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ABSTRACT. The enzymatic formation of glycosidic bonds may be catalyzed by the transfer of the glycosyl
moiety from an activated nucleotide-diphospho-sugar donor to a specific acceptor. SpsA is a glycosyl-
transferase implicated in the synthesis of the spore coBioillus subtilis whose homologues include
cellulose synthase and many lipopolysaccharide and badfzaatigen synthases. The three-dimensional
crystal structure of SpsA has been determined by conventional MIR techniques at a resolution of 1.5 A.
It is a two-domain protein with a nucleotide-binding domain together with an acceptor binding domain
which features a disordered loop spanning the active site. The structures of SpsA in complex with both
Mg—UDP and Mr-UDP have also been determined at 2.0 and 1.7 A, respectively. These complexes,
together with the sequence conservation, begin to shed light on the mechanism of this ubiquitous family
of inverting glycosyltransferases.

The enzymatic formation of glycosidic bonds is, simply of medical importance; bacteri®-antigen synthases are
in terms of quantity, the most important reaction on earth. potential drug targets and may be used for the chemoenzy-
Glycosyltransferases are involved not only in biomass matic production of vaccines (reviewed in r&f Further-
synthesis but also in many of the intricate details of cellular more, mutations at their loci are implicated in vaccine
biochemistry such as protein and lipid glycosylation. They resistance. Family 2 members are expected to use nucleotide-
have attracteq interest not (_)nly as .drug targets but a|3_0diphosphoeL—D—sugars to generaflinked products (Figure
because of their potential applications in the chemoenzymatic1) The reaction mechanism is widely believed to k@ S
synthesis of oligosaccharide @). But despite this synthetic  yith an oxocarbenium ion-like character to the transition
utility and unquestionable medical importance, little is known ¢iai6  Such a mechanism would require a general base, for
_about thelr structure or mechanism. The large body_of activation of the nucleophilic acceptor species by deproto-
information that is available for the DNA sequences encoding nation, together with some means of facilitating departure
these enzymes is unfortunately accompanied by asevere IaCle the nucleotide-diphospho leaving group with divalent
of knowledge about the donor and acceptor specificities for metal ions, particularly Mg and Mr?+, implicated ). To

the majority of the gene products. The derived amino acid date, the only structure for a nucleotide-diphospho-sugar

sequences for those glycosyltransferases utilizing nucleotide-

diphospho-sugars have, however, recently been classified intotranSferase is the DNA-modifyingglucosyitransferase from

a number of sequence similarity-based familigys Within hacteriophage T4. It exhibits a bilobed structure with two

each family, enzymes may exhibit a broad spectrum of nucleotide-binding domains, one involved in the binding of

substrate specificities, but it is likely that, by analogy with the UDP-glucose donor and the other, presumably, the DNA

the glycoside hydrolased,(5), related enzymes will share ~acceptor species. The enzyme bares little sequence similarity

the same catalytic mechanism leading to either retention orWith any other known sequence.

inversion of anomeric configuratior®,(7). The spsAgene encodes a glycosyltransferase implicated
Members of glycosyltransferase family 2 are expected to in the production of the mature spore coat during the spore

use an inversion mechanism. It is one of the largest families response oBacillus subtilis(9, 10). It encodes a 256-amino

(3) whose members range from the polysaccharide synthasegcid protein whose substrate specificity is undefined but

responsible for the production of the world’s most abundant \yhose sequence has been classified into family 2. Expression

polymers, such as cellulose and chitin, to enzymes involved ¢ spsAis under control of @*-dependent promoter activated

in bacterial cell surface glycosylation. Family 2 enzymes are by the GerE proteind). SpsA may be involved in pepti-

doglycan biosynthesis, but the most closely related sequences
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General base secondary structure and amino acid side chains. Main and
side chain bones atoms were calculated using the X-FIT
I\ I\ options of QUANTA (Molecular Simulations Inc.). Bones
o o HO" o atoms were not, initially, used as an aid in model building

&{ but instead written out as a set of “seed” atoms for phase
O improvement. Initially, 801 seed atoms were treated as
2 /\ " T m/o\ dummy waters and fed through 64 cycles of REFMAQ)(
(le pR Five percent of the observations were set aside for cross
o M* “O—NDP validation analysisi8). ARP (19) was used to add between
“NDP 30 and 50 water molecules per cycle in “dummy atom” mode
Ficure 1: Likely catalytic mechanism for an inverting NDP-sugar Where waters are permitted to lie within covalent bonding
transferase. Am-linked nucleotide-diphospho-sugar donor yields  distance of adjacent atoms. During each refinement cycle,
a prlodut;]t_l\_/vithe-cokngguration. Tfl‘% sugar e_tcce;étolr LB al_ctivactjeorl]for MIR phases were included as restraints. This iterative phase
Gvalom %Igt;tti%?q (MXf‘aii?sﬁgal ea?/isneg ér'gu‘g' digaralrz\./e that a5 hrovement procedure converged with 2021 seed atoms and
an Rerys{Riree O 0.25/0.34 for all data between 20 and 1.5 A
framework for family 2 glycosyltransferases, while the UDP  resolution. The electron density map calculated with the
complexes reveal the role of the invariant residues and combined MIR/seed atom phases was of exceptionally high

provide insights into the likely catalytic mechanism. quality, and model building with X-FIT proved to be trivial.
The structure was refined using maximum likelihood tech-
EXPERIMENTAL PROCEDURES niques with REFMAC with MIR phases included as ad-

ditional restraints for the initial cycles. The behavioRafe
d suggested that both inclusion of calculated hydrogen scat-

previously (1). They exist in space group222 and contain termg from ‘frldmg” hydrogen qtoms and the use of aniso-
a single molecule in the asymmetric unit with the following tropic m_odellng for the atomic displacement parameters were
cell dimensions:a=42.4 A,b=142.0 A, ancc = 81.4 A. appropriate.
A single crystal was transferred to a cryoprotectant stabilizing  Nucleotide and Mn ComplexeBata were collected for
solution, mounted in a rayon-fiber loop, and immediately crystals of SpsA soaked for 18 h in solutions of various
placed in a stream of Ngas at 100 K. Data (10) were nucleotide diphosphates (ADP, CDP, GTP, UDP, URP-
collected with an oscillation angle of O/fnage on beamline ~ acetylglucosamine, and dTDP). Data were collected for
PX 9.6 ¢. = 0.870 A) at the Daresbury SRS. An ADSC crystals soaked in either 1 mM UDP, collected on beamline
CCD device was used as a detector. Data were processedX 7.2 at the Daresbury SRS to 2.0 A resolution, or 10 mMm
with MOSFLM (A. Leslie, Medical Research Council UDP, collected on beamline BW7A at the EMBL Hamburg
Laboratory for Molecular Biology, Cambridge, U.K.) and outstation to 2.25 A resolution. The MitJDP complex was
scaled and reduced with SCALA from the CCP4 suite of obtained by soaking crystals, for 1 h, in a solution containing
programs 12). The X-ray diffraction data are summarized 50 MM MnCk and 10 mM UDP. Data were collected at the
in Table 1. ESRF (Grenoble, France) on beamline 1D14-4 using an
Data for three derivatives, methyl mercury chloride ADSC Quantum 4 CCD instrument as a detector. Data for
(MeHgCl), ethyl mercury thiosalicylate (ETMS), and plati- other nucleotide complexes were collected at the EMBL
num terpyridine chloride (Pt), were collected on beamline Hamburg outstation at the DESY synchrotron site. The
PX 7.2 ¢ = 1.488 A) at the Daresbury SRS using a MAR complex structures were refined as described for the native
research image plate as a detector. All data were processe@nzyme, with the exception that riding hydrogen scattering
with the HKL suite (L3, 14). Data for the two Hg derivatives ~ and anisotropic treatment of the atomic displacement pa-
extended to 2.25 A and those for the Pt derivative to 3.3 A. rameters were not justified by tf. values and were not
The derivative data were high-quality, with anomalous used.
completeness in excess of 97% andRaa.ge0f <0.06 for
all three derivatives (statistics not shown). Initial heavy metal RESULTS AND DISCUSSION
positions were determlned. from manual Inspection of th? Description of the SpsA Structur€he structure of SpsA
appropriate Pattersons which revealed the same single site ! . X ]
for each of the two Hg derivatives. Phasing was performed was determined by MIR with the inclusion of a novel phase

using SHARP 15) and a single Pt site found by cross-phase extension proced_ure in which the initial skeletonlzat_lon of
? . ' . . -~ the electron density map was used to generate starting seed
Fourier transformation. Final phasing using all three deriva-

. . ; atoms for phase extension (see Experimental Procedures).
tives gave an overall figure of merit of 0.59 for all data o i

. The structure determination proceeded smoothly, with the
between 20 and 2.3 A resolution.

Phase Extension, Model Building, and Refinemdtg exception that two regions of the structure remain undefined

phases, to 2.3 A resolution, were extended to 1.5 A using in the electron density. These two disordered loops are a
solvent flattening and histogram matching in DIVG). At short turn between twg-strands, residues 13436, and a

this point, the electron density map was of reasonably high long loop (residues 218231), which must span the subsrate-

Lality and permitted identification of many elements of binding cleft. The final native SpsA structure has a crystal-
quaity P y lographicR value of 0.16 with arRqee value of 0.21 (Table

1).
1 Abbreviations: HPRT, hypoxanthine phophoribosyltransferase; ) . . . .
MIR, multiple isomorphous replacement; SRS, synchrotron radiation SPSA is a two-domain molecule with an O_Vera” size of
source; UDP, uridine '&diphosphate. approximately 45 A< 40 A x 36 A. The N-terminal domain

Crystallization, Data Collection, and Refineme@tystals
of the native form of SpsA were grown as describe
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Table 1: Data and Model Quality Statistics for SpsA fr@nsubtilis

native (Mg) UDP-Mn UDP—-Mg

diffraction data

resolution (A) (outer shell) 251.5(1.6-1.5) 18-1.75 (1.8+1.75) 20-2.0 (2.02-2.0)

Riergé 0.037 (0.27) 0.062 (0.37) 0.058 (0.32)

completeness (%) 97 (88) 99 (100) 96 (90)

I/ol 22.5(3.5) 23.0 (3.6) 18.3 (3.6)

multiplicity 3.7(3.1) 5.5 (5.4) 3.7(3.5)

radiation source SRS, Daresbury, PX 9.6 ESRF, Grenoble, ID14-4 SRS, Daresbury?PX 7.2
refinement

Reryst 0.16 0.17 0.18

Riree 0.21 0.23 0.24

rms deviation of +2 bonds (A) 0.012 0.011 0.016

rms deviation +3 angle distances (A) 0.032 0.028 0.037

2 Rnerge= Y hiiYi|Inki — TV’ Y iTnal] P Data for this complex were also collected at the EMBL Hamburg outstation, to 2.2 A resolution.

Ficure 2: Structure of SpsA in complex with MAUDP. (a) In the divergent stereo cartoon representation, the UDP, Asp 39, Asp 99, and
Asp 191 are depicted in ball-and-stick representations and the manganese ion is depicted as a shaded sphere. (b) Divergdrdacereo C
of SpsA with every 10th residue labeled. This figure was drawn with MOLSCR®&Y. (

(residues 2-100) provides a nucleotide-binding fold consist- only other available structure for a nucleotide-diphospho-
ing of four parallels-strands flanked on either side by two sugar transferase is the DNA-modifyifieglucosyltransferase
a-helices (Figure 2). The remainder of the structure, residuesfrom bacteriophage T4J. The topology of the nucleotide-
101—-256, is composed of a mixgtisheet flanked by three  binding domain of SpsA is somewhat similar to that of the
helices on one side and one on the other. The outer strandl'4 enzyme, but this similarity does not extend to the mode
forms the boundary of a dimer formed by one of the of nucleotide binding, the conformation of the nucleotide,
crystallographic 2-fold axes. SpsA is a monomer in solution, or the presentation of potential catalytic residues in the
although it exhibits non-ideal behavior after ultracentrigu- vicinity of the distal phosphate. The native enzyme structure,
tation under extreme conditions of pH and buffer (data not in the presence of 200 mM Mgglalso revealed a hexaco-
shown). The C-terminal domain exhibits an open groove ordinate magnesium ion, in the active site, coordinated via
which is likely to be the binding site for the acceptor species. five solvent water molecules and a cryoprotectant glycerol
The disordered loop, residues 24831, spans this groove, molecule (which was essential for data collection from the
and one may speculate that loop closure in the ternaryfragile crystals). It is not clear whether the magnesium has
complex may provide the means for preventing abortive a biological role, whether its position mimics that of the
hydrolysis of the nucleotide-diphospho donor, as has beenpositivly charged oxocarbenium ion found during catalysis
observed with mechanistically related enzymes such as the[as is often the case with divalent metals in the active sites
phosphoribosyltransferaseX)j. The structure of the nucle-  of glycoside hydrolase28, 23)], or whether it merely binds
otide-binding domain of SpsA is very similar to others of in an adventitious fashion.

that ilk, the most similar being those from pyruvate kinase  Nucleotide Binding and Sequence Consgion. As is the
and the 5-3' exonuclease domain dfhermus aquaticus  case with the majority of family 2 glycosyltransferases, the
DNA polymerase [calculated using DAL2Q)]. To date, the exact nucleotide-diphospho-sugar specificity of SpsA is not
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Ficure 3: (a) Electron density for MaUDP bound to SpsA. The map shown is a maximum likelihogdteighted synthesis contoured

at 0.4 electron/A Conserved residues Asp 39 and Asp 99, mentioned in the text, are denoted along with Asp 191, Asp 158, the active
center glycerol molecule, and the additional Wgon and its ligands. (b) Electrostatic surface figure of SpsA, with UDP depicted in a
“licorice” representation.

known. Sequence similarities suggest that the most likely hydroxyl of Thr 9. H-bonding to the Olydroxyl is provided
nucleotide is UDP or dTDP. Several nucleotide diphosphateshy the carboxylate of Asp 98. The diphosphate moiety makes
and NDP sugars were therefore screened by crystallographyjust one direct H-bond to the protein, that from an oxygen
Synchrotron data collection from crystals soaked in either of the proximal phosphate group to Lys 13. Family 2
Mg—UDP or Mn—UDP up to 1.7 A resolution reveal details sequences exhibit a remarkable sequence diversity in this
of the interactions between the enzyme and nucleotide.region, implying that different ways of stabilizing the
Preliminary investigations also show that dTDP binds negative charge on the phosphates have evolved.
similarly to UDP (S. J. Charnock and G. J. Davies, Inthe Mn—UDP complex, a single Mt ion is found to
unpublished observations). In both the MgDP and Mn- be located between the two phosphates, which in turn
UDP complexes, the UDP binds to the nucleotide-binding interacts with the protein via Asp 99. This residue lies on
domain in a deep cleft (Figure 3a,b). The ribose adopts ag-strand 4, as was predicted using hydrophobic cluster
C2-endo conformation with the base equatorial to the ring, analysis 25), and is strictly invariant throughout family 2.
markedly different from the orientation observed for the base It seems likely that the role of this residue is to assist leaving
in the bacteriophage T4 glucosyltransferase. The markedgroup departure through coordination of the divalent man-
difference between the MrUDP and Mg-UDP complexes, = ganese ion (Figure 1). Site-directed mutagenesis of the
of SpsA, is at the distal phosphate, which appears to preferequivalent of Asp 99 inAcetobacter xyliniumcellulose
the greater ionic radius of Mn as opposed to that of MY synthase led to a loss of cellulose synthase activity, implying
(Figure 3a). a critical role in catalysis24). In the Mg—UDP complex,
The uracil base binds by aromatic stacking with Tyr 11 in the absence of M, the corresponding Mg does not
(Figure 4). Uracil carbonyl O4 forms a hydrogen bond to interact with both phosphates, instead showing incomplete
NH1 of Arg 71. Further interactions with the uracil moiety coordination to the distal phosphate alone. As a result, the
are provided by the invariant Asp 39 on the end of strand terminal phosphate is less well ordered (data not shown).
-2, which makes a hydrogen bond to N3 of the uracil base. This leads us to conclude that the optimal metal for SpsA is
Asp 39 is one of two invariant aspartates whose function Mn?*,
has been long speculated about, especially in the related Further analysis of the active site of SpsA is complicated
cellulose synthase systei24j; see below. The O2 carbonyl by the presence of a glycerol molecule coordinated to Asp
of the base appears to make no direct hydrogen bonds t0191, as discussed above. This, in turn, forms one of the axial
the protein or solvent, which may perhaps aid the stability ligands of a second metal, a hexacoordinate?Mipn
of the otherwise labile N*C1' bond. Instead, it sits in a  (equivalent to that seen in the native structure), which also
hydrophobic pocket with Leu 80 at its base. Interaction with interacts with the distal phosphate of UDP. Recent work on
03 of ribose involves the main chain carbonyl and side chain a mechanistically similar enzyme, the hypoxanthine phos-
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M Mg?* lies in the position occupied by the positive charge on

HN% : 39 the oxocarbenium ion-like transition state. Further structures
A 5 NH. FIMDDN . .

5 191 o op FItoon of distantly related members of family 2 of the glycosyl-

) o ;;;\6 L0 Ao 1m0 transferases are required to permit further identification of
! ¥ILDDG residues that are invariant in the three-dimensional structure.

Ho ;’ ‘i? Glycosyl transfer is one of the key reactions of living cells,

_____ -0 o 11 . . .
Hoa Jom \g/o\lF{/o KvsvneTSYN yet the machinery and mechanisms involved are poorly
KVSIILTSYN . .
%o 2 -('gf‘a‘,\;é{ . wisTvLea understood. NDP-sugar transferases are active in aqueous
2 26 204 PR SVYN . .
© L N suDvIveCTN solution, yet they prevent the abortive transfer of water to
é”‘\@. \‘ o “A Tyr11 TVDIFIPTYD . .

Asp 158 O)\ SRR the NDP sugar. The disordered loop of SpsA may provide

S A9 L3 oHQ one such mechanism by ensuring that a catalytically active
Asp 98 . . .

¥iitwor Ty i complex is only formed in the presence of the appropriate
RDADD substrates. Similar mechanisms exist for phosphoryltrans-
TLoCon ferases which face the same problem of transfer to water

FiGure 4. Interactions of SpsA with UDPMn. Glycosyltransferase  and have recently been shown to exist in the phosphoribosyl
family 2 contains many enzymes, so representitive sequence; onsferases such as HPRI0),

similarities for the conserved regions are given. The following L N .
sequences are depicted: (a) SpsA fiBmsubtilis (b) CgeD from Implications for the Synthesis of Cellulose and Chitime

B. subtilis (c) 334-amino acid hypothetical protein frdPgrococcus ~ Of the most important and well-studied sequence homologues
horikoshii (d) glycosyltransferase involved in O-antigen synthesis of SpsA is cellulose synthase. Two hypotheses exist for the
from Vibrio cholerea (e) root nodulation factor NodC from  rgle of this enzyme in the formation of cellulose. On the
ahzl?&%?;p’ and () cellulose synthase frofcetobacter xylinus ;g of pulse-chase experiments, it has been proposed that
cellulose is elongated at the reducing end, with cellulose
phribosyltransferase (HPRT) frofirypanosema cruzalso synthase itself playing a role in the shuttling of glucose
revealed both M#i and Mg*" coordinated to the distal between lipid pyrophosphate intermediat28)(The alterna-
phosphate of the leaving groufQj. In that case, the two tive hypothesis is that cellulose synthase acts as a UDP-
are thought to be catalytic, but it is unclear whether SpsA, glucose transferase, elongating the polymer at the nonre-
or other family 2 glycosyltransferases with known specifici- ducing end 24, 25, 29, 30). This latter hypothesis also
ties, utilize a similar two-metal mechanism. It would seem proposes that cellulose synthase achieves the 2-fold rotation
unlikely, however, since this magnesium ion occupies the between adjacent glucose units in the cellulose crystal by
most likely position for donor sugar binding, in contrast to the addition of two UDP-Glc molecules by two distinct
its location in the phosphoribosyltransferases. catalytic centers within the same polypeptide chain. Such a
Implications for the Catalytic Mechanism of Family 2 dual addition is also required to explain the biosynthesis of
Inverting TransferasesThe Mn—UDP complex of SpsA,  the alternating polysaccharide hyaluronic adiel(4-GIcNAc-
interpreted in light of the known sequence conservation $-1,4-glucuronic acid)and for the formation of the Nod-
within family 2, allows us to speculate about the likely factor chito-oligosaccharides and chitin itself. The structure
catalytic mechanism for this family. The vast majority of of SpsA provides little support for either proposal, although
sequence conservation in family 2 is in the N-terminal speculation is difficult when the substrate specificity of SpsA
nucleotide-binding domain, residues-200. Indeed, se- is unknown.
guence conservation in this area is the defining feature of The sequence of cellulose synthase is similar to those of
this family. Three clusters of invariance are particularly other well-characterized NDP-sugar transferases. The major-
relevant (Figure 4), and all involve residues in direct contact ity of the sequence similarity, including residues that are
with the nucleotide diphosphate donor. Tyr 11 is involved essential for catalytic function, lies in the N-terminal domain
in stacking with the nucleotide base and Asp 39 in UDP of SpsA. We have shown this to be the binding site for
binding, and Asp 99 sits adjacent to the distal phosphate nucleotide with the invariant residues intimately involved
where it coordinates the leaving group ¥nion. The with UDP binding. It seems extremely unlikely that cellulose
interaction between Asp 99 and the Mrnphosphate  synthase displays sequence conservation through this domain
strongly supports a role for Asp 99 in leaving group if its role is, as proposed by Han and Robg8), in the
departure. A candidate for the general base is more difficult transfer of lipid pyrophosphate-bound glucose species and
to identify. The structure exhibits four potential base func- not as an NDP-sugar transferase. The alternative proposals,
tions: the “triad” of Asp 158, His 159, and Cys 160 and in which a double addition of glucose is performed at the
Asp 191. None of the residues of the Asp, His, Cys triad nonreducing end, are derived from sequence analyses which
appear to be conserved, although sequence alignments in thisevealed conserved aspartate-containing motifs within the A
region are difficult to interpret with certainty. Geometrically, and B “domains” of cellulose synthase and related “proces-
Asp 191 is in an ideal location and may interact with the sive” glycosyltransferases. These were interpreted as equiva-
glycerol molecule in a way analogous to its coordination of lent catalytic functions within the two domains, one for the
the natural sugar, as is frequently the case with glycoside addition of each suga24, 25, 29, 30). While the structure
hydrolases (for example, see &8). Additionally, iterative of SpsA strongly favors a model for direct addition at the
sequence searches with-BLAST (27) suggest that this  nonreducing end, it does not support the “double-addition”
residue may be conserved throughout family 2, but again, mechanism for cellulose synthesis.
sequence alignments may not be interpreted with great The A domain conservation of the processive enzymes,
confidence. We are therefore tempted to speculate that Aspsuch as cellulose synthase, consists of residuek/Q of
191 functions as the catalytic base, and that the adjacentSpsA, with the first two invariant aspartates clearly corre-
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sponding to Asp 39 and 99. It seems likely, as discussed
above, that while residues—100 of SpsA make up the
nucleotide-binding domain further residues are required to
provide the full catalytic functionality. The most likely
candidate for the catalytic base is Asp 191, but even
irrespective of the identity of the base, the minimum
requirement for catalytic competence would appear to be
approximately 200 residues. The signature motifs of the
processive transferases are not found in SpsA, but they lie
within the first, equivalent, 200 amino acids which are part
of the single catalytic module of SpsA. It would therefore
seem unlikely that they are able to constitute a discrete
second catalytic center. It remains a possibility, however,
that these additional residues in the processive transferases
may assist in the dimerization of independent molecules, an
alternative structural framework for polymerization by double
addition. Interestingly, a number of other sequences do
indeed possess tandem repeats of an SpsA catalytic “mod-
ule”, suggesting that a “two-catalytic centres within one
peptide” model will be valid in some cases.

In addition to its similarity to polysaccharide synthases
and enzymes involved in bacterial surface antigen synthesis,
distant sequence similarity can be also be detected between
SpsA and the ceramide glucosyltransferases which catalyze
the first step in the production of gangliosides. This suggests
that SpsA may provide the prototypical framework not only
for family 2 glycosyltransferases but also for a wide range
of distantly related enzymes which together will form a
“clan” of related glycosyltransferases. Furthermore, the
N-terminal domain of SpsA exhibits low, but significant,
sequence similarity with family 27 of the glycosyltransferases
(polypeptideN-acetylgalactosamine transferases) which act
with net retention of anomeric configuration. This opens up
the intriguing possibility of domain swapping between
transferases during evolution, in which a common nucleotide-
leaving group module may have combined with a retaining
catalytic module to provide a new catalytic function.

NOTE ADDED IN PROOF

Since the submission of this paper, two papers relevant to
family 2 glycosyltransferases have appeared. The potential
similarity with family 27 retaining glycosyltransferases is
strengthened by site-directed mutagenesis of the BBP-
acetylp-galactosamine polypeptidé-acetylgalactosamine-
transferase 32). In an unrelated study, support for a
mechanistic model for direct transfer from an NDP sugar to
the nonreducing end of the growing polymer has been
elegantly demonstrated for the family 2 enzyme NodC using
pNPGIcNAc as the artificial acceptor specieS);
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