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Sialylation of Lipooligosaccharides in Haemophilus:

Studies on the Cytidine 5'-Monophosphate N-Acetylneuraminic Acid

Synthetase and Sialyltransferase

by

Nicole Michelle Samuels

ABSTRACT

Members of the Haemophilus genus synthesize structurally diverse populations

lipooligosaccharide (LOS), a large number of which terminate with N-acetylneuraminic acid,

commonly known as sialic acid. Although the presentation of similar surface structures has

definitively been shown to contribute to the virulence of other mucosal pathogens, studies

examining the genes and gene products involved in the biosynthesis of this glycolipid

continue to investigate the role of LOS sialylation in the pathogenesis Haemophilus

organisms.

Recent investigations revealed that neuA, which encodes a cytidine 5'-

monophosphate N-acetylneuraminic acid (CMP-NeuAc) synthetase, is required for the

incorporation of this acidic sugar into LOS manufactured by Haemophilus ducreyi, the

infectious agent of chancroid. To gain further insights into the mechanism of Sialic acid

activation by a nucleotide monophosphate, the CMP-NeuAc synthetase from H. ducreyi

was evaluated by steady state kinetic analysis. These studies demonstrated that the enzyme

obeys a sequential ordered kinetic mechanism, where CTP is the first substrate bound and

CMP-NeuAc is the second product released. To map the surface topography, CMP-NeuAc



Synthetase was probed by limited proteolysis and amide hydrogen isotopic exchange.

Several regions of the enzyme were dramatically protected from enzymatic cleavage and

amide hydrogen exchange upon the binding of selected ligands and therefore inferred to

reside in the active site or undergo ligand-induced changes in conformation.

The second gene required for LOS sialylation in H. ducreyi, lst, encodes a

sialyltransferase, which has significant homology to the HIO871 (sia.A) gene product in

Haemophilus influenzae. To ascertain the function of siaA in H. influenzae type B, the

most prevalent cause of childhood bacterial meningitis, the gene was deleted in two strains

by insertional mutagenesis and the subsequent glycolipid products were analyzed by mass

spectrometry. Isogenic mutant strains lacking a functional SiaA failed to produce sialylated

LOS glycoforms present in the parental strains, however, retained the capacity to produce

novel species terminating with one or more N-acetylneuraminic acids. H. influenzae was

found to express a second sialyltransferase in addition to SiaA with different substrate

specificity. In addition, the structures of several LOS glycoforms expressed in the parental

strains were elucidated with electrospray tandem mass spectrometry.

→20.4%—
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CHAPTER 1.

Overview of Virulence Factors in Haemophilus and

Sialylation of Lipooligosaccharides

1.1 HAEMOPHILUS

Members of the Haemophilus genus are small, pleomorphic, Gram-negative

coccobacilli with fastidious growth requirements (Kilian 1985). By definition, the species

of Haemophilus (blood-loving) require hemin (factor X), nicotinamide adenine dinucleotide

(factor V) or both for growth in culture, however this requirement is not restricted to this

genus. As members of the Pasteurellaceae family, species of Haemophilus colonize the

mucosal surface of the respiratory and genital tracts, causing local and Systemic disease.

The proceeding discussion will focus on two strict human pathogens found among this

genus, Haemophilus ducreyi and Haemophilus influenzae.

1.1.1 Haemophilus ducreyi

Haemophilus ducreyi was originally described as a compact, streptobacillary rod

with rounded ends by Auguste Ducrey in 1889 (Ducreyi 1889). The pathogen was then

identified as the etiological agent of the venereal disease, chancroid or soft chancre, which is

characterized by cutaneous erosion or ulceration(Morse 1989). Due to the inability to

culture the organism in vitro, serial cutaneous inoculations of the forearms of infected

individuals were performed to isolate the infectious agent (Ducreyi 1889). A major advance

in the ability to directly isolate H. ducreyi from lesions was the development of selective

medium consisting of an enriched chocolate agar containing vancomycin to inhibit the



growth of Gram-positive bacteria (Hammond et al. 1978; Hannah and Greenwood 1982).

Although various medium formulations have been used, it is generally accepted that GC

agar base (GC-HgS) containing hemoglobin, fetal bovine serum, Iso Vitale X and

vancomycin combined with Mueller-Hinton agar (MH-HB) containing chocolatized horse

blood, Iso Vitale X and vancomycin is optimal for the isolation of H. ducreyi from clinical

specimens (Trees and Morse 1995).

Chancroid is one of several genital ulcerative diseases common throughout the

world, including syphilis, genital herpes, lymphogranuloma venereum and donovanosis

(Brown et al. 1999). Although chancroid is an uncommon sexually transmitted disease in

the United States, the disease is particularly common in African, Asian, and Latin American

countries (Ortiz-Zepeda et al. 1994). Chancroid has received renewed attention following

the association between genital ulcer diseases and the transmission of the human

immunodeficiency virus (HIV) (Dickerson et al. 1996; Wasserheit 1992). Most of the data

identifying genital ulcerative disease as a significant risk factor in the transmission of HIV

come from studies performed in Zaire and Kenya, where chancroid is the prevalent cause of

genital ulcer disease (Jessamine and Ronald 1990; Plummer et al. 1985). Although not

fully understood, one mechanism by which chancroid is proposed to enhance the

dissemination and transmission of HIV is by increased shedding of the virus through the

ulcer (Kreiss et al. 1989; Plummer et al. 1990). In the second, the ulcer may serve as a

portal for acquiring the virus, as ulceration disrupts the natural epithelial barriers and

recruits HIV-susceptible cells, CD4 T lymphocytes (Spinola et al. 1996). The correlation

between HIV and genital ulcer disease underscores the importance of the prevention and

effective treatment of chancroid. Although H. ducreyi is vulnerable to various classes of

antibiotics, antimicrobial resistance to tetracycline, ampicillin, and amoxicillin have been

reported worldwide (Schmid 1997; Trees and Morse 1995).



1.1.2 Haemophilus influenzae

Haemophilus influenzae is a non-motile facultative anaerobe, characterized by an

absolute requirement for supplemental NAD" and a source of heme for growth under

aerobic conditions. Despite the fact that strains of H. influenzae are metabolically and

morphologically similar, the clinical symptoms evoked by this pathogen are very distinct

and dependent on the presence or absence of capsular polysaccharides. H. influenzae is

Subdivided into encapsulated (typable) and unencapsulated (nontypable) groups. Typable

isolates bear capsules of one of six structurally and antigenically distinct compositions,

denoted as types a-f(Kroll and Booy 1996).

Although both typable and nontypable H. influenzae cause infection, the presence of

capsular polysaccharides in general renders the pathogen more invasive and apt to cause

systemic disease, in particular H. influenzae type b (Hib) (Lee 1987; Parke 1987).

Historically, Hib was the principal agent of childhood bacterial meningitis, in addition to

causing other serious diseases such as epiglotitis, septic arthritis, and pneumonia. In the

past decade, the advent of conjugated vaccines, partially composed of the type b capsular

polysaccharide, has led to a substantial decline in the incidence of childhood bacterial

meningitis (Peltola 2000). However, Hib vaccines do not protect against nontypable strains

of H. influenzae.

Various strains of nontypable H. influenzae (NTHi) are part of the normal flora of

the upper respiratory tract in humans (Murphy and Apicella 1987; Rao et al. 1999). Albeit

NTHiisolates are generally less virulent and rarely associated with systemic infection, these

pathogens remain the most common cause of acute otitis media (Giebink 1989; Roberts et

al. 1986). NTHi strains also account for diseases of the upper respiratory system such as

community acquired pneumonia (Murphy and Apicella 1987), acute or chronic sinusitis and

the exacerbation of chronic bronchitis (Murphy and Sethi 1992). NTHistrains are

vulnerable to ampicillin, however, resistance to 3-lactam containing antibiotics is becoming



increasingly common (Barry et al. 1994). As pneumonia due to NTHi infections remains a

significant cause of childhood mortality and morbidity in developing nations, the design of

effective vaccines against these pathogens would not only reduce the incidence of infection

but also eliminate the sole dependence on antibiotic therapies (Kyd and Cripps 1999);

(Monto 1989).

1.2 TISSUE CULTURE AND ANIMAL MODELS

To evaluate the initial step in the pathogenesis of H. influenzae infections, host

pathogen interactions involved in bacterial colonization have been investigated in vitro using

various cell types from respiratory tissues including cultured lung cells (Van Schilfgaarde et

al. 1995), bronchial epithelial cells (Riise et al. 1994), and nasopharyngeal and buccal

epithelial cells (Harada et al. 1990). Factors influencing the capacity of H. influenzae to

adhere to and damage the epithelium of an intact respiratory mucosa have also been

examined in human organ cultures, in vitro model systems that simulate physiological

conditions better (Jackson et al. 1996; Read et al. 1991). The establishment of animal

models of H. influenzae infections has great utility in assessing the virulence factors

essential for pathogenesis of and potential protective ability of candidate vaccines against

pulmonary infection, otitis media, and meningitidis. For studying host-pathogen

interactions in the lower respiratory tract, mice and rats have been used to evaluate clearance

of NTHi from the lungs (Foxwell et al. 1998). Whereas the chinchilla model of otitis media

is most frequently used for studying the progression of middle and inner ear inflammation

by virtue of its human-like auditory capabilities and low susceptibility to naturally occurring

middle ear infections that are common to guinea pigs and rabbits (Giebink 1999).

Experimental meningitis has been produced in mice, rabbits and primates, however, infant

rats have become the most commonly used animal model for studying early pathogenic



events of bacterial meningitidis, including nasopharyngeal colonization, mucosal invasion,

intravascular survival and meningeal invasion (Koedel and Pfister 1999).

A variety of cell lines have been employed to evaluate the initial events in the

pathogenesis of chancroid, interactions of H. ducreyi with the outer and inner layers of the

skin, the epidermis and dermis respectively. The pathogen has been shown to attach to and

invade epidermal cells from human foreskins (Totten et al. 1994; Trees and Morse 1995)

and more specifically, shown to adhere to keratinocytes, the principle cell type of the

epidermis (Brentjens et al. 1994). To elicit ulcer formation, H. ducreyi ultimately gains

access to the dermal layer of the skin; the nature of this host-pathogen interaction has been

investigated in vitro using human foreskin fibroblasts, the principle cell type of the dermis

(Lammel et al. 1993). Although tissue culture assays with cells of genital origin allow for

the evaluation of factors affecting host cell adherence and invasion, intradermal animal

models utilizing rabbits and mice have been frequently used to evaluate factors affecting

abscess formation and ulceration in vivo (Trees and Morse 1995). Contrary to observations

for the rabbit model, pustules and ulcers similar to those seen in human infections have been

reported for the mouse model, however more importantly, the lesions produced in both

animal models were not produced specifically by viable organisms (Campagnari et al.

1991). In an effort to develop a better animal model of H. ducreyi infections, Purcell

described a temperature dependent rabbit model for experimental chancroid, where rabbits

are housed at lower temperatures (15 to 17 °C) to satisfy the requirements of a viable

bacterial inoculum and bacterial replication for necrotic formation (Purcell et al. 1991). A

major limitation of the intradermal animal injection systems is inadvertent delivery of

bacteria into the dermis and subcutaneous tissues, which bypasses the presumed natural

portal of entry through the breaks in the epithelium. A safe and reliable model of H.

ducreyi infection in humans was reported whereby volunteers are inoculated using a

multitest applicator on abraded skin of the upper arm, which introduces viable bacteria to

both the epidermis and dermis (Spinola et al. 1994; Spinola et al. 1996). Subjects



developed papular lesions that evolved into pustules resembling the natural disease, from

which viable bacteria were isolated. The human challenge model should prove useful in

studying interactions of H. ducreyi with human skin, however, pustule formation is not

allowed to progress to painful ulcers in the subjects and therefore these types of studies are

limited to the evaluation of early stages of chancroid pathogenesis.

1.3 VIRULENCE FACTORS

Microorganisms possess virulence factors which contribute to their pathogenicity or

the ability to cause disease. Generally, multiple virulence factors are required by pathogenic

bacteria to attach to host cells, invade target cells, evade host defenses and damage host

tissues (Jacques and Paradis 1998). A popular strategy for assessing the roles of proposed

virulence determinants in bacterial pathogenesis has been the generation of mutant strains

by the random or directed insertion of transposable elements into genes under investigation.

To dissect the contributions of inactivated gene products, the variants are then evaluated

using in vivo and in vitro model systems to permit the correlation between the loss or gain

of a specific function with the virulence of the organism. Additional insights into those

factors essential for the virulence of Haemophilus pathogens may provide novel targets for

chemotherapeutic intervention.

1.3.1 Pili

Adhesion to host surfaces, an initial event of bacterial colonization, is governed by

specific interactions between adhesins presented on the surface of the pathogen and the

complementary host cell ligand (Jacques and Paradis 1998). Members of the Haemophilus

genus have evolved pili (fimbriae), or filamentous surface appendages, which facilitate the

association of bacteria with epithelial surfaces and therefore prevent the removal of the



organism by natural cleansing mechanisms (Gilsdorf et al. 1997; Stull et al. 1984). Pili

have been shown to mediate the adherence of H. influenzae to buccal and bronchial

epithelial cells, but not to human nasal epithelial cells or human tracheal fibroblasts,

suggesting that only certain respiratory cell types possess receptors for pili (Gilsdorf et al.

1996). Through the employment of gene deletion methods, the hi■ A, hi■ B and hiff genes of

the Hib finbrial gene cluster were shown to be required for the adherence of the bacterium

to oropharyngeal epithelial cells and human erythrocytes carrying the blood group AnW]

antigen, the proposed host receptor for fimbriae (Van Alphen et al. 1991; Van Ham et al.

1995). The hi■ A gene of H. influenzae encodes the major structural unit of the pilus and

shows significant sequence similarity to the major structural subunits of pili expressed by

E. coli, K. pneumoniae, B. pertussis and S. marcescens (Gilsdorf et al. 1997). The

mutagenesis of hi■ A was shown to abrogate the expression of the pilus (St. Geme et al.

1996) and significantly diminish adherence to human buccal epithelial cells and nasal

colonization of yearling rhesus monkeys by isogenic non-piliated mutants (Weber et al.

1991).

The H. ducreyi pili was shown to be predominantly composed of a novel class of

pilin monomer sharing homology with E. coli Dps and T. pallidum antigen TpF1 or 4D

(Brentjens et al. 1996). An isogenic mutant strain of H ducreyi 35000HP lacking a

functional fipA, the gene encoding the 24 kDa pilin monomer, bound to laminin, collagen

and fibronectin as well as the parental strains (Bauer and Spinola 1999). The authors

concluded that the major pilin subunit was not required for the adherence to extracellular

matrix proteins, although a contributing role in conjunction with other adhesins could not be

ruled out.



1.3.2. Outer Membrane Proteins

The outer membranes of Gram-negative bacteria are impregnated with proteins, a

number of which are pore-forming transmembrane channels called porins. Among the few

outer-membrane proteins (OMPs) characterized from H. ducreyi are a novel 28 kDa

lipoprotein (Hiltke et al. 1996) and an 18 kDa protein sharing extensive homology with P6

from H. influenzae and PAL from E. coli (Spinola et al. 1996). The major outer membrane

protein (MOMP) from H. ducreyi, a 44 kDa species, is homologous to Ompa proteins

from members of the Enterobacteriaceae, Neisseriaceae and Pasteurellaceae families

(Klesney-Tait et al. 1997; Spinola et al. 1993; Weiser and Gotschlich 1991). Disruption of

the momp gene rendered isogenic mutants of H. ducreyi susceptible to normal human

serum in contrast to the parental strain, illustrating at least one mechanism by which MOMP

contributes to the virulence of H. ducreyi (Hiltke et al. 1999). However, recent studies

revealed that MOMP is not required for pustule formation by H. ducreyi in the human

model of infection (Throm et al. 2000).

The outer membrane of NTHi is composed of approximately twenty proteins, with

four to six proteins accounting for most of the content (Kyd and Cripps 1999). Although

there is strain to strain variability in the OMP composition, several proteins have been

proposed as potential vaccine antigens. Among the highly conserved leading candidates are

P6, a 16 kDa lipoprotein (Nelson et al. 1991), P4, a 28-30 kDa surface-exposed lipoprotein

(Green et al. 1991), protein D, a 42 kDa protein with an affinity for binding IgE)

(Akkoyunlu et al. 1991) and a group of high molecular weight proteins ranging in mass

from 120 to 125 kDa (Barenkamp and St. Geme 1996). Recently, the immunization of rats

with recombinant OMP26 was found to significantly enhance bacterial clearance following

pulmonary challenge with H. influenzae, demonstrating this 26 kDa outer membrane protein

is a suitable vaccine candidate against NTHi infection (Kyd and Cripps 1998).



1.3.3 Lipooligosaccharides (LPS) and Lipopolysaccharides (LOS)

Unlike eukaryotic cells and Gram-positive bacteria, Gram-negative bacteria are

encompassed by an outer membrane containing lipopolysaccharide (LPS) (Raetz 1990),

(Rietschel et al. 1994). This amphipathic lipid is the most abundant component of the outer

membrane and serves as a barrier to heavy metals, lipid-disrupting agents and lytic enzymes.

In general, LPS from enteric bacteria are comprised of a membrane-anchoring lipid A

moiety and a relatively conserved inner core containing heptose and KDO (Raetz 1990)

(Figure 1.1). Diversity of LPS structures is achieved by varying the composition and

number of hexoses in the outer core and the number and types of O-antigen repeating units

at the non-reducing terminus (Figure 1.1). Numerous endotoxic activities such as

mitogenicity, pyrogenicity, platelet aggregation, and cytokine activation have been attributed

to enterobacterial LPS, where the lipid A moiety is responsible for many of these responses

(Westphal et al. 1983). H. ducreyi and H. influenzae are characterized by the presence of

truncated LPS or lipooligosaccharides (LOS), which are similar to those produced by other

mucosal pathogens. In general, the overall architectures are similar. However, LOS lack O

antigens and tend to have more intricate branching patterns compared to LPS (Griffiss et al.

1988; Hood et al. 1999; Kahler and Stephens 1998; Mandrell and Apicella 1993). The

structural features of LOS will be discussed in further detail in the proceeding section.

Biological studies have supported the functional role of LOS as a determinant for

virulence in the pathogenesis of H. ducreyi and H. influenzae. Besides inducing

intradermal abscesses in the rabbit model (Campagnari et al. 1991), LOS has also been

shown to mediate the adherence to human foreskin fibroblasts and keratinocytes and the

invasion of keratinocytes by H. ducreyi (Alfa and DeGagne 1997; Gibson et al. 1997).

Furthermore, LOS from virulent strains of H. ducreyi were found to have a higher

hexose:KDO ratio compared to avirulent strains (Odumeru et al. 1987), the composition of

which was found to dictate the susceptibility of H. ducreyi to killing by complement
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Figure 1.1 Structure of LPS from Salmonella typhimurium. Structure containing a

representative O-antigen (type B) and one of several possible Lipid A forms.
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mediated activities of human serum (Odumeru et al. 1985). The relative size of LOS was

also found to correlate with the virulence of Hib, where parental strains possessing smaller

glycoforms produced bacteremia at very low frequencies while isogenic variants possessing

larger glycoforms were significantly more virulent (Kimura and Hansen 1986). Moreover,

differences in the susceptibility of Hib to complement-mediated bactericidal activity of

normal rat Serum were associated with differences in the electrophoretic mobility of isolated

LOS on SDS-polyacrylamide gels (Gilsdorf and Ferrieri 1986). These data indicate LOS

may facilitate bacterial adhesion to host cells, tissue destruction and the evasion of host

immune defenses, thereby playing multiple roles at various stages in the pathogenesis of

Haemophilus species.

1.3.4. Hemolysin

One putative virulence factor in the pathogenesis of H. ducreyi is a secreted

hemolysin (Holland et al. 1990; Totten et al. 1995). The expression of hemolysin in H.

ducreyi requires the transcription of two adjacent genes, hbdA and hildb, which presumably

encode the secretion/activation protein (HhdB) and the structural hemolysin protein (HhdA),

which share homology with the family of pore-forming toxins including hemolysins from

S. marcescens, E. tarda and P. mirabilis (Braun et al. 1992; Palmer and Munson 1995).

These cytolysins are known to lyse eukaryotic cells by producing defined pores in the
-

plasma membrane and represent potent weapons with which invading microbes damage the

host cells. Although the H. ducreyi cytolysin has been designated a hemolysin due to its

hemolytic activity towards horse erythrocytes, human erythrocytes are quite resistant to

hemolysis and therefore do not appear to be the primary target (Palmer et al. 1994; Palmer

and Munson 1995). In functional studies, hemolysin was found to exhibit toxicity against

cell types relevant to chancroid infections including human foreskin epithelial cells, human

foreskin fibroblasts, macrophages, T (thymus-derived) cells and B (bursa-derived) cells
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(Alfa et al. 1996; Palmer et al. 1996; Wood et al. 1999). Furthermore, hemolysin

expression was demonstrated to enhance the invasion of human epithelial cells by H.

ducreyi 10-fold compared to a control strain. Recently, human subjects were inoculated

with an isogenic mutant constructed by deleting the hildE gene to evaluate the role of

hemolysin in vivo (Palmer et al. 1998). In this study it was concluded that hemolysin does

not play a role in pustule formation or the ability of H. ducreyi to replicate in lesions.

However due to the limitations of this model system, the role of hemolysin in later stages

such as ulceration, immune system avoidance and transmission of infection could not be

evaluated.

1.3.5 Cytotoxin

Separate from its hemolytic activity, H. ducreyi also produces a cytotoxin shown to

have a cytopathic effect on human T (thymus-derived) cells and several epithelial cell lines

(Gelfanova et al. 1999; Purven and Lagergard 1992). The soluble cytotoxic activity in H.

ducreyi culture supernatant was demonstrated to be the result of the activity of a homolog of

the cytolethal distending toxin (CDT) expressed by enteric bacteria (Cope et al. 1997). The

cytotoxin is chromosomally encoded by three genes, cata, cdtB, and cdtC, the products of

which possess 24-51% identity to the CdtABC proteins from E. coli. As monoclonal

antibodies to the H. ducreyi CdtC protein were shown to neutralize CDT activity in vitro, the

cdtC gene product was concluded to be responsible for the expression of the cytotoxic

activity. In recent studies, culture supernatant from CdtC deficient mutants failed to kill

both Hela epithelial cells and HaCa■ keratinocytes (Stevens et al. 1999). Nonetheless, the

isogenic mutant was as virulent as the wild type strain as judged by the retained capacity to

cause necrotic lesions and survive in the skin of rabbits. The authors concluded that the

expression of CDT could be involved in the development of ulcers, however, may not be

essential for the survival of H. ducreyi in the rabbit model.
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1.3.6 Capsular Polysaccharides

The virulence factor of prime importance to H. influenzae is the presence of a

capsule. Of the six structurally and antigenically distinct forms, types a, b, c and f contain

phosphodiester linkages while types d and e contain mannuronic acid (Eagan et al. 1982;

Jennings 1983) (Table 1.1). All capsular polysaccharides are high molecular weight

polymers of linear repeating disaccharides, with the exception of type e. In general, capsular

polysaccharides confer resistance to complement-dependent killing and phagocytosis,

thereby providing a selective advantage for bacteria in the bloodstream (Moxon and Kroll

1990). Although less frequent, various encapsulated strains of H. influenzae have

demonstrated the potential to cause systemic infection in rats, however, the presence of type

b capsular polysaccharides was required for invasiveness and the induction of persistent

bacteremia (Moxon and Vaughn 1981). Moreover, type b capsular polymer has been

shown to increase the virulence by rendering the pathogen resistant to clearance from the

bloodstream in rats (Weller et al. 1977). Therefore, the expression of the polyribosylribitol

phosphate (PRP) capsule provides Hib unique virulence characteristics and is an important

determinant for the ability to colonize the nasopharynx, disseminate within the blood stream

and invade the central nervous system.

1.4 LIPOOLIGOSACCHARIDES (LOS)

1.4.1 Lipooligosaccharide (LOS) Structure

In an effort to further understand functional contribution of LOS to the virulence of

mucosal pathogens, LOS from numerous wild type sources have been structurally

characterized by mass spectrometric, multidimensional NMR and chemical analyses
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Table 1.1 Structure of Haemophilus influenzae capsular polysaccharides
Type Composition

a ->4)-3-Glc1 -> 4-ribitol-5-(phosphate->

b ->3)-3- Ribl -> 1-ribitol-5-(phosphate->

->4)-3-GlcNAc 1 -> 30Gal-1-(phosphate->
C 3

A

|
OAc

->4)3-GlcNAc1->33ManáNAc-(1-> R= L-Serine
d 6 L-Alanine

A L-Threonine
|

R

e ->3)3-GlcNAc1->43ManANAc-(1->

e ->3)3-GlcNAc1->43ManANAc-(1->
3

A

|
2BFru

->3)3-GalNAc1->40GalNAc-(1-phosphate->
f 3

A

|
OAC

Ribose (Rib) and fructose (Fru) are in the furanose ring form; glucose (Glc), galactose

(Gal), N-acetylglucosamine (GlcNAc), and 2-acetamido-2-deoxy-mannose uronic acid

(Man/ANAc) are in pyranose form.

14



(Cotter et al. 1987; Gibson et al. 1997; Griffiss et al. 1988; Kahler and Stephens 1998;

Kulshin et al. 1992; Rahman, 1998; Wakarchuk et al. 1998) (Figure 1.2). Generally,

Haemophilus and Neisseria LOS consist of a fairly conserved lipid A anchor consisting of

a hexa-acyl diphosphoryl-N-acetylglucosamine disaccharide modified by O-and N-linked

fatty acids. A complex oligosaccharide, the second portion of the LOS molecule, is

comprised of a heptose and KDO containing core, from which variable branches extend.

Between separate genera, the number of heptose and KDO monosaccharides vary slightly,

as well as the degree of substitution by phosphate, phosphoethanolamine (PEA), 2

aminoethyl diphosphate (PPEA), acetate and phosphorylcholine. The PEA and phosphate

content have been demonstrated to fluctuate for a single strain under different growth

conditions. Although phosphorylcholine has been detected on the LOS from multiple

strains of H. influenzae, this modification has not yet been observed in H. ducreyi, N.

meningitidis and N. gonorrhoeae (Kolberg et al. 1997).

Haemophilus and Neisseria pathogens are characterized by the capacity to decorate

the surface of their outer membranes with heterogeneous populations of LOS (Gibson et al.

1993; Hood et al. 1999; Mandrell and Apicella 1993; Melaugh et al. 1994; Pavliak et al.

1993; Phillips et al. 1992; Phillips et al. 1993; Rahman et al. 1998; Schweda et al. 1995;

Wakarchuk et al. 1998; Yamasaki et al. 1991; Yamasaki et al. 1993) (Figure 1.3). For the

most part, structural diversity is achieved by varying the composition of the oligosaccharide

branches, which extends 2 to 7 sugars from a core heptose. In addition, these mucosal

pathogens produce an array of LOS structures by varying the number of oligosaccharide

branches and assembling truncated biosynthetic intermediates. Mass spectrometric analysis

of a collection of LOS from nontypable and typable strains of H. influenzae highlights the

diversity achieved by extending the branch oligosaccharides from a single or all 3 heptoses

contained within the core. Although all structures from H. ducreyi determined to date

contain a one oligosaccharide branch emanating from a single core heptose, multiply

branched LOS have also been observed in species from Neisseria. Characterization of the
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Haemophilus Lipooligosaccharide (LOS) Structure
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Figure 1.2 General structure of LOS from Haemophilus and Neisseria. Arrows

indicate positions of further oligosaccharide branch extensions.
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Figure 1.3 Structures of LOS from various strains of N. gonorrhoeae, N.

meningitidis, H. ducreyi and H. influenzae
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LOS from H. ducreyistrain 35000 revealed a heterogeneous population comprised of

truncated and elongated analogs of the major glycoform (Melaugh et al. 1992; Melaugh et

al. 1994). The mature glycoform was found to be modified with an N-acetylneuraminic

acid, where the non-reducing N-acetyllactosamine was identified as the acceptor site. LOS

terminating with N-acetylneuraminyl-N-acetyllactosamine have also been detected in N.

meningitidis, H. influenzae and N. gonorrhoeae (Mandrell et al. 1990; Mandrell et al. 1992;

Melaugh et al. 1996; Pavliak et al. 1993; Phillips et al. 1993; Yamasaki et al. 1993).

Furthermore, LOS structures from H. ducreyistrain 35000 were derived from competing

biosynthetic pathways which extended the major glycoform with an N-acetylneuraminic gº
*

acid or an additional N-acetyllactosamine (Melaugh et al. 1994). £

gº

1.4.2 Phase Variation 7
º
º

Inter- and intra-strain heterogeneity not only reflects the generation of incomplete º

products along the LOS biosynthetic pathway but, also genetically controlled variation in 7.
Some species of Haemophilus and Neisseria. In H. influenzae, a major influence on LOS º

heterogeneity is a specific genetic mechanism that promotes the gain and loss of antigenic C.
epitopes or phase variation, through contingency genes (Moxon et al. 1994). Three loci º

required for phase variation of specific LOS oligosaccharide epitopes, licl, lic2, and lics,

have been identified in H. influenzae (Weiser et al. 1990). These chromosomal loci are

characterized by repeats of the tetranucleotide 5’-CAAT-3’ in the first open reading frame

where the loss or gain of copies of this repeat during replication results in frame-shifting of

the reading frame with respect to the start codons, switching gene expression on or off.

Although the function of lic:3 is unknown, lic1 and lic2 are responsible for the expression of

phosphorylcholine (Weiser et al. 1989; Weiser et al. 1997) and the digalactoside [o:Gal(1-

4)3Gal] epitopes (High et al. 1993; Weiser et al. 1990) in LOS, respectively. The addition

of phosphorylcholine to the LOS was shown to correlate with an increase in the pathogen's
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ability to persist on mucosal surfaces, whereas loss of the phenotype correlated with the

ability to cause invasive infection by evading C-reactive protein mediated activation of

complement (Weiser et al. 1998). Furthermore, the presence of the digalactoside on the

LOS, an epitope also found on human glycolipids, conferred resistance to killing by

naturally acquired antibodies and complement present in human serum (Weiser and Pan

1998). Therefore, phase variation of the LOS provides H. influenzae a reversible

mechanism to present distinct oligosaccharide epitopes in an effort to adapt to different host

environments during certain stages of infection.

1.4.3 Biosynthetic Genes and Gene Products

In an effort to evaluate the contribution of LOS to the virulence of the Haemophilus

species, various LOS biosynthetic genes have been inactivated by insertional deletion

methods to produce isogenic mutants expressing modified structures. In the NTHistrain

2019, mutation of the htrB gene encoding a lipid A acyltransferase results in bacteria

expressing a mixture of the major wild type glycoform plus one to two additional hexoses,

as well as a lipid A moiety lacking one or two myristic acids and variable levels of

substitution with PEA (Lee et al. 1995). While, disruption of the r■ aL) gene encoding an

ADP-L-glycero-D-manno-heptose-6-epimerase led to the production of LOS lacking the

entire oligosaccharide portion emanating from the core KDO (Lee et al. 1995; Nichols et al.

1997). Neither mutation affected the capacity of NTHi to colonize or persist in the

nasopharynx, initial steps in otitis media pathogenesis, after intranasal challenge of

chinchillas. However, in studies examining effects on the later stages of the disease course

and its inner ear sequelae following TB injection of bacteria into the inner ear, the disruption

of these genes rendered the LOS-deficient mutants less virulent as demonstrated by larger

dose requirements for the induction of otitis media and the lack of sustained multiplication

in the middle ear (DeMaria et al. 1997).
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In similar studies, the effects of disrupting the losb gene encoding a D-glycero-D-

manno-heptosyltransferase in H. ducreyi strain 35000 were assessed. The production of

LOS terminating with single glucose attached to the innermost core heptose resulted in

isogenic mutants that exhibited a significant reduction in adherence to and invasion of

primary human keratinocytes (Gibson et al. 1997). However, the expression of this

truncated LOS did not affect the ability of the losb mutant to bind to extracellular matrix

proteins (Bauer et al. 1998; Spinola et al. 1990) and resist the bactericidal activity of normal

human serum (Hiltke et al. 1999) when compared to the parental strains. Furthermore, the

losb mutant proved to be as virulent as the wild type by retaining the capacity to produce

dermal lesions in rabbits (Stevens et al. 1997) and pustules in human subjects (Young et al.

1999). The role of the full-length LOS was further evaluated following the disruption of

genes encoding a phospho-heptose isomerase (gmh/A) (Bauer et al. 1998) and

heptosyltransferase II (waaf) (Bauer et al. 1999). The waaf and gmh/A mutants produce

even deeper truncations of the LOS, expressing structures consisting of lipid A, KDO and

three core heptoses or just lipid A and KDO, respectively. Contrary to the observations

with the losb mutant (Gibson et al. 1997), the complete loss of the variable oligosaccharide

branch alone or in addition to core heptoses rendered waaf and gmh/A mutants less virulent

in the rabbit model. Collectively, these studies may indicate the LOS oligosaccharide

branch is most important for the encounter of H. ducreyi with keratinocytes, the principal

cell type of the outermost sheet of the epidermis. As artificial inoculation of rabbits or

humans introduce mutant bacteria to the dermis and lower portions of the skin, the

interactions between LOS and components of the epidermis, an initial interaction in the

natural route for infection, may be minimized. Therefore, the mutant bacteria could appear

as virulent as the parental strain. Moreover, truncation of the LOS past a certain point may

begin to significantly diminish the contribution of LOS to the virulence of H. ducreyi,

especially in the later stages of infection.
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1.5 SIALIC ACID

Sialic acids constitute a family of 36 naturally occurring derivatives of the nine

carbon Sugar, N-acetylneuraminic acid (NeuAc), most commonly referred to as sialic acid

(Schauer 1982; Schauer et al. 1995). Reported modifications include acetyl esterification or

phosphorylation of hydroxyl groups and N-acetyl or N-glycolyl substitution at the amino

group of neuraminic acid. Various sialic acid derivatives are found in higher organisms,

however only N-acetylneuraminic acid has been observed in H. ducreyi and H. influenzae to

date. Sialic acids are most frequently O-glycosidically linked to galactose or N

acetylgalactosamine and rarely to N-acetylglucosamine or another sialic acid. When

present, sialic acid is most often the terminal residue in glycoconjugates, and therefore is an

important regulator of cellular and molecular interactions (Kelm and Schauer 1997).

1.5.1 Biological Roles of Sialic Acid

Sialic acid is found in a multitude of mammalian glycolipids and glycoproteins

where it frequently serves as a mediator of cell-cell recognition, cell differentiation and

various receptor-ligand interactions (Kelm and Schauer 1997). This acidic Sugar has a dual

role in molecular interactions, in which it may function as a recognition determinant or to

mask recognition sites. The recognition of sialylated ligands by selectins has been shown

to control the capturing of leukocytes from the bloodstream and homing to the vessel wall at

the site of inflammation (Vestweber and Blanks 1999). Conversely, the anti-recognition

properties of sialic acid have been well demonstrated by its ability to mask galactose from

interactions with specific receptors on hepatocytes and macrophages. For example, the

recognition of desialylated glycoproteins and erythrocytes by the asialoglycoprotein

receptor and the galactose particle receptor respectively, have been shown to result in their

rapid removal from the bloodstream (Kelm and Schauer 1997). However, in some instances
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pathogenic microorganisms have been demonstrated to exploit surface bound sialic acid as a

recognition determinant for anchoring onto the surface of host cells. Hemagglutinin-fusion

proteins on the surface of the influenza A and B viruses are known to bind to sialic acid

containing glycoconjugates on the surface of host cells; an interaction essential for infection

(Kelm and Schauer 1997). Furthermore, the attachment of H. influenzae to human

respiratory epithelial cells has been shown to involve the recognition of endogenous

sialylated glycosphingolipids of the host cells by bacterial adhesions (Kawakami et al.

1998).

Although the occurrence of the acidic sugar in bacterial glycoconjugates is quite

rare, the presentation of peripheral sialic acid is a common tactic employed to buffer

microbes from the onslaught of host defense mechanisms. Perhaps the best example of

sialylated glycoconjugates contributing to virulence is the concealment of bacteria in

capsular polysaccharides containing sialic acid (Bitter-Suermann 1993). Encapsulation in

either homopolymers of sialic acid or heteropolymer of sialic acid with other sugars

contributes to the virulence of pathogenic bacteria in two way. First, polysialic acid has

been shown to confer bacterial resistance to complement-mediated killing and phagocytosis

(Hammerschmidt et al. 1994; Moxon and Kroll 1990). Secondly, bacteria camouflaged in

polymers of O-2,8 linked sialic acid, which are chemically and immunologically identical to

the polysaccharide constituent of the mammalian neural cell adhesion molecule, fail to evoke

the production of autoantibodies (Bitter-Suermann 1993; Reglero et al. 1993). Therefore,

pathogens equipped with polysialic acid capsules are capable of causing invasive disease by

neutralizing the innate (antigen nonspecific) immune response through concealment in a

highly negatively charged coating and by deceiving the adaptive (antigen specific) immune

response by molecular mimicry (Bitter-Suermann 1993).
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1.5.2 Sialic Acid Metabolism

In mammalian cells, free sialic acid is synthesized in the cytosol by the condensation

of phospho(enol)pyruvate (PEP) with N-acetylmannosamine-6-phosphate by the NeuAc-9-

phosphate synthetase (Kelm and Schauer 1997) (Figure 1.4). The NeuAc-9-phosphate is

subsequently dephosphorylated by the NeuAc-9-phosphatase, to liberate the free

monosaccharide. Although the pathway for the biosynthesis of sialic acid in Haemophilus

has not yet been established, a NeuAc synthetase has been shown to produce sialic acid

from the condensation of N-acetylmannosamine (MannAc) and PEP in E. coli, N.

meningitidis and C. jejuni (Ferrero et al. 1996; Linton et al. 2000; Masson and Holbein

1983). The E. coli K1 enzyme has been purified to homogeneity and shown to couple

ManMAc exclusively to PEP in vitro (Vann et al. 1997). However, other research groups

have shown the NeuAc lyase to synthesize sialic acid through the coupling of pyruvate and

ManMA.c in vitro. The lyase encoded by the nana gene was shown to be necessary for the

utilization of ManNAc as a sole carbon source for good growth and therefore has been

proposed to have an important catabolic role in the detoxification of the monosaccharide in

the host environment (Plumbridge and Vimr 1999; Vimr and Troy 1985). Recent data from

our laboratory has suggested that in H. ducreyi, sialic acid is imported directly from the

extracellular environment and is not synthesized from ManNAc (Schilling et al. 2000).

The pathway for sialylation appears to be conserved in all organisms and involves

two steps, the activation and transfer of sialic acid (Figure 1.4). In the first step, CMP

Neu/Ac synthetase catalyzes the activation of the anomeric hydroxyl group in sialic acid by

formation of an ester linkage in CMP-NeuAc, which then serves as the substrate for the

attachment of sialic acid to an acceptor by sialyltransferases. Currently, nine gene

sequences from bacterial sources have been identified as or postulated to be CMP-NeuAc

synthetases, in addition to the human (accession number AAF76203) and the first full

mammalian sequence to be reported from mice (Münster et al. 1998). Four regions within
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the N-terminal portion of the mouse sequence are highly conserved in bacterial CMP

NeuAc synthetases, providing evidence for an ancestral relationship between the sialylation

pathways in bacterial and animal cells. Conversely, unsuccessful attempts to clone

prokaryotic sialyltransferases utilizing nucleic acid probes based on the mammalian “sialyl

motif" (Datta and Paulson 1997) or complete mammalian genes, gave the first indication of

the lack of homology between prokaryotic and eukaryotic sialyltransferases. The lst gene

encoding the 0-2,3-sialyltransferase involved in the biosynthesis of LOS from N.

meningitidis and N. gonorrhoeae was cloned, expressed in E. coli (Gilbert et al. 1996) and

shown to be distinct from the mammalian 0-2,3-sialyltransferase and bacterial O-2,8-

polysialyltransferase families. Recently, an LOS specific sialyltransferase was identified in

H. ducreyi and shown to lack homology to other known sialyltransferases (Bozue et al.

1999). Given the importance of this acidic sugar in the modulation of virulence in

pathogenic bacteria, the enzymes in the pathway for the synthesis, activation and transfer of

sialic acid to LOS represent potential targets for drug development.

1.5.3 Sialylation of Lipooligosaccharides (LOS)

Among pathogenic members of the Haemophilus and Neisseria genera, sialic acid

has been detected in the LOS of a number of Strains. Of the LOS structures characterized

in detail, sialic acid has been observed linked to the terminal galactose or N

acetylgalactosamine of oligosaccharide branches resembling components of human

glycosphingolipids (Mandrell et al. 1992). For example, analyses revealed the terminal

trisaccharide Galo.1–4Gal■ 1–4Glc and tetrasaccharide

Gal{}1–4GlcNAcf}1—3Gall—4Glc of the LOS from N. meningitidis were chemically

and antigenically identical to the oligosaccharide portions of ceramide trihexoside (P.

antigen) and paragloboside, precursors of the glycolipid ABH blood group antigens on

human erythrocytes (Mandrell and Apicella 1993; Moran et al. 1996). Furthermore, a large
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number of the human glycosphingolipids are sialylated, as are the analogous terminal

epitopes of the LOS from these bacteria. Therefore, researchers have postulated that

expression of LOS crowned with host-like oligosaccharide branches may abet mucosal

pathogens in the evasion of immune responses by molecular mimicry or may facilitate

adherence to and/or invasion of human cells by exploiting host receptors for

glycosphingolipids or sialic acid (Smith et al. 1995).

As a result of increased efforts to define the role of LOS sialylation in the

pathogenesis of the species of Haemophilus and Neisseria, the enzymes catalyzing the

activation and transfer of sialic acid have become the focus of much attention. In two cases

where the biological consequences of disrupting genes encoding the LOS specific

sialyltransferase have been examined, that is, the sialyltransferase deletion mutants of N.

gonorrhoeae (Bramley et al. 1995) and N. meningitidis (Kahler et al. 1998), incorporation

of Sialic acid into the LOS was found to be critical for the conversion to and/or maintenance

of a serum resistant phenotype. Considering that the LOS produced by some members of

the Neisseria and Haemophilus spp. are similar in structure (Gibson et al. 1993; Preston et

al. 1996), the sialylation of LOS was anticipated to play an important role in the

pathogenesis of Haemophilus. In a similar study, the disruption of the gene encoding

CMP-NeuAc synthetase in NTHi had little effect on the capacity of the isogenic mutant to

attach to and/or invade human epithelial cells or neutrophils (Hood et al. 1999). However,

the loss of the sialylation phenotype rendered NTHi susceptible to the lethal effects of

normal human serum. Therefore, sialylation of LOS in NTHi is a major virulence factor

influencing the survival of the pathogen within the host. Recently, both sialyltransferase and

CMP-Neu/Ac synthetase deletion mutants of H. ducreyi were constructed and shown by

mass spectrometry and sugar composition analysis to be devoid of sialylated LOS

glycoforms (Bozue et al. 1999). The evaluation of the H. ducreyi sialyltransferase mutant

in human challenge studies revealed that the loss of the capacity to sialylate the terminal

paragloboside-like LOS epitope did not affect pustule formation (Young et al. 1999). As
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this study in human subjects did not permit the examination of the role of LOS sialylation

in the later stages of chancroid infections, contributing roles in ulceration, immune system

avoidance and transmission of infection could not be excluded.

1.6 SIALYLTRANSFERASE

Based on the specificity for anomeric linkages and composition of acceptor

Substrates, at least 13 sialyltransferase genes are present in mammalian systems (Tsuji

1996), however only a handful of genes encoding both polysialic acid capsular and LOS

specific sialyltransferases from several bacterial sources have been cloned (Bozue et al.

1999; Gilbert et al. 1996; Weisgerber et al. 1991). The recombinant sialyltransferase from

N. meningitidis was purified to homogeneity and partially characterized (Gilbert et al.

1997). Although detergents were not required for activity, the membrane associated enzyme

was stimulated by MnGl, or MgCl, and inhibited by CMP and CDP. The meningococcal

enzyme was shown to utilize acceptors containing an O. or 3 configured non-reducing

terminal galactose in a variety of glycosidic linkages to a penultimate GlcNAc, Gal or Glc.

As expected, the enzyme displayed the highest apparent kº/Km value for oligosaccharides

containing the lacto-N-neotraose epitope, Gal■ 1–4GlcNAc■ 1–3Gal{}1–4Glc, a mimetic

of the nonreducing terminus of the natural substrate (Rest and Mandrell 1995; Smith et al.

1995).

1.7 CYTIDINE 5’-MONOPHOSPHATE N-ACETYLNEURAMINIC ACID

(CMP-NeuAc) SYNTHETASE

Prior to the transfer of sialic acid to LOS, a cytidine 5'-monophosphate N

acetylneuraminic acid synthetase activates the acidic sugar by transforming the

monosaccharide into the donor form, CMP-NeuAc (Kean 1991). A number of CMP
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Neuac synthetases have been isolated from both animal (Rodriguez-Aparicio et al. 1992;

Schauer et al. 1980; Schmelter et al. 1993) and bacterial (Haft and Wessels 1994; Vann et

al. 1987; Warren and Blacklow 1962) sources, yet, only the enzymes from H. ducreyi

(Tullius et al. 1996), N. meningitidis (Ganguli et al. 1994) and E. coli (Liu et al. 1992;

Shames et al. 1991) have been expressed in their recombinant forms and purified. In

general, CMP-NeuAc synthetases have optimal pH ranges of 8-10 and require divalent

metals for catalytic activity. Although CMP-NeuAc synthetases exclusively utilize CTP as

the nucleotide substrate, the enzymes from H. ducreyi and a few animal tissues have been

shown to consume N-glycolylneuraminic acid, in addition to the natural substrate, sialic acid

(Kean 1991; Rodriguez-Aparicio et al. 1992; Tullius et al. 1996).

1.8 RESEARCH GOALS

The incorporation of N-acetylneuraminic acid into LOS has been shown to aid

species of Neisseria in the evasion of host defense mechanisms (Rest and Mandrell 1995;

Smith et al. 1995) however, the role of sialic acid-containing LOS in the pathogenesis of

Haemophilus remains unresolved. In an effort understand the contributions of LOS

sialylation to the virulence of Haemophilus pathogens, we have focused our investigations

towards identifying genes and characterizing gene products involved in the biosynthesis of

the glycolipid. Prior studies from our laboratory have demonstrated that the neu/A gene

encodes a cytidine 5'-monophosphate N-acetylneuraminic acid (CMP-NeuAc) synthetase

that is essential for the expression of sialic acid-containing LOS in H. ducreyi (Bozue et al.

1999). This enzyme has been over-expressed in E. coli and purified to homogeneity,

affording large quantities for the initiation studies aimed at the characterization of this

potential chemotherapeutic target (Tullius et al. 1996). To this end, Chapter 2 describes the

determination of the kinetic mechanism of the H. ducreyi CMP-NeuAc synthetase by

steady state kinetic analysis and the prediction of the rate-limiting step in kº by the rigorous
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examination of product inhibition constants. Chapter 3 describes studies probing the

surface topography of CMP-Neu/Ac synthetase by limited proteolysis and amide hydrogen

isotopic exchange techniques in an effort to gain insights into the nature of the active site of

the enzyme.

A second gene (lst), encoding a novel sialyltransferase, was also previously

demonstrated to be required for the sialylation of LOS in H. ducreyi (Bozue et al. 1999).

To date, sialyltransferase activity has not been detected in H. influenzae by in vitro assays,

however, lst was found to have significant homology to the sia/A gene in H. influenzae.

Chapter 4 describes efforts to determine the function of the hypothetical protein (Sia.A), in

the biosynthesis of sialylated LOS by deleting siaA gene and characterizing of LOS

produced by isogenic mutant strains by mass spectrometry.
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CHAPTER 2.

Investigation of the Kinetic Mechanism of Cytidine 5'-Monophosphate

N-Acetylneuraminic Acid Synthetase from Haemophilus ducreyi With New Insights

On Rate-limiting Steps from Product Inhibition Analysis

2.1 INTRODUCTION

Cytidine 5'-monophosphate N-acetylneuraminic acid (CMP-NeuAc) synthetase is a

central enzyme in the biosynthetic pathway producing sialic acid containing

lipooligosaccharide (LOS), a virulence factor for Haemophilus ducreyi. The cloning of the

neuA gene and the over-expression of the gene product has allowed for the acquisition of

large quantities of pure protein for the initiation of basic biochemical studies (Tullius et al.

1996). Although several CMP-NeuAc synthetases have been partially characterized, there

has been no detailed kinetic analysis of any to provide a framework for rational drug design.

This chapter describes efforts to determine the kinetic mechanism of the CMP

Neu/Ac synthetase from H. ducreyi via steady state kinetic analysis. Examination of double

reciprocal plots of the substrate initial velocity kinetic data revealed a sequential mechanism,

requiring the formation of a ternary complex before the release of either product. To

resolve the order of substrate addition to and product release from CMP-NeuAc synthetase,

the initial velocity was measured as a function of the two products, CMP-NeuAc and

pyrophosphate (PP). As a final step to establish the order of substrate additions, the sialic

acid analog 2-O-methyl-3-D-N-acetylneuraminic acid (Me-O-NeuAc) was found to be a

competitive inhibitor versus NeuAc and an noncompetitive inhibitor versus CTP, exhibiting

a K of 64.5 + 15.5 p.M. Collectively, these data are consistent with an ordered Bi-Bi

kinetic mechanism where CTP is bound before NeuAc and PP, is released before CMP
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Neuac with the following kinetic constants: kº, 1.8 + 0.2 sec'; Kerr, 10.6+ 1.2 plM;

Kneas, 76.3 + 7.8 HM; K. 44.6 + 6.8 p.M. Furthermore, a methodical analysis of the

kinetic expressions for the observable constants from the resulting ordered Bi-Bi

mechanism showed that variation in the magnitude of apparent product inhibition constants

can be used to predict rate-limiting steps in the reaction.

2.2 MATERIALS AND METHODS

2.2.1 Materials

MOPS, MgCl, DTT, BSA, NeuAc, CTP, CMP-NeuAc, PP, UDPG, NADP",

O-D-glucose-1,6-diphosphate, glucose-6-phosphate dehydrogenase, phosphoglucomutase

and uridine-5'-diphosphoglucose pyrophosphorylase were all purchased from Sigma

Chemicals. Me-O-NeuAc was purchased from GlycoTech.

2.2.2 Methods

2.2.2.1 Preparation of CMP-Neuác Synthetase

The expression and purification of CMP-NeuAc synthetase from H. ducreyi was

previously described (Tullius et al. 1996). The enzyme was stored at 4 °C as an ammonium

Sulfate suspension. For assays using the anion exchange HPLC method described below,

stock solutions of CMP-NeuAc synthetase were made by dilution of the ammonium sulfate

suspension with assay buffer containing 200 mM MOPS, pH 7.1, 200 mM NaCl, 20 mM

MgCl, and 1 mg/mL BSA. However, for the enzyme-coupled fluorescence assay described

below, the ammonium sulfate suspension of CMP-NeuAc synthetase was desalted prior to

use, by applying it to a Bio-Silect SEC-250 guard column (Biorad; 50 × 7.8 mm) and

eluting with 200 mM MOPS, pH 7.1, containing 200 mM NaCl. The total protein

32



concentration of each enzyme preparation was quantitated using the extinction coefficient

els of 0.40 mL mg'cm' determined from amino acid analysis on a sample of enzyme of

defined Asso.

2.2.2.2 Anion Exchange HPLC Assay

The rate of production of CMP-NeuAc was monitored by single-point

measurements as previously described with slight modifications (Tullius et al. 1996).

Briefly, 90 pull of the premixed substrates are preincubated at 25 °C for 2 minutes prior to

the addition of 10 pull of diluted CMP-NeuAc synthetase, resulting in final conditions of

200 mM MOPS, pH 7.1, 20 mM MgCl, 20 mM NaCl, 0.1 mg/mL BSA. The final

concentration of CMP-Neu/Ac synthetase was 0.71 nM for all experiments except for the

dead-end inhibition study with NeuAc as the variable substrate, where it was 1.1 nM. For

each enzyme concentration, limits for the duration of the initial linear phase were determined

by measuring the initial velocity at multiple time points for the reactions where both

substrates were either at the lowest or highest concentrations used in the full study, and also

for the two reactions where one substrate was at its lowest and the other at its highest

concentration. At appropriate times, reactions were terminated by addition of 20 pull of 300

mM ammonium formate, pH 3.5, followed by immediate freezing on dry ice. The frozen

reaction mixture was thawed just prior to analysis by anion exchange chromatography using

a nucleotide analysis column (Vydac; 4.6 × 50 mm) with elution by a gradient of 35 mM to

500 mM ammonium formate, pH 3.5. The amount of CMP-NeuAc at each time point was

determined by integration of its peak area measured at 280 nm using Mac Integrator I"

software (Rainin).

2.2.2.3 Enzyme-Coupled Fluorescence Assay

As an alternative assay for some of the product inhibition studies, CMP-Neu/Ac

synthetase activity was monitored continuously by coupling the production of PP, to the
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reduction of NADP’ via a series of three auxiliary enzymes (Figure 2.1) (Passonneau

1993). The coupling enzymes, their substrates, CTP, NeuAc and CMP-NeuAc, as a product

inhibitor, were premixed (360 pul) and preincubated at 25 °C for 2 minutes prior to initiation

of the reaction by addition of CMP-Neu/Ac synthetase (40 pul). Optimal conditions were

determined to be: 200 mM MOPS, pH 7.1, 1 mM UDPG, 0.5 mM NADP", 5 p.Mo-D-

glucose-1,6-diphosphate (to activate phosphoglucomutase), 20 mM NaCl, 20 mM MgCl, 3

U/mL UDPG pyrophosphorylase (yeast), 8 U/mL phosphoglucomutase (rabbit muscle), 5

U/mL glucose-6-phosphate dehydrogenase (yeast), 0.1 mM DTT, 0.1 mg/mL BSA, 70.2

nM CMP-NeuAc synthetase in 400 pull total volume. Prior to use, the ammonium sulfate

suspension of phosphoglucomutase was exchanged into 200 mM MOPS, pH 7.1,

containing 1 mM DTT, using a Microcon-10 microconcentrator (Amicon). The rate of

NADPH formation was measured by following the increase in fluorescence (A., - 340 nm,

slit width 15 nm, An = 450 nm, slit width 20 nm) using an LS 50B luminescence

spectrometer (Perkin Elmer). Under these conditions, the instrument response was found to

be linear from 62 nM to 8 p.M NADPH. Initial velocities were determined from the slope

of the linear portion of the progress curve following the addition of CMP-NeuAc synthetase

to the preincubated reaction mixture. The linear portion typically lasted from 40 to 150

Seconds, and corresponded to less than 5% conversion of the substrate (in lowest

concentration) to product in each case.

To verify the substrates and products of CMP-NeuAc synthetase did not effect the

activity of the auxiliary enzymes, the initial velocity of the coupled assay system was

measured following the addition of buffer alone (200 mM MOPS, pH 7.1), 100 puM CTP,

1.5 mM Me-O-NeuAc or 0.5 mM CMP-NeuAc. The reaction was initiated with 25 puM

pyrophosphate in place of CMP-NeuAc synthetase. The final conditions were identical to

those above with the exception of 0.35 mM NADP+, 0.1 mM O-D-glucose-1,6-

diphosphate and 0.7 mM UDPG.
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CMP-NeuAC

MgCTP + NeuAc == MgFP + CMP-NeuAc
synthetase

UDPG
MgFP + UDP-glucose = UTP + glucose-1-phosphate

pyrophosphorylase

phosphoglucomutase
glucose-1-phosphate - glucose-6-phosphate

--

glucose-6-
phosphate

glucose-6-phosphate + NADP+EE 6-phospho-gluconate + NADPH + H+
dehydrogenase

Figure 2.1 Enzyme-coupled fluorescence assay for the measurement of PP.
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To assure the substrates and products of the coupled assay did not effect the activity

of CMP-NeuAc synthetase, the initial velocity of the enzyme was measured in the presence

of individually added reagents (200 puM DTT, 1.0 mM UDPG, 10 puM UTP, 100 puM

glucose 1,6 diphosphate, 0.5 mM NADP+ or 10 puM NADPH). In separate experiments,

the concentration of one substrate was held constant at a limiting concentration (10 puM

CTP or 50 puM Neu/Ac) while maintaining the other constant at maximal concentration (1

mM NeuAc or 100 puM CTP). Reactions with CMP-Neu/Ac synthetase proceeded for 30

minutes under conditions identical to those above and the production of CMP-Neu/Ac was

monitored by the anion exchange HPLC assay. The final concentration of CMP-NeuAc

synthetase was held constant at 0.43 nM.

2.2.2.4 Substrate Initial Velocity Analysis

The discontinuous anion exchange HPLC assay was used to obtain initial velocity

data at varied concentrations of both substrates. CTP was varied from 12.5 to 100 puM as

the concentration of NeuAc was varied from 62.5 puM to 1.0 mM to yield a 5 × 5 matrix. In

each reaction, no more than 11% of the substrate in lowest concentration was converted to

product. Each data point represents the mean of three separate trials (Figure 2.5).

2.2.2.5 Product Inhibition Analysis

The inhibition behavior of each product with respect to each substrate was

determined by measuring initial velocities in the presence of a constant concentration of one

substrate, while varying the concentration of the other substrate and the

appropriate product, PP, or CMP-NeuAc. For studies of PP, as an inhibitor, production of

CMP-NeuAc was measured using the anion exchange HPLC assay. Conversely, for

studies of CMP-NeuAc as an inhibitor, the generation of PP, was measured indirectly by

the enzyme-coupled assay (Figure 2.1). Assay conditions were as described above with the

exception of the addition of the chosen product inhibitor to the assay premix prior to the

p- - *****
** **-**

-

º * -->
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addition of CMP-NeuAc synthetase. Under these conditions, no more than 8% of the

Substrate in lowest concentration was converted to product. Each data point represents the

average of at least two separate trials (Figures 2.6 and 2.7).

2.2.2.6 Dead-End Inhibition Analysis

To examine the inhibition behavior of Me-O-NeuAc with respect to each substrate,

initial velocities were measured in the presence of a constant concentration of one substrate,

while varying the concentration of the other substrate and the inhibitor. For both types of

reactions, production of CMP-NeuAc was monitored using the anion exchange HPLC

assay. Conditions were as described above with the exception of the inclusion of Me-O-

Neu/Ac in the premix prior to the addition of CMP-Neu/Ac synthetase. Under these

conditions, no more than 4% of the substrate in lowest concentration was converted to

product. Each data point represents the average of three separate trials (Figure 2.9).

2.2.2.7 Data Analysis

All experimental data were fit to rate equations by nonlinear regression analysis

using the KinetAsyst software (IntelliKinetics) employing the nomenclature of Cleland

(Cleland 1963). Initial velocity data from the substrate kinetics were fit to the rate equation

for a ternary complex mechanism (Equation 1).

v = Vº[A][B]/{K.Kne + Kma■ E] + Kma■ A] +[A][B]} (1)

Data from the product and dead end inhibition studies were fit to Equations 2-4 for

competitive, uncompetitive and noncompetitive inhibition, respectively.

v = Vº[S]/{Kns(1 + [I]/K.) + [S]} (2)

37



v = Vº[S]/{Kns + [S](1 + [I]/K)} (3)

v = Vm,[S]/{Kns(1 + [I]/K.) + [S](1 + [I]/K)} (4)

For the above equations, the following designations hold: v, velocity; V., maximal velocity;

Kº dissociation constant for the first substrate; Knºx, Michaelis constant for the designated

Substrate X: Kº, slope inhibition constant; Kº, intercept inhibition constant; I, inhibitor

concentration; S, the varied substrate in the inhibition experiments. Double reciprocal plots

of the data were created with Kaleidagraph (Synergy Software) using the kinetic constants

obtained from the KinetAsyst analysis.

2.3 RESULTS AND DISCUSSION

2.3.1 Development of Enzyme Coupled Assay

The comprehensive evaluation of the kinetic mechanism of CMP-NeuAc synthetase

required the use of separate reaction assays to monitor the generation of each product. In

the first, the initial velocity of the enzyme was monitored by the direct quantitation of CMP

NeuAc by anion exchange HPLC (Tullius et al. 1996). The second assay was employed to

measure the initial rate of CMP-NeuAc synthetase continuously by coupling the generation

of pyrophosphate (PP) to the reduction of NADP' with three auxiliary enzymes

(Passonneau 1993). However, before the enzyme coupled system could be adopted for the

study of CMP-NeuAc synthetase, all reagents were tested for potential inhibitory effects

and the concentrations of the substrates and auxiliary enzymes were optimized for maximal

activity. Initially, the reaction of CMP-NeuAc synthetase was exclusively monitored in the

presence of individually added reagents (Figure 2.2). Whether the CTP or NeuAc was the

limiting substrate, the reagents of the coupled assay did not alter the activity of CMP-NeuAc
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Figure 2.2 Effects of the enzyme coupled assay reagents on the activity of CMP

NeuAc synthetase. Initial Velocity Measurements of CMP-NeuAc Synthetase with (A)

100 p.M CTP and 50 puM NeuAc or (B) 10 puM CTP and 1.0 mM Neu/Ac. The enzyme

was assayed in the presence of buffer alone (200 mM MOPS, pH 7.1), 200 puM DTT, 1.0

mM UDPG, 10 puM UTP, 100 puM glucose 1,6 diphosphate, 0.5 mM NADP+ or 10 puM

NADPH.
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Synthetase. Next, we assessed the effects of CTP, NeuAc and CMP-NeuAc on the activities

of the auxiliary enzymes (Figure 2.3). When the reagents were held constant at the highest

concentrations used in Subsequent product inhibition studies, the coupling enzymes were

not significantly affected by the substrates and product of CMP-NeuAc synthetase. In

control experiments to confirm that the reaction of CMP-NeuAc synthetase was the rate

limiting step of the enzyme coupled assay, the rate of NADPH generation was found to be

proportional to the final concentration of CMP-Neu/Ac synthetase up to 140 nM (Figure

2.4). On the whole, linking the production of pyrophosphate to the fluorescent cofactor,

NADPH, by a series of auxiliary enzymes has easily permitted sensitive measurements of

the initial velocity of CMP-Neu/Ac synthetase.

2.3.2 Bisubstrate Initial Velocity Data

As the first step in defining the kinetic mechanism, we have evaluated the pattern of

variation in the initial velocity as a function of both substrates. Velocities were measured for

a 5 × 5 matrix of CTP and NeuAc concentrations and the data were displayed in double

reciprocal plots (Figure 2.5) for initial analysis of the pattern. The intersecting lines evident

in the data indicate a mechanism with formation of a ternary enzyme-substrate complex

(E*A*B) before the release of either product. However, the order of substrate binding and

product release cannot be discerned from these data alone, since the presence of intersection

points to the left of the y-axis in both plots is consistent with several random- and preferred

order mechanisms. Thus, the data were initially fit to a form of eq. 1 in which the term

Kº"Kma is simply designated Kle to obtain values for kº, Kncrp and Kºreae, Summarized in

Table 2.1. The data do rule out obligatory ordered mechanisms (A followed by B) in which

the first substrate (A) binds in a rapid equilibrium step, since this behavior gives an

intersection of the lines in the 1/v versus 1/[B] plot on the y-axis.
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Figure 2.3 Effects of sialic acid, CTP and CMP-NeuAc on the activities of the

coupling enzymes. The initial rate of NADPH production was measured following the

addition of buffer alone (200 mM MOPS, pH 7.1), 1.5 mM NeuAc, 100 puM CTP or 0.5

mM CMP-Neu/AC.
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Figure 2.4 Dependence of the rate of NADPH production on the final concentration

of CMP-NeuAc synthetase. CTP and NeuAc were held at 100 puM and 1.5 mM,

respectively, while the concentration of CMP-NeuAc synthetase was varied from 4.39 -

140.4 nM.
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Figure 2.5 Initial velocity patterns for CMP-NeuAc synthetase. (A) Double

reciprocal plot with CTP as the varied substrate (12.5 - 100 puM) with fixed NeuAc

concentrations of (A) 62.5 mM, (U) 83.3 puM, (V) 125 puM, (O) 250 puM, (3) 1.0 mM. (B)

Double reciprocal plot with NeuAc as the varied substrate (62.5 - 1000 puM) with fixed CTP

concentrations of (A) 12.5 puM, (Q) 16.6 puM, (V) 25 puM, (O) 50 puM, (9) 100 puM.
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Table 2.1 Kinetic constants for CMP-NeuAc synthetase

Substrate K. (HM) * (sec') K.,(LM)

CTP 10.6 + 1.2 1.8 + 0.2 44.6 + 6.8"

NeuAc 76.3 + 7.8

“Based on determination of the order of substrate addition below.



2.3.3 Product Inhibition Data

In order to eliminate Some of the possible pathways for substrate binding and

product dissociation, we examined the ability of each product to inhibit the apparent steady

State constants for each substrate, apparent k, and apparent kº/Kº, at fixed concentrations

of the other substrate. Which constants are affected depends on three characteristics of the

kinetic mechanism: (1) whether the chemical conversion is reversible, (2) the point(s) of

product binding relative to the point of binding for each substrate, and (3) the concentration

of the nonvaried substrate. To make accurate predictions of the expected patterns of

inhibition, we first examined the reversibility of the chemical conversion. In previous

studies of the CMP-Neu/Ac synthetase from N. meningitidis (Warren and Blacklow 1962),

no reversal of the reaction was detected when an indirect chemical assay was used to

monitor loss of CMP-Neu/Ac, nor when a charcoal binding assay was used to monitor

exchange of (“P)-PP, into CTP during normal turnover. We reexamined this question for

the enzyme from H. ducreyi using our HPLC assay to directly monitor formation of CTP.

Analysis of time points from a reaction run under identical conditions as for the forward

reaction, but with a higher concentration of CMP-NeuAc synthetase (56.8 nM), and 0.75

mM CMP-NeuAc and 3 mM PP, instead of CTP and NeuAc, clearly showed the time

dependent formation of CTP (data not shown). The estimated turnover number for this

single set of conditions is 0.62 s”, only 3-fold lower than the kº value determined for the

forward reaction under the same conditions (1.8 s”, Table 2.1). Thus, the reaction appears

to be freely reversible, and the product inhibition data should follow patterns for a

chemically reversible reaction.

As with all types of inhibitors, products are classified as competitive inhibitors if

increasing concentrations decrease the apparent kº/Km for the varied substrate,

uncompetitive if they decrease the apparent kº, and noncompetitive if they decrease both.cat?

The patterns are easily evaluated as increases in the slopes (apparent Kº■ kº), the intercepts
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(apparent 1/km), or both, respectively, for lines in double reciprocal plots of 1/v versus

1/Substrate obtained at increasing concentrations of product (and a constant concentration of

the second substrate). Double reciprocal plots displaying the inhibition behavior of PP, and

CMP-NeuAc versus both substrates are shown in Figures 2.6 and 2.7, respectively, and the

associated patterns and inhibition constants derived from fits of the data to eqs. 2 - 4 are

summarized in Table 2.2. Comparison of the full set of patterns for all four

Substrate/product pairs with predicted sets of patterns at both saturating and sub-saturating

concentrations of the nonvaried substrate for a wide variety of mechanisms allows us to rule

out random mechanisms and limit the possible obligatory-order mechanisms to the two

shown in Figure 2.8 (Segel 1975). For the Bi-Bi ordered sequential mechanism,

competitive inhibition is observed for the first substrate/last product pair as they directly

compete for binding to free enzyme. Thus, in this mechanism CTP would be the first

bound substrate and CMP-NeuAc, the last dissociating product. In contrast, competitive

inhibition is observed in the Iso Theorell-Chance mechanism in Figure 2.8 for the second

substrate/first product pair, since the interconversion of the binary enzyme-substrate and

enzyme-product complexes is an equilibrium process limited only by the second order rate

constants for binding of the second substrate and first product. Thus, CTP and CMP

NeuAc would be the internal pair in this mechanism.

2.3.4 Dead-End Inhibition Data

The opposite order of substrate binding and product release predicted for the two

mechanisms of Figure 2.8 provides an avenue for distinction between the two using either

direct binding assays or kinetic analysis of the pattern of inhibition by a structural homolog

of one of the substrates (Fromm 1995). With our kinetic assays well in hand, we chose to

examine the pattern of inhibition by the sialic acid analog Me-O-NeuAc, which has

previously been shown to be a competitive inhibitor (with respect to NeuAc) of the
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Figure 2.6 Product inhibition by MgFP... (A) versus NeuAc as varied substrate (0.075

-3.0 mM), with fixed concentrations of (A) 0, (Q) 0.5, (O) 1.0, and (0) 2.0 mM PP. CTP

was held constant at 100 puM. (B) ...versus CTP as varied substrate (15 - 150 puM), with

fixed concentrations of (A) 0, (U) 0.5, and (O) 1.0 mM PP. Neu/Ac was held constant at

300 puM. (C) ...versus CTP as varied substrate (12.5 - 100 puM), with fixed concentrations

of (A) 0, (C) 1.0, and (O) 2.0 mM PP. NeuAc was held constant at 2.0 mM. For all three

plots, the lines were generated using constants obtained from fits of the data to eq. 4 for

noncompetitive inhibition. For comparison, the data in panel (C) were also fit to the

uncompetitive model (eq. 3); however, calculation of an F, value (Bevington 1969) from the

variances for the two fits showed that inclusion of the extra variable in the noncompetitive

model gave a better fit at the 99% confidence level.
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Figure 2.7 Product inhibition by CMP-NeuAc... (A) versus CTP as varied substrate

(7.5 - 150 puM), with fixed concentrations of (A) 0, (C) 16, and (V) 32 puM CMP-NeuAc.

Neu/Ac was held constant at 1.5 mM. Lines were generated using constants obtained from a

fit of the data to eq. 2 for competitive inhibition. (B) versus NeuAc as varied substrate

(0.075 - 1.5 mM), with fixed concentrations of (A) 0, (C) 16, and (V) 32 puM CMP-NeuAc.

CTP was held constant at 150 puM. Lines were generated using constants obtained from a

fit of the data to eq. 4 for noncompetitive inhibition.

49



Table 2.2 Product inhibition patterns and constants for CMP-NeuAc synthetase"

Inhibitor Varied Constant Pattern K■ , Kn

Substrate Substrate

PP, NeuAc CTP (100 puM) NC 0.77 it 0.10 mM 6.70 + 1.25 mM

PP, CTP NeuAc (300 puM) NC 1.00 + 0.30 mM 2.56 + 0.60 mM

PP, CTP NeuAc (2.0 mM) NC 3.06 + 1.07 mM 4.20 + 0.70 mM

CMP-NeuAc NeuAc CTP (150 pm) NC 18.8 + 2.0 puM 70.5 + 5.6 puM

CMP-Neu/Ac CTP Neuac (1.5 mM) C 12.5 + 1.7 HM
-

"Experimental conditions are as described in Materials and Methods. The errors reported

for the inhibition constants are the standard errors for the fits to the corresponding rate

equations. C, competitive; NC, noncompetitive; K and Kle intercept and slope inhibition

constants, respectively.
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Figure 2.8 Potential kinetic mechanisms for CMP-NeuAc synthetase. (A) Ordered

Bi-Bi Mechanism. (B) Iso Theorell-Chance Mechanism. A = CTP, B = NeuAc, P = PP, Q
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CMP-NeuAc synthetase from E. coli (K, of 2.5 mM, (Schmid et al. 1988)). Clearly,

competitive inhibition with respect to NeuAc is expected for both mechanisms. The

distinction lies in the expected pattern with respect to CTP. Binding of the inhibitor after

CTP (to E°CTP) in the Bi-Bi mechanism will affect only the apparent k, thereby giving an

uncompetitive pattern, while binding before CTP (to E) provides a reversible link at

subsaturating NeuAc, thereby giving a noncompetitive pattern for the Iso Theorell-Chance

mechanism. As shown in Figure 2.9, Me-O-NeuAc does indeed exhibit a competitive

inhibition pattern with respect to NeuAc, confirming that they bind to the same enzyme

form. The fit of the initial velocity data to the equation for competitive inhibition (eq. 2)

yields a dissociation constant K, of 64.5 + 15.5 puM. Conversely, when NeuAc is held

constant, increasing concentrations of Me-O-NeuAc give rise to an uncompetitive inhibition

pattern versus CTP (Figure 2.9), consistent with the downstream binding of Me-O-NeuAc

relative to CTP predicted for the Bi-Bi mechanism.

2.3.5 Relative Magnitudes of Some Microscopic Constants from Inhibition Data

The minimal kinetic mechanism for the H. ducreyi CMP-NeuAc synthetase

consistent with the combined results is shown in Figure 2.10, together with expressions for

several of the observed kinetic constants in terms of the individual rate constants and

equilibrium constants within this scheme. Because of the complexity of the expressions, the

initial velocity data alone provide little information regarding rate-limiting steps or the

magnitudes of internal equilibrium steps. However, an examination of the expressions for

the inhibition constants obtained in this study shows that analysis of the magnitudes and

trends in these values provides some insight into the relative magnitudes of a few of the

microscopic constants in the mechanism.

Consider first the expressions for the apparent Kºpp constants as a function of the

nonvaried substrate concentration (Figure 2.10). In each expression, the right-hand factor is
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Figure 2.9 Inhibition of CMP-Neu/Ac synthetase by Me-O-NeuAc. (A) Double

reciprocal plot with NeuAc as the varied substrate (50-4000 puM) at fixed Me-O-NeuAc

concentrations of (A) 0 puM, (U) 100 puM, (V) 200 puM. CTP was held constant at 300 puM.

The K, was generated from the fit of the data to eq. 2 for competitive inhibition. (B) Double

reciprocal plot with CTP as the varied substrate (15-200 puM) at fixed Me-O-NeuAc

concentrations of (A) 0 HM, (Q) 125 puM, (V) 250 puM. NeuAc was held constant at 300

HM. The data were fit to eq. 3 for uncompetitive inhibition.
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the limiting value that would be observed when both substrates are fully saturating, while

the other factor describes the expected trend in the apparent value as the concentration of the

fixed substrate is varied. Comparison of these latter factors shows that while Kºpp, versus

NeuAc will always decrease to the limiting value as [CTP) increases, Kipp versus CTP may

decrease or increase to the limiting value as [NeuAc] increases, depending on the relative

magnitudes of Knºx, and the term [Kº■ (1 + K.)]. If K is smaller, Kºpp, increasesmNeuAc

as [NeuAc] increases; if Kºsºs is larger, Kºpp, decreases as [NeuAc] increases; and if the

terms are equal, Kºpp is independent of [NeuAc]. By substitution of the values for kº, k,

(= k a■ kncrp, Figure 2.10), and [CTP) into the expression for the apparent Kipp versus

Neu/Ac in Figure 2.10, we estimate the limiting value for Kºpp to be 6.1 + 1.7 mM.

Comparison of this value with the data for Kºpp versus CTP in Table 2.2 shows an increase

in the apparent value toward this limiting value as [NeuAc] increases, indicating that Knºx,

< [Knºx/(1 + Kº)] and likewise that Knºx < Knºx. Analysis of the expression for
Kºrea, in Table 2.3 indicates that the direction of this relationship is directly dependent on

which step is rate limiting in kº. When the chemical step, ks is rate-limiting, Kºrea, 2

Knºx, and when dissociation of PP., k, is rate-limiting, Kºsºs. = [Knºx ■ (1 + Ke)]. The

only condition where K can be less than [Kº■ (1 + Ke)] is when k, is significantlymNeuAc

rate-limiting. In addition, the observation of Kºsº. 3 Knºx, also indicates that the rate

constant for dissociation of NeuAc, k, must be greater than the rate-limiting dissociation of

product (Klinman and Matthews 1985). Thus, the trend observed in the Kipp, data strongly

suggests that dissociation of CMP-NeuAc, k, is the major rate-limiting step in this

reaction and that k, P k,

Another analysis supporting the conclusion that k, is significantly rate-limiting

comes from a comparison of the rate constants for association and dissociation of CTP (ki,

k;) with minimal estimates of the values for association and dissociation of CMP-NeuAc

(ko, kio) derived from the observed equilibrium dissociation constant KºcMr.Neuss (Figure

2.10, Table 2.2). From the expressions for Kºcrp and Kerr (which is extracted from the
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Table 2.3 Simplified expressions for k

steps in kcal

and K
cat mNeuAc for different rate-limiting

K mNeuAc *rate-limiting step Keat =

all steps similar

ks << kº, kg

k/ ‘‘ ks, kg

K9 << ks, k?

kšk?kg
k2(ks + k?) + k sky + kºko

ksky
ks + k,

Keqk?
(1+ Keq)

k4(ké + k7)K9 + k5k7kg
kgkg(ke + k?)+ ksk, 4 kg;9]

kšk?K -
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initial velocity data as K, in eq. 1), we calculate values fork, and k, of 1.7 x 10'M's" and

7.6 s”, respectively. By comparison, if dissociation of CMP-NeuAc is completely rate

limiting in k cat? that is k, - 1.8 s”, the minimal value for the association rate constant for

CMP-NeuAc, klo is 1.4 × 10 M's', a value remarkably close to that of k, and consistent

with the substantial retention of the CTP structure in CMP-Neu/Ac. If k, were not at least

partially rate-limiting, the values for both k, and ko would be at least 10-fold larger than

these minimal values, and hence, larger than the rate constants for CTP binding, which

Seems less likely considering the increased bulk and number of potential hydrogen bonding

interactions in the structure of CMP-NeuAc compared with CTP. Thus the data provide a

Self-consistent indication that the dissociation of CMP-NeuAc is significantly rate-limiting

in the forward reaction.

One additional piece of information that falls out of the product and dead-end

inhibition data is that the magnitude of Knºx, is somewhat larger than the corresponding

dissociation constant measured for the highly similar analog Me-O-NeuAc. Rearrangement

of the expression for Kºpp versus CTP, and substitution of the limiting and measured values

yields the relationship Kras■ k, Nºs. = (1 + Ke)(10+ 6), which translates into

Kane,A■ kºleonea = (1 + Kº)(10 + 6) since Kºrea (~ 76 plM) = Kºmeoneas (~ 64 HM).
This indicates that the analog binds at least (10+ 6)-fold more tightly than the substrate to

the E°CTP complex, but the disparity could be substantially larger if the internal equilibrium

of the chemical conversion step lies far to the right (K-2 1). Thus, it is of interest to
consider what factors could enhance the binding of Me-O-NeuAc versus NeuAc and to

what extent. Referring to the structure of 3-NeuAc in Figure 14, the only difference

between it and Me-O-Neu/Ac is the replacement of the hydrogen on the reactive anomeric

oxygen by a methyl group. Three properties change as a result of this replacement: (1) the

steric bulk at the reactive oxygen, (2) the solvation of -OH versus -OR, and (3) the ability to

anomerize. Because it increases the steric bulk at the reactive center, the methyl group might

be expected to decrease the binding affinity of the analog rather than increasing it.
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However, if the active site can accommodate the extra bulk, the methyl group could enhance

the affinity to a small extent since the -OMe should require less desolvation than the -OH

group upon binding to the active site; desolvation of the -OH would be expected since this

group, in its deprotonated State, acts as a nucleophile in the reaction. Although this has not

been shown explicitly for the H. ducreyi enzyme, retention of the "O label in the anomeric

hydroxyl upon conversion of 2-[*O]-3-NeuAc to CMP-NeuAc has been demonstrated

using the E. coli enzyme (Ambrose et al. 1992). The third property altered by the presence

of the methyl group is the stability of the 3-configuration at the anomeric carbon. The Me

O-analog is a stable 3-glycoside, while NeuAc is a hemiketal that can undergo

anomerization. Once again however, this should only increase the Knºx, versus the Kºmeo.

Nº by a minor amount, since at equilibrium, approximately 93% of the NeuAc is present

as the correct 3-anomer (Ambrose et al. 1992). With only these two small factors expected

to enhance the affinity of the analog versus the substrate for the enzyme, it seems unlikely

that the affinities for the two would differ by much more than an order of magnitude. This

then leads to the prediction that the internal equilibrium constant for the chemical conversion

step, K., does not deviate too far from a value of one, a common result found for many
enzymes.

2.3.6 Relationship to Other CMP-NeuAc Synthetases

Having established a mechanism for the H. ducreyi CMP-Neu/Ac synthetase, one

would like to know whether this mechanism is conserved throughout the larger CMP

Neu/Ac synthetase family and whether specific members of this family can be considered as

appropriate targets for drug design. Since the biosynthetic pathways leading to the

synthesis of sialic acid-containing glycoconjugates in both prokaryotes and eukaryotes

require the formation of CMP-NeuAc as the activated sugar donor, the feasibility of

developing inhibitors that selectively target, for example, CMP-NeuAc synthetase from
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pathogenic bacteria over the human host’s enzyme, will require the existence of some

notable differences in their properties. Despite the limited information regarding the kinetic

and mechanistic properties of this enzyme family, at least a couple of comparisons can be

made. Examination of alignments of seven of the eleven reported gene sequences reveals

two subgroups, proteins approximately 225 amino acids in length, including those from

pathogenic strains of Haemophilus and Neisseria spp. and proteins over 400 amino acids in

length, including those from E. coli, Streptococcus agalactiae, and Campylobacter coli

(Tullius et al. 1996), but perhaps most importantly, the first full mammalian sequence to be

reported from mouse (Münster et al. 1998). Complete conservation of several residues in

the whole family, including a lysine (K19) identified in the CTP binding site of the H.

ducreyi enzyme (Tullius et al. 1999) suggests similar chemical mechanisms of catalysis in

the two groups. However, the observation of micromolar K. values for the smaller enzymes

(Samuels et al. 1999; Tullius et al. 1996; Warren and Blacklow 1962) compared with

millimolar values reported for some of the larger enzymes (Haft and Wessels 1994; Liu et

al. 1992; Vann et al. 1993), as well as the 64 puM Kºsosº value reported here for the H.

ducreyi enzyme versus a value of 2.5 mM for the E. coli enzyme (Schmid et al. 1988),

suggests that there may be exploitable kinetic differences between these groups of enzymes.

In addition, the cellular location of the bacterial versus the mammalian enzymes may provide

a further selective advantage, since the bacterial enzymes are cytoplasmic, while the

mammalian enzymes are located in the nucleus (Münster et al. 1998). These observations,

together with the kinetic picture developed in this work provide a framework for further

investigation of this group of enzymes.
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CHAPTER 3.

Probing the Active Site Topography and Ligand-Induced Conformational

Changes by Limited Proteolysis and Amide Hydrogen Exchange of

Cytidine 5'-Monophosphate N-acetylneuraminic Acid Synthetase

3.1 INTRODUCTION

In the previous chapter, steady state kinetic analyses of CMP-NeuAc synthetase

demonstrated that the enzyme catalyzes the activation of sialic acid by a sequential ordered

kinetic mechanism, where CTP is bound before Neu/Ac and CMP-NeuAc is released after

pyrophosphate (Samuels et al. 1999). Currently, no crystal structure is available for any

member of this enzyme family. Therefore, an aim of this study was to gain additional

insight into structural aspects of CMP-NeuAc synthetase and potentially reveal the origin of

its sequential ligand associations and dissociations. The current chapter describes the

employment of mass spectrometric approaches to evaluate the effects of ligand binding on

the limited proteolysis and amide hydrogen exchange of CMP-NeuAc synthetase in an

effort to identify regions of the active site and to detect potential ligand-induced changes in

protein conformation. Under limiting conditions, proteolysis preferentially occurs in areas

with increased segmental mobility and hence, is likely to explore highly exposed surface

loops, domain linkers, and/or flexible hinges in proteins (Fontana et al. 1986; Hubbard

1998). In contrast, amide hydrogen exchange has the capacity to explore all solvent

accessible surfaces of a native protein (Englander et al. 1985; Smith et al. 1997; Woodward

et al. 1982; Zhang and Smith 1993). The combination of these powerful techniques with

matrix assisted laser desorption ionization (MALDI) mass spectrometry provided a
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Sensitive probe of the global structure and dynamics of CMP-NeuAc synthetase as well as

an easy means to spatially resolve segments of the backbone influenced by ligand binding.

More specifically, variations in the proteolytic fragmentation patterns and the extent

of deuterium exchange of CMP-NeuAc synthetase as a result of binding CMP-NeuAc

alone, MgCTP and/or the competitive inhibitor, Me-O-NeuAc were evaluated. In all,

combinations of the ligands retaining features of the nucleotide at minimum significantly

hindered the general proteolysis of CMP-NeuAc synthetase by trypsin and endoproteinase

Glu-C. However, the combined presence of the nucleotide and sugar were required to detect

a measurable decline in the global exchange of backbone amides of CMP-Neu/Ac ºn

synthetase as well. Several regions of the protein protected from amide exchange and K.

proteolysis upon ligand binding were identified and mapped to the equivalent segments of :

the three dimensional structure for the capsule-specific cytidine 5'-monophosphate 2-keto- *

3-deoxyoctonate (CMP-KDO) synthetase from E. coli, a member of a sugar-activating :
family of enzymes related to CMP-Neu/Ac synthetases (Jelakovic et al. 1996). In addition, º

these data suggest the occurrence of an ligand-induced change in the conformation of r

CMP-NeuAc synthetase leading to a more compact structure with a reduced solvent º
accessible surface. **

3.2 MATERIALS AND METHODS

3.2.1 Materials

ACTH(1-24), CTP, CMP-Neu/Ac, MOPS, MgCl, pepsin (porcine mucosa) and

trypsin (sequencing grade) and SDS-PAGE ultra low molecular weight markers were

purchased from Sigma Chemicals. Endoproteinase Glu-C (sequencing grade) was

purchased from Boehringer Mannheim. Me-O-NeuAc was purchased from Glyco-Tech.

3,5-Dimethoxy-4-hydroxy-cinnamic acid, O-cyano-4-hydroxycinnamic acid and deuterium
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oxide (100 atom 9%D) were purchased from Aldrich. Capillary Zone Electrophoresis

peptide standard kit, P6 SEC gel, sample buffer, running buffer and SDS-PAGE ready gels

were purchased from Bio-Rad. TRA was purchased from Pierce. Fast Stain was purchased

from Zoion Biotech and SepPak Plus C18 Cartridges were obtained from Waters.

3.2.2 Methods

3.2.2.1 Preparation and Digestion of CMP-NeuAc Synthetase

The over-expression in E. coli and purification of CMP-NeuAc synthetase has been

previously described (Tullius et al. 1996). The enzyme was desalted into 100 mM MOPS

pH 7.5 with a P6 gel filtration column, lyophilized and stored at -10°C. Prior to use, the

protein was reconstituted in water to yield 21.1 mg/mL CMP-NeuAc synthetase in 200 mM

MOPS pH 7.5. Aliquots of the concentrated enzyme were complexed with various

combination of ligands, at a ten-fold excess of their final concentrations, in 200 mM MOPS

pH 7.5 for 15 minutes at room temperature. Following a dilution of the pre-complexed

CMP-NeuAc synthetase (15 pul) into water (135 pul), an aliquot (16.5 pull) of 10-X

protease in 20 mM MOPS pH 7.5 was added to separate microcentrifuge tubes containing

various combinations of the ligands to yield the following conditions: 1.33 mg/mL CMP

Neu/Ac synthetase, 0.9 mM Me-O-NeuAc, 450 puM CTP, 135 puM CMP-Neu/Ac, 18 mM

MgCl2, 20 mM MOPS pH 7.5 with 27 pg/mL trypsin or 111 pig■ mL endoproteinase Glu

C. CMP-NeuAc synthetase was digested at 25 °C up to 90 minutes.

3.2.2.2 SDS-PAGE Analysis of Proteolytic Fragments

For the analysis of the proteolytic fragments of CMP-NeuAc synthetase, reactions

were terminated by mixing 7 pil of digested protein with 14 pull of Tris-Tricine sample

buffer and boiling for 5 minutes. Proteolytic digests (10-15 pul/lane) were resolved on
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16.5% Tris-Tricine ready gels at 100 mV for 135 minutes. All gels were fixed with a

Solution of 45% methanol/10% acetic acid and visualized with Fast Stain.

3.2.2.3 MALDI Mass Spectrometric Analysis of Proteolytic Fragments

Aliquots of the digestion reaction were terminated by combining the digested protein

with an equal volume of 0.20% TFA. 0.5 pull of quenched protein was mixed with 0.5 pull

of 20 mg/mL sinapinic acid in acetonitrile:ethanol:0.1 % TFA (1:1:1, v/v/v)on a MALDI

target. All data were acquired on a PerSeptive Biosystems Voyager-DE time-of-flight linear

mass spectrometer in the positive ion mode. Mass spectra were smoothed twice by a 19

point Savitsky-Golay function and average masses were assigned by centroiding the top

30% of the peak heights. All mass spectra were calibrated both externally and internally

with the singly and doubly charged molecular ions for the native CMP-NeuAc synthetase.

The sequences of all proteolytic fragments of CMP-NeuAc synthetase were determined

based on average masses measured by MALDI mass spectrometry and the specificity of the

individual proteases.

3.2.2.4 Preparation of Pre-Complexed CMP-Neuác Synthetase

An ammonium sulfate suspension of the enzyme was desalted into 100 mM MOPS

pH 7.1 with a P6 gel filtration column. Individual aliquots of the desalted enzyme were

lyophilized and stored at -10°C. Prior to use, CMP-NeuAc synthetase was reconstituted in

water to yield a 21.1 mg/mL solution in 200 mM MOPS pH 7.1. Next, the concentrated

enzyme solution was diluted with buffer containing selected ligands and equilibrated for 10

minutes at room temperature prior to exchange in D.O. For studies with unliganded CMP

NeuAc synthetase, only 200 mM MOPS was added.
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3.2.2.5 Deuterium Exchange of CMP-Neuác Synthetase

The strategies employed throughout this study are outlined in Figure 3.1. Isotopic

exchange of amide hydrogens was initiated by the dilution of 4 pil of the unliganded or

precomplexed enzyme into 36 pil of 100% atom D.O. The final conditions for the

exchange reaction were: 1.48 pg/ul CMP-NeuAc synthetase in 20 mM MOPS with a

combination of 1.0 mM Me-O-NeuAc, 20 mM MgCl, 500 p.M CTP or 150p M CMP

NeuAc in 90% D.O. For analysis at the protein level, 10 pil of the exchanged protein was

mixed with 10 pull of 0.12% TFA on ice. Immediately, 2 pil of the acidified protein was

mixed with 8 pull of 20 mg/mL 3,5-dimethoxy-4-hydroxy-cinnamic acid in

ethanol:acetonitrile:0.1% TFA on ice. For analysis at the peptide level, the exchange

reaction was terminated and proteolysis initiated in one step by mixing 10 pull of exchanged

protein (1.48 pg/ul) with 10 pil of 3.86 pg/ul pepsin in 0.12% TFA that had been chilled

on ice. Following a 1 minute digestion, 2 pull of the peptide mixture was mixed with 8 pil of

20 mg/mL O-cyano-4-hydroxycinnamic acid in ethanol:acetonitrile:0.10% TFA (1:1:1,

v/v/v) on ice. Whether analyzing the whole protein or digest, 1 pull of each acidified solution

containing matrix was spotted on a MALDI target (at room temperature) and dried within

10 seconds and promptly analyzed by mass spectrometry. Mass spectra of all peptide

samples were acquired within an average of 7 minutes after the deposition of the matrix

containing solution on the MALDI target, whereas analysis of protein samples averaged 15

minutes.

3.2.2.6 Total Deuterium Exchange and In-Exchange of CMP-Neuác Synthetase

To determine the maximal number of deuteriums solely retained in backbone amides

(Nºved), it was necessary to measure both Noa and N (Equation 2). Figure 3.2In-Exchange

illustrates the sites expected to undergo isotopic exchange during each control experiment.

To determine the total number of hydrogens capable of isotopic exchange (Noa), CMP

NeuAc synthetase (1.64 pug/ul) was incubated in 100 atom 9% D.O in 20 mM MOPS for
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Protein / H2O

Ligands / H2O Complex
(pH 7.0, 25°C, 100% H2O)

Protein/Ligands / H2O

D2O 1 Hour Exchange
(pD ~7.0, 25 °C, 90% D2O)

Deuterated
Protein

Pepsin/TFA/H2O TFA/H2O

Pepsin Digest/AcidOuench
(pH -2.5, 0°C, 50% D2O)

Deuterated Deuterated
Peptides Protein

Addition of Matrix
(~pH 2.5, 9% D2O)

MALDI-MS
W !”

Localize Protected Measure Global
Regions Exchange

Figure 3.1 Diagram of the amide hydrogen exchange protocol for the measurement

of deuterium incorporated into CMP-NeuAc synthetase and the peptic digestion

products.
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Figure 3.2 Comparison of locations and quantity of deuteriums incorporated into

CMP-NeuAc synthetase during total exchange and in-exchange experiments. In this

example, a total 4 deuteriums are retained in both C, amides and side chain groups of the

protein following complete exchange. However, the in-exchange control revealed the

portion of deuterium exclusively incorporated into residue side chains during manipulations

at low pH in the presence of residual D.O.
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68 hours at 55 °C. The completely exchanged enzyme was mixed with an equal volume of

an ice cold solution of 0.12% TFA, prior to combining with matrix, adhering to the same

condition as above. To quantitate the number of deuteriums exchanged into the protein

during the acid quench and matrix mixing steps (N.E.a.), the enzyme was instead
reconstituted in 20 mM MOPS in water and quenched with 0.12% TFA in D,O (100 atom

% D) and immediately analyzed by mass spectrometry.

In analogous control experiments, No, and Nºe, as were also determined for
each peptide of the pepsin digest. Ideally, Noa could be measured for an individual

peptide derived from the digestion of CMP-Neu/Ac synthetase that had been completely

exchanged under harsh conditions, however, the denatured enzyme is not efficiently

digested by pepsin. Therefore, a solution containing the predigested CMP-Neu/Ac

Synthetase was prepared and completely exchanged by the following protocol. A chilled

solution of 1.48 mg/mL CMP-NeuAc synthetase in 20 mM MOPS pH 7.1 was digested on

ice with an equal volume of 0.80 mg/mL pepsin in 0.12% TFA on ice for 5 minutes. The

resulting peptides were quickly loaded onto a chilled Sep-Pak Plus C18 cartridge and

washed with ice-cold 0.10% TFA, then eluted with 90% acetonitrile containing 0.10%

TFA. Following an initial lyophilization, the peptide mixture was repeatedly dissolved in

water and lyophilized to remove residual TFA. The predigested CMP-NeuAc synthetase

was reconstituted in 100 atom 9% D D,O containing 20 mM MOPS and exchanged for 6.5

hours at 85 °C. To mimic the exact condition during the digestion of the enzyme, the fully

exchanged mixture of peptides was mixed with an equal volume of an ice-cold solution of

0.12% TFA and incubated on ice for 1 minute, prior to addition of the matrix and analysis

by MALDI-MS. To determine the average number of deuteriums exchanged into each

peptide solely during the pepsin digestion and matrix mixing steps (N ), predigestedIn-Exchange

CMP-NeuAc was instead reconstituted in 20 mM MOPS in water and quenched with 0.12

% TFA in 100 atom 9%.D D.O.
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3.2.2.7 MALDI Mass Spectrometric Analysis of Exchanged CMP-Neuac Synthetase

and Peptide Mixture

To quantitate the number of amide hydrogens incorporated into CMP-NeuAc

synthetase and its digestion products, samples were analyzed on a PerSeptive Biosystems

Voyager DE MALDI time-of-flight mass spectrometer in the positive ion mode. All mass

spectra were smoothed 1-2 times with a 19 point Savitsky-Golay function and calibrated

externally with 2 points using undeuterated CMP-Neu/Ac synthetase or a mixture of

angiotensin II and ACTH(1-24) with one exception. The mass spectrum of the protein

digest was calibrated internally using the average calculated masses of peptides that had

been previously sequenced by MALDI-PSD (M = 819.0, 1073.3, 1414.7, 1698.0, 2494.1

and 3020.7 Da) to obtain accurate mass measurements (M., Table 3.1). Average masses of

were assigned by centroiding the top 30% of the peak height of unresolved isotopic

clusters. The total number of deuteriums incorporated into CMP-Neu/Ac synthetase and the

peptic peptides was calculated using Equations 1 and 2, where Moa is the average mass with

natural isotopic distributions, M, is the average mass following deuterium exchange for t

minutes, Moon is the average mass following the complete exchange of all hydrogens

bonded to heteroatoms, and Meae is the average mass after the in-exchange of
deuterium exclusively into side chain groups.

Equation 1 N. = M. – M

Equation 2 N Mooz - Mobserved ºf In Exchange

Each measurement is the average of 2-4 separate trials. Peptic peptides of CMP-NeuAc

synthetase were identified by direct sequencing with MALDI-PSD on a Voyager Elite and a
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Voyager DESTR (PerSeptive Biosystems) or using a combination of the measured mass

and the observed specificity of pepsin.

3.3 RESULTS

3.3.1 SDS-PAGE Analysis of Proteolytic Digest of CMP-NeuAc Synthetase

As a first step, the proteolysis of the apo-enzyme by trypsin and endoproteinase

Glu-C was monitored as a function of time in an attempt to map the surface of CMP-NeuAc

Synthetase. Using a 49:1 ratio of CMP-NeuAc synthetase:trypsin, the digestion reaction

generated 4 bands ranging from ~14-25 kDa in size over a period of 60 minutes (Figure

3.3A). To obtain additional cleavage sites, the enzyme was also digested with

endoproteinase Glu-C and analyzed by SDS-PAGE. With a ratio of CMP-NeuAc

synthetase: endoproteinase Glu-C of nearly 12:1, digestion of the intact protein appeared to

produce a single fragment of approximately 15 kDa after a 90 minute reaction (Figure

3.4A).

To assess global changes in the digestibility of CMP-NeuAc synthetase attributed to

ligand binding, the proteolytic fragments of the free enzyme were compared to those derived

from the enzyme complexed with various molecules. Under the chosen experimental

conditions, the concentration of each ligand was at least 10-fold in excess of its respective

dissociation constant, and therefore the active site of CMP-NeuAc synthetase was saturated

(Samuels et al. 1999). SDS-PAGE analysis revealed that the addition of the sugar analog

alone resulted in digestion patterns identical to those from the apo-enzyme (Figure 3.3B).

Conversely, the presence of CMP-NeuAc or CTP provided CMP-NeuAc synthetase

significant global protection from digestion by trypsin compared to the free enzyme. With

these ligands bound, further degradation of the 15 and 17 kDa tryptic fragments were

suppressed as well. Similarly, the sole addition of CMP-NeuAc or the nucleotide alone or
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Figure 3.3 SDS-PAGE analysis of tryptic digests of CMP-NeuAc synthetase. (A)

CMP-NeuAc synthetase (1.33 mg/mL) was digested with trypsin (27 pg/mL) at 25 °C over

60 minutes. (B) The enzyme digested in the presence of buffer alone (200 mM MOPS) or

in the presence of buffer plus the following additives: 0.9 mM Me-O-NeuAc, 450 puM

CTP/18 mM MgCl, 450 puM CTP/0.9 mM Me-O-NeuAc/18 mM MgCl, or

135 puM CMP-NeuAc for 15 and 40 minutes.
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Figure 3.4 SDS-PAGE analysis of endoproteinase Glu-C digests of CMP-NeuAc

synthetase. (A) CMP-NeuAc synthetase (1.33 mg/mL) was digested with endoproteinase

Glu-C (111 pig■ mL) at 25 °C over 90 minutes. (B) The enzyme digested in the presence of

buffer alone (200 mM MOPS) or in the presence of buffer plus the following additives: 0.9

mM Me-O-NeuAc, 450 pm CTP/18 mM MgCl, 450 puM CTP/0.9 mM Me-O-NeuAc/18

mM MgCl, or 135 puM CMP-NeuAc for 10 and 50 minutes.
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in conjunction with Me-O-NeuAc provided the enzyme some protection from

endoproteinase Glu-C compared to the addition of sugar analog or buffer (Figure 3.4B).

3.3.2 MALDI Mass Spectrometric Analysis of Proteolytic Digest of CMP-NeuAc

Synthetase

To identify all sites vulnerable to proteolysis, the resulting tryptic and

endoproteinase Glu-C fragments of CMP-Neu/Ac synthetase were investigated by MALDI

MS. The analysis of the tryptic digest of the free enzyme led to the identification of 9

fragments (Figure 3.5), compared to 5 observed by SDS-PAGE analysis alone. Digestion

of CMP-NeuAc synthetase with trypsin produced a total of 5 and 4 fragments resulting

from single and double cleavages, respectively. The sites susceptible to cleavage by trypsin

include K17, K19, K140 and R162. Conversely, the proteolysis of CMP-Neu/Ac synthetase

with endoproteinase Glu-C generated 4 singly cleaved fragments (Figure3.6). The sites

favored by endoproteinase Glu-C were exclusive to the C-terminal half of the enzyme and

included E145, E217 and E223.

To identify the protease sensitive sites shielded in complexed CMP-Neu/Ac

synthetase, the protein was digested in the presence of mixtures of the ligands and analyzed

by MALDI-MS. Examination of the tryptic digest of CMP-NeuAc synthetase showed the

binding of CTP with and without Me-O-NeuAc resulted in the disappearance of peaks A, B,

D, E, G and H (Figure 3.5). Cleavage sites protected by the nucleotide alone or with the

sugar analog corresponded to K17 and K19. However, the addition of CMP-NeuAc

renders the enzyme completely resistant to proteolysis by trypsin. Analysis of the

endoproteinase Glu-C digestion of CMP-NeuAc synthetase also revealed that addition of

CTP with and without Me-O-NeuAchampered proteolysis of the intact protein,

significantly delaying the appearance of peaks A, B, C and D (Figure 3.6). Collectively,

cleavage at E145, E217 and E223 by endoproteinase Glu-C was impeded when CMP
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Figure 3.5 MALDI-MS spectra of tryptic digest of CMP-NeuAc synthetase. (A) The

enzyme digested with trypsin at 25 °C for 17 minutes in the presence of buffer alone (200

mM MOPS) or in the presence of buffer plus the following additives: 0.9 mM Me-O-

NeuAc,450 puM CTP/18 mM MgCl, 450 pm CTP/0.9 mM Me-O-NeuAc/18 mM MgCl,

or 135 puM CMP-NeuAc. MH' and MH" represent the singly and doubly charged

molecular ions for the intact protein. (B) Summary of all sites in CMP-NeuAc synthetase

susceptible to cleavage by trypsin.
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Figure 3.6 MALDI-MS spectra of endoproteinase Glu-C digests of CMP-NeuAc

synthetase. (A) The enzyme digested with endoproteinase Gluc at 25 °C for 13 minutes in

the presence of buffer alone (200 mM MOPS) or in the presence of buffer plus the

following additives: 0.9 mM Me-O-NeuAc, 450 puM CTP/18 mM MgCl, 450 puM CTP/0.9

mM Me-O-NeuAc/18 mM MgCl, or 135 p.M CMP-NeuAc. MH' and MH" represent the

singly and doubly charged molecular ions for the intact protein. (B) Summary of all sites in

CMP-NeuAc synthetase susceptible to cleavage by endoproteinase Glu-C.
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NeuAc and CTP alone or in conjunction with Me-O-NeuAc occupied the active site of the

enzyme.

3.3.3 Global Exchange of CMP-NeuAc Synthetase

To probe the structure and dynamics of the H. ducreyi CMP-Neu/Ac synthetase, the

isotopic exchange of the backbone amide hydrogens was investigated using mass

spectrometry. First, the maximum number of hydrogens bonded to heteroatoms in CMP

NeuAc Synthetase capable of isotopic exchange was determined under denaturing

conditions at neutral pH (Figure 3.2). A total of 215 deuteriums (Noa) were incorporated

into the enzyme and it had appeared that 99% of the non-proline amides had exchanged

under these conditions (Figure 3.7). To assure the experimental conditions mostly survey

the exchange of main chain amides of CMP-NeuAc synthetase, all hydrogens bonded to

heteroatoms capable of exchange at low pH were measured in an in-exchange control study

(Figure 3.2). In this experiment, an average of 59 deuteriums (N ) were found toIn-Exchange

incorporate into the enzyme exclusively during the acid quench and matrix mixing steps

(Figures 3.7). Backbone amide hydrogen exchange rates are considerably suppressed

under acidic conditions (pH 2-3), however, isotopic exchange of side chain groups remains

considerable (Bai et al. 1993; Smith et al. 1997). Therefore, the increase in mass during the

in-exchange control experiment results from the continued exchange of residue side chains,

which are expected to rapidly reach an equilibrium with the solvent to reflect the final

deuterium content. Following the subtraction of the background in-exchange of deuterium

into side chain groups, a total of 156 deuteriums (Nºs.) were determined to be solely

retained in backbone amides, which represented 72% of all non-proline backbone amides in

CMP-NeuAc synthetase (Figure 3.7). Since the amount of artifactual in-exchange is

relatively modest, this value was not subtracted from subsequent measurements of

deuterium incorporation (N) for the sake of simplicity.
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Figure 3.7 MALDI-MS spectra of CMP-NeuAc synthetase with varied isotopic

distributions. The spectrum of CMP-NeuAc synthetase was recorded in solutions of

natural isotopic abundance. The intact protein was analyzed following in-exchange and total

exchange control experiments for the determination of M and Moog.in-exchange
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To determine an adequate incubation time for the amide exchange studies, deuterium

incorporation for the intact protein was measured as a function of time. Within one hour,

the exchange reaction had reached an equilibrium, resulting in the exchange of an average of

145 amides (Nome,) (Figure 3.8). To quantitate the effects of ligand associations on

changes in the overall solvent accessibility of backbone amides in CMP-Neu/Ac synthetase,

the enzyme was pre-complexed with various ligands in water then exposed to D.O for 1

hour. The average number of deuteriums incorporated into the enzyme with each

combination of ligands was quantitated by mass spectrometry within 15 minutes of

quenching the exchange reaction. Whether Me-O-NeuAc or CTP was bound to the

enzyme, the percent deuterium incorporated into main chain amides was statistically

unchanged compared to that for the apo-enzyme (Figure 3.9). However, the combination of

CTP and Me-O-NeuAc protected an average of 16 backbone amides from exchange.

Furthermore, when CMP-Neu/Ac was bound, an average of 24 backbone amides are

protected from exchange.

3.3.4 Peptic Peptides from Exchanged CMP-NeuAc Synthetase

By virtue of the global protection of backbone amide hydrogens in CMP-Neu/Ac

synthetase provided by bound ligands, we sought to identify the specific regions of the

protein that experienced changes in isotopic content associated with the binding of different

ligands. The spatial resolution of those amides shielded from bulk solvent was achieved by

measuring deuterium incorporation for individual peptides generated from the digestion of

exchanged CMP-NeuAc synthetase with pepsin. The digestion reaction was performed

under acidic conditions (pH 2-3) at 0 °C, where amide back-exchange is extremely slow and

pepsin activity is substantial. To minimize the duration of the proteolysis, an excess of

pepsin was used to produce over 28 peptides in a 1 minute digest (Table 3.1, Figure 3.10).

Since substrate specificity of pepsin is not restricted to just a couple of residues, the
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Figure 3.8 Deuterium exchange kinetics of CMP-NeuAc synthetase. The enzyme

was exchanged alone in 90% D.O at 25 °C and the total number of deuteriums incorporated

into the protein for each time point measured (N). Each data point represents the average of

2-3 separate trials and error bars indicate standard deviation.
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Figure 3.9 Deuterium exchange of CMP-NeuAc synthetase complexes. The enzyme

(1.48 pg/ul) was incubated in 90% D.O at 25 °C for 1 hour in the presence of buffer alone

(200 mM MOPS) or in the presence of buffer plus the following additives: 1.0 mM Me-O-

NeuAc, 500 p.M CTP/20 mM MgCl, 500 p.M CTP/1.0 mM Me-O-NeuAc/20 mM MgCl,

or 150 puM CMP-NeuAc. Each value represents the average of 3-4 separate measurements

of the total number of deuteriums incorporated into the protein (No.) bound with various

ligands and standard deviations are indicated by error bars.
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Table 3.1 Exchange parameters for peptic peptides of CMP-NeuAc synthetase

Peak Location PSD | M, ºne M. melº N 1004 | N mºdel
(average) (average)

1 V(30–36)A 698.9 698.8 5.9 6

2 L(67-72)Y 762.9 762.9 4.5 4

3 I(184-189)F X 819.0 819.0 5.3 5

4 V(83-90)A 865.0 865.0 a 7

5 L(67–73)L 876.1 876.0 5.4 5

6 L(183-189)F X 932.1 932.1 6.3 6

7 A(59-66)T X 967.0 967.0 7.6 7

8 Y(197-204)S X 1009.1 1009.2 6.4 6

9 L(219–227)I X 1073.3 1073.3 8.8 8

10 I(101-110)E X 1127.3 1127.5 8.0 7

11 L(218-227)I 1186.4 1186.6 9.9 9

12 Y(197-206)D X 1237.4 1237.4 8.8 8

13 C(132-143)L X 1260.4 1260.7 a 10

14 I(101-112)D 1355.5 1355.8 9.9 9

15 V(30-43)F X 1414.7 1414.7 12.6 13

16 F(120-132)C 1437.7 1436.7 11.9 12

17 Y(197-208)D X 1465.6 1465.7 10.1 10

18 F(158-169)Y X 1491.7 1491.4 9.7 9

19 Y(197-209)A X 1536.7 1536.6 a 11

20 I(184-196).F X 1698.0 1698.0 11.6 11

21 L(67-82)D 1836.1 1835.9 13.8 14

22 F(158-174)A X 1961.2 1961.8 13.8 14

23 F(158-175)I X 2074,4 2074.9 15.0 15

24 I(101-119)L X 2097.5 2097.4 16.4 16

25 F(158-176)Y 2237.6 2238.1 16.2 16

26 M(1-23)L X 2494.1 2494.1 21.8 21

27 D(44-66)T 2626.8 2627.0 24.2 22

28 M(1-29)L 3020.7 3020.8 a 26

“Unable to assign mass due to the lower intensity and broadness of the peaks after

complete exchange.
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identification of proteolytic products in some cases required direct sequencing by MALDI

PSD. However, some peptides were identified by a combination of the measured mass,

knowledge of other flanking peptides and the experimentally observed specificity of pepsin.

Despite the high ratio of pepsin:CMP-Neu/Ac synthetase (2.6:1, wt/wt), none of the peaks

observed in the mass spectrum of the digest was attributed to autoproteolysis of pepsin.

Although certain segments of CMP-NeuAc synthetase were represented in multiplicity,

84% of the sequence was covered by the entire population of peptides observed (Figure

3.11).

Once more, to guarantee our methods generally probe backbone amides, we first

measured the exchange of all hydrogens bonded to heteroatoms capable of exchange in

each peptide of the digest. Complete exchange of proteins in D.O in many cases requires

exposure to denaturants and/or elevated temperatures for extended periods of time.

Considering the digestion of denatured CMP-NeuAc synthetase by pepsin was incomplete,

it was necessary to instead exchange the pre-digested protein under harsh conditions. To

measure the maximum number exchangeable sites for each peptide (Noa), CMP-NeuAc

Synthetase was digested with pepsin and batch eluted from a reversed phase column. The

entire peptide pool was exchanged in D.O for 6 hours at 83 °C near neutral p■ ) and the

number of deuteriums incorporated into each peptide was quantitated by MALDI-MS. In

every instance, the total number of deuterons exchanged into the individual peptides was

nearly equivalent to or slightly exceeded the number of non-proline backbone amides (Table

3.1). In-exchange control experiments revealed that a range of 1.8 to 6.6 deuteriums were

incorporated into sites other than main chain amides over the entire population of peptides

under the experimental conditions (data not shown). Once more, our methods mostly detect

the exchange of backbone amides in the peptides and therefore, subsequent measurements

were not corrected for deuterium incorporated into side chain groups during the pepsin

digestion and matrix mixing steps under acidic conditions.
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Figure 3.11 Amino acid sequence and location of peptic peptides of CMP-NeuAc

synthetase. Peptic fragments used in this study are denoted by arrows along with the

corresponding calculated average masses.
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3.3.5 Localization of Regions Protected from Exchange in the Presence of Ligands

As the presence of CMP-NeuAc and the combination of CTP with Me-O-Neu/Ac

were found to significantly effect the extent of amide exchange in CMP-Neu/Ac synthetase

(Figure 3.9), we sought to localize the precise regions of the protein containing less

deuterium when the ligands were bound (Figure 3.12). Although not observed at the

protein level, the nucleotide alone was demonstrated to shield certain peptides from amide

exchange. The highest degree of protection was observed in the peptide with an average

mass of 2626.8 Da from region 1 (D44-T66) (Figure 3.12A). When CTP was bound to

the enzyme, an average of 3.7 amide hydrogens were blocked from exchange compared to

an average of 5.0 hydrogens when Me-O-NeuAc was also included. Moreover, an average

of 6.1 amide hydrogens were shielded from the D.O when CMP-NeuAc was bound.

Similar decreases in deuterium incorporation were observed in the overlapping peptide with

an average mass of 967.0 Da as well. A set of overlapping peptides from a second

protected region (I101-L119) were also demonstrated to contain less deuterium when CMP

Neu/Ac or when CTP alone or in combination with Me-O-NeuAc were bound to CMP

NeuAc synthetase (Figure 3.12B). On the whole, a maximum of 1.9 amide hydrogens were

protected from isotopic exchange in this particular segment of CMP-NeuAc synthetase.

For any individual peptide from region 1 or 2, the presence of CMP-NeuAc alone, CTP

alone or in combination the sialic acid analog provided comparable protection from amide

exchange, which suggests these regions are primarily involved in the recognition of the

CTP. In support of this hypothesis, several key amino acid residues contained within the

shielded segments are conserved in both CMP-Neu/Ac and CMP-KDO synthetases and

include D52, Q102 and P106 (Figure 3.13).

In a third region (F158-Y176), three overlapping peptides (M = 1961.2, 2074.4 and

2237.6 Da) were moderately protected from amide exchange in the presence of CTP and

Me-O-NeuAc together (Figure 3.12C). This region of CMP-NeuAc synthetase amassed

ºr *
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as sº

* *
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- ***
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Figure 3.12 Deuterium exchange of peptides derived from CMP-NeuAc synthetase

complexes. Overlapping peptides significantly protected from amide exchange in CMP

Neu/Ac synthetase ligand-bound complexes are contained within one of three separate areas:

(A) Region 1 (D44-T66), (B) Region 2 (I101-L119) or (C) Region 3 (F158-Y176). The

individual peptides are denoted by their average calculated masses (Figure 3.11). CMP

NeuAc synthetase (1.48 pg/ul) was incubated in 90% D.O at 25 °C for 1 hour in the

presence of buffer alone (200 mM MOPS) or in the presence of buffer plus the following

additives: 1.0 mM Me-O-NeuAc, 500 p.M CTP/20 mM MgCl, 500 p.M CTP/1.0 mM Me

O-NeuAc/20 mM MgCl, or 150 puM CMP-NeuAc. The exchanged enzyme complexes

were digested and the amount of deuterium incorporated into individual peptides was

quantitated (Nºon). Each value represents the average of 3-4 separate measurements and

standard deviations are indicated by error bars.
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Figure 3.13 Sequence alignments of CMP-NeuAc and CMP-KDO synthetases. The

top 5 sequences are CMP-NeuAc synthetases and the bottom 4 sequences are CMP-KDO

synthetases (Tullius et al. 1996). The amino acid sequences for the CMP-Neu/Ac

synthetase from H. ducreyi and the capsule-specific CMP-KDO synthetase from E. coli are

in bold. Regions protected from amide hydrogen exchange in the H. ducreyi CMP-Neu/Ac

synthetase are denoted by arrows and numbered accordingly. All sites susceptible to

cleavage by trypsin (R, K) and endoproteinase Glu-C (E) are indicated by V. Residues

conserved (7 or more identical) across both enzyme classes are shaded. Boxes indicate

areas of a high percentage of identity among each class of enzymes. The abbreviations used

are: HD, H. ducreyi, HI, H. influenzae; NM, N. meningitidis; EC, E. coli; SA, S. agalactiae;

and CT, C. trachomatis.
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even less deuterium upon the binding of CMP-NeuAc, an average of 2.3-2.4 deuteriums per

peptide fewer than in the absence of ligands. We that concluded region 3 is sequestered

from solvent in the event of a change in protein conformation concomitant with catalysis

since the nucleotide alone does not significantly protect this region from amide exchange.

As the degree of amide exchange for each peptide is similar in spite of length, the backbone

amides shielded in the presence of the ligands appear to be concentrated within the segment

spanning from F158 to A174. Region 3 contains a stretch of amino acids conserved in

CMP-Neu/Ac synthetases only and an arginine (162) which is also conserved in CMP

KDO synthetases (Figure 3.13).

3.4 DISCUSSION

Lipooligosaccharide, the most abundant outer membrane component, is a virulence

factor for a number of pathogenic bacteria, including members of the Haemophilus and

Neisseria genera. In recent years, several genes have been shown to be involved in the

biosynthesis of the amphipathic glycolipid (Gibson et al. 1997; Nichols et al. 1997; Phillips

et al. 2000; Stevens et al. 1997; Sun et al. 2000) in particular, those required for the

synthesis of LOS containing sialic acid (Bozue et al. 1999). In an effort to further our

understanding of the enzymology of LOS sialylation in H. ducreyi, we have focused our

studies on the neuA gene product, cytidine 5'-monophosphate N-acetylneuraminic acid

(CMP-NeuAc) synthetase. CMP-NeuAc synthetase catalyzes the activation of the anomeric

hydroxyl of sialic acid by a proposed in-line displacement of pyrophosphate from CTP to

form the sialic acid donor substrate, CMP-Neu/Ac (Ambrose et al. 1992). As an enzyme

family, CMP-NeuAc synthetases share an average of 32-65% identity and 50-79%

similarity (Figure 3.13) (Tullius et al. 1996). Moreover, the sialic acid activating family of

enzymes share significant sequence homology (11-18% similarity, 32-39% identity) with

cytidine 5'-monophosphate 2-keto-3-deoxy-D-manno-octulosonic acid (CMP-KDO)
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Synthetases, another family of enzymes proposed to couple an O-keto acid monosaccharide

to the nucleotide monophosphate via a nucleophilic displacement mechanism (Kohlbrenner

et al. 1987). To gain more insight into the structure of CMP-NeuAc synthetase, we have

investigated the surface topography of the enzyme by limited proteolysis and amide

hydrogen exchange. Albeit a crystal structure is not available for any member of the CMP

Neu/Ac synthetase family, the structure of the CMP-KDO synthetase from E. coli (kpsU

gene product) has been solved at 2.3 A resolution (Figure 3.14) (Jelakovic et al. 1996) and

should prove useful for interpreting results gained by the two independent methodologies.

The limited proteolysis of proteins in their native states is a powerful tool for

probing higher order structure (Hubbard 1998). Although the primary structure of the

substrate protein is an important factor for determining the potential for amide bond

cleavage, the tertiary structure of the protein substrate ultimately dictates the probability of

proteolysis. Numerous studies investigating proteins with known three dimensional

structures by limited proteolysis have been conducted to ascertain the key factors

influencing susceptibility to cleavage. Investigators quantifying the contributions of

flexibility and exposure to limited proteolysis have shown that the incidence of enzymatic

cleavage correlates with residue-average atomic temperature factors (B factors) and

preferentially occurs in the highly exposed regions lacking secondary structural elements

(Fontana et al. 1986; Vita et al. 1985). From collective observations, the investigators

concluded segmental mobility in protein chains to be a significant factor governing limited

proteolysis and therefore cleavage is anticipated to generally occur in surface exposed loops

and turns rather than rigid segments of regular secondary structure. Limited proteolysis

methods have increasingly been employed to probe the tertiary folds of proteins of

unknown structure for the purpose of investigating protein surface accessibility, domain

boundaries, unfolding/folding pathways and changes in protein conformation (Dieckmann

et al. 1999; Fontana et al. 1997; Hubbard 1998; Krekel et al. 1999; Scaloni et al. 1999;

Wyss et al. 1993). Herein we report the examination of the surface structure
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Figure 3.14 Three dimensional structures of the capsule-specific CMP-KDO

synthetase from E. coli. (A) Stereoview of the C. backbone of dimeric CMP-KDO

synthetase (Jelakovic et al. 1996). (B) Ribbon diagram of one subunit of the CMP-KDO

synthetase dimer. The molecular two-fold axes are denoted by dotted lines. Arg10 and

Lys19 are shown coordinating an IrCl,” anion at the putative phosphate binding loop and

are highlighted in magenta. The regions significantly protected from limited proteolysis

and amide hydrogen exchange upon the binding of ligands to the CMP-Neu/Ac synthetase

from H. ducreyi were mapped to the analogous segments of the CMP-KDO synthetase

from E. coli based on sequence alignments (Figure 3.13). Areas of CMP-Neu/Ac

synthetase protected from amide hydrogen exchange by the nucleotide, region 1 (45-67)

and region 2 (96-114) are highlighted in blue and red respectively. Whereas the portion of

the enzyme requiring elements of both the nucleotide and sugar for protection from amide

exchange, region 3 (159-165), is labeled in green. The loop proposed to bind the phosphate

of the CTP is represented in magenta. All sites cleaved by trypsin and Glu-C are numbered

according to the sequence of the CMP-NeuAc synthetase from H. ducreyi.
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of the CMP-NeuAc synthetase as well as identification of protein determinants for binding

the substrates in the native enzyme utilizing this powerful technique.

Initially, we surveyed the surface topography of CMP-NeuAc synthetase by

controlled digestion of the free enzyme with two proteases of narrow substrate specificity

requirements, trypsin and endoproteinase Glu-C. Analysis of the digestion products by

MALDI-MS revealed the presence of additional fragments not observed by SDS-PAGE as

well as permitted the quick identification of fragments based on observed masses and

protease specificity (Figures 3.3-3.6). Between the two proteases, 7 cleavage sites were

identified in CMP-NeuAc synthetase, altogether sampling the entire span of the protein. In

the absence of any ligands, CMP-NeuAc synthetase was immediately cleaved at E223 by

endoproteinase Glu-C followed by E217 and E145 whereas, tryptic digestion resulted in the

fairly even cleavage of K17, K19, K140 and R162. Sequence alignments of CMP-NeuAc

and CMP-KDO synthetases (Figure 3.13) were used to map the protease sensitive sites of

the H. ducreyi CMP-Neu/Ac synthetase onto the corresponding regions of the CMP-KDO

synthetase from E. coli (Figure 3.14) (Jelakovic et al. 1996; Tullius et al. 1996). Indeed,

most of the protease susceptible sites were contained within surface loops or the exposed at

the C-terminus of the CMP-KDO synthetase, suggesting that CMP-NeuAc synthetase has

an analogous single domain containing fold.

To identify active site residues, we compared the proteolytic fragment fingerprints of

free CMP-Neu/Ac synthetase to those derived from the enzyme bound with combinations of

CTP, Me-O-Neu/Ac and CMP-Neu/Ac. Recent investigations demonstrated the H. ducreyi

CMP-NeuAc synthetase to obey a sequential ordered Bi-Bikinetic mechanism, where CTP

is bound before NeuAc and pyrophosphate is released before CMP-Neu/Ac (Samuels et al.

1999). In accordance with the proposed mechanism, analyses of proteolytic digests by

SDS-PAGE (Figures 3.3, 3.4) and MALDI-MS (Figures 3.5, 3.6) showed the addition of

the sialic acid analog, Me-O-NeuAc, failed to affect the digestibility of the enzyme.

However, CTP alone or in combination with Me-O-NeuAc equally provided CMP-Neu/Ac
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Synthetase overall protection from proteolysis by trypsin or endoproteinase Glu-C, which

Suggests the bound nucleotide alone sufficiently hinders access of the proteases to specific

cleavage sites. Although the addition of the Me-O-NeuAc to the binary complex provided

little if any additional protection from proteolysis by either protease, the product-bound

enzyme complex was significantly more resistant to cleavage compared to the ternary

complex, especially to trypsinolysis. These findings may indicate the occurrence of a

change in protein conformation between substrate and product bound enzyme forms.

Structural perturbations in certain segments of the backbone of CMP-NeuAc synthetase

appear to be initiated upon the binding of the second substrate to the binary complex, a

requisite interaction that may not be fully realized with the sialic acid analog. On the whole,

the cleavage sites protected by bound ligands were classified as residing in one of two areas,

segments involved in the recognition of the first substrate, CTP, or segments involved in the

recognition of the Second substrate and/or changes in conformation concomitant with

catalysis.

In general, the binding of CTP hampered the proteolysis of all sites in CMP-Neu/Ac

synthetase to various degrees. However, the nucleotide-sugar product dramatically inhibited

cleavage of E145 and completely blocked cleavage of K140 and R162 (Figure 3.5).

Inspection of the CMP-KDO synthetase structure revealed the residue corresponding to

K140 to be located at the N terminal position of a 3 strand (38) at the opening of the

proposed substrate binding pocket, whereas E145 appears on the backside of the protein at

a later position in the same strand (Figure 3.14) (Jelakovic et al. 1996). Despite residing in

the middle of a large loop, the highly conserved R162 along with E145 appear in regions

remote from the proposed active site, supporting the occurrence of conformational

alterations in structure accompanying CMP-NeuAc binding as the origin of their protection

from proteolysis. Conversely, the presence of CTP alone was enough to inhibit the cleavage

of K17 and K19, which suggested the lysines are directly involved in the recognition of the

nucleotide. These findings are in agreement with labeling experiments on the H. ducreyi
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CMP-NeuAc synthetase that demonstrated the covalent modification of Lys19 by CTP 2,3'

dialdehyde abolishes enzymatic activity (Tullius et al. 1999). Furthermore, site directed

mutagenesis studies of the CMP-NeuAc synthetase from E. coli demonstrated the

analogous residue (Lys21) is required for enzymatic activity (Stoughton et al. 1999). Total

conservation of Lys19 across both the CMP-NeuAc and CMP-KDO synthetases, further

suggests the basic residue plays a role in catalysis and or the binding of the common

Substrate, CTP. The structure of the unliganded CMP-KDO synthetase shows the residues

equivalent to Lys17 and Lys19 are contained within a loop conserved in both enzyme

families and postulated to bind phosphate of the nucleotide (Jelakovic et al. 1996).

To gain additional insight into the structure of CMP-NeuAc synthetase, the surface

topography was surveyed by amide hydrogen exchange. Due to the dependence of main

chain amide exchange rates upon solvent accessibility and degree of participation in

Secondary structure, stable isotopic exchange of amide hydrogens is a sensitive probe of

protein structure and dynamics (Englander and Kallenbach 1983; Woodward et al. 1982).

Nuclear magnetic resonance spectroscopy (NMR) has been the traditional method

employed to measure amide hydrogen exchange rates, however, studies are typically

restricted to the analysis of small, soluble proteins of the highest purity (Smith et al. 1997).

In recent years, mass spectrometry has been routinely applied to such studies, while

avoiding several of the foremost obstacles that have plagued NMR (Katta and Chait 1991;

Smith et al. 1997; Zhang and Smith 1993). Perhaps the ability to spatially resolve regions

of a protein experiencing variations in the levels of isotopic incorporation as a result of

changes in protein conformation or ligand binding without any prior knowledge regarding

structure other than amino acid sequence is the greatest advantage of employing mass

Spectrometry for isotopic exchange. This technique permits the assessment of the backbone

amide hydrogens exclusively by exploiting differences between the pH dependencies of

exchange for hydrogens of main chain amides and those bonded to heteroatoms of residue

side chains (Bai et al. 1993). As the hydrogen exchange rates are influenced by changes in
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Solvent accessibility, amide hydrogen exchange mass spectrometry has been extended to the

investigation of noncovalent interactions and ligand-induced changes in protein

conformation (Mandell et al. 1998; Wang et al. 1997; Wang et al. 1998).

To further investigate the surface topography of CMP-NeuAc synthetase, all solvent

accessible amides were probed by deuterium exchange coupled to MALDI-MS. Following

total exchange under denaturing conditions, an average of 215 deuteriums (Noa) were

retained in CMP-Neu/Ac synthetase, which contains a total of 216 backbone amide

hydrogens in theory (Figure 3.7). However, a small portion of those protons exchanged are

expected not to be bonded to main chain amide nitrogens due to the remaining D.O (10%)

in the final solutions analyzed by mass spectrometry. Under the conditions of the acidic

quench (pH 2-3), backbone amide hydrogen exchange is suppressed by a factor of 10' and

the reaction half-lives are on the order of 30 minutes or greater (Bai et al. 1993; Englander

et al. 1985), however, the rates of isotopic exchange of side chain groups remain rapid

relative to the time scale of analysis and therefore allow their immediate equilibration with

isotopic content of the final solution analyzed (Smith et al. 1997). To determine the portion

of incorporated deuterium not bound to main chain amides following the total exchange of

the enzyme, in-exchange control experiments were performed where CMP-NeuAc

synthetase was reconstituted in H.O, and D.O was introduced in the acid quench solution

(Figure 3.2). An average of 59 deuteriums were incorporated into the enzyme solely during

manipulations in acid, which for the most part represented deuterium trapped in side chain

groups. Following the subtraction of background incorporation, a maximum of 72% of all

non-proline amides in CMP-NeuAc synthetase (156 backbone amides) could be detected

by this protocol (Figure 3.7). This value is with reason based on the successful evaluation

of amide hydrogen exchange in other proteins using LC-ESI-MS that have detected the

exchange of at most 63% of all backbone amides following complete exchange (Wang et al.

1998). Later measurements were not corrected for in-exchange, especially since the focus
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of this study was to assess changes in the extent of amide exchange in the enzyme bound

with various ligands relative to isotopic exchange in the free enzyme.

After confirming that our methods monitor the exchange of most backbone amide

hydrogens of CMP-NeuAc synthetase, we measured deuterium incorporation into the native

enzyme as a function of time. Following an hour long exchange in 90% D.O, the solvent

accessible sites of CMP-NeuAc synthetase had reached an equilibrium, resulting in the

incorporation of 151 deuteriums into the free protein (Figure 3.9). As expected only a

fraction of all backbone amide hydrogens were substituted in the native protein due to the

inaccessibility of protons bound in regular secondary elements. To further probe the

structure of specific regions of CMP-NeuAc synthetase, the exchanged enzyme was

proteolyzed and the levels of deuterium incorporation quantitated for each peptide.

Although LC-ESI-MS is commonly used to monitor amide exchange, MALDI-MS is

especially suitable for the direct analysis of protein digests since all information for a given

condition is gained in a single spectrum without the need for purification steps. Despite the

varying degrees of exchange for individual peptides in D.O, the overall peak profile of the

mass spectra remained relatively identical to that in water with the exception of peak

broadening due to the wider distribution of isotopic states for the exchanged peptides. In

control experiments analogous to those performed on the whole protein, the Moog and Min.

same values were determined for each peptide (Table 3.1). These studies demonstrated that
the exchange protocol was capable of detecting 52-81 % of all backbone amides following

subtraction of in-exchange background (data not shown). These values are also within

reason based on reports from other groups monitoring 40-96% using LC-ESI-MS

methods (Ehring 1999; Resing and Ahn 1998; Wang et al. 1998; Wang et al. 1998).

To evaluate the global effects of non-covalent interactions on solvent accessibility of

CMP-NeuAc synthetase, the quantity of deuterium incorporated into the enzyme complexed

with various ligands was compared to that exchanged into the free enzyme (Figure 3.9).

The saturation of the active site with either substrate had no effects on amide hydrogen
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exchange. Although these findings were expected for an inhibitor not capable of binding to

the free enzyme, the results suggest that the bound nucleotide alone is not sufficient to

evoke a change in the solvent accessible surface of CMP-NeuAc synthetase large enough to

be observed at the protein level. However, the combined presence of the nucleotide

triphosphate and Sugar analog produced a statistically significant decrease in the extent in

amide exchange compared to the unliganded-enzyme, protecting an average of 16 amides

from exchange. Moreover, the addition of CMP-NeuAc, instead of the substrate and the

inhibitor, provided greater protection from isotopic exchange, shielding an average of 24

deuteriums. The gross decrease in deuterium incorporation may be in part due to the direct

shielding provided by the ligands, however, the bulk of the effect may be attributed to a

change in protein conformation following the binding of the second substrate since the

unaccompanied nucleotide exerted very small or no detectable effects. To identify protein

determinants involved in substrate recognition, the segments of the enzyme-ligand

complexes containing less deuterium relative to the corresponding region in the free enzyme

were spatially resolved by the proteolysis of the exchanged protein followed by analysis of

the resulting peptides by MALDI-MS. Three different regions of CMP-NeuAc synthetase

showed distinct decreases in deuterium incorporation upon ligand binding, each of which

was represented by 2 or more overlapping peptide probes (Figure 3.12).

In the first protected region (D44-T66), two peptides displayed the highest

decreases in the extent of amide exchange (Figure 3.12A). Although the effects of binding

CTP to CMP-NeuAc synthetase were not detected at the protein level, decreases in the

number of deuterons incorporated into region 1 were easily detected in the overlapping

segments represented by peptides with a mass of 967.0 and 2626.8 Da. Within either

segment of this region, the presence of CMP-NeuAc, CTP alone or CTP in combination

with the sialic acid analog was found to hinder amide exchange nearly to the same degree

and therefore, the bound nucleotide was concluded to directly shield backbone amides of the

region spanning from Asp44 to Thr66 from bulk solvent. Sequence alignments revealed a
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number of hydrophobic residues and an aspartic acid within this segment are conserved

among both CMP-NeuAc and CMP-KDO synthetases, providing further support in favor

of region 1 having an important role in the recognition of CTP (Figure 3.13) (Tullius et al.

1996). The analogous stretch of residues were mapped on the structure of the CMP-KDO

Synthetase from E. coli and found to span from 3-strand4 to O-helix2 with the totally

conserved aspartic acid (Asp52) placed directly behind the loop proposed to bind phosphate

of CTP (Figure 3.14) (Jelakovic et al. 1996).

Similar effects were also observed for a set of overlapping peptides in a second

protected region (I101-L119) of CMP-NeuAc synthetase (Figure 3.12B). Here, the

presence of the nucleotide alone appeared to be the sole factor causing the decrease in the

extent of amide exchange for the three peptides (M = 1127.3, 1335.5, and 2097.5 Da) of

this region. Although this segment contained a stretch of residues (I101-R108) highly

conserved in CMP-NeuAc synthetases, 3 amino acid residues were almost completely

conserved throughout both CMP-Neu/Ac and CMP-KDO synthetases (Q102, P106 and

I113) (Figure 3.13) (Tullius et al. 1996). The corresponding regions of CMP-KDO

synthetase are mostly contained within O-helix4 and a loop lining the floor of the proposed

binding pocket directly across from the putative phosphate binding loop (Figure 3.14)

(Jelakovic et al. 1996). We therefore concluded that the second protected region spanning

from I101 to L119 also participates in the binding of the nucleotide, CTP.

In the final protected segment (F158-176Y) of CMP-NeuAc synthetase, the extent

of amide exchange was slightly suppressed upon the binding of CTP alone or in

combination with Me-O-NeuAc (Figure 3.12C). However, the three overlapping peptides

(M, = 1961.2, 2074.4 and 2237.6 Da) of this region all showed significantly lower

deuterium incorporation for the CMP-NeuAc-enzyme complex. Parallel effects of ligand

binding were seen upon limited proteolysis of a highly conserved arginine (162) within this

region where the presence of the product completely blocked proteolytic cleavage at this

site. An inspection of the sequence alignment revealed that the third region protected from

º
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amide exchange contains a large stretch of amino acids (Y169-D179) that are conserved

within the CMP-NeuAc synthetase family, but are omitted from CMP-KDO synthetases

(Figure 3.13) (Tullius et al. 1996). The absence of an analogous region in the CMP-KDO

Synthetase could suggest this segment participates in the recognition of the sialic acid.

Since protection from limited proteolysis (R162) and amide exchange of region 3 are

partially achieved in the ternary complex and full realized with CMP-NeuAc, the influence

of the second substrate may extend beyond direct contact with residues of the active site to

possibly include a change in conformation concomitant with catalysis.

In summary, we have shown that limited proteolysis and amide hydrogen isotopic

exchange can be used to probe interactions between CMP-NeuAc synthetase and selected

ligands. The coupling of these methods to MALDI mass spectrometry permitted the

relatively easy assignment of proteolytic fragments as well as the efficient quantitation of

deuterium incorporated into the intact protein and peptic peptides. These studies revealed

that the presence of the first substrate, CTP, provided CMP-NeuAc synthetase partial

protection from limited proteolysis, however, had no measurable effect on the global

exchange of amide hydrogens. Yet, analysis of localized areas of the backbone revealed that

the presence of CTP hindered proteolytic cleavage as well as amide exchange in certain

regions of the enzyme. The sheltered segments were concluded to be directly involved in

the binding of CTP, which is corroborated by results from mutagenesis and affinity labeling

experiments on CMP-NeuAc synthetase (Stoughton et al. 1999; Tullius et al. 1999). Albeit,

the addition of the sialic acid analog, Me-O-NeuAc, to the binary complex (E-MgCTP)

provided little if any additional global protection from proteolysis by endoproteinase Glu-C

or trypsin, the competitive inhibitor afforded greater protection from global amide exchange

compared to that observed for the binary complex. However, no specific region of the

enzyme appeared to be significantly protected from exchange in the ternary enzyme

complex (E-MgCTP-Me-O-NeuAc) relative to exchange of the binary complex and may

indicate that our methods are not detecting the binding of the sugar to localized regions of
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the protein but rather, the occurrence of a change in protein conformation concomitant with

catalysis leading to a structure with decreased solvent accessible surface. The advent of a

change in protein conformation was further supported by the enhanced protection from both

limited proteolysis and amide hydrogen exchange upon the binding of CMP-NeuAc to the

enzyme beyond that observed in the ternary complex (E-MgCTP-Me-O-NeuAc). The

ligand-induced change in protein conformation is presumed to be triggered by the presence

of the second substrate and culminates with the release of the nucleotide sugar product,

which may account for the dissociation of CMP-Neu/Ac from the enzyme as the rate

limiting step in kº (Samuels et al. 1999). Altogether, these studies highlight the

complementary information extracted by limited proteolysis and amide hydrogen exchange

techniques relevant to the nature of the active site and ligand-induced dynamics of the CMP

Neu/Ac synthetase from H. ducreyi.
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CHAPTER 4.

Structural Analysis of Lipooligosaccharides (LOS) from Sialyltransferase

Deficient Mutants of Haemophilus influenzae

4.1 INTRODUCTION

Studies surveying lipooligosaccharide (LOS) composition from encapsulated and

non-encapsulated Strains of H. influenzae revealed a high percentage contained sialic acid

(NeuAc) (Hood et al. 1999; Mandrell et al. 1992). Considering that sialic acid contributes

to the serum resistance of some members of the Neisseria and Haemophilus genera, we

have focused our investigations towards understanding the role(s) of LOS sialylation as a

virulence mechanism for the human pathogen responsible for invasive disease, H. influenzae

type B (Hib). Over the years, LOS from a number of Hib strains have been characterized in

an effort to correlate LOS structure with specific biological function(s). In this study, LOS

glycoforms expressed by a clinical isolate and a transposon mutant, H. influenzae strains

A2 and 2764, respectively, have been reexamined using more sensitive techniques.

Although previous investigations utilizing electrospray mass spectrometry (ESI-MS)

detected the presence of two sialylated glycoforms in the A2 strain (Phillips et al. 1992),

matrix assisted laser desorption ionization mass spectrometry (MALDI-MS) exposed 11

LOS glycoforms terminating with sialic acid, including poly-sialylated species never

observed before. Examination of the LOS from the 276.4 strain by MALDI-MS showed

the same major sialylated LOS glycoform observed in prior studies (Phillips et al. 1996),

new minor sialylated species were also detected in the current study. To gain further insight

into LOS structure, the oligosaccharide (OS) components of several larger glycoforms and

the most abundant sialylated species were characterized by electrospray tandem mass
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spectrometry (ESI-MS/MS). These investigations detailed the maturation of Hex

containing biosynthetic intermediates into acceptor glycoforms culminating with an N

acetyllactosamine, the substrates a LOS-specific sialyltransferase.

In a search for the putative sialyltransferase, a hypothetical protein encoded by

HI0871 of the H. influenzae Rd genome was identified as having significant homology to a

novel sialyltransferase (Lst) found in H. ducreyi (Bozue et al. 1999). To ascertain the

function of the unknown gene product in the LOS biosynthesis, HIO871 (sia.A) was

inactivated by shuttle mutagenesis techniques in H. influenzae A2 and 276.4. MALDI-MS

analysis of LOS from A2STF and 276.4STF strains showed the siaA mutants failed to º

produce the major sialylated species observed in the parental strains, leaving the non

reducing terminal N-acetyllactosamine of the asialo-LOS free. Surprisingly, the sia.A º
mutant strains retained sialyltransferase activity, in both instances producing new minor s
species of higher molecular weight than those observed in their respective parental strains. º:
Furthermore, species terminating with two or more sialic acids were detected in the sia/A º

mutant strains as well as the parental strains including LOS species completely devoid of ---

HexNAc. Collectively, these data implicate SiaA as a putative LOS specific sialyltransferase º
in H. influenzae and indicate the presence of at least a second sialyltransferase of dissimilar º
substrate specificity. º

4.2 MATERIALS AND METHODS

4.2.1 Materials

Anhydrous hydrazine, neuraminidase (immobilized, C. perfringens), NAD, histidine,

ribostamycin and chloramphenicol were from Sigma. Acetone (HPLC grade) and 2,5-

dihydroxybenzoic acid were purchased from Aldrich. Nitrocellulose membranes (type VS,

0.025 pum) were obtained from Millipore. Brain heart infusion agar was purchased from
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Difco and hemin from ICN. The original TA (thymidine adenosine) cloning kit was

purchased from Invitrogen and pPluescript II SK- plasmid was from Stratagene.

4.2.2 Methods

The molecular biological manipulations, growth of bacterial cultures and isolation of

lipooligosaccharides were performed in the laboratory of Professor Michael Apicella at the

University of Iowa by Paul Jones.

4.2.2.1 Construction of Putative Sialyltransferase Deficient Mutants of H. influenzae

Plasmid pHS89-21 was constructed by TA (thymidine adenosine) cloning a 4.3 kb

polymerase chain reaction product from Haemophilus influenzae strain 2019 with primers

HSTR8 (CTGCAAAATACAGATAAAGCAACACTGGGG) and HSTR9

(CAGCGGCAAGAAATATAGGGTTAGAAAAAGC) into pCR2.1. The 4.3 kb DNA

fragment containing the putative sialyltransferase (HIO871) was subcloned into the EcoRI

site of pBluescript II SK-. pHS89-103K6 was constructed by ligating the kanamycin

resistance gene cassette from pBSL86 (Alexeyev 1995) digested with Pst■ into the Nsi I site

of pHS89-103. The kanamycin resistance gene cassette lacks a transcriptional termination

site and was inserted in the forward orientation with respect to the siaA gene (HIO871)

(Seifert et al. 1986), pHS89-103K6 was digested with Scal to linearize the construct and

then transformed into the A2 and 276.4 strains using the MIV method (Herriott et al. 1970).

The insertional mutation was integrated into the genomes of H. influenzae strains A2 and

276.4 by homologous recombination, forming the mutant strains A2STF and 276.4STF

respectively. Transformants were selected on brain heart infusion agar plates containing

ribostamycin.

:
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4.2.2.2 Growth of Haemophilus influenzae

The organisms were grown on brain heart infusion agar supplemented with

10 pg/mL NAD and 10 pg/mL hemin. The 1 mg/mL hemin stock solution also contained

267 mM Tris and 6.4 mM histidine. Where appropriate, sialic acid (20 pg/mL),

ribostamycin (15 pig■ mL) and chloramphenicol (1 pig■ mL) were added to the media. The

organisms were grown for 16–48 hours at 37 °C.

4.2.2.3 Isolation of Lipooligosaccharides (LOS)

Lipooligosaccharides were isolated from H. influenzae using the proceeding

proteinase K microextraction protocol (Apicella et al. 1994). A turbid solution of

organisms grown on plates was added to a solution of PBS buffer in a 13X100 mm glass

tube until an OD.so reading of 0.9 was reached. An aliquot of the turbid solution of bacteria

(2 mL) was washed twice with PBS. The cells were resuspended in 200 pull of a solution of

60 mM Tris-HCl, 10 mM EDTA, 2.0% SDS pH 6.8 and incubated at 100 °C for 5 minutes.

A 150 pull aliquot of the heated bacteria was transferred to a separate glass tube containing

30 pull of 2.5 mg/mL proteinase K in the same buffer and incubated at 37 °C overnight. The

crude LOS was precipitated by adding 18 pil of 3 M sodium acetate and 360 pull of 95%

ethanol and stored overnight at -20°C. The crude LOS was pelleted at 16000 RCF for 2

minutes, washed twice with 70% ethanol and dried overnight or evaporated on a speed

vacuum system.

4.2.2.4 Preparation of O-deacylated Lipooligosaccharides (O-LOS) and

Neuraminidase Treatment

To make the LOS more amenable for mass spectrometric analysis, O-linked fatty

acids were removed from the lipid A moiety, leaving the oligosaccharide and N-linked fatty

acids of lipid A intact. The crude LOS (~90 ng, from a single plate) was incubated with

anhydrous hydrazine (50 pul) at 37 °C for 25 minutes in a microcentrifuge tube, with
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occasional Sonication. Samples were cooled in the freezer (-10 °C) for 10 minutes prior to

and after the addition of ice cold acetone (300 pul). The quenched reaction mixture was

spun at 12000 RPM for 45 minutes in a chilled centrifuge. The supernatant was removed

and the pelleted O-deacylated LOS (O-LOS) was dissolved in water (Milli()) and

evaporated on a speed vacuum system. To remove salts and other low molecular weight

contaminants, the O-LOS (~1.8 pg/ul, 5 pul) was suspended on a nitrocellulose membrane

over water (MilliS)) for 1 hour. Salt-free O-LOS was removed from the membrane,

concentrated with a speed vacuum system and analyzed by MALDI-MS. For removal of

neuraminic acid, the O-LOS (~0.45 pig■ ul, 20 pul) was digested in 10 mM ammonium

acetate pH 6.0 with immobilized neuraminidase (type VI, -10 milliunits) for 7 hours at 30

°C. The enzyme was pelleted by centrifugation and the supernatant (15 pul)was transferred

to a nitrocellulose membrane for drop dialysis (Gorisch 1988). The de-sialylated O-LOS

was also concentrated and analyzed by MALDI-MS.

4.2.2.5 Matrix Assisted Laser Desorption Ionization-Mass Spectrometry (MALDI-MS)

of O-LOS

An aliquot of the dialyzed O-LOS (~1.8 pg/ul) in water was mixed with an equal

volume of a saturated solution of 2,5-dihydroxybenzoic acid in acetone on a stainless steel

MALDI target. The O-LOS was analyzed on a Voyager-DE-TOF mass spectrometer

(PerSeptive Biosystems) in the negative ion mode with 20,000 V accelerating voltage. Mass

spectra were smoothed once by a 19 point Savitsky-Golay function and the masses

assigned by centroiding the top 30% of the peak height. Mass spectra of O-LOS from H.

influenzae A2 were calibrated internally with deprotonated molecular ions corresponding to

glycoforms C, (m/z =2600.3), C, (m/z=2723.3), D, (m/z=2762.4), D, (m/z=2885.5)

(summarized in Table 4.1) and the prompt fragment for lipid A (m/z=952.0). Whereas, the

mass spectra of O-LOS from H. influenzae 276.4 were calibrated internally with

deprotonated molecular ions corresponding to glycoforms B, (m/z =2438.1), B,

:
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(m/z=2561.2), C, (m/z=2600.3), C, (m/z=2723.3) (summarized in Table 4.1) and the

prompt fragment for lipid A (m/z=952.0).

4.2.2.6 Electrospray Ionization Tandem-Mass Spectrometry (ESI-MS/MS) of

Oligosaccharide (OS) Components

For more detailed structural analysis, the oligosaccharide (OS) was separated from

the lipid A moiety by mild acid hydrolysis of the O-LOS from strains A2 and 276.4 grown

in the presence of sialic acid. A solution of the O-LOS (~0.45 pig■ ul, 20 pul) in 1% acetic

acid was incubated in a microcentrifuge tube at 100 °C for 1 hour. The liberated lipid A was

pelleted by centrifuging at 12,000 RPM at 4 °C for 20 minutes. The supernatant (15 pul)

was transferred to a nitrocellulose membrane suspended over water and dialyzed for 1 hour.

The desalted OS was transferred to a microcentrifuge tube, lyophilized and analyzed in the

positive ion mode on a QSTAR hybrid quadrupole-TOF mass spectrometer (PE Sciex º
Instruments). The OS components (~0.1 pg/ul) were prepared in a solution of 40 mM º
ammonium acetate pH 4.5/50% acetonitrile/H,O and 5 pil of each sample was deposited

into a Protana nanospray tip (medium). Tandem spectra were acquired with a 1100-1200 º
needle voltage and a quadrupole mass analyzer mass window of 1 m/z unit. Mass spectra **

were corrected by a two point calibration with the singly charged fragment ions (m/z = º

187,0719 and 1285.5449) derived from the doubly charged parention (m/z = 785,8427) of

the human [glu'l-fibrinopeptide B.

4.3 RESULTS AND DISCUSSION

4.3.1 Identification of LOS Glycoforms in H. influenzae A2 and 276.4

Prior to investigating the effects of inactivating genes responsible for LOS

biosynthesis in H. influenzae, the population of LOS glycoforms assembled by the A2
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strain was assessed with MALDI-MS in the negative ion mode. All observed molecular

ions and the proposed LOS compositions are summarized in Table 4.1. Alphabets

represent individual glycoforms to which sialic acid (each denoted by an asterisk) and one

or two phosphoethanolamines (denoted by subscript) are added. Analysis of the intact O

LOS confirmed the presence of a complex mixture of glycoforms, the majority of which

represented extensions of the major species (C, and C.) by up to 4 additional Hex (Figure

4.1). The most prominent glycoforms were also observed in prior investigations of H.

influenzae A2 LOS by ESI-MS. However, the dominant species were found to contain

either one or two phosphoethanolamine (PEA) moieties, as opposed to the solitary PEA

observed in earlier studies. Discrepancies in PEA substitution may reflect the contrasting

growth conditions, as the LOS in the current study were isolated from H. influenzae grown

on solid as opposed to in liquid media. Furthermore, the MALDI-MS spectra of the A2 O

LOS included a species containing a HexNAc (N), a minor species which had not been

observed in former investigations using ESI-MS on a triple quadrupole instrument (Phillips

et al. 1992). More recent advances in the field of mass spectrometry, such as delayed ion

extraction, have permitted the relatively quick and easy analysis of LOS, especially the

evaluation of larger glycoforms in very low abundance (Gibson et al. 1997). However,

delayed extraction methods also permitted the observation of ions arising from prompt (in

source) fragmentation of the O-LOS corresponding to the loss of HPO, (-80 Da) and

H.PO, (-98 Da) from the most abundant species. MALDIMS analysis of the O-LOS

revealed the A2 strain expresses an even more complex mixture of glycoforms on its outer

membrane than previously thought.

To identify the glycoforms containing sialic acid (NeuAc), the O-LOS from the A2

strain was treated with neuraminidase and subsequently analyzed by MALDI-MS. In this

experiment, a neuraminidase with broad substrate specificity from C. perfringens was

chosen as the enzyme cleaves O2,3, O2,6 and O2,8 linked sialic acid from a variety of

acceptor Sugars. The mass spectra of the O-LOS after enzymatic hydrolysis showed the

*
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Figure 4.1 Negative ion MALDI-MS spectra of O-deacylated LOS from H.

influenzae A2. Mass spectra compare LOS isolated from strain A2 grown in absence and

presence of 20 pg/mL Neu/Ac before and after treatment with neuraminidase. See Table 4.1

for molecular weights and proposed compositions. Asterisks indicate the addition of Sialic

acid and the number of PEA moieties are denoted by subscript. Prompt fragments

correspond to the loss of HPO, (O) and H.PO, (m) from the most abundant species.

º:º:
es

: ;

.º -*

113



disappearance of 4 sialylated glycoforms (L, *, L, **, M,” and M,”), which in most cases,

coincided with the appearance of lower molecular weight asialo-counterparts terminating

with N-acetyllactosamine. To enhance the production of sialylated species, the bacteria were

also cultured on solid media supplemented with sialic acid. As expected, the relative

abundance of the sialylated species (L, *, L, **, Miº and M,”) increased without any noted

alterations in the population of major glycoforms devoid of neuraminic acid. However, the

appearance of several new sialylated glycoforms (L, *, C,”, E,” and F,”) were confirmed

following treatment of the O-LOS with neuraminidase. In general, the most abundant LOS

species terminating with sialic acid were glycoforms containing a single HexNAc and a total

of 6 or 7 Hex. Interestingly, previous investigations of H. influenzae O-LOS revealed

smaller sialylated glycoforms containing a single HexNAc and a total of 5 or 6 Hex, another

discrepancy that may reflect altered growth conditions (Phillips et al. 1992). In the current

study, other sialylated species were observed including several novel structures containing

two or more sialic acids (Elº, F,”, L, **, P,”) and a single structure lacking

HexNAc (F,”) that was only observed when sialic acid was added to the culture media.

Although the NTHistrain 375 was recently shown to synthesize a di-sialyllactose

containing species (Hood et al. 1999), MALDI-MS proved a sensitive analytical tool for the

analysis of an extremely heterogeneous mixture of LOS, having the capacity to detect minor

poly-sialylated species in the A2 strain for the first time.

As the A2 strain expressed a complex mixture of LOS structures, a transposon

mutant producing a smaller subset of the LOS structures was chosen for parallel studies

aimed at identifying an LOS-specific sialyltransferase. The 276.4 isogenic mutant strain

was constructed in the laboratory of Dr. Michael Apicella at the University of Iowa by

shuttle mutagenesis of the lipooligosaccharide synthesis genes (lsg) loci of the parental

strain, H. influenzae A2 (McLaughlin et al. 1992; Seifert et al. 1986). The minitransposon

(m-Tn3Cm) was found to randomly insert into the fifth open reading frame (lsgE) encoding

a putative galactosyltransferase (Phillips et al. 1996; Phillips et al. 2000). In the present
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study, MALDI-MS analysis of the O-LOS isolated from the 276.4 strain showed the 3 and

4 Hex species (B, B, C, and C,) as the major glycoforms (Figure 4.2). All observed LOS

glycoforms present in 276.4 grown in the absence and presence of sialic acid and the

proposed compositions are summarized in Table 4.1. As observed in previous

investigations of the mutant strain, the relatively abundant glycoform containing a total of 5

Hex and a single HexNAc (K,”) terminated with a single sialic acid residue. However, new

sialylated glycoforms were observed in the 276.4 strain including a species containing 2

HexNAc (R,+) and a di-sialylated structure lacking HexNAc (Alº). The use of a mutant

strain expressing fewer LOS glycoforms should facilitate the interpretation of the effects of

gene mutation on LOS biosynthesis for subsequent experiments.

4.3.2 Structural Analysis of Oligosaccharide (OS) Components from H. influenzae

A2 and 276.4

To obtain additional insight into the structures of higher molecular weight LOS

glycoforms, the oligosaccharide components from H. influenzae A2 grown in the presence

of sialic acid were analyzed by ESI-MS/MS in the positive ion mode. Chemical removal of

the lipid A moiety from the intact O-LOS produced a smaller oligosaccharide (OS)

component that more readily fragments in gas phase, therefore yielding more productions

for determining the sequential order of the linked sugars and branching patterns. As a

consequence of the 3-elimination of phosphate from the 4 position of KDO, all OS contain

an anhydrous form of the acidic sugar at the reducing terminus. The tandem mass spectra

of Hex containing OS were dominated by the typical series of Y-and B-fragment ions

resulting from the cleavage of a glycosidic bond, where the charge is retained on the

reducing and non-reducing termini, respectively (Figures 4.3 - 4.6). In general, the tandem

mass spectra of 4 species (M = 1729.51, 1891.56, 2053.61, 2215.67 Da) revealed sets of

Y-type ions corresponding to the successive loss of hexoses from the parent ions.
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Figure 4.2 Negative ion MALDI-MS spectra of O-deacylated LOS from H.

influenzae 276.4. Mass spectra compare LOS isolated from strain 276.4 grown in absence

and presence of 20 pg/mL NeuAc before and after treatment with neuraminidase. See Table

4.1 for molecular weights and proposed compositions. Asterisks indicate the addition of

sialic acid and the number of PEA moieties are denoted by subscript. Prompt fragments

correspond to the loss of HPO, (O) and HPO, (m) from the most abundant species.
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Figure 4.3 Positive ion ESI-MS/MS spectrum of Hex's PEA, Hep, anhydro-KDO

oligosaccharide from H. influenzae A2. The doubly charged parent ion (M +2H)” of

the M. 1729.51 Da species (monoisotopic mass) is indicated with a box. All productions

are singly charged unless otherwise noted. Families of fragment ions arise from the

cleavage of bonds to Hex and KDO (O ions m/z= 728.3,890.3, 10524, 1214.4), to Hex

and Hep (ºl ions m/z = 862.3, 1024.4, 11864) and to Hex, Hep and KDO (A ions m/z =

670.2, 832.3,994.4, 1156.4).
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Figure 4.4 Positive ion ESI-MS/MS spectrum of Hex, PEA, Hep, anhydro-KDO

oligosaccharide from H. influenzae A2. The doubly charged parent ion (M +2H)” of

the M. 1891.56 Da species (monoisotopic mass) is indicated with a box. All productions

are singly charged unless otherwise noted. Families of fragment ions arise from the

cleavage of bonds to Hex and KDO (O ions m/z= 728.3,890.3, 1052.3, 12144, 1376.5), to

Hex and Hep (- ions m/z = 1024.3, 1186.5, 1348.5) and to Hex, Hep and KDO (A ions

m/z = 670.2, 832.3,994.4, 1156.4).
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Figure 4.5 Positive ion ESI-MS/MS spectrum of Hex, PEA, Hep, anhydro-KDO

oligosaccharide from H. influenzae A2. The doubly charged parent ion (M +2H)” of

the M. 2053.61 Da species (monoisotopic mass) is indicated with a box. All productions

are singly charged unless otherwise noted. Families of fragment ions arise from the

cleavage of bonds to Hex and KDO (O ions m/z=12144, 1376.5) and to Hex, Hep and

KDO (A ions m/z = 670.2).
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Figure 4.6 Positive ion ESI-MS/MS spectrum of Hex, PEA, Hep, anhydro-KDO

oligosaccharide from H. influenzae A2. The doubly charged parent ion (M+2H)” of

the M. 2215.67 Da species (monoisotopic mass) is indicated with a box. All productions

are singly charged unless otherwise noted. Families of fragment ions arise from the

cleavage of bonds to Hex and KDO (O ions m/z= 890.3, 1214.4, 1376.5, 1538.5), to Hex

and Hep (- ion m/z =1348.4) and to Hex, Hep and KDO (A ion m/z = 1156.4).
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Moreover, from well defined sets of B-type ions, the minimum size of at least one non

reducing terminal branch could be ascertained. For instance, MS/MS spectra of the M.

1729.51 Da species showed the distinctive B-type production for the loss of 3

consecutively bonded hexoses (m/z = 487.2) from the parention (Figure 4.3). Likewise,

productions at m/z 649.3 established a nonreducing terminal branch of at least 4

consecutively bonded hexoses for the M. 1891.56 and 2053.61 Da species (Figures 4.4 and

4.5), whereas the M, 2215.67 Da species was found to contain at least 5 consecutively

bonded hexoses based on the observation of the production at m/z 811.2 (Figure 4.6).

Various fragment ions arising from the simultaneous cleavage of multiple bonds

were classified as belonging to one of three families of productions (e, In, A). For

example, the MS/MS spectra of the M. 1729.51 Da species (Figure 4.3) revealed the most

abundant collection of productions (O) resulting from the combined cleavage of glycosidic

bonds to a Hex and Hep (Figure 4.3). Similarly, the second family of productions (m)

result from the cleavage of bonds to the KDO and a Hex from opposite ends of the same

OS molecule. The preceding families of productions (e., m) are well represented in the

mass spectra of larger OS containing Hex and especially highlight the susceptibility of

glycosidic bonds to the KDO and non-reducing terminal Hep to collision induced

dissociation in the highly efficient collision cell of the hybrid instrument.

These observations would prove useful for assigning the bonds cleaved to produce a

third family of ions (A) corresponding to the loss of KDO from the (e) doubly cleaved

family of ions and a single bond cleavage between 2 core Hep. For example, the MS/MS

spectra of the M. 1729.51 Da species (Figure 4.3) showed two B-type productions (A m/z

=832.3 and 994.4) that may have resulted from cleavage between the first and second core

heptoses of the proposed LOS structure, where the middle Hep is substituted with either 2

or 3 Hex. However, a larger related ion (A m/z = 1156.4) is most likely the product of a

three rather than a single cleavage event between the first and second Hep of the core, as

more reliable ions in the current spectra and previous structural studies (Phillips et al. 1992)
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exclude the possibility of any combination of 4 Hex extending from both the second and

third Hep. In general, tandem MS analysis of OS containing a total of 6, 7 or 8 Hex yielded

similar sets of ions resulting from multiple bond cleavages. In each case, the ions that

unequivocally establish the minimum length of at least one non-reducing terminal branch
are highlighted in bold and were consistent with two proposed structures. Collectively,

structural elucidation of these sequential biosynthetic intermediates illustrate how the LOS

Specific-glycosyltransferases extend non-reducing branches from core Hep.

In an effort to assign the sequential linkages of sugars in the most abundant

sialylated glycoforms, oligosaccharide components from both H. influenzae A2 and 276.4

grown in the presence of sialic acid were characterized by ESI-MS/MS. Hydrolysis of the

O-LOS not only liberates the OS from the lipid A moiety, but also cleaves acid sensitive

linkages to NeuAc, thus only permitting for the analysis of the acceptor glycoforms. The

tandem-MS spectra of HexNAc containing acceptor glycoforms (M = 1932.59, 2094.64,

2256.69 Da) clearly showed an assortment of Y-type ions resulting from the initial loss of

HexhexNAc and successive deductions of Hex, most likely indicating the presence of a

non-reducing terminal N-acetyllactosamine (Figures 4.7-4.9). While, the opposite B-type

production series retaining charge on the non-reducing terminal fragments (m/z = 366.2,

528.2, 690.3) was observed for all three acceptor molecules, regardless of molecular weight.

These data indicate a non-reducing terminal branch contains a single HexNAc in addition to

a minimum of 3 Hex and are consistent with two proposed structures where branches

extending from the first and second Hep are interchangeable. The proposed structures of

the HexNAc containing acceptor glycoforms (Figures 4.7-4.9) are also consistent with the

proposed structures of their respective biosynthetic intermediates (Hex, Hep, PEA,

anhydro-KDO, Hex, Hep, PEA, anhydro-KDO, Hex, Hep, PEA, anhydro-KDO), to

which an N-acetyllactosamine is attached to form the substrate of the putative

sialyltransferase.
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Figure 4.7 Positive ion ESI-MS/MS spectrum of HexNAc, Hexs PEA, Hep, anhydro

KDO oligosaccharide from H. influenzae 276.4. The doubly charged parent ion (M

+2H)” of the M. 1932.59 Da species (monoisotopic mass) is indicated with a box. All

productions are singly charged unless otherwise noted. Families of fragment ions arise

from the cleavage of bonds to Hex and Hep (- ions m/z = 1 1864, 1348.6) and to Hex,

Hep and KDO (A ion m/z = 832.3).
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Figure 4.8 Positive ion ESI-MS/MS spectrum of HexNAc, Hex, PEA, Hep, anhydro

KDO oligosaccharide from H. influenzae A2. The doubly charged parention (M

+2H)” of the M. 2094.64 Da species (monoisotopic mass) is indicated with a box. All

productions are singly charged unless otherwise noted. Families of fragment ions arise

from the cleavage of bonds to Hex and KDO (O ions m/z= 728.3,890.3, 10524, 1214.4),

to Hex and Hep (- ions m/z = 862.3, 1024.4, 1186.4) and to Hex, Hep and KDO (A

ions m/z = 670.2, 832.3,994.4, 1156.4).
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Figure 4.9 Positive ion ESI-MS/MS spectrum of HexNAc, Hex, PEA, Hep, anhydro

KDO oligosaccharide from H. influenzae A2. The doubly charged parention (M

+2H)” of the M. 2256.59 Da species (monoisotopic mass) is indicated with a box. All

productions are singly charged unless otherwise noted. Families of fragment ions arise

from the cleavage of bonds to Hex and KDO (O ions m/z= 728.3, 890.3, 10524, 1214.4),

to Hex and Hep (m ions m/z = 862.3, 1024.4, 1186.4) and to Hex, Hep and KDO (A

ions m/z = 670.2, 832.3,994.4, 1156.4).
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4.3.3 Analysis of O-deacylated LOS (O-LOS) from Sialyltransferase Deficient

Mutants of H. influenzae A2 and 274.4

In an investigation of LOS biosynthesis, a search of the complete H. influenzae

strain Rd genome (Fleischmann et al. 1995; Hood et al. 1996) led to the identification of

orf) (HIO871), a gene encoding a hypothetical protein having significant homology to a

novel sialyltransferase (Lst) recently reported in H. ducreyi (Bozue et al. 1999).

Investigators had previously mutated orf) in three typable strains of H. influenzae and

monitored changes in LOS expression by SDS-PAGE (Hood et al. 1996). Although no

detectable changes were reported for the RM7004 strain, very minor alterations in LOS

structure were observed in strains RM153 and RM118. In an effort to resolve the function

of the HIO871, designated siaA, the gene was inactivated in two well characterized strains of

H. influenzae by shuttle mutagenesis in the laboratory of Dr. Michael Apicella. Mutant

strains were constructed by the insertion of a kanamycin resistance cassette into sia/A,

followed by the integration of the nonfunctional gene into the genomes of H. influenzae

strains A2 and 276.4 by homologous recombination. Alterations in LOS expression were

assessed by comparing the glycoforms produced by the sia.A mutant strains (A2STF and

276.4STF) to those produced by the parental strains (A2 and 276.4) employing MALDI

MS. Mass spectrometry of the LOS from the parental strain proved a sensitive method,

allowing the confident assignment of glycoform compositions, as opposed to the sole use of

SDS-PAGE.

Analysis of the LOS from the A2STF mutant strain revealed no gross changes in

the expression of the major glycoforms found to be devoid of sialic acid in the parental

strains (Figure 4.10). The mutant strain failed to produce major sialylated species (L, *,

L,”, L, **, M* and M,”) observed in the parental strain, leaving the respective acceptor

glycoforms free and unmodified (L,L, M, and M.), the presumed substrate of Sia.A.

Unexpectedly, the A2STF mutant retained the capacity to produce minor sialylated LOS,
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Figure 4.10 Negative ion MALDI-MS spectra comparing O-deacylated LOS from

H. influenzae A2 and A2STF. Mass spectra comparing LOS isolated from strain A2STF

grown in absence and presence of 20 pg/mL NeuAc before and after treatment with

neuraminidase. See Table 4.2 for molecular weights and proposed compositions. The mass

spectra of the O-LOS isolated from the parental strain A2 grown in the presence of 20

plg/mL sialic acid has been included for comparison. Asterisks indicate the addition of

sialic acid and the number of PEA moieties are denoted by subscript. Prompt fragments

correspond to the loss of HPO, (O) and H.PO, (m) from the most abundant species.
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which are summarized in Table 4.2. The appearance of the corresponding acceptor

glycoforms upon treatment of the O-LOS with neuraminidase confirmed the expression of

higher molecular weight species containing sialic acid and HexNAc (N,”, O,”), that were

larger than the major Sia.A products by 2 Hex and not observed in the parental strain. A

major sialylated species lacking HexNAc (F,”) was only observed in the A2STF mutant

and parental strains when the bacteria were grown on solid media supplemented with sialic

acid. The mutant strain also produced several structures extended by 2 or more sialic acids

(N,”, P,”) including a pair completely lacking HexNAc (E,”, F,”). The

expression of new sialylated glycoforms as a consequence of mutating sia.A Suggests a

second sialyltransferase of dissimilar substrate specificity may function in H. influenzae as

well.

In parallel studies, sia/A was inactivated in the transposon mutant 276.4 and the LOS

were evaluated with MALDI-MS (Figure 4.11). Overall, no gross alterations in the

expression of dominant LOS glycoforms produced by 276.4STF compared to the parental

strain were noted. As expected, the absence of the major sialylated species (Klº and K,”)

coincided with the appearance of the acceptor glycoform (K.) in A2STF. Although K is

altogether absent and K, appears in lower abundance compared to the parental strain

following treatment with neuraminidase, these HexNAc-containing glycoforms were

concluded to be the major substrates of SiaA in 276.4. Analogous to the findings for

A2STF, the double mutant strain continued to assemble sialylated LOS (Table 4.3)

including a species resembling the major wild type structure extended by 2 additional Hex

(M,” and M,”). Furthermore, 276.4STF produced a minor species containing two Hex

that was di-sialylated (Alº). Once again, the observation of LOS containing sialic acid

upon the deletion of sia/A in 2764, further supports the presence of at least a second

sialyltransferase in H. influenzae.

In summary, to ascertain the function of siaA (HIO871) in H. influenzae, the gene

was inactivated in two strains by insertional mutagenesis and the resulting LOS were
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Figure 4.11 Negative ion MALDI-MS spectra comparing O-deacylated LOS from

H. influenzae 276.4 and 276.4STF. Mass spectra comparing LOS isolated from strain

276.4STF grown in absence and presence of 20 pg/mL Neu/Ac before and after treatment

with neuraminidase. See Table 4.3 for molecular weights and proposed compositions. The

mass spectra of the O-LOS isolated from the parental strain 276.4 grown in the presence of

20 pg/mL sialic acid has been included for comparison. Asterisks indicate the addition of

sialic acid and the number of PEA moieties are denoted by subscript. Prompt fragments

correspond to the loss of HPO, (O) and HPO, (m) from the most abundant species.

L.
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characterized by MALDI-MS. The hypothetical protein encoded by sia.A was found to have

significant homology to a sialyltransferase (Lst) recently identified in H. ducreyi (score 234,

E value le–60) that is required for the transfer of sialic acid to the non-reducing terminal N

acetyllactosamine of the major LOS glycoform in vivo (Bozue et al. 1999). Subsequent to

the deletion of sia.A, both A2STF and 276.4STF were incapable of producing the major

sialylated species observed in the parental strains. Instead, the respective free acceptor

glycoforms remained unmodified in the mutant strains. Collectively, these data implicate

Sia.A as a putative sialyltransferase apparently responsible for the transfer of a single sialic

acid to the non-reducing terminal N-acetyllactosamine of the LOS, in accordance with its

homolog in H. ducreyi. Future studies complementing the defective gene in the mutant

strains will be required to rule out potential polar effects on other biosynthetic genes as the

Source of alterations in the LOS expression.

In the absence of a functional SiaA, the STF mutant strains retained the capacity to

manufacture minor species containing sialic acid. Most notably, both mutant strains

apparently extended the Sia.A acceptor species by 2 Hex, which in turn were sialylated by an

unidentified sialyltransferase. Although the exact positions of sialylation have not been

proven, it is conceivable that in lieu of sialylation by Sia.A, two Hex are added directly to the

free N-acetyllactosamine of remaining glycoforms to create a new acceptor site. The

consumption of the remaining Sia.A acceptor glycoforms by an alternative biosynthetic

pathway may explain in part their decreased abundance compared to the neuraminidase

treated parental strains. Moreover, LOS species lacking HexNAc and in some instances

terminating with more than one sialic acid were found in both the mutant and parental

Strains, supporting the presence of another sialyltransferase with substrate specificity

distinct from SiaA. In all, these data suggest the presence of a second putative

sialyltransferase preferring LOS containing a Hex rather than a HexNAc as the penultimate

non-reducing terminal sugar with the capacity to transfer sialic acid to a terminal Hex or

sialic acid.
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A candidate gene (GenBank accession number U32720, ORF HIO352) in the H.

influenzae strain Rd genome was identified as having significant homology (39–40%) to 2

glycosyltransferases in Campylobacter jejuni OH4384, Cst-I and Cst-II (Gilbert et al.

2000). The 430 amino acid enzyme encoded by cst■ was shown to have oz,3

sialyltransferase activity, transferring sialic acid to synthetic substrates terminating with

lactose in vitro. Cst-II (291 amino acids), a truncated version of Cst-I, was also found to

make O2,3 linkages between sialic acid and lactose derivatized substrates. However, Cst-II

was shown have O2.8 activity as well, transferring sialic acid to a terminal sialyllactose or

sialyl-N-acetyllactosamine of synthetic substrates in vitro. The discovery of the a gene

encoding a 231 amino acid cst-I/cst-II homolog in H. influenzae warrants speculation that

this unknown protein may account for mono- and poly-sialyltransferase activities in H.

influenzae apart from SiaA, however the exact function of this gene product in LOS

biosynthesis will need to be resolved in future studies employing isogenic mutants.

-
-
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