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Abstract

A liquid chromatographic method with on-line activity determination for microperoxidases has been developed. After enzymatic digestion of
cytochrome, possibly under formation of microperoxidases, the product mixture is separated by reversed-phase liquid chromatographysThe proc
first pass a diode-array detector, and are then subjected to a reaction wimdtylhydrazino)-7-nitro-2,1,3-benzooxadiazole (MNBDH) and
hydrogen peroxide. In a reaction coil, microperoxidases catalyze the reaction under formation of the fluorééeeatidamino)-7-nitro-2,1,3-
benzooxadiazole (MNBDA). Quantification of the microperoxidases is performed using a fluorescence detector at an excitation wavelengtt
470 nm and an emission wavelength of 545 nm, respectively. For this LC-based detection system, limits of detectidiOatendl/L, limits of
quantification are % 10-8 mol/L, and a linear range from:0 10-8 mol/L to 3 x 10-% mol/L is obtained for the microperoxidases MP-9 and MP-11.

A highly active microperoxidase MP-6 was found in the reaction of cytochrofrem bovine heart with protease from streptomyces griseus.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction cytochromec plus a peptide chain with at least five amino
acids, and their name results from their catalytic properties,

Horseradish peroxidase (POD) is one of the most widelywhich are similar to those of POD. They are named accord-
used enzymes in analytical chemisfty2]. POD catalyzes the ing to the number of amino acids, which are still attached to
oxidation of an organic substrate by hydrogen peroxide. Théhe heme group. For example, MP-8 is a microperoxidase with
POD-catalyzed reaction can be detected in different ways. Frean octapeptide chain. The molecular masses of the most com-
quently, organic substrates are oxidized under formation of colmonly used microperoxidases, MP-8, MP-9 and MP-11, are in
ored or fluorescent products, thus enabling the use of opticdhe range between 1500 and 2000 Da. Due to their lower molec-
detection techniques. The large number of POD applicationalar masses, they can be coupled to other biomolecules (e.g., for
includes the use as a marker enzyme in immunoas&¥¥ immunochemical applications) in a more defined way than the
and as a catalyst in various biosensf$]. Another relevant large enzyme POD with its multiple functional groups. Further-
field is environmental analysis of hydrogen peroxide and pri-more, compatibility with organic solvents is improved compared
mary hydroperoxide§7,8]. The most important drawbacks of with POD[12].

POD for analytical applications are its limited compatibilitywith ~ However, surprisingly few analytical applications of
organic solvents and its high molecular mass. microperoxidase have been described up to now. These
Microperoxidases have been known since decades as prodemprise various biosensof$3—15] and chemiluminescence

ucts of the digestion of cytochrome with proteolytic  detection schemes witfil6-20] and without[21,22] initial
enzymeg9-11]. Microperoxidases contain the heme group ofliquid chromatographic or capillary electrophoretic separation.
The chemiluminescence assay takes advantage of the catalytic
. N , effect of microperoxidases on the oxidation of luminol or
* Corr_espondlng agthor. Pres_ent address: Un|ver5|tym$lbr, Institute for related compounds under generation of an intense emission
Inorganic and Analytical Chemistry, Corrensstr. 30, 4814%nbter, Germany. N . A _ .
Fax: +49 251 833 6013, signal. For the determination of fatty acid hydroperoxides,
E-mail address: uk@uni-muenster.de (U. Karst). Schmitz et al[23] used laser-induced fluorescence detection
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after oxidation ofp-hydroxyphenylacetic acid to a fluorescent surements, the following filters were used: 470 nm (bandwidth

dimer in the presence of microperoxidase-11 as a catalysi:15nm) for excitation and 545nm (bandwidthl0nm) for

Recently, our group described A-(nethylhydrazino)-7-nitro- emission. Corning (Costar No. 3915, black) 96-wells micro-

2,1,3-benzooxadiazole (MNBDH) as a new substrate for MP-11itration plates used for these measurements were purchased

[24]. Its oxidation to the fluorescent #{methylamino)-7- from Diagonal (Minster, Germany).

nitro-2,1,3-benzooxadiazole (MNBDA) by hydrogen peroxide Liquid chromatographic separation and detection were per-

in the presence of microperoxidase-11 was used as one part fafrmed with the following system (all components from Shi-

a dual substrate enzyme assay. madzu, Duisburg, Germany): two LC-10AS pumps, degasser
These examples show that attractive analytical application&T-154, SPD-M10Avp diode-array detector, RF-10AXL fluo-

of microperoxidases are already available. On the other handescence detector, SIL-10A autosampler, software Class LC-10

their further use is hampered by their high price, their lim-version 1.6. and CBM-10A controller unit. The injection volume

ited availability and the lack of a method to rapidly test thewas 10uL. A Prontosil 120-5-phenyl column (Bischoff Chro-

activity of newly synthesized microperoxidases. Therefore, anatography, Leonberg, Germany) was used; particle siza,5

chromatographic system should be developed, being able fmore size 12@; column dimensions 250 mm 3 mm.

provide on-line information of the character and the activity of For HPLC separation, the following binary gradient consist-

a microperoxidase or a mixture of different microperoxidasesing of buffer A (NH;Ac/HAc, both 10 mM, pH 7) and 5% A in

which are formed in a proteolytic digest. The development ofacetonitrile (B) with a flow rate of 0.3 mL/min was used:

such a system is described within this manuscript.

Time (min) cg (%)
0.03 10
2. Experimental 125 30
25 30
2.1. Chemicals 26 10
28 10

All chemicals were purchased from Aldrich (Steinheim, Ger-

The post-column derivatization set-up is shownFig. 1
many), Merck (Darmstadt, Germany) and Fluka (Neu-Ulm, Ger'After separation and UV/vis-detection (wavelength 405 nm), the

many) in the highest quality available. Acetonitrile and Waterforanalytes were mixed with the substrate solution consisting of
HPLC were from Biosolve (Valkenswaard, The Netherlands) NBDH (5 x 10-4M in acetonitrile) and KO, (0.167 M in

gradient grade. For LC-MS measurements, acetonitrile an ater), which were delivered b . ‘
) , y a Sp230iw syringe pump (World
water were LC-MS grade (Biosolve, Valkenswaard, The Netherz 2 - . .
. . P Inst ts, Berlin, G d with tw
lands). The microperoxidases MP-11 and MP-9 (both fro recision Instruments, Berlin, Germany) equipped wi 0gas

Might 1 mL SGE syringes (Supelco, Bellefonte, PA, USA). The
equine heart cytochromg, trypsin and protease type XIV from '9 syringes (Supelco, e, 7 )

trept . P £ I toched reagents were added with a flow rate of @L3min. The subse-
Streptomyces grseus (Pronase E) as Well as cytochcaroe guentreaction loop was a 25 m knitted Teflon tubing coil with an
bovine heart were purchased from Sigma (Deisenhofen, Ger:

: ~2C[Aner diameter of 0.3 mm. The reaction products were detected
mi?gr)égﬁs[;g]mhes's of MNEDH was performed as descrlbed\jith the fluorescence detector at an excitation wavelength of

470 nm and an emission wavelength of 545 nm, respectively.
Calibrations were performed for MP-9 and MP-11 solutions

2.2. Instrumentation for concentrations between the limits of detection (LOD) and

the end of the linear range, at which the LODs were determined

The optimization of the experimental parameters was peraccording to S/IN=3 and the limits of quantification (LOQ)

formed using a microplate reader from BMG LabTechnologiesaccording to S/N=10.

(Offenburg, Germany) with FLUOstar software version 2.10-0 For LC-MS investigations, an Agilent Technologies (Wald-

and FLUOstar Galaxy software version 4.30-0. For the meabronn, Germany) HP1100 liquid chromatograph for binary

Autosampler

Pump
Reaction loop
UVivis Fluorescence
detector detector
Pump Column
Pump | | Pump
MNBDH  H,0,

Fig. 1. Set-up for the separation, post-column reaction and detection of microperoxidases.
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gradient elution (pump model G1312A), including an autosam{10 mM, pH 7). The digests were analyzed both by means of the
pler (G1313A) and a DAD (G1315B), coupled to an esquireHPLC post-column method described above and by LC-MS,
300Qvlus ion trap mass spectrometer from Bruker Daltonicsrespectively.

(Bremen, Germany) was used.

The LC separation of the analytes was carried out under th®. Results and discussion
same conditions as described above.

All MS measurements were performed by means of electro- Initial work regarding the substrate MNBDH resulted in the
spray ionization in the positive-ion mode. Mass spectra werdinding that, despite the attractive spectroscopic properties of
recorded in the full scan mode, scanning frany =500 to  the substance, its applicability for the detection of enzymatic
3000. The ion count cumulative target for the ion trap masgonversions is limitefR4]. The reason is its slow conversion by
analyzer was 100,000, with a maximum accumulation time ohorseradish peroxidase (POD), which allows the use of MNBDH
200 ms. The electrospray voltage was 3750 V. Other ion sourcas a substrate only in those cases when POD is present in excess
parameters were 145V on the transfer capillary exit, 40V atoncentrations. Therefore, the determination of hydrogen per-
the skimmer, 40 psi nebulizer gas and 10.0 L/min of drying ga®xide, glucose or glucose oxidase leads to favorable analytical
with a temperature of 36%C. In case of MS/MS experiments, figures of merit[27], while the attempt to detect POD itself
auto-fragmentation was performed with one precursor selectiodoes not. More recently, it was found that, actually, MNBDH
(excluding the mass range/’z = 500—685) and a fragmentation may rapidly be converted by microperoxidag24. The respec-
amplitude of 1.20 V. tive reaction is presented Ifig. 2. In combination with liquid

The detected masses of the different microperoxidases werhromatographic separation and post-column conversion, this
confirmed by means of comparison with the information on theeaction should thus allow the detection of different microper-

expasy peptide databafs]. oxidases within a single chromatographic run. Aim of this work
was the development of a respective system and its application

2.3. Procedures to the detection of microperoxidases in cytochranuégests.

2.3.1. pH optimization 3.1. Optimization of the reaction of microperoxidase with

In order to find the best suitable pH for the post-column reacAMNBDH/H>O;
tion, the conversion of MNBDH by means of MP-11 ang®3
was performed on micro-titration platesin 0.5 pH stepsinthe pH The MNBDH/H,O,-system was optimized with respect to
range from 2 to 7.5. For every pH, 19 of a blank and of five  all those parameters being significant for the development of
MP-11 concentrations (¢ 10~" M to 1 x 10-° M) were pipet-  an enzyme-catalyzed post-column reaction. Regarding the opti-
ted in fourfold onto a micro-titration plate. Subsequentlyp®0  mization, MP-11 was selected as a model microperoxidase,
of a HO, (1.67x 10-3M)/MNBDH (5 x 10~*M) mixture  and all reactions were carried out using micro-titration plates
(volume ratio 8.3:1) were added to each well. After incubationand a microplate fluorescence reader. The optimization of the
at room temperature, fluorescence was measured at excitatipil is presented irfFig. 3. It is obvious that the highest sig-
and emission wavelengths of 470 and 545 nm, respectively. nals are obtained between pH 6 and 7. Thus, the buffer system

NH4Ac/HAc (both 10mM, pH 7) was chosen as the mobile

2.3.2. Opimization of acetonitrile content phase in LC. The reaction time has only a minor influence:

The influence of the acetonitrile content on the MP-11 reacAlready at a reaction time of 30s, a strong signal is observed,
tion was investigated as well by performing the conversiomand the increase of signal intensity with time (up to 6 min) is
of MNBDH by means of MP-11 and D, on micro-titration  small.
plates. In this case, the reaction was executed at pH 7, and the For the LC separations, reversed-phase systems are most
acetonitrile amount was varied. For each acetonitrile concentrdavorable with respect to ease of use. However, most enzymatic
tion (2, 10, 20, 30, 40 and 50%), the reaction was carried outeactions experience strong adverse effects in the presence of
as described above, and the micro-titration plate was read out increasing organic solvent concentration. Therefore, representa-

the same way. tive for the entire group of microperoxidases, the MP11-reaction
2.3.3. Digestion HaC_ NH: HsC_ H
For the digestion, each of the four above-mentioned N’ HoO./ N’
cytochromes was dissolved to ax2.0~4M solution in a N Micro;?enz)xidase N
NH4HCO; buffer (15mM, pH 8). For the trypsin solution, = 0 0
0.145 mg was dissolved in 1 mL of the same buffer and diluted \N/ \N/
by a factor 100 just prior to use §410-8 M). Equal amounts of
protein solution and enzyme solution were added to each other NO»> NO,

and this mixture was placed in a stove for an overnight diges-

tion at 37°C. The digestion with the unspecific pronase E was MNBDH MNBDA

performed in the same way, but with the difference that 2mg ofig. 2. conversion of the non-fluorescent MNBDH to the strongly fluorescent
the enzyme were dissolved in 10 mL of bis-tris-propane buffemMNBDA under microperoxidase catalysis.
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i o Fig. 5. Separation of MP-11 and MP-9 standardgif®I/L each) with UV/vis
Fig. 3. Dependency of the MP-11-catalyzed oxidation of MNBDH by hydrogen(sond line) and fluorescence (dotted line) detection.
peroxide on the pH at different reaction timeg$-11=10 nmol/L).

ing the gradient mentioned above, which did not reach more

was investigated in the presence of acetonitrile, as shown i1an 30% of organic solvent, a baseline separation of the two
Fig. 4. Obviously, the signal intensity decreases with increasiicroperoxidases within 22min could be achieved. All con-
ing acetonitrile concentration. However, the signal intensity aflitions performed were in good accordance with a favorable
10% acetonitrile is higher than the intensity in the absenc®0st-column reaction.
of acetonitrile. A possible reason for this phenomenon is the
known dependency of the fluorescence intensity of benzooxadp.2. HPLC-separation and post-column derivatization of
azole derivatives on the solvent composition. Typically, mixedmicroperoxidase standards
aqueous-organic solutions or even purely organic solvents are
more advantageous than waftg8]. It is therefore assumed that ~ The set-up of the separation and post-column detection sys-
the optimum at 10% acetonitrile is the best compromise betweetem is presented ifrig. 1 A binary gradient was delivered
enzymatic conversion and spectroscopic properties. In practiceyith a high-pressure gradient system. An UV/vis detector was
the acetonitrile content should not be higher than 30% to stilused to monitor the column effluent prior to addition of the
obtain a reasonable signal. reagents. For stability reasons, the solutions of MNBDH and
These findings were then used to develop a suitable L®&ydrogen peroxide were stored in separate syringes and deliv-
method for the separation of microperoxidases MP-11 and MPered with one syringe pump. The two solutions were mixed in
9. The phenyl-modified RP-column in combination with thea mixing tee prior to the addition to the LC eluent. A reac-
NHsAc/HAc buffer (A) and the 5% buffer in acetonitrile (B) tion loop of poly(tetrafluoroethylene) with a length of 25m
mixture turned out to be appropriate for the separation. Apply{inner diameter: 0.3 mm) was used to achieve a high turnover
of the microperoxidase-catalyzed reaction. Finally, a fluores-
cence detector was used to monitor the concentration of the
formed MNBDA. This set-up caused a delay of 1 min between

60000+ the UV/vis and fluorescence detector traces using a flow rate of
50000_' 0.3 mL/min.
Standards of MP-11 and MP-9 (each qf®ol/L) were ana-
40000_' lyzed using the post-column system. As presente#ign 5,
_ ] a good separation between the two microperoxidases was
S 30000 obtained. In respect of the LC-based detection system, limits
T of detection were X 10~8 mol/L, limits of quantification were

20000 - Reaction time [min]

10000

0

|—m—05

2 N

1-v—6

0 10 20 30 40 50

Cacn [%]

9 x 10~8mol/L, and the linear range was from<910-8 mol/L

to 3x 10~ mol/L for both microperoxidases. The RSD for mul-
tiple determination at the concentration 0k30~’ mol/L was
3.6% for MP-9 and 7.3% for MP-1kE 3). The figure shows
that fluorescence detection is superior to UV/vis detection owing
to more stable baselines and higher signal intensities. This is due
to the inherently better limits of detection of fluorescence versus
UV/vis detection as well as due to the selectivity of the post-

Fig. 4. Dependency of the MP-11-catalyzed oxidation of MNBDH by hydrogen . T
peroxide on the concentration of acetonitrile (ACN) at different reaction timesCOlUMN detection system, combining both the advantages of the

(emp-12=10 nmol/L). selective LC separation and the selective enzymatic reaction,
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35 3.3. Tryptic digestion of cytochrome c from bovine heart
T % and analysis of products
| o5 Digestions of cytochrome were carried out using various
§ ] proteolytic enzymes. The detailed procedures are described in
E 20 the Experimental Section. For the digest of cytochrenfrom
g T s E bovine heart with trypsin, only MP-9 was Q¢tect6dg( 6). This .
s | = was also predicted due to the very specific cleavage properties
E 10 of trypsin.
< The identity of MP-9 was confirmed by electrospray ion-
5 ization mass spectrometry. Fig. 7, the ESI mass spectra of
P -] the respective digest (1) and of commercially available MP-9
0.0 ‘ —° (2) are compared. In both spectra, the peakibf=1635.1 is
10 15 time [min] 20 2 the [M+H]* of MP-9, which has only a very low abundance

(see insert). The [M+2H] peak is the base peak in these

Fig. 6. Chromatogram of a digest of cytochroafeom bovine heart (bmoliL) ~ Mass spectra with an/z of 817.6, whereas th&/[+ H + NaJ?*

with trypsin. Only MP-9 is detected by means of UV/vis (solid) and fluorescencepeak ofm/z =828.6 has a lower intensity again. Although the

(dotted) spectroscopy. comparison of both spectra shows a higher signal-to-noise
ratio for (2), which is due to a higher MP-9 concentration,

respectively. The limits of detection are inferior for the LC-basedit is visible that the noise itself is very similar for both

system compared with the micro-titration plate system becaussamples.

of shorter reaction times, the presence of organic solvents, lower

amounts of the analyte in the detection system and the dilu3.4. Digestion of cytochrome c from bovine heart with a

tion of the analytes during separation. However, the limits ofprotease from streptomyces griseus and analysis of products

detection are still better than required for the identification and

quantification of microperoxidases from cytochromgigests, The digest of cytochromefrom bovine heart with a protease
as demonstrated on the following. from streptomyces griseus was investigated as weigng, the
1 817.6
[M+2HJ?*
1635.1
— [M+H]*
P
w
c
2 8286 —
- [M+H+Na]?*
1650 1700
i A 1
2 817.6
[M+2HP
— 1635.1
g [M+H]*
‘@
c
1] 828.6 —
£ [M+H+NaJ?
N T T T
J 1600 1650 1700
e u.ll‘ ..u._“u.'..][l.hd. . T
600 700 800 900 1000 1100 1200
m/z

Fig. 7. (1) ESI-MS spectrum of a digest of cytochrasieom bovine heart (umol/L) with trypsin. (2) ESI-MS spectrum of commercially available MP-@.(@ol/L).
The peak atn/z=1635.1 is caused by MP-9 (both spectra), thus confirming the data of the LC method (compéiig véth
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Fig. 8. Chromatogram of a digest of cytochroafeom bovine heart (L.mol/L) Fig. 10. Part of the primary structure of cytochroafeom bovine heart. Dotted

with protease from streptomyces griseus. Only one large peak is detected Wiffyes indicate the cleavage sites to obtain MP-11, dashed lines those for MP-9
UVvis (solid) and fluorescence (dotted) detection at a retention time similar togn 4 the solid lines those for MP-6.

but still different from MP-9. Another small peak is detected (marked with a
frame) only in the fluorescence trace.

the unknown microperoxidase is at least 2.5 times larger than
chromatogram of the digest with UV/vis (solid) and fluorescencehat of MP-11.
(dotted) detectionis presented. Anintense signaliis obtained with Identification of the unknown peak was performed by
both detectors. This has a similar, but not the same retention tinreeans of electrospray MS again, as presented-ign 9.
as MP-9. It is therefore assumed that the unknown peak repr&ith similar abundance, the [M + H](m/z=1277.8) and the
sents another type of microperoxidase. The peroxidase activifM + 2H]2* (m/z = 639.6) confirm that the unknown substance is
ofthe unknown substance was estimated based on the calibratitine microperoxidase MP-6. Irig. 10, the structure of MP-6 is
data of MP-11. Assuming that the enzymatic digest would resulpresented in comparison to those microperoxidases MP-9 and
in a quantitative conversion of the cytochromt® the unknown  MP-11, which were used in this study. Although MP-6 is known
microperoxidase, the peak area is 2.5 times larger than it coulilom the biochemical literatur@], there is no analytical use up
be expected for the same concentration of MP-11. However, 8o now. Owing to its significantly increased activity and its even
smaller peak (framed iRig. 8) was observed only in the fluo- lower molecular mass in comparison with MP-9 and MP-11, the
rescence trace at the retention time of MP-11, thus indicating//P-6 could be an excellent candidate for analytical applications.
that the conversion rate to the unknown microperoxidase is dh future work, larger amounts of MP-6 shall be isolated, and
least slightly lower than 100%. This means that the activity ofit shall be investigated if MP-6 exhibits the increased activity

639.6
24
[M+2H] 1277.8
[M+HT*
I
N b N
600 700 800 200 1000 1100 1200 1300 1400 1500

m/z

Fig. 9. ESI-MS spectrum of a digest of cytochromeom bovine heart (lumol/L) with protease from streptomyces griseus. The pealzat 1277.8 is caused by
MP-6.
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not only in case of the MNBDH/MNBDA-substrate system, but [3] D.S. Hage, Anal. Chem. 65 (1993) 420R.

also with other substrates, eqggphenylenediamine. Due to its
lower molecular mass, it could become an attractive analytica

tool in solution as well as immobilized on solid supports.

4. Conclusions

A new HPLC/post-column reaction/fluorescence detection

[4] J.M. van Emon, V. Lopez-Avila, Anal. Chem. 64 (1992) 79A.

|[5] E.P. Medyantseva, E.V. Khaldeeva, G.K.J. Budnikov, J. Anal. Chem. 56
(2001) 886.

[6] M.P. Marco, D. Barcelo, Meas. Sci. Technol. 7 (1996) 1547.

[7] S. Gab, W.V. Turner, S. Wolff, Atmos. Environ. 29 (1995) 2401.

[8] G.K. Moortgat, D. Grossmann, A. Boddenberg, G. Dallmann, A.P.
Ligon, W.V. Turner, S. @b, F. Slemr, W. Wieprecht, K. Acker, M.
Kibler, S. Schlomski, K. Bchmann, J. Atmosph. Chem. 42 (2002)

system has been developed and applied to the determination ¢§; ¢ | Tsou, Biochem. J. 49 (1951) 362.

microperoxidases in proteolytic digests of cytochrosmfeom

bovine heart. This set-up is well suited for the activity measure-

[10] P.A. Adams, M.P. Byfield, R.D. Goold, A.E. Thumser, J. Inorg. Biochem.
37 (1989) 55.

ment of microperoxidases. Whereas the digestion of cytochromigll W.J. Chuang, Y.D. Chang, W.Y. Jeng, J. Inorg. Biochem. 75 (1999) 93.

cwith trypsin yielded the expected MP-9, which was detected b)glz]

H. Wariishi, M. Kabuto, J. Mikuni, M. Oyadomari, H. Tanaka, Biotech-
nol. Prog. 18 (2002) 36.

mean_s Ofﬂ_uores_cence and Con_fl_rmEd by ESI-MS measuremenfﬁ] E. Katz, V. Heleg-Shabtai, A. Bardea, |. Willner, H.K. Rau, W. Haehnel,
the digestion with the unspecific protease from streptomyces Biosens. Bioelectron. 13 (1998) 741.

griseus resulted in a microperoxidase, which was characteft4] S. Yakubi, F. Mizutani, Y. Hirata, Electrochemistry 68 (2000) 853.
ized as MP-6, a literature-known but not yet analytically used!®! W.M. Huang, J.B. Jia, Z.L. Zhang, X.J. Han, J.L. Tang, J.G. Wang, S.J.

microperoxidase. Due to its high catalytic activity, investigation

regarding possible analytical application of MP-6 are plann
for future work.
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