13512 Biochemistry2003,42,13512-13521

Roles of Individual Enzyme Substrate Interactions hby-1,3-Galactosyltransferase
in Catalysis and Specificity

Yingnan Zhangd! G. Jawahar Swaminathdfi,Ashlesha Deshpandetster Boix¢# Ramanathan Natesh,
Zhihong Xie! K. Ravi Acharyag and Keith Brew*”

Department of Biomedical Sciences, Florida Atlantic Lémsity, Boca Raton, Florida 33341, USA, and Department of Biology
and Biochemistry, Unersity of Bath, Claerton Down, Bath BA2 7AY, UK

Receied August 11, 2003; Resed Manuscript Receed September 19, 2003

ABSTRACT. The retaining glycosyltransferase,1,3-galactosyltransferase3GT), is mutationally inactivated

in humans, leading to the presence of circulating antibodies against its produzt@akepitopea3GT
catalyzes galactose transfer from UDP-Gaptinked galactosides, such as lactose, and in the absence

of an acceptor substrate, to water at a lower rate. We have used site-directed mutagenesis to investigate
the roles in catalysis and specificity of residuesBGT that form H-bonds as well as other interactions

with substrates. Mutation of the conserved &lto GIn weakens lactose binding and reducesktheor
galactosyltransfer to lactose and water by 2400 and 120, respectively. The structure is not perturbed by
this substitution, but the orientation of the bound lactose molecule is changed. The magnitude of these
changes does not support a previous proposal thdt@uhe catalytic nucleophile in a double displacement
mechanism and suggests it acts in acceptor substrate binding and in stabilizing a cationic transition state
for cleavage of the bond between UDP and C1 of the galactose. Cleavage of this bond also linked to a
conformational change in the C-terminal regioro@GT that is coupled with UDP binding. Mutagenesis
indicates that Hi&0, which is projected to interact with the 2-OH of the galactose moiety of UDP-Gal,

is a key residue in the stringent donor substrate specificity through its role in stabilizing the bound UDP-
Gal in a suitable conformation for catalysis. Mutation of &lnwhich forms multiple interactions with
acceptor substrates, to Glu reduces the catalytic rate of galactose transfer to lactose but not to water. This
mutation is predicted to perturb the orientation or environment of the bound acceptor substrate. The results
highlight the importance of H-bonds between enzyme and substrates in this glycosyltransferase, in arranging
substrates in appropriate conformations and orientation for efficient catalysis. These factors are manifested
in increases in catalytic rate rather than substrate affinity.

The oligosaccharides of eukaryotic glycoconjugates medi- or three-dimensional structure as well as shared sequence
ate cellular and molecular interactions, and influence the motifs 6—9). Members of such families can differ in donor

structures and physical properties of macromolecule®)( and acceptor substrate specificity but catalyze the formation
they also modulate immune responses and have roles in theof similar linkages between monosaccharides. GTs are of
susceptibility and resistance to pathoge®sXg). The struc- fundamental importance in the field of glycobiology, yet

tures of glycoconjugates produced by a cell are determinedthere is limited knowledge of their structures and mechanisms

by the cellular complement of glycosyltransferases (GTs), of action.

enzymes that catalyze that transfer of a monosaccharide from Two major subgroups of GTs are “retaining” enzymes that

an activated form (often a UDP derivative) into a specific catalyze a reaction in which the anomeric configuration of

linkage with an acceptor substrate. Families of homologous the monosaccharide in the donor substraten(UDP-sugars)

GTs have been identified with similarities in sequence and/ is retained in the product and “inverting” GTs that reverse

the anomeric configuration. These subgroups are expected
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tures in glycoconjugates. This enzyme and its products arehighly directional character and contribute to enzyme action
found in many mammals, including most primates and New through effects on substrate orientation and configuration.
World monkeys but not Old World primates, a group that The crucial role of GI&!” in catalysis appears to encompass
includes humanshj. In these species, the gene encodes an the electrostatic stabilization of a cationic transition state for
inactive enzyme containing a frameshift mutatidg)( The cleavage of the UDP to galactose bond and participation in
absence of activex3GT is thought to be advantageous acceptor substrate binding. Structural and mutational studies
because it allows the production of natural antibodies also clarify the role of a conformational change affecting
(1—3% of circulating IgG) to the product of its action, the the C-terminus ofa3GT and the role of a second UDP
a-Gal epitope, which provides an immunologic barrier to binding site in the enzyme.

infection by certain pathogenic micoorganisnisl)( and

enveloped viruses derived from mammalian hosts that haveEXPERIMENTAL PROCEDURES

active a3G_T @). The presence of anti-Gal antibodieg is Enzyme Expression, Mutagenesis, and AgtiMeasure-
also a barrier to xenotransplantation of orgat® é&nd with ments.The catalytic domain of bovine3GT (residues 80

the §hort§1ge of human organs for transplantation, genetic368) was expressed iEscherichia coliBL21(DE3) and
manipulation of thex3GT gene {3, 14) and the development 1, iifieq as described previousi21). Mutants were con-
of inhibitors of the enzyme are complementary approaches g cted by the polymerase chain reaction megaprimer

for preventing the rejection of xenotransplanted organs. athod 24) with minor modifications 25) using pET15b-
a3GT is a model for a family of homologous retaining 35T a5 a template2(). The sequences of mutants were
galactosyl- andN-acetylgalactosaminyl-transferases that form -packed by automated DNA sequencing of the expression
a-1,3 linkages tg-galactosyl ang-N-acetylgalactosaminyl oo

residues in glycoconjugates. Currently identified relatives of Steady state kinetic studies with wild-type and mutant
03GT are the histo-blood group A and B glycosyltransferases enzymes were performed using a radiochemical assay as

85).’ dForss_man eg(;oIipid (Gh synthase 16), and isoglo-  ,eviously described(l). For characterizing the transferase
oSl e.3 (iGh) synthase 17). activity of most mutants, enzyme activity was measured in
Previously, we have reported the structure of the UDP o presence of 10 mM Mnglat a series of UDP-Gal

complex ofa3GT in monoclinic crystal form (form I) at  concentrations (generally 6=2.0 mM) and different lactose
1.53 A resolution 18). This is at higher resolution and differs concentrations and the data were analyzed by fitting to the

from an earlier structure determined from a tetragonal crystal rate equation for a symmetrical sequential initial velocity
form (19) in having a structurally distinct and more ordered pattern:

C-terminal region. Subsequently, we determined the form

I structures ofl3GT complexed with UDP-galactose (UDP- V. [A][B]
Gal), UDP-glucose (UDP-GIc), as well as with both UDP V= m
and the acceptor substrates lactose latetyllactosamine (KiaKp 1 KJB] + K, [A] + [A][B])

(20). These complexes all contain the Mrcofactor that is
required for UDP-Gal binding2(). Although the UDP- where [A] is the concentration of UDP-Gal (the first binding
sugars are cleaved into UDP and monosaccharide in theirsubstrate in the ordered sequential mechanisa8&T) and
complexes with the enzyme, both monosaccharides remain[B] is the concentration of lactosd§ 21). As discussed in
bound in a solvent-inaccessible location in the active site. the text, in some cases the concentration of UDP-Gal was
Isothermal titration calorimetry (ITC) measurements indicate varied at a single fixed concentration of lactose (generally
that donor and acceptor substrates bind in an obligatory 25 mM) and lactose was varied at a single fixed concentration
ordered manner to the enzymz(y. of UDP-Gal, generally 1.0 or 1.2 mM. Analysis of these data
Here we have investigated the roles of polar residues in by fitting to the standard single-substrate Michaelgenten
the active site ofa3GT that make side chain H-bonding equation provided apparent values K for each substrate
interactions with donor and acceptor substrates: 3Glu  and two V, values. The apparenty, value, obtained by
which interacts with acceptor substrat@§)(and has been  varying [lactose] at fixed [UDP-Gal] was adjusted by
proposed to have a key role in catalysl®)( GIn**” which multiplying by (1+ [UDP-Gal]K,), whereK, is the apparent
forms multiple H-bonds with acceptor substratg6)( and Km for UDP-Gal to get an improved estimate of the thg
His?®, that H-bonds with the galactosyl component of UDP- andke. This method was used in characterizing the®Bin
Gal in a modeled enzymesubstrate complex. Hi® corre- Glu mutant which has a low transferase activity relative to
sponds to a key determinant of donor substrate specificity UDP-Gal hydrolase activity, as discussed below. UDP-Gal
in the blood group enzymeg3%). In the absence of acceptor hydrolase activity was determined at a series of UDP-Gal
substrateq3GT catalyzes the transfer of galactose to solvent concentrations (generally 6-1..0 mM) in the absence of
(UDP-Gal hydrolysis) at a low rat@{) and a similar activity acceptor. The lovi.o:for UDP-Gal hydrolysis results in this
has been observed for other GT22(23). Mutants were having a rapid equilibrium mechanism as shown by the close
characterized with respect to catalytic activity for both agreement between thi€, values for UDP-Gal for the
transferase and UDP-Gal hydrolase reactions, structure anchydrolase activity ané, values for the transferase reaction
substrate binding. The results indicate that mutational disrup-in different mutants (Table 4), both of these parameters
tion of H-bonding interactions between the enzyme and the corresponding to the dissociation constaki)( of the
donor substrate, UDP-Gal, perturbs the rates of both galac-enzymeUDP-Gal complex.
tosyltransferase and UDP-Gal hydrolase reactions; disruption In standard glycosyltransferase activity measurements, the
of similar interactions with the acceptor substrate selectively enzyme concentration was—3 ug/mL, but 106-20-fold
perturbsk.,: for the transferase reaction. H-bonds have a higher concentrations were used with the less activé®His
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Table 1: Statistics for Data Collection and Refinement

dataset

native enzyme wittN-acetyl
lactosaminet UDP complex

GI&"GIn mutant-lactose complex

cocrystallization conditions

soaking conditions

wavelength used for data

collection (A) and
Synchrotron station
resolution range (A)
space group
cell dimensions (A)
no. of observations

no. of unique reflections

completeness (%)
1o (1)

Rsymm(%)°
Rerys(%0)7Rired %6)f

deviations from ideality

bond lengths (&)
bond angles (deg)
no. of protein atoms
no. of solvent atoms
glycerol molecules
ligand molecules

B-factor statistics (4)
Wilson B-factor
overall B-factor
Protein All atoms
Protein Main-chain
Protein Side-chain
Solvent atoms

UDP atom§

ligand atom$
Mn 2t ion' ‘
mean anisotropy

10 mM UDP
50 mM of LacNAc and 20 mM of UDP for 3 h
0.87 (PX 9.6-SRSUK)

40:01.3
P2, (2 mol/a.u.)
a=45.37b=94.68c = 95.005 = 99.03
1,062,198
184,017
94.9 (6727)
15.9 (4.2}
5.7 (17.19%9)
10.7/15.4

0.013
1.5
4,862 (2 molecules)
952
5
2 normal UDP; 2 additional UDP,
2 LacNAc molecules (on per monomer)

11.0
13.8

10.6

8.6

12.4

28.0
5.8 (UDP1)
49.9 (UDP2)
10.7
5.0
0.35

10 mM UDP
100 mM of lactose for 3 weeks
0.87 (PX 9.6-SRS UK)

50.0-1.97

P2; (2 mol/a.u.)

a=45.20b = 94.28c = 94.68$ = 99.1C0
281,132

18.1/20.1

0.006
1.3
4786 (2 molecules)
594
0
2 normal UDP; 2 Lac (one per monomer)

11.4 (UDP1)

30.7
12.9

2 Qutermost shell is 1.351.30 A.® Outermost shell is 2.041.97A. ¢ Rymm = =23 [[Igny — Dy WVEni liy]liny is theith measurement a0

is the weighted mean of all measurementd @f ¢ Reyst = =n|Fo — F¢ ||/ZnFo WhereF, and F¢ are the observed and calculated structure factor
amplitudes of reflection It Ryee is equal toReys: for a randomly selected 5% subset of reflections, not used in refinem@hstructures have one
UDP molecule (UDP1) [except in native enzyme wikacetyl lactosaming- UDP complex which contains second UDP (UDP2) bound to each
monomer].9 Two LacNAc/Lac molecules (1/monomef)One Mr#* ion bound per monomerMean anisotropy calculated using the program

PARVATI (41).

Table 2: Interactions in Second UDP Site (H-Bonds) in
o3GT-N-acetyl Lactosamine- UDP Complex

Table 3: Roles of Residues Selected for Mutagenesis3iG T

residue substrate E atom Satom interaction comment
protein atom UDP atom distance (in mol 1, A) GI*" Lac (Gal) NE2 02 H-bond _ structure
Lys 306 NZ 03B 2.81 05 H-bond
Wat 03B 2.82 (8) vdw
Asp 197 OD2 02A 2.95 His?®® UDP-Gal (Gal) NE2 02 H-bond  model
Arg 194 NH2 02A 3.01 Lys®%6  UDP(2) NZ O3 (PB) H-bond structure
Wat O1A 3.03 (6] 02 H-bond
Lys 306 O 02 2.29 Glu®*” UDP+ Gall N 04 H-bond  structure
3) vdw
Lac (Gal) OEl1 04 H-bond
mutants. Hydrolase activities were also determined at 10 3) vdw
20-fold higher concentration2{). Both activities in the Arg*®*>  UDP(-Gal) (’\31)H2 02 Pe Hc-jbond structure
vdw

GIu¥Y’GIn mutant were measured using an enzyme concen-
tration of 460ug/mL (14uM) and a 60-min incubation time.
The hydrolase activity of the ABLys mutant was assayed

at 25uM enzyme and a 60-min incubation time.

aH is hydrogen bond. vdw is van der Waal contact. E atom- enzyme
atom. S atom- substrate atom.

The thermodynamics of binding of inhibitors and sub- version 5.0 (Microcal Inc.).

strates tax3GT and the Glu317 mutants were characterized
by isothermal titration calorimetry using a VPTC micro-

to the enzyme solution. Data were analyzed using Origin

X-ray CrystallographyPreparations of the recombinant
catalytic domain ofx3GT were stored at20°C in 20 mM

calorimeter (Microcal Inc.) at 38C as described previously MES—NaOH buffer (pH 6.0) in 50% glycerol. All mono-
(20). Enzyme was dialyzed against 20 mM Tris HCI buffer, clinic form Il crystals (wild-type and the G¥#Glu mutant)
pH 7.5, containing 0.1 M NaCl and 10% glycerol and ligands were grown at 16C by the vapor diffusion hanging drop
were dissolved in the same buffer. For measurements ofmethod as described previousl8] by mixing 2 uL of the

lactose binding, 2 mM UDP and 2 mM MnQlere added

protein at 5 mg/mL in 20 mM MESNaOH buffer, pH 6.0,
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Table 4: Kinetic Parameters of Recombinarit,3-GT and Its Variants for the Galactosyltransferase and Hydrolase Reactions

enzyme wild-type &E H28%Q BQ R36% e
Galactosyltransferase Reaction
Keat (571 6.4+ 0.7 0.144+ 0.0F 0.77+0.08 (27£7) x 10744 0.17+ 0.01
Ka (mM) 0.43+ 0.07 0.66+ 0.02 1.02+0.22 0.13+ 0.08 0.72+ 0.06
Kb (MM) 19.9+ 3.4 20.2+ 1.9 33.6+7.6 233+ 85 23.8+1.9
Kia (MM) 0.144+0.03 0.15+ 0.01 0.89+ 0.25 0.16+ 0.03 0.14+ 0.03
KealKiaKp (x 10F sTM~2?) 2.3+0.7 0.046+ 0.023 0.03£ 0.02 7.2x 1075 0.05+ 0.01
Hydrolase Reaction

Keat (1) x 1C° 16+1 11+ 0.2 <29 0.13+0.01 1.4+ 0.0
Ka (mM) 0.10+ 0.00 0.15+ 0.01 n.d" 0.16+ 0.03 0.14+ 0.02
KealKa (x 1B s IM™Y) 0.16 0.073 n.d. 0.00069 0.010
keattransferase/hydrolase 400 12 >385 51 121
catalytic efficiency: transferase/hydrolase 14000 630 n.d. 104 5000

2 The parameters were determined at@7n the presence of 10 mM MngIFor the galactosyltransferase reaction, steady state velocities were
fitted to the equation:v = VAB/(K;2Kp + KB + KpA + AB), A andB represent the donor and acceptor substrates, respectividig. values for
Km (apparent) for UDP-GalK,) was determined by varying [UDP-Gal] at a fixed lactose concentration of 25 4filde apparenk.a: andKp, for
lactose Kp) were determined by varying [lactose] at a fixed UDP-Gal concentration of 1.0 mM. The apkaressts corrected by (¥ KJ/[UDP-
Gal]) as described in Experimental Procedures. The high hydrolase relative to transferase actif#Atl imn@ W'4Y increases the uncertainty in
these values! Determined by varying [lactose] at 1.2 mM [UDP-G&lalues for the transferase activity of thé%f& mutant are from refL8.
f These aré, values for UDP-Gal hydrolysis (see text for discussidn)he hydrolase activity of this mutant was too low for quantitative analysis
at attainable protein concentrations and the (appateqtyas measured using 1.0 mM UDP-Gah.d., not determined.

10% glycerol, containing 10 mM UDP and 0.1 mM MngCl
with an equal volume of a reservoir solution containing 5%
PEG 6000 and 0.1 M Tris-HCI, pH 8.0. Single crystals
appeared after-34 days. Thex3GT—N-acetyl lactosamine
(LacNAc)-UDP complex was obtained by soaking the
native crystals prior to data collection with a-5000 mM
solution of LacNAc and 20 mM UDP (excess of UDP) in
the crystallization buffer. Before data collection, all crystals
were flash-cooled at 100 K in a cryoprotectant containing
10% PEG 6000, 0.1 M Tris-HCI, pH 8.0, 25% glycerol, and

enabled us to carry out anisotropic refinement on ADPs,
leading to vast improvement in the electron density maps.
All the alternate conformations were added after initial

anisotropic refinement. New atoms added to the molecule
were isotropically refined for at least two cycles before they

were refined anisotropically. The multiple conformation site

occupation factors were refined constraining their sum to
be unity. Occupancy of water molecules was constrained as
1.0 or 0.5 depending on their peak heights in the electron
density maps. Bulk solvent was modeled using Babinet's

appropriate ligands. High-resolution data sets (space groupprinciple, as implemented in the SWAT option in SHELXL

P2; with two molecules in the asymmetric unit) for the
LacNAc—UDP complex (1.3 A) and the GIHGIlu mutant
in complex with UDP and lactose (at2.0 A) were collected

program. Geometric restraints were set to default values as
specified in the program documentation. The final round of
refinement was carried out with the addition of H-atoms at

at the Synchrotron Radiation Source, Daresbury, UK (station riding positions for protein residues only, excluding alternate
PX9.6 using a ADSC detector system). Raw data imagesconformers. The positions of H-atoms were not refined but
were indexed and scaled using the DENZO and SCALEPACK instead calculated on established geometric parameters.

modules of the HKL suite26), see Table 1.
Since the cell dimensions were isomorphous with the
previously determined form I&3GT-UDP structure 18),

Finally the last round of refinement was carried out using
all data, without calculation oRqee. The last recordeRiee
andRgysfor this structure were 0.154 and 0.107, respectively.

PDB entry 1K4V (Table 1), these coordinates were used asAnalysis of the Ramachandrap-{1) plot showed that all

a starting model. Crystallographic refinement was performed
using the program package CN&). Several rounds of bulk
solvent correction, energy minimization, individual isotropic
B-factor refinement, simulated annealing and model building
using the ‘O’ program 48) were performed until th&ee
value could not be improved. Appropriate ligands (UDP,
lactose, LacNAc, and M ion) were incorporated into the
model after careful observation of the respective electron
density map (Table 2). Water molecules were gradually

residues lie in the allowed regions for all the refined
structures. The final refinement statistics are included in
Table 1.

Form | tetragonal crystals were also grown at°tS by
the vapor diffusion hanging drop method by mixing 2 mL
of the protein at 5 mg/mL in 20 mM MESNaOH buffer,
pH 6.0, 10% glycerol, containing 10 mM UDP and 0.1 mM
MnCl,, with an equal volume of a reservoir solution
containing 1.6 M ammonium sulfate and 0.1 M Tris-HCI,

included into the model at positions corresponding to peaks pH 8.0. Single crystals appeared after3idays. Before data

in the |Fo|—|F¢| electron density map with heights greater
than 3 and at H-bond distance from appropriate atoms.
For the LacNAe-UDP complex structure at 1.3 A
resolution, further refinement was carried out using SHELXL-
97 (29). First CGLS refinement in SHELXL was carried out
restraining all the 1,2 and 1,3 distances with the Engh and
Huber @0) restraints. Initially all the atomic displacement
parameters (ADPs) were kept isotropic. TRee value after
isotropic refinement of the ADPs was 0.198 &Rgs; could

collection, the crystals were flash-cooled at 100 K in a
cryoprotectant containing 1.6 M ammonium sulfate, 0.1 M
Tris-HCI, pH 8.0 and 25% glycerol. The crystals diffracted
only to 3.1 A resolution (cell dimensiors= b = 97.02,c

= 114.7 A, space groupgr4,2;2, one molecule in the
asymmetric unit and solvent content 67%). Two full datasets
(native and crystals soaked with 20 mM UDP) were collected
at the Synchrotron Radiation Source, Daresbury, UK (station
PX14.1 using a ADSC detector system). Raw data images

not be refined beyond 0.18. The data-to-parameter ratio were indexed and scaled using the DENZO and SCALEPACK
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FiGure 1: Substrate binding sites m3GT. (A) A ribbon diagram of the overall structure of the complex with2MrUDP, and lactose.
(B) A stereo composite representation of bound, cleaved, UDP-galactose and lactose showing the locations of mutation sites discussed in
the manuscript. Both figures were generated using MOLSCR{T. (

modules of the HKL suite26) and the structures were solved experimentally determined enzyme.substrate complexes, H-
using form 1l a3GT (18, PDB entry 1K4V) as a starting bonds with the galactose 2-OH through NE2 of the imidazole
model. Crystallographic refinement was performed using the ring H-bonds. This interaction appears to fit with the key
program package CN&T). Due to limited resolution of the  role played by the corresponding residue, Met or ¥&u

structures, only positional coordinates were refined. respectively, in the histo-blood group A and B glycosyl-
transferases in their specificity for UBRsalNAc and UDP-
RESULTS Gal as donor substrat@2). Mutants were constructed with

substitutions of GIn, Asn, Thr, Arg, Ala, Gly, Leu, and Pro
for His®®° based on the variability of the residue correspond-
ing to Hig®in different relatives ot 3GT. GI#, which is
conserved in all known relatives of3GT, is located close

to the galactose of the UDP-Gal; its side chain carboxylate
GIn?#" is located in the binding site for acceptor substrates forms an H-bond with the 4-OH of the galactosyl m0|3ety of
and makes two H-bonds with the galactose moiety of Iactosethe acceptor. Structurally conservative mu_tat'lons ofBlu
and LacNAc. In a modeled complex o3GT with UDP- to GIn and Asp were ma(_je to try and minimize effe(_:ts on
Gal, the bound substrate is in a conformation similar to that €NZYMe structure. The side chain of &fhH-bonds with

of UDP-2F-Gal in its complex with the bacterial retaining O4 and O5 of the galactose component of the acceptor
o-1,4-galactosyltransferase, LgtC, in which the galactose SUPstrate and was conservatively mutated to Glu.
pyranose ring is bent back under the two phosphates and The GIrf*'Glu, Gluw*'’Asp, and GI§’GIn mutants were
lies nearly parallel to the diphosphate plard, (20). An all expressed in good yield. Mutants with Leu and Pro
extended conformation of UDP-Gal could not be accom- substituted for Hi¥° expressed in low yield{1 mg/L of
modated in the active sit@@). In this complex, Hig®, which bacterial culture) but others were obtained in yields-612
does not interact with either substrate in the structures of mg/L. All His?8 mutants were less soluble than wild-type

Design and Expression of MutaniBhe form Il structure
of a3GT with the locations of bound UDP, Mih and lactose
is shown in Figure 1A. A stereoview of the enzyme active
site containing both UDP-Gal and lactose, shown in Figure
1B, shows the enzymesubstrate contacts in greater detail.
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Table 5: Thermodynamic Parameters for the Binding of Substrates and UDP to WildeB¢@E and Its Variants

ligand titrated additions parameter wild-type (3 BEQ R365K
UDP (5 mM)+ Mn?* (5 mM) Kg (MM) 0.032+ 0.001 0.039+ 0.002 0.12+ 0.02 0.088&+ 0.004
Mn?* (5 mM) AG (kcal/mol) —6.23+ 0.02 —6.06+0.02 —5.44+0.09 —5.62+0.03
AH (kcal/mol) —17.75+ 0.19 —17.47+0.16 —18.50+0.19 —8.87+0.19
—TAS (kcal/mol) 11.52+ 0.19 11.41+ 0.16 13.06+ 0.19 3.25+ 0.19
lactose (100 mM) M#™ (2 mM)/UDP (2 mM)  Kq (mM) 2.69+ 0.06 not detected not detected weak binding
AG (kcal/mol) —3.56+ 0.01 not detected not detected weak binding
AH (kcal/mol) —9.29+0.16 not detected not detected weak binding
—TAS (kcal/mol) 5.73+0.16 not detected not detected weak binding
UDP-Gal (7.5 mM) M#A" (2 mM) Kg (MM) 0.043+0.001 0.064+0.002 0.31+0.01 not determined
AG (kcal/mol) —6.05+ 0.01 —-5.81+0.01 —4.86+0.02
AH (kcal/mol) —13.90+ 0.08 —10.76+0.37 —7.37+0.11

—TAS (kcal/mol) 7.85+ 0.08 4.95+ 0.37 2.514+0.11

o3GT and precipitated at concentrations above 1 mg/mL, Gal) with both UDP-Gal and UDPGalNAc as donor
whereas wild-type enzyme is soluble at concentrations substrates.
exceeding 5 mg/mL under the same conditions. (c) Gl¥'Mutants The side chain of GRY is well

Functional Properties of Mutants. (a) GHGlu. The positioned to act as the catalytic nucleophile in a double
GIn®*'Glu mutant shows distinctly different catalytic proper- displacement mechanisnll&-20) and electron density
ties from the wild-type enzyme having greatly reduced adjacent to the carboxyl group in the form I crystallographic
galactosyltransferase activity but unchanged hydrolase activ-structure of a Hg-UDP-Gal complex was initially interpreted
ity (Table 4). The radiochemical assay measures the com-as indicating the presence of a covalently bodrghlactosyl
bined hydrolase and transferase activities. In calculating thegroup (9). However, the structures af3GT complexes
transferase activity, the radioactivity released from UDP- containing both UDP and acceptor substrates indicate that
Gal as neutral sugars in the presence of acceptor is correctethe role of this residue may be complex since it engages in
using the radioactivity transferred in the absence of acceptor.H-bond formation with the 4-OH of the accepf®galactosyl
This correction includes the hydrolase activity, which is group @O0).
reduced in the presence of an acceptor substrate, producing Initial activity assays indicated that mutants with Asp and
a possible source of error through overcorrection. With the Gin substituted for GR#’ are catalytically inactive. Calori-
wild-type enzyme, the hydrolase activity is a trivial fraction metric studies showed that the GIn mutant binds UDP
of the transferase activity and any error is insignificant, but similarly to the wild-type enzyme, but the Asp mutant has
with the GIrf4’Glu mutant, where the hydrolase activity is reduced affinity for UDP and a lower and enthalpy of
about 10% of the combined hydrolase and transferasebinding, suggesting that this mutation may affect the structure
activities, the potential fractional error in this correction is of the UDP binding site. For this reason, more detailed
larger. Consequently, the values determined for the kinetic studies were only performed with the Gl{GIn mutant.
parameters for transferase activity of this mutant are not Assays using high enzyme concentrations and prolonged
entirely satisfactory. However the appar&ptfor UDP-Gal incubation times showed that this mutant is active for
and lactose are similar to those of the wild-type enzyme catalyzing both the transferase and UDP-Gal hydrolase
(Table 5). TheK, andk. for UDP-Gal hydrolase activity,  reactions. Transferase activity was characterized by varying
parameters that can be measured accurately, are essentialljjactose] at a fixed concentration of UDP-Gal (1.2 mM); the
unchanged. Therefore, it can be concluded that the effect ofeffects of varying UDP-Gal concentration on both hydrolase
this mutation is a 50-fold reduction k. for the transferase  and transferase activities were also measured. Analysis of
reaction. these data gave the apparéqt and ke, values shown in

(b) His?® Mutants.Under standard assay conditions,¥fis Table 4. The value oK, (lactoseKy,) for the galactosyl-
GIn has about 10% of the activity of the wild-type enzyme, transferase reaction is tentative because it exceeds the highest
but the activities of the other mutants were less than 1% of concentration of lactose used in the assay. However, the
the wild-type enzyme. Their reduced solubility prevented the results clearly show that this mutant is deficient in acceptor
use of high enzyme concentrations and prolonged incubationsubstrate binding but not in UDP-Gal binding. Ks; for
times in assays, and detailed kinetic studies were carried outhe transferase reaction is approximately 2400 times lower
only with the GIrf® mutant. The mutation reducés, and than that of the wild-type enzyme and the low activity for
increasesKi, (the Ky for the donor substrate, UDP-Gal). catalyzing UDP-Gal hydrolysis reflects a 120-fold reduction
Together, these produce an 80-fold reduction in catalytic in ke the Ky, for UDP-Gal being essentially unchanged.
efficiency, keaf/KiaKp, (Table 4). The UDP-Gal hydrolase (d) Arg®®Lys This mutant was previously constructed to
activity of this mutant is less than 1% of the transferase investigate the role of the flexible C-terminal section of
activity, as in wild-typea3GT, and the low activity and  a3GT in its catalytic activity. Its galactosyltransferase activity
solubility did not allow us to determine th&, andk.,; values was previously characterized but not the hydrolase activity.
for UDP-Gal hydrolysis. As shown in Table 4, this mutation reduced Kagfor UDP-

Wild-type a3GT has undetectable UDP-GalNAc trans- Gal hydrolysis about 10-fold but has no significant effect
ferase activity, and all mutants with substitutions for®fls  on the affinity for UDP-Gal.
were tested for transferase activity with this substrate. Crystallographic Studies. (a) Aeg Site Conformational
Activity was observed in the Ala and Gly mutants which Flexibility and Binding Sites in Wild-Type3GT.Previously,
have similar low activities €1% of wild-type with UDP- monoclinic and tetragonal crystal forms of bovia8GT
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Tyr'3% also interact with thex-phosphate. The second UDP
(hitherto unidentified UDP2, with partial occupancy, Figure
2) is bound close to Ly&%in the vicinity of residues Ly8*
Lys®%7, and Ard®%. The density for the ribose ring and the
two phosphates are well defined in the electron density map,
but the uridine ring appears to be disordered. The oxygen
atoms from the phosphates H-bond with neighboring resi-
dues, which seems to stabilize the site (Table 2). A LacNAc
moiety is also bound as described previougl)(

The second UDP site is distant from the Mrcofactor
that is required for catalysis and from the previously
characterized binding site for acceptor substrate@), (
suggesting that it does not have a direct role in catalysis.
This was confirmed by expressing a mutant enzyme in which
Lys®%¢ which makes the principal interactions with UDP at
the second site, was replaced by Ala. Limited steady-state
kinetic studies in which the concentration of donor and
acceptor (lactose) substrates were separately varied at a single
fixed concentration of the other substrate showed that the
apparenK,, values for both substrates akg; are insignifi-
cantly different from the wild-type enzyme (data not shown).
It should be noted, however, that this cationic region on the
surface ofa3GT is conserved im3GTs from different
species, and it is conceivable that it has some role in vivo.
Possibilities include lowering the concentration of UDP to
reduce enzyme inhibition through formation of dead-end
o3GT-UDP-acceptor complexes or retention of UDP in the
Golgi lumen for hydrolysis and recycling to the cytosg2).

We have also calculated electron density maps at 3.1 A
resolution for form | crystals o&3GT that were grown in
the presence of 10 mM UDP and 0.1 M MnCand
subsequently soaked in 20 mM UDP and 20 mM MnCl
Although these crystals are well ordered, they do not diffract
beyond 3.1 A, even on the Synchrotron source. Analysis of
their electron density maps shows a complete absence of
density for the polypeptide chain C-terminal to &f
indicating that residues T# to Val® of the enzyme are

the two UDP binding sites (UDP1 and UDP2)d3GT. The two d|sordc_ered. Interestlngly, therg is no e_lec_tron (_:iensny that can
UDP molecules are shown as ball-and-stick models and the P€ attributed to UDP in the primary binding site, although a
molecular surface of the protein is colored based on electrostatic Small region of density is present that appears to reflect the
charge: red indicates negative charge and blue, positive chargepresence of a bound Mh cofactor. These observations
UDP1 is mostly buried by the C-terminal region of the enzyme. provide structural evidence that the conformational change
The figure was generated using GRASE3( (B) Details of ot hroduces the fixed structure of the C-terminal 11 residues
interactions at the second UDP site (UDP2). The sigma level of . . -
the Fo—F. omit map around the UDP phosphates (blue) is 3.0. This Of &3GT present in the form Il structure is coupled with
figure was drawn using BOBSCRIPR4). UDP binding.

(b) Structure of the GR’GIn Mutant The crystallographic
have been characterized and designated as form | and fornstructure (form Il) of the GIft” mutant in a complex with
Il structures, respectively. Form Il diffracts at higher resolu- lactose, MA", and UDP was determined at 1.97 A (Table 1
tion (up to 1.3 A in the present study), is more ordered, and and Figure 3). The structure shows that the mutation produces
encompasses previously characterized complexes of theno overall change in structure (root-mean-square deviation

FiGURe 2: The two UDP binding sites af3GT. (A) Locations of

enzyme with UDP/M#A*, UDP-Gal, UDP-GIc, and two
acceptor substrates (plus UDP and an The form I
structure containing UDP/Mnh has now been refined aniso-

of 0.15 A for the mutant and wild-type structures) and the
side chain of residue 317 forms an H-bond with the 4-OH
of the -galactosyl component of the acceptor as in wild-

tropically and hence provides better definition of the dynam- type a3GT. However, when the structures of equivalent
ics of the molecule. This structure reveals the presence ofcomplexes of the wild-type enzyme and mutant are super-
two bound UDP molecules. One (UDP1, Figure 2A) is imposed, it can be seen that the mutation perturbs the
located at the site previously identified in the enzyie®*- orientation of the bound lactose (Figure 3). The absence of
UDP complex 18) through interactions of the uracil with  structural change in the enzyme indicates that the reduction
Phé?4, val*®6 and Ty#3® and direct and M#-mediated in catalytic activity is a direct result of the change in side
interactions between the AZp Val Asp??” motif and the chain chemistry in residue 317.

ribose and both phosphates. ESfsand Tyr®! of the flexible (c) Calorimetric Binding Measurement$he thermody-
C-terminus interact with thg-phosphate, while Ai§® and namics of binding of substrates and the product/inhibitor,
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DISCUSSION

The mechanisms of catalysis and structural basis of
catalysis and specificity in glycosyltransferases are not well
understood and the mechanisms of retaining glycosyltrans-
ferases are particularly controversiaB{-22). The present
results provide new information regarding the catalytic
mechanism and structurdéunction relationships im3GT.

Conformational flexibility appears to be a common feature
of glycosyltransferases that is reflected in the structuring of
one or more flexible loops on binding the UDP-sugar donor
substrate or UDP7 18). This has been proposed to help
protect the donor substrate from hydrolysis or to facilitate
product release, in different enzymé&3.(The large confor-
mational change in the C-terminal 11 residuest8GT has
been shown to be important for the formation of a binding
site for acceptor substrates3( 20). Here we show that this
change, reflected in the structural difference between the form
| and form Il structures, is closely coupled with the binding
of UDP. However, enzyme complexes with UDP and
acceptor substrates are dead-end inhibitory complexes that
are not directly relevant to the catalytic mechanism.3&yg
of UDP and lactose. This shows the complex of the38Gin which is Conserved_ in all re!ativ_es QBG.T’ is important in
mutant with UDP and lactose superimposed with the structure of tN€ fransconformation, making interactions with thghos-
the corresponding complex of the wild-type enzyr2@)( The UDP phate of the bound UDP, as well as with ¥ Trp'®®, and
and lactose of the wild-type enzyme are shown in yellow and those Tyr36? (18). In the Arg®Lys mutant, in which the confor-
from the mutant enzyme in light blue. H-bonds between the mutant mational change is expected to be perturbed, the enthalpy
g:@gg uasri‘ggl'&eg'fécaé?&zg)"."n as dotted lines. The figure was ¢ pinding for UDP is greatly reduced, in keeping with the

role of Arg®®® in UDP binding, while k. for UDP-Gal

Ficure 3: Effects of the GI&’GIn mutation ina3GT on binding

UDP, was investigated in the GRiGIn and GIR*Glu hydrolysis and galactosyl transfer to lactose are reduced 12-
mutants by ITC for comparison with previously reported data @nd 40-fold, respectively (Table 4). These effects imply that
for the wild-type enzyme 20) ITC studies with Hi&® the conformational change in the C-terminal regioa86GT

mutants were unsuccessful because of enzyme precipitatiod'@s @ role in the rate-limiting step for these reactions. The
at the concentrations needed for calorimetric measurementsfact that the UDP to sugar bonds are cleaved in the form I
In the GIFYGIn mutant, theKq for UDP is about 4-fold complexes of enzyme vv_|th l_JDP—GaI and.UDP-GIc suggests
higher than for wild-typex3GT and the binding of UDP- that the transconformation is coupled with cleavqge of the
Gal is about 7-fold weaker (Table 5). The affinity of this bond between UDP and C1 of the monosaccharide.
mutant for UDP-Gal is reduced, reflecting a loss of about ~We have also investigated the role of &fin catalysis
50% of the negative\H of binding that is only partially ~ by a3GT through the properties of a GKGIn mutant. This
offset by a less negatiVBAS. Lactose binding to the mutant ~mutation produces a large reduction in catalytic activity but
was not detected by ITC, but since the mutant catalyzesno significant change in active site structure. T for
galactose transfer to lactose and is found, by X-ray crystal- lactose is increased and the ratio of transferase to hydrolase
lography, to form a complex with lactose and UDP, this activities reduced, indicating that the effects of the mutation
appears to reflect a reduced affinity and/or lows of cannot be attributed to the presence of a small proportion of
binding. wild-type enzyme, produced by mistranslation, or to partial
ITC studies of the binding of UDP, UDP-Gal, and lactose deamidation of GIf’. The large reduction in activity in this
(in the presence of UDP) to the GfiGIu mutant show that ~ mutant indicates that Gltf is a key residue in the catalytic
this substitution has a relatively small effect on the affinity activity of a3GT. UDP binding to the enzyme is little
for UDP and UDP-Gal. As previously discussed, the stoi- affected by the mutation but the enthalpy of binding of UDP-
chiometry of substrate binding cannot be determined underGal is greatly reduced (Table 5). Therefore, this substitution
the conditions of these experiment®0f. However, the perturbs the interaction between the enzyme and UDP-Gal,
similar magnitudes ofAH of binding for UDP and UDP-  consistent with the effects of the mutation d&. for
Gal for the mutant and wild-type enzymes support the view galactosyltransferase and UDP-Gal hydrolase activites. The
that this mutant is correctly folded and fully functional for increasen for lactose and greater reductionkg for the
donor substrate binding. However, as with the E&in transferase relative to hydrolase activity may be attributable
mutant, lactose binding, in the presence of UDP, was not to the change in lactose binding shown in Figure 3 since
detected (Table 5) probably because of a bk of binding this alters the location and orientation of the 3-OH group to
and/or reduced affinity. This appears to conflict with the one thatis, presumably, less favorable for deprotonation and
unchange, for lactose for this mutant. However, tlig, galactose transfer.
reflects lactose binding to a catalytically functional enzyme  Because of the location of Gitf in the catalytic site and
complex containing UDP-Gal, rather than the inhibitory its proposed role in covalent catalysikd, it is important
complex with UDP that is used in the ITC experiments.  to consider the functional implication of the changes in
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enzyme catalytic properties. Previous mutational studies with His280
retaining glycosidases, which catalyze similar reactions to N \
glycosyltransferases, consistently show that substitutions for (

the catalytic nucleophile (Glu or Asp) redugg, for the

transferase and hydrolase reactions by 6 orders of magnitude

or more. These enzymes include 1,3-f:gtucanase from Y Mon L Ho )=

Bacillus licheniformig31), -glucosidase fronstreptomyces : ) <5 OH
. . 0. -/ NS

sp. 34), human pancreatia-amylase 85), a-arabinofura- S0

nosidase fronGeobacillus stearothermophilds6 (36), and Hom o

f-1,4-glycanase fromCellulomonas fimi(37), and other "

enzymes cited in re33. In Streptomyceg-glucosidase34)

and pancreatio-amylase 85) substituting either Ala or the

cognate amide for the wild-type acidic amino acid produces

similar effects on activity. The mutation of other key catalytic

site dicarboxylic amino acids typically produces much lower

reductions in activity. The reductions in activity in th8GT

GIn3'7 mutant therefore strongly suggest that &lus not

the catalytic nucleophile and, in conjunction with the kinetic —

properties ofa3GT and the structures af3GT-substrate  Ficure 4: Schematic view of transition state in the galactosyl-

complexes 18, 20, 21), support the view that3GT does  transferase reaction catalyzed®§GT showing proposed roles of

not utilize a double displacement mechanism. This also residues mutated in the present study. H-bonds are represented by

appears to be the case in the bacterial retaining galactosyl-bmken lines.

transferase, LgtC, which is similar in structure but unrelated

in sequence ta3GT (23, 31).

Recently, it was reported that mutation of the residue
corresponding to GRY of a3GT in the homologous blood
group glycosyltransferases (G%) to Ala reduces the
catalytic activity 30 000-fold, but this value appears to be

with small side chains, Ala and Gly, for Hf. This suggests
that these side chains allow the binding site to accommodate
the bulky 2-acetamido group of GalNAc, consistent with the
proximity of residue 280 with the 2-position of the monosac-
charide ring of the donor substrate. However, the activities
dof these mutants for both donor substrates are very low,
indicating that donor substrate binding is not optimal for
efficient catalysis. The effects of substitutions for #is
support the idea that an H-bond between the residue at this
site and the 2-OH has a key role in donor substrate
recognition, in agreement with the finding that the 2-deoxy,
2-F derivative of UDP-Gal, a potent inhibitor ¢f-1,4-

acceptor. GI&is important for catalysis by3GT, reflected galactosyltransferase, is a relatively poor inhibiton@GT

in the 30 000-fold reduction in catalytic efficiency for (39).

galactose transfer to lactose (230-fold for transfer to water) A recent report by Lazarus and co-worke88)(describes

in the GIn mutant and is positioned to act in stabilizing a a study in which mutants of porcine3GT with substitutions
transition state in which the galactose has oxocarbenium ionof Leu, Ala, Gly, and Arg for Hi&"* (corresponding to H?&°
character in a single displacemeni 81echanism (Figure 4  in the bovine enzyme) were expressed in COS and CHOP

the detailed functional properties of this mutant were not
provided @2). On the basis of the increas&d, for acceptor
substrate in the G’ mutant and the inability of the Ala
side chain (unlike GIn) to H-bond with the acceptor substrate,
it appears that some part of the loss in activity in the blood
group transferase mutant results from an incred§gdor

and ref20). The micromolar inhibition ob3GT by a 1N- cells. The cells were probed for cell surface expression of
imino derivative of galactose3@) is consistent with this ~ Galo-1,3 Gal structures using a lectin. Their results indicate
although it does not specifically favor aiSnechanism. that the Leu, Ala, and Gly mutants have undetectable

a3GT has a more stringent donor substrate specificity than activities but they observed lectin binding when the Arg
the homologous histo-blood group A and B glycosyltrans- mutant was expressed, although at a reduced level relative
ferases and H#° corresponds to a residue that, in these to the wild-type enzyme3@). This result is puzzling because
enzymes, has a key role in modulating donor substrate although we were able to express the #f&rg mutant in
specificity 22). Our mutational investigation of the role of high yield, we found it to be devoid of galactosyltransferase
this residue int3GT reveals that, of eight different amino  activity. The result was checked with independently ex-
acids substituted at this site, only GIn produces an enzymepressed preparations of enzyme, and the coding sequence in
with activity greater than 1% of that of the wild-type enzyme. the expression vector was also resequenced. In theory, it is
In this mutant, the similar reductions kay for the hydrolase ~ possible that the H#%Arg mutation could have different
and transferase reactions and reduced affinity for UDP-Gal effects in the background of the bovine and poreu3&Ts,
combine to produce an 80-fold loss in catalytic efficiency but this is extremely unlikely since they are closely similar
for each reaction. Therefore, it is reasonable to conclude thatenzymes with 88% identity in amino acid sequence and
this residue facilitates cleavage of the UDP to gal bond. The His?®is a conserved key residue in the active site 3G Ts.
fact that GIn, like His, at this location can form an H-bond Thus, although this previous study describes an interesting
with the 2-OH of the bent conformation of UDP-Gal (Figure alternative approach for screening the effects of mutations
4), provides indirect support for the modeled structure of on a3GT activity 39), the results of our detailed charac-
the a3GT-UDP-Gal complex Z20). Low levels of GalNAc terization of the purified HBCArg mutant are inconsistent
transferase activity are introduced by substituting amino acidswith their findings.



Specificity and Catalysis i3GT

The GIrf4Glu mutation ine3GT produces an enzyme with 13
modified acceptor substrate specificity, reflected in a greatly 14
reduced catalytic efficiency for transfer to disaccharide
substrates but essentially unchanged catalytic activity for
galactose transfer to solvent. Interestingly, the 38Gin
mutant also perturbs transferase activity much more than
hydrolase activity. While GR}’, but not GI#*’, is crucial
for the hydrolase and transferase activities, both residues 17
H-bond with the galactosyl moiety of the acceptor and,
although a structure is not available for the @iGIlu mutant, 18
it is possible that this mutation perturbs the orientation of ;4
the acceptor substrate, as observed for lactose bound to the
GIu¥Y’GIn mutant (Figure 3). 20

In a3GT and other glycosyltransferases, the UDP moiety 2
of the donor substrate is a dominant contributor to the
energetics of binding. ITC studies give values for thid
and AG of UDP binding of —17.8 and—6.2 kcal/mol,
whereas the corresponding values for UDP-Gal binding are
—13.9 and—6.1 kcal/mol, respectively (Table 5). Mutagen-
esis of Hig® indicates that donor substrate specificity is
determined by the ability of the enzyme to bind only the
correct donor substrate in an appropriate conformation for
catalysis. This is consistent with the observation that the
specificity of the related blood group A and B transferases
for UDP—GalNAc and UDP-Gal, respectively, is mediated
at the level of catalytic efficiency and not affinity for
substrate40). The binding of acceptor in a suitable orienta-
tion for galactose transfer is also crucial for the efficiency

15

[o)]

of the transferase reaction. These aspects of substrate29.

specificity in a3GT are mediated through effects on the
stability of the transition state and not Michaelis complexes
and are manifested in changeskin; rather tharK,.
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