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Some haloperoxidases contain vanadium ion essential for theirstructural change o induced by an addition of acid. It was
enzymatic acitivitt The vanadium ion is in the-5 oxidation reported that a new species of larggf®'V) forms when acid is
state in the native form, and the reduction of the vanadium to the added t,** and \/_V—BrPO exhibits a similar CW EPR spectral
+4 oxidation state results in an inactivation of the enzyme. change when pH is loweréfl. Although it is not clear from the
Although the X-ray structure of the Wform of V—CPC* was CW EPR results which ligand atom is protonated and/or detached
recently solved, the vanadium site structure of the reduced from the VG* ion, the present ESEEM results enable us to
enzyme is still an open question. X-ray absorption results identify the detached nitrogen. In addition to the relevance to
revealed a substantial structural change of the vanadium site upory@nadium haloperoxidases, this study will provide a basis for

reduction* Very recently, Hamstra et alproposed that two

L ) . " 2
imidazoles are ligated in the reduced form whereas one imidazole VO

is ligated in the native form. Such a structural change is supposed
to explain the inactivation of the enzyrheESEEM spectroscopy

is a powerful tool to investigate metal site structures, and ESEEM

data of W—BrPO indicate imidazole ligation to the VVOion 8
However, ESEEM spectral properties of imidazole-coordinated
VO?* complexes are still poorly understood. To the best of our
knowledge, the imidazole-coordinated %Ocomplexes so far
studied by ESEEM or ENDOR spectroscopy are only V(L) 1!
VO(acac)(L)'%1? (L = imidazoles), and VO(His)° Of these,
only VO(mim),CI* was studied in detail and tHéN HFC and
NQC tensors were determined by computer simulatiohiere

interpretation of ESEEM data of \VA-substituted proteins where
*ion is used as a spectroscopic probe.

Figure 1 shows three-pulse (stimulated echo) ESEEM spectra
of 1 measured at thsy(3V) = —7/ (a), =320 (b), and¥,g (c)
lines. Peaks due to the coordinating imidaztié nucleus are
observed in the region of-010 MHz. From the simulatio$of
the spectra, thé’N HFC A and NQCQ tensors have been
determined a$Ax| (~|A;]) = 7.05,]|Ay| = 6.55, andAz| = 5.8
MHz (|Aisol = 6.5 MHZz), andQx (*Q.,) = —0.2,Qy= —0.9 and
Q; = 1.1 MHz €qQ/h= 2.2 MHz andy = 0.64), where thé\
and Q tensors are assumed as coaxial and their principal axes
are labeled aXYZ In the best fits, the two-axis systentgxyz
and A (Q);XYZ are not coaxial, forming Euler angles gf=
80° andy = 20°. The simulations confirm the assignments of

we report ESEEM results of another type of imidazole-coordinated the 5.7 and 8.8 MHz peaks in Figure 1a, 5.0 and 8.6 MHz peaks

VO?* complexes, VO(Himag)(1) and VO(salimH)(acac)2).?
The N HFC and NQC tensors df have been determined from
orientation selection ESEEM results. Also interesting is the
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in Figure 1b, and 4.8 and 8.6 MHz peaks in Figure 1c to the
double-quantum (DQ) lines. Figure 1c additionally exhibits
single-quantum (SQ) lines at 3.4 and 5.3 MHz. (The higher
frequency SQ line almost overlaps with the 5.0 MHz DQ line in
Figure 1b.) Quite interestingly, the peak frequencies in Figure
1c are very similar to the ESEEM frequencies 6fvBrPO, 3.0,
4.7, 5.3, and 8.6 MHZ obtained at almost the same field®f=

317 mT. Therefore the 4.7 and 8.6 MHz peaks and the 3.0 and
5.3 MHz peaks of W —BrPO are most likely the DQ and SQ
lines, respectively, on the basis of the assignments. ofThe
fact that the lower-frequency SQ peak is more prominent fér-V
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Figure 1. Three-pulse ESEEM spectra and their simulations of 2 mM
VO(Himac) in 2:1 v/iv H,O/ethylene glycol glass. Conditions:= 8.84
GHz, T =77 K; (8) 7 = 270 ns,B = 260.5 mT; (b)r = 300 ns,B =
305.5 mT; (c)r = 300 ns,B = 318.5 mT.
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BrPO may indicate more severe structural distortion in the
enzyme. de Boer et lreported that VO(2-methyl-8-quinoli-
nolate) exhibits ESEEM spectra similar to those o' \*BrPO.
However, this complex does not contain imidazole ligation. Thus
1is the first imidazole-coordinated VO complex which models
ESEEM spectral properties of W~BrPO.

It is believed that the directions of the NQC axes are mainly
connected with the imidazole moiety itséif:°i.e., the maximum
amplitude axis is always along the lone-pair orbital (visually along
the V—N bond) and the minimum amplitude axis is always normal
to the ring plane. According to this criterion, the solution-state
structure ofl is such that the imidazole rings fairly lie in the
equatorial plane with the dihedral angle between the imidazole
ring and equatorial plane being20°. Comparison between the
HFC tensors ofl and VO(mim)CI* suggests that the directions
of the HFC axes are also mainly connected with the imidazole
moiety with the maximum amplitude axis normal to the ring plane
(and the minimum amplitude axis along the-™ bond as pointed
out previouslyf® For VO(mimyCl *, where the imidazole rings
are expected to be normal to the equatorial pfamlee maximum
amplitude HFC axis is normal to thgg axis. On the other hand,
the corresponding axis is almost parallel to ghaxis forl, where
the imidazole rings are supposed to lie fairly in the equatorial
plane.

Figure 2a shows the three-pulse ESEEM spectrugretorded
at the—7/y line. In Figure 2a, two pairs of DQ lines are resolved
in accordance with the presence of two types of coordinating

nitrogens, Schiff base nitrogen and imidazole nitrogen. One pair
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Figure 2. (a) Three-pulse ESEEM spectrum of 5 mM VO(salhisH)(acac)
in 1:1 v/v DMF/toluene glass. Conditions: = 8.83 GHz,T =77 K, 7

= 280 ns,B = 261.6 mT. (b) Spectrum after addition of 1 equiv of
aqueous HCI. Conditionsvy = 8.84 GHz, T = 77 K, 7 = 280 ns,B =
260.2 mT.
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above-noted relation between the nitrogen HFC axes and imida-
zole orientation. The X-ray data @+ show that the imidazole
ring is fairly parallel to the equatorial plane as is expectedifor
(the dihedral angle between the mean imidazole ring and
equatorial plane is 10%7n 2).

Addition of 1 equiv of acid t&® caused a change of CW EPR
spectrum as reported previoudfy. The three-pulse ESEEM
spectrum recorded at the new/, line is shown in Figure 2b,
where one pair of DQ lines disappears completely. This shows
unequivocally that one nitrogen is detached from vanadium. This
nitrogen is identified as the Schiff base nitrogen on the basis of
the above assignment. On the contrary, the peaks due to the
imidazole nitrogen remain unchanged in Figure 2b. Thus, the
imidazole nitrogen must stay attached to vanadium with the ring
plane still fairly in the equatorial plane (Scheme 1). The present
results therefore support the previous conclusion that one nitrogen
of 2 is protonated and detached from vanadium upon addition of
1 equiv of acid (though the detached nitrogen is the Schiff base
nitrogen as opposed to the previous schethe).

VIV —BrPO undergoes a similar CW EPR spectral change when
pH is lowered to 4.25 which may be also due to the detachment
of one nitrogen ligand. Then at least two protein-derived ligands
should be ligated in the reduced enzyme around neutral pH
because the VO ion is still protein-bound at low pFf In
contrast, as shown by the X-ray stutigne imidazole is the only

comprises 5.0 and 8.1 MHz peaks, and these frequencies coinciddrotein-derived ligand in ¥—CPO. The two enzymes,vBrPO

well with the DQ frequencies of VO(salen), 5.1 and 8.1 M#iz,
obtained under practically the same conditions. Thus this pair is

and V—CPO, have high similarities in amino acid sequence, and
the vanadium site structures of these enzymes will be very

attributed to the Schiff-base nitrogen. The frequencies of the othersimilar® This situation favors the previous proposition that

pair, 5.7 and 8.7 MHz, agree with the DQ frequenciedl ofi
Figure 1a, so that this pair is attributed to the imidazole nitrogen.
Furthermore, the spectrum recorded at-tf# line was roughly
the sum of the corresponding spectralodnd VO(salen) (see
Supporting Information). The finding that the imidazole nitrogens
exhibit similar ESEEM signals i and?2 is consistent with the
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another imidazole becomes ligated upon reductiddamstra et

al® further suggested that one imidazole is equatorially ligated
and the other is axially ligated. In this regard, however, the
present ESEEM results, showing a good correspondence between
1 and VW —BrPO rather, imply that both imidazoles are equato-
rially ligated in the reduced enzyme asin

Supporting Information Available: Figures of two- and three-pulse
ESEEM spectra and their simulationsloéind the three-pulse spectra of
2 recorded at the-3/,5 line (3 pages). Ordering information is given on
any current masthead page.
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