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ABSTRACT. Electron transfer within cytochromed; from Thiosphaera pantotrophevas investigated by

the technique of pulse radiolysis. The reduction of the heme centers in this nitrite reductase occurred in
two phases as judged from kinetic difference spectra. In the faster phase, radiolytically generated
N-methylnicotinamide (NMA) radicals selectively reduced ¢Heeme of the enzyme. From the absorbance
increase at 420 nm, a characteristic of formation of the fercusme, the second-order rate constant for

this electron transfer process was estimated to be<x318° M~1 s at pH 7.0. In the slower phase, a
decrease of absorption around 420 and 550 nm, corresponding to a reoxidation clfighee, was
accompanied by an increase of absorption around 460 and 640 nm, characteristic of formation of the
reducedd;-heme. This indicated that an intramolecular electron transfer froro-tieene to thed;-heme
occurred. The first-order rate constant of this process was calculated to bellfs™* at pH 7.0 and

was independent of the enzyme concentration. In the presence of nitrite the interheme electron transfer
rate was not affected, but on a time scale of seconds a new species associated eyitethe, having

an absorption maximum at 640 nm, was detected and is proposed to reflect ligand binding to this heme.
These results suggest the role of tHeeme as the electron acceptor site in cytochroda@nd in mediating

the electron transfer to the catalytic site of the enzyme. Moreover, the fast interheme electron transfer
rate argues against this process being the rate determining step in catalysis.

The reduction of nitrate to nitrogen gam nitrite, nitric between the hemes is expected to be compatible with an
oxide, and nitrous oxide is the biological process known as interheme electron transfer rate on a submillisecond time
denitrification. The molecular mechanisms underlying these scale (Moser & Dutton, 1996), yet in a stopped-flow study
four important reactions are not well characterized. How- on the kinetics of oxidation of reduced cytochrooug from
ever, the recent description of high-resolution crystal struc- Pseudomonas aeruginoaaate of only 1 s! was determined
tures for the two types of nitrite reductase participating in (Silvestrini et al., 1990). Although the crystal structure of
denitrification, the copper enzyme (Admat al., 1995; cytochromecd; is that of the protein fromThiosphaera
Godderet al.,1991), and the cytochronueh enzyme (Fibp pantotropha it is improbable that its structure will differ
et al., 1995) provide frameworks for understanding the significantly from that of the enzyme from. aeruginosa

reduction of nitrite to nitric oxide at the molecular level.  pyrther investigation of the interheme electron transfer is
The structure of cytochromed; showed that each clearly required.

monomer of the homodimeric enzyme contains within i o

separate domains two redox centers, ogeype heme and _A_powerfl_JI approach for investigating electron transfer
the other thesi-heme that is unique to this type of enzyme. within proteins is that of pulse radiolysis through which an
The c-type cytochrome domain is generally regarded as the electron can often be introduced rapidly and selectively into
entry point for electrons arriving from the respiratory chain one redox center of an enzyme (Kobayastral., 1989, 1993;

via molecules like cytochromesso or pseudoazurin, while  Kyritsis et al., 1993; Suzuket al.,1994). The present paper
the Fe-atom of thel;-heme is the site of catalytic reduction describes application of this method to the cytochrame

of nitrite to nitric oxide. The distance between these two nhitrite reductase of. pantotroph&or which previously there
redox centers within one monomeric unit is 11 A if the has been no information available on rates of internal electron
heme-heme edge distance is considered and no more thantransfer. Here, we present observations of fast intramolecular
21 A if the Fe-Fe distance is taken. Such a distance electron transfer frora-heme todi-heme within the enzyme.
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The semi-apo form of cytochromed;, containing only
the c-type heme, was prepared as described by Hill and
Wharton (1978) with some modifications. A solution of the 100
purified enzyme in 50 mM phosphate buffer (pH 7.0) was
added to acieacetone with constant stirring. The mixture
was incubated at 37C for 20 min, which caused precipita-
tion of the protein and extraction of thly-heme into the
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acidic acetone phase. The red precipitate was collected by 1
centrifugation at 380§for 2 min. The semi-apoenzyme was -100 i
washed twice with ice-cold acetone, and then resuspended
in 50 mM phosphate buffer (pH 7.0) at*€. The solution -150 [ c-haem idrhaem - c-haem drhacm 1
was dialyzed against the same buffer overnight. 300 350 500350 600 650 700

Pulse radiolysis experiments were performed with an Wavelength [nm]
electron linear accelerator at the Institute of Scientific and Ficure 1: The visible difference spectrum &f. pantotropha
Industrial Research, Osaka University (Kobayashial., cytochromecd,; (—) obtained by subtracting the spectrum of the

1989, 1993; Suzuket al., 1996). The pulse width and fully oxidized form from the spectrum of the fully dithionite-reduced

. . form. The difference spectrum of the semiapoenzyme (- - -) showin
energy were 8 ns and 27 MeV, respectively. The light source absorbance maxima r())nly of tleeheme. In tphe re()j/uceg stzjlte, the g

was a 150 W halogen lampr @ 1 kW xenon lamp. After g _heme absorbs mainly between 430 and 500 nm and between
passing through an optical path, the transmitted light intensi- 600 and 700 nm, but in the oxidized state it also absorbs in the

ties were analyzed and monitored by a fast spectrophoto-region of thec-heme.

metric system composed of a Nikon monochromator, an

R-928 photomultiplier, and a Unisoku data analyzing system. c-type cytochrome. However, in the oxidized state the

The concentration df-methylnicotinamide (NMA)radicals ~ heme absorbs also in the regions of tHeeme. Knowledge

generated by pulse radiolysis was determined by absorbancé®f the assignment of the spectrum in Figure 1 permits a clear

change at 420 nm using a millimolar extinction coefficient interpretation of the pulse radiolysis experiments described

of 3.2 mMt cm™! (Hill & Anderson, 1991). This concen-  below.

tration could be adjusted by varying the dose of the electron ~ Since hydrated electrons,(€) failed to reduce the hemes

beams. in cytochromecd;, N-methylnicotinamide (NMA) was used
Samples for pulse radiolysis were prepared as follows. a5 @ mediator. All the.g, generated by pulse radiolysis,

Solutions of nitrite reductase contained 2 mM NMA and 0.1 reacted with the NMA present to give NMA radicals at an

M tert-butylalcohol (for scavenging Ofadicals) in 10 mM approximate concentration of 200. The fprmatlon of these

phosphate buffer (pH 7.0) and were deoxygenated in sealedadicals is accompanied by an increase in absorbance at both

cells by repeated evacuation and flushing with argon. The 405 and 430 nm. _ _ .

quartz cells had an optical path length of 0.3 cm or 1 cm. The_ rad_lcals reagted very ra_lpldly with the nitrite reductase,

No effect of 0.1 Mtert-butylalcohol on the optical absorption ~ 'eésulting in selective reduction of thetype heme. An

spectrum of the enzyme was seen. For each pulse, a newWncrease in absorbance at 420 nm and a decrease at 405 nm

sample was used, even though pulse radiolysis did not causdeflected this reduction (Figure 2). The initial transient
any damage to the sample as judged by its visible absorptionincrease in absorbance at 405 nm thus indicated the formation

spectrum. Each data point was averaged over three to six0f NMA radicals; the corresponding absorbance change at
pulses. 420 nm was not resolved. Subsequently, the initial changes

The concentrations of the oxidized holoenzyme and semi- inhglbsorbption r.eve.rsed, indicatirllg6geoxigaéi§g of d:HeaerTer,]
apoenzyme were determined by using millimolar extinction while absorption increases at an nm, which are
coefficients of 285 mM? cm-! at 406 nm and 220 mM characteristic of the reduction of thlg-heme, were observed

cm at 420 nm, respectively. These values were obtained in the kinetic difference spectra, Figure 2. Variation in pH
by correlating the visible spectrum with the Ala, Arg, His, be(;twe_en 5.5 and 8 had little effect on the two phases of
Lys, and Tyr content of hydrolyzed enzyme for which the feauction. o _ .
amino acid sequence is known (Baleral., 1997). Optical After pulse radiolysis of the semi-apoenzyme, a similar

absorption spectra were measured with a Hitachi U-3000 Orbut not identical (see later), absorption increase.at 420 nm
a Perkin-Elmer Lambda 2 spectrophotometer. was observed; however, no subsequent absorption changes

were seen (data not shown). This indicates that NMA
RESULTS radicals reduced theheme of both the holoenzyme and the
semi-apoenzyme.
The visible difference spectrum (Figure 1) of cytochrome  Figure 3 shows the kinetic difference spectra of the Soret
cdi from T. pantotrophas complex owing to the presence region (A) and thex-A-region (B) at 10Qus and 2 ms after
of two types of hemes. Assignment of the parts of the pulse radiolysis of the holoenzyme. The spectrum, corre-
spectrum originating from theandd;-centers was possible  sponding to the faster phase, which has absorption maxima
by reference to the spectrum of the semi-apoenzyme (Figureat 410 nm (Soret-band), 520 nii-band), and around 550
1), which contains only the-type cytochrome. Thus, in  nm (a-band), is consistent with the reductionssfieme. The
the reduced form of the enzyme, ttieheme absorbs mainly  kinetic difference spectrum for the slower phase has absorp-
between 450 and 470 nm plus between 580 and 730 nm;tion maxima around 460 and 640 nm; these are characteristic
this is distinct from the principal absorption bands of the for the reducedd;-heme of cytochromed;. From these
findings, it can be concluded that tlieeheme was reduced
L Abbreviations: g, hydrated electron; NMAN-methylnicotina-  initially and, subsequently, the reoxidation of tréeme and
mide. the reduction of thel;-heme were observed.
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FIGURE 2: Absorption changes after pulse radiolysis of cytochrathenitrite reductase measured at 420 nm (A), 405 nm (B), 555 nm (C),
460 nm (D), and 640 nm (E). Samples for spectra A and B containgdWth a 0.3 cm optical path. Samples for spectra C, D, and E
contained 2&M enzyme h a 1 cmoptical path. All samples contained 2 mM NMA and 0.1tktt-butylalcohol in 10 mM phosphate
buffer (pH 7.0).

For further data analysis, we compared the sum of the two any substrate, the-heme was initially reduced and, subse-
transient spectra, corresponding to the faster and the slowequently, interheme electron transfer was observed. The initial
phases (Figure 4) with the static difference spectrum of the spectra of the-heme andi;-heme obtained after the pulse
fully reduced minus the fully oxidized forms of the holo- and the rate constants of the interheme electron transfer were
enzyme (Figure 1). The similarity indicates that electron not affected by the presence of nitrite in the range ABD
transfer from thec-heme to thed;-heme occurs nearly to 1 mM. Following the spectral changes due to the
quantitatively. It is noteworthy that the difference spectra reduction of thal;-heme, however, an increase of absorption
in the Soret region differ in their maxima. The transient at 620 nm and a decrease at 460 nm were observed with a
spectrum (Figure 4A) has an absorption maximum at 412 half-time of 100 ms in the presence of nitrite. In the absence
nm and an isosbestic point at 408 nm, whereas the steadyof nitrite, the spectrum of thd;-heme changed very slowly
state spectrum has an absorption maximum at 420 nm andoward that corresponding to the initial oxidizelgtheme.
an isosbestic point at 412 nm. However, the latter spectrum  rigyre 7 shows the kinetic difference spectra at 2 ms and
is similar to the kinetic difference spectrum obtained at 200 > s after pulse radiolysis of cytochroraé, in the presence
us by pulse radiolysis of the semi-apoenzyme in Figure 5. of 500 yM NaNOy; clearly, only thed;-heme difference

The reduction ot-heme obeyed pseudo-first-order kinetics  gpectrum was affected by the presence of nitrite. The
and its rate constant increased with the concentration of thegpectroscopic changes at 2 ms account for the reduction of
enzyme. (For these experiments, the concentration of NMA the d,-heme and are identical to those in the absence of
radicals was lowered to approximatelyil and the enzyme  pjyite. This species generatingetf2 s spectrum may be a

concentration was varied between 10 and/38) This  NO-bound form of the oxidizedd-heme. The species
indicates that the reduction of theheme is a consequence regponsible in the presence of nitrite for the increase of

of a bimolecular reaction of NMA radicals witttheme of absorption in the range 58®40 nm was stable, and

the enzyme. The second-order rate constant of the reactiomyersistent for at least 30 s after the pulse radiolysis.

was calculated to be 3.8 10° M~ s™%. On the other hand,

the increase of the absorption at 460 and 640 nm obeyedp|SCUSSION

first-order kinetics. These rate constants of ¥.4.0® st

were independent, within experimental error, of the enzyme  The introduction of an electron from the NMA radical into

concentration, over an 8-fold range. Therefore, the slower thec-heme, also believed to be the electron entry point from

process is due to the intramolecular electron transfer from physiological donors (Williamst al., 1997), of cytochrome

c-heme tod;-heme in the enzyme. cdy nitrite reductase is followed by a relatively rapid electron
It was of particular interest to study the spectroscopic transfer to thel;-heme. The rate is in the same range as for

changes and rate constants for the reduction of nitrite the copper-containing nitrite reductase (Suztlal.,1994),

reductase in the presence of nitrite. As in the case withoutin which two copper centers are ca. 12.5 A apart (Godden
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Ficure 3: Comparison of the kinetic difference spectra from (A)
380 to 480 nm and (B) 480 to 730 nm at 106 (®) and 2 ms Q)
after pulse radiolysis of cytochronesl with the visible reduced
minus oxidized difference spectrum-). Note that the left hand
ordinate is in units ofA absorbance corresponding to the kinetic
difference spectrum, while the right-hand ordinate is in units of
extinction coefficients corresponding to the reduced minus oxidized
spectrum as shown in Figure 1.

500 550

etal.,1991). The first-order rate constant for the interheme
electron transfer in cytochromed; is approximately 19
times greater than that previously obtained for the cyto-
chromecd, from P. aeruginosgParret al.,1977; Silvestrini

et al.,1990). However, it is important to realize that rates
were obtained for the. aeruginosanzyme under different
conditions from those used in the present work in which the
enzyme was initially fully oxidized and received only one
electron, very rapidly, following pulse radiolysis. Thus the
electron transfer event was

C2+ d13+ . C3+d12+

In contrast, the work of Silvestriret al., (1990) involved
observing the consequence of adding nitrite to the fully

Kobayashi et al.
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Ficure 4: Comparison of the sun# of the two kinetic difference
spectra in the Soret region (A) and thgs-region (B), obtained at
100 us and 2 ms after pulse radiolysis, with the reduced minus
oxidized difference spectrum-() of cytochromecd;. Note that

the left-hand ordinate is in units éabsorbance corresponding to
the kinetic difference spectrum, while the right-hand ordinate is in
units of extinction coefficients corresponding to the reduced minus
oxidized spectrum as shown in Figure 1.
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Ficure 5: Comparison of the kinetic difference spectrum) for
semiapoenzyme of cytochroned, at 200us after pulse radiolysis

prereduced enzyme. Spectroscopic evidence (EPR) waswith the fully reduced minus oxidized visible difference spectrum

presented (Silvestrinet al., 1990) that nitric oxide was
formed at thed;-heme and that the internal electron transfer
within the protein was

Cz+d13+—NO - C3+d12+-NO

On the other hand, Paet al.,(1977) measured the electron

transfer rate between hemes under the conditions whereinfluence electron transfer within cytochroneel.

reduced azurin had first generated tb& state of the
cytochromecd; with neither nitrite nor NO present as
potential ligands for thel; heme. The similarity between
the electron transfer rates measured for Bheaeruginosa

(+++) of the semiapoenzyme. The sample contained:@8semi-
apoenzyme, 2 mM NMA, and 0.1 Neért-butyl alcohol in 10 mM
phosphate buffer (pH 7.0). Note that the left hand ordinate is in
units of Aabsorbance corresponding to the kinetic difference
spectrum, while the right-hand ordinate is in units of extinction
coefficients corresponding to the reduced minus oxidized spectrum
as shown in Figure 1.

expected and illustrates the complex factors that may
The
presence of NO bound to the ¥eform of d;-heme might
have been expected to increase very considerably the driving
force for electron transfer from treesheme. This is because
the NO bound form of & d;-heme is expected to be much

enzyme under these two sets of conditions is not necessarilymore stable than the Feform compared with F& d; heme
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- NaNOz all been measured under different conditions than used in
the present work.
Cytochromescd; from T. pantotrophaand Paracoccus
denitrificans are almost identical (Baket al., 1997, FU6p

R s T P

S s s

I ¢ AA =0.02 etal.,1995). Ak.of 4 st has been reported for the enzyme
AA =0.05 from P. denitrificans(Timkovich et al., 1982). The much
. . — - faster rate £1000 s') of interheme electron transfer
- 04s 04s measured here may thus mean that either this is not the rate-
determining step or this rate becomes much slower when
460 nm 620 nm ligands are bound to thel-heme during catalysiscf,
previous paragraph).
+ NaNO, 500 uM Recently, the structure of the reduced form of cytochrome

cd; has been determined by X-ray diffraction (Williares

al., 1997). In the fully reduced enzyme, there are important
ligand changes for both heme groups. A methionine has
replaced one of histidines of thetype cytochrome while
one of the axial ligands to thd;-heme iron, Tyr-25, has
dissociated to leave a vacant coordination site. Thus, the
electron transfer events monitored by the two techniques,

-~ pulse radiolysis and stopped-flow (Patral.,1977, Silves-
04s » 04s trini et al., 1990), may take place from different initial
460 nm 620 nm structures of the enzyme, assuming that the high rate of

) . reduction ofc-type cytochrome by the NMA radical is so
Ficure 6: Absorption changes at two wavelengths after pulse fast that tei f fi lch Idb iol
radiolysis of cytochromed, in the absence and presence of NaNO ast that no protein conformational change would be possible.

The sample contained 23:M enzyme, 2 mM NMA, and 0.1 M Thus, we envisage that the electron transfer in the present
tert-butylalcohol in 10 mM phosphate buffer (pH 7.0), with 500 work has occurred from a transiently formed reduced His/

uM NaNG; as appropriate. His state of thes-type cytochrome center while in the various
studies of theP. aeruginosaenzyme the transfer is from a
His/Met coordination, either because reduction of the enzyme
has been followed by sufficient time to permit ligand
switching to a His/Met form or because tRe aeruginosa
enzyme never enters a His/His coordinated state. In the case
of the T. pantotrophaenzyme, it is possible, on the basis of
precedent with other cytochromes, that the His/His ligation
gives a lower redox potential than the His/Met state. Thus,
in the present work there could be a larger driving force for
electron transfer from to d;-heme and, thus higher rate than,
in circumstances where the electron transfer is from the
reduced His/Met coordinated-cytochrome center. We

0.15

AAbs

Wavelength [nm] expect that this coordination would be present in The
FIGURE 7: Kinetic difference spectra at 2 m®)Yand 2 s ©) after pantotrophaenzyme if it were subject to the same experi-
the pulse radiolysis of cytochronae), in the presence of 500M ments are those done by Silvestretial., (1990) with the
NaNQ,. The experimental conditions were the same as describedP. aeruginosaenzyme. Although the structures of the
in Figure 6. oxidized and reduced states of the enzyme indicate that the

relative to the F& state in the absence of the NO ligand. distance separating the two hemes is similar in each form
The failure of NO binding to accelerate the rate of electron (Williams et al., 1997), it is possible that other relative
transfer between the two hemes might be explained by factors in the two oxidation states, for example, reorganiza-
changes in the redox potential of tleetype cytochrome  tion energy, can account for the difference in rate. Clearly,
center caused by binding of azurin to cytochroodg and/ it will be important to carry out similar stopped-flow
or the binding of NO to thed;-heme, which would be  experiments withil. pantotrophanzyme to those performed
analogous to the reported effects of CO binding todhe with the protein isolated fron®. aeruginosa

heme (Silvestrinit al., 1982). Alternatively, the presence An important issue is whether the above assumption that
of NO at thed;-heme may cause such a large increase in the rapid arrival of an electron at tleeheme of cytochrome
the driving force that the Marcus inversion region is reached cd,; did not trigger the histidine to methionine ligand switch.
with the result that the rate of electron transfer to the The kinetic spectrum, obtained after pulse radiolysis, of the
heme is coincidentally similar to that in the absence of NO. c-type cytochrome is not identical, especially in the Soret
Some support for this possibility may be taken from the region where there are distinct maxima are 412 and 420 nm,
finding of Greenwoodet al., (1978) that the presence of to that of the static reduced enzyme (Figure 4A). This
oxygen at thal;-heme, which might reasonably be expected suggests that the reduction®@fype cytochrome center after
to increase the driving force for electron transfer froro the pulse is not accompanied by an axial ligand switch. It
d; but to a lesser extent than binding of NO, results in a rate follows that this switch may be driven by the reduction of
for this process of over 10005 However, whatever the  thed;-heme and/or the arrival of a second electroc-laéme.
basis for the electron transfer rates in the enzyme fRom  The reduction of th&l;-heme would thus displace the Tyr-
aeruginosait nevertheless remains the case that they have 25 from the ferrous heme, and this change may trigger the
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axial ligand switch of the c-type cytochrome domain. X-ray this is supported by the rate constants of this process being
diffraction analysis of the enzyme iy et al.,1995) shows independent of the concentrations of the enzyme and nitrite.
that the main chain of thew-helical c-type cytochrome  From stopped-flow analysis of the reaction between the
domain makes an excursion into tedomain, providing  reduced cytochromed, from P. aeruginosaand nitrite, on
Tyr-25 of thec-domain as one of the axial ligands to the the other hand, the reduction of nitrite to nitric oxide day

iron of thed-heme, though the two types of heme are located peme js very fast, being lost within the dead time of a rapid
in separate domains. mixing apparatus (Silvestrirgt al., 1990). This difference

d Irr]' the sem(lj-a_ltpoenztylr(ne, Tyr—2hS tchanntcr)]t be g(;]_chgre;j :O thfebetween the two types of experiments could be due to the
-neme, and 1t 1S not known whether the oxidized stale ot ;qation state of the-heme. In the catalytic process, the

this form of the enzyme has His/His or His/Met coordination subsequent reduction stepaifheme with an electron from

of the c-type cytochrome center. However, the close heme is an important or In the present experiment
correspondence between the Soret region spectrum of theﬁ' emeisa portant process. € present experiment,
owever, we can follow the events df-heme only after

semi-apoenzyme within 20@s of pulse radiolysis and the X

corresponding spectra of the fully reduced holo or semi- one-electron reduction 'of the enzyme. Unfortunately, the

apoenzyme suggests that, in each case, a reduced His/Mehethology of pulse radiolysis does not allow one to add a

coordinationc-type cytochrome is observed. Because of the second electron to the enzyme from NMA radicals (only a

rate of reduction of this redox center following pulse small cross section of a sample is analyzed and diffusion

radiolysis, these similarities in spectra suggest His/Met would occur between the first and second pulses); otherwise,

coordination in the oxidized state of semi-apoenzyme. it would have been of great interest to have monitored the
Previous reports showed that the electron equilibratestime dependence of theheme andl;-heme spectra follow-

between type-1 Cu and type-ll Cu in copper-containing nitrite ing addition of a second electron.

reductase (Suzukét al., 1994; Suzukiet al., 1997) and
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