Available online at www.sciencedirect.com

SCIENCE@DIREGT° JOURNAL OF

3 CHROMATOGRAPHY A

ELSEVIER Journal of Chromatography A, 1021 (2003) 201—207

www.elsevier.com/locate/chroma

Subsecond separation of cellular flavin coenzymes by microchip capillary
electrophoresis with laser-induced fluorescence detection

Bi-Feng Liu*, Hideaki Hisamoto, Shigeru Terabe

Graduate School of Science, Himgji Institute of Technology, Kamigori, Hyogo 678-1297, Japan

Received 2 June 2003; received in revised form 4 September 2003; accepted 4 September 2003

Abstract

In this article, it was demonstrated that a subsecond separation of cellular metabolites such as riboflavin (RF), flavin mononucleotide (FMN),
and flavin—adenine dinucleotide (FAD) was achieved using microchip capillary electrophoresis with laser-induced fluorescence detection. The
influences of crucial parameters that governed analysis time (e.g., channel length and electric field for separation) and separation resolution
(e.g., sample size) were investigated, both in theoretical aspects and experimental practice. Quantitative analyses were performedithat exhibite
linear dynamic range of two orders of magnitude, with calculated detection limits of 34, 201, and 127 nM for RF, FAD, and FMN, respectively.

To test the validity of the method, it was successfully applied to characterize several recombinant flavin-binding domains in a human neuronal
nitric oxide synthase.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction of emerging research areas, subsecond speed represents
a new challenge fopnCE, which is particularly vital for
Currently, a rapidly increasing interest in microchip- high-throughput screening (HTS) and multidimensional
based capillary electrophoresip.GE) as a new concept profiling of complex systems. The importance of high-speed
platform for analysis is highly focusgd-5]. Advances in analysis to HTS is self-evident: it can remarkably increase
many aspects ofnCE, for example, injectiorj6-9], sep- the information output per unit time. As for the latter case,
aration [10-16] detection[3,17-22] and signal process for instance, to achieve a two-dimensional separation on
[19,23,24]as well as integrated on-chip sample preparation a microchip, the sampling rate from the first dimension
[25] and reaction8,26] have been dramatically achieved. to the second is absolutely dependent on the separation
As a downscaling format of conventional capillary elec- speed in the second dimension. However, little attention has
trophoresis (CE), it naturally inherits and further enhances been paid to subsecond separation d884. The concept
these advantages of CE such as high-performance separasf subsecond separation can be actually dated back to a
tion ability and low sample/reagent consumption. Moreover, decade ago when Moore and Jorgenf2i introduced an
integration capability makes it very convenient to perform optically gated injection (OGI) to conventional CE for zone
complicated tasks. ConsequentlyCE has been recog- broadening study. Four fluorescently tagged amino acids
nized as a powerful tool in a wide range of chemical and were well separated less than 1s. The configuration of OGI
biochemical analysg®7-29] was afterwards adapted by other researchers for subsecond
WCE separations are usually accomplished in seconds.level analysig32] or photochemical dynamics monitoring
Compared with the time cost of CE in minutes and lig- [33]. Almost at the same time, Ramsey’s group achieved a
uid chromatography in more than an hour, such a speedsubsecond separati¢84] and later a submilisecond-speed
is already very rapid. However, to fulfill the requirements separatiorj35] by wCE, which revealed great potentials for
ultra high-speed separation. Soon thereafter, such methodol-
msp onding author. Tekt81-791-58-0171; ogy was delicatt_ely adqpted for a two-dimensional separation
fax: +81-791-58-0493. system on a microchip by the same grd@g]. More re-
E-mail address: bf_liu@sci.himeji-tech.ac.jp (B.-F. Liu). cently, Plenert and Shef87] proposed a microsecond elec-
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trophoretic separation of two biogenic amines, which paved 2.2. Instruments and procedures
an avenue to probe reaction intermediates or other transient
species. Analyses were carried out on a laboratory-bu@E—LIF
In this article, subsecond separation of cellular flavin system that was constructed on an inverted fluorescence
coenzymes was demonstrated usin@E coupled with microscope (IX70, Olympus, Japan). An argon-ion laser
laser-induced fluorescence (LIF) detection. To achieve such(Spectra-Physics) emitting a blue line at 488 nm was intro-
a purpose, the length of channel and the electric field for duced into the microscope. The laser beam was first filtered
separation, as well as the sample injection, were investi- through a 460—-490 nm band-pass filter, reflected by a 510 nm
gated. Emphasis was placed on the modulation of sampledichroic mirror, and then focused to the microchannel by a
size that proved to be crucial both from theory considera- 20x objective. Fluorescence was collected by the same ob-
tion and in experimental practice. The established methodjective, filtered through a 515 nm high-pass filter, and finally
was successfully applied to characterize the recombinantdetected by a charge-coupled device (CCD) camera (model
electron transfer proteins, which was, to our best knowl- PMA-11, Hamamatsu Photonics). Power supply (Matsusada
edge, the first report of real-world application by subsecond Precision Devices) fopn.CE was computer-controlled with
separation. terminal emulation software KTX (freeware) connected to a
D/A converter (Nippon Filcon, Inagi, Japan) via an RS-232C
serial interface.

2. Experimental The glass microchip with a channel pattern of a cross em-
ployed in this study, was a gift from Kitamori group (Uni-
2.1. Chemicals versity of Tokyo, Japan). The microchip was fabricated us-

ing standard photolithographic, wet chemical etching, and

Flavins including riboflavin (RF), flavin mononu- bonding techniques as previously described38]. The
cleotide (FMN), and flavin—adenine dinucleotide (FAD) channel was 8{im in width on the top and 4@m in depth.
as shown inFig. 1, were purchased from Wako (Tokyo, For new microchip, channels were washed sequentially with
Japan), Sigma Chemical Co. (St. Louis, MO, USA), and methanol, water, 1 M NaOH, 0.1 M HCI, 0.1 M NaOH, wa-
TCI Chemicals (Tokyo, Japan), respectively. Because ter and running buffer at room temperature. Between runs,
the flavins were sensitive to light, their stock solution channels were rinsed in an order of 0.1 M NaOH, water and
(8 x 10*M for RF, 1 x 107°M for FMN and FAD) running buffer to ensure the separation reproducibility.
were prepared in amber glass bottles with pure water, and
then stored at 4C. Aliquots were then diluted with run-
ning buffer as needed. Phosphate-buffered saline (PBS)3. Results and discussion
solution was used as the electrophoretic buffer at pH
8.0, 9.0, and 10.0, and filtered through a Q46 mem- When trying subsecond separation pZE, two major
brane prior to use. All the chemicals were of analytical considerations are naturally involved at the first glance of
grade. Water used for all the solutions preparation was this topic: how to control the analysis time within 1s and
purified by a Milli-Q system (Millipore, Bedford, MA,  how to resolve all interest analytes in such short time. It
USA). seems easy to achieve the first issue by simply shortening
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Fig. 1. Molecular structure of flavin metabolites.
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Fig. 2. Electropherograms by.CE-LIF with gated injection mode (300V crh for 0.1s). Peak identity: (1) RF (4M); (2) FAD (10.0uM); (3)
FMN (10.0uM); and () impurity. Separation conditions: buffer, 40mM PBS (pH 9.0); (a) length to the detétigr= 30mm, E = 300Vcntl;
(b) Lg = 15mm, E = 300VenT?!; (¢) Lg = 5mm, E = 300Vent?; (d) Ly = 5mm, E = 400VenT?!; (€) Lg = 5mm, E = 500Vcent?!; and (f)
Lg=2mm, E =500Vcnr?.

the separation length_§ey or increasing the electric field
(E) [39] In an extreme cas@7], for instance, the values of
LsepandE have been adjusted toygn and 0.15 MV cmd,

strategy only functions within certain kind of chemicals,
and is not in universal. Therefore, we alternatively con-
sider and evaluate it in a more general and feasible way, the
respectively, to achieve an analysis time oful) For the peak capacityr( that is defined as total number of peaks
second issue, there are various approach@sCE to finely that can be accommodated at a specific resolutRgpgver
tune the selectivity of different analytes according to their the migration length L) that distributes zones as follows
intrinsic characteristics. However, discussions on specific [40]:
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L

"= lord @

Rs in Eq. (1)totally depends on analytical goal, thereby it %
is no meaning for enhancing The most crucial factor that H a I Im
effectively influences the peak capacity is peak standard de- =

viation (o) or peak varianceof?). Consequently we investi- Tow
gatedo? instead ofn for further optimizing our subsecond
separations. Assuming that the contributions-4drom ad-
sorption, Joule-heating, electrodispersion, and response time
constant of detector can be negligible, the total variance can
be written in a sum o; variances due to longitudinal diffu-

sion (63), injection (o) and detectior(o3,,) as follows:

Tpw

Pinching phase Dispensing phase

Fig. 3. Schematic description of pinched injection mode f@E-LIF.
2 2 2 2
0% = 0t + i) + Oget (2)

The zone spreading by longitudinal diffusion can be de- RF: FAD, and FMN were studied accordinglyig. 2 de-
scribed by Einstein’s equation. Since the sample plug in- SCTibed a series of electropherogramsdfyE with gated in-

) ) A i i . B l .

jected into the separation channel is considered as a beli€ction mode (300V cm- for 0.1s). Besides the three ana-
shape that can be fitted into a Gaussian function, and the!Ytes, & contaminantin sample was also included in the elec-
detection path is a rectangular window, the variance from tropherograms marked by an asterisk. As showffign2a—¢

the injection, and the detection can be estimated by theoret-IN€ analysis time was shortened accordingly with the de-

ically calculating the second central statistic moment of the créase of separation length from 30 to 5 nffy. 2c-ede-
shape function. Thug. (2)can be extended to: picted a trend that the analysis time was further decreased by

enhancing electric field from 300 to 500 V ¢t It was not
2 2 surprising that the peak heights of all analytes increased due
o? = 2Dt + % + 2 ©) to less sample diffusion. IRig. 2 d tion of f

16 12 ple diffusion. IRig. 2 a good separation of four

components was illustrated in 5s. On the route of reducing

whereD, linj, andlget represent the diffusion coefficient of  the time for analysis fronfrig. 2a—e no problem on the se-
the analyte, baseline width of sample plug, and the window |ectivity occurred. Unfortunately, The peaks of FAD, FMN,
size for detection, respectively. In conventional CE, the con- gnd the contaminant were overlapped as showfidn 2f,
tributions to the total peak variance from injeCtion and de- when Continuing to reduce the Separation |ength to 2mm
tection can be neglected because their values are too smalfor further shortening the analysis time. So, the sample size
compared with that from diffusion. However, it is not the should be reduced to improve the separating resolution. In
case for very fast separation like subsecond separation ingated injection mode fouCE, the sample size was linearly
this work, since band broadening by longitudinal diffusion rejated to injection time. As a result, decreasing the injec-
in very short time can be comparable with that by injec- tjon time would accordingly reduce the sample size. How-
tion and detection. Tak|ng a small molecule rhodamine B ever, Ouri.LCE—LIF adopted a muitipie power Suppiy System
as an example, its diffusion coefficient was measured to bewithout any relay. The gated injection was achieved by po-
3x 10 ®cn?s ™t In 1s, the variance from diffusion will  tentials change in each reservoir, not by floating at the buffer
be 6x 10~®cm?. Using the channel width (80m) of the  reservoir through a relay control. Because of the existence
microchip as the baseline width of injection plug, we can of the ramp time of high voltage supply, the reproducibility
eaSin obtain the variance of injection Contribution, that iS, of iniections below 0.1s became poor. SO, we focused our
4 x 10-®cn?. Itis indicated byEq. (3)that the peak vari-  attention to pinched injection mode, by which the sample
ance can be EffeCtiVE|y minimized thrOUgh COﬂtrOlling anal- size could be well definewli' by sampie pinching factor
ysis time, sample plug, and detection window size. In the (p) and sample dispensing factaf)(
practice of this study, an analysis time of maximum 1sis  Fig. 3briefly introduced the strategy of pinched injection
our goal, and the detection window size is an instrument Pa- mode. When the sampie was loaded from Sampie reservoir
rameter. Thus, both of them are pre-determined. As a con-(s) to sample waster reservoir (SW), it was pinched at the
sequence, to adjust the sample size is the right way to gaincross section by streams from buffer reservoir (B) and buffer

a better peak capacity. Certainly, the detection window size waste reservoir (BW). The pinching factpwas defined as
can be also modulated by spatial confinement to the detecg|iows:

tor that is necessary in case of ultra-fast separation at a time
scale of submilisecond. But remember that it will decrease p = — 4)
X S ; Is
the detection sensitivity at the same time.
Based on above discussion in theory, subsecond separawherel, andls represent currents in buffer and sample chan-
tion and determination of cellular flavin metabolites namely nels, providing that the sample stream was symmetrically
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Fig. 4. Electropherograms hyCE—-LIF with pinched injection mode. Peak identity: (1) RF (4M); (2) FAD (10.0p..M); (3) FMN (10.0,.M); and ()
impurity. Separation conditions: (a) buffer: 40mM PBS (pH 9.8)= 500V cnt?, p andd = 1.5; (b) buffer: 40mM PBS (pH 9.0)E = 700V ent?,
p andd = 1.5; (c) buffer: 20mM PBS (pH 9.0)E = 700Vcnt?, p = 2.0 andd = 1.5; (d) buffer: 20mM PBS (pH 10.0)E = 700VcnT?, p = 2.0
andd = 1.5; (e) buffer: 20mM PBS (pH 8.0)£ = 700Vcnt?, p = 2.0 andd = 1.5; and (f) buffer: 20mM PBS (pH 9.0z = 700Vecnt?, p =20

andd = 1.0.

pinched {, = Ipw). Values forp of >1, =1, and<1 corre- supposing that the samples dispensed into sample and sam-

spondingly represent a strong, moderate, and weak pinchingple waste channel were identicals (= Isw). Values for

The well-defined sample plug at the cross section was thend of >1, =1, and <1 represent a strong, moderate, and

dispensed into separation channel for analysis. The percentweak dispensing, respectively. So, the sample size for sep-

age of injected portion was determined by dispensing factor aration was actually determined by the two factprand

d as follows: d. Fig. 4agave an electropherogram with pinched injection
Tow mode ¢ andd = 1.5). Other condition were the same as

d= I (5) in Fig. 2f. The four components were well resolved in 2s.
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Table 1

Quantitation information for three metabolites

Compound Calibration curve y Linear range M) Detection limit (nM)
RF y =21831x + 965 0.9989 0.10-10.0 34

FAD y = 3088x + 19.4 0.9966 0.50-50.0 201

FMN y =5967x + 14.2 0.9981 0.50-50.0 127

y: peak height (counts); and sample concentration.i).

FAD NADPH FAD/NADPH domain

N —- FMN  FAD NADPHF C  FAD/FAM domain

Fig. 5. Structure of recombinant domains of electron transfer protein nNOS.

The change of relative heights of peaks indicated a differ- quantum yield of flavin dramatically decreased. So, the dis-
ence between the two injection strategies, compdfigg4a pensing factor was adjusted to 1.0 to reduce the sample dis-
with Fig. 2f. Further attempt to control the analysis time pensed into separation channel. As depicteBign 4f, both
within 1s was conducted as shown kig. 4b by promot- subsecond and separation were eventually accomplished.
ing the separation electric field to 700V chm However, Quantitative analyses were further carried out on basis
the peaks of FAD and DMN were overlapped. Changing of the separation conditions Fig. 4f. The detection limits

the pinching factor to 2.0 led to a good resolution for the for RF, FAD, and FMN were calculated to be 34, 201, and
two peaks as described ig. 4c But the impurity in sam- 127 nM, respectively, based on a peak height of three time
ple co-eluted with FAD. We tried to adjust buffer pH to of the noise. The relative standard deviations (RSDs) were
improve the separation quality. Unfortunately, neither in- less than 4.0% for migration time and 6.0% for peak height
creasing nor decreasing the buffer acidity could further give (» = 7). Calibration curves, which exhibited a dynamic lin-
any help on improving the resolution as shownFig. 4d ear range of 2 orders of magnitude between peak height and
and e The much lower peak height iRig. 4d was mainly concentration of the three metabolites with good correlation
caused by influence of buffer acidity on fluorescence charac- coefficients, were established. Relevant quantitative infor-
teristics of the analytes. In alkaline solutions, the fluorescent mation was summarized ifable 1
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Fig. 6. Electropherograms for characterization of recombinant domains of NNOQSCEyLIF. Analyses conditions are the same agsFig. 4, Peak
identity: (2) FAD (10.0uM); (3) FMN (10.0uM). (a) FAD/FMN domain; (b) FMN domain; (c) FAD domain.
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To test the validity of the method, applications to charac-
terize corresponding recombinant domains of a human neu-
ronal nitric oxide synthase (nNO$)2] were performed un-
der the optimized conditions as kg. 4f. Fig. 5illustrated
the structures of constructed domains with particular bind-
ing sites. The proteins were harvested fr&mncoli (BL21
line) cells, and then purified. Before the characterization,
proteins were heated by a boiling water bath for 10 min
thereby the noncovalently binding FAD or FMN would be
released from the proteins. After 15 min centrifugation at
15,000x g, the supernatants were collected and diluted into
buffer solution by 10-fold for furthepCE analysisFig. 6
gave the results. For domains containing one flavin-binding
site, sole peak was found in electropherograRig.(6b and
¢). For the protein containing both FAD and FMN bind-
ing sites, a FAD/FMN ratio of 0.92 was revealded. 69,
which was in good agreement with theoretical expectation
of 1/1 molar ratio of FAD/FMN for this flavoenzyme.

4. Conclusion

A subsecond separation of flavin metabolites including
RF, FAD, and FMN bynCE-LIF was achieved, with de-
tailed investigations on theoretical aspects and experimental
practice. The feasibility of. CE to perform ultra-fast separa-
tion was revealed that the separation length and electric field
could be conveniently adjusted to shorten analysis time, and
the sample size could be controlled to improve the separa-
tion quality. Quantitative analyses and applications to char-
acterizing FAD/FMN-binding recombinant proteins proved
the reliability of the method, which showed subsecond sep-

aration as a promising way to many emerging areas such as

HTS and multidimensional profiling of complex systems.
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