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ABSTRACT. Bacterial nitric oxide reductase (NOR), a member of the superfamily of heme-copper oxidases,
catalyzes the two-electron reduction of nitric oxide to nitrous oxide. The key feature that distinguishes
NOR from the typical heme-copper oxidases is the elemental composition of the dinuclear center, which
contains non-heme iron (Eerather than copper (G UV —vis electronic absorption and room-temperature
magnetic circular dichroism (RT-MCD) spectroscopies showed that CO binds to Fe(ll)lamgield

a low-spin six-coordinate species. Photolysis of the Fe(ll)-CO bond is followed by CO recombination
(kon = 1.7 x 10® M~1 s71) that is approximately 3 orders of magnitude faster than CO recombination to
the active site of typical heme-copper oxidasgs=£ 7 x 10* M~1s1). This rapid rate of CO recombination
suggests an unimpeded pathway to the active site that may account for the enzyme’s high affinity for
substrate, essential for maintaining denitrification at low concentrations of NO. In contrast, the initial
binding of CO to reduced heni® measured by stopped-flow spectroscopy is much slokggr 1.2 x

10° M~1 s71). This suggests that an existing heme distal ligand (waterj@kly be displaced to elicit

the spin-state change observed in the RT-MCD spectrum.

Nitric oxide reductase (NOR)an enzyme of bacterial to the heme iron is influenced by a number of factors. These
denitrification (, 2), is also a member of the superfamily of include the effective I, of the proximal ligand to the heme
respiratory heme-copper oxidas&s 4). Most members of  (8—10), the polarity of the heme distal pocket, and steric
this superfamily, including the intensely studied mitochon- factors ). For example, the bimolecular rate constant of
drial cytochromee oxidase (©€O) catalyze the four-electron  recombination of CO to myoglobins that lack water in the
reduction of dioxygen to water, a reaction that takes place heme distal pocket is about 50-fold faster than that to wild-
at a special dinuclear site formed by high-spin heme and atype myoglobin (4x 1® M~ s™%) (7).
copper ion Cy. The active site of NOR which catalyzes the The rate of recombination of CO to the active site heme
two-electron reduction of NO to XD is also a dinuclear  of reduced heme-copper oxidasesq{7.0* M~s™%) is con-
center, but one in which high-spin herb¢ is coupled to siderably slower than that in the case for myoglotin, (
non-heme iron (R rather than coppers( 6). 12). Moreover, the rate of recombination in the mitochondrial

The interaction of CO with reduced heme iron has been cytochromec oxidase {3) and cytochroméo; from E. coli
used to investigate the nature of the heme distal pocket in a(14) reaches a limit at CO concentrations in excess of 10
number of Oxygen-binding heme proteins inc|uding myo- mM. These saturation kinetics can be eXplained in terms of
globins (7) and heme-copper oxidases. The FeflljO bond & two-step mechanism in which gl) —CO is an intermedi-

is photolabile. The rate of recombination of photolyzed CO ate. The existence of this intermediate species has been
demonstrated by low-temperature FTIR spectroscopy, before

and after photolysis. lllumination causes a change in the CO
stretching frequency from-1960 to~2050 cn?! (6, 15).
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The higher frequency characteristic of Ca{O complexes physics, Leatherhead, U.K.). Photolysis was initiated by a
is not found in oxidases lacking gligands (6). Forms of pulse of laser light (6 ns, 100 mJ, 532 nm) provided by a
bacterial heme-copper oxidases in whichs@iabsent may  SL282G Nd:YAG laser equipped with frequency doubling
be obtained by protein engineerintyg(17) or by manipulat- optics (Spectron Laser Systems, Rugby, U.K.). Subsequent
ing the cell culture conditionsl@). Alternatively, Cy can absorption changes at a single wavelength were recorded
be removed chemically by prolonged incubation of the using a Hewlett-Packard 54520A digitizing oscilloscope.
reduced wild-type enzyme with CQ9). In copper-deficient The reaction of fully reduced NOR with CO under pseudo-
oxidases, the rate of CO-binding and recombination is higher first-order conditions was measured in an Applied Photo-
[typically (2—4) x 10> M~ s7'] and proportional to the  physics Bio-Sequential DX.17MV stopped-flow spectropho-
concentration of CO over the range 6f20 mM (14). Thus,  tometer usig a 1 cmpath length cell. Detection at a single
Cue serves as a transient binding site for incoming ligands, wavelength was with a side window photomultiplier. Buffers
reducing the rate of binding of CO and favoring the rapid containing decreasing amounts of CO were made by serial
binding of dioxygen Ko, ~ 1 x 10° M~ s7%) (20, 21). dilution with anaerobic buffer of an initially CO-saturated
CO can bind to Fe(ll) hemb; of NOR (22, 23) to yield solution. In this configuration, a minimum of 1000 data
a complex that has been characterized by resonance Ramapoints were collected per experiment with a split time base
spectroscopy24). Low-temperature FTIR spectroscopy of with a maximal time resolution of 0.2 ms. A minimum of
NOR suggests that, upon photolysis from Fe(ll) helmge four traces were collected at each concentration of CO.

CO can interact with Fgll) (6). However, it is unclear All experiments were performed at room temperature.
whether this interaction influences the kinetics of the Experimental traces were exported as ASCII files and
subsequent recombination of CO to heeExperiments  analyzed using either TableCurve 2D for Windows (Jandel

designed to address this issue might also give some insightsscientific, San Rafael, CA) or Graphit v3.0 (Erithicus
into both the organization of the active site including the Software) as a single or the sum of exponentials.

chemical nature of any heme distal ligand and the pathway

taken by the substrate (NO) to the active site. RESULTS
Here we report an extended study of the interaction of _ . .
CO with the dinuclear center of fully reduced NOR frdém Electronic Absorption Spectroscopyhe electronic ab-

denitrificans The ligand binds to Fe(ll) hemi to form a sorption spectrum of NOR prior to reduction was similar to

stable complex that we have characterized by both-ulg ~ that previously reported with a Soret maximum at 411 nm
electronic absorption and RT-MCD spectroscopies. The rate@nd broad peaks in the visible region between 530 and 560
of formation of the CO complex was 3 orders of magnitude nm (see Figure 1A). The distinct shoulder at 595 nm, which

slower than the rate of CO recombination measured by flashdiSappears upon reduction, has been assigned to a figand
photolysis. These data suggest not only a rather differentMetal CT band arising from hydroxide bound to the active

organization of the active site than is found in other members Sit€ high-spin heme; (5, 27). This band transiently shifted
of the heme-copper oxidase superfamily but also that the t0 610 nm during reduction with ascorbate and phenazine

initial binding of CO to reduced hemia; may require the methosulfate (ascorbate/PMS). A similar observation has
displacement of an existing distal ligand. been made during mediated redox titrations over a range of

reduction potentials betweeiri200 and+100 mV that cause
MATERIALS AND METHODS full reduction of the active site non-heme irongF&ut at
which hemeb; remains oxidizedZ7).

Cell Growth and Enzyme Purification. P. denitrificans Upon reduction by ascorbate/PMS, the Soret maximum
strain Pd 27.21dcoNQ:KmR) (25) was grown in a 120 L ghifts to 420 nm and intensifies & 360 mML cnrd). In
fermt_antor on minimal medium u_nder anaerobic denitrifying addition, two well-defined peaks appeared in the visible
conditions, and the two-subunit form of the enzyme was ggion at 521 and 551 nm indicating the presence of reduced
purified as previously describe@)( It was >99% pure as  |gy-spin hemec. The feature at 551 nm had a distinct
judged by polyacrylamide gel electrophoresis in the presenceghgyider at 560 nm, which is typical for low-spin Fe(ll) heme
of sodium dodecyl sulfate and by ti#ai6Az0 ratio of the b. The effect of adding 1 mM CO is readily seen in the
oxidized enzyme of 1.2. electronic absorption spectrum (Figure 1A). The Soret band

SpectroscopyJV —vis electronic absorbance spectra were hoth narrows and intensifiess (* 480 mMt cm™) in
recorded on a Hitachi U3000 spectrophotometer. Room- response to CO binding, but does not shift in wavelength.
temperature magnetic circular dichroism (RT-MCD) spectra These changes are apparent in the reducedr@@sreduced
were recorded on a Jasco J-500D circular dichrograph. Andifference spectra (Figure 1B). Note that, whatever the
Oxford Instruments superconducting solenoid with a 25 mm method of initial reduction, the amplitude of the peak in the
room-temperature bore was used to generate magnetic fieldSoret region of the reduced-C@inusreduced difference
of up to 6 T. MCD spectral intensities depend linearly on spectra is much larger than the amplitude of the trough
the magnetic field at room temperature and are expresseccentered at-430 nm. Thus, the spectral changes that reduced
per unit magnetic field ade/H (M~* cm™* T7Y) (26). The NOR exhibits in response to CO binding, clearly differ from

concentration of NOR was calculated using, = 3.11 x those of globins and the copper-containing heme-copper
10°M~tcm™ (5). Spectra were exported as ASClII files and  oxidases. In these proteins, CO binds to the distal face of
replotted in Axum v6.0 (MathSoft Inc). the oxygen-binding ferrous heme, causing a spin-state change

Kinetic Measurementd§ he rate of recombination of CO in the heme iron. This spin-state change results in a blue-
with the reduced binuclear center was measured using anshift in the Soret maximum that gives rise to a characteristic
LKS.50 laser kinetic spectrophotometer (Applied Photo- derivative-shaped difference spectrum (reduced+@i@us
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Ficure 1: Effect of CO on the UVvis electronic absorption spectrum of reduced NOR. Panel A shows the spectrumudi A®R in

50 mM potassium phosphate, 0.1 mM EDTA, 0.01% (w/v) DM, pH 8.0, in the fully oxidized stdteafter reduction by ascorbate/PMS

(---), and after addition of CO{+). All solutions were equilibrated under an atmosphere of nitrogen and additions were made anaerobically.
Panel B shows of the sample shown in panet#A)(@nd the reduced-C@inusreduced difference spectrum of an identical sample where
after the initial reduction by ascorbate/PMS a trace of dithionite was addpd?@nel C shows the difference spectrum of the two traces

of Panel B shown ([reduced-C@inusPMS/ascorbate reducedinus[reduced-COminusdithionite reduced]).

reduced) caused by the increase in absorbance in parallebf approximately 5:1 as determined by electronic absorption
with an absorbance loss of similar amplitude at adjacent spectroscopy (see above and discussion). Consequently, in
higher wavelengths (see Figure 3A). The associated changesddition to the positive feature at 440 nm which is due to
seen in the alpha band region spectrum of NOR, in responsethe presence of sonfégh-spinFe(Il) hemebs, the RT-MCD
to CO binding, are similar to other hemoproteins, although spectrum also contains a broad derivative shaped feature with
less intense (Figure 1B). a maximum at+400 nm and a minimum at430 nm (Figure
When a small amount of dithionite was added to the 2A; solid line). We have previously reported that this second
sample prior to the addition of CO to ensure complete reduc- feature dominates the RT-MCD spectrum of the three-
tion of the high-spin hemé;, a slightly different reduced-  electron reduced form of NOR2Y).
CO minusreduced visible region difference spectrum was  In the dithionite reduced sample, which contains enzyme
obtained (Figure 1B). This effect of complete reduction of in which all the hemes are fully reduced, this broad derivative
hemebs prior to the addition of CO is most clearly illustrated is absent and the feature at 440 nm is more prominent.
in the double difference ([reduced-G@inusPMS/ascorbate  Moreover, there is a new feature 690 nm (Figure 2A;
reduced] minus [reduced-COminus dithionite reduced]) dashed line) that may be associated with the presence of high-
spectrum (Figure 1C). spin ferrous heme. However, the intensity of the 440 nm
Room-Temperature MCD Spectroscopy of Reduced NORband Ae¢/H = 40 Mt cm™* T-1) would only account for
One explanation for the unusual static electronic absorp- approximately 50% of Fe(ll) hemg being in thehigh-spin
tion difference spectrum could be that, in at least a fraction state, the remainder we presumdag/-spin
of the fully reduced enzyme, Fe(ll) henbe already has a In both PMS/ascorbate and dithionite reduced samples,
distal ligand, possibly exogenous, and is therefore alreadythere is little of the intensity in the Soret region of the RT-
low-spin. Consequently, CO must displace this ligand to MCD spectrum that would normally be associated with the
yield a six-coordinate Fe(lHCO species, as happens in presence of multiple low-spin ferrous hemes. This is probably
the cases of CooA fronRhodospirillum rubrum(28) and a result of three overlapping MCD A-terms with different
soluble guanylyl cyclase?@). Changes in heme ligation state  zero-crossover points, corresponding to the absorbance
are readily observed by RT-MCD spectroscof$, 29), as maxima of Fe(ll) heme, Fe(ll) hemeb, and anylow-spin
is the high- to low-spin transition that accompanies the Fe(ll) hemebs. The consequences of the overlap of such
binding of CO to Fe(ll) deoxymyoglobin3Q, 31). There- derivatives are even more obvious in the visible region of
fore to determine the spin- and ligation-states of Fe(ll) heme the RT-MCD spectrum. Here reduced helmand c con-
bz in NOR prior to CO binding, we measured the RT-MCD tribute to a complex feature with a maximum at 540 nm
of samples of enzyme reduced by ascorbate/PMS (Fig-and minima at 550 and 560 nm. The apparent intensity of
ure 2A; solid line) and by dithionite (Figure 2A; dashed these features in the visible region is governed by the un-
line). derlying spectrum of hemés. In the PMS/ascorbate re-
The sample reduced by PMS/ascorbate contains a mixtureduced sample (Figure 2A; solid line) this is a mixture of
of fully reduced and three-electron reduced NOR in a ratio ferrous and ferric forms and in the dithionite reduced sample
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Ficure 3: Recombination of CO to reduced NOR after flash
photolysis. The spectral changes over time recorded at 386, 420,
and 434 nm that are induced by photolysis of the reduced NOR-
CO (prepared as described in the legend to Figure 1) in the presence
of 1 mM CO, The inset shows the observed ratgg)(of the fast

(®) and slow @) phases of CO recombination to reduced NOR
monitored at 419 nm plotted as a function of CO concentration.
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M lobe of an MCD A-term that has been observed in the CO
- derivatives of other Fe(ll) heme protein88(-31). This
derivative has a corresponding positive lobe~&60 nm,
-100 |- - which would account for the loss of intensity in that region.
[ R R Thus, the RT-MCD spectrum of the CO derivative of reduced
400 500 600 700 NOR is consistent with all of the herri® being low-spin
Wavelength (nm) ferrous when CO is the distal ligand.
FIGURE 2: RT-MCD spectrum of reduced NOR in the presence  Laser Flash PhotolysisThe electronic absorption differ-
and absence of 1 mM CO. Samples of NOR60 uM) were ence spectrum (reduceadinusreduced-CO) of high-spin
2;%%?{;:?;;&‘;§8rffxim tdhitehli?)%‘ietgd( to)':(ig;"g alnAe lagdsLeo‘i\l/J;?#eWithFe(ll) hemebs can also be obtained from the initial absorb-
effect of treating the sample reduced with dithionite shown in panel ance change Induc_ed by photolysis of the CO at_varlous
A with 1 mM CO. wavelengths. The difference spectrum after photolysis would
be expected to be the inverse of the static difference spec-
(Figure 2A; dashed line), all ferrous, but a mixture of high- trum, unless the enzyme formed transiently after photolysis
and low-spin species. is spectroscopically different from the initially reduced
The RT-MCD spectrum of reduced NOR after exposure enzyme.
to 1 mM CO is shown in Figure 2B and resembles that of = The rate of recombination of CO with Fe(ll) herbgafter
the reduced NOR oP. halodenitrificangn the presence of  photolysis was initially monitored at 419 nm, the point of
CO (32). In fact, the spectrum of the reduced NORO maximum change in the static difference spectrum. The
complex is the same irrespective of the method used toamplitude of the absorbance change associated with CO
initially reduce the enzyme. This indicates that in the case recombination was dependent on the wavelength used to
of PMS/ascorbate reduced NOR the subsequent addition ofmonitor the reaction (Figure 3). Recombination was observed
CO leads to complete reduction of the active site. This could to be biphasic with a dominant fast phase, accounting for
be for one of two reasons. Either the CO is acting as a ca. 75% of the absorbance change. In the presence of 1 mM
reductant, or alternatively the binding of CO to the population CO, the rate of recombinatiorkfg of the fast phase was
of hemebs that is already reduced traps the electron there, ~2 x 1®° s™. The recombination rates of both phases
thus shifting the Fe(Il)/Fe(lll) equilibrium toward complete showed a linear dependence on the CO concentration (Figure
reduction of hemédos. 3insert). Thus, recombination is not geminate, and the bond
The Soret region of the RT-MCD spectrum of the reduced between the Fe(ll) hemiegs and CO is completely broken
NOR—CO complex (Figure 4B) resembles that of a number upon photolysis. The bimolecular rate constant of the fast
of other ferrous heme proteins with histidine/CO axial phase ko, = 1.7 x 108 M1 s7%) is the fastest recorded CO
coordination. These include myoglobi8({ 31), soluble recombination to a ferrous hemoprotein (Table 1).
guanylyl cyclaseZ9), and CooA 28). Superficially, the com- Recombination was monitored at a series of wavelengths
plex feature in the visible region of the spectrum resembles between 380 and 450 nm at intervals of 2.5 nm and the
that seen in fully (dithionite) reduced NOR (Figure 4A; photolysis difference spectrum (redugethusreduced-CO)
dashed line). However, there is now a new minimum at 572 was calculated. The geometry of the flash-photolysis ap-
nm, which corresponds to a loss of intensity in the region paratus is such that the laser pulse does not pass through
550-570 nm (Figure 2B). The new minimum is the negative the whole sample and as a consequence not all the Fe(ll)
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Ficure 4: Comparison of the kinetic and static CO difference spectra of NOR. Panel A shows the Soret region of the static reduced-CO
minusreduced spectrum of 1M horse heart myoglobin in 50 mM potassium phosphate pH 8.0 (---). The post photolysissjp(@)

was calculated at 2.5 nm intervals. Since the entire population Fe(ll) carbonmonoxymyoglobin is not photolyzed, the spectrum has been
normalized to the ratio of the absorbance changes at 430 nm. The normalized redoaeceduced-CO difference spectrum, which has

been inverted to aid comparison with the static difference spectrum, is indicated by the solid @jclParfel B shows the Soret region

of the postphotolysis reducedinusreduced-CO difference spectrum (@) of 3.28u«M NOR in 50 mM potassium phosphate, 0.1 mM

EDTA, 0.01% (w/v) DM, pH 8.0, recorded at 2.5 nm intervadg (The amplitude of this spectrum was normalized using the scaling factor
calculated for myoglobin (panel A) and the sign changed to give a difference spectrum (---) that could be compared directly with the static
reduced-CQOminusreduced difference spectrum of NOR obtained from a sample initially reduced with dithiefjite (

Table 1 bound NOR, prepared essentially as described in the legend
P to Figure 1A. The photolysis spectrum was normalized using
: kon M5 ref the scaling factor calculated for myoglobin, assuming that
%ﬁﬁit;%goecg;?]’azggrox'dase g 15 gi the quantum yield of photolysis is similar in both enzymes.
cytochrome P45Qn+ camphor 3.7 10° a3 Subsequently, it was converted to mplar absorptlon units and
bovine cytochromeas 7 x 10* 12 inverted (dashed line, right-handaxis), to facilitate com-
soluble guanylate cyclase X710 52 parison with the static (reduced-Q@inusreduced) differ-
%trc;‘;hrzggrﬁffﬁo(ﬁggm“s subtiliy 1-2; 18: Zg ence spectrum (dotted line, right-hapexis). The calculated
R—state hemoyglgbino(-chains) 6.5¢ 10F 43 kinetic difference spectrum (dashed line) is derivative-shaped
model heme 8.% 10 43 with a maximum at 419 nm and a minimum at 436 nfw (
leghemoglobin 1.3 10 43 = 87 mMt cm™). It bears a close resemblance in form
cytochromebd 8x 100 44 and intensity to the kinetic spectrum of myoglobin (Figure
bacterial nitric oxide reductase 7108 this work 4A). We therefore presume that after photolysis of CO,
?In multistep processes the overall apparkqts given. ferrous heméps is both pentacoordinate and high-spin. The

kinetic difference spectrum (dashed line) is clearly different

CO bonds in solution are photolyzed. This makes it difficult in form compared with the static difference spectrum (dotted
to compare the extent of the optical changes induced by line), with a slightly red-shifted minimum (436 nm versus
photolysis with the static reduced-Q@inusreduced visible 433 nm) and an obvious change in the ratio of the amplitudes
absorption spectrum. To overcome this difficulty, we first of the maximum and minima that is independent of the
determined the kinetic difference spectrum immediately after scaling factor.
photolysis of a solution of ferrous CO-bound horse myo-  Kinetics of Binding of CO to Reduced NORe presence
globin. Figure 4A shows that the postphotolysis spectrum of a distal sixth ligand on reduced hetgmay be the reason
(reducedminusreduced-CO) 4) is the inverse of the static  for the difference in the static and kinetic CO difference
(reduced-COminusreduced) difference spectrum (dashed spectrum. Such a ligand is likely to influence the initial rate
line). However, the extent of the observed absorbance changef CO binding to reduced NOR, a parameter that can be
is rather less. Comparison of the absorbance changes at 43@etermined in a stopped-flow spectrometer. The rate at which
nm revealed a scaling factor of 1.6 that needed to be appliedCO reacts with reduced NOR (Figure 5A) is very slow
to the kinetic difference spectrur®) after inversion to yield  compared with the rate of photolysis induced CO recombina-
a spectrum that was essentially identical to the static tion (Figure 4). The reaction is best described by three
difference spectrum (dashed line). independent exponentials (Figure 5A,B). The apparent rate

Figure 4B @, left y-axis) shows the postphotolysis (0.2 constants of the two major phases were dependent on the
us) difference spectrum of a sample of fully reduced, CO- CO concentration (Figure 5C,D). The minor third phase,
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Ficure 5: Kinetics of CO binding to reduced NOR. Panels A and B shows the experimental traces obtained from the rapid mixing of
ascorbate/PMS reduced NOR (LB1) with 121 uM CO () and 500uM CO (O) in 25 mM TAPS, 0.01% DM, pH 8.0. The solid lines

in are fits to either a single exponential or the sum of two exponentials. Panels C and D show the dependence upon CO concentration of
the fast O, panel C), and intermediat®) phases of ligand binding (D), respectively. The error bars represent the standard deviations of
the rate constants & 3). The hyperbolic lines plotted through the fast and intermediate phases represent the results of fitting of a two-step
model to the data (eq 1), which used the following valukgxa= 1.91 x 10° s7! andKk_pexa= 335 s! for the fast (panel C), ankhexa=

1.48 x 1 s, andk_pexa= 71 st intermediate (panel D) phases, respectively.

whose amplitude was less than 5% of the total amplitude (35). The presence of some residual Fe(lll) hemeafter
observed, appeared independent of CO concentration and wageduction of NOR with ascorbate/PMS is also consistent with
extremely slow €2 s™%). This is attributed to reduction of the minor and very slowk{,s = ~1 s%), concentration
any remaining Fe(lll) heméy; by CO and subsequent independent third phase in the rapid-mixing experiments.

formation of the Fe(Il)>CO adduct. There have been two previous reports of the static reduced-
CO minusreduced difference spectrum of bacterial NOR
DISCUSSION (hereafter referred to simply as the CO-difference spectrum)

The changes in the electronic absorption spectrum of NOR (22, 23). In both instances, the enzyme was reduced with
induced by CO-binding depend on both the method used todithionite prior to the addition of CO, and in each case, the
initially reduce the enzyme and the extent of reduction CO-difference spectrum was different to that reported here
(Figure 1B). This is because ascorbate/PMS is unable to(Figure 1B). The spectrum reported by Girsch and de Vries
completely reduce the low-potential-60 mV (27)] heme (23) shows an overall increase in absorbance at shorter
(hemeby) in the active site. Incomplete reduction is indicated Wavelengths, which can be attributed to some denaturation
by the small negative feature around 600 nm in the double Of the protein upon addition of CO. Both the derivative-
difference spectrum shown in Figure 1C and by the broad shaped feature in the Soret region, of the CO-difference
derivative in the Soret region of the RT-MCD spectrum spectrum, and the form and intensity in the visible region
(Figure 2A; solid line). The percentage of the heime  (23) are reminiscent of myoglobir8¢) or cytochromecbh-
remaining oxidized after reduction with ascorbate/PMS is oxidases §7—39).

less than 15% [estimated from the at 600 nm, using a The CO-difference spectrum of NOR reported by Fujiwara
Ae of 7.7 mMt cm™! at 600 nm for the reduction of heme and Fukumori22) shows a single maximum with a shoulder
bs, calculated from the data of Gnberg et al. 27)]. Despite in the visible region, whereas two maxima were clearly

this, we preferred ascorbate/PMS to dithionite as the initial resolved in this region in the spectrum presented here (Figure
reductant for the kinetic experiments since occasionally the 1B). The small change in the intensity of the Soret maximum
addition of excess dithionite to oxidized NOR led to an reported by these authors suggests that the reduction of the
abnormally high Soret absorbance. The position of the Soretenzyme was incomplete prior to the addition of CO. This is
hardly changed upon addition of CO (not shown) and was borne out by the large increase in absorbance at 563 nm and
attributed to the binding of a degradation product of dithionite the decrease in absorbance at 615 nm that takes place when
to the reduced hemb;, as has been described, e.g., for CO was added to the sample. Consequently, the CO-differ-
cytochromecd,; (33, 34) and the multi-heme nitrite reductase ence spectrum presented by these authors appears to include
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a number of features that are best accounted for by furtherSince the rate constants for the dissociation of CO from
reduction of hemdos by CO prior to the ligand binding. ferrous heme proteins are generally less than*i43), we

In both myoglobin and €0, the kinetically determined can effectively treat the second process as irreversible.
CO-difference spectrum matches the static difference spec-Making the further assumption that binding of a sixth (distal)
trum obtained after the initial binding of CO to the reduced ligand to yield hexacoordinated henig (khexy and the
enzyme (Figure 4A). Additionally, the rate constants for CO binding of CO k,[CO]) are both much faster processes than
binding and its recombination are identical in these proteins. the dissociation of the sixth ligan# (.ex9, then the observed
This implies that in these heme-proteins the binding and rate constantlg,) for CO binding as a function of CO
recombination of CO involve essentially the same processes.concentration can be described by eq 1.
Comparison of the static and kinetic CO-difference spectra

k0bs= k—hexA/(l + khexA/kon[CO]) (l)

of NOR reveals a significant difference in the relative
amplitude of the maximum compared to the minima within
one spectrum (Figure 3B). Moreover, careful inspection of The flash-photolysis data indicates that the bimolecular rate
the minima ¢-400 nm) in these spectra suggests further constant for CO association with Fe(Ilj fnis in the order
differences. For example, in the kinetic difference spectrum, of 1.7 x 10° M~! s%. Using this value it was possible to
the shoulder around 400 nm shows a reduced amplitude andsuccessfully simulate the dependencekgf and Kintermediate
the minimum at 433 nm in the static spectrum appears blue-(the observed rate constants for the fast and intermediate
shifted to 436 nm in the kinetic difference spectrum. phases of CO binding determined in the stopped flow
Moreover, the binding of CO to reduced NOR revealed two experiments). Simulations of the dependence of beth
bimolecular processes with rate constants that were severa(Figure 5C) anintermediate(Figure 5D) on CO concentration
orders of magnitude smaller than the recombination. Takenyielded a value folknexa in the range (1.52) x 1® s%, a
together, the spectroscopic and kinetic evidence suggest thavalue that suggests that internal ligand rebinding might be
CO can (re)bind to two spectroscopically different states of observed in the flash photolysis experiments. However,
enzyme and that the process that is observed depends owareful inspection of our data revealed no processes that were
the experimental conditions. faster than CO recombination.

One explanation for the differences between the postpho- It then appears that the dependencdsgf and Kintermediate
tolysis and static CO-difference spectra involves differences on CO concentration is controlled by the rate of distal ligand

in the interaction of CO with Reunder the different sets of
experimental conditions. However, the coordination of Fe
is similar to the non-heme iron site of lipoxygenasé} (
which is unable to bind CA4Q). Given these structural con-

debindingk_rexa Since the simulations show this value differs
between the fask(pexa= 335 s1) and intermediatek( hexa

= 71 s'Y) phase we suggest that the distal ligand can exist
in two forms, perhaps with different protonation states. We

siderations and an earlier FTIR experiment, which indicated do not have any spectroscopic evidence that informs on the

that after photolysis CO only interacts transiently withs Fe
at—39°C (6), any appreciable affinity of sfor CO appears

ligation state of Fe(Il) hemiss. However, we have previously
demonstrated that in the three-electron reduced form of NOR,

unlikely. Moreover, since non-heme iron shows only very in which hemeb; remains oxidized, that hydroxide serves
weak optical changes in response to binding of diatomic as the sixth ligand.

ligands <2 mM~tcm™) (41, 42), the significant differences

While the presence of a sixth ligand on reduced hégme

between the static and postphotolysis CO difference spectracould explain the relatively slow binding of CO, other

of NOR are unlikely to be due to CO binding tod-e

properties of NOR must be responsible for the very fast rate

A more plausible explanation for the differences between of CO recombination. The magnitude of the bimolecular

the initial binding of CO to Fe(ll) heml; and recombination

association rate constant suggests that the rate of transfer of

is the presence of a sixth ligand on the distal face of the CO from the bulk phase to henhg is close to the diffusion
heme iron in part of the initially reduced enzyme, as limit, which in turn suggests that the pathway taken by CO

identified in the MCD spectrum. After photolysis, CO would

to the active site is free of steric or electronic hindrances.

be expected to recombine with the pentacoordinated hemeThis also implies that Fedoes not influence CO recombina-

sufficiently rapidly to prevent the initially bound ligand to

tion, as Cg in heme-copper oxidases does. Note that the

return prior to CO recombination. However, the need to transient interaction of CO with geafter photolysis sug-

displace this ligand will retard the rate of initial CO binding

gested by FTIR at-39 °C does not conflict with this

to part of the enzyme. Since a distal sixth ligand is likely to interpretation. Observation of this complex does not imply
influence the optical spectrum of the reduced enzyme, thisan obligatory intermediate in the binding pathwadd)(
explanation can also account for the discrepancies in theAdditionally, the rate of CO recombination to reduced NOR

kinetic and static CO-difference spectra (Figure 4A).

In presence of a sixth ligand on the reduced hég¢he
binding of CO to reduced NOR will involve two processes:
the dissociation of this sixth ligand of herbg followed by
the binding of CO:

k7HEXA
—_

hemeD; exa < —— hemeb; peyra

Kon
hemebaPENTAﬁ‘ hemeb,-CO

may be enhanced if the proximal histidine ligand of heme
b; has very low [K,. Lowering the effective K, of a
proximal histidine can enhance the rate of CO recombination
up to 5-fold in the absence of other structural determinants
(8). The relatively high frequency (1977 ci of the infrared
stretching mode associated with the-#&0 bond of reduced
NOR (6), compared with heme-copper oxidases1965
cmY) (45), might also be related to such &peffect.

In oxidases increasing bimolecular association rate con-
stants for CO (Table 1) correlate with higher apparent oxygen
binding ratespd > bo; > CcO, see Hill et al. 44). Thus,
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the characteristics of CO binding may be indicative for the
binding rates of other diatomic gases. This suggests that these
ligands use the same pathway into the binuclear center. The
lack of any barrier to ligand entry into the reduced dinuclear
center of NOR suggests an efficient pathway for the diffusion
of substrate. This appears to be essential for the high affinity 4.
of NOR for NO, which enables this protein to maintain the
steady-state concentration of NO during denitrification below

toxic levels.

In the crystal structures of thaes-type oxidase, a large
hydrophobic channel has been identified that connects the
binuclear center with the membrane interface inside the cleft 7.

in subunit 1l @46, 47). Molecular dynamics 48) and

mutagenesis studieglq) have implicated this channel in
oxygen transfer to the active site. The main elements of a
similar pathway that may form a connection between the
active site and the membrane interface appear to have been
conserved in NOR, presumably to allow rapid transfer of

toxic NO to the active site.
CONCLUSIONS

The reaction of reduced NOR with CO is very different
from that seen in myoglobin or Gedeficient oxidases.
Specifically, the diffusion-limited bimolecular rate constant
for CO binding to the reduced heni® suggests that the
pathway for diatomic gases from the bulk phase to the active
site is unimpeded. This could contribute to the high affinity
of NOR for NO, which would allow the enzyme to keep the
intracellular NO-concentration during denitrification below

toxic levels.

In part of the reduced enzyme, a barrier for the initial
binding of CO exists, which is probably due to the presence
of a sixth ligand on the reduced helng The need to replace
this ligand is likely to interfere with NO as well as CO
binding to this heme. Destabilization of the sixth ligand by
NO binding to Fg might, however, reduce the threshold of
binding to the reduced henfg center for NO. A sixth ligand
could be mechanistically significant in obstructing the
formation of an inhibitory ferrous heme nitrosyl on heme
bs. This would be important if NO reduction occurs orgFe
with hemeb;s assisting the reduction by abstraction of an
oxygen atom from one of the two NO molecules bound to

Fes (50).
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