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The final step in the enzymatic synthesis of theABO(H) blood
group A and B antigens is catalyzed by two closely related gly-
cosyltransferases, an �-(133)-N-acetylgalactosaminyltrans-
ferase (GTA) and an �-(133)-galactosyltransferase (GTB). Of
their 354 amino acid residues, GTA and GTB differ by only four
“critical” residues. High resolution structures for GTB and the
GTA/GTB chimeric enzymes GTB/G176R and GTB/G176R/
G235S bound to a panel of donor and acceptor analog substrates
reveal “open,” “semi-closed,” and “closed” conformations as the
enzymes go from the unliganded to the liganded states. In the
open form the internal polypeptide loop (amino acid residues
177–195) adjacent to the active site in the unliganded or H anti-
gen-bound enzymes is composed of two �-helices spanning
Arg180–Met186 and Arg188–Asp194, respectively. The semi-
closed and closed formsof the enzymes are generatedbybinding
ofUDPor ofUDP andHantigen analogs, respectively, and show
that these helices merge to form a single distorted helical struc-
ture with alternating �-310-� character that partially occludes
the active site. The closed form is distinguished from the semi-
closed formby the ordering of the final nineC-terminal residues
through the formation of hydrogen bonds to both UDP and H
antigen analogs. The semi-closed forms for various mutants
generally show significantlymore disorder than the open forms,
whereas the closed forms display little or no disorder depending
strongly on the identity of residue 176. Finally, the use of syn-
thetic analogs reveals how H antigen acceptor binding can be
critical in stabilizing the closed conformation. These structures
demonstrate a delicately balanced substrate recognition mech-
anism and give insight on critical aspects of donor and acceptor
specificity, on theorder of substrate binding, andon the require-
ments for catalysis.

Glycosyltransferases synthesize carbohydrate moieties of
glycoconjugates by catalyzing the sequential addition of mono-
saccharides from specific donors to specific acceptors. The
ubiquitous presence of glycolipids and glycoproteins in all liv-
ing systems underlines the importance of the glycosyltrans-
ferases superfamily, and the DNA of all domains of life encode
for a large number of these enzymes (1). To date, crystal struc-
tures of glycosyltransferases have displayed a high degree of
structural similarity evenwhen there is low sequence homology
(2–4). As such, glycosyltransferases provide an excellent exam-
ple of the preferential conservation of structural phenotype
over the conservation of sequence identity (2), which indicates
that the mechanism of glycosylation, although not yet fully
understood, has been conserved. Elucidation of the details of
substrate recognition would allow the development of new
inhibitors for the treatment of microbial diseases (5), genetic
ailments such as diabetes (6), and cancer (7). The generation of
inhibitors of the blood group A and B synthesizing glycosyl-
transferases GTA2 and GTB have been reported (8, 9), includ-
ing an inhibitor-bound structure (10).
Most glycosyltransferases are observed to lie in one of two

major fold families, GT-A and GT-B (not to be confused with
theGTAandGTBenzymes discussed here) (2, 3, 11). Structural
studies have revealed that specific internal sections of polypep-
tide adjacent to the active site are often observed to be flexible
or completely disordered. These internal loops have been sug-
gested to restrict water access to the active site, as well as act in
donor recognition and catalysis (3), including the inverting
enzymes �4Gal-T1 (12), GnT-I (13), GlcAT-I (14), and
GlcAT-P (15); the retaining enzymes EXTL2 (16) �-(133)-
GalT (17, 18), GTA, and GTB (19, 20); the microbial inverting
SpsA (21) and CstII (22); and the retaining microbial enzyme
LgtC (23).
The retaining �-(133)-galactosyltransferase (�-(133)-

GalT) is the enzyme most homologous to GTA/GTB in
sequence and structure, and it has been reported to display
substrate-induced conformational changes (18). This enzyme
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transfers Gal fromUDP-Gal to oligosaccharides terminating in
lactose or LacNAc (�-D-Gal-(134)-�-D-GlcNAc) (24). Like
GTA and GTB, �-(133)-GalT is a retaining enzyme with a
GTA fold. Unlike GTA and GTB, the structure of �-(133)-
GalT displays a completely ordered internal loop in the unli-
ganded state, which has been reported to lie in different confor-
mations for different mutants and in substrate-bound and
unbound complexes (17, 18).
GTA and GTB are responsible for the generation of the

human ABO(H) blood group A and B antigens (25, 26). GTA
catalyzes the transfer of GalNAc from UDP-GalNAc to the H
antigen acceptor (�-L-Fuc-(132)-�-D-Gal-O-R, where R is gly-
colipid or glycoprotein) to form the A antigen, whereas GTB
catalyzes the transfer of Gal from UDP-Gal to the H antigen
acceptor to form the B antigen (27, 28). Initial high resolution
structural studies of both GTA and GTB revealed two regions
of disordered polypeptide (19). One region consisted of the last
10 residues of theC terminus, whereas the otherwas an internal
polypeptide loop composed of residues 177–195. Subsequent
studies have shown that part of the disorder of the internal loop
was because of the presence of a heavy atom, and that crystals of
themutant enzymeGTB/C209A grown in the absence of heavy
atoms display a smaller disordered segment of the internal loop
consisting of residues 177–187 (20).
GTA and GTB are the two most homologous glycosyltrans-

ferases known that utilize different nucleotide donors anddiffer
by only 4 of 354 amino acids as follows: Arg/Gly176, Gly/Ser235,
Leu/Met266, andGly/Ala268 inGTAandGTB, respectively (29).
The role of each critical residue in donor and acceptor recog-
nition has been studied through the generation of chimeric
GTA/GTB enzymes. A nomenclature based on these four crit-
ical amino acid residues has been developed to describe GTA
andGTB chimera, where GTA can be referred to as AAAA and
GTB as BBBB with each letter corresponding to one critical
residue in increasing order, such that the ABBB chimera would
correspond to the GTB/G176R mutant enzyme and AABB
would correspond to the GTB/G176R/S235G mutant enzyme.
Critical residues Leu/Met266 and Gly/Ala268 have been shown
to be responsible for discrimination between the two donor
molecules (30–32), whereas Gly/Ser235 and Leu/Met266 signif-
icantly impact acceptor recognition (33); however, the function
of the conserved mutation Arg/Gly176 has been elusive. Struc-
tural studies in the past have been hampered by the fact that
Arg/Gly176 lies at the edge of the internal disordered loop from
residues 176–195; however, the development of crystallization
conditions for BBBB (GTB), ABBB, andAABB in the absence of
heavy atoms permits a structural investigation of the influence
of residue 176 on loop ordering and substrate binding.
We now report the kinetic characterization of several chimeric

enzymesalongwithhigh resolution structuresofGTB(BBBB) and
the chimeric enzyme ABBB in their unliganded states, BBBB and
ABBB in the presence ofUDP, BBBBandAABB in the presence of
synthetic H antigen disaccharide �-L-Fucp-(132)-�-D-Galp-
O(CH2)7CH3, BBBB andABBB in the presence ofUDP, and theH
antigen acceptor analog �-L-2-deoxy-Fucp-(132)-�-D-3-amino-
Galp-O(CH2)7CH3, BBBB, and ABBB and in the presence of
both UDP andH antigen disaccharide, and AABB in complex

with UDP-Gal and the H antigen acceptor analog
�-L-Fucp-(132)-�-D-3-deoxy-Galp-O(CH2)7CH3.

EXPERIMENTAL PROCEDURES

Construction of the Synthetic Glycosyltransferase Chimeric
Genes ABBB and AABB—The synthetic wild-type GTA (desig-
nated AAAA, amino acids 53–354) gene was constructed from
synthetic oligonucleotides as described previously (34). The
synthetic gene was designed with unique restriction sites to
facilitate mutagenesis. Glycosyltransferase chimeric mutants
ABBB andAABBwere synthesized by digesting theAAAAgene
with KpnI/SphI and ligating in the appropriate oligonucleo-
tides to form the desired gene sequence.
The�10/ABBB and�10/AABB genes (amino acids 63–354)

weremade by PCR amplification using the wild-type ABBB and
AABB genes as templates. The forward primer 5�-ATA TGA
ATT CAT GGT TTC CCT GCC GCG TAT GGT TTA CCC
GCA GCC GAA-3� (MIN2) introduced an EcoRI site in the 5�
end, and the reverse primer 5�-ATAATTAAGCTTCTATCA
CGGGTTACGAACAGCCTGGTGGTTTTT-3� (PCR-3B)
introduced a HindIII site in the 3� end. The PCR profile used
was 94 °C/3min (94 °C, 30 s, 55 °C, 30 s, and 72 °C, 1min) for 30
cycles. After gel purification, the PCR products were digested
with EcoRI and HindIII for 2 h at 37 °C and were ligated into
pCW�lac, which had been opened with EcoRI/HindIII. Each
ligation was transformed into BL21-competent cells. The DNA
sequences were confirmed on both strands.
All insert and plasmid purifications were made by Qiagen

plasmid purification system (Qiagen,Chatsworth, CA).All liga-
tions were made by the use of T4 DNA ligase (Invitrogen) at
room temperature for 1 h. All restriction enzymes were pur-
chased from New England Biolabs.
For GTB R188S, R188K, and R188H (amino acids 63–354),

site-directed mutagenesis was carried out using a QuikChange
kit (Stratagene). The primers used for mutagenesis were as fol-
lows: GTB R188S (sense) 5�-ATG CGT TCC ATG GAA ATG
ATCAGCGACTTCTGC-3� and antisense 5�-CATTTCCAT
GGA ACG CAT GGA AAC GTC CTG CC-3�. Cloning of
R188K was as follows: (sense) 5�-TGG CAG GAC GTT TCC
TGC GTA AAA TGG AAA TGA TCA GCG AC-3� and anti-
sense 5�-GTC GCT GAT CAT TTC CAT TTT ACG CAT
GGA AAC GTC CTG CC-3�; and cloning of R188H was as
follows: (sense) 5�-CAGGACGTTTCCATGCGTCATATG
GAA ATG ATC AGC-3� and antisense 5�-GCT GAT CAT
TTC CAT ATG ACG CAT GGA AAC GTC CTG-3�. The
altered nucleotides are shown in boldface.
Protein Purification—Mutant enzymes were purified from

Escherichia coli by methods described previously (36), with the
exception of R188H and R188K where cells were disrupted at
1.35 kbar with a constant system cell disrupter. Expression lev-
els for mutants were good, and the yields of final purified pro-
teins were ABBB 36mg/liter, AABB 50mg/liter, R188S 8mg/li-
ter, R188K 66 mg/liter, and R188H 15 mg/liter.
Kinetic Characterization—Kinetics using �-L-Fucp-(132)-

�-D-Galp-O-R as an acceptor were carried out with a radio-
chemical assay, where a Sep-Pak reverse-phase cartridge is used
to isolate radiolabeled reaction products created when the label
is transferred from a radioactive donor to the hydrophobic
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acceptor (37). Assays were performed at 37 °C in a total volume
of 12 �l containing substrates and enzyme in 50 mM MOPS
buffer, pH 7.0, 20 mM MnCl2, and bovine serum albumin (1
mg/ml). Seven different concentrations of donor and acceptor
were employed, and initial rate conditions were linear with
no more than 10% of the substrate consumed in the reaction.
For the donors, the Km values were determined at 1.0 mM
acceptor, and the Km for the acceptor was determined at 1.0
mM donor. The kinetic parameters kcat and Km were obtained
by nonlinear regression analysis of theMichaelis-Menten equa-
tion with the Graph Pad PRISM 3.0 program (GraphPad Soft-
ware, San Diego). Two-substrate kinetic analysis was per-
formed for the AABB and ABBB mutants to obtain KA
(acceptor Km), KB (donor Km), Kib, and Kia, as described previ-
ously (34).Kib is the apparentMichaelis constant for donor that
is independent of the concentration of acceptor and thus cor-
responds to the dissociation constant of the enzyme�UDP-Gal
or enzyme�UDP-GalNAc complexes. Kia is the dissociation
constant of the enzyme�acceptor complex.
Crystallization—All proteins were crystallized using condi-

tions different from those reported previously (10, 19, 33, 35,
38, 39). Whereas the first crystals of GTB were grown from
relatively low protein concentrations (�8–15 mg/ml) and as a
mercury derivative, the crystals in this paper were initially gen-
erated from higher protein concentrations (�60–75 mg/ml).
The first crystals of the ABBB andAABBmutants grew in stock
solutions containing 20mMMOPS, pH 7.0, 75mMNaCl, 15mM
�-mercaptoethanol, 0.05% NaN3 and stored at 4 °C for several
months. Crystals of ABBB andAABBwerewashedwithmother
liquor consisting of 7% PEG-4000, 70 mM Ada buffer (N-(2-
acetamindo)iminodiacetic acid), pH 7.5, 30 mM sodium acetate
buffer, pH 4.6, 40 mM ammonium sulfate, and 5 mM MnCl2.
Crystals of BBBB were obtained by the hanging drop method
from 30 to 40 mg/ml fresh protein solutions containing 1%
PEG, 4.5% methyl-pentanediol (MPD), 0.1 M ammonium sul-
fate, 0.07 M NaCl, 0.05 M Ada buffer, pH 7.5, 5 mM MnCl2
against a reservoir containing 2.7% PEG-4000, 7%MPD, 0.32 M
ammonium sulfate, 0.25 M NaCl, and 0.2 M Ada buffer, pH 7.5.
Crystals of BBBB, ABBB, and AABB in complex with UDP,
synthetic H antigen disaccharide �-L-Fucp-(132)-�-D-Galp-
O(CH2)7CH3 (HA) (8), or the analogs �-L-2- deoxy-Fucp-
(132)-�-D-3-amino-Galp-O(CH2)7CH3 (ADA) (40) and
�-L-Fucp-(132)-�-D-3-deoxy-Galp-O(CH2)7CH3 (DA) (41)
in various combinations were obtained by soaking substrate
into the unliganded crystals. Crystals were washed with
mother liquor consisting of 7% PEG-4000, 70 mMAda buffer,
pH 7.5, 30 mM sodium acetate buffer, pH 4.6, 40 mM ammo-
nium sulfate, and 5 mM MnCl2. The concentration of UDP
was usually 25 mM, but as little as 10 mM was often sufficient,
and 50 mM was used for BBBB�UDP. The H antigen accep-
tor analogs HA, DA, and ADA concentrations ranged from
10 to 20 mM. The concentration of UDP-Gal ranged from 35
to 50 mM. The concentration of MnCl2 was 5 mM. All sub-
strates were added incrementally over a period of a few min-
utes to a few hours so as to prevent crystal fracture. In the
case of AABB�UDP-Gal�DA, additional UDP-Gal was
added to the crystal minutes before freezing to minimize the
extent of UDP-Gal hydrolysis. No UDP was added to

AABB�UDP, as the UDP appeared to follow the protein
through the purification process. The UDP was removed to
generate the AABB�H structure by washing the crystal with
10 mM EDTA to remove the manganese that bound the UDP
to the protein.
Data Collection and Reduction—X-ray diffraction data were

collected at �160 °C for all crystals using a CryoStream 700
crystal cooler. Each crystal was incubatedwith a cryoprotectant
solution that consisted of mother liquor with 30% (v/v) glyc-
erol replacing a corresponding volume of water, except
AABB�UDP-Gal�DAwhere a corresponding volume ofMPD
was used. Data were collected on a Rigaku R-AXIS IV2� area
detector at distances of 72mm and exposure times between 4.0
and 7.0 min for 0.5° oscillations. X-rays were produced by an
MM-002 generator (Rigaku/MSC, College Station, TX) cou-
pled to Osmic “Blue” confocal x-ray mirrors with power levels
of 30 watts (Osmic, Auburn Hills, MI). The data were scaled,
averaged, and integrated using d*trek and CrystalView (42).
Structure Determination—Although the structures were

nearly isomorphous, for completeness all structures were
solved by molecular replacement using the CCP4 module
MOLREP (43, 44) with the structure of wild-type GTB as a
starting model (Protein Data Bank accession code 1LZ7), and
subsequently refined using the CCP4 module REFMAC5 (45).
All figures were produced using Setor (46) and SetoRibbon.3

RESULTS

The details of data collection and refinement for the enzyme
complexes are provided in Table 1 for BBBB structures and
Table 2 for ABBB and AABB structures. In the 12 structures
determined, BBBB, ABBB, andAABB crystals were soakedwith
combinations of UDP, UDP-Gal, H antigen disaccharide (HA),
3-deoxy-Gal-H antigen disaccharide (deoxy-acceptor, DA),
and 2-deoxy-Fuc-3-amino-Gal-H antigen disaccharide
(aminodeoxy-acceptor, ADA). These 12 structures are
labeled as BBBB, BBBB�UDP, BBBB�HA, BBBB�UDP�HA,
BBBB�UDP�ADA, ABBB, ABBB�UDP, ABBB�UDP�HA,
ABBB�UDP�ADA, AABB�UDP, AABB�HA, and AABB�
UDP-Gal�DA. The maximum resolution of the diffraction
data collected varied from 1.75 to 1.41 Å with a final Rwork
ranging from 19.4 to 22.3% and an Rfree ranging from 21.7 to
24.6%.
The primary distinguishing characteristic among the struc-

tures of the liganded and unliganded forms of BBBB,ABBB, and
AABB can be found in the two regions of polypeptide observed
to be completely disordered in the original structures of GTA
and GTB (19). In general, the internal loop of the BBBB, ABBB,
and AABB structures show fewer disordered residues than the
corresponding region in the heavy atom structures (19). A sum-
mary of the observed electron density surrounding the internal
loop (residues 176–195) and the C terminus (residues 346–
354) for all structures is given in Table 3. Without exception,
structures containing Arg176 show significantly more order
than the corresponding structure containing Gly176. All ABBB
andAABB structures display large portions of the internal loop,
which is observed to adopt an “open” conformation when unli-

3 S. V. Evans, unpublished.
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ganded, a “semi-closed” conformation when bound to UDP,
and a “closed” conformation when bound to UDP or UDP-Gal
and acceptor (Fig. 1,a andb).Although the structures of theBBBB
enzymes display significant levels of disorder in the mobile
polypeptide loops, the relativemovement of the observed residues
indicates that they undergo similar conformational shifts upon
substrate binding.
For all structures, the internal loop itself can be divided

into two portions. The first structure consists of residues
175–188 that shows significant flexibility and contains an
�-helix consisting of residues 180–187. The second struc-
ture consists of residues 189–195 that adopts an �-helical
conformation similar to that observed in a mutant GTB
structure (20). The nine C-terminal residues remain disor-
dered in the open or semi-closed states but display various
levels of order in the closed conformation depending on the
presence of substrate and on the identity of Arg176. Struc-
tures soaked with UDP sometimes show partial occupancy,
whereas all structures soaked with H antigen analogs display
a fully occupied acceptor binding site.
Disorder in BBBB, ABBB, and AABB—The identity of residue

176 (arginine in AXXX enzymes and glycine in BXXX enzymes) is

not only strongly correlatedwith the level of order observed in the
internal polypeptide loop of which it is a part, but with that of the
C-terminal residues as well. Given that the ABBB and AABB
mutants display remarkably higher levels of order and detail than
the wild-type BBBB enzyme, the structures of the mutants will be
discussed first and then compared with the wild type.
ABBB and AABB Structures—A comparison of electron

density observed in the different complexes of ABBB reveals
that the level of order in the internal and C-terminal loops
changes significantly with different substrate groupings
(Table 3). The unliganded ABBB structure displays excellent
electron density along almost the entire length of the
polypeptide (including almost the entire internal loop), with
the nine C-terminal residues completely disordered. The
ABBB�UDP and AABB�UDP structures show electron
density corresponding to a partially occupied UDP molecule
and a level of order comparable with the unliganded struc-
ture; however, there is clear evidence for two alternative
conformations of approximately equal weight for residues
176–188 (Fig. 1, c and d). In one conformation the loop
follows the path observed in the unliganded structure,
whereas in the second conformation these same residues

TABLE 1
Data collection and refinement results for crystal structures of BBBB

BBBB BBBB�UDP BBBB�HA BBBB�UDP�HA BBBB�UDP�ADA
Resolution (Å) 20-1.43 20-1.75 20-1.55 20-1.69 20-1.69
Space group C2221 C2221 C2221 C2221 C2221
A (Å) 52.54 52.54 52.56 52.45 52.43
B (Å) 149.91 149.93 150.25 149.60 149.93
C (Å) 79.21 79.28 79.38 78.74 78.92

Rmerge (%)a,b 0.034 (0.322) 0.051 (0.338) 0.037 (0.318) 0.048 (0.324) 0.044 (0.325)
Completeness (%)b 98.1 (96.9) 98.5 (96.2) 98.2 (96.0) 99.5 (99.9) 97.0 (98.4)
Unique reflections 57,030 31,525 45,171 34,923 34,204
Refinement
Rwork (%)c 21.2 19.6 21.1 19.8 20.0
Rfree (%)c,d 22.1 23.1 23.5 22.2 23.2
No. of waters 236 213 240 200 196
r.m.s. bond (Å)e 0.009 0.014 0.011 0.014 0.017
r.m.s. angle (°)e 1.28 1.44 1.28 1.41 1.61

Protein Data Bank ID 2RIT 2RIX 2RIY 2RJ8 2RJ9
aRmerge, ��Iobs � Iave�/�Iave.
b Values in parentheses represent highest resolution shell.
c Rwork, ��Fo� � �Fo�/��Fo�.
d10% of reflections were omitted for Rfree calculations.
e r.m.s. is root mean square.

TABLE 2
Data collection and refinement results for crystal structures of ABBB and AABB

ABBB ABBB�UDP ABBB�UDP�HA ABBB�UDP�ADA AABB�UDP AABB�HA AABB�UDP-Gal�DA
Resolution (Å) 20-1.45 20-1.52 20-1.55 20-1.47 20-1.45 20-1.41 20-1.70
Space group C2221 C2221 C2221 C2221 C2221 C2221 C2221
A (Å) 52.53 52.53 52.45 52.48 52.59 52.52 52.36
B (Å) 149.58 149.35 149.12 149.74 149.02 149.06 148.65
C (Å) 79.64 79.65 79.64 79.79 79.65 79.61 79.52

Rmerge (%)a,b 2.5 (23.0) 4.2 (36.0) 4.6 (33.0) 3.4 (28.9) 2.8 (20.7) 3.7 (31.5) 5.7 (31.0)
Completeness (%)b 91.5 (86.1) 99.9 (99.4) 97.1 (94.2) 98.6 (97.8) 97.1 (96.6) 96.2 (84.6) 95.3 (98.9)
Unique reflections 51,207 48,558 44,381 53,049 54,190 58,216 32,932
Refinement
Rwork (%)c 20.9 22.3 20.5 20.6 20.3 21.6 19.4
Rfree (%)c,d 22.8 24.6 22.8 22.6 21.7 23.7 21.7
No. of waters 236 214 200 230 205 237 194
r.m.s. bond (Å)e 0.009 0.010 0.011 0.009 0.009 0.008 0.014
r.m.s. angle (°)e 1.29 1.32 1.35 1.28 1.24 1.23 1.43

Protein Data Bank ID 2RIZ 2RJ0 2RJ1 2RJ4 2RJ5 2RJ6 2RJ7
aRmerge, ��Iobs � Iave�/�Iave.
b Values in parentheses represent highest resolution shell.
c Rwork, ��Fo� � �Fc�/��Fo�.
d10% of reflections were omitted for Rfree calculations.
e r.m.s. is root mean square.
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move toward the UDP molecule to partially occlude the
active site to form the semi-closed state. The AABB�HA
structure displays a similar degree of order as the ABBB unli-
ganded structure (having complete disorder only for Ala177
and Lys179 in the internal loop); however, there is no evi-
dence of order in the C-terminal region. Interestingly,
attempts were made to crystallize ABBB in the presence of
UDP-Gal; however, the structure displays only low UDP
occupancy in the active site and no conformational shift,
indicating that the Gal moiety is disordered or that the UDP-
Gal has hydrolyzed (structure not included).
The most striking structures in this series are

ABBB�UDP�HA and AABB�UDP-Gal�DA, which both
display excellent electron density for almost the entire polypep-
tide chain (including the C-terminal residues) and unambigu-
ous electron density for both the UDP and the HA. The struc-
ture of AABB�UDP-Gal�DA displays electron density
corresponding to UDP-Gal and a fully occupied DA. The inter-
nal loop is not disordered over two conformations but shows a
100% conformational change in that it corresponds to the semi-
closed state inABBB�UDP.Together, the conformational shift

in the internal loop and ordering of the C terminus result in the
completely occluded active site of the closed conformation of
the enzyme (Table 3 andFig. 1a). TheC-terminal residueHis348
forms unambiguous hydrogen bonds with the O-2- and O-3-
hydroxyl groups of the �-L-Fucpmoiety on the acceptor mole-
cule (Fig. 2a). In contrast, the structure of ABBB in complex
with ADA (remembering that ADA is the H antigen acceptor
analog that lacks the O-2-hydroxyl group) shows complete
electron density only for C-terminal residues Lys346 and
Asn347, main chain density only for His348 to Arg352, and
complete disorder for residues His348, Asn353, and Pro354
(Table 3 and Fig. 2b).
ABBB�UDP�HA shows a fully occupied glycerol molecule

(cryoprotectant) in the donor binding site of the enzyme (Fig.
2c). A comparison of this structurewithAABB�UDP-Gal�DA
shows that the glycerol molecule is positioned to mimic the
interaction of the galactosyl residue with Arg188 from the inter-
nal loop (Fig. 2, c and d).
BBBB Structures—The BBBB structures show the same two

major regions of disorder. Unlike the ABBB and AABB struc-
tures, the internal polypeptide loop cannot be clearly divided

TABLE 3
Loop ordering in BBBB, ABBB, and AABB
Black one-letter amino acid codes correspond to unambiguous electron density for main chain and side chain atoms; green letters correspond to unambiguous electron
density for main chain atoms only; red letters correspond to weak or ambiguous electron density for main chain and side chain atoms. The internal loops of ABBB�UDP
andAABB�UDP are disordered over two conformations corresponding to the open (1) and closed (2) forms. Residues involved in helices are underlined. Residues observed
to move from the open, to semi-closed, or closed form are outlined in yellow. Residues with one-letter amino acid codes in lowercase have not been included in the refined
models. Substrate moieties that exhibit partial occupancy are shown in green.
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into a flexible and an ordered region for many of the structures,
as all the residues from 176 to 195 can display disorder (Table
3). Notably, only the unliganded BBBB and fully liganded
BBBB�UDP�HA structure show significant order, and the
binding of a single ligand, either UDP or the H antigen, results
in appreciablymore disorder. There are only 4 residues (Ala177
to Arg180) disordered in the internal loop of BBBB, whereas
BBBB�UDP and BBBB�HA show disorder in 9 and 11 resi-
dues, respectively (Ala177 to Ser185 in BBBB�UDP and Gly176
to Met186 in BBBB�HA). The region 189–195 observed to be
an �-helix in ABBB and AABB, as well as the GTB/C209A
mutant (20), also displays somewhat more disorder upon the
binding of either substrate alone. Binding of both substrates in
the BBBB�UDP�HA complex causes most of the polypeptide
main chain of the internal and C-terminal loops to become

ordered and so form the closed state. Themain chain carbonyls
ofVal351 andArg352 interactwith theO-4-carbonyl of the uracil
moiety of the UDP through a bridging water molecule, and the
side chain of Arg352 forms salt bridges with both phosphate
moieties of UDP; however, electron density corresponding
to the last three C-terminal residues is absent. There is no
evidence of glycerol in the donor binding site of
BBBB�UDP�HA.
As found in the ABBB structures, increased disorder in the

C-terminal residues of the corresponding BBBB structures is
observedwhen the ADA is substituted for theHAorDA accep-
tor analogs. AlthoughBBBB�UDP�HAshows the closed form
of the enzyme with electron density corresponding to Lys346–
Val351, the BBBB�UDP�ADA structure displays significantly

FIGURE 1. Conformational changes associated with substrate binding. a, superimposition of unliganded ABBB in the open form (white) with AABB�UDP-
Gal�DA in the closed form (yellow/red) showing the internal and C-terminal loops (red), UDP-Gal and DA (orange), and Mn2� (blue), and the location of Arg176.
b, expanded view about the active site with an arrow indicating the movement of the internal loop toward the donor in going from the open state to both the
semi-closed or closed states, and showing the ordering of the C-terminal residues to form the closed state. c, stereoview of electron density corresponding to
the internal loop in AABB�UDP showing two distinct conformations of the enzyme (at 50% occupancy) corresponding to the open (yellow) and semi-closed
(green) forms of the enzyme. The disorder converges at Met189 (gray). d, the transformation of the internal loop (residues 176 –195) from the open (left) to the
semi-closed (right) conformation is accomplished by the merger of two �-helices (Arg180–Met186 and Arg187–Asp194) into a distorted helical structure with
alternating �-310-� character. The pivot point is indicated by a star.
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more disorder in the C-terminal region with electron density
corresponding only to residues Lys346 and Asn347 (Fig. 2, e
and f). It is important to note the large degree of movement
of polypeptide that was permitted in the crystalline state of

BBBB, ABBB, and AABB and that
great care had to be taken to add
substrate slowly to prevent crystal
cracking.
Kinetic Parameters—Kinetic con-

stants for wild-type GTA, GTB and
mutant enzymes are given in Table
4. The chimeric enzymes ABBB and
AABB show tight binding of UDP-
Gal with dissociation constants
(Kib) of 1.6 and 1.1 �M, respectively.
Acceptor binding is also tighter for
these mutants with Kia values of 3.8
and 0.94 �M. The kcat value for
UDP-Gal for ABBB is comparable
with that of GTB but is reduced
from 5.1 to 2.2 s�1 for AABB. There
was a marginal increase in kcat for
UDP-GalNAc from 0.41 for GTB to
0.65 and 0.60 s�1 for ABBB and
AABB confirming the dominance of
Leu/Met266 andGly/Ala268 in donor
discrimination. The binding of the
alternate donor UDP-GalNAc was
also tighter for the chimeric
enzymes than for GTB with dissoci-
ation constants of 9.2 and 44 �M
compared with 69 �M; however,
donor binding is weaker than that of
GTA, which has a Kib of 3 �M. The
importance of the interaction
between Arg188 and donor is evi-
dent from the dramatic reduction in
kcat for the R188S and R188K
mutants.

DISCUSSION

The Open Conformation for the
Enzymes—In the absence of donor
or acceptor, BBBB and ABBB crys-
tallize in the open form, where the
nine C-terminal residues are disor-
dered, and a major portion of the
internal loop is disordered or lies in
a conformation that leaves the
donor and acceptor binding sites
exposed to solvent. The effect of
Arg176 on internal loop structure is
clearly evident, as a substantial por-
tion of the internal loop is disor-
dered in BBBB whereas most of the
loop is ordered in ABBB, where it
consists of two helical segments
joined at Arg187 (Table 3 and Fig.

1d). This open form is likely because of the mutual repulsion of
many positively charged residues, such as internal loop residues
Lys179, Arg180, and Arg188 as well as C-terminal residues Arg352
and Lys346 (Fig. 3a).

FIGURE 2. Effects of different substrate analogs on ABBB, AABB, and BBBB. The presence and nature of the
acceptor and donor substrate analogs have a significant effect on the level of ordering of polypeptide chain.
a, unambiguous electron density is visible for all nine C-terminal residues of ABBB in complex with UDP and H
antigen disaccharide, whereas (b) the substitution of ADA for the H antigen results in significant disorder. c, electron
density about the UDP molecule in ABBB�UDP�H showing a fully occupied glycerol molecule bridging through a
water molecule to Arg188 in the internal loop to generate the closed form. d, electron density about UDP-Gal in
AABB�UDP-Gal�DA showing Gal-O-3 forming a hydrogen bond directly to Arg188 in the internal loop to generate
the closed form. e, electron density for the C-terminal loop of BBBB�UDP�HA shows significantly more order than
seen in BBBB�UDP�ADA (f). All electron density diagrams are 2Fo � Fc maps contoured at 1�.
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UDP Binding Induces a Semi-closed Conformation—The
ABBB�UDP and AABB�UDP structures reveal a fascinating
transition between the open and semi-closed states as both
structures display clear evidence that residues 176–188 are dis-
ordered over both conformations (Fig. 1c). The semi-closed
state has the helix formedby residues 176–188moving asmuch
as 6 Å toward the UDP molecule to partially occlude the active
site without forming any new hydrogen bonds to the UDPmoi-
ety (Fig. 1, a and b). The change to the semi-closed form results
in the first helix of the internal loopmoving into alignmentwith
the second (Fig. 1d). In this shift a new main chain hydrogen
bond forms betweenArg187(N) andAsp183(O) and amain chain
hydrogen bond between Glu190(N) and Met186(O) transfers to
between Met189(N) and Met186(O), such that two helices
become linked by a single turn of a 310 helix (Fig. 1d). The result
is a distorted helical structure with mixed �-310-� character
that partially occludes the active site. The mutual repulsion of
positively charged residues Lys179, Arg180, and Arg188 that held
the enzyme in the open state are likely overcome to form the
semi-closed conformation through electrostatic interactions
with the negatively charged pyrophosphate moiety of bound
UDP (20). Interestingly, despite high concentrations of UDP,
both the ABBB�UDP and AABB�UDP structures show elec-
tron density corresponding to �50% occupancy, which corre-
lates to the occupancy in the two observed conformations of the
internal loop. In contrast, BBBB�UDP does not show clear
evidence of a split between its open and semi-closed states.
Indeed, there is significantly higher thermal motion in the
semi-closed form seen in BBBB�UDP compared with the unli-
ganded form. Although only a few residues in the internal loop
of BBBB�UDP can be seen in the electron density maps, it is
clear that these at least have moved to positions that corre-
spond to the semi-closed conformation; however, the remain-
der of the internal loop in BBBBdisplays a great number or even
a continuum of conformations between the two states.
ABBB�UDP�HA and BBBB�UDP�HA Display a Closed

Conformation—The fully liganded ABBB enzyme shows order-
ing of almost all previously disordered residues in both the C
terminus and internal loop. This closed conformation in
ABBB and BBBB is achieved only in the presence of both
UDP and acceptor. Those residues of the internal loop that
are ordered are in the same conformation as observed in the
semi-closed state of ABBB�UDP, and the mutual repulsion
observed among the positively charged residues in the internal
loop has been fully overcome by the combination of UDP bind-

ing and the interaction of the UDP with the newly ordered C
terminus (Fig. 3b).
Significantly, six of the nine C-terminal residues of the pro-

tein forma short�-helix (residues 347–352) thatmakes contact
with residues in the active site, with UDP, with the �-L-Fucp
moiety of the acceptor, and completes the sequestration of the
substrates from solvent. The side chain of Lys346 extends into
the active site to form a salt bridge with the �-phosphate of
UDP and the side chain of the third residue (Asp213) of theDXD
motif.
Although relative levels of disorder and thermal motion

clearly show that the internal loop is stabilized by the ordering
of the C-terminal loop, there are no direct hydrogen bonds
between these two flexible regions. Instead this stabilization
occurs though a number of bridging interactions moderated by
UDPmoiety and threewatermolecules. The only direct contact
between the internal loop and the C terminus occurs through a
stacking interaction between Trp181 and Arg352 (Fig. 3c).
Effect of Cryoprotectant—A fully occupied glycerol molecule

is seen in the acceptor binding site of each structure in the
absence of acceptor; however, given that thismolecule does not
contact either mobile polypeptide loop, and given that it is dis-
placed by evenmodest concentrations of acceptor, it is unlikely
to influence the conformation of these loops.
ABBB�UDP�HA is the only structure to display a glycerol

molecule in the donor binding site, where it may contribute to
the observed formation of the closed state mimicking (through
a bridging water molecule) the interaction of the galactosyl
moiety in AABB�UDP-Gal�DA with Arg188 of the internal
mobile loop (Fig. 2, c and d). Both BBBB�UDP�HA and
ABBB�UDP�ADA form the closed conformationwithout any
indication of glycerol in the donor binding site.
AABB and Binding of UDP-Gal—Crystals of AABB soaked

with UDP-Gal and DA revealed a highly occupied donor and
acceptor in the active site cleft with the enzyme in a closed
conformation. This represents the fully liganded state
required for turnover of the enzyme and, in combination with
other structures that bind the active acceptor disaccharide ana-
log HA, a complete schematic of substrate recognition can be
drawn (Fig. 4). The donor sugar is bound in the classic “folded
back” conformation observed for other glycosyltransferases
(Fig. 3d). The shift to the closed conformation does bring Ser185
and Arg188 into the donor sugar binding site, but the donor
displays a somewhat different hydrogen bond pattern for the
�-Gal moiety than predicted (47).

Although the hydrogen bonds between Asp211 and the O-3-
hydroxyl group and between Asp302 and the O-4-hydroxyl
group are observed, the predicted interaction between Ser185
and the O-6-hydroxyl group is not observed. Instead, hydrogen
bonds are found between Arg188 and the O-3-hydroxyl group,
and between His301 and the O-6-hydroxyl group (Fig. 3e).
Although it does not participate in the active recognition of the
donor sugar galactosyl residue, Ser185 is positioned to provide a
steric barrier to the binding of UDP-Glc and accounts for this
aspect of donor specificity. The ability of Ser185 to exclude
UDP-Glc had been predicted, leading to speculation that an
appropriate mutation at position 185 could allow the GTB to
transfer glucose to the H antigen (48). Furthermore, the

TABLE 4
Kinetic constants for BBBB, ABBB, AABB, and AAAA as well as
internal mutants of BBBB

Enzyme
UDP-GalNAc UDP-Gal

KA KB Kib kcat KA KB Kib kcat
�M �M �M s�1 �M �M �M s�1

BBBBa 180 138 69 0.42 88 27 13 5.1
ABBB 75 44 9.2 0.65 12 5.2 1.6 5.4
AABB 13 37 44 0.60 1.6 1.8 1.1 2.2
BAAAb 48 35 ND 48 80 29 NDb 0.14
AAAAa 9.9 8.7 3 17.5 67 3.2 3.7 0.088
BBBB R188S (too slow) 74 158 ND 0.000004
BBBB R188K 40 86 ND 0.0002 150 140 ND 0.0006

a Data are from Ref. 35.
b ND indicates not determined.
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observed position of the fully occupied nucleotide donor
confirms the mechanism by which Met266 and Ala268 in
BBBB distinguish between acetamido and hydroxyl groups
present on the UDP-GalNAc and UDP-Gal donors, respec-
tively (31) (Fig. 3f).

Recent NMR studies reported a
similar conformation for the UDP-
Gal bound to GTB (49). However,
the observed contact by Lys346 to
the �-phosphate is missing in the
NMR structure, and the position of
the pyrophosphate group differs
significantly, which can be attrib-
uted to the absence of donor 1H
NMR signals in this region. It is
known that the O-3- and O-4-hy-
droxyl groups of UDP-Gal are par-
ticularly important in donor sub-
strate recognition (50).
The observation that UDP is car-

ried through the purification proc-
ess by ABBB and AABB, as well as
the observation of intact bound
donor only for AABB, correlates
with the observed Kib (enzyme.
donor dissociation constant) values
for these enzymes (Table 4). ABBB
has among the lowest observed Kib
value (1.6 �M) for any GTA/GTB
mutant studied, whereas AABB has
the lowest Kib (1.1 �M) for UDP-Gal
observed for any mutant.
Acceptor Recognition and Confor-

mational Change—It has been
known for some time that GTA and
GTB do not efficiently transfer to
acceptors that lack the terminal
nonreducing �-L-Fucp moiety (51).
When the original structure of GTB
was solved in complex with the H
antigen disaccharide, it was
observed that the �-L-Fucp only
provided a single contact to the
enzyme (a hydrogen bond between
theO-4-hydroxyl and the side chain
of amino acid residue Asp326) (19).
Structures of GTA and GTB
reported in complex with seven dif-
ferent fragments and analogs of the
H antigen acceptors revealed many
novel aspects of acceptor recogni-
tion by these homologous enzymes
(33); however, the absolute neces-
sity of the �-L-Fucp for catalytic
activity was obscure.
In the present structures, the

C-terminal residues recognize the
acceptor via two hydrogen bonds to

the �-L-Fucp residue with no contacts observed between the
C-terminal residues and the �-Gal residue (Fig. 4). Given that
the presence of both HA and UDP in the active site is required
for the closed conformation in BBBB and ABBB, and that the
C-terminal residues contact the H antigen only through the

FIGURE 3. Substrate binding and the closed conformation. The two helices observed in the internal loop of
open form (a) of ABBB have several positively charged side chains that are brought into proximity with other
positively charged side chains on the C terminus and the nascent helix dipole to form the closed conformation
(b) upon substrate binding in ABBB�UDP�HA. c, only direct contact between the internal and C-terminal
loops in the closed conformation is a stacking interaction between Trp181 and Arg352. d, superimposition of
UDP-Gal bound the active site of AABB (green), GT7 (red), and GT43 (blue). e, specific hydrogen bonds involved
in the recognition of the Gal moiety of UDP-Gal in AABB�UDP-Gal�DA. f, model of UDP-GalNAc shown in the
active site of AABB in the same manner as UDP-Gal demonstrates that UDP-GalNAc could not bind as it would
require approach within the van der Waals contact radius of critical residues Met266 and Ala268. Hydrogen
atoms (green) are included for clarity.
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�-L-Fuc moiety, and that the �-L-Fuc moiety is required for
efficient catalysis, it can be concluded that closed conformation
is likely required for efficient catalysis.
The stabilizing effect that O-2-hydroxyl group of the �-L-

Fucp residue imparts on the C-terminal region can be seen in
structures of BBBB and ABBB in the presence of UDP and the
ADA acceptor analog, which lacks this important hydroxyl
group. In general, the C-terminal residues in both ADA struc-
tures display considerably higher levels of disorder than in the
analogous structures soaked with HA, having complete main
chain and side chain electron density corresponding only to
residues 346 in BBBB and residues 346 and 347 in ABBB (Table
3). Significantly, both structures displayed complete disorder
for the side chains ofHis348 (involved in fucose recognition) and
Arg352 (involved in UDP stabilization) (Fig. 2, b and f).
Effects of Loop Mutations on Enzyme Activity—Kinetic stud-

ies completed on mutants of internal loop residue 188 of GTA
and GTB can now be rationalized on the basis of the current
structures (Table 4 and Fig. 4). For example, the BBBB/R188S
and BBBB/R188K mutants demonstrate increases in Km values
for the donor and large decreases in kcat, which is consistent
with its role in donor sugar recognition and turnover. BBBB/

R188H had a specific activity 3% that of BBBB/R188K and was
not further characterized.
Comparison with �-(133)-GalT—The most closely related

CAZy family 6 glycosyltransferase to GTA and GTB that has
been structurally characterized is bovine �-(133)-GalT. A
mutant of �-(133)-GalT has recently been crystallized in the
presence of the donor analog UDP-2-fluoro-Gal (18). With a
sequence similarity of only 45%, it is not surprising that bovine
�-(133)-GalT displays significant differences with GTB and
the GTB/GTA chimera. First, unlike BBBB, the corresponding
internal loop in �-(133)-GalT has always been observed to be
ordered in the wild-type enzyme. Furthermore, whereas the
generation of semi-closed form involves a complete ordering of
the internal loop in BBBB and a conformational change in the
loop in ABBB, the binding of UDP in wild-type �-(133)-GalT
or of UDP-2-fluoro-Gal in its R365K mutant results in five res-
idues of the internal loop changing from randomcoil to an extra
turn of a helix. Also unlike BBBB, ABBB, and AABB, the C-ter-
minal region of the R365K mutant structure bound to UDP-2-
fluoro-Gal does not close but is observed to curve away from
the active site. Like UDP-Gal in AABB�UDP-Gal�DA, the
donor sugar nucleotide UDP-2-fluoro-Gal lies in a “tucked-un-

FIGURE 4. Schematic representation of donor and acceptor recognition in GTB. The chimeric enzyme AABB displays the closed form when bound to
UDP-Gal and DA, which allows for a complete characterization of substrate recognition. The acceptor Gal-O-3 is modeled and does not appear in the 3-deoxy
acceptor DA.
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der” conformation (Fig. 3d), and the C terminus makes signifi-
cant contact with the pyrophosphate moiety of the UDP. How-
ever, unlike BBBB, ABBB, and AABB, the C terminus of
�-(133)-GalT does not contact the acceptor (18), and the pres-
ence of UDP is sufficient to fully order its C terminus (17).
The apparent ordering of the internal mobile loop in BBBB

and ABBB only in the presence of both acceptor and UDP sug-
gests a more elaborate recognition mechanism. First, a signifi-
cant array of positive charges from residues in the internal loop,
its nascent helix dipole, and from residues in the C-terminal
region are brought into proximity by the pyrophosphatemoiety
of bound UDP (Fig. 3b). Second, the presence of acceptor sta-
bilizes the C terminus through direct hydrogen bonds to its
�-L-Fucp residue, and brings it into proximity with the internal
loop where there is a stacking interaction between Arg352 and
Trp181 (Fig. 3c), and a bridging water molecule between the
main chain amide group of Trp181 and the side chain of Asn353.
Multiple Substrate Binding and the Catalytic Cycle of

GTA/GTB—The increased ease of formation of the closed form
of the enzyme is apparent in moving from BBBB to ABBB or
AABB. The wild type enzyme BBBB adopts the closed confor-
mation in the presence ofUDP andHantigenwhilemanifesting
higher levels of disorder and higher temperature factors overall.
ABBB shows the closed conformation in the presence of UDP
and H antigen with lower temperature factors, and AABB is
able to close in the presence of UDP-Gal and DA.
Although the acceptor binding does stabilize the conforma-

tion of the C-terminal residues in BBBB, ABBB, and AABB, it is
clear that this does not happen in the absence of UDP, and
therefore the formation of the closed conformation induced by
UDP binding is a requirement for the stable association of the
acceptor disaccharide. NMR studies have suggested a catalytic
cycle for BBBB that involves long lived UDP-Gal binding com-
plex and rapid on-off kinetics for acceptor binding (49). The
structures presented here demonstrate that donor binding is a
critical component in generating the closed conformation and
therefore in acceptor disaccharide stabilization. The reductions
in themobility of bothmobile loops upon donor binding would
stabilize the UDP-Gal and explain the observed long life of the
UDP-Gal�enzyme complex observed by NMR to which the
more labile acceptor could subsequently bind. Together with
the observation that bound acceptor would present a steric bar-
rier to the binding ofUDP-Gal, the evidence suggests thatUDP-
donor binding precedes theHantigen acceptor binding to bring
about the conformational changes required for catalysis.
The STD-NMR studies also suggested that GTB discrimi-

nates between the C-4 epimers UDP-Gal and UDP-Glc by a
“tweezers” model, where the recognition of Gal-O-4 by Asp302
would lead to a reactive conformation, but a similar recognition
of Glc-O-4 would not be possible (49). These results contrast
with the structure of AABB�UDP-Gal�DA that shows that
Glc-O-4 would actually be more favorably positioned to con-
tact Asp302 but that the shift to the closed conformation would
require a steric collision with internal loop residue Ser185. It is
likely that the open form of the enzyme and all intermediate
conformations en route to the semi-closed and closed confor-
mations are capable of binding both UDP-Glc and UDP-Gal
and that selection for the galactose over glucose occurs only in

the brief period before the fully closed conformation is
achieved.
The Role of Critical Amino Acid Arg/Gly176—Kinetic charac-

terization of the chimeric enzyme ABBB (GTB/G176R) reveals
a kcat value for UDP-Gal that is not significantly different from
the wild-type GTB enzyme (Table 4); however, the chimeric
enzyme BAAA (GTA/R176G) displays a 3-fold increase in kcat
values for UDP-GalNAc over the wild-type GTA enzyme,
showing that Arg/Gly176 affects enzyme turnover in GTA but
not in GTB. The increased flexibility of the internal loop and
resulting highermobility of theC-terminal residues afforded by
the R176G mutation may result in faster product release and
substrate exchange.
The current structures clearly show that Arg/Gly176 greatly

influences the level of flexibility in both the internal loop and
the C-terminal region. Although the C-terminal residues
remain disordered in the unliganded BBBB and ABBB struc-
tures, the internal loop in the unliganded BBBB structure is
almost entirely disordered, and unliganded ABBB exhibits dis-
order only for Lys189, Ala177, and Arg176 itself. Similar trends
are seen for the corresponding UDP-bound and H antigen-
bound structures. The pattern is repeated for the BBBB and
ABBB structures in complex with UDP and HA, which both
show the closed conformation; however, BBBB�UDP�HA
displays much higher thermal motion than ABBB�UDP�HA
in bothmobile loops. It is interesting to note that the side chain
of Arg176 itself does notmake any contact with any other part of
the enzyme in any structure, and it is observed to be partially or
fully disordered in all structures. This supports the hypothesis
that its contribution to substrate turnover may be steric in that
glycine has a greater freedom of rotation about its main chain
dihedral angles.
Conclusions—The BBBB, ABBB, and AABB enzymes have

demonstrated unambiguous conformational changes from the
unliganded orHA bound structures to UDP orUDP and accep-
tor analog bound structures. Three distinct states have been
observed for the enzymes as follows: an open conformation, a
closed conformation, and a semi-closed conformation. These
crystal structures reveal a novel role for the first critical amino
acid residue Arg/Gly176 in determining the flexibility of the
internal mobile loop. The conformational changes also provide
insight into both H antigen and UDP-Gal recognition, demon-
strate the necessity of ordered substrate binding, and suggest
necessary events in the catalytic cycle.
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