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Abstract: The NifM is a peptidyl prolyl cis-trans isomerase and is required for the maturation and 
activation of the Fe protein of Nitrogenase. Since the carboxyl terminus of NifM is similar to the 
Human Pin1, we expressed the Human Pin1 in A. vinelandii BG98, a nifM mutant strain containing a 
kanamycin insertion and found that it could not complement the function of nifM. It was hypothesized 
that the amino terminus of the NifM might be required for the Pin1 to bind to NifH similar to 
requirement of the WW domain for the binding to pSer/Thr-Pro of Cdc25C.  Therefore we expressed a 
NifM amino-terminal and Pin1 fusion protein chimera in A. vinelandii BG98 and this chimera was able 
to complement the function of NifM.  This observation indicated that the amino-terminal of NifM is 
responsible for the specificity for NifH similar to the specificity of WW domain of Pin1 for pSer/Thr-
Pro while the carboxyl terminal domain functions as peptidyl prolyl cis/trans isomerase. 
 
Key words: Azotobacter vinelandii, Peptidyl prolyl cis/trans isomerase, Human Pin1,NifM-Pin1 

chimara, Genetic complementation.   
 

 
INTRODUCTION 

 
Nitrogenase, the enzyme responsible for 

conversion of atmospheric nitrogen to ammonia, 
consists of two separable protein components the Fe 
protein and the MoFe protein, both of which are 
extremely oxygen-sensitive [1-3].  The Fe protein is a 
64 kDa homodimer encoded by nifH [4, 5].  The Fe 
protein has a single 4Fe:4S cluster covalently 
bridging each subunit and can bind up to two MgATP 
and/or MgADP molecules per dimer, and is essential 
for coupling nucleotide hydrolysis to electron transfer 
[5].  The products of the nif structural genes nifHDK 
are not catalytically competent and need to be further 
processed to active forms by the action of a number 
of nif accessory genes [6].  The nifM gene product is 
required for the accumulation of the active Fe protein 
in K.  pneumoniae [7], as well as in foreign host E.  
coli [8, 9] and for dimerization in S. cerevisiae [10]. 
Mutation of the nifM gene results in the slower 
accumulation of Fe protein, indicating that NifM is 
involved in the correct folding of the Fe protein [11].  
In  A.  vinelandii, the nifU and nifS together with the 
nifM gene product are required for full stability and 
activation of the Fe protein [12, 13].   

NifM is a peptidyl prolyl cis/trans isomerase 
(PPIase) required for the activation and maturation of 
the Fe protein of nitrogenase [14]. PPIases are a class 
of enzymes that accelerate protein folding by 
catalyzing the cis-trans isomerization of proline 
imidic peptide bonds in oligopeptides [15, 16].  

Pin1 is a phosphorylation  dependent PPIase 
that isomerizes proline residues preceded by a 
phosphorylated serine or threonine in substrates with 
up to 1300-fold selectivity compared with non-
phosphrylated peptides [17]. The Pin1 is a highly 
conserved enzyme and has been shown to be 
involved in various diverse biological processes and 
pathological conditions like cancer and Alzheimer's 
disease [18]. The Pin1- type parvulin proteins are 
comprised of two domains an amino terminal WW- 
domain and a carboxyl terminal PPIase domain, each 
of which is highly conserved between the species 
[19].  The WW domain is thought to be required for 
substrate specificity, specifically the interaction with 
phosphoserine or phosphothreonine containing 
proteins [20]. It has been shown that the WW domain 
functions as a phosphoserine or phosphothreonine-
binding module [21].   The  WW  domain is a 
protein-protein  interaction module found in many 
other  unrelated   proteins   and   characterized  by the  
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conservation of two specific tryptophan residues 
spaced by 22 amino acid residues [20]. E. coli 
parvulin contains no WW domain, but is still an 
active PPIase [22].   

The carboxyl terminus of NifM protein 
shares significant homology with the PPIase family 
of proteins (14). It has been shown by protease –
coupled assay that NifM has a PPIase activity 
comparable to that of PpiC of E.coli (14). In A. 

vinelandii, the NifM protein is 292 amino acid 
residues long (12) and has a 96 amino acid residue 
PPIase domain that spans from amino acid 148 to 
243.  NifM is required for the activity of all the three 
nitrogenases (23). Here, we report that the amino-
terminal of NifM may be responsible for the 
specificity for NifH similar to the specificity of the 
WW domain of Pin1 for pSer/Thr-Pro.  

 
 
Table 1: Bacterial strains and plasmids used in this study.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
Strain/ Plasmid 

 
Relevant characteristics and description 

 
Source/reference 

 
E. coli TG1 

 
K-12 ∆(lac-pro) supE thi hsd-5/F′ traD36 proA+B+ lacIqlacZ∆M15 

 
AmershamLife 
Sciences, Inc. 

A. vinelandii OP Wild type, Nif+, soil bacterium 26 

 

A. vinelandii BG98 

 

Nif-; defined deletion in the nifM gene. 309 bp of SmaI fragment from nifM is 
replaced by kanamycin cassette 

 

14 

A. vinelandii BG3302 Nif −; chloramphenicol-resistant, generated by transformation with plasmid 
pBG3302 

This work 

A. vinelandii BG3305 Nif +; chloramphenicol-resistant, generated by transformation with plasmid 
pBG3305 

This work 

A. vinelandii BG3311 Nif −; chloramphenicol-resistant, generated by transformation with  plasmid 
pBG3311 

This work 

pCR® 2.1TOPO AmpR, KanR, 3908bp used for direct cloning of PCR products, lacZα fragment, 
MCS, M13 

Invitrogen, 
Inc.,Carlsbad,CA 

pBG1380 Derivative of pBHR1 Promoter nifH-7his/pBHR1 PstI-del 14 

pBG3301 Derivative of  pCR® 2.1TOPO in which 492 bp DNA fragment of Pin1 was cloned 
directly after PCR using appropriate oligonucleotide primers designed with flanking 
BamH1 sites 

This work 

pBG3304 Derivative of  pCR® 2.1TOPO in which from 378 bp DNA fragment of nifM was 
cloned directly after PCR using appropritate oligonucleotide primers designed with 
flanking EcoRV sites 

This work 

pBG3302 Derivative of pBG1380 in which 492 bp DNA fragment of pin1 was cloned in pBG 
1380 

This work 

pBG3305 Derivative of pBG1380 in which 378 bp DNA fragment of nifM corresponding to the 
amino terminal 126 amino acids of NifM was cloned in pBG 3302 to generate in-
frame translational fusion with human Pin1 

This work 
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MATERIALS AND METHODS 

 
Bacterial strains, plasmids and growth conditions:  
The bacterial strains and plasmids used in this study 
are listed in Table 1.  A. vinelandii strains were 
grown at 30οC in modified Burks’s nitrogen free 
(BN−) medium [24] whenever nitrogen deficient 
medium was needed, and when nitrogen was required 
BN− medium supplemented with 400µg/ml of 
ammonium acetate was used. The E. coli strains were 
grown at 37οC in 2YT broth [25].  Chloramphenicol 
and ampicillin were used at a final concentration of 
34µg/ml and 50µg/ml respectively, wherever the 
selection was made.  
General molecular biology techniques:  Restriction 
enzymes were purchased from Promega, Inc.  
(Madison, WI).  DNA sub-cloning, plasmid DNA 
isolations, restriction enzyme digestions, agarose gel 
electrophoresis, ligations and E. coli transformations 
were carried out as described in the laboratory 
manual or according to the manufacturer’s protocol  
 
 

 
 
[25].  Oligonucleotides used for PCR amplification 
were purchased from GIBCO BRL Life 
Technologies, Inc (Gaithersburg, MD). 
Transformation of A.  vinelandii and growth 
characteristics:  The transformations of A. vinelandii 
strains were carried out as described previously [24, 
26]. Since the plasmids pBG3302, pBG3305 and 
pBG3311 are derivatives of pBHR1 a broad-host-
range vector [27], they are capable of replicating at 
medium copy numbers in A. vinelandii. These 
plasmids have chloramphenicol resistance marker 
and express the cloned genes under the control of 
nifH promoter. Therefore, these plasmids could be 
used to express proteins in A. vinelandii  after 
transformation and growing under nitrogen limiting 
conditions. The transformants were selected on BN+ 
medium containing 68µg/ml chloramphenicol. 
Growth characteristics of the transformants were 
determined by growth curve analysis as described 
previously [23, 26]. 

Error!  
Pin1      -------------------------------------------------- 
NifM      MASERLADGDSRYYLLKVAHEQFGCAPGELSEDQLQQADRIIGRQRHIED 
 
 

Pin1      -------------------------------------------------- 
NifM      AVLRSPDAIGVVIPPSQLEEAWAHIASRYESPEALQQALDAQALDAAGMR 
 
 

Pin1      ----------------------PARVRCSHLLVKHSQSRRPSSWRQEKIT 
NifM      AMLARELRVEAVLDCVCAGLPEISDTDVSLYYFNHAEQFKVPAQHKAHIL 
                                 : .  *   .:*::. : .: :: :*  
 
 

Pin1      R---------TKEEALELINGYIQKIKSGEEDFESLASQFSDCSSAKARG 
NifM      VTINEDFPENTREAARTRIETILKRLRGKPERFAEQAMKHSECPTAMQGG 
                    *:* *   *:  :::::.  * * . * :.*:*.:*   * 
 
Pin1      DLGAFSRGQMQKPFEDASFALRTGEMSGPVFTDSGIHIILRTE------- 
NifM      LLGEVVPGTLYPELDACLFQMARGELSPVLESPIGFHVLYCESVSPARQL 
           ** .  * :   :: . * :  **:*  : :  *:*::   .        
 
Pin1      ------------------------------------------ 
NifM      TLEEILPRLRDRLQLRQRKAYQRKWLVCLLQQNATLENLAHG 
 
Fig. 1: Amino acid sequence comparison of the peptidyl prolyl cis-trans isomerase domain of the Human Pin1 
protein and NifM protein from A. vinelandii.   The amino acid sequences were obtained from GenBank 
(http://www.ncbi.nlm.nih.gov).  The data was uploaded to San Diego Supercomputer Center 
(http://workbench.sdsc.edu) for further analyses. The sequences were aligned using the Clustal W program (29). 
 Maximum gap and mismatch penalties were opted for when the comparison was performed.  A number of residues 
labeled by asterisks/black shades were fullyconserved.  Some labeled by semicolons/dark gray shades were highly 
conserved; the ones labeled by periods/light gray shades were weakly conserved.  The other residues without any 
labels were not conserved. The peptidyl prolyl cis-trans isomerase domain of the Human Pin1 is similar to the 
peptidyl prolyl cis-trans isomerase domain of NifM and maps to the carboxyl terminus of NifM. 
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Fig. 2: Comparison of the structure of the PPIase domain of Pin1 to that of the PPIase domain of NifM. The model 
for NifM PPIase domain was built using the PPIase domain of the crystal structure of Human Pin1( pdb code: 
1PIN1) as template. Homology modeling was performed using the program SwissPdb Viewer (30). The 
hydrophobic substate-binding pocket is conserved in both the Pin1 and the NifM, the hydrophobic pocket is made 
up of residues L122, M130 and F134 in Pin1, and it consists of residues L201, L210 and L214 in the NifM. While 
the residues H59, C113, H157 and S154 interact with the substrate in Pin1 the corresponding residues conserved in 
the NifM are H148, C192, H237 and S232. The residues, which interact with the substrate, are conserved in both the 
NifM as well as Pin1. 
 
              RESULTS AND DISCUSSION 
 
Human Pin1 Protein does not complement the 
NifM function in A. vinelandii:  Sequence 
comparison of Human Pin1 and the NifM of A. 
vinelandii revealed that the peptidyl prolyl cis-trans 
isomerase domain of the Human Pin1 is similar to the 
peptidyl prolyl cis-trans isomerase domain of NifM 
and this sequence similarity is confined to the 
carboxyl terminus of NifM (Fig.1). The hydrophobic 
substrate-binding pocket is conserved in both the 
Pin1 and the NifM, while the hydrophobic pocket is 
made up of residues L122, M130 and F134 in Pin1 
[28] it is made up L201, L210 and L214 in the NifM 
(Fig.2). The residues, which interact with the 
substrate, are conserved in both the NifM as well as 
Pin1.While the residues H59, C113, H157 and S154 
interact with the substrate in Pin1 [28] the 
corresponding residues conserved in the NifM are 
H148, C192, H237 and S232 (Fig.2). Based on these 
similarities it is predicted that the catalytic domain of 
the Pin1 as well the NifM function in a similar 

manner. A 492bp DNA fragment encoding the 
peptidyl-prolyl isomerase Pin1 was obtained by PCR 
amplification using the ATCC 555784 as template. 
ATCC 555784 contained cDNA encoding the Pin1 
cloned into the pT7T3D-pac (http://www.atcc.org).  
The primers used to PCR amplify PIN1 gene were 
5’GGA TCC ATG GCG GAC GAG GAG AAG 
CTG CCG CCC-3’ and 5’GGA TCC TCA CTC 
AGT GCG GAG GAT GAT GTG GAT GCC-3’.  
The PCR product was cloned into pCR2.1 TOPO 
(Invitrogen, Carlsband, CA) to generate plasmid 
pBG3301.  This plasmid was digested with BamH1 
and the fragment corresponding to the Pin1 was 
cloned into the BamH1 site of pBG1380, a derivative 
of   pBHR1 to generate plasmid pBG3302.  The 
plasmid pBHR1 is a cloning vector with broad host-
range maintenance and it stably replicates in all 
gram-negative organisms under standard growth 
conditions and the appropriate selective pressure 
[27]. The plasmid pBG1380 has been modified to 
express the protein of interest under the control of the 
nifH promoter, which is a strong 
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Fig.3: The physical map of various proteins used in genetic complementation. The NifM protein is 292 amino acid 
long containing both the amino terminal interaction domain and the carboxyl terminal PPIase domain. The Pin1 
protein is 163 amino acid long which is homologous to the carboxyl terminus of the NifM protein was unable to 
complement the function of NifM due to the absence of the probable interaction domain. The construction of the 289 
amino acid NifM/Pin1 chimera is described in the 'materials and methods' and this chimera was able to complement 
the function of NifM. 
 
promoter and utilizes the A. vinelandii transcriptional 
and translational regulation to over produce specific 
target protein; it also contains the chloramphenicol 
resistance gene as a marker for selection in A. 
vinelandii and E.coli strains. This vector also 
contains unique EcoRV, BamH1 and HinDIII cloning 
sites downstream of the nifH promoter which allows 
the use of these sites for cloning of specific gene 
constructs into pBG1380 and express the proteins of 
interest in A. vinelandii under nitrogen fixing 
conditions.  The plasmid pBG3302 was used to 
express the Pin1 protein in A. vinelandii BG98 and 
investigate whether the PPIase activity of the Pin1 
protein can help in the maturation of the Fe protein 
and lead to the Nif+ phenotype of A. vinelandii BG98. 
NifM is a PPIase [14]. NifM is required for the 
activation and stabilization of the NifH of nitrogenase 
[9]. The plasmid pBG3302 was transformed into A. 

vinelandii BG98 and the strain expressing the Pin1 
protein was designated as A. vinelandii BG3302 
(Table 1 and Fig. 3). The A.  vinelandii BG3302 over 
expresses the Pin1 protein under nitrogen limiting 
conditions as it is under the control of the nifH 
promoter, and if the peptidyl prolyl isomerase 
activity of the Pin1 protein is sufficient to take up the 
function of the NifM protein then it should lead to the 
activation and stabilization of the NifH of the 
nitrogenase leading to a Nif+ phenotype of the strain. 
It was observed that the A.vinelandii BG3302 did not 
show any growth on either Burkes Nitrogen free 
plates (Fig. 4) or in Burkes Nitrogen free liquid 
medium (Fig. 5). This indicated that the peptidyl 
prolyl isomerase activity of the human Pin1 protein 
alone is not sufficient to take up the function of the 
NifM protein in  A.  vinelandii.   
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Fig. 4: Growth characteristics of A.vinelandii strains in BN+ and BN-  agar plates. The growth properties of various 
strains when cultured on BN+agar (left panel) or on BN- agar (right panel). The strains streaked on the plates are 
A.vinelandii OP (A), A.vinelandii BG98 (B), A.vinelandii BG3302 (C), A.vinelandii BG3305 (D)  
 
The NifM/Pin1 chimera complements the 
NifM function in A. vinelandii:   
Since the Pin1 protein could not complement the 
function of the NifM protein we hypothesized that 
the amino terminus of the NifM may be required for 
its recognition of the Fe protein and in its absence the 
Pin1 protein is unable to interact with the NifH and 
therefore unable to complement the function of 
NifM. To verify our hypothesis that the amino 
terminus of the NifM may be required for the 
recognition of the NifH, a 378 bp DNA fragment 
encoding the 126 amino acids of the amino terminus 
of the NifM was obtained by PCR amplification 
using A. vinelandii OP chromosome as template. The 
primers used to amplify the region encoding amino 
terminal 126 amino acid of NifM were 5’GAT ATC 
ATG GCA TCT GAG CGT CTC GCC GAC GGC 
GAC AGC-3’ and  5’GAT ATC GGT GTC GCT 
GAT CTC CGG CAG GCC GGC GCA GAC3’. This 
fragment was cloned into pCR2.1 TOPO to generate 
plasmid pBG3304. This plasmid was digested with 
EcoRV and the fragment was cloned into EcoRV 
digested pBG3302 to generate plasmid pBG3305. 
The strain carrying this plasmid expresses a 
translational fusion of the amino terminal 126 amino 
acids of the NifM and the Pin1 protein (Fig. 3). This 
plasmid was used to express the amino-terminal 
NifM-Pin1 chimera in A. vinelandii and analyze 

whether the PPIase activity of the Pin1 protein in 
combination with the amino terminal 126 amino 
acids of NifM can take up the function of NifM and 
lead to the maturation and activation of the Fe protein 
and confer the Nif+ phenotype to A. vinelandii BG98 
(Fig. 3). The plasmid pBG3305 was introduced into  
A. vinelandii BG98 and the strain expressing the 
amino terminus of the NifM and the Pin1 protein was 
designated as A. vinelandii BG3305. This strain 
showed growth on both Burkes Nitrogen free plates 
(Fig. 4) as well as in the Burkes Nitrogen free liquid 
medium (Fig. 5). While the wild type showed the 
highest growth rate, the growth of A. vinelandii 
BG3305 was comparatively lower but it was much 
higher than that of the A. vinelandii BG98 as well as 
A. vinelandii BG3302. This indicates that the peptidyl 
prolyl isomerase activity of the Pin1 protein 
combined with the amino terminus of the NifM is 
sufficient to take up the function of the NifM protein 
in the NifM mutant strain A. vinelandii BG98. These 
results imply that the amino terminus of the NifM 
may act as the recognition domain and the carboxyl 
terminus acts as the PPIase domain and both this 
domains are required for the activity of NifM. These 
results are consistent with the findings that specific 
binding modules fused to PPIase catalytic domain 
define many of the critical functions of essential 
parvulins. 
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Fig.5: Growth characteristics of A. vinelandii strains in BN-  liquid medium. Overnight cultures were prepared by 
inoculating freshly growing colonies from agar plate into Burke’s medium supplemented with ammonium acetate. 
Cells from the overnight culture were collected and washed with BN-   and then transferred to side-arm flasks that 
contained sterile BN- .Cell densities were recorded over 42 hour time periods. This analysis showed that the A. 
vinelandii BG3305 strain showed slower growth compared to A. vinelandii O.P and the strains A. vinelandii BG98, 
A. vinelandii BG3302 did not show any growth. 
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