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ABSTRACT. Nitrogenase reduces,No NHs, but the mechanistic details are unclear. DiazengH¢N a
proposed 2e/2H" intermediate on the reduction pathway, is labile under typical enzyme assay conditions,
and no firm evidence is available on whether or not it can be reduced by or inhibit nitrogenase. In this
paper, we compare the interactions Afotobactervinelandii (Av) nitrogenase with two diazene
analogues: diazirine, a photolabile diazene containing the abd=(N—) group in a strained, three-
membered ring, anttans-dimethyldiazene, a diazene containing an unstratreets-disubstituted N=N

bond. Diazirine is reduced by nitrogenase under specific conditions to methane, methylamine, and ammonia
in a ratio of ca. 1:2:45 with aKy, value for all three products similar (0.69.09 mM) to that of dinitrogen
(0.06-0.12 mM). TheK, value of diazirine does not depend on the ratio of nitrogenase Fe protein
(Av2) to nitrogenase MoFe protein (Avl) at Av2:Avl ratios of 0.71 and 14.9. Diazirine potently and
competitively inhibits acetylene reduction By nitrogenase withK; = 0.03 mM and is predicted to
inhibit H, evolution completely at pressuresK,,. The experimental Henry’s Law constant (1.50 M/atm)
determined fotrans-dimethyldiazene in kD shows that it has about 20-fold higher solubility than diazirine

in water at 30°C. trans-Dimethyldiazene is reduced by nitrogenase under specific conditions to ammonia,
methane and methylamine in a ratio of ca. 1:1:1 wthvalues for the three products of 0:50.58 M.

The product ratio does not change significantly when the component ratio (Av2:Avl) is varied over 2.06
13.62. transDimethyldiazene reduction is inhibited non-competitively by CO apd Qvith K; values

of ca. 0.0008 and 0.006 atm, respectively. The results are discussed with respect to the stereoelectronic
differences between the two azo substrates. A “random-edge” reduction is compared with alternative
schemes for the diazirine reduction. Reoans-dimethyldiazene, initial €N cleavage is proposed to

yield CH; and a bound CEN2H species, which is then reduced to £HH, and NH;.

Nitrogenase (EC 1.18.6.1) is the enzyme responsible for Georgiadiset al, 1992). Although both nitrogenase com-
biological nitrogen fixation, which can be represented by the ponents are necessary for enzyme activity, their functions

following equation (Burris, 1991, Yates, 1992): differ. As implied by the nomenclature given above (Burris,
1991), the Fe protein transfers electrons to the MoFe protein
N, -+ 8H" + 8¢  — 2NH, + H, which is believed to contain the active site of féduction.

This active site is thought to include the FeMo-cofactor (Shah
& Brill, 1977), a unique cluster of one Mo atom;—8 Fe

In the absence of exogenous reducible substrates, nitro-,ioms; 8-9 S atoms, and one homocitrate ligand (Hoover
genase functions as a hydrogenase (Yates, 1992). Besideg; al, 1989).

the enzyme, sources of energy (ATRectrons (dithionite),
and protons are required fon witro activity. Standard
nitrogenases from different types of azotrophs all consist of
two metalloproteins: an iron (Fe) protein (dinitrogenase
reductase) and a molybdenttinon (MoFe) protein (dini-
trogenase). In the aerob&zotobactervinelandii, the Fe
protein is ay, dimer [~60 kDa (Georgiadi®t al, 1992)]

Models of the FeMo-cofactor have been proposed on the
basis of X-ray crystallographic electron densities observed
at the location of the cluster which is10 A below the
protein surface (Boliret al., 1993; Charet al,, 1993; Kim
& Rees, 1992b). In one model (Chat al, 1993), the
cofactor is shown to contain two clusters of composition 4Fe-

Lo ) 3S and 1Mo-3Fe-3S that are bridged by two putative
and the MoFe protein is af; tetramer £-240 kDa (Kim nonprotein $ and a low density ligand, possibly a well-

& Rees, 1992a)]. The X-ray structures of both proteins (Av2, o o eq S,aN, oran O. Besides its protein ligands [a Cys

2.9 Aand Av1, 2.7 A) are now available (Chanal,, 1993; (a275) and a His 442); a GIn (191) and a His ¢195)
are proximal], the cofactor is coordinated through its Mo
T This work was supported in part by grants from NIH (GM 31716) atom to homocitrate. The proposed intracluster cavity in the
and NRICGP/CREES/USDA (95-37305-2068) and by a Dean’s In- cofactor model is too small by 0.5 A to accommodatg N
noyact'c‘)’ﬁeiezﬁgirﬁh ':l:"t’ﬁg? to C.E.McK. but it has been suggested that the cofactor metal cage expands
¢1994_1p995 ogmey Fellow. on reduction to admit the substrate (Chenal, 1993).
® Abstract published ildvance ACS Abstractdjovember 1, 1995.  Several alternative modes of binding between the cofactor

1 Abbreviations: Avl and Av2A. vinelandii dinitrogenase and ; _
dinitrogenase reductase, respectively; DT, sodium dithionite; ATP, (Mo or Fe site) and Mhave been proposed (e.g., end-on or

adenosine ‘Striphosphate; HPLC, high-performance liquid chroma- Sid€-on) (Coucouvanis, 19_93; Hardy:_ _1979; Leigh, 1995),
tography; GC, gas chromatography. but none has been unequivocally verified.
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Scheme 1 plane. trans-Dimethyldiazene also differs electronically from

H o H CHa diazirine, in terms of the orientation of its lone pair electrons,
/< .'N=N/ t_heir coordina?ion aptitude, z_ind in the a_bsence of the ngsh-

o N=N N— N H C/ o* like C—N orbitals pre;ent in .the cyclic _substratg (Baird,

T e T 3 1987). By analogy with diaziringrans-dimethyldiazene

Dinitrogen Diazirine trans-Dimethyldiazene reduction could lead to methylamine, ammonia, methane,
and/or other products. We present here a comparative

The chemical mechanism of,Neduction to NH (e.g., account ofA. vinelandii nitrogenase interactions with these

via intermediates corresponding to three'22¢~ steps ora  two diazene derivatives, including documentation trets-
4H*/4e step followed by a 2H/2e™ step (Hardy, 1979) is  dimethyldiazene is a new reduction substrate for the enzyme.
not yet well understood in terms of specific enzyme moieties
and well-defined intermediates. The feasibility of an enzyme-
bound form of diazene (HNNH), a 2e/2H* intermediate,
remains a subject of active inquiry by model chemists
(Sellmann, 1993), and hydrazine A#NH,), a 4e/4H*t Reagents Chemicals and biochemical reagents used in
intermediate, has been detected in acid- or base-quencheditrogenase assays were obtained from Sigma/Aldrich Co.
nitrogenase systems (Thorneleyal, 1978). A metal-bound N the purest grade available. COg,HN;, and acetylene
diazene tautomer (e.g.,#N—NH,) has also been postulated Were obtained in 99.9% purity from MG Industries or
as an intermediate on the pathway of keduction by Gilmore Liquid Air Co. Methane (99.0%) and ethylene
nitrogenase (Chatt, 1980). (99.5%) GC standards were from MG Industries. Ethane
Alternative substrates and inhibitors are of value as probes(99.99%) was purchased from Matheson. 1,2-Dimethylhy-
for elucidating the mechanism of nitrogen fixation (Yates, drazine dihydrochloride (98%) and dansyl chloride (98%)
1992). The majority of these molecules contain a reducible Were purchased from Aldrich. Mercuric oxide (reagent
triple bond (HCN, MeNC, HNN3~, CH,; CO is an inhibitor grade), magnesium chloride, and sodium tetraborate decahy-
which is not reduced). Some of the substrates have sidedrate (both analytical grade) were procured from Mallinck-
reactions with nitrogenase, e.g., CI¢ a potential modifier ~ rodt. For diazirine synthesis, butyl ether (Aldrich) was
of the enzyme binding site (Ljones, 1973; Loefal, 1989; purified by fractional distillation at 78C and 80 mm Hg.
Wallace & Rabinowitz, 1971), and nitrite inactivates the Fe Sodium dithionite (Sigma) used in thens-dimethyldiazene
protein (Meyer, 1981; Vaughn & Burgess, 1989). Chemical assays was purified by 2-fold recrystallization using a method
probes containing aN=N— double bond analogous to that described elsewhere (McKeneaal, 1991).
in diazene are clearly of interest (Scheme 1). The cyclic Analytical Methods IR and UV spectra were measured
azo compound diazirine was proposed as a possible substraten Perkin-Elmer 281 IR and Beckman Acta VI or Shimadzu
and active site probe after the discovery that the structurally UV-260 UV—visible spectrophotometers, respectiveld
related cyclopropene (McKenma al, 1976) is a nitrogenase  NMR spectra were recorded at 250.13 or 360.13 MHz and
substrate with unique properties, although unstrained acyclic’®*C NMR spectra at 62.89 MHz on Bruker AM-250 or
alkenes such as ethylene and noncumulated dienes are nddruker AM-360 spectrometers, unless noted otherwise.
reduced by wild-type Mo nitrogenases. Diazirine contains ldentification of CH, as a reduction product was performed
the —N=N— (double) bond in a strained, three-membered by mass spectrometry on an LKB 9000 mass spectrometer
ring. In addition, it is photolabile (Amrich & Bell, 1964) at 70 eV for diazirine reduction and on a Hewlett-Packard
and therefore is a potential candidate as a photolabel for the5989A GC/MS coupled to an HP 5965B IRD for dimeth-
nitrogenase active site. Shortly thereafter, diazirine was yldiazene reduction. Gas chromatography was performed
briefly reported to be an inhibitor (McKenret al., 1981) on a Varian 2400 or Shimadzu 14A GC equipped with dual
of nitrogenase and also a substrate reduced to methandlame ionization (Fl) detectors, or a Varian 3700 GC
(McKenna & Eran, 1982; Orme-Johnsaet al, 1981), equipped with both FI and thermal conductivity (TC)
ammonia (McKenna & Eran, 1982), and methylamine detectors. GC peaks were integrated using Varian 485 or
(McKennaet al, 1984). It is not clear whether the special Hewlett-Packard 3390A recording integrators, or using the
structural and electronic properties conferred by the small- Rainin Dynamax Maclntegrator | system. Chromatograms
ring geometry of diazirine are essential to its interaction with were also recorded on a Varian A-5 recorder. The HPLC
nitrogenase, as is the case with cyclopropene vs ethylene osystem used to determine ammonia and methylamine has
propene: no acyclic azo compound has yet been demon-been previously described (Bragbal, 1988). Calculations
strated to be reduced by nitrogenase. The recent availabilitywere performed with an IBM personal computer using a
of the X-ray crystallographic structures of Avl and the Lotus 1-2-3 spreadsheet or on Apple Macintosh computers
subsequently developed FeMo-co model stimulates furtherusing a Microsoft Excel 4.0 spreadsheet.
examination of alternative substrates as probes for nitroge- Synthesis of Diazirine and Its Precursors: General
nase reduction mechanisms. In this paper, we describe som&€omments Diazirine was synthesized from dichloroamine
details of diazirine-nitrogenase interactions. To obtain a (preparedn situ from sodium hypochlorite and ammonium
better understanding of the role of steric and electronic effectschloride in sodium formate buffer) andrt-octylazomethine
in these interactions, we have also investigated a secondby an adaptation of the method of Graham (1965). We find
diazene analogue as a nitrogenase substiraies-dimeth- that diazirine gas is stable in the dark over saturated aqueous
yldiazene. In contrast with diazirinebans-dimethyldiazene NaSQ, (see below); however, it must be handled on the
is an unstrained, acyclic structure which, however, has a lessvacuum line with the utmost caution, and close attention must
compact steric profile, with its two methyl groups stretching be given to reproducing exactly the procedure described (see
in opposite directions at a 112.@ngle from the—N=N— also important safety note in secti®ynthesis and Purifica-
bond axis (Changt al, 1970), within a common molecular tion of Diazirine below).

MATERIALS AND METHODS
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Synthesis of tert-Octylazomethine (Campbell et al., 1944) irradiated at 313 nm with a Hg lamp (Amrich & Bell, 1964;
Aqueous formaldehyde (0.68 mol, 37% solution) was added Frey & Stevens, 1962) and was therefore handled under
dropwise to an equimolar amount t&rt-octylamine (Hur- minimal light and stored in the dark.

witz, 1952) at 10°C with vigorous stirring over 2 h. The Long-Term Storage of DiazirineA dual-bulb gas storage
upper layer was allowed to stand at°€ over KOH  apnaratus [Figure 1 in Burris (1972)] was adapted for long
overnight. The crude product (stench) was purified by term storage of diazirine. The apparatus was attached to
distillation at 54°C (30 mm Hg), lit. b.p. 5652 °C (13 the vacuum line and evacuated. Diazirine was expanded in
mm Hg) (Emmons, 1957), and identified by IR attiNMR the vacuum line and the lower bulb of the apparatus. A
(250 MHz, CDC}): 0 0.88 (s, 9 H), 1.15 (s, 6 H), 1.58 (s,  gegassed solution of sodium sulfate was added to the upper
2 H), 7.35, 7.23 (2d3un = 16.0 Hz); the®™C NMR (63 pylb and then allowed to enter the lower bulb, thereby
MHz) spectrum of this compound was also determinéd:  {rapping the diazirine gas in the upper portion of the lower
28.85, 29.93, 31.58, 32.39, 55.67, 147.49. bulb. For more dilute mixtures, He or Ar was introduced
Synthesis and Purification of DiazirineThe synthetic as desired to bring the total gas pressure to 1 atm. The
apparatus (assembled in a well-ventilated hood) consistedsodium sulfate solution ensured that no vacuum was created
of a three-necked 1 L round-bottomed flask (thermometer, i the lower bulb as diazirine was sampled through a septum-
stir bar) fltted_W|th a 500 mL addition funnel, connected gegled opening in the apparatus, using a Hamilton gastight
through a series of four U-tube traps to a vacuum pump. syringe. All the above operations were performed under
Each trap could be individually isolated tigflon-sealing  reduced lighting. Storage of diazirine in methanol solutions
glass vacuum stopcocks (10 mm bore) and were cooled asat —85 °C (Orme-Johnsoet al, 1981) was considered as
follows: (a)—35°C (2-propanol slush bath, minimal GO g alternative. However, we found that 10 of methanol
(b) —80 °C (2-propanol/CG); (c) —142°C (methylcyclo-  inhibjted nitrogenase activity in our standard assay by as
pentane/liquid Mslush bath; Vigreux-type inner tube); and  mych as 30% (data not shown), and quantitative addition to
(d) —196 °C (liquid Np). The bath temperatures were gjve exactly known molar diazirine concentrations in assays

verified with a Cu-constantan thermocouple connected t0 proved more difficult, because the effect of variably added
a Varian A-5 recorder. The reference temperatures were icemethanol on diazirine solubility in the liquid phase had to

water (0°C) and liquid N (—196 °C). Important safety  pe taken into account.
note: hazardous proceduréle stress that the vacuum line

employed used only teflon-sealing type glass stopcocks. . ; i
Because of the explosive nature of neat diazirine in con- was characterized in the gas pha;e by IR a.n.d UV spectros
copy. A GC method for analysis of diazirine was also

densed phase, all glassware was covered with protective wire tablished
mesh reinforced heavily with plumber’s tape, and the entire estabiished. o )
apparatus was placed behind a protective shield. A face (&) IR Spectrum of Diazirine On the vacuum line,
shield and gloves should always be worn by the operator. diazirine was expanded (approximately 0.04 atm) into a pre-
Extreme caution should be exercised, and we recommendevacuated cylindrical gas IR cell with NaCl windows (5 cm
that the reaction scale should not be increased beyond thaPath length, 20 mL capacity). The IR spectrum (data not
specified here. Under no circumstances should additionalShown) was in good agreement with those previously
liquid N, be added to the methylcyclopentane slush bath oncePublished (Ettinger, 1964; Graham, 1962). In particular,
diazirine generation or purification is underway, as explosion characteristic €H absorptions at 30683200 cm* and
in this trap, possibly caused by sudden crystallization of solid Multiple bands at 16161660 cm* (tentatively assigned to
diazirine below the normal slush bath temperature, may ignite N=N stretching vibrations) were observed. Unlike the
the slush solvent. reference spectrum (Ettinger, 1964), our spectrum showed
The sodium formate buffer (6.75%, 75 mL), ammonium NO CQ impurity at 2300 cm? [strong asymmetric stretchi.ng
chloride solution (21.4%, 75 mL), and butyl ether (75 mL) vibration (Mecke & Langenbucher, 1965)]. When obtained
were mixed and added with stirring af8 (ice-NaCl bath) ~ over 1 month at a sampling rate of one spectrum every 2
to a three-necked 1 L round-bottomed flask. The sodium days, the IR spectrum of diazirine stored in the IR cell (dark,
hypochlorite solution (0.4 N, 150 mL) was placed in the "0Om temperature) rgmai_ned stable. There was no evidence
addition funnel. The entire apparatus including the traps was©f photodecomposition in the samples when exposed to
flushed briefly with Ar. tert-Octylazomethine (3.53 g) was ~ Subdued room lighting over several hours.
then added to the reaction vessel and the system was opened (b) UV Spectrum of Diazirine An anaerobic, saturated
to vacuum €1 mm Hg). The entire sodium hypochlorite sodium sulfate solution was displaced from a septum-sealed
solution was added to the reaction mixture over 6 min with cylindrical quartz cell (1 cm path, 3 mL capacity) with
magnetic stirring. The reaction mixture foamed and its diazirine from the dual-bulb storage device (0.04 atm in Ar)
temperature rose to 1. Five minutes after the reaction using a 3 mL plastic syringe (Becton Dickinson). A similar,
subsided €15 min), the reaction vessel was isolated from empty cell was used as reference. The UV spectrum was in
the traps. After evacuation (10 min), the traps were good agreement with a published spectrum (Graham, 1962).
individually isolated and disconnected. The trap—it42 In particular, several sharp and regularly spaced peaks (288,
°C was connected to the vacuum line for further purification 294, 301, 308.5, 313, 316.5, and 322.5 nm) were observed
of diazirine through the carbon tetrachloride/dry ice and between 282 and 324 nm. The molar absorptivijyof 176
methylcyclopentane/liquid Ntraps. The purified diazirine L mol~* cm™! at 308.5 nm (Graham, 1962) was used to
was expanded in a 500 mL volume on the vacuum line, calculate diazirine concentrations in the gas phase. The UV
which has been described in detail previously [Figure 2 of spectrum was stable for at least 1 month when diazirine was
McKennaet al. (1980)]. Usually, a pressure of 40 mm Hg stored in the dark. Irradiation of diazirine in the cuvette for
diazirine was observed (0.05 atm, 1.1 mmol of diazirine). 5 min by a Hg lamp (679A Hanovia medium pressure, total
Diazirine is a photolabile gas which decomposes when energy output 175.8 W) caused the spectrum to disappear.

Characterization and Quantitation of DiazirineDiazirine
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(c) GC Quantitation of Diazirine and Its Reduction and diazirine were added to either empty glass vaccine bottles
Products Diazirine was separated by GC from methane (one or to bottles containing 1 mL of water. Analysis of the first
of the nitrogenase-catalyzed reduction products), ethylene,set of bottles established the ratio of diazirine to ethane in
and acetylene on a 183 0.32 cm stainless steel column of the gas phase. Analysis of the second set of bottles
Porapak N (Analabs) at 4TC and detected by FI. The He established the ratio of the two gases in the aqueous phase.
carrier gas flow rate was 60 mL/min. A fast flow rate and The ratio of the second set of values to the first set was
low oven temperature were preferred to minimize the proportional to the ratio of the solubility of diazirine to
possibility of thermal decomposition of the diazirine samples. ethane. As the solubility of ethane in water was known [1.63
Typical retention times for methane, ethylene, acetylene, andx 1072 M/atm (Wilhelm et al, 1977)], the solubility of
diazirine were 26, 46, 112, and 270 s, respectively. The diazirine could be calculated accordingly.
diazirine GC peak was verified by UV spectroscopy: 75%  The water solubility ofrans-dimethyldiazene was deter-
photodecomposition of diazirine by UV irradiation (5 min, mined by adding varying amounts of the gas to vented vials
Hg lamp) was concurrent with a corresponding decrease in(5 mL) containing Ar and degassed water (1.0 mL) which
the area of the GC peak at 270 s. were subsequently incubated at 30. Gas (10«L) and

(d) Diazirine Purity To quantitate the levels of HO,, liquid (1 uL) injections into the GC were used to determine
or N in diazirine, a 183x 0.32 cm copper GC column filled  the partitioning oftrans-dimethyldiazene between the two
with 5 A molecular sieve was used with TC detection. GC phases. The molar amountteéins-dimethyldiazene in each
peaks corresponding to,HO,, and N appeared at 40, 60, sample and phase was determined using a standard curve.
and 110 s, respectively (diazirine was not detected). The A “reverse” experiment was also performed to verify the
Ar carrier gas flow was 25 mL/min, the oven temperature solubility results in which a sample of the liquid phase from
40°C, and the TC filament current 107 mA. We established an equilibrated water/dimethyldiazene system was transferred
by this method that less than 0.4% of @ N, was present  into an empty, Ar-filled vial, allowed to reach a new
in diazirine stored for 1 month in the dual-bulb device. equilibrium, and reanalyzed farans-dimethyldiazene par-

Synthesis, Purification, and Handling of trans-Dimethyl- titioning. When stock solutions of higher concentrations (up
diazene trans-Dimethyldiazene was prepared from 1,2- to 0.91 M) were prepared, the molarity wans-dimethyl-
dimethylhydrazine by the method of Renaud (Renaud & diazene was determined from the UV spectrum of the
Leitch, 1954). The product was stored in gas tubes (Pyrex, solution using arsss of 25 (Hutton & Steel, 1964) trans
14/20 ground glass joint) kept in a liquid nitrogen refrigera- Dimethyldiazene stabilityR = 0.434 atm in argon) in the
tor. All gas handling was done on the vacuum line referred presence of assay components (see below) was verified by
to above. Typical yields of crude product were between 65 GC analysis.
and 70%, as determined by the pressure and volume of the Nitrogenase Proteins The Avl and Av2 proteins were
expanded gas product at room temperature. For IR spec-purified according to a previously published procedure
troscopy,trans-dimethyldiazene was expanded into a pre- (McKennaet al, 1982). The protein specific activities were
evacuated gas cell with NaCl windows (74 mm path length, 1000-1600 and 18062500 for Av2 and Av1l, respectively.

30 mL capacity) at partial pressures of 0.6@b64 atm. IR The molecular masses used were 60 and 240 kDa, respec-
spectra obtained from several samples were fully congruenttively (Georgiadiset al, 1992; Kim & Rees, 1992a). The
with the published spectrum (Durag al,, 1972), displaying protein component ratio used in this work is defined as the
a prominent ensemble of three strong doublets centered aimolar ratio of Av2 to Avl.

2926 cnt! (symmetric stretching mode of the methyl Acetylene Reduction Assay¥his assay is commonly used
groups), and singlets at 1440 and 1450 &éfmethyl group to measure nitrogenase activity (Hardyal, 1973). The
bending vibrations). NMR samples (ca. 1 M) were prepared method described here and the ones to follow have several
by condensing 1 L of gas &~0.02 atm into a5 mm NMR  elements in common: (a) vaccine bottles (21 and 5 mL,
tube containing 0.6 mL of degassed Cb@hd cooled ina  Wheaton) sealed with flanged rubber septa (Sigma/Aldrich);
diethyl malonate slush bath-61.5°C). All product spectra  (b) an ATP-generating solution containing adenosine triph-
showed the expected singlet at 3.67 ppm (Freeman, 1963)osphate (3tmol, NaATP2H,0, Sigma), creatine phosphate
with impurities at 2.96-2.95 ppm totaling<1%. Crude (25 umol, disodium salt, Pierce), creatine phosphokinase (8
trans-dimethyldiazene was 99.2% pure by GC analysis. units, Sigma), MgGl (5 umol, Mallinckrodt), and Hepes
Purification by vacuum distillation at74 °C and 75-100 buffer (25u4mol, titrated to pH 7.3 with NaOH, Calbiochem);
mm (56% vyield) in an apparatus described previously (c) a degassing protocol in which vaccine bottles were
(McKennaet al,, 1980) increased the purity to 99.6% (GC). attached to a vacuum manifold through 22G needles. The
trans-Dimethyldiazene was quantitated by GC on a Chro- bottles were evacuated three times to replace air with Ar;
mosorb P column (806100 mesh, 150 cnx 3.2 mm) at O (d) the reductant, consisting of 0.25 mL of 0.08 M dithionite
°C, with a helium flow rate of 40 mL/min; typical retention prepared anaerobically; (e) an incubation protocol (in this
times were 5.485.65 min. transDimethyldiazene was used case, 10 min at 3€C in a shaker bath at 16@00 rpm); (f)

in assays either in an undiluted form or diluted with Ar. a procedure for terminating the assay, in this case, by
trans-Dimethyldiazene at 1 atm was stable by GC and IR injection of 0.25 mL of a 10% TCA solution. The following
for the duration of the experiments{86 h) under indoor  protocol was used: the ATP-generating solution and buffer
fluorescent lights. (used to normalize all the assay volumes to 1 mL) were added

Diazirine and trans-Dimethyldiazene Solubility in Water to the vaccine bottles which were then sealed and degassed
Diazirine was previously reported to be insoluble in water on a manifold. Dithionite was then added. Acetylene (1
(Schmitz, 1963). However, we found that it was slightly mL) purified through a 2-propanol/CQrap was added. The
soluble in water at 30C. A GC method was developed to reaction was started by addition of dinitrogenase reductase.
compare the solubility of diazirine with that of ethane The reaction mixture was then incubated at°8for 10
(Wilhelm et al,, 1977). Briefly, known mixtures of ethane min in a shaker bath. A 10% TCA solution (0.25 mL) was
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added to stop the reaction. For the Nh$says, the reaction incubated with the complete assay system without the
was terminated with 0.1 mL HCI in saturated ki@Bravo substrate and containing-@00 nmol of CH.
etal, 1988). Analysis of acetylene and its reduction product, Attempted Detection of Diaziridine and Formaldehyde
ethylene, was performed using FI detection, with the GC According to the inorganic model chemistry of Zoretsal.
operated at 50C, on a 50x 0.32 cm stainless steel column (1978), diaziridine is a possible product of nitrogenase-
of Porapak N eluted with He at flow rate of 30 mL/min. catalyzed reduction of diazirine. We therefore attempted to
The nitrogenase specific activity was defined as uritg design a detection method for diaziridine in our nitrogenase
of protein) ™. A unit of activity was defined as 1 nmol of assay. We used 3,3-pentamethylenediaziridine (Schmitz &
ethylene formed per min. Acetylene was used as the internalOhme, 1961) as a model product containing the diaziridine
standard (McKennat al, 1976). The ratio of the relative ring. An iodine test was designed by adding varying
sensitivities of the GC to ethylene compared to acetylene amounts of the diaziridine to a mixture containing 1 mL of
(response ratio) was 1.2. The specific activity was calculated a Kl solution (2.5 g of Kl in 40 mL of sulfuric acid), 0.2
as described previously (McKened al, 1976). mL of carbon tetrachloride, and 1 mL of water. The iodine
Diazirine and trans-Dimethyldiazene Reduction Assays formed from oxidation of T by sulfuric acid was soluble in
A protocol similar to that used for acetylene reduction assays carbon tetrachloride and gave rise to a violet-colored solution.
(see above) was followed. The diazirine partial pressure Diaziridine is oxidized by iodine causing a decrease in color
inside the dual-bulb storage device was usually 0.25 atm in intensity.

Ar. Volumes of 0.2-1.0 mL were withdrawn with an Ar- A method (Bricker & Vail, 1950) was evaluated to detect
flushed disposable plastic syringe and injected into the assayformaldehyde as a possible product of the nitrogenase-
bottles. Similarly, stock solutions of puteans-dimethyl- catalyzed reduction of diazirine. Chromotropic acid (0.1 g,

diazene in HO were injected into the vials. Reaction times Aldrich) and formaldehyde (1 mL of a110 mM solution)
varied between-530 min. Reactions were carried out under were heated to dryness, cooled, and then treated with 5 mL
reduced lighting to ensure the absence of substrate photo-of concentrated sulfuric acid. The mixture was gently boiled
decomposition and were terminated as described abovefor 30 min, cooled, and diluted to 50 mL with deionized
When several reduction products (gaseous or dissolved) weravater. The resultant purple color was measured spectro-
analyzed, the gaseous components (e.g., diazitlaes photometrically at 570 nm. A lower limit of kmol of
dimethyldiazene, acetylene, ethylene, methane,pmidre formaldehyde could be detected by this method.
guantitated first by GC methods. Typically, a gas aliguot  Detection of HD Formation in the Presence of Diazirine
(0.05-0.2 mL) was withdrawn from assay bottles and This experiment was designed to test for nitrogenase-
simultaneously replaced by an equivalent volume of Ar. The catalyzed HD evolution in the presence of diazirine and D
soluble components (e.g., methylamine or ammonia) werein an HO-based reduction assay reduction system, following
analyzed last using microdistillation or HPLC methods. the studies of Burris (Guth & Burris, 1983). We have
Quantitation of Ammonia and MethylamineAmmonia developed a convenient procedure for direct GC separation
was detected in early experiments by an indophenol methodand detection of Band HD based on a modification of the
(Chaney & Marbach, 1962; Chaykin, 1969). Typical values method of Ohkoshét al.(1958). Varian 3700 GC, equipped
for the NH; standard curve were 10uy of NHs/AU (slope) with a TC detector, and a 183 0.32 cm copper or stainless
and 0.02 AU (intercept). The indophenol method was found steel molecular sieve (5 A, 6680 mesh) column immersed
to be at least four times more sensitive than the Nessler assayn liquid N, (—196 °C) was used with klas a carrier gas at
for NHs (Dilworth et al., 1965). In later experiments HPLC a flow rate of 25 mL/min. Under these conditions, the
analysis was preferred using a dansyl chloride precolumn respective retention times for HD and f@ere 150 and 200
derivatization (Bravoet al, 1988). The HPLC method s. The GC parameters were as follows: injector T°@)
afforded higher sensitivity with a lower limit of detection detector T 60°C, column oven temperature off, filament T
(0.5 nmol NH/mL), while simultaneously providing analysis 150 °C, filament current 266 mA. The HD standard was
of any methylamine formed. The same method was very prepared by slow addition offO to LiAlH, in an evacuated
sensitive for methylamine (lower limit of detection of 0.025 flask just prior to use. Determination of[BiD was done
nmol/mL). The assay components of the nitrogenase mixtureimmediately after the nitrogenase reaction was terminated.
did not cause any serious interference in the HPLC measure-Assays with gas phase mixtures of 50%(Birco or Aldrich
ments but did contribute a background of 615 nmol 99.8%)/40% N/10% Ar and 50% B50% Ar served as

NH; per assay. positive and negative controls, respectively.

Quantitation of H and CH,. H, evolution was measured Controls and Standards for Diazirine and trans-Dimeth-
by GC as described above (see section on diazirine purity).yldiazene Reduction AssaySeveral sets of controls and
Standard samples contained-® umol of H, gas (Airco), standards were included in each reduction experiment.

purified through a Deoxo cartridge (Engelhard) to remove Bottles contained the complete assay mixtwithout nitro-
traces of Q. The standard bottles also contained 1 mL of genasebut with one of the following components: (a) Ar;
nitrogenase assay mixture without the enzyme. After (b) diazirine gas otrans-dimethyldiazene, to monitor any
incubation for 10 min at 30C, the assay bottles received nonenzymatic reduction; (¢) ammonium chloride and me-
an injection of 0.1 mL of a 10% (wi/v) trichloroacetic solution thylamine, to generate NHand CHNH, standard curves
(TCA) to stop the enzymatic reaction. An aliquot of the with 0—40 nmol of each; (d) methane gas, to generate a CH
gas phase (0.2 mL) was injected into the GC. The lower standard curve with 8400 nmol of CH; (e) H, gas, to
limit of detection by this method was 10 nmol of,H  construct a H standard curve with-632 nmol of H. In
Quantitation of methane was done on the Porapak N GC addition, two sets of controls containing the complete assay
system for quantitation of ethylene and acetylene describedmixture with the enzyme were used to verify (g)@¥olution
earlier. A standard curve was constructed prior to each in the absence of exogenous substrates and (b) acetylene
experiment by assaying gas aliquots from reaction vials reduction.
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RESULTS

Aqueous Solubility of Diazirine and trans-Dimethyldiaz-
ene The aqueous solubility of diazirine at 3™ was
calculated to be 0.078 M atrh Diazirine thus displays
sparing solubility in water, and the percent mole fraction in
the liquid phase of the total gas originally introduced into
an assay vial is relatively small under our conditions (9% in
a 21 mL assay vial/l mL liquid). As a result, only a minor
adjustment to the initial value of the gas partial pressure is
involved (not applied to our data).

The solubility oftrans-dimethyldiazene in water at 3C
was 1.50 M atm?, showing thatrans-dimethyldiazene has
a much higher water solubility than diazirine, nitrogen (0.006
M atm™!) or acetylene (0.035 M atm) (Wilhelm et al,
1977). A plot of molar concentrations ¢fans-dimethyl-

diazene versus its partial pressures gave a regression lin

which passed through the origin with a good linear correla-
tion (r2 = 0.998) over the entire data range (up to 0.169 atm
trans-dimethyldiazene); distribution dfans-dimethyldiazene

between the gas and liquid phases reached equilibrium within

<10 min (GC, data not shown).
Due to the relatively high aqueous solubility of ttians

dimethyldiazene molecule, a substantial percent mole fraction

would be transferred to the liquid phase in our assays,
lowering the partial pressure significantly. We therefore used
the Henry’'s Law constant we obtained fimans-dimethyl-
diazene to calculate its final liquid phase molar concentration
(C.) and its final gas phase partial pressiiRg, @tm) in assay
bottles after equilibrium was established. Met= volume
(liters) oftrans-dimethyldiazene gas at atmospheric pressure
P (atm) injected into an assay vial with gas and liquid phase
volumesVy andV, (liters), respectively, andy andn, be the
actual amounts (mol) dfans-dimethyldiazene present at any

moment in the gas and liquid phases respectively. Then, at

a given moment,

PV
ng=gT N 1)

andP., is
b — ngRT )
VA (2

The initial estimate ofy usingP. = P will be too high,
sinceny falls as the solute dissolves. The relative pressure
change corresponding to a new estimate is

AP P, — P,

P P 3)

9] [

where P'., is the new partial pressure obtained from the
Henry's Law and the first estimate of:

Co

n
K KV,

P 4
using the known value of the Henry’'s Law const&nfor
trans-dimethyldiazene.

Since Henry’s Law relates molarity of a gas in a solvent
with its momentary partial pressure, to determieandn,
after dissolution has reached equilibrium one must use
iterative methods. The value nfwas allowed to vary (Goal
Seek function, Excel 4.0 spreadsheet) until the condiBh

e
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P. x 100 < 1% was fulfilled. The value€.., andP in the
assay bottle were then calculated using eq 4 and sding
= P..

Reduction of Diazirine to Methane, Methylamine, and
Ammonia: Product Detection and General Propertids
a standard assay, nitrogenase reduced diazirine (@2
atm) to methane (40 nmol), methylamine (88 nmol), and
ammonia 200 nmol) in 5 min. A control assay gave 1.35
umol of GH,4 from CH, (0.05 atm). The identity of the
methane was initially established by comparing GC traces
obtained from the complete assay gas phase sample and from
a sample of pure CHlecture bottle). It was later confirmed
by GC separation of the assay gas phase and MS analysis
of the products (plot ofn/z16 and 14 vs time). C§NH,
and NH; were confirmed as reduction products by subjecting
an aliquot from the assay mixture to the derivatization
protocol (see detection of ammonia and methylamine in
Materials and Methods) and matching the retention times
(ca. 2.3 min for NH and ca. 3.0 min for CENH,) of the
peaks observed from a complete diazirine reduction assay
with retention times for added standards. No reduction
product <1.0 nmol of CH or CH;NH;, <5 nmol of NHs)
could be detected when any of the following assay compo-
nents was omitted: (a) ATP; (b) dithionite; (c) Av2; (d) Avl,;
or (e) diazirine. Reduction time course experiments were
carried out to establish the limits of linearity of the reactions
under standard assay conditions. No lag phase was observ-
able and the formation of methane, methylamine, and
ammonia remained linear for at least-116 min. In two
experiments with Av1:Av2= 2, the average product ratio
was 1.0 CH:2.2 CHNH24.5 NH; £10%. These results
were used to establish the optimal reaction time for all
subsequent experiments.

When, in search of other reduction products, the assay for
diaziridine (see Materials and Methods) was performed in
the nitrogenase assay mixture, dithionite interfered with the
color development. Distillation of the substituted diaziridine
onto etched glass rods (see indophenol assay fq) Niied
to give a positive iodine test. The iodine test was therefore
found to be inconclusive for the presence of diaziridine in
the assay mixture. The chromotropic acid testfdrumol
of formaldehyde hydrate in the diazirine reduction assay was
negative (see, however, Discussion).

Reduction of Diazirine to Methane, Ammonia, and
Methylamine: Kinetics Diazirine pressure was varied and
methane formation was measured in assay mixtures in which
either Av2 or Avl was limiting (Figure 1, only Av1 limiting
data are shown). The LineweaveBurk plots for these two
conditions showed that th€, values were similar: 1.1k
1072 atm or 0.0863%£ 0.0142 mM (Av2 limiting) and 0.71
x 1073 atm or 0.0551+ 0.0277 mM (Av1 limiting). The
correspondind/n, values ¢ mg of enzyme) were 9.4 1.0
and 17.0+ 4.2 nmol CH/min-mg Avl. We also obtained
protein component titration curves in which either methane
(diazirine reduction assays) or ethylene (acetylene reduction
assays) was measured in assay mixtures in which the protein
component ratio was varied (not shown). The profiles of
the two curves were similar, GHbeing steeper. These
saturation curves were used to determine the correct protein
ratio for either limiting Av2 or Av1l protein conditions. The
Km values for reduction of diazirine to ammonia were not
very different for Av1-limited (Figure 1) (0.6% 102 atm
or 0.0492+ 0.0377 mM) and Av2-limited conditions (1.19
x 1078 atm or 0.0926+ 0.0350 mM). The corresponding
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Ficure 3: Diazirine inhibits acetylene reduction competitively.
Acetylene reductions were carried out for 15 min in the presence
of 0 (@), 0.13 x 1078 atm [10.1uM (a)], and 0.35x 1073 atm
[27.3 uM (m)] of diazirine. The protein component ratio (Av2:
Av1) was 0.8. 1¥ values arex 10°.

Ficure 1: Lineweaver-Burk plot of kinetic data for reduction of
diazirine to methane®), methylamine 4) and ammonial) by

Av nitrogenase. Protein component ratios (Av2:Av1l) were 16, 0.217
mg of Avl, 10 min assay (methane and ammonia) and 3.7, 0.612
mg of Avl, 15 min assay (methylamine).
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FicUre 2: Dependence of product formation on diazirine partial F/GURE 4: CO inhibits the reduction of diazirine to methane.

: tions were run for 30 min with a protein ratio (Av2:Avl) of
pressure. The products are reported as nmol of electron pairs pefX&a¢ : . rotel .
min per mg of limiting protein: @) H,: (a) diazirine reduction Oi73.;l'he f(éllgv(\glgglpa{tlal pressures of diazirine were used: 0.0016
products calculated as (4GH 3CH;NH,); and () total product atm (@) and 0. atmy).
evolution as (H + 4CH, + 3CHz;NHy). The relationship 2&Ho, .
8/CH, + 2NH,, and 6/CHNH, + NH; was used in calculating ~ However, the electron balance of all products of nitrogenase
electron flow (“nmol 2e corr.”) from the products. The protein  activity (H,, methane, methylamine, and ammonia) only

component ratio (Av2:Avl) was 3.3, 0.6 mg of Avl. accounted for 30% of the total electrons available (measured
in the absence of any exogenous substrate). Although this
Vim values were 73.6- 12.6 and 20.6+ 4.12 nmol of NH/ could be due to an undetected product, it is equally consistent

min-mg of Avl. When methylamine was quantitated, the \yith an inhibitory effect by diazirine on total electron flux,
reaction was carried out under conditions of limiting Av1 45 has been observed with some other nitrogenase substrates.

(i.e., excess din;trogenase reductase) only. Rh@andVp, Diazirine Inhibits Acetylene ReductionAs shown in
were 0.87x 10 atm (0.0679+ 0.0163 mM) and 41.3 Figure 3, diazirine is a potent competitive inhibitor of
3.1 nmol CHNH,/min-mg Av1 (Figure 1} acetylene with &; of 0.4 x 1073 atm (0.03 mM). TheK,

Inhibition of Hydrogen Eolution and Electron Balance  of gcetylene in the absence of diazirine was $.20°3 atm
for Diazirine Reduction Data obtained under conditions (g 25 mMm), which is similar to previously reported values

where Avl is limiting and in the presence of8 x 1073 from our laboratory (McKenna, 1980).
atm diazirine indicate that sufficiently high pressures of ¢ |nhibits Diazirine Reduction to Methane, Ammonia,
diazirine ¢Kr) will completely suppress Hevolution and Methylamine Formation of methane (Figure 4), am-
(Figure 2). In this respect diazirine resemblegi&and monia (data not shown), and methylamine (data not shown)
differs from N, which is unable to suppress more than 75% i the presence 0f-90.06 atm of CO was measured. In the
of electron flux to H (Rivera-Ortiz & Burris, 1975). 556 of methane, a set of control bottles containing the assay
D|a2|r|ne thus m_|g_ht appear to have an extrapolated e'?Ctronreagents, CO, and diazirine (but no nitrogenase) was used
allocation coefficient of~1.0. The electron allocation 5 correct for the contribution by CO to the methane GC
coefficient (EAC) is defined as the ratio of electrons peak. A linear data fit suggests that CO is a noncompetitive
transferred/unit time to an exogenous substrate to the totalinnipitor of diazirine reduction to methane withkaof 0.0139
electron flux rate, including kevolution (Hardy, 1979). 1 0.007.4 atm; however, the linearity of the plots is not very
satisfactory. If the plots are taken to be nonlinear, then the
2The Vi for CHsNH, from Figure 1 is not directly comparable to  inhibition is better described as partial noncompetitive;
the other twoVy, values given above (unified conditions data set not however. a correction was made in the methane GC data
available). The value given here is estimated for a 1.Q:ZKE CHNH, . - . . .
ratio. The CH:NH; Vi, product ratios are, Avl limited, 1:4.35; Av2 ~ Which increased with the amount of CO, which might
limited, 1:2.2. increase the error at high CO. CO also appears to be a
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1/trans-Dimethyldiazene, M1 The assay conditions were the same as in Figure 5. The total nmol
of electron pairs allocated to product formation (“nmol corr.”) was
calculated based on the relationships/Bk, 3¢ /NH3, 267 /CHs-

NH,, and 1e/CH,. Plots show electron pairs allocated to total
product formation from the diazene substrag, H, evolution @),

and the sum of both&).

Ficure 5: Lineweaver-Burk plot of kinetic data for reduction of
trans-dimethyldiazene to methylaminea), methane @), and
ammonia @). The reactions were run for 30 min in the presence
of 0.10 mg Av1 at a protein ratio (Av2:Av1l) of 6.6.

noncompetitive inhibitor of diazirine reduction to ammonia

and methylamine (data not shown) wihvalues of 0.0121

4 0.00356 and 0.031% 0.0178 atm, respectively. Diazirine 03
reduction thus appears to be less affected by CO than the
reductions of acetyleneK( of 12.9 x 10* atm) and
dinitrogen K of 4.7 x 10~* atm) (Hwanget al,, 1973).

No H, and D, Effects in Diazirine ReductionIn experi-

0.2

ments carried out to detect ;Hnhibition of diazirine g 01
reduction, a very larg&; (3.38 atm) was obtained (data not =
shown), with a data scatter suggesting that this apparent effect 5
could fall in the range of the standard deviation of the ;
regression line. A-test (Zar, 1974) designed to compare = 03

theVy, andK, values (Eadie Hofstee format wher¥ plotted

against V/S yields —Ky, and V, as the slope and the 0.2
y-intercept, respectively) showed that these values in the
presence or absence of Were indistinguishable at the 99%
confidence level. When the nitrogenase-catalyzed diazirine
reduction was carried out in the presence BB described

in Materials and Methods, no HD formation comparable to
that observed with 40% N5x background HD in 90 min

assay) was detected.
; } ; Ni :~-_ FIGURE 7: Inhibition of trans-dimethyldiazene reduction by CO
Nitrogenase-Catalyzed Reduction of trans-Dimethyldiaz (A) and acetylene (B). The assay conditions and the plot symbols

ene transDimethyldiazene is reduced in the presence of for the three products were the same as in Figure 5. Open
nitrogenase to methylamine, methane, and ammonia. Omis-symbols: control (no CO/4E,), filled symbols: 0.0006 atm CO
sion of any required component from the enzyme assay (Av1 (A)/0.005 atm GH; (B).
and/or Av2, ATP generator, reducing agent) resulted in
detection of background levels of the three products similar (Figure 6) show thatrans-dimethyldiazene causes a weak
to those obtained with diazirine. Time course experiments inhibition of H; evolution and that the decrease in the amount
with trans-dimethyldiazene concentrations in the liquid phase of Hz produced corresponds to the amounts of methane,
ranging from 0.17 to 0.318 M showed that the evolution of methylamine, and ammonia produced within the error of the
the three products was linear for up to 35 min with no lag experiment.
phase observed; therefore, the steady-state experiments used Effects of Acetylene, Carbon Monoxide, and Hydrogen on
a 30 min incubation time to allow for accumulation of the  trans-Dimethyldiazene ReductiofReduction otrans-dim-
highest possible amounts of products (see below). Khe  ethyldiazene is inhibited noncompetitively by acetylene and
andVn, values obtained for the three products (Figure 5) are carbon monoxide. Preliminary experiments showed that both
0.51+ 0.035 M and 21.0+ 2.04 nmol/mgmin, 0.58 + gases at low pressures-.008 atm for GH, and ~0.001
0.0451 M and 19.2£ 1.97 nmol/mgmin, and 0.53t 0.048  atm for CO) inhibited the reduction afans-dimethyldiazene
M and 15.7+ 2.11 nmol/mgmin for methylamine, methane,  at 0.318 M sufficiently to impair quantitation of the three
and ammonia, respectively. products. The estimated inhibition constant of CO for all
Inhibition of Hydrogen Eolution and Electron Balance three products is 0.0008 atm (Figure 7A). A similar plot
for trans-Dimethyldiazene Reductiondn an attempt to (Figure 7B) was obtained when the reduction was measured
determine the effect dfans-dimethyldiazene on nitrogenase- in the absence and the presence (0.005 atm) of acetylene,
catalyzed proton reductiotransdimethyldiazene reduction  from which an estimated; of 0.006 atm for all three
products were quantitated together with iH a series of products was obtained. When, in separate asdeyss
assays with variable substrate concentration. The resultsdimethyldiazene (0.17 M) reduction was performed in the

0.1

-2 -1 0 1 2 3 4
1/trans-Dimethyldiazene, M1
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0.006 F DISCUSSION
5: Experimental Aspects of Diazirine and trans-Dimethyl-
E diazene as Nitrogenase Probe®nce prepared, purified,
£ 0004 F and stored over saturated aqueous3®, diazirine is readily
ED and safely manipulated for nitrogenase assays, in which it
g
>

measured in our experiments is ca. 100-fold greater than that
of Ny, diazirine is a convenient substrate to use at low partial
pressures in He or Ar, and its major reduction products are
readily determined by GC (CHlor HPLC (CHNH,, NHs).
Ficure 8: Inhibition of acetylene reduction lyans-dimethyldia- Nevertheless, its aqueous solubility is not so high as to
zene. tjl'he assay CO”?.i“O”tS. wereh;hﬁ same as in FiTgt:I”e 5 withrequire more than a modest correction in the final partial
e s a5 OB ), Gy Pressure in standard assays; he partal pressure is readiy
(0), 0.09 M (), and 0.17 M [J). verified by GC or UV analysis of a gas phase aliquot.
Diazirine is stable to the assay reagents (minus enzyme) at
30 30°C. With trans-dimethyldiazene, the aqueous solubility
increases another 20-fold, and a substantial fraction of total
substrate is found in the liquid phase, requiring iterative
solutions to find the final partial pressure. It is fortunate
that molar concentrations of this substrate can be attained
in assay mixtures, as its, is quite high (see below). Both
diazirine andrans-dimethyldiazene are sensitive to UV light
] but are handled readily under ambient lighting, it being
0 s 10 15 recommended to minimize exposure in the case of diazirine.
Av2/Avl .
Both compounds are chemically stable on prolonged storage

1 1 ) '
0 5 10 15 in contact with HO.

AVIAVL _ Relesant Structural Features of Diazirine and trans-
Ficure 9: Electron allocation to alternative products odns  Dimethyldiazene Before considering the behavior of the two
dimethyldiazene reduction as a function of the Av2:Av1 ratio. azo compounds as nitrogenase substrates, it is useful to

Reactions were carried out in presence of 0.10 mg Av1 and variable . . . .
amounts of Av2. The incubation time was 30 min, and tia@s- summarize certain of their molecular properties that may be

dimethyldiazene concentration was 0.32 M. Plot symbols for the pertinent to their differing interactions with the presumptive
three products are the same as in Figure 5. (Inset) Dependence ofctive metal center in nitrogenase. A key feature of diazirine

the product ratios CNH3 (O) and CHNHz/NH; (2) on the ratio is its unique structure as a diazene having-#he=N— group

/ is shown to be a substrate of the enzyme. Because its molar
0.001 Km andK; values are quite low and its water solubility as

1

-200 -100 0 100 200

1/Acetylene, atm™!

[S]
(=]
T

Product, nmol/30 min
=

Product ratio

AvZiAVL. confined within a highly strained, three-membered ring.
Sterically, this results in a compact molecule similar to N
absence and the presence of 0.10 and 0.25 agmtHe in its NN edge dimension, with the nitrogen atom unshared
changes in the amounts of products evolved wefe9% electron pairs nominally in orbitals orienteds at an angle
(data not shown), which places the lowgdimit at 3.9 atm.  of ca. 120 to the NN bond axis, similarly to those is-

NoHo.

Weak Inhibition of Acetylene Reduction by trans-Dimeth-  goning in diazirine has been well characterized experi-
yldiazene transDimethyldiazene was evaluated as an mentally and theoretically (Baird, 1987; Frey & Stevens,
inhibitor of acetylene reduction. The Lineweav&urk plot 1962: Kisch, 1987; Kochanski & Lehn, 1969: Liu & Stevens,
of the data, shown in Figure 8, demonstrates that the 1987: von Niesseet al, 1981). The N-N distance of 1.228
inhibition mode is noncompetitive with & value of 0.093 & in diazirine is close to that expected for a double bond,
+ 0.0061 M. No curvature was observed when the slopes and the G-N distance of 1.482 A is similar to analogous
and y-intercepts from Figure 8 were replotted against the values for acyclic systems (Baird, 1987). The highest
inhibitor concentration (not shown). Both,Mdnd diazirine occupied MO (HOMO) in diazirine combines the-W lone
are competitive inhibitors of £,, and it is possible that  pair orbitals with a somewhat Walsh-like orbital which is
the acyclic azo compound has a second, nonspecific bindingC—N bonding and N-N antibonding. Electron donation via
interaction with the enzyme; it may also affectH3 ligation would thus strengthen the-NN bond and weaken
solubility. the C—N bonds, tending to enhance ring-opening chemistry.

) . The HOMO corresponding to the asymmetric combination

Effect of the Protein Component Ratio on the trans- f the two lone-pair orbitals has ca. 30%-® and ca. 70%
Dimethyldiazene Reduction Product DistributiofProtein lone-pair character in a six-membered cyclic diazene, but
component titration curves for the three products were ggo4 and 32%, respectively, in diazirine (Baird, 1987). This
obtained by carrying out the reduction assays at different would be expected to modify the donor ligand properties of
Av2 to Av1 ratios (Figure 9). As evidenced by these results, diazirine in its interactions with unoccupied, acceptor orbitals
the ratio methylamine/methane/ammonia depends little onin site metal center(s), although it evidently does not preclude
the protein component ratio in the range 31B.62. At- formation of 3,3-disubstituted diazirine complexes with-Fe
tempts to determine the product distributionfa® limiting (CQO),, for example, in which the diazirine bridges two Fe
conditions were unsuccessful because of the dramatic dropatoms, with preservation of the aze<Nl bond (Kisch, 1987).
in the activity below a protein ratio of 2 (Figure 9). In other Fe carbonyl complexes and in Ru carbonyl



Nitrogenase Reduction of Diazirine atrdns-Dimethyldiazene Biochemistry, Vol. 35, No. 14, 199el511

Scheme 2: Comparison of Steric Profiles and Electron Scheme 3: Diazirine Reduction: Path 1 (Initial Cleavage to
Donor Properties of Diazirine artdans-Dimethyldiazeng& N> and Methylené)

H, H 6e7/6H"
@ @ \ CHs /< Nyase No | —————~ 2NH,
., . J _T29>m + ) N
N /< e N=N", N=N, 2XC-N) | :CH, 2¢7/2H

PR BN

Diazirine trans-Dimethyldiazene

@ Bond(s) attacked are shown in parentheses. Square brackets enclose
enzyme-bound species.

a Solid arrows depictr (or o-like) electron donor sites. Unfilled Scheme 4: DiaZirine Reduction: Path 2, SpecifieN
arrows symbolize availability of* electron acceptor sites for occupied ~ Edge Reductive Cleavage
metal d-orbital backbonding (geometry not specified). H H H, H

2e7/2H*

complexes with diazirine the®NN bond is cleaved (Kisch,  N='n,(N-N)
1987). ’ )

In contrast to diazirine with its unusual ring bonditrgins )
dimethyldiazene is a conventional acyclic azo compound, réduction products would be Gie", 2H") and 2NH (6e",

but thetrans-geometry orients the two lone pair orbitals in  6H")- The idea that i formedin situ from a precursor
opposite directions within the molecular plane, thus allowing substrate, can be retained and reduced at the active site rather

only onesyninteraction with a metal site. Weaker metal thanreleased in free form has precedent from studies on azide

coordination bytransvs cis azo derivatives has been reported feduction (Rubinsoet al, 1985). However, this mechanism
(Kisch, 1987)." Although diazirine is a polar compound with 1S ot supported for diazirine reduction: it does not account
a dipole moment of 1.59 D (Von Niesset al, 1981), its  for CHaNH, production and predicts the wrong NigH,
solubility in H,O is considerably lower than that tfans ratio (2:1 vs 4:1 observed). Alternatively, it could be
dimethyldiazene, which has zero dipole moment. One conS|d_ered as one component of a multipath binding and
explanation for the observed difference might be the greatereduction scheme, wherein a second process accounts for
basicity of the more localized two lone pairs of electrons in the CHNH2 and modifies the product ratio to that observed
the acyclic diazene, resulting in enhanced hydrogen bonding&XPerimentally. However, one might still expect to observe
to the protic solvent. Differences and similarities in the steric eatures considered unique te,Much as inhibition by b
profiles and ligand electron donor properties are summarized(Hwanget al, 1973) and enzyme-dependent HD formation
in Scheme 2 (differences in the LUMOs are probably also N Do/Hz0 assays (Guth & Burris, 1983), some of which
relevant, but are not represented for simplicity). were observed for azide reduction t@ (Rubinsonet al,
The two substrates should also present quite different steric1985). We were unable to detect either phenomenon in
profiles to the enzyme active site. As pointed out already, diazirine reduction by nitrogenase. A further argument
diazirine is similar in size to Nfor an N-N edge-on against two.completely separate and mdep_endent reduction
approach to the site and will be only slightly more hindered Processes is the observation that formation of all three
in a CN edge-on approach, owing to the presence of the twoProducts from diazirine exhibits the sarkg value, within-
methylene hydrogen atoms at one end of the edge. Edge-Fhe experimental error. This argument CQU|d of course fall
approach bytrans-dimethyldiazene will be made awkward N the face of two processes which coincidentally had very
by the protruding methyl groupscinal to either coordinating similar kinetic parameters (see further discussion beIovy). We
N. End-on (or molecular plane-perpendicular) approaches &S0 have no evidence:6% of CH, detected) for formation
to the site could also yield significantly different steric ©Of C2 products (GHs or CHg) from carbene insertion
interactions with site moieties neighboring the approach path chémistry, as has been reported in the nitrogenase-catalyzed
required for binding and reduction of each molecule. reduction of methyl isocyanide (Rubinsenal, 1983).
Substrate Reduction PathwayAzo substrate interactions (2) Exclusive reduction of the®NN bond in two 2€ steps
with nitrogenase can be characterized on several bases: (apr one 4€ step (Scheme 4). This mechanism could thus
the products formed, the maximal velocities for formation Proceed via bound diaziridine and/or diaminomethane in-
of each, and their ratios, corresponding to absolute andtermediates. Here, reduction properties uniquezars not
relative rates of cleavage for-N and N=N bonds; (b) the  required, but again the same, incorrectd{tH; ratio (2:1)
Km values for the substrates; (c) inhibition by or of other is predicted by this proposed path.
compounds bound by the enzyme; (d) effects effidrmation (3) One could envisage a 2eeduction of one CN bond,
and electron flux. generating a bound monomethyldiazene (or tautomeric
Beginning with the diazirine reduction, we note that methylaminonitrene) intermediate (Scheme 5). This inter-
formally this strained-ring diazene could be reductively mediate conceivably could partition between a peocess
cleaved in several different ways (in schemes where we (I) to form methane and bound diazene (or its tautomer),
depict methyl diazene intermediates, it should be stressedfollowed by a 4e reduction of the latter to yield 2N§br a
that tautomeric methylaminoimine intermediates are not 4e~ process (ll) to form ChNH; and NH;. In the former
excluded; in addition, for simplicity we do not consider the case, HD formation from Pwould be predicted by the
possibility of odd electron steps in the reduction process): diazene-intermediate hypothesis, although not necessarily by
(1) Nonreductive, exclusive cleavage of both i€ bonds, the alternative hypotheses of Lowe-Thorneley and of Burris
to generate a (metal-bound) carbene, plusfllowed by (Yates, 1992). Depending on the partitioning ratio, the
separate reduction of the two fragments (Scheme 3). Theproducts would be ClH+ 2NH; (100% 1) or CHNH, +
initial step of this process is analogous to the photochemical NH3 (100% Il). Thus, a blend of 1:2 (I:1l) between the two
dissociation of diazirine (Liu & Stevens, 1987). If the N processes could account for the observed product ratio
were co-bound (implying>1 metal coordination site), the (rounded to whole numbers). However, the observed

HN—NH

2e7/2H* 4e7/4H"*
} S [CHaNH,)2 | “257= CHy + 2NHg
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Scheme 5: Diazirine Reduction: Paths 3-1 and 3-II.
Specific C-N Edge Reductive Cleavage

Scheme 7:transDimethyldiazene Reduction: Path with
Initial Release of CH

H, H
" 267/2H" oH JaH " 2 CHaN=NH] /4 N, + NH
L»[CHg—N=NH] 282H. o NoHa) 2874 CH, v 2NHg () N==N_, (CN) CHa + [CHa-N=NH| a2 + NHs
N=N. (N ‘ o CH;
de 4t CHaNHs + NHg (Il)

proposed for the products from reduction of cyanamide by
Kp nitrogenase (Miller & Eady, 1988). In this report, it was
suggested that the enzyme-catalyzed reduction of cyanamide

Scheme 6: Diazirine Reduction: Paths 4-1 and 4-II
(“Random-Edge” Reductive Cleavage)

H, H %’ [CHs—N=NH | e CHaNHz + NH; () (a constitutional isomer of diazirine, it should be noted) could
W H in principle involve diaminomethane as an intermediate (free
N=N. %)L K| 2 oh, | 24 oy 2nHy or enzyme-bound) (Miller & Eady, 1988). Our experiments
HN—NH with simultaneous measurement of product formation and

diazirine consumption (data not shown) indicate that there
absence of HD formation would rule out path 3-I, once again js no major reduction product other than the three already
depending on whether the diazene hypothesis explaining thisyeported. Failure to detect formaldehyde, a possible product
phenomenon is correct. We have no evidence at this time of giaminomethane hydrolysis, may not bear definitively on

for a variant in this mechanism, in which methylhydrazine
is produced via a Zereduction of the initial intermediate,
but we note that depletion of the initial intermediate by this
additional path would not affect the product ratio obtained
by combining 3-1 and 3-II.

this point in view of the rapid reaction of formaldehyde with
both sulfite and dithionite (Let al., 1982).

In light of the above analysis, it is instructive to consider
the evidence for particular pathways for reductiontrahs

(4) Yet another mechanism can be postulated, based orfimethyldiazene and attempt to correlate the results for both

the “random-edge binding” mechanism proposed to explain
the cyclopropene product ratio obtained with wild-type
nitrogenases (McKennet al, 1976). In this mechanism,
the triangular cyclopropene molecule was postulated to be
reduced equivalently at its two-€C and one €C edges,
producing a statistical 2:1 ratio of the propene/cyclopropane
products as found experimentally, evienvivo (McKenna

& Huang, 1979). An implication of this model is the
presence of more than one coordination site for the ligand,

azo substrates. Theans-diazene is reduced to NHCH,,

and CHNH,; in almost equal amounts. As discussed below,
formation of all three products is characterized by very
similar Ky, values, consistent with a bound intermediate
common to whatever pathways lead to the different products.
If the trans geometry leads to a preferred active site
interaction at only one N for the reasons discussed at the
beginning of this section, we propose that an initial 2e
reduction produces CHand bound methyldiazene (or

such that the reduction does not greatly depend upon theequivalent tautomer). This then undergoes a rgluction

coordination of a single, specific edge. Otherwise, we would
expect some discrimination between&C and C-C edge,
unless only Walsh orbitals common to the three edges were
involved in coordination. “Random-edge” cleavage of
diazirine can be elaborated in the following manner. A 2e
reduction of either €N single bond would give the bound
CH;sN2H intermediatédiscussed in (3) above, whereas a 2e
reduction of the N=N bond would result in a bound form
of diaziridine. Assume that the first reduction ultimately
leads to 1 CHNH, and 1 NH, whereas the second reduction
yields, via bound diaminomethane, 1 €Hlnd 2 NH
(Scheme 6). Then, application of a statistical factor of 2 to
the first process predicts a final product ratio of 1 £H
CHsNH2:4 NH; if both processes occur at equal rates, in
fair agreement with our experimental ratios. In terms of total
electron flux, the methane-forming reaction consumes 8e
and the methylamine-forming reaction consumes B4cK-
enna & Eran, 1982). A parallel stoichiometry has been

3 A reviewer (Yates, 1992) of our preliminary account (McKenna
et al, 1984) has stated that absence of HD exchange rules out a
methyldiazene intermediate. In our account, we pointed out, as we
elaborate here, that the diazene-intermediate mechanism of HD forma-
tion would strictly rule out (absent HD) a 2@H" C—N cleavage
pathway from [CHN,H] to CH, + [N2H;], but not necessarily a 4¢
4H" N=N cleavage pathway via [CM,H] to CHsNH; + NHs. A
concerted disproportionation reaction of & CH;N2H to form HD +
CHsD + N2 analogous to the proposed reaction of-BN;H, to form
2HD + Nz is not known and would involve an energetically unfavorable
seven-membered ring in the transition state. Thermodynamically, at
298 K diazene disproportionation is exothermic 81 kcal/mol,
whereas the methyl diazene process is endothermit38 kcal/mol
(homolytic bond energies from CRC Handbook, 53rd ed., 1972, p
F-183).

to CHsNH,; and NH;, predicting an experimental 1:1:1
product ratio (Scheme 7). It will be noticed that this analysis
is consistent with our analysis of the diazirine results, in
predicting a CHN,H intermediate which is reduced to GH
NH; and NH; (rather than to Ci+ 2NHj).

The complexity of the chemical mechanism is unknown,
but a well-known overall model for nitrogenase function
(Lowe & Thorneley, 1984; Thorneley & Lowe, 1984)
includes 17 kinetic parameters (without detailed identification
of specific reduction intermediates). In such circumstances,
it would not be surprising if the experiment&l, represented
a complicated constellation of rate constants, rather than a
good estimate oK, for dissociation of an enzymesubstrate
complex—making the further assumption that the complex
does form reversibly, prior to reduction steps. Comparison
of experimentaK,, values for diazirine andrans-dimeth-
yldiazene should prove instructive on this point, if considered
together with other features of the reductions and also with
kinetic parameters obtained from experiments in which they
are forced to compete at the active site with a non-azo
substrate, such as acetylene. Tgvalues measured for
the three detected diazirine reduction products under “nor-
mal” (Av1l-limited) fixing conditions were identical within
the errors of the values (0.6%.09 mM), suggesting that
they originate from a common enzymatic process. This was
also a feature of th&, values determined for the two
products from nitrogenase-catalyzed cyclopropene reduction
(McKennaet al,, 1976). The molaK,, value for diazirine
reductions is much lower than th&, values of most other
second row triatomic substrates [e.g., 5 mM feNJensen
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& Burris, 1986), 1.35 mM for ¥~ (Rubinsoret al, 1985)% + NH3 (Hardy, 1979), even at high pressures (Simpson &
and 10-20 mM for NO,~ (Vaughn & Burgess, 1989)] and  Burris, 1984). This key difference between And other
comparable to that of Ntself (ca. 0.1 mM) (Hwanget al,, known nitrogenase substrates has been explained on the basis
1973). If this low value reflects a high affinity of the enzyme that N, interacts with an oxidation state of the MoFe protein
for diazirine, at least in part, a comparably Iy value that is more reduced than the oxidation state(s) involved in
would be reasonably expected for competitive inhibition of H; evolution or alternative substrate reduction (Rivera-Ortiz
other substrates by diazirine. Diazirine is a competitive & Burris, 1975).

inhibitor of acetylene reduction to ethylene by nitrogenase What may most fundamentally determine such differences
and exhibits &; of 0.03 mM, about 2-fold lower than the s the chemical inertness obNis-avis alternative substrates.
Km of diazirine (the GH. Ky value is ca. 0.2 mM as If the same site, but with variable electron (or)-Hontent,
determined in our experiments). is universally involved in binding all substrates, thepdibne

For trans-dimethyldiazene, the sami€, value (within would fail to react with the less-reduced states of that site.
error) is again obtained for all three of its detected reduction The absence of a serious steric impediment to side-on access
products. However, its magnitude is*l@rger than that by diazirine vs N is suggested by their similar molecular
found for theK, of diazirine. This dramatic difference could dimensions across the=AN or N=N bond, consistent with
reflect either a steric or an electronic effect on coordination their similar, low K values. Like N, diazirine is a
affinity at the site or some combination of these effects. In competitive inhibitor of GH, reduction. The similarity of
principle, a variation in reduction rates could also contribute the GH; K; (0.03 mM) and th&, (0.05 mM) for diazirine
to this difference. The strain energy released by a ring- indicates that these values represent at least approximations
opening cleavage of the diazirine ring, if coupled to of binding affinity.
reduction, should produce a large rate enhancement. To Inability to completely suppress;tvolution, HD forma-
address this issue, one can examievalues for reduction  tion in D/H,O assays, and sensitivity to inhibition by, H
of the two substrates. Thé, values we obtained for the  are special characteristics of nitrogenase-catalyzed reduction
diazirine reduction products: GH17; NH;, 74; and CH- that are not shared by diazirine, and thens-dimethyldia-

NH,, 41 nmol/mgmin may be normalized to 2&H" zene reductions are also insensitive tg. HAIl three
reduction values for &, (est.Vm, Figure 1 conditions for  characteristics point to a site interaction, or intermediate, that
CH; + NHs, 1.40 x 10%) using proposed mechanism 4, is specific to N among known nitrogenase substrates.
resulting in the following values: CHpath, 68; CHNH, Elucidation of the process or entity involved is essential to
path, 123 for a cumulated 2RH"-normalized specific  solving the chemical mechanism by which nitrogenase
activity of 191 or 14% of the @, activity. Thus, although  reduces its natural substrate. Alternative nitrogenase sub-
its Km = K (N2) and < Ky, (CoHy), diazirine is less effective  strates and inhibitors should continue to serve as useful
in utilizing the available electron flux. A similar calculation adjuncts to solving this fundamental problem in enzymology.
for trans-dimethyldiazene shows that its 28H"-normalized

“total” Vi, represents<5% of the “standard” activity. These ~ACKNOWLEDGMENT

findings show that the strained-ring energy of diazirine is
not dramatically expressed in the substrate reduction rate,
underscoring the fact that substrate reduction is not normally
the rate-determining step in nitrogenase reduction (ThorneleyReFERENCES

& Lowe, 1984). _
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