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ABSTRACT 

The p-D-( l&2)-linked D-ghicans secreted by Rhizobia and Agrobacteria have 

been characterized by using fast-atom bombardment-mass spectrometry and 13C- 

nuclear magnetic resonance spectroscopy. The D-ghicans are shown to be un- 

branched, cyclic molecules varying in size from 17 to at least 24 residues. Some of 

these molecules are fragmented during permethylation procedures. 

INTRODUCTION 

Rhizobia and Agrobacteria, the nodule- and crown gall-forming bacteria, 

synthesize and secrete an interesting family of low-molecular-weight p-D-(1-+2)- 

linked D-glucans *-’ The observation that these D-ghrcans lack reducing-terminal . 

D-glucose residues led us5 and others?’ to suggest that they may have a cyclic struc- 

ture. However, cyclic molecules could not be distinguished from linear molecules 

containing unidentified functional groups at the reducing termini of the D-glucosyi 

chains. We now present data, obtained by fast-atom bombardment-mass spec- 

trometry (f.a.b.-m.s.) and ‘“C-n m r spectroscopy, that unambiguously dem- . . 
onstrate that the fl-D-(l-2)-linked D-glucans are unbranched, cyclic molecules. 

We also show that the D-ghicans are partially degraded under the conditions 

routinely used to permethylate polysaccharides, and that this degradation can re- 

sult in misleading data when the methylation products are analyzed. 

Two recent technological innovations have made the m.s. part of this work 

possible. These are the development of high-field-magnet m.s.*. which allows the 

study of large molecules at high sensitivity, and the introduction of the novel ioni- 
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zation technique of f.a.b.-m.s.O. F a.h.-m.s. is rminentlv suited to the molecular-- 

weight determination of high-mass. polar molecule~“~~” . and recent reports h3Lt’ 

demonstrated”,” its applicability to the determination of oligosaccharide strut- 

tures. The studies reported herein cvnstltute a further illustratic)n (lt the \,aluable 

role that f.a.h.-m.s. can plav 111 the ch;lractcrizatlon of cornpIt,\. b~ol~~gical sam- 

ples. 

FSPERIXIENTAL 

Mass specfrometr~. - Faht-atom-bombardment-mass spectra were recorded 

with a VG Analytical High Field ZAB-I F mass spectrometer operated at accelerat- 

ing voltages of 8 kV (mass rang2 3300). 7 kV (377(j), or 5 kV (5X0 u) Xenon was 

used as the bombarding gas. and the atom gun was operated at IO k\, 

Spectra. which were recorded on u.v.-srnsiti\,c chart-paper. acre acquired 

by using a WO-4, mass-controlled, linear scan oker the full mas+range detined t-q 

the accelerating voltage used. Improved signal-to-nokc ratio ot the high-nlax\ 

peaks was in some ca\es achieved by operatmg the instrument in the “m&net-in- 

tegrating scan” mode. In these experiments. scans of -400-u span ucre recorded 

at a scan rate of 1 u/s. Peak masses were assigned either hq manual counting or b> 

comparison with the Hall probe-controlIed. mass marker, which was c;tlibrated be- 

tween ~1,‘: 3OOt) and 5.500 by using the f.a.h. cpcctrum of ccsium iodide In all num- 

bers presented in the text. mass assignments correspond to either the counted OI- 

the calibrated mass (detail? given in the Figure Icgends) of the rnc~xt-~~l~llrldant ion 

in each cluster. At high mash. the most intense peak is the ‘IC-isotope peak. A 

distinction must be made between counted and calibrated spectra. b~t.xuw wluc’~ 

assigned by manual counting correspond to the nominai masses Ott the ion>. 

whereas those assigned b\, calihratlon correspond to the :ICCL~~;IIC m.isses of the 

ions. For a permethylated carbohydrate with a molecular height of 5000. the dif- 

ference between the exact and the nominal values IS -2 u. 

F.a.h.-mass spectra were obtained by dissokrng native I)-glucans in SC; 

aqueous acetic acid (I%-?0 pg!pL). and loading I ,ul. of the solution inro a drop of 

glycerol on the stainless-steel target, In salt-dosing experiments, a I -,u I-. aliquot of 

the salt solution (XI NaCl or M KCI) was also added. Prrmrthylated n-glucans were 

dissolved in methanol (5-10 wg!‘,uL)_ and I PL was loaded into the glycerol on the 

target. followed by additions of LI ~lqueous ammonium thiocyanate ( I ,uL~ and I- 

thioglycerol (0.7 PL). In the Results and Discussion section. the term “matrix” is 

used to describe the mixture of glycerol and additlvcs in which the sample i\ ciis- 

solved during the f.a.b. experiment\. 

.Nriclenr magnetrc rcsotwnw - ‘jC-N.m.r. spectra were recorded with a 

Bruker X)-MHz. Fourier-transform. n.m.r. spectrometer. The samples wcrc dis- 
solved in D-0 at a concentration of -SO mg/mL 111 a 5-mm. n.m.r. tube. Chemical 

shifts were assigned relati\,r to 1.4dioxane, whose chemical shift W:IS tahcn to be 

67.1 p.p.m. downfield from Me.$i. The machine parameter\ included ;I spectrum 
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frequency of 62.9 MHz, broad-band decoupling, 32 k of memory, 31” pulse, 1.8 s 

between pulses, and a sweep width of 13.5 kHz. The spectra were recorded at am- 

bient temperature, and a typical experiment consisted of 28,000 pulses. 

Bacterial cultures and isolation of p-D-(l-2)-linked D-gh.KanS. - The 

Rhizobium and Agrobacterium strains were those previously described5, except for 

Agrobacterium tumefaciens C58-Cl, which was a gift from M. Van Montagu (State 

University of Ghent, Ghent, Belgium). Growth of cultures, and purification of p- 

D-( l-+2)-linked D-ghtcans, were performed as previously described5. 

Methylation analysis. - Freeze-dried, /3-D-(1-2)~linked D-ghCan (0.5 mg) 

was dissolved in dry Me$O (0.5 mL). Sodium methylsulfinyl carbanion (0.18 

mmol) was added. and the solution was stirred for 2 h. Methyl iodide or per- 

deuteriomethyl iodide (0.18 mmol) was added. and the solution was stirred for 1 h. 

Sodium methylsulfinyl carbanion (0.18 mmol) was again added, and the solution 

was stirred for 1 h. Methyl iodide or perdeuteriomethyl iodide (1.8 mmol) was 

added, and the mixture was stirred overnight. Other methylations were performed 

by using milder or harsher conditions, as described in the text. 0-Methylated prod- 

ucts were isolated by modifying the procedure of T. Waeghe of this laboratory (un- 

published procedure), as follows. Water (0.5 mL) was added to the reaction mix- 

ture. The resulting suspension was applied to a “Baker 10” (1 mL) Cl8 silica car- 

tridge (J. T. Baker Chemical Co.) The reaction vessel was rinsed with 1: 1 Me2SO- 

Hz0 (500 pL), and rinse was also applied to the Cl8 silica cartridge. Me+0 and 

salts were eluted with HZ0 (1.2 mL), followed by 15% MeCN (0.6 mL) and then 

by 20% MeCN (0.6 mL). 0-Methylated products were eluted with 100% MeCN 

(0.6 mL), and finally with abs. ethanol (0.6 mL). The MeCN and ethanol eluates 

were pooled. Glycosyl-linkage compositions were determined as previously de- 

scribed’. 

Assay for reducible glucose. - Reducing-terminal D-glucose residues were 

analyzed as previously described”, except that gas-liquid chromatography was per- 

formed in a Supelco SP-2330 glass capillary-column, with an oven temperature of 

200”. D-Glucose pentaacetate was eluted as three peaks, and D-gfucitot hexaacetate 

as a single peak. 

Partial hydrolysis of the glucan. - The p-D-( l-2)-linked D-ghrcan was 

dissolved (2 mg/mL) in 2M trifluoroacetic acid (TPA). and the solution heated for 

70 min at 68”, resulting in hydrolysis of 4% of the glycosidic linkages. Heating for 

an additional 90 min resulted in hydrolysis of 9% of the linkages. The 4%- and 9%- 

hydrolyzed samples were analyzed by ‘“C-n.m.r. spectroscopy. The 9%-hydro- 

lyzed sample was separated into several fractions by liquid chromatography on Bio- 

Gel P-2, BioRad, as previously described5, and the fractions were analyzed by 

f.a.b.-m.s. 

RESULTS AND DISCUSSION 

Fast-atom bombardment-mass spectrometry of the P-D-(l--+2)-linked D-glu- 
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cam. - Samples of p-D-(1- 2)-linked D-glucan from Rhizohrnm fPgitr?iinosarlrrtl 
128~53, R. phaseoli 127 K14. and .4grobacterium titmefucien.v I1 1% (ATN’) and 

C58-Cl were analyzed by f.a.b.-m.s. Comparable data were obtained for all three 

samples. Full positive f.a.b.-m.s. spectra were acquired by scanning the mass range 

370&10 u. These spectra were characterized by the presence of molecular-ion clus- 

ters in the high-mass region (m/z >2700). and a second ion-cluster for each molecu- 

lar-ion cluster equivalent to the loss of a water molecule. No signiticant fragment- 

ions were present at mi,- <2700. 

The major signals present in the spectrum obtained for a sample of D-glucan 

from R. leguminosarum are illustrated in Fig. 1. This spectrum was: manually 

counted to mass 3000. but a poor signal-to-noise ratio of the background ions at 

m/z >3000 prevented further counting. To overcome this problem. slow mas>- 

scans over a narrow mass-range were conducted. yielding readilv countable spectra 

of the quality illustrated in Fig. 2. 

The data contained in Figs. 1 and 3 are interpreted as follows. Sodium- 
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Fly 3. Negative f.a.h.-mass spectrum (m/z ~-500) of a sample of R leg~minosarrrm I>-&an. [The 

mass spectrometer was operated at 7 kV accelerating voltage and a mass-controlled. linear scan of 500-s 

duration from m/z .1700 to 10 was acquired. The spectrum was counted manually.] 

cationized, molecular-ion clusters are present 162 u apart (the mass of a glucosyl 

residue) at m/z 2778, 2940,3102, 3264, 3426, and 3588 (see the Experimental sec- 

tion for an explanation of the mass assignments used for clusters of high-mass 

ions). Loss of water from each molecular ion yields the weaker clusters 18 u below 

the major signals. The presence of sodium was established by salt-dosing experi- 

ments. Addition of sodium chloride to the sample did not alter the spectra, 

whereas addition of potassium chloride shifted all signals 16 u to higher mass, con- 

sistent with the replacement of sodium by potassium. The molecular weights (given 

as the nominal. “C-isotopic values) of the major D-glucans present in the sample 
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are, therefore, 2754. 2916. 3078, 3230. 3402. and 3564. which correspond precisely 

to the molecular weights of cyclic polvmers varying in size from 17 to 17 D-glucosyl 

residues. 

Corroborative evidence for the existence of cyclic n-&can\ was afforded by 

negative f.a. b.--m.s. The negative, f.a.b.-mass spectrum of the R. leSrrrllinc~.~arum 

glucan mixture is shown tn Fig. 3. Molecular-ion clusters are present at ml: 2754. 

2916, 3078. 3240, 3402. and 3564. i.e., at the masses calculated for the “C’ peak in 

the (M - H) cluster of cyclic D-glucans containing 17 to 23 D-glucosvl residues. 

Extensive fragmentation occurs in the negative-ion mode (in contrast to the 

behavior of these molecules in positive f.a.b.-m-s.), giving rise to the series of in- 

tense signals commencing at m/z 535 and continuing at intervals of IQ it up to m/2 

2.489 (see Fig. 3). Fragment-ions that may occur at m/z 400 are difficult to distin- 

guish from signals arising from the matrix (see the Experimental sectton for a de- 

finition of this term). The fragment-ions that occur at t~r!~ >5!)(! are. unfortunatelv. 

structurally uninformative, because it is known from other work that the same ions 

are present in the spectra of a variety of t+glucans. Including linear stratght-chain 

and linear branched molecules’“. To confirm that cyclic t>-gluc:tns can he cleaved 

to yield fragment-ions identical in mass to those produced by their linear counter- 

parts, cyclomaltohexa-. -hepta-, and octa-ose- (a-. ,!G. and y-cvclodextrin) 

standards (Sigma) were analyzed in a manner similar to that for the I<‘!-n-glucans. 

Typical data ohtained for fi-cyclodrxtrin are reproduced in Fig. 4: the \i$nals at tFI>‘Z 

535, 7(17, and 864 should be noted. The (515 + lh?,,) u series ol ions cjhserved tn 

all of the D-glucan and cyclodextrin spectra is analogous to the Stxnes A ions prcvi- 
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2 

Fig. 5. Structure asslgned to the major fragment-Ions III the negative f.a.h.-mass spectra of the P-D- 
(l-2)-linked wglucans. [The negatwe charge was awgned to the positlon Indicated, because thlr htruc- 
ture is resonance-stabilized, but the charge possibly resides elsewhere III the Ion.1 

ously described in a report of the f.a.b.-mass spectra of a 6-0-methylglucose 

polysaccharide”. Structure 1 (see Fig. 5) is assigned to this (545 + 162,) u ion 

series present in the /?-D-(l-2)-linked D-glucan spectra. Comparable structures 

may be drawn for D-glucans linked at O-3 and Q-4. 

To generate ions of structure 1 from a cyclic polymer, two cleavages must 

occur. One cleavage affords the reducing end of the ion. and another cleavage, the 

nonreducing end of the ion. A mechanism such as that illustrated in Scheme 1 

could produce the nonreducing end of the ion (see upper product, Scheme 1). A 

mechanism such as that illustrated in Scheme 2 could produce the reducing end of 

the ion (see lower product, Scheme 2). These two cleavages could occur simultane- 

ously. or consecutively, in either order, in conjunction with the loss of a proton, to 

yield an ion of type 1 (see Fig. 5). 

CH OH 
I 2 

Scheme 1. Proposed mechanism for glycosidic cleavage in negative f.a.b.-m.s. 
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Scheme 2. Proposed mcchamsm for cleavage of 3 iI-glucosyl residue to produce either tvpc I or type 

2 fragment-ions. [Type 1 ions arc formed If the cleavage shown is accompanred hq a gtycosidlc cleavage 

(xc Scheme I): type 2 sons are formed it the cleavage shown IP repeated al :inothcr posttwn in the 

chdin. 1 

Linear D-glucans should yield typr: I ions (see Fig. 5) if only the clcavagc il- 

lustrated in Scheme 2 occurs. These ions are. in fact. observed in the spectra of 

linear D-giucans ” Linear D-g UC 1 ans should also yield a different series of ions if 

only the cleavage illustrated in Scheme I occurs. This series corresponds in mass to 

[M - H]- ions of intact. linear D-glucans having fewer D-glucos~l residues than the 

parent D-glucan. This series. which is not observed in the spectra of circular D-glu- 

cans, is usually observed in the spectra of linear D-glucans. 

A detailed examination of Fig. 3 reveals a second. considerably weaker. 

series of fragment-ions lying 3X u above each of the members of the VZJ 2 545 series. 

Structure 2 is here suggested for this ion series (see Fig. 5). This fragment-ion series 

may arise from two occurrences of the fragmentation process shown in Scheme 3. 

once at each end of the lragment (see Scheme 2, upper and lower products). 

In summary. the mrljor. high-mass signals present In both the positive and 

negative spectra of the P-D-( 14 2)-linked D-glucan samples correspond to molecu- 

lar ions ([M + Na] +and [ hl - H] , respectiveI! ) of cyclic polymers \,arying in size 

from 17 to 23 residues. The fragmentation pattern exhibited by these molecules in 

the negative-ion mode is consistent with the assignment of cyclic structures. It 1h. 

however. recognized that a possible. alternative explanation of the data is that 

linear p-D-( l- ‘)-linked D-glucans are unstable in the glycerol matrix, and com- 

pletely eliminate one molecule of water during the f a.h. euparirncnt. This po\sihil- 

ity was discounted by examining the behavior in f.a.h.-m.s. of linear P-P-( I---?)- 

linked D-&cans formed by hydrolysis of cyclic p-D-( I-+2)-linked r)-glucan. After 
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separation by exclusion chromatographv on Rio-Gel P-2, the h\drolv,is products _ . 
were analyzed by negative f.a.b.-m.s. A number of large t’ragmcnts wcrt: ~solattxi 

from the hydrol& products. in addition to intact stnrting-m~tterial ‘The signals 

present in the f.a.b.-m.s. spectra of these compounds were of the cxtct mass calcu- 

hted for the (M - H) ions of fully hydrated. linear molrculr~. For euamplr. one 

of the column fractions hat a \pcctrum containing signals at I~I,: 17Q~I. 19hl. and 

2133 that correspond to the pseudomolccular ions of’ linear polvmer< that XC’ 11. 

I .-_ 
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12, and 13 residues in length. Only very minor signals were present for loss of water 

from each molecular ion. These results provide evidence that the linear p-D-( l-+2)- 

linked D-glUCanS behave analogously to their 3-, 4-, and 6-linked relatives, and are 

not more likely to undergo dehydration reactions when subjected to the conditions 

of f.a.b.-m.s. We conclude, therefore, that the P-D-(l-+2)-linked D-glucans iso- 

lated from Rhizobia and Agrobacteria are cyclic molecules. 

Two structures are possible for a cyclic D-glucan polymer: (I) a cyclic 

polysaccharide having a side chain(s) extending from a branch point(s). or (2) an 

circular polysaccharide having no terminal or branched residues. Methylation 

analysis is normally the method chosen for determining the number of branching 

residues and nonreducing termini in a polysaccharide. However, this procedure 

could not be used to distinguish between possibilities (I) and (2), because the P-D- 

(l-2)-linked D-glUCanS are partially degraded during methylation. Instead, we 

used 13C-n.m.r. spectroscopy in order to establish that these cyclic D-glucans are 
unbranched. 

13C-N.m.r. spectroscopy of the /I-D-(l--+2)-linked D-glucans. - 13C-N.m.r.- 

spectral studies were conducted on the ,6-D-ghCan samples by using sophorose (2- 

@I-D-glucosyl-a,&D-glucose) as a model compound. Assignment of signals for 

sophorose and the native D-glucan are given in Table I. These assignments are 

based on the results of Usui et al. ” (see also, Fig. 6). However, Usui et al. did not 

distinguish between the two signals from C-2 of the nonreducing D-glucosyl group 

of a-sophorose and P-sophorose. These two signals are resolved in the ‘“C-n.m.r. 

spectrum in Fig. 6: the weaker signal, at 74.1 p.p.m., is assigned to P-sophorose, 

and the stronger, at 73.9 p.p.m., to a-sophorose. because cY-sophorose is the more 

abundant of the two species”. The chemical-shift data uniformly differ from those 
of Usui et al. ” by -1 p.p.m., which is not unusual for spectra recorded with differ- 

ent instruments. The carbon atoms of the reducing D-glucose residue are referred 

to as C-l-C-6, and those of the D-glucosyl group as C-l’-C-6’. 

Signals in the spectrum of the P-D-(l-+2)-linked D-glucan may be unambigu- 

ously assigned, except for those of C-3 and C-5, which could not be distinguished, 

by comparison to the sophorose standard. The carbon atoms of p-D-(l-+2)-linked 

D-glucosyl residues have chemical shifts similar to those of the corresponding car- 

bon atoms of the (nonreducing) D-glucosyl group of P-sophorose, except for that 

of C-2. The chemical shift of C-2 of p-D-( l-+2)-linked D-glucosyl residues is similar 

to that of C-2 of the reducing D-glucose residue of P-sophorose; this is because a 

substituent on the oxygen atom attached to any carbon atom of a sugar affectsI the 

chemical shift of the signal of that carbon atom, moving it downfield by 8 to 11 

p.p.m. The P-D-(l-+2)-linked D-glucosyl residues have such a substituent attached 

to O-2 (i.e., the next D-glucosyl residue), so that the chemical shift of C-2 of a P-D- 

(l&2)-linked D-glucosyl residue is -82 p.p.m., not 74 p.p.m. 

The absence of a signal having a chemical shift of -74 p.p.m. (see Fig. 6) in 

the i3C-n.m.r. spectrum of the P-D-(l-2)-linked D-glucan indicates that the native 

polymer contains no D-glucosyl residues that are nonsubstituted at O-2, and there 
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Fig 7. F.a.b.-mass spectra recorded for a sample of per(deuteriomethyl)ated p-D&can prepared as 
descrtbed tn the Expertmental section. [Scan (I) was obtained at an accelerating voltage of 5 kV from 
m/z 5280 to 3300. and peaks were assigned by calibration agamst the mass marker. Scan (ii) was ob- 
tained at an accelerating voltage of 8 kV from m/z 3300 to 10. and peaks were assigned by countrng the 
spectrum. Ammonium-ion dosing was used. and all stgnals correspond to ammonmm-catiomzed 
species. ] 
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Iyzed D-glucan, ;i signal ;tt O? p,p.m., corresponding to C-l of the’ rcduclng D-@co- 

se residue in the tu-anomrric form. IS rrl.so clearly visible (see Fig. 6). 

From these data. It \vas concluded that the sen\itlvity of the n.m.r. technique 

is sufficient to permit observation of both the C-2 4gnal of ;I (nonrcducing) termi- 

nal I>-glucosyl group and srveral ot the Ggnais of ;I (reducing) U-glucosc~ rc\lduc 

should either of these he present in ;I /3-r>-glucan. ‘l‘hc ~rhcencc trt the. rclrvant sig- 

nals is evidence that the I>-glucans are unbranched, circular moleculc~. 

Interestingly. in the “C-n.m.r. spectrum of the natkt: D-glucan. signals from 

C-l, C-2, and C-4 appear as multiple&, whereas these sqqlals begin to coalesce in 

the spectra of samples of partially hydrolyzed D-glucan. and this p~csumably consti- 

tutes further evidence that the native I>-glucan has a circular structure. Variation in 

ring size. corresponding to the number of I>-glucosyl residues per molecule. is 

likely to result in slightly different angles between adjacent n-glucosyl residues. 

and this might result in slightly altered chemical-shifts for corresponding carbon 

nuclei within the variously sized, D-glucan rings, 

M&~lati(~~~ unu[~.sl,~ of the /j-D-(I-2)-linked D-glucm~s. -~- Significant levels 

of ‘,_?.~,h-tetra-O-mtthylglucose had been detected in the methylation products of 

the P-ID-( I--3)-linhccl D-glucans’. ‘I’hc formation 01 this derivatlvc of terminal IL 

glucosyl group\ is Inconsistent with the unbranched. cyclic structure of the 

aforedescribed D-glucan. The proportion of this derlvatlve cictcctal ~arics. de- 

pending on the conditions used to methylate the n-glucan and rhe methud used to 

isolate the methylatlon products. When the I)-glucan IS mzthylatrd under rrlatlvel~ 

mild conditions (P.S.. 3 \ingle addition of sodium mcthylsultinvl carh,~nion tollowcd 

by addition of methyl ~c~ii~!c ). the products contain icx< tha”n 7’;’ of the tctra-O- 

methylglucosc. but thq alw contain significant proportions of ill-. ,tnd mcjno-O- 

methylglucose deri\ati\t>s a5 a result of undermcthvlatlon When the D-glucan is 

subjected to harsher conditions during methylation (e.g.. up tc> four :rlternatc addl- 

tions of potassium methylsulfinyl carbanion and methyl iodide), the l~r”ducti tn:l! 

contain > l()C; of the tetr;i-0-methvl derivative but greatI\ ks~~ned prc’portions of 

di- and mono-O-methyl derlt atives’ 

7‘he origin of the “anomalous” tetra-O-methyl derivative wa\ investigated by 

using f.a.b.-m.s. to monitor the products of the permethylaticln reactic)n before h>- 

drolysis and acetylatmn. The f.a.b.--ma< \pcctra rcvcalcd the pre\rnce of linear 

degradation products varying In size from disaccharides to oligomcrs containing 3) 

u-glucosyl residues. in addition to the mrthylated, cyclic moleculc~. S:~mpkx sub- 

jected to the two-step alkylation procedure described in the Experimental section 

yielded spectra of the type shown in Fig. 7 (i and ii). These speetr;~ wrt’ obtained 

by using ammonium-ion dosing (see Experimental). ;t procedure that had been 

shown” to afford f.a.b.-mass spectra of very high yuality from per-0-methylated 

c;lrbohydrate\. All of the signals observed in the\e spcctr-a arc those of ;1mmomum- 

cationized molecular-ions. I‘wo separate scans wtrc ncedcti. \vith relondmg be- 

tween scans. in order to achieve optimal sensitivity. ‘I‘he~e \vcrt’ II high-mash SC;IT~ 

from m/z 5300 to 3300 and ;I low-mass 5can from tni: 3.300 to 11)O. ,A r.e\olution of 
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2500 was chosen for both mass ranges, in order to preserve sensitivity at high mass. 

Consequently, the high-mass peaks appear as unresolved clusters. The masses as- 

signed to these signals correspond to the calibrated mass of the most-intense part 

of the peak. 

The major signals shown in Fig. 7 (i) occur at the values calculated for (M + 

NH4)+ of per(deuteriomethyl)ated. cyclic D-ghrcans containing 17 to 24 residues. 

The sensitivity achievable by ammonium-f.a.b.-m.s.of permethylated samples is 

greater than that normally obtained in f.a.b.-m.s. of underivatized D-gh.iCanS, 

which explains why components greater than 22 residues in length are observed in 

the spectra of the permethylated D-ghicans. The major signals shown in Fig. 7 (ii) 

arising from linear molecules, i.e., m/z 1348. 1561, 1774, 1987, 2200. 2413, 2626, 

2839, 3052, and 3265. are the ammonium-cationized, molecular ions of 

per(deuteriomethyl)ated linear D-ghiCanS (methyl glycoside at the originally reduc- 

ing terminus) containing 6 to 15 D-ghicosyl residues. In this sample. larger linear 

molecules are of very low abundance [see Fig. 7 (i)], and smaller molecules are ab- 
sent (data not shown). In other experiments, if the methylation conditions used 

were particularly harsh, large proportions of short, linear molecules (2-5 residues) 

were observed, whereas, if milder conditions were used, larger linear molecules 

(up to 20 residues) were present, together with significant proportions of under- 

methylated, cyclic and linear derivatives. 

In conclusion, the f.a.b.-m.s. data indicate that the formation, during me- 

thylation, of tetra-O-methyl derivatives results from cleavage of circular P-D- 

(l&+2)-linked D-glucan. The resulting linear molecules are not detected in signifi- 

cant proportions before methylation, either by f.a.b.-m.s. or by the reducing 

glucose assay. Furthermore, these molecules are detected in varying proportions 

after methylation, depending upon the methylation conditions used. 

CONCLUSION 

High-field-magnet, f.a.b.-m.s. and high-field, ‘“C-n.m.r. spectroscopy con- 

stitute a very powerful combination of techniques for structural determination of 

biological molecules. These methods have now been used to establish that the P-D- 

(l--+2)-linked D-glucans secreted by Rhizobia and Agrobacteria are unbranched, 

cyclic molecules containing a chain of 17 to, at least, 24 D-ghicosyl residues. By use 

of f.a.b.-m.s., it has also been shown that the D-ghicans are subject to partial de- 

gradation during methylation. 

NOTE ADDED IN PROOF 

P. M. Hisumatsu, A. Amemura, T. Matsuo, H. Matsuda, and T. Harada 

have published resultsI that are similar to those presented in this paper. 



200 A DFLL. W S YORK. M McNF.IL. A G DARVILL. P ALBERSHEIM 

REFERENCES 

1 

2 

3 

3 

5 

6 

7 

8 

9 

I!) 

11 

12 

13 

1.l 

15 
16 

17 
18 


