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Crystal Structure of invasin: A 
Bacterial lntegrin-Binding 

Protein 

of invasin. which make up the extracellular 
region, can be expressed as a soluble protein 
(In1.497) that binds integrins and promotes up- 
take when attached to bacteria or beads (9) The 
shortest invasin fraglnent capable of binding 
integins consists of the COOH-tenninal 192 
amino acids (7). This fragment is not homolo- 
gous to the integin-binding domains of fi- 

Zsuzsa A. Hamburger,' Michele S. B r ~ w n , ~  Ralph R. I ~ b e r g , ~  bronectin [the fibronectin type I11 repeats 9 and 
Pamela J. ~jorkman's~* 10 (Fn-I11 9-10)] (a), although nlutagenesis 

studies and competition assays indicate that 
The Yersiniapseudotuberculosis invasin protein promotes bacterial entry by binding invasin and fibronectin bind to cu; P and a, PI  
to host cell integrins with higher affinity than naturalsubstrates such as fibronectin. integrins at the same or overlapping sites (10). 
The 2.3 angstrom crystal structure of the invasin extracellular region reveals five The integrin-binding region of invasin also 
domains that form a 180 angstrom rod with structural similarities to tandem lacks sig~lificant sequence identity with the cor- 
fibronectin type Ill domains. The integrin-bindingsurfaces of invasin and fibronectin responding regions of intiinins (-20% identity) 
include similarly located key residues, but in the context of different folds and (8). To gain insight into enteiic bacterial patho- 
surface shapes. The structures of invasin and fibronectin provide an example of genesis and to compare the struch~ral basis of 
convergent evolution, in which invasin presents an optimized surface for integrin integin binding by invasin and Fn-I11 domains, 
binding, in comparison with host substrates. we solved the crystal shuch~re of Inv497. 

Inv497 was expressed in Eschei.ichiu coli 
and purified (9). The sh -~~ch~re  was solved to 2.3 

Many bacterial pathogens bind and enter eu- amino acids, which are thought to reside in the A by multiple isoinorphous replacement with 
karyotic cells to establish infection. Yeirc.inia outer membrane (7), are related (-3646 se- anoinalous scattering (MIRAS) (Table 1) (11, 
pseudotz~bei-cviosis and Y e~zterocoliticu are quence identity) to the analogous regions of 12). Inv497 is a rodlike molecule with overall 
enteropathogenic Gram-negative bacteria that intimins (8). The COOH-terminal497 residues dimensions of - 180 a by 30 a by 30 A (Fig. 
cause gastroenteritis when they are translo- 
cated across the intestinal epithelium at Pey- 
er's patches by way of M cells. Translocated Table 1. Summary of data collection and refinement statistics for lnv497. lnv497 crystals (space group 

bacteria the lylnphatic systeln and col- PZ,, a = 61.1 A, b = 50.7 A, c = 97.9 A, P = 98.3"; one molecule per asymmetric unit) were grown at 

oIlize the li\,er they grow 2Z°C in hanging drops by combining 1 pl of protein solution [lnv497 (5 t o  10 mglml), 20 m M  Hepes at 
pH 7.0, and 1 m M  EDTA] wi th  1 pl of precipitant solution (20 mM sodium citrate at pH 5.6, 20% 

nlaillly extracellularly lllvasill is an Outer polyethylene glycol 4000, and 20% isopropanol). Crystals were improved by microseeding. SeMet 
n~enlbrane protein required for efficient UP- crystals, derived from selenomethionine-substituted lnv497 protein (9),  grew under similar conditions. 
take of Yei-sinia into M cells (2, 3). Invasin For cryoprotection, 5 pl of mother liquor containing 25% isopropanol was added t o  the crystals 
mediates entry into eukaryotic cells by bind- immediately before transferring them to  liquid nitrogen. A cryocooled xenon derivative was prepared by 

ing to ofthe p ,  integrin family that mounting a cryoprotected crystal in a nylon loop and subjecting i t  t o  200 psi of xenon for 2.5 min in a 

lack I, or dolnaiIls, as xenon pressure cell (11). A small microfuge tube containing excess mother liquor was placed in the 
pressurization chamber t o  maintain vapor pressure and prevent cracking of the crystals. Immediately after 

O L ~ P I :  OLSPI: cu6P1, c u \ P ~  (3 ) .  Integrills are depressurization, the crystals were transferred t o  liquid nitrogen. The PIP derivative was prepared by the 
heterodinleric integral nlelnbrane ~ r o t e i ~ l s  addition of one grain of PIP t o  a drop containing several crystals, followed by soaking for 5 hours. Data 
that mediate communication between the ex- from the native and the xenon derivative crystals were collected at 1 7 0 ° C  at a wavelength of 0.98 A 
tracellular e~~\~ironment  and the cytoskeleton on a MAR Research image plate detector at beam line 9-1 at SSRL. Data from the PIP and SeMet 

by binding to cytos,.eletal derivatives were collected at 1 7 0 ° C  on an RAXlS IIC image plate using a Rigaku rotating anode. 

either extracellular matrix proteins or cell Statistics in parentheses refer t o  the highest resolution bin. Phasing, model building, and refinement were 
done as described (11, 72). 

surface proteins (4). Invasin binding to P,  
integrins is thought to activate a reorganiza- Data 

Resolution (A) 
Complete Rrnerge 

tion of the host cytoskeleton to form pseudo- Set (%)* (%)i /la /  rms f,,lE$ 
pods that envelop the bacterium (5 ) .  Another 
family of enteropathogenic bacterial proteins Native 2.30 (2.34-2.30) 96.3 (97.2) 5.1 (29.6) 17.9 (2.9) - 

related to invasin, the intimins, does not ap- 2.75 (2.85-2.75) 90.4 (76.3) 4.6 (10.0) 17.1 (7.9) 1.2 

pear to use integrins as its primary receptors PIP 2.80 (2.90-2.80) 87.7 (63.8) 7.4 (23.8) 11.1 (2.8) 1.4 
SeMet 3.00 (3.1 1-3.00) 93.1 (91.6) 15.9 (40.0) 7.4 (2.9) 1.6 

for invasion (6). Instead, intimins mediate 
attachment of the bacteria to host cells by 
binding to a bacterially secreted protein Tir. 
which upon secretion becomes inserted into 
the host membrane (6). 

Yersinin pse~~dotlrberc~llosis invasin is a 
986-residue protein. The NH,-terminal -500 
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Refinement statistics 

Resolution (A) 30.0-2.3 Number of nonhydrogen atoms 
Reflections in working set 24,256 Protein 3,593 
Reflections in test set 1,216 Water 195 

h,,, (%)S 27.4 Citrate 13 

Rcrysr (%)I1 22.4 Nonglycine residues in most 86.6 
rms deviation from ideality favorable region of 

Bond lengths (8) 0.008 Ramachandran plot (%) as 
defined (72) 

Bond angles (degrees) 1.47 

*Complete represents (number of independent reflections)/total theoretical number. +R,,,,,(/), = [ Z / ( i )  - 
(/(h))lZi(i)], where i(i) is the ith observation of the intensity of the hki reflection and (1) is the mean intensity from 
multiple measurements of the hkl reflection. :rms f,/E represents phasing power, where rms is root mean square, 
f, i s  the heavy-atom structure factor amplitude, and E is the residual lack of closure error. $R,,,, is calculated over 
reflections in a test s e t  not included in atomic refinement (12). Rcv,,(F) = Z,F,,,(h) 1 - ~ ~ ~ ~ ~ ~ ( h ) ~ ~ / ~ ~ ~  ~ ~ , ~ ( h )  1, 
where FObs(h) and FCalc(h) are the observed and calculated structure factor amplitudes for the hkl reflection. 
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lA), consistent with analytical ultracentrifuga- 
tion analyses that suggest the fragment has an 
extended monomeric structure in solution (13). 
The Inv497 structure bears an overall resem- 
blance to that of another a$,-binding frag- 
ment, Fn-111 repeats 7 through 10 (Fn-III7-10) 
(14), as they are both elongated molecules 
composed of tandem domains. The first four 
Inv497 domains (Dl, D2, D3, and D4) are 
composed mainly of P structure, and the f i f i  
domain 0 5 )  includes a helices and f3 sheets. 
Despite only 20% sequence identity (4 ,  the D3 
to D5 region of Inv497 is structurally similar to 
a 280-residue fragment of the extracellular For- 

tion of enteropathogenic E. coli intimin (14). 
The four q-terminal domains of Inv497 

adopt folds resembling eukaryotic members of 
the immunoglobulin superfamily (IgSF) (18, 
although the Inv497 domains do not share sig- 
nificant sequence identity with IgSF domains 
and lack the disulfide bond and core residues 
conserved in IgSF m t u r e s  (8,15). Dl belongs 
to the I2 set of the IgSF, and D2 and D3 belong 
to the I1 set (1.5). D4 adopts the folding topology 
of the C1 set of IgSF domains, a fold seen in the 
constant domains of antibodies, T cell receptors, 
and major histocompatability complex (MHC) 
molecules (1.5). Unlike these C1 do&, D4 of 

Fig. 1. (A) Ribbon diagram of 
the structure of Y. pseudotu- 
berculosis lnv497. Residues irn- 

licated in integrin binding 
Aspg1', Asps1' (7, LO), and I 
possibly A r p 3 ]  are green (24). 
The a-helical regions in D5 and 
a 3,, helix in D4 are red. The 
disulfide bond in D5 is vellow. 
and p strands are blue (64 and 
D5) or green (Dl through D3). 
(B) Topology diagrams for do- 
mains of invasin and related 
proteins. lnv497 D5 is shown 
beside a canonical C-tvoe lec- 
tin CRD [from E-select;; (74)]; 
lnv497 0 4  is shown beside a 

C1-type lgSF domain. The P strands are blue, helices are red, and disulfide bonds are yellow. The 
calcium-binding loop in E-selectin (residues 54 to  89) and its truncated counterpart in lnv497 
(residues 956 to  959) are green. (C) (left) Hydrogen bonding attern of the interrupted helix (78) 
in D5. Main-chain atoms a n  shown for residues in the o helix b). Side chains are shown for those 
residues in which main-chain atoms form hydrogen bonds (dashed light blue lines) across the break 
in the helix. Other side chains have been omitted for clarity. The carbon-a trace of the loop 
is shown in  gray. Red, blue, and black balls are oxygen, nitrogen, and carbon atoms, 
respectively. (right) The lnv497 model (24) in the region of the loop (gray in  left panel) of 
the interrupted helix superimposed on a 2.3 A a,-weighted 2 I F , ~ I  - I F,,I annealed omit electron 
density map contoured at 1 . k  (map radius. 3.5 A) (12). (D) Schematic model of the structure of 
intact invasin in which the -500 NH2-terminal residues reside in the Yersinia outer membrane 
(OM) (yellow) in a porin-like structure (7) (red), and the lnv497 portion of invasin (green and blue) 
projects -180 A from the outer membrane. 

Inv497 includes a 15-amino acid insertion be- 
tween strands A and B that forms two additional 
p strands (A" and A"') (Fig. 1B). Dl and D2 of 
the intimin hgment are also Ig-like, and the 
second domain includes an insertion similar to 
that found in Inv497 D4 (14). 

D5 of Inv497 has a folding topology related 
to that of C-type lectin-like domains (CTLDs) 
(Fig. 1B) (16). This superfamily includes true 
C-type lectins such as mannose-binding protein 
(14) and E-selectin (14), which contain carbo- 
hydrate recognition domains (CRDs) that bind 
carbohydrates in a calcium-dependent manner, 
and evolutionarily related proteins such as the 
Ly49 family of natural killer cell receptors, 
which bind ligands in the absence of calcium 
and may not recognize carbohydrates (16). A 
characteristic feature of C-type lectin CRDs is a 
long stretch of extended structure including one 
or two calcium-binding sites, which is required 
for carbohydrate recognition (16). The COOH- 
terminal domains of Inv497 and intimin lack 
these calcium-binding loops (Fig. 1B) (14, 16). 
Inv497 is not known to bind carbohydrates 
(17); thus, the importance of the CTLD fold 
remains to be determined. By analogy with 
Ly49A, which recognizes a carbohydrate- 
independent epitope on its class I MHC 
ligand (16), Inv497 may recognize an ungly- 
cosylated region of integrins. 

Like CTLDs and structurally related pro- 
teins such as the COOH-terminal domain of 
intimin @3) (14), Inv497 D5 is composed of 
two antiparallel f3 sheets with interspersed 
a-helical and loop regions and includes a 
disulfide bond linking helix 1 to f3 strand 5 
(Fig. 1B). An additional disulfide bond link- 
ing f3 strand 3 and the loop following strand 
4 is found in CTLDs and CRDs but is absent 
in Inv497 D5 and intimin D3. Whereas C- 
type lectin CRDs contain two a helices lo- 
cated between the first and second p strands, 
the region corresponding to the second helix 
is replaced by a loop in Inv497 D5 (Fig. 1B) 
and CD94, a component of the CD94/NKG2 
natural killer cell receptor (14). In Inv497 
D5, the loop is preceded by a two-turn a helix 
(residues 917 to 921 and 93 1 to 936) inter- 
rupted by a nine-residue loop (residues 922 to 
930) (Fig. 1C) (18). The corresponding re- 
gion in intimin was not interpretable in the 
nuclear magnetic resonance structure (14). 

Extensive interactions between Inv497 D4 
and D5 create a superdomain that is composed 
of the 192 residues identified as necessary and 
sufficient for integrin binding (7). The interface 
between D4 and D5 is significantly larger than 
the interfaces between tandem IgSF domains 
and between the Ig-like invasin domains (D4 to 
D5 buried surface area is 1925 A2 in compari- 
son with -500 A2 for IgSF interfaces) (19). 
The D4-D5 interface is predominantly hydro- 
phobic, although a number of hydrogen bonds 
are also present (Fig. 2). The interrupted helix 
in D5 and strands A" and A"' in D4 (Fig. 1B) 
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play a major role in the interaction between 
these two domains. In particular, a portion of 
the loop within the interrupted helix in D5 
contacts the A"' strand in D4 (Fig. 2). In addi- 
tion, strand A"' hydrogen bonds with strand 1 of 
D5, extending the second fi sheet of the CTLD 
(Fig. 1B). The large buried surface area at the 
D4-D5 interface and the consequent rigidity of 
this portion of invasin contrasts with the flexi- 
bility between the integrin-binding portions of 
fibronectin, inferred h m  interdomain buried 
surface areas that are lower than average at 
these i n t e e s  (Fn-III 9-10 and Fn-111 12-13) 
(14, 19). Interdomain flexibility in fibronectin 
was proposed to facilitate integrin binding (15) 
and is also observed in the structures of two 
other integrin-binding proteins, ICAM-1 (14) 
and VCAM-1 (14). However, invasin, which 
shows little or no interdomain flexibility in its 
integrin-binding region, binds at least five dif- 
ferent integrins and binds aspl with an affinity 
that is - 1 00 times that of fibronectin (5, 10). 
High-affinity binding of invasin is necessary for 

Fig. 2. Comparison of 
interdomain interfaces 
in integrin-binding re- 
gions of lnv497 (D4- 
D5), fibronectin type Ill 
repeats 9 and 10 (D9- 
D10) (74, and VCAM-1 
(Dl-DZ) (74). Hydrogen 
bonds are shown as 
dashed yellow lines. Ad- 
ditional hydrogen bonds, 
van der Waals contacts, 
and a three- to fivefold 
larger interdomain sur- 
face area (79) stabilize 
lnv497 D4-DS and re- 
strict interdomain flexi- 
bility, compared to the 
other intedaces. 

bacterial internalization, as studies have shown 
that bacteria coated with lower affinity ligands 
for a5Pl bind, but do not penetrate, mammalian 
cells (5, 10). 

Invasin residues that are important for ink- 
grin binding include 903 to 913 (7, 20), which 
form helix 1 and the loop af'ter it in D5. The 
disulfide bond between Cys906 and CysgS2, 
conserved in all CTLDs (Fig. lB), is required 
for integrin binding (20), presumably because it 
is necessary for correct folding. Although inva- 
sin lacks an Arg-Gly-Asp (RGD) sequence, 
which is critical for the interaction of Fn-III 10 
with integrins (4), an aspartate in Inv497 D5 
(AsflL I) is required for integrin binding (7,20). 
Like the aspartate in the Fn-111 RGD sequence, 
Aspg1 l is located in a loop (Figs. 1A and 3B). 
Other host proteins, such as VCAM-1 and 
MAdCAM-1, which bind integrins that lack I 
domains, also contain a critical aspartate resi- 
due on a protruding loop (15). By contrast, 
ligands of I domain-containing integrins, such 
as the ICAM proteins, present their acidic inte- 

Fig. 3. Comparison of 
integrin-binding regions 
of i-n and fikonec- 
tin Despite d i  

lnv497; TA, Asp1=, 
ard Arg' in Fn-Ill 9 
ardlQ(aspawiesare 
red; @nines are blue)]. 
(4 - representb 
th (72) of tk struc- 
tures of lnv497 and Fn-lll 

iNV497 Fn-Ill i - iu  

7-10 (74). (8) Rib- 
bon rewesentations of 
lnv49f D 4 4 5  and Fn-Ill 9-10 (24). Addition of one or more 
residues to the COOH-terminus of invasin (indicated as "COO-") 
interferes with integrin binding , suggesting that the rather flat 
region between A q P 1  a d  AspL9is at the integrin-binding inter- 
face. By contrast, the integrin-binding surface of fibronectin con- 
tains a cleft resulting from the narrow link between Fn-Ill 9 and 10. 

Fn-Ill 7-10 

grin-binding residue in the context of a P strand 
rather than a loop (15). A second region of 
invasin that is -100 amino acids h m  *I1 
contains additional residues that are implicated 
in integrin binding, including AspsL1 (Figs. 1A 
and 3B) (20). This region of invasin is reminis- 
cent of the fibronectin synergy region located in 
Fn-111 9, which is required for maximal a5P, 
integrin-dependent cell spreading (21). Invasin 
Asps1] is located in D4 between strands A" and 
A"' and lies on the same surface as Asp9l1, 
separated by 32 A (measured between carbon-a 
atoms). The distance between Fn-111 10 Asp1495 
in the RGD sequence and Fn-1119 Asp1373 in 
the synergy region is also 32 A (14), although 
the side-chain orientation of Asp1373 differs 
h m  that of Asps1 l in invasin (Fig. 3). Within 
the Fn-111 synergy region, a critical residue for 
integrin binding is [32 A fiom AspL495 
(Fig. 3B)] (21). The invasin synergy-like region 
also includes a nearby arginine, Ms3 [32 A 
from Aspg1 l (Fig. 3B)l. The overall similarity 
in the relative positions of these three residues 
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suggests that ~m-asin and host proteins share 
co~nmon integnn-binding f=  ~atures.  

The tl.ansn~ernbrane regons of o ~ ~ t e r  mem- 
brane psote~ns of lulo~rn stmctu~e are F barrels. 
as represented by the stl~~cturzs of porins ( 7 ) .  

Assuming that the membrane-associated region 
of inrasin is also a p barrel ( 7 ) .  the structure of 
intact invasin may resemble the model shoan 
in Fig. ID, in ~~-1nc11 the cell-binding region 
projects - 180 .A acva). from tile bacterial sur- 
face. ideally positioned to contact host cell in- 
tegins. Similarities bet\r.een inrasin and fi - 
bronectin demonstrate con\,ergent erolution of 
conmlon integin-binding propz~~ies.  Hobvever. 
the integin-b~ndingg surface of inr:asin does not 
include a cleft. as found on the binding surface 
of fibsonectln (Fig. 3). tlms, i1n;asin may b ~ n d  
integi~ls \$-it11 a larger ~nterface. Together \\.it11 
the restricted orientation of the in\,asin integi~l-  
binding domains, a larger binding interface pro- 
vides a plausible explanation for the increased 
integrin-bindinp affinity of in\ asin as coml~ared 
with fibronectin Differences between the inte- 
grin-binding propelties of in\.asin and fibronec- 
tin illustrate 1 1 0 ~  a bacterial pathogen is able to 
efficiently conlpete n-it11 host proteins to estab- 
lish contact and subsequent infection, thereby 
exploiting a host receptor for its or?n purposes. 
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(1986)]2F,,, - F and F,,, - ia,' maps 
(calculated wi th  model phases combined with experi- 
mental phases or model phases alone) and simulated 
annealing omit maps [A. Hodel, 8.-H. Kim, A. T. Brijnger, 
Acta Crystallogr. ,448, 851 (1992)l were used. In later 
rounds of refinement, water molecules were built into 
peaks greater than 3ir in F,,, - F ,a,, maps. The 
eight NH2-terminal residues were not visible in electron 17. 
density maps; thus, the final model includes residues 
503 to  986 of the lnv497 construct (9), one citrate, and 
195 water molecules, wi th  an overall B factor of 43.0 
A2, Several regions include residues with real space 
correlation values (22) below l i r  from the mean (resi- 
dues 531 to  534, 582 t o  586, 647 t o  650, 676 to  679, 
779 t o  780, 892 t o  899, 955 t o  957, and 969 t o  977). 18, 
Ramachandran plot statistics (Table 1) are as defined by 
PROCHECK [R. A. Laskowski, M. W. McArthur, D. 8. 
Moss, J. M. Thornton, 1. Appl. Crystallogr. 26, 283 
(1993)l. Figures were made with MOLSCRIPT [P. J. 

Kraulls, J Appl Cystallogr 24, 946 (1991)] and 
RASTER-3D [E. A Merrltt and M. E. P. Murphy, Acta 
Crystallogr 850,  869 (1994)l Molecular surfaces were 
generated wi th  GRASP [A. Nicholls, R. Bharadwaj, B. 
Honig, Biophys. J. 64, A166 (1993)l. 
Equilibrium analytical ultracentrifugatlon analyses 
establish that  lnv497 is monomeric at micromolar 
concentrations in  solution [P. Dersch and R. R. Isberg, 
EMBO J. 18,  1199 (1999)l. Sedimentation velocity 
analytical ultracentrifugation experiments suggest 
that  inv497 is elongated in solution [X.-D. Su e ta l . ,  
Science 287, 991 (1998)]; thus, the extended confor- 
mation does not  result f rom crystal packing forces. 
Protein structures: Fn-Ill 7-10 [Protein Data Bank (PDB) 
code ~ F N F ]  [D. j. Leahy, I. Aukhil, H. P. Erickson, Ceii 84, 
155 (1996)l; Fn -1  12-14 (PDB code 1FNH) [A. Sharma, 
J. A. Askari, M. J. Humphries, E. Y. Jones, D. I. Stuart, 
EM50 J. 18, 1468 (1999)l; intimin (coordinates ob- 
tained from S. Ma t thew)  [G. Kelly et a/., Nature Struct. 
Biol. 6, 313 (199911; mannose-binding protein (PDB 
code IRTM) [w. 1. Weis and K. Drickamer, Structure 2, 
1227 (1994)) E-selectin (PDB code 1 ESL) [B. j .  Craves e t  
al., Nature 367, 532 (1994)l; CD94 (coordinates ob- 
tained from P. D. Sun) [ j .  C. Boyington e ta l . ,  Immunity 
l o ,  75 (199911; VCAM-1 (PDB code IVSC) [E. Y. Joneset 
a/., Nature 373, 539 (1995); j. Wang etal.,  Proc Natl. 
Acad Sci. U.S.A. 92, 5714 (1995)l; and ICAM-1 (PDB 
code 11Cl) [(23); j .  Bella, P. R. Kolatkar. C. W. Marlor, 
J. M. Greve. M. C. Rossmann, Proc. Natl. Acad. Sci. 
U.5.A. 95, 4140 (1998)]. 
lgSF domains were previously classified into V, C1, C2, 
11, and I2 sets on the basis of similarities in sequence 
and structure [Y. Harpaz and C. Chothia, J. Mol. Biol. 
238, 528 (1994); (2311. The V and C1 sets are similar t o  
antibody variable and constant domains, respectively. 
The V set consists of t w o  p sheets: one containing p 
strands ABED and the other containing strands 
A'GFCCC". The C1 set contains an ABED and a GFC 
sheet. The tbvo sheets o f  the C2 set are ABE and CFCC'. 
The 1 set domains are intermediate between the V and 
C1 sets. The 11 set contains ABED and A'GFC sheets, 
and the 12 set contains ABE and A'CFCC sheets. D l  
through D4 of lnv497 adopt folding topologies that 
resemble lgSF domains but lack the core residues and 
disulfide bonds conserved in lgSF members. 
The CTLDs in natural killer cell receptors share many 
features of the C-type lectin CRD fold, but differ sub- 
stantially from canonkal C-type lectin domains in their 
ligand-binding characteristics because they lack most of 
the calcium-coordinating residues that are critical for 
carbohydrate recognition in CRDs [W. 1. Weis, M. E. 
Taylor, K. Drickamer, Immunol. Rev. 163, 19 (1998)l. 
Ly49A, a natural killer cell receptor, recognizes a carbo- 
hydrate-independent epitope on its class 1 MHC ligand 
[N. Matsumoto, R. K. Ribaudo, J P. Abastado, D. H. 
Marguilies, W. M. Yokoyama, Immunity 8, 245 (1998)l. 
Other proteins such as the TSG-6 Link module (74j, 
intimin D3 (14), and invasin D5 are not related by 
obvious sequence similarity t o  CTLDs and CRDs [for 
example, they do not contain the characteristic "WlGL" 
sequence (24) in  p strand 2 or the "inner" disulfide bond 
linking strand 3 to  tne loop following strand 4 (Fig. lB) ] ,  
but they share a similar folding topology. The TSG-6 
Link module lacks the calcium-binding loops present in 
CRDs but is believed t o  bind hyaluronan, using an 
exposed patch of hydrophobic and charged residues 
(14). The CTLD-related domain of intimin contains an 
analogous patch of residues (LysZ2', Tyr228, TyrZ30, and 
TyrL3') (14). The corresponding re!.idues of lnv497 are 
not conserved with intimin (Thrg", Leu932, Clyg34, and 
C I U ~ ~ ~ ) .  
Although direct binding of invasin to  a carbohydrate has 
not been demonstrated, high concentrations of 
N-acetylneuraminic acid (median inhibitory concentra- 
tion of 20 mM) inhibit mammalian cell adhesion to  
immobilized invasin. A variety of other acetylated sug- 
ars showed no such inhibition (R. R. Isberg, unpublished 
results). 
Interrupted a helices have been observed in  other 
protein structures, including subtilisin [reviewed by 
J. 8. Richardson, Adv. Protein Chem. 34, 167 (1981)] 
and f ibri t in [Y. Tao, 8. V. Strelkov, V. V. Mesyanzhi- 
nov, M. C. Rossmann, Structure 5, 789 (199711. 
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19. The following surface areas buried between domains in 
the lnv497, Fn-Ill 7-10, Fn-Ill 12-14, and VCAM-1 
structures (14) were calculated with XPLOR (12) with a 
1.4 A probe radius: lnv497 Dl-D2, 411 A2; lnv497 
D2-D3,454 A2: lnv497 D3-D4, 564 A2; lnv497 D4-D5, 
1925 A2: Fn-Ill 7-8, 608 A2; Fn-Ill 8-9, 481 A2; Fn-Ill 
9-10, 342 A2; Fn-Ill 12-13, 450 A2; Fn-ill 13-14, 696 
A2: and VCAM-1 Dl-D2 (molecule B), 696 A2. 

20, j .  M. Leong, P. E .  Morrissey, R. R. Isberg, 1. Bioi. Chem. 
268, 20524 (1993); L. H. Saltman, Y. Lu, E. M. Zaha- 
rias, R. R. Isberg, ibid. 271, 23438 (1996). 

21. R. D. Bowditch et a/., ibid. 269, 10856 (1994); 5-1. 

Aota, M. Nomizu, K. M. Yamada, ibid., p. 24756; T. P. 
Ugarova et ai., Biochemisty 34, 4457 (1995). 

22. T. A. Jones and M. Kjeldgaard, Methods Enzymoi. 277, 
173 (1997). 

23, j. M. Casasnovas, T. Stehle, J. Lit, J.  Wang, T. A. Springer, 
Proc. Natl. Acad. Sci. U.S.A. 95. 4134 (1998). 
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dues are as follows: A, Ala: D, Asp; C, Cly; L, Leu; N, 
Asn; P, Pro: R, Arg; T, Thr; and W, Trp. 

25. R. R. Isberg, Y. Yang, D. L. Voorhis, J. Biol. Chem. 268, 
15840 (1 993). 

26. We thank S. M. Soltis and the staff at the Stanford 

Evolutionarily Conserved 

Synchrotron Radiation Laboratory (SSRL) for help with 
xenon derivatization and data collection; M, J. Bennett, 
A. J. Chirino, L. M. Sanchez, D. E. Vaughn, and A. P. Yeh 
for discussions and help with crystallographic software; 
S. Matthews for intimin coordinates; P. D. Sun for CD94 
coordinates; W. 1. Weis for helpful discussions about 
C-type lectin structures; and W. I Weis, J .  M. Leong, and 
members of the Bjorkman lab for critical reading of the 
manuscript, lnv497 coordinates have been deposited in 
the PDB (PDB code ICWV).  

16 June 1999: accepted 1 September 1999 

described belolv is based on hvo hypotheses 
that derive from the enlpirical obselvation of 

Pathways of Energetic sequence evolution.  he lack of evolutiollary 
constraint at one position should cause the dis- 
tribution of obselved alnino acids at that posi- 

Connectivity in Protein Families tion in the M s A  to approach their mean abun- 
dance in all proteins, and deviances from the 

Steve W. bock$ess and Rams Rangenatban* nlean values should quantitatively represent 
conser\.ation. In addition, the functional cou- 

For mapping energetic interactions in proteins, a technique was developed that pling of m o  positions, even if distantly posi- 
uses evolutionary data for a protein family to measure statistical interactions tioned in the s tn~chre ,  should ll~utually con- 
between amino acid positions. For the PDZ domain family, this analysis pre- strain evolution at the m o  positions, and these 
dicted a set of energetically coupled positions for a binding site residue tha.t should be represented in the statistical coupling 
includes unexpected long-range interactions. Mutational studies confirm these of the underlynlg amino acid distributiolls (8) .  
predictions, demonstrating that the statistical energy function is a good indi- Two definitio~ls guide the development of 
cator of thermodynamic coupling in proteins. Sets of interacting residues form statistical parallleters used in our analysis: (I) 
connected pathways through the protein fold that may be the basis for efficient Consellation at a given site in a MSA is 
energy conduction within proteins. defined as the overall deviance of amino acid 

frequencies at that site from their mean val- 
Many cellular processes depend on the sequen- gests that the change in free energy at a protein ues. and (ii) statistical coupling of two sites, i 
t ~ a l  establishment ofprotein-protein illteractions interaction surface propagates tlxough the ter- and j. is defined as the degree to which a~nillo 
that underlies the propagation of info~~nation tiary stnlch~re in a seemingly arbitra~y nlallner. acid frequencies at site i change in response 
through a signaling syste~n. The interaction of Studies addressing mechanisms of substrate to a perturbation of frequencies at another 
one protein wit11 another call be thought of as an specificity in serine proteases show that many slte, j. This definition of coupling does not 
energetic perlurbation to each bindi~lg s~~r face  sites distantly positioned from the active site require that the overall conservation of site i 
that dishibutes through the three-dimensional contribute to a determination of the energetics change upon perturbation at j, but only that 
st1-Llchn.e to cause specific changes in protein of catalq-tic residues ( 5 ) .  The conversion of the alnino acid population be real~anged. 
h~llction (1 ). The structural basis for this pro- tl-qpsin to chymot~-ypsin specificity required a Therefore, \ve describe a site by a vector of 
cess is largely u l h o \ \ n ,  but large-scale mu- large set of simultaneous mutations. many at 20 binornial probabilities of individual amino 
tagenesis has begun to define some basic prin- unexpected positions. Similarly, nlutations in- acid frequencies instead of the scalar 111~1lti- 
ciples of energy parsing in proteins. Studies of troduced during maturation of antibody speci- nolllial probability of the overall amino acid 
the interaction of human groat11 hormone with ficity have been shown to occur at sites that are distribution (9). This approach uniquely rep- 
its receptor show that binding energy is not distant in tertiary stlz~cture from the antigen- resents all changes in an amino acid distribu- 
smoothly disvibuted over the illteraction sur- binding site, despite substantial increases in tion regardless of conservation at a given site. 
face. instead. a few residues comprising only a binding energy (6) For an evolutionar~ly well sarnpled MSA. 
small fraction of the interaction surface account An important step in understanding the where additional sequences do not signifi- 
for most of the free-energy change ( 2 ) .  Similar- problem of energy distribution in proteins is the cantly change the distribution at sites, the 
ly, high-affinity illteractioll of K channel fi~ll-scale mapping of energetic coupling be- probability of any ammo acid s at site i 
pores hvith peptide scorpion toxins buries -15 tween arnino acid positions. Themlodynamic relative to that at another site. j. is related to 
residues on the toxin molecule. but most of the mutant cycle analysis (3, 7 ) .  a teclmique that the statistical free energy separating sites i 
binding energy depends on only two amino acid measures the energetic interaction of two mu- and j for amino acid s ( A q - , )  by the Boltz- 
positions (3, 4).  Thus. protein interaction sur- tations, provides a direct method to systemati- maml distribution (10)  
faces contain functional epitopes or hot spots of cally probe such relations of protein sites. How- l ~ , ' ~ ,  P: -- 
binding energy that are generally not predict- ever. practical considerations limit this tech- - - - " T  

P j (1, 
able from the atol~lic s tn~ch~re .  nique to small-scale studies. precludillg a fill1 

In addition, a large body of evidence sug- rnapping of all energetic interactiolls on a corn- where kT" is an arbitrary energy unit (I1 ). 
plete protein. \Ye report a study that uses evo- The probability of any arnino acid s at site i 
1utional-y data for a protein family to measure ( P i )  is given by the bi~lo~llial probability of 
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energetic coupling between positions on a mul- the obser\-ed number of s amino acids, given 

cal Center, 5323 Harry Hines Boulevard, Dallas, TX tiple sequence aligrnnent its mean frequency in all proteills (Fig. 1 A )  

75235-9050, USA. Evolution of a motein fold is the result of (12) .  The fill1 distribution of arnillo acids at a 
qo whom correspondence be addressed, E. large-scale random mnutagenesis. with selectron site I can then be characterize+d by a 20- 
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