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Abstract 

A combined structural and functional model of the catalytic region of cellulose synthase is presented as a prOlotype for the action 
of processive B-glycosyltransferases and other glyeosyltransferases. A 285 amino acid segment of the Acelobocler "ylinW/1 cellulose 
synthase containlllg all the conserved residues 111 the globular region was subjecttd to protein modelJng using the genetic algorilhm. 
This region folds into a single large domain \\-ilh it topology exhibiting a mi~cd alpha/beta structure. The predicted structure serves 
as a topologIcal outline for the structure of thIS pro(c,sive l3-g1ycosyltransferase. By incorporating new site-dIrected mutagenesis 
data and comparative analysIs of the conserved aspartic acid residues and the QXXRW motif we deduce a number of functional 
implications based on the structure. This includes location of the UDP-glucose substrate-binding cavity, suggestions for the cata­
lytIC processi ng Including positions of conserved and catalytic residues, secondary struclure arrangement and domain organization. 
Comparisons to cellulose synthases from higher plants (genetic algorithm based model for cotton CeiA I). data [rolll neural network 
predictions (PHD). and to the recently experimentally determined structures of the non-processive SpsA and ~4-gaJactosyl­

transferase retest and further validate om structure·funclion description of this glycosyltransferase, 1) 200 I Published by Elsevier 
Science Ltd. All righls reserved. 

f"el'I1'ords Cellulose; Cellul(lse synthase. Acelof,{/cler.' \/rI!WI/; Glycosyllransferases; Genetic algOrIthm 

Contents 

1. lntroduction..... . , ,... ... ,	 1136 
1.1.	 Sequence relationship between cellulose synthases and other glycosyltransferases.......... . 1136
 
1.2.	 Functional analysis of conserved residues in cellulose synthase and other glycosyttransferases 1137 
1.3.	 Architecture of the active site of cellulose synthase: a structural model for the active-site region of 

processive ~-glycosyltransferases.................................. . 1140 
J .4.	 Relationship of the predicted structure of cellulose synthase with structures of other ~-glycosyltransferases 1142 
1.5.	 Possible mechanisms for synthesis of cellulose and other polysaccharides , 1144 

2. Significance	 , . ............................................................................. 1146
 

Acknowledgements .......	 , ,.. , 1146
 

References " ""	 , 1146 

.,	 Corresponding author. Tel.: + 1-512-471-3364; !'<IX ... 1-512·471-3573.
 
E-mail ([ddres.l· rmbrown(llTIail.ulexas.edu (R.M. Brown).
 

0031-9422/01/$ - see fronlmaller I; 2001 Published by Elsevier SCience Ltd. All right; reserved. 
Pll. S003 1-9422(01 )00048-6 



1136 1'11. 50\c/1(/ eJ al.! PlmochemislIl" 57 (2001 I 1135-1148 

1. Introduction 

Cellulose is an abundant polysaccharide produced 
most notably by plants and in varying degrees by several 
other organisms including algae, bacteria, social amoeba. 
and tunicates. The polymerization reaction is catalyzed 
by the enzyme cellulose synthase, a glycosyltransferase 
that uses UDP-glucose as the substrate. Most glycosyl­
transferases transfer monosaccharides from a nucleotide 
sLIgar donor Lo hydroxyl groups of acceptor carbohy­
dratt's. A glycosyltransferase may catalyze the transfer of 
a single sugar residue to an acceptor (non-processive) or 
transfer more than one sugar resid ue to the acceptor 
(processive). Glycosyltransferases exhibit specificity [or 
both the donor a nd the acceptor molecules and are 
involved in making a specific linkage (ct.- or ~-linkage) 

between specific atoms of the sugar and the acceptor 
molecule. Since each linkage is catalyzed by a specific 
glycosyltransferase, most compounds that either have 
different kinds of sugars and/or different linkages would 
require a number of glycosyltransferases for their 
synthesis. Alternatively, a single enzyme may recognize 
more than one sugar donor and catalyze more than one 
type of linkage (for example, hyaluronan synthase in the 
synthL'sis o[ hyalmonic acid). Based upon the linkage at 
the anomeric carbon, glyco~yltransferasescan be classi­
fied as retaining glycosyltransferases or inverting glyco­
sylt ransferases. Since the c,ltalytic mechanism in the two 
types (retention or inversion) of glycosyl transfer reac­
tions is different, it is generally believed that the two 
classes of glycosyltransferases would have dill"erent 
sequence and structure characteristics. 

The catalytic machinery of glycosyltransferases involves 
a general acid-base catalysis mechanism Lha t involves 
acidic residues (aspartate and/or glutamate) whose side 
chains have the property to act as the general base for 
acceptor activation or as the nucleopbile for formation of 
a glycnsyl-enzyme intcrmediate. These acidic residues 
are also involved in the catalytic mechanisms of glycosyl 
hydrolases where once again they act either as a general 
bas-: or as a nucleophi1e (Davies and Henrissat, 1995). 
Active sitc glutamate residues have also been shown to 
be essential [or the ADP-ribosyltransferase activity of 
certain bacterial toxins (Barth et al., 1998) as well as the 
glycosylphosphatidylinositol (GPT)-anchored and secre­
tory ADP-ribosyltransferases of eucaryotic cells (Oka­
zaki and Moss, 1998). The carboxylate group of an 
aspartic acid residue (Asp 100) in the active site ofT4 ~­
glucosyltransferase has been Shown to be in a position 
where it activates the 5-hydroxymethyl group on the 
DNA for nucleophilic attack on the glucose of the 
donor UDP-glucose (Morera et al, 1999). Enzymes that 
catalyze the different glycosyl transfer reactions and 
that use NDP-sugar as substrates were classified into 26 
families based upon sequence similarity (Campbell et 
at, 1997) and the list now includes 47 famiJ ies (htlp:/j 

afmb.cnrs-mrsJr/rvpedro/CAZY/gtfhtml). Family 2 S­
glycosyltransferases include both the processive and the 
non-processive enzymes. The processive enzymes (for 
example, cellulose synthase, chitin synthase, hyaluronan 
synthase, NodC protein) are generally membrane-pro­
teins that synthesize a polysaccharide/oligosaccharide 
chain. None of these proteins have been charackrized 
and compared structurally; however, the different pro­
teins arc related based on sequence characteristics (espe­
cially identification of putative catalytic residues).d1e 
presence of the conserved catalytic residues in members 
of the same glycosyllransferase family suggests that they 
catalyze glycosyl transfer reactions by similar mechan­
isms and in all likelihood have very similar active-site 
architecture. Processive glycosyltransferases stay attached 
to the growing end of a glucan chain, and tkre is con­
siderable interest in identifying the amino acid residues 
and the structure of the region that is involved in hold­
1l1g the glucan chain. 

Cellulose biosynthesis offers a simple and elegant sys­
tcm for studies on the synthesis of polysaccharides, espe­
cially as studied in the bacterium A. xy/inum. Although 
the detailed features of cellulose biosynthesis may not be 
common to the synthesis of other polysaccharides, the 
structure of the catalytic region of cellulose synthase and 
other glycosyltransferases may show some conserved fea­
ture:,. A prediction of the structure of the globular 
region of cdlulose synthase based on the a\ailable data 
will therefore be helpful in understanding the structure 
and function of glycosyltransferases, especially the pro­
cessive ~-glycosyltransferases. Moreover it will be 
important to confirm the relevance of the conserved 
residues in these glycosyltransferases and to determine 
their spatial relationship within the three-dimensional 
structure. More recently the structures of a few S-glyco­
syltransferases have been determined experimentally 
(Vrielink et aI., 1994; Charnock and Davies, 1999; Gas­
tine! et aI., 1999). Although these structures show some 
similarities. they also exhibit sufficient variations mak­
ing it all the more important to predict or determine the 
three-dimensional stnlcturcs of ,IS many glycosyl­
transferases for understanding the catalytic properties 
of this group of enzymes (Breton and Imberty, 1999). 

1. j. Sequence relationS/II]} Delll'eel1 cellulose synthases 
([JUI other glycos)'llral15jerases 

Genes for cellulose synthase were first cloned from the 
bacterium A. xylinum (Saxena et al., 1990; Wong et a!., 
1990). Sequence comparisons of the derived amino acid 
sequence of the bacterial cellulose synthase with other 
proteins revealed the presence of conserved aspartic acid 
residues and a QXXRW motif in the procc:ssive S-gly­
cosyltransferases (Saxena et aI., 1995). Since the catalytic 
machinery of glycosyltransferases is likely to involve resi­
dues whose side chains have the proper reactivity to act as 
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a general base or a nucleophile, the conserved aspartic 
acid residues are predicted to be involved in the catalytic 
reaction as acid-base catalysts. The QXXRW motif is 
present in all the processive 0-glycosyltransferases ana­
lyzed so far, and this sequence motif is believed to be 
involved in the processivity function of the enzyme, pos­
sibly required for holding the growing glycan chain in the 
active site. The '0, D, D35QXXRW' motif has also been 
identified in a large number of transmembrane proteins 
involved in the synthesis of a variety of polysaccharides/ 
oligosaccharides (Saxena and Brown, 1997). This motif 
is present in a large and contiguous globular region that 
is predicted to be localized in the cytoplasm. Apart from 
the identification of this motif in proteins whose [unc­
tions are known (for example, cellulose synthase, chitin 
synthase, hyaluronan synthase, NodC protein) this 
motif has been identified in a number of other sequences 
in the sequence databases. The precise function of a 
number of these proteins remains to be determined, as in 
the case of the E. coli YhjO polypeptide (Sofia et aI., 
1994) whose sequence is very similar to the sequence of 
the A. xylinul11 cellulose synthase. 

A substantial number of sequences identified in higher 
plants also contain the 'D, D, D35QXXRW' motif, and 
these proteins are characterized either as cellulose syn­
thase or cellulose synthase-like proteins (http:,',cell­
wal1.stanford.edu/cellwallj). In at least three reports, 
proteins with the '0, D, 035QXXRW' motif have been 
identified as cellulose synthases (CelAI, Rswl, and Irx3) 
based on experimental evidence (Pear et aI., 1996; Arioli 
et al., 1998; Taylor et aI., 1999). The globular region 
that contains the 'D, D, 035QXXRW' motif is much 
larger in these higher plant cellulose synthases (the 
globular region of CelA I and Rsw 1 is predicted to be 
534 and 538 amino acids in length, respectively) in 
comparison to the globular region of the A. xylinwn 
AcsAB cellulose synthase (285 amino acids). Analysis of 
the regions present between the three conserved aspartic 
acid residues and the QXXRW motif shows that while 

Table 1 
Cellulose synthase act.ivity in Ac('lbacler qli'lW" membrane rractlons 

Strain (plasmid) Ammo acid Cellulose 
substitution synthase specific 

actlvlt.y" 

AY41-34-895 (pIS311-9) none I i59.72 
AY4J -34-895 (pIS311-D188P) DI8SP 1.16 
AY4J-34-895 (pIS3! I-DI88N) DI88N 65.29 
AY41-34-895 (pIS311-D333R) D333R 346 
AY41-34-895 (pIS311-Q369M) Q369M 1.33 
AY41-34-895 (pIS311-R370Q) R370Q 203.15 
A Y41-34-895 (plS311-R370P) R370P 3.55 
AY41-34-895 (pIS311-R372A) R372A 5.19 

., Specific activity is defined as piCOlllOIeS or glucose incorporat.ed 
into alkali-insoluble product. per minute per milhgram protem. 

the number of amino acids between these residues is 
similar in the higher plant cellulose synthases, they differ 
from that of the A. xy/inul11 cellulose synthase which is 
much more similar to the cellulose synthase-like pro­
teins from higher plants and the E. coli YhjO polypep­
tide. 

1.2. Functional analysis 0/ conserved residues in 
cellulose synthase and other g/ycosyllrans(erases 

Although different numbers of amino acids may 
separate them, the conserved residues in cellulose syn­
tbases are predicted to be present at st~'ucturally similar 
positions in the active site. To determine th~ role of the 
conserved aspartic acid residues (D 189, 0236, and 
D333) and residues in the QXXRW motif (Q369, R370, 
V371, R372, and W373) of the A. xylinum cellulose 
synthase (AcsAB), we substituted the D 189, D236, 
D333, Q369, R370, and R372 residues with other amino 
acids using site-directed mutagenesis. Mutants of cellu­
lose synthase with the following non-conservative sub­
stitutions- D189Y, D236Y, D333R, Q369M, R370Q, 
R370P, and R372A were obtained and analyzed for in 
vitro cellulose synthase activity using A. xylinul11 mem­
brane preparations. The Dl89Y and D236Y mutations 
have been described earlier (Saxena and Brown, 1997) 
and the effect of the remaining mutations on cellulose 
synthase activity is shown in Table I. Apart from sub­
stitutions in these conserved positions and R370, we 
also obtained mutations in which the aspartic acid resi­
due at position 188 was replaced witb a more con­
servative (D 188N) and a non-conservative (D l88P) 
amino acid. As shown in Fig. 1, cellulose synthase activ­
ity in mutants with substitutions at the conserved posi­
tions D189, D236, D333, Q369, and R372 was barely 
detectable, suggesting that these residues are involved in 
the enzyme activity. Moreover, amino acid substitutions 
at the non-conserved positions (0188 and R370) adja­
cent to the conserved residues also led to a reduction in 
enzyme activity. The level of expression of the mutated 
cellulose synthase protein in the A. xylinul11 membrane 
preparations was examined by western blot analysis 
using antibody raised against the 93 kDa cellulose syn­
thase polypeptide (Chen and Brown, 1996). The 93 kDa 
cellulose synthase polypeptide was not detected by wes­
tern analysis in the A. xylinwn mutant strains AY41-34 
and A Y41 -34-895 (Fig. 2, lanes 1 and 2) (Saxena and 
Brown, 1995). AY41-34-895 was therefore used as the 
host strain for expression of the wild-type and mutant 
cellulose synthase genes cloned in the plasmid pRK3 11 
(Ditta et al.. 1985). The amount of cellulose synthase in 
strains expressing the wild-type protein, and the D 188P, 
o 188N, 0333R, Q369M, R370Q, R370P, and R372A 
substitutions was found to be at comparable levels as 
determined by western analysis (Fig. 2). Cellulose syn­
thase was also detected a t similar levels in a strain where 
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Fig. I. Etfect of amino acid substitutions on the A. xylinum cellulose synthase (AcsAB) actlVlty determined in vitro. 

20 -. ........
 

Fig. 2. Western blot analysis of membrane preparations of A. xylinum 
using anti-93 kDa antibody to detect the cellulose syntha;;e. Lanes 1 
and 2 contain membrane preparations from A. xylinlll11 strains AY41­
34 and AY4J-34-895 respectively. Lanes 3-6, and 8-12 contain mem­
brane preparations from A. xylinum AY 41-34-895 with plasmids 
expre"ing wild type cellulose synthase (lane 3), a chimcnc cellulose 
synthase in which the globular region of the A. xylinum AcsAB cellu­
lose synthase is replaced by a globular regIOn encoded by Arabldopsis 
rhaliana EST TS827 I (lane 4), and cellulose synthase with amino acid 
substitutions DJ88P (lane 5), DI88N (lane 6), D333R (lane 8), Q369M 
(lane 9), R370Q (lane 10). R370P (lane II), and R372A (lane 12). Lane 
7 contains the molecular weight markers. The cellulose synthase poly­
peptide fragment detected uSing the antl-93 kDa antibody is shown by 
an arrowhead. 

the A. xylinum AcsAB globular region was substituted 
with the globular region of an Arahidopsis thaLiana ~­

glycosyltransferase (Fig. 2, lane 4). 
Whether the conserved residues are involved as catalytic 

residues, in substrate-binding, in maintaining the archi­
tecture of the active site or in some other function has not 

been determined for the A. xylinwn cellulose synthase. 
Support for the idea that the conserved residues function 
in enzyme activity is also obtained from analysis of a few 
other glycosyltransferases (Fig. 3). Substrate-binding 
experiments done using a plasmid construct that 
expresses the globular region of the cotton CelA 1 cellu­
lose synthase in E. coli showed that the expressed pro­
tein bound to UDP-glucose (Pearet aI., 1996). However, 
when the N-terminal part that includes the first con­
served aspartic acid residue (corresponding to D 189 of 
the A. xylinum AcsAB protein) was missing from this 
protein, no UDP-glucose binding was observed. These 
observations suggest that this region, which includes the 
conserved aspartic acid residue, is essential for binding 
the substrate. Site-directed mutagenesis experiments 
using the chitin synthase 2 of yeast showed that the 
conserved aspartic acid residues and the conserved resi­
dues in the QXXRW motif are required for chitin syn­
thase activity (Nagahashi et ai, 1995). A conserved 
aspartic acid residue identified in the ~-glycosyl­

transferases also has been identified in a number of other 
glycosyltransferases, including the yeast ex-l,3-manno­
syltransferase (Mnn Ip) (Wiggins and M umo, 1998) and 
large clostridial cytotoxins (Busch et aI., 1998). This 
conserved aspartic acid residue is present in the DXD 
motif in a variety of glycosyltransferases, and the first 
aspartic acid in this motif corresponds to D236 of the A. 
xylinum cellulose synthase. In almost all cases the DXD 



f.M. SO\"c'J1a er a/.; PhyrochemtSlry 57 (200/) //35-/148 J139 

PROTEIN REGIONS 

1 2 3 4 

MOTIFS 

DXD QXXRW 

* * * * ** 
AcsAB 188 DDG 231 YILI?DCJHV 330 VTEDAH 366 HIGgRV~WAR 

CelAI DOG FILNLDCDHY VTC:DIL RLHQVLRWAL 

SacChs2 SDG VVTLVDVGTR LAEDRI FISgRRRWLN 

Mnnlp EFVFLDIDAI 

LT GGVYLDVDIL 

DDC FITFQDADDL 

Fig. 3. Proteins in ;VhlCh the wnserved residues identified in ~-glycosyltransferases (Saxena et aI., (995) hnve been nnalyzed by site-directed muta­
genesis- AcsAB, A. J.y/ilJU/l1 cellulose synthasc (Saxena and BrO\vn, 1997; this work); SacChs2, S. cerel'isiac chitin synthase 2 (Nagahnshi et al.. 
1995): Mnnlp, S. cerel'isiae Ct-J.3-mannosyltransferase (Wiggins and Munro, 1998); LT. C. sorde!lii lethal toxin (Busch et aI., 1998). KfiC, E. coli 
glycosyltransferase (Griiliths et aI., 1')')8), and by assaying a deleted globular region in which one of the conserved residues (conserved ,Ispartic acid 
in region l) is missing- CelA I, G. hirstl/wn cellulose synthase (Pear et al.. 1996). The regions in which these conserved residues are present <-Ind the 
motifs Identified l[1 these regions are indicated. Residue numbers are shown at the start of each amino acid segment for AcsAB. Asterisks indicate the 
conserved residues identified in the ~-glycosyltrans[erases. Residues analyzed by site-directed mutagenesis for each of the proteins are underlined. 
P"sitiolls in which suhstitutioll of the conserved residue resulted in loss of enzyme activity or substrate binding are indicated in bold. 

motif is flanked by four hydrophobic residues on the N­
terminal side, with the third of these often being an aro­
matic residue (Wiggins and M umo, 1998). Site-directed 
mutagenesis of the conserved aspartic acid residues and 
the flanking residues in Mnnlp showed that the aspartic 
acid residues are essential for a-I ,3-mannosyltransferase 
activity. Furthermore the aspartic acid residues in the 
DXD motif were shown to have no effect on protein 
multimerizalion, and were suggested to be involved in 
catalysis. Substitution of the aspartic acid residues in 
the DXD motif of the Clostridium sordellif lethal toxin 
(LT) led to a loss of the binding of the substrate UDP­
glucose, suggesting that these residues are important for 
UDP-glucose binding (Busch et aI., 1998). One possible 
function of the DXD motif in the ca talytic site could be 
in binding a metal ion that is used to coordinate the 
phosphates of the NDP-sugar in the active site. A DXD 
motif is also conserved in DNA po1ymerases where the 
aspartates are in the active site coordinating manganese 
and magnesium ions that hold the phosphates of the 
nucleotide triphosphate substrate (Pritchard and 
McHenry, 1999). 

Although three aspartic acid residues have been iden­
tified at conserved positions in the processive ~-glyco­
syltransferases, at present there is insufficient evidence to 
suggest which of these aspartic acid residues actually 
functions as a base during the catalytic reaction. Our pre­
diction that at least two glycosidic linkages are formed 
simultaneously or sequentially during the synthesis of cel­

lulose and a few other polysaccharides would require at 
least two aspartate residues to function as bases. There is 
only a single conserved aspartic acid residue in regions 3 
and 4 (Fig. 3) present in domain B of the processive ~­
glycosyltransferases and this aspartic acid residue pro b­
ably functions as a base. On the other hand, regions I 
and 2 (Fig. 3) present in domain A of both the processive 
and the non-processive ~-glycosyltransferases and a 
number of other proteins, contains two conserved aspar­
tic acid residues. The catalytic mechanism for glycosyl 
transfer wi th inversion of configuration requires a single 
base and so a single aspartic acid residue is sufficient for 
this function. However. where glycosyl transfer reaction 
takes place with retention of configuration, at least two 
amino acid residues are required, with one residue 
functioning as a nucleophile and the other as an acid/ 
base. Interestingly, two amino acid residues are con­
served in regions I and 2 of ~-glycosyltransferases,and 
only one conserved residue is observed in the other 
proteins, including the r:t.-1,3-mannosyltransferascs and 
a-I,3-fucosyltransferases. Moreover this conserved resi­
due present in region 2 is part of the DXD motif that has 
been identified in both r:t.- and ~- glycosyltransferases. 
The role of the aspartic acids in the DXD motif is sug­
gested to be in the binding of the NDP-sugar substrate. 
Therefore, the aspartic acid residue present in region 1 
of the ~-glycosyltransferases (Fig. 3) may function as a 
catalytic residue in this group ofenzymes. However, in the 
structure determined for the SpsA protein (Charnock 
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and Davies, 1999), the conserved aspartic acid residues 
that align with regions I and 2 of the ~-glycosyl­

transferases are shown to contact the UOP portion of 
the UDP-sugar donor (the nature of the sugar is not 
known at present). Furthermore, it is speculated that 
the aspartate that functions as a catalytic base resides 
about lOa residues C-terminal to the conserved aspar­
tate in region 2. This aspartate could be in a position 
similar to the aspartate prescnt in region 3 of the ~-gly­
cosyltransferases. However, there is no QXXRW motif 
in the SpsA sequence and not much sequence similarity 
in the C-terminal portion of SpsA and regions 3 and 4 
of the processive ~-glycosyltransferases. 

1.3. Architecture of lhe aClive site of cellulose synthase: 
a structural model for the aClive-site region of processive 
j3-glycosyltransjerases 

Cellulose synthase is a transmembrane protein that 
has not been sufficiently purified from any source for 
structural analysis. Since the conserved residues pre­
dicted to be involved in catalysis and processivity are 
present in a globular region, we have attempted to pre­
dict the folding of this region from the A. xylinuJ11 cel­
lulose synthase and determine if this structure is 
conserved in the other ~-glycosyltransferases. To this 
end, a 285 amino acid segment (residues 128 to 412 of 
AcsAB) which contained all the conserved amino acid 
residues in a globular region of cellulose synthase was 
subjected to modeling. A BLAST search of the PDB pro­
tein sequences database using the 285 amino acid segment 
of A. xylinum cellulose synthase as a query did not iden­
tify any significant sequence matches in the database, 
nar did, incidentally, the related sequences YhjO, 
CelAl, and Rsw I. Similarly, no structural relatives were 
found applying the PHD server (Rost and Sander, 
1996), iterative searches [PSI-BLAST (Altschul et al., 
1997)] or sequence-based three dimensional structural 
homology searches [sophisticated search techniques after 
Huynen et al. (1998), as well as the direct SCOP blast 
server (Hubbard et aI., 1999)]. Furthermore, there were 
no similarities to known domains using the latest ver­
sion of SMA RT (Schultz et aI., 1998) or ProOom 
(Carpet et al., 1998). 

In the absence of any structural information for 
modeling, we decided to obtain an ab initio model using 
the genetic algorithm (Dandekar and Argos, 1994). The 
algorithm evolves protein structure predictions in par­
allel in a computer evolution, recombining and selecting 
"fittest" structures according to basic protein building 
principles. These include heavy selection against struc­
tural clashes and globular packing and more complex 
ones such as cooperative growth of secondary structure 
and sheet formation. Detailed criteria for these and 
their respective selection weights have been described 
previously and validated on a test battery of 20 proteins 

with known structure and a wide range of topologies, 
yielding correct topology predictions and an average 
RMSD error of 4-6 A (Dandekar and Argos, 1996). As 
an additional structure selection criterion derived from 
experimental data (see Dandekar and Argos, 1997 for 
such selection parameters), catalytic aspartic acid resi­
dues were rewarded when being close together. The 
combination of experimental data with the genetic algo­
rithm model has previously been shown to be an effective 
modeling tool including blind tests for topology 
description and prediction (Dandekar and Leippe, 1997; 
Saxena et aI., 1997; Tribble et aI., 2000). The algorithm 
folded the region of the cellulose synthase starting from 
sequence and secondary structure (using several avail­
able standard packages for secondary structure predic­
tion) with the assumption that it has a globular solution 
structure and is an independent folding unit. The fittest 
and also the topologically most satisfying structure 
obtained from all the simulations is shown in Fig. 4a. 
The less fit structures had similar topologies but were not 
packed as well. The dimensions of the predicted structure 
of the globular region of the A. xylinum cellulose syn­
thase are roughly 60 x 60 x 70 A(less than half of this 
box is filled by the protein) and the topology of the fol­
ded structure shows 10 strands and 8 alpha-helices 
(Fig. 4b). The globular region has a mixed topology of 
beta-strands and alpha-helices (Table 2) and does not 
exhibit a true alpha-beta barrel as observed in the 
structure of some other proteins. As seen in Fig. 4a and 
b, the helices and strands in the globular region of cel­
lulose synthase as predicted by the genetic algorithm do 
not alternate regularly and are interrupted by long loop 
regions. Note that the exact arrangement of the strands is 
only roughly indicated by the algorithm and has not been 
refined further (Fig. 4a and b). However the topological 
sketch is sufficient to indicate and compare their overall 
connectivity and arrangement (Fig. 6). In a similar way, 
the nucleotide-binding fold is delineated, but the arrange­
ment of strands is again only approximately given. 

The predicted structure of the globular region of the 
A. xy/inu/11 cellulose synthase shows the presence of a 
central cavity between the conserved aspartic acid resi­
dues. The distances between the conserved aspartic acid 
residues are estimated to be 20 A between D 189 and 
D236, 7 Abetween D 189 and D333, and 18 Abetween 
0236 and D333. From these estimates, the central, 
elongated cavity can accommodate two UDP-glucose 
residues (each UDP-glucose residue having a dimension 
of about 8 A) as shown in Fig. 4c and predicted in the 
model for cellulose biosynthesis (Saxena et aI., 1995). 
We note that a suitable cavity size to accommodate the 
UDP-glucose was by no means predefined by the selec­
tion criteria. For instance, having the three catalytic 
residues maximally close together would have satisfied 
best the additional structure selection criterion. However, 
optimizing among all selection criteria by the genetic 
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algorithm achieved, nevertheless, the correct, suitable present in a region close to the central cavity that is 
cavity size, indicating one internal control for the predic­ believed to be the catalytic pocket. Our model suggests 
tion. Moreover, the residues in the QXXRW motif are that helix H6 with the conserved aspartate D333 is 

(a) 

Fig. 4. (a) A ribbon model of the globular region (amino acid residues 128-412) of the A. xylinw11 cellulose synthase (AcsAB) as determined by 
genetic algorithm. Helical regions are indicated as such. The chain trace of the 285 amino aCid globular region is shown starting from cyan (AcsAB 
residues 128-227) to gold (AcsAB residues 228-327) and grey (AcsAB residues 328-4(2). The catalytic aspartic acid residues are labeled and shown 
in red and spaccfill representation. The QRVRW conserved motif is shown in green and spacefill. The model was drawn using the program Rasmol 
by Roger Sayle; (b) a schematic representation of the topology of the globular region of A. ",ylilwJ/l cellulose synthase. The alpha-helices are shown 
as cylinders and the beta-strands as arrows. Small balls indicate the aspartic acid reSidues (yellow) and the QXXRW motif (purple); (c) ribbon 
diagram of the globular region of the A. xy/inul11 cellulose synthase showing the presence of two UDP-glucose molecules in the central cavity. The 
conserved aspartic acid residues are shown as yellow balls and the QXXRW region is shown in purple. The loop regions between H3 and 83 ,Ind S6 
and H5 (shown in cyan) are the regions where insertions are observed In the cellulose synthases from plants. The glucose residues are arranged in a 
way that they could contact the catalytic aspartic acid residues and would form a cellobiose unit after removal of the UDP mOIeties during chain 
initiation. To prevent cluttering of the view in the catalytic cleft. the UDP moieties are a bit more spread out; [he position of the right UDP moiety 
IIldicates also lhatthe helix with the QXXRW motif can easily be reached (shown as an arrow in the general model in Fig. 7) after further growth of 
the carbohydrate chain. A glucan chain of 6 glucose residues is shown in the extended catalytiC site. The reducing end of the glucan chain is on the 
top (probably close to the QXXRW motif) and the non-reducing end (the growing end of the glucan chain) IS shown close to the second conserved 
aspartic aCId residue (D236CD in the DXD motif); (d) a ribbon modd of the globular region (534 residues; amino acids 225-758) of the G. hirsutum 
cellulose synthase (CeIA I) as determined by genetic algorithm. This IS a coarse model 111 which every third residue was modeled (a total of 178 
residues were modeled) to confirm the general model for processive ~-glycosyltransferases. The model depicts the large insertions in the cellulose 
synthases from plants (shown in white) and the spatial arrangement of the catalytIC aspartates (shown thick in spacefill representation) and residues 
in the QXXRW motif (shown 111 yellow). The chain trace is color-coded- N-terminus of the chain is blue. C·terminus is red. 
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Table 2 
Secondary structures predicted by genetic algorithm in the globular 
region of Aceto/meter xylinum cellulose synthase 

Pattern of Amino acid Amino acid 
helices and strands residues" sequence 

HI 144--146 NPD 
Sl 150-157 TVD1FVPT 
H2 159-173 NEELSfVRLTVLGSL 
S2 182-187 VRVH1L 
H3 192-201 RPEFAAfAAE 
S3 205-208 NYTA 
S4 231-235 Y1LlF 
H4 241-251 PTRAFLQLTMG 
S5 259-262 lALM 
S6 289-295 NLfYGVV 
HS 311-323 CA1LRRTAIEQIG 
S7 327-329 TQT 
H6 333-344 DAHTALKMQRLG 
S8 348-353 AYJRTP 
H7 356-381 GGLATERULHfGQR 

VRWARGMLQfF 
S9 391-393 GLS 
SIO 396-401 QRLCYL 
H8 402-411 SAMTSFLFAV 

.\ The amino acid residues correspond to the complete AcsAB 
sequence. 

central and close to the cleft. Moreover, this helix or 
helix H7 that contains the QXXRW motif are involved 
dynamically (perhaps with a structural change) in the 
enzymatic reaction. The tryptophan residue in the 
QXXRW motif is perhaps required in glucan binding. 
Furthermore, the long loop flanked by beta-strands S3 
and S4 may help to accommodate the growing glucan 
chain. Residues making contact with the substrate 
include the conserved aspartic acid residues. A key 
region making contact includes residues 1234, F235, and 
D236 while Y231 and 1232 are flanking residues. Besides 
D333, H335 is also in close contact to the substrate. 
Similarly, besides D189, Rl91 could also be important. 
Further away residues 1319 to V330 make up the flanking 
region. The structure determined by the genetic algo­
rithm shows a globular model in accordance to the 
information from sequence and experiment. The loop 
regions apparent from the model agrec as an indepen­
dent test well with the accessibility predictions available 
for the sequence from PHD, an independent prediction 
algorithm using a neuronal network (Rost and Sander, 
1996). Moreover, experiments done with the globular 
region of the cellulose synthase (CeIAJ) from plants sug­
gest that the N-terminus of this region is required for 
UDP-glucose binding (Pear et al., 1996) and the model 
positions it not far away from the catalytic cleH. 

As mentioned earlier, the globular region of cellulose 
synthases from plants is much larger than the A. xylinum 
cellulose synthase with large insertions between the con­
served aspartic acid residues. In CelA 1 these regions have 
been identified as P-CR (plant-conserved region) between 

the first and the second conserved aspartic acid residues 
and HVR (hypervariable region) between the second and 
the third conserved aspartic acid residues (Pear et al., 
1996). Similar regions have now been identified in other 
plant cellulose synthascs as well (Arioli et aI., 1998; 
Taylor et al., 1999). The significance of these regions is 
not known at present. Upon alignment of the globular 
regions of the A. xylinul11 cellulose synthase (AcsAB), 
the E. coli YhjO polypeptide, and the CelAI and Rswl 
cellulose synthases from plants, we have determined the 
position of these regions with respect to the predicted 
structure of the globular region of the A. xylinum cellu­
lose synthase (Fig. 5). These regions are present in loops 
with the P-CR present between secondary structures H3 
and S3 and the HVR between S6 and H5. These loop 
regions are on the surface and on the other side such that 
they can easily accommodate additional amino acid 
residues without interfering with the catalytic activity. 

To further examine and compare the structure pre­
dicted for the globular region of the A. xylinum cellulose 
synthase, a coarse model of the globular region of cot­
ton (GossJ'piul?1 hirsulum) cellulose synthase CelA I (Pear 
et aI., 1996) is also predicted. To derive this model, every 
third residue was modeled by the genetic algorithm 
(residues in between were assumed to have identical 
secondary structural state). Despite long sequence inser­
tions, the spatial arrangement of the conserved aspartic 
acid residues and the neighboring secondary structures 
in the cellulose synthase from plants (Fig. 4d) was found 
to be similar to that in the cellulose synthase from A. 
xylinum. Without providing details in resolution, the 
structure shown in Fig. 4d is another indication from an 
independent simulation that our model (Fig. 4a) cap­
tures the correct general features. 

1.4. Relationship of the predicred srructure of cellulose 
synrhase with strucrures of other fJ-glycosyltransJerases 

Although the structure and mechanisms for a number 
of glycosyl hydro lases was known for some time 
(Davies and Henrissat, 1995), the structure for only a 
few ~-glycosyltransferases have been determined so far. 
The structure of the T4 ~-glucosyltransferase was first 
determined by Vrielink et al. (1994) and more recently 
the substrate binding and catalytic mechanism for this 
enzyme has been proposed (Morera et al., 1999) This 
enzyme transfers a glucose residue from UDP-glucosl: 
to hydroxymethyJcytosine in modified DNA. The 
sequence of the T4 enzyme does not show similarity to 
any of the known glycosyltransferases and so far has 
not been classified into any glycosyltransferase family 
(Campbell et al., 1997) However, the structure or !he 
T4 enzyme was found to exhibit similarity to the struc­
tun: of glycogen phosphorylase. Though no sequence 
similarities were observed between these two proteins, 
the similarity in the spatial arrangement and in the 
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HI 81 H2 82 H3 

ACSAB FQTIAPLHRAPLPLP----PNPDEWPTVDIFVPTYN---EELSIVRLTVLGSLGIDWPPEKVRVHILDDGRRPEF~FAAEC-------­

YhJO FQVVWPLNRQPVPLP----KDMSLWPSVDIFVPTYN---EDLNVVKNTIYASLGIDWPKDKLNIWILDDGGREEFRQFAQNV-------­
CelAl YPVNRETYIDRLSARYEREGEPDELAAVDFFVSTVDPLKEPPLITANTVLSILALDYPVDKVSCYI~OGAAMLTFESLVETADFARKWV 

Fswl YPINRETYLDRLAIRYDRDGEPSQLVPVDVFVSTVDPLKEPPLVTANTVLSILSVDYPVDKVACYVSDDGSAMLTFf~SLSETAEFAKKWV 

AcSAB 
YhJO 
CelAl ~FCKKFSIEPRAPEFYFSQKIDYLKDKVQPSFVKERRAMK~DYEEYKrRINALVAKAQKTPDEGWTMQDGTSWPGNNPRDHPGMIQVFLG 

H"'N' PfCKKFNIEPRAPEFYFAQKIDY;.KDKIQPSFVKERRAMKREYEEFKVRINALVAKAQKIPEEGWTMQDGTPWPGNNTRDHPGMIQVFLG 

S3 54 H4 $5 

AcsAB -------------GANYIARPTN----EHAKAGNLNYAIGH----TDGDYILlfOCDH-VPTRAFlQLTMGWMVE---DPKrALMQTPHH 
YhJO -------------GVKYIARTTH----EHAKAGNINNALKY----AKGEFVSIFDCDH-VPTRSFLQMTMGWfLK---EKQLAMMQTPHH 
CelAl YSGARDIEGNELPRLVYVSREKRPGYQHHKKAGAENALVRVSAVLTNAPFILNIOCDHYVNNSKAVREAMCFLMDPQVG~DVCYVQFPQR 

Rswl HSGGLDTDGNELPRLIYVSR£KRPGFQHHKKAGAMNALIRVSAVLTNGAYLLNVDCDHYFNNSKAlIEAMCFMMDPAIGKKCCYVQFPQR 

S6 

r,:;sAB FYSPDPFQRNLSAGYRTPPEGNLFYGVVQDGNDFWDATFFCC-----------------------------------------------­
YhJO FfSPDPFERNLGRr'RKTPNEGTLFYGLVQDGNDMWDATFFC~-----------------------------------------------­

CelAl f---DGIDRS----DRYANRNTVFFDVNMKGLDGIQGPVYVGTGCVFNRQALYGYGPPSMPSFPKSSSSSCSCCC~--GKKEPKDPSEL 

Rswl F---DGrDLH----D~YANRNIVFFDINMKGLDGIQGPVYVGTGCCFNRQALYGYDPVLTEEDLEPNIIVKSCCGSRKKGKSSKKYNYEK 

HS 

AcsAB ---------------------------------------------- ------------------------------~CAILRRTAIEQ 

YhJO -----------------------------------------------------------------------------~CAVIRRKPLDE 

CelAl YRDAKREELDAAIFNLREIDN----YDEYERSMLISQTSFEKTFGLSSVFIESTLMENGGVAESANPSTLIKEAIHVISCGYEEKTAWGK 
Rswl RRGINRSDSNAPLFNMEDIDEGFEGYDD-ERSILMSQRSVEKRFGQSPVFlAATFMEQGGIPPTTNPATLLKEAIHVISCGYEDKTEWGK 

$7 KG sa H7 $9 510 

AcsA8 IGGfATQTVTEOAHTALKMQRLGWSTAY--LRIPLAGGLATERLILHIGQRVRWARGMLQIFRIDN-PL---FGRG-LSWGQRLCYLSA 
YhJO IGGIAVETVTEDAHTSLRLHRRGYTSAY--MRIPQAAGLATESLSAHIGQRIRWARGMVQIFRLDN-PL---TGKG-LKFAQRLCYVNA 
CelAl EIGWIYGSVTEDILTGFKMHCRGWRSIYCMPLRPAFKGSAPINLSDRLHQVLRWALGSVEIFLSRHCPLWYGFGGGRLKWLQRLAYINT 
Rswl EIGWIYGSVTEDILTGFKMHARGWISIYCNPPRPAFKGSAPINLSDRLNQVLRWALGSIETLLSRHCPIWYGYHG-RLRLLERIAYINT 

Fig. 5. Multiple alignment of the globular regions of the A. xylinul11 cellulose synthase (AcsAB). E. coli YhjO protein, G. hirsulum CelA I, and A. 
(hohana Rswl. The secondary structures identified in the AcsAB globular region by genetic algorithm arc shown above the AcsAB sequence. 

chemical nature of the substrates suggested an evolu­ single sugar residue from a nucleotide-diphospho-sugar 
tionary relationship between these two proteins based donor to a specific acceptor. The structure of SpsA shows 
on a structurally conserved catalytic core (Holm and that it is a two-domain protein with a nucleotide-binding 
Sander, 1995). The predicted fold of the a-1,3-fucosyl­ domain and an acceptor binding domain. On the other 
transferases has also been suggested to show similarity hand, the structure of ~4Gal-T 1 reveals a single large 
to the structure of the T4 ~-glucosyltransferase(Breton domain and the overall fold was found to be different 
et a!., 1998). Recently, the structures of two more ~­ from any fold previously determined (Gastinel et a!., 
glycosyltransferases have been determined experimen­ 1999). 
tally. The structure of SpsA, a glycosyltransferase from The modeled topology of the cellulose synthase as a 
BacilLus sublilis has been solved (Charnock and Davies, prototype of a processive ~-glycosyltransferase fits well 
1999). The substrate and acceptor specificity for this in the range of structures experimentally described (Char­
protein is not known, but it is presumably involved in nock and Davies, 1999; Gastinel et aI., 1999) or predicted 
the synthesis of the spore coat. This protein shares for other glycosyltransferases (Breton and Imberty, 1999). 
sequence homology with the glycosyltransferases in family None of these structures were used for our prediction. 
2 which includes enzymes that catalyze sugar transfer by They also cannot be used, as there is not sufficient 
an inversion mechanism. This family includes both non­ homology for a homology prediction. At the same time, 
processive as well as processive enzymes. From sequence the genetic algorithm prediction is an ab initio predic­
analysis, SpsA is a non-processive enzyme that transfers a tion and does not provide a homology model. The 
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connectivity of the folds determined for SpsA ~nd 
~4Gal-Tl, and that predicted for cellulose synthase is 
shown in Fig. 6. Specifically comparing the structure of 
SpsA (Charnock and Davies, 1999) with the cellulose 
synthase structure as modeled by the genetic algorithm, 
we note that the first 100 iV-terminal residues in SpsA 
provide the nucleotide binding fold and consist of four 
parallel S-strands flanked on either side by two helices. 
In our predicted structure there is a similar arrangement 
of helix alternating with strand for the first three helices SpsA 

and four strands (no helix was found hetween strands 3 
and 4). Strands I, 2 and 4 participate in the nucIcotide­
binding region and strand 8 (later in the chain trace) 

? 
-I 

I 
I 
I ? 

I 
I 

@ 

joins this. Furthermore, in our model strand 3 and helix 
3 loop out (which is not the case in the SpsA structure 
but has been noted for strand I and helix I of the 
~4Gal-TI structure). A more refined model (including 
refinement of strand positions to each other) may be 
expected to lead to a better topology of the nucleotide­
binding site. On the other hand, re-screening the com­
plete cellulose synthase region modeled here for hidden 
regular nucleotide-binding domains using IMPALA 
(Schaffer et aI., 1999) showed that none of these are 
present, indicating by an independent method that 
cellulose synthase seems to be different in this respect 
and therefore the need for an ab initio model. The 
C-terminal part of the SpsA structure is a mixed S-sheet 
flanked by three helices on one side and one helix on 
the other. In our model of the cellulose synthase, the 
C-terminal part shows a similar but less regular succes­
sion of helices and strands as compared to the N-term­
inal part. Strands 9, 10 and 6 form a sheet region with 
helices interspersed and the flanking strand 8 adds to the 
nucleotide-binding region. The cellulose synthase fold is 
more integrated than the SpsA structure, which shows a 
clear split between the N-terminal nucleotide-binding 
part and the C-terminal part. In fact the compactness of 
the cellulose synthase is closer in relationship to the .84 Gal-T 1 
S4Gal-Tl structure. 

Fig. 6. Topological comparison of the B. subtilis SpsA protein. bovine 
The ~4Gal-T 1 structure (Gastinel ct a!., 1999) reveals 

~4Gal·Tl catalytic domain, ,lnd the A. ~ylinurn cellulose synthase 
eleven strands and eight helices (two of them being short globular region. The Circle represents the approximate nucleotide­
310 helices) in comparison to the cellulose synthase struc­ blllding site in eHch protem. 

ture that shows ten strands and eight helices. The 
nucleotide-binding region of ~4Gal-TI is part of the cen­
tral eight-stranded mixed and twisted ~-sheet surrounded 1.5. Possible mechanisms for synthesis oj celluLose and 
by two a-helices on one side and by four a-helices on the other polysaccharides 
other. This bigger sheet is neither predicted for the cel­
lulose synthase nor found in the SpsA structure. How­ Since every glucose unit in the cellulose chain is 
ever, the sequence of helices and strands in the oriented 1800 with respect to its neighbor, we had pro­
nucleotide-binding region of ~4Gal-TI looks similar to posed a model in which two UDP-glucose molecules are 
our predicted cellulose synthase fold and is not as reg­ positioned in the active site of cellulose synthase at an 
ular as it is in SpsA. The C-terminal part of p4Gal-Tl 1800 orientation. Upon catalysis, the glucose units are 
contains a small sheet region with a similar arrangement linked simultaneously or sequentially to extend the cel­
as found in our model of cellulose synthase. The S4Gal­ lulose chain two units at a time (Saxena et a!., 1995). 
T I fold is again different from the structure of the T4 This model proposed that the active site of the enzyme 
phage ~-gillcosyitransferase(Vrielink et ai, 1994). has an extended region that carries not only the catalytic 

Cellulose synthase 
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residues, but also a region that holds the growing chain 
(glucan-binding region). Since the catalytic region is 
predicted to have two UDP-glucose binding sites and as 
no primer requirement is observed, initiation of cellu­
lose synthesis probably takes place by the formation of a 
cellobiose unit in the catalytic pocket. In such a case, the 
UDP-portion of the first UDP-glucose is cleaved, leaving 
an exposed reducing end in the first glucose (terminal 
residue) and this glucose is linked via its non-reducing 
end to the second glucose by a ~-I,4-linkage. The cel­
lobiose unit thus formed moves, as it has no bonding in 
the catalytic pocket, into the glucan-binding region, but 
does not leave the enzyme because it is in a twisted 
conformation. In this conformation the cellobiose unit is 
associated with the gluean-binding region and does not 
move or slide. In the next step of chain elongation, two 
new UDP-glucose molecules enter the catalytic pocket 
and two new ~-1,4-linkages are formed either sequen­
tially or simultaneously. The formation of a covalent 
bond at the non-reducing end of the cellobiose unit pre­
sent in the glucan-binding region makes this cellobiose 
unit to adopt an extended conformation and allows it to 
slide further in the gillean-binding region. This model of 
the catalytic and gillean-binding region of cellulose 
synthase is similar to the one proposed, based on direct 
structural data, for the catalytic domain of CBHI 
(Divne et al, 1998). Both cellulose synthase and CBHI 
are processive enzymes that have to be tightly associated 
with the cellulose chain. In CBHl, the cellulose chain is 
passaged through a tunnel-like structure in which the 
protein interacts with at least 10 glucose residues. For 
the glycosyl hydro lases, the tunnel-like structure prob­
ably imposes a steric confinement for the stabilization of 
a sugar conformation that is able to undergo catalysis, 
and in this the ring distortion is thought to play an 
important role (Divne et al., 1998). A similar structure 
can also be visualized for the cellulose synthase and 
possibly other processive glycosyltransferases where a 
glycan chain is passed through a tunnel-like structure 
where it is held in a conformation that allows both its 
tight association as well as allows it to slide. The amino 
acid residues involved in the sugar-protein interaction 
are usually aromatic residues, such as tryptophan with 
its indole ring and tyrosine, and we expect them to be 
conserved in the glucan-binding region of the processive 
glycos yItransferases. 

Is there a need for two catalytic centers in cellulose 
synthase and possibly other processive ~-glycosyl­

transferascs? The requirement for two catalytic centers in 
these enzymes was proposed to account for the two-fold 
symmetry of the glucose residues in a cellulose chain 
where every residue is rotated 1800 with respect to its 
neighbor (Saxena et al., 1995). The absence of dupli­
cated active sites in the cellulose synthase catalytic sub­
unit has led others to suggest that there can be as much 
as 120 rotation about the ~-1 ,4-linkage. Accordingly all 
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glucose residues can be added in a particular orientation 
at a single site and the alternating residues can relax into 
opposing orientations after they have exited the cataly­
tic site (Delmer, 1999). This leads into the nature of the 
glucan chain in the active site of the enzyme. Do the 
glucose residues in the glucan chain at this point of 
synthesis have intramolecular H-bonds to stabilize the 
chain or do these H-bonds form at a later point? The 
intramolecular H-bonds between 03' and 05 exist in 
crystalline cellulose, and it will be interesting to deter­
mine if they are also present in the glucan chain in the 
active site. In the structure of CBHI from Trichoderma 
reesei bound to cellulose, the cellulose chain has torsion 
angles at the linkages that are similar to other cellobio­
syllinkages (Divne et al, 1998). 

The two catalytic centers were also thought to be 
required for synthesis of polysaccharide chains that 
have alternating sugar residues that are different and 
that are linked by different linkages as JJ1 the case of 
hyaluronan (DeAngelis, 2000) and type 3 capsular 

Fig. 7. r\ cartoon presenting a general model for the globular region 
of proceSSlve glycosyltransferases. The black line represents the main 
chain lrace of the globular region of the A. xylinum cellulose synthase. 
The globular topology of this region IS indicated by the grey circle and 
the globul,lr arrangement of the catalytic residue; is shown in tbe 
center. The three conserved catalytic residues are indicated by Asp 
(aspartate, SOlllelllnes also glutamate residues; the numbers are only 
given to Identify the corresponding residues in the A. x}·lil1ul/1 cellulo,c 
>ynlhase). CY. and ~ indicate stable secondary structure elements lhat 
provide a framework for the catalytiC residues. The QXXRW motif 
(alpha-helix with these residues: see text) bolds the growing glucan 
chain (chain it~c1f is only wfltlen as texl in the cartoon). The pro­
cessive assembly of the glucan chain takes place by the sequential or 
simultaneous addition of lwo glucose residues to the growing end. 
Functional motifs l1ank the key catalytic residues (for instance the 
DXD motifwJth accompanYIng N-terminal hydrophobic and aromatic 
residues for Asp 236). h represents hydrophobiC residues. 
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polysaccharide of Streptococcus pneumoniae (Cartee et 
aI., 2000). These polysaccharides have a disaccharide 
repeat and current evidence suggests that the enzymes 
required for their synthesis are capable of forming all of 
the glycosidic linkages present in these polysaccharides 
Moreover, it is envisaged that a single polypeptide cat­
alyzes the transfer of two distinct sugars in the case of 
hyaluronan and type 3 capsular polysaccharide. The 
transfer of the two different sugars to the growing poly­
saccharide chain is probably catalyzed by a mechanism 
similar to that proposed for cellulose biosynthesis. Whe­
ther catalysis involves a single active site or two inde­
pendent si tes for transfer of the two sugars to the 
growing chain is not very well understood, although two 
separate glycosyltransferase activities have been impli­
cated for the synthesis of hyaluronan and other poly­
saccharides. The Pasteurella multocida hyaluronan 
synthase (PmHasA) shows the presence of duplicated 
domains A (A I and A2) instead of domains A and B, and 
mutational analysis suggests the presence of two relatively 
independent glycosyltransferase activities on a single 
polypeptide chain (Jing and DeAngelis, 2000). Moreover, 
the transfer of sugars by this enzyme has been shown to 
take place in a sequential manner instead of simulta­
neous addition of a disaccharide subunit (DeAngelis, 
2000). 

The similarity between the different ~-glycosyl­

transferases and in their mode of action has been 
further strengthened by the recent demonstration of 
the elongation of the growing chain from the non­
reducing end as in the case of cellulose (Koyama et 
a1., 1997), chitin (Sugiyama et aI., 1999), chitin oligo­
saccharide (Kamst et a1., 1999), hyaluronan (DeAngelis 
et a1., 2000), and type 3 capsular polysaccharide (Cartee 
et aI., 2000). This mechanism of chain growth from the 
non-reducing end is similar to that observed for the 
syn thesis of starch and glycogen. In all these cases 
growth occurs by direct polymerization from a nucleo­
tide sugar. 

2. Significance 

A combination of functional and modeling studies 
offers an insight into the folding pattern and the 
arrangement of conserved amino acids in the globular 
region of the A. xylinum cellulose synthase and other 
processive 0-g1ycosyltransferases. The protein structure 
calculated by the genetic algorithm was carefully opti­
mized and is the overall fittest from a total of 11 million 
solution trials. The fitness criteria applied had been 
validated on 20 proteins with known crystal structure 
and different topologies (Dandekar and Argos, 1996). 
The structure calculated is supported by the predicted 
spatial constraints (size of the UDP-glucose binding 
pocket: transfer of the growing chain to the QXXRW 

region), the available experimental data (requirement of 
the first conserved aspartic acid and N-telminus in UDP­
glucose binding experiments is supported in the model 
where the N-terminus is flanking the catalytic cleft; 
requirement of the conserved aspartic acid residues for 
enzyme activity as determined by site-directed mutagenesis 
and activity measurements), and sequence analysis (iden­
tification of the conserved residues and the QXXRW 
motif in the globular region). As an independent test, 
the distribution of accessible loop regions agrees well 
with that derived by neuronal network prediction (Rost 
and Sander, 1996). Nevertheless, we suspect the RMSD 
error in several areas of the model to be still high (higher 
than 5 A). However, the structure is llseful to get a first 
approximation view at the spatial arrangement of the 
catalytic residues, the glucan holding residues (QXXRW 
region) for the growing cellulose chain and, also impor­
tantly, of all the neighboring residues acting in concert 
with these central ones. These features as well as the 
alpha/beta mixed topology without a regular succession 
of helices and strands predict a simplified and general 
model for the structure and action of processive 0-gly­
cosyltransferases (Fig. 7). We hope that this first struc­
ture-function characterization of cellulose synthase will 
stimulate further research and will be an incentive for 
new studies. 
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