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Abstract

Carcino-embryonic antigen-like cellular adhesion molecules (CEACAMSs), members of the
immunoglobulin superfamily, are responsible for cell-cell interactions and cellular signaling
events. Extracellular interactions with CEACAMSs have the potential to induce phagocytosis, as is
the case with pathogenic Neisseriabacteria. Pathogenic Neisseria species express opacity
associated (Opa) proteins, which interact with a subset of CEACAMSs on human cells, and initiate
the engulfment of the bacterium. We demonstrate that recombinant Opa proteins reconstituted into
liposomes retain the ability to recognize and interact with CEACAMSs in vitro, but do not maintain
receptor specificity compared to Opa proteins natively expressed by Neisseria gonorrhoeae. \We
report that two Opa proteins interact with CEACAMSs with nanomolar affinity and we hypothesize
that this high affinity is necessary to compete with the native CEACAM homo- and heterotypic
interactions in the host. Understanding the mechanisms of Opa protein-receptor recognition and
engulfment enhances understanding of Neisserial pathogenesis. Additionally, these mechanisms
provide insight into how human cells that are typically non-phagocytic can utilize CEACAM
receptors to internalize exogenous matter, with implications for the targeted delivery of
therapeutics and development of imaging agents.
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CEACAMs (Carcino-Embryonic Antigen-like Cellular Adhesion Molecules) are a subgroup
of the immunoglobulin superfamily involved in many cellular processes such as cell
adhesion, proliferation, differentiation, and tumor suppression.! Related to these various
functions, CEACAM dysregulation is often observed in implantation of circulating tumor
cells? and tumor angiogenesis.3 Twelve different CEACAM variants have been identified in
humans, with differential expression in various cell types.l' 4 For instance, CEACAM1
expression is widely distributed and is found in leukocytes, epithelial and endothelial tissue,
and T cells, while CEACAMS3 is found exclusively on human granulocytes.!

The extracellular regions of all CEACAMs consist of one highly conserved amino-terminal
immunoglobulin variable (IgV)-like domain (NCCM, Figure 1A), and one to six
immunoglobulin constant (IgC)-like domains.> 8 NCCM is implicated in homotypic and
heterotypic interactions.2: 711 Many bacterial pathogens express proteins that interact with
NCCMs, especially CEACAMLI, 3, 5, and 6.12-17 Additionally, NCCMs are known to
interact specifically with fimbrial structures such as Dr adhesins.? Interactions with NCCMs
may occur through carbohydrate moieties on the NCCM, as is the case for CEACAM1
binding to enterobacteria, such as Escherichia coliand Salmonella strains.! CEACAMs also
interact through a non-glycosylated region of NCCM, as is observed for Haemophilus
influenzae, Moraxella catarrhalis, and the pathogenic Neisseria species, Neisseria
gonorrhoeae (Ge) and Neisseria meningitidis (Nm).18

Interactions between CEACAM and the pathogenic Nefsserianot only allow the bacteria to
adhere to and colonize human cells, but can also trigger engulfment of the bacteria. These
interactions have been studied in detail in epithelial cells and neutrophils
(polymorphonuclear leukocytes). Epithelial cells express the pathogen binding CEACAMSs
1, 5, and 6, as well as the non-pathogen binding CEACAM7.19: 20 Primary human
neutrophils express CEACAMs 1, 3 and 6, as well as the non-pathogen binding CEACAMs
4 and 8.21 Of particular interest are CEACAMs 1 and 3; both contain cytoplasmic domains
involved in signaling that can lead to the internalization of the bacterium, but often trigger
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opposing cell responses. CEACAML1 contains two immunoreceptor tyrosine-based inhibition
motifs (ITIMs) which upon activation triggers the recruitment of the phosphatase SHP-1 to
suppress phosphotyrosine-based signaling cascades.?2-24 CEACAMS3 contains an
immunoreceptor tyrosine-based activation motif (ITAM), which recruits kinases (Src family
kinases, such as Syk) upon activation to propagate pro-inflammatory signaling
cascades.25-28 CEACAMS3, which is expressed exclusively on human neutrophils and other
granulocytes, is thought to have evolved as innate immune protection, as it has no known
endogenous ligand, but interacts specifically with proteins expressed on the surface of
human-specific bacterial pathogens such as Neisseria.l These CEACAMS3 interactions
mediate uptake of the pathogen, which induces the oxidative burst as well as toxic granule
release to effect pathogen killing.1: 29

CEACAM receptors mediate Gec and Nm engulfment by binding to Neisserial opacity-
associated (Opa) proteins. Opa proteins are found in the bacterial outer membrane and
consist of a membrane spanning eight-stranded B-barrel with four extracellular loops (Figure
1B and Figure S1).30 Within the Opa family, the barrel of the protein and the short
extracellular loop 4 has a highly conserved sequence (approximately 70% sequence
identity).31 Extracellular loop 1 has a region that exhibits some sequence diversity (the semi-
variable loop, or SV, Figure 1B in yellow), while extracellular loops 2 and 3 have regions of
high sequence diversity (the hypervariable loops, HV1 and HV2, respectively, Figure 1B in
red).> Receptor specificity is determined primarily by HV1 and HV2.32 To date, 26 SV
sequences, 97 HV1 sequences, and 127 HV2 sequences were identified in the 345 unique
gpa alleles sequenced. Opa sequence diversity is primarily generated from recombination
events.33 Of these sequences, receptor specificity has been determined for ~30 Opa
variants.34-41

Of the Neisserial Opa proteins investigated, most interact with CEACAMSs (Opacgp). All
Opackga proteins interact with the non-glycosylated face of the 1gV-like domain of
CEACAMS.*2 However, Opacga proteins vary in their specificity of interactions with
CEACAMS.12 Ten CEACAM residues were identified which mediate binding to Opa
proteins; of these important residues, only Tyr69 and 11e126 (residue numbers of
CEACAML, UniProt ID P13688-1) interact with all studied Opa variants, and are highly
conserved on all CEACAMSs.#3 Of the other eight CEACAM residues involved in binding to
Opa proteins, six are conserved between CEACAML1 and 3 (Figure 1A and S2). Opa
sequence motifs that determine receptor specificity have not been identified. Multiple
sequence alignment of Opa HV regions does not reveal consensus motifs. A specific
combination of HV1 and HV?2 is required for CEACAM binding. Opacga chimeras that
contained an HV1 sequence from one Opacga and an HV2 sequence from a different
Opacga do not bind any CEACAMs.32 Thus, individual Opa protein HV primary sequences
alone are insufficient for receptor recognition, and unique combinations of HV1 and HV?2
sequences are necessary for interactions with receptors.

We seek to understand how Neisseria competes with host CEACAM interactions and utilizes
CEACAM signaling for its own advancement. In this manuscript, we demonstrate that
recombinant Gc¢ Opa proteins reconstituted into small unilamellar vesicles retain their ability
to interact with CEACAMSs, but do not display the same selectivity. Using these Opa
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proteoliposomes, we determined that two Opacga proteins (Opagg from Ge strain MS11 and
OpaD from Gc strain FA1090) have high affinity (nM) for NCCM1 and 3. We hypothesize
that this tight interaction is necessary for competing with the homotypic (CEACAM —
CEACAM) and heterotypic (CEACAM - other adhesion molecule) interactions.

EXPERIMENTAL PROCEDURES

Expression and purification of the N-terminal domain of CEACAMs 1 and 3

The procedure for CEACAM expression and purification was adapted from Fedarovich et
al*? E. coliMC1061 cells transformed with a modified pGEX-2T plasmid (pGEX-2V)
containing the N-terminal D1 domain of human ceacamZ gene (amino acids 35-141 (MW =
11.8 kDa) of the mature protein and referred to as NCCM1, Figure S2) were generously
provided by Rob Nicholas (University of North Carolina, Chapel Hill, NC.). The N-terminal
domain of human ceacam3 gene (amino acids 35-142 (MW = 12.2 kDa) of the mature
protein and referred to as NCCM3, Figure S2) was synthesized and cloned into a pGEX-2T
vector (Bio Basic Inc., Ontario, Canada). To maintain a construct similar to that of NCCM1,
a linker region between the GST and NCCM3 was designed to incorporate a tobacco etch
virus protease (TEV) cleavage site (ENLYFQ | PG) in the resulting fusion protein.
Additionally, the amino acids SGA were added as a spacer immediate following the TEV
cleavage site and before the first amino acid of NCCM3. NCCM cysteine mutations were
introduced using PIPE mutagenesis.**

MC1061 E. coli cells with CEACAM plasmid were grown in Luria-Bertani (LB) media
supplemented with streptomycin and ampicillin (50 pg/mL each) at 37°C until an ODggg ~
0.6 was reached. Cell cultures were cooled to 25°C and protein expression was induced with
1 mM isopropyl B-thio-D-galactoside (IPTG) overnight with constant shaking (200 rpm) at
the same temperature. Cells from 1 L culture were harvested by centrifugation (4,500 x g,
20 min, 4°C), resuspended in 15 mL lysis buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 2 mM
ethylenediaminetetraacetic acid (EDTA), 2 mM dithiothreitol (DTT), 10% glycerol, half of a
Complete protease inhibitor tablet (Roche)), and lysed using a microfluidizer (Microfluidics
model 110L, Newton, MA). Cell debris was removed by centrifugation (18,000 x g, 1 h,
4°C), and proteins were precipitated from the supernatant by the addition of ammonium
sulfate to 55% saturation with constant stirring for 1 h at 4°C. Precipitated proteins were
harvested by centrifugation (12,000 x g, 30 min, 4°C), pellets were resuspended in 30 mL
lysis buffer, and the lysate was added to a glutathione resin column previously equilibrated
with equilibration buffer (20 mM Tris, pH 7.3, 150 mM NaCl, 2 mM DTT, and 10%
glycerol) at 4°C. After loading, the column was washed with 10 column volumes of
equilibration buffer, and eluted with 50 mL of the same buffer supplemented with 10 mM
reduced glutathione.

Labeling NCCM with fluorescent probe

To cleave the N-terminal domain from the GST, TEV (~ 3.5 pM) was added to the eluent
containing purified GST-NCCM fusion protein and dialyzed (20 mM Tris, pH 7.3, 150 mM
NaCl, 2mM DTT, 10% glycerol; MWCO = 3,500 kDa) overnight at 4°C. The N-terminal
domain of CEACAM was purified from GST and TEV by using an HR Sephacryl S-200 gel-
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filtration column (26/60 mm, GE Healthcare) previously equilibrated with 20 mM Tris, pH
8.0, 500 mM NaCl, 2 mM DTT, and 10% glycerol (supplemental Figure S3). Fractions
containing pure NCCM (as assessed by SDS-PAGE) were combined and concentrated to
~42 UM (determined by Ago; & = 14,440 M~lcm™1 for NCCM1 and e = 15,930 M~1cm™!
for NCCM3) and stored at —80°C. Wild-type NCCMs do not contain any cysteine residues,
so in all cases a Cysteine mutant was introduced (H139C, located on the opposite side of the
Opa-binding face, supplemental Figure S4), for specific labeling with a fluorophore. In the
crystal structure of NCCM142 residue H139 from three NCCM1 subunits is coordinated by a
nickel ion; artificial oligomers can be mediated by such divalent interactions. Our
unpublished observations suggest the H139C mutant and the addition of EDTA reduces
NCCM oligomerization. Protein purity was greater than 95%, as assessed by SDS-PAGE.
Purified NCCM1 or NCCM3 H139C was dialyzed overnight at 4°C to remove DTT (20 mM
Tris, pH 7.3, 150 mM NaCl, 10% glycerol; MWCO = 3,500 kDa), and concentrated to ~50
UM. A 1 mM stock of the fluorescent dye, 4-acetamido-4"-maleimidylstiloene-2,2"-
disulfonic acid, disodium salt (AMS, Life Technologies, Carlsbad, CA), was freshly
prepared and added drop wise to the protein to yield a dye: protein molar ratio of 20:1. The
reaction was protected from light and carried out under nitrogen overnight at 4°C. Excess
dye was removed by extensive dialysis (MWCO = 3,500 kDa) at 4°C. Labeling efficiency
was determined to be greater than 95%, as assessed by MALDI-TOF mass spectrometry
(supplemental Figure S5).

Cloning and expression of N. gonorrhoeae

FA1090 Opa™ and FA1090 OpaDy, Gc, which is phase-locked ON for constitutive OpaD
expression (OpaD+), were generated as previously described.4> FA1090 Opa50;,, and
FA1090 Opa60y, were constructed by transformation of FA1090 Opa™ with a plasmid (pST)
containing the non-variable signal sequence of OpaD (99bp) immediately followed by
sequences corresponding to the mature Opasg (711bp) or Opagg (717bp) protein from MS11
Gc, and flanked by 730bp of the genomic sequence 5° of OpaD and 889bp 3° of OpaD
from Opa™ Gc. These constructs were synthesized and ligated into the pST vector by
Genewiz Inc (South Plainfield, NJ). Successful Ge transformants were selected by opaque
colony morphology and confirmed by PCR, sequencing and immunoblot. Opa protein
sequences are provided in supplemental Figure S1.

Cloning, expression and purification of recombinant Opa proteins for liposomes

The gpagy, opasg, and opaD genes were sub-cloned into pET28b vectors (EMD chemicals,
Gibbstown, NJ) encoding a thrombin cleavable N-terminal Hisg-tag
(MGSSHHHHHHSSGLVPRGSHM). Expression and purification protocols were followed
as previously described.30. 46. 47 Briefly, the gpa containing plasmids were transformed into
a BL21(DE3) £. colistrain. Cell cultures were grown in LB media and expression was
induced to the insoluble fraction. Cells were harvested, resuspended in lysis buffer (50 mM
Tris, pH 8.0, 150 mM NacCl, half of a Complete protease inhibitor pellet), and lysed. The
insoluble fraction was pelleted. The pellet was resuspended in extraction buffer (lysis buffer
with 8 M urea) and the insoluble fraction was removed by centrifugation. Opa proteins were
purified using Co2* immobilized metal affinity chromatography, and eluted (20 mM sodium
phosphate, pH 7.0, 150 mM NaCl, 680 mM imidazole, and 8 M urea). The eluted fractions
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containing Opa were pooled and concentrated (MWCO = 10 kDa) to 0.5 mM, with an
expression yield of ~20 mg/L of cell culture. Protein concentration was determined by Aygg
(e = 41,830 M~1ecm™1 for Opagp, & = 43,320 M~1cm™1 for OpaD, e = 40,340 M~1cm™1 for
Opasg) and purity was greater than 95%, assessed by SDS-PAGE.

N. gonorrhoeae pull-down assays

Gc were grown on gonococcal medium base (GCB, Difco, Becton-Dickinson, Franklin
Lakes, NJ) containing Kellogg’s supplements | and 1148 for approximately 8 hours, then
grown in rich liquid medium (GCBL) with periodic dilutions to produce uniformly mid-
logarithmic cultures, as previously described.4® Using ODsgg to calculate, approximately 3 x
108 CFU/mL Gc was suspended in 1-2 mL GCBL. Cultures were spiked with either GST-
NCCM1 (28 mg/mL) or GST-NCCM3 (28 mg/mL) and incubated at 37°C for 30 min with
rotation. Cultures were centrifuged (500 x g for 20 min) and 800 pL of supernatant added to
200 pL 5X SDS-PAGE loading buffer. Pellets were washed twice by resuspending in 1 mL
PBS + 5mM MgSQy, and centrifuging at 10,000 x g for 3 min. Pellets were resuspended in
200 pL 1X SDS-PAGE loading buffer. Pellet lysates and supernatant samples were analyzed
by SDS-PAGE and immunoblotting.

Opa proteoliposome production

Opa protein folding and reconstitution was adapted from Dewald er /6 Lipid stocks of 1,2-
didecanoyl-srglycero-3-phosphocholine (diC1ogPC, Avanti Polar Lipids, Alabaster, AL),
originally dissolved in chloroform, were dried under a continuous stream of nitrogen and
resuspended into borate buffer (10 mM sodium borate, pH 12, 1 mM EDTA) and sonicated
for 30 minutes (Q Sonica model Q500, Newtown, CT) with a 1/8 inch micro tip at 40%
amplitude. Post-sonication, urea was added to a concentration of 4 M, and purified
recombinant unfolded Opa protein was added in 20 puL aliquots, mixing between additions,
yielding a final protein to lipid ratio of 1:1160. The folding reaction was incubated at 37°C
for 3 days after which folding was assessed by SDS-PAGE (supplemental Figure S6). After
folding, Opa proteoliposomes were harvested by ultracentrifugation (142,400 x g, 2 h,
10°C), resuspended in a new lipid mixture in resuspension buffer (30 mM Tris, pH 7.3, 150
mM NacCl), and pulse sonicated (30 s on, 30 s off for a total of 20 min). Less than 20% of
the original DiC1oPC lipid is present in the pellet after ultracentrifugation.? Upon
resuspension with a new lipid mixture, the amount of DiC1oPC present is approximately 1
mol%. The lipid composition used to resuspend the Opa proteins contained 63 mol% 1,2-
dimyristoyl-smglycero-3-phosphocholine (DMPC), 16 mol% 1,2-dimyristoyl-sr-glycero-3-
phospho-(1’-rac-glycerol) (sodium salt) (DMPG), 16 mol% cholesterol, 5 mol% 1,2-
dimyristoyl - sn - glycero - 3 - phosphoethanolamine - N - [methoxy (polyethylene glycol) -
1000] (ammonium salt) (DMPE PEG 1000), with a protein to lipid ratio of 1:234.

Trypsin cleavage of Opa extracellular loops

Oparyp liposomes were prepared by adding porcine pancreas trypsin (Sigma) to the Opa-
liposome solution, 10 pg of trypsin for every 2 pg of Opa. Upon the addition of trypsin to
recombinant folded Opa proteins, NMR analysis and SDS-PAGE demonstrate the p-barrel
domain stays intact while regions of the extracellular loops are removed.3%: 47 The trypsin-
liposome solution was incubated at room temperature for ~ 4 h. After incubation, the
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trypsin-liposome solution was passed over a column containing p-Aminobenzamidine-
agarose (Sigma, St. Louis, MO), previously equilibrated with Opa resuspension buffer, to
remove trypsin. The flow through was collected for experiments and cleavage was assessed
by SDS-PAGE (supplemental Figure S7).

Liposome pull-down assays

Opa protein concentrations were determined with A,gg and dye based assays for
comparison. There was less than 10% difference between the two methods, and Aygg was
used for all experiments. 3.4 umol of the Opa proteoliposome solutions were aliquoted.
GST-NCCM was added in excess (10.2 umol) and samples were incubated for 30 min at
room temperature. Proteoliposomes were harvested by ultracentrifugation (142,400 x g, 2.5
h, 10°C), washed once with 2 mL PBS to remove unbound NCCM, and resuspended in 1
mL PBS. Ninety uL of sample was added to 30 pL of 4x SDS loading buffer, and analyzed
via SDS-PAGE and immunoblotting.

SDS-PAGE and Immunoblotting

All samples were boiled for 20 min and homogenized by passing through a needle (30
gauge) and syringe ten times. Twenty uL were loaded onto a pre-cast 4-20% acrylamide gel
(Bio-Rad, Hercules, CA). After electrophoresis, gels were transferred to 0.2 uM
nitrocellulose using the turbo blot system (Bio-Rad), and immunoblotted with the A0115 a-
CEACAM antibody (Dako, Carpentaria, CA), or the 4B12 pan-Opa antibody (hybridoma
generously provided by Christof Hauck, University of Konstanz, Germany, and antibody
purified by the University of Virginia Hybridoma Core) followed by IRDye 800 CW
conjugated goat anti-mouse or goat anti-rabbit 1gG (LI-COR Biosciences, Lincoln, NE).
Blots were visualized with an Odyssey imager (L1-COR Biosciences). NCCM pellet band
intensities were measured using ImageJ®! analysis software, and plotted with Origin Pro 7.5.
Quantification of NCCM relative to the total concentration of NCCM or Opa proteins is not
feasible because of a lack of a loading control and antibody reactivity differences.

Fluorescence polarization binding assays

Fluorescently labeled NCCM1 or NCCM3 (5 nM) was added to 300 nM Opa protein, and
serially diluted with buffer (5 nM NCCM, 20 mM Tris, pH 7.3, 150 mM NaCl) across 11
steps, and done in triplicate. Samples were incubated in an opaque 96-well plate for 30 min,
and then the fluorescence polarization was measured for each sample. Fluorescence
polarization spectra were collected with a SpectraMax M5 plate reader (Molecular Devices,
Sunnyvale, CA). The excitation wavelength was 323 nm and emission spectra were collected
at 411 nm, with a wavelength cutoff of 325 nm. Polarization was measured and converted
into the fraction of CEACAM bound to the proteoliposomes at varying concentrations of
Opa protein. Data was processed and analyzed using Origin Pro 7.5, using the following
equation:

B 2L

T

- ( Ko+Ry+L,—/ (Kd+RT+LT)2—4RTLT>
eq. 1
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Where 75 is the fraction bound, K4 is the ligand dissociation constant, Rt is the receptor
concentration, and Lt is the total fluorescent ligand concentration. This equation takes
ligand depletion into account, as described by Veiksina et a/>?

RESULTS AND DISCUSSION
Recombinant NCCM1 and 3 interact with Opagg and OpaD+ Gc

Gc that are phase ON for expression of Opagg have previously been reported to interact with
both CEACAM1 and CEACAMS, in cells transfected to express a specific CEACAM as
well as recombinant CEACAM fusion products.3% 93 Here we used Gc constitutively
expressing only Opagg, OpaD, or Opasgg (a heparan sulfate proteoglycan binding Opa), along
with Opa-deficient (Opa™) bacteria, to assess the ability of Gc to associate with recombinant
NCCM1 and 3.%5 In the case of GST cleaved NCCMs, precipitation was observed at
concentrations greater than ~25 nM; therefore, the GST-NCCM fusion was used for all pull-
down assays. To confirm that the GST fusion did not interfere with binding, NCCM1 and
GST-NCCML1 binding to Opa expressing Gc were compared and found to be similar
(compare supplemental Figure S8 to Figure 2). Since there is little difference between the
binding of GST-CCM1 and NCCM1, it is unlikely that there would be a difference between
GST-CCM3 and NCCM3 as well. Purified GST-NCCM1 or GST-NCCM3 (referred from
here on as NCCM1 and NCCM3) was incubated with each strain of Gc, and the cells with
bound NCCM were collected using centrifugation. The fraction of NCCM bound (pellet)
and unbound (supernatant) to Gc were determined using SDS-PAGE and immunoblotting.
As expected, supernatants from all Ge-NCCM combinations reacted with a pan-CEACAM
antibody, and all pellets containing Opa* bacteria reacted with a pan-Opa antibody (Figure
2). NCCM1 and NCCM3 associated with both Opagp and OpaD expressing Gc, as assessed
by the presence of NCCM in the bacterial pellet. In comparison, Opasg and Opa™ Gc showed
negligible association with both NCCMs. These findings validate the use of the pull-down
assay for investigating the specificity and selectivity of Opacga — NCCM interactions, based
on previous reports with MS11 Opasg and Opagp.39: 23 54 Furthermore, we report that OpaD
expressing Gc binds to NCCM3, as well as NCCM1.

Recombinant Opagg and OpaD reconstituted in liposomes interact with recombinant
NCCM1 and 3

To determine if Opa proteins retain their ability to interact with receptors /n vitro, pull-down
assays were performed with Opa proteins reconstituted into small unilamellar liposomes
(less than 100 nm).46 Bound NCCM was evaluated by comparing the supernatant and pellet
after ultra-centrifugation of the Opa proteoliposome — NCCM mixtures, using SDS-PAGE
and immunoblotting. While liposomes that do not contain Opa protein would be the optimal
negative control, they are too buoyant to be pelleted by centrifugation. Instead, trypsin
treated Opago (Oparyp; supplemental Figure S7) was used as a negative control. Trypsin
treated Opagg has the extracellular loops removed, but the barrel remains unperturbed
(supplemental Figure S7).4” The supernatants from each proteoliposome — NCCM mixture
reacted with the CEACAM antibody, while all of the pellets reacted with the Opa antibody
(except for Oparyp, Which likely does not contain the Opa antibody epitope) (Figure 3).
Opagg and OpaD proteoliposome pellets contained both NCCM1 and 3, indicating that these
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Opa proteins retain their ability to interact with both NCCM1 and 3 when recombinantly
expressed and reconstituted into liposomes. For NCCM1, weaker bands are observed for
Opasg and Opary, compared to Opagg and OpaD, indicating that there is some non-specific
interaction of NCCM1 with the liposomes. For NCCM3, a band is also observed in the pellet
with both Opar, and Opasp, indicating non-specific interactions are occurring. However,
Opasg binds less NCCM than both Opacga proteins, but more than Oparyp, which may
indicate that Opasg has different selectivity /n vitro compared to that observed in Gc.
Together, these results suggest that Opa proteins maintain their ability to interact with
receptors in an Jin vitro liposome environment, but they may not maintain selectivity between
CEACAMs.

Several possible scenarios may be able to explain this apparent lack of CEACAM specificity
in the /n vitro Opa proteoliposome system. The /n vitro liposome system contains only
purified recombinant Opa proteins, without any other surface structures present on Gc /n
vivo. While this is necessary to study the effects due to Opa proteins alone, Opa — receptor
selectivity may depend on other cellular factors not present in the proteoliposome system.
Neisseria possess lipo-oligosaccharides (LOS) on their outer membrane.>® LOS extends
above the cell membrane, which may spatially restrict the motion of the Opa extracellular
loops. Interactions between Opa proteins and LOS have been demonstrated, and are
purported to be electrostatic in nature and involve the basic amino acid residues on the Opa
extracellular loops.30: 56. 57 Although PEGylated lipids incorporated in Opa proteoliposomes
may mimic the spatial restrictions due to LOS, the PEG polymer will not capture
electrostatic interactions between the Opa extracellular loops and LOS.

The liposomal system utilizes not only recombinant Opa proteins, but recombinant NCCMs
as well. While the recombinant NCCMs were used in previous Gc binding studies, other
CCM domains may additionally be involved in the interaction with Opa proteins. In support
of this possibility, Voges et a/ observed a dependence of Gc engulfment on the presence of
the extracellular 1gC2 domain of CEACAM1.58 However, since Gc pull-downs demonstrate
NCCM selectivity, this is not likely the origin of the loss of selectivity for Opa
proteoliposomes.

NCCML1 and 3 interact with Opagg and OpaD with nanomolar affinities

Fluorescence polarization was used to quantify the strength of the interaction between Opa
proteins and NCCM1 and 3. These experiments required using NCCMs without the GST tag
because of the protein rotational correlation time. The lower concentrations (5 nM) of
protein used in the experiment compared to the centrifugal pull-down assays reduced the
NCCM oligomerization (unpublished observations). Fluorescently labeled NCCM1 H139C
and NCCM3 H139C were incubated with varying concentrations of Opagg or OpaD
proteoliposomes or liposomes without protein, and the fluorescence polarization was
measured. The affinities of Opagg for NCCM1 and NCCM3 were calculated to be 1.6 + 0.6
nM and 4.3 + 2.8 nM, respectively, while the affinities of OpaD for NCCM1 and 3 were 2.6
+1.3nM and 6.8 £ 2.2 nM, respectively (Figure 4). To demonstrate the interaction measured
was specific, the fluorescence polarization experiments were repeated for Opagg with a
mixture of fluorescently labeled and unlabeled NCCM1 and NCCM3, and the K values
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approximately scaled with the dilution of the fluorescently labeled protein (supplemental
Figure S9). Thus, the interactions are high affinity and similar for the combinations of the
Opa — NCCM interactions investigated. The affinity of NCCM for liposomes that did not
contain any Opa protein was beyond the concentration range investigated (= 800 nM) (data
not shown).

As Opa proteoliposomes are prepared using sonication, we would expect that the Opa
proteins are randomly oriented in the liposomes (approximately half with the extracellular
loops on the interior of the liposome, and half with the loops on the exterior). However,
SDS-PAGE analysis of trypsin treated Opagg proteoliposomes suggests this is not the case
(supplemental figure S7). More than half of the Opa proteins in the liposomes appear to have
the extracellular loops cleaved. The addition of the PEGylated lipid in the liposome may
force the majority of the Opa proteins to be oriented outward. The interior lipid leaflet of the
liposome has a smaller surface area and higher curvature compared to the outer leaflet, and
the PEG polymer may sterically restrict the amount of Opa proteins with their loops on the
interior. Additionally, the liposomes may be “leaky,” allowing some amount of trypsin to
enter the aqueous core of the liposome and cleave the Opa loops. In this case, we would not
be able to assess the orientation of the Opa proteins. Therefore, we have analyzed the FP
data under the assumption that all of the Opa proteins are oriented with the extracellular
loops available for binding, providing a conservative calculation of affinities. Kq values
would decrease (higher affinity) if there are fewer Opa proteins available to bind receptors
due to an occluded orientation.

In order to effectively compete with the multiple CEACAM interactions, the Opa —
CEACAM interaction needs to be high affinity. NCCM is directly involved in cell-cell
adhesions, and many of the members of the CEACAM family can be involved in either
homotypic or heterotypic interactions.”- 8 10 Often these heterotypic interactions occur
between different CEACAM variants?, but they can also involve other CEACAM domains
and other molecules.t 9 39 Many of these interactions involve the same binding face of the
IgV-like NCCM domain where Opa proteins are known to interact (Figure 5).% 10.43 The
direct hetero-interaction of NCCM5 and fibronectin was found to have a Ky = 16 nM.2
Abul-Wahid and colleagues calculated the affinity of the Az soluble IgC-like domain of
CEACAMS to interact with the N-terminal domain with an affinity of 18 nM.2 The hetero-
dimerization of NCCM6 with NCCM8 is 2 uM.10 NCCM®6 forms a homodimer as well, but
with a much lower affinity (60 uM).1% The homo-dimerization of NCCM5 has been reported
with two different affinities: approximately 100 nM?2 and 1.3 uM19, both of which are tighter
than other typical adhesion proteins, such as cadherins.>® The affinity for the homo-
dimerization of CEACAMS3 is not known; however, the homo-dimerization of NCCML1 is
450 nM.10 Therefore, Opa proteins need to compete with these CEACAM — CEACAM
interactions, with many other human proteins that interact with CEACAMSs, and potentially
with other pathogens, which likely requires a high affinity Opa — CEACAM interaction.

SUMMARY AND CONCLUSION

We report high affinities (nanomolar range) of Neisserial Opa proteins for human CEACAM
receptors. While such tight affinities may not be essential for Gc to productively infect host
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cells, they may be critical for Opa proteins to compete with the multitude of other tight
interactions that CEACAM s are capable of forming. A variety of Opacga proteins prepared
in liposomes maintain their ability to interact with CEACAMSs compared to Opa proteins
expressed /n vivo (in Gc) suggesting a conservation of structure and function independent of
the cellular environment. However, the Opa proteoliposomes do not recapitulate the
CEACAM selectivity observed with Opa expressing Gc. The in vivalin vitro toolkit we have
developed to study Opa protein interactions with receptors will allow us to explore what
drives Opa — CEACAM affinity, specificity, and selectivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CEACAM CCM, carcino-embryonic antigen-like cell adhesion molecule
IgVv immunoglobulin variable
IgC immunoglobulin constant

NCCM N-terminal CEACAM domain

Gc Neisseria gonorrhoeae

Nm Neisseria meningitidis

ITIM immuno-tyrosine inhibition motif
ITAM immuno-tyrosine activation motif
Opa Opacity-associated protein

SV semi-variable

HV hypervariable

Opacga a CEACAM binding Opa
GST glutathione S-transferase

GST-NCCMglutathione S-transferase and N-terminal domain of CEACAM fusion
protein
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Outer
Membrane

Periplasm

Figure 1.
(A) Structure of NCCM1 (PDB ID 2GK242, light gray) and homology model of NCCM3

(generated with SWI1SS-MODELS89-63  dark gray). Residues that bind to all Opacga proteins
are colored red, while residues that only bind specific Opa variants are colored orange. All
amino acids on the binding face of NCCM1 are conserved in NCCM3, except GIn62 (His in
NCCM3), and GIn79 (Leu in NCCM3). (B) Structure of Opagg (PDB 1D 2MLH)30. The
conserved regions of the protein are shown in black, hypervariable regions (HV1 and HV2)
are colored red, and semi-variable region (SV) is colored yellow.
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Figure 2.
CEACAM receptors interact specifically with Opacga proteins expressed in Gc. Bacteria

expressing OpaD, Opasgg, or Opagg, or Opa— Gc, were incubated with NCCM1 (A) or
NCCM3 (B), and samples were centrifuged for pellet (P) and supernatant (S) immunoblot
assessment. Folded Opa proteins migrate at a lower apparent molecular weight than
unfolded Opa proteins#6: 47; therefore, the two bands correspond to folded (lower band) and
unfolded (upper band) protein in the Opa immunoblots. *Higher molecular weight bands in
the Gc pellet samples of the CEACAM blots indicate nonspecific CEACAM antibody
reactivity with antigens on the surface of Gc. The intensity of NCCM pellet bands were
quantified with ImageJ and plotted for each Opa — NCCM combination (C).
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Figure 3.
Recombinant Opacga proteins retain their ability to interact with CEACAM receptors. Opa

proteins were recombinantly expressed, purified, and refolded into liposomes, and then
incubated with NCCM1 (A) and NCCM3 (B). Samples were then centrifuged and the pellet
(P) and supernatant (S) were assessed for the presence of Opa and NCCM. For Opa
immunoblots, the two bands correspond to folded (lower band) and unfolded (upper band)
protein. The intensity of NCCM pellet bands were quantified with ImageJ and plotted for
each Opa — NCCM combination (C).
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Figure 4.

[OpaD] (nM)

Opacga proteins in liposomes interact with NCCM receptors with a nanomolar affinity.
Varying concentrations of Opagg (A and C) and OpaD (B and D) were incubated with
fluorescently labeled NCCM1 (A and B) or NCCM3 (C and D). Fluorescence polarization
was measured and converted into the fraction of CEACAM bound and plotted. Data was fit

in OriginPro using eq. 1.
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Figure 5.
Surface representation of NCCML1. Residues shown in red are involved in all interactions

with Opacga proteins. Residues in orange only participate in binding to specific Opa
variants. Residues shown in dark blue are involved in NCCM homotypic and heterotypic
interactions. Residues highlighted in light blue are also involved in homotypic and
heterotypic interactions, and interactions with specific Opa proteins. Residue numbering
corresponds to CEACAM1 sequence, UniProt ID P13688-1.
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