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Abstract

Increasing bacterial resistance to antibiotics is an urgent global health concern. In order
to combat this growing antibiotic resistance, alternative treatments must be developed. In order
to develop new treatments, a deeper understanding of bacterial pathogenesis is needed. This
dissertation presents investigations of the interaction between Opa proteins from Neisseria
gonorrhoeae and Neisseria meningitidis, pathogens which cause gonorrhea and
meningococcal meningitis respectively, and the human receptor CEACAM.

Opa proteins are a family of 8-stranded B-barrel proteins found in the outer membrane
of pathogenic Neisseria. Opa proteins contain regions of high sequence variation, which are
involved in receptor interactions. The majority of Opa proteins interact with carcino-
embryonic antigen-like cell adhesion molecules (CEACAMS), expressed on human host cell
surfaces. Interactions of Opa proteins with CEACAM receptors are able to trigger engulfment
of the bacterium into the host cell.

While Opa proteins appear to selectively engage specific receptors, the molecular
determinants of the interaction are unknown. Multiple sequence alignments of Opa protein
sequences have not revealed a conserved receptor recognition motif. The investigations
presented in this dissertation seek to gain a deeper understanding of Opa protein — CEACAM
receptor interactions. Towards this end, an in vitro system was developed containing
recombinant Opa proteins folded into liposomes.

A selection of CEACAM binding Opa proteins were investigated for their ability to
interact with the recombinant N-terminal domain of CEACAM. Binding was qualitatively
assessed using pull-down assays and immunoblotting to compare the specificity of Opa

proteins in vitro to their in vivo function, and validate the Opa proteoliposome system for use



in further experiments. Quantitative experiments were conducted to investigate the Kkinetics
and thermodynamics of the Opa protein — CEACAM receptor interaction. A wider selection of
Opa proteins were investigated for their affinity towards various CEACAM receptors. Tight
affinities were calculated for all investigated interactions.

Knowledge of Opa — CEACAM affinities is the first step towards gaining a deeper
understanding of how Neisseria are able to trigger engulfment into host cells. Phagocytosis of
the Opa proteoliposomes is being investigated to determine if there is a correlation between
receptor specificity and bacterial engulfment. Various techniques are being utilized to gain
insight into the mechanism of molecular recognition between Opa proteins and CEACAM
receptors. Elucidating the molecular determinants of the Opa protein — CEACAM receptor
interactions will provide the foundation for the design of a targeted liposome therapeutic

delivery system for human cells.
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1. Introduction
1.1 Emerging antibiotic resistance of bacterial pathogens is an urgent global health
problem

Bacterial pathogens have long been a major cause of global health issues. These
pathogens are extremely diverse and are the causative agents of a variety of diseases, ranging
from multiple different sexually transmitted infections (STIs) to the plague (Table 1.1).
Traditionally, the primary method of treatment for many of these bacterial infections is the use
of antibiotics. However, an increasing number of bacteria are becoming resistant to many
common antibiotics, and some bacterial strains that have become resistant to all known
antibiotics to date.*?

In the United States alone, there are over 2 million people annually with new infections
from bacteria that are resistant to at least one antibiotic, and at least 23,000 deaths are a direct
result of these infections.? Antibiotic resistance is a global threat, as new forms of antibiotic
resistance can easily spread between continents. Among all of the bacterial resistant problems,
gram-negative bacteria are most concerning, as they are becoming resistant to far more
antibiotics than gram-positive bacteria.! In 2013 the United States Center for Disease Control
and Prevention (CDC) released a report detailing the complex problem of antibiotic resistance,
summarizing the threats from numerous drug resistant bacteria, such as Clostridium difficile,
Pseudomonas aeruginosa, Staphylococcus aureus, and Neisseria gonorrhoeae.!

Of particular interest to the Columbus lab and this dissertation are the pathogenic
Neisserial species. Neisseria gonorrhoeae (also called the gonococcus, or Gc) and Neisseria
meningitidis (also called the meningococcus, or Nm), the causative agents of gonorrhea and

meningococcal meningitis, respectively, are gram-negative human specific pathogens that are



able to colonize and invade mucosal tissue. Meningococcal meningitis infects the mucosal
surface of the nasopharynx, is the most common form of bacterial meningitis, and is the
causative agent of septicemia.* From 2013 — 2015 there were four outbreaks of meningitis on
college campuses in the United States, which resulted in the death of two students as well as
multiple reports of students experiencing negative neurological effects.®

Gonorrhea is an infection of the mucosal surface of the genitor-urinary tract, and is the
second most common STI in the United States.! Gc is becoming increasingly resistant to
antibiotics, and in 2013 the CDC classified antibiotic resistant Gc as an urgent threat to global
public health.! The CDC estimates that there will be 820,000 new Gc infections in the US
every year, and approximately 30% of those cases will be resistant to any antibiotic.® Even
more concerning than Gc which are resistant to a specific antibiotic, there has been a
“superbug” strain of Gc identified that is resistant to all common antibiotics available today.?

The emergence of these antibiotic strains of invasive pathogenic bacteria calls for new
methods of treatment for these diseases. In order to develop new treatment techniques, a deeper

understanding of bacterial colonization and infection is essential.



Table 1.1: Examples of attachment sites and maladies of invasive bacteria. Adapted from

Todar’s Online Textbook of Bacteriology.®

Escherichia coli?

Bacterium Attachment site Disease
Streptococcus pyogenes® Pharyngeal epithelium Sore throat
Streptococcus mutans® Pellicle of tooth Tooth decay
Streptococcus pneumoniae® ¢ | Mucosal epithelium Pneumonia
Staphylococcus aureus® Mucosal epithelium Various
Neisseria gonorrhoeae? Urethral / cervical epithelium | Gonorrhea
Enterotoxigenic Intestinal epithelium Diarrhea

Uropathogenic
E. coli®

Urethral epithelium or Upper
urinary tract

Urethritis or
Pyelonephritis

Bordetella pertussis

Respiratory epithelium

Whooping cough

epithelium

Vibrio cholerae Intestinal epithelium Cholera

Treponema pallidum Mucosal epithelium Syphilis

Mycoplasma Respiratory epithelium Pneumonia

Chlamydia Conjunctival or urethral Conjunctivitis or urethritis

2 Indicates antibacterial resistant strains are an urgent threat?

b Indicates antibacterial resistant strains are a serious threat®

¢ Indicates antibacterial resistant strains are a concerning threat*




1.2 Neisserial opacity associated (Opa) proteins

The mechanism of colonization or invasion of a bacterial pathogen into a host cell often
involve interactions between membrane proteins on surfaces of host cells and the bacteria. In
the case of the pathogenic Neisseria species, this interaction can be facilitated by opacity
associated (Opa) proteins. Following initial Neisseria attachment, which is mediated by pili
and adhesins, Opa proteins interact with human cell receptors, and can trigger the engulfment
of the bacterium by host cells, even by host cells that do not normally undergo phagocytosis

(Fig. 1.1).7°

1.2.1 Background and significance

Opa proteins are a family of outer membrane proteins found in the pathogenic N.
gonorrhoeae (Gc) and N. meningitidis (Nm). First identified in Gc, Opa proteins are named as
such because their expression changes the color and opacity of the bacterial colonies (Figure
1.2).1%12 This opaque phenotype is thought to arise because of Opa-induced bacterial adhesion
and aggregation.® Meunsner and colleagues demonstrated that laboratory strains of E. coli
cells transformed to express Opa proteins to the outer membrane were engulfed by HelLa cells
transfected to express the appropriate receptor.** This suggests that Opa proteins alone are
sufficient to trigger bacterial engulfment.

Opa proteins are encoded by a family of unlinked genes; there are eleven genes in G,
and up to four in Nm (Table 1.2).1* A high level of diversity exists in Opa protein expression
and sequence. Even though there are approximately 15 different opa loci, many more Opa
protein sequences have been observed. This sequence diversity stems primarily from

recombination, with some contribution from point mutations as well.*> Neisseria are highly



competent bacteria, which enables them to uptake exogenous DNA and incorporate it into their
own genome.® This allows for full and partial opa genes to recombine between loci of a single
organism, as well as between loci of other organisms as well.

In addition to such high sequence diversity, Opa protein expression can be turned on
or off through translational phase variation as well. All opa genes contain an amino-terminal
leader peptide containing tandem repeats of the DNA sequence [CTCTT]..1® The number of
pentameric repeats in the mRNA is necessary for correct translation of the mature Opa protein.
Due to slipped-strand mispairing during translation, the number of repeats can change. This
variation can shift the sequence out of the reading frame, causing expression of Opa proteins
to be turned off.1® Because of the phase variable expression, Neisseria may express zero, one,

or multiple different Opa variants in a single bacterium at any given time.

1.2.2 Opa protein structure and function

The Opa protein structure consists of a membrane spanning eight stranded B-barrel,
linked by four extracellular loops (Fig. 1.3).1” Within the Opa family, the barrel of the protein
and the short extracellular loop 4 have a highly conserved sequence (approximately 70%
sequence identity).!® Extracellular loop 1 has a region that exhibits slight sequence diversity
(the semi-variable loop, or SV, Fig. 1.3 in yellow), while the extracellular loops 2 and 3 have
regions of high sequence diversity (the hypervariable loops, HV1 and HV2, respectively, Fig.
1.3 in red, Table 1.3).° Receptor specificity is determined primarily by the HV1 and HV2
sequences.*® However, the specific amino acids in these HV regions responsible for interacting
with receptors has yet to be determined. The sequences of the Opa HV regions are so diverse

that multiple sequence alignment does not reveal consensus motifs. In addition, Bos and



colleagues investigated Opa - CEACAM interactions using chimeric Opa proteins which
contained different HV1 and HV2 loop sequences from a variety of Opacea proteins. Receptor
specificity was abolished in the chimeric Opa proteins, which demonstrates that the Opa
protein primary sequence is insufficient for receptor recognition and engagement; it is specific
combinations of HV1 and HV2 sequences that are necessary for interaction with the
appropriate receptor (described in detail in chapter 4).2°

To date, there are 26 SV sequences, 97 HV1 sequences, and 127 HV2 sequences found
from the 345 unique opa alleles sequenced. Interestingly, different combinations of these HV
and SV sequences could yield over 300,000 possible Opa sequences, yet only a minor fraction
of that has been observed. This observation may suggest that some combinations of sequences
results in either unstable or functionally inactive proteins.

Opa proteins are known to engage two primary receptors, depending on the HV
sequences, and can be classified according to their binding partner. Opans bind to heparan
sulfate proteoglycans (HSPGs) or integrin receptors via a heparan-mediated interaction with
fibronectin or vitronectin. The more abundant class, Opacea, bind members of the carcino-
embryonic antigen-like cellular adhesion molecule (CEACAM, or CCM) family. Typically,
initial Neisseria attachment is mediated by pili and adhesion proteins.® Following this initial
attachment, Opa proteins are interact with receptors; however, the interaction of Opa proteins
with receptors alone is sufficient to drive adhesion and engulfment into host cells.!* Additional

information on Opa protein receptor specificity and binding is found in Chapter 4.



Table 1.2 Comparison of Gc MS11 Opa protein nomenclatures. Adapted from Bos et al.?

Opa protein? opa locus® ropa°
OpaA C Opaso
OpaB K Opas?
OpaC G Opas2
OpaD F Opass
OpaE E Opass
OpaF | Opas4
OpaG J Opass
OpaH D Opasg
Opal H Opaso
Opal B Opas:
OpaK A Opass

2 Designation of naturally occurring Opa variants from Swanson et al.?
b Designation of chromosomal opa loci from Bhat et al.??

¢ Designation of recombinant Opa variants from Kupsch et al.?



Figure 1.1: Micrograph of Gc colonies. Photo courtesy of Louise M. Ball. A photograph
taken under a light microscope with a mirrored substage depicting Gc colonies either
expressing Opa proteins (opaque colonies indicated with white arrows), or not expressing Opa

proteins (smooth, transparent colonies). Scale bar =1 mm.



Figure 1.2: Micrograph of Neisseria gonorrhoeae invading human cells. Cover image of
Bilker et al, reprinted with permission.* A falsely colored scanning electron micrograph
depicting Gc (red) being engulfed by HelLa cells (green), which have been transfected to

express CEACAML1, which is a receptor for Opacea proteins.
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Figure 1.3: NMR structure of Opaso, an Opacea from Gc. (PDB IDs 2MLH, 2MAFY’) The
structure of Opa proteins consists of an 8-stranded B-barrel (black) with four extracellular
loops. The loops are classified based on sequence homology among members of the Opa
family. Loop one contains a semi-variable region (SV, yellow), loops two and three contain

hypervariable regions (HV1 and HV2, red), and loop 4 is conserved (black).



Table 1.3: Sequence alignment of the HV regions of a selection of Opa proteins.

11

HV1 Sequence HVZ Sequence EE‘§C5AMG HSPG
NDNEKY SVNTENVQVNKSNGN-RQD—————— LK |[KHQVHSVESKTTIVT SKPTKGATQPGKLVSGPTPKPAYHESNSTISSL N NNV X
NDNEKY . VNT+N* QVNKSNGN-RQD—————— ¥+ [+.8*¥D. *K-K. .N*LTVPTNIPGGTPT*YNQGSTQDA. . . .H. *RRL NNV X
NDNKY . VNT+N* QVNKSNGN-RQD—————— ¥+ [+.Q¥H. *KKE. . T* FLAPTGDAKVPGK*VEGPFSKPA. . . .H. *SSL NEWN[V] X
NNNYY . VNT+E* RRNNNAGN-WRE—-————— ¥+ [+.Q¥H. *KKE. . T* FLAPTGDAKVPGK*VEGPFSKPA. . . .H. *SSL NN X
NNNKY . VNT+E* QRNNSNGTTWKE —————— ¥+ |+ .Q¥H. *RKE. . T*FSKPSGSTTKPGE*PS-LVTKPA. . . .N. *S5L NV X
NNNKY . VNT+E* ENKNNNK- - -RD—- -~~~ *+ |+.8*D. *KKT . EV* TSSHA--PGTAPT*YNVPKTONA. . . .H. *RRL |V [¥[V|%| %
KESNY . -——+K* TEFKHQNGNKQE-————-— D+ |+.Q*H. *ESK. . I*TSKPTKGATQPGK*VSGPTPKPA. . . .N. *SSL NN X
KESNY . -——+K* TEFKHQNGNKQE-————-— D+ |+.Q*H. *ESK. . T* TTN--NGGFVP----QGPTPKPA. . . .H. *S8V N|ZXEl X
KESNS . T-—+K*TEEINNN--YKE-——-———— TQ |+.Q¥H. *ETK. . T* TSKPENGSPQGGP* IQTDPSKPP. . . .H. *S58V N X
KESNF . T-—+K*TEEIKDN--YKE————-— T+ [+.Q*H. *ETK. . T* TSKPKGGTPAGGP* IKTDPSKPP. . . .H. *SSL VxR X
NNNKY . VNT+N* QKND-NGN-RQD—————— ¥+ |+.8%D. *KKT . . N*VIVAGAANTAPT-*YYAPETQNA. . . .H. *RRL X|X|X| ND
SDNKY . VS IT+NMRVHKHN SN-REN-—————— ¥+ [+.8*D. *KKI.GL*TTST-PGIMSG--*YKVLRTPGAHR. .D. *RRV X|X|xl W
NNSKY . VSI+E*GRNDNSTS-NSSHLNIKTQ+ |+.Q*R. *ESE. . T*TTH--NGAP----*PQGPTPKPA. .K.R. *SSL XXzl W
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1.3 Carcino-embryonic antigen-like cell adhesion molecules
1.3.1 Biological importance

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 tumors?
and tumor angiogenesis.?® To date, there have been twelve different CEACAM variants
identified in humans: CEACAM1, CEACAMs 3-8, CEACAM16, and CEACAMs 18-21.2728
Of these CEACAMSs, all are exclusively expressed in humans except for CEACAM16 and
CEACAMSs 18-20, which are also expressed in mice.?’” CEACAM1, and CEACAMSs 3-8
interact with pathogens, whereas CEACAM16, and CEACAM s 18-21, which were discovered
much more recently, have not yet been investigated.?” As such, this dissertation will focus on
CEACAM1, and CEACAMs 3-8.

CEACAMs have long been of interest because of their involvement in tumors, but
studies in the last decade focus more on their contribution in other physiological processes.
The carcinoembryonic antigen (CEA) was first identified in the mid-1960s, later renamed to
CEACAM5.2” CEACAMS was discovered as an important tumor-associated antigen in colon
cancer, and was later found to be involved in cell-cell adhesion as well.2”?° Overexpression of
CEACAMS5, and of other CEACAM s as well, is associated with abnormal growth of adherent
cells.*

CEACAML1 is the most investigated member of the CEACAM family, likely because
it is highly expressed in rodents, making in vivo experimentation more accessible.?’

CEACAML1 contributes to cell-cell adhesions via homo- and heterotypic interactions.?’
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Additionally, CEACAML1 is important in signal transduction, where it is involved in
angiogenesis as an effector of the vascular endothelial growth factor (VEGF), insulin
regulation via signaling pathways initiated by the insulin receptor, tumorigenesis as a
suppressor of cell proliferation and a promoter of apoptosis, and bacterial pathogenesis as a
receptor that promotes adhesion and engulfment.313* In contrast to CEACAM1, which has
been implicated in numerous biological functions, CEACAM3 is thought to have evolved as
innate immune protection. CEACAM3 has no known endogenous ligand; it interacts
specifically with proteins expressed on the surface of human-specific bacterial pathogens, and
these interactions mediate uptake of the pathogen that often induces killing of the bacterium
via oxidative burst and toxic granule release.?”3®

CEACAM expression varies among members of the protein family. CEACAML1 has
the widest tissue distribution among the characterized family members, including constitutive
expression in epithelium and leukocytes as well as inducible expression in endothelial cells,
T-cells, neutrophils, and lymphocytes.?” In contrast, CEACAM3 is expressed exclusively on
granulocytes.®3” CEACAMA4 is not as well understood as other members of the CEACAM
family, most likely because to date, an endogenous ligand that interacts with CEACM4 has not
been identified. However, based on cDNA library analysis, CEACAM4 is only be expressed
in myeloid cells.®® Normal expression of CEACAMS5 is found only in epithelial cells, most
abundantly on the apical surface of the gastrointestinal tract, but it is present on other mucosal
epithelia as well (nasopharynx, lung, urogenital tract, and sweat glands).3® CEACAMG6 has
broad tissue distribution, including the epithelia of numerous body organs, as well as
granulocytes.*® Expression of CEACAM7 is limited to the apical surface of the colon

epithelium.*® Similar to CEACAM3, CEACAMS is only expressed by granulocytes.*! Since
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CEACAMs are so broadly distributed throughout human tissue, it can allow pathogenic
Neisseria to use interactions with CEACAMs for initial invasion and transcellular travel to
sub-epithelial locations.*2

The extracellular regions of all CEACAMs consist of one highly conserved amino-
terminal immunoglobulin variable (IgV)-like domain (Fig. 1.4, sequences; Fig. 1.5, blue), and
one to six immunoglobulin constant (IgC)-like domains (Fig. 1.5, green).>!° There are two
types of IgC domains: type A, which consists of 93 amino acids, and type B, which consists of
85 amino acids. CEACAMs can be embedded in the membrane via two different structural
elements: (1) a transmembrane hydrophobic domain that spans the lipid bilayer, and connects
to a cytoplasmic domain, or (2) a glycophosphatidylinositol (GPI) element that anchors the
protein to the lipid bilayer, and lacks a cytoplasmic domain. CEACAMs 1, 3, and 4 contain a
transmembrane domain (Fig. 1.5, purple) while CEACAMs 5-8 contain a GPI anchor (Fig. 1.5,
red). The transmembrane domains of CEACAML1 and 3 are involved in signal transduction,
while the GPI anchors of CECAMSs 5-8 are known to direct membrane proteins to cholesterol

and sphingolipid rich micro-domains in the cell membrane.?’*
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Figure 1.4: Sequence alignment of the N-terminal domains of CEACAMSs. Numbering is

based on the full-length CEACAML1 sequence (UniProt ID P13688-1). Opa-binding

CEACANMs are labeled in bold font. . represents a conserved residues, - represents a gap.
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CEACAM 1 3 4 5 6 7 8

* * * *

Figure 1.5: Domain organization of CEACAM receptors. The N-terminal 1gV domain is
shown in blue. The 1gC domains are shown in green, and designated as either A or B. The
element that links the CEACAM protein to the membrane is shown in red (either an a-helix
for CCMs 1 and 3 (squiggly line), or a GPI element for CCMs 5-8 (bar)). Transmembrane

domains are shown in purple, lipid bilayer is shown in gray. * indicates CEACAM receptors

that interact with Opacea.
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1.3.2 CEACAMs act as a receptor for Opa proteins

CEACAM receptors mediate Gc and Nm colonization and engulfment by binding to
Opacea proteins. To date, only four CEACAMSs have been shown to interact with Opa proteins:
CEACAMs 1, 3, 5, and 6.* Opacea proteins can interact specifically with only one of these
CEACAMSs, or with multiple different CEACAM variants.® More specifically, the interaction
occurs between the extracellular loops of Opacea proteins, and the non-glycosylated face of
the N-terminal IgV domain of the CEACAMSs (NCCM, Fig. 1.6).13%

Ten CEACAM residues mediate binding to Opa proteins; of these important residues,
only Tyr68 and 1le125 (residue numbers of CEACAML, UniProt ID P13688-1, Fig 1.6, red)
interact with all studied Opa variants, and are highly conserved on all CEACAMs.11* Of the
other eight CEACAM residues involved in binding to Opa proteins, six are conserved between
CEACAML1 and 3 (Fig. 1.6, orange). While the Opa-binding face of CEACAMSs has been
defined, in contrast, Opa sequence motifs that determine receptor specificity have not been

identified.
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Figure 1.6: Cartoon representation of the N-terminal domain of human CEACAM1
(PDB ID 2GK2*) and homology model of CEACAM3. NCCM1 is shown in light gray, and
NCCM3 is depicted in dark gray (generated with SWISS-MODEL*6-*). Residues that bind to

all Opacea proteins are colored red, while residues that only bind specific Opa variants are colored
orange. All amino acids involved in Opa binding on NCCM1 are conserved in NCCM3, except GIn61

(His in NCCM3), and GIn78 (Leu in NCCMB3).
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1.3.3 CEACAM mediated engulfment of Opa expressing bacteria

Bacterial engulfment by the human host cell is a cellular response of CEACAMSs
interacting with Opa proteins. The mechanism of uptake differs depending on the CEACAM
variant involved in the interaction.>® The mechanism best understood so far is engulfment via
CEACAMB3, in which crown-like lamellipodial protrusions of actin filaments extend around
individual or clustered bacteria, initiating engulfment.** The process is known to involve an
immunoreceptor tyrosine-based activation motif (ITAM) on the CEACAMS3 cytoplasmic
domain (Fig 1.5, purple). CEACAM3 binding induces the phosphorylation of tyrosine residues
in the ITAM by the Src family of kinases, and this phosphorylation triggers downstream
activation of the small GTPases Rac and Cdc42, initiating F-actin assembly, leading to
Neisseria internalization.?**! CEACAMLI triggers a slightly different pathway for the
engulfment of the bacteria, which involves pseudopods enveloping the bacteria.?* Similar to
CEACAM3, CEACAML1 has tyrosine residues on the cytoplasmic surface available for
phosphorylation, but unlike CEACAMS3 it does not induce a rearrangement of the actin.

Unlike CEACAMS3 and CEACAM1, CEACAMS5 and CEACAMG are anchored to the
membrane via a GPI element, and lack a cytoplasmic domain that can be phosphorylated.
CEACAMs attached via a GPI element appear to engulf bacteria using a “zipper-like”
mechanism, but the mechanism is not well understood.* Binding of Opa to either CEACAM5
or CEACAMG triggers progressive recruitment of adjacent receptors.** Eventually, this
progression leads to complete envelopment of the bacterium by the cell membrane, which is

“zippered” around the bacterium.**
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1.4 Liposomes are a useful tool for studying membrane proteins in vitro

In order to study purified membrane proteins in vitro, and for the protein to remain
soluble, the protein must be placed in an environment similar to that of the lipid bilayer. This
is accomplished by using a membrane mimic such as bicelles, nanodiscs, or more commonly
detergent micelles or liposomes. Liposomes, vesicles formed by lipid bilayers, are common
tools for biochemical research including cell tracking, non-viral gene transfer, and drug
delivery.>**® Liposomes can vary in size from ~50 nm to 1000 nm or more, and their size,
composition, and surface properties can be easily manipulated for specific applications.®®
Liposomes may be designed to have multifunctional properties, including those that are pH or
temperature sensitive, liposomes with steric stabilizing lipids (such as PEGylated lipids), and
those with targeting ligands.®* The high level of customizability makes liposomes an excellent
vehicle for studying membrane proteins.

Liposomes are particularly well suited for research involving membrane proteins
involved in transport or catalysis, as the liposome is a closed vessel.%? There have been
numerous studies of different membrane channels and transport systems using
proteoliposomes (liposomes with a protein embedded in the bilayer), including KCNEL (a
modulator of voltage gated potassium channels like KCNQ1),%® OEP24 (a general solute
transporter in plants)®, and bacteriorhodopsin (a proton pump).% Proteoliposomes are also
used to study protein-assisted membrane fusion, such as via the SNARE complex,®® influenza
hemagglutinin for virus entry,%” and fusion via the FAST (fusion-associated small
transmembrane) family.%® An additional benefit to using liposomes is that they can be tailored

to closely mimic the phospholipid bilayer encapsulating most cells.
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In addition to being utilized as research tools for membrane protein investigations,
liposomes have medical applications as well. Liposomes are particularly well suited for use as
delivery vehicles, as cargo can be encapsulated in the aqueous core, or embedded into the
hydrophobic region of the bilayer. Additionally, they are biodegradable, biocompatible, and
they reduce the degradation of the cargo, which leads to an increase in efficiency and a decrease
in side effects.®®0 Liposomes are currently used for the delivery of many different
therapeutics, including antifungals, antimicrobials, genes, and vaccines.® "t

Despite these advantages, few liposomal systems are commercially available. These
include liposomal doxorubicin (Myocet, Doxil, LipoDox, Thermodox) for the treatment
several cancers, liposomal Amphoteracin B (Ambisome) for the treatment of fungal infections,
and liposomal vincristine (Margibo) for the treatment of metastatic malignant uveal
melanoma.’2 Challenges facing liposomal delivery systems include intracellular delivery, cell-

specific targeting, and shelf life.”>"

1.5 Dissertation overview

Chapter 2 focuses on the Opa proteoliposome system, and techniques used to
investigate the Opa — CEACAM interaction. A wide variety of lipids are commercially
available, but not all lipids provide a suitable environment for membrane protein
investigations. The rational for the lipid composition used in in vitro Opa — CEACAM
investigations in presented. Opa proteoliposomes were investigated for their interactions with
CEACAMs using two different techniques, fluorescence polarization and biolayer

interferometry. The theory behind these two techniques are described.
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Chapter 3 presents the interaction of two CEACAM proteins (CEACAML1 and 3) with
a variety of different Opa proteins in different environments. Binding was investigated using
Opa expressing Gc, as well as Opa proteins reconstituted into liposomes. Pull-down assays and
western blots were utilized to assess binding, and affinities were determined using fluorescence
polarization. The results of this work demonstrate that our Opa proteoliposomes retain the
ability to bind to CEACAM, validating their use in future in vitro studies.

Chapter 4 focuses on determining the binding affinities of a broader range of both
CEACAM and Opa proteins. Understanding the kinetics and thermodynamics of a wide variety
of Opa — CEACAM interactions may shed light on the Gc and Nm engulfment mechanism.
Increasing our knowledge of bacterial engulfment can lead to better treatments for bacterial
diseases, as well as the potential to exploit the internalization mechanism for targeted
therapeutic delivery. A discussion of the calculated affinities and their biological relevance
follows. Chapter 5 describes additional preliminary work and the future steps planned towards

elucidating the molecular determinants of the Opa — CEACAM interaction.
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2. Quantitative methods used to investigate the Opa — CEACAM interaction
2.1 Overview

To date, all investigations of Opa protein interactions with receptors have been
performed in vivo, either in Gc or E. coli. Investigating Opa proteins in vitro allows for
quantitative analysis of receptor selectivity and affinity, as well as the determination of specific
cellular outcomes mediated solely by Opa proteins. In order to investigate membrane proteins,
such as the Neisserial Opa proteins, a membrane mimic must be utilized to maintain protein
solubility. Liposomes are one such membrane-like structure commonly used. However, there
is a vast collection of lipid molecules available to make liposomes, and not all combinations
allow proteins to be stable, or more importantly, functional. This chapter outlines the strategy
behind the selection of lipid composition for in vitro investigations of Opa protein — CEACAM
interactions. Additionally, this chapter will provide theory behind the several different
techniques that were utilized to investigate binding between these two proteins, discussed in

chapters 3 and 4.

2.2 Selection of lipid composition for in vitro investigations of Opa — CEACAM
interactions
2.2.1 Membrane proteins in research

Proteins are grouped into two classes: soluble proteins and membrane proteins. Soluble
proteins are in an aqueous environment, while membrane proteins contain regions that are
embedded into lipid bilayers. Membrane proteins are responsible for the majority of cell
interactions with their environment. Additionally, membrane proteins play key roles in ion

transport into and out of cells, energy transduction, catalysis, signal recognition, and
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transduction.! Because of this wide variety of biological functions, membrane proteins are
often the target for pharmaceuticals. Approximately 50% of commercial drugs target
membrane proteins.? In addition to being critical to many biological functions, membrane
proteins are ubiquitous; approximately 30% of the coding genome encodes membrane
proteins.?

Despite their prevalence and importance, membrane protein research has lagged
compared to soluble proteins. Fewer than 1% of the unique structures deposited in the Protein
Data Bank (PDB) belong to membrane proteins.t The first soluble protein structure was
determined in 1960, which was 25 years before the first membrane protein structure in 1985.4
Despite recent technological advances, the rate of membrane protein structure determination
is slower than that of soluble proteins 25 years earlier (Figure 2.1) due to difficulties in
membrane protein recombinant expression, solubilization, and folding.

Computational analysis of the E. coli genome identified over 800 membrane proteins
(~100 in the outer membrane, the rest residing in the inner membrane).> Of the membrane
proteins residing in the inner membrane, approximately one third have an unknown function.®
Of those that are classified into a functional class, little more is known than the general
category (i.e. involved in signaling, transport, channel, etc.).> For the outer membrane p-barrel

proteins, the function remains unknown for one third to one half.
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Figure 2.1. Progress in membrane protein structure determination. In 2004, the number
of structures of both soluble proteins (red squares) and membrane proteins (blue circles) was
plotted for the 20 years following the first structure determination (A). Membrane protein
structure determination, while growing exponentially, is lagging behind soluble protein
structure determination.® An updated 2015 analysis of membrane protein structure
determination indicates that the exponential growth predicted in 2005 (dotted line) exceeded

the actual progress (solid line), despite the major advances facilitating GPCR structures (B).’
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2.2.2 Utilizing liposomes to investigate membrane proteins

Interactions of Opa proteins with receptors have been investigated thus far in both Gc
and E. coli. However, in vitro experiments must be utilized to investigate Opa-induced cellular
responses, as well as to quantify the interactions of Opa proteins with receptors. Because Opas
are membrane proteins, they must be folded into a membrane mimic to be soluble and
functional. Biological investigations can only be undertaken after assuring that Opa proteins
are fully folded and reconstituted into a membrane-like environment.

The forces involved in membrane protein stability are not well understood. As such,
most investigators empirically screen different lipids or detergents and solution conditions to
produce stable, folded membrane proteins for in vitro investigations. Recombinant folding
directly into liposomes has been demonstrated for a small number of B-barrel proteins from a
urea denatured state, including OmpA from E. coli,2** OmpF from E. coli,!> OmpX from E.
coli,’* and VDAC from mitochondrial outer membranes of humans.}* A systematic study
which optimized the folding of nine outer membrane proteins (OmpLa, PagP, OmpX, OmpT,
Omp85, OmpW, FadL, OmpA, and OmpF) found widely varying efficiencies for folding into
the same bilayer.™® This study demonstrates that systematic screening of folding conditions for
reconstitution into liposomes is necessary to produce stable, fully folded proteins to be used
for further investigations.

As mentioned in Chapter 1, liposomes are spherical vesicles composed of lipid bilayers
that can be used to study membrane proteins in vitro. Lipids have a lower critical micelle
concentration (CMC, defined as the amount of surfactant required to form ordered structures)
than detergents, which allows biological experiments to be performed with a lower amphiphile

background. This is advantageous, as free amphiphiles may interfere with binding experiments



37

through non-specific interactions, or whole-cell experiments by the disrupting the cell
membrane. The bilayer environment of a liposome is more similar to native cell membrane
bilayers than detergent micelle environments, which is also advantageous in studying
biological functions of proteins. Additionally. Liposomes can be used in whole cell

experiments, providing a sample that can be used for both in vitro and in vivo experiments.

2.2.3 Developing a liposomal system for Opa proteins

The folding of Opa proteins into liposomes was described by Dewald et al in 2011.%
The conditions in which Opa proteins fold most effectively are not conducive to biological
investigations. A highly basic (pH 12) buffer containing 4 M urea is needed, with short chain
(diC10PC) lipids.1® Opa folding occurs over a period of three days with heat (37 °C).1° After
this lengthy folding time, the integrity of the structure of lipids surrounding the Opa proteins
is compromised, due to degradation of the lipid molecules.!” Liposomes composed of short
chain lipids are not as stable as those formed by longer chain lipids, as the short hydrocarbon
tails have less van der Waals forces between them.®

Such folding conditions yield an environment that is not appropriate for further
biological investigations of Opa proteins. Additionally, the large amount of lipid used for
folding Opa does not allow Opa to pellet upon ultra-centrifugation (the lipid:protein ratio is
too high), so empty liposomes could not be used for pull-down assays (described in chapter 3).
As such, after folding, Opa proteins were transferred to more stable liposomes composed of
the longer carbon chain lipids DMPC and DMPG (14 carbon tails), along with cholesterol for

rigidity, via pelleting and resuspension, using a sonication method developed and described by



38

Alison Dewald.!” This lipid composition produces SUVs which are stable over a period of
several days, in a buffer that is more conducive for biological experiments.

However, there are a few downfalls of using SUVs. SUVs are less stable than their
larger counterparts. While LUVs (large unilamellar vesicles) will form spontaneously over
time, the formation of SUVs requires energy unless charged lipids are present.!® Smaller
vesicles are more strained than their large counterparts, as they have a higher curvature.?
Higher membrane curvature promotes the fusion of lipid membranes.?* Additionally, small
vesicles typically exhibit a higher amount of non-specific interactions.??

One way to combat these negative attributes of SUVs is through the addition of
polyethylene glycol (PEG)-ylated lipids into the liposome. PEGylated lipids have been shown
to decrease the non-specific interactions with the liposomes, as well as to prevent the fusion of
vesicles.??° The addition of PEGylated lipids to the liposomes not only aids in preventing
non-specific interactions, but may also provide a better membrane mimic for Opa proteins. The
outer membrane of Neisseria bacteria contains lipo-oligosaccharides (LOS), a shortened form
of the lipopolysaccharides (LPS) found on other bacteria.?® As LOS is the primary component
of the Neisseria outer membrane, it is likely that the LOS molecules interact with Opa proteins
via the basic residues on the extracellular loops,?” which modulates the mobility of the
extracellular loops. Incorporating PEGylated lipids into Opa proteoliposome may mimic the
spatial restrictions that LOS has on the Opa protein extracellular loops, but does not mimic the

electrostatic interactions of LOS with the Opa loops.
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2.2.4 Selection of PEGylated lipids

PEGylated lipids have been utilized in liposomes for drug delivery since the early
1990°s.28 Previously, a major limitation to therapeutic liposomal delivery systems was their
rapid clearance by macrophages before delivering their cargo.?* Woodle et al reported that the
addition of PEGylated phosphoethanolamine (PE) lipids prolonged circulation of the
liposomes and decreased their uptake by macrophages in mice.?® The increased circulation
time of PEGylated liposomes is likely due to reduced interactions with cell adhesion proteins,
however a conclusive link has not been established.?®3!

Most PEGylated lipids consist of PEG polymerized to a PE head group with varying
lipid tail lengths. A variety of lipids with different PEG polymer molecular weights are
commercially available and used in research.?®?* The behavior of the PEGylated liposome is
dependent on both the amount of PEG present and the molecular weight of the PEG polymer.3!
Many biological experiments and liposomal therapeutics utilize 5 mol% PEGylation in their
liposomal system.?*3132 The molecular weight of incorporated PEG-polymerized lipids
typically ranges between 750 — 5000 Daltons (PEG750 — PEG5000).23243

Needham et al incorporated PEG1900 into their liposomes, and determined that the
polymer extended approximately 50 A from the surface of the lipids.®® However, others have
reported that PEG polymers form various structures on the liposomes, including “mushrooms,”
“brushes,” and “pancakes” (Figure 2.2).31* Du et al report that no PEG structure model alone
is able to explain protein adsorption.?® As such, it is logical to conclude that PEG polymers on
the surface of the liposome are in various conformations and extend various distances past the
bilayer. The extracellular loops of Opaso extend approximately 20 — 30 A above the barrel and

membrane. The loops must be accessible for receptor interactions, but may also need spatial



40

restrictions to mimic LOS of Neisseria. Therefore, PEG1000 was selected to add to the lipid
composition. PEG1000 may spatially restrict the motion of the Opa extracellular loops, while
potentially decreasing non-specific interactions with the liposomes. A final liposome
composition of DMPC (63 mol%), DMPG (16 mol%), cholesterol (16 mol%), and DMPE-
PEG1000 (5 mol%) was chosen to be used for further biological investigation of the Opa —

CEACAM interactions in vitro.



41

lipid bilayer

POLYMER
BRUSH
“\ Y polymer
WY
"
3 U
A
v POLYMER
MUSHROOM
~ 35A
‘\ ”/' ‘
~ 15AL L4 ;7 <
POLYMER

PANCAKE

Figure 2.2. Possible conformations of PEG attached to a membrane structure. Reprinted
with permission.® The PEG polymer is capable of forming various structures on the surface of

the liposome, including the brush, mushroom, and pancake.
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2.2.5 Trypsin cleavage of extracellular Opa protein loops

Following Opa reconstitution into liposomes and exchange into a more stable and
biologically appropriate liposome system, the orientation of Opa proteins within the liposome
must be assessed before functional assays can be performed. When most B-barrel membrane
proteins fold in vivo, they are inserted into the outer membrane and folded by a complex of
proteins referred to collectively as the B-barrel assembly machinery (BAM complex).® The
BAM complex ensures that the proteins are inserted into the membrane in the correct
orientation: the extracellular loops on the exterior of the cell, and the periplasmic turns
remaining in the periplasm.

Since reconstitution into liposomes is spontaneous folding without the use of
chaperones, it is necessary to assess the orientation once the Opa proteins are folded in
liposomes. If the Opa proteins are inserted into the liposomes with the extracellular loops
facing the interior, they will not be available to bind receptors. Therefore, to quantify Opa —
receptor interactions, the percentage of Opa proteins in an orientation that allows the loops to
interact with receptors must be determined.

Previously, the orientation of OmpA after folding into liposomes was determined via
an enzymatic trypsin assay.® The periplasmic domain of OmpA consists of a 24 kDa segment
that is sensitive to cleavage by trypsin. Trypsin is a serine protease that cleaves peptide chains
at the carboxyl side of the positive amino acids (lysine and arginine), except when followed by
a proline residue. Surrey et at incubated OmpA proteoliposomes with trypsin and assessed
cleavage via SDS-PAGE. They found that after folding OmpA directly into liposomes, there
is almost complete cleavage of the periplasmic domain, indicating that the extracellular portion

of OmpA is located in the interior of the liposomes.®
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The orientation of Opa proteins in their final lipid mixture was assessed in a similar
manner. NMR and SDS-PAGE analysis of trypsin-cleaved Opa proteins folded into detergent
micelles indicates that upon incubation with trypsin, the extracellular loops are removed but
the barrel domain stays intact and folded.3® Therefore, the percentage of Opa proteins whose
loops are not cleaved after incubation with trypsin would be indicative of the amount of Opa
proteins inserted facing the interior of the liposome that would not be available for receptor
interactions. SDS-PAGE analysis of trypsin treated Opa proteoliposomes indicates that
approximately half of the Opa proteins are oriented with their extracellular loops facing
outwards, and able to interact with receptors, while half are not (Figure 2.3). After 24 hours of
incubation with trypsin, the Opa proteoliposomes begin to show a higher amount of cleavage

product, which is most likely due to fusion of the SUVs.
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Figure 2.3. Trypsin cleavage of Opa proteoliposomes. Opa proteoliposomes were incubated
with trypsin and analyzed using SDS-PAGE. Time (T) is minutes after trypsin addition. The
lipid lane (T = 0) shows folded, intact Opa proteins before addition of trypsin, and the urea
lane shows unfolded Opa protein. The cleaved product is the intact B-barrel domain of the Opa

protein, without the extracellular loops.
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2.3 Understanding thermodynamics of protein — ligand interactions
For a protein — ligand interaction in which one receptor molecule (R) binds one ligand

(L), the binding equilibrium is defined as:
R+ L = RL Eq. 2.1

with a dissociation constant (Kp) equal to:

_ [RL]
KD = _[R][L] Eq 2.2

Consider Y to be the degree of saturation or fraction bound (ratio of moles of bound ligand

over moles of total binding sites):

[bound ligand]

= ————— Eq. 2.3
[total binding sites]

With this equation, the concentration of the receptor — ligand complex ([RL]) may be equated
to Y[R}, where [R]: is the total concentration of receptor in solution. The concentration of

unbound receptor [R]u becomes:
[R]ly = (1 - Y)[R]; Eq. 2.4

Equation 2.2 can be rewritten as:

Y[R]¢

Kp = ———— Eq. 2.5
D = a-nEl |
Which, when simplified, can be rearranged to yield:
_ Kpl[L]
Y = KoLl Eq. 2.6

Equation 2.6 is the Langmuir binding isotherm equation, which makes four assumptions: (i)
each binding site can be occupied by only one ligand, (ii) each binding site has an identical
affinity for the ligand, (iii) the solvent does not participate, and (iv) the system is sufficiently

dilute that extraneous interactions do not interfere with binding.3” In the case of Opa —
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CEACAM interactions, the Langmuir binding equation is applied to proteins which have a

single binding site.

2.4 Fluorescence polarization (FP) is well suited to study the Opa— CEACAM interaction
2.4.1 Underlying principles of FP

Quantifying interactions between biomolecules is essential to understanding biological
function. Fluorescence polarization (FP) is one method frequently used to investigate protein
— ligand interactions in vitro. Fluorescence polarization can be broken down into two main
concepts: fluorescence and polarization (or anisotropy).

The Jablonski energy diagram describes the principle of fluorescence (Figure 2.4). To
have fluorescence, a molecule must absorb a photon, exciting an electron to a higher energy
state. The electron loses some of the energy in the form of heat and then releases a photon,
relaxing to a lower energy state after a short period of time (ns) . How long this relaxation takes
is termed the fluorescence lifetime. The emitted light is lower in energy than the light used to
excite the molecule, and so the emitted light has a longer wavelength, referred to as the Stokes
shift.

Polarization of light results in waves that are oscillating in a single direction. When
polarized light is applied to fluorophores that are randomly oriented in solution, the
fluorophores most likely to be excited are those oriented within a particular range of angles to
the applied polarization.®® If those fluorophores do not move, the emitted light will also be
polarized within a particular range of angles to the applied light.® However, all of the
molecules are undergoing Brownian motion, and will be tumbling freely in solution. As the

molecules rotate in solution, the emitted light will no longer be the polarized. Therefore,
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polarization measurements are used to detect the rotation of a molecule in a particular
environment. The fluorescence polarization can be defined quantitatively by the following

equation:

P = M Eq. 27
I+ 21

where P is polarization, 1, is the intensity of light emitted parallel to the excitation light, and
. is the intensity of light perpendicular to the excitation light.%°

In the FP experimental set-up, the smaller species are fluorescently labeled and held at
a constant, low concentration.*® The larger, unlabeled molecule will be titrated in to have a
maximal change in fluorescence polarization between the free ligand and the bound state. The
small, fluorescently labeled species will be tumbling rapidly in solution, and will emit
depolarized light (Figure 2.5, top). Upon interaction with the larger species, the complex will
tumble at a slower rate, and the emitted light from the bound complex will be polarized (Figure
2.5, bottom). The differences in polarization between the bound and unbound states correlate
to the fraction of the small ligand that is bound to the receptor. An association curve can be
generated by plotting the fraction bound vs. the concentration of receptor, using the following
equation:

P = FPr + FyB, Eq. 2.8

where P is the observed polarization value, Fr is the fraction of fluorescent ligand free, Fy is
the fraction of fluorescent ligand bound, Ps is the polarization of the free fluorescent ligand,

and Py is the polarization of the bound fluorescent ligand.
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Figure 2.4. The Jablonski energy diagram explains the principles of fluorescence. A
molecule is excited from the ground state by energy in the form of photons, and relaxes down

to a lower energy state. Fluorescence is observed when a photon is emitted to allow the

molecule to return to the ground state.
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Figure 2.5. The principles of fluorescence polarization. A fluorophore attached to a ligand
is excited by plane polarized light. Small molecules will tumble rapidly in solution, and the
emitted light will be depolarized. Larger molecules will tumble slower in solution, and the

emitted light will retain some of the polarization.
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2.4.2 Opa — CEACAM interactions can be assayed using FP

Typically, FP is used to measure affinities between proteins and small molecules.
However, since the depolarization of emitted light is dependent on the tumbling of the
fluorescently labeled molecule, larger molecules may be used with fluorophores that have a
longer fluorescent lifetime. The fluorophore chosen for our Opa — CEACAM system is 4-
acetamido-4’-maleimidylstilbene-2,2’-disulfonic acid, disodium salt (AMS). According to the
manufacturer, this dye has a fluorescent lifetime of approximately 10 ns. The molecular

tumbling of a molecule in solution is define by the following equations:

7. = L Eq. 2.9
¢ 8mnad g- <
T = — Eq. 2.10
¢ 6D, q. 2.

where t¢ is the timescale of tumbling, Dr is the rotational diffusion constant, k is Boltzmann’s
constant, T is temperature, 1) is the viscosity of the solvent, and a is the radius hydration.** The
tumbling of a monomeric protein in water can be estimated as 0.6 times the molecular weight
in kDa, since it is roughly spherical. The CEACAM monomer with the AMS fluorophore
attached has a molecular weight of 12.59 kDa, giving ita tc = 7.6 ns.

As the AMS fluorophore has a fluorescence lifetime of approximately 10 ns, which
allows for sufficient rotation of the CEACAM monomer to emit depolarized light after
excitation. Additionally, as we are titrating Opa proteoliposomes, the difference in molecular
weight between the free CEACAM and bound state is orders of magnitude apart, which will

provide us with a large change in polarization (Figure 2.6).
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Figure 2.6. Schematic of FP with CEACAM and Opa proteoliposomes. The polarization
of emitted light from fluorescently-labeled NCCM is modulated upon binding to Opa

proteoliposomes.
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2.4.3 Analysis of FP data can be complicated by several factors

While FP is a relatively straight forward technique to measure the interactions of
molecules, analysis of the results can be complicated by several factors. A major concern for
FP is fluorescent quenching (a decrease in fluorescence intensity). The change in polarization
between the bound and free state is not only dependent on the tumbling, but of the environment
as well. If small labeled molecule binds in a way that the fluorophore can interact, it may
change the intensity of the fluorescent light emitted. Before analyzing FP data, fluorescent
quenching must be assessed by determining the fluorescence intensity of the labeled ligand in
a bound and unbound state.. When quenching is detected, the data must be analyzed using the

following equation:

P-P¢
(Pb_P)<%>+P_Pf
Qf

Corrected fraction bound = Eq. 2.11

where P is the observed polarization, Pt is the polarization of the ligand in the free state, Py is
the polarization of the ligand in the bound state, Qs is the fluorescence intensity of the ligand
in the free state, and Qy is the fluorescence intensity of the ligand in the bound state.*°

A second major concern with FP data is depletion of the ligand. Since the concentration
of the ligand is held constant at a low value, if the affinity of the interaction with the receptor
is extremely tight, too much of the ligand may be bound to get an accurate measurement. The
previous equations used to calculate the fraction of ligand bound to the receptor assume that

only a fraction of ligand is bound, so a new equation must be utilized for tight interactions:

Y _ ( KD+ Rr+ Lr— \/(KD+ R+ LT)2_4'RTLT )

T Eqg. 2.12
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Where Y is the fraction bound, Kp is the ligand dissociation constant, Rt is the receptor
concentration, and Lt is the total fluorescent ligand concentration.*? Equation 2.12 is used to

analyze the Opa — CEACAM FP data that is presented in chapter 3.

2.5 Biolayer interferometry (BL1) provides fast, label free assessment of interactions
2.5.1 Underlying principles of BLI

Biolayer Interferometry (BLI) is a relatively new technique used to measure
interactions of biomolecules, similar to surface plasmon resonance.*® The first commercial
instrument became available in 2005 from fortéBIO. The technology used in these BLI
instruments is based on the principles of optical interference. Two waves of the same
frequency, traveling in the same direction will interfere with each other and produce a new
wave, resulting from the net effect of both individual waves. This interference is considered to
be constructive when both of the propagating waves are in the same phase (Figure 2.7, red), or
destructive when the two propagating waves are entirely out of phase (Figure 2.7, blue). The
resulting wave will have an amplitude equal to the net sum of the propagating waves (Figure
2.7).

As explained by Dayne and Do et al, BLI uses a glass fiber sensor with a proprietary
optical layer for measuring samples (Figure 2.8).4>4 White light is emitted down the sensor
and is reflected back towards a detector from two interfaces: (i) the optical layer and (ii) the
tip of the sensor, including anything that is bound to the surface (Figure 2.8). Each wavelength
of light is analyzed in terms of interference, as there are two waves traveling back up the sensor
from reflection. An interference pattern emerges from the constructive and destructive

interferences of all wavelengths of light.*44
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When molecules bind to the tip of the biosensor, they increase the path length of the
reflected light, while the path length to the optical layer remains unchanged. This changes the
interference pattern, and can be measured in real time. When more molecules bind to the
sensor, it shifts the interference pattern further. Molecules dissociating from the sensor can
also be measured, as dissociation shifts the interference pattern.**#* A schematic summary of

the principles behind BLI can be found in Figure 2.9.
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Figure 2.7. Interference patterns of waves. Constructive interference occurs when two
waves are perfectly in phase, and the resulting wave is double the amplitude (top, red). When
two waves are slightly out of phase, the resulting wave amplitude is equal to the net sum of the
propagating waves, termed partial constructive interference (middle, green). Destructive
interference results from two waves that are perfectly out of phase, resulting in a new wave

with an amplitude of zero (bottom, blue).
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Figure 2.8. Representative surface of a biosensor. The glass fiber contains a layer with
specific optical properties which allows light to pass through, as well as reflect. Molecules

(typically antibodies) are immobilized on the tip of the biosensor to bind to ligands of interest.
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Figure 2.9. Schematic of biolayer interferometry. Adapted from Dayne, D. ¢ White light is
sent down the biosensor and reflected back from a reference point (the optical layer) as well as
from the interface between molecules bound to the sensor and the solution. The interference

of each wavelength is recorded, and shifts as more molecules bind to the surface of the sensor

(AN).
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2.5.2 Assessing Opa — CEACAM interactions using BLI

While a purported benefit of BLI is that the sample can be label free, one molecule
must be immobilized on the biosensor. Therefore, one of the binding partners does require a
tag. A wide selection of biosensors are available commercially from fortéBIO, including those
sensitive to His tags (coated with Anti-His antibodies or Ni-NTA), GST tags (coated with Anti-
GST antibodies), or Biotinylated proteins (coated with streptavidin). To measure the Opa —
CEACAM interaction, we are utilizing a GST tagged CEACAM construct.

A summary of the BLI experiment is depicted in Figure 2.10. Before the GST-
CEACAM can be immobilized on the sensor, the sensor must first be initialized with buffer,
and a baseline is recorded. Next, the sensor is dipped into a well containing the GST-CEACAM
protein. The GST binds to the antibodies immobilized on the tip of the sensor, anchoring the
CEACAM in place. Before applying the binding partner, the sensors must be washed with
buffer to allow any GST-CEACAM not tightly attached to dissociate, so unbound receptors
will not interfere with the Opa— CEACAM interactions. After this short wash step, the sensors
are dipped into a well containing Opa proteoliposomes, which interact with the immobilized
CEACAMs. An association curve is recorded as the shift in wavelength versus time, and can
be fit using the following association equation:

Y = A(1 — e kops*t) Eq.2.13
Where Y is the nm shift in wavelength (corresponds to fraction bound), A is the asymptote,
Kobs is the observed association constant, and t is time from the start of association.*
The final step is to dip the sensor, now containing the Opa proteoliposomes bound to

the CEACAM, into buffer and allow the Opa to dissociate. A dissociation curve is recorded,

from which Keff (1/s) is determined using the following equation:
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Y = (Y, —A) xe Forrt + 4 Eq. 2.14
Where Yo is the nm shift at the start of dissociation, A is the asymptote (assumed to be zero),
Kot is the dissociation constant, and t is time from the start of dissociation.*®
Importantly, it is noted that Kobs is not equivalent with kon. Dissociation is occurring
during the association phase, which must be taken into account. Therefore, Kops IS a constant
which reflects the time it takes for the association to reach equilibrium. From the values of Ko
and Kobs, Kon (1/M*s) can be calculated using the following equation:

_ kobs— koff
ko, = ~opal Eq. 2.15

The dissociation constant (Kp) is the ratio of Koft/kon, Which can then be calculated, and will

provide insights towards Opa protein — CEACAM receptor interactions.
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Figure 2.10. Theoretical data from a BLI experiment with GST-NCCM and Opa
proteoliposomes. The first panel (1) shows a baseline of the biosensor in the buffer that will
be used for the binding experiment. The second panel (2) shows the binding of GST-NCCM
to the GST antibodies on the surface of the sensor. Next (3), the sensor is dipped into buffer to
allow any dissociation of the GST-NCCM not tightly associated with the antibodies. The fourth
panel (4) shows the binding of the Opa proteoliposomes to the NCCM attached to the tip of
the sensor via the GST, which generates an association curve. Lastly (5), the sensor is again
placed into buffer to allow the Opa proteoliposomes to dissociate from the NCCM, generating

a dissociation curve.
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3. Reconstituted Opa proteoliposomes are an effective tool for studying Opa protein
interactions in vitro
3.1 Overview

Membrane protein research is often hindered by the need to find an appropriate in vitro
environment that allows the protein to remain soluble and functional. Even though a membrane
protein may be soluble in a wide variety of membrane mimics, it does not guarantee that the
protein will be functional. Additional investigations must be undertaken to ensure that the in
vitro recombinant membrane protein maintains functionality similar to that of the in vivo
protein.

To compare the function of Opa proteins in vivo and in vitro, binding was assessed
qualitatively and quantitatively between a selection of Opa proteins (Opaso, OpaD, and Opaso),
either expressed in Gc or reconstituted into liposomes, and CEACAM receptors (CEACAM1
and CEACAM3). Pull-down assays, coupled with immunoblotting, were utilized to
qualitatively determine that recombinant Opa proteins in liposomes retain the ability to interact
with receptors, as compared to Opa proteins expressed in Gc. This suggests a conservation of
Opa protein structure outside of Gc, and establishes a platform for future in vitro investigations.
In order to quantify the recombinant Opa — CEACAM interaction, fluorescence polarization
was used, and a tight (nM) affinity was found for all Opacea protein — CEACAM combinations
investigated. We hypothesize that such a tight affinity between Opa proteins and CEACAM
receptors is necessary for effective competition with all of the other interactions that

CEACAMs are capable of forming in vivo.
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3.2 Introduction
3.2.1 Neisserial attachment to host cells

The genus Neisseria contains both pathogenic and commensal species which colonize
human epithelia.! The commensal species live on the mucosal surface of the nasopharynx, but
seldom cause the host any discomfort or illness.! However, the pathogenic Neisseria
gonorrhoeae (Gc) and Neisseria meningitidis (Nm) can cause inflammation by their
colonization, as well as induce engulfment of the bacteria.l While the pathogenic and
commensal species of Neisseria are very similar genetically, the pathogens Gc and Nm express
additional factors that allow efficient colonization of the mucosa, evasion of the immune
system, and effective transmission.!

The relationship between the pathogenic Neisseria and the immune system is complex.
Neisseria employ a number of mechanisms that enable the bacteria to evade the immune
system. The phase variation and sequence variability of Opa proteins are one such mechanism.
Neutrophils (polymorphonuclear leukocytes, PMNs) are the immune system’s first responders
to injury or infection, and stream to the site of Gc or Nm infection.! Neutrophils are able to kill
bacteria extracellularly, as well as by phagocytosis.? Neutrophils possess a collection of

proteins that are able to mediate bacterial engulfment, including CEACAMs 1 and 3.3

3.2.2 CEACAM as an adhesion molecule in cells

The ability of cells to interact not only with each other, but with their environment as
well is critical for maintaining proper function. Aberrant cell adhesion is indicated as playing
a pivotal role in the development and progression of cancer.* The immunoglobulin super-

family of cell adhesion molecules (Ig-CAMs) have been one of several classes of molecules
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that are highly researched as being involved in the spread of certain cancers.* The carcino-
embryonic adhesion (CEA) family of proteins are members of the 1g-CAM super-family, and
have been implicated in both homotypic and heterotypic interactions.>° Many bacterial
pathogens express proteins that interact with NCCMs, especially CEACAMLI, 3, 5, and 6.11-16
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 CEACAML binding to enterobacteria, such as Escherichia coli and
Salmonella strains.> CEACAM s also interact through a non-glycosylated region of NCCM, as
is observed for Haemophilus influenzae, Moraxella catarrhalis, and the pathogenic Neisseria

species.t’

3.2.3 CEACAMs as a receptor for Neisserial Opa proteins

Interactions between CEACAM and the pathogenic Neisseria not 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 epithelial cells and PMNs. Epithelial cells express the
pathogen binding CEACAMSs 1, 5, and 6, as well as the non-pathogen binding CEACAM7.18:19
Primary human neutrophils express CEACAMs 1, 3 and 6, as well as the non-pathogen binding
CEACAMs 4 and 8.2° 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 opposing cell responses.

CEACAML 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.?> CEACAM3 contains an immunoreceptor
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tyrosine-based activation motif (ITAM), which recruits kinases (such as Syk, the Src family
kinases) upon activation to propagate pro-inflammatory signaling cascades.?*?” 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. These CEACAMS interactions mediate uptake of the pathogen, which induces
killing of the bacterium via oxidative burst as well as toxic granule release.®?®

CEACAM receptors mediate Gc and Nm engulfment by binding to Neisserial opacity-
associated (Opa) proteins. The majority of Opa proteins interact with CEACAMSs, however,
Opacea proteins vary in their specificity of interactions with CEACAMs.! All Opacea proteins
interact with the non-glycosylated face of the IgV-like domain of CEACAMs.?° Ten CEACAM
residues were identified which mediate binding to Opa proteins; of these important residues,
only Tyr68 and 11e125 (residue numbers of CEACAML1, UniProt ID P13688-1) interact with
all studied Opa variants, and are highly conserved on all CEACAMs.*® Of the other eight
CEACAM residues involved in binding to Opa proteins, six are conserved between
CEACAML1 and 3 (structure, Figure 3.1, sequences Figure 3.2).

While the amino acid residues of CEACAM involved in interactions with Opa proteins
are known, it is unclear which residues on Opa are involved in these interactions. We seek to
elucidate the molecular determinants of Opa — CEACAM interactions. To do this, we need an
in vitro system that mimics the in vivo function of Opa proteins. Towards this end, in
collaboration with the laboratory of Professor Alison Criss (UVA Department of
Microbiology, Immunology, and Cancer biology), we have investigated receptor specificity of

several Opa proteins (Opaso, an Opacea from Gc strain MS11, OpaD, an Opacea from Gc strain
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FA1090, and Opaso, an Opans from Gc strain MS11, sequences in Figure 3.3) towards NCCM1

and NCCM3.
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Figure 3.1. Surface representation of NCCML1. Residues shown in red are involved in all
interactions with Opacea 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

CEACAML1 sequence, UniProt ID P13688-1.
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Figure 3.2. Sequence alignment of human NCCMs 1, 3, 4, 5, 6, 7, and 8. Essential residues

for binding all Opa proteins are highlighted with red boxes and residues that are important to

some Opa protein interactions with orange boxes. Residue numbering corresponds to

CEACAMI1 sequence, UniProt ID P13688-1
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Figure 3.3. Sequence alignment of Opaso from Gc strain MS11, OpaD from Gc strain

FA1090, and Opaso from Gc strain MS11. Semivariable regions are highlighted in yellow

and hypervariable regions are highlighted in red. Black arrows indicate B-strands which form

the membrane spanning barrel.
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3.3 Results and discussion
3.3.1 Recombinant NCCML1 and 3 interact with Opaso and OpaD+ Gc

Gc that are phase ON for expression of Opaso have previously been reported to interact
with both CEACAM1 and CEACAMS3, both in cells transfected to express a specific
CEACAM, as well as recombinant CEACAM fusion products.®32 In collaboration with
Louise Ball from the Criss laboratory, we used Gc constitutively expressing only Opaso, OpaD,
or Opaso (a heparan sulfate proteoglycan binding Opa), along with Opa-deficient (Opa)
bacteria, to assess the ability of Gc to associate with recombinant NCCM1 and 3.33 In the case
of NCCM3, precipitation was observed at concentrations greater than ~10 nM and the GST-
NCCMB3 fusion was used for all pull-down assays. Purified NCCM1 or GST-NCCM3 (referred
from here on as NCCM3) was incubated with each strain of Gc, and the cells with bound
CEACAM 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 Gc-NCCM combinations reacted with a pan-
CEACAM antibody, and all pellets containing Opa* bacteria reacted with a pan-Opa antibody
(Figure 3.4). NCCM1 and NCCM3 associated with both Opaeo and OpaD Gc, as assessed by
the presence of NCCM in the bacterial pellet. In comparison, Opaso and Opa  Gc showed
negligible association with both NCCMs. To confirm that the GST fusion did not interfere with
binding, NCCM1 and GST-NCCML1 binding to Opa expressing G¢ were compared and found
to be similar (Figure 3.5). These findings validate the pull-down assay for the specificity and
selectivity of Opacea — NCCM interactions, based on previous reports with MS11 Opaso and
Opaso,>+%>%* and furthermore show that OpaD binds CEACAM3 to a similar extent as

CEACAML.
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Figure 3.4. CEACAMs interact specifically with Opacea proteins expressed in Gc.
Bacteria expressing OpaD, Opaso, or Opaso, or Opa” Gc, were incubated with NCCML1 (A) or
GST-NCCM3 (B), and samples were centrifuged for pellet (P) and supernatant (S) immunoblot
assessment. For Opa immunoblots, the two bands correspond to folded (lower band) and
unfolded (upper band) protein. *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.
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Figure 3.5. Immunoblot of pull-down assay using Opa expressing Gc and GST-NCCMI1.
Opaso and OpaD Ge interacted with GST-NCCM1 similarly to NCCM1 (compare to Figure 2)

indicating the GST tag does not interfere with NCCM binding to Opa proteins.
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3.3.2 Recombinant Opaso and OpaD reconstituted in liposomes interact with recombinant
NCCM1 and 3

To determine if Opa proteins retain their receptor specificity in vitro, pull-down assays
were performed with Opa proteins reconstituted into small unilamellar liposomes (less than
100 nm)*®. Bound NCCM was evaluated by comparing the supernatant and pellet after ultra-
centrifugation of the Opa proteoliposome — NCCM mixtures, using SDS-PAGE and
immunoblotting. In addition to Opaso, trypsin treated Opaso (Opatrp) Was used as a negative
control instead of liposomes without protein which are too buoyant to be pelleted by
centrifugation. The supernatants from each proteoliposome — NCCM mixture reacted with the
CEACAM antibody, while all of the pellets reacted with the Opa antibody (except for Opatrp,
which likely does not contain the Opa antibody epitope) (Figure 3.6). Pellets for Opaso and
OpaD proteoliposome contained both NCCM1 and 3, indicating that these 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 Opaso and Oparr, compared to Opago and
OpaD indicating that there may be some non-specific interaction of NCCM1 with the
liposomes since the band was also observed in the Opatrp liposomes. In contrast, the NCCM3
band observed in the pellet with Opaso contained less GST-NCCM3 than both Opacea proteins,
but more than with Oparrp indicating that Opaso demonstrates different selectivity in vitro
compared to that observed in Gc. Together, these results suggest that the Opa protein structure
and function is maintained in the liposome environment, but care needs to be taken in terms of
the biological implications of the interactions investigated in vitro as selectivity is not

conserved.
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Figure 3.6. Recombinant Opacea proteins retain their ability to interact with CEACAM.
Opa proteins were recombinantly expressed, purified, and refolded into liposomes, and then
incubated with NCCML1 (A) and GST-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.
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3.3.3 NCCM1 and 3 interact with Opaso and OpaD with nanomolar affinity

Fluorescence polarization was used to quantify the strength of the interaction between
Opa proteins and NCCM1 and 3. These experiments were carried out using NCCMs without
the GST tag because of the lower concentrations (5 nM) of protein used in the experiment
compared to the centrifugal pull-down assays. NCCM1 H139C and NCCM3 H139C were
fluorescently labeled using the AMS fluorophore (described in chapter 2, Figure 3.7). The
NCCM domain has no naturally occurring cysteine residue, so a cysteine mutant was
introduced on the opposite side of the Opa-binding face of NCCM (Figure3.8).

Fluorescently labeled NCCM1 or NCCM3 were incubated with Opaeo or OpaD
proteoliposomes or liposomes without protein. The affinities of Opaeo 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 + 1.3 nM and 6.8 £ 2.2 nM, respectively (Figure 3.9).
The affinity of NCCM for liposomes that did not contain any Opa protein was > 800 nM (data
not shown). To demonstrate the interaction measured was specific to NCCM1, the fluorescence
polarization experiments were repeated for Opaso with a mixture of fluorescently labeled and
unlabeled proteins and the Kq values scaled with the dilution of the fluorescently labeled
protein (Figure 3.10). Thus, the interactions are high affinity and similar for the combinations

of the Opa — NCCM interactions investigated.
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Figure 3.7. MALDI spectra of fluoresently labled (FI-) NCCM1 (A) and NCCM3 (B).
These specta indicate that there is >95 % labeling efficiency of the AMS fluorophore with both

NCCM1 and NCCMS3.
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Figure 3.8. Structure of NCCM1 H139C. Ribbon diagram of NCCM12° is shown in grey,
residues shown in red are Y65 and 1125, which are involved in all interactions with Opa
proteins (see Figure 3.1). The introduced Cys mutation (H139C) for attachment of the thiol-

inked fluorophore, is on the opposite face of the NCCM1 (green).
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Figure 3.9. Opacea proteins in liposomes interact with NCCM with a nanomolar affinity.

Opaso (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 recorded and converted into the

fraction of CEACAM bound and plotted. Data was fit in OriginPro using eg. 2.12.
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Figure 3.10. Competition FP experiements with unlabeled NCCMs 1 and 3. Opaso was
incubated with 2.5 nM fluoresently labeled and 2.5 nM unlabeled NCCM1 (A) or NCCM3 (B).
The determined Kq values are approximately two-fold higher than the Kq determined with 5
nM flouresently labeled NCCM1 or 3 (Figure 3.9) indicating that the Opa protein — CEACAM

interaction is specific and not due to interactions with the flurophore.
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3.3.4 Competition for CEACAM may explain high affinities

In order to effectively compete with the multiple interactions that CEACAM can be
involved with, some of high affinity, the Opa — CEACAM interaction must have a tighter
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.>®° Often
these heterotypic interactions occur between different CEACAM variants®, but they can also
involve other CEACAM domains and other molecules.>#3! Many of these interactions involve
the same binding face of the IgV-like NCCM domain where Opa proteins are known to interact
(Figure 3..1).8930

The direct hetero-interaction of NCCMS5 and fibronectin was found to have a Kq = 16
nM.” Abul-Wahid and colleagues calculated the affinity of the As soluble IgC-like domain of
CEACAMS to interact with the IgV-like N-terminal domain with an affinity of 18 nM.” The
hetero-dimerization of NCCM6 with NCCMS is 2 uM.® NCCM6 forms a homodimer as well,
but with a much lower affinity (60 uM).® The homo-dimerization of NCCM5 has been reported
with two different affinities: approximately 100 nM’ and 1.3 puM®, both of which are tighter
than other typical adhesion proteins, such as cadherins.®® The affinity for the homo-
dimerization of CEACAMS is not known, however, the homo-dimerization of NCCML1 is 450
nM.® Gc has many proteins that mediate adhesion to host cell membranes including adhesins
and pili, which could contribute indirectly to high affinity interactions and reduce the need for
direct interactions between Opa and CEACAMs to be high affinity. However, all of these
surface proteins on Gc may be competing against each other to bind to their cognate receptor,
which may explain why the Opa— CEACAM interaction is of such high affinity. Additionally,

on the host cell side, Opa proteins need to compete with many other human proteins that
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interact with CEACAMSs, and potentially with other pathogens as well, which may also

contribute to the high affinity of the Opa protein — CEACAM interaction.

3.4 Concluding remarks

We have demonstrated that recombinant G¢c Opa proteins reconstituted into small
unilamellar vesicles retain their ability to interact with CEACAM receptors, suggesting a
conservation of structure and function independent of the cellular environment. Thus, we have
developed an appropriate in vitro system to be able to further study Opa protein interactions
with receptors. Furthermore, using these Opa-liposomes, we determined that two Opacea
(Opaso from Gc strain MS11 and OpaD from Gc strain FA1090) proteins have high affinity
(nM) for NCCM1 and 3. While these tight affinities are not necessary for Gc attachment to
host cells, we hypothesize that this tight interaction is necessary for competing with the
homotypic (CEACAM — CEACAM) and heterotypic (CEACAM - other adhesion molecule)

interactions of CEACAM:s.
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4. Binding affinities of a variety of Opa proteins for CEACAMSs in vitro suggests the
interaction may be non-specific
4.1 Overview

The majority of Opa proteins interact with various CEACAM receptors. While Opa —
CEACAM interactions in vivo can result in the internalization of the Opa-expressing
bacterium, the mechanisms of CEACAM mediated engulfment remain poorly defined. Gaining
a deeper understanding of the Opa — CEACAM interaction may shed light on Gc and Nm
engulfment mechanisms, which can potentially be exploited for therapeutic delivery.
Additionally, we seek to understand the molecular determinants of Opa — CEACAM
interactions. Such diverse amino acid sequences comprise the Opa HV regions that a receptor
recognition motif has not been identified. Investigating the specificity and thermodynamics of
Opa — CEACAM interactions is the first step to increasing our knowledge of how bacteria
trigger engulfment into human host cells, and may provide insight into Opa — CEACAM
molecular recognition.

Towards this end, we have expressed and folded a selection of Opacea proteins in
liposomes, as well as generated a variety of NCCM receptors to examine the Opa - CEACAM
interaction using BLI. This technique determines the thermodynamic and kinetic parameters
of Opa— CEACAM interactions. Additionally, the effect of varying the amount and molecular
weight of PEGylated lipids in the liposomes was investigated. Different lipid:Opa protein
ratios were also assessed for Opa — CEACAM interactions to determine if the amount of Opa
proteins per liposome has an effect on Opa — CEACAM binding affinities. Variation of the

lipid:Opa ratio will be used to determine the valency of the Opa — CEACAM interaction.
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4.2 Introduction
4.2.1 Opacea selectivity in vivo

Opacea proteins differentially recognize members of the CEACAM family. To date,
all experimentally investigated Opacea proteins bind CEACAM1, while a subset of Opacea
bind various combinations of CEACAM s 3, 5, or 6.1 Opa proteins do not engage CEACAMs
4,7, or 8.1 Receptor specificity has been determined for a number of Opa sequences encoded
for in Gc strain MS11 (specificity in Table 4.1, sequences in Table 4.2).

While a number of Opa variants have been classified in terms of receptor specificity, a
receptor recognition motif has yet to be identified. Multiple sequence alignments of the Opa
HV regions have not identified a motif that explains receptor selectivity. To elucidate the
molecular determinants of Opa— CEACAM interactions, binding affinities must be determined
for a variety of Opa proteins and CEACAM receptors. Correlation between receptor specificity
and bacterial engulfment can then be investigated, which will provide insight into Neisserial
pathogenicity.

Although the molecular determinants of the Opa — CEACAM interaction have yet to
be elucidated, both HV1 and HV2 are necessary for receptor recognition. Bos et al
investigated the binding of Opa proteins from Gc strain MS11, using Opa constructs with their
extracellular loops deleted or chimeras.* Loop one, which contains the SV region, is
dispensable for CEACAM spcificity.* Deletion of either loop 2 or 3 (which contain HV1 and
HV2, respectively) resulted in loss of receptor recognition.*

Opa mutants with loop four (the conserved loop) deleted were unable to be
investigated, as this deletion resulted in a decrease in expression on the Gc surface.* Opa

chimeras, which contain sequence combinations of HV regions from a variety of Opacea
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variants, lost most of their receptor-binding activity (ex. An Opa chimera containing the HV1
sequence from a CEACAM1-binding Opa and the HV2 sequence from a different CEACAM1-
binding Opa no longer interacts with CEACAM1).* The results of this study indicate that not
only are both HV1 and HV2 involved in receptor recognition, but also specific HV1 and HV2

combinations are required for CEACAM binding.*
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Table 4.1. Receptor specificity of Opa proteins from Neisseria gonorrhoeae strain

MS11.1?

Opa variant CEACAM

(rOpa) 4 5
OpaA (Opaso)
OpaB (Opas?)
OpaC (Opas2)
OpaD (Opasg)
Opak (Opass)
OpaF (Opasa)
OpaG (Opasg)
OpaH (Opaso)
Opal (Opaso)
OpalJ (Opasy)
OpakK (Opass)
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Table 4.2. HV sequences of Opa proteins from Gc strain MS11. Adapted from Bhat et al.®

rOpa HV1 Sequence HV2 Sequence

Opas;| S....GRDDNSTSNSS-HLNIKTQ...H. |[QVR.VESE.-—-TTV.TH---—- .GAPVPQGP.PKP.Y.K.R..SSL.F.AV
Opag;| +ou.. e T T T T --—-KFL.SSY.-.LN....TEE...N-..HG.N........ VI
Opagq| S. .NM--RVHKHNSNR.N, ————— O [ I.---GLL..STP-GIM.G.YKVLRTPG-A.R..D..RRV.L.VI
Opagg| N....L.N..AN.GG.—...... R....R|..... QQ..-———IA...YPQ-NAASSVTTNA.IR.LPH.E............
Opags| D....--ENK.Q.K-—————— RLouweue |owmennnn. g e
Opasg| «« vt T e e T T T T T T T ittt r e [t e e rerens IR R R
Opas;| . . KELERKNN.TS.GDQLNIKYQ-...H. [G....... KNTLTAYHGAGTK.TYYDDIDSGKNQKNTYR.NR.S..L.F.AM
Opagy| N.E.V-—.IR.E.GI.IDR-—————..... |teeeucnn. I-——....VPSNAPNGAVTTYNTDPKTONDYQ.N. ... ... ...
Opasgy| cveevenennenann 1 S T ——— i crsseas R T T
Opasg| «vvenennn Veeoom—————— e R.Te e [eeee P et e D eeieeieeiaaens
Opag;| SIKELLRNKGNGNR-—————— TDLKAENQ |SIDSTKKTT-—--EVITILHGPGTTPTVYPGKNTQN-AHRESDSIRRVGLGAV

. denotes identical amino acid, based off of Opas7 sequences.

- denotes a gap
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4.2.2 Mechanisms of CEACAM induced bacterial internalization

CEACAMs have different transmembrane domains, and cytoplasmic domains,
enabling different uptake mechanisms to be triggered upon CEACAMs interacting with Opa
proteins expressed on Gc. Of all the Opa-binding CEACAMs, CEACAM 1 and 3 contain a
transmembrane domain, while CEACAM 5 and 6 possess a GPI anchor. Mechanisms of
CEACAM mediated Gc engulfment have been described, but are not fully understood.?6-10

Engulfment via CEACAM 3 is the best understood mechanisms of Gc phagocytosis
(Figure 4.1). CEACAMS triggers Gc engulfment faster and with better efficiency than other
CEACAMs.291112 ypon CEACAMS3 interacting with Opa, the surface of the host cell
expressing CEACAM3 undergoes dramatic reorganization near the area of bacterial
attachment (Figure 4.1, A, C, and E).” Engulfment is initiated by F-actin filaments, which make
lamellipodial protrusions up to 6 pum long that extend out and around the attached bacterium
or cluster of bacteria.’

Billker et al transfected HeLa cells to express CEACAMBS to investigate internalization
of Gc, and they noted that the engulfment process primarily involved the immunoreceptor
tyrosine-based activation motif (ITAM) on the cytoplasmic domain of CEACAM3.” Upon
CEACAMBS interaction, the tyrosine residues on the ITAM are phosphorylated by the Src
family kinase.” Phosphorylation of the ITAM triggers the downstream activation of Rac and
Cdc42 (small GTPases), which initiate the formation of the F-actin filaments, leading to the
internalization of the bacterium.’

A more recent study found that the ITAM is not required for bacterial engulfment via
CEACAM3. Sarantis et al used murine promyelocyte cells differentiated into neutrophils that

expressed mutant CEACAM3 receptors with one or both ITAM tyrosines mutated to
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phenylalanine (which is unable to be phosphorylated), or deletion mutants that lacked the
ITAM or entire cytoplasmic domain.’® For all investigated CEACAM3 mutants, the
neutrophils were able to interact with and engulf Gc that were expressing Opa proteins.t3
However, though the mutant CEACAM3-expressing cells could engulf Gc, the neutrophils did
not demonstrate the typical oxidative burst or degranulation response upon binding to Gc.
These results suggest that the ITAM on the cytoplasmic domain of CEACAMS3 is involved in
neutrophil activation, but not Gc internalization.*®

While CEACAML1 also contains transmembrane and cytoplasmic domains, the
engulfment mechanism is quite different. Upon CEACAML interaction with Opa proteins on
Gc, small pseudopods appear in the cell surface, which envelop the bacterium, remaining close
to the surface of the cell (Figure 4.1, B, D, and F).” In contrast to engulfment via CEACAMS3,
CEACAM1 mediated bacteria uptake does not involve massive actin rearrangement.’
Cholesterol rich micro-domains in the membrane play a critical role in CEACAM1 mediated
engulfment, as cholesterol depletion reduces engulfment efficiency.!* Additionally, Voges et
al found that CEACAM1 mediated bacterial uptake is dependent on PI3K, while PI3K does
not affect CEACAM3 mediated engulfment.®

CEACAML1 exhibits widespread differential splicing, which leads to the creation of
multiple isoforms.'® Many CEACAML1 isoforms contain an immunoreceptor tyrosine-based
inhibition motif (ITIM).!® Pathogenic Neisseria can utilize interactions with CEACAM1
isoforms that contain ITIMs to inhibit an immune response.® ITIM signaling initiated by Gc
binding to CEACAML1 in CD4* T cells suppressed B cell response.® More recently, Slevogt et

al found that engagement of CEACAML on bronchial epithelial cells by Opa expressing Nm
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suppressed TLR2 signaling.t” CEACAM1 ITIM phosphorylation recruits SHP-1, which
inhibits T cell signaling, and initiates negative feedback pathways by modulating PI3K.18-22

The least understood bacterial engulfment mechanisms mediated by CEACAMs are
via CEACAMSs 5 and 6, which contain a GPI anchor instead of a transmembrane and
cytoplasmic domain. GPI anchors are post-translational modifications which often direct
membrane proteins to membrane micro-domains enhanced with cholesterol and
sphingolipids.? Upon CEACAM activation, engulfment appears to occur via a “zipper-like”
mechanism, where neighboring CEACAM receptors are progressively recruited because of a
large amount of Opa protein on a bacterium.®® Eventually, the bacterium will be fully
surrounded by the host cell membrane, which “zippered” together around it. As GPI anchored
CEACAMs lack the cytoplasmic domain, they are unable to be phosphorylated like
CEACAMs 1 and 3.1* However, the GPI anchor is important to trigger bacterial engulfment,
as cleavage of the anchor results in a significant decrease of bacteria internalization.®

GPI anchored proteins have been shown to be involved in cell signaling as well.
Typically, GPI anchored proteins are able to mediate intracellular signaling events after
antibody-induced ligation.?* Hiscox et al determined that GPI anchored CD59 receptors were
able to contribute to Ca®* signaling.?* However, the GPI anchor was not directly involved in
signaling; rather it is clustering of the GPI anchored proteins that is necessary for intracellular
signaling.?* In fact, not only do GPI anchored proteins play a role in [Ca?*] modulation, but
have been shown to be involved in tyrosine phosphorylation of intracellular proteins, inositol
phosphate turnover, and cytokine secretion as well.?>3° Therefore, we can speculate that

bacterial engulfment via CEACAMS or 6 may be dependent on clustering of the receptors,
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which could be initiated by binding to Opa proteins. Once the CEACAM receptors have

clustered, intracellular signaling pathways are triggered that induces bacterial uptake.
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Figure 4.1. Neisseria gonorrhoeae N313 (Opas7) triggers different structural
modifications on HeLa cell surfaces, depending on the expression of CEACAML or
CEACAMS3. Reprinted with permission.” Scanning electron micrographs of HelLa cells
infected with Gc show large protrusions when CEACAMS is expressed (A and C), or
pseudopods remaining close to cell surface when CEACAML1 is expressed (B and D).

Tunneling electron micrographs of HeLa cells engulfing Gc via CEACAMS3 (E) or CEACAM1

(F).



103

4.3 Results and Discussion
4.3.1 The Opa — CEACAM interaction is of high affinity for all combinations investigated

The results of the FP experiments described in chapter 3 indicated that interactions
between Opaso or OpaD and NCCM1 or NCCM3 are of high affinity (nM). Additional binding
experiments using biolayer interferometry (BLI) were conducted to verify these tight affinities,
as well as to investigate additional Opa protein variants with different CEACAM receptors
(representative data shown in Figure 4.2). The theory behind BLI is detailed in chapter 2.

A variety of Opacea proteins (Opaso from Gc strain MS11, OpaD and Opal from Gc
strain FA1090) and non-Opacea proteins (Opaso from Gc strain MS11, OpaA from Gc strain
FA1090) were assessed for binding to different CEACAMs (NCCM1, 3, 4, 5, and 8).
CEACAMs 1, 3, and 5 bind differentially to Opacea proteins, while CEACAMs 4 and 8 do not
interact with any Opa proteins investigated to date.® All Opa proteins were folded and
reconstituted into the final lipid mixture described in chapter 2. GST-NCCM constructs were
obtained or created for all CEACAM N-domains mentioned above. The GST-NCCM was
immobilized onto a biosensor coated with anti-GST antibodies, washed, and incubated with
the Opa proteoliposomes.

The affinities of the Opacea proteins for the CEACAM receptors will be presented in
the following order: NCCM1, NCCM3, NCCM4, NCCM5, and NCCM8 (Table 4.3).
Affinities of Opaseo are calculated to be 20 = 4 nM, 28 + 12 nM, 16 = 5 nM, 29 + 12 nM, and
24 £ 6 nM. OpaD affinities are 30 £ 5nM, 35 £ 19 nM, 19 £ 6 nM, 31 + 7 nM, and 30 £ 5 nM.
Finally, affinities of Opal are calculated to be 22 + 5 nM, 31 £ 22 nM, 16 + 6 nM, 23 £ 3 nM,

22 + 2 nM.
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For the non-Opacea proteins, affinities of Opaso for NCCM1, 3, 4, 5, and 8 were
calculated as 30 £ 2 nM, 29 £ 6 nM, 18 £ 5 nM, 28 £ 8 nM, and 23 £ 7 nM, respectively (Table
4.4). OpaA demonstrated affinities of 19 + 1 nM for NCCM1, 39 + 37 nM for NCCM3, 17
8 for NCCM4, 29 = 5 nM for NCCM5, and 25 + 4 nM for NCCM8 (Table 4.4). Empty
liposomes were also investigated for interactions with all NCCMs, but an association curve
could not be generated, as binding levels were too low to detect (Figure 4.2, blue). Therefore,
all Opa binding curves are background subtracted using the liposomes as a reference. OmpA
proteins reconstituted into DMPC liposomes were used as a negative control, for which no
association was detected for all NCCMs (data not shown).

Opacea proteins reconstituted in vitro do not show CEACAM receptor binding
specificity. Opaso binds to NCCMs 1, 3, 4, 5, an 8 with similar affinities (Table 4.3). The same
can be said for OpaD, which has similar Kp values for interactions with all NCCMs (Table
4.3). Opal also demonstrates equal binding affinity towards all NCCM receptors (Table 4.3).
Non-Opacea proteins also demonstrate this lack of CEACAM receptor specificity. Opaso
interactions with all NCCMs are comparable to one another (Table 4.4). The affinities of OpaA
for the NCCM receptors are all similar as well (Table 4.4).

While CEACAMs 4 and 8 have previously been shown to not interact with Opa
proteins in vivo,® they tightly bind Opa proteoliposomes in vitro (Table 4.3, Table 4.4). NCCMs
1, 3,4, 5, and 8 all display approximately equal nanomolar affinity towards all Opacea proteins
(Opaso, OpaD, and Opal, Table 4.3), as well as towards the non-Opacea proteins (Opaso and
OpaA, Table 4.4). Most of the NCCM interactions with Opa proteins demonstrated low error

across triplicates; however, NCCM3 interactions were quite variable for all Opa proteins.
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Affinity constants for Opaeo and OpaD with NCCM1 and NCCM3 were determined
using fluorescence polarization (see Chapter 3). Kp values determined via FP for both Opaso
and OpabD are approximately 2 nM for NCCM1, and 5 nM for NCCM3. Comparing these Kp
values obtained from FP to those calculated using BLI (~20 nM for both Opaso and OpaD with
NCCM1 and NCCM3), the affinities are quite similar. Both techniques yielded data which
supports the claim that Opa- CEACAM interactions are high affinity.

An additional benefit to using BLI over FP is that BLI provides kinetic information
about interactions in addition to binding affinities. Association constants (kon) and dissociation
constants (Kof) for all Opa proteins binding to all NCCMs are reported in tables 4.3 and 4.4.
Kb is the ratio of kof/kon, SO high affinity interactions, such as those calculated for Opa —
NCCM binding, typically have fast on rates and slow off rates. This is the case for all Opa —
NCCM interactions investigated. Association constants range from 5.2 x 10° Ms? for the
OpaD — NCCM5 interaction, to 1.2 x 10° M1 for the Opal - NCCM4 interaction (Table 4.3).
This corresponds to Opa — NCCM association rates between 0.83 us — 1.9 ps.

Dissociation rates for all Opa — NCCM interactions are similar to one another, and on
the order of minutes. The fastest dissociation rate observed was for the interaction of Opaso
and NCCM1, with a Kofr value of 2 x 102 s (Table 4.4). The slowest dissociation rate was
observed between Opaso and NCCM8 as well as between Opaso and NCCM8, with a kofr equal
to 1.5 x 102 s (Table 4.3). These Kofr values correspond to dissociation rates ranging between
50s-71s.

While little is known about dissociation rates for membrane protein interactions, likely
due to the difficulty in developing a functional in vitro system, many other protein — protein

dissociation rates have been investigated. Direct interaction of recombinant Ggi,2 with the C-
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terminal domain of Kir3.4 (a G protein-gated inward rectifier K* channel subunit) was found
to have a dissociation rate of ~ 0.003 s (333 s).3! Svensson et al investigated the binding of
PLW (Y47W mutant of the B1 domain of Protein L) to the Igk light chain, and found a fast
dissociation phase and a slow dissociation phase.® The fast phase dissociation rate was 8.7 x
102 st (~ 11.5 s), which is approximately 5 times faster than the Opa — NCCM dissociation
rate. The slow phase dissociation rate was 6.3 x 103 s (~ 159 s), which is about twice as slow
as the Opa — NCCM dissociation rate.32

Zhang et al determined the dissociation rates of the dimerization BLG-A to be 0.52 s
and 0.37 s (2-3 s) for the N- and C-terminal interfaces respectively, which is much faster than
what we observe for Opa — NCCM interactions.®® The dissociation rate for a heterotypic
interaction between the spore coat proteins CotY and CotZ from Bacillus subtilis was
calculated to be 1.3 s (~ 0.8 s).3* Examination of a cytokine receptor complex involving the
extracellular domains of type 1 interferon receptors with the IFNo2 ligand yielded a
dissociation rate of 0.02 s (50 s).%°

CD2, a Ig cell-adhesion molecule, was found to have a very low affinity (60-90 uM)
for CD48, with a dissociation rate of 6 s (~0.17s).% This study utilized receptor proteins from
rats, while investigations with recombinant human CD2 and CD58 receptors reported a higher
affinity (0.4 uM).3" A separate investigation using recombinant human CD2 and human CD58
found the interaction to have an affinity ~9-22 uM and a Koft > 4 s (0.25 s).%8 These affinities
for CD2 are much lower than those calculated for Opa — NCCM interactions, and the
differences can be explained by the fast Kot rates for CD2 compared to the much slower

dissociation of Opa — NCCM.
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Comparing the calculated rates for the Opa — NCCM dissociation to these previously
published rates, the Opa — NCCM dissociation rate is much slower than some rates but
approximately equal to or faster than other dissociation rates. This suggests that the
dissociation values obtained from BLI for Opa — NCCM interactions are reasonable, as they

are comparable to what is known about other high affinity interactions.
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Figure 4.2. Representative raw BLI binding data. GST biosensors were dipped into buffer
(panel 1), and then incubated with NCCM1 (panel 2). The biosensors were dipped into buffer
again to remove weakly associated NCCM1 (panel 3). Panel 4 shows the association of Opaso
proteoliposomes (red) or empty liposomes (blue) with the immobilized GST-NCCML1 on the

surface of the biosensor. Dissociation is recorded in panel 5.
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Table 4.3. Kinetic and thermodynamic parameters for Opacea interactions with a variety of NCCM receptors. Error is the

standard deviation of samples in triplicate.

Opacga

NCCM1
NCCM3
NCCM4
NCCM5

NCCMS8

k., x 10°
(M*s)

9.4%3.2
7.0£3.2
10+1.9
6.8%£3.0

7.0£2.0

Opag,

ks x 1072
(s)

1.7£0.2
16x04
1.6+0.3
1.6+0.2

15101

(nM)
20t4
28112
16+5
29+ 12

2416

k., x 10°
(Ms)

6.11£0.3

64131
9.3%3

52110

53%0.7

OpaD

ks x 1072
(s)

1.8+0.2
1.6+0.5
1.6+0.2
1.6+0.1

16+0.1

(nM)
305
35119
19+6
317

305

k., x 10°
(M5%)

8911.2
94151
12+5
7.0%x0.3

7.5%10.8

Opal

kofex 1072
(s)

1.9+0.1
1.7+£0.3
1.6+0.3
1.6+0.2

1.6+0.1

(nM)
22t5
31+22
16+ 6
23%3

2212
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Table 4.4 Kinetic and thermodynamic parameters for non-Opacea proteins interacting

with a variety of NCCM receptors. Error is the standard deviation of samples in

triplicate.

Non-
Opacga

NCCM1
NCCM3
NCCM4
NCCM5

NCCM8

k., x 10°
(M?s)

6.8%1.1
6.6+23
9.4+15
6.4+1.9

7.4%26

Opas,

ko x 1072
(s)

2.0+0.2
1.8+0.3
1.6+0.1

1.6+0.1

1.5+0.1

(nM)
302
2916
1815
28 8

2317

k,, x 10°
(M)

89*05
9.1t54
11%5
6.0x0.9

6.7%t1.0

OpaA

ko x 1072
(s

1.7+x0.1
1.6+0.2
1.4+0.2

1.7+0.3

1.6+0.1

(nV)
19+1
39+37
1748
29t5

254
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4.3.2 Varying the amount or molecular weight of PEGylated lipids has little to no effect on
Opa — CEACAM interactions

As discussed in chapter 2, the addition of PEGylated lipid to liposomes can change the
behavior of the liposome. How much PEGylated lipid is incorporated as well as the molecular
weight of the PEG polymer can play a role in modulating the function of the liposomes.*® Du
et al and Price et al both noted that the amount and molecular weight of the PEGylated lipids
had an effect on protein adsorption, as well as cell adhesion.*%4

To determine if the amount of PEGylated lipid or molecular weight of the PEG polymer
affects the Opa— CEACAM interaction, BLI experiments were conducted using GST-NCCM1
with Anti-GST biosensors to interact with Opaso proteins folded in different lipid
environments. Varying amounts of PEG1000 (5 mol%, 10 mol%, or 15 mol%) or PEG2000 (5
mol%, 10 mol%, or 15 mol%) were incorporated into liposomes composed of DMPC, DMPG,
and cholesterol (described in chapter 2) to determine how they affected the Opaso — NCCM1
interaction.

Binding affinities of Opaso in liposomes with PEG1000 incorporated were similar
regardless of how much PEG1000 was present. 5 mol% yielded a Kp of 19.7 nM, compared to
37.5 nM for 10 mol% and 32 nM for 15 mol% (Table 4.5). Incorporation of PEG2000 yielded
the same trend, with dissociation constants of 8.2 nM for 5 mol%, 6.7 nM for 10 mol%, and
6.8 nM for 15 mol%, which are all similar (Table 4.5). Opaso — NCCML1 affinities with
PEG2000 are approximately one half to one fourth of those with PEG1000, but with such tight
affinities these differences may not be important.

Association rates of Opaso and NCCM1 were similar as well, regardless of the

molecular weight or amount of PEG present on the liposomes. PEG1000 liposomes
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demonstrated Kon values of 9.4 x 10° Ms™ for 5 mol%, 5.6 x 10° M*s™ for 10 mol%, and 6.5
x 10° Ms for 15 mol% (Table 4.5, top). These kon Values represent association rates ranging
from 1.1 ps — 1.8 ps. For PEG2000, Kon values of 1.4 x 10° s%, 1.8 x 10° s%, and 2.0 x 10° st
were determined for 5 mol%, 10 mol%, and 15 mol%, respectively, which yields association
rates between 0.5 pus — 0.7 us (Table 4.5, bottom).

Dissociation of Opaeo and NCCM1 also occurred at the same rate, regardless of the
amount or molecular weight of the PEG in the liposomes. PEG1000 dissociation constants are
2.28 x 102 s, 2,11 x 102 s, and 2.07 x 10 s for 5 mol%, 10 mol%, and 15 mol%
respectively (Table 4.5, top). These Ko values correspond to 44 — 48 s for dissociation. The
dissociation rate values for PEG2000 are 1.1 x 10 s* for 5 mol%, 1.2 x 10 s for 10 mol%,
and 1.4 x 102 s for 15 mol%, yielding a range of 71 — 91 s for the dissociation rates. Again,
while there are slight differences between the kon and koss values between PEG1000 and
PEG2000, as well as between the different mol% incorporated into the liposomes, the

differences are not substantial.
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Table 4.5. Kinetic and thermodynamic parameters for the Opaso — NCCM1 interaction with varied amounts of PEG1000

(top) or PEG2000 (bottom) in the liposomes. Error is the standard deviation of samples in triplicate.

PEG1000
k., X 10°
(M)
NCCM1 9.4
PEG2000
k., X 10°
(M-s)
NCCM1 14 £0.7

5 Mol%

kX 1072
(s)

1.1 £0.004

(nM)

19.7

(nM)

8.2x04

k., x 10°
(M*s?)

5.64

k., x 10°
(M-s)

18+1.6

10 Mol%

K

0

X% 1072
(s)

2.11

10 Mol%

KX 1072
(s7)

1.2+0.04

(nM)

37.5

ko, X 10°
(M-s)

6.46

k., x 10°
(M*s?)

203

15 Mol%

KX 1072
(s)

15 Mol%

K¢ X 1072
(s)

1.4£0.16

(nM)

32.0

(nM)

6.8+1.2
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4.3.3 The lipid:Opa ratio has little effect on Opa association with NCCML1.

Opaso Was reconstituted into varying concentrations of lipid (liposome composition is
the same as described in chapter 2) to determine if the lipid:Opa protein ratio affects the Opa
— CEACAM interaction. BLI experiments were carried out using Anti-GST biosensors with
GST-NCCM1 immobilized for interaction with the Opa proteoliposomes. Previous binding
experiments described above were conducted with a lipid:Opa ratio of 234:1, so several ratios
above (350:1 467:1) and below (111:1 and 70:1) were chosen for investigations.

All lipid:Opa ratios demonstrated similar Opa — NCCM1 affinities (Table 4.6, data for
111:1 not shown). The lowest lipid:Opa ratio of 70:1 demonstrated the weakest affinity
between Opaso and NCCM1, with a Kp of 44 nM (Table 4.6). Ratios of 111:1, 350:1, and 467:1
demonstrated Kp values of 19 nM, 22 nM, and 27 nM, respectively, all of which are
approximately twice as tight as at the Opaso — NCCM1 interaction with a lipid:Opa ratio of
70:1 (Table 4.6).

Association rates of Opaso and NCCM1 with lipid:Opa ratios of 70:1, 111:1, 350:1, and
467:1 are 2.8 x 10° Ms?, 8.1 x 10° M1s?t, 5.1 x 10° M1s?, and 4.1 x 10° Ms™?, respectively.
Association with a lipid:Opa ratio of 70:1 was the slowest, with a rate of 3.6 us. All other
association rates ranges between 1.3 — 2.4 ps. While the kon values for association of Opaso
with NCCM1 were variable with different lipid:Opa ratios, the dissociation rates were very
similar. A ratio of 70:1 yielded a dissociation rate of 1.2 x 102 s. Changing the ratio to 111:1
resulted in a koff value of 1.4 x 1072 s1. Ratios of 351:1 and 467:1 yielded the same Ko value,
1.1 x 102 L. These kot values equal dissociation rates between 71 — 91 s.

Changing the lipid:Opa ratio modulates the size of the liposome, which must also be

taken into account. Increasing the lipid:Opa ratio increases the size of the liposomes (Table
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4.7). Opa proteoliposomes with a lipid:Opa ratio of 70:1 exhibited a radius of 44.5 nm, with
30.1% polydispersity (Table 4.7). A lipid:Opa ratio of 350:1 yielded liposomes with an average
radius of 66.4 nm, and a polydispersity of 29.6% (Table 4.7). The highest lipid:Opa ratio
investigated, 467:1, produced liposomes with an average radius of 85.7 nm with 28.9%
polydispersity (Table 4.7). While these sizes are variable, they all still are representative of

SUVs (which can be up to 100 nm in radius).*?
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Table 4.6. Kinetic and thermodynamic parameters for the Opaso — NCCM1 interaction with varied lipid:Opa. Error is the

standard deviation of samples in triplicate.

Lipid:Opa 70:1
K., X 10° KX 1072 Ko
(M*s) (s%) (nM)

NCCM1 28+0.1 1.2%0.03 44 12

350:1 467:1
k., x 10° k¢ X 1072 Ko k., x 10° K¢ x 1072 Ko
(M*s) (s) (nM) (Ms?) (s7) (nM)

51+£0.1 11+001 2205 413%0.01 11+001 27%0.2
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Table 4.7 Liposome size and polydispersity with various lipid:Opa ratios.

Lipid:Opa 70:1 350:1 467:1

Radius (nm) 44.5 66.4 85.7

Polydispersity 30.1% 29.6 % 28.9%
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4.3.4 Understanding Opa — CEACAM selectivity

Affinities calculated for the Opaso and OpaD proteoliposome interactions with NCCM1
or NCCM3 using BLI were very similar to those observed in FP experiments (presented in
chapter 3). This further supports that Opa — CEACAM interactions are of extremely tight
affinities. However, affinities of the non-Opacea proteins for all NCCMs are comparable.
Additionally, affinities of all Opacea proteins for all NCCMs are similar, which suggests that
for our in vitro system, the Opa — CEACAM interaction is non-specific.

Several possible scenarios may be able to explain this lack of specificity in our in vitro
Opa proteoliposome system. Interactions between CEACAM and pathogenic Neisseria allow
the bacteria to adhere to and colonize human cells, but can also trigger engulfment of the
bacteria.®** CEACAMs 1, 3, 5, and 6 have been previously shown to trigger engulfment of
bacterial pathogens, while CEACAMs 4 and 8 do not.%%4%8 Conversely, our calculated
affinities suggest that Opa proteins bind to CEACAMSs non-preferentially. However, our in
vitro system contains only purified recombinant Opa proteins, without any other surface
structures present on Gc in 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 our
proteoliposome system.

Neisseria possess LOS on their outer membrane (described in chapter 2). 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.**®! PEGylated lipids were incorporated into the Opa proteoliposome to mimic the

spatial restrictions due to LOS, but the PEG polymer will not directly interact with the Opa



119

extracellular loops. Additionally, the amount of PEGylated lipid in the Opa proteoliposomes
and the size of the PEG polymers did not have an effect on Opaso — NCCML1 interactions.

We can theorize that these electrostatic interactions between LOS and Opa loops may
play a large role in conformation sampling of the Opa loops, and loss of these electrostatic
interactions abolishes receptor specificity. Pull down experiments (see Chapter 3)
demonstrated that when expressed in Gc, Opaso was minimally interacting with recombinant
NCCM1 and NCCM3, while recombinant Opaso proteoliposomes interacted with both NCCMs
to a higher extent.

An alternative explanation for this observed lack of specificity of Opa — CEACAM
interactions in vitro may be that Opa proteins are more promiscuous in interacting with
receptors. Perhaps Opa proteins are able to interact with many CEACAM receptors, but these
interactions are unable to trigger engulfment of the bacteria. This scenario would also provide
a better understanding of how Opa sequences can be so diverse and yet still engage such a
small subset of receptors. Invasion assays with Opa proteoliposomes are currently being
investigated by Jason Kuhn of the Columbus laboratory, in collaboration with the Criss
laboratory, to determine if our calculated in vitro affinities of the Opa — CEACAM interaction
correlate to invasion efficacy. In these experiments, CEACAML1 receptor mediated engulfment
of Opaso proteoliposomes is observed (Figure 4.3).

As CEACAM1 mediated engulfment is seen by Jason Kuhn using the Opaso
proteoliposomes, this may suggest that the isolated NCCM domain is not sufficient for
bacterial internalization. In fact, Voges et al observed a dependence of Gc engulfment on the
presence of the extracellular IgC2 domain of CEACAM1.® Binding specificities of Opa

proteins from Gc strain MS11, presented in Table 4.2, were experimentally determined using
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invasion assays with Opa expressing Gc. Adhesion experiments should be utilized along with
invasion assays to determine if these Opa proteins are able to bind to and adhere to cells without
being engulfed. Taken together, we can hypothesize that Opa proteins are able to interact with
the N-terminal domain of CEACAMSs non-specifically, but engulfment of the bacteria is more
selective, and requires host factors beyond the NCCM domain alone. This may explain why
such variable Opa protein HV1 and HV2 sequences are able to engage such a small selection

of receptors.
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Figure 4.3. CEACAML1+ HelLa cells show higher internalization of Opaso proteoliposomes
than CEACAM- cells. Image courtesy of Jason Kuhn. Opago proteoliposomes were incubated
with CEACAML1 expressing (CEACAM+) HelLa cells and HelLa cells not transfected to
express CEACAML1 (CEACAM-). Cells were imaged using fluorescence microscopy (A), and
the mean internalized fluorescence was calculated (B). Opaso proteoliposomes are labeled with
Dil, DAPI stains the nucleus of the cell, and WGA-647 stains the cell membrane (A). Error

bars in (B) represent a 99% confidence interval.
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4.3.5 Opa— CEACAM interactions appear to be monovalent

Affinities of Opaso — NCCML1 interactions with Opaeo folded in various lipid:Opa ratios
can be used as a reporter to investigate whether the Opa— CEACAM interaction is multivalent.
Multivalent interactions occur when more than one molecular recognition event occurs
simultaneously (ex. two ligands bind a protein).>? If the Opa — CEACAM interaction is
multivalent, binding affinities would be different for various lipid:Opa ratios, while if the Opa
— CEACAM interaction is monovalent, the lipid:Opa ratio would have no effect on Kp.

With multivalent interactions, each binding event increases the likelihood that other
binding events will occur.>® Multivalent interactions are beneficial in drug design, as they are
able to convert inhibitors with low affinity (on the mM or puM order) to high avidity
(accumulated strength of multiple individual affinities), which can improve the potency of a
drug.>* Antibodies are prime examples of proteins with multivalent interactions, as antibodies
have multiple equivalent binding sites.>® On cell surfaces, monovalent receptors and ligands
can sometimes function as a multivalent system.>®

Recall from chapter 2 that Kp is equal to the concentration of reactants over the
concentration of products (Eg. 2.2). This equation assumes that one receptor is binding to one
ligand. When you have more than one ligand binding to a receptor, the multivalent affinity
constant (Ky) is calculated using the following equation:

_ [RLN]
Ky = [R][L]N

Eq. 4.1

Where R is receptor, L is ligand, and N is equal to the number of ligand binding sites on the
receptor.®’
The Kp values calculated for the Opaso — NCCML interaction with all of the various

lipid:Opa protein ratios are similar. This suggests that the Opa — CEACAM interaction is not
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multivalent. Interestingly, the lipid:Opa ratio yielded a Kp value approximately double the
values for the rest of the ratios investigated. However, the highest polydispersity was seen in
the proteoliposomes with a ratio of 70:1, and could be indicative that this ratio is too low to

form stable SUVs.

4.4 Concluding remarks

Binding affinities for a selection of Opa proteins (Opaso, OpaD, Opal, Opaso, and Opa
A) with various NCCM receptors (NCCM1, NCCM3, NCCM4, NCCM5, and NCCM8) were
assessed using BLI. All investigated interactions were of a similarly tight affinity, suggesting
the Opa — NCCM interaction in vitro is non-specific. Various amounts and molecular weights
of PEGylated lipids were investigated for their effect on the Opaso — NCCM1 interaction.
Neither the molecular weight nor the amount of PEGylated lipid incorporated into the liposome
had an effect on the Opaso — NCCML1 interaction. Additionally, the lipid:Opa ratio was varied
to determine the impact on the Opaso — NCCM1 interaction. Binding affinities for all
investigated lipid:Opa ratios were similar, which suggests that the Opa— CEACAM interaction

is monovalent.
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5. Prospects for future research into the molecular determinants of Opa — CEACAM
interactions
5.1 Overview

This dissertation presented the affinities of many Opa protein — CEACAM receptor
interactions in vitro. A tight affinity was found for all Opa — CEACAM interactions
investigated. While knowledge of the affinities of Opa — CEACAM interactions help us to
better understand how Neisseria adhere to and gain entry into host cells, many questions about
this interaction still remain. Does receptor affinity correlate with Neisseria invasion efficacy?
How do diverse sequences of Opa proteins engage the same receptor? What Opa residues are
involved in receptor interactions? We seek to answer these questions to gain insight into the
mechanism of molecular recognition and the specific molecular determinants of Opa —
CEACAM interactions. Additionally, we seek to determine a high-resolution structure model
of the Opa-CEACAM complex. Progress of ongoing research towards this goal is presented,

as well as future prospects.

5.2 Mapping the regions of Opa HV1 and HV?2 that interact with CEACAM

Previous investigations determined which residues of CEACAML are involved in
interactions with various Opa proteins.!® The surface area of the amino acid residues involved
in interactions with Opa is ~ 400 A2 Therefore, we propose only a small number of Opa
residues, approximately five total, on both HV1 and HV2 regions are directly involved in
interactions with CEACAM. We hypothesize that several conserved hydrophobic residues in
HV1 and HV2, as well as proline residues in HV2, are essential in engaging CEACAM

receptors, either by stabilizing HV1 — HV2 interactions to form a binding pocket for the
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CEACAM, and/or directly interacting with CEACAMSs. To identify this small number of
amino acids from among the ~ 65 that compose both the HV1 and HV2 region, we will utilize
several techniques including competition experiments via fluorescence polarization, and

protein footprinting via limited proteolysis protection.

5.2.1 Competition assays using FP to determine which regions on Opa HV loops are involved
in receptor interactions

We postulate that only a few amino acids on extracellular loops two and three of Opa
proteins are involved in receptor recognition and binding. Loops two and three of the Opa
family of proteins contain regions of hypervariable sequences, and are referred to as HV1 and
HV2, respectively. To investigate which specific residues are important in the Opa-CEACAM
interaction, binding competition studies are being conducted using synthetic peptides with
sequences that mimic the variable regions in the HV1 and HV2 loops of the Opaso protein
(Figure 5.1). Thus far, one HV1 peptide (termed HV1 1) and two HV2 peptides (termed
HV2_1 and HV2_2) were tested for competition of the CEACAM binding domain.

Fluorescence polarization experiments were carried out as described previously, using
a constant fl-NCCM1 concentration of 5 nM and a constant Opaso concentration of 50 nM.
Peptide concentration was varied for optimization. The fraction of NCCM1 bound to Opa
proteoliposomes was decreased by the addition of the HV peptides: peptides HV1 1 and
HV2_2 both decreased the fraction of CEACAM bound by ~10%, while the HV2_1 peptide
alone decreased binding by ~20% (Figure 5.2). A combination of HV1_1 peptide with HV2_2
peptide demonstrated a decrease in binding of ~35%, while HV1_1 combined with HV2_1 did

not demonstrate a further decrease in binding (Figure 5.2).
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The largest impact on CEACAM — Opa binding was seen with the addition of both the
HV1_1 and HV2_2 peptide in the reaction mixture, indicating that both HV1 and HV2 loop
regions are involved in interacting with CEACAMs. Both the HV1_1 peptide and the HV2_2
peptide alone decreased the Opa — CEACAM binding by ~ 10%, so if the affect was additive
we would expect to see a decrease of ~ 20% with the addition of both peptides. However, using
HV1_1and HV2_2 combined, the decrease in binding more than doubled, which may indicate
that interactions between HV1 1 and HV2_2 have a larger impact on Opa — CEACAM
binding. Bos et al had previously shown that a unique combination of both HV1 and HV2 loop
sequences are necessary for CEACAM interactions, which our data further supports.’
Importantly, this data does not imply that these Opa HV1 and HV2 residues are directly
interacting with NCCM1. Rather, we can only assert that residues in these regions have an
effect on the Opa — CEACAM interaction, which may be due to indirect modulations of Opa
loop conformations.

After more Opaso HV loop peptides are synthesized and investigated for competitive
binding, we aim to collect FP binding data using HV peptides containing single amino acid
mutations to determine which specific residues are important for receptor interaction.
However, there are some limitations to using this technique. Solubility of the Opaso HV
peptides is a major concern, as these regions contain a high amount of hydrophobic amino acid
residues, which we believe are involved in interacting with CEACAM. Additionally, as the fl-
NCCML1 is already quite large for the limit of FP, it is difficult to distinguish if the NCCM1 is
bound to the Opa proteoliposomes or if the NCCML1 is interacting with both HV1 and HV2

peptides in our competition experiments. As such, we are employing additional methods to
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elucidate the specific amino acid residues on the Opa HV regions directly involved in

CEACAM binding.
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Opag, peptide sequences for competitive binding studies

P::Elt:::e Opa,, HV1 sequences
NNKYSVNIENVRIRKENGIRIDRK
HV1 1 ENVRIRKENG
P;f;l:rt::e Opag, HV2 sequences
SIDSTKKTIEVTTVPSNAPNGAVTTYNTDPKTQNDYQSNST
EVTTVPSNA
NGAVTTYNTD

HV2_1

Figure 5.1. Sequences of the Opaso HV regions used for competition experiments. Three
peptides were chosen based on the Opaso HV 1 and 2 regions, termed HV1, HV2_1, and
HV2_2 (top). The Opaso structure is shown (grey) with the amino acids corresponding to the

peptides highlighted in blue (bottom).
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Figure 5.2. Peptide competition experiments indicate decreased Opa — CEACAM
interactions with peptide present. Opa— NCCM binding was assessed in the presence (+) or
absence (-) of HV peptides. Data is graphed as the fraction of Opa bound to the fl-NCCM1,
normalized to the Opaso — NCCML1 fully bound state (absence of all HV peptides). FP
conditions contained 5 nM fI-NCCM1, 50 nM Opaeo (based off of FP data shown in Chapter

3), with a total peptide concentration of 125 uM.
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5.2.2 Protein footprinting to assess which amino acid residues on the loops of Opa proteins
are involved in binding to receptors

In order to assess which residues on the Opa HV regions are involved in receptor
interactions, we are utilizing limited proteolysis to compare cleavage of Opaso liposomes with
and without NCCML1. By incubating Opaso proteoliposomes with NCCM1 before the addition
of a protease, amino acid residues in the Opa HV1 and HV?2 regions that would normally be
cleaved by the protease can be protected by the bound NCCML1. Therefore, we would see
limited or no cleavage around those residues on Opa near the CEACAM-binding interface. We
are using SDS-PAGE as an initial screen for protease protection, and then will utilize mass
spectrometry to analyze the peptide fragments created from the cleavage.

Opaso proteoliposomes were treated with trypsin in the presence and absence of
NCCML1 (Figure 5.3), and assessed for the appearance of the Opa barrel cleavage product (The
Opa B-barrel is resistance to SDS denaturation, even when the loops are removed via trypsin,®
see Chapter 2). At each time point there is less cleaved product in the presence of NCCM1
than in the sample without NCCM1, indicating that regions of the Opa extracellular loops are
being protected from trypsin cleavage. Predicted cleavage patterns of Opa loops two and three
show that we can get relatively complete coverage of both HV1 and HV2 regions with only a
few different proteases (Figure 5.4).

After proteolysis, the generated Opaeo fragments will be analyzed using mass
spectrometry (MS) to detect differences in the cleavage pattern caused by the addition of
NCCML. Figure 5.5 provides a sample of the type of data that would be expected, based on
our hypothesis about the hydrophobic residues in the HV regions of Opaso. For example, if

Y82, V84, V89, 191, 1148, and V157 are involved in CEACAM interactions, then there would
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be a decrease in the cleavage around those specific residues (Figure 5.5). Although not
necessary, NCCML1 is largely resistant to proteolytic cleavage, which will aid in the analysis
of the proteolytic fragments.

The resolution of this experiment may be limited, but Lacy et al were able to detect
differences in cleavage locations one residue apart using the same techniques.® However, if we
are only able to resolve smaller regions of HV1 and HV2 instead of specific residues involved
in interactions with CEACAMs, additional protection assays (such as chemical modification,

described by Giovanni et al)!°, will be undertaken as well using a similar approach.
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MWM T=0 0.25 0.5 1

Figure 5.3. Preliminary protease protection results using trypsin. (A) SDS-PAGE of
trypsin treated Opaso proteoliposomes with (bottom) and without (top) the addition of NCCM1
to protect loops from being digested. In the sample without NCCML1 (top), the cleaved Opa
product (the intact B-barrel) is present after 0.25 minutes, while the sample with NCCM1 does
not show cleavage until approximately 1 minute, indicating loop protection. T is time after
trypsin addition in minutes, F and C indicated folded and cleaved species. (B) Opaso loop

sequences are shown, and trypsin cleavage sites are indicated with red arrows.
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®
Chymotrypsin Elastase

Figure 5.4. Cleavage patterns of Opaso loops. A variety of proteases will be utilized to cleave
Opaso with and without the addition of NCCML1 to get complete coverage of both HV regions.

Predicted cleavage sites are indicated with red arrows.
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Figure 5.5. Theoretical mass spectrometry data for trypsin cleavage of Opa with and
without NCCM. Cleavage near the Opa— CEACAM binding site will not be observed because
CEACAM is interacting with amino acid residues in that region, occluding protease access.

Numbers correspond to amino acid residues on Opaso Where trypsin would normally cleave.
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5.3 Determining the structure of the Opa — CEACAM complex
5.3.1 Progress towards structure determination

We seek to determine a high-resolution structure model of the Opa-CEACAM complex
in detergent to gain a clearer understanding of the interactions between these two proteins.
Towards this end, sparse crystal screen trays have been set, which contain both Opaeo folded
into detergent and NCCML, to investigate various crystallization buffer conditions. Trays are
set to be kept at different temperatures, with different protein concentrations, with Opa folded
into a variety of detergents that have been previously successful with membrane protein
crystallizations (N,N-dimethyldodecylamine-N-oxide (LDAO), n-octyl-f-d-glucopyranoside
(OG), octyltetraoxyethylene (CgEs), n-decyl-p-d-maltopyranoside (DM) and n-dodecyl-B-d-
maltopyranoside (DDM)).!112 Several of the conditions have given promising crystalline hits
(examples in Figure 5.6). Finer screen trays have been set for several of the conditions that
provided the best crystalline leads.

All developed crystals (approximately ten) were taken to the APS 24-ID-C beamline
by Kimberly Stanek of the Mura Laboratory. The majority of crystals contained only salt, or
dissolved before data could be collected. However, a full data set was collected to 3.25 A
resolution on the crystal shown in the middle panel of Figure 5.6, with the crystal buffer
conditions of 0.2 M Ca(C2H302)2, 20 % w/v PEG3350, with Opa folded in OG, at 4 °C. The
collected data set was processed by Peter Randolph, also of the Mura Laboratory, in the P6422
space group. Unfortunately, only NCCM1 was present in the electron density (Figure 5.7, A).
In this crystal, NCCML1 packed as a tetramer. Amino acids involved in binding to Opa (ex.
Y68 and 1125)*3 are occluded in this structure (Figure 5.7, B-D), ruling out the possibility of

soaking the crystal with Opa HV peptides. The previously determined NCCML1 structure was
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processed in the P63 space group as a dimer, with 2.2 A resolution, however, the amino acids

on the Opa-binding face are buried in this structure as well.5

5.3.2 Prospects for future research

Co-crystallization of a membrane protein — receptor complex is extremely challenging,
with potential difficulties ranging from solubilization to solving phases. Detergent screening
and complex formation are the two most important factors at this stage. Alternative approaches
to crystallizing the whole complex would be to co-crystallize NCCM1 with peptides identified
from the FP peptide competition experiments or by protein foot printing, with co-
crystallization screens performed at different ratios of NCCML1 to peptide.

Crystallizing the NCCM1 domain in a conformation with the Opa-binding face exposed
is an additional approach that we are undertaking. We have set several GST-NCCM1 trays to
increase the likelihood of obtaining crystals with the Opa-binding residues surface exposed.
Once crystals are obtained, peptide soaks will be performed, using Opa HV peptides based off
of results from the FP competition and protein footprinting experiments. Alternate lipid
environments for the folded Opa proteins, bicelles and nanodiscs in particular, will also be

investigated for use as an alternative to the detergent micelles.
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Figure 5.6. A selection of preliminary crystallization leads. Data are representative of

several crystalline hits. Crystallization conditions are varied, including the crystallization

buffer, temperature, and Opa — CEACAM concentration.
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Figure 5.7. Crystal packing of NCCM1. The NCCM1 asymmetric unit is a tetramer (A-C),
with the Opa binding faces of each monomer occluded in the center of the tetramer (B-D).
NCCML1 is colored by subunit; Y68 and 1125 are rendered as sticks (B-D). Image courtesy of

Peter Randolph.
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5.4 Long term applications of this research

Liposomes have been clinically established as therapeutic delivery systems. To date,
liposomes have been utilized for the delivery of antifungals, antimicrobials, genes, and
vaccines.'**® Liposomes are particularly well suited for use as delivery vehicles, as cargo can
be encapsulated in the aqueous core, or embedded into the hydrophobic region of the bilayer.
However, major problems with liposomal delivery systems on the market include targeting
specific cells, and delivering cargo intracellularly.6:

As certain bacterial membrane proteins function to cause bacterial engulfment by the
host cell, these proteins may be exploited to create novel therapeutic delivery systems that can
overcome many of the challenges listed above. Specifically, we are interested in designing
functionalized liposomes based on the Opa binding mechanism, as the interaction of Opa with
receptors is specific and triggers engulfment of the cell. Using recombinant Opa
proteoliposomes as a therapeutic delivery system is not practical, as the stability is low and the
cost would be high. However, when amino acid residues on the HV regions of Opa involved
in interactions with CEACAM s are elucidated, we can design peptide decorated liposomes to

mimic the effect.

5.5 Concluding remarks

Bacterial resistance is a global threat to public health. In many cases, specific
interactions between membrane proteins on the bacteria and human host cells lead to bacterial
colonization and engulfment. Knowledge of these interactions will advance our understanding
of bacterial pathogenesis, as well as provide the opportunity to use the bacterial mechanisms

to our own advantage, such as in developing vaccines and new methods of treatment.
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While a number of Opa variants have been classified in terms of receptor specificity
in vivo, a receptor recognition motif has yet to be identified. Multiple sequence alignments of
the Opa HV regions do not provide any insight into receptor recognition. Elucidating the
molecular determinants of the Opa protein — CEACAM receptor interactions will provide the
foundation for the design of a targeted liposome therapeutic delivery system for human cells.

Binding affinities have been determined for a variety of Opa proteins and CEACAM
receptors. Phagocytosis of the Opa proteoliposomes is being investigated to determine if there
is a correlation between receptor specificity and bacterial engulfment. Additionally, we seek
to determine a structure of the Opa protein — CEACAM receptor complex, which will provide

insight into Neisserial pathogenicity.
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Appendix: Materials and methods
Expression and purification of the N-terminal domain of CEACAMSs 1 and 3.

The procedure for CEACAM expression and purification was adapted from Fedarovich et
al 1. E. coli MC1061 cells transformed with a modified pGEX-2T plasmid (pGEX-2V)
containing the N-terminal D1 domain of human ceacaml gene (amino acids 35-141 (MW =11.8
kDa) of the mature protein and referred to as NCCML1, 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 NCCML1, a linker region between the
GST and NCCM3 was designed to incorporate a tobacco etch virus protease (TEV) cleavage site
(ENLYFQ | G) 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 ODggo = 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),
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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
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. 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-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.
Fractions containing pure NCCM (as assessed by SDS-PAGE) were combined and concentrated
to ~42 UM (determined by Azso; € = 14,440 Mcm™ for NCCM1 and & = 15,930 Mtcm? for
NCCMB3) and stored at -80°C. Wild-type NCCMs formed SDS resistant artificial dimers before
experiments could be carried out, so in all cases a Cysteine mutant was used (H139C), which
helped to slow the dimerization process. Protein purity was greater than 95%, as assessed by

SDS-PAGE.

Labeling NCCM with fluorescent probe.
Purified NCCM1 or NCCM3 H139C was dialyzed overnight at 4°C to remove DTT (20
mM Tris, pH 7.3, 150 mM NacCl, 10% glycerol; MWCO = 3,500 kDa), and concentrated to ~50

uM. A 1 mM stock of the fluorescent dye, 4-acetamido-4’-maleimidylstilbene-2,2’-disulfonic
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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.

Cloning and expression of N. gonorrhoeae.

FA1090 Opa and FA1090 OpaDny Gc, which is phase-locked ON for constitutive OpaD
expression (OpaD+) , were generated as previously described.® FA1090 Opa50,, and FA1090
Opa60,, 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 Opaso (711bp) or Opaeo (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 transformants were selected for by opaque colony morphology and confirmed by

PCR, sequencing and immunoblot.

Cloning, expression and purification of recombinant Opa proteins for liposomes.

The opaso, Opaso, and opaD genes were sub-cloned into pET28b vectors (EMD
chemicals, Gibbstown, NJ) encoding a thrombin cleavable N-terminal Hise-tag
(MGSSHHHHHHSSGLVPRGSHM). Expression and purification protocols were followed as
previously described.*® Briefly, the opa containing plasmids were transformed into a

BL21(DE3) E. coli strain. Cell cultures were grown in LB media and expression was induced to



156

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 Co*
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 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 Azso (e = 41,830 M™cm™ for Opaso, € = 43,320
M-1cm™ for OpaD, € = 40,340 M-tcm™ for Opaso) 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 I and II (Kellogg, 1963) for approximately 8 hours,
then grown in rich liquid medium (GCBL) with periodic dilutions to produce uniformly mid-
logarithmic cultures, as previously described.” Using ODsso to calculate, approximately 3 x 108
CFU/mL Gc was suspended in 1-2 mL GCBL. Cultures were spiked with either NCCM1
(3mg/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 uL of supernatant added to 200
puL 5X SDS-PAGE loading buffer. Pellets were washed twice by resuspending in 1 mL PBS +
5mM MgSOsand centrifuging at 10,000 x g for 3 min. Pellets were resuspended in 200 uL 1X
SDS-PAGE loading buffer. Pellet lysates and supernatant samples were analyzed by SDS-PAGE

and immunoblotting.



157

Liposome pull-down assays.

Opa protein folding and reconstitution was adapted from Dewald et al.® Lipid stocks of
1,2-didecanoyl-sn-glycero-3-phosphocholine (diC10PC, 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 uL 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. 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). The final lipid composition contained 63 mol% 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), 16 mol% 1,2-dimyristoyl-sn-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. Opa protein concentration was determined via A2so,
blanking against empty liposomes, and 3.4 pumol of the Opa proteoliposome solutions were
aliquoted. Oparrp liposomes were prepared by adding trypsin to the Opa-liposome solution, 10
ug of trypsin for every 2 pg of Opa. The trypsin-liposome solution was incubated at room
temperature for ~ 4 h. After incubation, the 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 and
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cleavage was assessed by SDS-PAGE (Figure S4). CEACAM was added in excess (10.2 pmol)
and samples were incubated for 30 min at room temperature. Proteoliposomes were harvested by
ultracentrifugation (142,400 x g, 2.5 h, 10°C), and resuspended in 1 mL PBS. Ninety pL of
sample was added to 30 uL 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 pL 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 o-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 IgG (LI-COR Biosciences, Lincoln, NE). Blots were visualized with an

Odyssey imager (LI1-COR Biosciences).

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 NacCl) 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
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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:

Kg+ Rp+ Ly— / (Kg+ Rp+ Lp)2—4RL
fB: ( d T T \/( d T T) TT) eql

2Ly

Where fg is the fraction bound, Kgq 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 al.

Biolayer interferometry binding assays

BLI binding assays were carried out on an Octet Red96 system (fortéBIO, Menlo Park,
CA). The GST fusion construct of CEACAMa 1, 3, 4, 5, and 8 were purified as described above,
and incubated for 180s with Anti-GST biosensors (fortéBIO) that had been previously
equilibrated with Opa resuspension buffer. The biosensors were washed in Opa resuspension
buffer for 60 s. The biosensors were then incubated with 200 nM Opa proteoliposomes for 180 s.
Biosensors were then dipped in Opa resuspension for 600 s. Raw data was background
subtracted using empty liposomes as a reference. Data was processed using Savitzky-Golay
filtering to remove high frequency noise from the data, and analyzed using ForteBio Data

Analysis Software version 8.2 with a 1:1 model
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FP competition experiments using HV peptides

FP competition experiments were carried out as described above. HV peptides were
synthesized by Genscript (Piscataway, NJ). [FI-NCCM] was constant at 5 nM, [Opaso] was held
constant at 50 nM, and 125 puM total peptide concentration was added to the mixture. The

fraction of CEACAM bound was based off of a reference samples at saturating conditions.



161

References

1.

Fedarovich, A., J. Tomberg, R. A. Nicholas, and C. Davies. Structure of the N-terminal
domain of human CEACAML1.: binding target of the opacity proteins during invasion of
Neisseria meningitidis and N. gonorrhoeae. Acta Crystallogr Sect D-Biologic Crystallogr
62, 971-979 (2006).

Klock, H.E. & Lesley, S.A. The Polymerase Incomplete Primer Extension (PIPE) method
applied to high-throughput cloning and site-directed mutagenesis. Methods Mol Biol 498,
91-103 (2009).

Ball, L.M. & Criss, A.K. Constitutively Opa-expressing and Opa-deficient Neisseria
gonorrhoeae strains differentially stimulate and survive exposure to human neutrophils. J
Bacteriol 195, 2982-90 (2013).

Fox, D.A. et al. Structure of the Neisserial outer membrane protein Opaeo: Loop
flexibility essential to receptor recognition and bacterial engulfment. J Am Chem Soc 136,
9938-9946 (2014).

Dewald, A.H., Hodges, J. C., Columbus, L. Physical determinants of beta-barrel
membrane protein folding in lipid vesicles. Biophys J 100, 2131-2140 (2011).

Fox, D.A. & Columbus, L. Solution NMR resonance assignment strategies for B-barrel
membrane proteins. Protein Science : A Publication of the Protein Society 22, 1133-1140
(2013).

Criss, A.K. & Seifert, H.S. Neisseria gonorrhoeae suppresses the oxidative burst of

human polymorphonuclear leukocytes. Cell microbiol 10, 2257-2270 (2008).



162

8. Veiksina, S., Kopanchuk, S. & Rinken, A. Fluorescence anisotropy assay for
pharmacological characterization of ligand binding dynamics to melanocortin 4 receptors.

Anal Biochem 402, 32-39 (2010).



	Title
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Appendix

