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Abstract

A separation using capillary electrophoresis with laser-induced fluorescence (CE-LIF) was applied to the study of green fluorescent protein
tagged calmoldulin (GFP-CaM) that was expressed fEswherichia coliand purified with N§*-nitrilotriacetate (Ni-NTA) resin column. It
was found that GFP-CaM not only has good fluorescence properties under various conditions similar to GFP, but also retains its calcium-binding
ability as the native CaM. GFP-CaM was separated and detected by CE-LIF within 10 min with a limit-of-detection (LORLOfP M
for an injection volume of 3 nl, higher than that of common chemical fluorescent-tagged protein method. The results indicated that, as a
fluorescence probe, GFP could overcome the drawback of inefficient derivatization of chemical fluorescence probes. The interaction between
the GFP-CaM and Ca was studied in detail using affinity capillary electrophoresis with laser-induced fluorescence and the dissociation
constant K4) between GFP-CaM and &awas determined to be.d x 107> M, which is in good agreement with the literature values of
untagged CaM (1 to 10-5 M) obtained by conventional method. As a preliminary application, the interaction between GFP-CaM and
OsCBK was also investigated. The method makes it possible to screen the trace amounts of target proteins in crude extracts interacting with
CaM under physiological conditions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction methods used to demonstrate CaM target proteins include
activity assay, binding assay, cloning via ligand binding and
C&t serves as a second messenger in the transducsurface plasmon resonance (SPR) anallisié]. Although
tion of environmental stimuli in a variety of organisms. the traditional methods have been well established, those
Ca*-dependent modulation of cellular processes occurs techniques typically are laborious, time-consuming, and
via intracellular C&"-binding proteins, of which calmod- difficult-to-automate. In addition, the activity assay requires
ulin (CaM) is one of the best characterized. CaM binds four radioactive materials. These drawbacks may be avoided by
calcium ions with high affinity and acts as an intracellular the use of capillary electrophoresis.
calcium sensor that translates the*Caignal into a vari- Compared with those conventional methods, the features
ety of cellular processgd—3]. C&*-CaM binds to a short  of capillary electrophoresis (CE), such as small sample vol-
peptide within target proteins, thereby altering their activi- ume, rapid analysis time, high resolving power and direct
ties in response to changes in cytosoli¢Caoncentration. injection of biological samples, make it an attractive
Calcium binding induces a conformational change that en- technique. Affinity capillary electrophoresis (ACH)] is
ables C&"-CaM to recognize and bind target proteins with generally performed in a homogeneous solution without
high affinity (Kq = 10~ to 10°7) [2], so it is crucial stabilizing agents and with a more or less physiological
to understand the G&-CaM signal pathways to identify ~composition so that proteins can maintain their native
the proteins interacting with G&-CaM. The traditional and functional forms. Hence, ACE has been success-
fully extended to study biomolecular interactions such as
* Corresponding author. Tel486-27-87682619; protein—pr.otei'n[.S—'7], protgin—DNA [8l, prOtein_,drUQ[g]
fax: +86-27-87666380. and protein—lipid interaction§l0]. ACE is applicable to
E-mail addressyingtlu@whu.edu.cn (Y.-T. Lu). both tight and weak-binding systems and is a useful tool
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for the quantitative measurement of binding constants, es-(SDS) was obtained from Sigma Chemical Co. (St. Louis,

timation of kinetic rate constants, and determination of
stoichiometries of protein interactioftl,12]

Furthermore, CE-LIF, as a highly sensitive technique,
could greatly increase the detection linit8,14] Although
fluorescence derivation can allow for the low concentration
analysis of proteins by CE, major problems in the fluores-
cent derivatization of proteins are inefficient chemistry and
multiple derivatives. If the analytes of interest contain more

than one reactive site, multiple products are produced differ-

ing in the number and spatial orientation of the covalently
bound probd15]. Another disadvantage of chemical fluo-

MO, USA) and used at the concentration of 0.2 M. The Os-
CBK gene was isolated from rice and its protein was ob-
tained from our Lal4].

2.2. Cloning

The coding sequence of GFP in pET32a was amplified
by PCR from the plasmid pBin35S-mGFP4 with@imer
(5-CG GGA TCC AAG GAG ATA TAA CAA TG-3) and
3 primer (8-CG GGA TCC TT GTA TAG TTC ATC CAT
GGA-3). The PCR products were digested BgrnH | and

rescence probes is that labeling of analytes might changecloned into the expression vector pET32a as pGFP. The cod-
the interaction behavior of the solutes under investigation ing sequence of CaM was amplified by PCR witpriimer

and influence the binding site of the protein. These occur-

(5-CCC AAG CTT CTC GCT CTC TTC CTC GCT ATG

rences may influence sensitive detection in ACE. Thus it is GCG GAT CAG CTC ACC-3 and 3primer (3-CCC AAG
essential for an ideal system in which components are de-CTT CTT GGC CAT CAT CAT GAC CT-3, digested

tected in their native form without a chemical tagging pro-

with Hind 1ll, and cloned into pGFP as pGFP-CaM, re-

cess that may disturb the cellular environments. Recently asulting in the fusion protein of GFP-CaM expressed in this
group of natively fluorescent proteins have been applied in construct.

molecular and cellular studig$6—20]and can be detected
by CE-LIF[21-24] One of them, green fluorescent protein
(GFP) could be used for this purpose.

Since GFP was firstly isolated from the jellyfidlequorea
victoria, it has become one of the most widely studied and
exploited proteins in biochemistry and cell biolod¥—20]

Its amazing ability to generate a highly visible, efficiently
emitting internal fluorophore is both intrinsically fascinating

2.3. Expression and purification of GFP-CaM and GFP

The expression and purification of proteins (GFP and
GFP-CaM) were performed as described previoydly
Briefly, the constructs (pGFP and pGFP-CaM) were intro-
duced intoEscherichia coliBL21 (DE3) and both GFP and
GFP-CaM were purified with Ni-NTA affinity chromatog-

and tremendously valuable. Because exogenous substratesaphy. After dialyzation against 25 mM Tris—HCI, pH 7.5,
and cofactors are not required for its fluorescence, GFP hasboth GFP and GFP-CaM were separated by SDS-PAGE
become well established as a marker of gene expression anq12% gels). The concentrations of GFP and GFP-CaM were

tagging in living cells and organisnj46]. There are many
reviews on the application of GFP, namely its use in pro-

determined by the Bradford meth{2b].

tein tagging and in monitoring gene expression as well as 2.4. C&*-binding assay of GFP-CaM and CaM

its potential in a variety of biological screening techniques
[17-20] Another advantage of GFP is that its excitation

spectrum within the visible range has an excitation line com-

patible with the frequently used argon ion laser, so it could

For C&"-dependent electrophoretic mobility shift assay
of GFP-CaM and CaM, the proteins in non-denaturing sam-
ple buffer (0.20 M Tris—HCI, 1 M Sucrose, 0.1% bromophe-

be used as a fluorescent probe in CE. Analysis of GFP bynol blue, pH 6.8) in the presence of 1 mM Ca®r 5mM

CE-LIF has been reportg@1-24]

Here we report our study on the fluorescent and elec-

trophoretic properties of GFP-CaM by CE-LIF. The quanti-
tation of GFP fusion protein was first done by CE-LIF and
the interaction between GFP-CaM and®Cavas also stud-
ied in detail. As a preliminary application, the interaction
between GFP-CaM and OsCBK (a CaM-binding protein)
was also investigated.

2. Materials and methods
2.1. Chemicals and samples
All chemicals used were of analytical grade and all so-

lutions were prepared with autoclaved water (Millipore-Q,
Millipore, Bedford, MA, USA). Sodium dodecyl sulfate

EGTA or 1mM MgCb were directly loaded onto gels and
analyzed by SDS—PAGE as described by Rhy@ét. The
fluorescence in gels was detected on Biorad Geldoc 2000
with a CCD camera (BioRad, USA) before proteins were
stained with Coomassie Brilliant Blue R-250.

2.5. Capillary electrophoresis

All CE experiments were performed on an Agilent 3D
capillary electrophoresis instrument (Palo Alto, CA, USA)
equipped with a ZETALIF laser-induced fluorescence de-
tector (Picometrics, Ramonville, France). Detection was
accomplished using a single-wavelength (488 nm) argon ion
laser for excitation with emission detection at 510 nm. Data
collection and peak analysis were performed on a HP Chem-
station (Palo Alto, CA, USA). An uncoated fused-silica
capillary of 65 cm (total lengthx 50 cm (effective length
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x 75pum i.d. x 375um o.d. (Yongnian Optic Fiber Inc., 1 2 3
He Bei, China) was used for the analyses. Electrophoresis
buffer solutions were filtered through a 0,2h membrane

filter. New capillaries were pre-treated with 1 M NaOH for -
60 min followed by deionized water for 60 min at room
temperature. Prior to use, the capillary was washed with —

0.1mol1 NaOH, pure water and electrophoresis buffer
(100 MM Tris—100 mM tricine, pH 8.3) for 5min respec-
tively, followed by preconditioning with electrophoresis
buffer for 10 min. The above flushing cycle was repeated
to ensure the separation reproducibility for each injection.
Injection of samples was performed with applying a pres-
sure (50 mbar) unless otherwise specified. The temperature
of the CE system was 2% and the operating voltage was
25kV. Each experiment was repeated three times.

The C&t-binding assay experiments for CaM and
GFP-CaM were performed in electrophoresis buffer
(100 mM Tris—100 mM tricine, pH 8.3) with variable con-
centrations of C&" using GFP as an internal standard. In
the following experiments, the concentration of GFP-CaM
is 0.1uM, and the concentration of GFP is 0.Q®.

The binding constant for Ga/GFP-CaM was determined

by Scatchard analysis as follow27,28] the equation  Fig. 1. SDS-PAGE of GFP and GFP-CAM. (1) Protein marker; (2) GFP;
(8A1/8 Atma) (L/[L]) = (1/Ka) — (1/Kd)(8A1/5AMmay), () CFP-CaM.

for Scatchard analysis to determine tHg between the A) (B) ©)

GFP-CaM and CH was used. HereAty; is the differ- GEP GEP-CaM CaM

ence between the migration time of the protein of interest

(GFP-CaM) and the reference protein (GFP) at concentra- EGTA Ca®™* Mg* EGTA Ca** Mg” EGTA Ca™* Mg
tion [L] of the C&*, At = Afr] — Af[z]=0, andSAtmax iS

the value oBAt[;) at the saturating concentrationlafKy is

the dissociation constants between GFP-CaM artt Ja
explore the interactions between GFP-CaM and OsCBK
by CE, GFP-CaM and OsCBK in Tris—saline buffer (TBS;
50 mM Tris—HCI, pH 7.5, 200mM NacCl, 0.5mM Cagl
and 50 mM MgC$) were incubated for 3 h atAC. CaM was
also added to compete with GFP-CaM for binding specific
assay.

3. Results and discussion

3.1. Calcium-binding shift assays of GFP-CaM by gel
electrophoresis - aa

To analyze GFP-CaM protein by CE, both GFP and
GFP-CaM were expressed iB. coli and purified with
Ni-NTA affinity chromatography. The purified proteins were
separated by SDS—PAGE as single ban@ig.(1). Then
these proteins were further used for calcium-binding assays - o
by SDS-PAGE. To do so, the proteins in the presence of cal-
cium or EGTA or Mgt were loaded onto a polyacrylamide
gel and analyzed by SDS—-PAGE. As expected, while GFP ggbZ-BC%C;%mébi&dirg %SSSB)/S_ Ofﬂ?FP-CaM by SfDSt;PACSBE-MPrEtéiTnAS (A,

HH H , b, -CaM; C, Cal In the presence or elther om or

n;pblllé)gwaé n'\c/l)t aﬁe?‘ted by.eltr;]er €aor EGTAfgé:MEZJF 1mM CaCh or 1mM MgChL were sega_rated‘by SDS—PAGE. Then thg
(Fig. ), Ca r.an_ as.ter _m the presencg of ‘Cathan gels were used for fluorescence detection with Biorad Geldoc 2000 with
EGTA or Mg?*, indicating its calcium-bindingRig 20). CCD camera before they were stained with Coomassie Brilliant Blue
Like CaM, the presence of €& also made GFP-CaM  R-250.
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move faster than the presence of EGTA, suggesting thatrunning buffer has been demonstrated to be an important
GFP-CaM still had calcium-binding ability={g. 2B). These factor for CE separation. While the buffer concentration
results indicated that this GFP-CaM could be used for assayhad very little influence on the fluorescence intensity of
of calcium binding of CaM. Furthermore, both GFP-CaM GFP-CaM and GFP, different concentrations of buffer af-
and GFP were stable in the presence of SDS because theyected the migration rates of both GFP and GFP-CaM. It can
could maintain their fluorescence when subjected to anal- be seen that the migration time increased as the buffer con-
yses by SDS-PAGEHRg. 2A,B). It was noted inFig. 2 centration increased, which should be attributed to the effect
that the increase in migration time of CaM in the presence of buffer concentration (ionic strength) on electroosmotic
of C&t was larger than the increase in migration time of flow (EOF) rates. Although lower concentrations of elec-
GFP-CaM under the same condition. This could mainly be trophoresis buffer shortened the separation time of GFP and
because the molecular weight of GFP-CaMKgyis much GFP-CaM, reproducibility became poorer than for higher
larger than CaM (1Kq). buffer concentrations. However, higher buffer buffer concen-
trations resulted in longer separation time. Thus, 100 mM
Tris=100mM tricine buffer system (pH 8.3) was selected
for our experiments. When different buffer pHs, from 2 to
To examine parameters that could affect the fluorescencel3, were examined for this impact on the fluorescence in-
intensity of GFP-CaM and GFP, different buffer concen- tensity of both GFP-CaM and GFP, the results showed that
trations, sample pHSs, voltages and surface additives wereGFP-CaM and GFP were stable over a relatively broad pH
analyzed in our experiments done with Tris—tricine buffer. range (Fig. 3B). However, the fluorescence intensity was
Tris—tricine buffer was selected because it showed a stabledramatically decreased in extreme pH conditions (beyond
separation of protein in the presence of EGTA or EDTA pH 12 or below pH 5). From the Fig. 3B, it can be seen
in the electrophoresis buffer as mentioned in another arti- that the fluorescence intensity of GFP-CaM and GFP is rel-
cle [29]. As shown inFig. 3A, the influence of buffer con-  atively stable during the pH 7 and 9. pH 8.3 was chosen in
centrations was examined since the ionic strength of the the following experiments. Different voltages also had great

3.2. Capillary electrophoresis of GFP-CaM and GFP
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Fig. 3. The impacts of different parameters on the migration and fluorescence intensity of both GFP-CaM and GFP. The experiments were performed
under the conditions—capillary: 65cm (50cm effective length) x 75um i.d.; injection: 50mbar x 3s; running buffer: 100mmol I~ Tris-100 mmol I~
tricine (pH 8.3); separation voltage: 25kV and temperature: 25°C, with the changes of single factors as follows—(A) running buffer concentrations; (B)
pH; (C) voltage; and (D) SDS concentration.
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influences on the electrophoretic mobility, but they had no
influence on the fluorescent intensity of GFP and its fusion
protein (Fig. 3C). Because of thelong time, low voltages led
to the broadening of peaks, so 25kV was used in the fur-
ther experiments. SDS, as the most popular surface-active
additive, was also investigated for its role on the separation
of these fluorescent proteins by CE. It was observed that
when the concentration of SDS was above 2mM, the mi-
gration time of GFP-CaM and GFP was not significantly
changed (Fig. 3D). These results a so indicated that the GFP
fusion protein and GFP were stable under various condi-
tions. Following established conditions as described above,
both GFP-CaM and GFP were successfully separated us-
ing a 100mM Tris=100mM tricine buffer system (pH 8.3)
(Fig. 4).

As previoudy reported, GFP was previously quantified
by capillary electrophoresis [23], and the limit-of-detection
(LOD) was 3.0 x 10°M for an injection volume of
17nl. In our work, LODs of both GFP and GFP fused
protein (GFP-CaM) were aso studied by serial dilution of
the samples until the analyte peak was no longer visible
above the baseline noise (Fig. 5). The LOD of GFP was
1.25x 1019 M for an injection volume of 3nl (about 0.1 fg)
and that of GFP-CaM was 2 x 10~19M for an injection of
3nl (about 0.27fg). These LODs are more sensitive than by
the common chemical fluorescent-tagged protein methods
and are more sensitive than with detection by UV. From the
LOD of GFP fusion protein and GFP, it can be seen that
the target protein had little influence on the fluorescence
intensity of GFP and that CaM can be quantitated with high
sensitivity using the help of GFP and CE-LIF. These results
also show that GFP can avoid inefficient derivatization by
chemical fluorescence probes.

Previous research work showed that GFP was stable
in 1% SDS, 6M guanidine chloride, temperatures up to
65°C, pH from 2 to 11, and that it resists digestion by most
proteases for many hours [30]. With the use of GFP, some
disadvantages of chemical fluorescence probes, such as
multiple derivatives, inefficient chemical tagging, and the
need for non-physiologica conditions can be avoided [15].
It is known that an ideal fluorescence probe would be stable
over long periods of time and would alow simple, sensi-
tive, and direct detection. Our results above have indicated
that GFP-CaM was stable and sensitive, suggesting that
GFP could be a good fluorescent probe to label proteins for
protein analyses.

3.3. Calcium-binding shifts assays GFP-CaM by ACE

Besides detecting the interactions between biomacro-
molecules [7-14,31], ACE can be also used to study the
interaction between protein and metal ions [29,32,33].
Here, ACE was employed for the calcium-binding shift
assay of GFP-CaM. The electropherogram for the analysis
of Ca?*-binding shift assay is shown in Fig. 6A. While
the electrophoretic mobility of GFP was not affected if the

700 -
600 —- C9<<
500 -
400

300

200

5 6 7 8 9 10

Relative Fluorescence Unit

(A) Migration time (min)

700 -

600 + )
. K

500

400 o

RFU

300

200 + LWA
| L

100 T T T T 1

5 6 7 8 9 10
(B) Migration Time (min)
700
600 - $
&
1 )
500 -
O 400 A
LL
o |
300 -
_ &8
200 - A
100 T T T T - T T T T T 1
5 6 7 8 9 10
© Migration Time (min)

Fig. 4. Assays of GFP and GFP-CaM by CE-LIF. The experiments
were done under the following conditions—running buffer: 100mmol |1
Tris-100mmol I~ tricine (pH 8.3); capillary: 65cm (50cm effective
length) x 75um i.d.; injection: 50mbar x 3s; separation voltage: 25kV;
temperature: 25°C. (A) GFP; (B) GFP-CaM; (C) GFP and GFP-CaM.

electrophoretic buffer contained Ca?t or EGTA or Mg?™,
Ca?t dramatically changed the mobility of GFP-CaM. The
result is similar to that obtained by gel electrophoresis
(Fig. 2). Compared to the migration time of GFP-CaM
(8.57 £ 0.08 min) with 5mM EGTA in the electrophoretic
buffer, the migration time of GFP-CaM was 8.05+0.05min
with 1.0mM Ca&* in the electrophoretic buffer. Further-
more, the migration time (8.57 + 0.08 min) of GFP-CaM
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Fig. 5. Assays for the LOD of GFP and GFP-CaM. The conditions were
identical to Fig. 4: (A) LOD of GFP; (B) LOD of GFP-CaM.

was amost not affected by the presence of 1.0mM Mg?* in
the electrophoretic buffer, indicating that Ca?* should se-
lectively cause the changes in migration time of GFP-CaM.

In the experiments with increasing amounts of Ca®* in
the buffer, the migration time of GFP-CaM decreased until
a plateau was reached at a Ca?t concentration of approxi-
mately 1mM (Fig. 6A). Above 1mM Ca?*, the GFP-CaM
migration times remained constant. This indicated that
an equilibrium type of binding took place throughout the
course of the electrophoretic run when increasing amounts
of Ca?* were present. Also, too high concentrations of
Ca?t (above 5mM) in the buffer greatly changed the cur-
rent and the migration time of both GFP-CaM and GFP
(data not shown). Based on the migration time change of
GFP-CaM, a Scatchard analysis was done to determine the
Kg of Ca?™ and GFP-CaM (Fig. 6B). Analysis indicated
Kq=12x10"°M (Kp = 8.3 x 10* M~1), which was co-
incident with the literature values from equilibrium dialysis
analysis (Kg = 105 t0 10°8M [2]; Kp = 9.31 x 10*M 1
[34]) and CE analysis (Kp = 0.47 x 105M~1 [36]) for
CaM. These results showed that GFP did not ater the
Ca?t-binding character of CaM and GFP-CaM could still
bind Ca?* with similar high affinity.
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Fig. 6. CE-LIF assay for Ca?t hinding by GFP-CaM. (A) Ca2*-binding
assays of GFP-CaM. GFP-CaM (0.1 M) and GFP (0.02 .M) were an-
alyzed by CE-LIF under the conditions identical to Fig. 4 except with
various concentrations of Ca?*; (B) Scatchard analysis.

As mentioned above, the migration time of GFP-CaM de-
pended on the concentration of Ca?* in the electrophoresis
buffer. With increasing amounts of Ca2* in the buffer, the
migration time of GFP-CaM was decreased until a plateau
was reached. The migration time of GFP-CaM was altered
because GFP-CaM obtained a more positive charge by bind-
ing Ca?* and moved faster towards the cathode than its free
form without Ca?* binding. Besides this, conformational
changes of CaM could also occur when Ca2t was bound
to CaM [34,35]. Since the mobility in free solution cap-
illary electrophoresis is a complicated function of charge,
molecular size, shape, hydrophobicity, and solvent prop-
erties, conformational changes may also contribute to the
atered mobility of GFP-CaM in the presence of Ca2™ [32].
It can be concluded that there were at least two different
parameters (charge and conformational changes) involved
in the change of migration behavior. Therefore, we cannot
calculate directly the number of binding site on GFP-CaM
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Fig. 7. Assays for the interaction between GFP-CaM and OsCBK by
CE-LIF. CE conditions were identical to Fig. 4. The 0.1 .M GFP-CaM,
0.02 wM GFP with various concentrations of OsCBK and CaM were used
in each assay. (A) GFP-CaM and GFP without OsCBK; (B) GFP-CaM
and GFP with 0.2uM OsCBK; (C) GFP-CaM and GFP with 0.2 uM
OsCBK and 0.05.M CaM; (D) GFP with 0.2 uM OsCBK. (1) The peak
of GFP; (2) The peak of GFP-CaM; (3) the peak of GFP-CaM/OsCBK.

for Ca2™ by estimating the mobility of the complex from
the saturation value.

3.4. Detection of the interaction between GFP-CaM and
OsCBK by CE

On the basis of the binding shift assay for GFP-CaM and
Ca?t performed by capillary electrophoresis, the interaction
between Ca?*/GFP-CaM and OsCBK was investigated. Os-
CBK has been well documented to be a CaM-hinding pro-
tein kinase with high affinity [4]. The electropherograms
revealed here that with addition of OsCBK to the sample
containing GFP-CaM and GFP, a new peak with mobil-
ity dightly slower than that of GFP-CaM appeared and the
peak of GFP-CaM became smaller (Fig. 7A,B) indicating
this new peak was the complex of OsCBK and GFP-CaM.
This was further evidenced by the experiments with addi-
tional unlabeled CaM. When the additional unlabeled CaM
was added into the system, the new peak became smaller be-
cause the complex of OsCBK and CaM was not detectable
by CE-LIF (Fig. 7C). It was noted there were dight differ-
ences of GFP peaks in Fig. 7A—C. This was probably due
to very dlightly difference of sample loadings from time to
time in our experiments. When only GFP was incubated
with OsCBK, no new peak appeared (Fig. 7D), suggest-
ing that GFP did not bind OsCBK. These results showed
that the GFP-CaM fusion protein still retained the bind-
ing ahility of its target protein and ACE is a useful tool
to study the interaction between the CaM and its target
protein.

4, Conclusion

In this article, the fluorescent and electrophoretic prop-
erties of GFP and GFP-CaM were investigated by CE-LIF.
The results showed that the fused protein did not change
the fluorescent properties of GFP and that the GFP did not
change the characteristics of the labeled CaM, such as bind-
ing ability to calcium and its target protein. The GFP fused
protein can be quantitatively assayed with high sensitivity
by CE-LIF (almost at femtogram levels). As a preliminary
study, the interaction between GFP-CaM and OsCBK was
also investigated using ACE with LIF. These results demon-
strated that GFP could be an ideal fluorescence probe for
protein anaylses under relatively native conditions. As aflu-
orescence probe, GFP could overcome some shortcomings
of common chemical fluorescence probes and may provide
a way to quickly screen for CaM target proteins in crude
extracts under native conditions.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (30230050) and Mgjor State Basic Re-
search Program of China (Grant No. 2002CCA00100).

References

[1] R.E. Zidlinski, Annu. Rev. Plant Phosiol. Plant Moal. Biol. 49 (1998)
697.

[2] A. Crivici, M. Ikura, Annu. Rev. Biophys. Biomol. Struct. 24 (1995)
85.

[3] L. Zhang, Y-T. Lu, Trends Plant Sci. 8 (2003) 123.

[4] L. Zhang, B-F. Liu, S-P. Liang, R.L. Jones, Y-T. Lu, Biochem. J.
368 (2002) 145.

[5] K. Shimura, K-I. Kasai, And. Biochem. 251 (1997) 1.

[6] R.M. Guijt-van Duijn, J. Frank, G.W. van Dedem, E. Baltussen,
Electrophoresis 21 (2000) 3905.

[7] W-L. Tseng, H-T. Chang, S-M. Hsu, R-J. Chen, S. Lin, Electrophore-
sis 23 (2002) 836.

[8] Z. Ronal, Y. Wang, J. Khandurina, P. Budworth, M. Sasvari-Szekely,
X. Wang, A. Guttman, Electrophoresis 24 (2003) 96.

[9] S. Kim, J. Austin, D.S. Hage, Electrophoresis 23 (2002) 956.

[10] S. Hu, L. Zhang, N.J. Dovichi, J. Chromatogr. A 924 (2001) 369.

[11] Y-H. Chu, W.J. Lees, A. Stassionpoulos, C.T. Walsh, Biochemistry
33 (1994) 10616.

[12] W-L. Tseng, H-T. Chang, S-M. Hsu, R.-J. Chen, S. Lin, Elec-
trophoresis 23 (2002) 836.

[13] N.M. Schultz, R.T. Kennedy, Anal. Chem. 65 (1993) 3161.

[14] E. Ban, H-S. Nam, Y.S. Yoo, J. Chromatogr. A 924 (2001) 337.

[15] PR. Banks, Trends Anal. Chem. 17 (1998) 612.

[16] M. Chalfie, Y. Tu, G. Euskirchen, W.W. Ward, D.C. Prasher, Science
263 (1994) 802.

[17] J. Lippincott-Schwartz, G.H. Patterson, Science 300 (2003) 87.

[18] T. Misteli, D.L. Spector, Nature Biotech. 15 (1997) 961.

[19] R.Y. Tsien, Annu. Rev. Biochem. 67 (1998) 509.

[20] A. Chiesa, E. Rapizzi, V. Tosello, P. Pinton, M. De Virgilio, K.E.
Fogarty, R. Rizzuto, Biochem J. 355 (2001) 1.

[21] G.M. Korf, JP. Landers, D.J. O'Kane, Ana. Biochem. 251 (1997)
210.



420 J.-F. Zhang et al. / J. Chromatogr. B 804 (2004) 413-420

[22] A. Malek, M.G. Khaledi, Anal. Biochem. 268 (1999) 262.

[23] D.B. Craig, J.C.Y. Wong, N.J. Dovichi, Biomed. Chromatogr. 11
(1997) 205.

[24] S. Kiessig, J. Ressmann, C. Rascher, G. Killertz, A. Fischer, F.
Thunecke, Electrophoresis 22 (2001) 1428.

[25] M.M. Bradford, Anal. Biochem. 72 (1976) 248.

[26] JA. Rhyner, M. Kaller, I. Durussel-Gerber, JA. Cox, E.E. Strehler,
Biochemistry 31 (1992) 12826.

[27] Y-H. Chu, L.Z. Avila, 3M. Gao, G.M. Whitesides, Acc. Chem. Res.
28 (1995) 461.

[28] C. Gabusera, M. Thachuk, E.D. Lorenzi, D.D.Y. Chen, Ana. Chem.
74 (2002) 1903.

[29] H. Kajiwara, J. Chromatogr. 559 (1991) 345.

[30] W.W. Ward, S.H. Bokman, Biochemistry 21 (1982) 4535.

[31] W-L. Tseng, H-T. Chang, S‘M. Hsu, R.J. Chen, S-M. Lin, Elec-
trophoresis 23 (2002) 836.

[32] N.H.H. Heegaard, F.A. Robey, J. Immunol. Methods 166 (1993) 103.

[33] T. Guszczynski, T.D. Copeland, Anal. Biochem. 260 (1998) 212.

[34] D. Burger, JA. Cox, M. Comte, E.A. Stein, Biochemistry 23 (1984)
1966.

[35] Y.S. Babu, J.S. Sack, T.J. Greenhough, C.E. Bugg, A.R. Means, W.J.
Cook, Nature 315 (1985) 37.

[36] Y-H. Chu, L.Z. Avila, H.A. Biebuyck, G.M. Whitesides, J. Med.
Chem. 35 (1992) 2915.



	Using capillary electrophoresis with laser-induced fluorescence to study the interaction of green fluorescent protein-labeled calmodulin with Ca2+- and calmodulin-binding protein
	Introduction
	Materials and methods
	Chemicals and samples
	Cloning
	Expression and purification of GFP-CaM and GFP
	Ca2+-binding assay of GFP-CaM and CaM
	Capillary electrophoresis

	Results and discussion
	Calcium-binding shift assays of GFP-CaM by gel electrophoresis
	Capillary electrophoresis of GFP-CaM and GFP
	Calcium-binding shifts assays GFP-CaM by ACE
	Detection of the interaction between GFP-CaM and OsCBK by CE

	Conclusion
	Acknowledgements
	References


