
"tj, ,
,. I_, , u_lJL , ......... i, , i , ' .... ' Jk

A major purpose of the Techni-
cal InformationCenter is to provide,
the broadest dissemination posai-
ble, of information contained in
DOE's Research and Develop'ment
Reports to business, industry, the
academic community, and. federal,
state and local governments.

Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of i_/formationon the
research discussed herein.

e

!



Daniel .1.Atp t l'tincipal li_vc._li_;_l_1

I>RO(;RESS RI-I'OR'I" DE-FGO3-84F.RI3257 DOE/ER/13257--TI

Inlroduction DE91 000126

Hydrogenases arc enzymes which calalyzc rcaclions involving dihydrogcn. Thcv so,rc
inlcgral roles in a number of microbial metabolic palhways. As one example, hydrogenases t_xi-
dizc the H2 generated by nitrogenase in biological N2 fixation. This "recycling" of H2 loads It_an
increased efficiency of N2 fixalion. Out rcsearch is focussed on investigations of lhc calalx, lic
mechanism of lhc hydrogenases found in aerobic, N2-fixing microorganisms such as Azolob;l[:lcr
vinclandiiand ILo agl:onomically imporlan! Bradythizobiumjaponicum as we!l as microorganism._
with similar hydrogenases. The hydrogenases isolated from these microorganisms arc, Ni- and Fc-
conlaining heterodimers. Our work has focussed on three areas during the last grant period. 'lh ali
cases, a central theme has been the role of inhibitors in the characteristics under invesligation. In
addition, a number of Collaborative efforts have yielded interesting results.

Investigations of Inhibitor Mechanisms

In metalloenzymes such as hydrogenase, inhibitors often influence the activity of the en-
zyme through ligand interactions with redox centers, often metals, within the enzyme. Therefore,
investigations of the ability of various compounds to inhibit an cnzy.me's activity, as well as the
mechanism of inhibition, can provide insight into the catalytic mechamsm of lhr enzyme as wcil as
lhc role of various redox centers in catalysis. We have investigated in detail four inhibitors of A.
vinclandii and the results are summarized here, The induence of these inhibitors on the speclral
properli_ of the enzyme are summarized in a later section.

,,

Acetylene. In previous work, we de,ermined thai acetylene is a slow-binding, sile-direcled in-
hibitor of A. vinclaadii and B. japonicum hydrogenase_ (Hyman and Atp, 1987). While still bound
to the membranes, A. vinelandiih,,drogenase can be obtained aerobically in au inactive, but acfi-
vatable, slate. This aerobically prepared, inactive form of hydrogenase was not sensitive to acety-
lene, but could be made acetylene sensitive by reduction (leading Io activation) of the ei_zyme. The
results indicated thal acetylene inhibition requires catalytically competent enzyme (Hyman el al.,

- 1988). In continued studies of the mechanism of acelylene inhibition, we have investigated the
ability of n4errainal alkynes to inhibit hydrogenase. Although inhibition was observed with

.... propyne,:.thc rate,of.inh_ition was. that expected, from ;the.level, of..acet.ylem_w]',:ch.cot_aminated: lh(:.......... '.;.:.:......
propyne. Therefore, no substantial rate of inhibition could be associated with propyne. Likewise,
n-butyne did not lead to any inhibition of hydrogenase activity. Ethylene was also not an inhibitor
of hydrogenase. Thus, the inhibition was specific for acetylene. Our current model for the in-
hibitory effect of acetylene is thai the binding of acetylene is associated with the loss of a proton

............ fromacetylene and the formation ofa Ni acctylide. Reversal-ofthe inhibition (which requiresan"
overnight incubation) would therefore require abstraction of a prolon from the medium and refor-

.............. marion of the C-H bond in. acetylene.. As a .first test of-this model, we have determined (by GC
analysis and a chemical test) that acetylene is releasezl, from the enzyme during the recovery phase
(e.g. no chemical transformation of Lhr acetylene has occurred). Further tests of this model are
desert .b-_ in the Experimental Plan section of lhc grant proposal.

Attempts to induce a covalent attachment of the acetylene at the active site (by trealment
with bromine tq initiate a radical formation in the acetylene) were unsuccessful. Acetylene is com-
pctitiv¢ wilh H2 for binding to hydrogenase. 'rhercft_c: we asked if acetylene could also protect
the enzyme from 02 inactivation, as does H2 (see below). When tL¢er, zyme was incubated in the
presence of acetylene alone, then the acetylene was removed and the enzyme incubated in the pres-
ence of H2, full activity was recovered. When the enzyme was incubated in the presence of acety-
lene, then 02, then exposed lo trex)very conditions, full activity was again restored after several
hours. Thus, acetylene, like H2, can protect the enzyme from O2 inactivation.

Ddp.xy.g_. The effects of 02 on hydrogenases are known to be complex. However, wc
have investigated these effects on the hydrogenase isolated from A. vinelandii and have placed



many of lhc observations _',na ctuantitativc and ration_ll basis. Basically, lhc cffcct.s of 02 on _cli_,,c
hydrogena.se can be separated Into two calegoric."s. First, 02 is a rapid-equilibrium, reversible in-
hibitor of both lhc H2 oxidation activity and lhc exchange activity of the enzyme. The inhibition
was nonc.oml_lilive versus lhc eleclron acceptor methylene blue and unc.,ompetitive versus the sub,
strale, H2. An inhibition c_x)nstantoi 5.5 uM was determined for the purified enzyme. The second
effect of 02 is that of an irreversible inactivation of the H2 oxidation and exchange aclivities of A.
vinelandiihydrogenase. This slower inactivation followed a first order prcw.e.ssand gavea half-life
of 5.9 minutes for purified enzyme. Surprisingly, the activity did not decay lo zero; rather, a
residual aclivilyof about 10% of the original activity was obtained. Even after incubation of the
enzyme in air for 24 hc_urs, the activity remained at 10%. For membrane-associated enzyme, the
half-life for inactivation was longer (46 rain) and the residual activity was considerably higher
(60%).

Various reagents were investigated for their ability to protect hydrogenase from inadfivation
by 02. The only reagent which could do ,so was H2. The protection by H2 was concentration de-
pendent but saturated with as little as 0.2 kPa H2 in the gas phase. CO could not protect the en-
zyme from inactivation by 02 nor did it prevent H2 fiom protecting the enzyme. We propose thai
H2 and 02 are simultaneously bound to the enzyme in a "stalemate" such thai 02 cannot carry out
the reaction needed to inactivate the enzyme because of the presence of H2 and H2 cannot be acti-
vated either to allow exchange or the oxidation of H2 (e.g. with reduction of 02). This state of the
enzyme (EH2-,O2) has proven useful in subsequent investigations. (Seefeldl and Atp, 1989)

,Aerobic purification of A. vinelandii hydrogenase. Most Ni and Fe containing hydrogen-
ases are purified in an inactive state in the presence of air. Activation requires incubation under
anaerobic condition,s in the presence of a reduelant. We have previously purified the hydrogenase
from ,,4. vinelan_ii in the absence of 02 under reducing conditions (2 mM dithionite). However,
giver, the appareat convergence of many properties of the NiFe hydrogenases over the past few
years, it was of interest to determine if the A. vinelandii hydrogenase could also be purified under
aerobic conditions. We have worked out a purification protocol based on the anaerobic purifica-
lion, but with slight modifications. The modifications are required because, the inactive, but acti-
vatable, enzyme under air is not stable under conditions where the active enzyme under reducing
conditions is stable. For example, the activatable form loses the ability to be activated when incu-
bated at pH 5.0 overnight. Therefore, the overnight dialysis step was carried out at pH 7.4. W_,th
the modified protocol, we are able to purify to homogeneity an reactive form of the enzyme under
an. We have examined a number of activators; H2 and dithionite are the most effective. The abil-
ity of the enzyme to be activated is not affected by acetylene, indicating that acet),lene does not bind

....•........"to:this'oxidized,-inactive.form.oftheenz,lme.,On lhe.otltm-hand;'cyanideIr¢itmentleadstothe--...........'
lossofabifitytoactivatetheenzyme,indicatingthatcyanidecanbindtothisfo,_oftheenzyme.
Thisisconsistentwiththemechanismofcyanideinactivation(seebelow).Once;activated,theen-

......._....zymebehavesessentiallyas.theanaerobicallypurifi.,-,denzyme.with.similaxsensitivities.to.in-_
. hibitorsand similarIdneucconstants(Km'sforH2 andelectronacceptors). . .

The _esultsindicatea similaritytootherNiFe hydrogenases.Nonetheless,we do notin-
tendtoroutinelypurifyenzyme underaerobicconditions.Firstand foremost,theyieldsareonly
10% of those obtained in the anaerobic purification, even with the aforementioned modif'w..ati0ns.
Sey_nck the enzyme preparations always co0tain mixtures of active and inactive enzyme. As a re-
suit, experiments are very dependent upon the history of the enzyme. Furthermore, the specific
activities we obtain are not consistent and have not yet reached those obtained with the anaerobic
purification. (Sun .lin-hua and Atp, Manuscript in preparation).

f

(.

Cwni0¢.. Cyanide serves as a su'ong ligand to most transition metals, and therefore has been used
an an inlu'bitor of many metalloproteins. Nonetheless, there have been no extensive studies of the
effects of cyanide on hydrogenases. In preliminary studies, it was apparent that cyanide has virtu-
ally no effect on active A. rinelandii hydrogenase. However, the characterization of an oxidized,

inhibited state of the enzyme with H2 and 02 (E H2,O2) provided a new avenue for this investiga-
tion. When this form of the enzyme was incubated in the presence of KCN, an irrevers_le inacti-
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vation of the enzyme occurred. This inactivation was time- and KCN concentration depcndentl
The rate of inactivation decreased with decreasing pH. Whether this reflected a requirement for
CN" rather t_an HCN or reflected the dependence of the enzyme on the pH was not determined.

When the inactivation was carried out with 14C.-cyanide, label remained associated with the enzyme
follGwing passage of the enzyme through a desalting column. The results have established condi-
tions for binding yet another ligand to A. vinelnndii hydrogenase. (Seefeldt and Arp, 1989)

+N__Q.Nitric oxide is a potent inhibitor of several iron-sulfur containing enzymes. NO binds
to iron sulfur centers, giving rise to Fe-S-NO complexes. NO has been shown to be an inhibitor
of a number of hydrogenases, though no thorough kinetic investigations of the mechanism of NO
binding to hydrogenase had been carried out. We investigated the ability of NO to affect the, activ-
ity and activation of the soluble hydrogenase from AlcMigenes euttophus. This eltzyme is similar
to that from A. vinclsndii in that it contains Ni and Fe in two similar subunits. However, this en-
zyme consists of two additional subunits which contain flavin and additional FeS centers and pro-
vide the capacity to couple H2 oxidation toNAD + reduction. With active enzyme, NO (8-150 mM)
inhibited H2 oxidation in a time and NO concentration dependent manner. The inhibition was not

Competitive with either H2 or NAD +. The inlu'bition was partially reversible upon removal of the
NO. The diaphorase activity of the enzyme was not affected by NO (200 uM). NO also inhibited

....the ability of the enzyme to be activated. We interpreted these.results in terms of variable binding
of NO to the FeS centers of this enzyme. 0-1yman and Arp, 1988).

The effects of NO on A. vinelandii hydrogenase were also investigated and found to be
complex, NO caused a revers_le inhibition of H2 oxidation by membrane-associated hydrogenase
that was not affected by the presence of H2. During the 5 mim time course of a typical assay, the

inhibition could be completely reversed by adding Fe2+.-EDTA (to bind ali the NO in a tight com-
plex) to the assay cuvette (Fig. 1). However, when incubated with higher concentrations of NO
under non-turnover conditions, a time-dependent, irrevers_ie inactivation occurred (Fig. 2). Al-
though ali three activities (isotopeexchange, I-I2oxidation, H2 evolution) were inactivated, the rate
of inactivation was slower for exchange (tl/z = 60 mim) than for the other two reactions (11/2= 21
and 26 mim, respectively). In contrast to the resullc, with membrane-associated hydrogenase, puri-
fied hydrogenase was not reversely inhibited by NO during turnover,_ Rather, a time+dependent,

- irrevers_le inactivation of activity was observed. As with membrane-associated enzyme, a time-
de.pendent inactivation also occurred under non,turnover conditions. Again, this non-turnover in-

. =_:._v_tion:took. piace athigher_concentrafions of_NO._'l_he.inability.of.H2, to, influence the binding=.. ,_=.._=..=:;:
of No suggests that NO and H2 do not share the same binding site. This is similar to the results
with 02; NO _ known to interact with O2-binding proteins as an analog of 02. Furthermore, the
differences between turnover and non-turnover conclitiom suggest that Ihe redox state of the clus-

...... le:rs h_Iluen++c_stheeffck:ts of NO. (Hyman and,_ +,I .990_'sfbmiltdd): ....... ".. . ' ..... - ....... ' .....

Electron Paramagnetic Resonance (EPR) Investigations of A. vinelmndii
Hydrogenase ......

In collaboration with Gerrard Jensen and Philip Stephens at the University of Southern
Califomm, we have carried out an investigation of several states of A. vinelan&'i hydrogenase as
influ.enced by various inhibitors and the substtate H2. The spectrum of the e_e "as isolated"
0.e,,.m _ p_ce o.f.dithio.nite) reveals a _c:_.mplex g=1.94 type of spectrum typtcal of a [4Fe..4S]
_.._ter.m_ng with an.o.tlmx,parama .g_ttc .(most likely, another [4Fe-4S] cluster in this case)

• _'_g. s). IeUS spectrum .._ like thal of B.jspommsm m isolated and similar to thai of the particulate

va _a'ao_ N_ hydrogenase ha the reduced state where no signals atm'bumble m FcS ceaters are
.present at g<2..The basic features of this spin:tram are unalterg:dby sddltion of CO, O2H2 or H2 to

t_unple, desptte the fact that ali three of these gases have been shown kineticadly to interact with
mm form of the enzyng. Because ali three of these compounds bind to the H2 bmding site of A.

s
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vinclandii hydrogenase, their lack of influence on the spectrum suggc:;ks thai this signal d_ms not
arise from the site of H2 interaction.

Oxidation of the enzymewith 02 results in a rapid loss of the g=1.94 signal and formation
of a new signal with a major feature centered at g=2.02 and satellite features at g=2.06 and 1.97
(Fig' 4). During a lime course of 02 inactivation, the major feature decreases in intensity, the
satellite line at 2.06 disappears and the satellite line at 1.97 increases in intensity. Re-reduction of
the sample with dithionite (which does not result in reactivation) results in reformation of the
g=1.94 signal of the "as isolated" enzyme (Fig. 6). lr_addition, signals at 2.09, 2.20 and 2.22 are
apparent and, by analogy to other hydrogenases, are assigned to Ni. Thus, 02 inactivation does
not alter the iron sulfur clusters(s) which give rise to the g=1.94 signal, but does appear to influ-
ence the Ni center. The g=2.02 feature of the oxidized enzyme is tentatively assigmld to a [3Fe-
4S] cluster, lt appears that this center also retains the ability to undergo reduction following 02 in-.
activation.

When we examined the EH2,O2 slate of the enzyme, we found that the enzyme was in an
oxidized slate as indicated by the loss of the g=1.94 signal and the appearance of the g=2.02 signal
(Fig. 5). However, the Satellite lines were lost and the 2.02 signal was notably broadened. Thus;
as suggested by the kinetic results, H2 influenced the oxygenated state of the enzyme. When the
enzyme was re-reduced, the EPR signal returned to that of the "as isolated" enzyme. When en-
zyme was incubated in the presence of C2H2 and 02, the EPR spectrum was similar to that of
EH2,O2. This further developed the concept that H2 and C2H2 interact with ihe enzyme in similar
manners.

Cyanide influenced the EPR spectrum of EH2.O2 primarily by causing a sharpening of the
2.02 signal, when reduced hydrogenase was treated with NO (100% for 5 min), the signal was
altered to that typical of the Fe-SLNO complex described for other proteins. (Jensen, Seefeldt,
Arp, Stephens, 1990, Manuscript in preparation)

1LIV-Vis Spectral Investigations of A. vinclaudii Hydrogenase

Previous investigations of the UV-Vis spectra of hydrogenases have been limited to com-
parisons of "oxidized" and "reduced". We have undertaken an extensive investigation of the UV-
Vis spectral properties Of A. vinelandii hydrogenase. This study was facilitated by the well-char-
acten"zed inhibitors made available by our studies. The reduced, "as isolated" enzyme reveals a
spectrum typical of FeS proteins (Fig. 7). The spectrum exhibits a broad absorption envelop from
the edge of the aromatic amino acid absorption to about 600 rim. This absorption increases in the

E H2,O2 form of the enzyme (Fig. 8A). Difference spectra (EH2, O2 - Eact) revealed absorption
maxima at 435 and 325 nra. Again, this is typical of oxidized-reduced spectra of iron sulfur clus-

.... ters. The difference spectrum of aerobically-purified-hydrogenase minus activated aerobically-
purified-hydrogenase revealed a similar spectrum. ......

When hydrogenase was oxidized (and inactivated) by treatment with 02, the 435 nra peak
........ was broadened Considerably and a new peak was observed at.315 nm (Fig. 8B). Re-reduction of

the enzyme resulted in decreases in the 435 and 325 nm peaks, but the 315 nm peak was not al-
tered by treatment with reductant. The 315 mn peak, tlaerefore, appears to be correlated with the
irreversible inactivation by 02.

When reduced etm'yme was treated with H2, the spectrum was identical to that of enzyme
treated with dithionite (followed by removal of the dithionite under an Argon atmosphere) (Fig. 7).
In contrast, treatment of reduced enzyme with acetylene resulted in a time-dependent appearance of
a new absorption peak with a maximum at 492 nm (Fig. 9). This absorption was not likely to be
due to oxidation of the FeS centers for two reasons. First, the absorption was nearly 60 n m
shifted from that of the oxidized enzyme and of much less intensity. Second, when the _.cetylene-
inhibited enzyme was treated with 02, the absorptions typical of the oxidized FeS centers ap-
peared. Furthermore, this peak did not appear when the enzyme was treated with acetylene in the
presence of H2 (which prevents the inhibition by C2H2). We are tentatively assigning this absorp-



Daniel J. Arp 5 Principal Investigator

lion to a Ni:acetylide which forms upon inhibition with acetylene. If so. then this would constitute
the first idenlification of a contribution of Ni to a visible absorption spectrum of a hydrogenase.

When the E}t2, O2 is treated with cyanide, a substantial change in the absorption spectrum
occurs, indicative of cyanide binding to the enzyme. In contrast, when EH2 is treated with
cyanide, no change in Ihe absorption spectrum occurs. This is consistent with thekinetic results.
(Sun and Arp, Manuscript in prei)aralion )

Collaborative Projects

r Inhibition of CO dehv_[zg_In Rhodospirillum rubrum with NO and COS. Be-
cause of our interest in ligand interactions with metalloenzymes, we were interested to deter0aine to
What extent our observations with NiFe hydrogenase would extend to another NiFe enzyme,
namely, CO dehydrogenase (CO-DH. In a collaborative effort with Scott Ensign and Paul Dadden
(University of Wisconsin, Madison) we first examined the ability of acetylene to inhibit CO-DH.
No inhibition was observed. We then examined the ability of NO to inhibit CO-DH. NO proved
to be a potent inhibitorof CY)-DH. lt L,'_ctivatesthis enzyme in a time and concentration dependent
manner. NO-treated a_O-DH (whl, h lacks Ni) cannot be activated by addition of Ni, in con-

MtraStanuscriptt°the inap°epreparation).nzymewhich has not t,_n treated with NO. 0-lyman, Ensign, A_rp, Ludden;
We aL_ investigated another potential inhibitor of this enzyme, namely, carbonyl sulfide

(co_S). COS proved to be a revers_le inhibitor Ofthis enzyme and gave a kinetic pattern versus
which w_ indicative of competitive inhibition. COS inhibition was uncompetiffve versus the

electron acceptor, methyl viologen. COS does not appear to be an alternative substrate for CO-
DH, given that the dye-oxidized enzyme is not reduced by COS. Rather,COS appears to be acting
as a dead-end inhibitor. The significance of this is that it represents the first description of a rapid-
equih'briumintu'bitorof CO-DH which is competitive with CO. 0-lyman et al., 1989). In contrast,
COS does not inln'bitA. viuelandii hydrogenase. CO-DH is not capable of catalyzing the isotope
exchange reaction catalyzed by A. v/ne/sndh'hydrogenase. Thus, these two NiFe enzymes exhibit
distinct catalytic properties and inhibition patterns.

_ Immunologi'calcomoarison of Fe-onlv and NiFe Hydrogenases, In a collaborative project
with Kornel Kovaes and l._n Mortenson (Univ. Georgia), we"investigated the immunological

-cross-reactivity of !1 purif:sxl hydrogenases with 7 polyclonal antibodies raised against specific -
hydrogenases or hydrogenase subtmits. The comparisons were carried outusing Western blots to ..... •
pm vide good sensitivity and discrimination of the subunits of multimerie hydrogenases. 'The re-
.suits .r_,e__ substantial immunological cross-reactivity between the various Nil_e hydrogenases

::--- :-.-:::-. =mvestl_ :even._ou .gh-_.e_epresentative :hydrogenases-included -..v_r_.different-physiological : .....:=-=_-:_.- .-
............ .----groU.l_..-Somewhat.surprisingly, we also observed limited crops-rea,eft.".vjty.betweenantisera pre-..:, -:.--_-- =:....

pared,aga't_...tan Fe-only hydrogenases and 4 Nile hydrogenases and between antisentm prepared

... agam_,ft.a,N'.tFehydrogenase and an Fe-only hydrogenase. _Whether,this.___ a common ances-try o portions of these enz3mu_ or the similarityof H2binding sites between these tWOclasses Of ........
hydrogenasesremainstobedetermined.(Kovacs e_hl., 1989)

Characterizationof the structural_enes of,4_,'otobnet_,_,_ereh_m. We determined the
N-terminal amino acid sequences of the l_'-ge and small subunits of A. rinelandh'hydrogenase and
B.japoti_m hydrogenase.. This information was used by Geoff Yates and coworkers (University
of Sussex, Brighton, UK) to prepare tn oligonueleotide for use in screening subelones of the
genome which were known to contain HUP 01ydmgen ill/take) genes. In this way, the structural

u u_rc--_c'teraWCXe"id_"_Itificxlandev___tuallysequenced. An anal_ysis of _ sequences was presented in theK_ sceaom. (Yates ct al, 1988; Ford ct al., 1990).

Summary Statement
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The results of this DOE:sl×)nsored project have contributed to our uoderstanding of the
catalytic mechanism of A. v_'nelandiihydrogenase. A group of inhibitors have be.cn characterized.
These provide information about the different types of redox clusters involved in catalysis and the
roles of each. The results will also be applicable to other NiFe hydrogenases. One group has al-
ready used acetylene in a study of three desulfovibrian hydrogenases and shown that only tl_eNiFe
hydrogenases are inhibited. The inhibitor studies are also being extended to othel enzymes, both
m this laboratory and iri others. We have characterized a number of spectral properties of A.
vinelandii hydrogenase. The EPR signals associated with this hydrogenase in the reduced state aic
reminiscent of other NiFe dimeric hydrogenases such as A. cutrophas, but distinctly different from
others such as D. gigas and Chromatium rinosum. Thus, while the NiFe dimeric h,ydrogenases
are now recognized as a large group of similar en:_,mes, there are differences in the spectral and
catalytic properties which are not explained by their similar redox inventories, identical subunit
structures, immunological cross reactivity and conserved sequences. The inhibitors we have char-
acterized are also proving of value in the spectral characterizations. Sarprisinlgly , we only see a
significant EPR signal attributable to Ni after the enzyme has been inactivated w_th02 and then re-
reduced (though not reactivated). No spectral perterbations (EPR or UV-Vis) of active enzyme can
be attributed to binding of H2; even though H2 clearly binds to this form of the enzyme. Acety-
lene, Which does not substantially perterb the EPR signal of active hydrogenase, does resul_tin a
new absorption envelope in the UV-Vis spectrum. Overall, the results of this project have revealed
the complex interactions of the redox clusters in catalysis through"studies of inhibitor mechanisms
and spectral properties.

Manuscript, Meetings and Other Presentations of Research Results Resulting from
This DOE-sponsored Project

I. Manuscripts

A. In Press or Submitted at the time of the last renewal request (7/1

Hyman, M.R. and D.J. Arp (1987) Acetylene is an active-site-directed, slow-binding, reversible
inhibitor of Azotobacter vinelnndii hydrogenase. Biochemistry. 26, 6447-6454. (DOE and USDA
supported)

Seefeidt, LC., L.C. McCollum, C.M. Doyle and D.J. Atp (1987) Immunological and molecular
evidence for a membrane-bound, dimeric hydrogenase in Rhodopseudomonas capsulata. Biochim.
Biophys. Acta 914, 299-303. (DOE supported) ......... :

Seefeldt,-LC. and D.J. Atp (1987) Redox-dependent siibunit dissociation of Azotobacter -
vinelnndii hydrogenase in the presence of sodium dodecyl sulfate. I,_.._oJ.,.._Olg_ 262, 16816-
16821.03_E supported)

13.Submitted and Publishedsince last renewal request (7/15/87).

Hyman, M.R. and D.J. Arp (1988) Reversible and irreversible effects of nitric oxide on the solu-
ble hydrogenase from AlcMigenes eutrophus Hl6. _ 254,469-475. (DOE and USDA
supportS)

Hyman, M.R. and D.J. Atp (1988) REVIEW: Acetylene Inhibition of metalloenzymes.
173, 207-220. (DOE, USDA and NSF supported).

Yates, M.G., C.M. Ford, ICH. Tibelius, F. Campbell, D.J. Atp and LC. Seefeldt (1988) As-
.pects of the physiology andgenetics of the H2-uptake hydrogenase of Azotobacter chroococcum.
in Nitrogen Fixation: Hundred Years At'get, Proc 7rh Int. Conf. N2 Fix. CH. Bothe, F.J. deBruijn,
W.E. Newton, eds.) Fischer, Stuttgart, pp. 263-269. (DOE supported).



Daniel J. Arp 7 Principal Investigator

Hyman, M.R., LC. Seefeldt and D.J. Atp (1988) Aerobic, inactive forms of Azotobacter
vinelandii hydrogenase: Activation kinetics and insensitmvityto C2H2 inhibition. ____hi_m__J_I__-
phys. Acta 957, 91-96: (DOE supported)

Kovacs, ICL., L.C. Seefeidt, G.Tigyi, C.M. Doyle, LE. Mortenson and D.J. Atp (1989) Im-
munological relationship among hydrogenases. J. Bacteriol. 171,430-435. (DOE and NSF sup-
ported)

Seefeldt, LC. and DJ. Atp (1989) Oxygen effects on the nickel- and iron-containing hydro[[enase
from Azotobacter vinelandii. Bioche__ist__28, 1588-1596. (DOE supported)

Atp, D.J. (1989) Hydrogen-oxidizing bacteria: methods used in their investigation, in Modem
Methods of Plant Analysis, New Series, Voi. 9, Gases in Plant and Microbial Cells (H.J.
Linskens and J.F. Jackson, eds.) Springer, Verlag, Berlin, pp. 257-274 (DOE and NSF sup-
ported)

Seefeidt, LC. and D.J. Arp (1989)Cyanide inactivation of hydrogenase from Azotobacter
vinelandii. _ 171, 3298-3303. (DOE supported)

Hyman, M.R., S.A. Ensign, DJ. Atp and P.W. Ludden (1989) Carbonyl sulfide inhibition of CO
dehydrogenase from Rhodospirillum rubrum. Bioche_ 28, 6821-6826. (DOE supported)

C. In press or su_bmitted

Ford, C.M., N. Garg, R.P. Garg, ICH. Tibclius, M.G. Yates, DJ. Atp and L.C. Secfeldt (1990)
The identifw.ation,characterization, sequencing and mutag(misis of the genes 0aupSL) encoding the
small and large subunits of the H2-uptake hydrogenase of Azotobacter chr_um. Molecular
Mi_obi01. In press. (DOE supported).

Hyman, M.R. and DJ. Arp (1990) Kinetic analysis of the interaction of nitric oxide wi_h the -
....---;" ..... -nicke_ntliron-suifurcontaininghydrogenase fromAzotObnCter v/ne/atld/_:"Submitted to Biochinr;,.... _"'_.,,_'. _'''

_ophvs. Acta, (DOE supporte_. I

II. Meetings

............. Research malts from this DOE_rcd project wcreprcscnted arthe foUow/ngscientifie con-, "' =:':-: '
fcrcnccs:

Hydrog_ Meeting, Onicoi, Georgia;September 1988 (DJA, I.(_, MRH)

6th Iptemational C1 Symposium; Gottingen, West Germany; August, 1989 (DjA)

UCIASymposium: InorganicQaemistry and Molecular BiolOgyInter_e_, Ta(:_ New
Mexico; February 1990 (MRH)

,, ..

8rh InLSymposium N2 Fmation;Knoxville, Tennessee; May 1990 (DJA, SJH)

II1. Other

The results of this _werc pn_cntcd in several seminars and shm_ informally with '/_ol-
leagues at several institutions. Mater/als (e.g. antibodies and purified enzyme) were also frc-
qucntly shared with coUcagucs at several institutions. .... • . ..,



8
Figure I

N0 (5 uM) ILeverslbly Inhibits,
H_mbrine-_ssoc flied Elydrogenlse

H2 Oxidation Acttvtty Figure 2NO (250 uH)Irreversibly Iu_cttvates

HydrogenAse Activity

3 i.... _ I _ '3,0...... _ J

' 2,5

' _ 2.0

L. I I ,, I , _
0 50 lo0 150 wo

Tin_ (s)

FIg. 2. EPR Spectra of RiFe aydros_s

q'_'_'_ Fig. 3. EPR Spectra of A. vlnelm_Ltlrf _., _ ,,_ ,_
Hydrogenase Inactlvatlon

r ' ' ' du_ 0 2
"" .C.lt 2J lllJ_lJlli'_lE LII _ Cii ' __

I I I ! !

•
•.-o, _P., ---.

_'__._.....____.__

_.._.__ . . _.. __.
I' i| ....

i








