escherichia tween DNA sequences with little or n o  
coli phage lambda (A) belongs to a large sequence homology to each other (4-8). 
family of site-specific DNA recombinases Like A Int, many of these recombinases 
from archaebacteria, eubacteria, and yeast function in the integration and excision of 
(1-3) that catalyze rearrangements be- viral genomes into and out of the chromo- 

somes of their respective hosts. Others 
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tion between two DNAs in the absence of 
high energy cofactors. DNA cleavage and 
rejoining is accomplished in two steps. 
First, a tyrosine hydroxyl attacks the 
scissile phosphate, nicking the DNA and 
forming a 3' phosphotyrosinelinked DNA 
complex. This covalent protein-DNA in- 
termediate is resolved when the 5' terminal 
hydroxyl of the invading DNA strand at- 
tacks the phosphotyrosine linkage and dis- 
places the protein, forming a Holliday junc- 
tion. The reaction is reveated for the other 
strand of each DNA pa;tner, generating the 
recombinant DNA duplexes. It is the tran- 
sient covalent linkage of protein and DNA 
that conserves the energy of the broken 
phosphodiester bond, enabling a pair of 
reciprocal strand exchanges to proceed. 

The 40-kD Int protein, which was first 
purified by Kikuchi and Nash (9), has been 
separated into discrete domains by limited 
proteolysis (1 0, 11 ). On the basis of these 
results, a minimal catalytic domain, termed 
Int c170 (residues 170 to 356), was cloned 
and vurified. The c170 domain is avvroxi- 

A. 

mately the same size as the smallest Int 
familv members: it can cleave and lieate 
DNA and it functions as a type I topoisim- 
erase (I 1 ). This catalytic domain encom- 
passes both of the highly conserved se- 
quence motifs of the integrase family ( I ,  2), 
including an invariant arginine-histidine- 
arginine catalytic triad, and the tyrosine 
nucleo~hile (1 2). Amino acid substitutions . , 

within the catalytic triad severely impair 
phage recombination, and they compromise 
DNA-binding and cleavage in vitro. The 
results of mutational analvses ( 13-1 5)  and , . 
phosphate interference footprinting (1 6) of 
various recombinases beloneine to the inte- - - 
grase family are consistent with the sugges- 
tion (1 7) that the Arg-His-Arg triad acti- 
vates the scissile phosphate for cleavage of 
DNA. The location of the attacking ty- 
rosine is carboxyl terminal to the catalytic 
triad in a less conserved region that is rich 
in acidic residues. Despite their sequence 
similarity, Int family proteins exhibit a re- 
markable mechanistic dualitv. In some cas- 
es, the tyrosine nucleophile of one subunit 
cleaves DNA that is bound bv an adiacent 
subunit (trans cleavage) (17), whereas in 
other cases the tvrosine cleaves the site 
bound by the same subunit (cis cleavage) 
(18). These distinctive modes of DNA 
cleavage by conserved catalytic residues 
may reflect intrinsic differences among Int 
family proteins, or the tailoring of the 
cleavage mechanism in response to reaction 
conditions. 

The crystal structure of the Int catalytic 
domain was determined by multiple isomor- 
phous replacement and refined at 1.9 A 
resolution (Table 1). Int c170 has a mixed 
a-p structure consisting of seven a helices 

and seven p strands (Fig. 1). An a-helical 
bundle with an unusual packing geometry is 
cradled by two antiparallel P hairpins, 
which together form a globular structure of 
roughly 25 A by 38 A by 50 A. Helices aA,  
aB, and aC form the core of the domain 
and they are circumscribed by a helical 
collar consisting of aD. aE. and aF. The - , , 

packing angles between these helices are 
irregular and apparently unprecedented; an 
automated search of structures in the Pro- 
tein Data Bank (19) did not identifv anv . , , , 

proteins with a similar fold. More specifi- 
cally, the Int c170 domain does not resem- 
ble the catalytic domains of other site-spe- 
cific recombinases of known structure, in- 
cluding the HIV-I and ASV retroviral in- 
tegrases (20, 21), MuA transposase (22), 
and y8 resolvase (23). The Int catalytic 
domain also differs from those of topoisom- 
erase I and topoisomerase 11, both of which 
have buried tyrosine nucleophiles (24, 25). 

The base of the molecule is formed by a 
four-stranded mixed P sheet (PI,  P2, P3, 
p7) with two p-hairpin extensions (P2-P3 
and P4-P5) that wrap around the a-helical 
bundle. The connection between a G  and 
P6 (residues Lys334 to Gln341) is disordered 
in both molecules of the crystallographic 
asymmetric unit, implying that this segment 
is flexible (Fig. 1B). In one Int c170 pro- 
tomer the catalytic Tyr342 (phenylalanine 
in the crystal structure) is adjacent to a 
short p strand (P6) that is hydrogen-bond- 
ed to the COOH-terminal strand P7. T 9 4 2  
is not visible in the electron density of the 
other protomer, and the disordered (flexi- 
ble) segment extends from Lys334 to Trp350. 
In both molecules strand P7 is hydrogen- 
bonded in a parallel orientation to strand 
p3 at one edge of the p sheet. It is fixed in 
this orientation by several buried hydropho- 
bic residues including Trp350 and 
These contacts anchor P7 to the rest of the 

Fig. 1. The lambda integrase catalytic domain is a seven-helix bundle cradled by a p sheet and two p 
hairpins. The ribbon diagram (A) is colored with a gradient from the NH2-terminus (blue) to the COOH- 
terminus (red) with the program SETOR (58). (B) Topology diagram of the Int catalytic domain with the 
flexible loop connecting helix G and strand p6 depicted by spheres. The a helices of Int c170 are 
intertwined in an irregular packing arrangement that, to our knowledge, has not been seen before. (C) 
The catalytically essential residues Argzi2, His30*, and Arg311 face a small depression in the protein 
surface, located far from the attacking nucleophile TyP2. TyP2 is at the junction of the flexible loop 
(spheres) and strand p6, which forms a hairpin structure with p7 that is, in turn, anchored to the protein 
core by hydrophobic and electrostatic interactions. 
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protein, thereby defining the distal bound- 
ary of the flexible loop and restricting the 
range of motion of the attacking nucleo- 
phile Ty$42. 

The amino acid sequences of 66 mem- 
bers of the integrase family were aligned 
with a tree-based algorithm (26) and sever- 
al striking features emerge (Fig. 2B) (27). 
First, the invariant residues of the integrase 
family (1 ,2)  are all located on the proposed 
DNA interaction surface of X Int (Fig. 2, A 
and B) and many of these residues are es- 
sential for catalytic function. In contrast, 

few of the exposed residues away from the 
enzyme active site are conserved in the 
integrase family. Furthermore, it is found 
that many of the buried residues of Int c170 
are conserved. In particular, LeuZo5, ValZo7, 
ValZo8, Leu216, Met219, LeuZZ9, ValZ31, 
Ile242, Pro243, Met255, and Leu330 form a 
highly conserved core surrounding ThrZo9. 
This clustering of conserved, functionally 
important residues around the active site 
implies that the catalytic domains of inte- 
grase family members have similar folds. 

A shallow groove that is approximately 25 

A wide runs along one face of the protein 
(Figs. 1 and 2). It is circumscribed by aC, aD, 
aE, aF, and the P2-P3 hairpin. Conserved, 
polar residues facing this groove include 
ArgZIZ, AspZ1', His308, Ar$ll, Se$12, Gln328, 
and His333 (Fig. 2). The catalytic triad of 
ArgZIZ, His308, and Ar?ll are within 7 A of 
each other at the base of the groove (ArgZIZ 
and Ar?ll are within 3.4 4, and His308 is 
6.4 A from A$ll and 7.2 A from ArgZIZ); 
His308 and At-$ extend from the face of a F  
(Fig. I), and ArgZIZ is located at the NH2- 
terminus of the short aC helix and it forms a 

Fig. 2 0 Conserved midm duster aramd the active site pod<et of lambda integrase. These ind 
the kg2'*-Hi-Arg3' triad (navy), LysrJB and L y e  (cyan), H i  (magenta), W12-Gln328 (green) 
and (yeltow). T V  (red) is located some d i i  frm the other catalytic residues. (B 
Sequence alignment of selected integrase mi members showing the conserved hydrophobic resi 
d w  (brown) that form the core of the Int catalytic damain. This rxmavation of buried residues strong 4 
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water-mediated interaction with AspZ1j. The 
strict conservation of the Arg-His-Arg triad 
within the Int family, in conjunction with 
their demonstrated roles in binding and 
cleavage of DNA or DNA ligation (13-15, 
18), implicate this surface as part of the 
enzyme active site. Other basic residues fac- 
ing the groove of Int c170 include Arg'77, 
Arg179, LysZ3j, ArgZa7, Arg291, Arg293, 
Lys294, and Arg317, and these bolster the 
positive electrostatic character of this sur- 
face. The shape and charge of this surface of 
the protein, together with the presence of 
essential catalytic residues, suggest that this 
groove is.'the DNA-binding surface of the Int 
catalytic domain. This is consistent with the 
identification of six amino acid substitutions 
in X integrase that decrease recombinase ac- 
tivity for the phage X attachment site (att 
site) DNA sequence and promote activity on 
the att sites of the closely related phage 
HK022 (28, 29). All but one of these six 
residues are located in the Int c170 domain, 
where they face the surface of the proposed 
DNA-binding groove. The phenotypes of 
other mutants, along with the pattern of 
conserved amino acids, suggest that the 

highly conserved Gly332-Hi$33 residues pre- 
ceding the loop and the Tyr342 nucleophile 
in the middle of the loop (Fig. 2, A and B) 
also interact with DNA during catalysis. Res- 
idue substitutions involving Gly332 and 
Tyr342 have varied effects on DNA binding, 
DNA bending, and catalysis by A Int and 
FLP (14, 30). 

T h e  catalytic Tyr342 (phenylalanine in  
the crystal structure), which covalently 
links to DNA during Int-mediated recom- 
bination, must be activated for nucleo- 
philic attack of the scissile phosphate. 
This most likely occurs by donating the 
tyrosine hydroxyl proton to a nearby Lewis 
base. In the Int c170 structure, the phenyl 
ring of Tyr342 is sandwiched between 
G ~ u ~ ~ ~  and Asp3j1. These or other nearby 
acidic residues like Asp344 (His in some 
Int family proteins) (Fig. 2B), Asp345, or 
G1u3j4 could activate Tyr342 or aid in  po- 
sitioning it o n  DNA. These acidic residues 
are not strictly conserved in the integrase- 
related proteins, but the acidic character 
of this segment (Fig. 2) is a consistent 
feature of these recombinases. 

One  striking feature of the Int catalytic 

domain structure is the location of the cat- 
alytic Tyr342 on  an exposed 17 amino acid 
loop extending from Lys334 to Trp3j0 be- 
tween aG and f37 (Fig. ID). In one pro- 
tomer no electron density is evident for 
strand f36. In the other protomer, a crystal 
contact stabilizes the orientation of f36 and 
the f36 to f37 turn and the atomic B fastors 
of this segment are high, averaging 58 A2 as 
opposed to 25 W2 elsewhere in the protein. 
Downstream of the flexible segment, f37 
contacts the protein core in both protomers 
and thereby restricts the range of motion of 
Tyr342. The  finding that Tyr342 is flexibly 
tethered to the rest of the protein by a 
peptide loop is consistent with the proteo- 
lytic sensitivity of this segment in both X 
Int and yeast FLP recombinases (1 1 ,  31). 
Three- or four-residue insertions in this re- 
gion of FLP inactivate strand cleavage, al- 
though DNA-binding activity is retained 
(31 1. 

Flexible loops are a common feature of 
proteins that bind to the phosphates of 
DNA or nucleotides. Examples include 
the glycine-rich loop of nucleotide-bind- 
ing folds (32), the active site loop of pro- 

Table 1. Summary of crystallographic structure determinat~on. The Int cl70 
domain of lambda integrase (residues 170 to 356), in which the active site 
residue Tyr342 is substituted with phenylalanine, was prepared as described 
(I I ) .  Crystals of Int cl70 were grown by mixing an equal volume of Int cl70 
(26 mg/ml) with a well solution containing 50 mM MES (pH 6.15), 75 mM 
NaCI, 7 mM MgCI,, 40 mM sodium citrate, 1 mM DTT, 0.1 mM EDTA, and 1 
mM spermine-HCI. Crystals were grown by vapor diffusion at 22°C during the 
course of several days, and larger cube-like crystals were obtained by seed- 
ing with mic~ocrystals. The Int cl70 crystals belong to space group R3 (a = 
b = 107.3 A, c = 108.7 A; triply-primitive hexagonal indexing) with two Int 
c170 protomers occupying the asymmetric unit. The crystals were flash- 
frozen in a - 160°C nitrogen stream after being stabilized in a well solution 
containing 30% ethylene glycol. Diffraction data were integrated and scaled 
with DENZO and SCALEPACK (49). Heavy atom derivatives were obtained 
by soaking crystals for 12 to 18 hours in well solution containing 1 mM chloro 
(2,2':6',2"-terpyridine)platinum(ll) plus 10 mM 2-mercaptoethanol, or 0.5 mM 
PtCI,, or 1 mM AujCN),. Heavy atom parameters were refined with the 

programs HEAVY (50) and MLPHARE (CCP4, 1979). The initial MlRAS map 
was subjected to solvent flattening, twofold averaging, and histogram match- 
ing (CCP4, 1979) (51-53). A model was built with the program 0 (54), and 
electron-density maps were further improved by incorporating SIGMAA- 
weighted model phases (55). Model refinement by energy minimization and 
simulated annealing was performed with X-PLOR (56). An explicit bulk sol- 
vent correction was applied to the F,,,, values so that low resolution reflec- 
tions could be included in the refinement. The final structure was checked by 
inspection of simulated annealing-omit electron density (57). Noncrystallo- 
graphic symmetry restraints were imposed during the early stages of model 
refinement, then released as high-resolution data were incorporated into the 
refinement. The final model consists of residues 177 to 333 and residues 342 
to 355 for protomer A, residues 177 to 334 and 350 to 355 for protomer B, 
and 195 bound water molecules. Side chain density is lacking for residues 
Lys256, G I U ~ ~ ~ ,  GIu3O1, G I U ~ ~ ~ ,  L ~ S ~ ~ O ,  L ~ s ~ ~ ~ ,  and Arg343 in protomer 
A and G I u ~ ~ ~ ,  GIu301, and Asp324 in protomer B, and these residues are 
modeled as alanines. 

Item Native-1 * Native-2t Pt-terpyridinet PtCl,t Au(CN),'r 

Resolution (A) 1.9 2.5 2.5 2.5 2.5 
Reflections 

Total (N) 1 10468 84568 93737 1 17656 91 21 4 
Unique (N) 36385 15855 15899 15950 16068 
Completeness (%) 98.9 99.4 98.7 99.8 100.0 
Il5(l) 12.9 14.7 12.6 14.0 7.8 

Rsym 4.2 4.2 5.2 5.4 10.0 
MlRAS phasing (15-2.5 ?A) 

Number of sites 2 3 2 
R,,, (%I 20.5 24.8 16.1 
Rcullls 

Acentric 0.71 0.76 0.80 
Anomalous 0.90 0.89 

Phasing power 1.60 1.41 1.16 
Figure of merit = 0.63 

Resolution (A) 16-1.9 
Rcwst (%I 19.9 
Riree (%I 23.2 
rms deviation bond (A) 0.007 
rms deviation angle (") 1.178 

*Beamline x12c, Brookhaven National Laboratory, Mar research image plate, tElliot GX-13, Mar research image plate. 

Model refinement 
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tein kinases (33, 34), the DNA-binding 
loop of deoxyribonuclease (DNase I) ( 3 3 ,  
the surface loops of the y8 resolvase cata- 
lytic domain (36, 37), and the loop har- 
boring the conserved glutamic acid of the 
D-D-E motif in HIV-1 integrase (20) and 
MuA transposase (22). The movable loop 
of A Int could shield the phosphotyrosine 
intermediate from solvent-mediated hv- 
drolysis, or it could contribute to the cor- 
rect positioning of the scissile phosphate 
for cleavage. Serine and threonine are 
prominent in the loops of the integrase- 
related proteins, and these residues could 
bind to DNA phosphates. 

The relatively long flexible loop that 
loosely tethers the active site Ty?42 to the 
body of the protein explains one of the 
major mechanistic paradoxes concerning 
DNA cleavage by Int family recombinases. 
Conservative site-specific recombination 
involves the cleavage, exchange, and re- 
joining of four DNA strands. Although it is 
generally recognized that this reaction is 
executed by four protomers (one for each 
DNA strand cleaved). ex~eriments address- ,. . 
ing the roles of individual protomers sup- 
port both cis cleavage and trans cleavage of 
DNA by Int family proteins. In the cis 
cleavage model, a single protomer provides 
both the catalytic tyrosine and the Arg-His- 
.Arg triad for cleavage of one DNA strand 
(8, 18). In the trans cleavage model, the 
tyrosine from one protomer cleaves a DNA 
strand that is bound and activated bv the 
Arg-His-Arg triad of a neighboring pro- 
tomer (1 7). A substantial body of evidence 
indicates that FLP cleaves DNA in trans, 
and current data sueeest that the two col- -- 
laborating protomers are bound to the same 
DNA (as opposed to synapsing partners) 
during at least one step of recombination 
(38). Trans cleavage has also been reported 
for A Int and Cre (39, 40). However, other 
experiments point to a cis cleavage mecha- 

nism for A Int (18) and the related XerC- 
XerD recombinases (15). These findings 
have raised fundamental questions of how 
closely related proteins, and possibly the 
same protein, can cleave DNA either in cis 
or in trans (3, 8, 38, 41, 42). 

In considering how the A Int catalytic 
domain interacts with att site DNA, we are 
guided by the experimental observations 
that TyS4' covalently attaches to the scis- 
sile phosphate and that the Arg311 homo- 
logue of the closely related XerD recombi- 
nase directly contacts the scissile phosphate 
(16). We have positioned two Int c170 
protomers on an idealized att site in a con- 
figuration that accounts for the interactions 
described above and that places the posi- 
tively charged groove of the protein in con- 
tact with DNA. For clarity, we show only 
one of the two Int protomers modeled on 
DNA (Fig. 3). Both subunits lie to the 
3'-side of their respective cut sites with the 
dimer interface located over the major 
groove surface of the overlap region be- 
tween cut sites. The NHz-terminal end of 
each c170 protomer lies over the minor 
groove at the 3'-end of the consensus att 

core sequence 5'-CAACTT-3', adjacent to 
its major groove surface. This orientation is 
consistent with evidence that residues up- 
stream of the c170 fragment are important 
for core site recognition by lambda Int and 
related proteins (1 1, 28, 29, 43). Our the- 
oretical model of the Int cl70-DNA com- 
plex is also consistent with the pattern of 
methylation protection for Int-DNA com- 
plexes, in which the minor groove adjacent 
to the cut site and the major groove surfaces 
of the overlap region and of the core bind- 
ing sites are protected by Int along one face 
of the helix (44). 

The active site loop of A Int is disor- 
dered in the unliganded structure of Int 
c170, and it could deliver Tyr342 to the 
Arg-His-Arg catalytic triad in either a cis 

Fig. 8 Thmticai model of the A Int catalytic core Ir\ 
bound to a B-form M - a f t  site. A MI aft site con- / \ 
Wins a pair of inverted core-type Int Mnding sites. 
An Int protomer ad each site is responsible for 
&wing one DNA strand via iormation of a cova- 
tent 3' phospho-- linkage and a free 5'- 2 
hydraxyl. The two nlcks are staggered by seven 
base pairs wtth a 5' o m .  For darity, only one 
subunit of the Int cl70 dirner that was modeled on 
DNA is shown. The catalytic Arg-His-Arg triad 
'bar) of Int is docked over one of the scissiie 
haphates (shown as breaks in the DNA ribbon). 
h e  Ca trace of Int c170 (blue) is displayed with 
the active site loop containing the T y F  Mldeo- 
phii shown in two e l t ~ ~ ~ i o n s .   he 
orientation corresponding to ds cleavage (orange 
tyroshe) is atheoretlcal model, whereas that corresponding to trans 
deavage (red tyrosine) is present in one of two Int in the 
aystal sbucture. The segment of the loop that is disordered in both 
p r o t m  (Lysp4 to Gln341) is md&@ in pink. 

or a trans configuration. The cis-cleavage 
mode requires the disruption of the P6-P7 
hairpin, which is only visible in one of the 
two protomers in the crystal structure, and 
the movement of Ty1342 toward the active 
site center. This is consistent with the 
observation that the topoisomerase activ- 
ity of A Int is enhanced by deletion of 
residues 350 to 356 (P7) (14). Alterations 
that remove or destabilize the P6-P7 hair- 
pin are likely to release the active site 
Tyr342, and these findings support the pos- 
sibility that a fixed orientation of Tyr342 
may not be required or preferred for enzy- 
matic activity. The A Int loop can readily 
be modeled in a cis configuration that 
orients Tyr342 for an in-line attack of the 
scissile phosphate coordinated by the Arg- 
His-Arg triad (Fig. 3). In the trans cleavage 
mode, T ~ 4 2  would engage one scissile phos- 
  hate and the catalvtic triad of the same 
protomer would bind to the opppsite scis- 
sile phosphate located some 25 A away in 
a B-form att site. Indeed, the Tyr342 of one 
Int protomer in the asymmetric unit ex- 
tends away @om the protein core and it is 
located 23 A from His3'' and about 17 A 
from ArgZIZ and Arg311 (Figs. 1 and 3). In 
this orientation, each Int protomer can 
bridge the scissile phosphates of the att site 
in a trans cleavage mode. It is to be noted 
that FLP, for which trans cleavage has 
been most thoroughly documented, and 
all five of the other eukarvotic recombi- 
nases, have loop segments that are five to 
eight residues longer than those of other 
Int family proteins (3). These additional 
residues may restrict the tyrosine-contain- 
ing loop of FLPs to the trans orientation. 
The structure of the A Int catalytic do- 
main provides an explanation for both cis 
and trans DNA cleavage reactions cata- 
lyzed by closely related recombinases and, 
perhaps, catalyzed by the same protein. 

The folding of disordered segments 
within the DNA-binding domains of 
many proteins accompanies their binding 
to specific DNA targets, and such an "in- 
duced fit" may enhance discrimination 
against nonspecific sites (45). The produc- 
tive interaction of a site-specific recombi- 
nase with DNA generates double-stranded 
breaks, so it is essential that DNA-binding 
or cleavage activity is stringently con- 
trolled. In that A Int and other recombi- 
nases show relatively high nonspecific 
DNA binding (44), strand cleavage must 
be tiehtlv controlled. The flexible active " ,  
site loop of A Int may provide such a 
control mechanism. In the case of cis 
cleavage the flexible loop may adopt the 
catalytically competent orientation only 
in the context of the correct multiprotein- 
DNA complex, thereby keeping the active 
site tyrosine at bay until the recombina- 
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tion apparatus is poised to proceed. In the 
case of trans cleavage, the requirement for 
two precisely aligned protomers could 
serve to restrain inappropriate cleavages, 
as proposed for FLP (1 7). A second poten- 
tial role of the flexible catalytic loop may 
be to accommodate strand transfer during 
synapsis. Movement of the protein-DNA 
complex may be required for access of the 
invading strand to the catalytic center, 
and this movement might be facilitated by 
adjustment of the active site loop. 

The  structure of A Int c170 with its 
flexibly tethered tyrosine nucleophile also 
suggests-a mechanism to explain another 
variable property of Int family recombi- 
nases. Some members of the Int family are, 
like A Int, quite fastidious in their require- 
ment for DNA-DNA homology within the 
overlap regions of two recombining part- 
ners (46). Other Int family recombinases, 
such as the Tn1545 and Tn916 trans- 
posases, are more relaxed in their response 
to heterologies between recombining part- 
ners (47, 48). This difference might be 
due in part to  the variety of amino acids 
occupying this segment of Int  family re- 
combinases (pig. 2B). Alterations in the 
delivery arm of Tyr342 could be expected 
to significantly influence such parameters 
as the rate, reversibility, and specificity of 
the DNA cleavage and ligation reactions. 
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A Transmembrane Helix Dimer: 
Structure and Implications 

Kevin R. MacKenzie, James H. Prestegard, 
Donald M. Engelman* 

The three-dimensional structure of the dimeric transmembrane domain of glycophorin 
A (GpA) was determined by solution nuclear magnetic resonance spectroscopy of a 
40-residue peptide solubilized in aqueous detergent micelles. The GpA membrane- 
spanning a helices cross at an angle of -40 degrees and form a small but well-packed 
interface that lacks intermonomer hydrogen bonds. The structure provides an expla- 
nation for the previously characterized sequence dependence of GpA dimerization and 
demonstrates that van der Waals interactions alone can mediate stable and specific 
associations between transmembrane helices. 

Glycophorin A,  the primary sialoglycopro- 
tein of human erythrocyte membranes, forms 
noncovalent dimers by sequence-specific, re- 
versible association of its single hydrophobic 
membrane-spanning domain (1-3). We have 
determined the dimeric structure of GpAtm, a 
peptide corresponding to residues 62 to 101 of 
human GpA, by heteronuclear nuclear mag- 
netic resonance (NMR) methods (Fig. 1). 
Nuclear Overhauser effect (NOE) distance 
restraints and J coupling-derived dihedral re- 
straints were used to generate a family of 20 

structures (4). Residues 62 to 71, which lie 
outside the membrane (5) and are unneces- 
sary for dimerization (Z), are poorly defined by 
this procedure, but within the transmembrane 
region the stryctures differ from the average 
by only 0.4 A [roo: mean square (rms)] for 
backbone and 0.8 A (rms) for all nonhydro- 
gen atoms. The well-defined interface be- 
tween the hydrophobic helices allows us to 
describe the physical basis for helix-helix as- 
sociation, the second stage of the proposed 
"two-stage model" for membrane protein fold- 
ing (6). 

K. R. MacKenzie and D. M. Engelman, Depariment of Residues 73 to 96 of GpA form a helices 
Molecular Biophysics and Biochemistry, Yale University, 
New Haven, CT 06520-81 14, USA, that interact at a -40' (right-handed) cross- 
J. H. Prestegard, Depariment of Chemistry, Yale Univer- ing angle in a symmetric GpAtm dimer (Fig. 
sity, New Haven, CT 08520-81 07, USA. 2). Side chain and backbone atoms of seven 
*To whom correspondence should be addressed. residues make favorable van der Waals inter- 
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