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Abstract

A capillary LC system was set up and optimized, in which a UV absorbance detector was used and a monolithic silica-ODS column as the
separation column. Two on-line concentration techniques, namely, gradient elution mode and in-tube solid-phase ion-pair microextraction
(SPIPME), were combined with the capillary LC system, which proved to be beneficial to enhance the concentration sensitivity by enabling
the injection of large volumes of samples. The limits of detection at ppb levels for the flavins [riboflavin, flavin mononucleotide (FMN)
and flavin adenine dinucleotide (FAD)] were achieved using the two techniques. For in-tube SPIPME, a monolithic silica-ODS column was
employed as the extraction column, on which FAD and FMN were retained by interaction with an ion-pair reagent, tetrabutylammonium
phosphate, resulting in greater than 110-fold enhancement in their concentration sensitivities relative to conventional injection method. The
reproducibility and linearity of the two methods were investigated. The two methods were applied to analyze trace amounts of flavins in
bacterialEscherichia colicell extracts and recombinant flavoenzymes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction [4], and electrochemicdb] methods. Since RF participates
in biochemical redox reactions in the form of two coenzymes,
Flavins, which play critical roles in biochemical cycles of FMN and FAD, development of analytical techniques for the
most organisms, represent an important class of metabolitesdetermination of the concentration of each flavin is helpful
in the cell. Among flavins, the most known is riboflavin (RF), for the studies of the roles of these compounds in biological
which is phosphorylated in the cell to form two principal bio- systems. A number of conventional high performance liquid
logical active derivatives, flavin mononucleotide (FMN) and chromatography (HPLC) methofs-12]have been reported
flavin adenine dinucleotide (FAD). FMN and FAD are in- for the simultaneous analysis of the three flavins. More re-
volved as cofactor or/and substrate in many enzymatic redoxcently, capillary electrophoresis (CH)3-16]has also been
processes and take part in the metabolism of other vitamins,applied to separate and determine RF, FMN and FAD in dif-
e.g., folate and vitamin 8[1]. Recent mechanistic studies ferent matrices because of its high resolution, rapid analysis
on neuronal nitric oxide synthase (hnNOS) have demonstratedtime, and small sample requirement.
that flavins may act as redox switches by mediating electron  As flavins are naturally occurring fluorescent compounds
transfer processes from nicotinamide diphosphate to heme[17], most of HPLJ6—-11]and CH13-16]methods for anal-
domains that is calcium—calmodulin-depend@ht ysis of flavins use fluorescence for detection, which allows
Owing to the biochemical importance of RF, FMN and their selective detection from other compounds presentin the
FAD, several techniques for the determination of free RF or sample matrix, especially a complicated biological sample.
total flavins, after conversion of FMN and FAD into RF, have Compared with fluorescence detection, UV detection is more
been developed, including microbiologidal, fluorimetric popular in LC although its sensitivity is lower.
With the trend in analytical chemistry toward miniatur-
* + Corresponding author. Tel.: +81 791 58 0173; fax: +81 791 58 0493, |Z&tion, microseparation systems have become hot research
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matography, capillary LC and CE. Capillary LC offers sev-
eral advantages over conventional LC in terms of significant HO
reduction of the consumption and disposal of organic sol-
vents, minimization of exposure to toxic reagents because
of the very small inner diameter of separation columns, low O\(N\ N
flow rates and low injection volumes. HNT%[
However, few reports about the application of capillary N
LC were found in the literature perhaps due to two problems. 0
One problem s the limited availability of a wide range of cap-
illary columns. In order to meet the requirements of capillary
LC for capillary columns, one type of special column, i.e.,
monolithic column, was developed recently, which can over-
come some inherent limitations possessed by conventionalye)| exiracts, the recombinant nNOS full-length flavoenzyme
commercial packed colgmns, such as a low permegbmty a”dand its reductase domain (FAD/FMN).
a large volume of mobile phag&8-25] The evolution of
capillary columns will facilitate the faster development of
capillary LC technique and its routine use. Another problem
is low concentration sensitivity resulting from the smaller
injection volume and narrower optical path length for UV
photometric detection. In order to enhance the concentration
sensitivity in capillary LC, hyphenation with sample precon-
centration techniques is needed. One technique is on-coluan
focusing, which is to dissolve analytes in a weaker solvent
than the mobile phase and allows the injection of a large sam-
ple volume[26—28] Other sample enrichment techniques
are on-line or off-line solid-phase microextraction (SPME)
[29,30] On-line SPME enables continuous extraction, con-
centration, desorption and injection using an autosampler
which not only shortens the total analysis time but also pro-
vides better accuracy and precision relative to manual tech-
nigques, as reviewed by Kataokdl] and Saito and Jinno
[32]. On-line in-tube SPME was recently developed using an
open tubular fused-silica capillary column as an extraction 2.2. Apparatus and procedure
device instead of SPME fiber. Although the technique has
been successfully hyphenated with capillary[33], repeat- The capillary LC system was set up in our laboratory,
ing draw/eject cycles of sample solution is needed to improve which consists of a micro-flow pump (GL Sciences MP681,
extraction efficiency. Recently, Shintani et[84] introduced Tokyo, Japan), a microbore HPLC injection valve (Valco
a monolithic silica-ODS column used for in-tube SPME, VICI, Switzerland) and a UV detector (Jasco CE 970, Tokyo,
which demonstrated better preconcentration efficiency com- Japan) equipped with a capillary flow-cell holder. Data were
pared with the conventional in-tube SPME due to the merits of acquired by a data acquisition board (National Instrument,
higher permeability and porosity possessed by a monolithic USA) at a sampling rate of 50 Hz and a program written in
column. The method proved to be useful for concentrating Labview 6.0. Cross-capillary UV illumination was used for
and separating strongly hydrophobic standard compounds.UV detection. The inner and outer diameters of the capil-
However, it was not applied for analysis of real-world lary are 100 and 36@m, respectively. A monolithic silica-
samples. ODS column (250 mmx 0.2 mm i.d.) was obtained from
The aim of this study was to develop a method for analysis GL Sciences. The monolithic silica-ODS columns (150 mm
of RF, FMN and FAD in a complicated sample matrix by x 0.2mm i.d. and 500mnx 0.2mm i.d.) were prepared
a capillary LC with UV absorbance detection. During the according to the previously described metfjgd]. Gradi-
method development, a monolithic silica-ODS column was ent elution was performed with methanol-30 mM phosphate
used as the separation column. Two on-line concentrationbuffer (pH 3.0) at a flow rate of 2L/min. The gradient
methods, namely, gradient elution mode and in-tube solid started at 5% methanol, which was maintained isocratically
phase ion-pair microextraction (SPIPME) using a monolithic for the first 1 min, thereafter the methanol concentration
silica-ODS column as an extraction medium, were used to was raised linearly to 95% in 15min and kept at 95% for
enhance concentration sensitivity. The applicability of the 10 min. Inin-tube SPIPME experiments, isocratic elution was
methods was demonstrated by assessment of flavins conterperformed with 4.5mM TBAP in methanol-30 mM phos-
from several types of samples including tBscherichia coli phate buffer (pH 3.0) (30/70, v/v) as the mobile phase at

Fig. 1. Structures of RF, FMN and FAD.

2. Experimental
2.1. Reagents

RF, FMN and FAD were purchased from Wako (Osaka,
apan), Sigma (St. Louis, MO, USA) and TCI Chemicals
(Tokyo, Japan), respectively. Their structures are shown in
Fig. 1L FMN and FAD stock solutions were prepared as
2 mg/mL in methanol-water (50:50, v/v). RF stock solutions
were prepared as 1 mg/mL in deionized water. The stock so-
lutions were stored at4C prior to use. Methanol and tetra-

" butylammonium phosphate (TBAP) were of HPLC grade and
purchased from Wako. Water used for mobile phase and sam-
ple preparations was obtained from a Milli-Q water purifica-
tion system (Millipore, MA, USA).
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a flow rate of 2uL/min. Detection wavelength was set at Arg binding site tail

265nm. n—T .l. ...‘—C

H4B binding site

2.3. In-tube SPIPME Heme binding site

Oxygenase Domain

Reductase Domain

A J

A monolithic silica-ODS column (150 mm 0.2 mmi.d.)

was used as the in-tube SPIPME device and mounted inthe

position of the sample loop of the six-port valve injector. A sy- Full-length

ringe pump (KDS200, New Hope, USA) was used to control

the injection volume and flow rate of the sample solution.

The monolithic column was washed and conditioned first

by methanol (8@L), then 4.5 mM TBAP aqueous solution 2.5. Flavoenzyme sample preparation

(80uL) at a flow rate of uL/min. The extraction of flavins

into the monolithic column was performed by the injectionof ~ The recombinant nNOS full-length flavoenzyme and its

the sample at a flow rate ofy_/min with the six-port valve ~ reductase domain (FAD/FMN) were harvested frEmcoli

in the LOAD position. Then the six-port valve was switched BL21 cells, and then purifiel@7]. Fig. 2depicts the structure

to the INJECT position and the extracted flavins were directly of the nNOS full-length flavoenzyme, which is composed

desorbed from the monolithic column by mobile phase flow, of an N-terminal oxygenase domain, a C-terminal reduc-

transported to the capillary LC column, and then detected by tase domain and a functional peptide calmodulin (CaM). The

UV detector. flavoenzyme solutions (0.5 mL) were heated in a water bath
at 100°C for 5 min, thereby the noncovalently binding FAD
and FMN would be released from the protein. The solutions

2.4. Preparation of Escherichia coli cell extracts were placed in an ice bath for about 5 min to allow for pro-
tein precipitation, then centrifuged for 10 min at 15,000 rpm

The E. coli BL21 was cultured in 100mL of % YT and the supernatants containing free FAD and FMN were

medium at 37C by shaking. The Z YT medium (100 mL) collected and diluted with water by 10-fold for capillary LC

contains 1.6 tryton, 1.0g yeast extract, and 0.5g NaCl. analysis.

Growth was monitored by measuring optical density at

600 nm. As the number of bacteria increased with the du-

ration of culture, the growth was discontinued when the cell 3. Results and discussion

concentration reached about210® living cells/mL. Then

10 mL of culture medium was withdrawn and centrifuged 3.1. Optimization of the capillary LC system

at 4°C and 3200 rpm for 30 min. The supernatant medium

Fig. 2. Structure of nNOS full-length flavoenzyme.

was removed and the residual coli cells in the tube were The laboratory-assembled capillary LC system was first
washed with 10 mM phosphate buffer (pH 7.0) to prevent the optimized. In our capillary LC system, a 5cm capillary was
contamination of 2 YT medium and stored at80°C until employed between the outlet of the column and the detection
extraction. window and capillary flow cell was used. When a capillary
Flavins extraction procedure was similar to the method de- with narrower inner diameter was used, although the band
scribed previously with minor modificatid5,36] Briefly, broadening originating from the detection cell and connect-

2 mL of ice-cooled methanol was added to the tube contain- ing capillaries was less, the short optical path length resulted
ing the cells and incubated at room temperature for 10 min, in a substantial loss of concentration sensitivity. Six alkylben-
then placed at20°C for 30 min. Then the solution was cen- zenes (methylbenzene, ethylbenzene, propylbenzene, butyl-
trifuged at 4£C and 3000 rpm for 25 min. The supernatants benzene, pentylbenzene and hexylbenzene) were used as
were transferred to a 15 mL plastic tube. Chloroform (1.6 mL) samples to optimize the inner diameter of the connecting
and deionized water (640L) were added to the methanol so- capillary between the column and the detector. Acetonitrile
lution and mixed thoroughly for about 30 s to remove phos- (80%, v/v) at a flow rate of @L/min was used as the mobile
pholipids liberated from cell membrane. After 10 min, the phase and the volume of sample loop was @.L6When a
solution was centrifuged at°€ and 3000 rpm for 25min.  capillary with 100um inner diameter was used between the
Then the upper layer solution was withdrawn and centrifu- column and the detector, the concentration sensitivity and the
gally filtered through a Milliporé/, 5000 cutoff filter at #C resolution were better. Hence, all further experiments were
to remove proteins and other debris. The filtrate was evapo-conducted with a capillary (1Qom i.d.) between the column
rated using a micro centrifugal vacuum concentrator MV-100 and the detector.

(Tomy Medical, Japan) at room temperature. Prior to analy-  The reproducibility of the capillary LC system in isocratic
sis, the dried sample was reconstituted in pQ®f deionized and gradient elution modes were investigated. In isocratic
water. elution mode, when acetonitrile—water (80:20, v/v) at a flow
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rate of 2uL/min was used as the mobile phase, the relative

standard deviations (R.S.D.s) of retention time, peak area and

peak height of the six alkylbenzens were all less than 8% (
= 4). In gradient elution mode, when the gradient started at
acetonitrile—water (60:40) and the acetonitrile concentration
was raised linearly to (100:0) in 15min and kept at 100%
for 5min at a flow rate of 2L/min, the R.S.D.s of retention

time, peak area and peak height of the six alkylbenzens were

all less than 5%n(= 4).
3.2. Gradient elution

In order to enhance the concentration sensitivity in capil-

lary LC, hyphenation of sample preconcentration techniques

is needed. Gradient elution is one of the most popular on-line
concentration techniques in LC, which allows the injection of
a large sample volume without considerable effect on band
broadening. At first, the type of organic solvents, gradient
program and the pH of the phosphate buffer were optimized.
The three flavins contain acidic groups. As showifrig. 1,

RF contains a weakly acidic lactam group on the isoallox-
azine tricyclic ring (K5 = 10.2)[38] and ribose polyol group.
FMN and FAD contain additional phosphate groups. The pH
of the mobile phase affected the dissociation of acidic groups,
resulting in affecting the hydrophobicity of the flavins. When
the pH of the phosphate buffer was in the range from 3.0 to

5.0, the three flavins were baseline separated. The elution fol- . T . T

lowed the hydrophobicity order, FAD < FMN < RF. When the
pH of the phosphate buffer was 7, FMN and FAD coeluted.
Phosphate buffer (30 mM, pH 3.0) and methanol were used

as mobile phases to optimize the gradient program. When the

gradient started at 5% (v/v) of methanol, which was main-
tained isocratically for the first 1 min, thereafter the methanol
concentration was raised linearly to 95% in 15 min and kept
at 95% for 5 min, the three flavins obtained better separation.
Next, the injection volume was optimizeHig. 3 shows
the chromatograms of flavins at different injection volumes.
The concentration sensitivity increased with the increasing of
the injection volume. The resolution decreased slowly with
the increasing of the injection volume. The resolutions of
FAD and FMN, FMN and RF are 1.94, 2.35 (0,1B), 1.86,
2.31(1pL)and 1.73,2.25 (p.L), respectively. Hence, il
sample loop was used for investigation of the reproducibil-
ity, linearity and sensitivity for the determination of the three
flavins, as shown iffable 1 For the three flavins, the repro-
ducibility of the retention time, peak area and peak height and
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Fig. 3. Chromatograms of flavins at different injection volumes in gra-
dient elution mode.Conditions: gradient elution was performed with

linearity of peak area response against concentration weremethanol-30 mM phosphate buffer (pH 3.0) at a flow rateEnin. The

found satisfactory and limits of detection (LODs) were in the
low ppb levels.

3.3. In-tube SPIPME

A monolithic silica-ODS column (150 mm 0.2 mm i.d.)
was used as the in-tube SPME device. At first, the influence
of the pH of the mobile phase methanol-30 mM phosphate
(30/70, viv) at a flow rate of gL/min on the separation of

gradient started at 5% (v/v) of methanol, which was maintained isocratically
for the first 1 min, thereafter the methanol concentration was raised linearly
to 95% in 15 min and kept at 95% for 5 min. Detection wavelength was set
at 265 nm. The concentration of each analyte wag/iL except for FMN

(2 pg/mL).

the three flavins was investigated while keeping the injection
volume at 0.1quL. When the pH of the phosphate buffer was

in the range from 3.0 to 5.0, the three flavins were baseline
separated. The retention factors of the three flavins decreased
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Table 1

Reproducibility, linearity and sensitivity for FMN, FAD and RF in gradient elution mode (the injection volume wias 1

Name R.S.D.1f = 3) (%) Calibration line LOD (S/N =3)
Retention time Peak area Peak height y=ax+b r2 ng/mL nM

FAD 1.6 Q70 053 y=1.09x 10*x + 9.93x 10? 0.9995 28 34

FMN 15 25 20 y=8.57x 10°%x + 2.59x 10° 0.9996 28 59

RF 2.9 11 070 y=2.08x 10°x + 1.36x 10° 0.9997 12 32

y: peak areax: sample concentrationuf/mL); r: correlation coefficient.

Table 2
Sensitivity enhancement factor in terms of peak height ¢3&h, LOD and plate number
FAD FMN RF
SEReigh® 113 142 123
Plate number% 10°) Conventional injection (0.16L) 5.92 465 416
In-tube SPIPME (10f.L) 9.97 779 6.88
LOD (in-tube SPIPME) ng/mL a 14 0.38
nM 25 29 10

Peak heightwithin- tube SPIPME _. .
Dilution factor.

2 SERheighi=
height = Bk height with conventional injection

with the increase in the pH of the phosphate buffer. The re- were 2.2, 1.5and 0.68, respectively. It should be noted that the
tention factors of FAD, FMN and RF were 0.28, 0.47 and retention factor of RF decreased when TBAP was added to
0.77, respectively, when methanol-30 mM phosphate (pH the mobile phase, compared with that when the mobile phase
3.0) (30/70, v/iv) was used as the mobile phase. The phosphatelevoid of TBAP was used. This is due to the decrease of
buffer (pH 3.0) was used for further experiments. When the the hydrophobic adsorption of RF onto the monolithic silica-
extraction monolithic column was conditioned by methanol, ODS column. When TBAP was added to the mobile phase,
then water and 10L of flavin standards solutions dissolved the ion-pair reagent was equilibrated between the stationary
in water were injected, the concentration efficiencies of FAD and mobile phases, resulting in reducing the retention of RF
and FMN were very poor. This is perhaps due to the ionization molecule, which was neutral at pH 3.0 according to K p
of FAD and FMN in water, resulting in their weak retention value (10.2)38]. TBAP (4.5 mM) was used for subsequent
onto the extraction column, since th&pvalues of FMN experiments.
and FAD are 1.3 and 6.5 from their phosphates grdlgk Next, the pH of the mobile phase and the concentration of
This point can be attested by the smaller retention factors of methanol were optimized since varying pH and the concen-
FAD and FMN. But it is possible to enhance the retention tration of methanol allow a considerable control over both
factors of FAD and FMN by their interactions with an ion- retention and resolution. When the pH of the mobile phase
pair reagent. Therefore, the use of an ion-pair reagent waswas in the range from 3.0 to 7.0, the three flavins were base-
investigated. line separated. The pH 3.0 was used for further investigation.
TBAP was tested as an ion-pair reagent. Firstly, the con- The mobile phase with the concentration of methanol rang-
centration of TBAP in the mobile phase was optimized. Addi- ing from 30 to 35% provided better retention and resolution
tion of TBAP in the concentration range from 3.0 to 6.0mM for the three flavins. When the concentration of methanol
in methanol-30 mM phosphate buffer (pH 3.0) (30/70, v/v) was 25%, the separation took about 40 min, which was about
provided the desired increase in the retention factors of FAD three fold longer than that using a mobile phase with 30%
and FMN due to their attractions by the positive charge on the methanol. When the concentration of methanol was 40%,
column. These flavins are negatively charged at pH 3.0. The FAD and FMN were partially separated since the adsorption
elution order (RF, FMN, FAD) was reversed in comparison of TBAP to the stationary phase was reduced, leading to the
with that using amobile phase devoid of TBAP. When4.5mM reduction in the retention of FAD and FMN. Based on the
TBAP was added to methanol-30 mM phosphate buffer (pH results, a mobile phase with 30% methanol was used for sub-
3.0) (30/70, vlv), the retention factors of FAD, FMN and RF sequent experiments.

Table 3
Reproducibility and linearity for FAD, FMN and RF when hyphenating in-tube SPIPME with capillary LC (the injection volume wh} 10
Name R.S.D.if = 3) (%) Calibration line

Retention time Peak area Peak height y=ax+b r2
FAD 1.6 12 2.0 y=4.75x 10°x—6.01x 10° 0.9999
FMN 0.90 22 3.0 y=4.40x 10°x + 6.01 x 108 0.9998
RF 069 086 1.1 y=1.06x 1Px+ 1.17x 10* 0.9996

y: peak areax: sample concentrationuf/mL); r: correlation coefficient.
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The capillary LC system was hyphenated with in-tube 140 @
SPIPME. TBAP (4.5 mM) in water was substituted for water 120.] RF
as the solution for pre-conditioning the extraction monolithic
column. When methanol-30 mM phosphate (pH 3.0) (30/70, 100 1
v/v) devoid of TBAP was used as the mobile phase andl10
of flavins solutions were injected, the three flavins were con-
centrated well, as shown Fig. 4A. But their separation be-
came poor. After the extraction column was pre-conditioned 40 FAD

with 4.5 mM TBAP, the elution order of the three flavins was
reversed due to the effect of TBAP in the extraction column. 27
Based on the results, 4.5mM TBAP in methanol-30 mM 0

phosphate (pH 3.0) (30/70, v/v) was used as the mobile phase - '

for further investigation of the effect of injection volume. The : " 15 2
peak height had linear relationship with the injection volume Time (min)

in the range from 5 to 10QL. Greater than a 110-fold en-
hancement in the concentration sensitivity for flavins rela-
tive to the conventional injection method was achieved, as
shown inTable 2 The LODs for FAD, FMN and RF (S/N

= 3) were in the low ppb levels. Moreover, the separation
efficiency was improved compared with the conventional in-
jection as reflected by plate numbdable 9. Panels B and

C of Fig. 4 depict the chromatograms of flavins comparing
in-tube SPIPME and conventional injection. With a conven-
tional injection at a volume of jLL, the peaks broadened se-
riously due to excess injection volume, as showFion 4B.
When in-tube SPIPME was used at an injection volume of
100p.L, the flavins exhibited excellent separation and peak , , , ,
shape compared withjdL conventional injection, as shown 0 5 10 5 20
in Fig. 4C. Time (min)

An injection volume of 1QuL was used to investigate the
reproducibility and linearity for the determination of three 120](©)
flavins by hyphenating in-tube SPIPME with the capillary ]
LC systemTable 3presents the reproducibility data obtained 100
for the retention time, peak area and peak height, the calibra- ]
tion lines (peak area versus concentratiopgimL) and the
linearity of the calibration lines.
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3.4. Sample analysis 7 P

204

To test the validity of the two developed capillary-LC T L
methods, applications to evaluate flavins concentration in |
the E. coli cell extracts and characterize the recombinant o4
nNOS full-length flavoenzyme and its reductase domain 0 5 10 15 20 25 3 3
(FAD/FMN) were carried out under the optimum conditions. Time (min)
P?aks of FAI.D and FMN monlto-red inthe ;ample.s were iden- Fig. 4. Chromatograms of flavins comparing in-tube SPIPME and conven-
tified by their retention times in comparison with external tional injection.Conditions:flow rate: 2uL/min, wavelength: 265 nm. (A)
standards and by standard addition method. The injection volume was 1L with in-tube SPIPME. The mobile phase

Panels A and B dfig. 5present chromatogramsf coli was methanol-30 mM phosphate buffer (pH 3.0) (30/70, v/v). The concen-
cell extracts analyzed by the gradient elution mode and in- tration of each analyte wasplg/mL except for FMN (q.g/mL). (B) The
tube SPIPME capillary LC, respectively. The concentrations injection volume was L with conventional injection. The mobile phase

) . was 4.5 mM TBAP in methanol-30 mM phosphate buffer (pH 3.0) (30/70,
of FAD and FMN in theE. colicell extracts were found to be v/v). The concentration of each analyte waspdmL except for FMN

0.724+ 0.04ng/mL (0.87+ 0.05M), 0.68 + 0.06pg/mL (20pg/mL). (C) The injection volume was 1QQ_ with in-tube SPIPME.
(1.414 0.13uM), respectively, by triplicate analysis of the  The concentration of each analyte was @gImL. Other conditions as in
cell extracts using the gradient elution mode. RF was not de- (B)-

tected in theE. coli cell extracts. Similar experiments were

performed to evaluate the flavins content in the cell extracts




L. Jia etal./J. Chromatogr. A 1053 (2004) 71-78 7

GV (A) 100+
40
% 20 \2’ 50 -
©
2 FAD E FAD
2 0 FMN 2
< 2 FMN
04
-20 -
-40 T T T T T 1 -50 T T T T T 1
5 10 15 20 5 10 15 20
Time (min) Time (min)
(B) 1604 ﬂ N (B) 160+
140 - |
120 4 120
2 100l 5
< 100 <
[0] i Q
(&) Q
é 80 E 804
o 1 =
2 60 §
< < FMN FAD
40 40
] FMN FAD -
20 |
| R
0 0
T T T T T 1 T T T T T T 1
10 20 30 40 10 20 30 40
Time (min) Time (min)
Fig. 5. Chromatograms of the. coli cell extracts analyzed by the capil-  Fig. 6. Chromatograms of the recombinant nNOS full-length flavoenzyme
lary LC system. (A) Gradient elution mode. The injection volume wat 1 analyzed by the capillary LC system. (A) Gradient elution mode. The injec-
Other conditions are the same agHig. 3. (B) In-tube SPIPME. The sepa- tion volume was JL. Other conditions as ifrig. 3 (B) In-tube SPIPME.
ration column was monolithic silica-ODS column (500 nx0.2 mm i.d.). The injection volume was 10L. Other conditions as in Fig. 4C.

The injection volume was 3j0L. Other conditions as in Fig. 4C.

by in-tube SPIPME. FAD was separated baseline from other those of the recombinant nNOS full-length flavoenzyme.
substances in the cell extracts. Unfortunate|y, FMN was not Triplicate measurements of flavin concentrations in the re-
separated completely from other substances contained in the&€ombinant nNOS full-length flavoenzyme and its reduc-
cell extracts, resulting in the difficulty in the accurate quan- tase domain (FAD/FMN) separately by the gradient elution
titation of the content of FMN. To evaluate FMN content in mode resulted in FAD/FMN ratios of 0.90 and 0.96 in the
the cell extracts accurately, a longer monolithic silica-ODS recombinant nNOS full-length flavoenzyme and its reduc-
column (500 mmx 0.2 mmi.d.) was employed to analyze the tase domain (FAD/FMN), respectively, which are in good
cell extracts. As shown iRig. 58, FMN was separated base- agreement with theoretical expectation of 1/1 molar ratio of
line from other substances in the cell extracts. The contents of FAD/FMN for the flavoenzymes. Similar experiments were
FAD and FMN in the cell extracts were 0.230.05ug/mL performed to characterize the proteins by in-tube SPIPME,
(0.89+ 0.07uM), 0.70 = 0.07pg/mL (1.46+ 0.10nM), revealing FAD/FMN ratios of 0.90 and 0.98 in the recombi-
respectively, which are in good agreement with the results hantnNOS full-length flavoenzyme and its reductase domain
obtained by the gradient elution mode. Higher concentration (FAD/FMN), respectively, which were in agreement with the
of FMN relative to FAD were measured for tiie coli cell results obtained by the gradient elution mode.
extracts.

Panels A and B offig. 6 depict chromatograms of
the recombinant nNOS full-length flavoenzyme analyzed 4. Conclusions
by the gradient elution mode and in-tube SPIPME capil-
lary LC, respectively. The chromatograms of the recombi-  Two capillary LC methods were developed for analysis
nant nNOS reductase domain (FAD/FMN) are similar to of cellular flavins, where a monolithic silica-ODS column
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