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ABSTRACT: The novel class lll ascorbate peroxidase isoenzyme Il from tea leaves (TcAPXII), with an
unusually high specific ascorbate peroxidase activity associated with stress response, has been characterized
by resonance Raman (RR), electronic absorption, and Fourier transform infrared (FT-IR) spectroscopies.
Ferric and ferrous forms and the complexes with fluoride, cyanide, and CO have been studied at various
pH values. The overall blue shift of the electronic absorption spectrum, the high RR frequencies of the
core size marker bands, similar to those of 6-coordinate low-spin heme, and the complex RR spectrum in
the low-frequency region of ferric TCAPXII indicate that this protein contains an unusual 5-coordinate
guantum mechanically mixed-spin heme. The spectra of both the fluoride and the CO adducts suggest
that these exogenous ligands are strongly hydrogen-bonded with a residue that appears to be unique to
this peroxidase. Electronic absorption spectra also emphasize structural differences between the
benzhydroxamic acid binding sites of TcCAPXII and horseradish peroxidases (HRPC). It is concluded that
TcAPXIIl is a paradigm peroxidase since it is the first example of a hybrid enzyme that combines
spectroscopic signatures, structural elements, and substrate specificities previously reported only for distinct
class | and class Ill peroxidases.

Peroxidases are ubiquitous heme proteins that catalyze theand the oxidative degradation of the major endogenous auxin,
oxidation of a range of substrates by hydrogen peroxide and/indole-3-acetic acid10—12).
or organic hydroperoxides. On the basis of sequence Notwithstanding the functional differences between ascor-
homologies, the peroxidases of higher plants are currentlybate and classical peroxidases, several structural elements
classified as either ascorbate (EC 1.11.1.11) or classical (ECand amino acid residues are conserved, particularly in the
1.11.1.7) peroxidased); Ascorbate (members of class I) vicinity of the heme group. The conserved catalytic distal
peroxidases use ascorbate as a reducing substrate and playis42 and Arg38 residues [horseradish peroxidase, isoen-
an important role in scavenging reactive oxygen spe@gs ( zyme C (HRPC) numbering, see ret3] that are localized
Thus, ascorbate peroxidase isozymes have been implicatesn the distal side of the heme, play a concerted roleJD,H
in tolerance to a range of abiotic stress conditi@)sThese binding to the ferric resting state and subsequent 2e
enzymes are found in all higher plants. They are localized oxidation of the enzyme to compound | [reviewed in 1€J.
in the chloroplast and cytosol [see reand referenced cited A conserved aromatic residue (typically a Trp in class |
therein] where they often accumulate in response to stressperoxidases and a Phe in classes Il and Ill), located next to
conditions ). Classical (also known as class Ill) peroxidases the distal His42, is thought to modulate the kinetic properties
are secreted to the apoplast, hence they are also known agnd substrate specificity of the enzym&3). Conserved
secretory peroxidases. These enzymes oxidize phenolicresidues on the proximal side of the heme include Val164,
compounds at high rates and have been implicated in a rangeHis170, and Asp247 (HRPC numbering). Classification of
of physiological processes such as the cross-linking of peroxidases involves the recognition of helical segments in
phenolic compounds to proteins and polysaccharides and/oithe structure. These helical structures are preserved within
the deposition of polyphenols and lignin in the cell w#)),(  each family, although the connecting loops may vary in
suberizationT), pathogen resistanc8)( UV-B tolerance 9), length. Thus, ascorbate peroxidases possess an additional

1 Abbreviations: APX, ascorbate peroxidase; BP 1, barley grain
TThis work was supported by grants from the Italian Consiglio peroxidase; CCP, cytochromeperoxidase; CIPCoprinus cinereus

Nazionale delle Ricerche (CNR) and Ministero della Ricerca Scientifica peroxidase, expressedAspergillus oryzagidentical to ARP Arthro-

e dell'Universita(MURST) to G.S. and from the European Union myces ramosygeroxidase); HRPA2, horseradish peroxidase isoenzyme

Training and Mobility of Researchers Program “Peroxidases in A2; HRPC, horseradish peroxidase isoenzyme C; metMb, metmyo-

Agriculture, the Environment and Industry” (Contract ERB-FMRX-  globin; NiOEP, nickel octaethylporphyrin; SBP, soybean peroxidase;

CT98-0200) to G.S. and R.N.F.T. H.A.H. and M.A.K.J. are funded by TcAPXI and TcAPXII, tea cationic ascorbate peroxidase isoenzymes |

fellowships from the EU as part of the above program. and I, respectively; CT1, long-wavelength 00 nm) porphyrin-to-
*To whom correspondence should be addressed: F8B metal charge transfer band; FT-IR, Fourier transform infrared; RR,

0552757596; fax-39 055 2476961; e-mail smulev@chim.unifi.it. resonance Raman; 5c¢, five-coordinate; 6c, six-coordinate; HS, high-
* Universitadi Firenze. spin; QS, quantum mechanically mixed-spin; LS, low-spin; BHA,
§ John Innes Centre. benzhydroxamic acid; Tris, trislhydroxymethyllJaminomethane.

10.1021/bi0106033 CCC: $20.00 © 2001 American Chemical Society
Published on Web 08/02/2001



Spectroscopy of Tea Ascorbate Peroxidase Biochemistry, Vol. 40, No. 34, 200110361

short helix (B) that is not present in classical peroxidases.  TcAPXIl were prepared in 25 mM malonate, titrated with
Classical peroxidases possess three additional short helicedlaOH to pH 5.5, or in 200 mM Tris/HCI at pH 8, or 150
(D', F, and F) that are not present in ascorbate peroxidases mM borate/NaOH at pH 9. Benzhydroxamic acid (Aldrich,
(13). Further differences are the presence of cysteine bridges99%) and.-(+)-ascorbic acid (Merck, 99.7%) were added
calcium binding sites, glycosylation sites, and signal peptidesfrom concentrated solutions, titrated with NaOH to the
for secretion in classical but not ascorbate peroxidak®s ( required pH. The fluoride complex was obtained by adding
The structural differences between ascorbate and classicaD.1 M NaF (Merck) to the ferric protein dissolved in
peroxidases are reflected in their respective substrate affinitiesmalonate (pH 5.5) or citrate (pH 5.0). The ferrous enzyme
and kinetic properties. Thus, classical peroxidases have awas obtained by adding a small volume—{2uL) of fresh
relatively low specificity for ascorbate, while ascorbate sodium dithionite solution (10 g/L N&0,:2H,0) to a
peroxidases have a relatively low affinity for phenolic sub- deoxygenated protein solution (3@0 uL). Deuterated
strates. Classical plant peroxidases form a relatively stableferrous TcAPXIIl was prepared by lyophilizing a sample at
compound |, compared to that of ascorbate peroxidasespH 5.5. The lyophilized material was redissolved ip(D
(15, 16. and the pD was adjusted to 6.0 with DQIOJ. The protein

Since ascorbate and classical peroxidases play very dif-was then reduced by sodium dithionite ip@ buffered with
ferent physiological roles in planta, it is important to identify 25 mM malonate/NaOD at the same pD, as described above.
the structural determinants of their substrate affinity and CO complexes of TcAPXII were prepared by flushing the
reactivity. The recent purification and characterization of two proteins with CO (Rivoira, Italy) followed by reduction with
classical peroxidases from tea, TCAPXI7{ and TcAPXII sodium dithionite. The pH was measured directly in the
(18), which exhibited a high very specific activity for sample with a microelectrode after data collection. Sample
ascorbate, provides a unique opportunity to investigate theseconcentrations for RR experiments ranged from 26 tald0
structure /function relationships. TcAPXII has the highest for excitation at the Soret band and from 0.27 to 0.32 mM
specific APX activity ever reported but a very low activity for excitation with visible light. Electronic absorption spectra
toward phenolic substrates. The amino acid sequences showvere measured in solutions containing between 10 and 83
that the two isoenzymes are distinct, but comparison with M protein. The cyanide complex was prepared by adding
other peroxidases shows high homology with class Il 12 uL of a 100uM TcAPXII solution in 1 mM malonate,
peroxidases and little similarity with pea cytosolic AP28]. pH 5.5, to 24uL of a concentrated KCN~1 M) solution in
Most notably, a Phe residue replaces the distal cavity Trp 0.5 M glycine/NaOH, pH 10.5. The TcCAPXHCN complex
residue of pea APX and CCP. Furthermore, the TCAPXII is unstable at acid pH; thus spectra could only be recorded
sequence suggests the presence of cysteine bridges &nd Caat alkaline pH. Prior to exposure to the laser beam, the
binding sites not present in pea APX. The N-terminal electronic absorption spectrum at pH 6 contains a weak band
sequence of TCAPXII suggests that it is monomeric, whereasat 670 nm. This band increases upon exposure to the laser
pea APX is a dimerX9). These findings therefore indicate beam, which is indicative of verdoheme formatidi)
that structurally these two cationic isozymes from tea leaves Resonance Raman spectra were obtained by excitation with
belong to the family of classical peroxidases (class III). the 406.7, 413.1, and 568.2 nm lines of a kKaser (Coherent,

These unusual “ascorbate-oxidizing class Ill peroxidases” Innova 90/K), the 514.5 nm line of an Ataser (Coherent,
may well constitute an evolutionary adaption that has Innova 90/5), and a 441.6 nm Hg/Cd laser (Liconix). The
coevolved with the high levels of polyphenols present in tea backscattered light from a slowly rotating NMR tube was
leaves. An intriguing question is which factors determine collected and focused into a computer-controlled double
the high ascorbate oxidizing activity of TCAPXII. The current monochromator (Jobin-Yvon HG 2S) equipped with a cooled
classification of peroxidases is based on the recognition of photomultiplier (RCA C31034 A) and photon-counting
structural elements1f. However, relationships between electronics. The RR spectra were calibrated to an accuracy
specific structural elements and function have only been of £1 cm? for intense isolated bands, with indene as
established in a few case$3]. The detailed spectroscopic standard for the high-frequency region and with both indene
characterization of TcAPXIl presented in this paper con- and CC} for the low-frequency region. To minimize local
tributes to the understanding of the complex structure heating of the protein by the laser beam, the sample was
function relationships of peroxidases and suggests that thecooled to approximately 15C by a gentle flow of N gas
assignment of plant peroxidases into two classes may be togassed through liquid NCooling was not necessary for the
simplistic for a ubiquitous enzyme that is present in all higher CO complexes because of the low laser power at the sample.
plants examined to date. TcAPXIlI is a new paradigm Infact, the CO adducts were extremely sensitive to photolysis
peroxidase since it is the first example of a hybrid enzyme in the laser beam. Therefore, only very low laser power
that combines spectroscopic signatures, structural elements(0.7—2 mW depending on pH and protein concentration)
and substrate specificities previously only reported for could be applied.
distinct class | and class 1l peroxidases. Polarized spectra were obtained by inserting a polaroid

analyzer between the sample and the entrance slit of the

EXPERIMENTAL PROCEDURES monochromator. The depolarization ratips= 1/, of the

The purification of cationic ascorbate peroxidase isoen- bands at 314 and 460 crof CCl, were measured to check
zyme |l (TcAPXII) from tea leaves d€amelia sinensisar. the reliability of the polarization measurements. The values
sinensis clone BBK35, has been reported previousl)( obtained, 0.73 and 0.00, respectively, compare well with the
Tea leaves frozen in dry ice were supplied by Unilever theoretical values of 0.75 and 0.00. To determine peak
Research (Colworth Bedford, U.K.). The purified protein had intensities and positions, a curve-fitting program was used
an Rz QuodAx75) value of 2.86. to simulate experimental spectra, using Lorentzian line



10362 Biochemistry, Vol. 40, No. 34, 2001 Heering et al.

shapes. The frequencies of the bands were optimized with
an accuracy of 1 crt, and the bandwidths with an accuracy
of 0.5 cnt’. The following bandwidths (in reciprocal
centimeters) were used in the simulations of the high-
frequency spectra of the ferric states, 13.5;vsg, v11, V2,

and vs7, 18.5; v19, 16.0; v10, 10.5; v(C=C), 11.5; and for
overlappingvio + v(C=C) at 1620 cm?, 11.0. To simulate

the low-frequency spectra of the ferrous state, the bandwidths
were 12.0 cm? for porphyrin modes<293 cni?, 15.0 cmt

for the bands at 311 and 323 chand 16.0 cm? for v-
(Fe—Im).

Electronic absorption spectra were recorded at room
temperature (23t 1 °C) with a double-beam Cary 5
spectrophotometer. Electronic absorption spectra were re-
corded both prior to and after RR measurements to check if
degradation had occurred under the experimental conditions.
No changes were observed in the electronic absorption
spectra between pH 7 and 5.5 prior to laser illumination.
However, during the RR measurements of the ferric form at
pH 7, the sample became fluorescent and both a 6¢LS heme
species and verdoheme, characterized by a band around 670
nm in the electronic absorption spectrum, were formed in
the laser beam. On the contrary, at pH 5.5 no changes were
observed even after prolonged exposure. It has been reported . r
that both the stability and activity of TCAPXII are highest 200 400500 600 700
at acidic pH and that addition of excesg®4 at pH 7 results wavelength (nm)
in verdoheme rather than compound [18]. Prior to laser Ficure 1: Electronic absorption spectra of TCAPXII. The samples

illumination, a small amount of LS heme was observed in are in 25 mM malonate/NaOH, pH 5.5, except for the cyanide

the UV—vis spectrum of the ferric protein above pH 9. complex, which is in 0.33 M glycine/NaOH, pH 10.5. The fluoride

. g . complex is obtained with 0.1 M NaF and the ferric cyanide complex
Therefore, the spectroscopic characterization of ferric TCAPXIl "0 7' M KCN. The ferrous state is made by adding 1 g/L
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was performed at pH 5.5. sodium dithionite, and the CO complex is made by flushing the
ferrous protein with CO. The visible ranges are 5-fold expanded
RESULTS AND DISCUSSION (fluoride complex, 10-fold).

Substrate Bindingvlany plant and fungal peroxidases bind the high viscosity of the solution (data not shown). In plant
the aromatic substrate analogue benzhydroxamic acid (BHA) cells, up to 50 mM ascorbate is present in the chloroplasts
to yield a 6¢ aquo species, characterized by an intense,(25). Hence, the presence of ascorbate at physiologically

narrow, and red-shifted Soret band compared to the 5¢ formrejevant concentrations does not alter the coordination or spin
(22). Spectrophotometric titration data yield dissociation giate of the heme in TCAPXIL.

constantsiy) varying from 2.6uM for the BHA complexes
of HRPC to 3.7 mM for ARP/CIPZ2—24). No changes are
observed in the TcAPXII spectrum upon addition of 10 mM . . :
BHA. At higher concentrations, the difference between the fluoride and _cy_anlde complexes_. The spec_trum of the _fernc
spectra with and without BHA reveals a band at 407 nm form, very similar to that of ferric HRPC, is characterized
with an intensity that increases with BHA concentration (data Py & Soret band at 402 nm, Q-bands at 500 and 543 nm,
not shown). In the presence of 143 mM BHA, the intensity @nd & CT1 band at 642 nm, suggesting the presence of a
of this band is 15% of the total Soret band, which is 1 nm Mixture of spin species. Upon addition of KCN to TcAPXII
red-shifted. This effect is pH-independent, with similar the spectrum becomes typical of a CN-bound 6cLS heme
changes observed at pH 5.5, 7.3, and 9.0, apart from a smalfFomplex, with a Soret band at 421 nm and Q-bands at 542
amount of a LS species at pH 9, as deduced from the weakand 572 nm. In the presence of NaF, the Soret band of ferric
shoulder around 420 nm. The lack of BHA effects on the TCAPXII sharpens and upshifts by 2 nm to 404 nm with a
Soret band allows an estimate k§ > 150 mM. Although concomitant blue shift of the CT1 band to 615 nm. The Soret
BHA does not induce a shift in the Soret band, the compound band at 404 nm is identical to that of the HRPC fluoride
does effectively inhibit the oxidation of guiacol withlg complex, whereas the charge-transfer band is 4 nm red-
between 0.1 and 0.3 mM (data not shown). shifted relative to that of HRPQ6). However, the spectrum

Although TcAPXII has a very high specific activity for ~ Of the TCAPXI=F complex is very similar to that of the
ascorbate at pH 4.518), no changes in the electronic APX—F complex, which shows a Soret band at 403 nm and
absorption spectrum were observed upon addition of up toa CT1 band at 616 nn2(). Since the TCAPXH-F spectra
200 mM ascorbate to the ferric state at both pH 4.5 and 5.5. are identical both in 25 mM malonate, pH 5.5, and in 50
Only at very high concentrations of ascorbate at pH 2.6.2 mM citrate, pH 5.0 (data not shown), an artifact induced by
M) was a slight increase of 6¢ species observed. This is mostuse of a different buffer, pH, or ionic strength is extremely
likely to be due to nonspecific binding, ionic strength, or unlikely.

Ferric State and Ligand Bindingzigure 1 compares the
electronic absorption spectra of ferric TCAPXIl and its
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of the core size marker bands. Since no LS heme is detected
in the electronic absorption spectrum, the band at 150 cm
is assigned to the; mode of a 5cQS species and the two
shoulders at 1490 and 1485 chuare assigned to thes
modes of a 5cHS and a 6¢HS species, respectively.
Fe(lil)—CN To confirm the assignment we used different excitation
wavelengths and polarized light. With Soret excitation,
polarized (p) bands due to the totally symmetric porphyrin
modes (Ag) and thev(C=C) vinyl stretching modes are
enhanced via the A-term. The depolarized (dp) bands due
Fe(Il)—F to the non-totally symmetric modes {§ are also observed
in the Soret excitation by enhancement via the Jareller
mechanism. In addition, the;Bmodes and the inversely
polarized (ip) bands (4) are enhanced via the B-term in
Q-band excitation33, 34. Figure 3A compares the high-

, , ‘ - TeAPXIl frequency region RR spectra of the ferric form of TcAPXII
1500 1550 1800 1650 at pH 5.5 taken with Soret (406.7 nm) and visible (514.5
Raman shift (cm=1) and 568.2 nm) excitation and in polarized light. The spectrum

Ficure 2: Resonance Raman spectra (high-frequency region) of taken with Soret excitation shows that the three bands in

TCAPXII, the fluoride complex at pH 5.5 (25 mM malonate/NaOH), the vs region are polarized. The region shows an
and the cyanide complex at pH 10.5 (0.33 M glycine/NaOH, pH asymmetric polarized band centered at 1572 cmith a
10.5). Experimental conditions: 5 cispectral resolution; (TcAPXIl  shoulder at 1587 cmi (vs7). At higher frequency two bands

and fluoride complex) 406.7 nm excitation wavelength, 10 MW gt 1620 and 1632 cm are observed. In the spectrum taken

laser power, 45 s/0.5 cth (TcAPXII) and 10 s/0.5 cmt (fluoride) : o .
collection interval; (cyanide complex) 413.1 nm excitation wave- with 514.'5 nm eXCItatlpn’ the band at 1572. Crin the
length, 15 mW laser power, 15 s/0.5 throllection interval. nonpolarized spectrum is centered at 1570%with parallel

polarized light and at 1573 crhwith perpendicular polar-

The electronic absorption spectrum of the fluoride complex ization. Deconvolution of the spectra by curve fitting shows
is a sensitive indicator of hydrogen-bonding interactions that this band can be resolved into two inversely polarized
between the bound ligand and distal amino acid resid2&s (  bands at 1569 and 1575 cin(data not shown). They are
27). In peroxidases the distal Arg and His residues are assigned to tw@is modes of 5¢cHS and 5cQS, respectively.
extremely important in stabilizing bound anionic ligands. The other bands, observed in the 152B00 cnt? region,
Furthermore, in class | peroxidases that contain a distal Trp are assigned te;; (1548 cnt?, dp), v, (1572 cm?, p), and
residue, fluoride is stabilized by an additional hydrogen bond vs; modes (1587 crt, p), respectively.
with this residue. This extra H-bond causes a red shift of In the 1606-1650 cm? region of the RR spectra, bands
the CT1 band by 45 nm with respect to the peroxidases of due to they(C=C) andvio modes overlap with all three
class Il and Il @6, 279. Thus when fluoride acts as a excitations, as previously observed for other peroxidases,
hydrogen-bond acceptor, the increase in the number andnamely, CCP35), HRPC 36), and CIP 87). Deconvolution
strength of the hydrogen bonds is manifested by the longerof these spectra by curve fitting (Figure 3B) shows a
wavelength of the CT1 ban®@). Therefore, the red shift  polarized band at 1632 cmassigned to a(C=C) mode,
of the CT1 band in the TcAPX#F complex is due to the  and two depolarized bands at 1637 and 1628%mwhich
presence of an additional strong hydrogen bond between theare assigned to;o modes of 5cQS and 5cHS species,
fluoride ligand and a distal residue in TcAPXII that is not respectively. A fourth band at 1620 cihas an apparent
present in HRPC. polarization ratio of 0.5 with both 406.7 and 514.5 nm

The high-frequency region RR spectra of the ferric excitation. We suggest that it is due to the seco(@=C)
TcAPXII and its fluoride and CN complexes obtained with mode, overlapping with the;, of a 6¢cHS species. No 6¢LS
Soret excitation are shown in Figure 2. Inspection ofithe  heme was observed in the RR spectra obtained with
region gives the clearest indication of the population of the excitation at 568.2 nm, i.e., in resonance with the Q-band
heme spin forms, since theg mode is in a spectral region  of the 6¢LS form.
free from overlap with other bands. For the ferric protein ~ The assignment of the most intense RR bands of ferric
the v; region shows three bands-afl485, 1490, and 1501  TcAPXIl and its complexes with fluoride and cyanide is
cm %, the latter band being dominant. This frequency can shown in Table 1. Ferric TcAPXIl at pH 5.5 is mainly
be interpreted as either a 6-coordinate (6¢) low-spin (LS) characterized by a 5cQS species, coexisting with 5¢c- and
heme or a 5-coordinate (5¢) quantum mechanically mixed- 6cHS species. The electronic absorption and RR spectra of
spin heme (QS) species, the latter resulting from the TcAPXII very closely resemble those of HRPA2 (29) and
admixture of high-spin§= %) and intermediate-spirS= SBP Q7). These peroxidases belong to class Il and contain
3/,) heme spin states. A 5cQS heme is characterized by ana 5cQS heme, coexisting with 5c- and 6¢cHS hemes. In
overall blue shift of the electronic absorption spectrum HRPC, the main species were assigned to a 5cQS and a 6¢cQS
compared to typical HS hemes, a CT1 band around-630 species 29, 36, 38, 32 Compared to the RR spectrum of
635 nm, and high RR core size marker band frequencies closeHRPC, the frequencies of the, v1, andvio modes of the
to those of a LS heme28-32). An increase of the QS species of TcAPXII are-12 cni! higher, suggesting
contribution from theS = ¥, state in the quantum mechani- that the QS species of TcAPXII has an increased contribution
cally mixed-spin heme causes an increase of the frequencie®f the intermediate spin state compared to HRPC. This is in
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Ficure 3: (A) Resonance Raman spectra (high-frequency region) of TcAPXII at pH 5.5 (25 mM malonate/NaOH) taken with excitation
at 406.7, 514.5, and 568.2 nm and in polarized light. Experimental conditions:~bspactral resolution; (406.7 nm) 10 mW laser power

at the sample, 45 s/0.5 crh(nonpolarized, np), 16 s/0.5 cth(parallel, par), and 32 s/0.5 e (perpendicular, per) collection interval,

(514.5 nm) 60 mW laser power at the sample, 28 s/0.5'dmp), 20 s/0.5 cm! (par), and 15 s/0.5 cm (per) collection interval; (568.2

nm) 100 mW laser power at the sample, 56 s/0.5%fnp), 30 s/0.5 cm! (par), and 30 s/0.5 cn (per) collection interval. (B) Deconvolution

of the v1¢/v(C=C) regions with 406.7 and 514.5 nm excitation wavelengths. The frequencies of the fitted bands are 1620, 1628, 1632, and
1637 cml. Band assignments and depolarization ratios are listed in Table 1.

Table 1: Resonance Raman Frequencies for Heme Spin State of RR spectra and local density functional calculations on

Ferric TcAPXII and Its Adducts with Cyanide and Fluoride mono- and divinylhemins, it has been proposed that when
6CHS 6CLS the protein matrix exerts no constraints on the vinyl groups,

mode sym pol 5cQS 5cHS 6cHS (F) (CN) two distinctv(C=C) stretching modes should be observed

3 Ay p 1501(0.12) 1490 1485 1480 1505 in their RR spectrum. The calculations suggest that one band,

(012) (012 around 1620 crmt, can be assigned to a nearly in-plane vinyl

Zj‘; E”l d‘; E‘zg ((g'.% igig group pointing toward th@-pyrrole methyl group, and the

v Af; p 1572(0.14 1565 1584 other band, around 1630 cfto an out-of-plane vinyl group

V19 Az ip 1575(2.74) 15(613974) pointing toward thenesehydrogen of the hemet(). X-ray

var E.  p 1587 (0.47 ' 1582 1598 structures of peroxidases show that the dihedral angle of vinyl

V10 By dp 1637(0.66) 1628 1620 1607 1639 2 varies widely, whereas the angles of vinyl 4 vary over a
—c 1620 (0.4 (0.68)  (0.48y 1622 1619 smaller range. Accordingly, the RR(C=C) stretching

:§c=cg E 1632 20:18) 1632 1633 frequencies vary from about 1618 to 1632 ¢n26). The

- — - - higher the frequency of the vinyl stretch, the less conjugated
@ Resonance Raman frequencies are given in reciprocal centimeters. 9 q y y Jug

Depolarization ratio is given in parentheses. Sym, symmetry; pol: is its double bond with the_porphyrln macrocycBd). The
polarization; 5cQS, 5-coordinate gquantum mechanically mixed-spin; X-ray structure of recombinant CCR1) shows that both
5cHS, 5-coordinate high-spin; 6¢HS, 6-coordinate high-spin; 6¢cLS, vinyls are oriented parallel to the pyrrole double bond due
6-coordinate low-spir The band is in common for all species. g the steric hindrance of the bulky Met172 residue in close
Overlappingvso andv(C=C) bands. proximity to vinyl 2, and both RR/(C=C) are found to
overlap at 1620 cmt (42). Met172 has been replaced by a
less bulky Ser residue in class Il peroxidases and pea APX.
Consequently, vinyl 2 is less constrained and two vinyl
7 stretching bands (at about 1620 and 1630%Yrare observed
in the RR spectra of these proteir®y( 3]). The RR spectra
of ferric TCAPXII and of its complexes clearly show two

band (at 1607 and 1639 c respectively) does not overlap  »(C=C) bands, suggesting that vinyl 2 has an out-of-plane
the vinyl bands, the((C=C) stretches of the vinyl substit- orientation due to the presence of a serine, or a similarly
uents can be easily identified at 1622 and 1632 %for the sized, residue.

fluoride complex and at 1619 and 1633 ¢nfor the cyanide The low-frequency region of the RR spectrum of ferric
complex. These frequencies are very similar to those TcAPXII and its fluoride and cyanide adducts taken with
observed for the ferric protein (Table 1). On the basis of Soret excitation are shown in Figure 4. Several bands of ferric

agreement with the 1 nm blue shift of the electronic
absorption spectrum of TcAPXII.

The high-frequency of the RR spectra of the TCAPXH
and TcAPXI-CN complexes taken with excitation at 406.
nm are characteristic of 6cHS and 6¢LS hemes, respectively
(Figure 2 and Table 1). Since for both complexes, ithe



Spectroscopy of Tea Ascorbate Peroxidase Biochemistry, Vol. 40, No. 34, 200110365
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Ficure 4: Resonance Raman spectra (low-frequency region) of TcAPXII, the fluoride complex at pH 5.5 (25 mM malonate/NaOH), and
the ferric cyanide complex at pH 10.5 (0.33 M glycine/NaOH, pH 10.5). The spectra of ferric TCAPXIl and the cyanide complex are 2-fold
and 4-fold expanded, respectively, for frequencid@25 cnt!. Experimental conditions: 5 cm spectral resolution, 15 mW laser power

at the sample; (TcAPXIl) 406.7 nm excitation wavelength, 30 s/0.5'aullection interval for frequencies 365 cnt! and 15 s/0.5 cmt
collection interval for frequencies365 cnt?; (fluoride complex) 406.7 nm excitation wavelength, 10 s/0.5%aoollection interval; (cyanide
complex) 413.1 nm excitation wavelength, 39 s/0.5 €mollection interval in the frequency range 29545 cnt?, and 19 s/0.5 cmt
collection interval for frequencies295 cnt! and >545 cnrl. The asterisks indicate laser plasma lines.

TcAPXIl as well as of its fluoride complex have a low intensities of the corresponding bands in the HRPC spectra
intensity compared to HRP@38); therefore they cannot be  might, therefore, be due to an overlap of different modes.
unambiguously assigned. The spectra of both the free proteinThe frequencies are similar to those of the out-of-plane
and fluoride adduct are very complex as previously observedmodesys, y11, andyis found for NIOEP 45) and metMb

for other peroxidases belonging to class IIl, namely, HRPC, (44). A lower intensity (compared to HRPC) is observed also
HRPA2, and SBP (unpublished data). Therefore, a full for the bands of the ferric TCAPXII at 378 crh assigned
assignment of the bands is not straightforward without to the bending mode of the propionate groups of the heme,
reconstitution of the protein with isotopically labeled hemes. by analogy with the corresponding band observed in metMb
However, on the basis of the comparison of the spectra (44). The corresponding mode in the fluoride adduct is
obtained for the CN complex, a tentative assignment of assigned to the band at 388 cimThis band in the TcAPXII
several bands can be made. The RR spectrum in the low-spectrum has a lower intensity compared to that in the HRPC
frequency region of the cyanide adduct can assist in the spectrum. However, this difference was also observed in the
assignment of the out-of-plane modes in the RR spectra ofspectra of the ferric state without fluoride. ThéFe—F)
both the ferric and FeF complex. Upon CN binding the  stretching mode is also expected to be in this region of the
heme becomes typical of a 6¢cLS heme and some of the out-RR spectrum. Its frequency would provide direct evidence
of-plane modes, expected to be active in the high-spin for hydrogen bonding of the fluoride ligand to distal residues
complexes, are lost in the low-spin adductd)( Since the in TcCAPXII. For HRPC, the/(Fe—F) is observed at 385 cth
spectrum of the TCAPXHCN adduct closely resembles that upon excitation in the CT1 bandl§). The fact that this

of metmyoglobir-CN (metMb—CN) (44), the bands at 318, frequency is lower than that of the globins by-780 cn?

341, 380, and 403 cm are assigned accordingly to thes, (47) is in agreement with the presence of stronger hydrogen
vg, 0(CsC.Cq) bending mode of the propionate groups, and bonding between the fluoride and distal residues. However,
0(CsCLCy) bending mode of at least one vinyl group, thev(Fe—F) band could not be identified in the spectra of
respectively. The bands at similar frequencies in the spectrathe fluoride complexes of HRPC, CCP, and CIP from the
of the ferric form and the fluoride adduct are assigned in Soret excitation (from 406.7 to 457.9 nm), which is available
the same way. The band at 332 ¢nin the ferric protein to us. Therefore, the/(Fe—F) stretch is very weak in
(at 326 cm? in the fluoride adduct), which disappears in peroxidases and possibly overlaps with the propionate
the CN complex, is tentatively assigned to the out-of-plane bending modes4@®). The same conclusion is drawn here for
modeys on the basis of frequency similarities with nickel the TcAPXII—F complex: the bands observed in the 370
octaethylporphyrin (NiOEP)465), metMb @4), and CCP 390 cm! region for TCAPXII are assigned to the propionate
(42). A much lower intensity is observed for the band around bending modes. They are at higher frequencies and have
710 cmt (716 cn1t for HRPC). However, this band is broad  lower intensities compared to those of HRPC. The higher
in the TcAPXII spectra and split in two bands for the fluoride frequency of the propionate bands is indicative of either a
complex at low temperature (data not shown). The high strengthening or an increase in the number of their hydrogen
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Fe—His bond and a higher frequency as compared to other
heme proteins. TcAPXII shows a broad asymmetric band at
249 cnm! instead of the sharp band at 244 énobserved
for HRPC @3). Deconvolution of the spectrum at pH 5.5 in
the region 186-340 cm! yields a shoulder at 239 crh
with an intensity that is aboufs that of the main band at
249 cmt. Experiments either in £D or at alkaline pH affect
the frequencies of both bands but not their relative intensities.
In particular, in RO the overall band downshifts by 1 cf
and at pH 8.9, the band at 249 chdownshifts by 2 cm?!
and the shoulder by 3 crh Therefore, on the basis of the
frequency shift observed at alkaline pH and in deuterated
buffer, the bands at 249 and 233 cthare assigned to two
v(Fe—Im) stretching modes. The absence of a decrease of
thel,sd1239 intensity ratio between the two bands at alkaline
pH suggests that the two species are independent and not in
equilibrium, as previously found for ferrous APXY).

The CO complex of ferrous TcAPXII is readily formed

D,O

pD 5.9 and stable when kept under a CO atmosphere. The electronic
1

' ' ' ' ' ' absorption spectrum of the CO complexes of TcAPXII is
150 200 250 300 350 400 450 identical to that of HRPECO with bands at 423, 542, and
Raman shift (Cm'1) 572 nm (Figure 1). Figure 6A shows the low-frequency RR
. spectra of the TCAPXHCO complex obtained at various
Ficure 5: Resonance Raman spectra (low-frequency region) of pH values in the presence fCO and2CO. A broad

ferrous TcAPXII at pH 8.9 (100 mM borate/NaOH), pH 5.5 (25 . DU
mM malonate/NaOlg), and (in D at pD 5.9 (25 m,\al r?1a|onat¢(a/ asymmetric band, centered at 537 énwith a shoulder at

NaOD). Experimental conditions: 5 crhspectral resolution, 441.6 ~ about 545 cm, is observed for thé“CO complex at pH
nm excitation wavelength, 25 mW laser power at the sample; (pH 5.0. These bands shift down by 6 and 5¢énrespectively,

8.9) 23 s/0.5 cm' collection interval; (pH 5.5) 33 s/0.5 crh in the 13CO complex. Therefore, they are assigned to two
collection interval; (pD 5.9) 25 mW laser power at the sample, 44 y(Fe—CO) stretching modes corresponding to the acid form.

s/0.5 cn1? collection interval for frequencies 305 cntt and 21 . .
s/0.5 cnt collection interval for frequencies305 cnt?. The 185 At pH 5.5 the RR spectrum is characterized by the appear-

335 cnr regions of the spectra were deconvoluted by curve-fitting @nce of a new band at 516 ctwith the concomitant
to nine bands with Lorentzian line shapes. decrease of the broad band at 537 &mit pH 7.9, the band

at 516 cn! becomes dominant and a shoulder at about 503
bonds 49, 50. Therefore, the hydrogen-bond interactions cm!is observed. The band at 516 chalisplays an isotopic
between the propionates and the protein matrix are strongershift of 6 cnt! while the shoulder shifts down by about 5
and/or more numerous in TCAPXII than in HRPC. cm L. These two bands are assigned to two otl{Ee—CO)

Ferrous State and Ligand Bindinghe electronic absorp-  stretching modes. In the TCAPXH!3CO complex at pH 7.9
tion spectrum of ferrous TcAPXII at pH 5.5 (Figure 1) is there is an additional isotope-sensitive band. The shoulder
very similar to that of ferrous HRPC at pH 7 and is typical at approximately 580 cm, which overlaps with the por-
of a 5¢cHS ferrous heme. The spectrum does not change uphyrin mode at 588 cnt, shifts to 564 cm'. The position
to pH 9, but at higher pH a 6¢LS species is observed with and the relatively large isotopic shift of this band allows its
a K, = 10.8, as determined by pH titration (data not shown). assignment to thé(FeCO) bending mode. At acid pH the
The high-frequency regions of the RR spectra with 441.6 corresponding mode is not observed. At pH higher than 9
nm excitation at both pH 5.5 and 8.9 are also typical of a or lower than 4.5, the protein is not stable and denatures or
5cHS ferrous heme and similar to that of ferrous HRPC (data partially unfolds (data not shown).
not shown). The vinyl stretching modes are found at 1619 The corresponding FT-IR spectra of the TcAPXII Fefll)
and 1628 cm?, as compared to 1620 and 1627 ¢nfior CO complexes are shown in Figure 6B. At pH 5.0, two strong
HRPC @37). bands at 1892 and 1908 ctand two weak bands at 1930

Figure 5 compares the RR low-frequency region of ferrous and 1946 cm! are observed. They shift to 1848, 1866, 1883,
TcAPXIl at pH 5.5 and 8.9 and pD 5.9. As in HRPC, the and 1900 cm?!, respectively, whert?CO is replaced by
relative intensities of the bands at 375 and 383 ¢rassigned BCO. Therefore, they are assigned to fe€0O) stretches.
to the propionate bending modes, change on increasing theAt alkaline pH the relative intensity of the bands changes:
pH (unpublished data). Similar to the ferric TCAPXII form, the bands at 1930 and 1946 chbecome dominant with
the intensity of the band at 348 cf assigned to thes the concomitant disappearance of the other two bands. At
mode, is lower than the corresponding band of HRPC. In pH 5.5 the four bands are all present with intermediate
the region 206-250 cm?, ferrous heme proteins are intensity, in agreement with the RR spectrum. On the basis
characterized by the presence of a strong band due to theof the relative intensities and frequencies of the bands, four
v(Fe—Im) stretching mode. A common characteristic of different conformers of the TcAPXIl Fe(HHCO complex
peroxidases is the polar hydrogen bond between ghetdin are evident both in the IR and in the RR spectra. The RR
of the imidazole fifth ligand and the carboxylate group of »(FeC) bands at 537 and 545 chmdominant at acid pH,
an Asp residue, which gives the proximal histidine imida- correspond to the IR(CO) bands at 1892 and 1908 cin
zolate character and results in both a strengthening of therespectively, whereas the dominaifFeC) bands observed
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Ficure 6: CO complexes of ferrous TcAPXII at pH 5.0 (0.2 M citrate/NaOH), pH 5.5 (25 mM malonate/NaOH or 50 mM MES/NaOH),
and pH 7.9 (0.1 M Tris/HCI). (A) Resonance Raman spectra (low-frequency region). Experimental conditionst spectral resolution

(5 cnr! at pH 5.5), 413.1 nm excitation wavelengtféGO, pH 7.9) 1.9 mW laser power at the sample, 59 s/0.5'allection interval;
(*2CO, pH 7.9) 1.6 mW laser power at the sample, 141 s/0.5aotection interval; 2CO, pH 5.5) 1.1 mW laser power at the sample, 201
s/0.5 cn1? collection interval; 2CO, pH 5.0) 0.9 mW laser power at the sample, 182 s/0.5'aullection interval; {3CO, pH 5.0) 0.7

mW laser power at the sample, 75 s/0.5érmollection interval. (B) Fourier transform infrared spectra. Experimental conditions: 0.2 cm
spectral resolution; (pH 7.9) 6500 scans accumulated; (pH 5.5) 6000 scans accumtfi@a@and!*CO, pH 5.0) 8000 scans accumulated.
The asterisks indicate the bands due to the CO complex of denatured enzyme.

at alkaline pH at 516 and 504 crhcorrespond to the IR generated by polar distal pocket amino acids alter the electron
v(CO) bands at 1930 and 1946 chrespectively. It must  distribution in the Fe-CO complex, changing the order of
be stressed that neither théFeC) at 545 cm' nor thev- the CO bond and accordingly its vibrational frequenci. (
(CO) band at 1892 cnt has ever been observed in any other  Figure 7 shows a plot af(Fe—C) versusy(CO) frequen-
heme protein. cies for the CO adducts of TcAPXII, compared with those
Carbon monoxide is a sensitive probe for investigating observed for CCP and HRPC, as reported in Table 2. HRPC
proximal ligand and distal environmental effects. In particu- at pH 6.0 shows two conformers. In form | the oxygen atom
lar, steric hindrance on the bound CO exerted by distal of the bound CO mainly interacts with the positively charged
residues, their polarity, and formation of hydrogen bonds guanidinium group of the distal Arg via a hydrogen bond.
increases back-donation from the Feathe COs* orbitals. In the second HRPECO (form II) conformer, the oxygen
As a consequence, the FEO bonds strengthen while the atom of the bound CO molecule mainly interacts with the
C—0 bonds weaken, thereby increasing #iee—C) vibra- distal His via a hydrogen bonds%). The CCP-CO adduct
tional frequencies and decreasing #(€O) frequenciesy1— at pH 6.0 shows only one conformer characterized by
53). For a large class of CEporphyrin adducts, including  vibrational frequencies corresponding to a weaker interaction
heme proteins and model compounds containing an imidazolewith CO than in form | of HRPC. It was, therefore, assigned
as fifth ligand, a linear correlation between the frequencies to CO hydrogen-bonded with the distal Ar§6; 57 via a
of the v(Fe—C) and they(CO) stretching modes has been water molecule, as observed in the X-ray structure of the
found (63, 59. The correlation has a negative slope and CO complex §8). In CCP, at alkaline pH the interaction
depends on the extent of back-bonding. It has recently between the bound CO and the distal pocket is weakened
been proposed that, among the various factors, it is thewith the concomitant upshift of the(CO) frequency and
polarity that is the key determinant. The electrostatic fields downshift of thev(Fe—C) frequency. Finally, in the HRPE
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Ficure 7: Plot of thev(Fe—C) versusy(CO) frequencies in the
CO complexes of TcAPXII @), HRPC (), and CCP 4{). The
frequencies are listed in Table 2.

Table 2: Vibrational Frequencies of FerretSO Complexes (see
also Figure 7)

vco A¥C vegec APC Opeco AC
em™?) (em?) (embH (emD (em?) (ecmD)

TcAPXII 1892 —44 545 -5 580 16
1908 —42 537 )
1930 —47 516 )
1946 —46 503 -5
HRPCG form| 1905 539 —4 589 16
formll 1933 516 -5
pH3.3 1967 492 -5
alkaline 1934 530
ccP pH 7 1922 530 -5 585
alkaline 1948 503 575

2 (67); (68); (69); (55); (59)° (56); (57).

Heering et al.

spectrum, the high RR frequencies of the core size marker
bands, and the complex RR spectrum in the low-frequency
region of ferric TCAPXII at pH 5.5-7.0 clearly indicate that

it is characterized by a 5cQS heme. This species is very rare
in nature; its origin in heme proteins remains elusive, and
among the various peroxidases, it has been observed
exclusively in class Il peroxidases. The QS state of HRPC,
HRPA2, SBP, and BP13() differ only by the different
degrees of admixture of the HS & 5/2) and IS § = %/,)
states that constitute the qguantum mechanically mixed-spin
state. The proportion of th8 = ¥, state increases in the
order HRPC< TcAPXIl < HRPA2 < SBP < BP1.

The Distal Caity of TcCAPXII Has Three Residues That
Hydrogen-Bond to Heme-Coordinated Exogenous Ligands.
In class | peroxidases, a% nm red shift (relative to class
[l peroxidases) of the CT1 band of the fluoride complex is
explained by three hydrogen bonds involving distal Arg, Trp,
and a water molecule that is in turn hydrogen-bonded to the
distal His @6, 27. In class Ill peroxidases Trp is replaced
by a Phe, leaving only Arg and His to hydrogen-bond to the
fluoride. However, TcAPXIl shows the red shift although
Trp is replaced by a Phel®). The third hydrogen bond
required to explain the red shift with TcAPXIl might be
provided by a Thr residue (Thr37, HRPC numbering). The
presence of a third hydrogen-donor residue in the distal cavity
is also strongly supported by the observation of an€E®
conformer with an unprecedentedly highFe—C) and
concomitant very low(CO) stretching frequencies.

TcAPXII Has a Stronger Felmidazole Bond than APX.

In the low-frequency RR spectrum of ferrous TcAPXII, two
independent Felm stretching bands have been identified
(249 and 233 cmt). This result is interesting, because all

CO adduct at pH 3.3, a conformer is observed that is class IIl peroxidases are characterized by a single sharp pH-

characterized by very low(Fe—C) and very highy(CO)

dependent Felm band [at 243 cmt in HRPC @3), at 252

frequencies, consistent with a weak or even absent interactiorgm-1 in HRPA2 @43), and at 246 cmt in SBP @8)]. Class

with the surrounding amino acids9).

| and Il peroxidases are characterized by two—Fa

Upon binding of CO at pH 5.0, two conformers are found  stretching modes arising from tautomerism of the imidazole

for TcAPXII. For one conformer the frequenCieS (537 and Ny proton, with respect to the donor and acceptor atoms in
1908 le) resemble those of HRPC form l, and therefore, the proxima| H|§Asp hydrogen bond. The Component at
we can conclude that CO is directly hydrogen-bonded to the |ower frequency [i.e., at 233 crhin CCP @2, 60 and at
positively charged guanidinium group of the distal Arg. The 211 cnrt in CIP (37)] arises from molecules in which the
8 cm* upshift of thev(Fe-C) band and the 16 cm proton remains on the imidazole, while the component at
downshift of ther(CO) band of the second acid conformer higher frequency [i.e., at 246 crhin CCP and at 230 cr
as compared to the previous one indicate that the interactionin CIP] arises from molecules in which the proton is
with CO is much stronger in this form. Thus CO, like transferred to the carboxylate. Two separate bands (234 and
fluoride, is hydrogen-bonded in TcAPXII to a distal cavity 207 cnr) arising from the Fe Im stretch are also observed
residue that is not present in HRPC. At pH hlgher than 5.0, with APX (27) The h|gher V(Fe-“’n) frequencies of
the two acid forms disappear and the.spe(.:tra are dominr_altedrcApx” and the small downshift (1 cm) in D,O suggest
by two other conformers. One has vibrational frequencies that the proximal His ligand has partial imidazolate character
(516 and 1930 cnt) very close to those of form Il of  in both forms. Therefore, a stronger-Fen bond, resulting
HRPC-CO and is therefore assigned to CO hydrogen- from a stronger hydrogen bond between thealbm of the
bonded to the distal His. The frequencies (503 and 1946 jmidazole fifth ligand and the oxygen atom of the aspartic
cm™) of the last conformer suggest that, as in the alkaline acid side chain, is proposed for TCAPXII as compared to
CO complex of CCP, CO is not hydrogen-bonded but only aApx.
experiences polar inFeractions. .This is unlike the HRPC Proximal Hydrogen-Bonding Networks of TcAPXII, HRPC,
CO complex at alkaline pH, which hagCO) andv(FeC)  and APX Are SimilarThe single Fe-Im stretching band of
frequencies (Figure 7 and Table 2) that are indicative of a HRPC and the two independentFe—Im) bands of pea
hydrogen-bonded CO. APX, compared to the bands modulated by the-Hfisp
tautomeric H-bonding equilibrium of CCP, suggest a rela-
CONCLUSIONS tively rigid proximal side in HRPC and pea APX. The crystal
TcAPXIl Is a 5-Coordinate Quantum Mixed-Spin Heme structures of HRPCE1) and pea APX 15) show that the
PeroxidaseThe overall blue shift of the electronic absorption proximal H-bonding networks are similar and include the
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Ser residue close to vinyl 2. This small residue allows an function relationships of these ubiquitous enzymes. Previous
out-of-plane orientation of vinyl 2. Conversely, the crystal studies have shown that class | and class Il peroxidases have
structure of CCP shows that the proximal H-bonding network distinct roles in vivo 66).

is less extensivet@). Moreover, in the proximal side of the This study has shown that TcCAPXII is a hybrid enzyme
heme cavity, CCP contains a non-hydrogen-bonding residuethat combines the spectroscopic characteristics and substrate
(Phe201), whereas HRPC and pea APX have a Tyr residuespecificities of both class | and class Il peroxidases.
(Tyr233 and Tyr190, respectively) that is H-bonded to the

Asp that is in turn H-bonded to the proximal His ligand. In  ACKNOWLEDGMENT
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