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The Yersinia pseudotuberculosis invasin protein promotes bacterial entry by binding
to host cell integrins with higher affinity than natural substrates such as fibronectin.
The 2.3 angstrom crystal structure of the invasin extracellular region reveals five
domains that form a 180 angstrom rod with structural similarities to tandem
fibronectin type Il domains. The integrin-binding surfaces of invasin and fibronectin
include similarly located key residues, but in the context of different folds and
surface shapes. The structures of invasin and fibronectin provide an example of
convergent evolution, in which invasin presents an optimized surface for integrin
binding, in comparison with host substrates.

Many bacterial pathogens bind and enter eu-
karyotic cells to establish infection. Yersinia
pseudotuberculosis and Y. enterocolitica are
enteropathogenic Gram-negative bacteria that
cause gastroenteritis when they are translo-
cated across the intestinal epithelium at Pey-
er’s patches by way of M cells. Translocated
bacteria enter the lymphatic system and col-
onize the liver and spleen, where they grow
mainly extracellularly (/). Invasin is an outer
membrane protein required for efficient up-
take of Yersinia into M cells (2, 3). Invasin
mediates entry into eukaryotic cells by bind-
ing to members of the B, integrin family that
lack I, or insertion, domains, such as «,B3,,
o,B,, osB,, o B, and o B, (3). Integrins are
heterodimeric integral membrane proteins
that mediate communication between the ex-
tracellular environment and the cytoskeleton
by binding to cytoskeletal components and
either extracellular matrix proteins or cell
surface proteins (4). Invasin binding to B,
integrins is thought to activate a reorganiza-
tion of the host cytoskeleton to form pseudo-
pods that envelop the bacterium (J5). Another
family of enteropathogenic bacterial proteins
related to invasin, the intimins, does not ap-
pear to use integrins as its primary receptors
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).

Yersinia pseudotuberculosis invasin is a
986-residue protein. The NH,-terminal ~500
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amino acids, which are thought to reside in the
outer membrane (7), are related (~36% se-
quence identity) to the analogous regions of
intimins (&). The COOH-terminal 497 residues

of invasin, which make up the extracellular
region, can be expressed as a soluble protein
(Inv497) that binds integrins and promotes up-
take when attached to bacteria or beads (9). The
shortest invasin fragment capable of binding
integrins consists of the COOH-terminal 192
amino acids (7). This fragment is not homolo-
gous to the integrin-binding domains of fi-
bronectin [the fibronectin type III repeats 9 and
10 (Fn-IIT 9-10)] (8), although mutagenesis
studies and competition assays indicate that
invasin and fibronectin bind to a3, and a5,
integrins at the same or overlapping sites (/0).
The integrin-binding region of invasin also
lacks significant sequence identity with the cor-
responding regions of intimins (~20% identity)
(8). To gain insight into enteric bacterial patho-
genesis and to compare the structural basis of
integrin binding by invasin and Fn-IIT domains,
we solved the crystal structure of Inv497.
Inv497 was expressed in Escherichia coli
and purified (9). The structure was solved to 2.3
A by multiple isomorphous replacement with
anomalous scattering (MIRAS) (Table 1) (11,
12). Inv497 is a rodlike molecule with overall
dimensions of ~180 A by 30 A by 30 A (Fig.

Table 1. Summary of data collection and refinement statistics for Inv497. Inv497 crystals (space group
P2,a=61.1A b =7507A c =979 A B = 98.3° one molecule per asymmetric unit) were grown at
22°C in hanging drops by combining 1 ul of protein solution [Inv497 (5 to 10 mg/ml), 20 mM Hepes at
pH 7.0, and 1 mM EDTA] with 1 pl of precipitant solution (20 mM sodium citrate at pH 5.6, 20%
polyethylene glycol 4000, and 20% isopropanol). Crystals were improved by microseeding. SeMet
crystals, derived from selenomethionine-substituted Inv497 protein (9), grew under similar conditions.
For cryoprotection, 5 pl of mother liquor containing 25% isopropanol was added to the crystals
immediately before transferring them to liquid nitrogen. A cryocooled xenon derivative was prepared by
mounting a cryoprotected crystal in a nylon loop and subjecting it to 200 psi of xenon for 2.5 minin a
xenon pressure cell (77). A small microfuge tube containing excess mother liquor was placed in the
pressurization chamber to maintain vapor pressure and prevent cracking of the crystals. Inmediately after
depressurization, the crystals were transferred to liquid nitrogen. The PIP derivative was prepared by the
addition of one grain of PIP to a'drop containing several crystals, followed by soaking for 5 hours. Data
from the native and the xenon derivative crystals were collected at —170°C at a wavelength of 0.98 A
on a MAR Research image plate detector at beam line 9-1 at SSRL. Data from the PIP and SeMet
derivatives were collected at —170°C on an RAXIS IIC image plate using a Rigaku rotating anode.
Statistics in parentheses refer to the highest resolution bin. Phasing, model building, and refinement were
done as described (77, 72).

Dsaetta Resolution (A) Co(rlf)lfte R('t;:ﬁe ilal rms f,/EL
Native 2.30 (2.34-2.30) 96.3(97.2) 5.1(29.6) 17.9(2.9) —
Xenon 2.75 (2.85-2.75) 90.4 (76.3) 4.6 (10.0) 17.1(7.9) 1.2
PIP 2.80 (2.90-2.80) 87.7 (63.8) 7.4(23.8) 11.1(2.8) 1.4
SeMet 3.00 (3.11-3.00) 93.1(91.6) 15.9 (40.0) 7.4(2.9) 16

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
Riree (%)8§ 274 Citrate 13
Reryst (%) 22.4 Nonglycine residues in most 86.6
rms deviation from ideality favorable region of

Bond lengths (A) 0.008 Ramachandran plot (%) as

defined (72)

Bond angles (degrees) 1.47

*Complete represents (number of independent reflections)/total theoretical number. TRmergell) = [ [y -
()| 721()], where I(7) is the ith observation of the intensity of the ki reflection and (/) is the mean intensity from
multiple measurements of the hk! reflection. irms f,/E represents phasing power, where rms is root mean square,
f, is the heavy-atom structure factor amplitude, and £ is the residual lack of closure error. §Rpree Is calculated over
reflections in a test set not included in atomic refinement (72). (R e(F) = 2, [Fope(b} — [F o MIE A Fona)],
where |F . (h)] and |F_ (n)| are the observed and calculated structure factor amplitudes for the Akl reflection.
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1A), 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 o B,-binding frag-
ment, Fn-III repeats 7 through 10 (Fn-III 7-10)
(14), as they are both elongated molecules
composed of tandem domains. The first four
Inv497 domains (D1, D2, D3, and D4) are
composed mainly of B structure, and the fifth
domain (D5) includes o helices and 8 sheets.
Despite only 20% sequence identity (8), the D3
to D5 region of Inv497 is structurally similar to
a 280-residue fragment of the extracellular por-

REPORTS

tion of enteropathogenic E. coli intimin (/4).
The four NH,-terminal domains of Inv497
adopt folds resembling eukaryotic members of
the immunoglobulin superfamily (IgSF) (13),
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 structures (8, 15). D1 belongs
to the 12 set of the IgSF, and D2 and D3 belong
to the I1 set (15). 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 (/3). Unlike these C1 domains, D4 of

Fig. 1. (A) Ribbon diagram of
the structure of Y. pseudotu-
berculosis Inv497. Residues im-
plicated in integrin binding
[Asp®17, Asp®'' (7, 20), and
possibly Arg®®3] are green (24).
The a-helical regions in D5 and
a 3, helix in D4 are red. The
disulfide bond in D5 is yellow,
and B strands are blue (D4 and
D5) or green (D1 through D3).
(B) Topology diagrams for do-
mains of invasin and related
proteins. Inv497 D5 is shown
beside a canonical C-type lec-
tin CRD [from E-selectin (74)];
Inv497 D4 is shown beside a

C1-type IgSF domain. The (3 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 Inv497
(residues 956 to 959) are green. (C) (left) Hydrogen bonding pattern of the interrupted helix (78)
in D5. Main-chain atoms are shown for residues in the a helix (24). 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-u trace of the loop
is shown in gray. Red, blue, and black balls are oxygen, nitrogen, and carbon atoms,
respectively. (right) The Inv497 model (24) in the region of the loop (gray in left panel) of

the interrupted helix superimposed on a 2.3 A o,-weighted 2| Fop| — IF..

annealed omit electron

density map contoured at 1.00 (map radius, 3.5 A) (72). (D) Schematic model of the structure of
intact invasin in which the ~500 NH,-terminal residues reside in the Yersinia outer membrane
(OM) (yellow) in a porin-like structure (7) (red), and the Inv497 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
B strands (A” and A™) (Fig. 1B). D1 and D2 of
the intimin fragment 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) (I16). This superfamily includes true
C-type lectins such as mannose-binding protein
(14) and E-selectin (/4), 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 (/6). 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 (/6). 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 (D3) (14), Inv497 D5 is composed of
two antiparallel B sheets with interspersed
a-helical and loop regions and includes a
disulfide bond linking helix 1 to B strand 5
(Fig. 1B). An additional disulfide bond link-
ing B 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 o helices lo-
cated between the first and second (3 strands,
the region corresponding to the second helix
is replaced by a loop in Inv497 D5 (Fig. 1B)
and CD9%4, a component of the CD94/NKG2
natural killer cell receptor (/4). In Inv497
D5, the loop is preceded by a two-turn o helix
(residues 917 to 921 and 931 to 936) inter-
rupted by a nine-residue loop (residues 922 to
930) (Fig. 1C) (I/8). The corresponding re-
gion in intimin was not interpretable in the
nuclear magnetic resonance structure (/4).

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 B 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 from interdomain buried
surface areas that are lower than average at
these interfaces (Fn-III 9-10 and Fn-III 12-13)
(14, 19). Interdomain flexibility in fibronectin
was proposed to facilitate integrin binding (/5)
and is also observed in the structures of two
other integrin-binding proteins, ICAM-1 (14)
and VCAM-1 (/4). However, invasin, which
shows little or no interdomain flexibility in its
integrin-binding region, binds at least five dif-
ferent integrins and binds a3, with an affinity
that is ~100 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 Inv497 (D4-
D5), fibronectin type llI
repeats 9 and 10 (D9-
D10) (74), and VCAM-1
(D1-D2) (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
Inv497 D4-DS and re-
strict interdomain flexi-
bility, compared to the
other interfaces.

N "

D5

Fig. 3. Comparison of
integrin-binding regions
of invasin and fibronec-
tin. Despite different
folding topologies and
surface structures, the
relative positions of sev-
eral residues implicated
in interactions with inte-
grins are similar [Asp®'”,
Asp®™, and Arg®? in
Inv497; Asp'73, Asp1495,
and Arg'” in Fn-lll 9
and 10; (aspartates are
red; arginines are blue)].
(A) Surface representa-
tions (72) of the struc-
tures of Inv497 and Fn-ll
7-10 (74). (B) Rib-
bon representations of

INV497

"

Inv497 D4-D5 and Fn-lll 9-10 (24). Addition of one or more
residues to the COOH-terminus of invasin (indicated as "COO ")
interferes with integrin binding (25), suggesting that the rather flat
region between Asp®'" and Asp®'! is at the integrin-binding inter-
face. By contrast, the integrin-binding surface of fibronectin con-

Inv497

K&
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bacterial internalization, as studies have shown
that bacteria coated with lower affinity ligands
for a;3, bind, but do not penetrate, mammalian
cells (5, 10).

Invasin residues that are important for inte-
grin binding include 903 to 913 (7, 20), which
form helix 1 and the loop after it in D5. The
disulfide bond between Cys™® and Cys®®2,
conserved in all CTLDs (Fig. 1B), 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
(Asp®'!) is required for integrin binding (7, 20).
Like the aspartate in the Fn-ITl RGD sequence,
Asp®!! is located in a loop (Figs. 1A and 3B).
Other host proteins, such as VCAM-1 and
MAJCAM-1, which bind integrins that lack I
domains, also contain a critical aspartate resi-
due on a protruding loop (/5). By contrast,
ligands of I domain—containing integrins, such
as the ICAM proteins, present their acidic inte-

Fn-1ll 7-10

.S

-

| 4
3

tains a cleft resulting from the narrow link between Fn-Ill 9 and 10.

Fn-1l1 7-10

grin-binding residue in the context of a 8 strand
rather than a loop (/5). A second region of
invasin that is ~100 amino acids from Asp®'!
contains additional residues that are implicated
in integrin binding, including Asp®'! (Figs. 1A
and 3B) (20). This region of invasin is reminis-
cent of the fibronectin synergy region located in
Fn-1II 9, which is required for maximal o,
integrin-dependent cell spreading (27). Invasin
Asp®!! is located in D4 between strands A” and
A" and lies on the same surface as Asp®'!,
separated by 32 A (measured between carbon-a
atoms). The distance between Fn-II1 10 Asp'4%®
in the RGD sequence and Fn-III 9 Asp'®*”? in
the synergy region is also 32 A (14), although
the side-chain orientation of Asp'37® differs
from that of Asp®'! in invasin (Fig, 3). Within
the Fn-III synergy region, a critical residue for
integrin binding is Arg'3"° [32 A from Asp'4%*
(Fig. 3B)] (21). The invasin synergy-like region
also includes a nearby arginine, Arg®® [32 A
from Asp®!'! (Fig. 3B)]. The overall similarity
in the relative positions of these three residues

D1495

D10
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suggests that invasin and host proteins share
common integrin-binding features.

The transmembrane regions of outer mem-
brane proteins of known structure are B barrels,
as represented by the structures of porins (7).
Assuming that the membrane-associated region
of invasin is also a B barrel (7), the structure of
intact invasin may resemble the model shown
in Fig. 1D, in which the cell-binding region
projects ~180 A away from the bacterial sur-
face, ideally positioned to contact host cell n-
tegrins. Similarities between invasin and fi-
bronectin demonstrate convergent evolution of
common integrin-binding properties. However,
the integrin-binding surface of invasin does not
include a cleft, as found on the binding surface
of fibronectin (Fig. 3); thus, invasin may bind
integrins with a larger interface. Together with
the restricted orientation of the invasin integrin-
binding domains, a larger binding interface pro-
vides a plausible explanation for the increased
integrin-binding affinity of invasin as compared
with fibronectin. Differences between the inte-
grin-binding properties of invasin and fibronec-
tin illustrate how a bacterial pathogen is able to
efficiently compete with host proteins to estab-
lish contact and subsequent infection, thereby
exploiting a host receptor for its own purposes.
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Evolutionarily Conserved
Pathways of Energetic
Connectivity in Protein Families

Steve W. Lockless and Rama Ranganathan*

For mapping energetic interactions in proteins, a technique was developed that
uses evolutionary data for a protein family to measure statistical interactions
between amino acid positions. For the PDZ domain family, this analysis pre-
dicted a set of energetically coupled positions for a binding site residue that
includes unexpected long-range interactions. Mutational studies confirm these
predictions, demonstrating that the statistical energy function is a good indi-
cator of thermodynamic coupling in proteins. Sets of interacting residues form
connected pathways through the protein fold that may be the basis for efficient

energy conduction within proteins.

Many cellular processes depend on the sequen-
tial establishment of protein-protein interactions
that underlies the propagation of information
through a signaling system. The interaction of
one protein with another can be thought of as an
energetic perturbation to each binding surface
that distributes through the three-dimensional
structure to cause specific changes in protein
function (7). The structural basis for this pro-
cess is largely unknown, but large-scale mu-
tagenesis has begun to define some basic prin-
ciples of energy parsing in proteins. Studies of
the interaction of human growth hormone with
its receptor show that binding energy is not
smoothly distributed over the interaction sur-
face; instead, a few residues comprising only a
small fraction of the interaction surface account
for most of the free-energy change (2). Similar-
ly, high-affinity interaction of K* channel
pores with peptide scorpion toxins buries ~15
residues on the toxin molecule, but most of the
binding energy depends on only two amino acid
positions (3, 4). Thus, protein interaction sur-
faces contain functional epitopes or hot spots of
binding energy that are generally not predict-
able from the atomic structure.

In addition, a large body of evidence sug-
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gests that the change in fiee energy at a protein
interaction surface propagates through the ter-
tiary structure in a seemingly arbitrary manner.
Studies addressing mechanisms of substrate
specificity in serine proteases show that many
sites distantly positioned from the active site
contribute to a determination of the energetics
of catalytic residues (5). The conversion of
trypsin to chymotrypsin specificity required a
large set of simultaneous mutations, many at
unexpected positions. Similarly, mutations in-
troduced during maturation of antibody speci-
ficity have been shown to occur at sites that are
distant in tertiary structure from the antigen-
binding site, despite substantial increases in
binding energy (6).

An important step in understanding the
problem of energy distribution in proteins is the
full-scale mapping of energetic coupling be-
tween amino acid positions. Thermodynamic
mutant cycle analysis (3, 7), a technique that
measures the energetic interaction of two mu-
tations, provides a direct method to systemati-
cally probe such relations of protein sites. How-
ever, practical considerations limit this tech-
nique to small-scale studies, precluding a full
mapping of all energetic interactions on a com-
plete protein. We report a study that uses evo-
lutionary data for a protein family to measure
energetic coupling between positions on a mul-
tiple sequence alignment (MSA).

Evolution of a protein fold is the result of
large-scale random mutagenesis, with selection
constraints imposed by function. The theory

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. |. Weis for helpful discussions about
C-type lectin structures; and W. | Weis, J. M. Leong, and
members of the Bjorkman lab for critical reading of the
manuscript. Inv497 coordinates have been deposited in
the PDB (PDB code 1CWV).

16 June 1999; accepted 1 September 1999

described below is based on two hypotheses
that derive from the empirical observation of
sequence evolution. The lack of evolutionary
constraint at one position should cause the dis-
tribution of observed amino acids at that posi-
tion in the MSA to approach their mean abun-
dance in all proteins, and deviances from the
mean values should quantitatively represent
conservation. In addition, the functional cou-
pling of two positions, even if distantly posi-
tioned in the structure, should mutually con-
strain evolution at the two positions, and these
should be represented in the statistical coupling
of the underlying amino acid distributions (8).

Two definitions guide the development of
statistical parameters used in our analysis: (i)
Conservation at a given site in a MSA is
defined as the overall deviance of amino acid
frequencies at that site from their mean val-
ues, and (ii) statistical coupling of two sites, i
and j, is defined as the degree to which amino
acid frequencies at site 7 change in response
to a perturbation of frequencies at another
site, 7. This definition of coupling does not
require that the overall conservation of site 7
change upon perturbation at j, but only that
the amino acid population be rearranged.
Therefore, we describe a site by a vector of
20 binomial probabilities of individual amino
acid frequencies instead of the scalar multi-
nomial probability of the overall amino acid
distribution (9). This approach uniquely rep-
resents all changes in an amino acid distribu-
tion regardless of conservation at a given site.

For an evolutionarily well sampled MSA,
where additional sequences do not signifi-
cantly change the distribution at sites, the
probability of any amino acid x at site 7
relative to that at another site, j, is related to
the statistical free energy separating sites i
and j for amino acid x (AG;_) by the Boltz-
mann distribution (/0)

Py 1
pe )

where A7* is an arbitrary energy unit (/7).
The probability of any amino acid x at site 7
(P7) is given by the binomial probability of
the observed number of x amino acids, given
its mean frequency in all proteins (Fig. 1A)
(12). The full distribution of amino acids at a
site 7 can then be characteriz_e)d by a 20-
element vector of P for all x (P7). If we take
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