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ABSTRACT 

Haemophilus injhenzae type b capsular polysaccharide [repeating unit, +3)- 

b-D-Ribf( I-+ 1 )-D-Ribol-5-(PO,H+] was partially hydrolyzed with HCl to give oligo- 

saccharides that were isolated by size-exclusion chromatography. and then charac- 

terized by 31P- and ‘3C-n.m.r.-spectral and chemical methods, in order to determine 

the end-group composition and, hence, the number-average chain-length (I;). The 

ratio (- 17 : 8) of monophosphate end-groups to D-ribofuranose end-groups revealed 

the relative rates of hydrolysis of the phosphoric diester linkage and the glycosidic 

linkage in the repeating-unit structure. Cleavage of the phosphoric diester linkage 

was N 92 :/, regioselective, as indicated by the - 12 : I ratio of D-ribofuranose mono- 

phosphate end-groups to D-ribitol monophosphate end-groups. The n.m.r. spectra 

of the oligosaccharide repeating-unit provided evidence for partial stereomutation 

(N 3-8 %) that involved rearrangement of the D-ribofuranose phosphoric diester 

linkage and anomerization at C-I of D-ribofuranose. Variously sized oligosaccharides 

(L = 4, 7, and 12) that had D-ribofuranose end-groups reacted with bovine serum 

albumin that had an average of -9 adipyl hydrazide functionalities, to give, within 

experimental error, quantitative yields of the corresponding, hydrazone-linked, 

oligosaccharide-protein conjugates. 

INTRODUCTION 

We have recently employed a combination of n.m.r.-spectroscopic, chemical, 

and physical methods to study the base-catalyzed depolymerization of phosphoric 

diester-linked capsular polysaccharides isolated from Haemo~hilus injuenzae’ and 

Streptococcus pneumoniae’. In view of the pathogenicity of the H. injhenzae type b 

organism3, and considering the widespread interest in immunogenic, carbohydrate- 

protein conjugates4-14, it was desirable to investigate further the chemistry of the 
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Scheme 1. Line formula for the repeating-unit structure of HIS, and a schematic representation of 
the hydrolytic cleavage modes for HIB, where R. r, and P respectively symbolize the D-ribosyl and 
D-ribitol residues, and phosphoric diester groups in the repeating unit. The lettered, vertical lines 
designate the cleavage sites and the corresponding end-groups that nere conceptually associated 
with the (R-r-P), oligomer products. These hib,L products are designated types l-9. 

conventional procedures2S’ 8 could be used to measure the relative amount of D- 

ribofuranose termini in the oligosaccharide mixture. This trio of end-groups results 

from hydrolysis modes b, a’, and c’, respectively, whereas hydrolysis modes b’, a, 

and c lead to the remaining three classes of end-groups that are designated . .D-Ribf- 

(1-t I)-~Ribol, P-D-Rib&-(1 +l)-D-Ribol..., and u-Ribol-5-+(PO,H..., respectively. 

The latter three classes of end-groups would be automatically quantified as a result 

of k, = h-,<, li, = k,., and k, = k,.. Thus, the proportion of the directly* measured 

trio of end groups is sufficient to define the number-average chain length (n) for 

hib,. Moreover, the measurements proposed would establish both the regioselectivity 

for phosphoric diester-linkage hydrolysis (k,,/k,) and the chemoselectivity for 

hydrolysis at the phosphorus vs. anomeric reaction-centers [(k,, + k,,) vs. k,.]. 

Preparation and characterization of bib,. - The 3’P-n.m.r. spectrum (see Fig. 

IA) of a sample of HIB at pH 7 consisted of an intense signal at 1.03 p.p.m., and three 

relatively weak signals, at 4.09, 18.92, and 20.90 p.p.m., that had previously been 

assigned1 to the repeating-unit phosphoric diester linkage (I .03 p.p.m.), terminal 

monophosphates (4.09 p.p.m.), D-ribitol 4,5-cyclophosphate (18.92 p.p.m.) end- 

groups, and D-ribose 2,3-cyclophosphate (20.90 p.p.m.) end-groups. The relative, 

integrated intensities of these signals (97.77, 0.24, 0.54, and 1.45”,& respectively) 

indicated that r = -44. 31P-N.m.r. analysis of a second sample of HIB gave L = 

N 84. These capsular-polysaccharide starting-materials were therefore designated 



Cr. /Olu, J. I). K(lRBl\;S 

x 
/’ 

1 



Haemophilus influenzae CAPSULAR POLYSACCHARIDE 107 

20 48 80 80 100 
Tube no 

Fig. 2. Traces of the differential-refractometer readings during size-exclusion chromatography using 
Sephadex G-100 that was equrlibrated and eluted with 0.2~ NaCI. [The dashed trace was obtained 
with HIB44 prior to hydrolysis in 0.1~ HCI for 15 min at 60”, which gave the hydrolyzate used to 
obtain the solid-line trace; fractions 75-92 were pooled, to give the sample of hib, oligosaccharide.] 

gave zti2 < N 60 min. The corresponding half-life for acid hydrolysis of the glycosidic 

linkage of the repeating unit was not measured. Application of a statistical theory’*“, 

of depolymerization indicated that < 5 to 10 y0 of random cleavage of the hydrolyti- 

tally labile linkages in either HIB,, or HIBs4 would lead to a substantial fraction 

of the desired, relatively short, oligosaccharide fragments (E <20). Based on these 

kinetic measurements and calculations, it was possible to select appropriate hydrolysis 

periods for depolymerization of the HIB samples. 

Hydrolysis of HIB,, in 0.1 M HCl for 15 min at 60’ followed by size-exclusion 

chromatography (see Fig. 2) afforded oligosaccharide material that gave, at pH 7, 

a 3’P-n.m.r. spectrum (see Fig. 1B) in which the repeating-unit signal at 1.03 p.p.m. 

was accompanied by overlapping monophosphate signals at -4 p.p,m. and a new 

signal at 1.79 p.p.m. There were no downfield absorptions indicative of 5-membered- 

ring, cyclophosphate end-groups’,‘, in accord with their (well known) acid lability”. 

The 31P-n.m.r. spectrum (not shown) at pH 4 confirmed the assignment of the 

monophosphate signals, which were now shifted upfield bylY2’ -3-4 p.p.m. The 

spectrum at pH 4 also demonstrated that the signal at 1.79 p.p.m. was unaffected by 

increased acidity. Because “P chemical-shifts for phosphoric diesters are pH-in- 

dependent over the range” of pH -2-12, the absorption at 1.79 p.p.m. was tentatively 

attributed to rearranged phosphoric diester linkages that accounted for 8% of the 

total number of phosphoric diester bonds, based on the relative signal-intensities at 

1.79 and 1.03 p.p.m. The relative, integrated intensities of the monophosphate ab- 

sorptions (-4 p.p.m.) and both types of phosphoric diester linkages (1.03 and 1.79 

p.p.m.) indicated that the oligosaccharide sample had 16.7 monophosphate end- 

groups/100 repeating-units. Reaction of this sample with 3-(3-dimethylaminopropyl)- 
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Fig. 3. W{lH}-N.m.r. spectra (75.47 MHz) recorded for solutions in water [59’, (v/v) of DzO] 
at N 20 “; see text for signal identifications. [The sample of hib,L was derived by hydrolysis of HIBu 
in 0.1~ HCI for 7 min at 60”. The lower trace shows the entire spectrum, whereas the remaining 
inserts are expanded displays of selected regions indicated by the connecting arrows.] 

of 9.9 + 1.3 monophosphate termini/lOO repeating-units, and 3.5 kO.5 y0 of phos- 

phoric diester rearrangement. The oligosaccharide obtained on hydrolysis of HTB,, 

for 3 min had an average value of 5.7 50.3 monophosphate termini/lOO repeating- 

units, and contained -2 % of rearranged-phosphoric diester linkages. In contrast 

to this proportionality between the degree of depolymerization and the extent of 

phosphoric diester rearrangement, the partitioning associated with phosphoric 

diester bond cleavage, to give D-ribose and D-ribitol monophosphates, was apparently 

independent of the reaction time, as evidenced by the roughly 10 : 1 ratio (see Table I) 
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Scheme 2. Partial structures of hlb,, that sho\v. on the left, the original connectlvlty and stereo- 

chemistry of the wribose rcsldue and. on the right. t%o po\vble. rearranged L)-liixw rwdtu. 

for generation of u-ribosc monophosphate end-groups under each 01‘ the afort- 

mentioned reaction-conditions. 

Previous studies2’ had shoun that the ten carbon atoms III the HlB repeating 

unit (structure 1 ) give rise to scparatr resonance-signals. There IS observtiblc “G3 ’ I’ 

coupling (J. Hz) for the u-ribose C-3 (77.00 p.p.m.. J 5. 2 Hz). C--3 (76.51 p.p.m., 

J3.8 Hz). and C-4 (X-C.64 p.p.m.. J6.7 Hz), as \\cll as the n-rrbitol C-5 (69.43 p.p.m., 

J 7.9 Hz:). whereas the downlicld-shifted I,-rlbose C-l signal. at 109.4 13.1’ 111 , and the 

remaining carbon signals appear as sharp slnglcts. Each ol‘ the ~tf~~rcmcnt~ancd, 

oligosaccharidc samplea cxhlbited thcsu ten cxbon absorptlons. and al50 shoneci 

a set of additional signal5 that had relatively low intensity. The IICM \rgmls for the 

15-min hydrolyznte (see Fig. 3) had roughly twice the intensity oftheIr countcrpart~ in 

the spectrum (not shown) ofthc 7-mln hydrolyzatc, and were thcrcfor-c indicatix 0t 

oligosaccharide end-groups. In the studies nou reported, the lb-ribosc C-l nuclei 

were of primary importance for the following reasons. The cxpandcd, spectral 

display (see Fig. 3) recorded for the 7-tnin hydrolyzatc revealed th;it the I)-ribo- 

furanosic C-l s&/~t at 109.-1 p.p.m. was accompanied by /II(J ~/o&/c~/.r tit 10X.4 

(J -Z--3 Hz) and 108.2 p.p.ln. (J -‘L? Hz) that had a UI/U/~~WL/ intcn\q of - 3 ‘I,,. 

relative to the signal at 109.4 p.p.m. The rclativc intcnLity of thcsc nlinor signal, 

was comparable to the extent of phosphoric diester Itnhage-arrunEclii~~Iit ( - ?- G”,,) 

that was deduced from the corresponding ” I’-n.m.r. spectrum. Mnrccj\er. the chem~- 

cal shifts’2,‘J and coupling constants” for these two ‘“C doublets M~IT consistent 

with migration of phosphoric dlester, from I>-ribosc C-3 to I)-rib~~~e C-2, that was 

accompanied by anomeriration at o-ribose C-l to give Y (108.2. p.p.m. 1 and /i (10X.4 

p.p.m.) stereochemistries. as shown in Scheme 2. The - 1 :2 ratlo of the signals at 

108.2 and tO8.4 p.p.m. was also observed in the expanded, ‘-‘C-n.m.r. spectrum 

(not shown) of the I5-min hydrolyzate; however, in this case. the combined intensit) 

of the absorptians at IOX.? and 108.4 p.p.tn, indicated - 8”,, roarrnngement 01’ 

phosphoric diester linkage, which agreed with the corresponding “I’-n.nl.r.-derived 

value. Both of the oligosaccharldc samples gave rise to ;m - I 3 ratio of lo\{-intensity 

sincqkts, at 96.57 and 96.87 p.p.m. (ace Flp. 3) that were respcctikely xsslgncd to 

LY- and /i-o-ribofuranose end-groups. based on the spectrum (not shown I of l+ribosc. 

wherein the resonances of the x and j~anometx (C-l ) atoms appenrcd ;I\ two signals 

that had virtually the same chemrcal shifts and relative intensities 3s tho\e seen in the 

oligosaccharide spectra Thehc spectral simitaritir~, and the fact Ihat the 96.57- anti 
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96.87-p.p.m. absorptions gave no evidence for significant (> 2 Hz) 13C-31P coupling, 

indicated24 that the D-ribofuranose end-groups had C-3 (rather than C-2) attach- 

ments to the phosphoric diester unit. Additional support for this conclusion was 

obtained by reactions of the 7-min hydrolyzate with H,NOH * HCl and with adipic 

dihydrazide at pH 7 and 25”. In each case, the oligosaccharide product gave a 13C- 

n.m.r. spectrum that was identical to the spectrum recorded for the starting material, 

except for the absence of absorptions at 96-97 p.p.m., and the appearance of new 

signals that had chemical shifts indicative of the expected imino carbon (HC=N), 

viz., 154.1 p.p,m. for the oxime’, and 153.6 and 158.9 p.p.m. for the E- and Z- 

hydrazoneslb. The reaction with adipic dihydrazide also provided 13C-n.m.r. evidence 

against the formation of adducts of the pyranosylamine type25 and the occurrence 

of Amadori-type rearrangement2’ after coupling of the oligosaccharide with the 

adipyl hydrazide groups. 

Based on the foregoing identification of key signals in the 13C-n.m.r. spectra 

of the oligosaccharide products, the molar ratio of D-ribofuranose end-groups to 

repeating units was given by the sum of the peak heights at 96.57 and 96.87 p.p.m. 

divided by the sum of the peak heights at 108.2, 108.4, and 109.4 p.p.m. The 7-min 

and 15min hydrolyzates obtained from HIBh4 were thus found to have 4.0 kO.1 

and 9.3 kO.3 D-ribofuranose end-groups per 100 repeating-units, respectively. These 

molar ratios were subsequently estimated by an extension of the Park-JohnsonZ7 

calorimetric assay for reducing sugars that used D-ribose as the calibration standard*. 

The estimated values of 4.3 +0.2 and 7.2 10.4 o-ribofuranose end-groups per 

100 repeating-units agreed reasonably well with the corresponding values determined 
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Fig. 4. Size-exclusion chromatography using Sephadex G-100 that was equilibrated and eluted with 
0.2~ NaCI; elution was monitored by the orcinol assay for n-ribose. [The dashed trace was obtained 
with HIBad prior to hydrolysis in 0.1~ HCl for 3 min at 60”, which gave the hydrolyzate used to 
obtain the solid-line trace; fractions 6&80 were pooled, to give the sample of hibn oligosaccharide.] 

*We had previously determined” that equimolar amounts of D-ribose, D-glucose, D-galactose, and 
L-rhamnose have significantly different color-forming capacities (55 to 659; variance) in the Park- 
Johnson”’ assay. As the D-ribose calibration standard used in the work now reported is not chemically 
identical with the D-ribofuranose end-groups in hib n, the assay can only provide an approximate 
value for the molar equivalents of these end groups. 
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FIN. 5. Plot of log L KY. elution volume. [The data points uere generated from the following informa- 
tion. For HIBr:: fractions 35-37, -i -= 130: fraction 30, L :~= 1X7: fractww 50-57, L -- 66: for the 
hydrolpzate: fraction 50. L : 70; fraction 60. L 25; fraction 70, L ~~ 16; fraction SO, L -- 8. 
For HIBti.1, the values of L were determined by ,?‘P-n.m.r. spectroscopy. For the h)drol~,zate, the 
values off were determined by a comhmation of :j*P-n.m.r. spcctroxopy anci 311 :~\\ay Ihr content 
of rxlbose end-group.] 

by j3C-n.m.r. spectroscopy and, consequently, the two sets of data here averaged. 

The total number of monophosphate end-groups and I>-rIbofur;mosc end-groups 

per 100 repeating-units (see Table I) gave oligosaccharrdr. number-average chain- 

lengths (L = II) that were rounded off to integer values: hibl and bib- for I5min 

and 7-min hydrolyses of HIB4,, respectively. 

The elution profiles (see Fig. 2) thnt Lvere obtarned for HlB,, and its olrgo- 

saccharide products suggested broad size-dlstributlons for these materials. The 

ran‘?@ of chain lengths for products hib, and hib,. which were isolated from relatively 

large pool-volumes. was therefore assessed in the following way. Samples of HIB,, 

and its hydrolyzatc (0.1 M HCI for 3 min at 60 ) were exh subJected lo slzc-exclusion 

chromatography, and the I_ vnlues for various fraction\ were Jetcrmined by “P- 

n.m.r. spectroscopy in conjunction with the I>-ribofuranose end-group assay. The 

findings, summarized in Figs. 3 and 5, wcrr in accord with the expected’” lincal 

relationship between log L and the elution volume, and further indicated that hib, 

and bib: were comprised of oligosaccharides that had chain-length ranges of _ 2.5 
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9.5 and -2.0-23.0, respectively. Pooled fractions from the HIB,, hydrolyzate gave 

a sample of bib,, that had a chain-length range of -8.3-25.4. 

Preparation and characterization qf adipyl Ilydrazide-functionalized bovine serum 

albumin (BSA-AH). - The general procedures developed by Robbins and co- 

workers4 were used for the reaction of bovine serum albumin (BSA) with adipic 

acid dihydrazide (AAD) in the presence of DEAC. The extent of functionalization 

of BSA with nucleophilic adipyl hydrazide groups was estimated by measurements 

of protein content and RNHNH, content by amino acid analysis and the 2,4,6- 

trinitrobenzenesulfonic acid (TNBS) assay29*30, respectively, which gave 9.7 +0.4 

mol. equiv. of RNHNHJmol. of BSA. 

‘H-N.m.r. spectroscopy was briefly investigated as an alternative method for 

determining the degree of functionalization; however, the proton absorptions for 

AAD were not discernible in a surrogate sample that contained a 9.7 : 1 .O molar 

ratio of AAD : BSA. Consequently, doubly 13C-labeled adipic acid (90 atom- % 

13C0,H) was converted into its dihydrazide derivative (AAD-13C,) for DEAC- 

mediated coupling with BSA. The 25.00-MHz, 13C-n.m.r. spectra recorded (not 

shown) for the isolated product (BSA-AH-‘3C,) and for a surrogate sample that 

contained AAD-13C’, and BSA gave a molar ratio of AH-13Cz to BSA that was 

-25% higher than the ratio determined by the aforementioned chemical methods, 

which was considered to be reasonably good agreement in view of the various experi- 

mental errors. The 67.9-MHz, 13C-n.m.r. spectrum (not shown) of BSA-AH-“C2 

at pH 7.4 and 25” appeared as a superposition of absorption signals centered -0.2 

p.p.m. upfield from the symmetrical peak that was recorded for the mixture of 

AAD-13C, and BSA. These findings were consistent with exclusively covalent attach- 

ment of AAD to BSA via DEAC-mediated condensation. 

The composition of the resultant BSA-AH product and its ability to conjugate 

with D-ribofuranose end-groups in hib, were examined by parallel reactions of BSA 

and BSA-AH with D-ribose. It was assumed that D-ribose would couple with the 

pendant hydrazide functionalities in a 1 : 1 stoichiometry, and that D-ribose would 

also serve as a simple, model compound for roughly gauging the reactivity of the 

oligosaccharide D-ribofuranose end-groups of interest. The results obtained for 0.2M 

NaCl solutions that contained 100 mg of protein/ml and an -200-fold molar 

excess of D-ribose indicated that only 0.25 mol of D-ribose was incorporated by 1 

mol of BSA, whereas an additional 8.2 mol of D-ribose was incorporated by 1 mol of 

BSA-AH. The extent of uptake of D-ribose by BSA-AH hydrazide groups was, within 

experimental error, comparable to the TNBS-derived value of 9.7 +0.4 mol.equiv. 

of RNHNH,/mol of BSA, and the results were averaged to give a final value of 9.0 

1-0.8 mol.equiv. of RNHNHJmol of BSA. It was thus assumed that each molecule 

of BSA-AH, could accommodate -9 oligosaccharide chains that had D-ribofuranose 

end-groups. 
Preparation and characterization of BSA-[AH-bib,], conjugates. - Hydrazone- 

linkage formation between BSA-AH, and hib, was facilitated by the use of a relatively 

high concentration of BSA-AH, (100 mg/mL) and amounts of bib, (1, 2, and 3 
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mg/mg of BSA-AH,, 1 that provided 1.5. 3. and 4.5molar cxce~s of the I)-r~bo- 

furanose end-groups. relative to the RNHNIH, functionalltics III RSA-AH,,. The 

VISCOUS reaction-mixtures. which thus contained 13mhl RNHNH, and I~~-56 IBM II- 

ribofuranose end-groups. were stirred for 30 h at 2% 7.5 SIX-e\olu5ion cllrolllato- 

graph! with Scphadex G-100 and 0.2~ NaC’1 was used to separatt: the comparatively 

small. unreacted olignsacchsride\ from the product molecules that had the n-~~:bosc 

and protein compositions yven in Table I I. The data for siml!ar reactrnns of BSA-AH,, 

with hib, in water are also summarized 111 Table II, together with the ~nformatton for 

conjugation of EEA-AFI,, with bib, and bib,, in 1).7\1 NaCI. The ctwpliiig yields 

listed in Table II were derived by comparing the mcasurcd r)-rrho<e: protcin ratlo\ 

with the nppropriatc I>-ribose protein ratio that ~vas calculated Ihr the fully “loaded” 

con.jugate. BSA-[AH-hib,J,,. wherein II = -i. 7, and 12 In b iew ct’ the xubstantiai 

limits of error that attended the calculated D-riho!,c : protein ratios. the coupling 

yields could only provide a w+$ Indication of the extent ofconjugatjon. On the other 

hand, the 48. 124, md IO i “,) l,ields obtained in e\perimenth I 3 \icrc consistent 

with complete conju@on of BSA-AH,, with hub, when 3 or nlc?lc ni~jl. cqui\, ol‘ 

I>-ribofuranose end-groups bvere present (cupt\ 2 and 3). A similar tiend was apparent 

from the results obtained 111 expts -J! and S, namely. 5X and i-11”,, 1 ~cld\ t;)t- I .S anti 

3 mol.equiv. of t~-rib0fUi-;lll0se tcrniini, respcctivcly. These linding> for cupt5 I. 2. -t. 

and 5 also indicated that there was no signilicant tl~JTumctz lxtnw~l 0.3\1 NuCI and 

water as the reaction medium. The y’elds obtained for opt\ o ;tnd 7 u 1111 Il~h- (90 O,,) 

and bib,, (Oh”,,) implied that the couplin g efficiency was not signlficnntl> influenced 

by Increases rn the oligosaccharide chain-lengths. 

The selectivity of the aforemcnt~oned. conjugation reactions and the existence 

of hydrazone linhages wcrc supported by control experiment\ whcrcln BSA-AH 
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and HIB,, failed to form a detectable conjugate, and hib4 that was “capped” by 

oxime derivatization of the D-ribofuranose end-groups failed to give a detectable 

conjugate with BSA-AH. 

Summary. - The applications here reported of 31P- and r3C-n.m.r. spectro- 

scopy provided a complete analysis of the end groups in oligosaccharides that were 

derived from the HCI-catalyzed hydrolysis of HlB. The relative ratio of mono- 

phosphate : b-ribofuranose end-groups in hib, and hib, revealed that -30 % of these 

two oligosaccharide mixtures had chains terminating in D-ribofuranose. This percen- 

tage was, within experimental error, equal to the proportion (33?4) of “usable” 

oligosaccharide that results from equal rates of cleavage of the three hydrolytically 

labile linkages in the HIB repeating-unit structure. Consequently, under the stated 

reaction-conditions, the depolymerization of HIB occurred with no significant 

chemoselectivity. By contrast, the high regioselectivity (92 & 2 “4) for HCl-catalyzed 

cleavage of the phosphoric diester linkages in HIB was comparable, in both magnitude 

and direction, to the regioselectivity previously found’ for the depolymerization of 

HIB under alkaline conditions. This finding suggested mechanistic analogy between 

the acid- and base-catalyzed degradation processes. By extension of the alkaline 

dcpolymerization mechanism’, the preponderance of o-ribose 3(and 2)-mono- 

phosphate end-groups in hib, was rationalized by more-effective, neighboring-group 
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Scheme 3. A mechanistic scheme for rationalizing the HCI-catalyzed depolymerization of HIB 
leading to, ioter alia, o-ribose 3- and 2-monophosphate end-groups, 0-3-linked u-ribose end-groups, 
and rearranged linkages to o-ribose residues in bib,. 



participation (see Scheme 3) of the I-hydroxyl group of D-ribosc. which ir necessaril! 

cisoid to the phosphoric diester linkage and, hence. is a better nucleophile by compari- 

son with the A-hydroxyl group of v-ribitol. Such nucleophilic substitutions at pho+ 

phorus generally (but not always” ’ ) proceed 11io pentacoordinatc phosphoranes”‘. 

Intermediate phosphoranes have been implicated’ as the source oflinl\3~e-reart,aligc- 

ment during the alkaline hydrolysis of the capsular polysaccharidc from Ii. irl- 

~wnxrc type a, and similar species (see Scheme 3) could acco~~nt for- the relat~vcly 

small fraction ( -4. 8”,,) of stcreomutated phosphoric diestcr linkages found” 111 

hib, and bib:. The mechanistic rationale depicted in Scheme 3 also ~nvokos the 

ww_wih/~ formation of an n\;onium ion to account for epimcriration of the rj-ribo- 

furanosidic C-l linkage. In view of the fact that there was no ’ “C’-n.m.r. evidence fol 

c+ribose components having C-3 linkages to phosphorus tr~r/ inverted stcreochemlstr!’ 

at C-I, the phosphoric diester linkage-rearrangement proposed may bc ;I prcrequisitc 

for C-I stereomutation. 

It is important to cmphaszc that the connectivity d~ffcrence represented b! 

phosphoric dlestcr linkages to C-3 and C-2 of the I>-ribose components rn hib,, IS 

similar to that between the type-CA and type-hB pneumococcal polysaccharidr 

antigens’. which are immLlnochemically distinct. Stereomutated phosphoric tllestel 

linkages in hib,. as well as anomerization at C-l. thus constitute potential. immuno- 

chemical determinants that could complicate comparative studic,s or HIB. bib,,. and 

their respective protein cnn.jugatcs. With this caveat 111 mind. it would be adv~suhlc 

to preparc immunogenic oligosaccharrdes b>, methocts that demc~nstrably bypass 

stereomutation of the residual, repeating-unit structure. The present xtudres ha\c 

shown that n.m.r. spectroscop\’ is cspcc~ally useful for inbestigatlnp the stcreochumlcal 

integrity of such oligosaccharldes. 

.ni.tn.r. .spcr~troscy~~r. - ‘“C-N.m.r. spectra were recorded by using quadrature 

phase-detection at 22.49. 25.00. or 75.47 MHz with JEOL FX-90Q. JEOL FX-100. 

or Bruker WM-300 spectrometers. reapectivcly. and ~LIWLIS samples that contained 

5 “(7 I (v/v) of D20 and sodium ~.2.3.3-tetradeutc~-lo-4.~-dimcth~l-l-silapentanoatc 

as the internal chemical-shift (p.p. m. ) reference. “‘P-N.m.r spectra \~erc‘ similarly 

recorded at either 40.25 (JEOL FX-100) or 311.23 MHz (JEOI. FX-OOQ): chemical 

shifts, which were relative to an external solution of 25 01, (b v) 1+3fY)1 rn D,O, were 

measured at 40.25 MHz by using a coaxial capillary tube that u’ab po5111oned bvith 

a vortex plug. The n m.r. sampling-condltlons ha\c been described’ ’ The “171-1” 

values recorded for n.m.r camplc-solutlorls that contained I>:() \\crc not corrcctcd 
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for isotope effects, and refer to digital readings obtained with a precalibrated, Radio- 

meter PHM 64 instrument equipped with an Ingold combination electrode that was 

inserted into the n.m.r. tube. 

Assay methods. - Moisture content was determined as described32. D-Ribose 

was measured ( + 5 S’,) by a procedure33 that used orci no1 as a color-forming reagent 

for optical absorbance (A) readings at 660 nm. The mol.equiv. of o-ribofuranose 

end-groups/mg of hib, was estimated ( t_ 5 ‘4) by a previously described* modification 

of the Park-Johnsonz7 assay. In this assay, it was assumed that the D-ribofuranose 

end-groups and the o-ribose calibration-standard had approximately equivalent 

color-forming capacities, on a molar basis. The validity of this assumption was 

checked by 13C-n.m.r. analysis of hib, (ride infva). The adipyl hydrazide content of 

derivatized BSA was estimated (+ 5 0’;) as described4 and used 2,4,6_trinitrobenzene- 

sulfonic acid (TNBS) as the color-forming reagent29930. The accuracy of this TNBS 

assay was checked by ‘3C-n.m.r. measurements using 1 %-enriched materials (vide 

infra). The protein content in samples of BSA-AH-hib, was estimated by comparison 

of A,,, values with those measured for BSA-AH, which served as the calibration 

standard. 

Size-esclusion chromatography, and dialyses. - Size-exclusion chromatography 

was performed in a column (3 x I I5 cm) of Sephadex G-100 (Pharmacia Fine Chem.) 

that was equilibrated, and eluted, with 0.2M NaCl [containing 0.05 “,i (w/v) of sodium 

azide as a preservative] at a flow rate of 2.1 mL/min; 5.0- to 5.5-mL fractions were 

collected, and the column effluent was continuously monitored by using a differential 

refractometer (Waters Assoc., Model R403). The collected fractions were subse- 

quently assayed for protein (A,,,), or D-ribose33, or both of these components, as 

needed. Dialyses were conducted by using tubing having molecular-weight cutoff 

values of either 10,000 or 3,500, and employed de-ionized water (6 L, twice) at 5”. 

Kinetics of lzydroll,sis of HIB phosphoric diester. - Hydrochloric acid (0. IM, 

2 mL) that contained 5 “/i (v/v) of D,O was equilibrated at 60” in a IO-mm, n.m.r. 

tube. A sample of HIB (L = 44; 30 mg) was added, and 3’P-n.m.r. spectra were then 

recorded as a function of time over a l-h reaction period. The initial rate of dis- 

appearance of the phosphoric diester signal was used to estimate the pseudo-first- 

order rate-constant for hydrolysis of phosphoric diester: --k’ > -0.01 min-’ 

(r l/2 G -60 min.) 

Preparation and characterization of samples of bib,. - Two samples of HIB 

isolated from H. injuenzae strain 1482 (ref. 4) were provided by Dr. Rachel Schneer- 

son (Office of Biologics). These samples were shown by 3’P-n.m.r. analysis’ to have 

L = 44 and 84, and are herein referred to as HIB,, and HIB,,. respectively. A portion 

(518 mg) of HIB,, was added to a 125-mL Erlenmeyer flask that contained water 

(45 mL) and a magnetic stirring-bar. Hydrochloric acid (M; 5 mL) was added with 

rapid stirring at 25 “, and the flask was then continuously swirled in a 60” water-bath 

for 15 min. The stirred solution was cooled in an ice-water bath, and made neutral 

with M NaOH ( - 5 mL). The neutral hydrolyzate was concentrated to 10 mL (Amicon 

MU 05 apparatus, 500 molecular-weight cutoff), and the retained material was then 



passed through a column of Sephadcx G-100. Fractions 75-92 here pnoled. dtalgzcd. 

and lyophilized, to afford the hlb, product (sample I : 375 mg. 72”,. recovery ). The 

hydrolysis procedure was repeated with a second portion (630 mg) of HIR,,: the 

heating period was 7 men. and the neutral hydrolyratc was Iqophilired prior to six- 

cxcluslon chromatography. Fractions 64-94 were pooled to alrorti the hih,, product 

(sample 2: 560 mg, 8X ‘I(, reco\crl ). In a third hydrci\sls reactton. a solution of HIB,, 

(500 mg) In water (45 mL) was allowed to equilibrate tlicrmall! In the h0 bath 

before the addition OfM HCI (5 mL: also prc-equllibrntcd at h0 ). The depoiyme~a- 

tion was terminated after 3 mln bq the addition of M NaOH (5 mL ). and the reactlon- 

mtxturc was cooled. and the pH acj,iustcJ to 7. before lyophlllratlon and size-exclusion 

chromatography. ” P-U.m.r. spectra were recorded t’or- t‘raction> 50. 1’30. 70. and SO. 

Fractions 60-80 \vere pc~~lecl to aH‘ord the bib,, pwduct (sampk 3 i-l-4 mg. oi) I’,, 

recovery). 

The folIowIng characterization of sample I of hlb,, ih r-cprcscntativc of the 

procedures that were used. A portton (851 ,~g) of sample I (repeating-unit formula 

weight = 365) was found to ha\e 0 167 k() 008 /~mol.equt\. of r>-ribofuranohc end- 

groups per 2.33 repextlng-units. which \\as normalized to a \,aluc 01‘ 7.2 y_ 0.4 ,~mol. 

equiv. of n-rlbofuranosc end-group per I00 repeating-units. f~:our Integrations of a 

‘3C-n.m.r. spectrum recorded for hib,,samplc I ga\‘eaval~1eofY.3 _+l)..? I>-rlbofuranosc 

end-groups per 100 rcpeatlng-units (c$, Results and Discussion). which was averaged 

with the corresponding, chemically drrlved quantity to give a final value of S.2 i I .O 

u-ribofuranose end-groups per iO0 repeating-units. ’ 1 P-N.m.r. Integrations cjbtalned 

with a solution oi‘hlb,, sample I at pH 7 gabc 16.7 monophosphate (4.09 p.p.m.) cnd- 

groups per 100 phosphoric diester I;nhages (I .03 and I .79 p.p.m. ). The sample \\a> 

treated with DEAC (t~it/o ir7fr.m). and .’ ’ P-11.m.r. integrations for the product gave 

16.X D-nbofuranosu 2,3-cyclopho.\phate (3O.W p.p.m,) end-groups per IO0 phosphorx 

diester linkages and I .O n-rlhitol -I.~-cyclophosphate ( I X.Y2) end-group per IO0 

phosphoric diester linhagcs. for an average value (before, and after. reaction with 

DEAC) of 17.2 &_O.O phospliorus-cont~~iiiltig end-groups per 100 repeating-units. 

The total value of 25.4 & 1 .O I>-ribofursnosc and phssphorLls-cclntalnlnp end-groups 

per 100 repeating-unit5 indicated that iI = 3.Y fO.3: hence, oligosaccharidc sample I 

was designated bib,. Thcsc resultb are summari/.cd 111 Table I, nh~ch also lists the 

corresponding analytical data for oligosaccharide \amplc\ 2 and 3. rccpcctivcly 

designated hlb, and hlh, L 

Rcuc’tiot7 of hih,, .~n/t//dt~.s It,ich DE.-t(‘. ~~~ A solution of the ol,lrgosaccharlde 

(IO-20 mg) 111 0.1~ imidurole buffer [pH 7. 30”,, (v/v) of I120. I.5 ml~] sxs treated 

with an aliquot (50 /tL) of a freshly prepared solutlnn of DEAC III tllc same huffed 

(140 mg,:mL). A second aliquot (50 !rL) of a freshly prepared solution of DEAC In 

the imidazole buRi_r (X0 m,g:mL) was added after 12 h at 25 “P-W.m.r. spectra 

were recorded after an additional 12 h at 25 ‘_ 

Rrwttw of hih, li,itll /7~‘~//.u.yl./ii~~liFl~~ /~~~(l~oc~illo,i~i~. A 5nlutlon of huh, 

(13 mg; 2.2 /lmol.equiv. of I)-nbofuranose end-groups) 111 watet ( I mL) \bas added 

to a neutralized sollitton of H,NOH * HCI (4 6 mg. hh rlrnsl) III v.t:ttct- (0 2 ml.). 
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and M NaOH was used to maintain the pH of the solution at h 7. The mixture was 

lyophilized after 12 h at 25”, and a solution of the resultant solid in D,O (0.3 mL) 

was used to record the ’ 3C-n.m.r. spectrum. 

Reaction of hib4 with AAD. - A neutralized solution of AAD (3 mg, 17.2 

pmol) in water (0. I mL) was added to hib, (20 mg, 3.3 pmol.equiv. of D-ribofuranose 

end-groups), and, after 24 h of stirring at 25”. the solution was diluted with D,O 

(0.2 mL) prior to recording of the 13C-n.m.r. spectrum. 

Preparation and analysis of BSA-AH. - A modified version of a published4 

procedure was employed as follows. Recrystallized34 AAD (2 g, 11.5 mmol) was 

added to a magnetically stirred solution of purified3’ BSA (2 g) in 0.1 M NaCl (80 mL) 

at 25 ‘, and the pH of the solution was adjusted to 4.9 with O.lM HCl before addition 

of DEAC (0.6 g, 3.14 mmol) in one portion. The 0.1 M HCl titrant was used to main- 

tain pH 4.8-5.0 for 2 h, and the mixture was then dialyzed against 0.2~ NaCl, divided 

into three 50-mL portions, and each portion passed through a column of Sephadex 

G- 100. In each case, fractions 30-60 were pooled, dialyzed, and lyophilized, to afford 

BSA-AH. The combined material, which contained 47; of moisture, was found by 

amino acid analysis3 6 to contain 931 pg of protein/mg of sample. The TNBS assay 

indicated 0.135 kO.006 pmol.equiv. of RNHNHJmg of sample, which was equal 

to 9.7 +0.4 mol.equiv. of RNHNH, mol of BSA (molecular weight -67,000). This 

estimate of the adipyl hydrazide content was combined with the value measured by 

D-ribose incorporation (vide infia) to give an average value of 9.0 +0.8 molequiv. of 

RNHNH,/mol of BSA. The derivatized protein was thus designated BSA-AH,. 

Conjugation of D-ribose with BSA-AH,. - A solution of BSA-AH, (10 mg) and 

D-ribose (5 mg) in 0.2M NaCl (0.1 mL) was stirred for 20 h at 25”, and the solution 

was then passed through a column of Sephadex G-100. Fractions 30-60 were pooled, 

dialyzed, and then lyophilized; the unreacted D-ribose was contained in fractions 

90-105. Automated sugar3’ and amino acid3(j analyses of the lyophilized product 

gave values of 98 nmol of D-ribose per mg of sample and 799 pg of protein per mg of 

sample, respectively, and thus indicated 8.2 molequiv. of RNHNHJmol of BSA, 

assuming 100 y0 efficiency for the conjugation of the RNHNH, groups with D-ribose. 

The D-ribose content in this conjugate was calculated after correcting for the relatively 

small amount of D-ribose (3.8 nmol) that was incorporated by BSA (1 mg, 14.9 nmol) 

in a corresponding control-reaction using BSA (10 mg) and D-ribose (5 mg). 

Preparation and analysis of ‘3C-enriched BSA-AH. - A solution of hexanedioic 

acid-/,6-13C2 (90 atom-p/, isotopic purity, Merck & Co., Inc.; 490 mg, 3.31 mmol) 

in absolute CH,OH (5 mL) that contained 4 drops of cone H,SO, was boiled under 

reflux for 140 min in a round-bottomed flask that was equipped with a CaCl, drying 

tube. The reaction mixture was cooled to 25”, and added to a separatory funnel that 

contained water (25 mL), and the dimethyl ester of hexanedioic acid-Z,6-i3C2 was 

extracted with ether (5 mL, 5 times). The extracts were combined, washed with water 

(5 mL, twice), dried (anhydrous MgSO,), and evaporated in a rotary evaporator 

(without heating) to a colorless oil (520 mg, 2.95 mmol, 890:) which was boiled 

under reflux for 2.5 h with a mixture of absolute ethanol (1.6 mL) and H,NNH, . 
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H,O (0.55 mL). The mixture was cooled to 35 -, suction-filtered. and the solld 

quickly washed with ice-cold, absolute ethanol (I mL) to give. after drying if! VUJO. 

AAD-‘“C, (470 mg. 2.39 mmol. 72” ,,): m.p. 17% 181 (corr.). lit.“5 m.p. IX2 and” 

I71 -. 

Reported’ procedures lvere used to couple AAD-‘“C2 with BSA. and to analyze 

the BSA-AAD-‘“C‘, product. which was found to contain -33 rnol.equiv. of 

RNHNH,/mol of BSA. A solution of this material (37.6 mg) in D,O (0.5 mL) at 

pH 7.4 was analyzed by ‘“C-n.m.r. spectroscopy (3.0 MH7) using a standard set 

of data-acquisition parameters that included a 1-i4 pulse, suppression of‘ the nuclear 

Overhauser effect (nOe). ;I j-s pulse repetition-time. and 500 pulses. The same solution 

(sample A) was also examined by ‘.‘C-n.m.r. spcctrohcop> at a higher field-strength 

(67.9 MHz). which was provided by a previously described”‘. home-built instrument 

The standard acquisition-parameters at 25.00 MHz were also used tcb obtained the 

‘“C-n.m.r. spectrum of a surrogate solution (sample B) that contained BSA (27.6 mg) 

and AAD-‘-‘C: (0.5X mg) in D,O (0.5 mL): a Tecond spectrum for >ample B x\‘;I~ 

recorded by using a IO-s pulse repetition-time. All of‘ the time-domain spectra were 

exponentially multiplied so as to obtain I Hz of additional line-broadenmg after 

Fourier transformation. and the resultant, frequency-domain spectra berc displayed 

at the same noise-level for measurement of integrated signal-intensities by the “cut- 

and weigh” method. The relative rignal-intenstties (I,,,) measured wifh sample B 

were equal, wlthln the cstlmated limits of experimental error ( 3~ IO”,,): I,,, = l.OO(! 

fol the 5-s repetition-time. and I,,, -1 0.91 for the 10-s repetition-time. Compared 

with the average value of these measurements (I,,, = 0.96). the ?;~gnal intensity fat 

sample A (I,,, = 4.93) rndlcated 0.61 nmol of “C-labeled adipyl h~drazide,‘mg of 

BSA-AH-‘“C 1. which was equivalent to 31 +5 mol.cquiv. of RNHNH, per mol of 

BSA. 

Conjugcrt irw of BS.4 - A H, n.itll hih,, .YNIII~I~~.~. Table II lists the pertinent 

synthetic and analytical details for the various conJugation rcactlons. The following 

is a representative procedure. BSA-AH, (IO mg) and hib, (IO mg) wcrc dissolved in 

0.3~ NaCl (0.1 mL). and the VISCOUS solution was magnetically stir& for 20 h at 

15 The reaction mixture was passed through the size-exclusion column, and frac- 

tions 30-40 were pooled, dialyzed. and then lyophilized. The rj-ribosc content of the 

resultant product was measured by the orcinol assay. and the protein content wu\ 

estimated from the A,,,, vniue 15.r. the A,,,, value given by BSA-AH 
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