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ABSTRACT 

Dextran fractions from NRRL strains Lelrconostoc meseirtero&es B-1299 and 
B-13!% and the native, structurally homogeneous dextrans from L meserzterordes 
B-640, B-1396, B-1422, and B-1424, were examined by 13C-n m r spectroscopy at 
34 and at 90”, and by g I c -m s The 13C-n m r. data mdlcate that the dextrans of 
this series branch exciuslvely through z-x-D-(l+Z)-Imkages, and differ from one 
another only m degree of hnearlty Dlagnostlc, 13C-n m r resonances, correlatmg 
with 2,6-dl-0-substituted a-D-glucosyl residues at branch points, have chemical shifts 
that are independent of the degree of linearity of the dextran The mtensltles of these 
dlagnostlc resonances from branching residues, compared to the resonances associ- 
ated with Imear dextran (low degree of branching), are generally proportional to the 
degree of branchmg estabhshed by methylatlon-fragmenratIon analysis The vahdlty 
of assignment of the dlagnostlc, 13C-n m r resonances IS substantiated by a crltrcal 
review of methods previously used to provide structural mformatlon on dextwns 
havmg a-D-(1 -+a)-hnkages, and by evaluation of the correspondmg results on the 
basis of the ultimate standard-methylation structural analysis 

*Unusual Dextraus, Part V For Part IV, see ref 1 
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INTRODUCTION 

We have previously reported the 13C-n m r spectra of a senes of unusual 
dextrans’*’ These spectra were interpreted, with the assistance of methylatlon 
structural analysis, by g 1 c -m s of the per-0-acetylated aldonomtnles of the same 
dextrans3 4_ The dextrans were produced by bactena designated here by the strain 
number in the ARS Culture Collection at the Northern Reeonal Research Center5 
A number of the dextrans are essentially homogeneous fractions separated from the 
correspondmg. polydlsperse, high-molecular-weight, native dextrans; these dextran 
fractions are designated S (Soluble) and L (Less-soluble)6 

On the basis of a hmlted number of examples2, we concluded that certam 
13C-n.m.r_ resonances are dlagnostlc for 2,6-, 3,6-, and 4,6-dl-O-substituted a-D- 

glucosyl residues at branch pomts We concluded, also, that the spectra of the un- 
usual dextrans are composites conslstmg of the series of SIX resonances associated 
with cr-D-glucopyranosyl residues situated m linear chains of X-D-( l-+6)-linked 

residues, and of resonances havmg chemical shifts and relative mtensltles that are 
dependent on the nature of the branching involved. 

Dlaonosls of 13C-n m r resonances has now been successfully extended to Z 
ldentlfymg 2,6-dl-0-substituted a-D-ghCOSy1 residues* as the branch pomts m three 
additIona dextrans, namely, native dextrans, previously prepared and charactenzed5, 
from NRRL strains Leuconostoc mesenterordes B-1396, B-1422, and B-1424 Previous 
and present observations have also been made on 13C-n m r spectra of SIX other 
native dextrans (or dextran fractions) m which the presence of branching at C-2 
has been estabhshed through methylatlon structural analysis, these dextrans, each 
from a different strain of L nzesenterordes5, are designated B-1299 fractions S (refs 
1 and 3) and L (refs I and 4), B-1399 fractions S (ref 4) and L (ref 3), B-1399 (P-37) 
(ref 4), and B- 1402 (refs 1 and 4) Adextlan havmg low degree of branchmg (c - 5 %), 
from L nzesenterordes B-640, has been used to provide hnear-type dextran control 
spectra 

We have observed that 13C-n m r spectra of carbohydrates are dependent on 
the temperature at which the spectrum IS recordedls2 Previously, we reported the 
spectra at amblent temperature (-30”), and also the dependence of chemical shifts 
on changes m recording temperature (da/AT) for each spectral resonance obtained 
at low temperature This system permits direct comparison of our carbohydrate 
spectra with those reported by others, which usually have been recorded at amblent 
temperatures However, 13C-n m r spectra of polysaccharldes acquired at eIevated 
temperature contain many addltlonal resonances, and It IS mconvement to discuss 
these resonances m terms of low-temperature reference-spectra Therefore, begmnmg 
with this report, we have chosen for a reference the highest temperature (90”) con- 

*Hereafter m this article, this termmology IS often slmpllfied, for convemence, to 2,6-substituted 
a-D-glrrcosyl residues Correspondmg terrmnology IS also used for a-D-glucosyl residues 111 dextrans 
that branch through C-3 or C-4 
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vemently compatible with an aqueous system For contmmty, the 34” resonances of 
these dextrans are also hsted, but, unless otherwise stated, all dlscusslon of 13C-n m r 
data refers to the 90” condltlons Spectra recorded at 90” require only about a 
quarter of the number of acqulsltlons of 34” spectra for comparable sIgnal-to-noise 
ratios’ 

Two major regions m these dextran spectra are of Interest for dlagnostlc, 
resonance analysis (a) the 95-105-p p m region, which 1s the anomerlc region, and 
(b) the 75-85-p p m regon of the spectra of dextrans branched at C-2, C-3, or C-4 
13C-N m r resonances associated with free positions C-2, C-3, and C-4 are clustered 
III the 70-75-p p m region, and, upon glycosldatlon at a specific posItIon, the resonance 
IS displaced down-field to the diagnostic 75-85-p p m region It has been proposed 
that, at 90”, these specific, dlagnostlc resonances for D-&COSyl residues in an Y-D- 

glucan are approximately 77 8 p p m for 2,6-dl-substituted residues, 80 2 p p m 
for 4,6-dl-substituted residues, and 82 9 p p m for 3,6-dl-substltuted residues’ 2 The 
resonance for free C-6 occurs at 62 5 p p m , a value that IS essentially independent 
of the type of branching present 

Analysis of the 13C-n m r resonances of a dextran m the anomerlc region IS 
somewhat more complicated, as essentially all of the anomerlc posItIons are non- 
reducing When recorded at 34”, the anomerlc resonances of D-glucans are situated 
In the 95-105-p p m region and. on raising the recordmg temperature to 90”, the 
resonances are increased by - 1 5 p p m It had been shown that, at ambient tempera- 
tures, resonances lymg m the 97-101-p p m region are those of u anomers’, and, 
when the dS/dT correctlons have been made, this relatlonshlp IS also true for the 
90” spectra Introduction of branching into a linear sequence of residues adds a 
mnumum of two dlstmctly different types of D-glucosyl residue the branching residue 
and a side-chain, terminal group The anomerlc carbon atoms of these residues must 
he m environments different from those of the anomerlc carbon atoms of (l-+6)-linked 
D-glucosyl residues Therefore, these two new D-glucosyl groups could be expected 
to give different 13C-n m r anomerlc signals Fortunately, the chemical shifts of 
the anomeric resonances of the D-glucosyl groups are quite sensmve to the en- 
vironment Previously, we have ldentlfied’ two dlagnostlc resonances, at 97 37 and 
98 22 p p m , that are associated with 2,6-di-O-D-glucosylated a-D-glucosyl residues 
at branch posItIons These anomerlc resonances are distinct from other anomerlc 
resonances associated with 3,6- or 4,6-dl-0-D-glucosylated a-D-glucosyl residues at 
branch positions 

RESULTS AND DISCUSSION 

Nme structurally homogeneous dextrans and dextran fractions have been 
identified as D-glucans composed of Imear: 6-0-D-glucosylated a-D-glucosyl residues, 
and branched prlmanly, If not exclusively, through 2,6-dl-0-D-glucosylated a-D- 
glucosyl residues Previously published spectra for dextrans contammg a-D-(1 +2)- 
hnkages Include dextrans B-1299 fraction S (ref 2), dextran B-1299 fraction L (ref l), 
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TABLE I 

CHEMICAL SHIFTS FOR 13c-N M R SPECIXA, AT 34”, OF DEXTRANS CONTAINING 2,6-DI-0-SUS~ 

CC-D-GLUCOPYRANOSYL RESIDUES= 

NRRL swam number of the orgamsm producmg the dextran 

B-1299 B-1399 B-1399b B-1424 B-I422 

Dextran fractron (or other deslgnatlon) 

B-1396 B-640 

L S P-37 

A’ 98 71 98 70 98 68 98 73 98 66 98 64 98 67 
97 24 97 18 97 21 97 24 97 18 97 14 
96 39 9640 96 43 9640 96 36 96 32 
76 47 76 49 76 46 76 55 76 46 76 43 

B 74 30 74 32 74 36 74 39 74 34 74 32 74 36 
73 86 73 83 73 86 73 89 73 83 73 80 
72 77 72 80 72 86 72 89 72 75 72 74 

C 72 34 72 32 72 34 72 39 72 38 72 33 72 37 
D 71 17 71 15 71 14 71 19 71 14 71 11 71 14 
E 70 41 70 36 70 47 70 53 70 47 70 46 70 52 

66.76 6664 66 90 
F 66 61 66 55 6664 66 61 66 55 66 54 66 56 

61 38 61 38 61 38 6141 61 37 61 36 

aThe chemical shift IS given m p p m relatwe to tetramethylsdane bThls spectrum IS essentially 
ldentlcal to that of dextran B-1402 CThe letters A through F destgnate the major resonances of 
bear dextran (see ref 2) 

dextran B-1399 fractton L (ref 2), and dextran B-1402 (ref 1) We now present 

13C-n m r. spectra acquued at 34” for five addtttonal, similarly constituted dextrans, 
namely dextrans B-1396, B-1399 fractron S, B-1399 (P-37), B-1422, and B-1424 (see 
Table I). A control spectrum is shown, also, for the hnear-type dextran B-640, whrch 
has a degree of branching below the current hmtts of detectron by our 13C-n m r 
spectroscopy These spectra ahow direct comparison with 13C-n m r. spectra pre- 
vrously recorded at ambtent temperature_ 

’ 3 C-N m r spectroscopy 

The 13C-n-m r_ spectra were also recorded at elevated temperature (go”), and 
are shown m Frg_ 1. Comparison of the spectra acqmred at 90° w&h those acquned 
at 34” showed that the relative narrowmg of each resonance IS approximately the same 
Therefore, the general “profiles” of the hrgh-temperature and low-temperature spectra 
are srmrlar, as may be seen in Frg 1 by comparmg the high- and low-temperature 
spectra of dextran B-1399 fractron S In addltlon, when the mtenslty ratios of the 
anomenc resonances were calculated for the low-temperature spectra, the results 
were srmrlar to those calculated for the 90” spectra (as will be drscussed later m 
relation to Table V) 

The six spectra shown m Frg. 1 are representative of the rune dextrans that have 
been identified as branching pnmanly through C-2, and the correspondmg chemical 
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B-1299 S C I 

C 

B-1399 S 

1 

B-1399 P-37 

Q-1424 

106 ppm 57 

B-1396 

E-1399 S 
34 II 

106 ppm 57 

Ftg 1 13C-N m r spectra at 90” (unless otherwse noted) for dextran B-1299 fraction S. devtran 
B-1399 fractton S, dextran B-1399 (P-37), dextran B-1424, dextran B-1422, dextran B-1396, and 
dextran B-640, and also at 34” for dextran B-1399 fraction S The letters A through F refer to the 
major resonances of hnear-type dextran as represented here by dextran B-640 

shifts are tabulated m TabIe II. The spectrum of dextran B-1399 fraction S IS essentl- 
ally rdentlcal to those prewously pubhshed I** for dextran B-1299 fractron S and 
fraction L, and the spectrum of dextran B-1399 (P-37) IS ldentlcal to that of the 
previously pubhshedl spectrum of dextran B-1402 These type spectra constitute a 
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TABLE II 

CHEhIICAL SHIFl-S FOR =c-N M R SPECTRA, AT go”, OF DEXTRANS CONTAINING 2,6-DI-0-suBsrrrrmD 
CL-D-GLUCOPYRANOSYL RESIDUES” 

NRRL stram number of the orgamsm producrng the devtran 

B-1299b B-139gb B-1399= B-1424 
Dextran fractron (or other designatron) 

B-1422 B-1396 B-1399 B-640 

L S P-37 L 

Ad 99 59 99 59 99 55 99 53 99 51 99 51 99 53 99 54 
98 22 98 19 9821 98 19 98 19 98 19 98 20 
97 37 97 35 97 33 97 32 97 29 97 29 97 30 

77 83 77 79 77 80 77 79 77 74 77 76 77 78 

B 75 20 s= 7517s 75 21 75 17 75 17 75 17 75 20 75 19 

74 84 74 99 74 85 s 74 82 s 7481 s 7481 s 71 82s 
73 76 s 73 74 s 73 75 s 73 74 s 73 73 s 73 73 73 75 s 

73 55 s 73 52 s 73 54 s 73 48 s 73 50 s 73 50 73 50 
C 73 18 73 15 73 19 73 18 73 18 73 18 73 19 73 20 
D 72 04 72 00 72 02 7201 72 00 7200 7201 7201 

E 71 51 71 45 71 59 71 58 71 58 71 59 71 60 71 62 

F 67 83 67 80 67 82 67 80 67 80 67 80 67 80 67 80 
62 49 62 47 62 49 62 46 62 45 62 46 62 46 

“The chemical shift IS gwen in p p m relative to tetramethylsdane bThe spectra for dextrans B-1299 
frdctron L and B-1299 fraction S are essentIalI> ldentlcal qhls spectrum and that of dextran B-1402 
(not shown) are essentially ldentlcal “The letters A through F desIgnate the maJor resonances of 
hnear dextran (see ref 2) me symbol s designates a shoulder on the major peah 

TABLE III 

SPECIFIC ASSIGUMENT OF I%-h hl R RESOh=.~CES= * IU SPECTRA, AT go”, OF DE\XRAhS COMAI\IhG 

1,6-DI-0-Z-D-GLUCOSYLATED CC-D-GLUCOPYRAXOSYL RESIDUES 

Range m chemical TJplcal Spectfic assignment of resonance 
shaft for de I tram resonance Carbon atom 

shift (P P ml 
Tape of restdue 

Number Anomerrc 
form 

99 59-99 51 
98 22-98 19 
97 37-97 30 
77 83-77 74 
75 m-75 17 
74 99-74 8 1 
73 76-73 73 
73 5574 48 
73 19-73 15 
72 04-72 00 
71 60-71 45 

67 83-67 80 

62 49-62 45 

99 59 I a cham-extendmg 

98 22 1 a branch-termmatmg 
97 37 1 2 branch point 
77 83 2 branch pomt 

71 6 4 (I-6)-hnked pyranosldlc, of 
hnear-type cham 

67 8 6, lmked both chain-extending and 
branch-pomt types 

62 5 6, free branch-termmatmg 

OTbe chemical s.Mt IS gwen m p p m relatwe to tetramethylsdane *Taken from Table II 
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B-1399 
P-37 

ppm 
I 

69 77 ppm 69 

B -1396 

B 

i 

d 

237 

E 

D 

~ 

I 

77 PPn 65 

Fig 2 ‘3C-N m r spectra of the expanded 69-77-p p m region of the data presented in Fig I, for 
dextran B-1299 fraction S, dextran B-1399 (P-37), and dextran B-1396 The letters B through D refer 
to major resonances of hnear-type dextran (as shown In Fig I for the hnear-type, control dextran 
B-640) 

series, the members of which are ahke in havmg the same (SIX) spectral lines of the 
hnear-type dextran control B-640, plus seven addItIona hnes These type spectra 
differ dlstrnctrvely, however, m the relative mtensltles (peak heights) of the hnes The 
order of arrangement of these spectra IS that of mcreasmg height of peak A, which, m 
dextran B-1396, reaches a value near that of the lmear-type dextran control B-640 

The range of chemical shifts m the resonances of the SIX dextrans, from Table II, 
are summarized m Table III, and correlated with the specific assignment of the 
resonance 

The narrow range of the values of chemical shift for each resonance m this 
senes of spectra IS evident throughout the entlre group (see first column, Table III) 
DetalIed mspectlon of the closely packed resonances III the 69-77-p p m reDon IS 

afforded by the expanded spectra shown m F;, D 2 for three representative dextrans 
m this senes 

Tile anomerx resonances and therr assignments - Three resonances are shown 
In the anomerlc region of each spectrum m FIN 1, and are the first Iisted m Table III 
The relative Intensity of peak A (99 59 p p m ) Increases steadily for the followmg 
senes of dextrans B-1399 fraction S, B-1399 (p-37), B-1424, B-1422, and B-1396 
Tfus senes 1s m the order of mcreasmg lmeanty, as IS shown m Tables IV and V, 
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TABLE IV 

MOLE PERC!ZNTAGE OF hl ETHYLaTED D-GLUCOSE IN HYDROLYZATES OF ME-CEWLATED DEXTRANS 

hTRRL Dexrran 

strarrP fractran 

Methyl ethers of D-glucose 

2,3,4,6 2,3,4 ?,4,6 -w 3,4 

B-129gb 
B-1299” 
B-1399c 
B-1399b 
B-1399= 
B-1402= 
B-1424 
B-1422 
B-l 396 

s 39 1 260 
L 340 320 
S 308 34 3 
L 12 8 74 5 
P-37 24 8 48 1 

2s 3= 50 1 
24 5 519 
20 1 600 
9s 77 8 

59 13 
10 27 

59 
05 31 

26 
30 
10 
33 

349 
26 8 
31 2 

68 
23 S 
220 
20 6 
189 
91 

“All deutran-producmg orgamsms were Leuconosfoc nresenrerordes bMethyIatlon analyses are from 
ref 3 CMethylatlon anaI)ses are from ref 4 

TABLE V 

DE\TRkNS BRAhCHED THROLGH -, ’ 6-~1-O-suf3sTm~T~D a-D-GLUCOPb RAhOSYL RESIDUES DEGREE OF 

LINWRtTY CALCULATED FRO\1 ‘%-X \l R SPEaRA, AT go”, A&D FROM G I_ C --MS PERWZIHYLATlON 

AhALYSlS DATA 

NRRL 
strarn” 

Dellran 
ji-actton 

‘T-n m r , anomenc- n (calcabted from n (calcrdated from 
resonance ratlob WZ-n m r date) g 1 c-m s datad) 

B-1299 s 0 58 
B-1299 L 064 
B-1399 s 0 55 
B-1399 P-37 1 33 
B-1402 1 33 
B-1424 2 38 
B- 1422 305 
B-1399 L 5 27 
B-1396 7 10 
B-640 - 

0 87 0 67 
096 094 
0 83 091 
20 194 
20 198 
36 - 
46 30 
79 58 

107 79 
-_c -23 

“All dextran-producmg orgamsms were Letcconostoc mesenterotdes- *The peak height of the resonance 
at 99 6 p p m dlvlded by the peak height of the resonance at 98 2 p p m ZChls column contams the 
LaIues of column 3 upon normahzatlon to n = 20 for dextrans B-1399 (P-37) and B-1402 dThe 
amount of 2,3,4-trl-O-methyl derrvauve dlvtded by the amount of 2 3,4,6-tetra-O-methyl denvauve, 
data taken from Table IV CMethyIatlon structural analysis shows -4% of branchmg residues m this 
dextran, a proportion that IS below the hmn of detectton m these n m r spectra (see Tables II and III) 

and, as ~111 be discussed later, the peak A resonance must be that of C-l of lmearly 

(I-+6)-Imked residues This assignment accords with the presence of this resonance 

m the spectrum of the linear-type dextran B-640, which IS shown m Fig 1 and Tables 

I and II for comparison Methylatton structural analysrs shows that 96 % of the E-D- 

glucosyl residues of dextran B-640 are lmked solely by (l-6)-linkages (refer to 
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fractron S) and the 75 19-p p m (dextran B-1396) resonances to represent the same 
type of carbon atom However, thrs series of spectra, mcludmg mtermedtate ones, 
such as that of dextran B-1399 (P-37), clearly shows that resonances at 74 84 and 
75 19 p p m. represent two different types of substituted carbon atoms 

The 70-85-p p m , 13C-n m r-spectral regron provides strong support for the 
exclustve presence of the D-glucopyranoid rmg-form, as all major ring-carbon 
resonances (except the anomertc and the C-6 resonances) are in the 70-75-p-p m. 
regton, whtch IS diagnostic of the D-glucopyranoside rmg The addtttonal resonances 
m the 70-85-p p m. region are ali attrtbutable to linked carbon atoms of pyranoside 
rings,, rather than to correspondmg carbon atoms of D-furanosides, which can also 
be found m this regton 

The dlagnostw, l3 C-n m r I esomnces - Of the resonances shown m Table III, 
those specifically unique to dextrans havm g 2,6-d&-substituted u-D-glucopyranosyl 
residues are present Sigmficantly absent from the resonances listed m Tables II 
and III are the 82 9-p p m and the SO 2-p p m resonances, which have been proposed 
as specifically diagnosttc for S,6-di-U-substituted and 4,6-di-0-substituted X-D- 

glucopyranosy1 residues m D-&cans This hypothesis IS verified m subsequent Parts 
of thus series of artrcles’ 

The effect that the presence of unbranched, 2-O-substituted cx-D-glucopyranosyl 
residues would contribute to a dextran spectrum is not certam At present, we have 
no evidence for the presence of this mono-O-substituted residue m any of the dextrans 
studied However, dextran-like biopolymers that contain both mono-3-U-substttuted 
and 3,6-di-O-substituted D-glucosyl residues have similar, but distinctly different, 
diagnostic resonances’ 

Methylation structural at2aly.w 

Methylation-fragmentation analysis data currently available for dextrans 
branched at C-2 are assembled in Table IV Almost all of the hydrolyzates of methyl- 
ated dextrans contamed 2,4-di- and 2,4,6-tri-O-methyl derrvatives of D-ghC0.W” 

Because of the resistance of the 3-hydrcxyl group of dextrans to methylation4, it is 
difficult to establish whether the presence of - 3 2, or less of these partially methylated 
D-glucose derivatives indicates undermethylation, or structural features mvolvmg 
(I-3)-hnkages With the exception of dextran B-1299 fraction L, which exhibtted 
a weak resonance at 83 p p m (90” spectrum), no 13C-n m r resonances associated 
with (l-+3)-hnkages were observed for these dextrans However, at the signal-to-noise 
level of these spectra, resonances from small proportions of (1+3)-hnked D-glucosyl 
residues would not be observable. The data in Table IV mdicate that all of the U-D- 
(1 *2)-linkages are associated with 2,6-d&-substituted D-glucosyl restdues at branch 
points. 

The dextrans of this senes may be considered m three general groups, which 
differ m the degree of branchmg as mdicated by the mole percentages of 2 3,4,6- 
tetramethyl ethers and the corresponding 3&dimethyl ethers (see Table IV) The 
three dextrans of the first group, B-1299 fractrons S and L and B-1399 fractron S, 
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are outstandmg for their high degree of branching, and all give similar 13C-n m r 
spectra The data, however, show each to have mdlvldual structural detans that 
resulted m theu being chosen as spectrally typical (see Fig 1, and Tables I and II) 
The second group, havmg Intermediate degrees of branching, consists of the very 
closely similar dextrans B-1399 (P-37) and B-1402, and the apparently somewhat 
drfferent dextran B-1424 The dextrans of the thud group, B-1422, B-1399 fraction I, 
and B-1396, doffer distmctly n-r their decreasing degree of branchmg The structural 
detatls for the last two groups, hke those for the first group, accord wrth the spectral 
observatrons 

The ratio of the molar percentages of the 2,3,&n- to the correspondmg 
2,3,4,6-tetra-methyl ether mdicates the average number of u-~-(1 -+6)-linked D- 

glucopyranosyl residues per branch m the dextran Thus constant, which IS designated 
II, and is tabulated for the dextrans of this series (see Table V, column 5), reveals 
rather well the group simrlanties of, and mdividual differences between, the dextrans 

For convenience of comparrson of the dextrans (or other a-D-glucans) of thus, 
as well as other, series of our dextrans’ 3, a generalized repeating unit (A) IS used, 

L 

T 
cc-G-(l) A 

where G represents the D-glucopyranose or D-glucopyranosyl residue, and N represents 
the average number of cc-D-(146)-linked D-glucopyranosyl residues m such a unit 
The -{(1+6)-~-G-), sub-unit m structure A represents that part of the repeat utnt 
correspondmg to linear dextran As )I becomes larger, the spectral and other properties 
of the dextran approach those of linear dextran Only for srmphcrty of compartson 
is the length of the side cham shown as one n-D-glucopyranosyl group The actual 
drstnbutron of (l-+6)-linked residues between the backbone chain and linear positions 
in side chams IS very difficult to establish, and reliable information IS available for 
only two dextrans that branch through C-2 In dextran B-1299 fraction S, branches 
appear to consist mamly, but possibly not exclusively, of smgle sc-D-glucopyranosyl 
groups lo and, m dextran B-1397, branch lengths of one residue, and more than two 
residues, occur*l Among the few other dextrans studledg, brancnes one residue long 
constitute the maJonty m one, but less than half m another 

Observations from 13C-n m r spectroscopy add tenuous support to the 
hypothesis that the (l-6)-lurked cr-D-glucopyranosyl resrdues of dextran may form 
a backbone that IS comb-like rather than dendntlc (a) values of 13C-n m r resonance 
relaxation suggest that all of the (l-+6)-lurked residues are m a backbone chamlZ, 
and (6) the narrow peak-widths of the 13C-n m r resonances of dextrans are similar 
to those of comb-lrke synthetrc amylose, and differ from the broader resonances of 
dendrrtrc glycogeni3 Evidence for three possible structural forms of dextrans has 
been reviewed ’ 

There IS no mformation on the uniformity of branch distribution m the dextrans 
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reported by us, etther here or prevrously ’ 3 Of the few studies that have been made 
of such branch drstnbuttong, several have employed the hnear-type dextran from 
NRRL B-512(F) and dextranases that have specificity for c~-~-(1+6)-lmkages’~~~‘. 
The avarlabrhty of other (1+6)-or-D-dextranases having different action-patterns’ 6 
now permits extension of such studies to other structural types of dextrans 

Judgmg by the crrterra avariable, the dextrans we have employed m this and 
precedmg mvestlgatrons’ 3 appear to consist of structuralIy mdrvrdual specres Ten 
of these dextrans constttute the fractron pairs (S and L) from five NRRL strains 
In the pairs from strains B-742, B-1254, and B-1355, the srgnal for the type of non- 
(l-,6)-hnkage that 1s prominent m one member of the pair does not appear m the 
13C-n m r spectrum of the other member, or m srgmficantly interpretable proportion 
among the methylatron products of the other member This essentral absence of 
carry-over between the B-742 fraction pans IS also shown m enzymlc hydrolyzates’ 6, 
whrch constitute a more sensrtrve test than the methylatron products The seven 
unfractronated dextrans used m our mvestrgattons gave no mdrcation of structural 
heterogenerty when tested by our analytrcal fractronation procedure6 Fractronatron 
might, however, be accomphshed by more-refined procedures should they be effective 
on closely related macromolecules 

The concurrent biosynthesis ofat least two, dlstmctly drfferent, dextran products 
by sucrose-grown cultures of NRRL strams B-1299 has been elucrdated by Brooker’s 
application” of electron mrcroscopy and related techmques to studyrng the ultra- 
structural, surface changes m the growmg cells 

The dextrans used m this research, from strams B-1299 (refs 1, 3, and 9), 
B-1399 (P-37) (refs 3 and 4), and B-1424 (refs 9 and IS), have been the subJects of 
much prevrous research This research IS cited m the references mdrcated, and m the 
followmg sectrons of this article The dextrans from strams B-1396, B-1399, B-1402, 
and B-1422 have recerved less attentron The close, structural srmrlarrty of dextran 
B-1402 to dextran B-1399 (P-37) IS unusually significant for several reasons First, 
strain B-1402 serves to replace4 B-1399 (P-37), whrch produced a homogeneous 
dextran, but was “lost” through genetic change to strain B-1399, whrch produces a 
heterogeneous dextran3, and second, the exrstence of dextrans B-l 399 (P-37) and 
B-1402, whrch have essentrally the same molecular structures and yet are synthesrzed 
by strains of unrelated natural orrgm, mdrcates that each IS a true structural entrty, 
formed m accordance with certain brosynthetrc pnnclples and not a fortuitous mrxture 
of dtfferent molecular forms 

STRUCTURAL DATA PREVIOUSLY REPORTED ON DEXTRANS 

Structural mvestrgatlons extendm g over the past three decades on the dextrans 
from the NRRL collectron5, have graduahy established proof that the rare, U-D- 
(l-*2)-glucopyranosyl lmkage occurs m a number of the dextrans The resultant 
mformatron has usually been expressed m terms either of the type of linkages present, 
or the constituent a-D-glucopyranosyl resrdues Each of the structural analyses that 
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has been apphed to the dextrans has contnbuted somewhat different mformatlon 
Penodate-oxldatlon analysis gives the percentage of lmkages present, but no speafic 

mformatlon related to branching Acetolysls provides mformatlon on branch-pomt 
lmkages (semi-quantltatlve) and anomenc form Optlcal rotational shft data in 
cuprammomum solutions ldentlfied and quantltated the (l-+2)-linkages m certam 
dextrans Methylatlon structural analysis and 13C-n m r spectroscopy emphasize 
the component residues of the dextran as whole entmes, z e , the mtercham reslciues 
m the mam backbone and those posltloned at branch pomts and nonreductng ends 
MethyIatlon structural analysis 1s dlstmctlve m the quantltatlve preclslon of Its 
results, 13C-n m r spectroscopy has the advantage of also glvmg direct evidence on 
the anomeric configuration Viewing dextran structure on the basis of entire residues, 
rather than mere linkages, fosters correlation with spatial and conformatlonal 
concepts 

The relatlonshlp between 13C-n m r spectroscopy and polysacchande structure 
IS as yet only partially developed, and necessitates a semi-empu-Ical approach to the 
SubJect The large series of dextrans, which comprises several structural classes’, IS 
therefore of unusual value m the study of 13C-n m r spectroscopy The vaned and 
extensive structural evidence already available on these dextrans (see refs 9 and IS 
for cltatlon of ongmal research publlcatlons) provides a substantial basis for mter- 
pretmg the 13C-n m r spectra of these polysaccharldes and for establishing general 
rules governing this spectral-structural relatlonshlp It 1s pertinent, therefore, to 
evaluate the expenmental methods by which these data have been obtained Each 
of the methods enumerated m the preceding paragraph IS consldered m turn, and, 
m addmon, certam lmmunochemlcal procedures are also consldered Furthermore, 
contrlbutlons that 13C-n m r spectroscopy may make to the further development of, 
and progress with, these methods IS pointed out 

Corzjigzzratzon of mzonzez zc Iznkages - Evidence that the Imkages of Lertconostoc 
dextrans are exclusively of the a-anomenc form IS abundant and consistent The 
ultimate proof lg IS that ohgosaccharldes resultmgfromenzymolyslsZO, hydrolysis”**‘. 
acetolys1sz3 24, and methanolys1s’5 have exclusively cc-D-hnked residues From a 
dextran havmg a low degree of branching, lsomaltose and homologous senes of 
lsomalto-ohgosacchandes have been Isolated from enzymlcl’ l6 2o and acid” ” 
hydrolyzates and methanolyzates2’ From branched dextrans, koJibiose, mgerose, 
and maltose have been Isolated m good yields after acetolysls23 Concordant evidence 
comes from the specificity of action of dextransucrases and dextranasesg l8 To these 
various sources of evidence, 13C-n m r spectroscopy adds a new prmclple of anomerlc 
determmatlon 

Perzodate o_xzdatzon - Jeanes et al 26 27 adapted the newly developed techmque 
of analytical, penodate oxidation of carbohydrates to dextrans, and used the method 
to quantltate three categones of lmkage in a large number of dextrans In a relatively 
short time5 The alternative method then available was methylatlon Structural 
analysis which, until the recent mtroductlon of extensive improvements3 4 “, was 
lmpractlcably slow and tedious 
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The structural basrs for drfferentlal oxldatton by perrodate ion is the presence 
in dextrans of contrguous, unsubstrtuted hydroxyl groups m the D-glucopyranosyl 
resrdues, a condmon that IS determined by which of the hydroxyl groups, on C-2, 
C-3, or C-4, is glycoadlcally bound All OH-l groups, exclusrve of that at the reducing 
end, are involved m D-glucosldic bonds Thus, residues havmg three hydroxyl groups 
contiguous are lmked only through C-l, or through both C-i and C-6, one mol of 
such a resrdue reduces two mols of periodate and hberates one mol of formrc acid 
Resrdues havmg two free hydroxyl groups contiguous reduce one mol of periodate 
per mol, and can be lurked at either C-2 or C-4 Residues having no free hydroxyl 
groups contiguous do not react, rt is not determinable by this method whether a 
single position, O-3, is bound, or two, namely, O-2 and O-4, are bound For the 
second and thud of these major, structural categories, O-6 may or may not be 
substituted Thus, on the basis of penodate-oxidation analysis, the proportion of 
non-(l-+6)-linkages cannot be equated with the degree of branching In vle,v of 
adequate explanatron of these prmclples”, it was originally convenient to express 
the data m terms of the lmkages found, that is, (l-,6)-like, (l-+4)-like, and (l-+3)- 
like, as thus terminoIogy provided a common basrs for correlatmg various data 
obtamed with these dextrans However, for mterpretatron of speclahzed research 
findings, indtvrdual consideration might reasonably have been grven to the role of 
factors other than lmlcages per se, such as stenc conformation, and hydrodynamic 
and blocollordal properties Through numerous research approaches other than 
periodate oxldatron, more-specific mformatron has gradually been acquired on the 
identity of the non-(l-+6)-linkages and on some details of branchmg 

For the sixteen dextrans for which we have now pubhshed the results of 
methylatron structural analysts, comparrson shows that the accuracy of the perrodate- 
oxrdatlon values for (1+6)-hke linkages 1s generally wlthm f 10 %, and for a number 
of dextrans, it 1s wtthm m & 5 o/0 Agreement is usually best for dextrans having 90 o/0 
or more of these linkages [I e , dextrans B-512(F) (ref 29), B-640, B-l 308 (ref 3), 
and B-1254 fraction L[%J (refs 1 and 4)] For dextrans m which the (l-,6)-like 
lmkages are < -90 % and the major other lmkage is (142) or (1+4), the periodate 
values for the (l-,6)-hke lmkages are lower (usually, 5-10x) than the methylatton 
values, and the percentage of (l-+2)- or (1+4)-hnkages, or both, 1s correspondmgly 
hrgher3’ This deficiency m the penodate-oxrdatlon, structural analysis is apparently 
caused by mvolvement of the dlaldehyde formed by the first bond-cleavage of the 
2,3,4-trio1 m a cychc hemracetal, this prevents the second cleavage that is necessary 
to lrberatlon of a molar proportion of formic acld3’ This mechanism, which has 
previously been shown to be apphcable to several, lmear-type dextrans3’ 32, now 
appears to operate for all of our dextrans m which branchmg through O-2 or O-4 
has been estabhshed 3 O 

For dextrans B-742 fraction S and B-1355 fraction S, which have high contents 
of (1+3)-hke linkages’ 5, comparison shows that the perrodate-oxldatron values 
are high for both the (l-4)-hke and (1+6)-like lmkages, and low for the (1+3)-hke 
linkages _ 3o The presence of the (1+3)-hke linkages appears to cause excessive re- 
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ductlon of periodate The mechamsm is unknown, but It differs from that generally 

designated 3o “over-oxldatlon” 
OptIcal rotatro?z of crrprammomlrm comphes - Scott et ai 33 applied to the 

structural analysis of dextrans a previously estabhshed prmclple that _great dl&renccs 
m optical rotation were determmed by whether the 2,3- or the 3,4-glycol grouping 

of the D-glucopyranosyl rmg m D-glucosldes and o-glucans IS free to complex with 
cuprammonmm It was supposed that, through computation, the (l-+4)-hke lInkages 
found by perIodate oxldatlon analysis could be resolved mto the presumed, compo- 

nent (l-+2)- and (I-+4)-lmkages, but the ObJeCtlVe was achieved only for measule- 
ment of the (I +2)-lmkages For dextrans B-1299 fraction S and L and B-1399 (p-37), 
for which penodate oxldatlon showed a hrgh content of (I-+4)-hke Imkages, the 
(142)-lmkages were found to be 38, 34, and 29 %, respectively These values are all 
m good agreement with the correspondmg results from methy1atIon structurai analysis 
(see Table IV) Dextrans from seven other strams exammed, mcludmg the two 
fractrons from stram B-742, did not show any (1 +2)-imkages, and other structural 
procedures have confirmed this absence 

The values calculated for (1+4)-lmkages are mvalrd, because of the dependence 
of the calculattons on (a) penodate-oxldatlon values for (1+4)-I&e h&ages that are 
now known to be erroneous3’, and (6) coeficlents derived mostIy from mono- 
saccharlde standards, rather than from dextrans of known structure33 Structural 
mformatlon now avallable on these and other dextrans could well permit the calcula- 
t!on of more-dependable coefficients. 

The proof (for the first time), from rotatlonal-shift data m cuprammonmm, 
of the presence of (142)-lmkages m dextrans was a smgular accomplishment, and 
it made possible the correlation of Important lmmunologlcal observations (see the 
followmg sectlon on structural mdlcatlons from Immunology) The value of the 
optical-rotatory analysis of cuprammonrum complexes for structural analysis of 
polysacchandes IS further attested to by other, umque evidence obtamed33 Thus, 
m dextrans B-1355 fraction S and B-l 149 (for which penodate-oxldatlon analysis 
showed 35 and 40% of (1+3)-lmkages, respectively), -50% and 70 % of these 
respective lmkages were mdlcated to be In lmear porcrons of the dextran cham. rather 
than at branch pomts, this predIctIon has been confirmed3 for dextran B-1355 fractron 
S and accords with the “anomalous“ I r absorption spectra’ of the refractory dextran 
B-l 149 Other cc-D-glucans are now known that, lrke “dextran ’ B-l 149, have contl- 
guous D-glucosyl residues lmked through (1+3)-lmkages and are characterlstlcally 
d&cult to dissolve One such polysacchande IS a fraction of” devtran B-1299, and 
another, from Streptococczrs mutarts, was the first recogmzed member of the proposed, 
mutan class of cr-D-glucans34. 

Acetolysls f, agmenratron ana/lsls - Acetolysrs IS the simplest, most sensltlve. 
and most generally apphcable method for IdentlficatIon and semi-quantltatmn of 
the non-(1 -+6)-Jmkages m dextrans These lmkages are relatively stabIe to the 
reagent, and are found m the acetolyzate m good yield as the correspondmg acetylated 
dlsaccharldes The (1+6)-hnkage IS, however, more lablle, and the low yields of 
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isomaltose (6-0-a-D-glucopyranosyl-D-glucopyranose) are not related to the actual 
proportion of this hnkage m the dextran The method has most frequently been 
applied to dextrans having (1+2)-linkages, namely dextran B-1299 and its frac- 
tions10*24 35 36, dextran B-1424 (ref 37), dextran B-1397 (ref ll), and dextran 
B-1298 (ref 38) Suzuki and Hehre23 established a semimicro technique, defined 
Its hrmts of detection of disaccharide as 0 I 0A of the dextran, obtained an average 
recovery of disaccharide of 56 4% of the dextran, and reported their findmgs on 16 
dextrans (12 from the NRRL collection) Considerable proportions of koJibiose 
(2 5-19.6%) or maltose (1 O-5 7%) were obtained from some dextrans, but a few 
showed only small proportions of these disaccharides (0 1-O 3 oA and 0 5 %, respec- 
tively), and others showed none Nigerose was found for all of the dextrans studied, 
m proportions m the range of 0 l-6 4%, and it was shown not to be an artifact 
No P-D-glucobioses were found Through this study23, the structural basis was 
estabhshed for differentiation of two serotypes of dextran, these serotypes were 
uutially defined by a highly sensitive and specific, serological analysis that focused 
attention on several unique dextrans that are among those now known to have 
(l-+2)-linkages (see ref 3, Table Iv, and the followmg section) 

Strmmiral rrrdrcations front mzntunolog_v - One of the nutlal mvestigations 
on the NRRL dextrans divided them into two serotypes on the basis of whether they 
did or did not cross-react with type XII pneumococcal antiserum (serotypes A and B, 
respectively)3g (see also, ref 23 for the origms of this differentiation, and the dextrans 
uutlally observed) Dextrans from - 100 strains were tested 15 of the dextrans gave 
a strongly positive reaction, and seven reacted weakly The finding of (l-*2)-lmkages 
m one of the most reactive of these serotype-A dextrans (dextran B-1299 fraction S)33 
supported the hypothesis that this type of lmkage IS the distmctive, structural feature 
of all serotype-A dextrans, and provided a cntenon for selectmg dextrans for other 
studies The correctness of this assumption was first confirmed by acetolysls studiest3, 
and, more recently, by methylation structural analysis (see ref 3 and citatrons 
therein, and also ref 9) All of the dextrans shown here (see Tables IV and V), and 
previously by us3 4, to contain 2,6-di-O-substituted a-D-glucopyranosyl residues, 
are strongly reacting, serotype-A dextrans Serotype dextrans that precipitate strongly 
with type Xii pneumococcal antiserum also show specific, vigorous precipitation 
with the lack-bean globuhn3’ (concanavahn A) 

A further, early indication of the involvement of (1+2)-linkages m serotype-A 
activity was shown for dextrans B-1299 fractions S and E, and B-1399 (P-37) These 
dextrans were found to be unusually effective quantitatively m precipitation of anti- 
body N from type X11 pneumococcal antisera. and kojibiose was the best mhibitor4’ 
of this cross-reaction of dextran B-1299 fraction S Another serotype-A dextran, 
B-1424 (see Table IV), acted equivalently to the dextrans Just named m precipitm- 
type and quantitative, mhibmon-type studless’ Furthermore, the serotype-A dextrans 
gave strong, preciprtm reactrons wrth antisera to dextran4* B-1299 fraction S and 
to dextran4r B-1424 These reactions with antisera havmg specificity for a-D-(1+2)- 
glucopyranosidic linkages were also inhibited most effectively by koJrbiose40n41. 
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Dextrans B-1299 fraction S, B-1399 (P-37), and B-1424 also gave preclpltm 

reactlons with antlsera havmg speciiiclty for ~+D-(l+6)-hnkages~~ A plot of the 

preclpltm actlvlty of these three dextrans, and a wide variety of others, w&h the 
antisera versus the proportion of I-hnked groups and (l-,6)-lmked residues (as 
mdlcated by the original, periodate-oxldatlon analyses) m the dextrans, showed that 
all points fell on a smooth curve, except those of dextrans B-1299 fractxon S and 

B-742 fraction L (see Fig 2 in ref 43) If the proportlons of structural umts are taken 
from the corrected, periodate-oxldatron values (see preceding sectlon and ref 30) or 
from the results of methylatlon structural analysis (see Table IV), dextran B-1299 
fraction S becomes comcrdent with the curve, dextran B-742 fraction L IS displaced 

still farther, and dextrans B-1399 (P-37) and B-1424, which showed httle actlvlty, are 
not changed sigmficantly The values (molar percentages) from methylatmn structural 
analysis used for this comparison are the sum of the (l-+6)-lmked residues and 
either the l-lmked (nonreducmg) end-groups, or their numer,cal equivalent, namely, 
the branch-pomt residues, which, for dextran B-1299 fraction S are 2,6-dl-O-subs& 
tuted, and for dextran B-742 fraction L, are 4,6-dr-O-substituted No correlatron 
results If the proportion plotted IS that of the I- or the (I-6)-linked residues from 
Table IV Apparently, factors other than Imkages pe! se are mvolved Obviously, 
there IS a need to resolve the mdlvldual roles m the precipltm reactIon of the non- 
reducmg end-groups, the branch-point residues, and the linearly (l&6)-lmked 
residues 

The orIginal observations were Interpreted’ a’ 53 m terms of the general con- 
cept that the maJor (If not total) actlvlty occurs m the termma sequences of branch 
ends, the lengths of whrch are assumed to be related to the combmmg dmlenslons 
of the antldextran (see subsequent pubhcatlons by these authors as listed m ref lS, 

and also a revlewg) The combmmg site of these antldextrans IS beheved to be com- 

plementary to an open cham of at least three, and probably as many as SIX. 6-G 
substituted rr-D-glucopyranosyl residues 53 No data are yet avallable, however, on _ 
the length of branches m the dextrans under dIscussron here, and only for deltran 

B-1424 IS there an mdrcatton of poss,ble sequences of as many as three 6-mono-O- 
substituted a-D-glucopyranosyl residues (see Tables IV and V) Nevertheless, there 
are tentative mdlcatlons, from 13C-n m r spectroscopy and various other datag, 
that the majonty of branches m many dextrans are only one umt Iong For the 
dextrans we have reported on, serotype-A as well as others’ 3, proof IS given for the 
first time of the presence and frequency of branchrng Also, for a11 these dextrans, rz 
values have been established (see Table V and refs 1 and 3) that mdlcate the average 
extent of u-D-(l-+6)-lmked mterbranch residues m hnear sequences, no matter 
whether these he rn marn, backbone chams, or m a few, unusually long, side chams 
Exammatlon of lmmunochemlcal preclpltm- and mhlbmon-type data on the NRRL 
dextrans m terms of these experlmentally estabhshed parameters may be expected 

to open up new perspectives 
In addltlon to the influence of specific, structural parameters on the Immune- 

chenucal behavior of dextrans, conslderatlon must be given to spatial effects that 
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extend beyond the confines of a glycosidm bond to include at least the area of one 
or more subst&uted D-glucosyl residues 13C-N m r-resonance displacements show 
that mtroduction of a new lmkage mto an a-D-glucopyranosyl residue can alter the 
conformation of the residue. An example involves the mhibitory role of kgibiose on 
the precipitin-type reactions of the dextrans that are here shown to have, exclusively, 
2,6-di-O-substituted cr-D-glucopyranosyl residues at the branch-pomts Methylation 
structural analysis and 13C-n m r spectroscopy give no evidence of the simple 
kojibiosyl linkage m unbranched, 2-U-substituted a-D-glucopyranosyl residues m 
any of these dextrans exammed. Results of other structural investigations on serotype- 
A dextrans are concordant’ 3 ’ with these findings Thus, the true recogmtion-site 
for antisera to these dextrans, and also to pneumococcus type XII, must mvolve this 
2,6-di-O-substituted a-D-glucopyranosyl resrdue 

Initially, kollbiose was the only sacchande containing the a-D-(1+2)-lmkage 
that was available for mhibmon-type studies Later, three tnsaccharides contammg 
this rare lmkage were obtamed I1 by acetolysis of serotype-A dextran B-1397, these 
are- 0-a-D-glucopyranosyl-(1 -,2)-0-cr-D-glucOpyruoSyl-(1+6)-D-glucose (1); O-a- 

D-glucopyranosyl-( 1+6)-0-a-D-glucopyranosyl-( 1+2)-D-@UCOSe (2), and O-a-m 

glucopyranosy1-(1~2)-O-[a-D-glucopyranosyi-(l~6)]-D-glucose (3) 

a-G-(l-+2)-a-G-(1+6)-G-OH a-G-(1 -6)-a-G-(1+2)-G-OH 

1 2 
a-G-( l-+6)-G-OH 

2 

f 
1 

Z-G 
3 

where G represents the D-glucopyranosyl or D-glucose residue, and OH, the reducing 
end Of these, the lmear structure 1 best satisfied the combmmg-site requirements 
of the type XII pneumococcal antisera and of human antisera to dextrans B-1299 
fractions S and L and B-1424 (refs 40 and 41) Of the other trisaccharides, 3 quahfied 
as intermediate and 2 as poor, for combmmg-site activity Thus, only 1, with its 
2-O-substituted a-D-glucopyranosyl residue shows a spatial resembIance to the 
apparent, crittcal recognmon-sue of a 2,6-di-O-substituted a-D-glucopyranosyl 
residue In contrast, 3 has a 2,6-dt-O-substituted ~-glucose residue, and structure 2 
has a Zmono-O-substituted D-ghrco.se residue. Both of these D-glucose residues are 
capable of assummg various cychc forms and conformations 

Another example of an immune response that IS directed more towards a 
specdically lmked residue rather than to a lmkage, mvolves dextran B-1355 fraction S 
(which contains both 3,6-di-U-substituted and 3-mono-O-substituted Ct-D-ghCO- 

pyranosyl resldues3) and dextran B-742 fraction S (which has 3,6-di-O-substituted 
cc-D-glucopyranosyl residues exclusivelyl) These residues have been shown to have 
distmctIy different, immunochemical responses44 
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EXPERIMENTAL 

The preparation and characterzatlon of the dextrans5 and dextran fracttons6 
and the 13C-n m P conditions and methods of preparing dextran samples1 2 have 
been described In general, a Vanan XL-loo-15 spectrometer equipped with a NlcoIet 
TT-100 system was employed m the Fourier-transform Mode The dextran samples, 
-0 3 g per 4 mL of D,O, were mamtamed at 34” or at 90” Chemical shifts are 

expressed m p p m reiatlve to external tetramethylsdane, but were actually calculated 
by reference to the lock signal 

The g 1 c -m s condltlons employed for the separation of the PAAN denvatlves 
of the methyl ethers of D-glucose have been descnbed3 4 In general, for mass- 
spectral confirmation of the g 1 c peaks, a Hewlett-PacKard 5980 GC/MS computer 
system was employed m the eIectron-impact mode The spectrum was scanned from 
25 to 600 at 5-s Intervals, and these data were stored for later regeneration of the 
chromatogram 
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