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NrpR is an euryarchaeal transcriptional repressor of nitrogen assimilation genes. Previous studies with
Methanococcus maripaludis demonstrated that NrpR binds to palindromic operator sequences, blocking tran-
scription initiation. The metabolite 2-oxoglutarate, an indicator of cellular nitrogen deficiency, induces tran-
scription by lowering the affinity of NrpR for operator DNA. In this report we build on existing genetic tools
for M. maripaludis to develop a screen for change-of-function mutations in a transcriptional regulator and
demonstrate the use of an X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) screen for strict anaer-
obes. We use the approach to address the primary structural requirements for the response of NrpR to
2-oxoglutarate. nrpR genes from the mesophilic M. maripaludis and the hyperthermophilic Methanopyrus
kandleri were targeted for mutagenesis. M. maripaludis nrpR encodes a protein with two homologous NrpR
domains while the M. kandleri nrpR homolog encodes a single NrpR domain. Random point mutagenesis and
alanine replacement mutagenesis identified two amino acid residues of M. kandleri NrpR involved in induction
of gene expression under nitrogen-deficient conditions and thus in the response to 2-oxoglutarate. Mutagenesis
of the corresponding regions in either domain of M. maripaludis NrpR resulted in a similar effect, demon-
strating a conserved structure-function relationship between the two repressors. The results indicate that in M.
maripaludis, both NrpR domains participate in the 2-oxoglutarate response. The approach used here has wide

adaptability to other regulatory systems in methanogenic Archaea and other strict anaerobes.

Reporter gene-based genetic screens for regulatory muta-
tions have enjoyed wide utility in the Bacteria but have had
limited use in the Archaea, due in part to the extreme growth
conditions typically required by these organisms. However,
effective tools for genetic manipulation are now available in
several species of Archaea (21, 23), and the time is ripe for the
development of genetic screens for mutations that affect the
regulation of gene expression. Methanococcus maripaludis, like
all methanogenic archaea, requires strict anaerobic conditions
for growth. However, genetic screens involving the use of B-ga-
lactosidase and its artificial substrate 5-bromo-4-chloro-3-in-
dolyl-B-p-galactopyranoside (X-Gal) require oxidized condi-
tions for color development (8). Here, we describe for M.
maripaludis a procedure involving appropriate genetic manip-
ulations and an X-Gal screen and its use in the identification of
induction-deficient mutant alleles of the nitrogen repressor
NrpR. The approach has wide adaptability to other regulatory
systems in methanogenic Archaea and other strict anaerobes.

Most organisms regulate their nitrogen assimilation func-
tions. Among the Bacteria and Archaea, a variety of nitrogen
sensors and regulators are known, and most respond to cellular
2-oxoglutarate (20G) as an indicator of nitrogen deficiency
(11, 20). In the Bacteria and Euryarchaeota the most wide-
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spread nitrogen sensors belong to the PII superfamily of 20G
sensor proteins, which consists of the GInB-GInK family and
the Nifl family of nitrogenase regulators. In Proteobacteria,
GInB and GInK proteins sense 20G and also indirectly sense
glutamine as an indicator of nitrogen sufficiency (5, 19). How-
ever, it is 20G sensing that appears to be nearly universal in
nitrogen regulation among the Bacteria and many Euryarcha-
eota (11).

In addition to the PII proteins, many 20G-responsive nitro-
gen regulators and enzymes are known. These include the
transcriptional activators NifA of Gammaproteobacteria (17)
and NtcA of unicellular cyanobacteria (7), the glutamine syn-
thetase modifying adenylyltransferase of Gammaproteobacteria
(9), and glutamine synthetase itself in the archaeal genus Meth-
anosarcina (4). A recently characterized 20G-responsive reg-
ulator that operates at the transcriptional level in a wide range
of Euryarchaeota is the repressor NrpR (13).

Detailed studies carried out in M. maripaludis have shown
that NrpR binds as a dimer to palindromic operator sequences
in promoter regions (15). 20G acts as an inducer, directly
interacting with NrpR and lowering its affinity for operators,
resulting in derepression (induction) under nitrogen-deficient
conditions (15). In M. maripaludis the regulation by NrpR of
glnA encoding glutamine synthetase, the nif operon containing
genes for nitrogen fixation (13), and a glnK-amtB operon
(E. L. H. Hendrickson et al., unpublished data) containing
genes for a PII protein and an ammonia transporter, has been
studied. The presence of consensus NrpR binding sequences
suggests that NrpR regulates transcription of other genes re-
lated to nitrogen assimilation as well (10).

NrpR proteins, defined as containing conserved NrpR do-



6596 LIE AND LEIGH

APPL. ENVIRON. MICROBIOL.

Mk UVEAEITEWELTMIRTETssEfcMyIELlEEMafnc ST0E vMEER [T clT svurREHLDDF DAl vEflvraET e k- EDLSDHDVEUGED 162
MmD1l YSGREITERETEELEFANIS G3VFECONTERLWLADRE SKVLIN- ---TARFEG--DYRTIEKE LiEgEA sGD [ o i E---KGN 143
MaDl YAGRTLTDLEESEMNDALIGDAFGFVI] EEHAHRTT?H'ETD D LSYFDEDDFET LS HA 15 F-EEDSESELHLPFG lel
MmDZ -—-------- FLEAKEERG TEVL UL IFMOTTI N4 TED NE}@TAKIPIEYKEEAI KDEYENK D BCDD-=rsssamns K 384
MADE = ==msamasan s MOQEN QFTS“'IRDLMEMTTF P EMD[ED L3VIEEKDLDD GIFKMUISSEL I3EGESTIGNLTVGKG 85

GMOEY N
EGVN
LDL
IEANM
TDV)R

MmC148A, MmC3894A

MKLZ14A
—

TET =L ERELERA 262
SR8 3ERQFETIMLEEDMLN 240
RRAERV 26l
SERLIEMNERLGWN 471

RDATIESTLSDLLDA 185

Mk DiSRGIVD VPEVE GE) B ISTRTYPTRT EES DARRY- 327
MmD1l SRPLAYG--—-- TE | ADISAATQINEDIE RRTR-- 302
MaDl DIAGCITIGEIDEF P IETETNPIS §EI---- 324

MmDZ SI{TEIG---RPNNDEC,
MaDZ GF3GLILEVGEPNT DEsP

R
IPVEMETLHES DESE
Pig

HYDDI- 536
REQSRIEDLYV 252

FIG. 1. Alignment of NrpR domains of M. kandleri (Mk), M. maripaludis (Mm), and M. acetivorans (Ma). D1 and D2 differentiate between
individual NrpR domains of M. maripaludis and M. acetivorans. Numbers at ends of rows indicate the amino acid positions based on the full-length
NrpR sequences. Amino acids shown to be involved in 20G sensing are underlined, and their mutations are indicated in brackets. Black, grey, and

light grey represent 100%, 80%, and 60% conservation, respectively.

mains, are present in all methanogens with known genome
sequences as well as Archaeoglobus and a few bacterial species
(12). Organisms containing NrpR proteins fall into three
groups based on how many NrpR domains they contain and
the configuration of the NrpR domains (12). M. maripaludis
represents one group, containing two tandem NrpR domains
within a single polypeptide with an N-terminal helix-turn-helix
(HTH) motif. Methanosarcina species represent another
group, where two NrpR domains are contained in two sepa-
rately encoded polypeptides, one with an N-terminal HTH
motif and the other without. Methanopyrus kandleri represents
the third group, containing a single NrpR domain that is joined
to an N-terminal HTH motif. Furthermore, the NrpR domains
fall into five phylogenetic groups that correspond to their con-
text: the two domains of the double-domain proteins make up
two groups, the two separately encoded domains of Methano-
sarcina represent two more groups, and the single domain of
M. kandleri represents the fifth group. NrpR domains from
each of these five groups are aligned in Fig. 1. Despite this
diversity of the NrpR family, each NrpR protein functions in
nitrogen regulation, as evidenced by genetic complementation
of an M. maripaludis nrpR null mutation (12). Hence, NrpR
and its conserved mechanism of action appear to be wide-
spread.

Although 20G modulates a variety of nitrogen sensors and
regulators, the structural basis for this response is not under-
stood (11). Crystal structures of GInB and GInK-like PII pro-
teins are known (see references 3, 6, 16, and 24), including
recently a structure with bound 20G (25). The tertiary struc-
ture of NrpR is unknown. Nevertheless, NrpR offers the op-
portunity to initiate the identification of structural elements
involved in responding to 20G. Specifically, mutant alleles of
NrpR that result in repression of gene expression even under
inducing conditions should be deficient in the response to
20G. To this end, we initiated a genetic screen for such mu-
tations in NrpR in M. maripaludis. We report here the identi-

fication of four amino acid residues in M. maripaludis NrpR
and two in M. kandleri NrpR that are required for the full
response to 20G. The results identify two homologous posi-
tions in the conserved NrpR domain that participate in the
induction of gene expression by 20G.

MATERIALS AND METHODS

Strains and growth conditions. Cultures of M. maripaludis were grown at 37°C
in either McCas (McC medium with Casamino Acids in place of yeast extract)
medium or nitrogen-free medium with NH,Cl or N, as described previously (1,
18). For growth on solid medium, 15 g/liter of Noble agar (Difco) was used. Agar
plates were incubated in sealed steel anaerobic vessels. For growth on agar
medium with N,, anaerobic vessels were pressurized to 10 Ib/in> with 80%
N,-20% CO, gas mix and then to 20 Ib/in? with 80% H,~20% CO,. For growth
with NH,Cl, 80% H,-20% CO, (20 Ib/in?) was used. Puromycin was added as
needed (1). Escherichia coli strains were grown in LB broth with ampicillin (0.1
mg/ml).

Alanine replacement mutagenesis. Primers are listed in Table S2 in the sup-
plemental material. All PCRs used Herculase polymerase (Stratagene) and the
following thermocycler conditions: 94°C for 5 min; 30 cycles of 94°C for 45 s,
50°C for 30 s, and 68°C for 2 min 30 s; and a final extension of 68°C for 10 min.
Site-specific mutagenesis of nrpR genes was accomplished in two stages. In the
first stage, the 5’ and 3’ portions of the gene were amplified in two separate
PCRs. For M. kandleri nrpR, pWLGMK2-3 (12) was used as a template, the 5’
portion of the gene was amplified using the forward primer nrprhom+pstIF2 and
a reverse primer (see Table S2 in the supplemental material), and the 3’ portion
of the gene was amplified using a forward primer (see Table S2 in the supple-
mental material) and the reverse primer MKnrprrevbglII2. The desired muta-
tions were incorporated into the first three or six nucleotides of the forward
primer for the 3’ portion of the gene. The first stage for site-specific mu-
tagenesis of M. maripaludis nrpR was similar, except that the template was
pWLG40RepHis (15), the forward primer for the 5’ portion of the gene was
Rephispst, and the reverse primer for the 3" portion of the gene was Rephisxba.
All PCR products were gel purified. In the second stage of the procedure, the
PCR products for the 5’ and 3’ portions of the gene were ligated and amplified
using the primers nrprhom+pstIF2 and MKnrprrevbglII2 for M. kandleri nrpR
and the primers Rephispst and Rephisxba for M. maripaludis nrpR. Where
necessary (3’ portions obtained using a forward primer lacking 5’ phosphate), 5’
phosphate was added before ligation using polynucleotide kinase (New England
Biolabs). The full-length PCR products were gel purified. M. kandleri nrpR was
then digested with Pstl and Bglll and cloned into Nsil- and BgllI-digested
pWLG40+1acZ (13). M. maripaludis nrpR was digested with PstI and Xbal and
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cloned into Nsil- and Xbal-digested pWLG40+1acZ. Plasmid constructs were
then transformed (22) into M. maripaludis strain Mm1043 (12). The control
strains were Mm1171 (vector control; Mm1043 containing pWLG40AlacZ [12]),
Mm1058 (wild-type M. kandleri nrpR; Mm1043 containing pWLGMK2-3 [12]),
and Mm1048 (wild-type M. maripaludis nrpR-Hisg; Mm1043 containing
pWLG40RepHis [15]).

Random mutagenesis. Error-prone PCR was conducted with Taq polymerase
(Promega) using reaction buffer supplied by the manufacturer and MgCl, at a
final concentration of 1.5 mM. Templates were pWLG40MK2-3 for M. kandleri
nrpR and pWLG40RepHis for M. maripaludis nrpR. For each nrpR gene, four
separate PCRs were carried out with one of the deoxynucleoside triphosphates
at a final concentration of 40 uM while each of the other three was used at a
concentration of 200 wM. Thermocycler conditions were as above (see “Alanine
replacement mutagenesis”). PCR products were gel purified, digested, and
cloned into pWLG40+1acZ as described above. The plasmids were then trans-
formed into E. coli (XL10Gold; Stratagene), and the cells were grown for 2 days.
Plasmids were then extracted using a Promega Wizard Plus SV Miniprep kit and
transformed into M. maripaludis strain Mm1043 as described above. M. mari-
paludis transformants were plated onto nitrogen-free agar plates with puromycin
and grown with N, as the sole nitrogen source. Plates were incubated for about
1 week or until a pressure drop of at least 5 Ib/in? occurred.

B-Galactosidase assay and X-Gal colony screen. 3-Galactosidase assay of M.
maripaludis liquid cultures was performed as described previously (14). B-Ga-
lactosidase screening of M. maripaludis colonies was as follows. After anaerobic
growth of colonies, agar plates were exposed to air for about 30 min until the
resazurin in the medium turned pink (color formation from X-Gal requires
oxidized conditions) (8). X-Gal (2 ml of 25 mg/ml X-Gal in 100% dimethylfor-
mamide) was mixed with 3 ml of nitrogen-free medium without sulfide. This
mixture was sprayed onto plates until the agar surface was completely covered
and was allowed to remain on the plates for at least 3 s before excess was
decanted. The plates were then allowed to dry in a fume hood before they were
placed on the benchtop. Color development was allowed to occur for 30 min to
1 h. Once targeted colonies were identified, plates were brought into an anaer-
obic chamber where colonies were picked and suspended in 0.1 ml of liquid
McCas medium (reduced with sodium sulfide) with puromycin, inoculated into
tubes with the same medium, and allowed to grow. A total of 0.1 ml of this
culture was then transferred to another tube containing nitrogen-free medium
with puromycin, grown under N,, and assayed for B-galactosidase activity. Low
B-galactosidase activities were confirmed by comparing samples against controls
expressing wild-type nrpR genes. Positive strains were streak purified on McCas
medium with puromycin, after which liquid cultures were grown on McCas
medium with puromycin. Plasmids were extracted using a Promega Wizard Plus
SV Miniprep kit, and the n7pR gene was PCR amplified with high-fidelity Her-
culase polymerase (Stratagene) and sequenced at the University of Washington
DNA sequencing facility. Alternatively, plasmids were transformed into E. coli
XL10 Gold, extracted, amplified, and sequenced.

Electrophoretic mobility shift analysis. Gel shift analysis was as described
previously (15), except that cell extracts were used instead of purified NrpR. Cell
extracts were made as described previously (14) and used in the following
quantities: for wild-type NrpR, 0.26 pg of total protein; for mutant NrpR or
vector control, 0.13 pg of total protein. 20G (2 mM) was added as appropriate.

RESULTS AND DISCUSSION

Genetic screen for noninducing NrpR mutants. We used a
genetic approach to identify amino acids of NrpR involved in
responding to the inducer 20G. Mutants of NrpR deficient in
the 20G response (induction-deficient mutants) should re-
press the expression of NrpR-regulated genes even under in-
ducing conditions (i.e., growth with N, as the nitrogen source).
Hence, we made mutations in NrpR and screened for alleles in
which expression from the nif promoter was decreased during
growth on N,. For this purpose we used M. maripaludis strain
Mm1043 (12), which has the following characteristics (Fig. 2):
a nif promoter-lacZ reporter gene fusion, an operator muta-
tion in the promoter region of the nif operon that renders
expression constitutive (so that noninducing NrpR alleles will
not prevent growth on N,, needed for genetic screening), and
a deletion in the native nrpR gene. Mm1043 was the recipient
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FIG. 2. Genetic arrangement for screening mutant nrpR alleles. M.
maripaludis strain Mm1043 and the pWLG40-based replicative plas-
mid containing the nrpR gene are described in the text. Arrows rep-
resent genes or operons. P, represents wild-type nif promoter and
P, represents a mutated version to allow constitutive nif gene ex-
pression. The in-frame deletion of nrpR is indicated (X). The inverted
triangle represents insertion of the P,;-lacZ fusion into the chromo-
some at the upt site (12).

for nrpR genes, which were mutagenized, introduced on a
replicative plasmid, and screened.

We devised a colony screen using X-Gal to determine ex-
pression from the nif promoter. X-Gal screens, which require
oxygen for color development, are unusual with strict anaer-
obes and to our knowledge have not previously been carried
out with methanogens. Previously, we determined that M.
maripaludis NrpR (fused at the C terminus to an oligohistidine
tag, NrpR-His,) conferred regulation of nif expression, as did
several NrpR homologs from M. kandleri, Methanocaldococcus
jannaschii, and Methanosarcina acetivorans (12). Colonies of
M. maripaludis strains expressing either M. maripaludis nrpR-
His, or M. kandleri nrpR were grown anaerobically and then
exposed to air and sprayed with X-Gal (See Materials and
Methods). Expression of either M. maripaludis nrpR-His, or M.
kandleri nrpR in Mm1043 resulted in the expected pattern of
color development: no blue developed in colonies grown with
ammonia even 17 h after application of X-Gal, while colonies
grown with N, turned blue after approximately 20 min (Fig.
3A). The difference in lacZ expression with M. maripaludis
NrpR versus M. kandleri NrpR under N, growth conditions
could also be readily discerned from the intensities of the blue.
This difference correlated well with B-galactosidase assay re-
sults of liquid cultures (Fig. 3A). We also demonstrated that
N,-grown colonies that contained lower B-galactosidase levels
(below) could be easily differentiated (Fig. 3B), typically 45
min to 1 h after application of X-Gal, at which time plates were
transferred to an anaerobic chamber and the colonies were
picked. Viable cells could consistently be recovered from col-
onies exposed to air for as long as 2 h.

Alanine replacement and random mutagenesis of M.
kandleri nrpR. Our initial efforts at mutagenesis targeted M.
kandleri NrpR, which contains a single NrpR domain and of-
fered a smaller target than M. maripaludis NrpR, which con-
tains two NrpR domains (12). In addition, mutagenesis of the
single domain M. kandleri NrpR would avoid the possibility
that a mutation in one domain might be masked by the other
domain if the domains were functionally redundant. Trunca-
tion of the second M. maripaludis NrpR domain resulted in an
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FIG. 3. (A) M. maripaludis colonies expressing M. kandleri nrpR
(strain Mm1058) or His-tagged M. maripaludis nrpR (strain Mm1048).
Colonies were grown with ammonia or N, as a nitrogen source. Num-
bers below images are -galactosidase activities (Miller units) from the
same strains grown in liquid medium with the same nitrogen sources.
(B) Screen for random mutants of M. kandleri NrpR. Lighter-colored
mutant colonies are indicated by arrows.

inactive protein (unpublished data), so we had no opportunity
to work with a single-domain variant of M. maripaludis NrpR.

For alanine replacement mutagenesis of M. kandleri NrpR,
we chose 13 amino acids that were identical in an alignment of
the NrpR domain of M. kandleri with the first NrpR domains
of M. maripaludis and M. jannaschii. Each of these amino acids
was changed to alanine (see Table S1 in the supplemental
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material for details of all NrpR mutations made in this study.)
All but one mutant retained high expression levels from the nif
promoter during growth on N,. These mutants had various
degrees of increased expression on ammonia, suggesting loss of
repressor activity (Fig. 4). However, one mutation, L214A, had
the desired effect: markedly lowered expression on N, indi-
cating that this mutant may be less responsive to 20G.

We next conducted random mutagenesis of M. kandleri
nrpR, identifying candidate mutants with an X-Gal screen that
we devised for this purpose (see above). We identified several
white colonies grown on N, (Fig. 3B), isolated the mutant
strains, and assayed liquid cultures for B-galactosidase activity
after growth with N, or ammonia. This procedure yielded
three induction-defective mutants, Mm1119, Mm1120, and
Mm1124 (Fig. 5SA). The nrpR genes in these strains were se-
quenced and found to contain multiple mutations resulting in
more than one amino acid change (see Table S1 in the sup-
plemental material). The NrpR proteins encoded in strains
Mm1120 and Mm1124 contained four and three amino acid
changes, respectively, including changes in one amino acid in
common, S168P (Mm1120) and S168F (Mm1124). S168, and
the adjacent C167 are highly conserved (Fig. 1). Hence, we
constructed individual C167A and S168A mutations. Only
C167A conferred an induction defect (Fig. 5A). The mutation
of S168 to a bulky P or F residue could affect induction
whereas a change to an A residue did not. In the remaining
random mutant strain, Mm1119, the NrpR protein contained
five amino acid changes, of which only three (R178G, E196G,
and H215R) occurred in conserved regions of the NrpR do-
main. We recreated each of these changes as a single site-
directed mutation. However, no single mutation resulted in a
significant induction defect (data not shown). Evidently, only
the cumulative effect of the mutations in Mm1119 produces an
induction defect.

Directed mutagenesis of M. maripaludis NrpR. The above
work led to the identification of two amino acid residues in M.
kandleri NrpR whose mutation to alanine resulted in induction
defects, C167 and L.214 (Fig. 1). We made the corresponding
mutations in each of the two M. maripaludis NrpR domains.
Both C148A and L195A in the first domain and C389A and
HA435A in the second domain conferred defective induction
(Fig. 5B). We also constructed mutations corresponding to

Vector
control

Wildtype

Mol d 00D,

T6Y9A+ET70A L76A E94A L175A

E193A+D194A P197A L214A N239A+R241A L277A L294A

FIG. 4. nif regulation by wild-type M. kandleri NrpR and alanine replacement mutants. Vector control, strain Mm1171 (no NrpR); wild type,
strain Mm1058 (M. kandleri NrpR). Amino acid changes are indicated on the x axis. Black bars, ammonia-grown cultures; white bars, dinitrogen-

grown cultures.



VoL. 73, 2007

-
o
o

m B . s W

INDUCTION-DEFICIENT MUTANTS OF NrpR 6599

Vector Wildtype Mm 1119 Mm 1120 Mm 1124 C167A S168A
control
B = 600
500 -
2
c
S 400
[
7]
©
S
w 300 1
[=]
-
Q
©
T 200 7
P
=]
100 1
. - [l e
Vector Wildtype C148A  S149A L195A C389A  S390A H435A
Control

FIG. 5. (A) nif regulation by mutants of M. kandleri NrpR resulting from random and site-specific mutagenesis. Vector and wild-type controls
are as described in the legend of Fig. 4. Mm1119, Mm1120, and Mm1124 are mutant strains isolated after random mutagenesis. C167A and S168A
are M. kandleri NrpR site-specific mutants. Black bars, ammonia-grown cultures; white bars, dinitrogen-grown cultures. (B) nif regulation by
wild-type M. maripaludis NrpR and site-specific mutants. Vector control, strain Mm1171 (no NrpR); wild type, strain Mm1048 (His-tagged M.
maripaludis NrpR); black bars, ammonia-grown cultures; white bars, dinitrogen-grown cultures.

S168A of M. kandleri NrpR. M. maripaludis NrpR mutant
S149A retained normal regulation, similar to M. kandleri
S168A. In the second domain of M. maripaludis nrpR, the
corresponding mutation S390A resulted in complete loss of
repression.

Electrophoretic mobility shift analysis of M. maripaludis
NrpR mutants. The effects of M. maripaludis NrpR mutations
C148A, L195A, C389A, and H435A in vivo suggested a low-
ered response to 20G. To determine whether this was the
case, we tested the effect of 20G on NrpR binding to nif
operator DNA using electrophoretic mobility shift analysis
with cell extracts. Previously, we demonstrated that the band
shifted by the cell extract was wholly dependent on the pres-
ence of NrpR and the normal binding site sequence of the
operator (2, 13). Using this assay, we adjusted the amount of
cell extract from each nrpR-expressing strain to shift 70 to 85%
of the DNA probe in the absence of 20G (these amounts of
cell extract varied no more than twofold in total protein).
Then, adding 2 mM 20G, we assessed the decrease in the
amount of probe shifted. 20G nearly abolished binding of

wild-type NrpR to operator DNA. In contrast, each mutant
NrpR retained some binding in the presence of 20G (Fig. 6).
Furthermore, the amount of binding retained in the presence
of 20G for each NrpR protein corresponded roughly to the
degree of repression of gene expression (loss of induction)
during growth on N, that is shown in Fig. 5B. Thus, by both
criteria, L195A was the least severely altered in the induction
response, while the remaining three mutants were more mark-
edly affected.

Conclusions. The work presented here establishes and val-
idates a genetic approach in methanogenic Archaea to deter-
mine the structural basis for the induction of NrpR-regulated
genes. The approach, which can be adapted to the analysis of
other regulators and other strict anaerobes, involves genetic
complementation in an appropriate background and the im-
plementation of an X-Gal screen for anaerobes.

Two sites were identified in each NrpR domain that partic-
ipate in induction through their role in responding to the
inducer 20G (Fig. 1). The results indicate that each NrpR
domain of M. maripaludis NrpR functions similarly and that
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FIG. 6. Electrophoretic mobility shift assay of binding of wild-type
and mutant M. maripaludis NrpR in cell extracts to nif operator DNA.
Vector control, Mm1171 (no NrpR); wild type, strain Mm1048 (His-
tagged M. maripaludis NrpR).

the two domains are both required for a full 20G response;
that is, they are not redundant. Furthermore, the homolog
from the distantly related species M. kandleri conserves the
same structure-function relationship. This observation is con-
sistent with our previous finding that NrpR homologs, which
are widely distributed in the Euryarchaeota, functionally re-
placed M. maripaludis NrpR in a genetic complementation
assay (12). Possible roles that each amino acid site might play
in the induction response include binding of 20G or respond-
ing to it with a conformational change that decreases DNA
binding. Future work, which will include the determination of
the crystal structure of NrpR as well as the further character-
ization of these and additional mutant NrpR proteins, will
distinguish between these possibilities.
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