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Abstract

Capillary electrophoresis (CE) is a powerful technique continuously expanding into new
application fields. One of these applications involves the study of enzymes, their catalytic activities
and the alteration of this activity by specific ligands. In this review, two model enzymes, lipases
and kinases, will be used since they differ substantially in their modes of action, reaction
requirements and applications making them perfect subjects to demonstrate the advantages and
limitations of CE-based enzymatic assays. Indeed, the ability to run CE in various operation modes
and hyphenation to different detectors is essential for lipase-based studies. Additionally, the low
sample consumption provided by CE promotes it as a promising technique to assay human and
viral nucleoside kinases. Undeniably, these are rarely commercially available enzymes and must
be frequently produced in the laboratory, a process which requires special sets of skills. CE-based
lipase and kinase reactions can be performed outside the capillary (pre-capillary) where the
reactants are mixed in a vial prior to their separation or, inside the capillary (in-capillary) where
the reactants are mixed before the electrophoretic analysis. These enzyme-based applications of
CE will be compared to those of liquid chromatography-based applications in terms of advantages
and limitations. Binding assays based on affinity CE and the compelling microscale
thermophoresis (MST) will be briefly presented as they allow a broad understanding of the

molecular mechanism behind ligand binding and of the resulting modulation in activity.
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1. Introduction

Enzyme catalyzed reactions and abnormal perturbations in their function are implicated, either
directly or indirectly, in the development of several disorders such as infections [1,2], cancers
[3,4], obesity [5] or skin aging [6]. Assaying the catalytic activity of enzymes expedites the
elaboration of the molecular mechanisms through which enzymes function and influence the
development of diseases [7]. This often implicates the evaluation of kinetic parameters of the
enzyme catalyzed reaction, such as: the maximal velocity (Vmax), the Michaelis-Menten constant
(Km) or the turnover number (Kcar).

Additionally, the activity of an enzyme can be measured in the presence of modulatory molecules
that diminishes or enhances the enzyme’s activity. This allows the evaluation of the degree of
modulation upon comparison to the innate enzymatic reaction, i.e. in the absence of modulatory
molecules. The half maximal inhibitory (ICso) or activation (ACso) concentrations are two
parameters that can be used to rank activators and inhibitors in terms of their potency in modulating
an enzyme’s activity.

Another approach is to evaluate the equilibrium dissociation constant (Kq4), or sometimes referred
to as Ki. Kq allows the prediction of the binding affinities between potential substrates/ligands and
target enzymes and is an important preliminary step for drug screening [8]. Both of these
approaches facilitate, through their complementarity, the establishment of a structure - activity
relationship (SAR) which can then act as a guideline for prioritizing certain ligands over others for
their therapeutic use [9].

All of the aforementioned parameters of enzymatic activity, modulation and binding affinities and
details will be revisited later on throughout this review. More details behind their conception and
applications can be acquired from several previous sources [10-13].

In addition to being drug targets themselves, enzymes can be used in the pharmaceutical industry
for the synthesis of active pharmaceutical compounds. Additionally, other industries such as the
food, biofuels and chemical industries have adapted the use of enzymes in their line of production
[14]. Some of the common examples for the implementation of enzymes in industrial processes
may be the production of lactose free dairy through the use of lactase enzymes [15] or in the
production of protease or lipase containing washing detergents [16].

For the last 10 years, various techniques have been reviewed and described for assaying enzymatic

activities as well as screening for drug candidates [6,9,17-25]. There exists no “one technique to
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rule them all”. Enzymes have different physical and chemical requirements and therefore some
assays may be unsuitable and must be modified or replaced. The choice of the technique depends
on several factors such as the relevance of the collected information, the price of the reagents and
the compatibility of the technique with the nature of the investigated enzymatic reaction [26].
Capillary electrophoresis (CE) is an analytical separative technique with applications in various
fields including enzymatic analysis. The substrate(s) and product(s) are separated in an open
capillary based on their charge-to-size ratio in an electric field applied across the capillary.
Enzymatic analysis with CE is associated with several advantages such as low sample and reagent
consumption, excellent separation efficiency and high versatility of hyphenation and operation
modes [27]. CE-based enzymatic reactions can be divided into pre-capillary (offline) and in-
capillary (online) reactions, where in the former, all the reagents, except one (substrate or enzyme),
are incubated in a vial outside the capillary [28]. The reaction is initiated by adding the missing
reagent (enzyme or substrate). Offline CE-assays are easy to optimize since the enzymatic reaction
and analyte separation occur independently. Due to this division in tasks, these assays are easy to
control. Manual interventions are, however, inevitable when handling reactions offline and
relatively large reaction volumes are required (few tens of uLs) [28,29]. On the other hand, with
the online CE reaction mode, the capillary acts as a nanoreactor in which the reaction, separation
and detection steps take place. There exist several methodologies by which the reactants are mixed
in-capillary such as electrophoretically mediated microanalysis (EMMA) [30,31] or transverse
diffusion of laminar flow profiles (TDLFP) [32]. These types of assays are often difficult to
optimize and to control due to the fact that all steps occur sequentially within the capillary.
Nonetheless, online assays are considerably more automated compared to offline ones.

CE can also be expanded to measure macromolecular binding interactions through the use of
affinity CE (ACE). This mode generally exploits the different electrophoretic mobilities of
unbound and bound complexes for their separation and quantification and may be fine-tuned
according to the application [33,34].

In terms of the overall performance, CE is often compared to the analytical technique widely used
by laboratories around the world, liquid chromatography (LC). Unlike CE, separation of analytes
in LC is based on their retention by a solid phase in a column. Although more commonly used for
separation of mixtures between two immiscible phases, LC have also been used for enzymatic

analysis [35].
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Several recent papers have reviewed the state of the art of CE-based enzymatic analyses [36-38].
In this review, we go a step further by tracking the evolution, flexibility and adaptability of CE-
based enzymatic analyses through the use of two enzyme models, lipases and nucleoside kinases.
Both said enzymes have dissimilar modes of actions, reaction requirements and require different
analysis approaches making them thus suitable models of simple and complex reactions to
demonstrate the merits of CE-based enzymatic assays. Advantages and limitations of the CE-based
enzymatic assays will be highlighted and briefly compared to LC-based ones of the same caliber.

Furthermore, recently developed binding assays of lipases and kinases will be briefly discussed.

2. CE-based lipase assays

In this section, applications of CE utilizing lipases as model enzymes in drug screening, chiral
resolution, organic synthesis and enzyme characterization will be reviewed. A brief comparison
with LC-based approaches will be established when necessary in order to highlight on the
advantages and limitations of the analytical techniques. Furthermore, binding assays of lipases will

be briefly introduced.

2.1 General information about lipases

Lipases (EC 3.1.1.3) belong to the hydrolases class of enzymes that catalyze the hydrolysis of ester
bonds such as those of triglycerides (TG) resulting in the release of free fatty acids (FFA) and
monoglyceride (MQG), facilitating the absorption of fats into the body (Figure 1) [39].Several
interesting applications have been described for lipases in different industrial fields such as in the
baking, dairy and pharmaceutical industry, production of cosmetics and detergents, synthesis of
bio-diesel or bioremediation processes [40—44]. Lipases-catalyzed reactions are rather
straightforward but operate with a unique mechanism of activation at the aqueous-fat/organic
interface (interfacial activation) [45,46]. Thanks to its versatility in operation modes and
hyphenation tactics, CE is a suitable technique for monitoring reactions catalyzed by lipases where

different types of products can be obtained.

2.2 Lipases activity and modulation
Assessment of enzymatic activity can be helpful in identifying the presence or prove the absence

of an enzyme in a sample. Additionally, quantitative analyses of enzymatic reactions are crucial
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for the understanding of the underlying mechanisms governing lipase reaction as well as the
subsequent biological and chemical consequences [47]. Enzymatic assays and the screening for
lipase inhibitors have been largely explored by CE [27,36,37,48—-50] and HPLC [51-54].

The implication of CE in lipase-related studies was as early as the 1990s where it was used to
determine the purity of lipases from crude specimen [55,56]. In 1998, B. Vallejo-Cordoba et al.
introduced a CE assay to measure free fatty acids (FFA) in cream subjected to hydrolysis by lipases
[57]. FA with chain lengths of 4 — 12 carbons (C4-C2) were detected by adding p-anisate to the 20
mM tris BGE as a chromophore using indirect UV detection at A = 270 nm. Methylated beta-
cyclodextrin (3-CD) was added to the BGE in order to enhance the solubility of FFA in the aqueous
solution through the formation of inclusion complexes, as previously described by L. Szente et al.
[58]. Conditions of the enzymatic reaction and CE separation are summarized in Table 1. The
kinetics of cream fat hydrolysis into FFA, catalyzed by a commercial lipase isolated from
Rhizomucor miehei, were followed by analyzing sample aliquots at different time periods for 60
min (Figure 2a).

The released FFA were analyzed using the CE method where a good separation of the individual
FFA species was obtained which allowed their quantification using pre-constructed calibration
curves. Figure 2b represents the electropherogram of resolved FFA species separated in only 10
min as anions of decreasing order of carbon chain length. Furthermore, it was revealed that short
chain FFA (C4, Ce and Cs) were the most abundant compared to larger ones at different reaction
times. The adopted CE method also permitted the detection and quantification of FFA in fresh
cream subjected to a MeOH extraction protocol. Compared to the FFA-extracted cream, higher
quantities of all FFA, especially those with short carbon chains, were detected in the lipolyzed one.
These short chain FFA play an important role in determining the flavor of dairy products [59,60].
The developed CE method overcame the requirements of FFA derivatization or extraction,
associated with chromatographic techniques such as gas chromatography (GC) and liquid
chromatography (LC). The study demonstrated the possibility of customizing dairy flavors by
blocking the lipase catalyzed hydrolysis of milk fat at specific times giving emphasis to short-
chains FFA production and providing an index for assessing milk quality.

Gang Hao et al. described an LC-quadruple time-of-flight (Q-TOF) MS method for assaying
microbial lipase activity [61]. The reaction mixture composed of lipase, triolein TG, 20% Triton-

X and incubation buffer (IB) was incubated at 37°C before injecting aliquots of 2 uL collected at
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different time points into LC-MS and measuring the amount of liberated oleic FA by using an
isotopically labeled [!*C]-oleic acid as an internal standard. LC was coupled to the Q-TOF MS by
an electrospray ionization (ESI) source. Mass spectra of oleic acid (m/z = 281.25) and the internal
standard (m/z = 299.25) were collected in the negative ionization mode at a capillary voltage of
2500 V. The method overcame the laborious radioactive or fluorescent labelling of the substrates
and the high pH requirements associated with conventional assays. A limitation of the described
assay compared to CE-based ones was the relatively high reagent concentrations which
necessitated a 500-fold dilution of the aliquoted reaction samples prior to their analysis.
Furthermore, the total injection volume of the samples collected sequentially over a period of 15
min (5 x 2 uL) was one hundred-folds lower than the total volume of the reaction mixture (1 mL),
which meant that most of the sample was wasted especially since triolein hydrolyzed
spontaneously and had to be freshly prepared from stocks stored at freezing temperatures.

T. Koseki et al. [62] assayed the lipolytic activity of a recombinant lipase from filamentous fungi
Aspergillus oryzae (rLipAO), purified from an expression vector. Hydrolysis of tributyrin, a
natural TG found in butter, into butyrate was monitored using LC hyphenated to Q-TOF-MS and
CE hyphenated to TOF-MS. The lypolytic activity of rLipAO was compared to that of tannase, an
enzyme catalyzing the hydrolysis of ester and depside bonds, from the same fungal species. The
hydrolysis reaction was measured through the detection of lingering tributyrin after the reaction
by RP-LC-MS after injecting 1 uL of reaction mixture. CE-MS was used in the negative ionization
mode to monitor the release of butyric acid at m/z 87.045. Reaction and CE separation conditions
are summarized in Table 1. Figure 3 demonstrates the tributyrin hydrolysis reaction catalyzed by
rLipAO. The electropherogram represents the detection of butyrate peak at a migration time of
approximately 15 min in the presence of rLipAQO. No butyrate peak was in the absence of rLipAO.
The isolated protein rLipAO demonstrated lipolytic activity toward the tributyrin substrate after 5
hr incubation at 37°C whilst A. oryzae tannase showed no activity.

This study demonstrated the practicality of CE-MS and its complementarity to LC-MS for the
characterization of the enzymatic activities of newly discovered proteins and protein fractions.
Moreover, enzyme immobilization offers them a higher tolerance to variations in temperatures and
pH and provides them with better storage stability [63,64]. It is argued that this increased tolerance

compared to in-solution enzymes is brought about by the lower flexibility of the amino acid
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conformation of the immobilized enzymes, protecting them from thermal and pH-mediated
denaturation [63,65].

An online immobilized enzyme microreactor (IMER) was introduced by Y. Tang et al. in 2019
[66] to screen for lipase inhibitors. Pancreatic lipase (PL) was immobilized onto (3-
aminopropyl)triethoxysilane (APTES)-treated silica of the inner capillary walls via cross-linking
to a glutaraldehyde (GA) linker in three steps as illustrated in Figure 4a. The online enzymatic
hydrolysis of 4-nitrophenyl acetate (4-NPA) was then followed by measuring the peak area of the
4-NP product spectrophotometrically at A = 400 nm. Following the optimization of acetonitrile
content in the enzymatic media, reaction pH and incubation time, the repeatabilities of the 4-NP
product peak area and migration time were evaluated. Using the same capillary provided good
peak areas and migration time repeatabilities (relative standard deviation or RSD < 5%) while the
RSD obtained using different capillaries were slightly higher but were still within the acceptable
range (< 15%) defined by international guidelines for validating analytical methodologies [67].
Immobilized lipase preserved 80% of its catalytic activity after 20 consecutive tests reflecting great
stability of the immobilized enzyme (Figure 4b, left). The affinity of immobilized PL towards 4-
NPA (Kn =2.7 £0.29 mM) was evaluated against a range of 4-NPA concentrations (0.6 - 7 mM)
(Figure 4b, right) and was almost two-folds greater compared to that of PL in solution (Km = 4.65
+ 1.23 mM) This was attributed to a reduced steric hindrance between the immobilized PL
molecules and thus an increased contact between PL and the 4-NPA substrate. The IMER was used
to assay PL inhibition by orlistat, a reference PL inhibitor, as well as ten traditional Chinese
medicine extracts at 10 mg mL"!' by observing the decrease in 4-NP peak areas (Figure 4c).
Conditions of the enzymatic reaction and CE separation are summarized in Table 1. ICsg of orlistat
was evaluated as 0.0097 uM, which was globally in good agreement with the literature. Six out of
the ten samples were demonstrated to possess mild to potent PL inhibition activity ranging from
21 to 70%. The developed method demonstrates the merits of enzyme immobilization, enhancing
both the affinity and activity of immobilized PL towards the 4-NPA substrate compared to in-
solution PL. Furthermore, the application of the method allowed rapid, automated and economic
analysis of PL inhibitors in complex plant extracts. The co-migration of some plant components
with the 4-NP product peak can be overcame by increasing the migratory distance to the detector.
Another lipase immobilization approach was introduced shortly after by Jai Liu et al. [68]. Using

the offline CE mode was used to search for inhibitors of immobilized Candida rugose lipase (CRL)
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in traditional Tibetan medicines. CRL was attached onto titanium dioxide magnetic nanoparticles
(Fe;04@Ti0O2) which provides an efficient mean of low-cost enzyme immobilization as well as
the ability to separate the immobilized enzyme from the reaction medium due to the magnetic
nature of such NP. The group demonstrated several optimizations performed to enhance CRL
immobilization such as the pH, time and enzyme concentration. Furthermore, the activity of the
immobilized enzyme towards 4-nitrophenyl palmitate (4-NPP) was compared to that of in-solution
CRL. The release of 4-NP as a result of CRL-catalyzed hydrolysis of 4-NPP was monitored
spectrophotometrically at A = 400 nm. Reaction and CE separation conditions are summarized in
Table 1. Compared to in-solution CRL, the immobilized enzyme was more active at high
tempertatures (40 - 50°C) and preserved most of its 4-NPP hydrolyzing activity after storage at
4°C for 30 days whereas in-solution CRL lost around 65% of its activity. Furthermore,
immobilized CRL demonstrated higher affinity towards 4-NPP (2.51 mM) compared to CRL in
solution (9.96 mM). The inhibition kinetics of immobilized CRL were investigated against a range
of orlistat concentrations. A Kjvalue of 13.41 uM and an ICs value of 4.37 mM was obtained for
orlistat. Moreover, amongst 6 methanolic extracts of traditional Chinese medicines, Oxytropis
falcate Bunge demonstrated considerable inhibition of immobilized CRL with 54 and 69%
inhibition at 50 and 100 mg mL"!, respectively. Eleven compounds were identified and isolated
from Oxytropis falcate Bunge. They were screened individually for immobilized CRL inhibition
and compared to that of orlistat at 50 and 100 uM. Six out of the eleven compounds had promising
CRL inhibitory potentials similar to that of orlistat, which inhibited CRL by 64 and 82% at 50 and
100 puM, respectively. Kaempferol demonstrated superior inhibition to that of orlistat (92% at 50
and 100 uM). Kaempferol has been previously demonstrated as a CRL inhibitor and its inhibition
has been attributed to the high number of hydroxyl group in addition to their location on the
molecule [69]. In this study, lipase immobilization onto NP have shown to improve the enzyme’s
durability, stability, reusability and, its affinity and activity towards the 4-NPP substrate compared
to in-solution lipases.

Y.-T. Zhu et al. introduced an HPLC-UV approach in 2014 to screen inhibition of porcine PL
immobilized covalently onto magnetic nanoparticles (NP) [70]. Several techniques such as atomic
force microscopy (AFM) and Fourier-transform infrared spectrometry (FT-IR) were used to
characterize the NP and the covalent binding of PL onto them.

Briefly, the amount of 4-NP liberated from the immobilized PL-catalyzed hydrolysis of 4-NPP,
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was monitored at A = 317 nm in the presence of reference PL inhibitors orlistat, (—)-
epigallocatechin 3-O-gallate (EGCG) and (—)-epigallocatechin (EGC) and compared to that in
their absence. The incubation of immobilized PL with the inhibitors was carried out offline prior
to injection. IC50 values of 0.64 + 0.02 uM and 55 + 0.5 uM were calculated for orlistat and
EGCQG, respectively, whereas no inhibitory effect was observed by EGC. As was the case in the
previous examples containing immobilized lipases, NP-PL demonstrated superior endurance to pH
and temperature changes as well as higher activity and affinity towards the 4-NPP substrate,
compared to in-solution lipases as suggested by higher Vimax (6.40 vs 3.16 U mg™!' enzyme) and
lower K (0.02 vs 0.29 mM) values, respectively. The total volume of the reaction mixture (4 mL)
used in this study by HPLC-UV were quite elevated and the retention time of the 4-NP product
was relatively long (= 19 min) whereas only 5 min were needed using CE-based assays of
immobilized lipases in the previous example.

Our group has recently developed and optimized the first homogeneous CE-based lipase assay
utilizing simultaneous double detection in the offline and online modes [71]. No immobilization
of PL or modifications of the capillary wall was needed. The reaction was monitored through the
detection of both products of the hydrolysis of 4-nitrophenyl butyrate (4- NPB) substrate, namely
4-NP by spectrophotometry (A = 400 nm) and butyrate by capacitively coupled contactless
conductivity detector (C*D) (Figure 5a & b).

The capillary cartridge was supported by a home-made 3D-printed scaffold used to fasten both
UV and C*D detectors and ensure the circulation of the capillary cartridge coolant (Figure 5c¢).
Conditions of the online and offline CE-based assays are summarized in (Table 1). The Michaelis—
Menten constant (K,) was evaluated as 0.57 £ 0.03 and 0.59 + 0.12 mM (n = 3) using 4-NP and
butyrate, respectively. The maximum velocity (Vmax) was evaluated as 1.20 £0.13 and 0.71 £ 0.07
uM s (n = 3) using 4-NP and butyrate, respectively. Using the offline assay, extracts from three
plants, obtained via infusion in water, as well as a series of molecules isolated from oakwood and
wine extracts were all screened for PL modulation activities at 1 mg mL! (n = 3). Amongst the
plant extracts, those from fresh leaves of Crataegus oxyacantha (hawthorn) demonstrated the
strongest PL inhibition (37 £ 3%) whilst those from dry leaves of Ribes nigrum (black currant)
demonstrated the highest activation (37 + 1.5%). Amongst the compounds isolated from oakwood
and wine extracts, two original triterpenoids were presented for the first time as potent PL

inhibitors, 51 + 1% by bartogenic acid and 57 + 4% by 3-O-galloylbarrinic acid. This inhibitory
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effect was attributed to the presence of galloyl moieties or absence of glucosyl ones at specific
positions of the compounds. As far as we know, this is the only study that implicates CE-based PL

assays in a homogeneous phase with the other reactants.

2.3 Enantioselective synthesis catalyzed by lipases

CE has been established as a successful technique for chiral separations through the use of a chiral
selector in the BGE [72]. Lipases are known as chiral enzymes with stereo- and regioselective
properties favoring the formation of either enantiomers [73].

K. Pomeisl et al. [74] described an offline CE-based heterogeneous lipase assay using immobilized
lipase B from Candida antarctica (CALB) for the enantioselective resolution of gem-difluorinated
alcohols. These alcohols serve as intermediates in the synthesis of bioactive molecules with
potential anti-viral activities. The synthesis pathway of these fluorinated molecules is often
complicated. Additionally, the bioactivities of these molecules strongly depend on their
configuration. Lipase catalyzed enantioselective synthesis is thus an interesting approach for the
production of difluorinated bioactive molecules from alcohol derivatives. The group monitored
the progression of the transesterification reaction with time using CE/UV at A= 206 nm. The
racemic (R and S) 3-(bezyloxy)-1-difluoropropanol alcohol substrates and subsequent racemic
ester products were detected and separated using sulfobutyl ether as a chiral selector in the
phosphoric acid (pH 2.5) BGE. The CE method allowed monitoring of enantiomeric substrate and
products in 14 min. The injection volume was very small (1-2 nL) making the method interesting
in analyzing reactions with low yields. The group identified a change of enantioselectivity when
changing the enzyme-to-substrate ratio from 1:1 to 5:1. They related these findings to the presence
of three reaction steps: acetylation, hydrolysis and isomerization.

A. Schuchert-Shi and P. C. Hauser [75] demonstrated the enantioselective hydrolysis of serine and
threonine amino acid esters by porcine PL using CE-C*D. The use of conductimetry was essential
due to the inability to detect non-aromatic amino by UV spectrophotometry. The enantioselectivity
of the hydrolysis reaction was performed by temporal monitoring of the progression of the reaction
through the formation of the D- and L- amino acid, products. An acidic BGE, 2 M acetic acid,
containing 5 mM of the chiral selector (+)-(18-crown-6)-2,3,11,12-tetracarboxylic was used for
the chiral analyses. The separation of the DL-serine methyl esters (SME) substrate from the DL-

serine products and the enantiomeric resolution of D- and L- steoreoforms is demonstrated in

11
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Figure 6.

The reaction was conducted by mixing PL with DL-SME or DL-threonine methyl esters (TME).
The group demonstrated the increased selectivity of PL towards the L-isoforms of both amino acid
methyl esters when assayed individually. Similarly, the enantioselectivity of PL was compared to
that of wheat germ lipase (WGL) using DL-SME hydrolysis. A consensus was established for the
favored production of L-serine by both PL and WGL with PL being more selective and having a
higher reaction rate. Between TME and SME, PL activity was higher towards the L-isoforms of
TME. This selectivity was related to a single structural difference manifested by a methyl group
unique to threonine and not to serine. Indeed, separation of molecules that differ only in their three-
dimensional configuration (stereoisomers) was possible with CE [76]. This was also demonstrated
in the studies utilizing lipases to catalyze enantioselective hydrolysis of chiral substrates.
Recently, Y. Choi et al. described an HPLC-based analytical method to determine the integral
stereoselectivity of lipases towards TG and DG [77]. This stereoselectivity considers the
preference of lipase hydrolysis towards all three ester bonds on the acylglycerol (TG and DG)
species. The detection required derivatization of the hydrolysis products with 4-nitrophenyl
isocyanate (4- NPI). In order to determine the integral stereoselectivity of porcine PL,
Chromobacterium viscosum lipase (CVL) and, Pseudomonas fluorescens lipase (PFL), the
enantiomeric excess of 1,2-DG over 1,3-DG was measured at different stages of the hydrolysis
reaction. Figure 7a represents the HPLC coupling to UV and evaporative light scattering detector
(ELSD). The 1,2- and 2,3-DG enantiomers were quantified using HPLC-UV at A = 285 nm after
their derivatization. Using this method, it was shown that PL. demonstrated no preference towards
ester bonds at positions (pos) 1 or 3 of the TG substrate, hydrolyzing them equally. Pos 2 ester
bonds were not hydrolyzed by PL. Moreover, a similar trend was observed for the hydrolysis of
DG into MG. For CVL, a contrast between the stereoselectivity towards ester bonds of TG and
DG was observed where the enzyme preferred pos 3 ester bonds over pos 1 in TG and the inverse
in DG. As was the case for PL, CVL did not hydrolyze ester bonds at pos 2. Finally, PFL
demonstrated hydrolysis of pos 2 ester bonds of TG. The stereoselectivity was thus in the order of
ester bonds at pos 1, 2 and 3 of TG. The method did not permit the determination of the exact
stereopreference of PFL towards DG isomers due to the presence of two possible hydrolysis sites
on each isomer. These results are represented in Figure 7b. The HPLC-based methods

demonstrated the ability to separate the different DG and MG isomers with good resolution and
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separation factor (> 1). The isomers were then quantified using either HPLC-UV or HPLC-ELSD
which permitted the assessment of integral stereoselectivity of lipases from three biological
sources.

A drawback of the method was the need for isomer derivatization. Furthermore, although all three
DG isomers derivatives were detected in 13 min, the detection of MG isomers required the analyses
time to be extended to over 20 min. The reaction volume for HPLC-UV analyses (300 uL) was
elevated compared to CE-based assays. A powerful green chromatographic technique to be used
for enantioresolution is supercritical fluid chromatography (SFC) where supercritical carbon
dioxide, possessing properties of both liquid and gas, is used as the mobile phase [78].

The previous examples demonstrate the efficiency of using CE for enantiomeric separation of
molecules, simply by adding a chiral selector in the BGE, and its power to separate products

obtained after enzymatic reaction in a relatively short time with minimal volume requirement.

2.4 Organic synthesis

The use of CE to monitor synthesis reactions is a promising prospect given the flexibility and the
low sample consumption of the technique Furthermore, lipases have been used in biocatalyzed
organic synthesis reactions given their high catalytic activity, wide range of substrate specificity
and most importantly, their tolerance to high organic media [79].

W. Liu et al. [80] compared the activities of porcine PL immobilized onto different forms of porous
materials (metal-organic framework or MOF and SBA-15) by CE-UV through monitoring the
formation of anticoagulant-molecule, warfarin. The PL catalyzed synthesis reaction was carried
out by incubating PL with 4-hydroxycoumarin and benzylideneacetone, in methanol for 1 day at
50°C (Figure 8a). Reaction and CE conditions are summarized in Table 1 At the end of the
reaction, the solution was centrifuged for 5 min to separate the produced warfarin and residual
substrates into the supernatant and the carrier-PL complex into the residue.

This allowed the reusability of the immobilized PL. The supernatant was injected into the capillary
(0.5 psi x 3 sec; 3 nL) and a separation voltage of 28 kV was applied to separate the warfarin
product from the substrates using a borax buffer containing sodium dodecyl sulfate (SDS) as BGE
(pH 8.5). An example of the obtained electropherograms with PL. immobilized onto MOF is
presented in Figure 8b. The warfarin yields by each of the PL immobilized onto 4 different MOFs

and SBA-15 in addition to in-solution PL. were compared to assess catalytic activity and storage
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of the immobilized enzyme. Compared to in-solution, all immobilized PL had higher activities
reflected by higher warfarin yields that did not change dramatically upon reusing after 5 cycles.
PL-MOFs had higher warfarin synthesizing activities compared to PL-SBA-15. The majority of
warfarin yield (65%) were maintained by PL-MOFs after storage for 35 days at 4°C. Additionally,
the RSD of warfarin yields using three batches of each PL-MOFs and their use across five cycles
was inferior to 3 % reflecting high catalytic stability. With 104 pL total reaction volume, 3 uL
injection volume and the ability to reuse the immobilized enzyme, the CE method for monitoring
warfarin synthesis was highly economic providing rapid separation of warfarin from the other
reactants in under 8 min.

The miniaturization of such organic reactions onto microchip systems with continuous flow
conjugated to appropriate detection techniques should be considered due to the advantages

provided at such scales especially the shorter reaction times [81].

2.5 Binding assays of lipases

In 2019, 1. Hamdan et al. applied affinity CE to monitor changes in the migration times and peak
shapes of PL upon binding to certain drugs, orlistat or a combination of both [82]. CE was used to
confirm findings obtained using conventional spectrophotometric PL inhibition assays and
docking studies. Some of the tested drugs demonstrated synergism in inhibitory activity where the
addition of orlistat enhanced the overall inhibition. This was attributed to the binding mode of
these drugs to PL where the active site, i.e. orlistat binding site, remained exposed. Other drugs
demonstrated antagonism when combined with orlistat where the overall inhibition diminished
due to interferences with orlistat binding to the active site of PL. Orlistat, the tested drugs or both
were added to the S0 mM phosphate buffer (pH 6.8) containing 15% (v/v) ACN and 16.7% (v/v)
MeOH as BGE which was then used to fill the capillary. PL was then injected into the capillary.
As shown in Figure 9, PL (0.1 g L") injected electrokinetically (18 kV x 15 s) into a capillary
filled with blank BGE (no ligands) was detected at 5.6 min by UV at A = 205 nm. Once orlistat
alone was added to the BGE, a shift of PL migration time from 5.6 to 6.5 min was observed. This
was attributed to the binding of orlistat to PL favoring the migration of the complex towards the
anode, opposite to the direction of the EOF, and thus slowing down its migration in the capillary
by almost 1 min. Similarly, the presence of the tested drugs in the BGE resulted in a similar change

to PL in the capillary. When orlistat was present in combination with the drugs in the BGE, the
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migration times shifts and peak shape changes were more drastic compared to the drugs or orlistat
alone (Figure 9a). One sole drug, dinitrosalicylic acid (DnS), did not demonstrate any significant
changes to the electropherograms upon addition of orlistat. This observation agreed with the results
obtained using PL inhibition assays and molecular docking studies (Figure 9b). DnS was shown
to bind strongly to Ser-152 of PL’s active site which happens to be orlistat’s binding site. Thus,
the overall inhibitory potential was reduced.

An interesting biophysical technique on the rise and used to evaluate biomolecular binding
affinities is microscale thermophoresis (MST) [83]. MST is based on the differential
thermodiffusion of bound and unbound species which is governed by the size, charge and solvation
of the analytes [83—85]. The technique is non-separative allowing the determination of Kq with
high sensitivity (in pM) in under 30 min and consuming miniscule amounts of samples (= 4 uL for
each ligand concentration tested). Furthermore, using MST provides the analyst with the freedom
of choice of the buffer where practically any convenient solution or complex biological fluids can
be used. It has been previously applied for the evaluation of interactions between E. Coli AK and
ligands [86] as well as nucleoside diphosphate kinase (NDPK) and nucleoside analogs [87].
Additionally, our group used MST to evaluate the binding affinity between human neutrophil
elastase (HNE) and ursolic acid, a reference inhibitor of HNE (Kq= 2.72 + 0.66 uM) [88].
Recently, our group developed for the first time an MST-based binding assay to evaluate the
binding affinities of small ligands towards lipases from crude pancreatic extracts [89]. The
investigated ligands were purified from oakwood extracts and have been previously shown to
affect the activity of lipases either activating or inhibiting it using a CE-based assay [71]. The MST
protocol was optimized at different levels including the labeling protocol, storage and analysis
temperature and target concentrations. Once optimized, the MST method was used to titrate a fixed
concentration of the labeled lipases against a range of ligand concentrations. The Kq values were
evaluated for bartogenic acid (BA; Kq = 1327 £ 700 nM), 3-O-galloylbarrinic acid (3-GBA; K4 =
500 = 300 nM) and Quercotriterpenoside-I (QTT-1; Kq = 31 + 21 nM). The augmented standard
errors reflect poor repeatabilities of Kqevaluation possibly resulting from the fact that several types
of lipases are present simultaneously in the crude extracts. Enhancing the purity of the 50 kDa PL,
present in the extracts, by ammonium sulfate precipitation was successful although not compatible
with the MST labeling protocol. The obtained information is strictly restricted to the binding and

do not reflect the type of modulation this binding introduces to the lipase’s activity. This became
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problematic when the standard lipase inhibitor, orlistat, was considered. Due to the fact that orlistat
induces inhibition through covalent binding to the lipases active site and that MST are not suitable
to evaluate such type of irreversible binding interaction, using results from MST alone would give
the impression that orlistat and lipases do not interact.

The complementary use of activity-based assays by CE and binding affinity-based assays by MST
thus provides a better understanding of the molecular mechanism and paints a clearer image of the
modulation of catalytic activity resulting from ligand bindings.

The developed assay was successful in indicating a binding interaction between lipases and small
oakwood ligands despite using lipases from crude extracts which is a complex source of these

enzymes.

3. CE-based nucleoside kinase assays

This section will review some of the CE-based assays of nucleoside kinases. Unlike lipases,
applications of nucleoside kinases are mainly exclusive to scientific and pharmaceutical research.
Similar to the previous section, a brief comparison with LC-based approaches will be established

and nucleoside kinase binding assays will be briefly introduced.

3.1 General information about nucleoside kinases

Kinases (EC 2.7.x.x) belong to the family of phosphotransferases catalyzing the transfer of an
energetic phosphate group from a donor such as nucleotide triphosphates (NTP) toward an
acceptor. Kinases are divided into classes based on the type of phosphate group acceptors (e.g:
proteins or nucleosides). Nucleoside kinases (EC 2.7.4.x) are essential for the phosphorylation of
nucleosides and nucleoside phosphates (nucleotides) playing major roles in processes such as the
nucleoside salvage pathways and DNA replication [90]. Figure 10 depicts the phosphorylation of
a nucleoside, thymidine, by thymidine kinase (TK), producing thymidine monophosphate (TMP)
and ADP. The phosphorylation of TMP to thymidine triphosphate (TTP) is then catalyzed by other
types of cellular nucleoside kinases. As is the case with other types of kinases, this reaction requires
the presence of a divalent metal cation to neutralize the negative charges of the phosphate groups
[90]. In this section, applications of CE for studies involving nucleoside kinases as models of more
complex enzymatic reactions with applications in scientific and pharmaceutical research will be

presented. Furthermore, kinases in general are often expensive to purchase and their production
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require tedious work and may be time consuming. Therefore, it of interest to the manipulator to
use a technique such as CE that requires lower volumes of the enzymes in order to economize their

consumption.

3.2 Nucleoside kinases activity and modulation

In 1996, S. Banditelli ef al. described a CE-based assay to monitor the activity of cytosolic 5°-
nucleotidase. Although not a kinase, cytosolic 5’-nucleotidase is a bifunctional enzyme
demonstrating phosphotransferase in addition to hydrolase activities [91]. Through the use of a
single CE-UV assay, both activities of 5’-nucleosidases were simultaneously monitored. The
method, summarized in Table 2, demonstrated an efficient separation of a mixture consisting of
several bases, nucleosides and nucleoside mono, di and triphosphates. The overall activity
(phosphatase + kinase) of the enzyme increased in the presence of a nucleoside phosphate acceptor
as demonstrated by the higher conversion of dGMP to dG in the presence of a nucleoside acceptor
such as inosine. Moreover, phosphorylation of deoxycoformycin, an analog of adenosine used as
a chemotherapeutic drug, by the 5’-nucleotidase was demonstrated for the first time. This CE-UV
method was simple, rapid and required no labeling or modification of the substrates. Additionally,
the detection and efficient separation of the substrates and the products of both reactions catalyzed
by 5’-nucleotidase allowed the determination of the reaction rates corresponding to each activity
in a relatively short time (12 min) without the need of large sample quantities (10 nL).

H.-F. Tzeng et al. developed a CE-UV assay for measuring the activities of thymidine kinase (TK)
and thymidine monophosphate kinase (TMPK), simultaneously [92]. The method was optimized
for the detection of TMP and thymidine diphosphate (TDP), the products of thymidine
phosphorylation by TK and TMP phosphorylation by TMPK, respectively. A fused-silica bubble
cell capillary with an extended light path length of 150 pm to improve detection sensitivity [93].
Ethylenediaminetetraacetic acid (EDTA) was added in order to chelate Mg?* co-factor ions which
were censured for the considerable ATP peak fronting due to the formation of ATP-Mg?*
complexes. This resolved the ATP and TDP peaks which migrated close to one another. Mixing
the analyzed sample with NaCl and 66.7% ACN (v/v) prior to CE injection brought about several
improvements to the CE separation efficiency, peak shapes and mediated a sample stacking effect.
Indeed, slightly lower currents were achieved with ACN in addition to a 73% increase in the

apparent mobility difference between TDP and ATP species, enhancing the resolution of their
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peaks by more than 100%. A 3-fold increase in the theoretical plate counts was achieved upon
addition of 20 mM NaCl to the sample treated with ACN. The optimized method was applied to
simultaneously detect TK and TMPK activities of the white spot syndrome virus (WSSV)-infected
insect cell line. Conditions of the enzymatic reaction as well as CE separation are summarized in
Table 2. After 10 min incubation of the cell protein extract with the reaction buffer at 37°C, TMP
and, to a lesser extent, TDP were detected confirming the presence of both TK and TMPK activities
(Figure 11). An additional 10 min incubation period at 37°C was sufficient to obtain a 170%
increase of TDP production, verifying the presence of TMPK activity in WSSV-infected cells. The
CE method provided a highly repeatable, rapid (6 min) and efficient separation of different
nucleosides in lysated cells. C. C. Liu et al.[94] described a CE-ESI-MS assay to monitor the
phosphorylation of lamivudine, an anti-retroviral drug, in human cell lines. Here, the negative
ionization mode was used as it provided similar detection sensitivities of both unphosphorylated
and phosphorylated nucleosides. The CE-MS method involved the use of a volatile ammonium
acetate solution as BGE. This allowed the separation of GMP from dGMP standards, differing
only by the presence of a hydroxyl group in GMP (Figure 12a). The developed method was then
applied to monitor the production of phosphorylated lamivudine metabolites in human cell line
extracts. Lamivudine is a cytosine analogue that is phosphorylated sequentially by cellular kinases
into active lamivudine triphosphate. The latter competes for incorporation into the RNA by reverse
transcriptases of viruses such as the human immunodeficiency virus (HIV) or hepatitis B virus
(HBV), blocking their replication. Conditions of the enzymatic reaction and CE-MS analysis are
summarized in Table 2. All three phosphorylated metabolites of lamivudine as well as lamivudine
itself were detected and separated in under 15 min verifying its activation in the human cell lines
(Figure 12b). In both previous examples, the developed CE-based nucleoside kinase assays were
validated through their application to living cells. The higher degree of complexity that cells
provide relative to in-vitro enzymatic assays attests to the credibility of the developed assays and
the interest of using CE for such analyses.

In 2006, J. Igbal et al. described the development of three CE-based methods (Table 2) to assay
the activity and inhibition of adenosine kinase (AK) [95]. In the first method (Method A), the
micellar electrokinetic chromatography (MEKC) mode of CE-UV analysis was implemented
through the use of a BGE containing SDS. The MEKC-based method was used to test seven

adenosine nucleoside analogs, differing in the nature of substitution at position 2, as alternative
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substrates of adenosine (Figure 13a). Only pyrrolidinyl- and isopropylamino-substituted analogues
showed relevant phosphorylation by AK, 53 and 81% respectively, compared to that of natural
AK substrate, adenosine. The combination of alkaline pH and high SDS content of the BGE (Table
2) ensured the separation of the analogue substrates of AK-catalyzed phosphorylation reactions
and their phosphorylated products. The second method (Method B) was quite similar to the first
one except for the BGE and the internal standard used (Table 2). It was applied to assess the
inhibition of AK by three standard AK inhibitors. A-134974, an analog of adenosine, was
identified as the most potent inhibitor according to the Ki values obtained using the developed CE-
based bovine AK assay as well as radioactive assays for bovine and human AK (Figure 13b). The
inhibition was assessed by measuring the extent of diminishing of the AMP product peak, detected
at 7 min, relative to a control AK-catalyzed reaction without inhibitors. The migration time of the
AMP peak was reduced by 2 min by increasing the pH of the BGE from 7.5 to 8.5. This is mainly
due to the increase in the magnitude of EOF sweeping all analytes towards the detector. The second
method thus permitted, in only 5 min, the calculation of kinetic inhibition parameters used to rank
AK inhibitors for their effectiveness.

Both of the methods described so far (A and B) involved carrying out AK-catalyzed reactions
offline. In the third method (Method C), the AK assay was carried out using the online CE-mode.
The capillary was coated with polyacrylamide to neutralize the silica charges on its walls and thus
to limit the interaction between charged groups on proteins and the capillary wall, a phenomenon
that often results in poor repeatabilities of migration times [96]. Furthermore, the use of a non-
alkaline BGE was necessary, since at high pH values, the neutral coating is less stable. For on-line
assay, a plug of the IB was first injected followed by sequentially injecting the enzymatic reactants.
The injection sequence was terminated by the injection of an IB plug and finally BGE. The partial
filling of the capillary with the IB plugs at the beginning and the end of the injection sequence
aims to isolate the reaction components from the BGE which could interfere with the reaction due
to its different pH. The reactants were mixed via EMMA after which the AMP product was allowed
to accumulate. The K; values of the inhibitors obtained by this online assay agreed with those
obtained by the offline assay as well as by conventional radioactive assays where A-134974 was
the most potent inhibitor (Figure 13b). The online AK inhibition assay (method C) allowed the

adaptation of an automated, more economic form of the inhibition assays.
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A similar example of this adaptability of CE was introduced a year later by the same group where
they introduced an optimized CE-UV approach to assay TK activity of the herpes simplex virus
(HSV) [97]. The phosphorylated product (dTMP) was detected in less than 7 min followed directly
by the UMP standard. However, interactions between charged protein groups of TK and the silanol
groups of the uncoated capillary led to variations in migration times and a decrease of the
separation quality and efficiency (Figure 14a). Therefore, the authors adapted the method by
masking the charged silanol groups by a polyacrylamide coating (Figure 14b). Indeed, a drastic
reduction in the RSD of migration times of dTMP was observed with coated capillaries (16-fold
lower, n = 12, Figure 14a). Furthermore, since the use of a neutral capillary required the reduction
of the BGE’s pH, the BGE’s ionic strength was increased to achieve good peak resolution in short
time. The use of electrokinetic injection allowed sample pre-concentration of anionic species and
increased sensitivity by approximately 7-fold (Figure 14a). Concerning the inner diameter of the
capillary, a higher diameter prompts higher detection sensitivities. However, the sensitivities of 75
um capillaries were worse as more buffer ions are being introduced into the capillary by
electrokinetic injection (Figure 14a). The final conditions of the enzymatic reaction and CE
separation are summarized in Table 2. The optimized CE method was applied to assess 3
nucleoside analogues, acyclovir (ACV), (E)-5-(2-bromovinyl)-2’-deoxyuridine (BVDU) and
ganciclovir (GCV), as substrates of HSV TK (Figure 14c¢). In this example, parameters enhancing
the sensitivity of nucleotide detection as well as the repeatability of migration times by CE-UV
were adapted through implementing different strategies. The CE-method was adequately applied
in estimating kinetic parameters of each substrate which were in good agreement to previously
published values. Additionally, it was possible to assay the nature of TK inhibition by ACV using
the same method in around 6 min.

Similarly, our group applied a CE-UV method to determine the catalytic efficiency of human
TMPK [98]. The catalytic efficiency is measured as the ratio of Kca to Km which reflects the
effectiveness of the enzyme towards a particular substrate [99]. The catalytic efficiency of TMPK
obtained via CE towards TMP was then compared to that obtained using either flow injection
analysis coupled to high resolution mass spectrometry or spectrophotometric assays. The
concentration of the BGE, ammonium acetate, was relatively high in order to limit interactions
between the solutes and the capillary wall and enhances the repeatabilities of migration times

[100]. The TMPK enzymatic reaction was carried out in the presence of low concentrations of

20



597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627

MgClz and ATP (co-factors) similar to those of FIA-HRMS analyses, as a compromise between
reduced ion suppression and adequate TMPK activity. The IB was a more diluted version of the
BGE to mediate a stacking effect due to the differences in conductivities of the injected sample
plug and the surrounding BGE [100,101]. This in turn enhances the shapes of the peaks and the
sensitivity of detection. Reaction and CE separation conditions are summarized in Table 2. This
method demonstrated the feasibility of carrying out kinetic evaluation of kinases using simply CE-
UV. The catalytic efficiency of the TMPK determined by CE-UV was in the same order of
magnitude compared to that determined by FIA-HRMS and conventional spectrophotometric
assays as depicted in Figure 15.

Concerning LC-based nucleoside kinase assays, only few examples can be found. This may be due
to the complex nature of the nucleoside kinase reaction and its media where analytes differencing
by a single phosphate group may be difficult to separate. Additionally, the fact that most LC-based
analyses require the use of organic solvents is a hindering factor in the face of the development of
an online LC-based enzymatic assay. N. Malartre ef al. introduced an HPLC-UV assay for
monitoring the phosphorylation activity of several different mutant variants of HSV-TK against
endogenous deoxythymidine and ACV [102]. The detection of the phosphorylated products was
possible in under 5 min, linear up to 0.22 mM with high sensitivity (LOD = 0.12 uM). Based on
the phosphorylation activity of the mutant TK towards both deoxythymidine and ACV relative to
that of the wild-type TK, the proteins were classified into different classes providing means to
better understand antiviral resistance developed by HSV towards ACV on a genotypic and
phenotypic level.

Recently, C. Machon et al. introduced the first LC-HRMS assay to study 10 metabolites of 5-
fluorouracil (5-FU), a chemotherapeutic drug used to treat several types of cancers [103]. The LC-
MS method was first optimized for the detection of the different metabolites. The retention times
of some of the 5-FU metabolites were either very close or similar. 5-FU sequential phosphorylation
in HCT116 cells, human colon cancer cells, was confirmed by the indirect detection of 5-FUTP
metabolites. The developed method was demonstrated to be highly sensitive (in pg), selective
(discriminating 5-FU metabolites from endogenous ones) and linear (over a range of 0.5 - 3 million
cells) for the detection of 5-FU metabolites. Although the method demonstrated a great selectivity
towards 5-FU metabolites, due to the detection of specific fragmentation patterns of fluorine-

containing metabolites, the separation efficiency was rather low. This is a common limitation of
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porous graphitic carbon columns, used in this study, were upon usage, loss of resolution and
retention capability is observed [104].

The abundance of CE-based nucleoside kinase assay relative to LC-based assays is a testimony of
the better adequacy of the former. CE have better adaptability and flexibility to resolve possible
issues. Furthermore, the low volume requirements and the little to no need for organic solvents

promote CE as an excellent separative technique for enzymatic analysis.

3.3 Binding assays of nucleoside kinases

One of the few binding assays of nucleoside kinases was developed by J. V. Pagaduan et al. using
a microchip electrophoresis to detect and quantify TK-1 in an immunocomplex using an anti-TK-
1 antibody (Ab) [105]. The assay was coupled to laser-induced fluorescence for the detection of
fluorescein isothiocyanate (FITC)-coupled Ab. The most suitable channel length was 5 mm as it
was sufficient for the separation of the unbound Ab from the TK-1/Ab immunocomplex. The
miniaturized assay was able to detect low concentrations (80 nM) of the immunocomplex in only
20 s. This assay however, was not applicable in its current form for the detection of TK-1 in serum
samples since the physiological or pathological concentrations of the enzyme were far lower than
the assay’s detection limits (in the order of pM). Sample pre-concentration is one approach that
would allow the application of the developed miniaturized ME assay for determination of TK-1 in

biological samples.

4. Conclusion

In this review, the flexibility and reliability of CE for monitoring the catalytic activity reactions
and screening for potential modulators were demonstrated through the use of lipases which
produces a variety of products with different physical and chemical properties, and nucleoside
kinases which are precious and scarce samples when available. In-solution as well as immobilized
enzymes were successfully assayed using both offline and online CE modes coupled to different
detection techniques such as UV spectrophotometry, LIF, C*D and MS. The highly efficient
separation of the reaction components offered by CE comes in handy especially when the
substrates and products of the reaction are indiscernible from each other by standard
spectrophotometric approaches. The use of a wide array of synthetic and natural substrates was

possible and the modulation assay involved the use of various samples that ranged in complexity
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from crude plant extracts and cell lysates to isolated and purified molecules. A possible drawback
encountered in some of the examples is associated with the use of complex samples which may
lead to less reliable results especially when using online CE-based assays. Compared to
chromatographic-based assays of lipases and nucleoside kinases, CE-based assays were faster,
required lower reaction and injection volumes and needed no organic solvents. The use of affinity
assays with the CE-based activity assays, complementarily, allows a better understanding of the
molecular mechanism behind ligand binding to the enzyme and of the modulation of its activity.
All these advantages conveyed by CE should expand its use in different application fields of

pharmaceutical and scientific research.
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Figure 1: An illustration of TG hydrolysis catalyzed by lipases
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Table 1: CE-based lipase assays

Enzymatic reaction

CE separation

Incubation buffer

Background

Enzyme Substrate Inhibitor (1B) Reaction conditions electrolyte (BGE) CE conditions
[57] Palastase 20000 L Cream fat - Cream matrix, Offline reaction 20 mM Tris Uncoated fused-silica
(Commercial lipase maintained at pH capillary:
from Rhizmucor 7.0 through the Lipase added to 1000 g 10 mM p-anisate 80.5cm x50 umid.; 72
miehei) addition of 0.1 N of cream cm effective length
NaOH 1 mM trimethyl B-CD
Incubation at 40°C for 60 Temperature: 30°C
min with constant (pH 8.0)
stirring Separation voltage:
+30 kv
Reaction mixture
aliquoted at different Injection:0.7 psix 10 s
time points (0-60 min). (11 nL)
Detection: indirect UV
Reaction was stopped by FFAatA =270 nm
boilingfor 5 min
Aliquots were mixed
with tris, p-ainsate and
B-CD before CE injection
[62] rLipAO (lipase from  Glycerol tributyrate - 50 mM Offline reaction: 50 mM ammonium SMILE (+) coated
Aspergillus oryzae Or MOPS/KOH acetate capillary
fungi) tributyrin Lipase added to (pH 8.5) 120 cm x 50 um i.d.
10 mM MgCl, tributyrinin IB
Separation voltage:
10 mM KCl Incubation at 37°C for 1 -30 kv
(pH 7.2) and5h

Aliquots were collected
and diluted with MeOH

Detection: ESI-MS
Butyrate (m/z = 87.045)
Sheath liquid: 5 mM
ammonium acetate in



Enzymatic reaction

CE separation

Incubation buffer

Background

Enzyme Substrate Inhibitor (1B) Reaction conditions electrolyte (BGE) CE conditions
to stop the reaction 50% (v/v) MeOH/H,0
Negative ionization
The sample was filtered mode
via ultrafiltration with a Capillary voltage: 3.5 kV
5,000 Da cutoff before Dry gas: N at 10 psi
injection into LC- or CE-
MS
[66] Porcine pancreatic 4-nitrophenyl Orlistat 10 mM NayHPO,4 Immobilized enzyme 10 mM Na;HPO,4 APTES/GA activated
lipase (PL), type Il acetate (4-NPA) (pH 8.0) adjusted microreactor (IMER) (pH 8.0) adjusted with ~ (16.5 cm) and uncoated
with 1 M H3PO4 1 M HsPOq4 fused silica (16.5 cm)
Covalently Ten ethanolic Capillary rinsed with 10 capillary connected by a
immobilized onto plant extracts mM Na,HPO, for 3 min 0.5 cm Teflon tubing
the capillary walls (extracted by 33cmx 75 umi.d,;
via cross-linking ultrasonic- 4-NPA with or without 8.5 cm effective length
assisted orlistat or plant extract
extraction) used injected at 0.7 psi x 5 Temperature: 25°C
in Chinese sec; 64 nL
medicines Separation voltage:
Incubation at 25°C for 4 +15kV
min
Injection: 0.7 psix5s
Reaction was stopped by (64 nL)
the application of the
separation voltage Detection: UV
4-NP at A =400 nm
[68] Candida rugosa 4-nitrophenyl Orlistat 20 mM NaH,PO,4 Offline reaction 20 mM Uncoated fused-silica
lipase (CRL) palmitate (4-NPP) (pH 4 —-10) Na;B407.10H,0 capillary
immobilized onto 6 methanolic 4-NPP added to a (pH 9.0) (33cm x50 um i.d,;

FE304@TiOz NP by
electrostatic
interactions.

plant extracts
used in Tibetan
medicine

solution of immobilized
CRL NP

adjusted with 1 M HCI

24.5 cm effective length)

Temperature: 20°C



Enzymatic reaction

CE separation

Enzyme

Substrate

Incubation buffer

Inhibitor (1B)

Background

Reaction conditions electrolyte (BGE)

CE conditions

(71]

Porcine pancreatic
lipase (PL)

4-nitrophenyl
butyrate (4-NPB)

11 compounds
isolated from
Oxytropis
falcate

Orlistat 10 mM Tris
7 Aqueous
extracts from 3
plants

(1 mgmL?)

40 mM MOPS
(pH 6.6)

11 molecules
purified  from
oakwood or
wine (1 mg mL

Y

For inhibition assays,
plant extracts or isolated
compounds were added
to the mixture

Incubation at 60°C for 15
min

Reaction was stopped by
separating immobilized
CRL NP using a magnet

10 mM Tris + 40 mM
MOPS
(pH 6.6)

Offline reaction:

PL added to a solution
containing: IB,
Substrate

Modulators (Inhibition
assays)

Incubation at 37°C for 5
min

Reaction was stopped by
boiling for 5 min

Reaction mixture was
centrifuged at 2000g for
5 min before CE analysis

Online reaction:

1t plug: PL + modulator

Separation voltage:
+20 kv

Detection: UV
4-NP at A =405 nm

Uncoated fused-silica
capillary

(61 cm x50 pum i.d.;

37 cm effective length to
C*D; 51 cm effective
length to UV)

Temperature: 37°C
voltage:

Separation
+30 kv

Injection (offline): 0.7 psi
x55s;(9nL)

Detection: UV

4-NP at A =400 nm
cD

Butyrate at frequency:
medium, 0 dB voltage,



Enzymatic reaction

CE separation

Enzyme

Substrate

Inhibitor

Incubation buffer
(1B)

Reaction conditions

Background
electrolyte (BGE)

CE conditions

[74]

Candida antartica
lipase B (CALB)

3-(benzyloxy)-1,1-
difluoropropan-2-ol

0.5 psix3s(4nL)

2"d plug: 4-NPB
0.5psix6s(8nL)

3™ plug: same as 1t plug

4% plug: IB 0.5 psi x 90 s
(120 nL)

Incubation at 37°C for 5

min

Reaction was stopped as
soon as the separation
voltage was applied

22 mM NaOH +
35 mM H;PO,

(pH 2.5)

+ 1.5 mM sulfobutyl
ether B-cyclodextrin

(B-CD)

100% gain, 010 offset,
1/3 filter frequency and
0.02 filter cut-off

Uncoated fused-silica
capillary
(40.6 cm x 50 pm; 30.2

cm effective length)
15°C

+20 kV
Injection: 0.1 psi x 5-10 s
(1-2 nL)

Detection: UV
racemic substrates and
products at A =206 nm



Enzymatic reaction

CE separation

Incubation buffer

Background

Enzyme Substrate Inhibitor (1B) Reaction conditions electrolyte (BGE) CE conditions
[75] Porcine pancreatic DL-Serine methyl - 200 mM NaHCOs3 Racemic mixture of DL- 2 M acetic acid + Uncoated fused-silica
lipase (PL) ester (pH 7.8) SME or DL-TME in IB 5 mM chiral crown capillary
(DL-SME) added to PL ether 18C6H4 [(1)- 50 cm x 50 pm id;
Wheat germ lipase (18-(crown-6)- 45 cm effective length
(WGL) DL-Threonine methyl Incubation at 37°C for 2 2,3,11,12-
ester days tetracarboxylic acid] Separation voltage:
(DL-TME) +15 kv
Aliquots taken at
different time points for Injection:  manual at
CE analysis 10 cm elevation for 10 s
Detection: C*D
DL-SME, DL-TME, DL-
serine and DL-threonine
[80] Porcine pancreatic 4-hydroxycoumarin - MeOH PL (immobilized or in- 132.5 mM sodium Uncoated fused-silica
lipase (PL) and solution) mixed with 1 4-  tetraborate capillary

immobilized onto 4
metal-organic
frameworks
(MOFs) or
mesoporous silica
(SBA-15)

benzylideneacetone

Table 2: CE-based nucleoside kinase assays

hydroxycoumarin and
benzylideneacetone in IB

Incubation at 50°C for 1
day

Centrifugation at 10K
RPM for 5 min to
separate the
immobilized PL for
recycling

15 mM SDS (pH 8.5)

60 cm x 50 um i.d.;
50 cm effective length

Separation voltage:
+28 kV

Injection: 0.5 psix 3's
(3nL)

Detection: UV
Warfarin, substrates and
thiourea at A =214 nm



Enzymatic reaction

CE separation

Enzyme Substrate Inhibitor I;S;:?t(ll(;? Reaction conditions ele?:?rcgﬁ/rtzu(gdGE) CE conditions
[91] Cytosolic 5'- Inosine - 50 mM Tris- Offline reaction: 50 mM NaH,PO4 Uncoated fused-silica
nucleotidase HCI capillary
/nucleoside A mixture of: 40 mM Glycine 50 cm x 50 pm i.d.
phosphotransferas 20mM dGMP
e purified from calf MgCl, ATP pH 9.0 adjusted using ~ Temperature: 25°C
thymus 1B NaOH
1mM Inosine Separation voltage:
dithiothreit enzyme +20 kv
ol (DTT)
Incubation at 37°C for 30 min Injection: 1 psi x4's
pH7.4 (10 nL)
Aliquots drawn at different time
intervals and mixed with cold MeOH Detection: UV
to terminate the reaction and stored Inosine and dGMP
at-20°C substrates and IMP and
deoxyGuanosine
The aliquot was centrifuged at 10000g products at A = 254 nm
for 15 min
The supernatant was dried and then
reconstituted in H,O before CE
analysis
[92]  Thymidine kinase Thymidine - 50 mM Tris- Offline reaction: 20 mM Sodium Uncoated fused-silica
(TK) and HCI (pH 8) tetraborate capillary
Thymidine Protein extract from insect cell lysate (pH9.1) bubble cell capillary
Thymidine monophosphat mixed 1:1 (v/v) with reaction solution 45.5 cmx 50 pm; 37 cm
monophosphate e (TMP) containing: effective length; 150 um
kinase (TMPK) 1B, path length
Thymidine,
ATP, Temperature: 25°C
MgCly,

Bovine serum albumin,
NaF,

Separation voltage:



Enzymatic reaction

CE separation

- Incubation . . Background .
Enzyme Substrate Inhibitor buffer (IB) Reaction conditions electrolyte (BGE) CE conditions
B-mercaptoethanol. +23 kV
Incubation at 37°C for 10 and 20 min Injection: 0.5 psi x40 s
The reaction was stopped by boiling (52nL)
for 3 min
Detection: UV
Reaction mixture stored at -20°C until thymidine, dTMP and
CE analyses dTDP at A =267 nm
The samples were mixed with EDTA,
ACN, NaCl and dAMP prior to CE
injection
[94] Cellular kinases Lamivudine Cell Confluent Hep G2 cells incubated at 25 mM Ammonium Uncoated fused-silica
incubation 37°Cfor 10 h in a medium containing acetate capillary
media lamivudine. (pH 10.0) 60 cm x 50 pm i.d.

Cells were lysed by MeOH. The cell
lysates were then ultrafiltered then
pre-concentrated 100-fold before CE
injection.

Separation voltage:
+15 kv

Injection: Manual at
18 cm elevation for 30 s

Detection: ESI-MS
Lamivudine and its
phosphorylated
metabolites

Sheath liquid: 100%
MeOH at 2 pL mint
Negative ionization
mode

Capillary voltage: -3.6 kV
Nebulizing gas flow: 0.41
L min?



Enzymatic reaction

CE separation

Enzyme Substrate Inhibitor I;S;:?t(ll(;? Reaction conditions ele?:?rcgﬁ/rtzu(gdGE) CE conditions
Dry gas flow: 1 L min
[95] Adenosine kinase Method A Method A Method A Method A (Offline reaction) Method A Method A & B
(AK) from bovine
thymus Adenosine + - 20mM Tris-  AK added to the enzyme assay mixture 30 mM borate buffer Uncoated fused-silica
7 adenosine HCl (pH 7.4)  containing: capillary
nucleoside Method B & C 1B 100 mM SDS 40cm x 75 pum i.d,;
analogs with Method B MgCl, (pH9.5) 30 cm effective length
different 3 standard AK K2HPO4
substituents at  jnhibitors 20 mM Tris-  ATP Method B Temperature: 25°C
position 2 of the (ABT-702, 5-IT  HCl (pH 7.5) substrate
purine ring and TMP internal standard 20 mM sodium Separation current:
A-134974) Method C phosphate +95 pA
MethodB & C Incubation at 37°C for 15 min (pH 7.5)
20 mM Tris- Injection (Offline):
Adenosine HCl The reaction was stopped by boiling Method C 0.1 psix 25(37.6 nL)
0.2 mM Aliquots were then injected into CE. 50 mM K,HPO, Detection: uv
MgCly (pH 6.5) AMP  or  nucleoside
(pH 7.4) analoge monophosphate
Method B (Offline reaction) atA =260 nm
Similar to method A except: Method C

UMP internal standard
Inhibitors

Method C (Online reaction)

15t plug: 1B
2" plug: diluted AK

3" plug: Adenosine, ATP, UMP

Polyacrylamide-coated
fused-silica capillary
30cm x 50 pm i.d;

20 cm effective length

Temperature: 37°C

Separation current:
-60 pA



Enzymatic reaction

CE separation

- Incubation . . Background .
Enzyme Substrate Inhibitor buffer (IB) Reaction conditions electrolyte (BGE) CE conditions
(internal standard) and inhibitor in IB Detection: UV
AMP atA =210 nm
4th plug: IB
The reaction was initiated through the
application of 5 kV for 12 s
Incubation at 37°C for 5 min
The reaction was stopped by the
application of constant current -60 pA
and the analytes were separated
[97] Herpes simplex Thymidine Acyclovir 50 mM Tris-  The reaction was initiated by adding 50 mM dipotassium Polyacrylamide-coated
virus-1 (HSV-1) Or (ACV) HCl TK to the reaction mixture previously hydrogen phosphate fused-silica capillary
thymidine kinase Acyclovir (ACV) (pH 7.4) incubated at 37°C for 2 min (pH 6.5) 30 cm x 50 um OR 75 um
(TK) Or containing: i.d.;
Ganciclovir 1B 20 cm effective length
(Gev) ACV, GCV or BVDU
Or ATP Temperature:
(E)-5-(2- MgCl,

bromovinyl)-2’-
deoxyuridine
(BVDU)

Thymidine (For inhibition assays)
Incubation at 37°C for 15 min

The reaction was stopped by boiling
for 5 min

The reaction mixtures were
transferred to a vial containing UMP
or cAMP (internal standard) before CE
analysis.

Separation current:
-60 pA

Injection: -6 kV for 30 s

Detection: UV

TMP or
monophosphorylated
drug analogs at A =
210 nm



Enzymatic reaction

CE separation

Enzyme Substrate Inhibitor I;S;:?t(ll(;? Reaction conditions ele?:?rcgﬁ/rtzu(gdGE) CE conditions
[98] Human TMPK dTMP 50 mM TMPK mixed with a range of dTMP 80 mM ammonium Uncoated fused-silica
ammonium concentrations in the presence of: acetate capillary
acetate (pH 9.0) (60 cm x 50 pm i.d.;
(pH 7.0) IB, 50 cm effective length)
ATP,
MgCl, Temperature: 37°C

Incubation at 37°C for 5 min

The reaction was stopped by boiling
for 5 min

Separation voltage:
+15 kv

Injection: 0.5 psix 10 s
(12.7 nL)

Detection: UV
dTMP and dTDP
atA =254 nm
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