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The cellulase  complexes of  two cellulolytic  bacteria, 
Clostridium  thermocellum and Bacteroides  cellulosol- 
vena, were  subjected  to  extensive  Pronase  digestion. 
Glycopeptide  fractions  were  isolated  by  gel  permeation 
and  fast  protein  liquid  chromatography  and  analyzed  by 
monosaccharide  analysis,  amino  acid  analysis,  methyl- 
ation  analysis,  and ‘H NMR spectroscopy.  Alkaline  boro- 
hydride-induced  deglycosylatiodamino  acid  conversion 
and  periodate  oxidation  studies  on  the  glycopeptide 
fraction  of  the C. thermocezum cellulosome  demon- 
strated  that  the  earlier  established  collection of  carbo- 
hydrate  moieties  with 3-O-Me-~-GlcpNAc-cu(l~2)-[~- 
Galp-a(l-r3)]-n-Galf.a(1~2)-~-Gal (where 3-0-Me-~- 
GlcpNAc is 3-O-methyl-N-acetylglucopyranosamine, 
Galp is galactopyranose,  and  Galfis  galactofuranose)  as 
the major  component, is O-linked  to  threonine  via  galac- 
topyranose.  Using  the  same  approach  for  the  glycopep- 
tide  fraction of the  cellulase complex  of B.  cellulosol- 
vens, it was  found  that  the  reported collection of 
carbohydrate  moieties  with ~-Galf-a(l-r3)-~-GlcpNAc- 
cu(l~2)-n-Galf-a(l-2)-[~-Galf.~(l-r3)]-~-Gal as the  major 
component, is O-linked  mainly  to  threonine  and  partly 
to serine  via  galactopyranose.  In  both  species,  the  hy- 
droxyamino-acid-bound  galactopyranose  residue  has 
probably  an  a-configuration.  The  carbohydrate  chains 
appear as clusters  located in highly  %/Pro-rich  pep- 
tide  regions of the  glycoproteins. The results are  con- 
sistent  with  the  notion  that  the  glycosylation sites are 
localized in linker  sequences  which  connect  the  various 
binding  domains  of  the  noncatalytic S1 subunit  of  the 
cellulosome. 

During the course of our studies on the process of cellulose 
biodegradation, we have  analyzed the primary structures of the  
covalently linked carbohydrate  moieties in the multicomponent 
enzyme  complexes of two different cellulolytic  bacteria,  namely, 
Clostridium  thermocellum and Bacteroides  cellulosolvens (1-3). 
The  major  components turned out  to be very  similar: [3-0- 
Me-]+,_-~-GlcpNAc’-u(1~2)-[~-Galp-a(1-.3)]-~-Galf-u(1~2)-D- 
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Gal (58% of the carbohydrate  chains) for C. thermocellum, and 
[~ -Gal f -u ( l~3 ) ]+ ,~ -~ -GlcpNAc-o l ( l - . 2 ) -~ -Ga~f -u(1~2~- [~ -~a~f -  
p(1-.3)]-~-Ga1(70% of the carbohydrate  chains)  for B. cellulos- 
olvens  (where + means present; and - means not  present).  The 
minor  components  comprised  partial  structures of the major 
components,  missing  one or more terminal monosaccharide 
unit(s)  (Table I). 

Since for both  species the aforementioned  oligosaccharides 
could be released  by alkaline borohydride treatment as alditols, 
0-glycosidic  linkages  to  the  peptide  backbones  were  suggested. 
In this report, data are presented with respect  to the nature of 
the monosaccharides and amino  acids  involved  in the carbohy- 
drate-peptide  linkage and the nature of the  glycosylated  pep- 
tide backbone of these  glycoproteins. 

EXPERIMENTAL  PROCEDURES 
Isolation of Cellulase Complex-The extracellular cellulase com- 

plexes  from C. thermocellum YS and B. cellulosolvens  NRCC  2944  were 
isolated as reported elsewhere (4-6). 

Pronase Digestion-A sample (50 mg/lO ml) of the desired cellulase 
complex  was  dissolved in 0.1 M Tris-HC1  buffer, pH 7.6, containing 5 m~ 
CaClZ. Portions of 2 mg  of Pronase (Streptomyces griseus, Boehringer 
Mannheim) were added at 0, 6, 24, and 48 h,  and  the incubation was 
carried out for 62 h at 40  “C under Nz. After heat inactivation of pro- 
teolytic activity (3 min at 100 “C), the solution was centrifuged, and the 
supernatant was passed through a Bio-Gel P-4  column (95 x 1.5 cm, 
200-400 mesh, Bio-Rad) using water as eluent (15 ml/h). The eluate 
was monitored by refractive index detection and by  hexose determina- 
tion with a phenoVsulfuric  acid assay (7). Carbohydrate-positive frac- 
tions were pooled and lyophilized. The residue was taken up in  5 ml of 
0.1 M Tris-HC1  buffer, pH 7.6, containing 5 nm CaC12, and the Pronase 
digestiodgel filtration procedure  was repeated twice. 

Fast Protein Liquid Chromatography-Glycopeptide material was 
fractionated on a Superose 12 column (30 x 1.4 cm, Pharmacia LKB 
Biotechnology  Inc.  FPLC system), using 0.1 M ammonium bicarbonate, 
pH 7.8, as eluent, and  a flow rate of 0.5 mVmin with UV detection at 214 
nm. 

Monosaccharide  Analysis-Monosaccharide  composition and carbo- 
hydrate content determinations were carried out by gas-liquid chroma- 
tography on a capillary WCOT SE-30 fused  silica  column (25 m x 0.32 
mm, Pierce Chemical  Co.). Trimethylsilylated methyl glycosides  were 
prepared by methanolysis (1.0 M methanolic HC1,  24 h,  85 “C), 
N-reacetylation, and trimethylsilylation (8). 

Amino  Acid  Analysis-Samples  (50-100 pg) were  hydrolyzed with 
6.0 M HCl  for  22 h at 110  “C under Nz. Amino acid analyses were 
performed on an LKB 4151 Alpha Plus amino  acid analyzer using a 
five-buffer lithium citrate system (9). 

Methylation  Analysis-Permethylation was accomplished essentially 
as previously  described (10). Each glycopeptide sample (50 pg) was 

glucopyranosamine;  Galp, galactopyranose; Galf, galactofuranose; 
FPLC, fast protein liquid chromatography; GPct,  glycopeptide fraction 
from C. thermocellum  cellulosome;  GPbc,  glycopeptide fraction from B. 
cellulosolvens  cellulosome. 
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TABLE I 
0-Linked glycoprotein carbohydrates in the cellulase complexes of 

C. thermocellum and B. cellulosolvens 

Structure percentage 
Molar 

C. thermocellum 
3-O-Me-~-GlcpNAc-a(l-*Z)-[~-Galp-a(1-3)]- 

~-GlcpNAc-a(l~Z)-[~-Galp-a(1~3)1-~-Galf- 

o-GlcpNAc-a(ljZ)-o-Galf-a(ljZ)-D-Gal 
3-0-Me-~-GlcpNAc-a(l~Z)-~-Galf-a(lj2)-~-Gal 

D-Galf-a(l-.Z)-D-GaI 
D-Galp-P(1+4)-D-Galpa - 
D-Gal 

D-Galf-a(l-t3)-oGlcpNAc-a(ljZ)-D-Galf-a(1~2)- 

o-GIcDNAc-a(l-,Z)-o-Galf-a(1-,2)-I~-Galf- 

D-Galf-a(l-Z)-D-Gal 

a(l+Z)-n-Gal 

B. cellulosoluens 

b-Galf-p(l-3)I-D-Gal 

45 

13 

5 
<5 
12 

- 10 
12 

24 

46 

8 

D-Galf-a(l+Z)-D-Gal 1 
D-Gal 7 

a This disaccharide was  found  only in the cell-free  cellulosome of C. 
thermocellum YS and is split off only after  a second alkaline borohy- 
dride treatment (1). 

dissolved in 0.1 ml of methyl sulfoxide using ultrasonication for 20 min 
a t  40 "C. Fresh finely powdered  NaOH (-1.5 mg) was added under an 
inert atmosphere, and the mixture was sonicated for 1 h at  room tem- 
perature. After cooling to 0 "C, 0.2 ml of methyl iodide was added, and 
the sonication was continued for 1 h at  a  temperature not exceeding 
20 "C. Then, 1 ml of water containing a few crystals of sodium thiosul- 
fate was added, and the methylated product was isolated by extraction 
with chloroform (3 x 0.5 ml). The organic phase was washed with water 
(5 x 0.5 ml) and evaporated under a  stream of Nz. The residue was 
hydrolyzed with 4 M trifluoroacetic acid  (0.2 ml, 4  h, 100 " 0 ,  and, after 
co-evaporation with methanol, the obtained mixture of partially meth- 
ylated monosaccharides was  reduced  with 1 mg of NaB2H4 in 0.1 ml of 
water (2  h at room temperature). After addition of acetic acid (-10 pl), 
the sample was acetylated with 0.1 ml of acetic anhydriddpyridine (1:l. 
v/v)  for  30 min at 100 "C. The solvent was evaporated in a gentle stream 
of  N, with intermediate addition of toluene, and  the residue was dis- 
solved in dichloromethane. The partially methylated alditol acetates 
were analyzed by gas-liquid chromatography/mass spectrometry using 
a Carlo Erba GC/Kratos MS 80/Kratos DS 55 system as described else- 
where (1). 

Deglycosylation of Glycopeptides-Glycopeptide samples (100 pg) 
were treated with 1 ml  of 0.1 M NaOH, containing 1 M NaBH,  for  48 h 
or 62 h at 37 "C under Nz. The solution was adjusted to pH 6.0 with 4 
M acetic acid and concentrated. After  removal of boric  acid by  co-evapo- 
ration with methanol, the residue was fractionated on a Bio-Gel P-2 
column (45 x 1 cm), using water as eluent, and the void  volume fraction 
containing the (g1yco)peptide material was  lyophilized. 

0-Acyl Group  Determination-A  colorimetric 0-acyl group microas- 
say was performed essentially as previously  described (11). Glycopep- 
tide samples (50 pg/40 pl water) were added to 40 pl of alkaline hy- 
droxylamine (0.35 M hydroxylamine  hydrochloride,  2.5 M ammonium 
hydroxide,  1:1,  v/v). In each case the mixture was shaken and allowed 
to react for 10 min at  room temperature. Then, 40 pl of 0.74 M perchloric 
acid was added and, after shaking, 20 pl of 0.07 M ferric perchlorate in 
0.4 M perchloric  acid. The optical density was determined at  520 nm. 
Galactose penta-acetate (10  pg/40 pl water)  and ethyl acetate (5 II~M in 
methanovwater (l:l, v/v)) were used as positive controls. 

Periodate Oxidation-Glycopeptide samples (100 pg) were  dissolved 
in 0.5 ml of 0.1 M sodium acetate buffer,  pH 5.5, containing 8 nm NaIO,, 
and kept for 48 h at 5 "C in  the dark. The excess of periodate was 
destroyed with 2 pl of ethylene glycol, and  after 16 h at 5 "C, 0.5 ml  of 
0.2 M NaOH and 10  mg  NaBH, were added. The resulting solution was 
kept for 6  h at room temperature,  then adjusted to  pH  6.0 with 4 M acetic 
acid, and concentrated. After  removal of boric  acid by co-evaporation 
with methanol, the residue was desalted on a Bio-Gel P-2  column (45 x 
1 cm), using water as eluent, followed  by lyophilization. 
'H NMR Spectroscopy-Glycopeptide samples (100-500 pg) were re- 

peatedly exchanged in 2Hz0 (99.96 atom % ,H, MSD Isotopes) with 
intermediate lyophilization. Resolution-enhanced 300- and 500-MHz 'H 
NMR spectra were  recorded as described elsewhere (1-3). 

RESULTS 

The cellulosomes of both C. thermocellum and B. cellulosol- 
uens are very stable multicomponent  enzyme complexes. So 
far,  it  has not been possible to  separate  under mild conditions 
the complexes into  their component parts,  due to the cohesive 
nature  and extensive  aggregation of the cellulosome (6, 12- 
16). In  this  regard,  rather  harsh conditions, i.e. SDS treat- 
ment at elevated temperature combined with  electro-elution 
from SDS-polyacrylamide  gel  electrophoresis gels, were re- 
quired  to  isolate minor amounts of the  S1 glycoprotein sub- 
unit from the cellulosome of C. thermocellum (15). In  the case 
of B. cellulosolvens, all efforts failed to  obtain purified samples 
of the glycoprotein component from its cellulosome-like entity. 
Facing such difficulties in purifying  individual cellulosomal 
components, it  may be evident  that  the aimed study on the 
nature of the carbohydrate-peptide region in  the cellulosomal 
glycoproteins could not be carried  out on the level of specific 
glycopeptides generated from purified glycoproteins. There- 
fore, it  was decided to  use  the complete cellulase complex of 
each  bacterial species for the  preparation of glycopeptide ma- 
terial. 

C. thermocellum-A triple  Pronase digestion of the C. ther- 
mocellum cellulase complex (cellulosome), with  intermediate 
fractionation on Bio-Gel P-4, yielded a carbohydrate-contain- 
ing product  (GPct), eluting  in  the void volume, which was  not 
further  degradable with Pronase  (carbohydrate  and  amino 
acid analyses,  data  not shown). Fractionation of GPct by 
FPLC on Superose 12 afforded a major glycopeptide fraction 
GPctl (Fig. lA). It should be noted that  the  native cellu- 
losomes elute  as a sharp peak  in the void volume on the  same 
column. 

Monosaccharide analysis of GPctl (Table II),  having a car- 
bohydrate  content of 70% (w/w), revealed the presence of Gal, 
3-0-Me-GlcNAc and GlcNAc, in a molar ratio  essentially iden- 
tical to  that of the cellulosome and of the  S1  subunit, suggest- 
ing  that  the  earlier reported oligosaccharide heterogeneity (1, 
2)  is also present  in  the isolated glycopeptide fraction. In Table 
111, the amino acid analysis  data of GPctl (Fig. 2A, a) are 
shown, together  with  the  amino acid composition of the cellu- 
losome and  the S1 subunit glycoprotein. Threonine (37%, w/w) 
was the major constituent of GPctl, together  with  proline (25%, 
w/w). Serine  was only present  in a minor amount (4%, w/w). 

""I I 

6 i2 
ELUTION VOLUME (ml) 

6 i2 
ELUTlON  VOLUME (ml) 

fractions GPct (A) and  GPbc (B) .  The column  (30 x 1.4  cm)  was 
FIG. 1. F'PLC elution  profde  on  Superose 12 of glycopeptide 

eluted with 0.1 M ammonium bicarbonate, pH  7.8, a t  a flow rate of 0.5 

indicated was isolated. 
rnllmin. The eluate was  monitored at 214 nm. In each case, the fraction 
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TABLE I1 
Carbohydrate content and composition of the C. thermocellum and B. cellulosoluens cellulase complexes and derived  samples 

Molar ratio" 

C. thermocellum B. cellulosoluens Monosaccharide 
Cellulase 
complex s1 GPctl GPbc GPbcl Cellulase 

complex 

Gal 
3-0-Me-GlcNAc 
GlcNAc 

6.3 
1.0 
0.3 

6.0 
1.0 
0.5 

6.5 
1.0 

4.4  4.1  4.0 

0.3 1.0 1.0  1.0 
Content (%, w/w) 7 15 70 4.5 ND 65 

a 3-0-Me-GlcNAc (C. thermocellum) or GlcNAc (B.  cellulosoluens) taken  as 1.0. 
Not determined. 

TABLE I11 
Amino  acid composition of the C. thermocellum and B. cellulosoluens cellulase complexes and  derived  samples  (residuesl100) 

C. thermocellum €3. cellulosoluens 
Amino acid Cellulase 

comolex SI GPctl GPctU62" GPbcl G P b ~ 1 / 4 8 ~  Cellulase 
comolex 

A S X  
Thr 
Ser 
Glx 
Pro 
GlY 
Ala 
Val 
Met 
Ile 
Leu 
Tyr 
Phe 
LYS 
His 
k g  
?h, 

3.0 
NDd ND 

2.2 

13.0 
7.8 

13.3 
9.0 

5.6  5.8 
9.7  8.1 
8.2 
9.1 

7.5 
10.3 

7.6 7.9 
7.7 10.5 
0.5  0.1 
6.1 6.7 

4.2 
6.1  4.3 

2.6 
4.5  5.3 
5.7 5.5 
1.1  0.3 

37.5 
11.0 

4.0 
4.1 

24.6 
1.2 
4.1 
6.9 

1.6 
+ 

0.7 

ND 

- 
18.3 
9.1 
5.0 
7.4 

24.2 
6.0 
6.7 
5.2 

1.2 
0.5 

1.1 

ND 

.~~~~ = - - - ~  

12.3 
7.2 

10.3 
6.3 

5.1 
8.6 
8.3 
7.1 
1.4 
6.2 
6.7 
3.8 
3.6 
8.5 
1.0 

ND 
2.7 

26.3 
5.7 

8.1 
2.6 

23.5 
4.5 
5.2 
6.3 

0.8 
1.8 
0.5 

6.4 

ND 

16.6 
6.8 

3.8 
3.7 

25.4 
4.2 

10.3 
6.1 

1.0 
1.8 
0.4 

6.3 

ND 
cys ND ND ND ND ND ND ND 

GlcNH2' 
a-Aminobutyric acid + 

0.2 0.6 4.3 15.3  0.4  8.3  13.6 

GPctU62  means  GPctl  treated for 62 h with  alkaline  borohydride. 
* GPbc1/48 means  GPbcl  treated for 48 h with  alkaline  borohydride. 

a-Aminobutyric  acid and GlcNHz elute  in a common peak  and  the recorded values  reflect the uncorrected sum of the two residues. 
Not determined. 

To estimate  the  amino  acid(s) involved in  the glycan-peptide 
linkage,  GPctl  was subjected to  alkaline borohydride treat- 
ment. Usually, deglycosylations are performed for 48 h,  but 
even after 62 h the deglycosylation was found to be incomplete, 
as monitored by monosaccharide analysis. After alkaline boro- 
hydride  treatment for 62 h,  the corresponding Bio-Gel P-2 void 
volume peptide  fraction had a carbohydrate content of  20% 
(w/w), indicating  that deglycosylation had proceeded to  about 
70% completion. As compared to  the monosaccharide composi- 
tion of GPctl,  the  partially deglycosylated fraction,  denoted 
GPct1/62, showed a relatively increased  amount of galactose. 
This observation fits  the  earlier finding (1) that, besides a non- 
preferential  release of the collection of carbohydrate  chains 
discussed in  this paper, the  unique  carbohydrate  chain Galp- 
P(1+4)-Galp (see Table I) is  not released at all during a single 
alkaline borohydride treatment. Amino acid analysis of 
GPct1/62 (Fig. 2 A ,  b )  showed that more than 70% of Thr  was 
converted into a-aminobutyric acid (Table 111). The  other  amino 
acids  did not show significant  changes, and evidently no serine 
was converted into  alanine. From the  carbohydrate  and amino 
acid analysis  data,  it could be calculated that  the  carbohydrate 
part  and  Thr occur in a near-equimolar ratio. Based on the 
various  findings, it can  be concluded that  in  the  native  material 
the  carbohydrate  part  is glycosidically linked  to  the hydroxyl 
function of threonine. 

To get information on the  ring form of the galactose residue 
involved in  the linkage to  Thr  (see Fig. 3A, major carbohy- 
drate moiety), GPctl  was subjected to periodate  oxidation, fol- 

lowed  by reduction. Monosaccharide analysis of the degraded 
material showed the presence of only arabinose  and  3-0-Me- 
GlcNAc (Fig. 4A), but because of the heterogeneity of the car- 
bohydrate  chains linked to  Thr,  quantification is not reliable. 
Therefore, at this  stage a discrimination  between  Galp and 
Galf was not possible. Subsequently, the degraded material 
was  treated  with  alkaline borohydride (1). Monosaccharide 
analysis of the released carbohydrate revealed the presence of 
arabinose  and 3-O0-Me-G1cNAc, but no arabinitol could be de- 
tected,  indicating  that  the Thr-linked  galactose residue  in  the 
native  material  has  the pyranose ring form. Methylation anal- 
ysis of GPctl  demonstrated  that, besides  2,3,4,6-tetra-O- 
methyl-1,5-di-O-acetylgalactitol, 5,6-di-O-methyl-1,2,3,4-tetra- 
0-acetylgalactitol,  and 2-(N-methyl)acetamido-2-deoxy-3,4,6- 
tri-O-methyl-l,5-di-O-acetylglucitol, also  3,4,6-tri-O-methyl- 
1,2,5-tri-O-acetylgalactitol was present,  thus  supporting  this 
conclusion. 

The 300-MHz lH NMR spectrum at 300 K of GPctl showed 
the presence of  NAc and OCH3 signals at 6 2.09 and 6 3.53, 
respectively. In  spite of the  appearance of broad  resonances in 
the anomeric  region, a relatively intense  signal at 6 5.08 was 
observed, and it is suggested that  this  signal  stems from the 
H-1  atom of threonine-bound  a-galactopyranose. Temperature 
elevation to  343 K did not give any  spectral improvement. No 
indications  were  obtained for the presence of 0-acyl groups, in 
agreement with colorimetric studies (11, 17). 

B. cellulosoluens-The cellulase complex of B. cellulosoluens 
was subjected to  a triple  Pronase digestion  with intermediate 
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a 
? 

(GlcNH2) 
a-Ab. 

b 

w a-Ab. 

FIG. 2. Relevant  part of the  amino  acid  analysis of (partially) 
deglycosylated  glycopeptide  fractions  derived  from C. thermo- 
cellum (A) and E. celluloeolvens ( E )  cellulase  complex. A, fraction 
GPctl (a); GPct1/62, fraction GPctl, partially deglycosylated by alka- 
line borohydride treatment for 62 h (b);  B,  fraction GPbcl (a); GPbcV48, 
fraction GPbcl, partially deglycosylated by alkaline borohydride treat- 
ment for 48 h ( b ) .  Note that a-aminobutyric acid (a-Aba) and glucosa- 
mine (G1cNH.J have identical elution volumes under the conditions 
used. 

A B 

/- ?OH r .o. 

no a OW 
I 

N U C  . 
Ht-7 
"; HO O a 0  

AHA< 

in C. thennocellum cellulase  complex (A) and  pentasaccharide 
FIG. 3. Schematic presentation of the 0-linked tetrasaccharide 

in E. cellulosolvens cellulase  complex ( B )  to  illustrate  the  effect 
of periodate  oxidation  in  case  an  amino-acid-bound  galactofu- 
ranose  or a galactopyranose is expected. (-1 Linkages sensitive to  
periodate oxidation. In both species, a pyranose ring was demonstrated 
(see text). 

fractionation on Bio-Gel P-4,  ultimately affording a carbohy- 
drate-positive void volume fraction GPbc, which was  not fur- 
ther  degradable with Pronase  (carbohydrate  and  amino acid 
analyses,  data  not shown).  Monosaccharide analysis of GPbc 
showed a molar  ratio for Gal  and GlcNAc, quite  similar  to that 
of the  cellulase complex (Table 11). GPbc was  subfractionated by 
FPLC on Superose  12 (Fig. B), yielding  fraction GPbcl. 

Monosaccharide analysis of GPbcl (Table II), having a car- 
bohydrate  content of 65% (w/w), showed a GaVGlcNAc  compo- 
sition,  essentially  identical  to that of the cellulase complex in 
this bacterium. Consequently, in  parallel  to  the  results ob- 
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TIME (MM) 
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C. thennocellum glycopeptide  GPctl (A) and E. cellulosolvens 
FIG. 4. Monosaccharide  analysis of periodate  treateareduced 

glycopeptide  GPbcl ( E ) .  

tained for C. thermocellurn, this  suggests that the  earlier re- 
ported oligosaccharide heterogeneity (3) also occurs in  the iso- 
lated glycopeptide fraction GPbcl.  In Table 111, the  amino acid 
analysis  data of GPbcl (Fig. 2 B ,  a) are shown, together  with  the 
amino acid composition of the cellulase complex. Threonine 
(26%, w/w) was  the  major  constituent of GPbcl,  together  with 
proline (24%, w/w) and  serine (8%, w/w). Similar  to  the case of 
glycopeptide fraction  GPctl from the cellulosome of C. thermo- 
cellum, the  high proline content of the glycopeptides should  be 
noted. 

To obtain  direct evidence  for the  amino  acid(s) involved in  the 
carbohydrate-peptide  linkage,  the glycopeptide fraction GPbcl 
was subjected to  alkaline borohydride treatment (48 h). Mono- 
saccharide  analysis of the Bio-Gel P-2 void volume peptide 
fraction  showed that the deglycosylation had proceeded to 
about 50% completion. The monosaccharide composition of the 
partially deglycosylated glycopeptide fraction, denoted GPbcll 
48, was  similar to that of the  starting  material  GPbcl,  indicat- 
ing a non-preferential  release of the carbohydrate  chains  dur- 
ing  alkaline borohydride treatment. Amino acid analysis (Fig. 
2 B ,  b ,  Table 111) demonstrated that about 40%  of threonine  was 
converted into  a-aminobutyric acid, and  about 50% of serine 
into  alanine,  indicating that both hydroxyamino acids  are gly- 
cosylated. In view of the possible incompleteness of the carbo- 
hydrate  release, a definite conclusion cannot be drawn  with 
respect  to  the  percentage of glycosylation. Note that threonine 
is present at levels  3-4-fold those of serine.  Other  amino  acids 
did  not show significant  changes  after  partial deglycosylation. 

To get definite information on the  ring form of the galactose 
residue involved in  the linkage  to  Thr/Ser (see Fig. 3B, major 
carbohydrate moiety), GPbcl  was subjected to  periodate oxida- 
tion, followed  by reduction. Monosaccharide analysis of the 
degraded  material showed arabinose,  Gal,  and GlcNAc (Fig. 
a), indicating that the  Thr/Ser-linked galactose residue  in 
the  native  material  has  the  pyranose  ring form. Methylation 
analysis of GPbcl  demonstrated that besides 2,3,5,6-tetra-O- 
methyl-l,4-di-O-acetylgalactitol, 3,5,6-tri-O-methyl-l,2,4-tri- 
0-acetylgalactitol, 2-(N-methyl)acetamido-2-deoxy-4,6-di- 
O-methyl-l,3,5-tri-O-acetylglucitol, and  2-(N-methyl)acet- 
amido-2-deoxy-3,4,6-tri-O-methyl-l,5-di-O-acetylglucitol, also 
4,6-di-O-methyl-1,2,3,5-tetra-O-acetylgalactitol was  present, 
supporting  this conclusion. 

The 500-MHz lH NMR spectrum at 300 K of GPbcl showed 
in  the  anomeric region a number of broad resonances, which 
could be related  with  the 'H NMR data of the  isolated oligo- 
saccharide-alditols  previously reported (3). In  addition,  an ano- 
meric signal at 6 4.97 was observed with a coupling constant of 
-3.5 Hz. The homonuclear Hartmann-Hahn cross-peaks with 
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this signal suggest a galactose residue, and  it is proposed that 
this residue represents the Thr/Ser-bound galactopyranose in 
a-configuration. 0-Acyl groups could not be detected, support- 
ing data from  colorimetric determinations (11, 17). 

DISCUSSION 

Previously,  evidence was reported which indicated the pres- 
ence of glycosylated  polypeptide chains in the cellulase com- 
plexes of C. thermocellum and B. cellulosoluens (5,6). In recent 
structural  studies (1-3) it was shown that  the oligosaccharides 
can be released by alkaline borohydride treatment of the cel- 
lulase complexes but the glycoprotein-containing material 
turned out to be resistant to treatment with peptide-N4-(N- 
acetyl-P-glucosaminy1)asparagine amidase F (EC 3.5.1.52). 
Based on these findings, it was suggested that  the carbohy- 
drates were originally linked to the polypeptide  backbone  via 
an alkali-labile 0-glycosidic  bond  (1-3). Furthermore, it was 
found that  the series of oligosaccharide-alditols, derived from 
the cellulase complexes of the two bacterial species, have a 
striking similarity with respect to  the core structure  (3). 

Using a glycopeptide fraction, it  has now been demonstrated 
that  the oligosaccharides in the cellulosome of C. thermocellum 
are 0-glycosidically linked via galactopyranose to threonine. In 
a  similar way, investigation of a glycopeptide fraction from the 
cellulase complex of B. cellulosolvens has shown that  the oligo- 
saccharides are 0-glycosidically  bound  via galactopyranose 
mainly to threonine and to a small extent to serine. In both 
bacterial species the hydroxyamino  acid-bound galactopyra- 
nose has probably a-configuration. The difference in chemical 
shifts between the anomeric signals of the hydroxyamino acid- 
bound  Gal residue in  the C. thermocellum and B. cellulosoluens 
preparations is probably due to an influence of the peptide part 
of the species-specific  glycopeptide, as  has been  observed ear- 
lier for the anomeric signal of the asparagine-bound GlcNAc 
residue in N-linked glycopeptides (18). 

A Gal-SedThr) linkage has  first been reported to occur in 
peptides from the cuticle collagen of the earthworm Lubrzcus 
terrestris (19). Also, in  the plant glycoproteins extensin (20) and 
potato lectin (21) this glycan-peptide linkage was found. Only 
for potato lectin the galactose residue was demonstrated to 
occur in the a-pyranose ring form,  based on its sensitivity to 
exo-a-galactosidase. The S-layer glycoproteins of the archae- 
bacteria Halobacterium  halobium (22) and Haloferax Volcanii 
(23) contain Glcp-(l+2)-Galp linked to threonine residues. 
However, the anomeric configuration has not  been clarified. 

As evident from  monosaccharide analysis, the C. thermocel- 
lum glycopeptide fraction corresponds with the, S1 glycoprotein 
subunit. The glycopeptide fraction contained in  total more than 
60%  (w/w) Thr  and Pro, suggesting that  the 0-linked carbohy- 
drate chains in  the 210-kDa  glycoprotein  may appear  as  a 
cluster in  a highly ThrPro rich peptide region in which the 
majority of the  Thr residues appear to be glycosylated. The 
glycoprotein material of B. cellulosoluens also seems to have 
highly glycosylated ThrPro peptide regions. The occurrence of 
ThrPro regions have also been reported for a number of cellu- 
lases and xylanases from C. thermocellum and  other bacterial 
species. In  the case of Cellulomonas fimi, two extracellular 
endoglucanases turned out to be glycoproteins, having ThrPro 
rich regions  for  which an 0-glycosylation was suggested (24- 
26). Likewise, endoglucanases produced by Bacteroides succi- 
nogenes (27), Thermonospora  fusca (281, and Pseudomonas 
fluorescens ssp. cellulosa (29) also contain a domain rich in Pro 
and 0-glycosylated hydroxyamino acids. For endoglucanases 
from C. thermocellum, obtained via  gene expression in Esch- 

erichia coli, the presence of a conserved ThrPro region was 
demonstrated by sequence analysis (30, 31). 

Thr/Pro-containing peptide regions generally serve as linker 
sequences which  connect discrete cellulose-binding domains 
and catalytic domains of glucanases (32). Recent  cloning of 
portions of the noncatalytic S1 subunit from C. thermocellum 
has demonstrated similar ThrPro-rich regions which interlink 
a principal cellulose-binding domain and several subunit-bind- 
ing domains (33,34). The results presented here, together with 
the sequence data  (33,34), indicate that these linker sequences 
are  the major sites of glycosylation in  the cellulosome. The 
striking similarities in  the  nature and position of the carbohy- 
drate moieties in two such unrelated, genetically distinct cel- 
lulolytic  microorganisms  may  imply similar structural ele- 
ments in the composition of the carrier protein and  a common 
important functional role in cellulolysis. 
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