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ABSTRACT:. The interactions of acetylene with its binding site(s) on the FeMo cofactor of the MoFe protein

of Azotobacterinelandii nitrogenase were probed usingBg. Specifically, the effects of changing the

C,D, concentration, electron flux, pH, or the individual presence gfdthylene, or CO on the formation

of bothcis- andtrans1,2-ethylened, from C,D, were measured. A hypothesis, involving two acetylene-
reduction sites, was developed to explain the changes observed in the stereoselective protonation during
both substrate-concentration-dependent and electron-flux-depend®nte@uction. One of these sites is

a higher-affinity acetylene-binding site that produces aiyl,2-ethylened, from C,D,. The other is a
lower-affinity acetylene-binding site, which produces baik- and trans1,2-ethylened,. Added N
specifically inhibited the production afis-1,2-ethylened, from C,D,, which indicates that Nbinds to

(and is reduced at) the higher-affinity acetylene-binding site. High concentrations of added ethylene behaved
like very high concentrations of acetylene and inhibited both the electron flux flowing through the enzyme
and cis-isomer formation. Added CO, at very low concentrations, did not affect the relative distribution

of cis- and trans-isomers, indicating a separate CO-binding site. The results of pH-dependence experiments
showed that substrate inhibition at highBg concentrations is enhanced under acidic conditions but is
absent under basic conditions and suggest that a low proton flux has a similar impact to that of a low
electron flux; both inhibitcis-1,2-ethylened, formation selectively. Apparently, the factors affecting
stereoselective protonation duringlZ reduction could be the same as those that perturb protonation of
the FeMo cofactor when acetylene is reduced. The observed nitrogenase-catalyzed production of ethylene-
di from C,D, implicates a reversible protonation step in the mechanistic pathway.

Nitrogenases are enzymes that fix Ahd produce am-
monia () by a reaction mechanism that is yet to be eluci-
dated. Molybdenumnitrogenase (Mo-nitrogenase) is a two-
component system, consisting of the MoFe prdtaind the
Fe protein, and the catalyzed substrate-reduction reaction is
known to occur on the MoFe protein. The MoFe protein con-
tains two different metal-cluster centers, the FeMo cofactor
and the P cluster. The reduction of many alternative sub-
strates, in addition to N is catalyzed by nitrogenase. All
are suggested to interact with the FeMo cofactor (Figure 1),
which has the composition ¢&-homocitrate-MoF£5X (X
= unknown atom) %). There is no clear consensus as to
whether differen_t subst_rates are red.uced at diﬁerent redoxMoFe,ng‘ where X is an unknown atom, likely C, N, or O) and
states of one primary site or at physically different sites on some neighboring amino acid residues considered important in the
the FeMo cofactor 3). reduction of nitrogenase substrates. Ooh275%s and o-442Hs

directly bond to metal ions in FeMo cofactor, to Fe and Mo,

respectively.R-Homaocitrate binds to Mo by its 2-hydroxy and
T Support from the National Institutes of Health (Grant DK 37255 2-carboxy groups and is also the acceptor inNH—O— hydrogen

0-442His O
Ficure 1: Structure of the FeMo cofactorRthomocitrate-
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University, Seodaemun-Gu, Seoul 120-750, Korea. The catalyzed reduction of acetylene (ardDg has been

1 Abbreviations: Fe protein, iron protein of nitrogenase; MoFe . . . L
protein, molybdenurriron protein of nitrogenase; FeMo cofactor, the especially useful both for measuring nitrogenase activity

7Fe-Mo-9S-homocitrate-X-containing prosthetic group in the MoFe (4, 5) and for characterizing aspects of the nitrogenase
protein; P-cluster, the 8Fe-7S-containing prosthetic group in the MoFe reaction mechanism6(-9). Current understanding of the
protein; Na-EDTA, the disodium salt of ethylenediamine-tetraacetic i ; PR .

acid; HEPESN-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic acid; .MO nltrogenaseaqetylene interaction includes: (a) acetyle.ne
FT-IR, Fourier transform infrared; EPR, electron paramagnetic reso- IS reduced exclusively to ethylene (a two-electron reduction

nance; EXAFS, extended X-ray absorption fine structure. product), but some genetically altered MoFe proteins and
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V-nitrogenase produce ethane (a four-electron reductionmg; total nitrogenase specific activity is the sum of the

product) as well 10—12); (b) acetylene is an inhibitor of
proton reduction3), and, at high concentrations, it inhibits
its own reduction3, 13, 14) by slowing electron flux through
the enzyme most likely due to the tighter binding of the
oxidized Fe protein to the MoFe proteil5 16); (c)
acetylene and Nare likely reduced at different redox states

specific activities for both kHand ethylene production; total
ethylene specific activity is the sum of the specific activities
of all ethylenic species as quantified by gas chromatography;
and all assays were carried out according to the published
method in regular 9.25-mL assay vials with i€ of MoFe
protein at a 20:1 molar ratio of Fe protein-to-MoFe protein

of the MoFe protein because acetylene is a noncompetitiveat 30°C with an appropriate amount of,0, (24). Except

inhibitor of N, reduction, whereas Nis a competitive
inhibitor of acetylene reductiorl{, 18); (d) there are at least
two acetylene-reduction sited&—20); (e) at least one of
these reduction sites is suggested to be on aB,Face of
the FeMo cofactorX9, 21, 22); and (f) one of the acetylene
binding and reduction sites is likely involved with,N
reduction 22, 23).

When GD, is used as a substrate, Mo-nitrogenase
producesis-1,2-ethylenad, mainly with only 4% oftrans
1,2-ethylenead, formed under an atmosphere 6f8% GD;
in argon. Using some altereizotobacterinelandii MoFe
proteins, two paper4, 25) have recently provided insight
into the factors controlling the stereoselectivity ofDG
reduction by Mo-nitrogenase. First, the substitution of amino
acid residues in the local environment of the FeMo cofactor
perturbed the stereoselectivity of proton addition duripDL
reduction and the relativék,, values for both ethylene

for when the three-buffer system was used for the pH-
dependence experimen®&7, all experiments were carried
out in 25 mM HEPES buffer at pH 7.4. After all gaseous
components were added, the assay vials were preequilibrated
for 3 min at 30°C before venting to atmospheric pressure,
and then the reaction was started by adding the enzyme. A
time-course experiment under 10%0G was conducted for
1 h to monitor changes both in the specific activity of total
ethylene production and in the cis/traissmer ratio. Typi-
cally, the reaction time was set for 10 min. The acetylene-
reduction assay was stopped by addition of 0.25 mL of 0.5
M Na,-EDTA pH 7.5, and gas chromatography was used to
quantify both H and hydrocarbons as described previously
(24).

Headspace gas (4 mL) from the assay vial was also
sampled with a gastight syringe and injected into,efiNed
100-mm path length IR gas cell. A Bruker IFS66v/S FT-IR

production from acetylene and ethane production from spectrometer with a liquid nitrogen-cooled detector was used
ethylene by the various MoFe proteins were proposed to beto collect IR spectra. All spectra were collected as 1000 scans
important in determining both the cis/trans ratio of the 1,2- at 4 cn* resolution, and the baseline was corrected using
ethylened, produced and whether the production of ethane the blank obtained from an assay vial that contained every
from acetylene might occur2g). Second, using the same component of the gD,-reduction experiment except the Fe
experimental protocol but with different altered MoFe protein. The peaks between 800 and 1100 trwere
proteins, the electron flux through the Mo-nitrogenase rather identified by the comparison with the published datz28—

than the relativé,, values was suggested to be the important 30). Peak height was used for the calculation of the

factor in determining the stereoselectivity offi; reduction
(25). It is clear, however, that thK, value for substrate

percentage of both the traisomer and the mono-deuterated
product, GDHgs, in the deuterated ethylene products. The

reduction depends on the electron flux through nitrogenasem0|ar absorptivities for both the trans-characteristic peak at

(14, 26).
We have studied £D, reduction by wild-type Mo-
nitrogenase fronA. vinelandii to examine how the stereo-

988 cnt and the GDHs-characteristic peak at 943 cf
are similar and about half that of the cis-characteristic peak
at 843 cm! (30). Therefore, the peak heights at 943 and

selectivity of catalyzed @, reduction is affected by various 988 cm*were doubled in our calculations as has been done
reaction conditions, such as substrate concentration, electroror Other published data. In these experiments, catrais

flux, and pH. The effect of adding other nitrogenase L.2-€thylened, was typically observed at-45% GD, in
substrates and inhibitors, namely,, Nthylene, and CO, was ~ &rgon compared to ca. 4% reported previougy, €4). We
also monitored. Identification of the factors that influence Pelieve this difference is likely due to the lower specific-
the stereoselectivity of D, reduction by wild-type Mo-  activity Fe protein used. _ _
nitrogenase could provide more precise information on the ~C2Dz-concentration-dependent experiments were carried
acetylene-reduction mechanism and the interactions betweerPUt similarly but with different amounts of D, present in

the acetylene-binding site(s) on the FeMo cofactor with other the reaction vials. Flux-dependent experiments were carried
substrates and inhibitors. out with a constant amount (7@) of MoFe protein with

the amount of Fe protein varied to achieve Fe protein-to-
MoFe protein molar ratios from 2.5:1 to 38:1. For lower flux
conditions, i.e., from 0.125:1 to 1:1 molar ratios of Fe
protein-to-MoFe protein, the total protein amount was kept
as 0.5 mg to prevent inhibition by high protein concentration.
Each set of flux-dependent experiments was carried out over
a concentration range (0-300%) of GD, in argon.

C,D, reduction was also carried out in the presence pf N
and the amount ofrans-1,2-ethylened, formed was com-
mg) at 30°C, respectively. The Mo content of the MoFe pared with that under argon. Because il an effective
protein was 1.97 Mo atoms per molecule. inhibitor of acetylene reduction only at low concentrations

Unless stated otherwise, all specific activities are reported of acetylene due to the partial nature of its inhibitidrv,(
on a MoFe-protein basis as nmol of product formed permin 18, 20, 31), the first experiment to test the effect o Nn

EXPERIMENTAL PROCEDURES

The MoFe-protein and Fe-protein components of nitro-
genase were isolated from wild-typ®. zinelandii cells,
which were diazotrophically grown in a 24-L fermentor at
30 °C according to the published methdtt. The specific
activities of the purified MoFe protein and the Fe protein
were about 3000 nmol #min-mg) and 1600 nmol kA(min-
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C.D, reduction had a minimal amount (0.5%) off; present 3000 30%
under atmospheres of 0, 20, 40, 60, 80, or 100%Mdh R $ . It
argon as the balance gas. For this specific experiment, the g 5 2% . 425%
reactions were carried out for 20 min instead of 10 min to % & ¢ o
ensure sufficient product was available for measurement. A 2 g *® | * e
second experimental series had a constant 8Q%rdkent ;E ¢ A £
in all assay vials plus increasing amounts ebg(0-20%) £ £ " a °© PR
with argon as the balance gas. § § 1000 3 & 410 B
The effect of ethylene on the stereoselectivity oDg '3 £ . =
reduction was also monitored. A constant amount of ethylene &< 5 | | 5o,
(27%) was present in assay vials containing various amounts ? " " T
(from 0.5 to 11%) of GD, with argon as the balance gas. ot : : ‘ L ov
The vials were equilibrated at 3€ for 3 min before venting 0% 20% 40% 60% 80% 100%
to atmospheric pressure and initiating the reaction with the C,D, (%)

enzyme. To check the influence of CO concentration on the Ficure 2: The effect of increasing D, concentration on the
stereoselectivity of ¢D, reduction, small amounts of both  production oftrans-1,2-ethylened,. Assay conditions and quanti-
CO (0-0.1%) and @D, (5%) were used to produce sufficient ~fication of ethylene stereoisomers were as described under Experi-

ethylene for IR measurement without introducing substrate Mental Procedures, using a 20:1 Fe protein-to-MoFe protein molar
ratio. The specific activities of both total (cis- plus trans-) ethylene

inhibition by high concentration of D,. formation @) andtrans-1,2-ethylened, production @), which was
The effect of pH on the stereoselectivity off; reduction obtained by multiplying the trans-isomer percentagé Ky the
was examined in the three-buffer systei)( The final pH specific activity of total ethylene production, are plotted as a
was attained by adding eithé M NaOH a 6 M HCI function of GD, concentration,
solution prior to degassing the reaction solution. The pH
values of the reaction vials, which were measured before
addition of EDTA solution, were reported as the pH values
for the data sets. The experiments were restricted to the pH
6—8 region because the MoFe protein is denatured at pH
values below 6 and above 8.27). Because acetylene is a
weak acid 4), the rate of formation of €DH from nonen-
zymatic GD,—H,O exchange at pH 7 and 8 was checke
by monitoring the increase in the mass27/mass28 ratio in
the gas phase over a 2-mL standard three-buffer reaction
mixture plus dithionite in a 15-mL round-bottomed flask
shaken at 30C. Exchange was initiated by the injection of
50% (v/v) GD; in argon to give a final concentration of
10% GD; in the gas phase. At times up to 60 min, flasks
were frozen in dry ice/ethanol and mass spectra were
recorded. After 60-min incubation, 5.6% of the total acetyl-
ene was present asOH.

protein to provide a constant electron flux, the percentage
of 1,24rans-ethylenes, in the reduction product was found
to increase with increasing,B, concentration (see Figure
2). These percentages were then used to calculate the specific
activity for 1,2trans-ethylened, formation. When the spe-
cific activity of both total ethylene (cis- plus trans-) formation
d and 1,2trans-ethylened, formation were plotted as a func-
tion of C,D, concentration (see Figure 2), two different
patterns of response atl0, concentrations greater than 20%
were observed. The specific activity of total ethylene (cis-
plus trans-) formation decreased markedly with increasing
C,D, concentration, whereas the specific activity of trans-
isomer production was hardly affected. These different
responses at the highep; concentrations resulted from a
significant increase in trans-isomer percentage, indicating that
cis-isomer production was selectively inhibited. The rate of
cis-isomer production can be calculated by subtracting the
RESULTS rate of trans-isomer formation from the total ethylene-
formation rate. Similar inhibition of total ethylene production
Because the stereoselectivity ofli; reduction catalyzed by high concentrations of D, was observed under a variety
by both wild-type and altered nitrogenases has been inves-of electron-flux conditions, which were generated by varying
tigated under a variety of reaction conditios 9, 24, 25), the molar ratio of Fe protein-to-MoFe protein from 2.5:1 to
we initiated a systematic investigation with wild-type Mo- 38:1 (data in Supporting Information, Figure S-1). The rate
nitrogenase. An initial time-course experiment under 10% of trans-isomer production in these experiments, when plotted
C.D; at a 20:1 molar ratio of Fe protein-to-MoFe protein as a function of @, concentration (see Supporting Informa-
showed that both total ethylene atrdns1,2-ethylened, tion, Figure S-2), was not inhibited by high concentrations
formation remained linear with time for 25 min and the cis/ of C,D,. These data confirm the previously reported substrate
trans isomer ratio was constant at ca. 7:1. Even when theinhibition of nitrogenase-catalyzed acetylene reduction at
reaction was run until the MgATP supply was exhausted (up high acetylene concentration3, (18, 20) but, in addition,
to 1 h at pH7.4), there was no change in the ratioctd to indicate that it affects cissomer production specifically.
trans-1,2-ethylened; in the total ethylene produced, indicat- Effect of Changing Electron Flux on the Stereoseléfsti
ing that nonenzymatic reactions were not involved in of C,D, ReductionThe electron flux, as defined by the molar
ethylene formation. ratio of Fe protein-to-MoFe protein, is known to be a major
trans-1,2Ethylene-d Production as a Function of D, factor controlling the electron allocation to reducible sub-
ConcentrationNo differences in terms of kinetic parameters strates during nitrogenase catalysid<16, 26). Because the
and interactions with other substrate and inhibitors (comparedrates of total ethylene formation and Xrans-ethyleneel,
to those observed usingld;) were observed when deuter- formation responded differently to increasingDg (see
ated acetylene was used as the substrate for wild-typeabove), the stereoselectivity of protonation was examined
nitrogenase. Using a 20:1 molar ratio of Fe protein-to-MoFe under various electron-flux conditions to determine how each
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conditions and quantification of ethylene stereoisomers were asFicure 4: The effect of added Non the production ofrans-1,2-

described under Experimental Procedures. The percentagmef
1,2-ethylened; relative to the total ethylene produced is plotted as
a function of electron flux, as produced by varying the Fe protein-
to-MoFe protein molar ratio, at different,B3, concentrations®,
100% GD,; W, 10% GD,; a, 2% GD,).

ethylened, as a function of @D, concentration. Assay conditions
and quantification of ethylene stereoisomers were as described under
Experimental Procedures, using a 20:1 Fe protein-to-MoFe protein
molar ratio. The percentage wans-1,2-ethylened; relative to the

total ethylene produced is plotted as a function gb£concentra-

tion under either 80% Nplus argon @) or argon alone@). The

of these reactions would respond. Each set of flux-dependentinset shows the effect of 80%Nh argon @) versus argon alone

experiments (from 0.125:1 to 38:1 molar ratio of Fe protein-
to-MoFe protein) was carried out under 2, 10, or 10099 L

(O) on the specific activity of total (cis- plus trans-) ethylene
formation as a function of £D, concentration.

Figure 3 shows that the percentage of trans-isomer increasedbalance gas. The rate of total ethylene production froB,C
as the Fe protein-to-MoFe protein molar ratio decreased, butreduction was the same under either argon or 8Q%tNll

only below a ratio of ca. 10:1 as previously report@8)(
under all three €D, concentrations. Under 100%:-,[0,

C.D, concentrations greater than. &% (see Figure 4). At
lower GD, concentrations, a significant loss in ethylene-

(which corresponds to a substrate-inhibition condition under production activity was observed in the reaction under 80%
higher-flux conditions), the percentage of trans-isomer N, but this activity loss was compensated by rdduction
increased from ca. 20% to ca. 30% as the electron flux to ammonia (data not shown). The percentage of trans-isomer

decreased from ca. 15:1 to 0.125:1. Even under 2#,C
(where there is no substrate inhibition under higher-flux

produced under 80% Njust like in the experiment under
argon alone, increased as the concentrationDf creased.

conditions), the percentage of trans-isomer increased fromBut a plot of the trans-isomer percentage versuy®,C

ca. 6% to ca. 14% over the same electron-flux range.

A replot (see Supporting Information, Figure S-3) of these
data showed substrate inhibition by higfDg concentrations
over a wide range of electron-flux conditions, but trans-
isomer production was not similarly inhibited. Even in the
lowest electron-flux regime (a molar ratio of Fe protein-to-
MoFe protein of 1:1 and less), the rate of total ethylene
formation was significantly inhibited by 100%,0; (the
open circles were always lowest), whereas the ratesofs
1,2-ethylened, production was not inhibited.

Effect of N on Stereoselectity during GD, Reduction
To determine if the presence of,Nselectively inhibits
protonation of GD, during its catalyzed reduction, the rates
of bothtrans1,2-ethylened, and total ethylene production

concentration showed that the increase under 8Q%6liM

not parallel that under argon alone (see Figure 4); a greater
percentage of trans-isomer was produced under 8Q%tN
concentrations of less than 6%%. The largest difference

in the trans-isomer percentages was at 0.5%,8L,Cwnhich

was the lowest experimentabiQ, concentration used.

Effect of Ethylene on Stereoseleityi during GD, Reduc-
tion. Added ethylene affects acetylene reduction similarly
to high concentrations of acetylene by slowing the overall
nitrogenase catalytic cycle and lowering the effective electron
flux (24, 32). To check the effect of added ethylene on the
stereoselectivity of gD, protonation, the concentration of
C,D, was increased from 0.5 to 12% in reaction vials
containing 27% ethylene with argon as the balance gas.

were monitored at a constant electron flux (maintained by a Assuming that total nitrogenase specific activity under 27%

20:1 Fe protein-to-MoFe protein molar ratio) under different
concentrations of Nin argon to compare with data from a
similar experiment under argon alone. Becausésd partial
inhibitor (31) of acetylene reduction, only 0.5%,0, was
used initially. As the concentration of,Nhcreased from 0

ethylene remains constant regardless of how mugb, &
in the reaction vial, the rate of ethylene production from
acetylene at each,D, concentration can be calculated by
subtracting the rate of fHevolution in the presence of;,D;
from the H-evolution rate in the absencel. No GHe

to 100%, the percentage of trans-isomer in the deuteratedwas formed under these conditions. Figure 5 shows the

ethylene product increased linearly from ca. 2.5% to ca. 5%.

Simultaneously, the specific activity ofans-1,2-ethylene-
d; production decreased linearly from 22 to 16 nmol/(min
mg of MoFe protein) (data not shown).

calculated rates of both total ethylene drahs-1,2-ethylene-
dz production under 27% ethylene as a function eDg
concentration together with both rates in the absence of
ethylene. The calculated rate of total ethylene formation

In a second experiment, the substrate-concentration (fromunder 27% ethylene was always lower than the rate observed

0 to 20% GD,) dependence of the stereoselectivity ebg

under argon alone. Furthermore, the total nitrogenase specific

protonation was monitored (at a constant electron flux) under activity (which includes H-evolution activity) under 27%

a constant 80% Nwith argon as the balance gas to compare

ethylene was ca. 80% of that obtained under argon alone

with data from similar experiments under argon alone as the (data not shown). In contrast, the percentage of trans-isomer
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formed from GD, was always higher under an atmosphere

containing 27% ethylene than under argon alone (data not

shown). When combined, these two effects resulted in the
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Ficure 6: The effect of pH on the production of bottans-1,2-
ethylened, and ethylenal;. Assay conditions and quantification

of ethylene stereoisomers were as described under Experimental
Procedures, except that the three-buffer system was used together
with a 20:1 Fe protein-to-MoFe protein molar ratio under 1095.C

The percentages t¢fans-1,2-ethylened, () and ethylened; (O)
relative to the total ethylene produced are plotted as a function of
pH.

same rate of trans-isomer production under both atmospheres

(see Figure 5).

C.D; Reduction in the Presence of CA noninhibitory
concentration of €D, (5%) was used at a 20:1 molar ratio
of Fe protein-to-MoFe protein in the presence of varying
CO concentrations to determine if CO perturbs the stereo-
selectivity of GD, protonation. The specific activity of both
total ethylene formation and trans-isomer production de-

creased linearly by ca. 60% as the concentration of CO
increased from 0% to ca. 0.10%. These parallel decreases®
were the result of the percentage of trans-isomer relative to
the total ethylene content remaining constant at ca. 11% (see
Supporting Information, Figure S-4). Thus, batls- and
trans-1,2-ethylened, production decreased proportionally as
the concentration of CO increased and diverted electron flux

from acetylene reduction to fvolution.
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Ficure 7: The effect of pH both on the total nitrogenase specific

activity, which is the sum of the specific activities for all ethylenic
species plus that of Hevolution, and on the distribution of electrons

. . to products as a function of,D, concentration. Assay conditions
ethylened; (C,DHz) was monitored as a function of pH at and product quantification were as described under Experimental

values between pH 6.0 and pH 8.0 under 10%£at an  procedures, except that the three-buffer system was used together
Fe protein-to-MoFe protein molar ratio of 20:1. The percent- with a 20:1 Fe protein-to-MoFe protein molar ratio. The total
age of both ethylenic species increased with increasing pHnitrogenase specific activity is plotted as a function ofbg
but only at the higher pit values (see Figure 6). The Sonssnvan oy e B s 5 20 72 O o0 02 6
percentage of trans-isomer increased from ca. 12% at pHconcepntration ?s also pIo%lted forpthe pH values of @9, (7.2 _)2’
values below 7 to ca. 20% at pH 7.9 and the percentage ofand g.2 #).
ethylened; increased from zero at pH values below pH 7 to
ca. 2% at pH 7 and ca. 18% at pH 7.9. Although an increase buffer system with a 20:1 Fe protein-to-MoFe protein molar
in the percentage of trans-isomer was observed at pH valuegatio) showed that total nitrogenase (ethylene plug H
below 6 (data not shown), the MoFe protein is being specific activity was clearly impacted by the pH of the assay
denatured here as also occurs at pH values above28)2 ( (see Figure 7). At pH 7.2, total nitrogenase specific activity
Control reactions (see Experimental Procedures) demon-remained ca. 3000 nmol/(mimg of MoFe protein) up to
strated that at most 5% (but more likely 3%)0E; might 20% GD, and then showed the typical substrate-inhibition
be formed from the catalyzed reduction of contaminating decrease (by ca. 55% at 100%4%) as observed in HEPES
C,DH produced by nonenzymaticD,/H,O exchange inthe  buffer at pH 7.4 (see above). Under acidic conditions (at
assay vials. Sufficient contaminatingl@H might, therefore, pH 6.2), total nitrogenase specific activity (ca. 1200 nmol
be present to account for albBH; produced at pH 7, but  Hy/(min-mg) under 100% argon) showed even greater
it is clearly insufficient to account for the amount of[@H3 substrate inhibition; it was now observable at 10%£and
produced at pH 8. resulted in an ca. 65% loss of specific activity at 10099 £
The data derived from fD,-concentration-dependent In contrast, at the basic pH of 8.2, total nitrogenase specific
experiments at pH values of 6.2, 7.2, and 8.2 (using the three-activity (ca. 1400 nmol K(min-mg) under 100% argon) was

Effect of pH Changes on Stereoseleityi during GD
Reduction The formation of bothrans-1,2-ethylened, and
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Ficure 8: The effect of pH on the production tthns-1,2-ethylene-
d> as a function of @D, concentration. Assay conditions and

Han and Newton

conditions (see Figure 8). Up to 10%[% (see the main
part of Figure 8), the percentage of trans-isomer in the total
ethylene product increased similarly (to ca. 14%) at both
pH 6.2 and pH 7.2 but a significantly greater percentage (to
ca. 20%) of trans-isomer was always formed at pH 8.2. The
percentage of trans-isomer at pH 8.2 did not increase further
as the GD, concentration was increased from 10 to 100%.
However, the trans-isomer percentage did continue to
increase at both pH 7.2 (to ca. 20% at 1009D§) and pH

6.2 (to ca. 40% at 100% /D,) due to substrate inhibition
and its selective inhibition of cis-isomer production (see inset
to Figure 8).

The formation of ethyleneh was also monitored in these

guantification of ethylene stereoisomers were as described “nderexperiments. As expected from the results of the initial pH

Experimental Procedures, except that the three-buffer system was

used together with a 20:1 Fe protein-to-MoFe protein molar ratio.
The main figure is a plot of the percentagetans1,2-ethylene-
d; relative to the total ethylene produced as a function gD LC
concentration (from 0 to 10% in argon) at the pH values of 6.2
(©), 7.2 @), and 8.2 #®). The inset, using the same units, shows
the data set over the complete 00% GD,-concentration range.

not inhibited by increasing £, concentrations, not even at
100% GD:.. In fact, an activity enhancement occurred at the
higher GD, concentrations at pH 8.2.

study, no ethyleneh was formed at pH 6.2 at any,D;
concentration. At pH 7.2, the ethylegcontent relative to
total ethylene increased from ca. 3% at 0.5%D£to only

ca. 4% at 10% ¢D,. At pH 8.2, the percentage of ethylene

d; was already ca. 11% of the total ethylene produced under
0.5% GD, and increased to ca. 15% at 10%DG.

DISCUSSION

Stereoselecte Protonation and trans-1,2-Ethyleng-d

A plot of subsets of these data (see Figure 7) showed thatProduction The results presented here clearly show that the

the percentage of electron flux used for total ethylene
production was similar for all three pH values up to 50%
C.D,, maximizing at ca. 95%. At 100%:,D,, however, some

stereoselectivity of proton addition, which occurs during
wild-type Mo-nitrogenase-catalyzed,[@; reduction, is af-
fected by (i) acetylene concentration; (ii) electron flux, i.e.,

differences were apparent, especially at pH 6.2, where thethe Fe protein-to-MoFe protein molar ratio; (iii) the presence
ethylene percentage was somewhat lower (ca. 80%) than abf other substrates or inhibitors; and (iv) the pH of the assay.

the other two pH values.

Inhibition of acetylene reduction catalyzed by wild-type Mo-

Double-reciprocal plots of these same data (see Supportinghitrogenase by high concentrations of acetylene, a process

Information, Figure S-5) showed several different pH effects.
The plot of the pH-7.2 data was curvilinear for total ethylene

known as substrate inhibitior88, see Figure 3), has been
recognized for a long time3( 13, 14, 20). However, our

results clearly show that acetylene substrate inhibition
selectively affectgis-1,2-ethylened, production from GD..
A corollary of this result is that the percentage of trans-isomer
formed relative to total ethylene production is dependent on
curve has a shallow slope, which (staying mindful of the the GD; concentration (see Figure 2), a result that contrasts
minimal number of data points) suggests a léwvalue; in with a previous report25), although that report did not
the 2-20% concentration range, a more steeply downward- indicate the range of D, concentrations studied.
sloping portion of the curve indicates a highey value; Similar levels of substrate inhibition by high ,0;
and, above 20% 4D, the substrate-inhibition phenomenon concentrations occur over a wide range of electron-flux
becomes observable as the curve breaks sharply and steeplyonditions and, in no case, is there significant inhibition of
upward (with the data points now above any extrapolated trans-isomer production (see Supporting Information, Figures
line). S-1, S-2, and S-3). An enhancement in trans-isomer forma-
The pH-6.2 double-reciprocal plot did not show the initial tion relative to total ethylene formation might be expected
shallow-sloped section, but instead had a linear sectionunder low electron-flux conditions, if its formation is
extending from 0.5 to 5% 4D, that indicated &, value of dependent (at least partly) on the residence time of an
ca. 1%. The impact of substrate inhibition was apparent at intermediate at the binding site as previously suggeséxd (
10% GD, and above. The plot of the pH-8.2 data was This suggestion is also supported by the direct effect,pf,C
different again. Now, both the shallow-sloped (indicative of concentration on the percentage of trans-isomer formed (see
the low K, value) and the more steeply sloped (compatible above), which is also expected, if the residence time of the
with the higherK,, value) sections, as observed in the pH- putative intermediate is affected by the free acetylene
7.2 plot, were visible again in the curvilinear plot, but concentration.
substrate inhibition was completely lacking. Instead of Added substrates and inhibitors also affected the stereo-
curving sharply upward, the last several points of the plot selectivity of protonation. his a partial inhibitor of catalyzed
curved downward, indicating a possible rate enhancementacetylene reductiorlg, 31), which means operationally that
at high GD, concentrations (see Supporting Information, its effect is observable only at a high, Moncentration and
Figure S-5 and reg0). a low GD, concentration. Under such conditions (80% N
The percentage of trans-isomer formed responded differ- with 6% or less @D,), the percentage of trans-isomer formed
ently to changes in D, concentration depending on the pH was always greater than under argon alone, even though the

production over the 0:5100% range of €D, concentration.
This curve is quite similar to a previously published curve
(see Figure la of re20) and had three apparently distinct
sections. In the 0:52% GD,-concentration section, the
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rate of total ethylene formation was lower (see Figure 4).
Thus, N binding to the enzyme selectively inhibited cis-
isomer formation. A similar result was observed when 27%
ethylene was present in the assays. Ethylene is both a

DC==CD
H,C=——CH,

H*

substrate and an electron-flux inhibitor of nitrogenase. B c=o
Ethylene is such a poor substrate for wild-type Mo-

nitrogenase that it is not reduced at all when acetylene is H,

present 24, 32). Its inhibitory effect on nitrogenase activity / c pc==cp
has been likened to that of high concentrations of acetylene § HC==CH,
(6, 24). Ethylene can be a good diagnostic tool because its

inhibition of electron flux can be observed in the presence Site 1 Site 2

of small amounts of ¢D,. Although the calculated rate of
total GD, reduction was decreased by ca. 20% in the
presence of 27% ethylene, the calculated rateasfs-1,2-
ethylened, production was unaffected (see Figure 5). Thus,
ethylene not only acts as an electron-flux inhibitor but
selectively inhibits the production ofis-1,2-ethylened,
similarly to substrate inhibition. One caveat for this conclu-
sion is that the rate of total ethylene production was
calculated and may be an overestimation.

The effect of added CO was different to those ofdad
C,H,. Although CO is isoelectronic with N it is not a

Low affinity for acetylene | High affinity for acetylene

(MR
= =

Dc==cD D>=.(D
H H

Ficure 9: A proposed arrangement of substrate- and inhibitor-
binding sites along the electron-transfer pathway. There is evidence
to support the location of many of these sites on the FeMo cofactor
of the nitrogenase MoFe proteit@, 19, 21, 23, 24, 36). The two

T h e ° major acetylene-binding and reduction sites are labeled as site 1
substrate. Rather, it is an inhibitor of all MO'nltrogenase' and site 2. Site 1 is proposed to haviégof ca. 1.5%, a presumed

catalyzed substrate reductions, except keduction. In lower affinity for acetylene, and produces batls- andtrans-1,2-
contrast to the high concentrations of acetylene needed toethylenee,, whereas site 2 is proposed to havizof ca. 0.1%,
elicit substrate inhibition, CO effectively inhibits acetylene & r;])riasumded hég.her affinity fr?r acr?tylene, péoduceS.%'Z-
reduction at very low concentrations. Moreover, it does so ethylened,, and interacts with bl The nonproductive (inhibitory)

t Yy ] : ’ sites are labeled as A, B, and C. Electrons enter the pathway from
noncompetitively and without affecting the electron flux the Fe protein at the top of the figure, where they may encounter
through nitrogenase. CO simply diverts all electron flux to any of several situations. If either ethylene or acetylene (at high
H. evolution (L3, 20). CO cannot completely reverse the concentrations) is bound at site A, electron flux decreases. Because

_ PN ; ; this site is not susceptible to the effect of added CO, it may be
e!ectron flux inhibition caused by higher Concentra_t!ons of located elsewhere than on the FeMo cofactor. When CO is bound
either acetylene or ethyleneg, 16, 24, 32). Under conditions 4t sjte B, it prevents electron flux from reaching both site 1 and
that both circumvented acetylene substrate inhibition and site 2 and diverts all electron flux tosHevolution. Site C is a
allowed the formation of sufficient ethylene for detection, substrate-inhibition site, which (when occupied) selectively inhibits
CO inhibited the rate of total ethylene production as expected, ¢is-1,2-ethylenes, production at site 2.
but did not change the percentage of trans-isomer in the total ) .
ethylene produced. This result was in marked contrast to the Added ethylene, although not being catalytically reduced
response under either,Nr CH, and indicated that CO to ethgne, also inhibits the 'prpdgctloncmﬁ-l,2-ethylenedz
inhibition did not distinguish among cis- and trans-isomer Selectively and may be mimicking the effect of acetylene
production. substrate inhibition by binding to the third substrate-inhibition

Suggested Scheme for StereoselecBrotonation.The site (site C in Figure 9). This effect would be in addition to
differential effects on cis- and trans-isomer production, which 1S role as an overall electron-flux inhibitor (by binding at
are described above and occurred on changing substrat§it€ A in Figure 9) as suggested previoustyl The effect
concentration, electron flux, or adding other nitrogenase ©f the other inhibitor used, CO, contrasts with that of added

substrates/inhibitors, cannot be explained by the presencefthylene because CO is completely unselective in its inhibi-
of a single substrate-binding/reduction site on the enzyme_tlon of G,D, reduction. This observation indicates that, when

Instead, we have used a two-site model (see Figure 9) inCO is bound to Mo-nitrogenase, the enzyme is totally
which site 1 produces botbis- and trans-1,2-ethylened,, inactive toward acetylene reduction and catalyzes only proton
whereas site 2 produces ordis-1,2-ethylened, from C,D, re_ductlon. Thus, CO binds to the enzyme at a site (site B in
reduction. We propose that substrate inhibition at high,Cc ~ Figure 9) quite distinct from all other binding sites.
concentrations occurs specifically for site 2, so inhibiting Can we find any support for these several putative
only cis-1,2-ethylened, production, and is due to the binding acetylene-binding sites through further analysis of both our
of an additional acetylene molecule (to site C in Figure 9) and previously published data? A double-reciprocal plot of
that somehow interrupts either productive binding at or specific activity of total ethylene production as a function

internal electron transfer to site 2. This suggestion is

of C,D, concentration at pH 7.2 (see Supporting Information,

consistent with previous EPR observations under turnover Figure S-5) indicated that there could be as many as three

conditions 6). Moreover, the selective inhibition of cis-
isomer production by added,Nuggests that Ncompeti-
tively interacts with (and likely is reduced at) site 2 of our
two-site model. This conclusion suggests that the reaction
mechanism for K reduction could share common charac-
teristics with acetylene reduction at this site.

acetylene-binding sites: the substrate-inhibition site plus two
reduction sites. Analysis of a similar curvilinear plot (see
Figure 1a of reR0) had given the twd, values of ca. 0.1%
and ca. 1% for ethylene production. We can correlate our
cis-isomer-producing site (site 2) with the low€: (ca.
0.1%) and presumably higher-affinity acetylene-binding site
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and our trans-isomer-producing site (site 1) with the higher-  Effects of pH on Substrate InhibitiorThe impact of

Kmn (ca. 1%) and presumably lower-affinity site for the changing pH provided insight into the phenomenon of
following reasons. The rate of total ethylene production, substrate inhibition. Apparently, basic conditions offset
under low electron-flux conditions, was essentially the same substrate inhibition, whereas acidic conditions exacerbate i,
at 2 and 10% @D, (see inset of Supporting Information, suggesting that protonation state is an important factor.
Figure S-3), and yet the rate of trans-isomer formation Substrate inhibition, in addition to inhibiting cis-isomer
increased with increasing.D, concentrations (see Figure formation (see above), also decreased total electron flux but
3 and Supporting Information, Figure S-3). These results without affecting its distribution between ethylene formation
indicate that the cis-isomer-producing site was already and H evolution at all three pH values at least up to 50%
saturated at 2% £D,, which is consistent with a lowef, C,D; (see Figure 7). However, under 100%0G, ethylene
value for site 2. In contrast, the trans-isomer-producing site formation appears to suffer a small selective increase in
was not similarly saturated, indicating a high&y value for inhibition at pH 6.2 and 7.2, but not at pH 8.2. This last
site 1. Further, our preliminary simulations (data not shown), difference may be a consequence of the increase in activity
which are complicated by the substrate-inhibition phenom- that occurs under higher.D, concentrations at pH 8.2.

enon, support this conclusion beca_use S‘”.‘”af patterns of NeitherKlebsiella pneumoniagl8) nor Clostridium pas-
response result only when the trans-isomer is assumed to b‘?eurianum(l& 20) nitrogenase exhibits substrate inhibition

formed at the putative lower-affinity site 1. :
) _ when assayed for catalyzed acetylene reduction at pH ca. 7
Effects of pH on Stereosela@iGD, ReductionBoth total e higher flux conditions. The. vinelandii nitrogenase

nitrogenase (kiplus ethylene) and total ethylene-production is unique in this respect. However, when assayed at pH 8.2,

specific activities are m_ﬂuenced by the.pH of _th_e reaction 5 vinelandiinitrogenase-catalyzed acetylene reduction loses
(14, 27, 34, 35). Total nitrogenase specific activity versus this uniqueness and becomes quite similar to thaCof

pH plots are distorted bell-shaped curves with a maximum pasteurianun(18, 20) nitrogenase, including a stimulation

activity at pH ca. 7.2 andiy, (as 50% of maximum activity) o : .
values of ca. 6.2 and ca. 8.2. When the curve produced under0 factivity at high acetylene concentrations that suggests the

X presence of a very low-affinity binding site. Lineweaver

0, 0,
égoo/)a?rgr?nugzg?mpﬁrggégéz_eﬂS)l:rggngoitriolr?sbtﬁgetg:zgf/Burk plots for both nitrogenases are quite similar (see
onl 0ong'zhe basic sidge>( H 7.0), where thelg, val,ue s)h/ifts Supporting Information, Figure S-5 and Figure 1a in2ey
only L O pH 7.0), L oa . and aKp, value of ca. 20% has been measured for the very
in the acidic direction by ca. 0.4 pH unit when acetylene is . . . S

. . ; low-affinity C. pasteurianunsite. If substrate inhibition is
present85). This result contrasts with a previous rep@T) . -

SR o o due to the nonproductive binding of a second acetylene
which indicated that the whole specific activity versus pH molecule to theA. zinelandii enzyme (at site C in Figure
plot was shifted in the acid direction in the presence of 9), this additional.azéet Iene—bind)i/n (and normall elegctron-
acetylene. This acetylene-induced,shift suggests that the ' y 9 y

protonation process varies with the substrate being reduced{:tgl' lnglbglrr]lg)osrltﬁq(r)r:gs;giggg;prci?dsidbaetct;ﬁ;ﬁ pl;jle(mrg_st
Similarly, the stereoselectivity of protonation under 10% y by group g dep

C.D; at high electron flux is also affected at pH values tonated). Our pH-8.2 data set suggests that this substrate-

greater than ca. 7, with the trans-isomer percentage reIative!nhlbltlon site may have been either replaced by or converted

to the total ethylene produced increasing with increasing pH Into alprod?ctlvle, but V(gry_ Io;{v—afflr_u;]y,hsge and |nd_|cates a
(see Figure 6). Consistent with this observation, the trans- Ky value of at least 10% in Ine with the. pasteurianum
isomer percentage increased more rapidly witlh.Ccon- vglue. Under nqrmal assay conditions, an acerIene-redugUon
centration at pH 8.2 than at either pH 7.2 or 6.2 (see Figure site such as th's WOUId. at best be only marginally effective
8). It also maximized earlier (at 10%,,) with ca. 20% at pH ca. 7 with the wild-type enzyme.
trans-isomer present, which was the same maximum found A body of inferential evidence has accumulated to
for the trans-isomer percentage at pH 7.2, but here 100%implicate the FeMo cofactor prosthetic group of the MoFe
C.D, was required (see inset to Figure 8). A similar protein as providing the substrate/inhibitor-binding sites (see,
enhancement of trans-isomer formation relative to total €.9.,10, 36—37). The enhancement of substrate inhibition
ethylene formation was observed when electron flux was low under acidic conditions and its absence at basic pH may be
(see above). Because all nitrogenase substrates require Eelated to the chemical stability of the unproductive FeMo
proton for every electron accepted, it may not be surprising cofactor-(acetylene)complex that is likely responsible for
that trans-isomer formation is also enhanced when the flux this phnenomenon. Acetylene is known to form vinyl-sulfide
of protons is low (as would be the case at higher pH). In complexes readily and does so when it reacts with either
contrast to the constant 20% of trans-isomer observed at bothdinuclear 88) or trinuclear 89) molybdenum- (or tungsten-)
pH 7.2 and 8.2 under 50% (and more)33, the trans-isomer  chalcogenide clusters, many of which have gSMmoiety
percentage at pH 6.2 continued to increase dramatically untilthat is structurally similar to those found in the FeMo
it accounted for ca. 40% of total ethylene production at 100% cofactor. Furthermore, the formation of a vinyl-sulfide
C2D,, thus emphasizing the impact of the increased substratecomplex is often reversible and sometimes can result in
inhibition on trans-isomer formation. ethylene formation40). Formation of such a vinyl-sulfide
The rate of total ethylene production under 1004D£ complex may be responsible for substrate inhibition with
was the same at both pH 7.2 and pH 8.2 (see Figure 7).nitrogenase because vinyl-sulfide complex formation is
However, this rate was achieved at 10%Dg at pH 8.2 expedited by acidic pH which is consistent with the increased
rather than at the 100%,D; required at pH 7.2. It appears substrate inhibition observed at pH 6.2. Moreover, substrate
then that the effect of higher pH and substrate inhibition inhibition on wild-type nitrogenase is also reversible and, at
offset one another and result in the same rate. pH 8.2, might even become productive.
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Comparison of our Model with Other Proposals for that perturb protonation/deprotonation of the FeMo cofactor
Acetylene ReductioRrevious studiesl@—20, 22—23) with when it reduces €D,. This pH dependence implies that the
nitrogenase have implicated two major acetylene-binding/ protonation status of acicbase group(s) close to substrate-
reduction sites. The results from two of these studlé® ( binding sites is an important factor for catalysis in general
20) were quite similar to ours and provide tig, values (27, 35, 44).
that we have assigned to site 1 and site 2 in our model (see In this regard, the observation that ethylahe({C,DHs)
above and Figure 9), but neither of those reports included is formed in a pH-dependent reaction duringdgreduction
much mechanistic insight. Results from two other studies, in H,O is an important one. Formation of small amounts of
using variant MoFe proteins, were used to as${grvalues C,DHjs has been observed at pH ca. 7 befd4, @5) but is
and to distribute substrates/inhibitors quite differently to the usually ascribed to the reduction of presumed contaminating
two sites 2—23). A higher-affinity GH,-binding site (with C.DH in the substrate £D,. This assumption is no longer
a Kn, of ca. 0.7% GH») was proposed as the site that is tenable because no,0H; is observed in the infrared
normally assayed under 10% acetylene and may also bindspectrum of reactions run at pH values below ca. 6.7, even
CO, whereas a lower-affinity site (with iy, of ca. 14% though acetylene reduction is occurringDEl3 production
C.H,) was deemed responsible for the binding/reduction of is only observed at the higher pH values, where the supply
N2, and some other substrates and may also bind CO. of protons to accompany the electrons used to reduce

This last proposala2—23) has three obvious differences substrate could become limited. ThusDEl; formed as a
when compared to our model. The first is the magnitudes of product of catalyzed £D, reduction, especially at higher pH
the kinetic constantn,. Although these differences may values, strongly implicates a reversible protonation step as
simply be a direct result of their use of variant MoFe proteins, an integral part of the mechanism of stereoselective proto-
their higher-affinity site may actually reflect an average of nation during acetylene reduction.
the individualKy, values of our sites 1 and 2, a phenomenon  We previously suggested a scheme, which included a
that has been encountered befot®)( Furthermore, their  reversible protonation step on a kesalkenyl intermediate
lower-affinity site could be the same as the “third” site that (24; step Ill in Scheme 2), that attempted to rationalize both
becomes observable (and productive, witaof ca. 10%  the mix of stereoisomers produced and whether ethane is
C:Ho) at pH 8.2 in our data and that might be formed from formed during catalyzed D, reduction. A more recent
the original substrate-inhibition site. If so, this site would scheme 25; Figure 5), which does not include reversible
be invisible with wild-type A. vinelandii nitrogenase at  protonation and so is incompatible with catalyzed ethylene-
neutral pH because of acetylene substrate inhibition. The d, formation, discarded this intermediate in favor offa
second difference involves the binding of.NOur results vinyl intermediate based on (i) no,B:;H being observed
favor N, binding at the higher-affinity @.-binding site,  from the catalytic reduction of £, in D,O at pH 7, even
whereas theirs favor binding at the lower-affinity site. It though some ¢€DHs; was produced from £, in DO at pH
would be difficult to explain the partial (and competitive)  7; and (ji) the cis-/trans-isomer product ratio being indepen-
inhibition by N, of acetylene reduction if Nbinds only at  dent of substrate concentration. The data presented herein
the lower-affinity GH,-binding site. For example, Nonly are at odds with both of these observations, suggesting that

inhibits acetylene reduction at highoNand low GH: the o-alkenyl intermediate should be reconsidered.
concentrations; in our studies, 80% Mas an effective

inhibitor only at acetylene concentrations of less than 6%. ACKNOWLEDGMENT
Of course, N might bind competitively at both sites, but
binding at their lower-affinity (with &K, of ca. 14%) site
would be undetectable in wild type due to the onset of
substrate inhibition. The third difference involves CO bind-
ing. Our model proposes a CO-binding site that is quite
distinct from the acetylene-binding sites (sites 1 and 2) and
S0 is consistent with the known noncompetitive pattern of
CO inhibition with wild-type nitrogenase. Their proposal
implicates CO binding at both of their acetylene-binding sites SUPPORTING INFORMATION AVAILABLE
based on the competitive pattern of inhibition observed with
their variant MoFe proteins. Figure S-1 is a plot of the specific activity of total ethylene
The problem of how the cis- and trans-isomers of production as a function of D, concentration over a wide
deuterated ethylene are produced has also been addressednge of electron-flux conditions. Figure S-2 is a plot of
using model compounds. The results led to the suggestionspecific activity of trans-1,2-ethylened, formation as a
that their formation during nitrogenase-catalyzedDgL function of GD, concentration over a limited range of
reduction is due to the uncontrolled protonation of the FeMo electron-flux conditions at pH 7.4. Figure S-3 shows plots
cofactor @1). However, our observation that the stereose- of the specific activity of both total ethylene production and
lectivity of protonation during €D, reduction is pH- trans-1,2-ethylened, formation as a function of increasing
dependent makes this suggestion unlikely. Our results are,electron flux (generated by Fe protein-to-MoFe protein molar
however, consistent with protonation/deprotonation of the ratios from 0.1:1 to 1:1) under 2, 10, and 100%bgat pH
FeMo cofactor as detected by the pH-dependent change in7.4. Figure S-4 shows plots of both normalized total ethylene
the S= 3/2 EPR signal of the MoFe proteid2) and during specific activity and normalizetlans-1,2-ethylened; specific
catalytic turnover 43). Therefore, the factors that affect activity as a function of CO concentration at pH 7.4 using a
stereoselective D, reduction could be the same as those 20:1 molar ratio of Fe protein-to-MoFe protein. Figure S-5

We thank Professor Sunyoung Kim (Department of
Biochemistry, Virginia Polytechnic Institute and State Uni-
versity) for graciously allowing us access to her Bruker
IFS66V/S FT-IR instrumentation. We also thank Dr. Karl
Fisher, Dr. Michael J. Dilworth, Dr. Kanit Vichiphan, Ms.
Christie Dapper, and Mr. Kim Harich for helpful discussions
and experimental assistance.



2956 Biochemistry, Vol. 43, No. 10, 2004

shows double-reciprocal plots of the specific activity of total
ethylene production as a function of[@ concentration at

the pH values of 6.2, 7.2, and 8.2 using a 20:1 molar ratio

of Fe protein-to-MoFe protein. This material is available free
of charge via the Internet at http://pubs.acs.org.
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