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Abstract
Bacterial O-SP–core antigens can be conjugated to proteins in the same, simple way as synthetic,
linker-equipped carbohydrates by applying squaric acid chemistry. Introduction of spacers
(linkers) to either O-SP–core antigens or protein carriers, which is involved in commonly applied
protocols, is not required. The newly developed method here described consists of preparation of a
squaric acid monoester derivative of O-SP–core antigen, utilizing the amino group inherent in the
core, and reaction of the monoester with the carrier protein. The intermediate monoester can be
easily purified, its conjugation can be monitored by SELDI-TOF mass spectrometry and, thus,
readily controlled, since the conjugation can be terminated when the desired carbohydrate–protein
ratio is reached. Here we describe production of conjugates containing the O-SP-core antigen of
Vibrio cholerae O1, the major cause of cholera, a severe dehydrating diarrheal disease of humans.
The resultant products are recognized by convalescent phase sera from patients recovering from
cholera in Bangladesh, and anti-O-SP-core-protein responses correlate with plasma anti-
lipopolysaccharide and vibriocidal responses, which are the primary markers of protection from
cholera. The results suggest that such conjugates have potential as vaccines for cholera and other
bacterial diseases.

Introduction
Lipopolysaccharides (LPS) are carbohydrate polymers characteristic of Gram-negative
bacteria. They consist of Lipid A, the toxic part through which the LPS is anchored into the
bacterial cell wall, the intermediate core oligosaccharide, and the O-specific polysaccharide
(O-antigen, O-SP), which extends into the bacterial environment, and is a virulence factor
and the major protective antigen of V. cholerae and many other bacterial pathogens1–3.
Because of their toxicity, complete LPS molecules are normally not used as components of
vaccines, especially parenteral vaccines, although oral whole-organism killed vaccines
contain a large component of LPS. Lipopolysaccharides can be detoxified in many ways,
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one of which is mild hydrolysis with dilute acetic acid, which separates the O-SP–core
antigen from the Lipid A. Many methods for conjugation of carbohydrates, synthetic or
bacterial, to proteins are available4–6, but most of them rely on significant chemical
modification of the carbohydrate antigen to make it amenable to conjugation. Such
approaches have the potential disadvantage that many epitopes in the antigen important for
eliciting protective immunity may be changed by the treatment. This problem can be
overcome by using for conjugation a functional group intrinsic to the polysaccharide, such
as a carboxyl group in acidic polysaccharides or the free amino group in glucosamine that is
present in the O-SP–core. A number of groups have produced conjugate vaccines targeting
the O-SP of Vibrio cholerae, a Gram-negative bacterium and the cause of cholera, a severe
dehydrating diarrheal illness of humans with epidemic potential7. Globally, almost all
cholera is caused by organisms of two serotypes (Inaba and Ogawa) of theV. cholerae O1
serogroup. Protection against cholera is serogroup specific, and the vibriocidal response and
anti-LPS antibodies are currently among the best markers of protection against cholera8. The
vibriocidal response itself is largely directed against V. cholerae LPS9, 10.

The first to attempt conjugation of an acid-detoxified V. cholerae LPS to proteins utilizing
the amino group in the core were Gupta and coworkers11. They derivatized the O-SP–core
antigen of V. cholerae O1 (serotype Inaba, Fig. 1), as well as the carrier protein, with N-
succinimidyl 3-(2-pyridyldithio) propionate, and effected single-point attachment between
the two molecular species. A similar approach, but using different chemistry, was taken by
Mulard and coworkers 12 in their more recent, very carefully executed work. When the latter
authors12 revisited the approach by Gupta11, which involved derivatization of both carrier
and antigen, they argued that introduction of linker was necessary to overcome the
decreased reactivity of the amino group in the glucosamine, due to steric hindrance.

The squaric acid chemistry of conjugation of two amine species discovered by Tietze13 has
been shown to be a useful means for preparation of neoglycoconjugates from synthetic
oligosaccharides14. The method is quite efficient6, but reservations have been expressed
concerning its potential utility in conjugate vaccine development15. For instance, in limited
animal studies, oligosaccharides linked to proteins via squaric acid chemistry induced lower
anti-oligosaccharide antibody responses compared to responses induced by an
oligosaccharide-protein conjugate linked via adipic acid chemistry, although both vaccines
induced very prominent anti-oligosaccharide responses16. We have previously developed
prototype cholera vaccines using short synthetic oligosaccharides involving the terminal
sugar of V. cholerae O1 O-SP and squaric acid chemistry, and found these constructs to be
immunogenic and protective in the standard cholera animal model17, calling into question
the assumption that conjugation by squaric acid chemistry may not be of utility. We have
examined a number of variables that affect the rate of conjugation by the squaric acid
method18. Based on our more recent detailed study19, we have revised the original protocol
and have now applied it to the full bacterial O-SP–core antigens of V. cholerae O1 Ogawa
and Inaba, not just small oligosaccharide fragments, and a model protein BSA directly,
without prior introduction of a linker to either O-SP–core antigen or protein carrier. Here,
we report that such conjugation is not only possible, but equally simple as with synthetic,
linker-equipped oligosaccharides and, as with synthetic oligosaccharides14, can be done with
a very small amount of material. The method in the present form19 is simple to perform,
gives reproducible results, allows preparation of carbohydrate–protein constructs in a
predictable way, and appears to be superior to protocols developed earlier.
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Experimental procedures
General

V Vials equipped with Spin Vanes (Wheaton Science) were used as reaction vessels.
Conjugation of carbohydrates was monitored by the BioRad Protein Chip SELDI system
using NP-20 chip arrays. 3,5-Dimethoxy-4-hydroxycinnamic acid (sinapinic acid) was used
as matrix. 13C NMR spectra (150 MHz) of O-SP–core antigens were taken at ambient
temperature for solutions in D2O with a Bruker Avance 600 spectrometer equipped with a
cryoprobe. Assignments of NMR signals could be confidently made by comparison with
spectra of synthetic20 α-glycosides of hexasaccharide fragments of the respective O-SPs,
since spectra of the O-SP–core and the hexasaccharides showed close similarity of chemical
shifts of equivalent carbon atoms of the internal residues and of the terminal upstream21

residues. Bovine serum albumin (BSA) was purchased from Sigma (Cat. No. A-4503), and
used as supplied. Squaric acid dimethyl ester was purchased from Aldrich Chemical
Company and recrystallized from MeOH.

Isolation of the lipopolysaccharides of Vibrio cholerae O1, serotypes Inaba and Ogawa,
and preparation of the O-SP–core antigens

LPS was obtained from V. cholerae O1, Ogawa (strain X-25049) or Inaba (strain 19479), by
hot phenol/water extraction22 followed by enzymatic treatment (DNase, RNase and
protease), and ultracentrifugation (100,000 × g for 3 h). The pellet containing LPS was
dialyzed against distilled water and freeze-dried. The LPS [10 mg/mL in 1% (v/v) aqueous
acetic acid] was heated at 105°C for 3 h23. Each hydrolysate was separated into chloroform-
soluble and water-soluble fractions by thorough mixing with an equal volume of chloroform,
followed by low-speed centrifugation. The water-soluble fraction containing the degraded
polysaccharide moiety was separated, washed three or more times with chloroform, and then
freeze-dried. The degraded polysaccharide was further fractionated by size exclusion
chromatography (Sephacryl S-200) using water as eluant, giving two major peaks. The first
peak corresponding to the O-SP-core23, 24 was isolated and freeze-dried. The crude O-SP–
core products were further purified by ultrafiltration using centrifugal filter devices (3K
Amicon Ultra, Millipore) and dialyzed against 10 mM aqueous ammonium carbonate
(centrifugation at 4°C, 14,000 × g, 8 times, ~35 min each time) to remove the low molecular
mass material. The retentate was lyophilized to afford the O-SP–core antigens as white
solids. The 13C NMR spectra are in Fig. 2. The SELDI-TOF mass spectral analysis indicated
that the average molecular mass of the Inaba and Ogawa O-SP–core antigens were ~5,100
and 5,900 Da, respectively.

Preparation of squarate derivatives of the O-SP–core antigens
3,4-Dimethoxy-3-cyclobutene-1,2-dione (~0.5 mg) was added to a solution of O-SP-core
antigen (0.80 mg and 0.92 mg for Inaba and Ogawa, respectively) in pH 7 phosphate buffer
(0.05 M, 50 μL) contained in a 1 mL V shaped reaction vessel, and the mixture was gently
stirred at room temperature for 48 h. The resulting solution was transferred into an Amicon
Ultra (0.5 mL, 3K cutoff) centrifuge tube and dialyzed against pure water (centrifugation at
4°C, 14,000 × g, 8 times, ~35 min each time). The retentate was lyophilized to afford the O-
SP-core squarate monomethyl ester as white solid [0.75 mg (94 %) and 0.86 mg (93 %)] for
Inaba and Ogawa, respectively.

Conjugation of the O-SP–core antigens to BSA
Conjugation of the Inaba O-SP–core antigen—BSA (0.9 mg) and the methyl
squarate derivative of the Inaba O-SP–core antigen described above (0.75 mg) were weighed
into a 1 mL V shape reaction vessel and 60 μL of 0.5 M pH 9 borate buffer was added (to
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form ~2.5 mM solution with respect to the antigen; antigen: carrier = 10.8: 1). A clear
solution was formed. The mixture was stirred at room temperature and the reaction was
monitored by SELDI-TOF MS at 24, 48, 72, 96 and 240 h (Fig. 3), when the reaction was
terminated by addition of 300 μL of pH 7 phosphate buffer. The solution was transferred
into an Amicon Ultra (0.5 mL, 30 K cutoff) centrifuge tube and dialyzed (centrifugation at
4°C, 10,000 × g, 8 times, 12 min) against 10 mM aqueous ammonium carbonate. After
lyophilization, 0.80 mg (73%, based on BSA) of conjugate was obtained as a white solid.
Based on the average MW of the hapten, the ratio of hapten:BSA was 2.8:1 (conjugation
efficiency, 26%).

Conjugation of the Ogawa O-SP–core antigen—The protocol described above was
followed with 0.86 mg of the methyl squarate derivative of the Ogawa antigen described
above, 0.45 mg of BSA (antigen: carrier = 21.5: 1) and 30 μL of pH 9 borate buffer (~4.9
mM solution with respect to hapten). Monitoring of the progress of the conjugation is shown
in Fig. 4. After freeze-drying, 0.54 mg (84%, based on BSA) of conjugate was obtained as a
white solid. Based on the average MW of the hapten, the ratio of hapten: BSA was 4.8:1
(conjugation efficiency, 23%).

Evaluation of immuno-reactivity of conjugates
Assessing lipopolysaccharide (LPS), O-SP-core-BSA and BSA-specific
antibody responses in plasma of patients with cholera, as well as vibriocidal
responses—Acute and convalescent phase blood was obtained through fully Institutional
Review Board-approved protocols from twenty individuals with V. cholerae O1 stool-
culture-confirmed cholera (Ogawa=10; Inaba=10) admitted to the hospital of the
International Centre for Diarrhoeal Diseases Research, in Dhaka Bangladesh (ICDDR, B).
For this study, we used blood samples obtained on days 2 and 7 after onset of illness for
antigen-specific and vibriocidal assays. We measured the vibriocidal antibody titer and
antigen-specific IgG antibody responses using the homologous serotype of V. cholerae O1
LPS, or O-SP-core-BSA, Ogawa or Inaba.

We quantified anti-LPS, O-SP-core-BSA and BSA IgG responses in plasma using standard
enzyme-linked immunosorbent assay (ELISA) protocols25, 26. To assess anti-LPS IgG
responses, we coated ELISA plates with the homologous serotype of V. cholerae O1 LPS
(2.5 μg/mL)27 in PBS. To assess anti-O-SP–core-BSA or anti-BSA IgG responses, we
coated ELISA plates with O-SP–core/BSA (1 μg/mL) or BSA (5 μg/mL) in carbonate buffer
pH 9.6, respectively. To each well, we added 100 μL/well of plasma (diluted 1:50 in 0.1%
BSA in phosphate-buffered saline–Tween), and detected the presence of antigen-specific
antibodies using horseradish peroxidase-conjugated anti-human IgG antibody. After 1.5 h
incubation at 37°C, we developed the plates with a 0.55 mg/mL solution of 2,2′-azino-bis(3-
ethylbenzthiazoline-6-sulphonic acid (ABTS; Sigma) with 0.03% H2O2 (Sigma), and
determined the optical density at 405 nm with a Vmax microplate kinetic reader (Molecular
Devices Corp. Sunnyvale, CA). Plates were read for 5 min at 14 s intervals, and the
maximum slope for an optical density change of 0.2 U was reported as millioptical density
units per minute (mOD/min). We normalized ELISA units by calculating the ratio of the
optical density of the test sample to that of a standard of pooled convalescent-phase plasma
from patients recovered from cholera. We assessed vibriocidal responses as previously
described, using guinea pig complement and the homologous serotype of V. cholerae O1
Ogawa (X-25049) or Inaba (19479) as the target organism25. The vibriocidal titer was
defined as the reciprocal of the highest serum dilution resulting in >50% reduction of the
optical density associated with V. cholerae growth compared to that of the positive control
wells without plasma26. We compared the magnitude of acute to convalescent phase
responses, and tested for significance using Wilcoxon Signed Rank test, and used linear
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regression for correlation analysis between vibriocidal antibody and antigen-specific
antibody responses. All reported P values were two-tailed, with a cutoff of P < 0.05
considered a threshold for statistical significance.

Results and Discussion
Conjugations were performed with O-SP–core antigens of Vibrio cholerae O1, serotypes
Inaba and Ogawa, and the increasing molecular mass of the conjugate was monitored as
described28. The structures of O-SPs of the two strains are very similar; they consist of a
chain of (1→2)-α-linked moieties of 4-amino-4,6-dideoxy-α-D-mannopyranose
(perosamine), the amino groups of which are acylated with 3-deoxy-L-glycero-tetronic acid.
The O-SPs of the two strains differ in that the terminal, upstream perosamine moiety in the
Ogawa strain carries a methoxy group at C-2 (Fig. 1). The 13C NMR spectra (Fig. 2) of the
antigens, where the signals of the O-SPs largely predominate, show all structurally
significant peaks present in the spectra of the related, synthetic hexasaccharides20.

To ascertain whether simple, direct conjugation of O-PS–core antigens is feasible, the
antigens were treated with excess of squaric acid dimethyl ester at pH 7 for 2 days, when the
product was isolated by dialysis followed by freeze-drying. The material thus obtained
showed only moderate UV absorption at the wavelength characteristic of squaric acid, but
successful formation of the corresponding monomethyl ester manifested itself when the
material was treated with BSA at pH 9 resulting in smooth conjugate formation (Fig. 3 and
4).

Knowing that the reaction rate of conjugation decreases with the size of oligosacchrides, and
considering the actual reaction rates for a disaccharide, tetrasaccharide and a
hexasaccharide19, the conjugation was carried out at initial Inaba O-SP–core/BSA ratio 1:
1.2 (w/w), which corresponded to an approximate molar Inaba O-SP–core/BSA ratio of
10.8/1. The conjugation was performed at an O-SP–core concentration of ~2.5 mM. When
the conjugation process was terminated after 10 d, SELDI analysis of the purified conjugate
after freeze drying showed that the average molecular mass of the conjugate obtained was
81,000 Da (molar ratio O-SP–core: BSA = ~2.8). The conjugate still contained some (~5%)
of the unchanged BSA (shown also in Fig. 3, 240 h).

To ensure that no BSA used at the onset of the conjugation would be left unconjugated, the
reaction of the Ogawa O-SP–core antigen was set up at a higher initial O-SP–core: BSA
ratio [~2: 1 (w/w), which corresponded to an approximate initial molar Ogawa O-SP–core/
BSA ratio of 21.5: 1]. As shown in Fig. 4, only a negligible amount of unchanged BSA was
present in the conjugation mixture after 24 h of the reaction time. After 96 h, when the
conjugation was terminated, the conjugate was isolated, and MS analysis by SELDI showed
the average molecular mass of the conjugate obtained to be ~95,000 Da (molar ratio O-SP–
core: BSA = ~4.8).

To assess the immunoreactivity of the conjugates and their potential use as cholera vaccines,
we measured anti-O-SP-core-BSA antibody levels in the blood of patients with cholera in
Bangladesh, and compared these responses to anti-LPS and vibriocidal responses, the latter
two being among the primary predictors of protection against cholera8, 29–31. There was
excellent correlation of the immunoreactivity of the O-SP–core–BSA conjugates and the
homologous anti-LPS responses in convalescent phase blood of humans recovering from
cholera in Bangladesh (Ogawa, R2 =0.96, P<0.001; Inaba, R2 =0.93, P<0.001; Fig 5). There
was also significant and antigen-specific increases in anti-O-SP–core–BSA responses in
convalescent compared to acute phase blood for both the Ogawa and Inaba constructs
(P<0.05; Fig. 6). Responses correlated with the vibriocidal response for Ogawa, and less
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well for Inaba (Ogawa, R2 =0.74, P<0.001; Inaba, R2 =0.2, P<0.04; Fig. 7); importantly
these correlation curves mirrored those of the LPS IgG to vibriocidal relationship.

As pointed out above, previous researchers have proposed that conjugate vaccines using
squaric acid chemistry may not permit the development of maximal immune responses
targeting sugar moieties. Here we show that O-SP–core-protein conjugates produced by this
simplified protocol are recognized by convalescent phase sera from patients recovering from
cholera in Bangladesh, and anti-O-SP-core-protein responses correlate with plasma anti-LPS
and vibriocidal responses. These results suggest that such conjugates might have utility as
vaccines, although this can only be addressed by direct immunization studies and
immunologic analysis. Currently available cholera vaccines use the oral route of
immunization with killed whole cell preparations, require repetitive dosing, and provide
protection that lasts for six to 36 months32. Infection with natural cholera results in
protection that lasts for years or decades33–35. Development of inexpensive and simple-to-
produce cholera vaccines that provide durable protective immunity would be significant.
Whether a conjugate vaccine administered parenterally, transcutaneously, singly, or as
booster would fulfill these parameters is currently unclear and will be the objective of our
future investigations.

Conclusions
We have shown that when a sufficiently powerful method of conjugation is applied,
coupling of bacterial O-SP–core antigens to proteins is a simple, high yielding process, and
derivatization aimed at introducing linkers to either O-SP–core antigens or carrier proteins
prior to conjugation is not necessary. This could eliminate lengthy and often costly
operations involved in industrial conjugate production. Squaric acid chemistry of
conjugation of amine-containing substances13, 19 is a useful tool for conjugation of
carbohydrate antigens, synthetic or bacterial, to amine containing carriers. As can be
expected from reaction rates determined for various oligosaccharides by this method19, high
molecular mass substances, such as the fragments of LPS used in this work, conjugate at a
proportionally diminished, but acceptable, rate and efficiency. Conjugation of O-SP–core
antigens to protein carriers by this method utilizes the free amino group that is inherent in
the LPS core and, thus, yields neoglycoconjugates with single-point attachment of ligands to
carriers. From this point of view, the method is analogous to those involving chemical
attachment of spacers to the synthons involved prior to conjugation11, 12. Compared to the
latter approaches, the conjugation described herein is much simpler and less laborious, and
affords conjugates in higher yields with comparable overall conjugation efficiency. It
produces conjugates that are fully and specifically recognized by immune responses in
humans recovering from infection. Such features are particularly attractive for development
of conjugate vaccines such as cholera, targeting infections of the world’s most
impoverished.
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Fig. 1.
Structure of bacterial O-SP–core antigen of Vibrio cholerae O1, serotype Inaba and Ogawa.
The dotted bond indicates that the linkage of the O-SP to core has not been established.
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Fig. 2.
13C NMR spectra of the crude O-SP–core antigens of V. cholerae, serotype Inaba and
Ogawa in D2O.
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Fig. 3.
Monitoring of the conjugation of Inaba O-SP–core antigens to BSA.
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Fig. 4.
Monitoring of the conjugation of Ogawa O-SP–core antigens to BSA.
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Fig. 5.
Correlation between anti-V. cholerae O1 LPS IgG antibody responses and corresponding O-
SP–core–BSA IgG antibody responses. Lines designate the linear correlations between the
responses. Antibody responses were assessed for 10 patients with Ogawa (left panel) and 10
with Inaba (right panel) during the acute and convalescent phases of infection.
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Fig. 6.
Mean normalized antigen-specific IgG and vibriocidal antibody responses in plasma (with
standard errors of the means [SEM]). Plasma IgG and vibriocidal responses are shown on
the left and right (log 2) axes, respectively. An asterisk denotes a statistically significant
difference (P<0.05) from the baseline (day 2) titer.
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Fig. 7.
Correlation between vibriocidal antibody responses and the corresponding LPS or O-SP–
core-BSA IgG antibody responses. Lines designate the linear correlations between the
responses. Ogawa and Inaba refer to serotype of V. cholerae used in vibriocidal assay.
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