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ABSTRACT. f3-1,4-Galactosyltransferasg4Gal-T1) in the presence of manganese ion transfers galactose
from UDP-galactose (UDP-Gal) thl-acetylglucosamine (GIcNAc) that is either free or linked to an
oligosaccharide. Crystallographic studies on boyd&al-T1 have shown that the primary metal binding

site is located in the hinge region of a long flexible loop, which upor#Mand UDP-Gal binding changes

from an open to a closed conformation. This conformational change creates an oligosaccharide binding
site in the enzyme. Neither UDP nor UDP analogues efficiently induce these conformational changes in
the wild-type enzyme, thereby restricting the structural analysis of the acceptor binding site. The binding
of Mn?* involves an uncommon coordination to thé &om of Met344; when it is mutated to His, the
mutant M344H, in the presence of Bnand UDP-hexanolamine, readily changes to a closed conformation,
facilitating the structural analysis of the enzyme bound with an oligosaccharide acceptor. Although the
mutant M344H loses 98% of its Mh-dependent activity, it exhibits 25% of its activity in the presence

of Mg?*. The crystal structures of M344H-Gal-T1 in complex with either UDP-@af" or UDP-Gal

Mg2*, determined at 2.3 A resolution, show that the mutant enzyme in these complexes is in a closed
conformation, and the coordination stereochemistry ofMg quite similar to that of M#". Although

either Mr?+ or Mg?*, together with UDP-Gal, binds and changes the conformation of the M344H mutant
to the closed one, it is the Mg complex that engages efficiently in catalyses. Thus, this property enabled
us to crystallize the M344H mutant for the first time with the acceptor substrate chitobiose in the presence
of UDP-hexanolamine and Mh. The crystal structure determined at 2.3 A resolution reveals that the
GIcNAc residue at the nonreducing end of chitobiose makes extensive hydrophobic interactions with the
highly conserved Tyr286 residue.

B-1,4-Galactosyltransferaseg4Gal-T! EC 2.4.1.90/38) cosamine (GIcNACc), either free or bound to an oligosaccha-
are a Golgi resident, type II membrane-bound family of ride of a glycoprotein or a glycolipid1-3). The family
enzymesf4Gal-T1-T7) that transfer galactose (Gal) inthe members exhibit a high level of sequence identity in their
presence of manganese ion, from UDP-GaNtacetylglu- catalytic domains4, 5). Although they have the same donor
sugar specificity, many of these are expected to transfer Gal
" This project has been funded in part with federal funds from the to different oligosaccharides containing GIcNAc at their

mgtli?ggl_lczazrggr Institute, National Institutes of Health, under Contract nonreducing end. Recent crystallographic studie§4@al-

# The content of this publication does not necessarily reflect the view 11 have provided detailed information about the structure
or policies of the Department of Health and Human Services, nor does and function of the enzyme6{11). These studies have

mention of trade names, commercial products, or organizations imply shown th n r indi I-T1 under
endorsement by the U.S. Government. sho that upon substrate bindir#fGa undergoes

s Protein Data Bank accession numbers for the crystal structures CONformational changes that involve two loops: a short loop,
are as follows: M344H-Gal-T1-G&, PDB 1TVY, PDB 1TW1; residues 313315 containing Trp314, and a longer loop

M344H-Gal-TH, PDB 1TWS. comprising residues 345365. The conformational changes
* To whom correspondence should be addressed: Structural Glyco-

biology Section, LECB, CCR, NCI-Frederick, Building 469, Room 221, ©f these two loops are highly coordinated. Trp314 in the
Frederick, MD 21702. E-mail: qasba@helix.nih.gov. Phone: (301) 846- Small loop plays a crucial role in the conformational state
1934. Fax: (301) 846-7149. of the long loop, in the binding of the substrates, and in the

U Structural Glycobiology Section. : ;
I Basic Research Program. catalytic mechanism of the enzymé&, (12, 13). In the

1 Abbreviations: f4Gal-T1, f1,4-galactosyltransferase; GlcNAc, ~Unbound state (open conformation), the side chain of Trp is
N-acetylglucosamine; UDP-Gal, uridiné-@iphosphogalactose; UDP,  exposed to the solven6,(13), and the conformation of the

uridine B-diphosphate; UDPH/UDP-hexanolamine, uridiriaphos- ; _ indi
phohexanolamine; SDS, sodium dodecyl sulfate; WT, wild type; Mes, long loop is such that the UDP-Gal and the metal binding

2-morpholinoethanesulfonic acid; chitobiose,042-acetamido-2- sites are eXposeq- Once the SUPSUate binds, the side chain
deoxy$-p-glucosyl)-2-acetamido-2-deoxy-glucose. of Trp314 moves into the catalytic pocket to lock the sugar
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nucleotide in its binding site. Simultaneously, the long loop MATERIALS AND METHODS
changes to its closed conformation, masking the sugar
nucleotide binding site7( 11, 13). Furthermore, this con-
formational change in the long flexible loop repositions the
amino acid residues at the N-terminal region, creating a metal
ion binding site, and at the C-terminal region, creating an
oligosaccharide-binding cavity that is also a protginotein
interaction site foro-lactalboumin (LA) 6, 9, 11). LA is a
mammary gland-specific protein that modulates the acceptor
specificity of the enzyme toward glucos®4. LA binds at

the extended sugar binding site, present only in the closed
conformer off4Gal-T1, leaving the monosaccharide binding
site of the enzyme available for the binding of Glc or
GlcNAc. Since LA competes with the oligosaccharide for
binding to the extended sugar binding sit®,(16), it is not
possible to crystallizg4Gal-T1 in the presence of LA with

a bound oligosaccharide acceptor. The wild-type enzyme also
does not crystallize in the presence of UDP or UDP-
hexanolamine, M#, and oligosaccharides, thereby restrict-
ing our structural or biochemical studies on the interactions
of oligosaccharides witi4Gal-T1. It has previously been
shown that the sugar moiety of the sugar nucleotide is
essential for efficiently inducing a conformational change
in f4Gal-T1 (7).

Of the six ligands that coordinate Min three are from
pAGal-T1: Asp254, Met344, and His347, (L1, 18). Residues
Met344 and His347, separated by the hinge residue lle345,
are at the N-terminal region of the long flexible loop. The
complete metal binding site is created only after His347
has moved during the conformational change to coordinate
with the metal ion. To influence the conformational dynamics
of the long loop, we mutated the residues of the metal bind-
ing region. Mutation of Asp254 or His347 results in either
a total or large loss of the enzyme activity, while mutation
of Met344 to Ala or GIn results in an only moderate loss
of activity (18). These studies suggested that Met344
coordination with MA"™ might not be essential for the
catalytic activity. To further understand the role of Met344
in the metal binding and conformational changgsiGal-

T1, in the study presented here we mutated it to His and
found that the mutant M344H-Gal-T1, in the presence of
Mn?*, has only 1.5% of the wild-type enzyme activity. On
the other hand, the mutant M344H-Gal-T1 exhibits 25% of
its catalytic activity in the presence of an alkali metal ion,
Mg?*. In contrast, M§" does not activate the wild-type
enzyme. Although metal ions Mg and Mr?* bind to the
mutant M344H-Gal-T1, their enzyme kinetics are different,
indicating that the residue at position 344 and the appropriate
metal ion play an important role in the conformational
dynamics of the long loop in the catalytic mechanism of
pAGal-T1.

In the presence of M and UDP-Gal, or UDP-hexanol-
amine, the mutant M344H-Gal-T1 crystallizes in the closed

Site-directed mutagenesis was performed using the PCR
method. Construction of the mutants was carried out using
plasmid pEGT-d129 as the template. This plasmid contains
a BanmHI—EcaRlI fragment inserted into a pET23a vector,
encoding residues 138102 of bovinef4Gal-T1 (9), and
has a Cys342Thr mutation. The mutation primers corre-
sponding to the upper DNA strand are as follows:- 5
ATCGGGAAGACGCGTACATCCGCCACTCGAGAGAC-

3 (M344H) and 5ATCGGGAAGACGCGTGAGATCC-
GCCACTCGAGAGAC-3 (M344E). The restriction site
Mlul is shown in italics and the mutation codon in bold type.
Typically, the Gal-T1 DNA fragment betweekllul and
EcaRl was PCR-amplified using the terminal cloning primer
and the mutagenesis primer. The fragment was cut with
restriction enzymedlul and EcoRl and ligated with the
precut plasmid pEGT-129 DNA with the same enzymes.
Mutants were screened for the presence of full Gal-T1 DNA,
and then sequenced. The positive clones were transformed
into BL21(DE3) pLysS cells as described previoudly The
mutant proteins were expressed and purified according to
the published methodj.

p4Gal-T Enzyme AssayBhe protein concentrations were
measured using the Bio-Rad protein assay kit, based on the
Bradford method, and further verified on SBBAGE gels
using standard protein concentration markers.idnitro
assay procedure for Gal-T1 has been reported previo8sly (
The activities were measured using UDP-Gal as a sugar
nucleotide donor, and GIcNA@GIcNAc1-4GIcNAc and
B-benzyl-GIcNAc) as the acceptor sugar. For the specific
activity measurements, a 1@Q incubation mixture contain-
ing 25 mM GIcNAc, 5 mM MnC} or MgCl,, 20 mM Tris-

HCI (pH 8.0), 500uM UDP-Gal, 500 ng of M344H-Gal-T1

or 30 ng of C342T-Gal-T1, and 0&Ci of [*H]JUDP-Gal
was used for each Gal-T reaction. The incubation was carried
out at 30°C for 15 min. The reaction was terminated by
adding 200uL of cold water, and the mixture was passed
through a 0.5 mL bed volume column of AG 1-X8 cation
resin (Bio-Rad) to remove any unreactéd]UDP-Gal. The
column was washed successively with 300, 400, and 500
uL of cold water, and the column flow-through was diluted
with Biosafe scintillation fluid; radioactivity was measured
with a Beckman counter. A reaction without the acceptor
sugar was used as a control. A concentration of Zr€l
CoCl of only 0.1 mM was used whenever Znor Co**

was used during the enzyme assay.

Determining the Kinetic Constantshe enzyme activation
data, at various concentrations of Mgwere fitted to an
equation describing binding of metal to a high-affinity site
(Kq1) to generate an enzyme form with a Iéw (V1) and to
a second, lower-affinity site(;;) to generate a form with a
higherkea: (V2) (18):

conformation. This has enabled us to crystallize the mutant
in complex with chitobiose, in the presence of Mrand = MgI(ViKe, + VoIMg])
UDP-hexanolamine. In the crystal structure of the complex KaiKgz T KgIMg] + [Mg][Mg]

with chitobiose, the GIcNAc residue at the reducing end of

the disaccharide binds {®4Gal-T1 in a manner similar to  The trueK,, of the donor Ka) and of the acceptorKg),

that of GIcNAc bound in the LSGIcNAc complex 7, 11). the dissociation constant of the dondt.f, and kea: were

The second nonreducing end GIcNAc residue of the disac- obtained using two-substrate analyses and the primary
charide forms extensive hydrophobic interactions with the plots of at least five concentrations of the donor (UDP-Gal)
highly conserved Tyr286 residue. and five concentrations of the acceptor, and the correspond-
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Table 1: Statistics for Data Collection and Refinement

M344H-Gal-T: M344H-Gal-Tt M344H-Gal-T:
UDP-GatMn?* UDP-GatMg?*" UDPH-Mn?*-chitobiose
data collection wavelength (A) 0.9807 0.9807 1.5418
cell dimensions4, b, c) (A) 50.4,91.8,142.5 50.0,91.5,142.8 50.4,92.6,143.4
resolution range (A) 402.3 40-2.3 40-2.3
space group P212,2; P212:2; P2:12:2;
no. of observations 139305 83034 136286
no. of unique reflections 29843 29702 31209
Rsymm (%) (outermost sheft) 4.8 (17) 7.2 (47) 8.3 (39)
completeness (%) (outermost shell) 98.5 (98) 98.6 (99) 99 (97)
1/o(1) (outermost shelf) 15.3(2.4) 12.3(2.1) 16.2 (3.0)
Reyst[1 > 0,1 > 20(1)] 19.6, 18.8 19.6, 18.3 19.6, 18.7
Rred [I > 0,1 > 20(1)] 25,24 26,24 26, 23
deviations from ideality
bond lengths (A) 0.01 0.01 0.011
bond angles (deg) 1.7 1.8 1.7
Ramachandran plot
core region (%) 88.1 86.2 86.8
allowed region (%) 11.9 12.8 13.2

aShell being 2.382.3 A, Ryee is equal toRuyst for a randomly selected 10% of reflections, not used in refinement.

ing secondary plots of the intercepts and slopes. Initial that structure was used as a starting model without any

rate conditions were linear with respect to time. A suitable

substrate. An initial model containing Ala at position 344

range of donor and acceptor concentrations was chosenwas used. After initial refinement, the difference Fourier

which allowed accurate Michaetidvienten constants to be

derived. The data were also analyzed for a general two-

substrate system using the following equatio8) (with
EnzFitter, a Biosoft nonlinear curve fitting program for
Windows:

_ Vil AllB] 1
v KiaKg + Kg[A] + KA[B] + [A][B] @

~ KglA] + KA[B] + [AI[B]

where v is the initial velocity and the rate equation for a
sequential, symmetrical, initial velocity pattern associated
with eq 1, an ordered or random equilibrium mechanism in
which substrate A dissociates well from the ECS complex
with a dissociation constant df,. Equation 2 is for an
asymmetric initial velocity pattern for a double-displacement,
or “ping-pong”, mechanism. The kinetic paramets Kg,

Kia, andVmax Were obtained from the fitted curves using the

electron density maps not only confirmed the mutation but
also revealed the UDP-Gal and Ktrnor Mg?" bound to the
enzyme. These features were included in the further refine-
ment. All the refinements were carried out with CNS version
1.0 22). The final refinement statistics are given in Table
1. All figures were drawn using MOLSCRIPRg), BOB-
SCRIPT @4), and Grasp45). The coordinates have been
deposited in the Protein Data Bank.

Identification of the Metal lons in the Crystal Structures.
Since these crystals can be grown only if metal ions are used
in the crystallization, it is safe to say that the metal ion used
in the crystallization is the one observed in the crystal
structure. Furthermore, a Mhand a Mdg" in the crystal
structure can be differentiated by their relative electron
density, compared to the phosphate groups to which they
are bound. In the case of the Kfghound structure, the
difference Fourier electron density of the phosphate groups
(160) is stronger than that found at the Rigposition (12),
while in the case of a Mii-bound structure, the difference
Fourier electron density at the Nthposition (24) is stronger

rate equations given above. The graphical method andthan that of the phosphate groupsd) #urthermore, in these

EnzFitter gave very similar kinetic parameters. In the

crystal structures, the average isotropic temperature factors

B4Gal-T assay, the maximum substrate concentrations usedor the phosphate group and the bound metal ion are

for UDP-Gal and GIcNAc were 0.2 and 25 mM, respectively
(which are 3-fold higher than thelf,, values).

Crystal Structure Determinatiomhe mutant M344H-Gal-
T1 was cocrystallized in the presence of UDP-Gal and MnCl
or MgCl,.. The crystals were grown at room temperature by
the hanging drop method, using 30 mg/mL mutant protein,
17 mM UDP-Gal, and 17 mM MgGlor MnCl,, with the
precipitant containing 10% (v/v) dioxane, 100 mM Mes-
NaOH buffer (pH 6.5), and 2.0 M ammonium sulfate.
Complete three-dimensional X-ray diffraction data were
collected at beam line X9B (National Synchrotron Light
Source, Brookhaven National Laboratory, Upton, NY), using

comparable; they are 27 and 2%, Aespectively, for the
Mg2*-bound structure and 17 and 14, Aespectively, for
the Mr?*-bound structure.

Crystallization and Determina tion of the Structure of
the M344H-Gal-TIUDPH-Mn?*-Chitobiose ComplexThe
crystals of the complex were grown by hanging drop methods
using the mother liquid containing 20 mg/mL protein, 2 mM
chitobiose, 17 mM MnGl and UDP-hexanolamine, with the
precipitant containing 1.8 M ammonium sulfate, 100 mM
Mes-NaOH buffer (pH 6.5), and 10% dioxane. The three-
dimensional X-ray diffraction data were collected at 100 K,
using an in-house X-ray generator equipped with a mar345

a Quantum-4 ccd detector. The frames were processed usingmage plate. The data collection and the refinement statistics
HKL2000 (21). The crystal and data collection parameters are given in Table 1. The data processing and the structure
are listed in Table 1. Since the crystals were isomorphous solution were carried out in a manner similar to the methods
with the C342T-Gal-TIUDP-GatMn?" complex crystals, described above. In addition to finding a chitobiose molecule
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Table 2: Catalytic Activity (picomoles per minute per nanogram) in
the Presence of Various Metal I6ns

wild-type

metal f4Gal-T1 M344H MB344E M344A M344S M344Q
Mn 5.35 0.13 0.32 4.16 1.97 1.91
Co 0.42 0.02 0.24 0.61 0.41 0.86
Zn 1.42 0.08 0.27 0.64 0.40 0.71
Mg 0 1.42 0 0 0 0
Ca 0 0.06 0.01 0 0 0
Sr 0 0.01 0.02 0 0 0

a All assays were carried out at 5aM UDP-Gal, 25 mM GIcNAc,
and 5 mM metal ion, except for €oand Zri#+, which were used at
concentrations of 0.1 mM.At 200 uM UDP-Gal, 25 mM GIcNAc,
and 0.1 mM Cé, the specific activities of the wild type and mutants
M344A and M344Q are 0.65, 0.55, and 0.4 pmol mimgY,
respectively M344H was assessed at 3 mM GIcNAc since, at higher
concentrations, its catalytic activity is inhibited in the presence of'Mn

in the active site of the M344H-Gal-T1 molecule, we found
an additional chitobiose molecule away from the active site,
wedged between two protein molecules.

RESULTS AND DISCUSSION
M344-Gal-T1 Mutants Exhibit Broad Metal lon Specificity.

Table 3: Kinetic Parameters of the Substrates

wild-type _ M344H-Gal-T1
p4AGal-T1 with with
ligand parameter with Mn2* Mn?* Mg?t
metal ion Kgi (MM) 0.030(4) 0.0014(10) 0.16(8)
Kaz (MM) 0.40(9)  45(10) 6.2(3)
UDP-Gal Vmax(pmol miming™?) 6.4(4) 0.170(5) 2.6(1)
Keat (S71) 3.6 0.097 1.44
Kia 0 0 0
Ka (uM) 95(6) 7(2) 512(24)
kealKa (571 uM™Y) 0.04 0.015 0.003
GIcNAC  Kg (mM) 10(1) 0.75(6) 25(3)
KealKg (ST mM™1) 0.36 0.13 0.058

a2 TheKgy; andKg, values for the metal ions were derived from Figure
1. Standard deviations are given in the parentheses to their least
significant decimal point.

(Figure 1a,b). The sigmoidal velocity curve for the M344H-
Gal-T1 mutant with the MY is also suggestive of two metal
binding sites, with Mg" binding not only to the first site
but also to the second metal binding site. Fagvalues for
the binding of M@" to sites | and Il are 100- and 7-fold
higher, respectively, than those for binding of Mro the
same mutant (Table 3), indicating that Mgcompared to

Previous studies have shown that ions of alkaline earth Mn?* binds weakly to the primary binding site of the mutant.

metals, such as Mg, C&*, or SP*, do not activate wild-
type4Gal-T1 because they do not bind to the primary metal
binding site of the enzyme3(18) (Table 2). Various Met344
mutants, some of them generated in a previous sta8) (
were tested for their catalytic activity in the presence of
several metal ions, including alkaline earth metals. Their
metal ion activation specificities differed from that of wild-
type p4Gal-T1 (Table 2). Among these mutations, the
substitution of Met344 with His reduces the Rn and
Zn?*-dependent activity by 98%, but the mutant exhibits
Mg?*-dependent activity that is nearly one-fourth of the
Mn?*-dependent activity of the wild-type enzyme. The fact
that the wild type, which has a Met residue at position 344,
can be activated, in addition to Mihby the transition metals
Co*" and Zrit*, suggests the participation of the side chain
SO atom of the Met residue in the metal coordination. On

Kinetic Parameters of the Donor and Acceptor Substrates
for M344H-Gal-T1 in the Presence of Kg Similar to those
for the wild-type enzyme with the Mn (26), the double-
substrate kinetic data for the mutant in the presence ¢ffMn
and Mg fit best to a rate equation that lackska term,
the dissociation constant of the UDP-Gahetal-enzyme
complex (eq 2). It describes an asymmetric initial velocity
pattern associated with a sequential, or ping-pong, mecha-
nism in which the donor substrate does not dissociate from
the enzyme-substrate complex. In the presence of ¥n
the trueK,, of the mutant for both the substrates, the donor
UDP-Gal Ka) and the acceptorKg), is nearly 13-fold
reduced compared to that of the wild type, indicating that in
the presence of M the substrates bind strongly to the
mutant. However, in the presence of Mgthe trueK, values
of the donor and acceptor for the mutant are nearly 5- and

the other hand, when a His residue is present at position2-fold higher, respectively, than that of wild-typdGal-T1

344, even alkali earth metal ions can bind in the primary
metal ion binding site, giving higher activities with K¥ig
(Table 2).

Although the mutant M344H-Gal-T1 has onhkt2%
activity in the presence of M, its activation curve is similar
to that of the wild type in the presence of Kr(Figure 1a,b).
The observation that the activation of the wild type by metal

in the presence of Mt (Table 3). Although the catalytic
efficiency with respect to the donor and acceptor of the
mutant in the presence of Mg compared to that of the
wild-type enzyme with MA", has decreased by orders of
magnitude of~13 and~6, respectively, the turnover number,
the k.o Of the mutant, is reduced by only 60%. The smaller
effect onk.a: than onke./Kn, reflects the fact that mutation

ions is a sigmoidal curve has been interpreted as involving (Met344 to His344) and metal substitution (ffrto Mg?")

two metal binding sites of the enzyme: one with high affinity
(Kq1), which is associated with low velocity, and the other
with low affinity (Kgz), which is associated with high velocity
(3, 18). The values of the dissociation constag)(for Mn2*

of the mutant are quite different from that of the wild type
(Table 3). TheKy; of Mn?* for the mutant is 25-fold lower
than that of the wild-type enzyme, suggesting that thé'Mn
binds tightly to the primary metal binding site of the mutant.
However, theKy, for the mutant is 100-fold higher that that
of the wild type, indicating that M1 binds weakly to the

weaken both ground state and transition state binding, but
the effect on ground state binding is greater as reflected in
the poorerK,, values. To determine if there are minor
differences in the coordination geometry of the ¥in the
mutant compared with that of Mhin the wild-type enzyme,
which might explain the differences in the ground state
binding and pooreK, values, we determined the crystal
structure of M344H-Gal-T1 in complex with UDP-Gal in
the presence of either Mh or Mg?" and compared the
structure with the wild typgJDP-Gatmetal complex.

second metal binding site of the mutant. The activation curve  Crystal Structure of the Mutant M344H-Gal-T1 in the
with Mg?" for the mutant is also sigmoidal (inset) and Presence of Mi and Mg". The M344H-Gal-T1 mutant
strikingly similar to that of the wild-type enzyme with Mh crystallizes readily in the presence of UDP-Gal with either
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FiGurRe 1: Enzyme activity with increasing concentrations of the acceptor GIcNAc for the M344H-Gal-T1 mutant (a) and for the wild type
(b) in the presence of either Mhor Mg?". Higher GICNAc concentrations in the presence of2Mimhibit the catalytic activity of the

mutant M344H-Gal-T1, whereas such an effect was not observed witi.Nig the wild-type enzyme, with Met at position 344, the
enzyme activity is high when Mri is used as a metal ion. When Met344 is substituted with His, the mutant exhibits high activity in the
presence of M. Thus, there seems to be a relationship between the residue and the choice of metal ion for the maximum catalytic
activity of the enzyme. Insets show the sigmoidal metal ion activation curves. At lower concentrationd"pfiMdcactivation curve of the
M344H-Gal-T1 mutant is sigmoidal (inset in panel a), as is the wild-type enzyme activation at lower concentratiods (fsén in panel

b), indicating the presence of two metal ion binding sites in both the mutant and wild tygé.ai4g binds to the second binding site in

the mutant.

MnCl, or MgCl,. On the other hand, wild-typg4Gal-T1
crystallizes only in the presence of UDP-Gal and MnCl
but not in the presence of Mg£linclusion of metal ion in

that neither the mutation nor the binding of Mgcaused
any significant change in the structure. In the crystal structure
of the M344H-Gal-TIUDP-GatMg?" complex, the metal

the crystallization droplet was essential for obtaining the nucleotide complex can be located clearly (Figure 2b). In
crystal. We determined the crystal structure of the mutant these structures, the metal ions exhibit six similar coordina-

M344H-Gal-T1 in complex with UDP-Gal and Mh or

tion bonds with comparable bond distances (Table 4).

Mg?" (Table 1). The three-dimensional crystal structures of Interestingly, the stereochemistry of the Mgoordination

these complexes are quite similar. THéGal-T1 mutant

is quite similar to that of the Mit (Table 4). As before, the

proteins were found in the closed conformation (Figure 2a), second metal ion could not be located in these studies.

similar to the wild-type complex with UDP-Galin?* (PDB

A comparison of the crystal structures of M344H-Gal-

entry 100R) 10, 11). The rms deviations between these T1-UDP-Gatmetal complexes (Figure 2b,c) shows that the

structures and the closed structure of wild-typ#Gal-T1
vary between 0.5 and 0.6 A on thexGtoms, indicating

presence of the Mg has not perturbed the interactions
between the UDP-Gal and the protein molecule, the interac-
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Ficure 2: (a) Overall crystal structure of the M344H-Gal-T1 mutant, in the presence of UDP-Gal athid M metal ion is shown as

a blue sphere and the UDP-Gal molecule as a ball-and-stick model. (b) Stereoview of the final electron density maps contoured at the 1.5
level around the UDP-Gal molecule and ¥dn the crystal structure of the M344H-Gal-TUDP-GatMg?" complex. The coordination of

the magnesium ion is quite similar to that of the manganese ion, which includes the sixth coordination with a water molecule. The coordination
distances between the H344 residue and thé"\ge shorter than the corresponding coordination bond between Met344 and 4hénMn

the wild type {7, 11), indicating that even MR exhibits stronger binding to the M344H-Gal-T1 mutant. W represents a water molecule.

(c) Binding of UDP-GalMn?* to the M344H-Gal-T1 mutant. The Mh coordination is quite similar to that of the wild-type enzyme.
However, the coordination bond between His344 and®™s stronger than the corresponding bond between M344 and nthe

wild-type enzyme 7, 11).

tions being similar to those found in the crystal structure of the M344H-Gal-T1 mutant is very similar, the higher affinity
the wild-type proteing4Gal-T1, in complex with UDP-Gal toward transition metal ion Mt (Table 3;Kg = 1.3 uM)
Mn2* (PDB entry 100R) 10, 11) However, the coordination  over an alkali earth metal ion Mg (Kqz = 160u4M) by the
distance between theel® atom of His344 and the metal ion His residue could hinder the formation of the enzyme
is shorter (2.2-2.5 A) than the corresponding coordination transition state complex during catalysis. The observed
distance found for the sulfur atom of Met344 in the wild reduced enzyme activity for the M344H-Gal-T1 mutant in
type (2.7 A). This indicates that the presence of a His residuethe presence of Mii compared to that of the wild type or
at position 344 strengthens the binding of the metal ion to Met344Ala mutant is suggestive of that. Besides this effect,
the enzyme, consistent with thg; values for Mid* observed the role of the metal ion in determining the ability of the
with the mutant and the wild type (Table 3). Even though long loop to undergo the required open to closed, and back
the coordination geometry of the ¥fhand Mg+ bound to to open, conformation change during the catalytic cycle
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Table 4: Metal lon Coordination Distances (angstroms)

Mn2*in Mg?*in Mn?* in wild-type
M344H-Gal-T:UDP-GatMn?*™ M344H-Gal-TtUDP-GatMg?* Gal-T1:UDP-GatMn%"
coordination residue molecule 1 molecule 2 molecule 1 molecule 2 average value
P)—O 2.4 2.1 2.1 1.9 2.1
P@B)—0O 2.1 2.4 2.3 2.2 2.3
water 2.3 2.3 2.0 2.2 2.2
D254 2.3 2.3 2.2 2.2 2.2
H347 2.3 2.2 2.2 2.1 2.3
residue 344 2.2 2.2 25 2.2 2.7

seems to play an important role in determining the kinetics the solvent environment for their release, and a new round
turnover numberi¢ay. of the catalytic cycle follows. The primary metal binding
Effect of the Acceptor Concentration on the Catalytic site is situated in the hinge region of the long loop, where
Activity of M344H-Gal-T1.In the presence of Mii, an the metal binding residues, Met344 and His347, flank the
inhibition of the catalytic activity of the M344H-Gal-T1 hinge residue, lle345 (Figure 4). In the open conformation,
mutant was observed at GIcNAc concentrations-662nM the metal ion coordinates with Asp254 and Met34#84al-
(Figure 3a), whereas much higher GIcNAc concentrations T1. His347 coordinates with the metal ion only wh#tGal-
(20—25 mM) were necessary to inhibit the catalytic activity T1 is in the closed conformatiory). Asp254 and His347
of the wild-type enzyme (Figure 3b). The inhibition of the are strong metal ligands, while the coordination with Met344
M344H-Gal-T1 mutant with higher concentrations of the is weak; thus, the product UDP and Rirare easily released
acceptor is independent of the concentration ofMused after the catalytic event. The manganese ion binds to the
in the assay (Figure 3a), while in the wild type, low mutant M344H-Gal-T1 20-fold tighter than to the wild-type
concentrations of metal have no effect on acceptor inhibition enzyme (Table 3Ky, = 1.3uM). Thus, in the product release
(Figure 3b). Acceptors with higher affinity such as chitobiose phase, the release of UDP and Mmay be delayed by
(BGIcNAc1—-4GIcNAc) and 3-benzyl-GlcNAc inhibit the keeping the enzyme in the closed conformation and facilitat-
catalytic activity of the M344H-Gal-T1 mutant at very low ing the binding of the sugar acceptor with the formation of
concentrations much more strongly than GIcNAc does a dead-end molecule. This explains a strong inhibition of
(Figure 3c). On the other hand, in the presence of'Mg the Mr**-dependent catalytic activity of the M344H mutant
under the same conditions, these acceptors do not inhibitat low concentrations of various sugar acceptors compared
the catalytic activity of the M344H-Gal-T1 mutant, indicating to the wild-type enzyme. This is further evident in the fact
that the acceptor substrate inhibition is metal ion-dependent.that the M344H-Gal-T1 mutant readily crystallizes in the
Inhibition at high acceptor concentrations has been shownpresence of UDP-hexanolamine (UDPH), chitobiose, and
as noncompetitive with respect to both Mrand UDP 27), Mn2* in the closed conformation, while the wild type has
and it is the result of a dead-end enzyMa?*-UDP-acceptor not so far crystallized under similar conditions. Furthermore,
complex in the product release phase of the reacti@i ( magnesium binds weakly to the mutant M344H-Gal-T1 with
This indicates that during the catalytic cycle, the mutant is a dissociation constanik§,) that is 100-fold higher than the
in the closed conformation in the presence offMand UDP Kq1 for binding of manganese to the mutant. This allows the
and is readily stabilized by the acceptor compared to the M344H-Gal-T1 mutant to undergo an efficient conforma-
wild-type enzyme. This is consistent with a 13-fold reduction tional change in the presence of Kgwith the release of a
in the Ky, for GIcNAc of the mutant M344H-Gal-T1, in the  final product thus exhibiting no inhibition at low substrate
presence of M# compared to that of the wild type (Table acceptor concentrations.
3). There is also a 37-fold reduction in tkg; of the M344H- Crystal Structure of the M344-Gal-TUDPH-Mn?*-
Gal-T1 mutant, which is related to the transition state Chitobiose Complexn the crystal structure, there are two
complex and measures a 3-fold decrease in the catalyticM344H-Gal-T1 molecules in the asymmetric unit, and they
efficiency k.a/Kgs) compared to that of the wild-type enzyme. are found in the closed conformation. As expected, one
Since the acceptor binds to only the closed conformation, molecule each of M&t, UDP-hexanolamine, and chitobiose
and UDP alone cannot cause an efficient conformational are bound to each protein molecule. The overall rms
change from the open to the closed conformatibr),(both deviation of the @ atoms of the current structure with the
the sugar acceptor and the metal ion seem to play importantM344H-Gal-T:UDP-GatMn?* structure is only 0.6 A,
roles in the conformational changes in the mutant. This indicating the binding of the acceptor substrate has not
property seems to enable us to crystallize the M344H-Gal- significantly changed the overall structure of the molecule
T1 mutant with the disaccharide acceptor, chitobiose, in the (Figure 5a). Of the six coordinations seen for the?Mmonly
presence of M# and UDP-hexanolamine (see below). five are quite similar to those found in the crystal structure
Structure-Based Explanation for the Role of Metal lon in of the M344H-Gal-TiUDP-GatMn?* complex. The sixth
the Conformational Dynamics of M344H-Gal-Turing the coordination, with the anionic oxygen atom of the phosphate
catalytic cycle, upon metal ion and UDP-Gal bindifigGal- [P(B)], is quite different. This is mainly due to the difference
T1 undergoes a conformational change, from an open to ain the binding of UDP-hexanolamine to the M344H-Gal-T1
closed structure. This creates the acceptor-binding site of themolecule. Although the overall binding of the UDP-hexanol-
enzyme. After catalysis and release of the product disaccha-amine is quite similar to the binding of UDP to the wild-
ride or oligosaccharide, the closed conformation reverts to type34Gal-T1 in the closed conformation, the hexanolamine
the open conformation, exposing the UDP and metal ion to moiety at the anionic oxygen atom of the phosphate group
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(a) 0.14

012{ m M344H-Gal-T1

V (pmol/min/ng)

0 10 20 30 40 50
GlcNAc (mM)

(b) C342T-Gal-T1

Ficure 4: Comparison of the conformation of the long loop region
of the open and closed structures of wild-typéGal-T1 (PDB
entries 1FGX and 100R)6( 11, 13). The electrostatic surface
diagram of the portion of the enzyme molecule is shown, except
for the long loop of residues 34865. The negatively charged
surface regions are red, while the positively charged surface regions
are blue. The red tube corresponds to the open conformation of
the long loop, while the blue tube corresponds to the closed
conformation. In the open conformation, the long loop is placed in
such a way that its His347 residue is away from the metal binding
site. However, in the closed conformation (blue tube), the His
residue forms a strong coordination bond with the metal ion. After
catalysis, to release the product, UDP, and\Mthe enzyme returns
to the open conformation. At this stage, the s expected to
(C) .15 mM have only two coordination bonds with the enzyme molecule: with
SmM residues Asp254 and Met344. Since the coordination bond with
M344H-Gal-T1 the Met344 F;esidue is weak, the bound UDP and*Mocan be
released efficiently.

V (pmol/min/ng)

GlcNAc (mM)

The acceptor disaccharide molecule, chitobiose, can be
clearly located from the difference Fourier electron density
maps (Figure 5a). Binding of the acceptor sugar, GlcBlAe
4GIcNAc, is observed witl#4Gal-T1 in the absence of LA
) for the first time, and the interactions of the nonreducing

e end GIcNAc moiety of chitobiose with the M344H-Gal-T1
molecule in the crystal structure presented here are quite
similar to those found in th84Gal-TZLA -GIcNAc complex

FiIGURE 3: Effect of GIcNAc concentration on Gal-T activity of (7, 11). The N-acetyl moiety of the GIcNAc molecule is
the M344H-Gal-T1 mutant (a) and wild-type enzyme, C342T-Gal- phound in the hydrophobic pocket created by residues Arg359,

T1 (b), at different fixed concentrations of ¥n (a) (@) 6 uM, . .
(0) 20uM, (¥) 0.5 mM, () 1.5 mM, and M) 5 mM and (b) ®) Phe360, and lle363. The side chain carboxylate group of

6 uM, (V) 80 uM, (m) 0.5 mM, () 1.5 mM, and &) 5 mM. The Asp318 forms a hydrogen bond with the O4 hydroxyl group
activity of the mutant (a) is inhibited above-3 mM GIcNAc at of the acceptor GIcNAc moiety of chitobiose (Figure 5c).
any concentrations of Mii, whereas the activity of the wild type  Although the GIcNAc residue at the reducing end does not
(b) is inhibited at 25-30 mM GIcNAc and above 0.5 mM Mn. form any direct hydrogen bond with the M344H-Gal-T1

(c) Effect of either GIcNAc, chitobiose, of-benzyl-GIcNAc . .. . . .
concentration on Gal-T activity of the mutant M344H-Gal-T1 in molecule, it forms hydrophobic interactions with the aromatic

the presence of 5 mM M. Arrows indicate the inhibition ~ Side chain of Tyr286 (Figure 5c). Enzyme kinetics studies
concentration for the respective curves. It is known that the have shown that at lower concentrations of GIcNAc the
disaccharide chitpbiose binds stror}gly to the QqI-Tl compared to presence of LA enhances the transfer of Gal to GIcNAc;
the monosaccharide GIcNAc. The higher the affinity of the acceptor po\yever, in the presence of chitobiose, LA exhibits competi-
substrate, the lower the required inhibition concentrations. R . . !

tive inhibition of the catalytic activity15, 28). In the crystal

structure of thgg4Gal-TZ2LA -GlcNAc complex, the aromatic
[P(3)] could not be accommodated inside the galactose side chain of Phe31 of the LA molecule was found to interact
binding pocket. Thus, the whole phosphate group is displacedwith the Tyr286 side chain of th84Gal-T1 molecule ¥,
from the catalytic pocket and placed above the Trp314 side 11). Thus, LA competes for the same binding site (Tyr286)
chain (Figure 5b). onpB4Gal-T1 as the extended sugar residue of the chitobiose,

GIcNAc

v (pmol/min/ng)

Acceptor mM
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Ficure 5: (a) Overall crystal structure of the M344H-Gal-T1 mutant in the presence of UDP-hexanolamitie,avid chitobiose. The
difference Fourier electron density map contoured @f@ the acceptor substrate is shown in blue. The?Mis shown as a gray ball,

while the UDP-hexanolamine is shown as a thick ball-and-stick diagram. (b) Molecular interactions of UDP-hexanolamine with the M344H-
Gal-T1 molecule. Of the six coordinations found for thedrthe coordination with the B} phosphate anionic oxygen atom is different

from those of the earlier crystal structures. This is due the presence of the hexanolamine moiety, which could not be accommodated inside
the Gal binding site. (c) Stereodiagram of binding of chitobiose to the M344H-Gal-T1 mutant. As can be seen, the GIcNAc binding of the
acceptor in the active site in this structure is quite similar to that observed fi#taal-T1LA -GIcNAc complex. However, the nonreducing
GIcNAc residue of chitobiose forms hydrophobic interactions with the Tyr286 side chain aromatic region. The conformational torsion
anglesp(O5—C1-04—C4) andy(C1—04—C4—C5), of the disaccharides are77° and—13C, respectively, and they are similar to those

of the 3-chitin structure 28). Furthermore, as in thg-chitin structure, there is an intramolecular hydrogen bond observed between the O3
hydroxyl group and O5 of the chitobiose molecule.

an observation that is in accord with the kinetic data. These CONCLUSION

extra hydrophobic interactions alone seem to reduc&the Results presented here show thai#Gal-T1, the metal
value for chitobiose to 1 mM, compared to 5 mM for the jon, in combination with a specific residue at position 344,
monosaccharide, GIcNAc molecule. It is important to note plays an essential role in determining tqg of the enzyme.
that among theS4Gal-T1 family members, this Tyr286 Metal ion, together with UDP-Gal, has two functions. First,
residue is highly conserved. Sing#Gal-T1 is mainly it mustinduce a conformational change, and second, it must
involved in the synthesis of compleX-glycan structures,  €ngage in the forn_1ation and_stabi!ization of the tr_ansition
as predicted earlier, longer oligosaccharides are expected ttaté complex during catalysis. It is the combination of a
utilize the predicted oligosaccharide binding sitef#Gal- Mt residue at position 344 with Mh or the His residue

q i . . . with Mg?" that determines the highk, of the enzyme. The
T1(10). However34Gal-T1 is also involved in the synthesis inability of the M344H-Gal-T1 mutant to return to the open

of short oligosaccharides attached to proteins such as COre. | formation in the presence of UDP and Mas enabled
structures, and the structure presented here serves as a modﬁg to crystallize the mutant in complex with chitobiose, a
for the binding of such sugars. Using this mutant, we have gisaccharide acceptor, or with various higher oligosaccha-
been successful in crystallizing the enzyme in complex with riges. The crystal structures of the complexes show that the
various higher oligosaccharides (unpublished work). Thesesecond residue of the sugar acceptor forms an extensive
studies are expected to reveal the binding of the oligosac-hydrophobic interaction with the highly conserved Tyr286
charide to4Gal-T1. residue off4Gal-T1.
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NOTE ADDED IN PROOF

Mutation of the corresponding Met344 residue in human
and mousg4Gal-T1 to His exhibits similar enzymatic and
kinetic properties as presented with bovjpéGal-T1.
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