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Abstract

Bacterial pathogens, such as Yersinia pseudotuberculosis, must bind and enter
normally non-phagocytic cells to establish infection. The protein responsible for
mediating uptake of the bacterium is a 986-residue outer membrane protein called
invasin. Invasin binds to several members of the b, integrin family, presumably
activating a reorganization of the host cytoskeleton to form pseudopods that envelop the
bacterium. Integrin binding has been localized to the extracellular region of invasin
(Inv497) comprised by the COOH-terminal 497 residues. In order to gain insight into
host cell entry by Yersinia pseudotuberculosis, we solved the 2.3 A crystal structure of
Inv497. The structure reveals five domains that form a 180 A rod with structural
similarities to tandem fibronectin-111 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
compared with host substrates. We have also initiated structural analyses of the NH,-
terminal ~500 residues of invasin, which are required for outer membrane localization
and for presentation of the integrin-binding region of invasin. We expressed this region
of invasin as inclusion bodies in E. coli, and refolded the protein in the presence of
detergents. We have also obtained microcrystals of this membrane protein. Circular
dichroism studies indicate that this region of invasin is composed of mainly b-structure.
As the transmembrane regions of outer membrane proteins of known structure are b-
barrels, this region of invasin is also presumed to fold into such a structure. Proteolysis

experiments suggest that the N-terminal 70 amino acids of invasin may form a separate
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domain from the invasin transmembrane region, analogous to that found in another outer
membrane protein, the sucrose-specific porin ScrY. Equilibrium sedimentation analytical
ultracentrifugation studies indicate the protein is monomeric in solution. Black bilayer
experiments suggest that this region of the protein does not contain a pore and thus plays

the role of an outer membrane anchor for the presentation of the integrin-binding domain

on the cell surface.
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I ntroduction

Yersinia I nfection

The ability of bacterial pathogens to bind to host cells is an essential step in the
establishment of disease. Adherence to host cell surfaces localizes pathogens to the
appropriate target tissues and results in either extracellular colonization or penetration of
the bacteria into host cells. Entry into host cells provides bacteria with an environment
permissive for growth, a protective niche to avoid host defense mechanisms or a means to
gain access to deeper tissues. The latter strategy is used by Yersinia pseudotuberculosis
and Yersinia enterocolitica, two enteropathogenic Gram-negative bacteria that cause
gastroenteritis. Yersinia infection occurs when contaminated food is ingested and the
bacteria translocate via M cells across the intestinal epithelium at Peyer's patches.
Translocated bacteria enter the lymphatic system and colonize the liver and spleen where

they divide extracellularly [1-3].

Yersinia Virulence Factors

Multiple Yersinia factors have been identified as being important for interaction
with mammalian cells. These include the pYV virulence plasmid-encoded YadA protein
[4] and the chromosomally encoded ail [5] and invasin proteins [6].

YadA YadA isencoded by the 70-kb virulence plasmid (pY V) that is common to
pathogenic Yersiniae [7]. YadA expression is temperature regulated; it is expressed at
highest levels at 37 °C and not below 30 °C [8]. The protein is a homotrimeric outer
membrane protein that has been shown to mediate low rate invasion to tissue culture cells

[9, 10]. Expression of YadA is important for virulence by Y. enterocolitica but is



dispensable for Y. pseudotuberculosis and is not expressed by the closely related Y.
pestis, the causative agent of the bubonic plague [4, 11]. The exact mechanism by which
YadA contributes to virulence is not known, however, a large number of functions have
been assigned to this protein. YadA has been shown to bind to a number of host factors
including collagen, laminin, fibronectin, epithelial cells and mucus (reviewed in [12].
Collagen plays an important structural role in joints and high affinity collagen binding by
YadA is thought to be necessary for Y. enterocolitica-induced reactive arthritis [13].
Bacteria expressing YadA autoagglutinate, which may protect them against host defenses
[14]. YadA is also thought to render Yersiniae serum resistant by binding to serum
resistance factor H, a negative regulatory component of complement activation [15].

Ail Ail, from Y. enterocolitica was also identified to play a role in Yersinia
virulence by its ability to confer an invasive phenotype to E. coli cells[5]. Ail is an outer
membrane protein that is predicted to fold into an 8-stranded b-barrel protein based on its
homology (45% sequence identity) to OmpX [16, 17]. In addition to promoting cell
attachment in Y. enterocolitica, expression of ail has also been shown to promote serum-
resistance in both Y. enterocolitica and Y. pseudotuberculosis [18-20].

Invasin Although both YadA and ail have been shown to promote low level
adhesion to and invasion of bacteria into host cells, the most efficient and best
characterized pathway for Yersinia uptake involves the outer membrane protein invasin.
Mutations in invasin result in the inability of bacteria to enter M cells and inefficient
tranglocation into Peyer's patches [2, 21].

Invasin is a 986 amino acid outer membrane protein encoded by the chromosomal

inv gene and was first identified by its ability to convert E. coli K-12 cells into



pathogenic bacteria capable of entering normally non-phagocytic cells [6]. Invasin is
maximally produced at temperatures below 28 °C and the protein is thought to play arole
during the early stages of infection [22, 23]. At later stages of infection, after
colonization of deeper tissues, invasin expression is not required for virulence [21]. In
fact, the bacteria actively resist uptake by phagocytic cells due to the expression of
virulence plasmid encoded factors including the Yops that are expressed at 37 °C [24].
These proteins are translocated into host cells by the type 111 secretion system where they
interrupt phagocytic signaling pathways by interacting with cytoskeletal and signaling
proteins including focal adhesion kinase (FAK), CAS, Paxillin and RACL1 [25-29].

Invasin is expressed by both Yersinia pseudotuberculosis and Yersinia
enterocolitica but not Yersinia pestis, due to the presence of an insertion that silences the
gene [30]. It isthought that invasin expression is not required for this pathogen because
Yersinia pestis does not need to cross the intestinal epithelial layer, being instead
delivered directly to the blood stream by aflea bite.

The invasin protein contains multiple domains with separable functions (Figure
1). Invasin-mediated cell binding has been localized to the C-terminal 497 amino acids
[31]. Thisregion of the protein binds to a subset of b, integrins and mediates uptake of
the bacteria into host cells [32]. The N-terminal ~500 amino acids of invasin contain a
Sec-dependent signal sequence and are critical for outer membrane localization. This
region of the protein is predicted to fold into an amphipathic channel and to function as
an autotransporter for expression of the C-terminal domain on the cell surface [31].

Autotransporters, a family of large, multidomain outer membrane proteins, self-

direct their transport across the outer membrane of Gram-negative bacteria (Figure 2).



These proteins contain three functional domains: 1) an N-terminal Sec-dependent signal
sequence that allows transport of the proteins across the inner membrane, 2) a C-terminal,
~500 residue autotransporter domain predicted to fold into an amphipathic b-barrel that
promotes translocation of 3) the N-terminal passenger domain across the outer membrane
[33-35]. The autotransporter domains of these proteins share high sequence similarity.
Because invasin contains the three functional units found in proteins of the
autotransporter family, it has been proposed to function as an autotransporter despite a
lack of significant sequence similarity with known autotransporters [31].
Invasin-mediated cell binding is cation-dependent and is localized to the C-

terminal region of invasin [32]. In fact, the C-terminal 497 residues of invasin can be
expressed as a soluble protein that is capable of binding and penetrating mammalian cells
when attached to bacteria or beads [36]. The smallest region of invasin capable of cell
binding and entry is the C-terminal 192 amino acids [31, 37]. Monoclonal antibodies
specific for this region of the protein block attachment of invasin to mammalian cells and
prevent bacterial penetration [38]. Invasin residues required for integrin binding map to
this region and include residues within the 903-913 region (Figure 1) [32, 36]. The
presence of a disulfide bond formed between Cys™ and Cys™ is also required for
integrin binding, presumably because it is hecessary for correct folding [39]. In addition,
residues added to the C-terminus of the protein have been shown to interfere with cell
attachment activity suggesting that the C-terminal portion of invasin is at the integrin

binding site [40].



Thelnvasin Family

Invasin shares sequence homology with intimins, a family of enteropathogenic
bacterial proteins expressed on the surface of enteropathogenic and enterohaemorrhagic
E. coli [41]. The two proteins have different functions as invasin mediates uptake of
Yersinia into host cells while intimin mediates attachment to host cell surfaces that leads
to the formation of actin-rich pedestals beneath the bacteria [42, 43]. Unlike most
bacterial receptors, which are host proteins residing upon the host cell surface, the
receptor for intimin is a bacterially secreted protein, Tir. Tir is secreted into the host cell
using the bacterially-encoded type Il1 secretion system, and becomes inserted into the
host membrane upon translocation [44]. Tir then mediates the intimate attachment of
bacteriato intestinal epithelial cells by binding intimin.

The highest degree of sequence similarity between invasin and intimin lies at the
N-terminal ~500 residue region of the proteins. This region is functionally exchangeable;
replacing the N-terminal 489 amino acids of invasin for the corresponding N-terminal
539 amino acids of intimin results in proper membrane localization and presentation of
invasin epitopes on the bacterial cell surface [45]. The highest degree of divergence lies
at the C-terminal, receptor-binding region of the proteins, thus reflecting the different
receptor specificities of invasin and intimin.

Intimin _Structure The three-dimensional structure of a fragment of the

extracellular region of intimin (residues 658-939 of enteropathogenic E. coli intimin)
including the C-termina Tir-binding domain has been solved both by NMR and x-ray
crystalography (Figure 3A) [46, 47]. The structures reveal that intimin is composed of

tandem domains including two N-terminal immunoglobulin superfamily (IgSF)-like



domains and a C-terminal C-type lectin-like domain. 1gSF domains consists of two
antiparallel b-sheets stacked to form a b-sandwich and are found in many cell surface
adhesion molecules where they occur in tandem and project away from the cell surface to
mediate a variety of cell recognition events (reviewed in [48]. C-type lectins are cell
surface proteins that mediate Ca?*-dependent carbohydrate recognition via an a/b fold
with a stretch of extended structure that contains residues directly involved in Ca*
coordination (reviewed in [49]. The presence of alectin-like domain in intimin has been
suggested to function in carbohydrate recognition on host cells [46]. However, intimin
lacks the surface-exposed loop and conserved residues required for carbohydrate
recognition (Figure 3B) [46, 47]. Thus if intimin binds carbohydrates, it does in a
significantly different manner than C-type lectins [47].

Sructural Basis of Tir Recognition by Intimin Mutagenesis studies indicated that

residues in the C-type lectin like domain of intimin are required for Tir binding (J.M.
Leong, personal communication). These findings were confirmed when the crystal
structure of the intimin-binding domain of Tir (Tir IBD) was solved in complex with the
intimin fragment described above (Figure 3) [47]. Tir is predicted to cross the host cell
membrane twice with the N- and C-termini of Tir located in the cytoplasm of the host cell
(Figure 3C). The Tir IBD is found between the two transmembrane regions and is
located extracellularly [50]. The structure of Tir IBD is hairpin shaped with two long a-
helices and a b-hairpin. Two molecules of Tir IBD dimerize to form an antiparallel four-
helix bundle mediated by the two a-helices of each monomer [47]. Intimin and Tir
binding is mediated by the C-type lectin-like domain of intimin and the b-hairpin and the

N-terminus of the second helix of Tir. The rod-like structure of intimin, as seen in the



crystal structures, suggests that during bacterial attachment intimin and Tir are

horizontally oriented in the intermembrane space (Figure 3C) [47].

Invasin Receptors

Integrins Although invasin and intimin share structural and sequence
features, invasin binds to host-derived receptors that are members of the b, integrin
family [32]. Integrins are heterodimeric integral membrane proteins that mediate
communication between the extracellular environment and the cytoskeleton by binding to
extracellular matrix proteins or cell surface receptors and cytoskeletal components [51].
By binding to cytoskeletal components, integrins trigger an intracellular signal, “outside-
in signaling,” that includes phosphorylation and rearrangement of the actin cytoskeleton.
Integrins can also send signals in the opposite direction across the cell membrane,
“inside-out signaling,” since the adhesiveness of the integrin extracellular regions can be
modulated by signals within the cells. The ability to link extracellular ligand binding to
alterations in cellular architecture makes integrins a key player in many fundamental cell
processes including cell-cell interaction, cell adhesion, cell migration and cell
differentiation [51-53].

An integrin heterodimer is formed by the noncovalent interaction of one a subunit
(150-180 kDa) and one b subunit (~90 kDa). Both the a and the b subunits are type |
membrane proteins with large extracellular domains that bind extracellular ligands and
short cytoplasmic tails that bind cytoskeletal components. In mammals, eighteen a and
eight b subunits have been identified that combine to form over 20 different receptors

with distinct ligand specificities. The a subunits are classified into two groups depending



on the presence of a ~200 amino acid insertion (I domain) [54]. These | domains are
required for ligand binding for those integrins that contain them and isolated | domains
retain many of the ligand binding properties of the parent integrins, including divalent
cation dependency [55, 56]. For those integrins that lack an | domain ligand recognition
requires an I-like domain (bA) present in al integrin b subunits [57, 58]. b subunits are
numbered one through eight (b,-bg) and integrin families are classified based on the
specific b subunit they contain.

Integrin Sructures Until recently, the only three-dimensional information about

integrins came from crystal structures of isolated | domains in “liganded” or
“unliganded” conformations [57, 59-62]. | domains fold into classic Rossmann
(nucleotide-binding) folds composed of a central 6-stranded b-sheet surrounded by seven
a-helices. The structures revealed that ligand binding is achieved by acidic residues
present in the integrin ligands that complete coordination of the metals at the metal ion-
dependent adhesion sites (MIDAS) present in all | domains (Figure 4B) [57, 62].

Further information about integrin structure, including information about the
conformation of the entire extracellular region, was recently obtained when the three-
dimensional crystal structure of the extracellular region of the a b, integrin was
determined [58]. The integrin extracellular region consists of 12 domains. The a, subunit
is composed of an N-terminal seven-bladed b-propeller followed by three b-sandwich
domains. The b, subunit is composed of an N-terminal I-like domain (bA-domain),
followed by an Ig-like domain, a PSI-domain, four EGF domains and a C-termina
a/b domain. The overall structure is bent as both the a, and b, subunits fold back on

themselves (Figure 4A) [58, 63].
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The crystal structure of the extracellular region of a b, was aso determined in
complex with an Arg-Gly-Asp (RGD)-containing pentapeptide (Figure 4A) [63]. The
RGD sequence plays a central role in ligand recognition by integrins and is found in a
large number of integrin ligands [64-67]. Peptides containing this sequence can mimic
integrin ligands as they promote cell adhesion as well as competitively inhibit integrin
binding by ligands. Since the a b, integrin does not contain an | domain, this structure
provided information about ligand binding in the absence of an | domain. The ligand-
binding domain of a b, is formed by the b-propeller in a, and the bA-domain present in
b,. Ligand binding requires both a, and b, and the RGD pentapeptide makes extensive
contacts with both subunits (Figure 4A) [63]. Asin the case of the isolated | domains,
the Mn® ion is coordinated at the MIDAS in the bA-domain of b, with the aspartate
residue of the RGD completing the coordination (Figure 4B). The arginine residue of the
peptide contacts the a, subunit and the glycine lies at the interface between a, and b,.
The conformation of the RGD-containing peptide ligand in a b,is in an amost identical
conformation as in echistatin, a natural integrin ligand, suggesting that the structure of the
integrin-RGD peptide complex is physiologically relevant [63].

Integrin Ligands Integrin ligands include extracellular matrix proteins as well as

cell surface receptors. Although integrin ligands are diverse and can be unrelated, they all
contain acidic residues required for integrin binding. Many integrin ligands belong to the
IgSF superfamily of cell surface receptors. The crystal structure of a number of these
proteins, including ICAM-1, ICAM-2, VCAM-1, MAdCAM-1 and Fn type Il repeats 7-
10, have been solved [68-73]. The overall structures of these different proteins are very

similar: they are rod-like molecules composed of tandem Ig-like folds (Figure 5). In
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addition many of them also have their critical integrin-binding residues positioned at the
edge of the IgSF domains. Interestingly, for ICAM-1 and ICAM-2, molecules that bind
to | domain-containing integrins, these critical residues are found on a flat surface in the
context of a b-strand. For VCAM-1, MAdCAM-1 and Fn, proteins that bind to integrins
that do not contain | domains, residues critical for integrin binding are located on
protruding loops (Figure 5). These structural differences have been proposed to allow
differentiation between integrins that contain or lack | domains [68].

Integrins are also a common target for pathogens. Many bacteria as well as
viruses, including Neisseria meningitis, Bordetella pertusis, adenovirus, Coxsackievirus,
bind to integrins directly or indirectly through integrin-binding proteins [74-77].
Integrins are expressed on the apical surface of M cells, a class of specialized epithelial
cells overlaying Peyer's patches in the intestina epithelium, and are thus ideally suited
for bacterial internalization [78]. By binding to bl integrins, invasin activates a
reorganization of the host cytoskeleton to form pseudopods that envelop the bacterium
(Figure 6) [79, 80]. Invasin receptors include the asb,, a,b,, acb;, agb,, and a b, integrins.
The a,b, integrin has been shown not to bind to invasin and this is attributed to the

presence of an I-domainin a, that is not present in a,, a,, as, ag, and a,, [32].

Integrin Binding by Invasin

The cell binding domain of invasin is not homologous to any known integrin
ligand. However, competition assays and mutagenesis studies indicate that invasin and
fibronectin (Fn), an asb, ligand, bind to integrinsat the same or overlapping sites [81]. A

critical determinant of fibronectin binding to integrins is the RGD sequence found in Fn
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type I repeat 10 (Fn-111 10) [64-67]. The Yersinia pseudotuberculosis invasin lacks the
RGD sequence required for integrin binding by fibronectin although RGD peptides can
inhibit invasin binding to the acb, integrin [81]. Although the presence of the RGD
sequence is not required for integrin binding, al integrin ligands contain an acidic residue
that is critical for divalent cation-dependent integrin binding. This residue is required to
complete the coordination of the metal ion by the integrin (Figure 4B and C) [57, 62]. A
critical aspartate residue (Asp911) has been identified in the cell-binding region of
invasin that probably plays the role of the Asp in the RGD sequence (Figure 1). Even a
conservative mutation of this residue to Asn reduces cell binding 10-fold and abolishes
cellular entry, while the mutation to Ala abolishes integrin binding activity [36].

A second region of invasin approximately 100 amino acids from Asp911 contains
additional residues that are implicated in integrin binding (Figure 1). Mutations at
residues centered around Asp811 resulted in reduced bacterial uptake [82]. The presence
of a second region of invasin that plays a role in integrin binding is reminiscent of the
fibronectin synergy region located in Fn-111 9 that is required for maximal agb, integrin-

dependent cell spreading (Figure 5B) [83-85].

Invasin vs. Fibronectin

Although invasin and fibronectin bind to a mutually exclusive site on integrins,
the result of integrin binding by these two proteins is very different. While invasin-
integrin binding results in bacterial uptake, fibronectin-integrin binding does not result in
efficient Fn uptake [79]. Studies indicate that this is due to the different affinities of the

two proteins for integrins. The affinity of invasin for integrinsis two orders of magnitude
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higher than that determined for fibronectin (K,=5nM for invasin, Kd=800 nM for
fibronectin [81, 86]. This high affinity binding is required for bacterial uptake because
mutations that lower the affinity result in little or no uptake [79]. Integrin binding by
invasin results in the activation of signaling pathways that cause the reorganization of the
actin cytoskeleton and the formation of pseudopods on the cell surface (Figure 6). Actin
polymerization has been shown to be required for bacterial uptake since cytochalasin D
inhibits invasion without affecting attachment of the bacteria to host cells [87]. The high
affinity integrin binding allows invasin to compete with natural ligands for binding to b,
integrins, and as a result, Yersinia is able to "zipper" the host cell surface around itself

leading to uptake (Figure 6).

Integrin-M ediated Bacterial Uptake

Integrins interact with the cytoskeleton through their cytoplasmic tails [88].
Mutations that reduce the interaction of integrins with the cytoskeleton increase bacterial
uptake [80]. These mutations are thought to allow for greater mobility of the receptor
resulting in the recruitment of more integrin receptors around the bacterial surface.
Bacterial uptake also seems to share some common features with clathrin-mediated
endocytosis. Mutations that result in a decreased ability for integrins to associate with
clathrin-coated pits decrease bacterial uptake [80]. The exact role clathrin-coated pits
play in bacterial uptake isnot known.

Multimerization of invasin has also been shown to increase bacterial uptake. A
region of the Yersinia pseudotuberculosis invasin, corresponding to residues 594-692, has

been shown to undergo homotypic interactions [89]. This region of the protein is not
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found in Yersinia enterocolitica invasin, which is thought to be why this bacterium isless
efficient at promoting uptake than Yersinia pseudotuberculosis. In the absence of
multimerization, increasing the concentration of invasin and integrins has been shown to
increase the efficiency of uptake [79, 90].

Ligand binding by integrins generates a variety of intracellular signals that results
in changes in tyrosine phosphorylation, intracellular pH and actin polymerization [52].
Yersinia uptake has been shown to involve activation of host tyrosine kinases including
focal adhesion kinase and Src [91]. In addition, CAS, Crk, CDC42Hs, WASp, Arp2/3

complex, aswell as Rac and Rho GTPases have been implicated in uptake [91-93].

Structural Characterization of Invasin

Despite the extensive use of antibiotics, bacterial pathogens continue to be a
leading cause of morbidity and mortality worldwide. Thus, understanding the molecular
mechanisms of microbial pathogenesis is of great importance. Many bacterial species
have evolved specific structures that allow them to take advantage of important signaling
pathways in mammalian cells. The enteropathogenic Yersinia species express the outer
membrane protein invasin in order to bind b, integrins and thus utilize host machinery for
initiating cytoskeletal events necessary for bacterial internalization. Determining the
structure of invasin and comparing it to the structures of known integrin ligands is
important for gaining an understanding of bacterial invasion of mammalian cells. In
chapter 2, |1 describe the determination of the crystal structure of the extracellular
integrin-binding region of invasin. Comparison of the structure with that of fibronectin

shows how Yersinia is able to manipulate integrin binding by structural mimicry through
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convergent evolution. In chapter 3, | describe the biochemical characterization and work
toward crystallization of the transmembrane region of invasin. This region of the protein
isrequired for outer membrane localization [31]. Our results show that this region of the
protein can be refolded from inclusion bodies into a monomeric protein composed of
mainly b-sheet structure that anchors the integrin-binding region of invasin to the

bacterial cell surface.
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Figure 1. Schematic diagram of the Yersinia pseudotuberculosis invasin protein. The
predicted transmembrane region of invasin is shown in gray with the Sec-dependent
signal sequence shown in pink. The C-terminal 192 amino acid region of invasin,
required for integrin binding, is shown in light blue while the rest of the extracellular
region is shown in navy. Residues that have been shown to be required for integrin
binding are shown in single letter code. Residues that have been mutated and that
eliminate cell adhesion (C*" and D**) or drastically reduce it (F®® and D®) are shown in

green. Adapted from Isberg and Barnes, 2001.



30

OM
(? periplasm
2] D) ™
cytoplasm

MRNA

Figure 2. Model of surface display by autotransporters in Gram-negative bacteria. The
nascent peptide chain of the autotransporter protein is transocated across the inner
membrane (IM) in a Sec-dependent manner. After the signal sequence is cleaved from
the precursor protein, the C-terminal transporter inserts into the outer membrane (OM)
forming a trand ocation pore through which the N-terminal extracellular domain can pass.
The signal peptide is shown in green, the C-terminal transport domain in red and the N-

terminal extracellular domain in blue. Adapted from Klauser et al., 1993.
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Figure 3. Crystal structure of intimin and Tir. A. Ribbon diagram of a fragment of the
extracellular domain of intimin (Luo et a., 2000). D1 and D2 (green) resemble IgSF-like
domains while D3 (cyan) is a C-type lectin-like domain. B. D3 of intimin is shown next
to a canonical C-type lectin domain from mannose-binding protein (MBP) (Weis and
Drickamer, 1994). The calcium-binding loop in MBP and its truncated counterpart in
intimin are shown inred. C. A model for the intimin and Tir-mediated interface between
enteropathogenic E. coli and a host cell. Intimin is shown in green and cyan and a Tir

dimer is shown in pink and blue. Adapted from Luo et al., 2000.
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Figure 4. Structural features of integrins. A. Ribbon diagram of the extracellular
segment of a, b, integrin in complex with an RGD-containing pentapeptide (Xiong et al.,
2002). a,is shown in red, b, in blue, the peptide in gold and the M?* ions in cyan.
B. Diagram of the MIDAS domain in b;. C. Diagram of the MIDAS motif from the |
domain-containing integrin, CR3 (Lee et al., 1995). Residues involved in meta
coordination are indicated (w, water). Hydrogen bonds are shown by dashed lines,

oxygen residues are red, Mn?* is cyan and Mg is magenta.
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Figure 5. Mammalian integrin ligands. Ribbon diagram representation of the structures
of the mammalian integrin ligands ICAM-1 (Bellaet al., 1998), ICAM-2 (Casasnovas et
al., 1997), VCAM-1 (Wang et al., 1995), FN9-10 (Leshy et al., 1996). Residues critical
for integrin binding are shown in magenta. A. Integrin ligands that bind to | domain-
containing integrins have their acidic residue on aflat surface in the context of a b-strand.
B. Integrin ligands that bind to I-domain lacking integrins have their critical integrin-
binding residues on a surface exposed loop. For Fn9-10, the synergy region is also

shown.
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Figure 6. Yersinia internalization via a zipper-like mechanism. A. Bacteria expressing
invasin bind to b, integrins on mammalian cells. B. Interaction between invasin and
integrins results in the reorganization of the actin cytoskeleton and the formation of
pseudopods on the mammalian cell surface. High affinity interaction between invasin
and integrin allows zippering of the host cell membrane around the bacterium leading to

uptake. ECM, extracellular matrix. Adapted from Isberg and Tran Van Nhieu, 1995.
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Chapter 2:

This chapter was published as Z. A. Hamburger, M. S. Brown,
R. R. Isberg and P. J. Bjorkman, “Crystal structure of invasin:
a bacterial integrin-binding protein.” Science 286, 291-295 (1999).
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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 A crystal structure of the invasin extracellular region reveals five
domains that form a 180 A rod with structural similarities to tandem fibronectin-I1
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 compared with host

substrates.
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Many bacteria pathogens bind and enter eukaryotic cells to establish infection. Y.
pseudotuberculosis and Y. enterocolitica are enteropathogenic Gram-negative bacteria
that cause gastroenteritis when they are translocated across the intestinal epithelium at
Peyer’s patches by way of M cells. Trangocated bacteria enter the lymphatic system and
colonize the liver and spleen, where they grow mainly extracellularly (1). Invasinisan
outer membrane protein required for efficient uptake of Yersinia into M cells (2,3).
Invasin mediates entry into eukaryotic cells by binding to members of the bl integrin
family that lack | domains, such as azb,, a,b;, azb;, agh;, and ab, (3). Integrins are
heterodimeric integra membrane proteins that mediate communication between the
extracellular environment and the cytoskeleton by binding to both cytoskeletal
components and either extracellular matrix proteins or cell surface proteins (4). Invasin
binding to b1 integrins is thought to activate a reorganization of the host cytoskeleton to
form pseudopods that envelop the bacterium (5). Another family of enteropathogenic
bacterial proteins related to invasin, the 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).

Y. pseudotuberculosis invasin is a 986 residue protein. The N-terminal ~500
amino acids, which are thought to reside in the outer membrane (7), is related (~36%
sequence identity) to the analogous regions of intimins (8). The C-terminal 497 residues
of invasin, which make up the extracellular region, can be expressed as a soluble protein
(Inv497) that binds integrins and promotes uptake when attached to bacteria or beads (9).
The shortest invasin fragment capable of binding integrins consists of the C-terminal 192

amino acids (7). This fragment is not homologous to the integrin binding domains of



39

fibronectin (the fibronectin type 11l repeats 9 and 10; Fn-ll1I 9-10) (8), athough
mutagenesis studies and competition assays indicate that invasin and fibronectin bind to
ash, and ab, integrins at the same or overlapping sites (10). The integrin binding region
of invasin aso lacks significant sequence identity with the corresponding regions of
intimins (~20% identity) (8). To gain insight into enteric bacterial pathogenesis and to
compare the structural basis of integrin binding by invasin and Fn-111 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 rod-like molecule with overall dimensions of
~180 A x 30 A x 30 A (Fig. 1A), consistent with analytical ultracentrifugation analyses
that suggest the fragment has an extended monomeric structure in solution (13). The
Inv497 structure bears an overall resemblance to that of another a.b, binding fragment,
Fn-111 repeats 7-10 (Fn-111 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, while the fifth domain (D5) includes a-helices and b-sheets.
Despite only 20% sequence identity (8), the D3 to D5 region of 1nv497 is structurally
similar to a 280 residue fragment of the extracellular portion of enteropathogenic E. coli
intimin (14).

The four N-terminal domains of Inv497 adopt folds resembling eukaryotic
members of the immunoglobulin superfamily (IgSF) (15), although the Inv497 domains
do not share significant sequence identity with 1gSF domains and lack the disulfide bond

and core residues conserved in 1gSF structures (8,15). D1 belongs to the 12 set of the
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IgSF, and D2 and D3 belong to the 11 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 MHC molecules (15). Unlike these C1 domains, D4 of 1nv497 includes a 15 amino
acid insertion between 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) (16). This superfamily includes true C-type lectins such as mannose
binding protein (14) and E-selectin (14), which contain carbohydrate recognition domains
(CRDs) that bind carbohydrates in a calcium dependent manner, and evolutionarily
related proteins such as the Ly49 family of natura 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 C-terminal domains of both Inv497 and intimin lack these calcium
binding loops (Fig. 1B) (14,16). Inv497 is not known to bind carbohydrates (17), thus the
significance of the CTLD fold remains to be determined. By analogy with Ly49A, which
recognizes a carbohydrate-independent epitope on its class | MHC ligand (16), Inv497
may recognize an unglycosylated region of integrins.

Like CTLDs and structurally related proteins 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 linking b-strand 3 and the loop
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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 located between the first and
second b-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 atwo turn a-helix (residues 917-921
and 931-936) interrupted by a nine residue loop (residues 922-930) (Fig. 1C) (18). The
corresponding region in intimin was not interpretable in the NMR 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-D5 buried surface
area is 1925 A% compared to ~ 500 A? for 1gSF interfaces) (19). The D4-D5 interface is
predominantly hydrophobic athough a number of hydrogen bonds are also present
(Fig. 2). The interrupted helix in D5 and strands A’ and A’’’ in D4 (Fig. 1B) play a
major role in the interaction between these two domains. In particular, a portion of the
loop within the D5 interrupted helix contacts the A’ strand in D4 (Fig. 2). In addition,
strand A’’’ hydrogen bonds with strand one 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 flexibility between the
integrin-binding portions of fibronectin, inferred from lower than average interdomain
buried surface areas at these interfaces (Fn-111 9-10, Fn-111 12-13) (14, 19). Interdomain
flexibility in fibronectin was proposed to facilitate integrin binding (15), and is aso

observed in the structures of two other integrin binding proteins, ICAM-1 (14) and
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VCAM-1 (14). However, invasin, which shows little or no interdomain flexibility in its
integrin binding region, binds at least five different integrins and binds a:b, with about
100-fold higher affinity than does fibronectin (5,10). High affinity binding of invasin is
necessary for bacteria internalization, as studies have shown that bacteria coated with
lower affinity ligands for acb, bind, but do not penetrate, mammalian cells (5,10).

Invasin residues important for integrin binding include 903-913 (7,20), which
form helix 1 and the loop after it in D5. The disulfide bond between Cys™ and Cys™,
conserved in al CTLDs (Fig. 1B), is required for integrin binding (20), presumably
because it is necessary for correct folding. Although invasin lacks an Arg-Gly-Asp
(RGD) sequence, which is critical for the interaction of Fn-I11 10 with integrins (4), an
aspartate in Inv497 D5 (Asp™) is required for integrin binding (7,20). Like the aspartate
in the Fn-11l RGD sequence, Asp™ is located in a loop (Fig. 1A,3B). Other host
proteins, such as VCAM-1 and MAdCAM-1, which bind integrins that lack | domains,
also contain a critical aspartate residue on a protruding loop (15). By contrast, ligands of |
domain-containing integrins, such as the ICAM proteins, present their acidic integrin-
binding residue in the context of a b-strand rather than a loop (15). A second region of
invasin approximately 100 amino acids from Asp®™ contains additional residues that are
implicated in integrin binding, including Asp®! (Fig. 1A, 3B) (20). This region of
invasin is reminiscent of the fibronectin synergy region located in Fn-111 9 that is required
for maximal agb, integrin-dependent cell spreading (21). 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-111 10 Asp*** in the RGD

sequence and Fn-111 9 Asp™™ in the synergy region is also 32 A (14), although the side
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chain orientation of Asp™” differs from that of Asp®™ ininvasin (Fig. 3). Within the Fn-
[l synergy region, a critical residue for integrin binding is Arg™" (32 A from Asp™*;
Fig. 3B) (21). Theinvasin 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 suggests that invasin and host proteins share common integrin-binding features.
The transmembrane regions of outer membrane 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 about 180
A away from the bacterial surface, ideally positioned to contact host cell integrins.
Similarities between invasin and fibronectin 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 provides a
plausible explanation for the increased integrin binding affinity of invasin compared with
fibronectin.  Differences between the integrin binding properties of invasin and
fibronectin illustrate how a bacterial pathogen is able to efficiently compete with host

proteins to establish contact and subsequent infection, thereby exploiting a host receptor

for its own purposes.
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Table 1. Summary of data collection and refinement statistics for Inv497. Inv497
crystals (space group P2, a=60.1 A, b=50.7 A, c=97.9 A, b = 98.3°; one molecule
per asymmetric unit) were grown at 22 °C in hanging drops by combining 1 i protein
solution (5 to 10 mg/ml Inv497, 20 mM Hepes pH 7.0, 1 mM EDTA) with 1 mi
precipitant solution (20 mM sodium citrate pH 5.6, 20% polyethylene glycol 4K, 20%
isopropanol). Crystals were improved by microseeding. SeMet crystals, derived from
selenomethionine-substituted Inv497 protein (9), grew under similar conditions. For
cryoprotection, 5 m of mother liquor containing 25% isopropanol was added to the
crystals immediately before transferring them to liquid nitrogen. A cryo-cooled xenon
derivative was prepared by mounting a cryoprotected crystal in a nylon loop and
subjecting it to 200 psi of xenon for 2.5 minutes in a xenon pressure cell (11). A small
microfuge tube containing excess mother liquor was placed in the pressurization chamber
to maintain vapor pressure and prevent cracking of the crystals. Immediately after
depressurization, the crystals were transferred to liquid nitrogen. The PIP derivative was
prepared by the addition of 1 grain of PIP to a drop containing severa crystals followed
by soaking for 5 hours. Data from the native and the xenon derivative crystals were
collected at —170 °C using a wavelength of 0.98 A on a MAR Research image plate
detector at beam line 9-1 at the Stanford Synchrotron Radiation Laboratory. 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 (11,12).



45

Data Set Resolution (A)  "Complete (%) "Rmerge (%) /sl rms fy/E
Native 2.30(2.34-230) 96.3(97.2) 51(29.6) 17.9(2.9)

Xenon 2.75(2.85-2.75) 90.4 (76.3) 46(100) 17.1(7.9) 12

PIF® 2.80(2.90-2.80) 87.7 (63.8) 74(238) 111(28) 14
SeMet! 300(311-300) 931(916) 159(400) 7.4(29) 16

Refinement Statistics:

Resolution (A) 30.0-2.2 Number of non-hydrogen atoms:
Reflections in working set 24256 Protein 3593
Reflectionsin test set 1216  Water 92
Rfree (%0)" 28.7 Citrate 13
Reryst (%) 235 Non-glycine residues in most favorable
R.m.s. deviations from ideality region of Ramachandran plot (%) 86.6
Bond lengths (A) 0.008 asdefined (12)
Bond angles (deg) 151

"Complete = (number of independent reflections)/total theoretical number. 'R g (1)=
(S|I(i) - <I(h)>|/SI(i)), where I(i) is the ith observation of the intensity of the hkl
reflection and <I> is the mean intensity from multiple measurements of the hk,l
reflection. *Rms f,/E (phasing power), where f, is the heavy-atom structure factor
amplitude and E is the residua lack of closure error. SPIP: di-m
iodobis(ethylenediamine)diplatinum nitrate. ISeMet: selenomethionine.

"Reyst (F) = SullF oI = [Feac(h)V'SylF ()1, where [Fop(h)| and |F.i(h)| are the observed
and calculated structure factor amplitudes for the h k| reflection. "R, is calculated over

reflections in atest set not included in atomic refinement (12).
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Fig. 1. (A) Ribbon diagram of the structure of Yersinia pseudotuberculosis Inv497.
Residues implicated in integrin binding (Asp®, Asp®™ (7,20) and possibly Arg®®; see
text) are highlighted in green. a-helical regionsin D5 and a 3,, helix in D4 arered. The
disulfide bond in D5 isyellow. (B) Topology diagrams for domains of invasin and
related proteins. Inv497 D5 is shown beside a canonical C-type lectin CRD (from E-
selectin (14)); Inv497 D4 is shown beside a C1-type IgSF domain. b-strands are blue,
helices are red, and disulfide bonds are yellow. The calcium binding loop in E-selectin
(residues 54-89) and its truncated counterpart in Inv497 (residues 956-959) are green. (C)
Left: Hydrogen bonding pattern of the interrupted helix (18) in D5. Main chain atoms are
shown for residuesin the a-helix. Side chains are shown for those residues in which
main chain atoms form hydrogen bonds (dashed cyan lines) across the break in the helix.
Other side chains have been omitted for clarity. The carbon-a trace of the loop is shown
ingray. Right: The Inv497 model in the region of the loop (gray in left panel) of the
interrupted helix superimposed on a2.3 A s ,-weighted 2F-F, annealed omit electron
density map contoured at 1.0 s (map radius = 3.5 A) (12). (D) Schematic model of the
structure of intact invasin in which the ~500 N-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.

Fig. 2. Close-up comparison of interdomain interfaces in integrin binding regions of
Inv497 (D4 and D5), fibronectin (Fn-111 9-10) (14) and VCAM-1 (D1 and D2) (14).

Hydrogen bonds are shown as dashed yellow lines. Additional hydrogen bonds, van der
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Waals contacts and a three- to five-fold larger interdomain surface area (19) stabilize

Inv497 D4-D5 and restrict interdomain flexibility compared to the other interfaces.

Fig. 3. Comparison of integrin binding regions of invasin and fibronectin. Despite
different folding topologies and surface structures, the relative positions of severa
residues implicated in interactions with integrins are similar (Asp®™, Asp™, Arg® in
Inv497; Asp™’3, Asp™®, Arg™™ in Fn-111 9-10; aspartates in red; arginines in blue). (A)
Surface representations (12) of the structures of Inv497 and Fn-I11 7-10 (14). (B) Ribbon
representations of 1nv497 D4-D5 and Fn-111 9-10. Addition of one or more residues to
the COOH-terminus of invasin (indicated as “COQ™) interferes with integrin binding
(22), suggesting that the rather flat region between Asp®™ and Asp®™ is at the integrin-
binding interface. By contrast, the integrin-binding surface of fibronectin contains a cleft

resulting from the narrow link between Fn-I11 9 and Fn-111 10.
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Figure 1. Hamburger et al.
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Inv497 Fn-11l 7-10 VCAM-1

Figure 2. Hamburger et al.



57

INV497 Fn-lll 7-10

Figure 3. Hamburger et al.
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Chapter 3:

Refolding and Biochemical Characterization
of the Transmembrane Region of Invasin
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Abstract

The N-terminal ~500 amino acids of invasin has been shown to be required for
membrane localization and for presentation of the integrin-binding region of invasin on
the cell surface [1]. We have initiated structural analyses in order to gain insight into the
function of this region of invasin. We overexpressed different invasin constructs in the
outer membranes of E. coli cells. Our results show that expression of the invasin
transmembrane constructs occurs at low levels in the outer membrane and purification of
these protein products is very inefficient. On the other hand, expression of the
transmembrane region of invasin as inclusion bodies in the cytoplasm of E. coli cells
resulted in high levels of protein expression. This region of the protein can be refolded in
the presence of detergents and we have obtained microcrystals of this membrane protein.
Circular dichroism studies indicate that this region of invasin is composed mainly of b
structure, as expected since the transmembrane regions of outer membrane proteins of
known structure are b-barrels. Proteolysis experiments suggest that the N-terminal 70
amino acids of invasin may form a separate, probably periplasmic domain analogous to
that found in another outer membrane protein, the sucrose-specific porin ScrY.
Equilibrium sedimentation analytical ultracentrifugation studies indicate the invasin
transmembrane region is monomeric in solution. Black lipid bilayer experiments suggest
that this region of the protein does not contain a pore, suggesting a role as an outer

membrane anchor for the presentation of the integrin-binding domain on the cell surface.



60

I ntroduction

Invasin is a 986-residue outer membrane protein expressed on the surface of the
Gram-negative enteropathogenic bacterium Y. pseudotuberculosis. As described in
Chapters 1 and 2, the C-terminal 497 residues of invasin comprise the extracellular region
of the protein and promote bacterial uptake by binding to a number of different bl
integrins on host cells [2]. Less is known about the structure and the function of the N-
terminal ~500 amino acids of invasin. This region of the protein has been shown to play
arole in membrane localization and presentation of the integrin-binding region of invasin
on the cell surface [1]. Removal of the N-terminal 148 amino acids of the protein
prevents invasin expression on the bacterial surface. However, when the periplasmic
maltose binding protein (MBP) is fused to the construct lacking residues 1-148, the
fusion protein is exported to the outer membrane and bacteria are able to bind and enter
host cells [1]. This suggests that MBP, which normally does not cross the outer
membrane, mediates export of the fusion protein to the periplasm, and it is the C-terminal
838 residues of invasin that direct localization to the outer membrane [1]. Invasin
residues 1-148 presumably carry a Sec-dependent signal sequence that allows export
through the inner membrane. Cleavage of the signal peptide is predicted to occur after
Alad9 using the program SignalP [3].

The N-terminal transmembrane domain of invasin is not homologous to any
proteins of known structure. However, it has significant sequence identity (~36%) to the
corresponding region of another family of enteropathogenic bacterial proteins related to
invasin, the intimins. Intimins mediate attachment of bacteria to host cells by binding to

a bacterialy secreted protein Tir, which upon secretion becomes inserted into the host
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membrane [4, 5]. Interestingly, exchanging the N-terminal 489 amino acids of invasin
for the corresponding N-terminal 539 amino acids of intimin results in proper membrane
localization and presentation of invasin epitopes on the bacterial cell surface [6].

The large size of invasin (106 kDa) is reminiscent of other secreted proteins from
Gram-negative bacteria including IgA protease. These proteins belong to the
autotransporter family and contain a C-terminal ~500 residue region predicted to form an
amphipathic pore in the outer membrane, which mediates the secretion of the N-terminal
protease domain (Figure 1) [7-9]. Anaogously, the N-terminal ~500 amino acids of
invasin have been predicted to form an amphipathic channel that translocates the C-
terminal integrin binding domain of invasin across the outer membrane [1]. This
predicted functional similarity is despite the fact that invasin and the IgA protease share
no significant sequence similarity and the relative orientations of the pore domain and
secreted domains are reversed. Alternatively, the N-terminal transmembrane region of
invasin may play a more passive role by acting as an anchor that attaches the extracellular
region to the outer membrane with other proteins involved in the secretion of the C-
terminal half of invasin across the outer membrane.

To address the function of the invasin transmembrane region, we initiated a
structural and biochemical characterization of the protein in purified form. Like other
integral outer membrane proteins (reviewed in [10], the N-terminal ~500 amino acids of
invasin likely have a b-barrel fold [1]. However, determining the exact three-dimensional
structure of the membrane-spanning domain of invasin will provide information about the
function of this region of the protein. Two distinct architectures may be envisioned for

the putative b-barrel of invasin, which has its N-terminus located in the periplasm due to
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the Sec-dependent mechanism for protein export, and its C-terminus located
extracellularly. The b-barrel may have an odd number of strands, or alternatively an even
number of strands that forms a pore through which the C-terminal region can be threaded
for extracellular localization. The presence of an odd number of b-strands would suggest
that the role of this domain is that of an anchor that tethers the integrin-binding region to
the cell surface. If invasin contains an odd number of strands, it will be the first time this
architecture is seen in the outer membrane since the structures of all known b-barrels are
composed of an even number of antiparallel b-strands. If the invasin transmembrane
domain contains an even number of strands, it is probable that it will also contain a pore
for translocation of the extracellular region across the outer membrane. In this case the
structure would suggest that this transmembrane domain plays the role of an
autotransporter.

To obtain the milligram amounts of protein necessary for crystalization, we
overexpressed eight different invasin constructs in the outer membranes of E. coli cells.
We have found that expression of the invasin transmembrane constructs occurs at low
levels and purification of these protein products is very inefficient. On the other hand,
expression of the transmembrane domain of invasin as inclusion bodies in the cytoplasm
of E. cali cellsresultsin high levels of protein production. Refolding was accomplished
in the presence of detergents and microcrystals of the protein have recently been
obtained. We aso biophysically characterized the transmembrane domain of invasin
using analytical ultracentrifugation, circular dichroism, limited proteolysis, and black

lipid bilayer experiments.
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Materials and Methods

Expression vectors

The vector pRI203, encoding full length invasin, was kindly provided by Ralph
Isberg at Tufts University. Fourteen different constructs were generated using PCR and
are designated cell surface constructs: A, B, C, D, IBA-2-D1, IBA-6-D1, IBA-2-F1, IBA-
6-F1 and inclusion body constructs. Asslnv, Asslnv-NHis, Assinv-NHis-D1, Assinv-

NHis-Full, Assinv-NHis-127, Assinv-NHis-149. See aso Figure 2.

Cell surface constructs

Protein expression and purification BL21AOmp cells were transformed with the

IBA-6-D1 construct and grown in 1 L Terrific Broth to an O.D.g, of 0.5 in the presence
of 50 mg/L kanamycin and 200 mg/L ampicillin. BL21(DE3) cells were transformed with
the IBA-2-F1 construct and grown in 1 L Terrific Broth to an O.D. 4, of 0.5 in the
presence of 200 mg/L ampicillin. Both the BL21(DE3) and the BL21AOmp cells were
induced for 2 hours with 200 ng/L anhydrotetracycline (Sigma Genosys). The cells were
pelleted at 6000 rpm in an Avanti JLA 8.1 rotor and resuspended in 50 mM TrispH 8, 1
mg/ml lysozyme and 50 ug/ml DNAse |. Cells were lysed using a French press.
Inclusion bodies and unbroken cells were pelleted in a tabletop centrifuge at 3000 rpm at
4 °C for 15 min. To pellet both the outer and inner membranes, the cleared lysate was
spuninaTi60 rotor at 40, 000 rpm for 30 min at 4 °C.

Purification of the IBA-6-D1 construct Isolated membranes were resuspended in

50 mM Tris pH 8 in the presence of 2% Triton X-100 and 6M Urea and incubated at

room temperature for 30 min. This incubation dissolves the inner membrane, leaving the
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outer membrane intact [11]. The outer membranes were pelleted at 40, 000 rpm for 30
min at 4 °C in aTi60 rotor. To remove the Triton X-100 and Urea, the outer membrane
pellet was washed by incubation at room temperature for 30 min in 25 mM sodium
phosphate pH 7.6 and 0.15 % n-Octylpolyoxyethylene, followed by centrifugation as
above. In order to extract proteins from the purified outer membranes, the sample was
resuspended in 25 mM sodium phosphate, pH 7.6 and 1 % n-Octylpolyoxyethylene and
incubated for 1 hour at room temperature. The final supernatant contained extracted
proteins from the outer membrane.

Purification of the IBA-2-F1 construct The membranes, isolated as described

above, were resuspended in 3 ml 20 mM Tris pH 8 and 3 % n-Octylpolyoxyethylene and
incubated for 1 h at room temperature. The extracted membranes were pelleted in a
tabletop centrifuge at 4 °C for 40 min at 14,000 rpm. The lysate, containing the extracted
outer membrane proteins was loaded onto a StrepTactin column (Sigma Genosys) and

purified according to the manufacturer’ s instructions.

Inclusion Body Constructs

Protein expression and refolding BL21(DES3) cells transformed with the Assinv-

NHis construct were grown to an O.D.g,, of ~1.1 in Terrific Broth and expression was
induced with 1 mM IPTG for 2 hours. The cells were pelleted at 6000 rpm in an Avanti
JLA 8.1 rotor and lysed in 10 mM Tris pH 8, 0.5% Triton X-100, 3 mM CaCl,,1 mg/ml
lysozyme and 50 ug/ml DNAse | using a hand held Omni TH homogenizer. Inclusion
bodies were pelleted at 10,000 rpm at 4 °C for 30 min in a Beckman SS-34 rotor.
Inclusion bodies were washed twice with 10 mM Tris pH 8 in the presence of 0.5%

Triton X-100 and twice in 10 mM Tris pH 8. The purified inclusion bodies were
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denatured in 8 M Urea and added to 200 ml of Ni-NTA resin a a concentration of 1
mg/ml. The sample was incubated at RT for 30 minutes with gentle agitation and poured
into a Pharmacia XK50/20 column. Refolding of the denatured protein was achieved by
applying a linear gradient on the Ni-NTA column in the presence of 1% n-
Octylpolyoxyethylene, 50 mM Tris pH 8, 200 mM NaCl from 8 M to 0 M Urea over 6
column volumes at a flow rate of 5 ml/min. The refolded protein was eluted from the
column with 250 mM imidazole. The eluted sample (~100 ml) was passed over a Hi-
Prep 26/10 desalting column in 0.5% n- Octylpolyoxyethylene, 50 mM Tris pH 8, 200
mM NaCl in order to remove excess imidazole. In order to concentrate the protein, the
sample was subsequently loaded onto an ~20 ml Ni-NTA column. After elution, the
protein was subjected to gel filtration on a Hi-Prep 26/60 Sephacryl S-300 sizing column
(10 ml each) in 0.5% n-Octylpolyoxyethylene, 50 mM Tris pH 8, 150 mM NaCl.

Analytical ultracentrifugation Equilibrium ultracentrifugation studies were done

with a Beckman-Coulter XL-1 Ultima analytical ultracentrifuge equipped with absorption
optics. Assinv-NHis samples were in 150 mM NaCl, 50 mM Tris pH 8, 0.5% n-
Octylpolyoxyethylene. Sedimentation equilibrium experiments were conducted at 16,000,
21,000 and 28,000 rpm at 20 °C. Protein concentrations were 4.6 niM, 1.5 mM and 0.8
nmM. Datafiles were analyzed as described in [12]. The effects of the detergent were also
studied at a protein concentration of 3 mM comparing buffers containing 0.5% n-
Octylpolyoxyethylene and 1.25% n-Octyl polyoxyethylene.

Circular dichroism CD spectroscopy was performed at 20 °C with an Aviv 62A

DS spectrometer.  Protein concentrations were determined by tryptophan and tyrosine

absorbance at 280 nm using e=69840 M-1cm-1 (calculated from [13]) using the amino



66

acid sequence of Assinv-NHis. Protein concentration was 1Img/ml in 10 mM Tris pH 8,
150 mM NaCl and 0.5% n-Octylpolyoxyethylene. Three wavelength scans (250 to 190
nm) were collected with a1 sec averaging time per data point.

Reconstitution of Asslnv-NHis into vesicles In order to reconstitute the A sslnv-

NHis protein into lipid vesicles, 43.6 mg of Soybean lectin phosphatidylcholine (Sigma)
and 22.6 mg of cholic acid (Sigma) were dissolved by water-bath sonication in 950 m of
50 mM Tris pH 8 and 200 ml NaCl (as recommended by Amika Corp). 0.5 ny of
AssIinv-NHis solubilized in 0.5% n-Octylpolyoxyethylene was added to the lipid
mixture. Alternatively, vesicles were formed by dissolving soybean lectin
phosphatidylcholine and 3% n-Octylpolyoxyethylene in 950 m of 50 mM Tris pH 8 and
200 ml NaCl by water-bath sonication. 25 g or 250 ng of Asslnv-NHis was added to
the lipid mixture. Detergent was removed to allow vesicle formation by dialyzing the

samples against 500 ml of 50 mM Tris pH 8 and 200 ml NaCl overnight at RT.

Black lipid bilayer experiments The black lipid bilayer experiments were carried
out essentially as described [14]. The bilayer apparatus was assembled with the CV-5B-
100GU headstage, small chamber with a 250 nm hole between the chambers
(polysulphone cuvette), stir bars, isolated Ag/AQCl electrodes in 3 M KCI, and salt
bridges to both the cis and trans chambers. The cis chamber served as a virtual ground.
Prior to bilayer formation each well was filled with 1 mL of 200 mM KCI, 10 mM
HEPES pH 7.2, 40 mM MgCIl,. When the protein was reconstituted into lipid vesicles,16
mM CaCl, was added to each chamber to facilitate fusion of the vesiclesto the bilayer.

The bilayer forming solution was prepared by mixing 56 nL of 25 mg/ml POPE

in CHCI; and 24 nL of 25 mg/ml POPS in CHCL, in a V-shaped vial. The solvent was
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evaporated and the resulting lipid film dissolved in 100 m of decane. A bilayer was
painted over the 250 mm hole separating the two chambers using a glass rod. The bilayer
capacitance was determined using a triangular wavefunction (pClamp 8). Bilayers were
smoothed with an air bubble if needed. When the bilayer broke, it was either reformed
using the glass rod or an air bubble. Bilayers exhibiting a capacitance of > 85 pF were
used for the experiments.

Protease digestion 7 ng of Assinv-NHisand 0.5 ng of chymotrypsin were mixed

and incubated a 37 °C in 100 mM Tris pH8, 15 mM CaCl,, 05% n-
Octylpolyoxyethylene. After 10 min, 30 min and 60 min an aliquot was removed and the
reaction was stopped with 1% trifluoroacetic acid. The last sample was subjected to SDS-
PAGE and blotted to a PV DF membrane for N-terminal sequencing.

Protein crystallization The purified, refolded protein was concentrated at 15 °C in

a Millipore BioMax concentrator (50 kDa cut-off) to 10-30 mg/ml. The concentrated
sample was dialyzed against different detergents in the presence of 10 mM Tris pH 8 and
150 mM NaCl. Crystalization trials were set up using the sitting drop vapor diffusion

method.
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Results and discussion

Cell surface expression To produce large amounts of the transmembrane region
of Yersinia pseudotuberculosis invasin protein for crystalization, eight different
constructs (construct A, B, C, D, IBA-2-D1, IBA-6-D1, IBA-2-F1 and IBA-6-F1) were
designed for expression in the outer membrane of E. coli cells (Figure 2A). These
constructs contain the putative transmembrane region of invasin (residues 50-502) as well
as a signal sequence that allows the protein to be exported across the inner membrane
[15]. Upon trangocation across the inner membrane, the signal sequence is cleaved off
from the exported protein. In the case of invasin, the exact residue with which the
invasin protein begins is not known because expression of invasin in cells results in the
synthesis of the full-length protein as well as many smaller species [16]. Metl8 and
Met20 are two candidates as the DNA sequence preceding these methionines contains a
potential Shine-Delgarno sequence. Using the program Signal P, the cleavage site for the
signal sequence is predicted to be after residue 49 [3]). Thusit is likely that the signal
sequence of invasin is composed of residues 18-49. To ensure export, constructs A, IBA-
2-D1, IBA-6-D1, IBA-2-F1 and IBA-6-F1 were designed to contain the signal sequence
of OmpA. Construct B contains the OmpT signal sequence while constructs C and D
contain the native invasin signal sequence (Figure 2A).

The presence of soluble regions in membrane proteins have been shown to
facilitate membrane protein crystallization as these regions are able to form important
lattice contacts in the crystals [17, 18]. In order to increase our chances of obtaining
protein crystals of the invasin transmembrane region, the IBA-2-D1, IBA-6-D1, IBA-2-

F1 and IBA-6-F1 constructs were designed to express not only the transmembrane region
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but also part or the entire extracellular region of invasin. The IBA-2-D1 and IBA-6-D1
constructs contain, in addition to the membrane bound region, the first extracellular
domain of invasin as determined by x-ray crystallography (see Chapter 2). The IBA-2-F1
and IBA-6-F1 constructs contain both the membrane-bound as well as the full
extracellular region of invasin (Figure 2A).

For cell surface expression, two E. coli strains (BL21(DE3) and BL21AOmp)
were used. BL21AOmp cells are derivatives of the BL21 cells lines and have their
lamB (maltoporin), OmpA, and OmpC (osmoporin) genes deleted. In addition, the OmpF
gene is inactivated by the presence of atransposon conferring kanamycin resistance [19].
BL21AOmp cells have been successfully used to express a number of outer membrane
proteins including OmpF and OmpC. The lack of the most abundant outer membrane
proteins in this strain is advantageous for two reasons. Firgst, it results in higher
expression levels of the target protein because there is physically more room in the outer
membrane. Second, it facilitates protein purification due to the lack of outer membrane
proteins that would contaminate the extracted protein prep. A potential problem of the
BL21AOmp strain is that these cells are fragile as they are missing many of the proteins
that are important for maintaining the structural stability of the outer membrane [20].

In our experiments, BL21AOmp cells transformed with constructs B, C, IBA-2-
F1 or IBA-6-F1 were not able to grow in liquid culture. Although cells transformed with
construct D were able to grow, protein expression was not observed when the cells were
induced under a number of different conditions. Only cells transformed with constructs
A, IBA-2-D1 and IBA-6-D1 had detectable protein expression levels (Figures 2 and 3).

Since BL21AOmp cells have outer membranes that are less stable, expression of the
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transmembrane region of invasin on the surface of these cells, due to leakage at the
promoters of the vectors, could have resulted in lysis of the cells. Therefore, the more
sturdy BL21(DE3) cells were transformed with the eight invasin constructs. Once again
cells electroporated with construct C did not grow under a number of growth conditions.
Although cells transformed with constructs B and D did grow, protein expression was not
observed under a number of different induction conditions (Figure 2A). However, cells
expressing constructs A, IBA-2-D1, IBA-6-D1, IBA-2-F1 and IBA-6-F1 were able to
grow and express the transmembrane region of invasin (Figure 3).

Purification of invasin from the cell surface Because degradation products for

constructs A and IBA-2-D1 as well as very low protein expression levels for IBA-6-F1
were observed (Figure 3), only constructs IBA-6-D1 and IBA-2-F1 were used for protein
purification. BL21AOmp cells were transformed with the IBA-6-D1 construct and
induced with anhydrotetracycline (Sigma Genosys). Cells were lysed and the outer
membranes were isolated as described [11]. Proteins from the outer membranes were
extracted with n-Octylpolyoxyethylene. In order to determine if IBA-6-D1 (predicted
MW 63 kDa) was expressed in the outer membrane and to monitor our purification, each
step of the purification was analyzed by SDS-PAGE analysis (Figure 4). Lanes 1 and 2
show that the IBA-6-D1 protein was expressed in the BL21AOmp cells. Some of the
protein had expressed as inclusion bodies (lane 3) and none of the protein was found in
the cytoplasm (lane 4). Surprisingly, much of the protein was found in the inner
membrane and/or periplasmic fraction (lane 5). This could indicate that the protein had
not correctly inserted into the outer membrane such that during solubilization of the inner

membranes using Triton X-100/Urea [11] much of the IBA-6-D1 was extracted. The
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overal effect was that only minimal amounts of the protein could be extracted from the
outer membrane by extraction with n-Octylpolyoxyethylene (lane 8) and that very little
protein remained in the final outer membrane pellet (lane 9).

To try to increase protein yields, we decided to utilize the Strep-tag |1 that was
expressed on the transmembrane constructs. The membrane fraction of the BL21AOmp
cells expressing the IBA-2-F1 construct was treated with n-Octylpolyoxyethylene and the
supernatant containing the extracted membrane proteins was loaded onto a StrepTactin
column (Sigma Genosys). Figure 5 shows the SDS-PAGE analysis of the purification of
the IBA-2-F1 protein (predicted MW 104 kDa) on the StrepTactin column. Lanes 1 and
2 show the extracted outer membrane proteins and the fraction of the sample that did not
bind to the StrepTactin column (flow through), respectively. The wash fractions are
shown in lanes 3-7, and the eluted protein samples are shown in lanes 8-13. Once again
only low levels of protein were purified. Also, the purification was not efficient as many
contaminating bands, as well as potential degradation products of IBA-2-F1, eluted from
the column (lanes 10-12). As many milligrams of protein are needed for crystallization
and only low levels of protein was obtained from the work described above, large scale
expression and further purification of these constructs was not pursued.

Refolding of the transmembrane region of invasin from inclusion bodies Previous

work has shown that outer membrane proteins can be expressed at very high levels as
insoluble aggregates (inclusion bodies) in the cytoplasm of E. coli cells, and subsequently
refolded to their native state in the presence of detergents [10, 18, 21, 22]. We therefore

designed a number of different constructs, all lacking the predicted invasin signal
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sequence (residues 1-49), for expression as inclusion bodies (Figure 2B). The inclusion
bodies were isolated from BL21 cells, washed and dissolved in 8 M Urea.

After preliminary studies, large scale refolding was attempted by binding the
denatured protein to either DEAE or Ni-NTA column materials. The Assinv construct
was refolded on a 200 ml DEAE column by removal of the ureain the presence of 1% n-
Octylpolyoxyethylene. The sample was eluted from the column with 200 mM NaCl in
the presence of 1% n-Octylpolyoxyethylene (data not shown). To assess the yield of
refolded protein, the sample was run on an S-200 Sephacryl sizing column (Amersham
Pharmacia). Figure 6 shows the results from two different refolding experiments. Even
though some of the protein eluted in the soluble fraction of the sizing column, suggesting
successful refolding, the experiments were not reproducible and yielded different ratios
of therefolded Assinv species. Thisislikely dueto the fact that when Assinv is applied
to the DEAE column under denaturing conditions, any part of the protein backbone may
be immobilized by interactions with the beads. Certain regions of Assinv may be
important in the correct folding of the protein and immobilization of these regions may
interfere with the refolding process.

To promote correct folding, new constructs (Assinv-NHis, Assinv-NHis-D1,
AssIinv-NHis-Full) containing N-terminal 6 x His tag were designed and expressed as
inclusion bodies (Figure 2B). The N-terminal tag allows tethering of only the N-terminus
of the protein to Ni-NTA beads (Amersham Pharmacia) leaving the rest of the molecule
free for correct folding. The Assinv-NHis-D1 and Assinv-NHis-Full constructs contain,
in addition to the transmembrane region of invasin, the first extracellular domain or the

full extracellular domain of invasin, respectively. The three inclusion body samples were
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bound to Ni-NTA columns and refolded in the presence of 1% n-Octylpolyoxyethylene.
The samples were eluted, concentrated and run on a Sephacryl S-300 sizing column in
the presence of 0.5% n-Octylpolyoxyethylene. Refolding of the Assinv-NHis -Full
construct failed and the refolding efficiency of the Asslnv-NHis-D1 construct was very
low (data not shown). However, refolding of the Asslnv-NHis protein was successful as
it was reproducible and had 10% efficiency. This sample eluted from the sizing column
with an apparent molecular weight of ~ 100 kDa (predicted MW of Assinv-NHis is 53
kDa) (Figure 7).

Analytical ultracentrifugation To determine the oligomeric state of the

transmembrane region of invasin, we used equilibrium sedimentation analytical
ultracentrifugation in the presence of 0.5% n-Octylpolyoxyethylene. The use of n-
Octylpolyoxyethylene allows determination of molecular masses at gravitational
transparency because this detergent has the same density as water (r =1 g/lcm®) [23]. The
results of the analytical ultracentrifugation suggested that the Asslinv-NHis protein was
monodisperse with a molecular weight of 50.3 kDa, indicating that the refolded protein
was monomeric in solution (Figure 8). To study if the detergent had any effect on the
equilibrium sedimentation analysis, the sample was also tested in the presence of 1.25%
n-Octylpolyoxyethylene. We found that the detergent had no effect since the molecular
weight was still fitted to be 50 kDa (data not shown). Thus, the apparent molecular mass
of 100 kDa of the refolded protein on the sizing column is likely due to the presence of
detergent micelles or an elongated shape of the molecule. Integrin receptor clustering as
well as high affinity integrin binding are required for bacteria to be internalized by host

cells[24, 25]. Domain 2 of the invasin extracellular region has been shown to play arole
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in homo-oligomerization of invasin [24]. Even at millimolar protein concentrations in
the invasin crystals we did not observe multimerization of invasin (Chapter 2). We also
do not find multimerization of the N-terminal transmembrane region of invasin when this
portion of the protein is purified in the presence of n-Octylpolyoxyethylene.

Circular_dichroism To obtain information about the secondary structure of the

transmembrane region of invasin, we analyzed the refolded Assinv-NHis protein in the
presence of 0.5% n-Octylpentaoxyethylene by circular dichroism (CD) (Figure 9). The
CD spectrum of Assinv-NHis is indicative of b-sheet secondary structure with a
minimum at ~215 nm indicating that the transmembrane region of invasin is composed
mostly of b-structure. The data below 200 nm was not interpretable due to the presence
of the detergent. The transmembrane regions of outer membrane proteins of known
structure are b-barrels (reviewed in [10]. Based on this and the CD spectrum of Asslinv-
NHis, we believe that this portion of the protein also forms such a structure.

Black lipid bilayer experiments To determine whether the transmembrane region

of invasin forms a pore across the outer membrane, we performed black lipid bilayer
experiments to study the permeability properties of Assinv-NHis. Black lipid bilayer
experiments require the reconstitution of the target membrane protein into a lipid bilayer
that is suspended between two chambers containing salt solutions. If the protein contains
a pore, the flow of ions can be measured between the two chambers. Different methods
can be used to reconstitute membrane proteins into the bilayer. In the case of porins,
detergent-solubilized protein (1-100 ng/ml) can be directly added to the chamber solution

since porins are able to self-insert into the membrane [26]. Another method uses
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membrane proteins reconstituted into lipid vesicles which then fuse with the lipid bilayer
(reviewed in [27].

For initial experiments, detergent-solubilized Assinv-NHis was added to one of
the two chambers surrounding the lipid bilayer. Conductance was not observed when 5
ng, 50 ng nor 5 nyg of protein was added to the bilayer (data not shown). The absence of
conductance is an ambiguous result. It could suggest that the protein does not contain a
pore or that the Asslnv-NHis did not insert into the bilayer. To facilitate insertion into
the bilayer, Assinv-NHis was reconstituted into phosphatidylcholine vesicles and the
vesicles were added to the bilayer. Once again we did not observe conductance across
the lipid bilayer either when the protein to lipid ratio was 1:200, 1:2000 nor 1:100,000
suggesting that Asslnv-NHis does not form a pore. As with the previous experiment, the
negative result can also be attributed to the lack of protein insertion into the membrane.

Crystallization trials for Assinv-NHis Refolding of the Assinv-NHis construct

on the Ni-NTA column was reproducible and yielded milligrams of protein necessary for
crystallization. Crystallization of membrane proteins is often more difficult than that of
soluble proteins [28, 29]. One of the key factors influencing membrane protein
crystallization are detergent properties, such as micelle size and dynamics, and it is often
necessary to screen a number of different detergents before crystals are obtained [30]. n-
Octylpolyoxyethylene, the detergent used for the refolding of Assinv-NHis, has a high
critical micelle concentration (CMC) and can be dialyzed away from the protein with
relative ease, allowing different detergents to be screened for crystallization. Table 1A

shows the detergents, screens and temperatures tested for crystallization of Assinv-NHis.
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Although a large number of conditions were tested, reproducible crystals were not
obtained.

Proteolysis of Assinv-NHis Proteolytic cleavage of the Assinv-NHis construct

was observed after the sample was stored at 4 °C for several weeks. Based on SDS
PAGE analysis, the loss of approximately 10 kDa was observed (Figure 10A). Size
exclusion chromatography showed that the proteolysed sample was still monodisperse
and monomeric (Figure 10A). N-terminal sequencing of the proteolysed sample detected
three cleavage sites starting with residues Alal23, Ser128, Val 139, respectively.

Limited proteolysis can be used to determine the boundaries of separate domains
present in proteins. Chymotrypsin digestion of Assinv-NHis resulted in approximately
100% cleavage of the protein after Leul2l, as determined by N-terminal sequencing
(Figure 10B). This suggested that the N-terminal ~70 amino acids forms a separate
domain from the rest of the Assinv-NHis protein, reminiscent of the periplasmically
located N-terminal 70 residues of the sucrose-specific porin ScrY. In ScrY, thisregionis
thought to affect the interaction with the peptidoglycan layer, because its deletion results
in amuch tighter interaction between the protein and the murein [31].

Previous work by Leong et al. has shown that replacement of the N-terminal 148
amino acids of invasin with MBP results in expression of invasin on the cell surface,
suggesting that this region of the protein is not required for membrane insertion [1]. The
presence of flexible domains can inhibit crystal formation since they can interfere with
crystal packing. Based on the findings by Leong et al. as well as on the results of the
proteolysis, two new inclusion body constructs were designed and produced in E. coli

BL21(DES3) cells to increase the chances of obtaining crystals (Figure 2B). The Assinv-
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NHis-127 construct begins with residue Alal27 and the Assinv-NHis-149 construct
begins with residue Argl49. Both of these constructs expressed at approximately the
same level as Assinv-NHis, as judged by SDS-PAGE and Western blot analysis using an
anti-His tag antibody (data not shown). Both constructs also refolded under the same
conditions and at the same efficiency as Assinv-NHis (Figure 11). A number of
detergents were screened for crystallization of both constructs (Table 1B and C). Using
the PEG/lon screen (Hampton Research), several conditions were identified that resulted
in microcrystal formation. Figure 12 shows protein crystals of the Asslnv-NHis-127
grown in PEG and Ammonium Chloride. The crystals are ~50 X 10 X 2 microns in
length. Although no diffraction could be observed in initial tests at the home x-ray

source, optimization of growth conditionsisin progress.
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