Short Running Title of the Article

Journal Name, 2016, Vol. 0, No.0 1

§Development of a Solid Phase Array Assay for the Screening of
Galactose Oxidase Activity and for Fast Identification of Inhibitors

Martin J. Weissenborn,{* ¢ Damien P. Debecker,** Samuel Golten,® Bruno Linclau,® Nicholas J.

Turner*? and Sabine L. Flitsch*

& School of Chemistry & Manchester Interdisciplinary Biocentre, The University of Manchester, 131 Princess Street,
Manchester, M17DN (UK). Fax: 44- 161-275-1311; Tel: -44- 161-306-5172; E-mail:

sabine.flitsch@manchester.ac.uk

b Institute of Condensed Matter and Nanoscience - MOlecules, Solids and reactiviTy (IMCN / MOST). Université
catholique de Louvain. Place Louis Pasteur, 1, box L4.01.09, 1348 Louvain-La-Neuve, Belgium

¢Chemistry, University of Southampton, Highfield, Southampton, SO171BJ (UK)

d |_eibniz-Institute of Plant Biochemistry (IPB), Weinberg 3, 06120 Halle (Saale), Germany

Further affiliation: Martin-Luther-University Halle-Wittenberg, Institute of Chemistry

Abstract: Galactose oxidase catalyses the highly selective oxidation of terminal galactosides on a wide range
of natural glycoconjugates and has found wide applications in biotechnology, particularly in biocatalysis. Here
we show that the enzyme is able to oxidise solid gold-SAM surfaces functionalised with galactose. This array
platform allows for the fast identification of galactose oxidase substrates and inhibitors from a library of deoxy-
fluorinated sugars using MALDI-Tof spectrometry as a label—free read-out method. In addition, the enzymatic
reaction enables for the in situ activation of sugar-coated surfaces to bioorthogonal aldehydes, which can be

used for subsequent chemical modifications.
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INTRODUCTION

Over the last decade, the interest in biocatalysts and their industrial
application has increased dramatically.* With the advent of directed
evolution as a tool to generate mutants of enzymes with high
exploitation potential,>* the need for powerful screening tools has
become evident. Particularly attractive are miniaturised screening
methods on solid surfaces, which can be used in a microarray
format.> For enzymes, such technologies require a good
understanding of the effects that attachment of substrates has on
enzymes activity, making use of model systems.®

Galactose oxidase (GOase; EC.1.1.3.9) has been widely exploited in
a variety of chemical syntheses,”® analytical applications!®-*! and in
the industry.'? Also, the application in a P450 monooxygenase high
throughput screening assay has recently been demonstrated.® GOase
is copper dependent and uses oxygen to oxidise the C6-primary
alcohol of galactose and produces hydrogen peroxide. The enzyme
activity can be conveniently assessed by a colorimetric assay.** This
assay employs horseradish peroxidase (HRP), which oxidises 2,2'-
azinobis(3-ethylbenzthiazoline)-6-sulfonic acid (ABTS) in the
presence of hydrogen peroxide. In a search for GOase inhibitors,
molecules similar to galactose are typically screened. However if the
molecule bears a primary or secondary alcohol, it could in principle
also be a substrate for GOase. In such case, the colorimetric assay is
not able to distinguish between substrate and inhibitor, since
oxidation of both molecules would result in the formation of
hydrogen peroxide (Figure 1A) and hence give a positive signal.

Alternative assays are therefore required.

In this paper, we describe the immobilisation of the natural
substrate of the enzyme — D-galactose — onto a gold surface
functionalised by self-assembled monolayers (SAMs,). A GOase
solution (one drop on each spot) is then put in contact with this
surface for a certain period of time and then washed away. The action
of GOase on the immobilised galactose can then be quantified by a
dedicated surface analysis (MALDI-ToF MS, vide infra). For
inhibitor studies, the enzyme is incubated together with the inhibitor
(Fig. 1b). The same analytic method can be used to measure how the
enzyme was inhibited in its action toward immobilised galactose.
Thus the analysis is not relying on the formation of H202 and as the
measurement only detects conversion of galactose, the inhibition
potency of any molecule can be very rapidly determined.
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Figure 1. Comparing the colorimetric assay and the on-chip assay for the
study of GOase inhibitors/competitors. Competitors having structural
similarities with galactose can in principle also be oxidised and yield H,05.
The colorimetric assay can thus not distinguish the action of GOase on
galactose and on the competitor. In the on-chip assay, the action of GOase on
immobilised galactose is specifically probed.

RESULTS AND DISCUSSION

In recent years, our laboratory and others have developed a
microarray system, which allows the direct analysis of covalently
attached molecules by MALDI-ToF MS and has proven very
valuable to study enzyme reactions.'*15 Self-assembled monolayers
(SAMs) were formed on gold surfaces. These SAMs were produced
by alkyl thiols which were omega-functionalised with hexaethylene
glycol (OEGs) carboxylic acid.'® The carboxylic acid was then used
to couple aminoethyl galactose!® to the surface after the activation by
N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide ~ (EDC).® The galactose
functionalised surface 1 was then treated with one drop (1 pL) of a
solution containing the wild type galactose oxidase (0.125 uM at 30
°C, 2 h, 0.1 M phosphate buffer, pH 7). After the reaction, the surface
was cleaned and dried. MALDI-ToF MS analysis revealed the
oxidation of the galactose on the surface to the aldehyde 2 and the
carboxylic acid 3 (Figure 2).
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Figure 2. Functionalisation of gold surfaces with galactose and oxidation of
galactose by GOase.

To study the activity and hence the feasibility of the system, the
GOase reaction was left for different times from 0 to 20 hours and
the product formation was quantified by MALDI-ToF MS (Figure
3). The apparent conversion from unmodified galactose 1 to the
products 2 + 3 was determined by dividing the peak area of the
product by the peak area of reactant and product (2 +3) /(1 +2 +
3).17 The results showed that our method is suitable for the
quantification of enzyme activity on gold surface, and allow us to
follow the activity over time (Figure 3). Interestingly, we also used
it to analyse the effect of other reaction parameters. We were able to
observe the positive effect of adding catalase in the reaction medium
and the negative effect of adding H20x.

With a working system in hand, we turned our attention towards
the applicability to screen for enzyme inhibitors. Withers et al. have
reported that fluorinated monosaccharides showed a higher binding
to glycogen phosphorylase.!® Some fluorinated galactose derivatives
have previously been shown to be substrates for GOase.2,3-
dideoxy-2,2,3,3-tetrafluorogalactose 12 showed an almost nine times
higher Km value than galactose. Therefore we used a set of nine
different fluorinated galactose and glucose sugars to screen for
potential inhibitors.

First, all fluorinated sugar derivatives were subjected to oxidation
by GOase in the standard colorimetric assay (Table 1). The activity
for each substrate is expressed relative to the activity of GOase with
its natural substrate (Gal) as the reference (set to 100%). Table 1
shows that 2-F-Gal 16 is turned over as fast as Gal. The 3-F-Gal 15
and 4-F-Gal 14 yielded a lower relative activity of 41 and 22%,
respectively. A very small activity was measured with 6-F-Gal 10,
attributed to Gal impurities in the commercial sample. As previously
reported™® the heavily fluorinated tetra-F-Gal 1220-?! is accepted as a
substrate by the enzyme, with a relative activity of 5.5%. The two
different anomers o and B O-methyl tetra-F-Gal 11 and 13,
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respectively, showed relative activities of 2.2 and 7.5%. As expected
from previous studies, GOase showed no activity towards glucose
and fluorinated glucose derivatives.
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Figure 3. Conversion of immobilised Gal with reaction time (GOase (125
nM) at 30°C).

GOase activity for Gal oxidation was then measured by the
microarray method in the presence of the various potential inhibitors
in the liquid phase (Table 1). With this setup, we are able to measure
how the activity of the enzyme towards immobilised Gal is affected
by the presence of the fluorinated substrates. The latter could be a
true inhibitor (occupying or altering the enzyme without being
oxidised) or a substrate (occupying or altering the enzyme but being
oxidised by the enzyme). Via the microarray technique, series of
potential competitors could be screened rapidly using only very
small amounts of enzyme (0.125 pmol per spot) and competitors
(0.0125 mmol per spot).

Table 1 shows the relative inhibition provoked by a 62.5 mM
concentration of the different competitors on the activity of GOase
towards immobilised Gal. Glucose and glucose derivatives did not
affect the enzyme at all. This confirms that these sugars obviously do
not interact with the enzyme. Galactose and galactose derivatives 16,
15 and 14 decrease the conversion of attached galactose.
Interestingly, the o and the p forms of O-methyl tetra F-Gal 11 and
13, respectively, do not affect the enzyme surface activity to the same
extent An inhibition effect is observed with 6-F-Gal 10. It was
verified that this effect cannot be caused by the small (~1%)
contamination of 6-F-Gal 10 by Gal because these small Gal amounts
(~0.6 mM) only show a 2% relative inhibition effect.

This inhibition effect suggests that the 6-F-Gal 10 does interact with
the enzyme. To further study the inhibition effect and to investigate
its binding region, 6-F-Gal 10 could be used as a probe for protein
crystallisation experiments.

One can also perform the surface reaction in the presence of various
concentrations of the competitor. This has been done with 3-F-Gal
(15).
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Table 1 Comparison of the initial activity of GOase towards various
substrates and the inhibition by these substrates. Initial activity was measured
in the liquid phase assay with a substrate concentration of 62.5 mM and
GOase concentration of 5 nM. It is expressed in comparison to the activity
towards Gal (set arbitrarily to 100%).
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2 Gal as the natural substrate was set to 100% and all other reactivities
relative to it. Results of triplicate measurements.

® The inhibition effect is at a substrate concentration of 62.5 mM was
measured on the gold surfaces and is defined as the reduction of activity
provoked by the presence of the inhibitor (expressed in % as compared to
the activity observed when GOase is incubated alone). Results of
quadruplicate measurements.

By measuring the apparent conversion at different competitor
concentrations, one can determine an apparent 1Cso value for the
surface reaction (Figure 4). The latter would be defined as the
concentration at which the inhibitor/substrate shows a decrease of the
enzyme activity of 50%. Our results showed an apparent ICso of 32
mM for 15. It is here suggested that such quantitative analysis might
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be used in further systematic inhibitor screenings to rank the tested
compounds based on their apparent ICso.
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Figure 4 Apparent conversion of the immobilised Gal in 2 hours at 30°C
with GOase (125 nM) and in the presence of increasing concentration of 3-
F-Gal. The arrow represents the point where the activity of GOase towards
immobilised Gal is reduced by 50% as compared to the case where GOase
in incubated alone. This can be formalised as the “apparent ICsy” for 3-F-
Gal.

Finally, MALDI TOF MS data showed that immobilised galactose 1
was oxidised by GOase, yielding not only the aldehyde 2 but also the
corresponding carboxylic acid 3. This finding is of interest because
the carboxylic functions could be further used to functionalise the
surface. Functionalisation of immobilised carbohydrates or
polysaccharides is of high interest for different biotechnological
applications.®® Here, we show that GOase can be used as a
biocompatible catalyst to generate functionalised chip surfaces. To
demonstrate this concept, the chip was treated with the enzyme and
then with the activating agent 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-
4-methylmorpholinium chloride (DMTMM) in MeOH. Analysis by
MALDI-ToF MS showed the conversion of the carboxylic acid 3 to
the methyl ester 3-OMe. With these results in hand, the coupling of
amines onto the carboxylic acids 3 was investigated. The enzyme-
treated surface 3 was thus activated with NHS and EDC and
subsequently subjected to amino ethanol. As expected, the formation
of amide 4 was observed (Figure 5). Simultaneously, the aldehyde 2
reacted with the amine to form the corresponding imine. Thus, the
action of an enzyme towards immobilised surface could be used to
functionalise the surface and such surface modifications can be
monitored by MALDI TOF MS.
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Figure 5 Enzymatic oxidation of attached galactose moieties followed by a
chemical functionalisation of the carboxylic acid

CONCLUSION

We demonstrate that we can use galactose oxidase for selective
oxidations of galactose-functionalised surfaces. Experiments can be
carried out in a miniaturised mode using very little amounts of
substrate and enzyme. Moreover, the measurement of competition or
inhibition is facilitated by the possibility to measure the activity of
the enzyme towards only one substrate in systems where more than
one substrate is present. We also showed that GOase can be
employed for the functionalisation of array surfaces and provide the
possibility for orthogonal coupling of different ligands using both the
aldehyde or carboxylic acid functionalities.
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