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Abstract

The type 1l secretion system (T2SS) is present in many Gram-negative bacteria and is responsible
for secreting a large number of folded proteins, including major virulence factors, across the outer
membrane. The T2SS consists of 11-15 different proteins most of which are present in multiple
copies in the assembled secretion machinery. The ATPase GspE, essential for the functioning of
the T2SS, contains three domains (N1E, N2E and CTE) of which the N1E domain is associated
with the cytoplasmic domain of the inner membrane protein GspL

Here we describe and analyze the structure of the GspEecyto-GspL complex from Vibrio
vulnificus in the presence of an ATP analog, AMPPNP. There are three such ~83 kDa complexes
per asymmetric unit with essentially the same structure. The N2E and CTE domains of a single V.
vulnificus GspE subunit adopt a mutual orientation that has not been seen before in any of the
previous GspE structures, neither in structures of related ATPases from other secretion systems.
This underlines the tremendous conformational flexibility of the T2SS secretion ATPase.

Cyto-GspL interacts not only with the N1E domain, but also with the CTE domain and is even in
contact with AMPPNP. Moreover, the cyto-GspL domains engage in two types of mutual
interactions, resulting in two essentially identical, but crystallographically independent, “cyto-
GspL rods” that run throughout the crystal. Very similar rods are present in previous crystals of
cyto-GspL and of the N1Eecyto-GspL complex. This arrangement, now seen four times in three
entirely different crystal forms, involves contacts between highly conserved residues suggesting a
role in the biogenesis or the secretion mechanism or both of the T2SS.
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1. Introduction

Secretion of proteins into the extra-cellular milieu is important for many pathogenic and
non-pathogenic bacteria, which have developed an impressive variety of often complex
multi-protein assemblies to perform this task. One of these protein secretion machineries is
the sophisticated type Il secretion system (T2SS) that spans the inner and outer membranes
from many Gram-negative bacteria (Korotkov et al., 2012). The T2SS is highly relevant for
the pathogenicity of several major pathogens since it translocates major virulence factors in
a folded form from the periplasm to the extracellular milieu. Examples of bacterial human
pathogens where the T2SS plays an important role include:

i. Vibrio cholerae, where the T2SS secretes the heterohexameric ABs cholera toxin
(CT) and ~20 other proteins (Hirst et al., 1984; Sikora et al., 2011). V. cholerae is
responsible for estimated 100,000-120,000 deaths per year, mainly in low-income
countries and disaster areas (http://www.who.int/mediacentre/factsheets/fs107/en/);

ii. Enterotoxigenic E. coli (ETEC), where the T2SS translocates heat-labile
enterotoxin (LT) (Hirst and Holmgren, 1987), a close structural and functional
homolog of CT (Merritt and Hol, 1995). ETEC are an extremely important cause of
diarrhea in the developing world (Qadri et al., 2005; Wenneras and Erling, 2004),
and also are the most common cause of travelers' diarrhea (Steffen et al., 2005);

iii. Enterohaemorrhagic E. coli (EHEC), which can cause severe foodborne disease,
and even life-threatening renal failure in children and elderly. The T2SS deletion
mutant of EHEC shows defects in colonization. In addition, the zinc
metalloprotease StcE and the metal binding protein YodA, which are crucial for
EHEC adherence to host cells, are secreted by the T2SS encoded on plasmid
p0O157 (Goldwater and Bettelheim, 2012; Ho et al., 2008; Toshima et al., 2007);

iv. Enteropathogenic E. coli (EPEC), is one of the most important pathogens affecting
children worldwide with the infection resulting in persistent diarrhea (Ochoa and
Contreras, 2011). The T2SS is required for EPEC virulence (Baldi et al., 2012);

v. Pseudomonas aeruginosa, an opportunistic pathogen of major importance in cystic
fibrosis patients, contains two distinct T2SS machineries (Ball et al., 2002; Jyot et
al., 2011) and in certain strains even three (Cadoret et al., 2014);

vi. The intracellular pathogen Legionella pneumophila, the causative agent of
Legionnaire's disease, is dependent on the T2SS (DebRoy et al., 2006; Rossier et
al., 2008).

The T2SS is made up from ~11-15 proteins, most of these present in multiple copies in the
assembled secretion complex. As a result of numerous biochemical and structural studies,
and from analogies to related systems, a generally accepted picture has emerged with the
T2SS thought to consist of three subassemblies: the Inner Membrane Platform, the dynamic
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Pseudopilus, and the channel-forming Outer Membrane Complex (Cianciotto, 2013; Douzi
et al., 2012; Filloux, 2004; Howard, 2013; Johnson et al., 2006; Korotkov et al., 2012;
McLaughlin et al., 2012; Nivaskumar and Francetic, 2014). The Inner Membrane Platform
(Py et al., 2001) is composed of the T2SS membrane proteins GspC, GspF, GspL, GspM
and, in some species, GspN. The ATPase GspE resides in the cytoplasm interacting with the
cytoplasmic domain of GspL (Abendroth et al., 2005; Sandkvist et al., 1995; Shiue et al.,
2006) and with GspF (Arts et al., 2007; Py et al., 2001). The stoichiometry of the Inner
Membrane Complex, the nexus of the T2SS since it interacts with all other subassemblies, is
still a mystery. The Pseudopilus contains five different pseudopilins: GspK, Gspl, GspJ,
GspH and GspG. The tip is formed by a GspKeGspl+*GspJ heterotrimer (Korotkov and Hol,
2008), most likely linked by one or a few GspH subunits (Douzi et al., 2011; Yanez et al.,
2008a) to a helical filament made up of multiple copies of a calcium-requiring GspG
(Campos et al., 2011; Kohler et al., 2004; Korotkov et al., 2009; Yanez et al., 2008a; Yanez
et al., 2008b). The Outer Membrane Complex is composed of a dodecamer of GspD
subunits which form a gated channel of ~880 kDa (Chami et al., 2005; Reichow et al.,
2010). Intriguingly, the T2SS is possibly only fully assembled transiently, perhaps triggered
by the presence of exoproteins in the periplasm (Chen and Hu, 2013; Howard, 2013).

Over the decades, an increasing number of bacterial multi-protein machineries spanning the
inner and outer membrane of Gram-negative bacteria have been uncovered. The system
closest related to the T2SS is the type 1V pilus system (T4PS) (Ayers et al., 2010). At least
two types of T4PS exist, with the best studied the Type 4a Pilus system (T4aPS) that differs
from the Type 4b Pilus system (T4bPS) in several ways, including a different major pilin
subunit (Craig and Li, 2008) and a different protein and domain organization of the homolog
of the T2SS inner membrane protein GspL (Supplementary Fig. S1B). T4PS variants
perform a diversity of functions in a wide range of species (Craig and Li, 2008; Giltner et
al., 2012; Pelicic, 2008). More distantly related systems are the bacterial transformation
system and the archaellum assembly system (AAS) (Korotkov et al., 2011; Korotkov et al.,
2012; Lassak et al., 2012). The critical functions of these systems in bacterial survival and
pathogenicity increase the importance of our understanding the T2SS.

Among the many protein components of the T2SS, the secretion ATPase GspE plays an
essential role, and is likely responsible for providing energy for the protein translocation
process (Camberg and Sandkvist, 2005; Camberg et al., 2007; Patrick et al., 2011; Sandkvist
et al., 1995). GspE has several other, species-specific, names and is e.g. in Vibrio species
called EpsE (Sandkuvist et al., 1995). Here we will use the generic nomenclature, i.e. GspE.
GspE is a protein of ~500 residues folding into three major domains, the N-terminal
domains N1E and N2E, and the C-terminal domain CTE. The CTE can be subdivided into
the subdomains C1E, CME and C2E (Supplementary Fig. S1A) (Lu et al., 2013; Robien et
al., 2003), where the CME is the critical zinc-binding domain (Camberg and Sandkvist,
2005; Possot and Pugsley, 1997). In Xanthomonas campestris, an additional domain (NOE)
occurs prior to N1E (Chen et al., 2005). However, this is an exceptional case in the T2SS
GspE family. The amino acid sequences of V. vulnificus and V. cholerae GspE share 48, 94
and 90% identity for the N1E, N2E and CTE, respectively (a sequence alignment is
provided in Supplementary Fig. S2).
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Here we report the first crystal structure containing a full-length T2SS secretion ATPase,
while previous structures of the T2SS GspE missed the N1E. The initial V. cholerae
ANIEGspE structure contained an arrangement of molecules with 64 helical symmetry
(Robien et al., 2003). Solution studies have provided evidence that GspE tends to form
multimers, most likely hexamers (Camberg et al., 2007; Shiue et al., 2006). Recently, crystal
structures of two different hexamers of V. cholerae 2N1EGspE have been obtained by using
an “assistant hexamer”, Hepl (Lu et al., 2013), which served to induce multimer formation
of the fused 2N1EGspE chains. One of these V. cholerae AN1EGspE hexamers adopts an
arrangement with quite regular, quasi Cg, Symmetry, another hexamer is elongated
exhibiting C, symmetry (Lu et al., 2013). These hexamers reveal considerable variability in
the orientation of the N2E versus the CTE. In contrast, the association of a CTE and a N2E'
(i.e. N2E from a neighboring subunit) is remarkably similar in both hexamers of AN1IEGspE-
Hcp1 fusion proteins as well as in the helical V. cholerae 2N1EGspE structure. This
CTE*N2E' “construction unit” has also been observed in ATPase hexamers from related
systems such as in the retraction ATPase PilT from the Pseudomonas aeruginosa and
Aquifex aeolicus T4aPS (Misic et al., 2010; Satyshur et al., 2007), and in the ATPases from
the AAS, Archaeoglobus fulgidus GspE2 and Sulfolobus acidocaldarius Flal (Reindl et al.,
2013; Yamagata and Tainer, 2007). (Note: the symbol “*” is used throughout to indicate
non-covalent complexes). These latter ATPases lack the CME, and contain either no N1E at
all, or an N1E with a different fold from the T2SS N1Es (Supplementary Fig. S1A). Hence
the T2SS, T4PS and AAS ATPases share two common core domains, the N2E and CTE.
These domains display major variations in length and number of subdomains, and are often
distantly related in sequence. While T4PS and AAS ATPases form hexamers readily, the
T2SS ATPase has so far been captured only as a stable hexamer when fused to Hcpl as
assistant hexamer (Lu et al., 2013).

Another important T2SS protein is GspL, which in Vibrio species is also called EpsL
(Sandkvist et al., 1995), and has additional, species-specific, names (Supplementary Fig.
S3). We use here the generic name GspL. GspL is a bitopic inner membrane protein that
plays a central role in T2SS function since it interacts with several other T2SS proteins,
including (1) the inner membrane platform protein GspM (Sandkvist et al., 1999); (2) the
major pseudopilin GspG (Gray et al., 2011); and (3) GspE (Abendroth et al., 2005;
Sandkvist et al., 1995). The cytoplasmic domain of GspL (cyto-GspL) is responsible for the
interactions with the first domain of GspE (Sandkvist et al., 2000) and consists of three
subdomains with similarities to proteins belonging to the actin-like ATPase superfamily
(Abendroth et al., 2004a).

In the related T4aPS, the “homolog” of GspL is actually two separate proteins, PilM and
PilN, corresponding to the cytoplasmic and periplasmic domains of GspL, respectively.
PilM and PilIN from Thermus thermophilus interact with each other in the cytoplasm via the
N-terminus of PilN. PilM does not hydrolyze but binds ATP using a subdomain which is
absent in V. cholerae cyto-GspL (Abendroth et al., 2004a; Abendroth et al., 2005;
Karuppiah and Derrick, 2011). In the T4bPS responsible for the biogenesis of the bundle-
forming pilus of EPEC, the homolog of GspL is a single protein, BfpC. The N-terminal
domain of BfpC has only two of the three sub-domains in cyto-GspL (Yamagata et al.,
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2012). Hence, there are distinct differences between the homologs of GspL in the T2SS,
T4aPS and T4bPS, in particular regarding the cytoplasmic subdomains (Supplementary Fig.
S1B).

Two structures of V cholerae cyto-GspL have been reported previously. The crystals
containing V cholerae cyto-GspL (Abendroth et al., 2004a) revealed a three-subdomain
architecture and also interactions between neighboring cyto-GspL subunits. The crystals
containing V cholerae cyto-GspL in complex with the N1E of V cholerae GspE (Abendroth
et al., 2005) showed the N1Eecyto-GspL heterodimer, revealing the interactions between the
ATPase and inner membrane protein. Interestingly, in the crystals of this heterodimer,
interactions were observed between neighboring cyto-GspL subunits, which are similar to
interactions seen in the crystals of cyto-GspL by itself (Abendroth et al., 2004a).

The reluctance of T2SS ATPases by themselves to form hexamers in solution (Camberg and
Sandkvist, 2005; Lu et al., 2013; Robien et al., 2003; Shiue et al., 2006), combined with
evidence that cyto-GspL stimulates the ATPase activity of GspE (Camberg et al., 2007) and
indirect evidence for hexamer formation in solution (Patrick et al., 2011; Shiue et al., 2006),
encouraged us to undertake a study of a full-length T2SS GspE in complex with the
cytoplasmic domain of GspL, to investigate whether or not the presence of cyto-GspL would
induce hexamer formation of T2SS ATPases. We report here the 2.83 A resolution crystal
structure of the V ulnificus GspEecyto-GspL complex with bound AMPPNP. The three
copies of this complex per asymmetric unit are very similar, but no hexameric arrangement
of GspE is present in the crystals. Entirely unexpected was the close interaction of cyto-
GspL with the CTE of GspE and the bound AMPPNP. A novel N2E-vs-CTE orientation,
which differs considerably from that in previously solved structures, was observed,
expanding the range by which the N2E of T2SS ATPases can move and rotate with respect
to the CTE. The current crystals of the V vulnificus GspEecyto-GspL complex contain
essentially the same two types of interfaces between cyto-GspL domains as present in the
crystals of V cholerae cyto-GspL and of the V cholerae N1Escyto-GspL heterodimer. In one
of the interfaces a highly conserved hydrophobic cluster of residues is responsible for cyto-
GspLecyto-GspL contacts. The possible significance of these contacts for the T2SS is
discussed.

2. Material and methods

2.1 Protein expression and purification

The DNA fragments corresponding to GspE and cyto-GspL were PCR amplified from
genomic DNA of V. vulnificus YJ016 and cloned into a modified pET-21d vector (EMD
Millipore) to create a bicistronic operon. The two V. vulnificus proteins, comprising residues
1-499 of GspE and 1-237 of GspL, with the latter carrying a C-terminal Hisg-tag, were
expressed in BL21(DE3) Escherichia coli cells and purified via Ni2* immobilized affinity
chromatography using standard methods. The final purification included size-exclusion
chromatography using Superdex 200 column (GE Healthcare) in a 20 mM HEPES, pH7.5,
200 mM NaCl buffer.
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2.2 Crystallization and data collection

The V. vulnificus GspEescyto-GspL complex was crystallized in the presence of 1 mM
AMPPNP and 2 mM MgCl,. Crystals were grown using the sitting drop vapor diffusion
method by mixing 1 pL of protein solution and 1 pL of reservoir solution at 294 K. The
reservoir solution was 0.2 M Na malonate pH 7.0, 18% PEG 3350. Crystals were
cryoprotected using reservoir solution supplemented with 20% ethylene glycol. Data were
collected on SSRL beam line BL12-2. Data were integrated and scaled using XDS and
XSCALE (Kabsch, 2010). Data collection statistics are provided in Table 1.

2.3 Crystal structure determination

The 2.83 A resolution structure was solved by molecular replacement with the program
Phaser (McCoy et al., 2007) using the structures of V. cholerae 2N1EGspE (PDB 1P9R) and
the V. cholerae N1Eecyto-GspL complex (PDB 2BH1) as search models (Abendroth et al.,
2005; Robien et al., 2003). The crystals of the V. vulnificus GspEecyto-GspL complex
belong to space group C2 and contain three copies of the ~83 kDa complex per asymmetric
unit. The model was iteratively built using Coot (Emsley and Cowtan, 2004) and refined
with noncrystallographic symmetry restraints using REFMAC (Murshudov et al., 1997),
resulting eventually in a Ryyork 0f 24.8% and a Rgpee 0Of 28.0% with good geometry (Table 1).
The electron density for almost all residues, including the 14-residue linker between the
NZ2E and CTE in each of the three V. vulnificus GspE subunits, is well defined. Electron
density is absent, however, for the linker residues (residues 79-95) between the N1E and
N2E. Density is also missing for the first eleven and last two N- and C-terminal residues of
GspE, and for the last two residues of cyto-GspL.

2.4 Structure analysis and figure preparation

3. Results
3.1 Three V.

Structures were superimposed and compared to other structures using SSM (Krissinel and
Henrick, 2004) in Coot (Emsley and Cowtan, 2004). Interfaces between domains were
analyzed with PISA (Krissinel and Henrick, 2007). Figures were prepared using Pymol (The
PyMOL Molecular Graphics System, Version 1.5.0.4 Schrédinger, LLC.) and ESPript
(Gouet et al., 2003).

vulnificus GspEescyto-GspL complexes

The crystals of GspEecyto-GspL contain three copies of full-length V. vulnificus GspE and
three copies of cyto-GspL domains per asymmetric unit with a total molecular weight of
~250 kDa. The current 2.83 A resolution structure is, to the best of our knowledge, the first
structure containing a full-length ATPase from a T2SS. The overall B factors of the three
complexes in the asymmetric unit are similar and range from 58 to 61 A2. The average B-
factor of the three cyto-GspL domains is ~53 A2, of the N1E domains ~78 A2, of the N2E
domains ~63 A2, and of the CTE ~59 A2, The distances between the last visible residue of
N1E and the first visible residue of the nearest three N2E domains in the crystal varies from
33to 41 A (Supplementary Fig. S4). This means that, given the ~17 residue-linker length, it
is not possible to establish which N1E is actually connected to which N2E in the crystals.
Since the three complexes are very similar, we describe below complex 1 (Fig. 1).
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Key results are: (i) a new N2E-vs-CTE orientation angle, considerably larger than seen
before; (ii) the cyto-GspL domain unexpectedly interacting with the CTE and with
AMPPNP; and (iii) the presence of a linear arrangement of cyto-GspL domains observed
now in three entirely different cyto-GspL-containing crystals. In these linear arrangements,
two types of interfaces alternate. In one of these interfaces a conserved hydrophobic cluster
of residues contacting each other across a twofold axis. The consistent occurrence of these
linear arrangements in different crystal forms, leads to the suggestion of a pre-assembly
complex of inner membrane and GspE proteins.

3.2 The V. vulnificus GspEsubunit

Superposition of V. vulnificus N2E in the current structure onto N2E from the V. cholerae
ANIEGspE structure (Robien et al., 2003) yields an r.m.s.d. value of 0.49 A, and the
superposition of V. wulnificus CTE and V. cholerae CTE in these two structures an r.m.s.d.
value of 0.61 A,

These low r.m.s.d values reflect the 94 and 90 % amino acid sequence identities for these
two domains from these two species. While the individual domains in these two structures
superimpose very well, the orientation of the N2E with respect to the CTE differs, however,
by not less than 171 degrees (Fig. 2). The two different orientations are observed in spite of
the fact that in each instance the CTE binds MgeAMPPNP. This difference in relative N2E-
vs-CTE orientation in two structures is accompanied by a completely different conformation
of the 14 residues in the linker connecting the N2E and CTE. The N2E-vs-CTE orientation
seen in the current structure is also different from the four unique N2E-vs-CTE orientations
observed in the recently published V. cholerae 2N1EGspE hexamers (Lu et al., 2013).
Clearly, the flexible linker between the domains allows the N2E a large degree of freedom
to move with respect to the CTE.

The most prominent interface in the current crystals occurs between the CTE of one V.
wulnificus GspE chain and the N2E' of an adjacent GspE chain, with a buried solvent
accessible surface area of ~1913 A2, This interface is similar in size to that observed in
helical and hexameric arrangements for V. cholerae ANIEGspE (Lu et al., 2013; Robien et
al., 2003) (PDB identifiers 1P9W, 4KSR, 4KSS), and have been called construction units of
hexameric secretion ATPases (Lu et al., 2013). Structural comparisons of the V. vulnificus
CTE=N2E' construction unit with that from the helical V. cholerae ANIEGspE arrangement,
and the four constructions units from the recently reported hexamers in V. cholerae
ANIEGspE-Hcp1 fusions, yield r.m.s.d. values between 0.50 and 0.73 A for ~335 residues,
showing that these construction units are essentially the same despite entirely different
crystal environments.

This CTE*N2E' interface has also been consistently observed in the hexameric structures of
the T2SS GspE homologs Pseudomonas aeruginosa PilT and Aquifex aeolicus PilT from the
T4PS, and S. acidocaldarius Flal and A fulgidus GspE2 from the AAS (Misic et al., 2010;
Reindl et al., 2013; Satyshur et al., 2007; Yamagata and Tainer, 2007). The mutual
orientation of the N2E' and CTE in seven structures of these distantly related ATPases from
a variety of secretion and assembly systems, with mutual amino acid sequence identities in
the N2E domains as low as 14 %, differs by as little as 11 degrees.
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3.3 The structure of the V. vulnificus cyto-GspL domain

The current V. vulnificus cyto-GspL structure superimposes onto that of V. cholerae cyto-
GspL (Abendroth et al., 2004a) with an r.m.s.d. of 1.4 A, and onto cyto-GspL from the V.
cholerae N1E«cyto-GspL complex (Abendroth et al., 2005) with an r.m.s.d. of 1.2 A with
amino acid sequence identities of 61, 70 and 31 % for subdomains I, Il and 111, respectively.
Clearly, the three-subdomain structure of cyto-GspL is essentially the same in these three
crystal structures. While 1 mM AMPPNP was present in the crystallization solution, we
observed no density representing this nucleotide analog bound to V. vulnificus cyto-GspL at
a position equivalent to that of the distant homolog PilM of the T. thermophilus T4aPS, in
agreement with the fact that subdomain 2B of PilM, involved in nucleotide binding by PilM,
is absent in GspL proteins from the T2SS (Abendroth et al., 2004a; Abendroth et al., 2005;
Karuppiah and Derrick, 2011) (Supplementary Fig. S1B).

3.4 The interaction between V. vulnificus N1E and cyto-GspL

The second largest interface in the current crystals occurs between V. vulnificus N1E and
cyto-GspL domains, and buries ~1823 A2, Each N1E in the crystal makes only contacts
with a cyto-GspL domain, mainly by placing its a2 helix in the cleft between domains 1l and
I11 of cyto-GspL (Fig. 3). The interface in the V. cholerae N1Eecyto-GspL interaction
(Abendroth et al., 2005) buries ~1758 A2, a number close to that in the current V. vulnificus
N1Eecyto-GspL structure. Superposition of these two Vibrio N1Eecyto-GspL complexes
yields an r.m.s.d. of 1.4 A while many of the interface residues are hydrophobic and highly
conserved, as can be seen from the amino acid sequence alignment of a diverse set of cyto-
GspL sequences (Supplementary Fig. S3).

3.5 AMPPNP binding by V. vulnificus CTE and cyto-GspL

Density for AMPPNP is clearly present in the active site of all three V. vulnificus CTE
domains in the current structure (Supplementary Fig. S5). The Mg2* ion interacts with
oxygens from the - and y-phosphates of AMPPNP. AMPPNP is bound to V. vulnificus CTE
by the side chains of residues Leu235 and Arg437 which interact with the adenine (Fig. 4A).
Residues from the highly conserved P-loop Gly265-Lys266-Ser267-Thr268 make extensive
contacts with the phosphate moiety of the nucleotide. The oxygen atoms of the a-phosphate
form hydrogen bonds with the backbone amide groups of Ser267 and Thr268, and the side-
chain oxygen of Thr268. The oxygen atoms of the 3-phosphate form hydrogen bonds with
the backbone amide groups of Gly265, Lys266 and Ser267, and with the side chains of
Ser264, Lys266 and Ser267. The side chain amino group of Lys266 forms hydrogen bonds
with the oxygen atoms of the y-phosphate.

The interactions of CTE residues with AMPPNP are similar in the V. vulnificusand V.
cholerae secretion ATPases (Fig. 4A). Whereas residues 239-497 of the CTE domains in the
V. vulnificus GspE and V. cholerae 2N1EGspE structures (Robien et al., 2003) adopt almost
the same conformation, the loop formed by residues 225-238 connecting the N2E and CTE
adopts a very different conformation in the current structure compared to the helical V.
cholerae AN1EGspE structure, as mentioned before. As a result of this conformational
change, residues Thr228 and Leu230 of the V. vulnificus GspE structure are not in contact
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with the ribose and adenine moieties, respectively, while the equivalent Thr232 and Leu234
in the V. cholerae GspE structure are (Fig. 4A).

The cyto-GspL domain is also in contact with AMPPNP, specifically: (1) the N2 of GIn13
of V. wulnificus cyto-GspL makes hydrogen bonds with an oxygen of the y-phosphoryl
group; (2) the O¢1 of GIn13 interacts with the NH of AMPPNP bridging the p- and y-
phosphorous atoms; (3) the N2 of His120 forms an hydrogen bond with an oxygen of the -
phosphoryl group; and (4) the side chain of Tyr14 contacts the ribose through hydrophobic
interactions (Fig. 4B). This unanticipated result will be discussed below.

3.6 The interactions between V. vulnificus CTE and cyto-GspL

A most unexpected finding in our current structure is that V. vulnificus cyto-GspL interacts
with the CTE domain while burying ~1349 A2 solvent accessible surface in the interface.
Three residues from cyto-GspL involved in the contacts are engaged in salt bridges: Asp37,
Arg116 and Asp123 are within 2.9-3.6 A from the side chains of residues Arg494, Asp289
and Arg332 of the CTE, respectively. Additional contacts occur between side chains of
GIn39 and Arg116 of cyto-GspL form hydrogen bonds with main chain atoms of CTE
residues Val303 and Leu388 (Fig. 4C). Residues Ser36, Trp38, Leu4l and Alal24 of cyto-
GspL and residues Pro261, Thr262, Gly263, Ser264 and Val 495 of CTE contribute van der
Waals interactions to the interface.

The position of cyto-GspL with respect to the CTE is quite remarkable. When comparing the
cyto-GspLCTE complex in the current structure with that of the N2E-CTE arrangement in
the helical V. cholerae 2N1EGspE structure (Robien et al., 2003), it appears that in the
current structure the cyto-GspL chain occupies approximately the position of the N2E in the
helical structure. The N2E has swung away to allow cyto-GspL to approach the AMPPNP
and the active site of the CTE (Fig. 2).

3.7 Interactions between cyto-GspL domains: similar “rods” in multiple crystals

The V. vulnificus GspEecyto-GspL structure provides an interesting opportunity to look at
mutual interactions between cyto-GspL domains. In the current crystals, there are three
independent Cyto-GspL domains per asymmetric unit. Two of these domains, #1 and #2,
interact with each other mainly involving residues from the SC strand of subdomain I. This
contact is hereafter called the “B-interface” (Fig. 5A). These two domains are related by a
pseudo-twofold axis. Each of these domains also interacts, at the opposite side, with a
domain from a neighboring asymmetric unit engaging primarily residues from helix a2 and
the loop connecting strand BE and helix a2 of subdomain Il. This interface between cyto-
GspL domains #1 and #2’ is hereafter called the “a-interface” (Fig. 5B). Also these pairs of
domains are related by a pseudo-twofold axis. The third crystallographically independent
cyto-GspL domain, #3, uses crystallographic twofold axes to form contacts with neighboring
cyto-GspL domains with a a-interface on one side and a -interface on the other side of the
domain, essentially the same arrangement as between domains #1 and #2/, and between #1
and #2, respectively (Fig. 5A).
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The a-interface (Fig. 5B) buries ~1008 A2 solvent accessible surface area in the #1+#2
contact and ~835 A2 solvent accessible surface area in the #3+#3’ contact. The #1#2 and
#3+#3' pairs of cyto-GspL domains are very similar and superimpose with an r.m.s.d. of
~0.6 A. The a-interface has a hydrophobic center with Pro70 and Tyr83 engaged in
hydrophobic interactions with Pro70, Ser79, Met80, Tyr83 and Leu84 of the neighboring
subunit. Due to the twofold axis relating the two domains in this interface, this set of
contacts occurs twice between this pair of cyto-GspL domains. Hydrogen bonds and
electrostatic interactions involving Arg75, GIn76 and Asp87, occur on both sides of the
hydrophobic center of the a-interface.

The B-interface (Fig. 5A) buries ~530 A2 solvent accessible surface area in the #1#2
contact and ~529 A2 in the #3+#3” contact, where #33” is related to #3 by a crystallographic
twofold. The area buried in the p-interface is therefore almost half of that buried in the a-
interface. The #1#2 and #3+#33” pairs of cyto-GspL domains superimpose with an r.m.s.d.
of ~0.6 A. The domains forming the p-interface are related by a pseudo-twofold axis. The
major contacts in this interface are the hydrophobic interactions between residues Val29 and
Glu34 and the two main-chain hydrogen bonds from Ser32, involving two anti-parallel fC
strands, one from each domain.

Both the a-interface and B-interface, seen twice in the current crystal of V. wulnificus
GspEescyto-GspL, occur in two previous crystal structures. One of these crystals contains V.
cholerae cyto-GspL (Abendroth et al., 2004a) and the other the V. cholerae N1Escyto-GspL
heterodimer (Abendroth et al., 2005). Hence, we have four crystallographically independent
views of both the a-interface and the B-interface, in crystals grown under different
conditions, in different crystal forms, and with very different protein content (Table 2). The
interdomain angles between the various pairs of Vibrio cyto-GspL domains forming a- and
B-interfaces in these crystals vary only by up to ~19 degrees (Table 2). In all four instances
of the a-interface, a completely conserved Pro70 and two highly conserved hydrophobic
residues Tyr83 and Leu84 (Supplementary Fig. S3) are forming the hydrophobic center of
this interface. In addition, in three of the four structures (two V. vulnificus GspEscyto-GspL
and V. cholerae N1Eecyto-GspL) Arg75, GIn76 and Asp87 engage in hydrogen bonds or
electrostatic interactions with twofold related side chains.

The similarity of the interactions between cyto-GspL domain contacts in the three crystals
extends far beyond that of nearest neighbors. In the three cyto-GspL-containing crystals with
known structure now available, it appears that the same arrangement of adjacent subunits of
cyto-GspL domains with alternating a- and B-interfaces form “cyto-GspL rods”, spanning
the entire crystal. The angular deviations seen in a pairwise comparison of a and 3 interfaces
(Table 2) are such that essentially the same straight rods occur four times in these crystal
forms (Fig. 5C). Possible implications of this tendency to form such linear arrangements are
discussed below.
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4. Discussion

4.1 The V. vulnificus GspEescyto-GspL complex

The 2.83 A resolution crystal structure of the complex of V. vulnificus GspE and cyto-GspL,
reveals many features of and contacts between domains and subdomains of these two key
proteins of the T2SS. In particular, the cyto-GspL domain is involved in several interactions.
This leads to a hypothesis of a pre-assembly complex of this Inner Membrane Platform as
described in the final section below.

4.2 The V. vulnificus GspE subunit

The GspE subunit appears to be remarkably flexible, even when in complex with its partner,
the cytoplasmic domain of GspL Not only is the linker between the N1E and N2E invisible
in the crystals, the current N2E-vs-CTE orientation is very different from the orientations in
helical V. cholerae 2N1EGspE (Robien et al., 2003) and in the two recently determined V.
cholerae GspE hexamers (Lu et al., 2013). In the current structure, the N2E and CTE
domains of the GspE subunit are oriented with a novel N2E-vs-CTE orientation without
contacts of the N2E with AMPPNP (Fig. 1). The variability of conformations that the full-
length GspE adopts during the biogenesis and action of the T2SS remains to be determined,
but the currently available structures of the T2SS ATPase indicate that this key T2SS protein
can adopt a tremendous range of N2E-vs-CTE orientations.

In contrast to the large variation in the N2E-vs-CTE orientations observed within the same
subunit, the CTE*N2E' construction unit, bringing two domains from different GspE
subunits in contact, is very similar to that observed in the helical (Robien et al., 2003) and
hexameric V. cholerae 2N1EGspE structures, with r.m.s.d. values of 0.7 and 0.5 A,
respectively (Lu et al., 2013). As previously discussed (Lu et al., 2013; Reindl et al., 2013),
this same construction unit also occurs in secretion ATPases from the T4aPS (Misic et al.,
2010; Satyshur et al., 2007) and in the more distantly related homologs from the AAS
(Reindl et al., 2013; Yamagata and Tainer, 2007). This provides further support for a general
significance of the CTEsN2E' interactions in a wide variety of secretion and related systems,
probably an early invention during the evolution of these systems.

Studies on purified GspE in solution indicates the presence of transient multimers, probably
hexamers, as judged by e. g. ATPase activity in the size-exclusion chromatography fractions
corresponding to hexamers (Camberg and Sandkvist, 2005). It is apparently not easy to
capture hexamers of GspE in structural studies, even in the presence of cyto-GspL as evident
from the results in the current paper. So far, only fusion to the “assistant hexamer” Hcpl has
resulted in GspE hexamers (Lu et al., 2013). In contrast, several GspE homologs do not
display a similar reluctance to form hexamers (Misic et al., 2010; Reindl et al., 2013;
Satyshur et al., 2007; Yamagata and Tainer, 2007). Also, the assembly ATPase PilF from
the Thermus thermophilus T4aPS forms, in the presence and absence of AMPPNP,
hexamers as observed by negative-stained electron microscopy (Collins et al., 2013).
However, this T4aPS assembly ATPase has two additional N-terminal domains compared to
T2SS assembly ATPases (Supplementary Fig. S1A), and these domains could possibly
promote hexamer formation. The reason that the T2SS assembly ATPase is so reluctant to
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form hexamers remains a puzzle. Possibly contacts with additional inner membrane T2SS
proteins, including GspF (Arts et al., 2007; Py et al., 2001), are required to obtain the
putative hexameric arrangement of full-length GspE.

4.3 The V. vulnificus CTEscyto-GspL contacts and AMPPNP binding

The quite extensive interface and direct contact of cyto-GspL with the CTE and with
AMPPNP is an unexpected result of the current structure. Therefore, we looked into the
conservation of the residues engaged in the CTEecyto-GspL interface. Out of 14 cyto-GspL
and 16 CTE interface residues, 2 and 11 residues are conserved, respectively
(Supplementary Fig. S2 and S3). Seven of the conserved CTE residues are located in the
highly conserved Walker A and Walker B boxes, which are functionally important for the
ATP binding and catalysis in the secretion ATPases (Possot and Pugsley, 1994; Rivas et al.,
1997; Sandkvist et al., 1995). None of the residues of cyto-GspL engaged in the three Arg-
Asp salt bridges across the V. vulnificus CTEscyto-GspL interface (Fig. 4C) are conserved in
any other species, neither are the two V. vulnificus cyto-GspL residues, GIn13 and His120,
that contact oxygens of the bound AMPPNP. In fact, GIn13 and His120 in other species are
in several instances an Ala, a residue that is unable to make the favorable interactions with,
respectively, the oxygen linking the - and y-phosphates in ATP, or with a terminal y
phosphate oxygen. In view of this lack of conservation, it is rather unlikely that these cyto-
GspLCTE interactions and the cyto-GspL*AMPPNP interactions are of physiological
importance.

4.4 The interaction between V. vulnificus N1E and cyto-GspL

The interactions between N1E and cyto-GspL are very similar in the T2SS from two Vibrio
species, V. vulnificus and V. cholerae, with the mutual orientation of the two domains
differing by less than 11 degrees (Fig. 3) (Abendroth et al., 2004a; Abendroth et al., 2005).
Several N1E residues in the N1Eecyto-GspL interface are highly conserved. In fact, four
(Leul4, Prol5, Glu50 and Arg53) out of the six completely conserved residues of N1E are
located in this interface (Supplementary Fig. S2). The N1Eecyto-GspL interaction is
therefore most likely of major importance in the T2SS of many species in order to link the
ATPase GspE to the Inner Membrane Platform. It is interesting that in X. campestrisan
additional N-terminal NOE domain occurs (called XpsL) (Chen et al., 2005), but we do not
consider this NOE domain further since it is absent in the species of our current investigation
and also occurs rarely in theT2SS GspE family.

4.5 Linear arrangements of cyto-GspL domains — possible implications for T2SS assembly

Most intriguingly, crystals of V. cholerae cyto-GspL, V. cholerae N1Eecyto-GspL and the
current V. vulnificus GspEecyto-GspL all contain essentially the same linear arrangement of
cyto-GspL domains consisting of straight rods with alternating a- and p-interfaces between
adjacent cyto-GspL domains (Table 2; Fig. 5C and D). While the p-interface is not very
extensive, the a-interface buries almost twice as much surface area and has a hydrophobic
center. Moreover, this hydrophobic interface center contains a completely conserved Pro70
residue, which is in contact with a highly conserved Tyr and Leu of helix a2 from an
adjacent chain (Supplementary Fig. S3). These hydrophobic interactions occur around a
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twofold axis in the center of the a-interface (Fig. 6A). Hydrophilic and electrostatic
interactions between Arg75, GIn76 and Asp87, which are conserved hydrophilic residues
across GspL family members (Supplementary Fig. S3), surround the hydrophobic
interactions in this interface.

This linear arrangement of cyto-GspL domains has now been observed four times in three
different crystals in the absence and presence of other protein chains (Table 2). This
suggests that it is a favorable arrangement of cyto-GspL domains, which may also occur in
vivo. This linear array might play a role during the biogenesis of the T2SS along the
following lines:

In the cell, rods of cyto-GspL domains resembling those observed in the crystals
(Fig. 6C), might be a transient arrangement in order to obtain a high local
concentration of GspL subunits for rapid subsequent assembly of the Inner
Membrane Platform. In this regard, it is of interest that periplasmic domains of V.
parahaemolyticus GspL (peri-GspL) form dimers in solution as well as in crystals
(Abendroth et al., 2009). In the crystal lattice, this dimer interface buries 1487 A2
solvent accessible surface and involves a number of conserved residues. For
convenience, we will call this the “p-interface” of GspL Purified full-length GspL
forms dimers (Sandkvist et al., 1999). It is conceivable that full-length GspL
dimerizes with simultaneous inter-subunit interactions between the periplasmic and
cytoplasmic domains. Full-length GspL dimers with an a-interface in the
cytoplasm and the p-interface in the periplasm might be quite stable due to a total
buried surface area of ~2400 A2 (Fig. 6A). Multiple GspL dimers with a- and p-
interfaces on opposite sides of the inner membrane can then form linear
arrangements using the p-interface as points of contact between cytoplasmic
domains (Fig. 6B).

Since one cyto-GspL domain interacts with one N1E domain (Abendroth et al.,
2005; Karuppiah and Derrick, 2011; Shiue et al., 2006) (Fig. 3), it is likely that
(GspE*GspL), hetero-tetramers form with each N1E domain tightly bound to a
cyto-GspL domain. In this way, multiple GspE domains form a linear pre-assembly
complex of (GspEeGspL), hetero-tetramers (Fig. 6C). Given the flexibility of the
N1E-N2E linker, as evidenced by the lack of density for these linker residues in our
current crystals, the N2E and CTE domains are at this stage highly flexible with
respect to the N1E.

Specific interaction of Inner Membrane Platform proteins with either the Outer
Membrane Complex (Howard, 2013), or with exoproteins to be secreted (Chen and
Hu, 2013), might be a trigger in assembling a T2SS (Fig. 6D). For rapid assembly
of the T2SS Inner Membrane Platform, rods consisting of (GspEGspL), hetero-
tetramers in the inner membrane might provide a ready pool of building blocks for
assembly.

The C, symmetry of (GspLeN1E), hetero-tetramers needs to be reconciled with the
approximate Cg symmetry of hexamers formed by the N2E and CTE domains. A
key role might be played by the N1E-N2E linker that consists of ~19 residues. The
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“top” part of the (GspLeGspE)g multimer comprising GspL*N1E domains may
adopt approximate C3 symmetry, relating three (GspLeN1E), heterodimers with
each C, symmetry. Six flexible N1E-NZ2E linkers would connect this upper part to
six “lower” N2E-CTE domains with approximate cyclic Cg symmetry. This
generates a GspLg*GspEg assembly with approximate overall C3 symmetry. This
point has been discussed in the paper reporting the V. parahaemolyticus peri-GspL
structure (Abendroth et al., 2009). (An example of flexible linkers connecting
“upper” and “lower” parts of an assembly which do not obey the same symmetry
axes has been reported for the glutamate receptor tetramer (Sobolevsky et al.,
2009).) Here we propose that the a-interface is the predominant GspL interface on
the cytoplasmic side of the (GspLeGspE)g assembly (Fig. 6).

e Other inner membrane proteins, like GspM, are known to interact with GspL
(Sandkvist et al., 1999; Sandkvist et al., 2000) and may be incorporated into a
linear pre-assembly complex comprising multiple (GspMeGspL*GspE)g
assemblies.

»  Given the fact that the hexamer composed of N2E-CTE domains can adopt
different arrangements (Lu et al., 2013), alterations in the mutual positions of these
domains during ATP hydrolysis by GspE likely conveys motions of the N2E-CTE
domains via the N1E-N2E linker to the N1Escyto-GspL heterodimer. Changes in
positions of cyto-GspL domains will alter positions of periplasmic GspL domains,
and of other inner membrane platform proteins, thereby promoting assembly of the
pseudopilus in the periplasm.

e The arrangement of full-length-GspL dimers as sketched above might only exist
transiently in the fully assembled T2SS since it has recently been proposed, on the
basis of disulfide cross-linking studies, that the periplasmic domains of full-length
peri-GspL are part of the time forming homodimers, and part of the time peri-
GspMeperi-GspL heterodimers (Lallemand et al., 2013). Whether or not the a-
interface of the GspL dimer would be maintained in the cytoplasm during such
proposed rearrangements of GspL domains in the periplasm remains to be
determined.

Recent electron microscopy studies on a Thermus thermophilus T4aPS sub-assembly have
proposed the presence of hetero-multimers formed by two copies each of the inner
membrane proteins PilM, PilN and PilO, which are the homologs of the T2SS GspL and
GspM Inner Membrane Platform proteins (Karuppiah et al., 2013; Sampaleanu et al., 2009).
This is in line with the dimers of the cytoplasmic and periplasmic domains of GspL and of
GspM observed in crystal structures of these T2SS proteins (Abendroth et al., 2009;
Abendroth et al., 2004a; Abendroth et al., 2004b; Abendroth et al., 2005). However, there
are also important differences between inner membrane proteins of the T2SS and T4aPS.
Particularly relevant for the current discussion is the fact that the conserved T2SS residues
in the a-interface of cyto-GspL are not conserved in PilM (Supplementary Fig. S6). In view
of such key differences, it seems best to refrain from extending the ideas presented here
regarding the biogenesis, composition and symmetry of the T2SS Inner Membrane Complex
to that of the T4aPS.
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It is clear from the above that the intriguing but fascinating T2SS is revealing many of its
secrets in a most reluctant manner. Further structural and biochemical studies are obviously
required to confirm current hypotheses and to add new information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The V. vulnificus GspEscyto-GspL complex
Domains are shown with N1Ein blue, cyto-GspLin green, CTE in red, and N2E in pink.

AMPPNP atoms are shown as yellow spheres, the essential Zn ion (Robien et al., 2003) as
an orange sphere. For nomenclature of the domains, see Supplementary Fig. S1.
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Fig. 2. The variability of N2E-vs-CTE orientation in GspE
Left: Overall structure of V. wulnificus N2E-CTE (N2E purple, CTE red) in complex with V.

vulnificus cyto-GspL (green), shown as cartoon with bound AMPPNP (yellow spheres).
Right: Comparison of V. vulnificus and V. cholerae N2E-CTE “di-domains” in the current V.
vulnificus GspEscyto-GspL structure and V. cholerae 2N1EGspE (Robien et al., 2003).
Superimposed are the CTEs from V. vulnificus (red) and V. cholerae GspE (orange). There
is a dramatic change of ~171 degrees in N2E-vs-CTE orientation in these two cases —
compare the V. vulnificus N2E (purple) and the V. cholerae N2E (orange) domains.
Comparison with the left panel also shows that V. vulnificus cyto-GspL in the current
structure occupies approximately the same position as N2E in the V. cholerae N2E-CTE
didomain structure (Robien et al., 2003).
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LM

Subdomain
LI

Fig. 3. Structure of the V. wulnificus N1E-cyto-GspL heterodimer
The N1E of GspE shown in blue, subdomain | of cyto-GspL in green, subdomain Il of cyto-

GspL in lime, subdomain 111 of cyto-GspL in yellow. Note how all three GspL subdomains
are involved in contacting N1E with helix a2 of N1E, a major component of the interface.
When compared with the V. cholerae N1Escyto-GspL heterodimer (Abendroth et al., 2005)
the r.m.s.d. is 1.4 A with a difference of ~11 degrees in N1E-vs-cyto-GspL orientation, and
~48 and 53 % amino acid sequence identity for N1E and cyto-GspL, respectively (see also
Supplementary Fig. S2 and S3).
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Fig. 4. Nucleotide binding by V. vulnificus GspEscyto-GspL and by V. cholerae GspE
A. Superposition of V. vulnificusand V. cholerae GspE with AMPPNP bound (stereo

figure). Residues that interact with AMPPNP in the V. cholerae GspE*AMPPNP complex
but do not interact with AMPPNP in the V. vulnificus GspEscyto-GspLsAMPPNP, due to a
major change in conformation of the N2E-CTE linker (225-238), are shown in sticks. V.
vulnificus: CTE red, N2E-CTE linker purple, cyto-GspL green, AMPPNP as sticks with
yellow carbons, and Mg in cyan. V. cholerae: N2E and N2E-CTE linker orange, CTE white,
and AMPPNP as white sticks (PDB 1P9W). Some CTE residues are removed for clarity.

J Sruct Biol. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Luetal.

Page 24

B. V. wulnificus cyto-GspL*AMPPNPinteractions. Cyto-GspL residues GIn13 and His120
interact with the PNP of AMPPNP. Specifically, the side chains of GIn13 and His120 form
hydrogen bonds with the oxygen atoms of y phosphorous atom with distances of ~2.5-2.8
A. The side-chain oxygen of GIn13 forms a hydrogen bond with a distance of ~2.7 A with
the nitrogen linking the p and y phosphor atoms. Tyr14 makes hydrophobic contacts with the
ribose of AMPPNP.

C. Interactions between V. vulnificus Cyto-GspL and CTE. Key residues contributing to
the cyto-GspL and CTE interactions are shown in sticks. The three Arg-Asp salt bridges are
indicated with dashed lines. Residues making hydrogen bonds with main chain atoms of
another subunit are also labeled.
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Fig. 5. Linear arrangements of Vibrio cyto-GspL domains in multiple crystals
A. The a- and B-interfaces among cyto-GspL domains in the current V. vulnificus

GspE-ecyto-GspL crystals. The interfaces between cyto-GspL domain #3 and
crystallographically related domains are depicted. The interfaces between cyto-GspL
domains #1 and #2 are essentially the same (see text). The a-interface is formed mainly by
side chain contacts between residues of a2 helices (orange) and the loops between strand BE
and helix a2 from two domains. The domains are related by a twofold axis approximately
parallel to the direction of view. (See text and Fig. 5B for further description of the
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contacts). In the pB-interface, main chain hydrogen bonds between antiparallel . strands
(yellow) are the main contacts between two subunits, which are also related by a twofold
approximately parallel to the direction of view.

B. Close-ups of four similar cyto-GspL a-interfaces in three different crystal forms.
Key residues are shown in sticks. Hydrogen bonds and electrostatic interactions are
indicated with dashed lines. Note the completely conserved Pro70 (red) in all interfaces,
twice in contact with the highly conserved Tyr83 (blue) and Leu84 (purple).

Left upper: The a-interface between two neighboring cyto-GspL domains #3 in the current
V. wulnificus GspEscyto-GspL crystals.

Right upper: The a-interface between neighboring cyto-GspL domains #1 and #2 in the
current V. vulnificus GspEecyto-GspL crystals.

Left lower: The a-interface between neighboring cyto-GspL domains in the V. cholerae
N1Eecyto-GspL crystals (PDB 2BH1) (Abendroth et al., 2005).

Right lower: The a-interface between neighboring cyto-GspL domains in the V. cholerae
cyto-GspL crystals (PDB 1YF5) (Abendroth et al., 2004a)

C. Four similar linear arrangements of cyto-GspL domains in three different crystal forms.
From top to bottom: cyto-GspL rods from: V. wulnificus GspEecyto-GspL complex #3; V.
vulnificus GspEecyto-GspL complex#1 and #2; V. cholerae N1Eecyto-GspL; and V.
cholerae cyto-GspL. The a-interface and B-interfaces are colored orange and yellow,
respectively.

D. Three linear arrangements of cyto-GspL domains with associated N1E domains in
two different crystal structures. From top to bottom: V. vulnificus GspEscyto-GspL
complex #3; V. vulnificus GspEecyto-GspL complex #1 and #2; and V. cholerae N1E-cyto-
GspL The a-interface and p-interfaces are colored orange and yellow, respectively. N1E
domains are shown in surface representation.
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Fig. 6. A possible pre-assembly complex of the T2SS Inner Membrane Platform
The upper views are perpendicular to the membrane. The lower views are parallel to the

membrane.

A. Thre separate dimers of GspL with interactions across the a-interface (orange) of the
cytoplasmic domains (green colors) and, e p-interface in the periplasmic domains (blue
colors).

B. Multiple GspL dimers form linear arrays by p-interfaces amongst cytoplasmic domains.
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C. N1E domains of GspE interact with cyto-GspL domains of a linear array, yielding a pre-
assembly complex. Additional proteins like GspM (not shown) might also be part of the pre-
assembly complex (see text).

D. After an assembly signal, six GspL and six GspE subunits form an assembly with the
lower N2E-CTE didomain as a hexamer with approximate Cg symmetry, connected by N1E-
NZ2E linker residues to the N1E+GspL complex with approximate C3 symmetry. The latter
Cj axis relates three N1E<GspL dimers with each of these dimers containing an approximate
C, axis. The aforementioned approximate Cg, C3 and C, axes run parallel to each other,
perpendicular to the inner membrane plane, with the Cg and C3 axes coinciding. The C, axes
have a different position, approximately related by the Cj3 axis.
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Table 1

Data collection and refinement statistics.

Space Group

Cc2

Unit cell dimensions

226.4,133.9,93.5, 90, 91.4, 90

Resolution range (A)

43.5-2.83 (2.90-2.83)2

Unique reflections 124259 (8574)
Average redundancy 2.0
Completeness (%) 94.3 (87.7)

Rsym 6.1% (51.5%)
<l/sigl> 12.6 (2.0)
Rwork/Rfree 24.8/28.0 (33.3/33.8)
Rms bond length (A) 0.008

Rms bond angle (Deg) 0.978
Ramachandran outliers? 5 (0.26%)
Ramachandran favored 1897 (97.6%)

Number of residues per AU

2238 (three fUllEecyto-GspL complexes)

Number of water molecules | 16
Average B factors (A2):
Protein 59.4
AMPPNP 38.1
Zn 56.3

a\/alues in parenthesis correspond to the highest-resolution shell.

bCalculated using the Molprobity server (Chen et al., 2010).
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