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The myriad functions of complex carbohydrates include
modulating interactions between bacteria and their eukaryotic
hosts. In humans and other vertebrates, variations in the activity
of glycosyltransferases of CAZy family 6 generate antigenic var-
iation between individuals and species that facilitates resistance
to pathogens. The well characterized vertebrate glycosyltrans-
ferases of this family are multidomain membrane proteins with
C-terminal catalytic domains. Genes for proteins homologous
with their catalytic domains are found in at least nine species of
anaerobic commensal bacteria and a cyanophage. Although the
bacterial proteins are strikingly similar in sequence to the cata-
lytic domains of their eukaryotic relatives, ametal-binding Asp-
X-Asp sequence, present in a wide array ofmetal ion-dependent
glycosyltransferases, is replaced by Asn-X-Asn.We have cloned
and expressed one of these proteins from Bacteroides ovatus, a
bacterium that is linked to inflammatory bowel disease. Func-
tional characterization shows it to be a metal-independent gly-
cosyltransferase with a 200-fold preference for UDP-GalNAc as
substrate relative toUDP-Gal. It efficiently catalyzes the synthe-
sis of oligosaccharides similar to human blood groupA andmay
participate in the synthesis of the bacterial O-antigen. The
kinetics for GalNAc transfer to 2�-fucosyl lactose are character-
istic of a sequential mechanism, as observed previously for this
family. Mutational studies indicate that despite the lack of a
metal cofactor, there are pronounced similarities in structure-
function relationships between the bacterial and vertebrate
family 6 glycosyltransferases. These two groups appear to pro-
vide an example of horizontal gene transfer involving verte-
brates and prokaryotes.

The structures of complex glycans are determined by the
specificities of the glycosyltransferases (GTs)2 that catalyze
their biosynthesis. GTs fall into two groups that differ in mech-
anism, based on whether the anomeric configuration of the
donor substrate (� formostUDP-sugars) is retained or inverted
in the product (1–3). They are classified into 90 different fam-

ilies in the CAZy data base based on sequence similarities (4, 5),
but the majority of those that have been structurally character-
ized fall into one of two fold types, designated GT-A and GT-B
(2). The retaining GTs of CAZy family 6 (GT6) have a GT-A
fold and catalyze the transfer of either galactose orGalNAc into
an �-linkage with the 3-OH group of �-linked galactose or Gal-
NAc. GT6 includes the histo-blood group A and B GTs (GTA
and GTB), the �-galactosyltransferase (�3GT) that catalyzes
the synthesis of the xenoantigen or �-gal epitope, Forssman
glycolipid synthase, isogloboside 3 synthase, and their homo-
logues from other vertebrates (6). GT6 enzymes from verte-
brates are type-2membrane proteins withN-terminal cytosolic
domains, a transmembrane helix, a spacer, and a C-terminal
catalytic domain (6). Crystallographic studies of recombinant
catalytic domains of GTA, GTB, and �3GT have provided
detailed information about their interactions with substrates,
metal cofactor, and inhibitors (7–9). Most GT-A fold GTs,
including those in the GT6 family, require divalent metal ions,
such as Mn2�, for catalytic activity; their metal dependence is
linked to a shared DXD sequence motif. Residues of this motif
interact with the metal ion and both the ribose and phosphates
of the donor substrate to produce an appropriate substrate ori-
entation and conformation for catalysis and to stabilize the
UDP leaving group (3, 7–10).
Mammalian members of GT6 are responsible for variations in

glycan structures between different species and individuals as the
result of selective enzyme inactivation in certain species (�3GT,
Forssman glycolipid synthase, and isogloboside 3 synthase) or the
inheritance of multiple alleles at one locus that encode enzymes
with different substrate specificity (GTA andGTB) or are inactive
(11–14). The presence of circulating antibodies against glycan
structures that are subject to interspecies and individual variability
has been linked to resistance to pathogens that also carry the gly-
cans; theseantibodies are thought toarise fromexposure topoten-
tial pathogens, including enveloped viruses and bacteria that carry
structurally similar glycans (11).
In addition to the well characterized enzymes discussed

previously, atypicalmembers of theGT6 family have been iden-
tified in mammals that have sequence changes in highly con-
served regions of the active site, including the DXD motif (6).
However, no glycosyltransferase activity was detected in
recombinant forms of two of these, and their functions are
unclear (6). Although GT6 members are widely distributed
among vertebrates, no homologues have been found in other
eukaryotes (6). However, GT6members have been identified in
several bacterial species (15–17). GT6 enzymes from Esche-
richia coliO86, andHelicobacter mustelae that appear to func-
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tion in the biosynthesis of the lipopolysaccharide O-antigen
have been cloned and expressed by Wang and co-workers (16,
17) and found to have specificities similar to those of human
GTB and GTA, respectively. These enzymes have been applied
in the enzymatic synthesis of oligosaccharides. Other homo-
logues are encoded by Hemophilus somnus, Psychroacter sp.,
PRwf-1 (15), Francisella philomiragia, and three Bacteroides
species,Bacteroides ovatus,Bacteroides caccae, andBacteroides
stercoris, as well as a cyanophage, PSSM-2 (15). Genes for other
homologues from unidentified species are present in the
marine metagenome (18, 19) and human gut metagenome (20,
21). The phage and bacterial enzymes are substantially trun-
cated at the N terminus relative to the catalytic domains of
vertebrate GT6 representatives and are smaller than the
reported minimal functional unit of a primate �3GT (22).
When bacterial and vertebrate GT6 amino acid sequences are
aligned(Fig.1andsupplementalFigs.S1andS2), it canbeseenthat
themetal-bindingDXDof the eukaryoticGTs is replaced byNXN
(where X is Ala, Gly, or Ser) in the bacterial homologues. The
cyanophageGT6member and relatedproteins in themarinemet-
agenome, however, retain the DXD motif. This conspicuous dif-
ference in thebacterial proteins is particularly interesting, since, in
themammalian enzymes, the aspartates of the DXD and adjacent
residues are crucial for catalytic activity (10, 23).
B. ovatus is a Gram-negative commensal bacterium that

inhabits the distal mammalian gut and has been implicated in
the pathology of inflammatory bowel disease in humans (24).
The B. ovatus genome contains two genes that encode GT6
representatives (Fig. 1). We selected one of these for initial
investigation, and designate it BoGT6a (family 6 glycosyltrans-
ferase 1 of Bacteroides). The gene for this protein was amplified
by PCR and cloned and expressed in His-tagged form in E. coli
BL21(DE3). Assays with a variety of substrates show that its
substrate specificity is similar to that of human GTA. Previous
studies of the activities of bacterial enzymes were conducted in
the presence of Mn2� (16, 17), but we find that the B. ovatus
enzyme does not require divalent metal ions for activity and is
fully active in EDTA.Despite this striking difference, BoGT6a is
similar to its metal-dependent relatives in catalytic properties;
also, the effects of amino acid substitutions for residues corre-
sponding to several that act in substrate binding and catalysis in
vertebrateGT6 glycosyltransferases suggest that they have sim-
ilar structure-function relationships. These results indicate
that the metal cofactor is not a conserved feature in the GT6
family. They also raise questions about the catalyticmechanism
of prokaryotic GT6members and the evolutionary relationship
between bacterial, phage, and vertebrate enzymes.

EXPERIMENTAL PROCEDURES

Amplification, Cloning, and Expression of BoGT6a—Freeze-
dried B. ovatus cells were purchased from ATCC. Forward and
reverse synthetic oligonucleotide primers (Invitrogen) that
introduce NdeI and BamHI coding sites were designed to
amplify full-length and C-terminally truncated forms of the
gene: forward, 5�-AAAAAACATATG(NdeI)AGAATTGGT
ATA TTA TAT ATC TGT ACT GGC-3�; reverse full-length,
5�-AAA AAA GGA TCC (BamHI) TCA ATC AGC CGA TTT
AAA TTT TTG GCA GAT TAG-3�; reverse truncated,

5�-AAA AAA GGA TCC (BamHI) TCA GTT TTT TCT TCG
CAA TAA TTC ATG CCC GCC-3�.
B. ovatus cells (1 mg) were suspended in water (100 �l). A

PCR mixture (49 �l) containing 1 �l of the B. ovatus cell sus-
pension, 1 nmol each of the forward and reverse primers,
dNTPs, and 5 �l of Thermo Buffer for Polymerase (New Eng-
land Biolabs) was heated at 100 °C for 10 min. The mixture was
allowed to cool to room temperature, and 2 units (1 �l) of Vent
polymerase (New England Biolabs) was added. The B. ovatus
gene was amplified under the following conditions: 94 °C for 3
min, followed by 30 cycles of 94 °C for 1 min, 55 °C for 1 min,
and 72 °C for 1.5minwith a final incubation at 72 °C for 10min.
The PCR product was gel-purified (Qiagen) and digested with
40 units (2 �l) each of NdeI and BamHI in 6 �l of BamHI buffer
(New England Biolabs) and 1�l of 100� bovine serum albumin
at 37 °C for 3 h. The digestion product was gel-purified and
mixed in a 1:1 ratio with pET42b vector that had been previ-
ously digested with NdeI and BamHI, together with 2.5 �l of
10� T4 ligase buffer and 800 units (2 �l) of T4 DNA ligase in a
total volume of 25 �l. The mixture was incubated in a thermo-
cycler under the following conditions: 30 cycles of 10 °C for 3
min, 12 °C for 3 min, 14 °C for 3 min, 16 °C for 3 min, and 18 °C
for 1 min followed by a final incubation at 65° for 10 min. 10 �l
of the ligation product was transformed into E. coli DH5�-
competent cells using heat shock. Transformants were
grown in 1 ml of SOC medium with rapid shaking (250 rpm)
at 37 °C for 60 min before being plated on LB agar plates
containing 50 �g/ml kanamycin. The plates were placed
incubated at 37 °C for 18–20 h. A single colony was inocu-
lated in 8 ml of LB (kan) medium and grown overnight, and
the vector DNA (pET42b_BoGT6a) was extracted and
sequenced (Davis Sequencing, LLC).
Bacterial Expression and Purification—Cultures of E. coli

BL21(DE3) cells were transformed with pET42b_BoGT6a and
grown in LB medium containing 50 �g/ml kanamycin with
rapid shaking (250 rpm) at 37 °C. The temperature was reduced
to 24 °C when the A600 nm of the culture reached 0.8–1.0, and
incubation was continued overnight to allow leaky expression
at the lower temperature. Bacterial cells were harvested by cen-
trifugation at 4,000 rpm for 20 min, and the cell pellets were
washed with 20% sucrose containing 20 mM Tris-HCl, pH 8.0,
suspended in 30 ml of lysis buffer (50 mM Tris-HCl buffer, pH
8.0, containing 1 mM EDTA and 0.1 M NaCl), and disrupted
using a French press. Insoluble material was removed by cen-
trifugation at 30,000 rpm for 20 min, and the supernatant was
applied to anNi2�-nitrilotriacetic acid column (Qiagen), which
had been equilibrated with 50 volumes of 20 mM Tris-HCl, pH
7.9, containing 0.5 M NaCl. The column was subsequently
washed with 10 volumes of 20 mM Tris buffer containing 0.5 M

NaCl and 5mM imidazole, pH 7.9, followed by 20 volumes of 20
mMTris buffer containing 0.5 MNaCl and 60mM imidazole, pH
7.9, and finally eluted with 10 volumes of 20 mM Tris-HCl, pH
7.9, containing 0.5 M NaCl and 500 mM imidazole. Fractions
containing the purified protein were dialyzed against two
changes of 50 volumes of 20 mM Tris-HCl, pH 7.9, containing
0.1 MNaCl and 2mM dithiothreitol; 10mM EDTAwas added to
the buffer for storage. All steps in enzyme purification were
conducted at 4 °C.
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Mutagenesis—Seven mutants (D95N, D97N, A155M,
A155Q, E192Q, R299A, and K231A) (see Fig. 2) were con-
structed using the PCR megaprimer method with previously
described modifications (25) with pET42b_BoGT6a as a tem-
plate. In the first amplification, a 50-�l mixture of (forward)
mutagenic primers (Invitrogen) template, T7 terminator
(Invitrogen), dNTPs (Eppendorf), ThermoBuffer, andVent po-
lymerase (New England Biolabs) was used under the following
incubation conditions: 3 min at 94 °C followed by 30 cycles of
94 °C for 1 min, 60 °C for 1 min, 72 °C for 1 min, followed by 10
min at 72 °C. The productwas gel-purified (Qiagen) and used as
the reverse primer in a second reaction that also included T7
promoter, dNTPs, template, Thermo Buffer, and Vent poly-
merase under the following conditions: 94 °C for 3 min fol-
lowed by 30 cycles of 94 °C for 1min, 55 °C for 1min, and 72 °C
for 1 min and a final 10-min incubation at 72 °C.
The double mutant, R244A/R245A, was constructed by PCR

in one step. The amplification reaction contained the (reverse)
mutagenic primer, template, T7 promoter, dNTPs, Thermo
Buffer, and Vent polymerase and was incubated under the fol-
lowing conditions: 3 min at 94 °C followed by 30 cycles of 94 °C
for 1 min, 55 °C for 1 min, and 72 °C for 1 min with a final
10-min incubation at 72 °C.
The following primers were used for mutagenesis: N95D

(forward), 5�-CTATTTTTCTTCGATGCCAATCTCTTATT-
CACC-3�; N97D (forward), 5�-CTATTTTTCTTCAATGCCG-
ATCTCTTATTCACC-3�; A155M (forward), 5�-CGATATTAT-
TACATGGGAGGGCTTTCAGGTGGA-3�; A155Q (forward),
5�-CGATATTATTACCAGGGAGGGCTTTCAGGTGGA-
3�; E192Q (forward), 5�-CCAATTTGGCACGACCAATCTC-
TAATCAATAAA-3�; R229A (forward), 5�-CCAATAATCCT-
CATTGCAGACAAAAATAAA-3�; K231A (forward), 5�-ATCC-
TCATTCGAGACGCAAATAAACCCCAATAT-3�; R244A/
R245A (reverse), 5�-AAAAAAGGATCCTCAGTTTTTTGC-
TGCCAATAATTCATGCCCGCC-3�.
Molecular Size—The native molecular size of BoGT6a was

investigated by medium pressure gel filtration with a column
(10 � 300 mm) of Superdex 200 (Tricorn; GE Healthcare),
equilibrated and elutedwith 0.1M sodiumphosphate buffer, pH
6.8, containing 0.4 M NaCl and 10 mM sodium azide. Protein
samples were applied in 100 �l of sample buffer. The column
was calibrated with standard proteins of known molecular
weight, thyroglobulin (670,000), catalase (250,000), immuno-
globulin G (158,000), transferrin (79,500), ovalbumin (44,000),
myoglobin (17,000), and �-lactalbumin (14,000), and the
molecular weight was estimated from a regression analysis of a
plot of elution volume versus log(molecular weight) of the
standards.
Enzyme Assays—Glycosyltransferase activities were measured

using a radiochemical assay (10) with the potential acceptor sub-
strates 2�-fucosyllactose, fucosyl �1-2 galactose, blood group H
type II trisaccharide (Fuc�1-2Gal�1-4GlcNAc) (V-Labs),
N-acetyl-lactosamine, and Forssman synthase acceptor (Gal-
NAc �1-3Gal �1-4Gal), by following the transfer of radioac-
tive sugars from UDP-[3H]N-acetylgalactosamine (UDP-Gal-
NAc), UDP-[3H]Gal, or UDP-[3H]Glc (Sigma). Standard assays
contained 0.021 �g of enzyme, 50 mM Tris-HCl buffer, pH 7.0,
10mMEDTA, and 0.1% bovine serumalbumin in a total volume

of 50 �l and were incubated at 37 °C for 10–15 min. For more
detailed characterization of enzyme kinetics, acceptor concen-
trations were 0.1–0.5 mM for 2�-fucosyllactose, 0.1–3.0 mM for
Fuc�1-2Gal, and 0.2–1.0 mM for Fuc�1-2Gal�1-4GlcNAc.
The concentration of UDP-[3H]GalNAc (specific activity, 666
cpm/nmol) was varied from 0.06 to 0.3 mM. Reactions from
which the acceptor substrate is omitted served as controls. A
higher concentration of enzyme (3 �g) and a longer incubation
time (20 min) were used in assays of UDP-GalNAc hydrolase
activity. Because the BoGT6a-catalyzed reactions could not be
terminated by the addition of EDTA or by cooling on ice (since
BoGT6a has a significant level of activity at 0 °C), the reaction
mixture was immediately applied to a 1-ml Dowex (1 � 800)
anion exchange column, followed by 0.5ml of water towash the
tube. The productwas subsequently elutedwith 1ml ofwater to
elute the product; the eluate was collected in a plastic vial,
mixed with 10 ml of Ecolume (ICN Biomedicals, Costa Mesa,
CA); and radioactivity was measured with a liquid scintillation
counter (LKB).
Kinetic data were analyzed by non-linear regression using

Sigma PlotTM. Data were fitted toMichaelis-Menten equations
for a single substrate reaction (Equation 1) and a general two
substrate sequential reaction (Equation 2),

v �
Vm�S�

��S� � Km�
(Eq. 1)

v �
Vm�A��B�

�KiaKb � Ka�B� � Kb�A� � �A��B��
(Eq. 2)

where, in Equation 1, [S] represents the concentration of the
varied substrate, and Vm and Km are the apparent maximum
velocity and Michaelis constants. In Equation 2, [A] is the con-
centration of UDP-GalNAc, and [B] is the concentration of
2�-fucosyllactose. Ka and Kb are the cognate Michaelis con-
stants, and Kia is the dissociation constant substrate A. Data
were also fitted to variants of Equation 2 lacking a Ka or Kia
term, respectively. Mutant enzymes were characterized by
varying each substrate individually at a fixed concentration of
the second substrate, and the data were fitted to Equation 1 to
give apparent Km and Vm values.

RESULTS

Cloning and Expression of BoGT6a—The sequences of 11
bacterial GT6 family members are in the following data bases:
NR data base, H. somnus, E. coli O86, and Psychrobacter sp.
PRf-1; Whole-Genome Shotgun Reads, B. ovatus (two se-
quences), B. stercoris, B. caccae, and Subdoligranulum variable
(two sequences). The single putative viral protein sequence
from Prochlorococcus cyanophage PSSM-2 is also in the NR
data base. The bacterial sequences are also listed in Interpro
(available on the World Wide Web), entry IPR005076. An
alignment of the GT6 protein sequences from the three Bacte-
roides species with that from the cyanophage PSSM-2 and the
catalytic domains of human GTA and bovine �3GT generated
usingMUSCLE (available on theWorldWideWeb) is shown in
Fig. 1, and an alignment of all of the bacterial GTs is shown in
supplemental Fig. S1. The Environmental Samples data base
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contains six additional sequences from the Human Gut Met-
agenome that encode proteins that are similar to the bacterial
GT6s (including one that is identical with the B. stercoris
sequence) and more than 90 sequences with high levels of
sequence similarity to the putative cyanophage protein are
found in the Marine Metagenome. There are high levels of
sequence similarity between the bacterial, phage, and verte-
brateGT6s, amounting to 35% amino acid sequence identity for
some pairwise comparisons, and relatively few gaps need to be
inserted to align their sequences. Sections of sequence identi-
fied as parts of the active site in�3GT, GTA, andGTB by struc-
tural and mutational studies (25–27) are enclosed in boxes in
Fig. 1 (A–F). These are similar to ligand binding regions
assigned by Heissigerova et al. (28) in vertebrate GT6s. The
sequences within and adjacent to some of these regions are well
conserved, but in regions D and E, the sequences are less con-
served because these regions are responsible for specificity dif-
ferences for acceptor and donor substrates (6, 9, 27). In the
vertebrate GT6 glycosyltransferases, an additional region at the
C terminus is also important for activity (region G; supplemen-
tal Fig. S2). However, because the C-terminal regions of the
vertebrate and bacterial enzymes do not align well, we have not
marked this region in Fig. 1. Despite their strong overall simi-
larity in sequence, the bacterial and phage proteins are shorter
than the catalytic domains of the vertebrate enzymes by 47 res-
idues. The truncation is at the N terminus and includes, in the
known structures of the vertebrate enzymes, GTA, GTB, and
�3GT, an �-helix, and a � strand (8, 9). This region does not
appear to be a separate domain or subdomain, since it has a
large number of interactions with the rest of the catalytic

domain. The C-terminal regions of the bacterial sequences,
which align lesswell with the eukaryotic enzymes andwith each
other, contain a large proportion of basic amino acids.
Region C corresponds to the DXD motif that, in all of the

bacterial proteins, including those listed above, is replaced by
NXN (Fig. 1). It is interesting that in all homologues from the
marine metagenome, the DXD motif is conserved; these
sequences are probably from unidentified cyanophage species,
whereas those from the human gut metagenome have an NXN
sequence, and appear to originate from unidentified species of
commensal bacteria (see supplemental Figs. S1 and S2).
We selected one of the two B. ovatus glycosyltransferases

(designated BoGT6a) for characterization. The coding se-
quence was amplified by PCR of B. ovatusDNA andwas cloned
into the pET42b vector. Sequence analysis showed that it is
identical with the sequence in the data base. Two forms of the
enzyme were cloned into the pET42b vector with an N-termi-
nal His tag, a full-length form and a truncated form that is
missing the C-terminal 17 residues and terminates at Asn246
(see Fig. 2). Both were expressed in E. coli BL21(DE3) as soluble
proteins and were purified by nickel-chelate chromatography
in yields of 12 mg/liter of culture. Their levels of catalytic activ-
ity are closely similar, and the truncated enzyme was used for
detailed characterization. SDS-PAGE of both preparations
under reducing conditions showed a single band of the
expected size (31 kDa) for the protein stored in the presence of
dithiothreitol. During storage in the absence of reducing agent,
the activity declined, and the protein aggregated; SDS gel elec-
trophoresis showed a large proportion of what appears to be a
disulfide-linked dimer (�60 kDa) and a small fraction of higher

FIGURE 1. An alignment of selected bacterial, cyanophage and mammalian GT6 amino acid sequences. Abbreviations and Interpro sequence IDs (in
parentheses) are as follows. HuA, human histo-blood group A synthase (A1EAJ6); Bova, bovine �1,3-galactosyltransferase (P14769); PSSM2, cyanophage
PSSM-2 (Q58M87); Bs, B. stercoris (B0NSM3); Bo1, B. ovatus GT1 (A7LVT2); Bo2, B. ovatus GT2 (A7M0P3); Bc, B. caccae (A5ZC71). The boxed regions in the alignment
identify regions that have been shown to be involved in interactions with substrates and cofactor and in catalysis in bovine �1,3-galactosyltransferase and
histo-blood group A and B enzymes. These are labeled (below) as follows. A, interactions with uracil; B, interactions with the galactose moiety of UDP-Gal;
C, interactions with Mn2�, phosphates, and galactose; D, interactions with acceptor substrate; E, interactions with Gal or GalNAc of donor substrate; F, inter-
actions with monosaccharide of donor substrate and acceptor and catalysis; The arrow (above) denotes the intron/exon boundary in vertebrate GT6s, and the
asterisks indicate the residues in BoGT6a that were subjected to mutagenesis.
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oligomers, all of which were converted to the monomer on
reduction (data not shown). The nativemolecular weight of the
preparation (stored under standard conditions in the presence
of dithiothreitol) thatwas used for characterizing the specificity
and kinetic properties was investigated bymedium pressure gel
filtration as described. BoGT6a eluted from the column as a
single peak with an elution time corresponding to an apparent
Mr of about 25,000. This is somewhat lower than themolecular
weight calculated from the amino acid sequence, including the
His tag (31,050) but supports the view that the protein is
monomeric.
Catalytic Properties—The catalytic activity of BoGT6a was

tested with different UDP-sugars (UDP-Gal, UDP-GalNAc,
UDP-Glc) as potential donor substrates and glycans that are
acceptor substrates of vertebrate GT6 glycosyltransferases as
potential acceptor substrates. Unlike its vertebrate counter-
parts whose activities are completely dependent on divalent
metal ions, particularlyMn2� (10), the activity of BoGT6a does
not require exogenousmetal ions. The addition of either EDTA
or Mn2� produces a small progressive decline in activity,
whereas bovine �3GT is inactive in the absence of exogenous
Mn2� or in the presence of EDTAand is progressively activated
bymetal ion (Fig. 3). BoGT6a is fully active in the presence of 10
mM EDTA, which was included in the kinetic analyses reported
here. Among the various substrates, high levels of activity were
obtained only with UDP-GalNAc as donor and 2�-fucosyllac-
tose, 2�-fucosyl-LacNAc, or 2�-fucosylgalactose as acceptors,
indicating that the enzyme has a substrate specificity similar to
that of human GTA. Very low levels of activity were obtained
with UDP-Gal or UDP-Glc as donor substrates (	1% of that
with UDP-GalNAc) in combination with 2�-fucosyllactose or
2�-fucosyl-LacNAc as acceptor substrates. Similarly, when
UDP-GalNAc was used as the donor substrate donor together
with lactose, LacNAc, or GalNAc �1-3Gal �1-4Gal (Forssman
synthase substrate) as acceptor substrate, the activity level was

also 	1% of that obtained with 2-fucosyllactose. The three
effective acceptor substrates were compared by varying their
concentrations at a fixed concentration (0.3 mM) of UDP-Gal-
NAc. Their respective apparent Km and kcat values (Table 1)
show that 2�-fucosyllactose and 2�-fucosyl-LacNAc are the best
substrates and have very similar apparent kinetic parameters.
However, the saturation curve for 2�-fucosyl galactose is essen-
tially linear up to a concentration of 3mM. Because of the lack of
curvature,Km andVm could not be determined, but the value of
kcat/Km, calculated from the slope of the line, indicates that
2�-fucosyl galactose is the weakest of the three substrates.

A steady state kinetic study was conducted in which the con-
centration of UDP-GalNAc was varied at a series of fixed con-
centrations of 2�-fucosyllactose. The data fit best to the rate
equation for a sequential mechanism (Equation 2), displayed as
patterns of intersecting lines in a double reciprocal plot of
velocity versus [UDP-GalNAc] or [2�-fucosyllactose] (see sup-

FIGURE 2. The amino acid sequence of BoGT6a showing regions corre-
sponding to parts of the active sites of mammalian GT6 glycosyltrans-
ferases and sites of mutagenesis. Residues subjected to mutagenesis have
shaded backgrounds, and the boxes correspond to active site regions A–F (see
legend of Fig. 1 for details). The site of truncation in the recombinant protein
is denoted by the arrow.

FIGURE 3. Metal independence of catalytic activity in BoGT6a contrasted
with metal dependence of bovine �3GT indicated by the effects of exog-
enous EDTA and Mn2� on activity. The preparation of BoGT6a contained 10
mM EDTA, contributing 0.6 mM to the assay mixtures; it was assayed using 0. 3
mM UDP-GalNAc and 0.3 mM 2�-fucosyllactose, and the activity is expressed
relative to the activity determined in the absence of exogenous Mn2� or
EDTA. �3GT was assayed using 0.3 mM UDP-Gal and 10 mM lactose, and the
activity is expressed relative to the extrapolated activity at saturating [Mn2�].
Circles, activity of BoGT6a; squares, activity of �3GT. Filled symbols, effects of
increasing Mn2�; open symbols, effects of increasing EDTA.

TABLE 1
Kinetic parameters of BoGT6a for different acceptors with
UDP-GalNAc as donor substrate

Acceptor substrate Parametera Value

2�-Fucosyllactose Km 0.64 mM
kcat 14.1 s
1

kcat/Km 22 s
1 mM
1

2�-Fucosyl-LacNAc Km 0.65 mM
kcat 14.3 s
1

kcat/Km 22 s
1 mM
1

2�-Fucosylgalactose kcat/Km 1.81 s
1 mM
1

a These are apparent values, determined by varying acceptor substrate concentra-
tion at a fixed concentration (0.3 mM) of UDP-GalNAc.
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plemental Fig. S3. Fitting the data to this equation generatesKm
values for the two substrates (Ka and Kb), a Kia value, and the
turnover number, kcat. UDP-GalNAc was assigned as substrate
A and 2�-fucosyllactose as B, and their Km values as Ka and Kb,
respectively, based on their designations in mammalian GT6
transferases, which have ordered mechanisms. However,
although this rate equation implies a mechanism in which both
substrates bind prior to catalysis, it does not indicate that sub-
strates bind in a specific order. The kinetic parameters are com-
parable with those previously reported for GTA and bovine
�3GT (10, 29) (Table 2), except that the kcat value is higher.
BoGT6a also catalyzes GalNac transfer to water (UDP-GalNAc
hydrolysis) at a low but significant rate, analogous to the
hydrolysis of UDP-Gal catalyzed by bovine�3GT (10); this sug-
gests that, for the transferase reaction, UDP-GalNAc binds
prior to acceptor, or substrate binding is randombut appears to
be inconsistent with ordered binding of acceptor prior to donor
substrate. UDP-GalNAc hydrolysis was characterized at a
higher enzyme concentration by varying the concentration of
donor substrate, and the data were fitted to Equation 1. The
results show reasonable agreement between the Km for UDP-
GalNAc hydrolysis and the Kia for GalNAc transfer; the kcat
value for hydrolysis, which amounts to 0.06% of the transferase
activity, is lower than the corresponding relative rate (0.25%)
observed with �3GT (10).

To determine whether the low catalytic activity with UDP-
Gal arises from a deficiency in substrate binding or rate of catal-
ysis, galactose transfer from UDP-Gal to 2�-fucosyllactose was
characterized in more detail by varying the concentration of
each substrate at a fixed concentration of the second to obtain
apparent Vm and Km values. These results (see Table 3) suggest
that the low activity with UDP-Gal as donor substrate mainly
arises from the low kcat value (0.14% of that for UDP-GalNAc).
Investigation of Potential Active Site Residues in BoGT6a—

To test the hypothesis that BoGT6a is similar to mammalian
GT6 glycosyltransferases in structure-function relationships,
we have investigated the functional effects ofmutating residues
in BoGT6a that correspond to those that have key roles in catal-
ysis and substrate binding in its mammalian homologues. The
residues selected formutation are located in regions C, E, and F
and in the C-terminal region (see Fig. 2). Specifically, asparag-
ines 95 and 97 of the NAN sequence were replaced individually

with aspartates. Alanine 155 corresponds to histidine 280 in
�3GT and leucine ormethionine 266 in humanGTA andGTB,
respectively, residues that are a key to donor substrate specific-
ity; this residue was substituted by methionine and glutamine
based on residues present at the corresponding site in verte-
brate and prokaryotic GT6 family members. Glutamate 192,
which corresponds to a key residue in the catalytic mechanism
of �3GT, Glu317 (26), was substituted by glutamine. Lys359 and
Arg365 in the C-terminal region of �3GT interact with the
phosphates of the UDPmoiety of the donor substrate (26); this
region undergoes large structural changes on binding UDP or
donor substrate (8, 26). Because the C-terminal sequences dif-
fer considerably between bacterial and vertebrate GT6 glyco-
syltransferases (Fig. 2), it is difficult to reliably align their
sequences in this region so that the equivalence of residues
between �3GT and BoGT6a is uncertain. In fact, as shown in
supplemental Fig. S1, the bacterial enzymes as a group have a
high level of sequence diversity in this region. Therefore, we
used alanine scanning to investigate all basic amino acids of
BoGT6a in the C-terminal region that show some conservation
in the bacterial GT6 group specifically: Arg229, Lys243, Arg244,
and Arg244 (Fig. 1). The first two were separately mutated, and
the adjacent residues, 244 and 245, were probed by a double
substitution. These eight variants were all produced in yields
similar to those of the wild-type enzyme and, after nickel-che-
late column chromatography, showed, in each case, a single
band on SDS-PAGE with a mobility corresponding to that of
wild-type BoGT6a. Steady state kinetic characterization of each
mutated protein was conducted by varying each substrate at a
fixed concentration of the secondusingUDP-GalNAc as accep-
tor substrate, but the Ala155 mutants were characterized using
both UDP-GalNAc and UDP-Gal. The results, summarized in
Table 3, show that conservative substitutions for either Asn95
or Glu192 have very unfavorable effects on enzyme activity,
largely resulting from reductions in kcat of 4400-fold and
22,000-fold, respectively. The S.E. values for the kinetic param-
eters of these variants are higher than those for the other
mutants because of their low activities. The Asn95 to Asp

TABLE 2
Steady state kinetic parameters of BoGT6a in comparison with
human GTA and bovine �3GT

Parameter GTAa �3GTb BoGT6ac

Donor substrate UDP-GalNAc UDP-Gal UDP-GalNAc
Transferase activity
Ka (�M) 13 430 335 � 46
Kb (�M) 15 19 � 103 1170 � 150
Kia (�M) 5 140 67 � 5
kcat (s
1) 4.9 6.4 38 � 3.8

Hydrolase activity
Ka (�M) NDd 100 97
kcat (s
1) ND 0.016 0.024

a Data reported by Seto et al. (29), measured in the presence of 20 mM Mn2�. The
acceptor substrate was Fuc�(1-2)Gal�-O-(CH2)7-CH3.

b Determined with lactose as substrate at 10 mM Mn2� (10).
c Assays conducted using 2�-fucosyllactose as acceptor substrate in the presence of
10 mM EDTA.

d ND, not determined.

TABLE 3
Effects of mutations on kinetic parameters of BoGT6a

Parametera Ka Kb kcat Relative kcat
mM mM s
1

UDP-GalNAc
substrate

Wild type 0.11 � 0.02 0.69 � 0.04 34 � 1.5 1
N95D 4.0 � 1.6 3.3 � 0.58 8 � 0.8 � 10
3 2.3 � 10
4

N97D 0.08 � 0.01 6.4 � 0.9 4.9 � 0.4 0.14
A155M 0.85 � 0.06 0.27 � 0.03 0.08 � 0.003 2.3 � 10
3

A155Q 1.35 � 0.37 1.3 � 0.3 0.027 � 0.003 8 � 10
4

E192Q 0.52 � 0.21 1.7 � 1.0 1.5 � 0.5 � 10
3 4.4 � 10
5

R229A 0.61 � 0.06 1.7 � 0.2 11.9 � 0.8 0.34
K231A 0.24 � 0.04 3.4 � 0.1 0.15 � 0.003 3.8 � 10
2

R243A/R244A 0.23 � 0.02 2.4 � 0.25 3.4 � 0.17 0.1

UDP-Gal
substrate

Wild type 0.45 � 0.04 1.35 � 0.20 0.023 � 0.002 6.8 � 10
4 (1)b
A155M 1.27 � 0.15 1.43 � 0.35 0.11 � 0.007 3.2 � 10
3 (4.7)
A155Q 0.98 � 0.10 0.27 � 0.2 0.090 � 0.004 2.6 � 10
3 (3.9)

a These are apparent values, determined by varying the concentration of one sub-
strate at a fixed concentration (1 mM) of the second. Ka is the apparent Km for
UDP-GalNAc or UDP-Gal, and Kb is the apparent Km for 2�-fucosyllactose;
kcat (app) is calculated from the apparent Vm determined by varying 2�-fucosyllac-
tose at 1 mM UDP-GalNAc or UDP-Gal.

b Activity relative to that of wild-type enzyme with UDP-Gal as substrate.
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mutantwas less stable than the othermutants, and assays of this
protein were conducted at 30 °C instead of 37 °C. In this
mutant, the low kcat was accompanied by an increase in the
apparent Ka value that is not observed with the other mutants;
however, the kinetic parameters are not strictly comparable
with those of the other variants because of the different assay
conditions. In contrast, the Asn97 to Asp mutation has less
effect on activity, producing an �7-fold reduction in kcat and
5-fold increase in Kb. Substitution of Met or Gln for Ala155
produced variants with greatly reduced GalNAc transferase
activity and a preference for UDP-Gal over UDP-GalNAc as
donor substrate reflected by 5- and 4-fold increases in the kcat
for galactosyltransferase activity relative to wild type. Alanine
mutagenesis of the conserved basic amino acids in the C-termi-
nal region indicates that Arg229 has little influence on activity,
whereas mutation of Lys231 generates a �200-fold decrease in
kcat; the effect of mutating both Arg244 and Arg245 produced a
significant but relatively modest (10-fold) reduction in kcat.

DISCUSSION

Amino acid sequence alignments substantiate the common
ancestry of the genes for GT6 family members from verte-
brates, bacteria, and cyanophage (Fig. 1 and supplemental Figs.
S1 and S2). Molecular phylogeny analyses of the translated
amino acid sequences of the GT6s from bacteria, the cyanoph-
age, PSSM-2, the Human Gut Metagenome, and representa-
tives from the Marine Metagenome together with those of the
catalytic domains of selected vertebrate enzymesusingPhylogeny.
fr (30) show that they form three main branches: (i) bacteria
and gut metagenome sequences, (ii) cyanophage and marine
metagenome, and (iii) vertebrate sequences. Searches have
failed to identify additional homologues in the currently known
genomes of invertebrates, fungi, protozoa, plants, or archaea,
suggesting thatGT6 enzymes have a notably discontinuous dis-
tribution. Among prokaryotes and viruses, they are confined to
nine knownbacterial strains and one knownT4-type phage, but
their presence in additional unidentified commensal bacteria
and many (presumed) bacteriophage species is indicated by
sequences from the human gut and marine metagenomes. The
distribution of the GTs and phylogenetic trees generated using
their sequences suggest that lateral gene transfer involving ver-
tebrates and prokaryotes (31) has played a role in the evolution
of this family. With respect to this, it should be noted that the
bacterial enzymes correspond closely in length to an exon of
the vertebrate genes (see the arrow denoting the location of the
exon/intron boundary in Fig. 1).
BoGT6a differs from previously characterized GT6 glyco-

syltransferases in having metal-independent catalytic activity.
Thismay be linked to the change of theDXDmotif, found in the
vertebrateGT6branch andmany otherGTA foldGTs, toNXN.
Coutinho et al. (5) have pointed out, appropriately, that a DXD
motif is not a unique feature of metal-dependent glycosyltrans-
ferases, since it is present in 51% of sequences in the SwissProt
data base, so it is of questionable diagnostic significance with
respect tometal-dependent glycosyltransferase activity. Never-
theless, in the vertebrate GT6s, the role of region C (Fig. 1) in
binding the metal cofactor and donor substrate and in catalysis
has been definitively established by structural and mutational

studies (2, 10, 23). The precise alignment of the bacterial NXN
sequence with the conserved DXD sequence of the vertebrate
catalytic domains and putative phageGTs is supported by iden-
tities at multiple sites in the surrounding sequence (Fig. 1). The
bacterial typeGT6 sequences from the human gutmetagenome
as well as those from known bacterial species share the NXN
sequence, suggesting that they may be metal-independent, but
this requires experimental investigation. The biological signif-
icance of this substantial difference in properties is unclear.
Metal independence could reflect a feature of the ancestor of
the GT6 family, metal dependence being a later development,
or vice versa. BoGT6a and other bacterial GT6s are intracellular
proteins, and cellular levels of Mn2� and other transition met-
als in bacteria are closely regulated by metal uptake and efflux
systems so that intracellular concentrations of free Mn2� are
low (32, 33). Most are commensal bacteria that inhabit the dis-
tal intestinal tracts of vertebrates, an environment that is likely
to be deficient inmetal ions as the result of intestinal absorption
processes. Thus, metal independence in the bacterial GTs
could result from adaptation to their intracellular environment
in these species.
To compare structure-function relationships in BoGT6a

with those of the well characterized vertebrate enzymes, we
investigated the effects ofmutations in BoGT6a on activity. The
roles of asparagines 95 and 97 in the activity of BoGT6a were
probed by structurally conservative substitutions with aspar-
tate. The results indicate that mutation of Asn95 had a large
effect on catalytic activity, much greater than the correspond-
ing substitution for Asn97. The �4000-fold reduction in kcat
and 30-fold increase in the Km for UDP-GalNAc generated by
the Asn95 to Asp mutation indicate that this substitution per-
turbs the interaction of the enzymewith donor substrate. How-
ever, structural studies are needed to determine the role of this
region in donor substrate binding.
Residues in regions B and F (Fig. 1) have key roles in the

catalytic activity of vertebrate GT6s. Sterically conservative
substitutions of Asn and Gln, respectively, for residues corre-
sponding to Asp191 or Glu192 in BoGT6a region F (Fig. 1) in
bovine �3GT produce a major loss of catalytic activity (25, 26,
34). Crystallographic structures of bovine �3GT show that the
Asp in region F interacts with the Arg in region B (also con-
served in all GT6 glycosyltransferases) to stabilize an active site
structure that allows both side chains to interact with hydroxyl
groups of the galactosyl moiety of the donor substrate so that
UDP-Gal is bound in an appropriate manner for catalysis (34).
The glutamate was initially proposed to function as a catalytic
nucleophile in�3GT that forms a covalent bondwith the trans-
ferred sugar in a double displacement mechanism (7). Later
studies have not supported this mechanism but indicate that
this residue functions in transition state stabilization and in
interacting with the acceptor substrate (26).Mutagenesis of the
corresponding residue of BoGT6a, Glu192, to Gln results in a
10-fold greater reduction of kcat (22,000-fold) than that pro-
duced by the same substitution for the corresponding residue,
Glu317, of �3GT (26), indicating that Glu192 is a key residue in
catalysis in BoGT6a. Substitutions of Met and Gln for Ala155
(region E) were found to greatly reduce GalNAc transferase
activity and significantly increase the low level of galactosyl-
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transferase activity in BoGT6a. In the structurally character-
ized vertebrateGT6 enzymes,�3GT, and the histo-blood group
glycosyltransferases, GTA andGTB, the residue corresponding
to Ala 155 and the next 2 residues in the sequence form part of
the binding site for the monosaccharide moiety of the donor
substrate (9, 28), and substitutions for them can modify donor
substrate specificity (27, 29). The size of the side chain at the site
corresponding to Ala155 appears to determine if the 2-acet-
amido group of the GalNAc moiety of UDP-GalNAc can be
accommodated (27). Although the BoGT6a mutants with sub-
stitutions for Ala155 have relatively low activities, their proper-
ties are consistent with a general similarity in structure speci-
ficity relationships between the prokaryotic and vertebrate
GT6 representatives. Other bacterial glycosyltransferases have
Ala, Met, or Gln at this site (supplemental Fig. S1), and it seems
likely that Ala denotes GalNAc transferase activity, whereas
Met and Gln are markers of Gal transferase activity.
The conservation of active site residues in BoGT6a (and

other bacterialGT6 enzymes), aswell as ourmutational studies,
suggests that it is similar in structure-function relationships to
other well characterizedmammalianmembers of theGT6 fam-
ily. This suggests that some part of the proteinmay perform the
role of the metal cofactor of the vertebrate enzymes in catalysis
(3). Leukocyte type core 2 �1,6-GalNAc transferase, a GT-A
fold enzyme ofCAZy family 14, ismetal-independent and is not
significantly similar in sequence with metal-dependent GT-A
fold glycosyltransferases. However, based on a comparison of
its three-dimensional structure with those of metal-dependent
GT-A fold glycosyltransferases, Rini and co-workers (35) have
proposed that basic amino acids close to the C terminus might
stabilize the nucleotide diphosphate leaving group in a manner
similar to that of the metal ion in GT-A fold metal-dependent
GTs (3, 35). The C-terminal regions of BoGT6a and other bac-
terial GT6s, unlike the rest of the sequences, show limited sim-
ilarity to those of their vertebrate homologues or to the cya-
nophage protein (Fig. 1) and contain a high proportion of basic
amino acids. Alanine scanning of these residues indicates that
mutation of Lys231, which is conserved in all of the bacterial
enzymes, produces a �200-fold reduction in kcat, whereas sub-
stitutions for the other residues have much smaller effects. The
effect of this mutation is comparable with the 400-fold reduc-
tion in kcat produced by an Ala substitution for Lys359 of bovine
�3GT (36), which could correspond to Lys231 of BoGT6a (Fig.
1). Therefore Lys231 of BoGT6amay function similarly to Lys359
of �3GT; however, the magnitude of the activity loss produced
by Ala substitution is not comparable with the complete loss of
activity in �3GT produced by removal of the metal cofactor.
Therefore, the function of the metal cofactor may be replaced
by some other structural component of BoGT6a, such as a helix
macrodipole (37).
Steady state kinetic studies indicate that BoGT6a resembles

vertebrate GT6s in utilizing a sequential mechanism (10),
although whether substrate binding is ordered, as in the verte-
brate enzymes, or random is not known; BoGT6a and verte-
brate GT6 members also catalyze monosaccharide transfer to
water (Table 1). These results show that the catalytic properties
of BoGT6a and metal-dependent GT6s are closely similar.
Although this may be contrary to expectation, it is not unique;

for example, bacterial 3-deoxy-D-manno-octulosonate 8-phos-
phate synthases can be interconverted between obligate metal
dependence andmetal independence by substitution of Asn for
a metal-binding Cys (38, 39).
In summary, B. ovatus GT6a is smaller than its vertebrate

homologues and is metal-independent. It catalyzes the forma-
tion of blood group A-like structures that are expected to be
part of the O-antigen on the bacterial surface that modulates
interactions with human and other vertebrate hosts (40).
Despite its differences from the vertebrate GT6 enzymes, it
mirrors them in catalyzing a sequential mechanism, having low
but significant UDP-sugar hydrolase activity, and in utilizing
some equivalent amino acid residues from conserved regions of
sequence in substrate binding and catalysis. A homology-based
model for BoGT6a, based on the three-dimensional structure
of bovine �3GT, was generated through the Swiss-Model Web
site (41). The locations of residues subjected tomutagenesis are
shown in this model in supplemental Fig. S3. Not surprisingly,
the active site, identified by the residues that exert amajor influ-
ence on function, has a location similar to those in structurally
characterized mammalian homologues, whereas residues that
have minor functional effects, including the C-terminal region
(subsequent toArg243, theC-terminal residue in themodel), are
distant from this putative active site. We conclude that in the
GT6 family,metal dependence andmetal independence are not
associated with major changes in either active site structure or
mechanism.
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