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ABSTRACT 

The 13C-n m r spectra of water-soluble and -msoluble &cans synthesized by 
enzymes Isolated from SIX strams of Streptococcus mutaxs are Interpreted The 
glucans are shown to be composed prlmarlly of a-(1+3)- and cc-(1 +6)-Imked 
gIucosy1 residues, and the relative abundance of each h&age IS estimated from peak 
areas Treatment of water-rnsoluble glucans with dextranase is found to result m 
water-soluble and -msoIubIe products, the former enrlched m Z-( I-6)-Imkages and 
the latter m cr-(1-3)~hnkages The structural conclusions arrived at by 13C-n m I- 
spectroscopy are consistent with data from methylatlon analysis and ‘H-n m r 
spectroscopy 

INTRODUCTION 

Extracellular, water-msoluble glucans produced by carlogemc streptococci 
have been lmphcated rn the formatlon of dental pIaqueld3 and have therefore been 
the subject of structural mvestlgatlons These msoluble polysaccharrdes have been 
shown by chemical and enzymlc studle?- ” to contam high proportlons of Z-( l-+3)- 
Irnkages In view of the tedious nature of these studies, we consldered that 13C-n m r 
spectroscopy would provide a useful and more rapld alternatlve thereto USUI et al a 
have reported the onIy 13C-n m r -spectroscopic study of a S mtltatls glucan nameI> 
that of S mrttatrs JC-2 

We describe here the determmatlon, by 13C-n m r spectroscopy, of the struc- 
tures of glucans synthesized by enzyme Isolates from SIX strams of S mutans E-49, 
Ingbrltt, GS-5, SL-I, K-IR, and OMZ-176 In addltlon, glucans produced by OMZ- 
176 and IS-IR enzymes were treated with a dextranase, and some of the resultmg 
products were exammed by 13C-n m r spectroscopy To increase the solublhty of 
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TABLE I 

13c CHEMICAL SHIFTS= AND ASSIGNMENTS FOR GLUCANS PRODUCED BY S ??ZlltarL& AND FOR RELATED 

GLUCANS 

Carbon 
number 

(I-d)-a-GZucanb S mutans glucans 

C-l 101 3 
99 4 

c-2 722 
73 1 

c-3 83 2 
75 4 

c-4 717 
718 

c-5 73 7 
71 1 

C-6 62 2 
66 8 

102 5-102 2 (1+3) 
99 7-99 4 (1+6) 
724 (l-+3) 
73 l-72 9 (146) 
85 3-84 9 (1+3) 
75 8-75 5 (l-+6) 
71 9-717 <1+3) 

(146) 
74 2-73 9 (l-+3) 
71 5-713 (146) 
62 4-62 2 (143) 
669-665 (1+6) 

“In p p m relative to external tetramethylsdane, m D&, pD 14, 30” bData taken from ref 12 

hsoluble A 

Insoluble B 

branch 

I I I 

80 70 60 

C’lemlcai skft (p pm YZT external Me,%) 

Fig 1. WI-N m r spectra, at 25 MHz, of aqueous solutions of glucans synthesized by the enzyme 
system from S. mutans OMZ-176 (80 mg/mI, pD 14,323. [- 30,000 AccumuIatlons of free-mductlon 
decays, pulse angle 75”, dlgltal resolution 2 Hz, lme broadenmg 2 Hz I 



GLUCANS SYNTHESIZED BY ~tfe’tOCOCCUS mutans 267 

TABLE II 

C~~ARAC-IJZRISTIC CHEMICAL SHIFKS” FOR LINKAGES IN SOhlE GLUCANS AND RELATED DEWAm 

Lmkage type Carbon atom References 

C-l c-2 c-3 c-4 C-6 

a-(1+2) 

{:;:z$; 

P-(1+3) 

a-(1+4) 

I-W -4) 
a-(1-&) 

8-U-+6) 

972 
(96 4) 
101 105 o= 3 

1003 
1047 
103 8 
102 9 
1009 
103 9= 
994 
990 

1040 

76 5 13b 

81 7 83 2 12d 14b 

81 6 13b 
88 0 12d 
85 5 12” 

806 12d 
78 4 12b 
80 3 14b 

66 8 12d 
667 12” 
700 14b 

%I p p rn relatwe to external tetramethyisdane Sample solution at pD 7 =Data arefordlsaccharldes 
%ample solution at pD 14 

those glucans that are msoluble m water at neutral pH, samples were studled at pD 14, 
where reasonable concentrations could be obtamed 

RESULTS AND DISCUSSION 

Lrrlkage and cotnposltlon - The prmclpal resonances of the various glucans 
are shown m Table I, representatlve spectra of the various fractions produced by the 
OMZ-176 system are presented m Fig 1 In order to asslgn the types of hnkage 
present, the spectra of these polysacchandes were exammed for resonances charac- 
tenstIc of a given lmkage, and these are presented m Table II Thus, the absence of 
resonances in the re@ons around 97 and 77 p p m mdlcated that none of the poly- 
saccharides contamed a slgmficant number of LX-(l-+2)-hnked glucosyl residues 
Slmllarly, no appreciable proportlon of cr-(l-+4)-lmked glucosyl residues was present, 
as evidenced by the absence of signals at the region around 81 p p m The corre- 
spondmg p-(1+2)- and j&(1+4)-lmkages may be readily excluded by comparison 
of the C-l chenucal shifts observed for the S tnrrtans polysacchandes with those 
reported for methyl c+sophoroslde’” and lammaran”, respectively The presence of 
/l-(1+6)- and #l-(1+3)-lmkages was excluded by similar arguments using data that 
had been reported for methyl fi-gentlob10slde’4 and a (1 +3)-/3-glucan12. In agreement 
with chemical studies, the mam mtersaccharlde lmkages were found to be c~-(l-+6) 
and a-(1+3) Resonances were assgned on the basis of the mtersacchande linkage 
present, and of extensive, spectral analyses of carbohydrates of known structure”, 
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TABLE III 

COMPOSETION OF GLUCANS PRODUCED BY S. I?lUtcZ?lS 

Polysacchuruie fraction Per cent of hnkages 

13C-n m r 
u-(1+6) a-(1+3} 

Chemtcal” References 

a-(1-+6) a-(1+3) 

E-49 soluble 62 38 18 22 5 
A 54 46 
B 39 61 

Ingbritt soluble 75 2.5 81 19 9 
A 51 49 50 50 b 

B 44 56 38 62 b 

GS-5 soluble 87 13 
B 33 67 

SL-1 soluble 60 40 
B 33 67 

K-1R soluble 72 28 56 44 b 

B 16 84 
OMZ-176 soluble 65 35 

A 42 58 42 b 

B IS 85 16 

z: 

15 

UComposltlons were determmed by methylatlon analyses, and the results are expressed as a percentage 
of the total (x-(1+3)- and a-(l-+6)-h&ages bPresent study, polysacchandes were methylated accordmg 
to Hakomorl’s, and the methylated-sugar components were analyzed by g 1 c as their correspondmg 
aldltol acetates’0 

and especially by comparison with the spectra of (1+6)- and (1+3)-x-glucans’2 ‘* 
In the 13C-n m r spectrum of the soluble K-1R glucan m solution at pD 7 

and at pD 14, C-l (l-+3) had chemical shifts of 8 100 5 and 6 102 9-102 5, respectively, 
reflecting the influence of pH on 13C chemical shiftsI A comparison of data obtamed 
for the soluble K-1R glucan at pD ‘7 and pD 14 with data m Table II led to the same 
conclusion about linkage and composltlon 

In a study of JC-2 glucans4, the types of linkage were determined by 13C- 
n m r spectroscopy, but the ratios of (L-+6)- and (l-+3)-lmkages were determined 
by using IH-n m r spectroscopy. In this study, the relative proportions of (1+6)- 
and (l-+3)-linkages were determined from the relative areas of the C-l and C-6 
resonances The results, grven m Table Ii.& represent the average values obtamed by 
using C-l and C-6 signals, and indicate that the water-soluble &cans have the highest 
content of a-(1 +6)-linkages, whereas the “B” fraction, which 1s insoluble at neutral 
pH, showed the highest content of ct-(L-3)-linkages Linkage dlstnbutlons m the 
“A” fractions were Intermediate between those of the soluble and Insoluble “B” 
fractions The observation that the more-soluble glucans have a htgh content of 
a-(l-+6)-linkages, whereas the least-soluble glucans have a high content of a-(1+3)- 
linkages, 1s m agreement with the suggestlon of Guggenheim et al * that the ratio of 
cc-(l-+3)- to c+(l+6)-lmkages m these streptococcal glucans may vary over a continu- 
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themcal shift (DDE "5 external Me,S 1 

Fig 2 ‘SC-N m r spectrum, at 68 MHz, of the soluble glucan synthestzed by the enzyme system 
from S mufans OMZ-176 (40 mg/ml, PD 14,40”) 126,000 Accumulattons of free-InductIon decays. 
puise angle 75”, dIgIta resolutlon 2 Hz, hne broademng 3 Hz J 

ous range, with the glucans becommg less soluble as the proportlon of a-(1+3)- 
Imkages Increases Linkage dlstnbutlons determmed by 13C-n m r anaIysls are m 
reasonably good agreement with all but a few of those determmed by chemical 
analysis In the course of these studies, we have Found that the relative percentages 
of the two types of lmkage vary somewhat from one preparation to another, there- 
fore, our methylatlon and 13C-n m r data are reported for the same sample This 
varlablhty may be the source of some of the quantltatlve disagreements m Table III 

Detection of branchng - Some of the streptococcal gmcans, particularly the 
soluble gIucans, have been shown to be hrghly branched5-7 A close exammatlon 
of the spectra of the soluble and msoIubIe “B” glucans from OMZ-176 revealed an 
additIona resonance m the region of the a-(1 +3), C-l signal, as mdlcated by the 
vertical at-row m Fig 1 It was speculated that this addltlonai resonance might arlse 
from the occurrence of u-(l-+3)-lmkages both as branch pomts in the gfucan chams 
and as linear-backbone sequences m the chains Spectra at 68 MHz permltted the 
observation of two resonances, at 6 102 8 and 102 3 (see Fig 2), which were asslgned 
to C-l of a-(l-3)-linked umts, wrth the former bemg attnbuted to lmkages at branch 
points Estimates of the ratio of the two types oflmkage were made from deconvoluted, 
spectral-peak areas The soluble glucan from OMZ-176 was determined to have a 
2 8 I ratio of linear to branched a-(l-+3)-lmkages, m good agreement (consldermg 
the extensive overlap of the two 13C resonances) with the value of 3 5 1 determmed 
by methylatlon analysis The ratlo was found to be even higher, 4 1, for rhe msoluble 
“B” glucan, compared to the value of 3 6 1 determined by methylarlon stuches 
However, m several cases, such as the soluble glucan from E-49, m whch some 
a-(143)~linkages were found at branch points 5, the present method fails to distinguish 
the lmear from the branched Imkages, only a single, broad resonance was observed 
m the glucan spectrum at 2.5 MHz Thus, the 13C chemical shifts are sensitive to 
the presence of branch pomts, but this mformatlon can be masked by the reIatJveIY 
large lmewldths often observed for this type of glucan, thrs drfficulty may sometImes 
be clrcumvented by obtammg the 13C-n m r spectra at bgher magnetic fields, as 
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already mentloned However, we have had only hmlted success with this method, 
often, the resonances are merely broadened by a factor equal to the ratios of the 
magnetic fields at which the spectra were obtamed, this implies that the widths 
of the resonances are not simply 13C-‘H dlpolar m origin, but also comprise contrl- 
buttons due to heterogeneity of chemical shift This heterogeneity IS undoubtedly 
due to the posslbdlty of a variety of neighboring residues for a particular, observed 
carbon atom Thus, a glucosyl restdue whose anomerlc carbon atom is linked a-(1-+3) 
has the posslblhty of a mam chain or branch-point linkage at C-3 or C-6, as well as 
several of these for the nelghbormg residue to which it 1s attached by a glycosldlc 
bond Such sensltlvlty to sequence effects has been demonstrated m the 13C-n m r 
spectra of pullulan and of the maJor glucan elaborated by Trenzella meserzterzca’2 

It 1s conceivable that these sequence-related, chemical shifts could be observed III 
spectra having broad resonances if the dlpolar contributions could be removed by 
h&-power, decouphng techmques, such as 13C (‘H) cross-polanzatlon” In some 
instances, higher temperatures Iead to better resolutlon of resonancesz3 

Conzpat zson II zth ‘H-II nt r zizzta - Meyer et al l8 studied the ‘H-n m r 
spectra of slmllar preparations In particular, parallel 13C- and ‘H-n m r studies were 
performed on the soluble glucan produced by the OMZ-176 enzyme system The 
‘H spectra yielded a composltlon of 35% of cr-(i-+3)- and 65% of +(1+6)-linkages, 
to be compared with the present, 13C-derived values of 35 and 65x, respectively 
Thus, the results of the two methods are m perfect agreement. 1 H-N m r spectroscopy 
has the advantage of greater sensltlvlty, but the overall disadvantage of a smaller 
scale of chemical shifts The two methods make an excellent, complementary pair 
for the study of complex carbohydrates 

The ztzflzzetzce of treatnzerzt 1% zth devtt anase - Interest in lessening formation 
of dental canes has resulted m the treatment of glucans produced by S trzzztarzs with 
dextranaseg*‘o I5 Eblsu er al lo prepared, in the presence of a dextranase, a water- 
insoluble glucan from OMZ-176, and showed by methylatlon analysts that the glucan 
contained 96 2 Y0 and 3 8 o/o of cc-(l-+3)- and a-(l-+6)-linkages, respectively In the 
present study, dextranase treatment of the msoluble “B” glucan from OMZ-176, 
which contamed 83 o/o of a-(l-+3)-linkages and 17 y0 of a-(1+6)-linkages, yielded 
a water-soluble and a water-msoluble product The water-soIubIe gIucan was estimated, 
by 13C-n-m r. spectroscopy, to contam 41 4% and 58 6% of c~(1~3)- and CY--(1+6)- 
linkages, respectively, whereas the msoluble product contamed a hrgher proportion, 
namely, 88 5 %, of u-( 1+3)-linkages Dextranase treatment of Insoluble “B“ glucan 
from K-IR, which contains 73% of a-(1 -+3)-linkages, resulted m the formation of 
an msoluble glucan that had 9 1 6 o/0 of a-(143)- and 8 4% of a-(1+6)-linkages 
A water-soluble product also obtamed was shown by ‘jC-n m r spectroscopy to 
contam 45 7 % of a-(1-+3)- and 54 3 y0 of or-(1 -+6)-lmkages 

EXPERIMESTAL 

General -The 13C-n m r spectra were recorded with Varlan XL-100 (25 MHz) 
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and Bruker HX-270 (68 MHz) spectrometers, employm_e samp!e tubes of outsIde 
dtameter 12 mm and 10 mm, respectively, with complete proton-decouphng The 
solvent was deutenum oxrde, the deutermm resonance was used as a field-frequency 

lock, and chemtcal shifts are expressed relatrve to tetramethylstlane contamed rn a 
coaxral sample-tube of outside diameter 5 mm For studtes at 25 MHz, the concentra- 
tron of the samples of glucan was -80 mg/ml m deutenum oxide, at pD 14 (pD = 
pH-meter readmg + 0 4) and 32 _t 1 O, contamtng -0 5 mg of sodrum borohydnde 
per ml to rnhrbrt base-catalyzed hydrolyses Due to the greater detectron sensttlvtty 
of the 6%MHz Instrument, lower concentrattons of glucan could be used wtth It 
heating of the samples due to hrgh-power u-radratlon resulted m an equlllbrlum 

temperature of 42” m this spectrometer The less-soluble glucans were dissolved 

by gradual addttton, durrn, a several hours, of the lyophtlrzed maternal to a conttnu- 
ously stnred solution at room temperature 

Enzymes - Extracellular enzymes were obtamed from each S nzlrlntrs strarn 
by successtvely growmg the orgamsms, under 19 1 N,-C02, m Todd-Hewitt broth 

(Drfco Laboratones, Detrott, Mlchtgan) and m a chemically defined medium (CDM), 

as reported previously” The SL-1 glucans were synthesized by enzymes preclpltated 
from the CDM culture-thud by ammonmm sulfate’* For syntheses of glucans for 

each of the other strams , 250 ml of the CDM culture was centrrfuged at 16,300 g 
for 20 mm at 3-5” to remove bactertal cells, and the supernatant Aurd was combmed 
wtth phosphate-buffered sucrose to a volume of 1 hter having a final concentration 

of 10% of sucrose m 0 02hf phosphate, pH 6 8 Toluene (0 5 ml) was added as a 
preservatrve, and the mtxture was Incubated for 5 days at 37”, producmg a mtxture 
of soluble and rnsoluble glucans The soluble-glucan fractron was separated from the 
supernatant ltqmd by ethanol preclprtatron wrthm 35-507; Irmus The msoluble 
matenal from the mcubatron mtxture was dissolved m M potassmm hydroxide for 
further punficatron, this led m most mstances to the separation of two fractions, 
termed “A” and “B” The “B ’ fraction, whrch was not found so frequently as the 

“A” fraction, was precipitated upon neutralrzatlon of the alkah m the solution 
The “A” fraction, soluble at neutral pH, was recovered from the supernatant hquor 

by ethanol preclpltatlon wlthm 35-50x Iimlts All of the @can fractions Caere 

lyophihzed Other details of the lsolatlon have already been described” 

The dextranase degradation was conducted on 2 O-g samples of “B” fracttons 
from strains K-1R and OMZ-176 Each sample was incubated for 5 days at 37” wrth 
95 units of Penrc~lhtmz s- dextranase (Worthmgton) m 5 ml of 0 05~ phosphate 
buffer, pH 6 0 The nnxtures were swirled several ttmes dally durmg thrs pertod 
The undtssolved residues were washed three times, using water volumes each approxr- 
mately equal to the volume of the residue, and were then lyophrhzed (1 10 g from 
K-l R, 1 35 g from OMZ-176) The supernatant hquors and respective residue washes 
were combmed, heated for 5 mm at 90-100” to denature the dextranase, and clarrfied 
by centrrfugatron Dralysrs of these preparatrons agamst water for 24 h, and lyophthza- 
tton, yrelded, m each experiment, a fluffy, water-soluble product (0 29 g from K-lR, 
0 25 g from OMZ-176). 
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CONCLUSION 

Although chemrcal methods are, ultrmately, the most reliable for structural 
determmattons, in the case of the S mutans glucans, 13C-n m r. spectroscopy readrly 
provrdes mformatlon on the gross structure of these polysaccharrdes, and, m some 
instances, also mdrcates the degree of branchmg In addrtron to estabhshmg the 
anomerrc conflguratrons and posrtrons of mtersaccharrde lmkages, the relative 
abundance of each type of lmkage may be readily determined The method IS non- 
destructive, and requires only simple mampulatron of the samples for analysis 
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