
 1

FINAL REPORT 
 
DOE Grant #: DE-FG02-87ER13731 
Title:   Regulation of Methane Genes and Genome Expression 
P.I.:   John N. Reeve 
Location:  Department of Microbiology, Ohio State University, Columbus, 
   Ohio 43210 
Period:  July 1st 1987 – March 31st 2009 
 

SUMMARY 
 

At the start of this project, it was known that methanogens were Archaeabacteria 
(now Archaea) and were therefore predicted to have gene expression and 
regulatory systems different from Bacteria, but few of the molecular biology 
details were established.  The goals were then to establish the structures and 
organizations of genes in methanogens, and to develop the genetic technologies 
needed to investigate and dissect methanogen gene expression and regulation in 
vivo.  By cloning and sequencing, we established the gene and operon structures 
of all of the “methane” genes that encode the enzymes that catalyze methane 
biosynthesis from carbon dioxide and hydrogen.  This work identified unique 
sequences in the methane gene that we designated mcrA, that encodes the largest 
subunit of methyl-coenzyme M reductase, that could be used to identify 
methanogen DNA and establish methanogen phylogenetic relationships.  McrA 
sequences are now the accepted standard and used extensively as hybridization 
probes to identify and quantify methanogens in environmental research.  With the 
methane genes in hand, we used northern blot and then later whole-genome 
microarray hybridization analyses to establish how growth phase and substrate 
availability regulated methane gene expression in Methanobacterium 
thermautotrophicus ΔH (now Methanothermobacter thermautotrophicus).  
Isoenzymes or pairs of functionally equivalent enzymes catalyze several steps in 
the hydrogen-dependent reduction of carbon dioxide to methane.  We established 
that hydrogen availability determine which of these pairs of methane genes is 
expressed and therefore which of the alternative enzymes is employed to catalyze 
methane biosynthesis under different environmental conditions.  As were unable 
to establish a reliable genetic system for M. thermautotrophicus, we developed in 
vitro transcription as an alternative system to investigate methanogen gene 
expression and regulation.  This led to the discovery that an archaeal protein, 
designated TFE, that had sequences in common with the eukaryotic general 
transcription factor TFIIE, stimulated archaeal transcription initiation and that the 
archaeal TATA-box binding protein (TBP) remained attached to the promoter 
region whereas the transcription factor TFB dissociated from the template DNA 
following initiation.  DNA sequences that directed the localized assembly of 
archaeal histones into archaeal nucleosomes were identified, and we established 
that transcription by an archaeal RNA polymerase was slowed but not blocked by 
archaeal nucleosomes.  We developed a new protocol to purify archaeal RNA 
polymerases and with this enzyme and additional improvements to the in vitro 
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transcription system, we established the template requirements for archaeal 
transcription termination, investigated the activities of proteins predicted to be 
methane gene regulators, and established how TrpY, a novel archaeal regulator of 
expression of the tryptophan biosynthetic operon functions in M. 
thermautotrophicus.  This also resulted in the discovery that almost all M. 
thermautotrophicus mutants isolated as spontaneously resistant to 5-methyl 
tryptophan (5MTR) had mutations in trpY and were therefore 5MTR through de-
repressed trp operon expression.  This established a very simple, practical 
procedure to determine and quantify the DNA sequence changes that result from 
exposure of this Archaeon to any experimental mutagenesis protocol.  Following 
the discovery that the Thermococcus kodakaraensis was amenable to genetic 
manipulation, we established this technology at OSU and subsequently added 
plasmid expression, a reporter system and additional genetic selections to the T. 
kodakaraensis genetic toolbox.  We established that transcription and translation 
are coupled in this Archaeon, and by combining in vitro transcription and in vivo 
genetics, we documented that both TFB1 and TFB2 support transcription 
initiation in T. kodakaraensis.  We quantified the roles of ribosome binding 
sequences and alternative initiation codons in translation initiation, established 
that polarity exists in archaeal operon expression, and that oligoT-rich sequences 
terminate archaeal transcription in vitro and in vivo.  Results of research 
supported by this grant have been reported in 41 primary peer-reviewed 
publications, and in 30 invited reviews and symposium contributions. 

 
DETAILS 

Plating, development of selectable genetic markers and replicons, and assays of M. 
thermautotrophicus transformation.  Transformation requires DNA uptake, replication 
and expression in the recipient microbial cell, and we worked extensively on all three of 
these steps to establish transformation of M. thermautotrophicus.  We established plating 
M. thermautotrophicus and obtained colony growth reproducibly with ~100% efficiency, 
on an agar-solidified salts medium in plates incubated at 65ºC in sealed containers 
containing a CO2 plus H2 atmosphere pressurized to 15 psi.  We determined kill-curves 
and established procedures that resulted in the efficient recovery of M. thermauto-
trophicus cells following electroporation, exposure to many different osmotic and 
temperature shock regimes, and after protoplasting by exposure to a psuedomurein-
digesting enzyme purified from Methanobacterium wolfei.  Transformation of other 
methanogens was successful using a Streptomycete-derived puromycin-resistance 
conferring pac gene that provided an antibiotic selection for transformants.  We used this 
gene extensively to evaluate many different protocols for transformation of M. 
thermautotrophicus, but without consistent success.  As the encoded puromycin N-acetyl 
transferase might not have been stable at 65ºC, we attempted to isolate pac gene mutants 
that encoded thermostable variants of this enzyme by transformation of Bacillus 
stearothermophilus and selection for puromycin resistant growth at 55ºC and 65ºC.  We 
determined the sensitivity of M. thermautotrophicus to more than fifty additional 
antibiotics, and from this established that pseudomonic acid, bleomycin, fluconazole and 
myxin could be used to select M. thermautotrophicus transformants.  For all of these 
compounds, a resistance-conferring gene was available and we confirmed that they were 
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stable when incubated at 65ºC for several days.  We obtained, and sequenced, several 
cryptic plasmids and phages from related thermophilic methanogens as potential sources 
of replicons, and also cloned several origins of replication from yeast.  These replicons 
were cloned into established bacterial plasmids to construct shuttle vectors that would 
replicate and express genes in the cytoplasm of both M. thermautotrophicus and 
Escherichia coli, Bacillus subtilis or S. cerevisiae.  We added strong archaeal promoters 
to ensure transcription of the selectable marker and replication genes, and optimized 
codon usage for gene expression in M. thermautotrophicus.  Nevertheless, despite this 
effort, we were unable to establish consistent, reproducible transformation of M. 
thermautotrophicus with any combination of replicon, genetic selection and DNA uptake 
procedure. 
 
Methane gene cloning, sequencing, and substrate regulation of their in vivo 
expression.  The genes encoding the coenzyme F420-dependent and F420-independent 
hydrogenases and N5,N10-methenyltetrahydro-methanopterin reductases, coenzyme F420-
dependent N5,N10-methylenetetrahydro-methanopterin reductase, and an fpa-orfX-rdxA 
operon that encoded an abundant flavoprotein and a rubredoxin were cloned from M. 
thermautotrophicus and sequenced before the DOE sponsored sequencing of the entire 
M. thermautotrophicus genome was completed in 1997.  With the genome sequence 
available, all the remaining recognizable M. thermautotrophicus methane genes were 
immediately cloned and incorporated into our expression studies.  We discovered and 
characterized a very unusual protein that contained six sequential ferredoxin-like domains 
and was designated therefore a polyferredoxin.  Several additional members of this 
family of intriguing family of presumably electron transport proteins have since been 
identified and remain a focus of investigations.   
 

Northern blot analyses of RNA preparations isolated from M. thermautotrophicus 
cultures at different growth stages revealed that transcription of the mth gene that encodes 
one of the two enzymes that catalyze step 4 in the reductive pathway from CO2 to CH4 
occurred during the earliest growth stages, presumably when the growth substrates (H2 
plus CO2) were in excess, and was then replaced by transcription of the second (mtd) 
gene.  Transcription of the mer gene (step 5 enzyme) followed the mtd pattern whereas 
transcription of the mrtBDGA operon that encodes on of the two step 7 catalyzing methyl 
coenzyme M reductases paralleled mth transcription.  At later growth stages, transcription 
of the mrt operon was replaced by transcription of the mcrBDCGA operon that encodes 
the second step 7 catalyzing isoenzyme.  M. thermautotrophicus cells were found to 
contain high levels of the fpa-encoded flavoprotein when grown under iron-limited 
conditions, and increased levels of the mvhB-encoded polyferredoxin when grown with 
excess iron.  
 

Pairs of identical 2 l fermentors were used to grow experimental and control 
cultures concurrently to further investigate the observations of growth-phase-dependent 
methane gene expression.  The changes in growth rate, methanogenesis, growth yield 
(YCH4) and methane gene expression were found to correlate with changes in the supply 
of dissolved H2.  With excess H2 supply, biomass and methanogenesis increased 
exponentially and in parallel, and resulted in a constant YCH4, and transcription of the mth 
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gene and the mrtBDGA operon.  Reducing the H2 supply, by decreasing the percentage of 
H2 in the input gas mixture or by decreasing the mixing speed of the fermentor impeller, 
decreased growth rate and resulted in a lower and constant rate of methanogenesis.  
Under H2-limited growth conditions, cultures grew with a continuously increasing YCH4 
and the mtd gene and mcr operon were expressed.  The changes in the kinetics of growth, 
methanogenesis and methane gene transcription that resulted from a reduction in the H2 
supply, were fully reversed by restoring a high H2 supply. With the H2 supply reduced to 
a level insufficient for growth, methanogenesis continued but at a low and constant rate, 
and only mcr expression occurred at a detectable level.  
 

These investigations of the H2-dependent regulation of methane gene transcription 
in M. thermautotrophicus were limited by the absolute dependence of this methanogen on 
H2, under all conditions, for growth and energy generation.  Methanothermobacter 
thermoformicicum, a very close relative of M. thermautotrophicus, however could grow 
and generate CH4 under a N2 atmosphere when provided with formate.  The fdhCAB 
operon that encodes formate dehydrogenase was therefore cloned and sequenced from M. 
thermoformicicum and northern blot assays revealed that this operon was transcribed at 
all growth stages in M. thermoformicicum cells growing on formate, but also at very high 
levels at the late stages of growth of cultures of M. thermoformicicum on H2 plus CO2.   
Transcription of all of the other methane genes in M. thermoformicicum followed the 
patterns established for the homologous genes in M .thermautotrophicus, consistent with 
fdh expression also been regulated by the same environmental signals as mtd, mer and 
mcr transcription.  Signals that result in relatively slow growth rates but high growth 
yields, an important feature of biological methanogenesis for environmental studies. 

 
Using the M. thermautotrophicus genome sequence, microarrays were 

synthesized at TIGR and, in collaboration with Dr. Najib El-Sayed, microarray 
hybridization experiments established how substrate availability regulated gene 
expression on a genome-wide basis.  In the first experiments, an impellor speed-change 
protocol was used to determine the transcripts present in RNA preparations isolated from 
cells growing with high H2 (600 rpm fermentor mixing), and at increasing times after 
reducing the H2 supply (200 rpm fermentor mixing), and then again after returning to a 
high H2-supply (600 rpm mixing).  The results were consistent with the northern blot 
expression data but, despite several repetitions and efforts to keep all experimental steps 
identical, control experiments revealed unacceptably different levels of the same 
transcript in RNA preparations from cells sampled at the same times after impellor shifts, 
but in different experiments.  We concluded that the molecular events that followed a 
shift from high to low H2 availability did not occur synchronously after the impellor 
speed change in all the cells in a M. thermautotrophicus population.  We therefore 
changed the approach to identify all transcripts and compare their abundances in M. 
thermautotrophicus cells in balanced growth supplied with high or low H2 in a turbidostat 
maintained at an OD600 of 0.2.  Growth medium was pumped continuously into and out 
of the fermentor, and mixing held at 600 rpm or 200 rpm.  A complete culture volume (1 
l) was replaced between sampling, and multiple samples were collected sequentially from 
the turbidostat growing under each condition.  Control hybridizations confirmed that 
there was very little variance in the levels of individual transcripts in repetitive RNA 
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samples isolated from cells growing with high or low H2 supply.  The results obtained 
established that 129 of the 1840 M. thermautotrophicus genes represented on the 
microarrays were transcribed at levels that differed >1.5-fold under the two H2-supply 
conditions.  Fifty-five genes were transcribed at higher levels under high H2-conditions, 
of which seventeen encoded unknown or conserved hypothetical proteins and the 
remainder were methane genes or encoded proteins involved in glutamate metabolism, 
ion transport and gene expression.  Seventy-four genes were transcribed at higher levels 
under low H2 conditions, of which thirty-one encoded unknown or conserved 
hypothetical proteins and the remainder were methane genes or encoded proteins 
predicted to be involved in energy conservation, electron and uptake transport, cofactor 
metabolism and signaling.  An additional pair of reciprocally-regulated, likely methane 
genes was identified, both of which encoded relatives of the β subunit of the coenzyme 
F420-reducing hydrogenase.  MTH0341 was transcribed under high H2 and MTH0193 
under low H2 conditions.   

 
Development of an M. thermautotrophicus in vitro transcription system.  In the 
absence of genetics, an in vitro transcription system was needed to investigate the 
regulation of methane gene expression established in vivo.  This was developed with the 
NATO-sponsored collaborative help of Prof. M. Thomm (Univ. Regensburg, Germany).  
Using DNA templates that carried a promoter that directed transcription of a protein 
(HMtB) or stable RNA (tRNAval) encoding gene, a transcription system was established 
that contained purified native M. thermautotrophicus RNA polymerase (RNAP), 
recombinant TATA-binding protein (TBP) and transcription factor B (TFB).  In this 
system, transcription initiation also occurred in vitro from the M. thermautotrophicus  
fpaA, rpoN and tRNAgly promoters, but not from the promoters of the mrt, mcr, hmd, mtd 
or ftr methane genes, the trp operon, or the TBP- and TFB-transcription factor encoding 
genes.  Apparently additional factors, or modifications of the transcription system were 
needed to obtain transcription for these promoters in vitro, and considerable effort was 
invested in identifying and purifying these factors.  Antibodies were raised against 
recombinant TBP and TFB and used to locate these transcription factors in larger 
complexes in fractions obtained from cell lysate by column chromatographic, sucrose and 
glycerol gradients.  We identified an additional “missing” subunit of the archaeal RNAP, 
a discovery that facilitated subsequent RNAP structure-function studies, and 
demonstrated that TFB co-purified with the RNAP but did not identify any additional 
initiation-stimulating transcription factor.  Bioinformatics predicted that a protein 
encoded in all archaeal genomes, designate TFE, was related to the α-subunit of the 
eukaryotic general transcription factor, TFIIE.  When we added recombinant TFE to the 
in vitro transcription system, there was a modest (~2-fold) stimulation of initiation from 
some, but not all M. thermautotrophicus promoters.  As transcription initiation occurred 
from only a limited number of promoters, and noticeably not from some promoters that 
were very active in vivo, we concluded that a new approach was needed to purify 
archaeal RNAPs.  With RNAP preparations purified by the new protocol, initiation 
occurred in vitro from almost all M. thermautotrophicus (and later T. kodakaraensis) 
promoters in vitro, and template directed intrinsic transcription termination also occurred 
in vitro for the first time, and so could be further investigated. 
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Mechanics of archaeal transcription initiation, elongation and termination.  The 
archaeal pre-initiation complex (PIC) was known to assemble with TBP bound to the 
TATA-box, TFB bound to both the BRE upstream of the TATA-box and to DNA ~25 bp 
downstream of the TBP/TATA complex, but the fates of TFB and TBP following 
initiation were unknown.  We developed promoter competition and clearance assays that 
revealed that TFB was released soon after, but not coincident with initiation, whereas 
TBP remained attached to the template DNA. The M. thermautotrophicus genome 
encodes three archaeal histones (HMtA1, HMtA2 and HMtB) and transcription templates 
were constructed to which HMtA2 bound and assembled into an archaeal nucleosome at 
one precise location downstream from the site of transcription initiation.  With this 
complex, we were able to determine how the presence of an archaeal nucleosome 
effected transcript elongation by the archaeal RNAP purified from M. thermauto-
trophicus.  Transcription was slowed from ~20 nt/sec to ~3 nt/sec when the RNAP 
encountered the archaeal nucleosome, and the patterns of transcripts generated revealed 
that the RNAP paused both before and within the archaeal nucleosome, but 
predominantly at the 5'-boundary of the nucleosome.  In contrast to the continued 
progress of the elongating RNAP through an archaeal nucleosome, when the promoter 
was bound by an archaeal histone and assembled into an archaeal nucleosome, archaeal 
transcription initiation in vitro was completely inhibited.   
 
In 2003, T. kodakaraensis, an euryarchaeon related to M. thermautotrophicus, was 
reported to be naturally competent for DNA uptake and amenable to genetic manipulation 
(Sato et al., J. Bacteriology 185:210-220).  With this model system established at OSU, 
we were able to add in vivo approaches to our investigations of the requirements and the 
mechanics of archaeal transcription and gene expression.  The genome sequence of T. 
kodakaraensis encodes two TFBs, designated TFB1 and TFB2, and it was predicted for 
many years that Archaea with more than one TFB employed the alternative factors to 
initiate transcription from different promoters.  After establishing the technology to grow 
and genetically manipulate T. kodakaraensis at OSU, the first project pursued was to test 
this prediction.  Using recombinant T. kodakaraensis TFB1, TFB2, TBP and native 
RNAP, we demonstrated that TFB1 and TFB2 were fully interchangeable.  In contrast to 
predicted result, TFB1 and TFB2 did not exhibit promoter preferentiality, and as we were 
able to construct T. kodakaraensis strains with either TFB1 or TFB2 deleted, these 
factors were also equally able to support growth under laboratory conditions.  In 
prokaryotes, with no nuclear membrane, ribosomes have the opportunity to bind and 
initiate translation before an mRNA is complete, and the close coupling of translation and 
transcription was well documented and exploited widely in Bacteria for gene regulation.  
The presence or absence of a closely associated ribosome determines if a transcribing 
bacterial RNAP terminates or continues to transcribe through a potential transcription 
terminator (attenuator) sequence.  Similarly, premature translation termination by a stop 
codon increases downstream transcription termination, resulting in the phenomenon 
known as bacterial operon polarity.  In collaborations, we confirmed by electron 
microscopy that translation and transcription are closely coupled in T. kodakaraensis and 
that polarity also exists in archaeal operon expression.  We introduced a nonsense 
mutation into a promoter proximal gene and confirmed that this reduced the downstream 
expression of a β-glycosidase-encoding reporter gene (TK1761) in T. kodakaraensis.  
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This result predicted that archaeal transcription in T. kodakaraensis was sensitive to 
intrinsic termination by template sequences.  This was confirmed by construction of 
strains in which putative archaeal transcription terminators were positioned between a 
strong archaeal promoter and the reporter gene.  Expression of the reporter gene was 
almost completely inhibited by the presence upstream of oligoT-rich sequences.  The 
ability of these sequences to terminate transcription by the archaeal RNAP purified from 
T. kodakaraensis was confirmed directly by using in vitro transcription assays.  
Expression of TK1761 was also used to confirm and quantify the activities in vivo of 
sequences predicted to be archaeal ribosome binding sites and alternative translation-
initiating codons. 
 
Promoter regulation.  We generated DNA molecules that contained multiple copies of 
the promoter-containing intergenic regions from upstream of all of the methane genes 
established to be regulated by hydrogen availability in M. thermautotrophicus.  These 
regulatory-region-carrying DNAs were attached to streptavidin-coated paramagnetic 
beads, and incubated with clarified cell extracts and with fractions obtained by column 
chromatographic separations of extracts of M. thermautotrophicus cells grown with low- 
or high-hydrogen availability.  By mass spectrometry, we identified M. thermauto-
trophicus proteins that bound specifically to the regulator-DNA-coated beads and not to 
control beads.  The genes encoding these proteins were cloned, and recombinant versions 
of these proteins were purified and added to in vitro transcription assays containing 
templates with the appropriate regulated methane gene promoter.  We were never able to 
reproduce in vitro the hydrogen-dependent regulation of methane gene promoter function 
documented in vivo.  To investigate if this regulation required more than one regulatory 
protein, and/or the presence of small effector molecules (possibly oxygen sensitive), 
aliquots of many different M. thermautotrophicus cell extracts and column fractions were 
added to in vitro transcription reactions mixtures that contained two template DNAs. One 
template had a methane gene promoter positioned to direct transcription of a 386 bp G-
less sequence, and the second template had a control promoter positioned to direct 
transcription of a 196 bp G-less sequence.  On several occasions we had an initial 
positive result, namely an increase in the ratio of the 386 nt versus 186 nt G-less 
transcript, but further purification steps never resulted in the isolation of a factor that 
stimulated or repressed initiation specifically from a methane gene promoter.   
 

To add confidence that the M. thermautotrophicus in vitro transcription system 
established could be used to dissect promoter regulation, if supplied with all the 
necessary components, we undertook to reproduce in vitro the regulation of the M. 
thermautotrophicus trpEGCFBAD operon documented in vivo.  The in vivo observations 
predicted that this operon was repressed in cells growing in the presence of tryptophan 
and a gene, designated trpY, located immediately upstream and transcribed divergently 
from the trpEGCFBAD operon was predicted to encode a transcription regulator.  By 
using in vitro transcription, gel shift assays and DNase I footprinting with M. 
thermautotrophicus RNAP, TBP, TFB and TrpY, and DNA molecules with wild-type 
and mutated versions of promoter regions, we established that TrpY bound tryptophan 
and also bound to operator sequences (consensus 5'-GTGACA; designated TRP-boxes) 
located between trpY and the trpEGCFBAD operon.  TrpY binding inhibited trpY 
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transcription, and therefore its own synthesis, in the absence of tryptophan.  In the 
presence of tryptophan, TrpY binding also inhibited transcription of the trpEGCFBAD 
operon.  TRP-box binding by TrpY was shown to block RNAP access to the site of trpY 
transcription initiation, and to prevent TBP and TFB binding to the BRE-TATA-box 
region of the trpEGCFBAD promoter.  The M. thermautotrophicus genome encodes a 
second, unlinked trpB gene (trpB2).  TrpY was shown to bind to TRP-box sequences 
upstream of trpB2 in both the absence and presence of tryptophan, but only inhibited 
trpB2 transcription in the presence of tryptophan.  Bioinformatics predicted that TrpY 
had an N-terminal helix-turn-helix (HTH) DNA-binding motif and a C-terminal, 
presumably tryptophan, ligand-binding ACT-domain.  We showed that TrpY bound 14C-
tryptophan and discovered that spontaneous resistance to 5-methyl tryptophan (5MTR) 
resulted in M. thermautotrophicus from mutations that eliminated TrpY function.  Over 
100 trpY genes were PCR amplified and sequenced from 5-MTR M. thermautotrophicus 
mutants.  Most contained nonsense mutations but 26 different missense mutations were 
identified and recombinant versions of the encoded TrpY variants were generated.  
Consistent with the bioinformatics predictions, variants with amino acid substitutions in 
the N-terminal HTH region no longer bound DNA but did still bind tryptophan, whereas 
variants with changes in the ACT domain did not bind tryptophan but still bound DNA. 
Surprisingly, some variants that did not inhibit trpY or trpEGCFBAD transcription in 
vivo, still bound TRP-box DNA and 14C-tryptophan in vitro.  Micrococcal footprinting 
studies revealed that an additional event, TrpY oligomerization, was required for TrpY 
binding to inhibit trp gene transcription in vitro.  Sequence-specific binding followed by 
oligomerization of the regulator to form a complex that incorporates the promoter region 
has since been reported for several additional archaeal transcription regulators.   The 
discovery that almost all 5-MTR mutants of M thermautotrophicus have sequence 
changes in trpY has provided a very simple method to identify and quantify mutations 
that occur in an Archaeon following exposure to any experimental mutagenesis regime. 
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