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FINAL REPORT

Office of Naval Research Grant N00014-86-0222

"Development of a Gene Cloning System in Methanogens."r

April 1986 through June 1988

The University of Oklahoma Department of Botany and Microbiology

Norman, Oklahoma ,

David P. Nagle, Jr., Michael J. Mclnerney, and David R. McCarthy.

1. Background and Objectives. .

The methanogens, members of the group known as archaebacteria, are
biochemically L A and ecologically important. These organisms occupy the !v
terminal position of anaerobic food chains, and permit the mineralization of

large amounts of organic matter. Methane, the end product of their
metabolism, contains a large percentage of the free energy of formation of the
growth substrates and is a useful fuel substance. The cells survive by
harnessing some of the energy available from the process of converting simple
compounds (e.g. acetate, methanol, hydrogen and carbon dioxide) to methane.

Modern techniques of microbiology permit the facile culture and manipulation _ .

of these strict anaerobes. Techniques of molecular biology in eubacterial 0%
host-vector systems permit the isolation of genes, sequencing, the recognition pa

of structurally important regions, and study of regulation. A key to progress

is to reintroduce these genes, altered genes, or new genes back into the
methanogen system.-

The objectives of this work follow.
A. To develop a cloning system for methanogens which includes the following.

1. Isolation of mutants whose phenotypes permit direct selection.
2. Mechanism for genetic transfer among strains.

3. Construction of plasmid vectors for genetic exchange. .
B. To characterize the physiological properties of mutants. ,
C. In the long term, to understand aspects of cellular metabolism and .. .,
mechanisms for adaptation to growth on different substrates, and to set the I !
stage for engineering of methanogen strains with altered properties, such as -

the ability to use new growth substrates or electron donors. .

II. Experimental Approach. [

The primary organism under investigation is the autotrophic, t-h---op" i-

methanogen Methanobacterium thermoautotrophicum strain Marburg. - I
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Mutants in this strain were selected for resistance to a variety of purine and
pyrimidine analogues and to kanamycin. Resistant strains were obtained from

single colony isolates that arose spontaneously or after chemical mutagenesis.
The characterization of mutants for their ability to activate purine and
pyrimidine analogues and to transport bases was carried out as described in

the appendix (Nagle et al., 1987). A formate auxotroph (strain RTI03) was
obtained after hydroxylamine mutagenesis and two cycles of enrichment by
outgrowth in mineral medium in the presence of bacitracin. Characterization
of this mutant was done in anoxic cell-free extract prepared with the French
pressure cell. Spectrophotometric formate dehydrogenase assays were carried
out at 600 in anaerobic cuvettes with various electron acceptors. Specific
activities were expressed as umol electron acceptor reduced/mmn x mg protein.

The transformation system in which resistance to pyrimidine and purine
analogues was transferred via chromosomal DNA from resistant strains is

described in the appendix (Worrell et al., 1988).
A library of M. thermoautotrophicum Pstl fragments of chromosomal DNA has been
prepared in plasmid pBR322 and maintained in E. coli. S
III. Results.

M. thermoautotrophicum strain Marburg was chosen as the primary experimental

organism for this work for several reasons. It takes up a variety of
substrates (e.g. Nagle et al., 1987), although it is an autotroph. Numerous
mutants have been obtained, and the strain contains a well-characterized
plasmid. The organism plates at high efficiency. Much of the enzyme and

coenzyme biochemistry has been worked out in M. thermoautotrophicum strains i
Marburg or H, so that this group is the best understood among the
methanogens. However, the major reason for selecting M. thermoautotrophicum

strain Marburg instead of the well-characterized Methanococcus voltae was our

success in obtaining transformation of wild-type cells with DNA from mutants
that were resistant to antimetabolites (Worrell et al., 1988). These mutants

exhibited elevated resistance to nucleic acid base analogues. Unlike the
wild-type, which in each case is completely prevented from growth at drug
concentrations of about 0.1 mg/ml, the resistant strains are capable of growth
at concentrations of 1 mg/ml or greater. A list of these drug-resistant
strains is presented in Table I. The spontaneous mutation frequencies for
some of the phenotypes shown in the table were as follows: for
8-azalypoxanthine, 6-methylmercaptopurine riboside, and 5-fluorour dine, 1 - 5
x . -; for 5-fluorouracil and 5-fluorodeoxyuridine, 5.3 x 10-- aed 3.5 x
10 , respective4; and for 6-mercapto purine at 0.3 mg/ml, 1.5 x 10 , and at
I mg/ml, <3 x 10 (Nagle et al., 1987; Worrell et al., 1988; Worrell et al.,

unpublished results). The fluorouracil-resistant strain RTAE-l was deficient
in the enzyme uracil phosphoribosyltransferase, which activates the base to

the nucleotide. This deficiency was sufficient to explain resistant I
phenotype, since the mutant could not produce the toxic nucleotide. The
mechanism of resistance in the purine analogue-resistant strains is not known.
However, we have determined that extracts of the wild type strain contain

adenine phosphoribosyltransferase activity (unpublished data), which could
activate the base analogues to inhibitory nucleotides.

The phenotypes 5-fluorouracil-resistance and 6-mercaptopurine resistance have
been transferred into wild-type cells with chromosomal DNA from the resistant
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strains RTAE-1 and RTVW-I (Worrell et al., 1988, appendix; Worrell et al.,
unpublished results). The key to this transformation system appears to be in
the use of Gelrite gellan gum as the solidifying agent, and in performing
transformation during growth under non-selective conditions on the surface of
the plates. We have not obtained transformation under a variety, of
conditions in liquid culture nor on the surface of agar plates. Those
variables which permit cells to become transformed in our system remain
unknown.,
A formate auxotroph was obtained in experiments in which strain RT-100 was
treated with ethylmethanesulfonate or hydroxylamine at several different
concentrations each. Mutagenesis was followed by two rounds of enrichment for
auxotrophs in mineral medium containing bacitracin. Bacitracin apparently.
kills actively growing wild-type cells while mutants that are starved for
essential nutrients survive the exposure to the drug. Each cycle was followed
by outgrowth in nutrient-supplemented medium (auxotroph medium). Out of 96
colonies from hydroxylamine mutagenesis which grew on auxotroph medium, 23
would not grow on mineral medium. By eliminating nutrient pools one at a time
from the auxotroph medium, it was found that ten of the 23 auxotrophic strains
required formate for growth. Nutritional studies on strain RT-103 (Table 1)
showed that 200 mg per liter of sodium formate was required fpf normal growth
rates and cell yields. Preliminary results showed that [ C]-formate was
incorporated into soluble, lipid, RNA, DNA, and protein pools in cells of both
the formate auxotroph and the wild type (Tanner et al., unpublished results).
Cell-free extracts of strains RT-100 (kanamycin-resistant wild type) and
strain RT-103 were screened for the presence of formate dehydrogenase
activity. This enzyme had not been described previously in M.
thermoautotrophicum. Although no activity was detected with the artificial
electron acceptor benzyl viologen, extracts of the wild type carried out
formate-dependent reduction of both NAD and NADP. Specific activities for
these electron acceptors were as follows: in strain RT-100, 3.8 and 5.7; in
strain RT-103, -0.6 and 2.8 (Tanner, unpublished results). The negative value
for strain RT-103 is due to suppression of the formate-independent background
activity in undialyzed extracts. Clearly these two strains can be
distinguished biochemically on the basis of their ability to reduce NAD with
formate.

IV. Prospects.

The basis for significant progress in understanding the genetics and
physiology of M. thermoautotrophicum has been established. The collection of
resistant mutants will permit the determination of the pathways of nucleic
acid base metabolism in this organism. The several markers can be used to
attempt to establish a linkage map by use of the chromosomal DNA-dependent
transformation system. The discovery of a formate auxotroph, which is a
unique requirement, opens a new view of one-carbon metabolism in the
methanogens. The results of formate labeling and the demonstration of formate
dehydrogenase activity suggested a novel method of one carbon activation which
will be pursued and described. New molecular techniques can be applied to our
genetic system. The technique of additive transformation will be utilized to
prepare transposon insertions in methanogen restriction fragments maintained
in our Escherichi coli plasmid pBR322 library. The transposon miniTnl0 can
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insert randomly into DNA sequences. A mixture of chimeric plasmids containing
TnlO insertions will be linearized and used to transform M.
thermoautotrophicum. If the insert-containing DNA recombines with the
chromosome, insertion mutants will result. Auxotrophs can be selectively
enriched, and base analogue-resistant variants isolated directly. This
technique promises to be an efficient method of mutagenizing chromosomal
genes. In addition, the defective alleles can be isolated by cloning the
mutated DNA into E. coli, and then used to isolate the wild-type sequences.

Together with the body of biochemical, structural, sequence, and regulatory
information which is being produced by other laboratories, our system will add
to basic knowledge of methanogens. The ability to reintroduce genes will
permit the engineering of strains with the ability to utilize new substrates
or electron donors, or with other useful properties.
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Genetic Transformation System in the Archaebacterium
Methanobacterium thermoautotrophicum Marburg

VERONICA E. WORRELL, DAVID P. NAGLE, JR..* DAVID McCARTHY. AND ANN EISENBRAUN

Department of Botany and Microbiology, University o['Okf hwM.,a. Norman, Oklahoma 73019

Received 16 July 1987/Accepted 10 November 1987

A wild-type strain of Methanobacterium therrnoautotrophicum Marburg was transformed by DNA from . ,
strains resistant to 5-fluorouracil. Recipient cells were grown without selection on gellan gum (GELRITE) -. .-
plates with DNA. Drug-resistant cells were recovered by replica plating the resulting colonies onto drug plates.
Transformation required high-molecular-weight DNA with appropriate markers and was not observed on agar
or in liquid media under a variety of conditions.

A significant amount of molecular information has been nitrogen, and the vessels were brought into the anaerobic
uncovered about methanogenic archaebacteria with the use chamber.
of methanogen DNAs that have been cloned into eubacterial DNA purification. M. thertnoautotrophicum cells were
hosts (7, 9). A method for performing genetic experiments in suspended in SE solution (0.15 M NaCI, 0.01 M sodium
methanogens is necessary so that the cloned genes can be EDTA, pH 8.0: 1 g [wet wtl per 7 ml of buffer) and passed
used as starting points for meaningful physiological studies. once through a French pressure cell at 40 or 130 MPa. This
Techniques for mutant selection and methods for introduc- lysis technique produced a broad size distribution of DNA S
ing methanogen genes into their original backgrounds are the fragments (0.5 to 20 kilobase pairs). Lysates that were
minimal requirements for a genetic system. Some progress prepared as described by Meile et al. (16) yielded uniformly
has been made in this direction for several species of high-molecular-weight DNA fragments. H_ volcanii cells
archaebacteria. Several drug-resistant and auxotrophic mu- wr ye soial ysseso nS ouin .clawere lysed osmotically by suspension in SE solution. E. coi e
tants have been reported in various methanogen species (3, (in SE solution) was frozen at -20°C, thawed, and treated
8, 10, 11, 18, 20. 22). Among the halophilic archaebacteria, with lysozyme (1 mg/ml, 5 min, 4°C). The DNA was purified
transfer mechanisms based on conjugation and transfection by the Marmur technique after lysis (12). Purified DNAs S
with DNA from a lc t hage h-av.'e bcea 'cmonstrat¢d (6. were stored at 20C in 0.1 x SSC buffer (0.015 M NaCI. 1.5 r
17). Genetic transformation of the mesophile Methano- mM trisodium citrate. pH 7.0). The size of M. thernoauto-
coccus voltue PS in liquid culture was reported recently (3). trophicuin DNA was determined by agarose gel electropho-

We present evidence for a natural transformation system resis with HindlJl-cut phage lambda DNA as a molecular
in the thermophilic methanogen Methanobacterium ther- weight standard. Low-molecular-weight DNAs (size. <0.5
moautotrophicum Marburg. A marker for 5-fluorouracil kilobase pairs) were produced by shearing high-molecular-
FL) resistance was transformed into the wild-type strain via weight samples three times with a French pressure cell.
DNAs from drug-resistant mutants. Genetic transformatin. DNA -amples (2 ng to 100 ptg)

MATERIALS AND METHODS were placed at the centers of plates. and inocula (0.05 to 0.2
ml) containing 100 to 200 CFU were spread over the DNA-

Strains and media. Table 1 lists the strains used in this containing regions with sterile, disposable plastic loops. In %
study. Halohacterium volcanii was grown in medium 97 at some experiments, enough cells were added to the DNA %
.70C (5). Esuherichia coil was grown in LB broth at 37°C. M. plates to cause confluent growth: however, this modification
thernoautotrophicumn strains were grown on mineral me- had no effect on the results. Controls (plates lacking cells or
dium 2 as described previously (1. 24). Mineral medium DNA) were run with every experiment. After 2 to 4 days of
plates contained 0.8% GELRITE gellan gum (Kelco Division incubation at 60'C. the resulting colonies were replica plated
of Merck & Co.. Inc., San Diego, Calif.) plus a cation onto selective media. Replica plating was done with wooden
mixture composed of 1 g each of MgSO4 . 7HO and applicator sticks (2-mm diameter) held perpendicular to the
CaCI, - 2H,O per liter. The amount of Na.S 9HO was plates. Each inocuLIm was replica plated by impressing the
reduced 10-fold to a final concentration of 0.(X)6. Mineral end of an applicator stick onto the gellcn gum surface o as
medium agar plates contained 2%l Noble agar (Difco Labo- to maintain the organization of the original colonv. Any
ratories, Detroit. Mich.) ith or without the cation mixture. sectored distribution of drug-resistant cells in a colony was 7.
All plating operations, including preparation of plates after preserved on the selective plates. In several of the early
sterilization of anoxic medium, were done in an anaerobic experiments, a random sample of transformants was tested %
chamber under an atmosphere of 95% N. and 5% H, (2). for the ability to produce methane at 60'C to ensure that they
Additions were made by spreading liquid supplements on the did not represent contaminating organisms. ,
solidified medium with a bent glass rod or a sterile plastic Transformation in liquid medium was attempted as fol- ,.r
loop. Plates were incubated in pressure vessels (modified lows. Cultures containing 1.1 x 10? cells per ml were
from r-ferenccs 1 and 2) under an atmosphere of II,-C0- incubated with DNA (0.9 [tgtml from strain RTAE-1 or 51 0
HS (80:19:1 [vol/vol]) at 200 to 300 kPa for 2 to 4 days at ;.g/ml from the wild type) for 6 h with gentle shaking or for
60°C. To score colonies, the gas phase was exchanged with 48 to 72 h with or without shaking. A sample of I X 10

7 to 2

x 10' cells from each of these conditions %was plated on FU.
Corresponding author. In some experiments, DNA was added with polyethylene
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FAlIT I- Strains T he tranisformation experimients ss crc repeated %k ith
'ropsed 'hc, stialler inocula so that single colonies, orned on the l)NA

Stang1oen PC. no pe 01c ccr plates 'I he n1umber 01 colon i es \hih co n tained at stikse t of'%
FU)' cells ss as dependent on the aimount of' IF' DNA added

.it.therpwaiwropm flp? Fig. 1). Transtlormation ss as expresed ats the percentage of'
Marhiirg colonies tat contained drig-resistant cells. No e, idence of"

R1-VV-1 ts-/inpsl IT M VR"IA I -1: RTAF1. F' celswere found1. in 1.1"t of' colonies: the
ths %o-k fcq~ec\o'rsitatcells reached at plateau vsalueC at 1(0 ng

11. fo~ai ATCr 2960 l CC prsev heoinadiiuino'sbigcl,.w '

encodes restsacei ft-cPtopurine oois.W ee reeovered colonies that contained at
ARV. Aineric~in htC pe 1111 (ii? ae :cio.n . t SM. D)cilsc he StMm111int majoritv of' d rug-re si st'ant cells. Th is I e s nt imnp1lied that

tin Mi krorganitncn ran~omatio rarc it'ex er occurred early in the dev elop-Ifa1
PEGt in' it in the

The pperan e lI:' cells wast, spcfior- I-L.' I)NA
gycol ( PEG) 6000 Ifinal cnetai. 2'(1; I wvvol 1) or- P E f'rom Ml. iflwrinoo uoiroplii(um io able 2). D)N As from the

6(X) andth cation mixture that \a used in the gellan gumn archacbacteriumn H. vohootii or the euh-acterium P& oh01 did *

plates (1 g each of MgSO, 7H ,O and Cadl,- 2H1-1. per not prodIuce drug-resistant M. t'ruutfPpih, cells,
lite). N atemptwit mad toconvrt te Cltur ino Ony oe coonycontaining FEU' cells appeared in 760 that e..
protplats henPEGwasincude inthemedum 14) Th \Arc estd \hen\Awild-type (FUi') strain Marburg wAas the

on sleciveplates.

RESLTSANDDISCUSSION

The drug resistance phenotype FUr wats used to assay f'or%
transformation of l r'moorph . This phenoltype20 1
wats attractive. because it appeared at low frequencies by
spontaneous mutation (<1.6 x 1(0 "). The FU' strain RTAE- _

Iarose as a pnaeu uatwith at def'ect in uracil Z
phsporbsytrns'rac 18.Strain RTVW-1 was se- 0 I.0-

lcted from a 'Culture of strain RTAE-1 which spontaneously
gres , the presence of 6-mercaptopurine 1500( fxg/ml: Trable

44

PEnti trnfrain the liui inerou roticted the 3r 005 01

plaed ceelptcls fo nhibiormtion bx u oh Meto fafiold

RTW1 iudcultures (1.23.Terefoe wexried tsomAin er
imeene o plates oEnd heastioo n thaseell mighpas

inclecmetenc (13. 19) Ine oiurd irst xprmetd stae
RIE1Awsplaced cel rmihbton the sI.urfce bof ehdla gu
ptyes, dugweitype cells we reqaloedito growte ihn tos on-4 i
fuepntpatces overon W the reon ed tst coea ____________

tece in3Cof he asampltes whethe cellscuwre psosedicto
se tNat mhut not wild-typ ie A. Dru-rsist cells wer Amount ofSri0TEl N/lt

shown) (. 23) cels ereorecoered frmtecnluntI.I ransformation ofexp-er-4.iico'ou~r'piu,
paeths fom plte DnA pleastesoni tan esfomagtio pa s itsranRA-t).tNAro L taiWs
alloued t peroee in thsn ca sens exchmt tcda h etr fmnrlmdu ltscn~iig(~.

RTATE gDtNa gum. [hce reno thet DNAace ofa spread gur tdcls filtews. importantyp to lwr allow e nostet grow in te pces- uu-~au~~p~ttmNabr.A es 2 ooiss etda
flent ofthe oveth DNA reegin the es ted thedrug ecaocnrtonol)A )tasoraindt o
tondallowetie of thes evelop ent ofwn coptnce traunsfr cocetrtin of 40N A0 on an10n0dsae aa h

maton.ed xpresin the drgbsstnce o'ect.Alleele, d coplet rane ofnters oncenterat ius tlste Iotnig6
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soutre of' transflorminge l)N. Ithis isolate probabhl\ arose b\ 31. Beriani. G., and IL. Baresi. 1987. (ienetrc: tr-ansform-ation irr the
spo n an cous mt at ion. I he dependence of' Iran st'ormat on miet hanirgen .tlim o(r ii( i' rim ParIS. J . Iltcleriot. l69:2'3( I-
on an iippropriatcl marked M. t/rrototoprirn [DNA 2738.

impltes that drug-resistant cells arose as, at result of' recoin- 4. Carroll. N.. 6. R. (hilsers. 1). Franklin, M. 11. Miles. \. .1.
btnat ion and not fr-om the induction of' SOS or error-prone Mlorris. and S. G. Ring. 1983. Rheologp and nrirstruitIt of

repair s stents. If' exposuire of' the cells to DNA induced ,Olffl ionN of' the riicrobial pol\ aceharide fromn Pwiriirriri,

mutation, weC wou1ld expect DNA Fronm anY Soutrce to induce ,i/d.(ahhdrRe.148-1.Claus, ID., P. Lack. and B. Neu led.t. 1983. DLleusche SaninrLting
drug-resistant psetidot ran sforma n s. %ron Niki-oorgankis rn. cat alogiie rrf strains, third ed. . p. I- -14.

FEthejcent transf"ormation wias dependent on high-MoleCul- (iesellschaift f'mr Bioteehnolopi,ehe Errrschung rnhH. Hrlimnch-
lar- %cight DNA. [he DNA listed in line I of tIable 2 had an %Ncig. F-ederal RepLihi at (.irrnitn . S
ave rage size of' about 20) kilobase pairs: fragments Of' about 6. Cline. S. %.- and '. F. D~oolittle. 1987. Etficient transftection of'.-
(4.5 k ilobase pa irs did not Sup port transf~ormation (TablIc 2. the are rhac cnn m /i i/m1"a~rirrlrr /ra/i irn. J . Iiae cral.

line 2/. 169:1141-1344.

Gellan gunt-dependent transformation. (.FLRIIE gellan 7. De. As. P. P. 1986. Miolecuilair hrrrlogp of archachacteria. J,
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supemnsand because it remained dry after incubation at %~,hiri i.-priehtl hne fteacahce611iurr lai tw 14% rirrrrr/i. El- NtS NIicrohiot . tLett. 33:185- ~ '
elevatedl temperatures. We attempted transf'ormation es~per- 188.
iments on the surfface of' Noble agar bitt obtained nol Irans- 9. Hamilton. P. T., and .1. N. Reese. 1986. Nlicrirhitioe ot 'irchaie
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inhibited grins th of' the cells. Hoss es er. transformation is as 143:151-153. ilaob(wimpisece. rh.%icoio.S
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cation mixturc in gcllan gumn medium \ias solely responsible \k N. Wood. N. R. Krieg. and Gj. Bt. Phillips, led .). NIiitiial of
for the transf'ormat ion, since it coutld not induce transfor1ma- *riethads fiot general bacteriology American Sirciets flrr Micro-
tion itt liquid or on aga r plates. The onkv other variable .s\as hiolog\. Washington. D.C..
the utsc irf gelan gum %crsus argar to solidity the 1)N A pltes. 11. luni. E., and A. j1anik. 1969. Transtsfarnat ion rrf .4 i nriiior her

Theref'ore, it is possible that the stru~cture'of the getlarl gttrf 14. Kodoj K-.. andi L. L. I/urn. 19S4r.irfrnrn I 3.mi Batrial~rt f 98:28 288
matrix is ill oliked in transflormat ion. Ciellan git n is at Ii ia r Kono..1.K. an I. I. ts 198. 'iiid tronand sfitin nirt A
polkmer of' tetrasaccharide that contains gliteuronic acid Srpt rrr~ rii. rr pas :otinla nar s nmtlecirlar cloning. AppI. Env iron. Microbial. 48:150-259.
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ill to enhance competence. 16. Mije. L.. A. Kiener, and T. Leisinger. 1983. A plastrrid in theN%
The transformation system for the pseudomurcin-con- i architehacteritini Itirirrrii/iiriiirr i/irri 'oaiwl', pdi /lirltr.
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simple, reproducible. adseii orhg- lcur\kiht 17. Mesarech. M., and R. Werczherger. 1985 (,errie trirrtfer in
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Growth of Methanobacterium therinoautotrophicum Marburg is inhibited by the pyrimidine, 5-fluorouracil -. 6

(FU). It was shown previously that methanogenesis is not inhibited to the same extent as growth. A .
spontaneously occurring FU-resistant strain (RTAE-1) was isolated from a culture of strain Marburg. The --

growth of both strains was inhibited by 5-fluorodeoxyuridine but not 5-fluorocvtosine, and the wild type was
more susceptible to inhibition by 5-azauracil and 6-azauracil than was strain RTAE-I. The cellular targets for
the pyrimidine analogs are not known. When the accumulation of "C-labeled uracil or FU by the two strains
was compared, the wild type took up 15-fold more radiolabel per cell than did the FU-resistant strain. In the
wild type, radiolabel from uracil was incorporated into the soluble pool, RNA, and DNA. The metabolism of %
uracil appeared to involve a uracil phosphoribosyltransferase activity. Strain Marburg extracts contained this r -.
enzyme, whereas FU-resistant strain RTAE-I extracts had less than 1/10 as much activity. Although it is
possible that a change in permeability to the compounds plays a role in the stable resistance of strain RTAE-I,
the fact that it lacks the ability to metabolize pyrimidines to nucleotides is sufficient to account for its phenotype.

The description of methane-producing archaebacteria is a teine were from Calbiochem-Behring. San Diego, Calif. ,
collection of biochemical variations on familiar themes. Alkaline phosphatase from calf intestine (EC 3.1.3.1) was
Many of the themes have to do with the pathways of from Boehringer Mannheim Biochemicals, Indianapolis.
methanogenesis and autotrophy and with the cofactors and Ind.
structural molecules used by the cell (1, 15, 16. 33). Some of Media and growth conditions. Eswherichia (oli CSH36
the other aspects of metabolism, for example. many of the (lac) (23) from the department collection (K. Kealy. cura- %

an&,'olic reactions and their regulation, repair functions, and tor) was grown at 37°C in medium containing, per liter, 5.6 g
salvage mechanisms remain to be clarified. As part of an of KH2P04. 28.9 g of K2HPO 4. 10 g of yeast extract. 10 mg
ongoing study of the coenzymes of methanogens, we chose of thiamine, and 10 g of glucose. Al. tlhermoatutotrophlicum
to work with Methanobacterium therntoat totroplhlintt Marburg (DSM2133: obtained from H. Hippe) was grown at -
Marburg. which is an autotroph but appears to take up a 63°C in medium 2 (1) with trace vitamins omitted as de-
number of substrates (7. 8). Enzyme preparations from this scribed previously (31). Anoxic. sterile solutions of drugs or
thermophile tend to be stable in vitro. Some mutants have isotopic tracers were added to 5- or 20-mI cultures. Growth
been obtained (17). For further genetic work, the plasmid was quantitated by absorbance and converted to number of
pME2001 and vectors based upon it may be very useful (21, cells by using a standard curve (31). Large amounts of .,

22). methanogen cell mass needed for enzyme studies were
We previously determined that 5-fluorouracil (FU), a obtained by using a 3-liter Microferm fermentor (New

uracil analog, is a potent inhibitor of the growth of M. Brunswick Scientific Co., Inc.. Edison, N.J.) maintained at
thernioautotrophicuni (31). Methanogenesis is not inhibited 60 to 63'C and sparged with 1 liter of an 80i H,-201_" CO_, %
to the same extent as growth. Here we describe the charac- gas mixture per min.
terization of a spontaneous isolate which was capable of Isolation of FU-resistant strain. A culture of Al. tMerno-
growth in high concentrations of FU. The characterization of amtotrophicimi Marburg containing 100 Ig of FU per ml
this isolate and its parent provided evidence of the existence grew after a prolonged lag period. This culture was contin-
of a pyrimidine salvage pathway in methanogenic archaebac- ually passaged numerous times in the medium described .
teria. above with 100 jig of FU per ml. The culture was diluted and

(A preliminary report of some of the results has been plated on medium 2 with 11)-fold less NaS. 1.5,'i (wt/vol)
presented ID. P. Nagle. Jr., A. Eisenbraun, and R. 'real. Noble agar (Difco Laboratories, I)etroit. Mich.). and 1 mg of
Abstr. Annu. Meet. Am. Soc. Microbiol. 1986. 150, p. 1731.) FU per ml. The plates were incubated under 200 kPa of an " '"

H,-CO2 -HS 18(:19:1) gas phase for 2 days at 6YC in
MATERIALS AND METHODS stainless steel pressure vessels modified from those de-

scribed previotsly (1). A single. well-isolated colony was
Sources of chemicals. Bulk chemicals were reagent grade. picked and designated strain RTAE-1.

Uracil, uridine, UMP. FU, 5-fluorodeoxyuridine, and 5- Uptake of 14 C-,aheled compounds. Eor tptake of "C-

fluorocytosine were from Sigma Chemical Co.. St. Louis, labeled compounds. a modification of a previous method was % 10
Mo.: Omnifluor was from New Englad Nuclear Corp.. used (2). Membrane filters (pore size 0.45 Rim: diameter. 25
Boston. Mass.; [2- 14CIFU (58 mCi/mmol) and 12-Cluracil mm: Millipore Corp.. Bedford. Mass.) were presoaked in S
(53.2 mCi/mmol) were from ICN Radiochernicals. Irvine. buffer (medium 2 without rcsa/tirin or cysteine-sulfide re-
Calif.: and phosphoribosylpyrophosphate (PRPP,) and cys- dtcing solutiont containing 1 mg of uracil per ml At the

times indicated, duplicate 0.2-mil samples were anoxically
a Corresponding author. removed from culttres and rapidly vacuum filtered. After

4119
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two 1.0-ml washes with the buffer described above without TAB1.- 1. Etffects of pyrimidine derivatives on growth of,

uracil, the radioactivity trapped on the filters was deter- FU-resistant M. therotrou.llicon RTAE-1
mined. Each filter was placed in 2.7 ml of Omnifluor scintil- (irovth
lation fluid (2.07 g of Omnifluor. 369 ml of Triton X-100, 631 Addition" (mean I SE' of control

ml of toluene) and 0.3 ml of water in a vial. and the n.,,
None 0.61 (.ON) 100radioactivity was counted in a Beckman LS-100C counter 0- .53 (.06) 97(Beckman Instruments. Inc. Fullerton Calif.). Values were 5-tuorodeoxyuridine 0.06 (.02) 10" -- ",-r

corrected for radiolabel that bound to filters in the absence of 5-Fluorocvine 0.57 (.018) 95 ;"'cells. Corrected values for uptake by strain RTAE-1 were at

least three times this background, and values for the wild- ('ompounds %ere added at IMt g'ml. Tube, %ere incubated Ior 49 h at
t y p e s t r a in w e r e c o r r e s p o n d in g ly h ig h e r . Q u e n c h c o r r e c t io n nr e a s i n A - a h v l e i h u a o t l a t t r e i d v d a

was not required, as determined by the channels-ratio cultures s ( standard error of the mean).
method. In experiments with [2-14C]FU, the radiolabeled ,,

compound was added to growing cultures to a final concen-
tration of 41 .M and 1 1 Ci/ml. In experiments with 12- detect the nucleotide or nucleoside products, the plates were14C]uracil, the labeled compound was at a final concentration developed in one of three solvent systems: I. saturated
of 48 1±M and 0.7 i.Ci/ml. In the uracil labeling studies, the (NH4)SO4-1 M sodium acetate-isopropanol (80:18:2) (10): ,
entire culture was needed for filtration of samples: therefore. 11. butanol-water (86:14) (10): Ill. isobutyrate-0.5 N
growth was monitored by diluting parallel cultures for NH 4OH--n-butanol (60:36:4) (modified from solvent 3 of
absorbance measurements. These cultures were prepared Grippo et al. [101). Known standards were detected visually
and handled identically to those with label except that by UV quenching. The R, values in these systems. respec-
[t4Cluracil (but not [' 2Cluracili was omitted. tively, were as follows: uracil, 0.57. 0.43. and 0.63: uridine,

For determination of the fate of radiolabeled uracil, cul- 0.68. 0.30. and 0.63: UMP. 0.72. 0.0. and 0.36. ['4Cjuracil
tures (20 ml) with 4.1 p.M [14C]uracil at 0.22 i.Ci/ml were was shown to be greater than 97/ radiochemically pure in
grown as described above, centrifuged (10.000 x g for 10 system I. Samples of assay mixtures were cochromato-
min at 4°C), suspended in medium 2 without cysteine-sulfide graphed with 20 nmol of uracil and UMP. The lanes were cut -

reducing solution, and recentrifuged. The cell pellet was into small segments which were placed in scintillation vials. -..-

then fractionated by using a modification of published pro- The radioactivity in the vials was determined by scintillation
cedures (32). The cell pellet (40 mg [wet weight]) was counting as described above. The counting efficiency
suspended in 1 ml of 5% trichloroacetic acid (TCA) and (91.1%) was not affected by the presence of the thin-hoyer
incubated on ice for 30 min. The suspension was then sheet or coating. Some samples were treated with alkaline
centrifuged (15.600 x g for 5 min at 4°C). The supernatant phosphatase by incubation of reaction mixtures with a large
was designated the cold TCA-soluble fraction, and the pellet excess of alkaline phosphatase in a sealed capillary tube t
was resuspended in 1 ml of 5% TCA and incubated in a 37'C. The mixtures were then chromatographed in systei"
boiling water bath for 30 min. After centrifugation (as Ill and analyzed as described above. %%No
above), the supernatant was designated the hot TCA-soluble % "

fraction. The pellet was suspended in 1 ml of 0.3 M NaOH
and designated the TCA-insoluble fraction. The radioactivity RESULTS ..

in these fractions was determined in triplicate as described
above. Strain RTAE-1 spontaneously arose from an FU-treated

Assay of uracil phosphoribosyltransferase. Cells of E. coi. culture of M. thrmoattotrophicum Marburg and was iso-
M. thermoautiotropuicumn Marburg, and M. thermoautotro- lated from a single colony. The strain grew thermophilically.
phicum RTAE-1 were harvested by centrifugation at 10,0() autotrophically, produced methane, and was morphologi-
x g' for 10 min at 4'C and washed by suspension in 100 mM cally identical to strain Marburg. These properties are
potassium phosphate (pH 7.2) followed by recentrifugation. consistent with strain RTAE-1 being a strain of M. thermo-
Cell pellets were stored at -20'C. To prepare extracts, cells autiotrophicum. Resistance to FU was maintained after 20
were suspended in buffer (50 mM Tris hydrochloride IpH passages in the absence of the compound. The resistant
7.41. 10 mM MgCl,. and 7 mM 2-mercaptoethanol for E. coli: strain grew in the presence of I mg of FU per ml, more than
50 mM Tris hydrochloride IpH 7.61. 1 mM EDTA. and 5 mM 1.000 times the concentration which inhibited the wild type
2-mercaptoethanol for the methanogens). The cells were (50( inhibition at I iVg/ml) (31). When cultures of the
broken by passage through a French pressure cell two times wild-type strain were plated on solid medium with 100 itg of
at 138 MPa. After centrifugation (31.000 x g for 30 min at FU per ml, the spontaneous mutation rate to FU resistance
4°C). crude extracts were stored at -20°C. Protein concen- was determined to be < 1.6 x 10 ". Both the wild-type strain
trations were determined by the Coomassie blue dye binding and RTAE-1 grew in the presence of 5-fluorocytosine, but
method with bovine serum albumin as the standard (4). neither grew in the presence of 5-fluorodeoxyuridine (Table .
Assay mixtures for determining uracil phosphoribosyltrans- 1:31). We also tested 5-azauracil and 6-azauracil as possible ,. .,
ferase activity (I(X) or 200 p.lh contained 50 mM Tris hydro- inhibitors of both strains. In a 24-h incubation with 600 .g of
chloride [pH 7.61. 5 mM MgClI, 200 p.M [14Cluracil (1 5-aza- or 6-azauracil per ml, the yield of wild-type cells was ,004
R.Ci/ml). 1 mM PRPPI, and 3 to 5 mg of protein per ml. The 12 and 22% of that of control cultures (without the com-
incubation temperatures were 37'C for E. coli and 55°C for pound) respectively, and the yield of strain RTAE-1 was 82
M. thermoautotrophictim (occasionally 63°C was used for and 76% of that of the control cultures. Thus, the wild type
the latter organism. with little difference in results). In some was more susceptible to inhibition by these compounds than
experiments, additional 10-p. samples of PRPPI (final con- was strain RTAE-1 (data not shown).
centration. 1 mM) were added after 1 h of incubation. Assay To determine differences between the wild-type and FU- .0011
mixtures were spotted on cellulose thin-layer chromatogra- resistant strains which might be responsible for their pheno- 4'*r
phy plates (6064: Eastman Kodak Co., Rochester. N.Y.). To types, growing cultures were incubated with 14C-Iabeled FU., % -.)-

0
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In the experiment for which results are shown in Fig. 1. the 0

wild-type strain accumulated significantly more IU than did E 5- %

strain RTAE-1. Growth of the two cultures during the < - A -8 N,

incubation was similar, although it was not quantitated. 1 ,0- -2

Based upon the initial cell densities present. at 4 h the o "
wild-type culture had taken up 1.2 nmol/105' cells and strain -4 o

RTAE-1 had taken up 0.07 nmol/10' cells, a difference of 05-0

17-fold, which was not accounted for by dilfrences in
growlh. I_,

To avoid the problem of toxicity of FU to the wild type. -B
14 C-labeled uracil was incubated with cells during growth. In o 12
the presence of uracil both strains grew at the same rate but CD

clearly took up different amounts of radiolabel (Fig. 2). At 4 '"- 1.0 -'.'''",. . .,

h the wild type had taken up 1.3 nmol/10' cells (the same - 1

am ount per cell as in the FU experim ent). The ratio of the E . ,,,, ,

amount of label in the wild-type cells to that in strain C 0.8-
RTAE-1 was more than 5. a value which increased to 15 .
during the interval from 4 to 12 h. The uptake experiments 0.6-
were initiated by the addition of labeled compound to the . S
cultures. Initial samples were taken as rapidly as possible. f S

but the operations of flushing the syringe with anoxic gas. - 04
sampling, and filtration required 2 to 3 min. In this amount of 0

time, cells of both strains bound significant amounts of label. 0.2-
which may have been a combination of' adsorption to cells 0 RTAE-I , :?

and rapid cellular import. If all the label was transported, the U I
amount taken up by strain RTAE-1 at time zero (0.25 S 0 4 6 8 tO 12
nmol/10' cells) corresponded to an internal uracil concentra- Timehours
tion of 3.6 mM, a value 75 times the external concentration. Time (hours). %
This calculation was based on assumptions that the labeled FIG. 2. Utplake 01' Io ' luracil by 11. the, , oat , ic ur_
compound was not metabolized and that an individual cell Marburg and RTAI'-I (A) Gromsth. Cultures "ith I' Clkit ,il (iden- t
weighed 10 12 g and consisted of 7V; water by weight. lical to those ill Panel t except that [(Clunacil was onikttd) ere

The metabolic fate of labeled uracil in strain Marburg was diluted lo absorhanec measurements. (B) L.abel incorporated b% -
determined. Labeled cell pellets which had taken Ip 89%; of ctiltures trc;ed %sith i (luraci (48 iMI. Itcl "a , s added a!t time

/cro. and samples M0.2 nil) trom cultures (20 nil) 'Actc removed •

anoicalk. liltered. and quantitated. S\nihols: 0. strain Marburg: , %

2 5- ,strain RTA'F-t. :

0 the uracil in the medium were subtectcd to TCA fraction-
Q• 0 ation. We found that 29.7'; of the radioactivity was in the

2 20 cold "CA-soluble pool, 68.7, was in the hot TCA-soluble
7 pool (mainly RNA). and 1.7' was in the hot TCA-insolublc

pool mainly I)NA). 'l'hese results showed that uracil was"%
0 taken ip and incorporated into macromolecules in A.

1 5- Since the :.-resistant strain RTAE-1 did not accumulate .

E as much uracil or [T as did the wild type, a defect in
C metabolism may have been present. 'herelorc. we tested

extracts for the presence of an enzymatic activity which
o O could salvage uracil. Extracts of the \vild-type strain con- 4 .

taincd signilicant levels of IRI'l,-dependent. U MPl-forming -,.
activity (15'; conversion of LINil in I hI (Table 2). 1-xtracts

LL ~~~of st rain RIA 1:- I had less t hain 101' oft he ac tiv i tyv of the w ildI
5 type. When extracts of the two strains "sere mi\cd. there

U '\as no signilicant decrease in the activity of the wild-type
strain, thus ruling out the prcscncc of an inhibitor of the

0 o o activity in the cell extracts of strain RTAF-FI. The product of
u o -----8the reaction. NIP. was idcntilied by com igration of" radio-

active material from reactions of wild-type extracts with
authentic material iri solvent systens I. II. and IIl. '[here

Time (hours) " as no significant conversio of U MP to other compounds %
IFIG. 1. Uptake oI' I14'll r h 1.. /, 1r,,u, r (hIt), Mn-_ tnder the assay conditions. Further evidence that UN11il' was

burg and RTAE-I. (6rotsing cultures u ere treated with 41 laM tlie product \kas provided by alkaline pliosphatase treattniieit

[n"C]F't. 0.2-nil portion, \ ere filtered. and the anou nt of label ofthe products in reaction nixtures. Radioaclivily cotiigrat-
retained was quantitated. 'The initial culture densities were 1.7 - In Ing with LI P Itsas conplelcly I -99' ) converted to a

c,: ls per ml for strain Marburg and 2.2 1 t0'I cells per nil for stlall Collmpounld which COin igratCd with iiridine after alkaline
RIAE-I. Symbols: 0. strain Marburg: . strain RIAI.t-I. phosphalase treatmllent. When ribose-l-phosphate was sub-

ol
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TABLE 2. Uracil phosphoribosvltransferase aclvitv in etract, SaloneIIla tv' /imuriotn strains induced for the enzyme (3. ,
of ild-type and FU-resistant A. Ihermoautiotro hitn strains 5. 27). or in the yeast .S'au harom ( 'ci'.% ( 'cv'i'jia (24).

Organism ,nd Incatiin o, However. they were the same as those found in cultured
ganis and Incation U NII' mg plant cells which do not require pyrimidines (14). M. ther-

of protein Inoauotrophicu'm is an autotroph and might not he expected

.l1. thrmomuotrophi( ut Narhurg to need much pyrimidine salvage activity.
Complete 1.0 6.3 The mechanisms b which FU and the azauracil com-

-PRPP, 1.0 0. 1 pounds inhibit the growth of )V. ter o tt rptiu are ,+-,,,",

Complete 6.0 12.6 not known. In eubacteria and eucaryotes, nucleotide melab-,,
-PRPP, 6.) 2.0 olites of these compounds are the actual inhibitors. For
- PRPP,. ribose-1-phosphale 6.0) 0.5 example. FU is metabolized to 5-fluorodeoxyuridylate. a
Complete + RTAE-1 extract 6.0 11. potent inhibitor of thymidylate synthesis. Without thymidyl-

ate. DNA synthesis cannot occur (12). FU is also metabo-
l.te 1.0 0.5 lized to 5-Iluorouridine triphosphate and is incorporated into

RNA. and FU-substituted RNAs cannot function as effi-

E. (olh (complete) 1.0 1.1 ciently as normal forms (19). We have observed that thymine
6.0 1.8 or thymidine do not spare the cells from inhibition by FU

(31). If either of these is activated to the nucleotide form.
complete aa , mistures included 1('Clacil. PRI't',. Mg('l.. hull'er and DNA synthesis ought to be able to continue despite the

protein 0 to5 ns inl) in 10 il. The mIethanoger extracts were incubated iti
55 C. and the L. ,di extracts %kere incubated at 37 C. After incubation, presence of FU. Thus. it is possible that FU metabolites
portions were spotted on cellulose thin-laer plates and chroniatographed in incorporated into RNA disrupt its function in the methano-
,olscnt sstem I. and the radioactivit, in segments of the lne ,Nas quanti- gen. The azauracil compounds are activated to nucleotide
tated. rhe amount of UMIP snthesi/Cd "a,, corrected for that which appeared derivatives which inhibit de novo pyrimidine biosynthesis
i1 incubat ions us ithout enirne.

" ('alculated on the bais of strain Marlurg protein present: an equal portion (28!. We have not studied the reversal of inhibition by the
of strain RIAE-1 extract ,as added. azauracil compounds.

The FU-resistant strain RTAE-1 grew at the normal rate at 0
levels of FU 103 times those which inhibited growth of' the

stituted for PRPPj in the extract from strain Marburg. there wild type. The strain was also less susceptible to inhibition
wats no evidence for formation of the nucleoside uridine. of growth by 5-azauracil and 6-azauracil than was the

The enzyme activity in the wild type was oxygen stable wild-type strain. When strain RTAE-1 was grown in the
but decreased upon repeated thawing and freezing of ex- presence of radiolabeled uracil or FU. the cells failed to
tracts. The results shown in Table 2 were from a typical accumulate label. The amounts incorporated at the first .!
experiment. The amount of UMP synthesized in I h by sampling time appeared to be more than could he accounted S
wild-type extracts varied from 5 to 10 nmol/mg, but strain for by nonspecific binding, which ought to increase as the
RTAE-1 extracts never formed more than 0.5 nmol/mg. number of cells increases. These data might be explained by
There was no significant difference in activity in incubations altered permeability to the compounds in strain RTAE-1.
done at 55 and 63°C and no variability which could be Resistance to pyrimidine analogs in certain mutants of the
ascribed to di'fferences in extracts from independently grown fLngi Neit'ospora ('rassa and S. cerevisiae is accounted for
cells. However. the activities were not computed as rates by decreased permeability (6. 9). However. since extracts of'
because the amount of UMP synthesized was not linearly strain RTAE-1 contained less than 10'Y as much uracil
proportional to time or to the amount of protein. The labile phosphoribosyltrausferase activity as did the wild type, it
nature of the substrate PRPP, probably contributed to this appeared that the uracil analogs were not activated. Both FU
observation. At the elevated temperatures required for the resistance in the cubacteria (Upp phenotype) and 6-azauracil %
thermophilic organism. PRPP, appeared to be limiting. In resistance in plant tissue culture cells result from the loss of
some experiments in which additional PRPP, was added to uracil phosphoribosyltransferase (3. 5. 14, 25. 26). Definitive
assaV mixtures at 15-min intervals, we obtained UMP syn- proof that the resistance of the strain was not due to a -t
thesis levels 2 to 5 times higher than those shown in 'able 2 combination of lowered permeability and loss of uracil
and as much as 63'; substrate conversion in 3 h. E. coli. used phosphoribosyltransferase activity will require transport .
as a control organism, had low levels of enzyme activity studies. However. the decrease in the levels of the uracil
(Table 2). We did not attempt to optimize assay or growth salvage enzyme in the FLI-resistant strain RTAE-1 may be %,,
conditions with 1. 1t/tr1lotrolo'tltct or '.'. coi. sufficient to account for its resistant phenotype.

Mutation to drug resistance may result from changes in the

I)ISCUSSION genes for (i) transport of the compound. (ii) the site of action,
or (iii) activation of the compound to the inhibitory form.

FU inhibits the growth of' M. thermoatotrophi( 11m. We Metabolic inactivation by a degradative enzyme activity will ' •
have previously shown that this drug does not act directly on not be considered here. For methanogens. alternative i holds
methanogenesis (31). Since uracil but not cytosine. thymine. for mutants with resistance to neomycin or virginiamycin
uridine. or thymidine spared the cells from inhibition, there Mctantao(cci volltate) or bromoethanesulfate (M. volae
is specificity in transport or metabolism of FU (31). Since and Afecthtanoiarcina bartAett). In these instances. the evi-
labeled uracil was taken up and incorporated into RNA and dence suggests that the rtesistant cell is less permeable to the
DNA. the organism must have a mechanism to salvage compound than is the wild type (11, 29. 30). A similar
uracil. The data in Table 2 show that part of the uracil explanation has been proposed for other resistances (11. 17). S
activation system in the wild type was a PRPP,-dependent. There are two examples of mechanism it. altered site of %
UMP-forming enzyme activity. The amounts of activity action, in methanogens. The ribosome ofan anisomycin-
detected were significantly less than those in a eubacterium resistant Me'/tantt/ait Iorticicti strain is not inhib-
which requires preformed pyrimidines (20). in E. coli or ited by the compound; the cells are cross-resistant to several _

%
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other ribosome inhibitors (13). The isoleucyl-tRNA synthe- resistance caused by permeability changes of the archaebacte- I
tase in a pseudomonic acid-resistant M. thermoaulotrophi- rium Mcthanoocu.s vannielii. FEMS Microbiol. Lett. 33:
cum strain is not inhibited by the compound, unlike the 18 r Pgan.

wild-type enzyme (18). 12. Heidelberger. C.. P. V. Danenberg. and R. G. Moran. 1983.
Fluorinated pyrinidines and their nucleosides. Adv. Enzymol.FU-resistant strain RTAE-1 appears to be an example of Relat. Areas Mol. Biol. 54:57-119.

alternative iii. resistance to an antimetabolite because of a 13. Hunmel, H., and A. Bock. 1985. Mutations in Methanobacteri-
deficient activation process. Strain RTAE-1 was deficient in unit fi ritnicnt conferring resistance to t:nti-80S ribosome-
uracil phosphoribosyltransferase and refractory to inhibition targeted antibiotics. Mol. Gen. Genet. 198:529-533.
by FU and azauracils. It is likely that the type of pyrimidine 14. Jones. G. E. 1',84. 6-Azauracil-resistant variants of cultured
(and probably purine) analog resistance, "namely, failure to plant cells lack uracil phosphoribosyltransferase activity. Plant
form fraudulent ribonucleotide derivatives from the corre- Physiol. 75:161-165.
sponding base" (5), found in strain RTAE-1 will be common 15. Jones, W. J.. D. P. Nagle, Jr., and W. B. Whitman. 1987.
in archaebacteria as it is in eubacteria and eucaryotes. Methanogens and the diversity of archaebacteria. Microbiol.• Rev. 51:135-177.
Purine and pyrimidine analog resistances have been reported 16. Rev. l77.

for trans o M.volae (. L Boen ad W B.Whitan. 16.Kandler, 0. (ed.. 1982. Archael-acteria. p. 1-366. Gustavfor strains of M. voitae (T. L. Bowen and W. B. Whitman. Fisher. Stuttgart, Federal Republic of Germany.
Abstr. Annu. Meet. Am. Soc. Microbiol. 1986. 147, p. 172). 17. Kiener, A., C. Holliger, and T. Leisinger. 1984. Analogue-
and we have isolated 6-mercaptopurine- and 8-azaguanine- resistant and autotrophic mutants of Methanobacterium ther-
resistant M. thermoautotrophicum strains (V. Worrell, D. ,noautiotrophiculn. Arch. Microbiol. 139:87-90.
McCarthy, and D. P. Nagle, Jr., unpublished results). Work 18. Kiener, A., T. Rechsteiner, and T. Leisinger. 1986. Mutation to
is in progress to define the site of action of FU and to pseudomonic acid resistance of Methanobacterium thermoauto-
develop a genetic exchange system based on our resistant trophicum leads to an altered isoleucyl-tRNA synthetase.

FEMS Microbiol. Lett. 33:15-18.
19. Mandel, H. G. 1969. The incorporation of 5-fluorouracil into

RNA and its molecular consequences. Prog. Mol. Subcell. Biol.
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