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Selected mutant strains of Klebsiella pneumoniae that are unable to fix
nitrogen have been characterized according to nitrogenase component activity as

well as antigenic cross-reacting material. The lesions in these strains have been
mapped by transduction, and the results indicate that there are at least five
genes specifically responsible for nitrogen fixation in vivo. Besides genes that
specify the structure of the two nitrogenase components, there is a gene for a

factor that is required for component I activity and a gene that codes for a factor
possibly involved in electron transport to component II. A mutation in another
site does not allow the organism to produce either of the nitrogenase components.
All of these genes are co-transducible with the gene that specifies the structure of
histidinol dehydrogenase.

Several laboratories have isolated mutant
strains of N2-fixing bacteria to understand more
about the important process of converting at-
mospheric N2 to NH4+ (8, 10, 21, 24, 26).
Azotobacter vinelandii and Klebsiella
pneumoniae mutant strains have been obtained
with lesions in structural genes (2, 21, 26) and in
genes that have a role in control of nitrogenase
synthesis (11, 22). Derepressed mutant strains
(i.e., those that produce nitrogenase in the
presence of excess NH4+) have been isolated by
reverting certain mutant strains that do not
produce either of the two nitrogenase compo-
nent proteins (2, 11). A strain of A. vinelandii
was isolated that produces very high levels of
component II, but no component I (22). Experi-
ments with electron paramagnetic resonance
spectroscopy of whole cells of mutant strains
indicate (21) that the g = 3.65 signal is caused
by an active site in component I (g is the spec-
troscopic splitting value).
An interesting form of regulation involving

genes for N metabolism came from studies of
glutamine synthetase (EC 6.3.1.2), an enzyme
that plays a role in transcription of genes
involved with proline or histidine degradation
in Klebsiella aerogenes (17, 31). Use of gluta-
mate analogues that inhibit glutamine synthe-
tase and glutamate synthase alters the normal
control of nitrogenase synthesis (12). Streicher

' Present address: Department of Biochemistry, Brandeis
Univ., Waltham, Mass. 02154.

' Present address: Department of Molecular Biology, Univ.
of Califomia, Berkeley, Calif. 94720.

et al. (28) and Tubb (29) have shown that
glutamine synthetase is necessary for expression
of the nif genes in K. pneumoniae. Studies on
the regulation of N2 fixation in K. pneumoniae
indicate that molybdenum is required for the
synthesis of both protein components (3) and
that nitrogenase synthesis is repressed by aera-
tion (19). Tubb and Postgate (30) showed that
NH,+ in the medium prevents transcription of
the nif genes. The designation of genes specifi-
cally involved with N2 fixation is nif; his,
histidine biosynthesis; gnd, gluconate-6-phos-
phate dehydrogenase; rfb, cell wall biosynthe-
sis. Nif is the phenotype designation for ability
to fix N2; His is the phenotype designation for
the ability to synthesize histidine.

Genetic analysis of mutant strains should be
very useful for understanding N2 fixation. Sen
and Sen (20) reported that transformation can
be used with A. vinelandii, but we have been
unable to confirm their results. An important
breakthrough was the discovery by Streicher et
al. (26) that phage P1 is capable of generalized
transduction in K. pneumonite. This phage
commonly is used for transduction analyses in
Escherichia coli. Nitrogenase genes are co-
transducible with the genes required for the
structure of the enzymes of histidine biosynthe-
sis. This was confirmed by Dixon and Postgate
(8) by means of conjugation mediated by a drug
resistance transfor factor. Streicher et al. (26,
27) showed that most nif mutations are linked
in several clusters near the his operon. They also
described several nif mutations unlinked to his.
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By deletion analysis, Cannon et al. (5) indicated
that the order of genes in a N2-fixing E. coli-K.
pneumoniae hybrid strain is rfb nif gnd his. On
the other hand, Shanmugam et al. (23) deter-
mined that the order in K. pneumoniae is rfb
gnd his nif.
We have isolated several hundred mutant

strains of K. pneumoniae and have classified
them according to techniques that we first
established with A. vinelandii (4, 21). Proper-
ties examined in these strains include compo-
nent activity, antigenic cross-reacting material,
and Fe-stain reaction on polyacrylamide gels.
The work reported here involves genetic map-
ping of selected mutant strains that are unable
to grow with N2 as the sole N source.

MATERIALS AND METHODS
Organisms used and media. The organism used is

K. pneumoniae M5al obtained from P. W. Wilson.
The medium described by Yoch and Pengra (33) was

used as the basal medium. When excess NH4, was

required, 400 Ag of N per ml was added as ammonium
acetate. When L-histidine or L-histidinol was re-

quired, 10 ug/ml was added. Phage Plkc, obtained
from W. H. McClain, was used for transduction.
Mutant strains were isolated after N-methyl-N'-nitro-
N-nitrosoguanidine mutagenesis (1) and penicillin
selection (18). The assignment hisD to strains is based
on the fact that these mutations allow the organism to
grow in the presence of L-histidine but not in the
presence of L-histidinol. Genetic nomenclature follows
the suggestions of Demerec et al. (7). Chemicals used
were of analytical grade, available commercially.
Growth of the organisms and assays. Mutant

strains were derepressed by the same method used for
derepression of the wild type (3). Preparation of
extracts and assays for component activity by acety-
lene reduction and for component cross-reacting ma-

terial have been described (3, 21). Acid treatment of
component I to produce the activating factor and
incubation of extracts with the activating factor has
been described (14).

Transduction. Modifications of techniques for ge-

netic analysis with phage P1 and selection and scoring
of Nif+ or His+ transductants have been described
previously (26, 32). Selection and scoring of Nif+
recombinants was done on plates containing basal
medium and purified agar (Difco) containing no fixed
N source.

RESULTS
Phenotypes of Nif mutants. Mutant strains

that are analyzed in this report are described in
Table 1. These strains grew as well as the wild
type in media containing excess NH4+, but were

unable to grow with N2 as the sole N source. All
strains were revertible, suggesting that the le-
sion in the nif gene is a single mutation.
Mutations nif-4026, 4106, 4109, and 4113
yielded the phenotype of inactive component I

and active component 11 (1- II+). Antigenically-
detectable component I still is produced by
strains UN106, UN109, and UN113. The muta-
tions of strains UN83 and UN116 caused the
phenotype for activity to be 1+ II-. Mutant
strain UN116 synthesized an inactive compo-
nent II, whereas component II from strain UN83
was not recognizable by antiserum against com-
ponent II. A pleiotropic-negative phenotype was
seen with strain UN 179. Strain UN66 exhibited
activity for both protein components when as-
sayed by acetylene reduction or N2 fixation in
vitro, but was unable to grow in media in which
N2 was the only N source.
Activating factor. Nagatani et al. (14) have

shown previously that a mutant strain of A.
vinelandii that has the 1- I+ activity phenotype
and produces inactive component I is activated
in vitro by acid-treated component I. It seems
that there is a common factor in many molybdo-
proteins and that this factor is liberated upon
acid treatment of a molybdoprotein such as
component I (15). We tested many mutant
strains of K. pneumoniae producing inactive
component I for activation in vitro by acid-
treated component I. Extracts from strains
UN106 and UN109 were activated to produce 5
to 10% of the activity found in fully derepressed
wild type (Table 2). Acid-treated component I

TABLE 1. Genotypes and phenotypes of mutant
strains

Relevant Nif

Strain Relevant genotype phenotype Origin

Activity CRMa

UN Wild-type I+ 1II I+I
UN26 nif-4026 L- I+ I- II UN
UN66 nif-4066 I H+I+ I+I UN
UN83 nif-4083 I II- I II- UN
UN106 nif-4106 I- Il I+II+ UN
UN109 nif-4109 1- H+ I II UN
UN113 nif-4113 I- H+ I+II+ UN
UN116 nif-4116 I II- I+II UN
UN142 nif-4083, hisD4003 I + II- I+I UN83
UN150 nif-4106, hisD4006 I II- II+ UN106
UN179 nif-4179 I- H- I- II UN
UN316 nif-4113, hisD4019 1- H+ I+I UN113
UN318 nif-4026, hisD4021 I- II I- II+ UN26
UN328 nif-4109, hisD4027 I- H+ I+II+ UN109
UN364 nif-4116, hisD4033 I+ II- D ID UN116
UN582 nif-4179, hisD4113 I- II- I- II- UN179
UN587 nif-4066, his-4111 I II+ D I UN66

a Cross-reacting material (CRM) is based on Ouch-
terlony plate technique with antiserum prepared
against purified components. A positive reaction rep-
resents more than 10% of the reaction given by
extracts in derepressed wild-type cells.
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TABLE 2. Activation of inactive component I by
acid-treated component I

Source of Acid-treated addition Sp acte
extracta to extractb

UN None 40.09
UN106 None 0.00
UN106 Component I 2.39
UN109 None 0.00
UN109 Component I 3.95
UN113 None 0.00
UN113 Component I 0.00

UN109 Extract ofUN on N2 4.21
UN109 Extract ofUN on NH4+ 0.00
UN109 Extract of derepressed 1.55

UN83
UN109 Extract of derepressed 0.00

UN179

a Extracts (0.2 ml) contained approximately 12 mg
of protein per ml.

b Preparation of acid-treated component I and
preincubation of extracts with acid-treated compo-
nent I before addition of C2H2 to the assay vial is the
same as previously described (14). Component I,
before acid treatment, contained 25 ug of protein.
Crude extracts, before acid treatment, contained 150
Ag of protein.

c Shown as nanomoles of C2H2 reduced per minute
per milligram of protein.

has no activity (14). Observed activity upon
addition of acid-treated component I to mutant
strains UN106 and UN109 seems to be lower
than wild-type activity, but there are several
possible explanations for this lower activity.
Perhaps inactive component I in these strains is
more unstable than active component I in wild
type. A second possibility is that there is
incomplete exchange of activating factor be-
tween acid-treated component I and inactive
component I of the mutant strains. Complete
activation also was not found in a similar
mutant strain of A. vinelandii (14). Mutant
strain UN113 that also produced inactive com-
ponent I could not be activated in vitro upon
addition of acid-treated component I.
Mutant strains lacking the activating factor

were useful for determining conditions that
allow synthesis of activating factor. Nitrogenase
was completely repressed in media containing
excess NH,+ and we determined that the acti-
vating factor also is not detected during repres-
sion of nitrogenase synthesis. Acid-treated
crude extracts from N2- or NH4+-grown cells
were added to a crude extract of strain UN109
and Table 2 indicates that NH4+-grown cells do
not produce the activating factor, therefore the
activating factor is not present when cells do not

fix N2. Also, the activating factor was not made
by mutant strain UN179 which does not pro-
duce either of the nitrogenase components.
Strain UN83 extract, when acid treated, al-
lowed activation of strain UN109 extract.

Electron transport factor. Strain UN66 had
an interesting phenotype in that it had very low
acetylene-reducing activity in vivo (compared
to the wild type), but had high activity in vitro
(Table 3). A possible explanation for this phe-
notype is that the mutation is in a site that
allows the 2-electron transfer necessary for
acetylene-reducing activity but not the 6-elec-
tron transfer required for N2 fixation. However,
nitrogen fixation did occur in vitro in strain
UN66 (Table 3). A major difference between the
assays in vivo and in vitro is that dithionite is
used as the electron donor in vitro, thereby
bypassing the natural electron donating system.
This is a good indication that the lesion causing
the phenotype in strain UN66 is in a gene that
codes for some component of the electron donat-
ing pathway. Presently, we are using mutant
strains such as UN66 to attempt to purify the
factors responsible for electron transport.
Co-transduction of nif mutations. His-

strains were obtained by mutagenizing Nif-
mutant strains and screening for histidine re-
quirement after penicillin selection. The Nif
phenotype in these Nif- His- strains was identi-
cal to the Nif phenotype in the original mutant
strain (Table 1). Linkage of the various nif
mutations to his was determined by transduc-
ing phage grown on the wild type into the Nif-
His- recipients. His+ recombinants were se-
lected and replica plated onto N-free plates so
that the percentage of His+ Nif+ recombinants
could be calculated (Table 4). Controls were
performed to check for spontaneous reversion,
and crosses were performed in which a given nif
mutation was crossed into itself to determine
whether transduction would increase mutation
rate. Spontaneous reversion did not interfere
with the crosses.

TABLE 3. N2-fixing and C2H2-reducing activities of
the wild type and strain UN66

Spact

In vivo In vitro

Strain C2H2 N2 re-
C,H2 reduced/min duced/min

reduced/mm per mg of per mg of
per 10,1 cells protein protein

UN 2.43 30.6 8.32
UN66 0.16 13.8 3.64
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By analysis of recombination frequencies, we
determined that all of these his mutations are
more than 70% co-transducible with each other.
Most of the strains with the his mutations were
unable to utilize histidinol as the source of
histidine (the exception is his-4111), therefore
we shall assume that at least one of the his
mutations is in the gene hisD that specifies
histidinol dehydrogenase. It is possible that
some of these his mutations are in genes other
than hisD, and that a polar effect causes the
strain to be unable to utilize histidinol. We can
assume, however, that the nif mutations de-
scribed in this paper are co-transducible with
hisD.
A preliminary assignment of mutation order

can be made with these data if we assume that
all of these nif mutations are on one side of the
hisD locus. This is a reasonable assumption
because Shanmugam et al. (23) showed that

TABLE 4. Percentage co-transduction of nif
mutations to his

No. of His+ Co-trans-
Recipient strain (genotype) recombinants duction (

analyzed

UN142 (nif-4083, hisD4003) 1,030 21
UN150 (nif-4106, hisD4006) 354 81
UN316 (nif-4113, hisD4019) 1,387 25
UN318 (nif-4026, hisD4021) 653 25
UN328 (nif-4109, hisD4027) 525 42
UN364 (nif-4116, hisD4033) 1,365 27
UN582 (nif-4179, hisD4113) 1,088 41
UN587 (nif-4066, his-4111) 540 72

deletions from the rfb locus that extend into,
but not through, the his operon(s) still allow the
organism to grow on N2. It seems (Table 4) that
nif-4106 is closest to hisD, with nif-4066 in
between nif-4106 and the cluster containing
nif-4026, nif-4083, nif-4113, nif-4179, and nif-
4116. Unfortunately, the co-transduction tech-
nique was not satisfactory for ordering closely
linked mutations. The frequency of co-trans-
duction was dependent on the exact location of
the his mutations.
Order of nif mutations. More detailed anal-

ysis of the mutation order could be obtained
from reciprocal crosses in which phage from a
Nif- strain are introduced into a Nif-His-
strain. His+ recombinants were selected and
analyzed for the Nif phenotype. Such crosses
are described in Table 5. Cross number 1 had
strain UN106 (nif-4106) as the donor and strain
UN318 (nif-4026, hisD4021) as the recipient.
The percentage of recombinants with Nif+His+
phenotype was 4.7%. The reciprocal cross (cross
number 2) with strain UN26 (nif-4026) as the
donor and strain UN150 (nif-4106, hisD4006) as
recipient yielded 50% Nif+His+ recombinants.
These data strongly support the order: hisD
nif-4106 nif-4026, the 4.7% presumably repre-
senting quadruple crossovers. Reciprocal
crosses 3 to 10 likewise show that mutations
nif-4083, 4113, 4116, and 4066 are on the his
distal side of nif-4106. Reciprocal crosses 11 to
14 showed that nif-4066 is between hisD and
nif-4083, as well as between hisD and nif-4026.
The mutation nif-4113 was between hisD and
nif-4179 (crosses 15 and 16). The high number of

TABLE 5. Order of nif mutations by transduction analysis

Strains No. of His+ Nif+ His+
Number transductants recombinants Order of mutations

Donor Recipient analyzed (% )

2 UN106 UN315 117 50 hisD nif-4106 nif-4026
3 UN106 UN142 1,369 3.5 hisD nif-4106 nif-4083
4 UN83 UN150 187 49

6 UN113 UN316 93 34 hisD nif-4106 nif-4113
7 UN113 UN364 970 1.2

8 UN116 UN364 9570 1.2 hisD nif-4106 nif-4116
9 UN116 UN1587 2250 17
10 UN66 UN587 2126 1 hisD nif-4106 nif-4066

12 UN8636 UN587 261 2.3 hisD nif-4066 nif-4083
134 UN626 UN318 3514 hisD nif-4066 nif-4026

15 UN113 UN582 495 1
16 UN179 UN316 393 40 hisDnif-4113nif-4179

17 UN106 UN328 1,028 0.0 hisD (nif-4106, nif-4109)
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Nif+His+ recombinants in cross 16 indicates
that nif-4179 is relatively distant from nif-4113.
Finally, nif-4106 and nif-4109 are so close to
each other that no Nif+ recombinants were seen
when one was tranduced into the other (crosses
17 and 18).

Confirmation of the order hisD nif-4106
nif-4066 nif-4083 came from crosses in which
three recipient strains were used in crosses in
which strains UN, UN66, UN83, and UN106
were used as donors (Table 6). The number of
Nif+ recombinants was determined and the
percentage of Nif+ recombinants was calculated
using the number of Nif+ recombinants in a
cross of the wild type into a given recipient as
100%o. The crosses with strain UN66 as recipient

TABLE 6. Determination of the order of nif-4106,
nif-4066, and nif-4083 by frequency of Nif+

recombinants

No. of Nif+ Nif+
Donor Recipient recombiNif+ rcombinantsstrain strain (per 106 o (%)b

UN UN66 1.35 100
UN66 UN66 0 0
UN83 UN66 0.62 46
UN106 UN66 0.14 10
UN UN83 1.27 100
UN66 UN83 0.45 35
UN83 UN83 0 0
UN106 UN83 0.64 50
UN UN106 1.22 100
UN66 UN106 0.05 4
UN83 UN106 0.33 27
UN106 UN106 0 0

a PFU, Plaque-forming units.
"Normalized to the number of recombinants ob-

tained with UN as the donor for each set of crosses
with a given recipient.

show that nif-4106 is closer to nif-4066 than to
nif4083. In crosses with strain UN83 as the
recipient, it seems that nif-4066 is closer than
nif4106 to nif4083. The mutation nif-4066 is
much closer to nif4106 than is nif-4083 as

determined by the crosses with UN106 as the
recipient. These crosses support the order:
nif-4106 nif-4066 nif-4083.
The mutations nif4026, 4113, 4116, and 4083

are closely linked (Table 4). The order of these
mutations was obtained by reciprocal crosses

(Table 7). The difference between percent wild-
type recombinants in the reciprocal crosses is a

difference between two small numbers so that
the data are not as convincing as the data from
reciprocal crosses in Table 5. For instance, no

order can be obtained from crosses 3, 4, 11, and
12. The other crosses support the order: hisD
nif4026 nif-4113 nif-4083 nif-4116. Figure 1
summarizes the data obtained from these
crosses.

DISCUSSION
It is important to know the function of genes

responsible for N, fixation. Some genes should
be responsible for control of nitrogenase synthe-
sis, whereas others should specify the structure
of the two nitrogenase components. Studies
with these mutant strains have given us unex-

pected insight into other factors that are specifi-
cally responsible for N2 fixation in vivo. We
have shown that strain UN66 may lack a

specific electron transport factor required for N2
fixation. Strain UN106 requires a factor ob-
tained by acid-treating component I. This fac-
tor may be the same as the factor, described by
Nason et al. (15) that seems to be common to all
molybdoproteins so far examined. Nagatani et
al. (14) have shown that the activating factor
from A. vinelandii or K. pneumoniae compo-

TABLE 7. Order of closely linked nif mutations by transduction analysis

Strains No. of His+ Nif+ His+
Cross no. transductants recombinants Order of mutations

Donor Recipient analyzed (%)

1 UN26 UN316 5.5 x 10' 0.0
2 UN113 UN318 13.4 x 10' 0.6 hisD nif-4026 nif-4113
3 UN113 UN142 7.9 x 10' 0.009
4 UN83 UN316 3.3 X 104 2.°0° hisD (nif-4113, nif-4083)
5 UN83 UN364 1.1 x 10, 0.00 hs i-03nf41
6 UN116 UN142 0.7 x 105 0.09 hsDnf403if41
7 UN26 UN142 2.4 x 103 0.0hsDif46nf408
8 UN83 UN318 31 X 103 2.0 hs i-06nf48

10 UN26 UN364 2.3 x 103 1.9 hisD nif-4026 nif-4116
11 UN116 UN364 9.7 x 104 0.00 hisD (nif-4113, nif-4116)
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hisD
DNA

4113 4116

4106 4066 4026 4083
4109

4179

FIG. 1. Order of the nif mutations.

nent I will activate component I from a mutant
strain of A. vinelandii. The activating factor
also will activate component I from A.
vinelandii derepressed in medium containing W
instead of Mo (13).
Mutations nif-4113 and nif-4 116 probably lie

in genes specifying the structure of components
I and II, respectively, because cross-reacting
material is produced. Strains UN 106 and
UN109 that have the same phenotype as strain
UN113 produce inactive component I that is
activatable by acid-treated component I, how-
ever, component I from strain UN 113 cannot be
activated in vitro. Mutations in strains UN26
and UN83, which produce no detectable inac-
tive components are very closely linked to
nif-4113 and nif-4116. It seens. therefore, that
the genes specifying components I and II are
closely linked, and this preliminary genetic data
indicates that the component II gene(s) is distal
to his with respect to component I gene(s). More
detailed genetic analysis is required to confirm
this order.
Mutant strain UN179 does not produce either

of the components. The mutation does not seem
to be in the nitrogenase structural genes be-
cause it is quite distant from the mutations
causing the 1- II+ or the I+ II- phenotypes.
Strain UN179 does not produce activating fac-
tor either, therefore nif-4179 might be in a gene
required for control of nitrogenase synthesis. If'
nif-4179 is in a promoter of transcription, it is
possible that the entire nif region is one operon.
The site in which nif-4179 lies might be the
target of activation by glutamine synthetase
(12, 28, 29). We are examining properties of
strains such as UN179 in more detail to gain
further insight into the control of nif genes.
A scheme incorporating the genetic and bio-

chemical data is represented in Fig. 2. Other
mapping experiments with many different mu-
tant strains also support this gene order. We
suggest that at least five genes are required for
N2 fixation. The mutation nif-4106 is in the
gene nifB that is essential for production of' the
functional activating factor. Active electron
transport factor is specified by nifF, whereas
nifD codes for component I and nifH codes for
component II. A site required for synthesis of
both components and the activating factor is
nifG. This scheme does not assume that all of

N2 #NH3
I re d (O"c lox

AT P

ox (act) 1ired
t e-1~~~~~ELECTRON

(act) iox TRANSPORT IEox

DNA t
his D nif B nif F nif D, H nif G

FIG. 2. Location and function of nif genes. The
mechanism of N2 fixation is based on reference 16.
The designation (act) represents the activating factor.

the nif genes have been identified. For instance,
there may be several genes required for produc-
tion of the activating factor. Also, there may be
two genes that specify the structure of compo-
nent I, one gene for each subunit. Complemen-
tation tests with episomes or with the P1
merodiploids produced by the method of Sto-
dolsky (25) could be useful for determining the
number of genes involved. It is quite possible
that there are other gene products specifically
related to N2 fixation such as factors required
for Mo, Fe, or S uptake and metabolism.
Nothing is known about the number of operons
involved or about their polarity. Suppression of
nonsense mutations should be useful for an-
swering these types of questions. Deletion anal-
yses within the nif region could be important for
more detailed mapping. Shanmugam et al. (23)
showed that the operator of the his genes is
located proximal to the nif genes. Chang et al.
(6) have reported a technique for obtaining
strains of Salmonella typhimurium with muta-
tions in the operator for the histidine biosyn-
thetic enzymes. Perhaps this technique can be
applied to obtain mutant strains of K.
pneumoniae with deletions beginning in the his
operator and extending within the nif region.
Presently, we are pursuing these approaches to
gain a more detailed insight into the genetics
and regulation of N2 fixation.
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