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ABSTRACT

Enzymophoresis with coupled heterogeneous caplllary enzyme reactor—caplllary zone electrophoresxs was developed and evaluated in
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short fused-silica capillaries through glutaraldehyde attachment. These open-tubular capillary enzyme reactors were quite stable for a
prolonged period of use under operation conditions normally used in capillary zone electrophoresis The capillary enzyme reactors
CO‘uplt:u in series with t,a.pluary zone cwurupnurﬂblb served as pCdK locator on the electropnerogram 1mpr0vea the system selecuvuy,
and facilitated the quantitative determination of the analytes with good accuracy. Also, they allowed the on-line digestion and mapping

of minute amounts of transfer ribonucleic acids, and the simultaneous synthesis and separation of nanogram quantities of oligonucleo-

tides.

INTRODUCTION
Capillary zone electrophoresis (CZE) with its

advanced instrumentation and un1que select1v1ty
hac hP(‘nmP an 1mr\nrmnf mmrncpnm‘nhnn tech-

nique. In CZE, and for a given set of condmons, the
migration of charged species depend primarily on
the sign and magnitude of their net charge and to
some extent on their shape and size. Therefore, when
the analytes possess the same charge-to-mass ratio
and differ slightly in their size and shape, CZE is

rather lqadpnnatp for their Qpparafinn Tn addition
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as with other separation techniques, the identifica-
tion of a given species in a mixture requires the use of
additional means that can confirm its presence or
absence, especially under coelution conditions or
when no authentic standards are availabie. En-
zymes, with their high stereospemﬁcxty in binding

* Presented at the 15th International Symposium on Column
Liquid Chromatography, Basel, June 3-7, 1991, lecture L53.
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(1992).

In fact, the combination of enzymes with separa-
tion techniques has been a theme of research for

many years. in 1970, Brown [1] pioneered the use of
enzymes in free solution for sample pretreatment

pﬂnr to phrnmatoaranhm cppqrqhnn as a mean of

peak identification, and coined the term enzymic
peak-shift for the technique. On the other hand, the
relative ease with which enzymes can be covalently
attached or immobilized to various types of surfaces
without substantial loss in their catalytic activity [2]
has favored their use in solving many analytical

prohlpmc le One of the 1mpnrfaqf an\hr\a[lnhc of
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1mmob1hzed enzymes has been their use in pre- and
post-column derivatization devices with several
high-performance liquid chromatography (HPLC)
techniques [3-8]. More recently, narrow-bore packed-
bed trypsin reactor was introduced for the nanogram
digestion of proteins prior to microcolumn liquid
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tryptic peptide mapping [9].

This report is concerned with the miniaturization
of immobilized enzyme reactors for use in tandem
with CZE. In this regard, short fused-silica capil-
laries with immobilized enzymes on the inner wall
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were developed for tandem heterogeneous capil-
lary enzyme reactor—capillary zone electrophoresis
(HCER-CZE). This tandem format, which is re-
ferred to as enzymophoresis, was evaluated in both
the qualitative and quantitative determinations of
different nucleic acids. Various HCER-CZE sys-
tems were investigated and characterized over a wide
range of operation conditions including the design
of the capillary enzyme reactor, the contact time of
the substrates with the immobilized enzymes, the
initial concentrations of the substrates, the nature of
the background electrolyte and the pH. In addition,
the effects of buffer additives as well as the immobi-
lized enzymes on the magnitude and direction of the
electroosmotic flow were investigated.

EXPERIMENTAL

Instrument

The instrument for capillary electrophoresis was
assembled in-house from commercially available
components, and resemble to previously reported
systems [10,11]. It comprised two high-voltage pow-
er supplies of positive and negative polarities Mod-
els MJ30P400 and MIJ30N400, respectively, from
Glassman High Voltage (Whitehouse Station, NJ,
USA) and a Linear (Reno, NV, USA) Model 200
UV-VISvariable-wavelengthdetectorequipped with
a cell for on-column capillary detection. The detec-
tion wavelength was set at 258 nm for sensing the
various nucleic acids. The electropherograms were
recorded with a Shimadzu (Columbia, MD, USA)
computing integrator Model C-R3A equipped with
a floppy disk drive Model FDD-1A and a CRT
monitor.

Capillary columns

Fused-silica capillary columns of 50 um 1.D. and
365 um O.D. were obtained from Polymicro Tech-
nology (Phoenix, AZ, USA). All capillaries used in
this study were coated in-house with either inter-
locked or fuzzy polyether chains according to pre-
viously described procedures [10].

Reagents and materials

Ribonuclease T, (RNase T;) from Aspergillus
oryzae (EC 3.1.27.3), hexokinase from bakers yeast
(EC 2.7.1.1), adenosine deaminase (ADA) from calf
spleen (EC 3.5.4.4), transfer ribonucleic acid spe-
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cific for phenylalanine (tRNAFP*) from brewers
yeast, guanylyl-(3'— 5')-adenosine (GpA), guanylyl-
(3’—>5)-uridine (GpU), guanylyl-(3'—5')-cytidine
(GpC). uridylyl-(3’'—5')-guanosine (UpG), guano-
sine-2":3'-cyclic monophosphate (G>p), guanosine-
3’-monophosphate (Gp), adenosine-5'-triphosphate
(ATP), adenosine-5'-diphosphate (ADP), adenosine
(A), inosine (1), guanosine (Q), uridine (U), cytidine
(C), glucose and Trizma base were obtained from
Sigma (St. Louis, MO, USA). t-Histidine (His),
2-[N-morpholinojethanesulphonic  acid (MES),
N.N'-bis[3-aminopropyl]-1.4-butanediamine tetra-
hydrochloride (spermine) were from Aldrich (Mil-
waukee, WI, USA). y-Aminopropyltriethoxysilane
was purchased from Huls of America (Bristol, PA,
USA). Reagent-grade sodium phosphate mono-
basic and dibasic, magnesium chloride, ammonium
bifluoride, 1,3-naphthalenedisulphonic acid disodi-
um salt, sodium acetate, phosphoric acid, hydro-
chloric acid, sodium hydroxide and HPLC-grade
methanol were obtained from Fisher Scientific
(Pittsburgh, PA, USA). Deionized water was used to
prepare the running electrolyte. All solutions were
filtered with 0.2-um UniPrep syringeless filters
(Fisher Scientific) to avoid column plugging.

Enzyme immobilization

Fused-silica capillaries of 15 to 25 cm long were
first etched according to the procedure described by
Onuska et al. [12]. The etched capillaries were then
reacted with 10% (v/v) solution of y-aminopropyl-
triethoxysilane in water at 95°C for 30 min. This step
was repeated twice. Following, a 1% (v/v) solution
of glutaric dialdehyde in 50 mM phosphate, pH 7.0,
was applied to the capillary and allowed to react at
room temperature for | h. Thereafter, a phosphate
solution containing the enzyme of interest was
recycled through the aldehyde activated amino-
fused-silica capillaries and allowed to stand over-
night. Finally, residual aldehyde reactive functions
were scavenged with 50 mAM Tris—=HClat pH 7.5. All
capillaries were stored in water at 5°C.

Other procedures

In all experiments, the capillary enzyme reactors
of 15 to 25 cm long were connected butt-to-butt to
the separation capillaries having a polyether hydro-
philic coating (i.e., CZE capillary) of 64 cm total
length and 30 c¢m to the detection point using a
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PTFE tube the inner diameter of which matched the
outer diameters of the two capillary columns. The
enzymic reactions were carried out on-line by al-
lowing a thin plug of the substrates to flow through
the tandem capillaries either by electromigration
under the influence of an applied voltage or by
hydrodynamic mode (i.e., gravity flow) by raising
the inlet reservoir to a certain height above the outlet
reservoir. In both cases, the substrates first entered
the capillary enzyme reactor and were converted to
products. They were further separated in the separa-
tion capillary downstream the enzyme reactor. The
time required for the substrates to traverse the
enzyme reactor under hydrodynamic conditions (#;)
was estimated from the following equation [13]:

_ 8yLl
~ pgridh

where 7 is the medium viscosity, L is the total length
of the capillary, /is the distance traversed by the plug
of the substrate, p is the electrolyte density, g is the
gravitational constant, r is the inner radius of the
capillary and 44 is the differential height between
the electrolyte reservoirs. In all cases, the viscosity
and density of the solutions were taken as that of
water since the buffers used were dilute solutions of
electrolytes. The calculations using the above equa-
tion agreed with the experimental migration time
estimated from the chromatogram of the substrate
that was allowed to flow by gravity through the
tandem capillary enzyme reactor—CZE capillary.
Therefore, in all the studies, the above equation gave
satisfactory results in terms of the time required for
the species to reach a certain distance in the capillary
by hydrodynamic flow.

The running electrolyte was renewed after each
run. To ensure reproducible separations the separa-
tion capillary was flushed successively with fresh
buffer, water, methanol, water, and again runnning
buffer. The enzyme reactor was also flushed with
fresh buffer solution after each run. Both capillaries
were then equilibrated with the running electrolyte
for 10 min before each injection.

RESULTS AND DISCUSSION
Design of the capillary enzyme reactor

Fig. 1 is a schematic illustration of the capillary
enzyme reactor. The walls of the fused-silica capil-
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Fig. 1. Schematic illustration of immobilized capillary enzyme
reactor. S = Substrate; E = enzyme; P = product.

lary were first roughened using a methanolic solu-
tion of ammonium bifluoride; see Experimental.
This etching step is to increase the specific surface
area of the capillary wall in order to achieve higher
enzyme loading of the reactor. This would yield
capillary enzyme reactors with higher catalytic activ-
ity, and may increase the maximum velocity, ¥ .., of
the enzymic reaction. The surface roughening by
ammonium bifluoride at high temperature has been
recently used in our laboratory for the preparation
of octadecyl capillaries for on-line preconcentration
of dilute samples [14] and proved efficient in in-
creasing the concentration of covalently attached
hydrocarbonaceous ligands. Another function of
the etching is to increase the surface wettability
which permits the homogeneous spreading of the
hydrophilic aminopropylsiliyl layer. This layer is to
minimize solute-wall interactions and to provide the
functional groups for the attachment of the enzyime.
The HCERs thus obtained were used in series with
polyether-coated capillaries.

Operational and basic principles of tandem capillary
enzyme reactor-CZE

The capillary consisted ofitwo sections connected
in series via a PTFE tube. The first part is the
capillary enzyme reactor and the second part is the
separation capillary (i.e., CZE). In all cases, the
substrate(s) is first introduced as a thin plug into the
capillary enzyme reactor. The catalyzed reaction
takes place as the substrate(s) migrate through the
enzyme reactor either by hydrodynamic flow or
electromigration. Following, the reaction mixture is
further separated in the CZE capillary at the same or
different applied voltage than in the precolumn
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enzymic derivatization reactor. To satisfy both the
enzymic reaction and the separation, the back-
ground electrolyte for the reaction and separation
processes can be either the same or different. Most
importantly, the electrolyte for the enzymic reaction
should minimize microenvironmental effects in the
capillary enzyme reactor. These effects are related to
electrostatic or hydrophobic interactions with the
enzyme and/or the matrix [15].

Open tubular capillary enzyme reactors offer the
convenience of repeated use of the enzyme without
much loss of its activity, and provide enhanced
storage and thermal stability for the enzyme. Fur-
thermore, in contrary to packed-bed reactors where
the substrate has to diffuse inside the pores of the
packing to reach the immobilized enzyme, mass
transfer in open tubular columns is of external
nature (i.e., bulk diffusion). This would increase the
effectiveness factor #, defined as the ratio of the
actual reaction rate to that obtained under condi-
tions where no diffusional mass transfer limitations
are present (i.e., free solution). External mass trans-
fer limitations, albeit small in a capillary tube, may
still increase the apparent Michaelis constant KZf®
[16], which would result in increasing the linear
dynamic range of the immobilized enzyme, and in
turn benefit the analytical applications of capillary
enzyme reactors.

Effect of spermine on the electroosmotic mobility

The usefulness of the catalytic activities of the
various HCERs was demonstrated in the separa-
tion, identification, quantitative determination, and
synthesis of nucleic acid fragments and constituents.
In order to bring about the migration and separation
of the various nucleic acids under investigation with
coated capillaries having moderate cathodal electro-
osmotic flow, a means for inverting the direction of
the flow was necessary so that a negative polarity
mode could be utilized. This was achieved by adding
spermine to the running electrolyte at low concen-
tration.

Spermine is a biogenic tetraamine that has been
successfully used as a buffer additive in the CZE
analysis of polycitidines [17] with polyacrylamide-
coated capillary tubes. In this study, it was thought
that the spermine primary function is to reduce the
net negative charge of the analytes and allow their
migration and separation. To study its adsorption
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onto the capillary inner surface, we have measured
the magnitude of the electroosmotic flow and ex-
amined its direction in the presence and absence of
spermine over the pH range 3.5-7.0 using phenol as
the inert tracer. The results of this study are
summarized in Fig. 2. These studies were performed
on an interlocked polyether-coated capillary using a
running electrolyte of 25 mM His and 25 mM MES,
with or without 5 mM spermine. In the presence of
sperming, the direction of the electroosmotic flow
was inverted from cathodal to anodal as shown in
Fig. 2. The adsorption of spermine, which has a net
positive charge of ca. +4 below pH 7.0, onto the
capillary inner surface changed the { potential of
fused silica from negative to positive. As can be seen
in Fig. 2, the electroosmotic mobility slightly de-
creased upon increasing the pH in the range studied.
This can be explained by both the slight decrease in
the net positive charge of spermine and the increase
in the 1onization of surface silanols as the pH
increased. Thus, spermine is a useful buffer adjunct
for the analysis of negatively charged species in the
negative polarity mode, since it allows the separated
analytes to migrate in the same direction as that of
the electroosmotic flow which in turn would yield
shorter analysis time.

3 T T d T T T T

+—> - positive polarity

(cm?/V.s)

ELECTROOSMOTIC MOBILITY x 10°

pH

Fig. 2. Plots of the electroosmotic mobility in the absence (1) or
presence (2) of spermine in the running electrolyte as a function of
pH. Capillary, interlocked polyether coating, 30 cm (to the
detection point), 64 cm (total length) x 50 wm 1.D.; running
voltage, 25 kV; background electrolyte, 25 mAf His, 25 mM MES
in the absence (1) or presence (2) of 5 mM spermine. Inert tracer,
phenol.
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Ribonuclease T, capillary enzyme reactor

Ribonuclease T is a guanylic acid-specific endo-
ribonuclease that cleaves phosphodiester bonds be-
tween 3'-guanylic acid residues and the 5'-hydroxyl
groups of adjacent nucleotidyl residues [18]. In
addition, under certain conditions, the enzyme acts
as a ligase catalyzing the esterification of G>p with
the 5'-hydroxyl group of various nucleosides to yield
the corresponding dinucleotides [18,19]. Both cata-
lytic functions of RNase T; were evaluated in the
tandem RNase T, capillary enzyme reactor-CZE
mode using an electrolyte system containing sper-
mine as a buffer additive to facilitate the electro-
phoresis of negatively charged nucleotides, see
above.

Immobilized ribonuclease Ty as a hydrolytic en-
zyme. As mentioned above, RNase T, splits the
internucleotide bonds specifically after guanylyl
residues according to the following reaction schemes
[18]:

RNase T,

RNA

Limited digestion

Oligonucleotides with terminal G>p
(transphosphorylation, reversible)

(b

RNase T,
RNA —mM8M ——

Exhaustive digestion

Oligonucleotides with terminal Gp
(hydrolysis, irreversible)

@

The above catalytic activity of the enzyme was
demonstrated in the identification and quantitative
determination of various dinucleotides using tan-
dem RNase T capillary enzyme reactor—CZE. In all
experiments, the substrates were introduced as a thin
plug and allowed to flow hydrodynamically through
the enzyme reactor by raising the inlet reservoir to a
height of 20 cm above the outlet reservoir. This
corresponds to a contact time of ca. 16 min with the
immobilized enzyme. As the plug of the reaction
mixture entered the separation capillary, the enzyme
reactor was disconnected and the separation capil-
lary was inserted into the electrolyte reservoir.
Thereafter, the voltage was turned on to 25 kV to
bring about the separation of the reaction mixture.

255

As shown in Fig. 3a, a mixture of three dinucleotides
namely GpU, GpA and GpC were not resolved by
CZE alone using a buffer system containing 25 mM
His, 25 mM MES and 5 mM spermine at pH 5.0.
This is because these dinucleotides have approxi-
mately the same charge-to-mass ratio. As shown in
Fig. 3b, with the on-line RNase T capillary enzyme
reactor, the dinucleotide mixture was converted to
more readily separated products. Each of the three
dinucleotides GpA, GpU and GpC yielded the
guanosine-2":3'-cyclic monophosphate and its corre-
sponding nucleoside, i.e., adenosine, uridine and
cytidine. Hence, the three dinucleotides that co-
eluted as a broad peak with CZE alone were
transformed into four well resolved peaks, i.e.,
G>p, U, A and C, after a single pass through the
17 cm long RNase T, capillary enzyme reactor.
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Fig. 3. Typical electropherograms of dinucleotides and their
RNase T, digest obtained by CZE alone (a) or by tandem RNase
T, capillary enzyme reactor-CZE (b), respectively. Capillary
enzyme reactor, 17 cm x 50 pm LD.; separation capillary,
interlocked polyether coating, 30 cm (to the detection point),
64 cm (total length) x 50 uym LD.; substrate introduction,
hydrodynamic mode; enzymic reaction was carried out using
gravity-driven flow; separation step, as the plug of the reaction
mixture entered the separation capillary, the enzyme reactor was
disconnected and the voltage was turned on to 25 kV; background
electrolyte, 25 mM His, 25 mM MES, 5 mM spermine, pH 5.0.
GpU = Guanylyl-(3'»5)-uridine; GpA = guanylyl-(3'>5")-
adenosing; GpC = guanylyl-(3'-5')-cytidine; G>p = guano-
sine-2':3'-cyclic monophosphate; Gp = guanosine-3'-phosphate;
U = uridine; A = adenosine; C = cytidine.
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In another electrophoretic run, one of the three
dinucleotides GpC, was replaced by UpG, a dinu-
cleotide that is not digested by the enzyme. As
expected, with CZE alone, this mixture exhibited the
same electrophoretic behavior as the one in the
preceding experiment, in the sense that its compo-
nents could not be resolved as shown in Fig. 4a.
However, after a single pass through the capillary
enzyme reactor, UpG which is not split by the
immobilized enzyme eluted intact, and was well
resolved from the products of GpA and GpU. This
feature of the capillary enzyme reactor has many
practical significances. The tandem format can
assess the identity of overlapping peaks and permits
the simultaneous digestion and separation of the
reaction mixture. Briefly, the capillary enzyme reac-
tor functions as a peak locator by unmasking the
analyte of interest on the electropherogram, and
enhances the selectivity of the electrophoretic system
by converting the substrates into more readily
separated products.

The dinucleotide GpU, having the lowest relative
rate of splitting by RNase T; among the other
dinucleotides analyzed [20], was selected as a model
substrate to evaluate the stability of the RNase Ty
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Fig. 4. Typical eletropherograms of dinucleotides and their
RNase T, digest obtained by CZE alone (a) or by tandem RNase
T, capillary enzyme reactor-CZE (b), respectively. UpG =
Uridylyl-(3'—5")-guanosine. Other symbols and conditions as in
Fig. 3.
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capillary enzyme reactor. The reactor showed steady
behavior even after prolonged storage or repeated
use. Over a period of more than 2 months, the
RNase T, capiilary enzyme reactor yielded complete
conversion of GpU with the liberation of G>p and
U as major peaks, suggesting that the enzymic
reaction occurring at the wall of the HCER is
primarily a limited digestion mechanism (see reac-
tion 1).

Another important feature of the capillary en-
zyme reactor is its usefulness in the quantitative
determination of the dinucleotides. To demonstrate
this important application of HCER, typical cali-
bration curves for G>p and some of the nucleosides
were established using 1,3-naphthalenedisulphonic
acid disodium salt as the internal standard. As
shown in Fig. 5, these curves were linear in the
concentration range investigated. In such measure-
ments, the G>p peak can be used for the quantita-
tive determination of the total concentration of the
dinucleotides digested by the enzyme in a given
mixture, while the peak of each nucleoside can be
used to estimate the concentration of its corre-
sponding dinucleotide. In the case of only one solute
analyzed, both the G>p and the nucleoside peaks
are equally useful in the quantitative determination
of the analyte, thus increasing the reliability of the

0.0 . 1 L '
0 1 2 3 4

PEAK HEIGHT ANALYTE/PEAK HEIGHT |.S.

CONCENTRATION OF ANALYTE (umol/mi )

Fig. 5. Plots of the ratio of the peak height of the analyte to that of
the internal standard (I.S.) as a function of the analyte concentra-
tion. Internal standard, 1,3-naphthalenedisulphonic acid diso-
dium salt. Conditions and symbols as in Figs. 2 and 3.



CAPILLARY ENZYMOPHORESIS OF NUCLEIC ACIDS

method. For instance, a thin plug of an unknown
solution of GpU was analyzed with the coupled
capillary enzyme reactor-capillary zone electro-
phoresis following the same operational schemes
outlined above. The calibration curves revealed on
the average a concentration of 0.90 umol/ml for
G>p and 1.00 gmol/ml for U. By averaging these
two values, the concentration of GpU in the un-
known solution was about 0.95 umol/ml. This
illustrates the use of the capillary enzyme reactor in
enhancing the reliability of quantitative determina-
tion by CZE.

In addition, the RNase T,; capillary enzyme
reactor—-CZE system proved very efficient in the
on-line digestion and mapping of transfer ribonu-
cleic acid specific for phenylalanine (tRNAF®¢). The
secondary structure of tRNAF" is represented in
Fig. 6. It comprises 76 nucleotide residues. The
arrows in this figure indicate the 20 locations at
which the enzyme splits the internucleotide bonds
leading to the formation of 15 oligonucleotides and
1 guanosine monophosphate [21]. The digestion of
tRNAPP® was carried out in a 20 cm long capillary
enzyme reactor by allowing the substrate to con-
tact the immobilized RNase T, for approximately
22 min while flowing hydrodynamically. Thereafter,
the capillary enzyme reactor was disconnected and

A—OH
c
C Acceptor

20 Cuts C sece
16 Fragments _$6-C.

loop

Fig. 6. Schematic representation of the secondary structure of
transfer ribonucleic acid specific for phenylalanine (yeast
tRNAPP), The arrows in this figure indicate the 20 locations at
which RNase T, splits the internucleotide bonds.
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the RNase T, digest was mapped in the separation
capillary using a running electrolyte of 0.1 M His,
0.1 M MES and 5 mM spermine, pH 7.0 (see Fig. 7).
In this experiment, the ionic strength of the running
electrolyte was increased in order to minimize
electrostatic interactions between the oligonucleo-
tide fragments and the amino-silica matrix and/or
the enzyme. It can be envisioned that such format
can allow (i) the quick and reproducible mapping of
other native or modified tRNAs available only in
minute quantities, and (ii) the conversion of ribo-
nucleic acids to more electrophoretically manage-
able oligonucleotide fragments.

Immobilized ribonuclease T, as ligating enzyme.
Another interesting feature of RNase T, is its
ligating property. It can link cyclic G>p to a
nucleoside and produce the corresponding dinucleo-
tide. This aspect of the immobilized RNase T, has
been previously investigated by El Rassi and Hor-
vath [8] using tandem packed-bed enzyme reactor—
high-performance displacement chromatography.
To examine the effectiveness of tandem RNase T,
capillary enzyme reactor—CZE in the synthesis and
separation of ng quantities of dinucleotides, the
following reaction was investigated:

RNase T,
G>p+U —~ GpU (3)
0.006T
o
7e]
N
<
0 2lo _4‘0 6IO 80 100
min

Fig. 7. On-line digestion and mapping of tRNAF* by tandem
RNase T; capillary enzyme reactor—-CZE. Capillary enzyme
reactor, 20 cm x 50 um 1.D.; separation capillary, interlocked
polyether coating, 50 cm (to the detection point), 80 cm (total
length) x 50 pm LD.; running voltage, 15 kV; background
electrolyte, 0.1 M His, 0.1 M MES, 5 mM spermine, pH 7.0.
Substrate introduction, enzymic reaction and separation steps as
in Fig. 3.
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In contrary to the digestion reaction which occurs
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mostly in the forward direction, the ligation process
requires the use of an excess of one of the reactants
to drive the equilibrium towards the formation of
the dinucleotide. Studies in free solution reveal that
under appropriate conditions and 24 h incubation
time, only 40% of G>p is transformed into GpU
[22]. Fig. 8a and b illustrates typical electrophero-
grams of the reaction mixture obtained in the
absence or presence of the RNase T, capillary
enzyme reactor, respectively. Both the enzymic and
separation processes were carried out in a buffer
system of 25 mM His, 25 mM MES and 5 mM
spermine, pH 5.5. The concentration of U was 5
times that of G>p and the condensation reaction
was brought about by allowing a thin plug of both

Gwp U GpGpU U

o o]

L
D

oV

A258

——
5 min
TIME
Fig. 8. Typical electropherograms of the RNase T, synthetic
reaction mixture in the sbsence, i.e., by CZE alone (a) or presence
of RNase T, capillary enzyme reactor (b). Capillary enzyme
reactor, 15 cm x 50 um 1.D.; separation capillary, interlocked
polyether coating, 30 cm (to the detection point), 64 cm (total
length) x 50 pm LD.; substrate introduction, hydrodynamic
mode; enzymic reaction was carried out using gravity-driven
flow; separation step, as the plug of the reaction mixture entered
the separation capillary, the enzyme reactor was disconnected
and the voltage was turned on to 25 kV; background electrolyte,
25 mM His, 25 mM MES, 5 mM spermine, pH 5.5. Internal
standard (I.S.), 1,3-naphthalenedisulphonic acid disodium salt.
Initial concentration, [G>p] = 0.02 M, [U] = 0.10 M.
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substrates to contact simultaneously the immobi-
lized enzyme by gravity-driven flow. In such mode
of bisubstrate enzymic reactions, where both sub-
strates have different electrophoretic mobilities, the
enzymic reaction was best achieved using hydro-
dynamic flow. In fact, under electromigration condi-
tions, the negatively charged G>p would migrate
downstream the enzyme reactor while uridine being
neutral would migrate behind at a slower rate, and
therefore both substrates are unable to get concur-
rently to the enzyme active sites.

The RNase T, catalyzed synthesis of GpU does
not go to completion as manifested by the excess
substrate peaks detected after the enzymic reaction
(see Fig. 8b). It was then interesting to study the
effect of various operational parameters on the yield
of GpU. In that regard, a calibration curve was
established for GpU using 1,3-naphthalenedisul-
phonic acid disodium salt as an internal standard.
The plot of the peak height ratio of GpU to that of
1.S. vs. the concentration of GpU showed a linear
behavior up to a concentration of 0.7 mg/ml of the
analyte. This calibration curve was then used to
estimate the amount of GpU produced. The yield of
GpU expressed in mol% of G>p converted into
GpU was determined at various pH, initial substrate
concentration and contact time using a thin plug of
the substrate and a single pass reactor.

The effect of the electrolyte pH on the yield of
GpU was determined over the pH range 4.0 to 7.0 in
anincrement of 0.5 pH unit. The results obtained are
illustrated in Fig. 9 by a plot of the yield of GpU vs.
pH. In this study, the enzymic reaction was carried
out using gravity-driven flow and buffers of same

% YIELD OF GpU

pH
Fig. 9. Plot of the % yield of GpU as a function of the pH of the
enzymic reaction. Conditions as in Fig. 8 except enzymic reaction
was carried out with buffers of same composition as the running
electrolyte but at various pH. See text for more details.
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composition as the running electrolyte but at vari-
ous pH. This means that both the capillary enzyme
reactor and the separation capillary were first filled
with the running electrolyte, pH 5.5 (i.e., the separa-
tion pH). As the thin plug was introduced in the
enzyme reactor, it was pushed through the immobi-
lized capillary enzyme reactor with a buffer of the
appropriate pH. When the reaction plug entered the
separation capillary, the enzyme reactor was dis-
connected and the separation capillary was dipped
into the separation buffer and the voltage was
turned on to start the separation of the reaction
mixture. Fig. 9 shows that the yield of GpU
increased by a factor of 8 upon increasing the pH
from 4.0 to 5.5. The optimum pH for the ligation
reaction lies in the range 5.5 to 6.0 as opposed to 7.2
for the free enzyme [23]. This shift in the optimum
activity of the immobilized enzyme toward more
acidic pH values may be due to microenvironment
effects and is in agreement with previous findings
[24].

The effect of the initial substrate concentrations
on the yield of GpU was investigated at pH 5.5. The
initial concentrations of G>p and U were varied
while keeping the molar concentration ratio of U to
that of G>p equal to 5.0. These results are reported
in Fig. 10. Upon increasing the concentration of
G>p from 0.001 to 0.01 M, the yield of GpU
increased from 1.2 to 4.7. However, at G>p concen-
trations greater than 0.01 M the yield of the
synthesized GpU decreased monotonically. This
may be explained by substrate inhibition due to
system overloading. Experimental considerations
such as peak overlapping limited the highest G>p
concentration investigated to 0.04 M.

U/G>p=5.0

a2
& 4| .
L.
o -
-,
]
= 2 —T
®
s . ]
0 L L Fam—| 1
0.00 001 002 003 004 0.05

G>p CONCENTRATION (M)

Fig. 10. Plot of the % yield of GpU as 3 function of the initial
G>p concentration. Conditions as in Fig. 8.
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As mentioned above, the synthesis of GpU is a
kinetically controlled process. Assuming Michaelis—
Menten kinetics and under conditions of partial
conversion, the integrated rate law can be written as

[5):

[P = 1 — e~ Vo #/Kn
(Si]

where [P] is the product concentration at the outlet
of the reactor, [S] is the initial substrate concentra-
tion, V., is the maximum velocity of the enzymic
reaction, ¢ is the residence time of the substrate and
Ky is the Michaelis constant. According to this
equation, the yield of the product should increase
with increasing both V., and ¢ or decreasing Ky.
Vmax has already been improved through the etching
process that increases the catalytic activity of the
wall. A lower Ky value will decrease the linear
dynamic range of the enzyme reactor and thus limits
its analytical applications. In addition, Ky cannot be
controlled systematically. Thus, the simplest alter-
native to enhance the product yield is to increase the
contact time of the substrate with the immobilized
enzyme. This can be accomplished by either using
longer enzyme reactor or decreasing the flow-rate
for a given length of enzyme reactor. In this study,
the differential height between the two electrolyte
reservoirs was varied in order to obtain different
gravity-driven flow-rates and consequently various
contact times. Fig. 11 shows the yield of GpU versus
the contact time of the substrates with the RNase T
capillary enzyme reactor. These results are in agree-
ment with kinetic considerations. In fact, by in-
creasing the contact time from 14 to 30 min, the yield
of GpU increased by a factor of 1.5 in almost a linear

% YIELD OF GpU

3 La L L 1 A

10 20 30 40 50 60 70
CONTACT TIME (min)

Fig. 11. Plot of % yield of GpU as a function of the contact time
with immobilized RNase T,. Conditions as in Fig,. 8.
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fashion and then levelled-off at higher contact times.

Besides the increase in the analysis time, a major
concern of lower hydrodynamic flow velocity is its
effect on the band width of the separated analytes. In
open tubular systems, where longitudinal diffusion
is the main source of bandspreading, longer resi-
dence time of the solute molecules leads to increased
bandspreading. The number of theoretical plates of
the GpU peak was measured at each contact time.
These results are reported in Fig. 12 by a plot of the
plate height as a function of the residence time in the
enzyme reactor. As expected, the system efficiency
decreased with increasing the contact time. How-
ever, increasing the contact time by a factor of 4
produced a decrease in the separation efficiency by a
factor of 2 only.

It should be noted that under optimized condi-
tions, approximately 10 ng of GpU can be produced
from a single pass through the enzyme reactor. Such
format employing simple CZE instrumentation can
be easily automated and may prove useful in the
micropreparative scale of important biochemicals,
such as the synthesis of specific long oligonucleo-
tides that are produced at low level by chemical
synthesis methods. Such oligonucleotides are impor-
tant in the study of mechanisms involving protein
synthesis.

Hexokinase capillary enzyme reactor

Hexokinase is a relatively non-specific enzyme
that catalyzes the phosphorylation of a wide variety
of hexoses [25]. Its catalytic property was exploited
in the HPLC separation and verification of the peak
identities of ATP and ADP by treating the sample
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Fig. 12. Plot of the plate height of the synthesized GpU peak as a
function of the contact time with the immobilized RNase T,
enzyme. Conditions as in Fig. 8.
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with the enzyme prior to the chromatographic
separation [1]. This enzymatic reaction occurs via a
random bi—bi mechanism in which the enzyme forms
a ternary complex with glucose and Mg?>*-ATP
before the start of the reaction [26]. Besides its
orienting effect, the Mg*™ ions are thought to
electrostatically shield the negative charges of the
phosphate groups that would otherwise hinder the
nucleophilic attack of the C(6)-OH group of glucose
on the y-phosphate of the Mg?*~ATP complex.
Thus, the overall net reaction is the transfer of a
phosphoryl group from ATP to glucose to form
glucose-6-phosphate and ADP as follows [25]:

HK
glucose + ATP T*_) glucose-6-phosphate +

o

ADP (4)

where HK is hexokinase.

To evaluate the immobilized hexokinase capillary
enzyme reactor, ATP was introduced as a thin plug
into the tandem capillaries (i.e., capillary enzyme
reactor-CZE), which were equilibrated with a buffer
of 25 mM His, 25 mM MES and 5 mM spermine,
pH 7.0, containing both glucose and Mg?™* so that
the immobilized enzyme is in continuous contact
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Fig. 13. Plot of the peak height ratio of ADP/ATP in arbitrary
units as a function of the concentration of glucose or Mg?* in the
running electrolyte. Capillary cnzyme reactor, 15 cm x S0 um
I.D.; separation capillary, interlocked polyether coating, 30 cm
(to the detection point), 64 cm (total length) x 50 ym LD.;
substrate introduction, electromigration mode; tandem enzymic
reaction~CZE was carried out at the same voltage, 25 kV;
background electrolyte, 25 mM His, 25 mM MES, 5 mM
spermine. pH 7.0 at different concentration of glucose and Mg?> ™.
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with one of the substrate (i.e., glucose) and the metal
ions required for the reaction. This allowed the
reaction and separation to be carried out simulta-
neously at 25 kV. Under these conditions, the
presence of spermine in the running electrolyte
yielded an anodal electroosmotic flow and its effect
on the magnitude and direction of the flow out-
weighed the influence of the immobilized enzyme on
the wall of the capillary reactor. In the absence of
spermine, one would expect that the electroosmotic
flow to be affected primarily by the ionization of the
immobilized enzyme (see below). Fig. 13 illustrates a
plot of the peak height ratio of ADP/ATP in
arbitrary units as a function of the concentration of
glucose or Mg?* in the running electrolyte. As
expected, the magnitude of the conversion of ATP to
ADP was a function of glucose and Mg2* concen-
trations in the running electrolyte. As shown in
Fig. 13, the peak height ratio of ADP/ATP increased
by a factor of 16 upon increasing the concentrations
of both glucose and Mg2* by a factor of 10 (i.e.,
from 5 to 50 mAM). However, due to the increase in
the viscosity of the buffer system at high glucose
concentrations, the electrophoretic system suffered

1

Azse

2

Ll

—_

5 min

Fig. 14. Typical electropherograms of ATP (1) and ADP (2) at
various contact time with the hexokinase capillary enzyme
reactor. Capillary enzyme reactor, 15 cm x 50 um LD
separation capillary, fuzzy polyether coating, 30 cm (to the
detection point), 64 cm (total length) x 50 um 1.D.; substrate
introduction, hydrodynamic mode; enzymic reaction was carried
out using gravity-driven flow; separation step, as the plug of the
reaction mixture entered the separation capillary, the enzyme
reactor was disconnected and the voltage was turned on to 20 kV;
background electrolyte, 0.1 M acetate containing 20 mM glucose
and 10mM Mg?*, pH 5.0. Contact times of the substrate with the
immobilized enzyme: left, 0 min (CZE only); middle, 10 min;
right, 52 min.

o —|
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from prolonged analysis time which resulted in poor
efficiency.

In another set of experiments, ATP was allowed
to migrate through the capillary enzyme reactor by a
gravity-driven flow. This was aimed at studying the
effect of contact time with the immobilized enzyme
on the substrate conversion at constant tempera-
ture, a parameter that cannot be easily controlled
when electromigration is used to vary the contact
time of the substrates with the immobilized enzyme.
Fig. 14 illustrates typical electropherograms of the
products of the enzymic reaction at various contact
time. They were carried out on a fuzzy 2000 poly-
ether-coated capillary using 0.1 M acetate con-
taining 20 mM glucose and 10 mM Mg?*, pH 5.0, as
the running electrolyte. Under these conditions, the
electroosmotic flow was cathodal and its magnitude
was relatively low. This is because the fuzzy poly-
ether capillaries are characterized by relatively low
electroosmotic flow [10], and the presence of heavy
metal ions further reduced the flow [27]. This
permitted the migration of the negatively charged
nucleotides in the negative polarity mode without
the inclusion of spermine in the background electro-
lyte. The electrophoretic velocity of the solutes was
much greater than, and in opposite direction to, the
electroosmotic flow. As can be noticed, at relatively
low glucose concentration, the peak-height ratio of
ADP/ATP increased almost 3 times by increasing
the contact time of the substrate with the immobi-
lized enzyme from 10 to 52 min. As in the case of
RNase T, capillary enzyme reactor, the increase in
the residence time of ATP in the enzyme reactor
from 10 to 52 min, led to a drop in the separation
efficiency by a factor of 2.4 and 1.8 for ATP and
ADP, respectively. The tandem format hexokinase
capillary enzyme reactor-CZE can be used to locate
the ATP peak through its partial conversion to ADP
and therefore can serve to confirm the presence or
absence of ATP in a complex biological matrix.

Adenosine deaminase capillary enzyme reactor
Adenosine deaminase is a highly specific enzyme

that catalyzes the deamination of adenosine to

inosine with the liberation of NHj; as follows [28]:

ADA
adenosine + H,O0 —— inosine + NHj; 5)

Tt was successfully immobilized on the inner walls
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Fig. 15. Typical electropherograms of an equimolar mixture of
adenosine and inosine obtained by CZE alone (a) or by tandem
ADA capillary enzyme reactor-CZE (b). Capillary enzyme
reactor, 15 cm x 50 um 1.D.; separation capillary, interlocked
polyether coating, 30 cm (to the detection point), 64 cm (total
length) x 50 um I.D.; substrate introduction, eletromigration
mode; tandem enzymic reaction—CZE was carried out at the same
field strength, 190 V/cm; background electrolyte, 0.1 M phos-
phate, pH 6.5.

of a 15 cm long fused-silica capillaries as described
under Experimental. The enzymic reaction was
examined with a thin plug of an equimolar mixture
of adenosine and inosine using 0.1 M phosphate,
pH 6.5, as the background electrolyte. Fig. 15aand b
illustrates the electropherograms of this mixture
obtained on an interlocked polyether capillary in the
absence or presence of the ADA capillary enzyme
reactor, respectively. The enzymic reaction and the
separation were carried out simultaneously at a field
strength of 190 V/cm without disconnecting the
enzyme reactor. Thus, the higher retention time of

TABLE 1
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the inosine solute in Fig. 15b is simply the result of
the extra length of the capillary enzyme reactor that
the solute has to migrate. As can be seen in Fig. 15,
for a short contact time of ca. 10 min, complete
conversion of adenosine to inosine was obtained
from a single pass through the reactor as manifested
by the disappearance of the adenosine peak and a
proportional increase in the peak height of inosine.

Since the enzymic reaction and separation were
carried out simultaneously using tandem ADA
capillary enzyme reactor-CZE, it was necessary to
determine the effects of coupling a capillary enzyme
reactor to a separation capillary both having differ-
ent magnitude and sign of zeta potentials. Unlike in
the case of HK capillary enzyme reactor—-CZE where
the direction and magnitude of the flow was mostly
determined by spermine, in the case of ADA capil-
lary enzyme reactor—CZE, the buffer did not contain
any additive that would almost exclusively control
the magnitude and direction of the flow. When
operating the tandem capillary enzyme reactor-
CZE under electromigration mode, the net electro-
osmotic flow of the tandem system was a function of
the isoelectric point of the immobilized enzyme. In
fact, as shown in Table I, at pH 6.5, i.e.. at pH higher
than the isoelectric point of ADA (pf = 4.50-5.05),
no significant change in the magnitude of the
electroosmotic flow was observed upon connecting
the capillary enzyme reactor to the separation
capillary in series. However, as the pH of the run-
ning electrolyte approached the isoelectric point of
the immobilized protein, a continuous drop in the
electroosmotic flow was detected. The electro-

VALUES OF THE ELECTROOSMOTIC FLOW-RATE, EOF, AND PLATE HEIGHT, H, MEASURED FROM PHENOL PEAK

The measurements were performed on interlocked polyether capillaries, I-200, and tandem ADA capillary enzyme reactor-interlocked
polyether capillary, ADA-I-200, at various pH values of the running electrolyte. ADA capillary enzyme reactor; 15 em total length x
50 um 1.D., cennected to an interlocked polyether capillary of 64 cm (total length) and 30 cm to the detection point; I-200 capillary, two
connected interlocked polyether capillaries of 15 and 64 cm in length, respectively; electrolytes, 0.1 M phosphate at different pH; field

strength, 190 V/cm.

Capillary pH 6.50 pH 5.50 pH 5.00 pH 4.50
type —
EOF H EOF H EOF H EOF H
(nl/min)  (um) (nl/min)  (um) (nl/min)  (um) (nl/min)  (um)
1-200 37.5 8.47 299 10.1 17.7 12.8 8.0 19.0
ADA-1-200 36.3 8.18 30.4 10.3 12.6 18.6 — -
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osmotic flow was reduced by 30% at pH 5.0 and at
pu 4.5 there was practicauy no flow. This can be
attributed in part to the fact that the net charge of
the immobilized protein becomes positive at a pH
lower than its 1soe1ectr1c point. It should be noted
that the unreacted amino groups of the amino-
propylsilyl coating could also contribute to the
reduction of the flow and inverting its direction at
pH 4.5. As can be seen in Table 1, the piate height
measured from the peak of phenol increased from

12.8 to 18.6 ym when going from the 1-200 to the
ADA-I-200 capillary at pH 5.0. This is because the
solute stayed longer in the ADA-I-200 capillary.
This study revealed interesting fundamental points
concerning the operation of capillary with immobil-
ized enzymes on the inner walis in tandem with CZE.
Since the flow was unaffected at the pH of maximum

enzyme activity (i.e., pH 6.5), such an arrangement

can be explmted w1thout any adverse effects on
separation.

The ADA capillary enzyme reactor converted its
substrate to a product that is more readily separated
from other nucleosides. Fig. 16a depicts the electro-
pherogram of a mixture of 3 nucleosides, namely

cvtidine adanacine and inogine TTndar thace candi
Cyuainge, adGenosine and mosine. unadlr uncse Condadi-

tions both cytidine and adenosine practically co-
eluted but were resolved from inosine. However,
after passing the mixture through the ADA capillary
enzyme reactor, two well resolved peaks for cytidine
and inosine were obtained (see Fig. 16b). Besides
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F1g 16. Typxcal electropherograms of a mixture of cytidine,
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ADA capillary enzyme reactor—CZE (b). Conditions as in Fig. 15.
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playing the role of peak locator, the ADA capillary
enzyme reactor can facilitate the quantitative deter-
mination of the analyte of interest. For instance, in
sitnations similar to F'io 16, the cytidine solute can

LealiOlis aliliial o LLL CYRIQLIIC S el

be determined with good accuracy, since the previ-
ously  overlapping peak of adenosine has been
completely converted to inosine. In addition, the
increase in the peak height of inosine can be used for
the quantitative determination of adenosine.

It should be noted that the conversion of adeno-

sine to inosine was complete even when the ADA

1110 O VSIS QS VULLPANIL VVLEL WVALIVIL WS Sxasln

capillary enzyme reactor was shortened to 3 cm,
which correspond to a contact time of ca. 2 min with
the enzyme reactor. From this finding, and provided
that the enzymic reactions are kinetically favored,
various short capiliary enzyme reactors having
different immobilized enzymes can be connected in

cariag at tha inlat of 2 canaratian canillarv and mav
SVIILS au Uil 1L Ul d ShvpalauVil vapliialy alilu liday

prove useful in the specific analysis of different
solutes in a complex biological mixture.

CONCLUSIONS

Insummary, the coupling of immobilized capillary

anzume raactare ta canillary 72ana alactranharacic
CHLYIIV 1vaLivuls W Lapiial y 4ULIv LI Upuvivans

has proved suitable in the area of nucleic acids. The
coupled format, which we refer to as enzymophoresis
can be regarded as separation-based sensors with
superimposed selectivities. While the enzyme pro-
vides the selective conversion of the substrates, CZE
with its unique selectivity separates and detects
the products. The various concepts developed and
tested in this report can be transposed to electro-
phoretic systems involving other types of species of
relevance to many areas of the life sciences and
biotechnology. The enzymophoresis systems in min-
iature have provided the following: (i) repeated use
and long term stability of enzymes (ii) conversion of
unseparable analytes to well resolved products (iii)
peak identification of the analyte of interest, (iv)
simultaneous synthesis and separation of ng quanti-
ties of biological species, (v) improved the reliability
of CZE in the quantitative determination of ana-
lytes, and (vi) on-line digestion and mapping of
biopolymers The fact that enzymophoresis in-
volving coupled HCER-CZE lends itself to automa-
tion will add another dimension to the capability of
CZE in many areas of the life sciences.
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