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In this communication we report the use of stopped-flow
fourier transform infrared spectroscopy (SF-FTIR) to monitor
the binding of carbon monoxide to nitrogenase fridlabsiella
pneumoniae Nitrogenase is a bacterial metalloenzyme whose
physiological function is to catalyze the reduction of dinitrogen
to ammonid—* with a concomitant reduction of 2Ho H, and
hydrolysis of MgATP to MgADP and P Nitrogenase com-
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electron paramagnetic resonance (EPR) sigtial8. These are
denoted high-COg = 2.17, 2.06, 2.06) and low-C@ & 2.09,

1.97, 1.93) because they occur under high and low-CO partial
pressures, respectively. Electron-nuclear double resonance
(ENDOR) studies have shown that one CO binding environment
on the FeMo cofactor is apparent under low-CO, while two are
observed under high-C&:16

The SF-FTIR experiments presented here employed a two
syringes drive syste. One syringe contained 1:3.4 molar ratio
of K. pneumoniaéloFe protein (Kpl): Fe protein (Kp2) giving
~52 uM FeMo-cofactor centers after mixifig. The other
syringe contained a buffered solution of MgATP and/or €0.
Infrared data were collected between 220G50 cntt. Figure
1 comprises illustrative spectra. In the absence of CO (Figure
1d) or MgATP (not shown) no time-dependent infrared bands
were observe@? However, reacting the enzyme solution with
a “high-CO” mixture yielding 10 mM MgATP and 0.5 mM
CO after mixing® produced a complex transient infrared
spectrum containing one relatively intense band at 19356 cm
and two smaller bands at 1958 chand 1906 cm?® (Figure

prises two proteins: the MoFe protein and the Fe protein. The 1a)?* All these bands shifted-44 cnm® when °CO was

MoFe protein contains a structurally unique metsdilfur
cluster; the FeMo cofactor (MoF8:homacitrate), which is
thought to be the substrate binding sSité. Despite extensive

biochemical, structural, spectroscopic, and kinetic characteri-

zatiort—* as well as biomimetic chemical studi¢ghe site and
nature of dinitrogen binding to the FeMo cofactor and the

substituted for the natural abundari880O confirming that they
arise from bound CO. The time dependefias these bands
are very different (Figure 2). The 1906 ctband grows and
decays relatively rapidly, peaking at about&s. By contrast
the intense 1935.6 cm and smaller 1958 cn bands grow
more slowly, peaking at 55 and 100 s, respectively, before

chemistry of its subsequent reduction remain unresolved. In slowly decaying. Both bands still have small but observable
part, this can be ascribed to the novel and complex nature ofintensity after 600 s.

the enzyme chemistry. One technical problem is that many

Low-CO conditions, using approximately a stoichiometric

reduced enzyme intermediates exist, and in general these carquivalent of CO to MoFe centers, produced a transient infrared

only be generated as mixtures of transient spetiésiother

problem is the lack of an effective spectroscopic probe of the

dinitrogensubstrateand its chemical changes on binding to the
MoFe active site.

spectrum with a single band at 1904 th{Figure 1c). This

(12) Hawkes, T. R.; McLean, P. A.; Smith, B. Biochem. J1984 217,

To address these issues we have beer$l7-321.
developing SF-FTIR as a probe of the dynamics of metalloen-

(13) Lowe, D. J.; Eady, R. R.; Thorneley, R. N. Biochem. J1978
173 277-290.

zyme-—substrate interactions. This communication addresses the (14) Davis, L. C.; Henzl, M. T.; Burris, R. H.; Orme-Johnson, W. H.

application of SF-FTIR to the binding of CO to molybdenum

nitrogenase. We show that under high-CO concentrations 5

Biochemistryl979 18, 4860-4869.
(15) Pollock, R. C.; Lee, H. I.; Cameron, L. M.; DeRose, V. J.; Hales,
J.; Orme-Johnson, W. H.; Hoffman, B. M. Am. Chem. Sod 995

several transient metal center bound CO species exist, each with 17, 8686-8687.

a unique kinetic profile. This suggests that the chemistry of
CO inhibition of nitrogenase may be significantly more complex
than has been believed.

CO is a potent noncompetitive inhibitor of the reduction of
dinitrogen by nitrogenas&1? It also inhibits the enzyme’s
general catalytic ability to reduce acetylene and other multiply
bonded molecule%:’® CO does not, however, inhibit enzyme
turnover. MgATP hydrolysis is sustained under CO, and the

electron flux through the enzyme is directed toward increasing

the rate of reduction of protons to dihydrogénDuring enzyme

turnover, CO inhibited nitrogenase exhibits one of two transient res

T John Innes Centre.

* University of Birmingham.
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(21) All experiments used 25 mM HEPES pH 7.3 buffer containing 10
mM MgCl, and 10 mM sodium dithionite. Background spectra were
generated by shooting, in turn, Kpl:Kp2 and MgATP/CO against buffer
and averaging the result. Signal to noise for the time-dependent experimental
spectra was enhanced by performing many shots and averaging. All results
were reproduced.

(22) Thev(N=N) stretch of terminally bound metal-dinitrogen complexes
can also absorb in this region. No conclusion can be drawn from the apparent
absence of such bands in Figure 1d as the Kp2:Kpl stoichiometry is
significantly lower than the optimum for dinitrogen turnover.

(23) EPR spectrum of this mixture frozen 1 min after mixing contained
an intense high-CO signal (not shown).

(24) There is also a feature at 1880 cnwhich is apparently time
dependent, but our current data cannot confirm its nature.

(25) Peak intensity as a function of time was determined by fitting an
averaged spectrum similar to Figure 1a to sum of Gaussian lineshapes. The
peak widths and positions were then constrained and, for each spectrum of
the time course, peak intensities and a baseline function were allowed to
float. This approach significantly reduced the “noise” in the time course
and corrected out a small time dependent baseline instability in these samples
which probably arises from the evolution of very small bubbles of hydrogen.
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Figure 1. Transient infrared spectra #fiebsiella pneumoniaaitro-

genase CO complex. These are illustrative spectra obtained by

averaging the data sets over84 s after mixing. All samples contained

42 uM Kp1l, 142uM Kp2, 25 mM HEPES pH 7.3, 10 mM Mggl10

mM sodium dithionite, and 10 mM ATP. No creatine kinase regenerat-
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ficients (1935.5 cm! ~1930 Mt cm™2, 1906 cnt ~400 M1
cmt, 1958 cnt! ~350 M~ cm™Y) and linewidths £10 cnt?)
are comparable with those of hem@0O complexes such as
myoglobin—CO which have intensities 61000 Mt cm1.28

Second, each of the thre€CO) peaks identified in the high-
CO spectrum (Figure 1a) corresponds to a chemically distinct
species. This is because all three peaks have disparate time
courses, and only a single peak is observed at low-CO
concentrations. This excludes the possibility that the different
peaks arise from conformational differences within an otherwise
identical binding site, as observed for, for example, heme
peroxidase CO complex@%3°

The most straightforward interpretation of our data is that
there is more than one metal site binding CO in the protein.
One site binds CO relatively rapidly under both high- and low-
CO concentrations to give the 1906 chirand, while the 1935.6
and 1958 cm! sites bind CO much more slowly and only under
high-CO concentrations. It is not possible to say from the
current data whether the high-CO 1935.6 and 1958'dmands
represent two separate binding sites on the FeMo cofactor or
the same binding site but with different cofactor redox states.
It is unlikely that two CO molecules bind to the same metal
within the cluster as this should lead to significant time
dependent frequency shifts of thCO) stretches arising from
combination effects, and these are not observed.

Our data also allows speculation that the bound CO giving

ing system was used. CO concentrations assume buffer saturated witithe rapidly formed “low-CO” 1906 cmt species is primarily

CO is 1 mM: (a)~0.5 mM CO (high CO) (average of nine
experiments) and (b}0.5 mM 13CO (high3CO) (average of three

responsible for CO inhibition and that the additional slow
binding under high-CO conditions is secondary. This is

experiments). The reduced intensity compared to (a) is due to the supported by a study of enzyme activity under similar experi-

presence of 15%°C*0: (c) ~60uM CO (low CO) (average of two
experiments) and (d) no CO (average of two experiments).
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Figure 2. Time dependence of the principal bands observed in the
Klebsiella pneumoniaeitrogenase highCO complex infrared spec-
trum in Figure 1a:@ 1906 cm?; O 1935.6 cmt; and 01958 cni.

The time course is an average of nine stopped-flow experiments.
Scanning times: ©6 s in 0.2 s steps;653 s in 1.2 s steps; and 53
515 sin 11.8 s steps.

band’s time course was very similar to that observed for the
1906 cn1?! high-CO band, and at this point it is reasonable to
conclude both these bands arise from the same species.

A number of broad conclusions can be drawn from these data.

First, the energies of all the bands presented here are typical ofimold: London, 1967; pp 84183,

v(CO) stretching modes arising from CO terminally bound to
metal sites (M-&O) such as hemeCO complexed® We
cannot eliminate the possibility of additional species with CO

bound between two metal sites with a bridging carbon as these

may produce/(CO) stretches below the 1800 cilimit of our
current data séf. It is unlikely that the bands in Figure 1
represent minority species as their maximum extinction coef-

(26) Spiro. T. G.; Smulevich, G.; Su, Giochemistryl99Q 29, 4497—
4508.

mental condition® which shows that the enzyme is fully
inhibited by CO within 15 $2 These activity measurements
also indicate that turnover suddenly slows after about 60 s
whether CO is present or not; presumably because of ADP
product inhibition. This time scale is similar to that for the
maximum intensity for the high-CO signals (1935.6dm55

s, 1958 cm®: 100 s), and it suggests that the slow decay of
the “high-CO” 1935.6 and 1958 crh peaks is a consequence
of loss of enzyme turnover.

There are unresolved problems. Why, for example does the
low-CO 1906 cm! »(CO) band start to decay after only 7 s?
Nevertheless it is evident that the binding chemistry of CO to
nitrogenase is significantly more complex than previously
thought. It is also clear that SF-FTIR using relatively dilute
(50 uM) enzyme is an effective probe of this chemistry. While
the data presented here are limited to the “water-window”, with
appropriate adjustments to pathlength and the use of deuterated
buffers much of the infrared spectrum is accessible. Also time
resolutions of~15 ms should be possible. Hence this technique
may well find application to a number of problems in bioinor-
ganic chemistry.
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