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Figure 2. GFLC chromatograms of dextran-based CL probes. Samples: (A), 1.0 mg/mL
Dex2000-(Lu)y627-(Bi)sss ; (B), 1.0 mg/mL Dex50-(Lu)sso-(Bi)ss ; (C), 0.011 mg/mL Lu; (D), 1.0 mg/mL
Dex2000-(ILu)s262-(Bi)yss 5 (E), 1.0 mg/mL Dex500-(ILu)32;-(Bi)ss ; (F), 0.011 mg/mL ILu, Injection volume:

10 pL.  For other chromatographic conditions, see in Materials and Methods.

The purity of synthesized dextran-based CL probes was analyzed by gel-filtration liquid
chromatography (GFLC). Figure 2 shows the GFLC profile of the Lu- or ILu-modified
dextran-based CL probes. Two peaks appeared in each chromatogram, broad peaks eluted at the
retention time of 14-15 min were the Lu- or ILu-modified dextran-based macromolecular
compouhds. Sharp peaks eluted at 27 min and 22 min were due to unbound Lu and ILu,
respectively. It demonstrates that the isolated probes contained a small amount of free Lu or ILu.
The incorporated ratio (w/w) of Lu or ILu molecules into the probe was calculated from the area
of each UV peak in the GFLC chromatogram. The results indicate that 99-91 % of total UV
absorption were corresponding to Lu and ILu bound to dextran, respectively. However, the

small amounts of free Lu and ILu contaminated in the probes could be removed by washing the
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membrane with 50-80 % methanol when the probes were used for the DNA detection on a nylon
membrane. Therefore the synthesized probes were used for the DNA detection on a solid-phase

membrane without further purification.

Luminescent properties of dextran-based CL probe

In our preliminary study on CL detection of the Lu- or ILu-modified dextran probes on a nylon
membrane, we found that the CL intensity of Lu-modified dextran probes was approximately 10
times higher than ILu-modified dextran probes. Therefore UV absorption, fluorescence (FL)
and CL properties of Lu-modified dextran probes were evaluated (Table 2). The values of molar
extinction coefficient (g) for each probe were almost in proportion to the number of Lu moieties
introduced into the dextran molecule, whilst the FL intensity was out of proportion. It is
important to note that the more a probe contains Lu molecules, the higher the probe produces CL

upon activation, in a proportional manner.

Table 2. UV, FL and IL intensity of luminol-modified dextran probes

Uv FL
Probe . Amax RFT" Ex/Em CL
(nm) (nm)
A Dex170-(Lu)szs 2.3 x 108 295 16 370/430 32,100
B Dex170-(Lu)szo- (Bi)as 3.3 x 10° 295 14 370/430 48,900
C Dex800-(Lu)1792 16.3 x 10° 295 127 370/430 118,000
D Dex800-(Lu)igos- (Bi)ioa  19.0 % 10 295 69 370/430 246,000
E Dex2000-(Lu)s76 17.9 x 10° 295 81 370/430 379,000
F Free Lu 8.4 x 10° 295 0.65 370/410 1,800

*Relative fluorescent intensity. UV absorption and FL of 1.0 nM each sample were measured, and 50 pM each

was used for CL measurement.
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CL-imaging detection of telomere DNA (Figure 1)

The target 60mer telomere DNA was blotted on a nylon membrane and hybridized with a
biotinylated 18mer telomere cDNA (b-cDNA) by incubating the membrane in b-cDNA solution.
Different amounts of either Dex2000-(Lu)s27-(Bi)sgs or avidin were used to optimize the
detection conditions. The results are shown in Figure 3A and 3B. Regardless of the amount of
avidin, the CL intensity related to the detection of the target DNA was enhanced as the increased
amount of the probe. However, the background signal on the membrane also increased
dramatically, which makes it impossible to distinguish the desired signal from the target DNA.
This was caused by a non-specific binding of the probe to the membrane, suggesting that limited
amount of the probe should be used in order to suppress the background.  On the other hand, CL
intensity reached the maximum at a particular concentration of avidin when a constant
concentration of the probes was used. As a large excess of avidin existed in the chain conjugate
mixture, the probe molecules were captured by free avidin and was not involved in a conjugation

formation of b-cDNA.
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Figure 3. Three dimensional graphs of the CL-imaging efficiency with the probe Dex2000-(Lu)z7~(Bi)sss at
different concentrations of the probe and avidin. (A): CL intensity of telomere DNA. (B): Intensity of
background signal without telomere DNA. (C): The ratio of the detection signal from DNA versus the
background.

In order to establish the best combination between the amounts of probe and avidin for
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depicting the maximal CL intensity with the minimal background, we calculated the DNA
signal/background ratio (Figure 3C). The results indicated higher signal/background ratios in
the low concentration range of the probe, despite the fact that extremely high signals were
observed for the DNA detection at the high concentration of the probe. The sufficient
signal/background ratio was attained in the combination of 0.08 mg/mL probe and 0.14 mg/mL
avidin. This combination enabled the effective and quantitative detection of the telomere DNA

with low background signal.

Comparative study with HRP detection

The efficiency of our method for the CL detection of telomere DNA on a nylon membrane using
the Lu-modified dextran probe of Dex2000-(Lu),e27-(Bi)sss was compared with a conventional
enzymatic CL detection system using a HRP-avidin probe (Figure 4). The 18mer b-cDNA was
used as a capture DNA, and several different DNA sequences were used to investigate the
specificity of detection; 18 mer telomere ¢cDNA (not target), 42mer telomere cDNA (not target),
30mer NF- kB ssDNA (not target), 30mer NF- kB ¢cDNA (not target) and 60mer telomere DNA
(target). The results show that our method and HRP method both allowed the sequence-specific
detection for the target telomere DNA. Different amounts of the target DNA were successfully
detected by use of the Lu-modified dextran probe for the detection time of 2-6 min (Figure 4 (A),
(f)-(h)), showing that the target telomere DNA of as low as 0.2 picomole amount was visualized
clearly with a small background signal. On the other hand, a relatively high background was
observed by use of the HRP-avidin probe, although the detection signals were reasonably
intensive (Figure 4 (B), (f)-(h)). In addition, a good reproducibility could not be obtained by the
enzymatic detection because of an unstable and irregular luminescence signal from background.
This phenomenon was observed more conspicuously when the detection time was elongated to 6

min. An extremely high background significantly interrupted the detection of the desired CL
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spots (Figure 4 (B), right), while the dextran-based CL probe gave a good contrast (Figure 4 (A),
right). Thus, the dextran probe affords the highly sensitive detection of the target DNA, with a

low and steady background and high reproducibility.
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Figure 4. CL-imaging and its specificity for the detection of telomere DNAs using (A)
Dex2000-(Lu)zex7-(Bi)ags and (B) HRP-avidin probes. Left and right data of (A) and (B) were obtained by
different detection times of 2 min and 6 min, respectively. Samples: (a), 18mer telomere ¢cDNA (1.6 pmol);
(b), 42mer telomere ¢cDNA (1.6 pmol); (c), 30mer NF-xB binding site (1.6 pmol); (d), 30mer NF-xB cDNA
(1.6 pinol); (e), EDTA (2 nmol); (f), 60mer telomere DNA (200 fmol); (g), 60mer telomere DNA (800 fmol);
(h), 60mer telomere DNA (1.6 pmol).

CONCLUSIONS
We aimed to develop the current method for the microanalysis of a target DNA with non-
enzymatic CL probe. We newly designed the CL probe based on dextran molecule, in which

many Lu and Bi molecules are covalently introduced. Several dextran-based CL probes were
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synthesized with changing the size of dextran in the presence of Lu or ILu, and Bi. The
synthesis was carried out by oxidation and reductive N-alkylation reactions. Among the
synthesized compounds, we found that the Lu-modified dextranT2000 probe produces sufficient
intensity of chemiluminescence. This probe could conjugate with free avidin to form the
non-covalent probe-chained assembly. The method for the DNA detection using our
dextran-based CL probe was compared with that using a HRP-labelled avidin probe. The results
indicated that our probe gives a low background signal with a high signal from the target DNA.
Therefore, this newly developed luminol-modified macromolecular probe provides one of

promising techniques for sensitive luminescence-imaging of biologically important materials.
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A selective fluorescence reaction is proposed for the quantitative determination of peptides by
reversed-phase liquid chromatography. After each peptide is heated at 120°C for 20 min in a
neutral aqueous medium (pH 7.0) containing catechol, sodium periodate, and sodium borate, a
single product is formed with an intense fluorescence. Moreover, the fluorescent products of four
peptides such as Leu-Gly, Ala-Leu-Gly, Tyr-Gly-Gly-Phe-Leu, and Leu-Leu-Leu can be easily
separated on a reversed-phase column by gradient elution of methanol in a mobile phase
containing sedium borate (pH 7.0), and then quantitatively detected by fluorescence. The lower
limit (S/N=3) of the detection is 0.7-3.0 pmol per an injection volume (40 pL) for the tested
peptides. In addition, the fluorescent products of Phe-NH; and Leu-Leu-Leu are identified by
electrospray ionization-time of flight-mass spectrometry for the elucidation of their chemical

structures.



Peptides are biological molecules of paramount importance as either drugs for therapeutic treatment
or disease markers for clinical diagnosis, or the analytes for protein identification in proteome research.’
In particular, peptide hormones have various biological activities, and thus they play major roles to keep
the homeostasis in vivo. Until now, more than 1000 biological active peptides have been isolated from
animals or plants, and their activities were analyzed for their roles as neurotransmitters® or hormones,>*
or enzyme inhibitors.” As recent examples, two new opioid peptides of Tyr-Pro-Trp-Gly-NH, (Tyr-W-
MIF-1)°® and Tyr-Pro-Trp-Phe-NH, (endomorphin-1),” which selectively bound to p-opioid receptor,
were isolated in mammalian brain, and a new atrial natriuretic peptide was also found to play an
important role for homeostatic control of body water, sodium and adiposity in response to high pressure
of blood.*!!

In contrast, the detection technique for the peptides proceeds with comparative slowness in recent
years. Generally, peptides are separated by reversed-phase liquid ch:omatography (RPLC) and then
detected by their absorption at an ultra violet (UV) wavelength (210-300 nm). It is well know that the
detection limit of the RPLC-UV method is generally at the nmol level, due to that peptides have a small
molar extinction coefficient. In addition, there are also highly sensitive fluorescence methods for the
detection of peptides, such as the employment of o-phthalaldehyde or fluorescamine, however their
selectivity is poor. These fluorescent reagents not only react with primary amino groups in peptide
molecules, but also react with amines, amino acids and nucleic acids, etc, which may also exist in a real
sample.’*!® Therefore, a sensitive and selective method for the detection of peptides would be highly
desired.

Previously, we reported the fluorogenic reactions of Arg-containing peptides’"® and N-terminal

20-22 and the concentrations of those peptides in vivo were measured by RPLC

Tyr-containing peptides,
on the basis of their fluorogenic reactions.>*’ Herein, we found that the peptides reacted with catechol
in the presence of sodium periodate, leading to a fluorescent product in a neutral borate aqueous solution.

In this paper, the conditions of this fluorogenic reaction were first optimized for peptides and RPLC was

studied for the separation and detection of the fluorescent products for simultaneous and quantitative
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determinations of three peptides. Second, we presumed the chemical structures of their fluorescent

products by the analysis with an electrospray ionization-time of flight-mass spectrometry (ESI-TOF-MS).

EXPERIMENTAL SECTION

Chemicals. Catechol, boric acid, and sodium periodate as guaranteed reagents were purchased from
Wako chemicals (Osaka, Japan). Salicyl alcohol was purchased from Nacalai tesque (Kyoto, Japan).
Amino acid amides were obtained from Bachem (Bubendolf, Switzerland). Peptides were purchased
from Sigma (St. Louis, MO, USA) and Wako chemicals. Catechol (50 mM), boric acid (0.3 M), and
sodium periodate (20 mM) were dissolved in water and various pHs of the borate solution were adjusted
with sodium hydroxide. Amino acid amides and peptides were dissolved in water or 50 % aqueous
solution of 2-methoxyethanol (Methyl Cellosolve, Wako chemicals), and their stock solutions (0.5-5.0
mM) were kept at -20°C or 4°C. For each experiment, the stock solution was diluted with water, and
desired concentration solution was prepared.

Apparatus and Experimental Conditions. The RPLC system consisted of a PU-2089 type
gradient pump (Jasco, Tokyo, Japan), Lichrospher RP-18e column (125 x 4.0 mm i.d., pore size 5 Om,
Merck, Darmstadt, Germany), UV-2070 plus type intelligent UV/VIS Detector (Jasco), and fluorescence
spectrometer RF-530 (Shimadzu, Kyoto, Japan). For the separation of the fluorescent derivatives of
peptides on the reversed-phase column, gradient elution from 15 to 75 % (v/v), or from 0 to 80 % of
methanol in aqueous mobile phase containing 12.5 mM sodium borate (pH 7.0) was carried out during
40 min at a constant flow-rate of 0.5 mL min™. The fluorescence intensity of the column elute was
monitored at 500 nm (emission) with excitation at 400 nm, and UV absorption was monitored at 254 nm.
Uncorrected fluorescence excitation and emission spectra, and intensities were measured with a FP-6300
spectrofluorometer (Jasco) in 10 x 10 mm quartz cells.

ESI-TOF-MS of the eluates from the fluorescent peaks was analyzed with Mariner (Applied
Biosystems, USA). Operating conditions of the ESI-TOF-MS interface in the positive-ion mode were as

follows: (1) source setting; spray tip potential = 4000-5000 mV, (2) interface settings; nozzle potential =
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100 mV, skimmer 1st potential = 11 mV, quadropole DC potential = 5 mV, deflection voltage = 0 mV,
einzel lens potential = -25 mV, quadropole RF voltage = 700-1000 mV, and quadropole temperature =
140°C, (3) analyzer settings; push pulse potential = 490 mV, pull pulse potential = 200 mV, pull bias
potential = 2 mV, acceleration potential = 4000 mV, reflector potential = 1500 mV, and detector voltage
= 2300 mV, {4) spectrum acquisition settings; 3.0 sec/spectrum, curtain gas flow rate = 0.2 L min™,
nebulizer gas flow rate = 1.0 L min™, (5) infusion injection = 10 pL min.

Typical Procedure of Fluorogenic Reaction. A 500-uL portion of 1.0 mM each amino acid
amide or peptide (final concentration in the reaction mixture, 0.3 mM) was placed in a test tube, to
which were added 500 pL of 10 mM catechol (final conc. 3.3 mM), 250 pL of 12 mM sodium periodate
(final conc. 2.0 mM), and 250 pL of 0.3 M sodium borate (pH 7.0) (final conc. 50 mM). The mixture

was heated at 120°C for 20 min. The reagent-blank solution was prepared in the same way except that

the sample solution was replaced with water.

RESULTS AND DISCUSSION

Optimum Conditions for Fluorescent Reaction. Phe-NH, was reacted with catechol or salicyl
alcohol in the presence of sodium periodate and sodium borate, and then the fluorescence spectra of the
reaction mixtures were measured. As shown in Figure 1, the excitation and emission maxima for the
fluorescent products were observed around at 400 nm and 500 nm, respectively. Fluorescence intensity
from the reaction mixture using catechol was about three times higher than that from the reaction
mixture using salicyl alcohol. In addition, the background was much higher by using salicyl alcohol
than catechol. Moreover, no fluorescent product was observed by using resorcinol or phenol instead of

catechol.




(&) Catechol (B) Salicyl alchol

150 150
2 2
7 a a g7
g ~ g
£ A /N E
g 100 a \ g 100
& } Y 151
8 i y 5]
z ) 2
4 / b
s L, j ! / 5 a a
= ] \ = 5 TN
o /1' \2 \.\\ SN, /‘b\\\
g ./ « V,,r//c‘wa. e
ALY AN I o EF 2
300 400 500 300 300 400 500 B0OO
Wavelength (nm) Wavelength (nm)

Figure 1. Excitation and emission spectra of the reaction mixture of Phe-NH, (a) and its reagent blank (b). Portions
(0.5 mL) of 10 mM Phe-NH, or water were reacted with 3.3 mM catechol (A) or 3.3 mM salicyl alchol (B) in the

presence of 2.0 mM NalO4 and 50 mM Na borate (pH 7.0) at 120°C for 20 min.

The effect of the oxidizing agent was further examined by using various oxidizing agents such as
sodium periodate, potassium periodate, potassium iodate, sodium perchlorate, potassium ferricyanide,
and potassium permanganate at each 2.0 mM final concentration. When potassium periodate or
potassium ferricyanide was employed, fluorescence intensity from Phe-NH, was decreased to 50% or
20%, respectively, as compared with that obtained with sodium periodate. On the other hand, the
employment of potassium iodate, sodium perchlorate, or potassium permanganate did not lead to the
formation of fluorescent product from‘ Phe-NH,. The optimum concentration of sodium periodate was
found to be 2.0 mM as the final concentration in the reaction mixture. In addition, no fluorescence was
observed in the absence of sodium periodate, and with the periodate concentration of 4.0 mM, the
intensity was decreased to be approximately 10 % of that with 2.0 mM periodate.

Other reaction conditions were investigated by using RPLC. As shown in Figure 2A, the
fluorescent reaction was carried out at 120°C for different reaction times (0-30 min). It was found that

the maximum yield of the fluorescent product from Phe-NH, was observed at 20 min. The test tube
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should be sealed with a screw cap and the highest yield of fluorescent product was obtained at 120°C

(Figure 2B).
{(A) 10 min 20 min 30 min
roduct .
product procuc product
FL
v
0 20 40 O 20 40 0 20 40
Retention time (min)
(B) 100°C 110°C 120°C
? product / product product
FL '

0 20 40 O 20 40 0 20 40

Retention time (min)

Figure 2. RPLC chromatograms obtained with different reaction times (A) and different reaction temperatures (B).
RPLC conditions: mobile phase = MeOH (15 to 75 %, v/v) + HyO (80 to 20 %) -+ 0.25 M Na borate, pH 7.0 (5 %) for
40 min; injection volume = 40 pL; and reaction components: 0.3 mM Phe-NH,, 3.3 mM catechol, 2.0 mM NalQOy, 50

mM sodium borate (pH 7.0).

The pH of the sodium borate solution also affected the formation of the fluorescent product. The

pH 7.0 gave the greatest yield of fluorescent product, however, at pH 6.0 no fluorescent product was
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formed (Figure 3A). At pH 7.0, the reaction was further carried out under various concentrations of
sodium borate (17-67 mM). Figure 3B shows that, in the presence of 17 mM sodium borate, no
fluorescent peak was observed. The fluorescent intensity was almost the same either with 50 mM

sodium borate or with 67 mM sodium borate.

(A) ‘pHG.0 pH 7.0 pH 8.0
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Figure 3. RPLC chromatograms obtained with different pHs (A) and different concentrations of borate (pH 7.0) (B).
RPLC conditions were the same as those for Figure 2. Reaction components and conditions: 0.3 mM Phe-NH,, 3.3

mM catechol, 2.0 mM NalOy4, 50 mM sodium borate (pH 7.0), 120°C, 20 min.



On the basis of the above results, the optimum conditions for the fluorescent reaction was selected
as follows; 3.3 mM catechol, 2.0 mM sodium periodate, and 50 mM sodium borate (pH 7.0), 120°C of
the reaction temperature and 20 min of reaction time, respectively.

Specificity and Reactivity. We examined the production of the fluorescent derivatives by using
several amino acid amides and peptides at the same concentration as the target analyte, and the results
were shown in Table 1. Note that the peak heights of the fluorescent products for the peptides were
higher than those for amino acid amides. The peptides, such as Leu-Gly, Tyr-Gly-Gly-Phe and Leu-
Leu-Leu, which have amino acids such as Leu and Tyr at the N-terminus, generated strong fluorescence,
while Gly-Gly and Gly-Leu-Ala produced relatively lower fluorescence than other peptides. These
results suggest that the reactivity of peptides under the present reaction conditions depended on the
species of the N-terminal amino acid in the peptide molecule.

Amino acids (Phe and Tyr), sugars (glucose and ribose), polyamines (spermine and cadaverine), and
nucleobases (adenine, thymine, guanine, and cytosine) did not produce the fluorescent compounds by

the proposed reaction. This indicated that the proposed fluorescent reaction was specific for peptides.

Table 1. Retention time and relative fluorescent intensity of each fluorescent product for

different peptides and amino acid amides.

Target analyte Retention time Relative fluorescent intensity
(min) {cm)

Arg-NH, 3.6 12

Gln-NH; 5.8 1.1

Met-NH, 14.4 1.1

Ala-NH, 15.0 1.2

Tyr-NH; 18.8 0.6

Phe-NH, 21.6 0.9

Gly-Gly 2.6 6.1



Val-Gly 6.4 27.0

Leu-Gly 9.2 98.3
Phe-Gly 10.8 26.5
Gly-Leu-Ala 11.2 3.8
Ala-Leu-Gly 13.4 38.2
Ala-Leu-Ala 13.6 26.5
Trp-Gly-Gly 144 15.6
Tyr-Gly-Gly-Phe 15.6 95.9
Tyr-Gly-Gly-Phe-Leu 20.4 36.7
Leu-Leu-Leu 25.0 100.0

Quantification and Detection Limit by RPLC with Fluorescence Detection. When the reaction
mixture of four peptides (Leu-Gly, Ala-Leu-Gly, Tyr-Gly-Gly-Phe-Leu and Leu-Leu-Leu) was subjected
to RPLC, their fluorescent products were mutually separated within 40 min by gradient elution of
methanol in mobile phase, and then detected as shown in Figure 4A. The borate (pH 7.0) in the mobile
phase was an important factor for the fluorescent detection of these products. When the mobile phase
without the borate was used, the fluorescent peaks were not observed in the chromatogram. This
indicated that the fluorescent products are formed as a borate complex and the reaction products without
borate anion do not emit the fluorescence.

The calibration graphs of four peptides were linear with sufficient correlation coefficients of
0.990-1.000, as shown in Figure 4B. The lower detection limit (signal per noise ratio, S/N = 3) of the
fluorescent RPLC method was 0.7-3.0 pmol per an injection volume (40 pL) for the tested peptides.
The sensitivity of this method was 10-100 times higher than that by the conventional RPLC method with

UV detection.
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Figure 4. RPLC chromatograms (A) obtained from a mixture of the fluorescent reaction with four peptides by
fluorescence (FL) and UV detections, and their calibration curves (B). RPLC conditions: mobile phase = MeOH (0 to
80 %, v/v) + H,0 (95 to 15 %) + 0.25 M sodium borate, pH 7.0 (5 %) for 40 min; injection volume = 40 uL. Reaction
components and conditions: 33.3-166.7 uM peptides, 3.3 mM catechol, 2.0 mM NalO,, 50 mM sodium borate (pH
7.0), 120°C, 20 min. Peaks (concentration) and lines: 1=Leu-Gly (33.3 pM), 2=Ala-Leu-Gly (66.7 pM), 3=Tyr-Gly-

Gly-Phe-Leu (166.7 uM), 4=Leu-Leu-Leu (66.7 uM).

Structure of the Fluorescent Product with ESI-TOF-MS. To estimate the chemical structure of
the fluorescent products from Phe-NH, and Leu-Leu-Leu, the fluorescent products were first isolated by
the RPLC, respectively. Then, positive ion mass spectra of these fluorescent fractions were measured by
ESI-TOF-MS. In both spectra of Phe-NH; and Leu-Leu-Leu, the mass peaks corresponding to the
fluorescent products involving two molecules of catechol in the peptide molecule were observed at
m/z=345 (Figure 5A) and at m/z=538 (Figure 5B) as their [M+H]" ions, respectively. However, it was

10





