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Environment of the MoFe Protein: Effects of Acetylene or Ethylene on Interactions
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ABSTRACT. Wild-type and three alterefizotobacterinelandii nitrogenase MoFe proteins, with substitutions
either ato-195"s (replaced by-195%" or a-195°") or ata-191°" (replaced by-191Y%), were used to
probe the interactions of HCN and CNboth of which are present in NaCN solutions at pH 7.4, with
nitrogenase. The first goal was to determine how addgth €nhances the rate of GHroduction from

HCN reduction by wild-type nitrogenase. In the absence s Cwild-type Mo-nitrogenase showed a
declining total electron flux, which is an overall measure of all products formed, as the NaCN concentration
was increased from 1 to 5 mM, whereas the rates of bothadid NH; production increased with increasing
NaCN concentration. The NfHproduction rate exceeded the ¢£production rate up to 5 mM NaCN, at
which point they became equal. The “excesssNlikely arises from the two-electron reduction of HCN

to CH,=NH, some of which is released and hydrolyzed to HCHO plus.NMith added GH, the rate

of CH,4 production increased but only until it equaled that of j\tHoduction, which remained unchanged.

In addition, total electron flux was decreased even more at each NaCN concentratig,byHe increased

CH, production did not arise from the addedHz. The lowered total electron flux with £, present
would decrease the affinity of the enzyme for HCN, making it a poorer competitor for the binding site.
Thus, less CB=NH would be displaced, more GHNH would undergo the full six-electron reduction,
and the rate of Chiproduction would be enhanced. A second goal was to gain mechanistic insight into
the roles of the amino acid residues in thresubunit of the MoFe protein at positions191 anda-195

in substrate reduction. At 5 mM NaCN and in the presence of excess wild-type Fe protein, the specific
activity for CH, production by thex-195's", o-195°", anda-191Ys MoFe proteins was 59%, 159%, and
6%, respectively, of that of wild type. For the195s" MoFe protein, total electron flux decreased with
increasing NaCN concentration like wild type. However, the rates of botha@d NH; production were
maximal at 1 mM NaCN, and they remained unequal even at 5 mM NaCN. With-tt@5°"" MoFe
protein, the rates of production of both ¢Hnd NH; were equal at all NaCN concentrations, and total
electron flux was hardly affected by changing the NaCN concentration. With-tt@1ys MoFe protein,

the rates of both ClHand NH; production were very low, but the rate of Midroduction was higher, and
both rates slowly increased with increasing NaCN concentration. A hypothesis, which is based on the
varying apparent affinities of the altered MoFe proteins for HCN and Gdladvanced to explain the
higher rate of NH production versus the rate of Ghbroduction and the effect of increasing NaCN
concentration on electron flux to products. A new method forslH, quantification showed that all
four MoFe proteins produced GNH,. Added CO significantly inhibited both C{Hand NH; production

from HCN with all MoFe proteins except for the- 191 MoFe protein, which still manifested its very
low rate of NH; production but without Ckiproduction. All of the MoFe proteins responded differently

to the addition of GH; to reactions containing NaCN. With the-195*s" MoFe protein, added £,
decreased the rates of both £&hd NH; production, but the rate of Ndproduction decreased much less.
C;H, also exacerbated the inhibition of electron flux. With th¢95°" MoFe protein, added £, decreased

the rates of both ClHand NH; production substantially and about equallgHg also eliminated the slight
decrease in total electron flux that was caused by NaCN. Added @ardly affected the-191-Ys MoFe
protein. The effects of adding.8, appear related to the different relative affinities of the various MoFe
proteins for HCN versus £1,. Added GH4 had no effect on HCN reduction with any of the MoFe
proteins. The data are consistent with the “single HCN/®hding site” hypothesis [Lowe, D. J., Fisher,

K., Thorneley, R. N. F., Vaughn, S. A., and Burgess, B. K. (19@chemistry 288460-8466], imply
important roles for both residues, especialhl 91°M, in the catalysis of HCN reduction, and suggest that
different substrates may use different proton delivery routes.

Molybdenum nitrogenase (Mo-nitrogenase), one of three electron donor to the MoFe protein, a heterotetramer of about
genetically distinct forms of the enzyme, catalyzes the 230 kDa. The MoFe protein contains two each of two types
conversion of N into usable ammonia. It consists of two of metal-containing prosthetic groups. The FeMo-cofactors
metalloproteins. The Fe protetra homodimer of about 65  carry the binding sites for small-molecule substrafies3),
kDa, has two MgATP binding sites and acts as the specific whereas the P clusters act as intermediates in the transfer of

10.1021/bi0001628 CCC: $19.00 © 2000 American Chemical Society
Published on Web 08/09/2000



10856 Biochemistry, Vol. 39, No. 35, 2000 Fisher et al.

Scheme 1: Reduction Sequence for the Catalyzed Two-, measures the number of MgATP molecules hydrolyzed for
Four-, and Six-Electron Reduction of HCN by each pair of electrons appearing in products. On the basis
Mo-Nitrogenasg of pre-steady-state data®), the suggestion that CNand
+2e/2H* +2e/2H* +2e/2H* HCN bind at independent site45) has been questioned.
[HCN] —> [CH,=NH] —> [CH;NH,] —> CH,+ NH, The more recent interpretation suggests that both inhibitor
and substrate bind at the same site and that GNy acts
¢ ¢ as an electron flux inhibitor until it is protonated to give the
CH,=NH CH,-NH, substrate HCN. This behavior contrasts with that of CO,
+HO which is a noncompetitive inhibitor of the catalyzed reduction
¢ 2 of all substrates exceptH{18, 19). All electron flux is then
diverted to H evolution so that neither the rate of electron
H,C=0 + NH,

o flux through the enzyme nor the rate of MgATP hydrolysis
“[]indicates substrate bound to the enzyme. is affected, resulting in an unchanged ATP/2atio. Added
CO and, to some extent, azide can reverse the inhibition of

electrons from the Fe protein through the MoFe protein to . . .
b 9 P electron flux caused by CNwith wild-type Mo-nitrogenase

bound substrate4(-7). The interactions of the component 1
proteins involve cycles of association and dissociation with (19). . .
each cycle accompanied by hydrolysis of a minimum of two The three-dimensional crystal structures of both component

molecules of MgATP for every electron transferre3] 9). protei.ns of Mo-nitrogenase have been solved .by X-ray
When given an anaerobic environment, a low-potential techn_lques §, 20-23). These structures have deflngd the
reductant, and a source of MgQATP, Mo-nitrogenase catalyzesbond'ng of the FeMo-cofactor within the MoFe protein. We

the reduction not only of Nbut also of many other so-called E_a\;e_ sou_ght IfnSIQEt mto_the spaﬂal arrangeLnent of thed
“alternative” substrates, including proton reduction te H Pinding sites for the various nitrogenase substrates an

(10), C;H, reduction to GHq (11, 12), and cyanide reduction inhibitors by disrupting selected localized areas of the FeMo-
to éH4 NHa, and CHNH, (1é_15’)_ Because HCN is a  cofactor's environment through directed amino acid substitu-
relatively weak acid (ia = 9.11), sodium cyanide solutions ~ 1ONS @4—29). Two major targets have been thesubunit

i _ i _ Gl i i i .
simultaneously contain both HCN and CNthe relative ~ '€Sidues,a-198" and a-191°", neither of which is co

amounts varying with pH. The actual nitrogenase substrate""j1Ient|y bond_eql to the FeMo-cofai(s:tor. However, th'.ai'.
is HCN. Under some conditions, its reduction by Mo- trogen of the imidazole ring af-195" approaches to within

nitrogenase results in “excess BHi.e., an amount of Nkl 3.2 A (30 and fprms a puta_tive hydrogen bor:d to Pne
in excess of the CHproduced {5). The occurrence of excess member of the triangle of sulfides thaéI form the “waist” of

- i n -
NH3; and CHNH, (methylamine) is attributed to a series of th_ehFeMo co_facltor. -Lhe almlde ']:l erllgl hydrogenhbohnc_js
two-electron/two-proton steps in a reduction pathway (Scheme}’_"It ::ljtermlrr:a carboxylate fo ? omocnratfe, w ICb 1S
1) initially converting HCN into CH=NH (methyleneimine). Ig}’?t?j tol t z Mo batorr|1 of the FeMo-co actor by lits
When any of this intermediate escapes from the active site,5-ydroxyl andj-car oxygize groups (Figure 1).
it is hydrolyzed to HC=0O (which has never been detected) S_UbSt'tl,Jt'on of thex-;g residue by a number of other
and excess Ni(15). Additional two-electron/two-proton amino acids resulted in mutant strains that were unable to

steps would yield CENH,, some of which also escapes, and reduce N at appreciable rates, although all retained activity
finally CH, and NHb, ’ ’ for reduction of both H and GH. (3, 26, 31). The MoFe

protein in which thea-1957s was replaced with glutamine
(abbreviated ae-195°" MoFe protein) resembles wild type
in its interactions with the substrates} knd acetylene, and
with the inhibitor, CO. However, ) which is only very
poorly reduced, behaves primarily as a reversible inhibitor
of electron flux @6, 31). The o-195°" MoFe protein is
largely unaffected by CN(31), which in wild-type acts as
a potent inhibitor of electron flux to substrat&s].

In contrast, substitutions at the 191°" residue resulted
in some strains that still fix N Unlike the a-195%s-

T Support from the National Institutes of Health (Grant DK 37255 SUbSt.ItUIed M.O!:e proteins, a.‘” thelQlG'“-Substltu_tgd MoFe
to W.E.N.) is gratefully acknowledged. proteins exhibited kK evolution that was sensitive to the
* Corresponding author. Tel: (540) 231-8431. Fax: (540) 231-9070. presence of CO and relatively ineffectiveHG reduction.

E-mail: wenewton@vt.edu. One similarity exists, however, because both ¢h&91-ys

¥ Permanent address: Center fRhizobium Studies, School of _ Glu ; _ sn ;
Biological Sciences and Biotechnology, Division of Science, Murdoch ando-191°" MoFe proteins and the-195*" MoFe protein

Interestingly, addition of gH, to wild-type Mo-nitroge-
nase, when reducing HCN, enhances,Qifbduction (4,

16), implying that both HCN and &1, are bound simulta-
neously to separate sites on nitrogenase.

The anion, CN, acts not as a substrate of wild-type Mo-
nitrogenase but as a potent inhibitor of electron flux from
the Fe protein through the MoFe protein to substrate. Cyanide
ion, however, does not inhibit MgATP hydrolysis. This
situation results in an increase in the ATP72atio, which

University, Murdoch, Western Australia 6150. form small amounts of &g asa product of Q_HZ reqUCtion
$Present address: Department of Biochemistry, Life Sciences (3, 32, 33). No data are available concerning either HCN
Building, The University of Georgia, Athens, GA 30602-7229. reduction or electron flux inhibition by CNwith any

1 Abbreviations: MoFe protein, the larger molybdenum- and iron- Gl . -
containing protein of nitrogenase; Fe protein, the smaller protein o-191°"-substituted MoFe p.roteln. |
component of nitrogenase that contains iron only; FeMo-cofactor, the ~ Here, we have used the wild-type;195*", a-195°", and
molybdenum- and iron-containing prosthetic group of the MoFe protein; ¢-191%s MoFe proteins to probe the interactions among a

MgATP, the magnesium salt of adenosine triphosphate; HERES; : it :
hydroxyethylpiperaziné -2-ethanesulfonic acid: EDTA-Nathe di- selecthn of substrate; and |nh|bltors of nitrogenase. We .had
sodium salt of ethylenediaminetetraacetic acid; SBSGE, sodium two major goals for this study. First, we wanted to determine

dodecyl sulfate-polyacrylamide gel electrophoresis. if added GH, enhances the rate of Nhbroduction as well
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()L-Cys”-" Table 1: Product Formation, Total Electron Flux, and ATP/2e
(X,-HiS195 Ratio for HCN Reduction Using MoFe Proteins from Wild-Type
and Mutant Strains

electron pairs

MoFe appearing in products total
protein  conditions  H, CH, NH3; SA° ATP/2e¢
wild type Ar alone 2900 0 0 2900 4.6
+NaCN 510 270 260 1040 14
+NaCN/CO 2900 9 22 2931 4.4
191 a-195"  Ar alone 1400 0 0 1400 4.7
o-GlIn +NaCN 360 160 200 720 9.0
+NaCN/CO 1400 1 0 1401 5.0
a—His“"z 0-195°"  Ar alone 2900 0 0 2900 4.6
+NaCN 1700 430 420 2550 6.0
+NaCN/CO 3200 0 0 3200 4.5
a-191%s  Ar alone 1500 0 0 1500 55
) +NaCN 1300 15 37 1352 6.0
Homocitrate +NaCN/CO 590 3 37 630 16

. . . a2 Normal assay conditions under 101 kPa of Ar and a 20-fold molar
FiGURe 1: View of the FeMo-cofactor environment of the wild-  excess of wild-type Fe protein, with the addition of 5 mM NaCN or of
type nitrogenase MoFe protei, 1—-23). The two directly bonded 5 M NaCN plus 10 kPa of CO.Product formation expressed as
reS|due|spL-27§Ys anda-442"s, are shown plus the two residues,  gpecific activity in electron pairgmin-mg of MoFe protein)! appearing
0-191°" anda-195", that were substituted in this work. Homoci-  in each product. For CHand NH; production, the listed specific activity
trate (at the bottom) provides two bonds to the Mo atom. The must be divided by 1.5 for nmol of produ@min-mg of MoFe
putative ~NH—O— hydrogen bond between the amide function proteiny ™. The specific activities for Nkfinclude a variable contribution
of a-191°" and homocitrate and the putativeN\H—S— hydrogen from CH:NH, formation (see text). All data are reported at most to
bond between the-N of the imidazole ring ot-195"* and one of two significant figures® Represents the sum of the individual specific
the three sulfides, which hold the two subclusters of the FeMo- activity for each product Expressed as the number of MgATP

cofactor together, are indicated by dotted lines. The Fe atoms of mojecules hydrolyzed for each electron pair found in measured products.
the FeMo-cofactor are the largest, black spheres, whereas the S

atoms are the smaller, lighter-colored spheres. The C atoms are
the smallest, black spheres, and both the O and N atoms are the
intermediate-size, black spheres. The figure was drawn using hydrophobic interaction chromatography. After the first

MOLSCRIPT @6). Q-Sepharose column, the Fe protein fraction was purified
) , to homogeneity on a second Q-Sepharose anion-exchange
as that of CH production from HCN reduction, whether o jymn, resulting in a specific activity of about 2800 nmol
addeq GH,4 would be similarly eff_ect|ve, an_d what the ba3|s of H, producee(min-mg) L. The purified component proteins
for this enhancement was. Previous studis§ (6) of this  yere concentrated, using an Amicon microfiltration cell in
phenomenon were incomplete because the concentration oty jce-water bath and exchanged into 25 mM HEPES (pH
C.H, used was not always sta;ed and data conce_rning electron7_4) by passage through an anaerobic P-6DG column. The
flux to products was not available because neither the rate qg|ting specific activities are listed in Table 1. The method
of NH3 production nor the rate of concomitant Elvolution of Lowry et al. 34) was used for protein concentration
was measured. Our ability to measure all products of an assayyeterminations. and SBDPAGE with Coomassie Blue
and the extension of these studies to the altered MoFegiaining was used to confirm that all proteins were homo-
proteins were expected to give considerable insight into this geneous 35). All buffers were saturated with argon and
phenomenon. Second, we sought to gain mechanistic insighfcontained 2 mM sodium dithionite. Metal content was
into the functlonlng of Mo-nitrogenase through_|ts Interac- measured by inductively coupled plasma atomic emission
tion(s) with HCN and CN. In particular, we were interested  gpectroscopy on a Perkin-Elmer Plasma 400 spectrometer.
in how and through what channels are electrons and protonsthe molybdenum content varied among the four purified
delivered to substrate. We initiated this investigation by \joFe proteins but not the iron-to-molybdenum ratio, which
measuring the impact of selected amino acid substitutions,, 55 constant within the range of 434:1. Both the wild-

on (i) the relative rates of product formation (M H;, CHs- type anda-195°" MoFe proteins contained 1.9 Mo atoms
NH,, and H) during HCN reduction, (ii) the inhibition of per molecule, whereas the-195*" and a-191% MoFe
electron flux by CN, and (iii) the effect of added £t,, proteins contained 0.9 Mo atom per molecule. These values
CzHy, or CO. indicate that both the-195*" and a-191%¥s MoFe protein

preparations may be mixtures of approximately equal
amounts of holo- and apo-MoFe protein.

Cell Growth and Protein PurificationThe growth of wild- Nitrogenase Assayt/nless otherwise stated, assays were
type @-191°@-195%), DJ255 (-191v%), DJ178 (x- performed at a total protein concentration of 0.5-myg*
195, and DJ540 ¢-195°") strains ofAzotobacternine- with a 20-fold molar ratio of wild-type Fe protein over either
landii, nitrogenase derepression, and cell extract preparationwild-type or altered MoFe protein at 3TC in 9.25 mL
were performed as previously described2,(33). The reaction vials fitted with butyl rubber stoppers and crimped
purification of the nitrogenase MoFe protein component with aluminum caps. Each assay contained, in a reaction
involved @26) (i) Q-Sepharose anion-exchange chromatog- volume of 1 mL, 30umol of creatine phosphate, 26n0l
raphy using a linear NaCl concentration gradient, (ii) gel of HEPES buffer (pH 7.4), 2@mol of sodium dithionite, 5
filtration on Sephacryl S-200, and (iii) phenyl-Sepharose umol of MgCl,, 2.5umol of ATP, and 0.125 mg (25 units)

EXPERIMENTAL PROCEDURES
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of creatine phosphokinase. Gaseous substrates and/or inhibi- 180 4
tors were added by gastight syringe to a 100% argon 160 —
atmosphere and the vials then vented to atmospheric pressure§ 140 1
MoFe protein was added, and afée3 min incubation period =120 1
at 30°C, the reaction was initiated by addition of Fe protein. 100 1
Alternatively, premixed nitrogenase components were useds 8 1
to initiate the reactions, which were terminated by injection ;; 60 1
of 0.25 mL 0.5 M EDTA-Na (pH 7.5). All data points were ~ Z 40| H

0 .

collected in triplicate, and each experimental series was 2°]
repeated at least twice. T ‘
4 5 6 7 8 9 10 1M1 12 A B C D E

Nitrogenase Assays Using NaCAh anaerobic 100 mM Elution Fraction
NaCN stock SO_IUt'On was prepared. After flushlng t_he desired gigure 2: Elution profile of a pretreated reaction mixture from a
amount of solid NaCN in a sealed serum vial with argon, 4.5 cmx 6 mm column of Dowex 50W-X8 (Naform) developed
degassed 25 mM HEPES (pH7.4) was added, followed by awith 12 1-mL volumes of 10 mM sodium pyrophosphate buffer to
predetermined amount of degagse M HCI to obtain the elute the NH (open bars, $£12), which was quantified by the

; ; ; ; phenot-hypochlorite method38). CH;NH, (hatched bars, AE)
desired pH. Appropriate aliquots of the stock solution were as eluted with 5 0.5-mL volumes of 10 mM NaOH containing

added by syringe to each anaerobic assay vial at the start oﬁg’_ 5 M NaCl and assayed by a modified ninhydrin methdd).(
the temperature preincubation period, followed in sequence

by the MoFe protein and the Fe protein or by a premixed mL of water. A 0.5 mL aliquot of the effluent was removed,
combination of the two. Reactions were terminated by and subsamples were used to quantify the creatine concentra-
injection of 0.25 mL of 0.5 M EDTA-Na(pH 7.5). In the  tion. As a contrala 2 mLaliquot was applied to a 1.5 cm
experiments to investigate the effect of adding eithgd,C ~ x 6 mm Dowex 50W-X8 column (Naform), and total NH

or CH, on both HCN reduction and CNinhibition, the ~ PlusCHsNH; was determined as described befd®)(The
appropriate amount of hydrocarbon was added to the vials'emaining 3 mL of the effluent was loaded onto a 4.5xm
directly after addition of the NaCN stock solution, followed 6 mm column of Dowex 50W-X8 (Naform), which was

by Venting to atmospheric pressurQ_l-E was prepared by then washed with two 0.5-mL volumes of water and two
the action of HO on CaG. Contaminating €Hs was 0.5-mL volumes of 0.25 M NaCl to remove creatine. The
removed from the @, (Scott Specialty Gases, Inc., Plum- column was developed with up to 15 1-mL volumes of 10

steadville, PA) before use as described by Ashby eB&). (MM sodium pyrophosphate buffer (pH 10.2 as a 0.1 M
The Ky for CH, production from HCN was determined solution before dilution) containing 0.1 M NaCl. The actual

: . number of washes was predetermined by using a control
for each of the four MoFe proteins by measuring the,CH o ;
evolved in assays containing 0.043 mg of MoFe protein at sample containing known amounts of b].&' 'd CHNH. T_h_|s
a 20:1 Fe protein:MoFe protein molar ratio over the range procedure completely eluted the Mkivhich was quantified

0.02-60 mM NaCN at pH 7.4. Concentrations of HCN and by the phenothypochiorite method 38). The CHNH,
C.N* were calculated using. v.alues of 7.24 10%° for the was then eluted into tubes, which contained 0.09 mL of

. . 14 0.1 M HCI, with four-to-five 0.5-mL volumes of 19 mM

grsggggtlon constant for HCN and 1.468107* for water NaOH containing 0.5 M NaCl, and assayed by the ninhydrin
B ) ) method @0), which was modified by making up the

Analytical MethodsDihydrogen evolution was measured pinhydrin reagent in 0.4 M citrate buffer (pH 5.0) to
by gas chromatography on a molecular sieve 5A column gccommodate a larger sample volume (0.35 mL) and a lesser
(Supelco, Bellefonte, PA) and a TC detector. Methane, gijytion with 50% (v/v) propan-1-ol to increase sensitivity.
ethylene, and ethane were quantified with a Porapak N A typical elution profile is illustrated in Figure 2. Recoveries
column and FID detection. For assays at highiconcen-  of NH; and CHNH, from artificial mixtures in otherwise
trations, a column of chromatographic alumina was used t0 normal reaction mixtures containing 5 mM NaCN, but
separate gHs and GHa (36). The calibration gases used were |acking enzyme, were 103.2 6.1% and 97.6+ 6.5%,
1000 ppm of CH in He, 1000 ppm of ¢H, in He, 1000 respectively.
ppm of GHs in He, and 1% Hin N (Scott Specialty Gases,  gource of the Additional Methan#/hen GD, was used
Inc., Plumsteadville, PA). Creatine, as a measure of MgATP \ith wild-type nitrogenase, it was produced by addingdD
hydrolysis, was determined by the method of Eni3a) @fter (99.9%:; Sigma, St. Louis, MO) to an appropriate amount of
the reaction vial contents had been passed through a 2.5 cio|id calcium carbide in an evacuated vessel as described
x 6 mm column of Dowex-1X2 (Clform) (38). NH; plus previously @3). Assays were performed in argon-flushed
methylamine was measured on an aliquot of this effluent by fjasks of about 125 mL capacity containing 2 kPa eDg
the phenothypochlorite method after adsorption and elution i the gas phase and 1 mM NaCN in solution. Separate
from a 1.5 cmx 6 mm column of Dowex 50W-X8 (Na titration experiments showed that GHroduction by wild-
form) to remove creatine, which interferes with the color type Mo-nitrogenase was maximal at 1 mM NaCN with 2
developmentg9). kPa of added &H, (data not shown). Each assay contained

To quantify ammonia and methylamine individually, a 38 900umol of creatine phosphate, 7a®ol of HEPES buffer
mL serum vial, which contained the same concentrations of (pH 7.4), 40Qumol of sodium dithionite, 15@mol of MgCl,,
reactantsn a 4 mL reaction volume, was used. After 75 umol of ATP, and 3.75 mg (750 units) of creatine
guenching with 1 mL of 0.5 M EDTA-Na(pH 7.5), 4.5 phosphokinase in a total liquid volume of 20 mL. Each assay
mL of the vial contents was applied &2 4 cmx 6 mm was initiated by addition of MoFe protein (2 mg) and Fe
Dowex-1X2 (CI form) column and washed through with 1 protein (11.2 mg), incubated at 3G for 30 min in a shaking
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Ficure 3: Total electron flux to all productsy, a) and the resulting ATP/2eratio (O, W) as a function of increasing NaCN concentration,
in the absence (open symbols and dashed lines) and in the presence (filled symbols and solid lines) of 5 kPa gHadttad(£)
wild-type MoFe protein, (Bx-195*" MoFe protein, (Cl-195°" MoFe protein, and (Di-191-s MoFe protein. The total specific activity

was calculated as described in the Results section.

water bath, and terminated by addition of 5 mL of 0.5 M
EDTA-Na (pH 7.5). Gas samples (0.2 mL) were withdrawn
for gas chromatographic analysis fofHz, CH,, and H. The

liquid contents of the flask were then frozen by partial
immersion in a dry iceethanol bath and the gaseous
contents allowed to equilibrate through a gastight connecto

49%, 12%, and 10%, respectively, by 5 mM NaCN. This
decrease in total electron flux for the wild-type ad 95"
MoFe proteins was associated with a2fold increase in
the ATP/2€ ratio (Figure 3A,B) because the rate of MgGATP
hydrolysis was unaffected by adding 5 mM NaCN to
rassays involving any of the four MoFe proteins (data not

to a previously evacuated, 10 cm path-length, infrared gasshown).

cell of 100 mL capacity. The infrared spectrum of the gas
was recorded on a MIDAC (Irvine, CA) Model M2004
Fourier transform infrared spectrometer with Grams 32
software.

RESULTS

Initial HCN Reduction Experiment3able 1 shows that
all four MoFe proteins were purified to relatively high
specific activity and lists the production of Glnd NH
from catalyzed HCN reduction, plus concomitantévolu-
tion. CHsNH, which is produced by wild-typA. vinelandii
Mo-nitrogenase in a constant 0.35:1 molar ratio with,CH

Table 1 also shows that, when 10 kPa of CO was added
to sodium cyanide-containing assays with nitrogenases
incorporating the wild-typea-195", or a-195°" MoFe
proteins, electron flux was either fully recovered or slightly
enhanced, HCN reduction was very significantly inhibited,
and MgATP hydrolysis regained its tight coupling to electron
flux. The exception, the nitrogenase incorporating the
a-191¥s MoFe protein, exhibited CO inhibition of total
electron flux B82), which was reflected in an overall 61%
decrease in the rate of,Hevolution and the uncoupling of
MgATP hydrolysis from electron flux to give an elevated
ATP/2e ratio. In addition, although CHproduction was

(15), was not measured in these initial experiments. With 5 Virtually eliminated, the rate of N¥iproduction was unaf-

mM NaCN, the rates of HCN reduction, as measured by CH
production, by the nitrogenases containing thd 95",

0-195°" anda-191Ys MoFe proteins were 59%, 159%, and
6%, respectively, of the wild-type activity. Of the electron

fected by CO.

In separate experiments (data not shown), Khevalue
for CH,4 production from nitrogenase-catalyzed HCN reduc-
tion for each MoFe protein was calculated from the NaCN

flux appearing as products, which is a combined measure ofconcentration at pH 7.4 as follows: wild type, 1.6 mM HCN;

CHa, NHz, and H production only in this instance, 51%,
50%, 33%, and 4%, respectively, were allocated tq @ids
NH; for the wild-type, a-195*", @-195°", and a-191Ys
MoFe proteins, respectively. Total electron flux in the

a-195'" 0.45 mM HCN; o-195°", 4.5 mM HCN; and
a-191s, 12 mM HCN.

Additional titration experiments showed that, in agreement
with Li et al. (15), 5 mM NaCN maximized the rate of GH

presence of 5 mM NaCN was substantially decreased for production with wild type (data not shown). Accordingly,

both the wild-type ando-195*" MoFe proteins (Figure
3A,B). In contrast, total electron flux through both the
0-195°" and thea-191%¥s MoFe proteins was only minimally
affected (Figure 3C,D). Ignoring putative GIRH, produc-
tion, total electron flux through the wild-typey-195'",
0-195°" anda-191% MoFe proteins was inhibited by 64%,

to facilitate comparisons, no higher NaCN concentrations
were used with any of the MoFe proteins used in this study.
A separate set of titrations investigated the effect of added
C.H; on the rates of production of both Gldnd NH; from
HCN in solutions of +5 mM NaCN. The GH, effect was
maximal at 5 kPa for all of the nitrogenases (data not shown),
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Table 2: Product Formation from HCN Reduction at 5 mM NaCN Product Formation as a Function of NaC_N Concentrz_itlon
with and without 2 kPa of gH, The method 39) used to recover NEfor its assay with
electron pairs appearing phenol—hypochloritg also recovers QNI_—lz; the NH; data
in products forme are consequently high. On a molar basis s8H. produces
MoFe CH, CHy total ATP/ only 14% of the <_:o|0r yield of _ngi(data not shown). T_hls
proteif (kPa) H CHs NH; NH», CHs CiHs SA® 2e ¢ value, together with the determined €¥H2:CH, molar ratio
widtype 0 270 150 150 58 528 20 val_ues (from data in Taple 2) and the assumption that this
5> 100 140 130 76 130 O 576 22 ratio does not change with NaCN concentration, was used
a-195s" 0 220 120 150 71 561 8.1  both to calculate specific activities for GNH, production
2 160 17 77 43 18 11 326 15 and to adjust the specific activities for Nidroduction from
o-195°" 0 1400 400 420 150 2370 5.7 assays in which the NaCN concentration was varied between
Lot (2) 1288 ?cl) 1‘252 2(7) 400 0 11397827 66-05 0 and 5 mM. Each molecule of excess Nwas assigned
¢ 5> 1200 13 20 17 17 5 1272 5 two electrons (to account for the presumptive HCHO

— , formation) compared with three electrons for each;NH
aNormal assay conditions, except that 4 mL total reaction volumes

were used, under either 101 kPa of Ar or 2 kPa gf£99 kPa of Ar, molecule that was a(;companled by formation of a,CH
with a 20-fold molar excess of wild-type Fe protein and 5 mM NacN Molecule (5). The adjustments to the NHate data are

at pH 7.4.° Product formation expressed as specific activity in electron generally slight. Each CK H,, and CHNH, formed was
pairs(min-mg of MoFe proteim)* appearing in each product. For rates  assigned three, two, and four electrons, respectively. These
of product formation on a nanomole basis, these specific activities musty,5|ues were then used to calculate the total specific activity

be divided either by 1.5 for CHand NH; production or by 2 for . . L
CHsNH, formation. All data are reported at most to two significant for each nitrogenase from the electron pairs appearing in each

figures.© Represents the sum of the individual specific activity for each Product using the formula:
product.d Expressed as the number of MgGATP molecules hydrolyzed
for each electron pair found in measured products. Z(electron pairsy [H,] + [3 x CH,] +

[NH, — CH,] + [2 x CH,NH,]

and further additions of &1, above 5 kPa lowered only the

rate of H evolution. With wild-type nitrogenase, this lowered The trends of these total specific activity calculations,
rate of H evolution was not accompanied by an increased together with the resulting ATP/2eratios, are plotted in
rate of GH, evolution and resulted in a decreased total Figure 3 as a function of NaCN concentration in the absence
electron flux. With the three altered nitrogenases, an and presence of 5 kPa oK, and expand the data presented
increased rate of £, (and GHs, where appropriate) in Table 1.

evolution did compensate for the lowered ¢lolution rate The effects of NaCN concentration on the rates of
at the higher @H, pressures. formation of the individual products of HCN reduction are

presented in Figure 4 under the same assay conditions. The
rates of H production, which decreased with increasing
NaCN concentration, are not shown but can (in the absence
of C;Hy) be calculated from the difference between total
specific activity (Figure 3) and the sum of the specific

Methylamine Production from HCN with or withougids.
Methylamine production was measured for each of the four
nitrogenases in the presence of 5 mM NaCN, plus or minus
2 kPa of GH.,. The results in Table 2 show that the presence
of CoH, had either little orno effect on thle_latiue rates of activities for formation of products shown in Figure 4. In
CHzNH, and CH production by both the wild type and the o resence of &5, the c:flculation is complicat%d by the
nitrogenase incorporating the-195°" MoFe protein. The production of GHa (plus GHs for the a-195" ando-191
ratio of these two rates (GNH/CHj) for wild type, on @ = nirogenases) from the addedHG. However, for each
molar basis, averaged out as 0.35:1, which is in exce”emnitrogenase, 5 kPa of addedHs resulted in a constant
agreement with the previously reported value of 0.35:1, with yecrease in the rate oftévolution, which was independent
and without GH; (15). For thea-195°" MoFe protein, the 4 the NaCN concentration. The rate of, Hroduction

ratio averaged out as 0.30:1. In marked contrast, addeel C  jecreased to 20%, 50%, 60%, and 95% of iidLiree value
increasedthe ratio of these rates more than 4-fold for the for the wild-type,a-195"", o-195°", anda-191Y nitroge-

nitrogenase containing the-195" MoFe protein but  pages, respectively.

decreasedhis ratio of rates about 3-fold for the nitrogenase  For the wild-type MoFe protein, the rates of formation of
containing thex-191¥* MoFe protein. The addition of £, all HCN-derived products increased with increasing NaCN
however, had a very different effect on thesoluterates concentration. Either 5 mM NaCN or 5 kPa of,H3

for these nitrogenases. For example, at 5 mM NaCN, the eliminated excess N¢production (Figure 4A) by equalizing
rates of both Chiproduction and CENH; production with  the rates of both CiHand NH; production. Added H, also
wild-type nitrogenase are hardly affected byHg, whereas  exacerbated the inhibition of total electron flux, thereby
with the a-195°" nitrogenase, both rates are significantly increasing the ATP/2eratio (Figure 3A).

and similarly inhibited. Both situations lead to no significant For thea-195*" MoFe protein, the rates of formation of
change in the ratio of the two rates. With tleel95's" NH; and CH, were maximal at 1 mM NaCN, but the rate of
nitrogenase, both rates are decreased by adgdg But the NH3 production was much higher. Added,H nearly
rate of CH production is inhibited much more. With the eliminated CH production, markedly inhibited the rate of
0-191Ys nitrogenase, only one of the two rates is changed NH; production, and further exacerbated the inhibition of
by added @Hy; the rate of CH production is hardly affected, total electron flux because the combined rates g Gand
whereas the rate of GNH; production decreases signifi- C,Hs production did not compensate for the lost capacity
cantly. for H, evolution and HCN reduction. Excess RBlkvas
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FiGure 4: Specific activities of Cld formation (a, A), “excess NH’
function of increasing NaCN concentration, in the absence (open

formation (O, @), and calculated CHNH, formation (J, H) as a
symbols and dashed lines) and in the presence (filled symbols and solid

lines) of 5 kPa of added £l,, for (A) wild-type MoFe protein, (B)-195*s" MoFe protein, (Clx-195°" MoFe protein, and (Dj-191-ys
MoFe protein. Because each molecule of,@ibduced is accompanied by one molecule of;NHe total specific activity of Nklproduction

is the sum of those for CHand excess Nglproduction. The specific
of CH, formation as described in the Results section.

activity for CiNIH, formation was calculated as a fixed proportion

Table 3: Summary of the Behavior of Wild-Type and Altered MoFe Proteins in Relation to HCN Reduction

(E?I2<|_F|>2a) type of MoFe protein
property present? wild type o-195hsn o-195°%n o-191vs
rate of HCN reduction no high (100%) moderate (60%) highest (160%) very low (6%)
at 5 mM NaCN yes  high; unchanged lower; especially;,CH much lower very low; unchanged
apparent affinity for HCN no Km(CHy) = increasedKm (CHs) = decreasedm(CHs) = decreasedm(CH,) =
compared to wild type 1.6 MM HCN 0.45 mM HCN 4.5 mM HCN 12 mM HCN
increase in rates of Ctand no yes no yes yes
NH; formation as NaCN yes yes CH, no; NH;, yes yes yes
increased from 1 to 5 mM?
rate of NH;formation no higher; falling with higher; unaffected by  equal higher; unaffected by
compared to rate of CH increase in HCN concn increase in HCN concn increase in HCN concn
formation yes  equal much higher equal higher
ratio of rates of CBENH; no 0.29 0.46 0.28 2.6
and CH, production yes 0.40 1.9 0.30 1.4
inhibition of total electron no yes yes; less than wild type marginal no
flux by CN~ion? yes yes; exacerbated yes; exacerbated no no

decreased, but not eliminated, by 5 kPa of addeH,C
(Figure 4B).
Although the rates of formation of both Ntnd CH, by

the a-195°" MoFe protein increased as the NaCN concentra-

The responses of each of the four nitrogenases to NaCN
concentration and to the addition ofH; are summarized
and compared in Table 3.

Origin of the Increased ClHProduction Although reduc-

tion increased (as observed for wild type), the rates weretion of C;H, has never been reported to result in £H

always equal with no excess NHeing produced (Figure
4C). Added GH; (5 kPa) may have induced minor excess
NH; production. With this altered MoFe protein, the rate of

production, we sought to ensure that HCN was indeed the
source of enhanced Ghroduction in the presence otid;,
by assaying wild-type nitrogenase in the presence of 2 kPa

C,H4 production compensated for the decreased reductionof C,D, and 1 mM NaCN. After gas chromatographic

rates of both HCN and H

The a-191 MoFe protein reduced HCN poorly. It
usually produced more NHthan CH, but, unlike wild type,
failed to equalize the ratio between them at 5 mM NaCN.
The addition of 5 kPa of ¢4, had almost no effect on HCN
reduction and did not produce a wild-type-like increase in
CH, production (Figure 4D). However, the resulting com-
bined production of gH, and GHe did balance the decrease
in H, evolution.

analysis showed the expected enhancement ofEétiuc-
tion, the Fourier transform infrared spectrum of the gas
showed bands at 1306 and 3106 ¢épboth of which are
attributable to CH The infrared spectrum of a control gas
mixture of 2 kPa of @D, with CDH; (Cambridge Isotope
Laboratories, Andover, MA) at the same concentration as
the CH, found in the incubation clearly showed a 2199¢ém
band corresponding to the—D stretching frequency of
CDHs. This band at 2199 cm was not observed after
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nitrogenase incubation with 1 mM NaCN and 2 kPa ¢b§; in poorer HCN binding and, consequently, less displacement
indicating that acetylene itself is not the source of the extra of any intermediate from the site.
methane formed. When GH; was added to assays containing wild-type

Effect of GH4 on HCN ReductionSimilar experiments, ~ Nitrogenase, the rate of Gigroduction from HCN reduction
but with 1 mM NaCN only, were performed with nitroge- Was enhanced to equal the rate of Npfoduction, which
nases containing each of the four MoFe proteins under a 50Was unchanged. Thus, the simultaneous binding,b@nd
kPa GH./51 kPa Ar atmosphere (data not shown). This HCN enhances Ciproduction by eliminating excess NH
concentration of NaCN gives sufficient products for accurate formation by somehow preventing GHNH from escaping
quantification with an acceptable level of inhibition of total ~ the site. Added &, also exacerbated (by 14%) the inhibition
electron flux (see Figures 3 and 4). The choice of 50 kPa of Of total electron flux, even at 5 mM NaCN, where there was
C,H, was dictated by the known higkin values for GH, no enhancement of the rate of Ckbrmation. This latter
reduction for all four MoFe proteing). No change in the ~ result differs from that of Li et al. 1), where GH, was
rate of either Chjor NH; formation was observed with the reported not to inhibit total electron flux, although their
nitrogenases incorporating the wild-type, thd 915, or the average value for electron flux with addedHz was 8%
0-195°" MoFe protein. The primary impact of addingH&: lower than the average value withoutG. It may well be
to assays with any of these MoFe proteins was through its that either the additional electron flux inhibition caused by
known inhibition of total electron flux. Thus, compared to the added @, or its competition for electron flux for
1 mM NaCN alone, both the Hevolution and MgATP reduction (or both) decreases the overall electron flux to HCN
hydrolysis rates were decreased by 11%, which is an amount€duction in much the same way as when the NaCN
that is consistent with prior observation83( 36, 41). In concentration is increased. The consequence would be a
addition to the 11% loss of total electron flux, the nitrogenase lowering of the affinity of the wild-type enzyme for HCN,
incorporating thex-195*" MoFe protein also showed a 37% "eétention of the Ck=NH intermediate at the site, a decrease
decrease in the rates of both €&hd NH; formation due to  In excess N formation, and increased Ghproduction.
competition for electron flux by the addedH;, which is Our previous work33) had suggested thatl; and GH,

reduced to @Hs. This observation is consistent with the lower Share a common binding site on nitrogenase. Howevet;,C
Km for C,H, exhibited by thea-195" MoFe protein even at a 10-fold higher concentration than used wiHC

decrease the rates of both, Hevolution and MgATP
DISCUSSION hydrolysis by an additional 11% over that caused by NaCN

alone. This result indicates that the electron flux inhibition

Effect of Added €H, on HCN and CN Interactions with effects of CN' and GH, are not only separate but additive,
Wild-Type Nitrogenasd o gain insight into how added,8, and therefore, these inhibitors have separate binding sites.
enhanced HCN reduction to GHwe first investigated the  This conclusion is supported by the fact that inhibition of
response of wild-type nitrogenase to increasing concentra-total electron flux by GH, is inherently different to that
tions of NaCN in the absence of.,. Our results are  caused by CN (33).
consistent with those of Li et all§) and show the tendency Under all conditions, gH, reduction to GH,4 occurred at
of the NH; production rate to be higher than the £H the expense of Hevolution and hardly diminished HCN
production rate due to excess Blidroduction (putatively reduction. This observation confirms that, for wild-type
from CH,=NH release and hydrolysis; see Scheme 1). In MoFe protein, HCN is reduced at a site that is apparently in
addition, the wild-type MoFe protein suffered the greatest a more oxidized state than the sites that evolyd,Gnd H
inhibition of total electron flux with increasing NaCN (15). The Lowe-Thorneley schemed() indicates that gH,
concentration of all four MoFe proteins studied, suggesting binds to the k& state of the MoFe protein of nitrogenase,
that it has the highest affinity for CN If excess NH arises which is produced after two electrons and two protons have
from the escape and subsequent hydrolysis of the=\HH been accepted from the Fe protein, and thasklso evolved
intermediate, the electron flux through nitrogenase should from this state. HCN, therefore, must bind to either the E
affect the extent to which this reaction occurs. At low (resting) or the E(one-electron, one-proton) state. We prefer
electron flux, any intermediate in the six-electron reduction binding to the E state because considerable evidence exists
pathway from HCN should, by being longer lived, be to show that no substrate binds to thedtate of the MoFe
increasingly likely to escape and be hydrolyzed. Indeed, wild- protein (summarized in ref2).
type MoFe protein produces more excesssNitHthe lower The single HCN/CN binding site hypothesid{) suggests
flux resulting from a 1:1 molar ratio of Fe protein:MoFe that CN™ acts as a total electron flux inhibitor until it is
protein ratio than with an 8:1 ratid§). One might, therefore,  protonated to give the substrate, HCN. Thus, it predicts that
expect excess N§to increase whenever increasing NaCN any addition, which enhances the rate of product formation,
concentrations result in decreasing electron flux. In fact, the should alleviate inhibition of total electron flux due to
exact opposite occurs with wild-type MoFe protein. Excess increasing the ratio of protonated substrate to deprotonated
NH3; becomes zero, i.e., the rates of £hd NH; production substrate. However, with wild-type MoFe protein, the binding
become equal, at 5 mM NaCN where electron flux to HCN of C,H, must have little or no effect on the degree of
reduction is maximized. This outcome suggests that the protonation of bound substrate because the increase in the
higher NaCN concentrations somehow discourage the escap&H, production rate was substantially offset by the simul-
of CH,=NH. Thus, the drastically decreased electron flux taneous loss of excess Mligroduction. The major impact
at higher NaCN concentrations may well lower the apparent of added GH, appears to result only from its inhibitory
affinity of the wild-type MoFe protein for HCN, resulting  effects on electron flux.
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Effects of the Amino Acid Substitutions on the Interactions all product formation from HCN. However, the marginal
with HCN and CN. In the absence of £i,, the a-195%" decrease in electron flux caused by NaCN was relieved.
MoFe protein behaved similarly to wild type except for when These results cannot be explained by&altering the bound
its higher than wild-type apparent affinity for HCN and its HCN/CN- equilibrium. Had this equilibrium changed such
lower than wild-type apparent affinity for CNcome into that a minimal amount of bound ligand was in the HCN form
play. For example, the rates of both £&hd NH; production (to explain the very low substrate reduction rate), then most
remained unequal even at 5 mM NaCN, implying that excess ligand should be bound as CNand result in substantial
NH;z production from CH=NH release and hydrolysis occurs electron flux inhibition, which did not occur. A better
more readily than with wild-type MoFe protein. In addition, explanation is that this loss of HCN reduction activity simply
its lower apparent affinity for CN would cause a smaller  reflects the different affinities of thig-195°" MoFe protein
decrease in total electron flux (see above) and consequentlyfor the two substrates. The-195°" MoFe protein has a
a smaller decrease in HCN binding affinity than occurs with comparable affinity to wild type for &, (26, 33) but a lower
wild type. This property, together with its higher apparent affinity for HCN (this work). Thus, GH, may just out-
HCN affinity compared to that of wild type, would allow compete HCN for the available electron flux under these
HCN to be a more effective competitor for the site on the conditions. If so, then, unlike wild type, HCN/CNand GH,
a-195'" MoFe protein and would always displace some of may bind to the same oxidation state of the 95°" MoFe
the intermediate to produce excess NH protein.

When GH, was present, thex-195*" MoFe protein Unlike the other MoFe proteins, the nitrogenase incorpo-

responded very differently to wild type. The rate of CH rating the a-191%s MoFe protein was a very ineffective

production decreased and did so much more substantiallyc@t@lyst for HCN reduction, consistent with its high (more
than the rate of Nl production. In addition, a greater han seven times that of wild typ&, for CH, production.

exacerbation of the inhibition of electron flux occurred than SUrPrisingly then, it produced excess NRossibly, the site’s
with wild type. Therefore, in contrast to wild type in which  &ffinity for all intermediates is so low and all are held so
C:H, binding effectively prevents C##NH escape and loosely that escape is |rjeV|tabIe. AddegHghad no obvious
subsequent hydrolysis .8, binding to thea-195*" MoFe effect on the rate of either CHor NH; production by the

protein continues to allow intermediate escape and hydrolysis® 191 MoFe protein. This result is likely due its very high
to excess Nkl This observation is consistent with this altered (70 times that of wild type33) Ky, for C;H, reduction. GH,
enzyme's higher affinity for HCN and its lower affinity for also did not change electron flux significantly. TherefLore, it

: > .
C2H (33) compared to wild-type MoFe protein. The higher did not affect the HCN/CN equilibrium on theo-191
HCN affinity would allow continued HCN binding and ~MOF€ protein.

displacement of the Ci#NH intermediate because,id; Just as was found with wild type,28, did not enhance
would be less effective than with wild type at diverting CH, production from HCN with any of the three altered

electron flux from HCN reduction. The combined rates of MOF]? l%r?]t.eiﬁs' Thislresuit could si(rjnply_ reflect their(;SO
C,H, and GHg production from the added.8; effectively 250-fold higherKr, values for GH, reduction compared to

offset the decreased;lvolution rate. However, they do not  those for GHz reduction 83). Howevg:r,'QHA,'pmdmg did
compensate for the substantial decrease in the rates of produc(fCcur and was mgnlfested as an 11% |nh|b|t!on of Fhe rates
formation from HCN, which results in a further decline in _Of bqth H evolution _and MgATE hydrolys_|s, which is
total electron flux to products. These observations are identical to thgt experienced by W'.Id typg W't@m' -
compatible with an alteration of the HCN/CMNequilibrium These studies show that the amino acid residues residing

bv bound GH- to i th lati fbound cN & positionsa-_19l anda-195 clearly ianL_Je_nce th_e course
azd gggrefsezth%tlgcfrggiﬁd :Cﬁ)\?pu ation of boun of HCN reduction. They modulate the affinity of nitrogenase

. for HCN, the release of intermediates formed during its

In contrast to both the wild-type a”d'195ATn MoFe reduction, and the electron flux flowing to substrate and
proteins, the nitrogenase containing thel95*" MoFe resulting in product. These residues also moderate the impact
protein catalyzes HCN reduction Wlt_hout producing excess ¢ simultaneously bound &, on these same processes.
NHs (the rates of Ciland NH; production are always equal)  pogsible bases for these effects are discussed below under
and without suffering significant CNinduced inhibition of Structure-Function Insights.
total electron flux. Why is there no substantial release of Methylamine ProductiariThe source of the variations in
hydrolyzable int(-::rm'ediate.from this altered MoFe pro.tein? the rate of CHNH, formation by the four nitrogenases is
The answer again likely hinges on the apparent affinity of o6 gifficult to characterize. It could be that release of a
the a-195°" MoFe protein for HCN, which, in this case, is  fixed proportion of bound substrate as this four-electron-
substantially lower than that for wild type. HCN would, requced product is a direct consequence of the enzymatic
therefore, be less likely to displace intermediates from the echanism. The amount released could be a fixed percentage
site on then-195°" MoFe protein than from the site on either  of the CHNH, level intermediate formed, the remainder of
the wild-type oro-195*" MoFe protein. Excess NHs less which would be committed to be reduced to Cahd NH.
likely to be produced in such a situation, and none was |t 5o then any added factor should affect the rates of
observed. formation of both products equally. The observed correlation

When 5 kPa of @H, was present, the response of the among the rates of formation of the four-electron ¢8H,)
nitrogenase incorporating the-195°" MoFe protein was product and the six-electron (GHoroduct for wild type in
again completely unlike that of wild type and different to the presence of either.8, or NO (15), neither of which
that of thea-195"s" MoFe protein. Rather than enhancing significantly affected overall electron flux to all products,
the rate of CH production, added £, effectively eliminated supports this possible explanation. Under conditions of
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maximum electron flux to HCN reduction, i.e., at 5 mM
NaCN, we found that added:8, has exactly this effect with
both the wild-type andw-195°" MoFe proteins. With wild
type, added gH, barely affects either total electron flux to

Fisher et al.

near) the [MoFe¢S;-homocitrate] subcluster of the FeMo-
cofactor.

Structure-Function Insights Molecular modeling has
indicated that, although a glutamine at thel95 position

all products or the specific electron flux that is used to reduce can still form a hydrogen bond to a central sulfide of the

HCN. Thus, each product (GHNHs, and CHNH,) of HCN

FeMo-cofactor as occurs with the native histidine, an

reduction retains the same share of electron flux as underasparagine canno2@). Clearly, the altered character of the

CoH-free conditions. With thei-195°" MoFe protein, added
C.H; hardly changed total electron flux to products. How-

hydrogen bond formed by-195°" is inadequate for normal
reduction of N or azide 81), but it does not prevent HCN

ever, it very substantially and about equally decreased or H* reduction. Even substitution with asparagine, where

electron flux to each of the products of HCN reduction. With
thea-191s MoFe protein, total electron flux to all products
is again barely affected by addedHG. However, there is a
decrease in electron flux to GNH, production, which is
offset by formation of GH, and GHs from reduction of the
added GH,, with no concomitant decrease in electron flux
to CH, production. Because only about 5% of the electron
flux was used for HCN reduction, it is difficult to draw
conclusions from this data set. Only with thel 95's" MoFe
protein is total electron flux significantly inhibited by added
C.H; and only here does the presence gHEZimpact the
production of CH and CHNH;, differently. The proportion
of electron flux going to ChNH, remains unchanged when
C.H; is added, whereas that going to the production of,CH

the hydrogen bond cannot form and N not reducedg3),
prevents neither HCN reduction nor Chhduced inhibition
of electron flux. Ifa-195" is necessary for protonation of
N, and azide 1), it is clearly not necessary for proton
delivery to HCN, which likely utilizes a different proton
channel into the FeMo-cofactor. An interaction between this
proton channel and the properties of the amino acid residue
at theo-195 position, which could be disseminated through
the cofactor framework, may determine the protonation
deprotonation status of HCN/CNat their binding site.
Where might this HCN-related proton channel come into
contact with the FeMo-cofactor and where might HCN/CN
bind? A clue comes from the observation that, unlike the
other three MoFe proteins, the191Ys MoFe protein was

is drastica”y decreased. Thus, these data suggest that CH ineffective in HCN reduction as well as in,Neduction. It

NH, production is not necessarily correlated with £H has been suggested that, with wild type, the homocitrate
production but could be dependent on overall electron flux component of FeMo-cofactor may become monodentate at
passing through each MoFe protein and, therefore, on thethe Mo atom during enzyme turnover by dissociation of its

status of the equilibrium among the protonated (HCN) and A-carboxylate, thereby freeing up a site for substrate binding

deprotonated (CN form of bound substrate.

Why and how CHNH, release occurs remains unclear,
especially because the six-electron reduction b Mo-
nitrogenase does not release the four-electron produidt, N
In this regard, Li et al. X5) suggest that the less favorable
AH of —14 kcal/mol for the two-electron reduction of GH
NH, to CH, plus NH; relative to theAH of —42 kcal/mol
for reduction of NH,4 to two molecules of Nklcould explain
this difference. The\G values for the two reactiondAG =
—20 kcal/mol vs—44 kcal/mol, respectively) also show the
same trend and support this suggestion.

Effect of CO on both HCN Reduction and Chihibition
of Electron Flux As expected, CO exerted its potent
inhibitory effect on the wild-typep-195°", and a-195*s"
MoFe proteins by significantly decreasing product formation
from HCN and diverting essentially all electron flux ta H
production. CO also relieved electron flux inhibition by CN
However, with thea-191%s MoFe protein, adding CO did
not block NH; production from HCN, even though it did
decrease CHproduction significantly. This result implies
that, with thea-191%s MoFe protein, excess NHormation
and consequently the two-electron reduction of HCN to
CH,=NH is insensitve to CO. This result is the second

to Mo on the [MoFgSs-homaocitrate] subcluste#8). This
suggestion has been expanddd)(to indicate both how
homocitrate needs to rotate to produce this vacant site and
how the freegB-carboxylate could be well placed to become
protonated and, thus, a potential donor to bound substrate.
Whether or not this proposal is correct, any substantial
movement of homocitrate would be modulated by the residue
at positiona-191 because, in wild type, the amide N of the
a-191°" residue is hydrogen-bonded to a terminal carboxy-
late O of homocitrate §). This interaction would be
strengthened when glutamine is substituted by lysine and
any movement requiring scission of the stronger ionic lysinyl-
homocitrate bond would be inhibited. In support of this
suggestion, we find that all altered MoFe proteins with
charged residues at positia-191 are incapable of N
reduction (unpublished data). This inability to either make
or break a bond with homocitrate could be reflected in the
low activity of thea-191%° MoFe protein toward HCN/CN
and suggests a proton channel utilizing th&91 residue-
homocitrate combination.

The particular amino acid residue at positi@r191 and
the resulting interaction with homocitrate affect not only
HCN/CN~ binding/reduction but also both,8, binding/
reduction 83) and the catalytic impact of the inhibitor, CO,

example of a change in the effect of CO binding on substrate as well. The site that binds HCN/CINhowever, must be

reduction by thex-191-s MoFe protein becausetgvolution
from this same altered MoFe proteirsisnsitveto CO. These

separate from at least one of the two sit28 83, 45) which
bind GH,, because both substrates can be bound simulta-

responses are the exact opposite of those that occur withneously. We speculate that HCN;HG, and CO, unlike N

wild-type nitrogenase. Together with the generally low
activity of a-191-substituted MoFe proteins, they attest to
the importance of then-191°" residue in nitrogenase

and azide, either do not bind in the vicinity of the195"s
residue 81) or do not depend on this residue for effective
binding, protonation, and/or reduction. We further suggest

catalysis. Moreover, they suggest that the binding of both that the residue occupying the191 position will have a
CO and some (at least) reducible substrates occurs on (orcritical impact on the binding, protonation, and/or reduction
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of all nitrogenase substrates, whereas the residue at 1195
position will play a less important, but still mechanistically
insightful, role.

Finally, we note that the amide O of the191°" residue
is hydrogen-bonded to the backbone NHoe61%Y, which
is adjacent to the P cluster-ligating residae62*ys. These

Biochemistry, Vol. 39, No. 35, 2000865

19. Bulen, W. A., Burns, R. C., LeComte, J. R., and Hinkson, J.
(1965) inNon-Heme Iron Proteins: Role in Energy Gan-
sion(San Pietro, A., Ed.) pp 261274, Antioch Press, Yellow
Springs, OH.

20. Georgiadis, M. M., Komiga, H., Chakrabarti, P., Woo, D.,
Kornuc, J. J., and Rees, D. C. (1993¢ience 2571653~
1659.

residues, therefore, form a potential electron-transfer pathway 21. Kim, J., and Rees, D. C. (1998fience 2571677-1682.
from the P cluster through homocitrate to the FeMo-cofactor 22.Kim, J., and Rees, D. C. (199Rpature 360 553-560.
and bound substrate. Such an arrangement could provide tight 23. Schindelin, H., Kisker, C., Schlessman, J. L., Howard, J. B.,

correlation betweeboth the reductiorand the protonation

of bound substrate through the intermediacy of homocitrate.
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