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High-Throughput Mass-Spectrometry
Monitoring for Multisubstrate Enzymes:
Determining the Kinetic Parameters and
Catalytic Activities of Glycosyltransferases

Min Yang,”® Melissa Brazier,” Robert Edwards,”™ and Benjamin G. Davis*®

A novel high-throughput screening (HTS) method with electro-
spray time-of-flight (ESI-TOF) mass spectrometry allows i) rapid
and broad screening of multisubstrate enzyme catalytic activity
towards a range of donor and acceptor substrates; ij) determina-
tion of full multisubstrate kinetic parameters and the binding
order of substrates. Two representative glycosyltransferases (GTs,
one common, one recently isolated, one O-glycosyltransferase (O-
GT), one N-glycosyltransferase (N-GT)) have been used to validate
this system: the widely used bovine [-1,4-galactosyltransferase
(EC 2.4.1.22), and the recently isolated Arabidopsis thaliana GT
UGT72B1 (EC 2.4.1.-). The GAR (green/amber/red) broad-sub-
strate-specificity screen, which is based on the mass ion abun-
dance of product, provides a fast, high-throughput method for
finding potential donors and acceptors from substrate libraries.
This was evaluated by using six natural and non-natural donors

Introduction

Leloir-type glycosyltransferases (GTs or GlyTs) catalyse the
transfer of sugar glycosyl moieties from an electrophilic mono-
or diphosphate sugar nucleotide to a nucleophilic (typically O
or N) glycosyl acceptor.™ GTs may be divided into 66 families,””
which can be further subdivided according to catalytic mecha-
nism into inverting and retaining glycosyltransferases. As en-
zymes using two substrates and producing two products, their
kinetic behaviours are different to those analysed through
single-substrate and pseudo-single-substrate approximations
(Michaelis—-Menten).

To date various assays have been used to study the kinetics
of glycosyltransferases,” including the use of radiochemi-
cals,*® immunological methods*®”  spectrophotometric
assays,”” chromatography™ and some examples of mass spec-
trometry."®" Mass spectrometry (MS) offers a potentially fast,
robust and sensitive method, especially for those reactions
that otherwise cannot be easily monitored."? In particular, it
can simultaneously determine both substrate depletion and
product accumulation to widen the source of potentially
useful data.

Three publications have recently highlighted the potential
for investigating enzyme kinetics by using ESI-MS."%™'3 How-
ever, all require a high level of manual experimental manipula-
tion, which is not well suited to high-throughput screening
(HTS) methods. Here we describe a novel automated method
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(a-UDP-p-Glucose  (UDPGIc),  a-UDP-N-Acetyl-p-glucosamine
(UDPGIcNAc), a-UDP-p-5-thioglucose (UDP5SGIc), a-GDP-L-fucose
(GDPFuc), a-GDP-p-mannose (GDPMan), a,3-UDP-b-mannose
(UDPMan)) and 32 broad-ranging acceptors (sugars, plant hor-
mones, antibiotics, flavonoids, coumarins, phenylpropanoids and
benzoic acids). By using the fast-equilibrium assumption, Ky, Ke.q
and K, were determined for representative substrates, and these
values were used to determine substrate binding orders. These
screening methods applied to the two very different enzymes re-
vealed some unusual substrate specificities, thus highlighting the
utility of broad-ranging substrate screening. For UGT72B1, it was
shown that the donor specificity is determined largely by the nu-
cleotide moiety. The method is therefore capable of identifying
GT enzymes with usefully broad carbohydrate-transfer ability.

that has allowed rapid and broad assessment of two represen-
tative glycosyltransferases."”

A plant glycosyltransferase from Arabidopsis thaliana
UGT72B1 (EC 2.4.1.)" and a mammalian (bovine) B-1,4-galac-
tosyltransferase (B-GalT; 2.4.1.22)"" were selected to test our
method. Ideally, for comparative purposes, parameters have
been previously established by different conventional methods
for both of these enzymes. (3-GalT is one of the most widely
used enzymes for the synthesis of glycosidic bonds and is
commercially available. It transfers the galactosyl moiety from
a-UDP-p-galactose (UDPGal) to an acceptor with inversion of
anomeric configuration to form [3-O-galactosides. In contrast to
B-GalT, UGT72B1 from Arabidopsis is an N-glycosyltransferase.
It is a family 1 GT;¥? the excitingly wide-ranging role of these
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High-Throughput Monitoring for Multisubstrate Enzymes

enzymes in plants has recently been highlighted,"” but is
largely unexplored. Only recently isolated,””™ UGT72B1 appears
to detoxify certain pollutants, such as 3,4-dichloroaniline (3,4-
DCA), by transferring the glucose moiety from UDPGIc to form
N-glycosides.

Results and Discussion
Method development

To accurately quantify concentrations and concentration
changes, we developed a method that relies upon an internal
standard. While potentially more convenient, experiments to
measure component concentrations simply from their absolute
total ion count (TIC) without internal standard but with exter-
nal calibration essentially failed. Although some broad trends
in TIC that corresponded to concentration were observed, the
data obtained displayed a low response correlation (R*=0.58).

However, pleasingly, similar experiments with a fixed con-
centration of an internal standard (GDP) gave an excellent
linear response (R*>0.97) and was subsequently selected as
the calibration method of choice. Ideally, internal standards
should be similar to the substrates of interest to ensure similar
jonisation response in MS."™ We chose GDP because of the
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consistent use of nucleotide donors in our chosen GIyT reac-
tions.

Introduction of an internal standard directly into a given re-
action system, although potentially convenient, might also
cause inhibition. This is especially pertinent to GTs, for which
feedback inhibition by nucleotide diphosphates (NDPs) is prev-
alent. Furthermore, a given standard might not be stable
under reaction conditions. Indeed, during initial experiments,
problems with use of “in-reaction” standards were highlighted
by observed GDP decomposition with certain benzoic acid ac-
ceptors plus, in many cases, high feedback inhibition of the GT
enzymes. Previous methods"®'" have added internal standards
after manual aliquot removal and quenching work-up proce-
dures; a solution that is time consuming and therefore not
amenable to HTS.

Thus, to avoid potential interference with the enzyme assay,
the GDP internal standard was introduced into the mass-spec-
trometer injection loop by using an HPLC autosampler imme-
diately prior (within 0.3 min) to the injection of the reaction
mixture to be tested. Suitable adjustment of the injection loop
and sample tubing between HPLC and MS ensured that a con-
sistent GDP standard signal appeared at ~0.7 min and lasted
during the reaction mixture (donor, acceptor, products) signals,
which appeared at ~1.2 min onwards (Figure 1).
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Figure 1. a) Typical TIC time course of GDP and product obtained during the monitoring of UGT72B1 activity. Adjustment of concentration and conditions ensured
a “blanket” background GDP standard ion count (upper spectrum, y scale shows % of maximum ion count, TIC=3.1x 10*) covering the time period of the product
ion count without needing to introduce the standard to sample solution (“pseudospiking”). While some ion suppression of GDP signal (< 10%) is observed at high
concentrations of product, at the low concentrations used for initial rate kinetic methods there is little or no effect. b) Good calibration (R?=0.995) of TIC to concen-
tration is seen in calibration curves, illustrated here for glucosylated 3,4-dichloroaniline (GIc34DCA). c) Time-course TIC measurements of products therefore allow
good determination of concentration time courses from which initial rates may be determined, illustrated here for formation of GIc34DCA by using UGT72B1.

d) Under pseudo-single-substrate conditions, this in turn allows the determination of Michaelis-Menten curves, illustrated here for formation of GIc34DCA by using

UGT72B1.

ChemBioChem 2005, 6, 346-357 www.chembiochem.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

347


www.chembiochem.org

BIO

Hence, the two solutions, standard and sample, were moni-
tored through near-simultaneous analysis (“pseudosimultane-
ous spiking”), thus allowing internal calibration (R*>0.97) in a
manner suitable for high-throughput screening, without any
potential effect (inhibition, etc.) of the internal standard on the
reaction or on the standard itself.

Additional parameters affecting the MS quantification were
also investigated. The signal/background noise (S/N) ratio can
be adversely affected during monitoring due to buffer ionisa-
tion at a higher level than that of the reactants or product due
to their relative concentrations in the assay. Bufferless reaction
solutions are thus ideal in MS. In our assays, while such solu-
tions improved S/N they proved impractical. For example, in
the absence of Tris buffer and the resulting nonoptimal, unsta-
ble reaction pH, the turnover of enzyme UGT72B1 was ex-
tremely slow and variable. A variety of buffers and correspond-
ing elution-solvent systems were evaluated—notably MeCN/
H,O/Et;N, 35:65:0.2;"" NH,OAc/NH;/H,0, 1mm, pH8.0 and
MeCN/H,0, 1:1—from which Tris with MeCN/H,0 1:1 proved
the best solvent for all systems. The effect of buffer was further
minimised by the use of a baffled, “Z" channel mass spectrom-
eter"® GT enzymes such as -GalT may require metal ion co-
factors (Mn?*), which can also interfere with MS analysis. To
solve this third experimental problem, the concentrations of
cofactor metal salts were minimised to levels that supported
optimal enzyme activity yet improved S/N. It should be noted
that, in many GT buffer systems,"® vastly excessive cofactor
concentrations are employed that are, in our experience, un-
necessarily high and beyond those needed for optimal rate. Fi-
nally, because the ionisation of certain component reactants/
products (UDPGIc salt; sugars) is typically very strong, a very
effective signal is obtained. Together, the use and optimisation
of these four parameters—pseudosimultaneous spiking, cor-
rect buffer pK, with corresponding elution solvent, Z-channel
and low cofactor ion concentration—created a robust and
powerful analytical HTS enzyme-monitoring system.

Calibration and data acquisition

In all the reactions studied, five ions were monitored, where
possible, in order to obtain the maximum possible information
on the progress of the reaction. The ions monitored (ESI")
were the donor [M—H*]", acceptor [M—H*]" and/or
[M4>°CI7]", NDP product [NDP-H*]~, glycoside product
[M+*CI]™ and internal standard [GDP-H*]". The total ion
counts of each peak were then integrated, and the absolute
concentration of each compound was obtained from standard
curves after normalising the ionisation efficiencies for each re-
action with respect to the internal standard GDP.

Standard curves were constructed for each component at
concentrations around those found under the initial reaction
conditions needed for initial-rate-method measurements. Thus,
concentrations of donor and acceptor were typically varied
from 10-100 um at 20 pum intervals, while the products (NDP
and glycosides) were typically determined at one tenth of the
donor concentrations. In each case, the concentration of GDP
(internal standard) was fixed at 100 um (administered through
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“pseudospiking”, vide supra), and the buffer composition was
as used in actual reactions. Finally, the TICs for each ion de-
rived from the components of known concentration were inte-
grated. For each compound, the integral of the TIC for a given
concentration was then divided by the integral of the TIC of
GDP. All the ratios of the concentrations thus obtained were
plotted against actual values to give standard plots that in all
cases gave excellent linear correlations (R*>0.97).

For reaction monitoring, donor and acceptor consumption
and product formation, as judged by their TIC integrated
values, were monitored as a function of time. To allow full de-
termination of the kinetic parameters, one substrate was held
at a fixed concentration while the other was varied before the
roles were reversed. Later determinations and analyses then al-
lowed uncurtailed variation of either concentration parameter
through the use of surface correlation regression analysis (vide
infra). Typically each analysis required ~6 min for completion,
and, for full parameter evaluation, typically ~80 such injection
runs were required, thus highlighting the need for an automat-
ed, high-throughput process. In the absence of HTS, only parti-
al parameter determination has been practicable in previous
studies."®" In addition, the limited stability of some GT en-
zymes provides another important reason for rapid through-
put.

Kinetic analysis

The Michaelis—-Menten steady-state equation®*?” can be used

in single-substrate or pseudo-single-substrate situations but
cannot be directly applied to glycosyltransferase enzymes that
use two substrates and generate two products. In many stud-
ies,"*"21 3 saturated concentration of one substrate has been
used to reduce the kinetic analysis of glycosyltransferases to a
pseudo-single-substrate reaction. However, the data generated
under these circumstances do not reflect the general proper-
ties of the enzyme and, indeed, can only be applied to the
analysis of such atypical saturation conditions. These analyses
are therefore of limited utility.

For two substrate reactions as catalysed by GTs, steady-state
assumptions may be reliably applied to multisubstrate enzyme
reactions.”” King-Altman analysis® allows the reaction equa-
tion of an “ordered bi bi” reaction, Cleland nomenclature,*” to
be analysed (Scheme 1).2*!

kq ko ka3 Kq
E+A =—— EA+B =—— (EAB —— EPQ) —— EQ+P E+Q
k4 P ks K

Scheme 1. Ordered bi bi enzyme mechanism. A, B: substrates, E: enzyme, P, Q:
products.

For initial-rate studies, such as those described here, this
may be simplified with the assumption [P]=[Q]=0 to give:

. Vool
KiaKs + Kg[A] + Ka[B] + [A][B]

(M)
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K, and K; are the Kys for each substrate, and K, is the dissocia-
tion constant for the EA complex. With a fixed concentration
of one substrate, for example, A, a Lineweaver-Burk plot analy-
sis, for example, 1/19 versus 1/[B], can be performed.

1 Kg Kia 1 KA-‘,-[A}
EZE;O+W)E+KJW @)

Since, if the concentrations of A are greatly in excess of K, the
variation in slopes of 1/ versus 1/[B] at different [A]s is non-
responsive, the concentrations of both substrates in the kinetic
experiments with the GTs were kept low (20-100 um).

For random bi bi reactions (Scheme 2), King—Altmann analy-
sis coupled with computational assessment® allows Equa-
tion (3) to be derived.

E EAB

Scheme 2. Random bi bi enzyme mechanism.

,?/W\Q

EPQ E

0=
VK, [A][B] + Ky [A]*[B] + [A][B]*

Ke + Kq[A] + Ke[B] -+ K¢[A]? + Ko [BJ? + Ky [A][B] + Ki[A]*[B] + [A][B]?

(3)

The definitions of the various kinetic constants, K,—K; differ
from those in the ordered mechanism.?” The random bi bi ki-
netic Equation (3) maybe simplified with the assumption that
all steps other than the central conversion of EAB=EPQ are in
rapid equilibrium. The equation for this system (rapid-equilibri-
um random bi bi) can be obtained from the associated Equa-
tion (3) by eliminating all the terms that contain either of the
rate constants for the central EAB-to-EPQ step. The resulting
rate equation is then identical in form to the ordered bi bi but
without terms in [A][P], [BI[Q], [AI[BI[P] and [BI[PI[Q] in the de-
nominator. This conveniently leads to the same general Equa-
tion (1). The similar form proves ideal for parallel data analysis,
although it should be noted that the interpretation of resulting
constants crucially differs. Definitions for the kinetic constants
for random bi bi are the same as for ordered bi bi except that
Kz = constant/coefB and K, = constant/coef P.??

Although there are several examples of ordered bi bi mecha-
nistic studies, there are only a relatively limited number of ex-
amples for the GTs.”*=% The general strategy for studying mul-
tisubstrate enzyme kinetics is to initially determine mechanism
(ordered vs. random). In our method, application of the rapid-
equilibrium assumption (REA)** advantageously allowed Equa-
tion (3) to be simplified to Equation (1). The following kinetic
parameters were obtained from nonlinear regression: V..

ChemBioChem 2005, 6, 346-357 www.chembiochem.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(kea), Kao Ks, Kia and Kg. In all cases, two parallel regressions re-
versing the substrate identities (i.e. A=donor cf. A=acceptor)
were compared, with consistent values for Ky, for each sub-
strate being obtained regardless of assigned identity.

In each case, the Ky/K, or Kg/K, ratio was used to determine
the enzyme mechanism, K, indicating the binding affinity of
an enzyme for its substrate and K and K, being the dissoci-
ation constants for enzyme-substrate complexes. Theoretical
support for this assumption can be deduced from Equation (3).
For an ordered bi bi mechanism:

Ko _ pp, 2 ths _K {1

K, A
K Rk k| TR @

while for a rapid-equilibrium random bi bi mechanism:

in which (k,/k,) o< (Kg/Ky) and (Kig/Kia).
Thus, if k_, <k; then

Ke ki k-,
E*EP*E

k,
k_z(s)

R

A literature survey reveals that the Ky/K, ratio is a strongly cor-
related guide to either ordered or random bi bi mechanism:
ordered bibi reactions display Ki/K, in the range=7.4-
485,51 while random bi bi mechanism display Ky/K,=1.1-
754441 We would therefore suggest that a threshold of Kg/
K,>10 is suitable for defining an ordered bi bi reaction.

Bovine f-1,4-galactosyltransferase (3-GalT)

B-GalTt*>3 catalyses the transfer of the galactosyl moiety of
UDPGal to an acceptor to form [-galactoside with inversion of
anomeric configuration. Despite the availability of -GalT, the
determination of its kinetic parameters has been limited to
only a handful of donor-acceptor pairs."®*'>% For initial com-
parison of the results obtained for the kinetic characterisation
of B-GalT by the HTS MS method with the more-traditional de-
termination of activity by using fluorescence,"® the methylum-
belliferyl (MU) glycoside of N-acetylglucosamine (MUGIcNAC)
was used as acceptor in a reaction catalysed by B-GalT with
UDPGal (Scheme 3). The reaction was monitored as described
above by using the TIC time course with GDP as the “pseudo-
spike” internal standard. Both nonlinear regression and linear
(Lineweaver—-Burk)® analyses gave similar absolute values, but
the former gave better precision. The kinetic parameters deter-
mined by using MS are shown in Table 1 and compared with
those determined in earlier studies"® in parentheses.
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Scheme 3. Reaction of UDPGal with MUGIcNAc catalysed by -GalT.

Table 1. Kinetic parameters for 3-GalT with MUGIcNAc and UDPGal as substrates.”!

UDPGal as A® MUGIcNAC as A
Equation Y =Giam e +1P3><B TRATER Y = FAE) e +1P3/B TPaxA T A/B)
Viax [Mminmm =] 8x10°+£3.9%x10°° 8x107°+3.9x107°
Kyuopeay [M] 1942 (n.d) -
Kimugienag [UM] - 54+0.2 (n.d.)
Kunuopeay [1M] 76+ 4 (115.31) 76+ 4
Kumusienag [UM] 19+2 (35.9) 1942
Ko [s71] 0.0061
Kear/ Kt wopcan [M~"s7'] 80
kcat/KM (MUGIcNAC) 316
M~'s7]

[a] R?=0.998 at 95% confidence. [b] P1-P4 are kinetic parameters: P1=V,,,, P2=K,,
P3=K, and P4=Kg. [c] Taken from Kanie et al.,"® n.d. indicates not determined in this
earlier study.

A fair correlation between the data obtained and those re-
ported previously® was observed (Table 1). The ratio of Ky/K,
~4 for UDPGal and MUGIcNACc indicated that, although MUGlIc-
NAc was slightly more favoured for substrate binding, the reac-
tion mechanism was random bi-bi.

B. G. Davis et al.

+ UDP
NHAc

As well as providing a method for detailed kinetic
analysis, the HTS also allows ready comparison of
enzyme activities. For example, comparison of two
bovine B-GalT enzyme sources, one purified directly
from bovine milk (B-GalT-milk) the other from a re-
combinant source (Spedoptera frugiperda, r3-GalT)
was conducted by using MUGIcNAc as an acceptor.
Under identical reaction conditions, equal enzyme
concentrations at a substrate concentration of
0.5 mm, an initial rate for rp-GalT that was 2.5-fold
higher than that for p-GalT-milk was observed
(Figure 2).

UGT72B1

Recombinant protein rUGT72B1 was generated by
using IPTG-induced expression of a pET-11d vector

construct with BL21-DE3 Rosetta E. coli as host."™ The soluble
50 kDa polypeptide was purified by using Sepharose blue (af-
finity) column chromatography, with UDPGIc as eluent, fol-
lowed by dialysis. SDS-PAGE (Figure 3) showed the enrichment
of the recombinant GT (expected molecular mass 52928 Da).

Overall, the purity of the preparation was assessed to be

>95%.

r 70000

=

- 60000 7

50000

1/v fminmm

40000

30000

p— G 6

UGT72B1 WD e 45
w— 3G

28
24

- 0

1

Figure 3. SDS-PAGE of UGT72B1. Left-hand lane: purified UGT72B1, right-hand
lane: SDS7 molecular mass (kDa) standards.

The activity of UGT72B1 towards UDPGIc and 3,4-DCA was

Figure 2. 3D plot of -GalT kinetics. This figure indicates all Lineweaver-Burk
plots as the two concentration parameters [MUGIcNAc] and [UDPGal] vary. The
projections of each point onto the ZX plane (left) are also shown (e). Full kinet-
ic parameters were determined by nonlinear regression analysis that allowed
simultaneous fitting of the data to result in the 3D surface shown.
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examined by using our novel HTS method and compared with
the previous radiochemical-based assay."™ The product peak at
358 with its characteristic isotope pattern (Figure 4) was used
as the primary monitor for this reaction.
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Figure 4. Mass spectrum of the reaction of UDPGIc with 3,4-DCA catalysed by UGT72B1. Peaks at 358, 360 and 362 are for the target product DCA-GIc as [M+Cl"]~

ions, with expected 100:96:32 isotope distribution.

Reactions were monitored by using TIC in the linear initial-
rate region over ~90-200 min, and kinetic parameters were
determined by using both double reciprocal analysis and non-
linear regression with the two contrasting hypotheses: UDPGlc
is A, cf. UDPGIc is B, as for 3-GalT (Figure 5 and Table 2).

Pleasingly, the results correlated relatively well with similar
data determined by Loutre et al.™ using more classical radio-
chemical methods. In addition, based on the approximately
twofold differences in K, towards DCA and UDPGIc, it was con-
cluded that UGT72B1-catalysed glucosylation of DCA does not
proceed by an ordered mechanism.

Broad screening (GAR) for the potential acceptors and
donors

Having achieved reasonable agreement with published kinetic
parameters, which had been obtained by alternative methods,
for these two very different enzymes, the MS method was then
applied as a broad screen for GT activity designed to rapidly
identify potential acceptors and donors. To investigate the full
extent of the substrate specificity of the recently isolated GT
UGT72B1, a high-throughput li-

brary-screening format was used

Figure 5. 3D plots of UGT72B1 kinetics. This figure indicates all Lineweaver—
Burk plots as the two concentration parameters [3,4DCA] and [UDPGIc] vary.
The projections of each point onto the ZX plane (left) are also shown (e). Full
kinetic parameters were determined by nonlinear regression analysis that
allowed simultaneous fitting of the data to result in the 3D surface shown.

to assess its ability to transfer
different representative donors
to a variety of potential accept-

ors by using a “green-amber- | Fauation

Y = PR PP TP T PA T A

Table 2. Kinetic parameters for UGT72B1 with DCA and UDPGIc as substrates.””

UDPGIc as A® 3,4-DCA as AP
1 1

Y

= (P1xA/B)/(P2xP4 + P3/B + P4xA + A/B)

Voax [minmm 1
Kiupeaio [1tm]

Kigapca) [UM]

Kwworaio [uM]
Kwzapca [HM]

Keat [s7]

Kear/ K wopeio) (M~ 's7']
Kear/ K anc [M7''s71]

red” (GAR) qualitative notation
based on the relative endpoint
signal-to-noise ratio of the ex-
pected product TIC peaks
[Green S/N>10, Amber S/N=1-
10]. A 32 compound acceptor li-

4x10°+£4.67x10°° 4x107°+£4.67x10°°
97432 (n.d.9) -
- 42425 (nd.)

25+3 (4.6+2.39) MN+47
1M1+47 (223+6.89) 25+3
0.106
4182
9414

brary (Scheme 4) and a six com-
pound donor library (Scheme 5)
were used. The general strategy

[a] R”*=0.998 at 95% confidence. [b] P1-P4 are kinetic parameters: P1=V,,, P2=K, P3=K, and P4=Kj.
[c] Taken from Loutre et al.,"® n.d. indicates not determined in this earlier study.
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Scheme 4. Acceptor probe library.

of this GAR method was to firstly screen known donors against
the broad acceptor library, and then secondly use the accept-
ors identified in this first screen against the wider six-mem-
bered sugar donor library. Thus, UDPGIc was first employed as
the known donor for UGT72B1.

The qualitative results of screening UGT72B1 with the ac-
ceptor library by using UDPGlIc are shown in Figure 6. In addi-
tion to the known acceptor 3,4-dichloroaniline (8), coumarin
and benzoic acid analogues, (3, 4, 9, 10, 30 and 31) also
served as good acceptors, while structurally similar flavonoids
were, intriguingly, not substrates. This subtlety in specificity il-
lustrates that even this rapid screen allows some form of rudi-
mentary substrate-specificity map to be elucidated. A similar
GAR broad acceptor-screening experiment was conducted for
B-GalT by using the preferred donor UDPGal. These acceptors
(Scheme 4) are atypical for B-GalT, yet 3, 12 and 30 appeared
as novel acceptors (GAR plate not shown).
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Next, by using the acceptors identified above as probes,
novel potential donors (Scheme5) were identified for
UGT72B1. Non-natural substrates, UDP-mannose (UDP-Man)
and o,f3-UDP-5-thio-glucose (a,f-UDP5SGIc) were synthesised
according to Uchiyama and Hindsgaul's method (Scheme 6).5*
To verify activities towards UDP5SGIc, pure anomer a-
UDP5SGlc was also obtained by an alternative procedure.®®
Briefly, a,f-5-thioglucose was first fully acetylated and then
converted into the corresponding glycosyl bromide. This
bromide was coupled with silver dibenzylphosphate, and pure
o or [ product was separated by column chromatography.
For each anomer, hydrogenolytic deprotection gave pure a (a-
5SG1P) or [3-5-thio-b-glucose-1-phosphate, accordingly. o-
5SG1P was then treated with UTP and UDP-glucose pyrophos-
phorylase to give pure a-UDP5SGIc.”® Full synthetic details will
be published in due course.
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Figure 6. Mass spectroscopic screening for the conjugating activity of UGT72B1

towards a series of acceptor substrates (Scheme 4) with UDPGIc. The GAR (green-

amber-red) results reveal acceptors when using UDPGIc as a donor. The “green-amber-red” qualitative screen is based on the relative TIC signal-to-noise ratio of TIC
of the expected product [green S/N> 10, amber S/N 1-10]. As an illustration, esculin (7-O-glucopyranosyl esculetin) formation from esculetin 31 is highlighted, and
the representative MS spectrum shows a peak at 339 [M—H*]", which indicates the formation of the expected product with S/N> 10.

Donor screening allowed the identification of some unusual
and even non-natural donor substrates for UGT72B1, including
UDP5SGIc®® and UDPMan. Indeed, the breadth of donor spe-
cificity observed for UGT72B1 was striking compared to the
typically highly stringent substrate demands of most GTs and
apparently dependent on the nucleotide portion of the donor.
Various sugar moieties were tolerated (G or A levels in the
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screen) for the UDP-donors (UDP-Glc, -5SGlc, -Man, -Gal,
-GlcNAc) while the GDP-donors (GDP-Fuc, -Man) were not at all
tolerated (Figure 7). This suggests that, for certain GTs, such as
UGT72B1, the nucleotide might act as a specificity-determining
“tag” for the sugar. This in turn suggests that synthesis of non-
natural analogues with the correct nucleotide “tag” could be a
possible strategy for the introduction of different sugars by
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Figure 7. Mass spectroscopic screening by using the GAR system for activity of UGT72B1 towards a mixed panel of acceptor and donor substrates. As an illustration,
the highlighted result shows the corresponding spectrum for the previously unknown UGT72B1-catalysed reaction of a-UDP5SG with 3,4-DCA.

using Gly-Ts on the path to the goal of “glycorandomisa-
tion”.57%*) Interestingly, these results also parallel broad donor
sugar-moiety plasticity observed for powerful transferase inhib-
itors in which the donor sugar moiety was successfully re-
placed by aromatic groups.®®¢”

Conclusion

ESI-MS provides an excellent method for monitoring multisub-
strate enzymes, especially where the substrates and products
do not have distinct chromo- or fluorophoric absorptions or
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emissions. A novel HTS-MS method has allowed full kinetic
parameters for multisubstrate enzymes to be determined by
using the rapid-equilibrium assumption model. Kinetic parame-
ters for two very different GTs match well with those reported
previously, and we propose that the GT mechanism (ordered
or random bi bi) is dependent upon the ratio between K, and
Ks with ratios > 10 diagnostic of ordered bi bi and ratios <10
seen to be random bi bi. By this rule of thumb, both B-GalT
and UGT72B1 follow random bi bi mechanisms, with acceptors
slightly preferred over donors with respect to binding affinities.
An HTS green-amber-red (GAR) broad screening method has
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also been developed as a fast and reliable way of finding po-
tential acceptors and donors, and has been used here to high-
light a plasticity in the substrate tolerance of the recently iso-
lated GT, UGT72B1.M This useful HTS MS method will now be
extended to determining the kinetic parameters with a wider
range of donors and acceptors by using a diversity of GTs
cloned from microbes, plants and animals.

Experimental Section

General experimental: o-UDP-p-glucose (UDPGIc), a-UDP-b-
GIcNAc (UDPGIcNAc), GDP-L-fucose (GDPFuc), GDP and other
chemicals were purchased from Sigma, as was bovine -1,4 galac-
tosyltransferase (BGalT-milk). Recombinant {3-1,4-galactosyltransfer-
ase (rpGalT) was purchased from Calbiochem. BL21-DE3 rosetta
was purchased from Novagen. Sepharose blue was purchase from
Amersham. Instruments used: Waters ZMD-MS (ESI™), Waters 600
HPLC system with Waters 2700 sampler. The MS was operated by
Micromass MassLynx 3.3, and the data were processed by using
MassLynx 3.5, Microsoft Excel 2002 and Origin 7.

Enzyme expression and purification: E. coli BL21-DE3 rosetta
were transformed with a UGT72B1-encoding plasmid in a pET-11d
vector, cultured and induced by using IPTG as described previous-
ly."* Cells were then harvested by centrifugation (9k, 4°C, 25 min)
and sonicated in Tris buffer (7 mL, 20 mm, pH 7.8 containing 1 mm
1,4-dithiothreitol (DTT); Buffer A) prior to recentrifugation and ap-
plication of the supernatant onto a Sepharose blue column (5 mL).
After washing with buffer A at 1 mLmin~" for 2 h until all nonbind-
ing proteins had been eluted, the column was eluted with buffer A
containing 1 mm UDPGIc. Fractions were collected every 5 mL, and
activities were tested by MS. Active fractions were dialysed and
freeze-dried, and the purities of proteins analysed by 12.5% SDS-
PAGE. Enriched fractions were combined together and dissolved in
deionised water, and the solution was loaded onto an anion-ex-
change column (MONO-Q) and eluted by using a linear gradient
(mobile phase A: buffer A, mobile phase B: buffer A containing
250 mm NaCl; method: 100% A for 10 min, 100% A-100% B over
50 min, 100% B for 60 min, 100% A for 120 min; flow rate:
1 mLmin~'; detector: UV 280 nm). The resulting GT solution was
stored at 4°C.

MS kinetic-parameter determination

General methods: A Waters ZMD-MS with electrospray ionisation
operating in negative mode (ESI”) was interfaced with a Waters 600
HPLC system and Waters 2700 sampler. MS analysis was under the
control of Micromass Masslynx 3.3 software, and data were proc-
essed with Masslynx 3.5, Microsoft Excel 2002 and Origin 7. The
HPLC/auto-sampler control was divided into two stages: a) injec-
tion with the internal standard (0.1 mm; conditions: mobile phase:
ACN/H,0 50:50; flow rate: 0.12mLmin"'; isocratic method for
0.1 min; injection volume: 10.0 pL; syringe rinse: 50 uL, speed set-
ting: 1; loop rinse: 200 pL, speed setting 1; ion type: electrospray
negative; 150-1000 ESI~ for 0.1 min, scan 0.2 min) and b) sample
injection (conditions: mobile phase: ACN/H,O 50:50; flow rate:
0.12 mLmin™"; isocratic method for 5.5 min; injection volume:
10.0 uL; syringe rinse: 200 uL, speed setting: 16; Loop rinse:
200 pL, speed setting 16; ion type: electrospray negative; ESI~
(single-ion monitoring) for 5.3 min; single-ion peaks monitored,
typically: UDPGlc (565.0, dwell 0.1s), acceptor ([M+>°Cl"]~, UDP
(403.0, dwell 0.1s), GDP (442.0, dwell 0.1 s), product (IM4+*CI]-,
dwell 0.1 s)]
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Typical procedure for standard-curve determination: All reactions
were performed in TRIS buffer (1 mm, pH 7.8, containing appropri-
ate cofactors) at ambient temperature. Six samples were analysed
with one containing 0.1 mm GDP (in TRIS buffer) only, and the
other five containing fixed concentrations of UDPGIc (0.01 mm,
0.03 mm, 0.05 mm, 0.07 mm, 0.09 mm), acceptor (same concentra-
tions as donor), UDP (0.001 mm, 0.003 mm, 0.005 mm, 0.007 mm,
0.009 mm, respectively), product (same as UDP). Injection of GDP
internal standard was immediately followed by injection of the
standard mixture (10 uL). The peak area was measured for each
compound after normalisation for ionisation efficiency by using
the internal standard. Plots were drawn of the ratio (X/GDP)
against concentration, and the slope was used to obtain concen-
tration information during subsequent reactions.

Typical procedure for kinetic-parameter determination: Six vials were
prepared, one containing GDP (0.1 mm), the other five containing
fixed concentrations of acceptor with varying concentration of the
donor UDPGIc (20 pm, 40 pm, 60 pm, 80 um and 100 pm). Each
batch of substrates was then made up to a total volume to 300 pL
with the T mm Tris reaction buffer. Initial screening of samples was
performed before any enzyme addition, by following the same
two-stage procedure described above. After enzyme addition
(10 L into final volume 300 pL), the reaction was monitored every
5.5 min x16. After each injection, TIC was monitored for all com-
pounds where possible (e.g., 3,4-DCA was below mass limits). This
procedure was then used with the concentration of acceptor at 20,
60 and 100 pm. Nonlinear regression was performed by using
Origin 7 with typical R*>0.93 at 95% confidence. Regression with
point data (five points each line) gave almost the same K, and K,
but with the larger errors that are a function of the alternative re-
gression method used. For UGT72B1 (M,, 52928 Da) the reaction
buffer was Tris (1 mm, pH 7.8, containing 1 mm DTT) and [E],~1-
5x107""m.

For B-GalT (M,, 48500°%) the reaction buffer was Tris (1 mm,
pH 7.8, containing 0.1 mm MnCl,) and [E],~0.5-2x 108 m.

Comparison of }-GalT activities: A single concentration initial-rate
determination was performed by using the standard parameter-
determination conditions with UDPGal (500 um) and MUGIcNAc
(500 pm) in Tris buffer (1 mm, MnCl, 0.1 mm) with identical concen-
trations (1x10°®m) of bovine B-GalT purified from milk (BGalT-
milk) and recombinant -GalT (rpGalT).

MS GAR screening for GT activity: For UGT72B1, each well in the
96-well plate contained Tris buffer (1.0 mm, pH 7.8, 100 uL), donor
(10 mm, 5pL), acceptor (10 mm, 5pul) and enzyme (1 mgmL~',
5uL). For B-GalT, each well in the 96-well plate contained Tris
buffer (1.0 mm, pH 7.8, with 0.1 mm MnCl,, 100 uL), donor (10 mm,
5 ul), acceptor (10 mm, 5 pub) and enzyme (0.35 mgmL~", 5 pL). For
both enzymes, the plates were incubated at 37°C for timed inter-
vals (up to 8 h), and the presence of products was monitored by
MS (full scan from 150-1100 Da). The S/N ratio of product to back-
ground was used as a qualitative “green-amber-red” guide of activ-
ity (S/N>10—green; S/N=1-10—amber). In all cases, control sol-
utions without enzyme were used to determine the presence of
any uncatalysed background reaction.

Enzyme-catalysed synthesis of N-p-f-glucopyranosyl-3,4-dichlor-
oaniline: Solutions of a-UDPglucose (10 mm, 2 mL), 3,4-dichloro-
aniline (10 mm, 2mL) and UGT72B1 (1 mgmL~', 50 uL) in Tris
buffer (20 mm, pH 7.8) were combined and diluted with a further
20 mL of buffer and incubated at 37°C. After 16 h, MS indicated
the complete conversion of starting materials, and the reaction
was quenched by heating it at 80°C for 10 min. Dowex 1 (2 g) was
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added to the solution, which was then stirred for 1 h. After filtra-
tion, the solution was freeze dried, redissolved in deionised water
(1 mL), purified by BioGel-P2 Gel column chromatography (25 x
400 mm, flow rate: 1 mLmin~', deionised water, UV detection
254 nm, t=2.4 h) and freeze dried to obtain the title product as a
white solid (4.6 mg, 68%). '"H NMR (400 MHz; D,0): 6=3.32 (dd,
J=93, 9.1 Hz, TH; H,), 3.46 (m, 1H; Hy), 3.48 (t, J=9.4 Hz, 1H; H,),
3.60 (dd, J=5.3, 7.1 Hz, 1H; Hy), 3.78 (dd, J=2.3, 10.2 Hz, 1H; H,),
45 (d, J=8.8Hz, 1H; H,), 6.68 (dd, /=25, 6.3 Hz, TH; Hg in Ph),
6.90 (d, J=2.2 Hz, 1H; H, in Ph), 7.25 (d, J=8.9 Hz, 1H; H, in Ph);
HRMS m/z (ESI7): 357.9983 [M+CI7]~, (calcd 358.0016); HRMS m/z
(C17): 341.0692, [M+NH, 1", (calcd 341.0671).

Synthesis of «,f-p-UDPMannose: p-Mannose (505 mg, 2.81 mmol)
was dissolved in anhydrous pyridine (15 mL), and the solution was
cooled to 0°C. Chlorotrimethylsilane (3.0 mL, 20 mmol) was added
dropwise, and the resulting solution was stirred for 10 min and
then taken to room temperature and stirred for a further 1 h. The
formation of a white solid (pyridinium hydrochloride) was ob-
served. After 1 h, the solvent was removed in vacuo. The residue
was partitioned between pentane (30 mL) and deionised water
(1 mL). The organic fraction was washed with deionised water (5 X
1 mL), dried (anhydrous Na,SO,) and filtered, and the solvent was
removed in vacuo to give a colourless syrup (1.364 g, 95%) that
was shown by crude 'HNMR to contain predominately the f-
anomer of persilylated mannose. '"H NMR (400 MHz; CDCl;) 6=0.11
(s, 9H; (CH,);Si-), 0.12 (s, 9H; (CH,);Si-), 0.17 (s, 9H; (CH,);Si-), 0.18
(s, 9H; (CH5);Si-), 0.19 (s, 9H; (CH,);Si-), 3.58 (m, 1H; H;), 3.62 (t, J=
2.1Hz, 1H; H,), 3.70 (dd, J=6.2, 7.2 Hz, 2H; H, H,); 3.82 (dd, J=
26, 46Hz, 2H; H, Hy); 488 (d, J=23Hz, TH; H,); “CNMR
(100 MHz; CDCl;) 6=-0.18 ((CH;);Si-), —0.02 ((CH,);Si-), 0.4
((CH5)5Si-), 0.6 ((CH5)5Si-), 0.65 ((CH5)sSi-), 62.5 (Cq), 68.2 (C3), 72.0
(C)), 744 (Cs), 75.2 (Cy), 95.6 (Cy); m/z (ES™): 563.2 [M+Nat]* (EST).
The crude mixture was used without further purification.

UDP disodium salt (200 mg, 0.45 mmol) was dissolved in deionised
water (10 mL), and the solution was passed through a Dowex 50W-
X8 (H) column (15x30 mm). The pH of the eluent was adjusted to
6.7 with 40% tetra-n-butylammonium hydroxide solution. After the
solution had been freeze-dried, the desired product was obtained
as a white solid (400 mg, 98%). The product was used directly in
the next reaction.

1,2,3,4,6-Penta-O-trimethylsilyl-D-mannose (153 mg, 0.30 mmol)
was dissolved in anhydrous CH,Cl, (1.5 mL), and iodotrimethyl-
silane (45 pL, 0.30 mmol) was added slowly to the solution at
—78°C. The reaction system was stirred for 30 min and taken to
room temperature. A solution of nBu,NUDP (from 120 mg UDP,
0.3 mmol, in 6 mL dry CH,Cl,) was then added, and the solution
was stirred for a further 4 h. A solution of nBu,NF (1m in THF,
0.6 mL) was added to the mixture, and the mixture was stirred for
a further 1 h. The solvent was removed in vacuo to give the crude
product as a light brown solid. The residue was dissolved in Tris
buffer (50 mm, pH 7.4, 20 mL), alkaline phosphatase (150 units) was
added, and the resulting solution was stirred for 16 h at room tem-
perature. The solution was freeze dried and redissolved in deion-
ised water (4 mL), filtered (0.8 uwm filter), purified by reversed-phase
(C18) HPLC (0.2 mLx20 samples) isocratic method with ACN/
nBu,NBr (0.1% aq.) 30:70, retention time=12.5 min and Bio-Gel-P2
Gel column chromatography (1.1 g loaded in 3 mL, eluted with
deionised water at 1 mLmin~’, retention time =60 min) and freeze-
dried to give a,f-UDPMan (13 mg, 8% overall, a/f=5:3) as a
white solid. 'H NMR (400 MHz, D,0): 6=3.31 (dd, /=1.8, 48 Hz,
TH; Hg, B), 3.42 (m, 1H; H¢, B), 3.44 (t, J=9.4 Hz, 1H; H,, B), 3.51 (t,
J=10.1 Hz, 1H; Hq, o), 3.55 (m, 1H; Hs, B), 3.60 (m, TH, Hs, B), 3.62
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(m, 2H; H,, o, He, 0), 3.74 (m, 1H; H,, a), 3.81 (dd, J=3.3, 6.3 Hz,
1H; H;, o), 3.9 (dd, /=15, 1.7Hz, 1H; H,, a), 3.98 (d, /=3.0 Hz,
1H; Hy, B), 408 (m, 2H; Hs 5 (F), a and B), 4.11 (m, TH; H,, (F), o),
4.2 (m, TH; H; (F), a,p), 43 (dd, J=1.9, 2.0 Hz, 1H; H, (F), a and ),
5.1 (d, J=88Hz, 1H; H,, B), 54 (d, J=7.1Hz, 1H; H/, a), 5.84 (d,
1H; H, (F), a, B), 5.86 (d, TH; H (U), B), 7.82 (d, J/=8.0Hz, 1H; H,
(U), B), 7.84 (d, J=8.0 Hz, 1H; H,, 0); *'P NMR (166 MHz; D,0): 6 =
—10.5 (2P, o,f), —12.5 (2P, o,3); HRMS m/z (EI"): 565.0469, [M—H*
17, (calcd 565.0472).

Synthesis of «,p-p-UDP-5-thio-glucose: 5-Thio-p-glucopyranose
(100 mg, 0.51 mmol) was dissolved in anhydrous pyridine (2 mL),
and the solution was cooled to 0°C in an ice bath. Chlorotrimethyl-
silane (0.6 mL, 4.1 mmol) was added dropwise to the reaction mix-
ture, and the solution was stirred for a further 1 h at room temper-
ature. The formation of a white solid (pyridinium hydrochloride)
was observed. The solvent was removed, and the residue was par-
titioned between hexane (20 mL) and deionised water (1 mL). The
hexane fraction was washed (deionised water 5x 1 mL), dried (an-
hydrous Na,SO,) and filtered, and the solvent was removed to give
crude TMS;5-S-Glc as a colourless syrup (a/f 95:5, 277 mg, 98%).
'HNMR (400 MHz; CDCly): 6=0.13 (s, 9H; (CH,),Si-), 0.15 (s, 9H;
(CH,)5Si-), 0.16 (s, 9H; (CH,);Si-), 0.17 (s, 9H; (CHs)5Si-), 0.20 (s, 9H;
(CH,);Si-), 3.20 (m, TH; Hy), 3.61 (1H; m, Hy), 3.59 (dd, J=6, 8 Hz,
1H; Hs); 3.64 (dd, J=9, 10Hz, 1H; H,); 3.72 (dd, J=2.5, 5Hz, 1H,
H,); 3.88 (m, 1H; He); 4.74 (d, J=2.3Hz, 1H; H,); m/z (El) 579.1
[M+Nat] (EST)

The crude mixture was used without further purification.

1,2,3,4,6-Penta-O-trimethylsilane-5-thio-p-glucopyranose (277 mg,
0.50 mmol) was dissolved in anhydrous CH,Cl, (3 mL), and iodotri-
methylsilane (72 pL, 0.50 mmol) was added slowly to the resulting
solution. The reaction system was stirred at room temperature for
30 min. nBu,NUDP (380 mg, 0.42 mmol) was then added, and the
solution was stirred for a further 4 h. After 4 h, nBu,NF (1 m in THF,
1.1 mL) was added to the mixture, which was stirred for a further
1 h. After 1 h, the organic solvent was removed under vacuum to
give the crude product as a light brown solid. The residue was dis-
solved in Tris buffer (50 mm, pH 7.4, 30 mL), alkaline phosphatase
(200 units) was added, and the resulting solution was stirred for
16 h at room temperature. The solution was freeze dried and redis-
solved in deionised water (4 mL), filtered (0.8 um filter), purified by
reversed-phase (C18) HPLC (0.5 mLx20 samples, isocratic method
with1 ACN/nBu,NBr (0.1% aqg.) 30:70, retention time=19.4 min)
and Bio-Gel-P2 Gel column chromatography (700 mg loaded in
5mL, eluted with deionised water at 1 mLmin~', retention time=
180 min) and freeze-dried to give UDP-55-Glc as a white solid
(40 mg, 12%, o/ 3:7). '"HNMR (400 MHz, D,0): 6=0.821 (t, J=
74Hz, 12H; 4CH,CH,CH,CH,<, «), 0.825 (t J=73Hz, 12H;
4CH,CH,CH,CH,-, B), 1.19 (q, J=7.4 Hz, 8H; 4CH,CH,CH,CH,-, ),
119 (q, J=74Hz, 8H; 4CH,CH,CH,CH,-, B), 142 (m, 8H;
4CH,CH,CH,CH,-, ), 142 (8H; m, 4CH,CH,CH,CH,- P), 2.86 (m,
1H; Hs, B), 3.08 (t, J=8.2, 9.5 Hz, 8H; 4CH;CH,CH,CH,-, 0), 3.08 (t,
J=8.2, 9.5 Hz, 8H; 4CH,CH,CH,CH,-, B), 3.19 (m, TH; Hs, a), 3.20 (¢,
J=10Hz, 1H; H;, B), 343 (t, J=10Hz, 1H; H,, a), 3.43 (t, /=10 Hz,
1H; H, B), 3.50 (m, 1H; H;, @), 3.50 (M, 1H; He, @), 3.51 (m, TH; H,
), 3.52 (q, J=3.5Hz, TH; H,, ), 3.60 (m, TH; H,, a), 3.80 (m, TH;
Hs, ), 3.80 (m, 1H; Hy, P), 4.15 (m, 3H, H,, H;, H, (F), @), 4.15 (m,
3H; H,, Hs, Hy (F), B), 420 (m, 2H; Hs and Hs (F), a), 4.20 (m, 2H;
Hs, Hs (F), B), 5.01 (t, J=8.8Hz 1H; H,, f), 5.26 (q, J=2.4, 5.6 Hz,
1H; H,, a), 5.85 (m, 2H; H,, H,(F)), o), 5.85 (m, 2H; H,, H, (F), ),
7.82 (d, J=9Hz, 1H; H,, @), 7.82 (d, J=9Hz, 1H; H,, B); *P NMR
(166 MHz; D,0O; HDO) 6 =—-10.50 (d, /=20.3, 1P; a), —12.09 (q, J=
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17.84 Hz, 1P; a), —10.50 (d, /=203 Hz, 1P; ), —11.92 (q, /=86,
20.74 Hz, 1P; B); m/z (El) 822.16, [M+nBu,N*—2H*]~ (ES")
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