J Mol Evol (1996) 43:536-540

JOURNAL OF uLECUIAR
EVOLUTION

© Springer-Verlag New York Inc. 1996

A Modular Domain of NifU, a Nitrogen Fixation Cluster Protein, Is Highly
Conserved in Evolution

David M. Hwang, Adam Dempsey, Kiat-Tsong Tan, Choong-Chin Liew*

Laboratory of Molecular Cardiology, Departments of Clinical Biochemistry and Medicine, The Centre for Cardiovascular Research, The
Toronto Hospital, University of Toronto, Canada

Received: 19 March 1996 / Accepted: 10 June 1996

Abstract. hnifU, a gene exhibiting similarity taifU  these proteins perform some basic cellular function and
genes of nitrogen fixation gene clusters, was identified inmay be among the most highly conserved proteins.

the course of expressed sequence tag (EST) generation

from a human fetal heart cDNA library. Northern blot of Key words: Nitrogen fixation cluster — nifU gene —
human tissues and polymerase chain reaction (PCR) ugDNA sequence

ing human genomic DNA verified that theniiU gene
represented a human gene rather than a microbial con-
taminant of the cDNA library. Conceptual translation of
the mifU cDNA yielded a protein product bearing 77%
and 70% amino acid identity to NifU-like hypothetical
proteins fromHaemophilus influenzaand Saccharomy-
ces cerevisiaerespectively, and 40-44% identity to the
N-terminal regions of NifU proteins from several diaza-
trophs (i.e., nitrogen-fixing organisms). Pairwise deter-~ " e o .
mination of amino acid identities between the NifU-like ©f diatomic nitrogen () and for other subsidiary activi-
proteins of nondiazatrophs showed that these NifU-likeli€S SUch as ammonia storage and synthesis of necessary
proteins exhibited higher sequence identity to each otheffactors. One geneifu, encodes a protein thought to
(63-77%) than to the diazatrophic NifU proteins (40_be |nvoIveq in synthe_smng qu—s_ulfur(Fe—S) metalloclu-
48%). Further, the NifU-like proteins of non-nitrogen- sters required for nitrogen flxatlon. (Dean et al. 1993;
fixing organisms were similar only to the N-terminal Zh.eng et al. 1993). Recently, thafU gene produ'ct.
region of diazatrophic NifU proteins and therefore iden- (NifU) was demonstrated to be a homodimer containing
tified a novel modular domain in these NifU proteins. two identical redox Fe-S clusters, and several conserved

These findings support the hypothesis that NifU is in_cysteine residues were implicated in formation of these

deed a modular protein. The high degree of sequencEIUSterS (Fu et al. 1994). NifU proteins are thought to be
similarity between NifU-like proteins from species as modular proteins constructed of several domains, includ-

divergent as humans and. influenzaesuggests that

Introduction

Thenif (nitrogenfixation) cluster contains genes respon-
sible for biological nitrogen fixation in diazatrophs (Ar-
nold et al. 1988; Joerger and Bishop 1988). These in-
clude genes encoding enzymes responsible for reduction

ing a C-terminal domain common to all known nitrogen-
fixing bacteria NifU proteins and an internal domain
similar to a number of bacterial nitrite reductases (Mase-
pohl et al. 1993; Ouzounis et al. 1994). While modular
* Present addressBanting Institute, University of Toronto, 100 Col- structure in Pr‘?te'”s due to exon shuffling is common Ir_‘
lege Street, Toronto, ON M5G 1L5, Canada eukaryotes, it is thought to be somewhat less frequent in
Correspondence toC.-C. Liew prokaryotes, presumably due to the lack of similar shuf-
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Query= f3465
(257 letter, both strands)

>gb|M17349|AVINIFUSV A.vinelandii nitrogen fixation genes U, S, and V complete
cds.
Length = 3661
Plus Strand HSPs:

Score = 190 (52.5 bits), Expect = 3.2e-06, P = 3.2e-06
Identities = 70/110 (63%), Positives = 70/110 (63%), Strand = Plus

Query: 104 GAAAAGGGGAAGATTGTGGATGCTAGGTTTAAAACATTTGGCTGTGGTTCCGCAATTGCC 163
I VUV e et o
1111 DL LR bE b bbb b BE T it |

Sbjct: 342 GAAACCGACGTGATTCTGGATGCCGGCTTCCAGACCTTCGGCTGTGGTTCCGCCATCGCT 401

Query: 164 TCCAGCTCATTAGCCACTGAATGGGTGAAAGGAAAGACGGTGGAGGAGCC 213 i
T TR Fig. 1. Result of BLAST search for EST

11 1NN Lo 1 IIII'“I
Sbjct: 402 TCCTCCTCGGCGCTGACCGAGATGGTCAAGGGCCTGACCCTGGACGAGGC 451 #F3456.

fling mechanisms in bacteria (Doolittle and Bork 1993; H L P
Ouzounis et al. 1994).

In this report, we document the identification of a
human gene (fifU) which exhibits striking similarity to
the 5-region of severahifU genes and may be among
the most highly conserved genes in evolution. The hNifU
protein identifies a novel domain in the N-terminal re-
gion of diazatrophic NifU proteins, further supporting
the hypothesis that NifU is indeed a modular protein.

88—

18S—
Materials and Methods

Protocols for single-pass sequencing of human fetal and adult heal
cDNA libraries, as well as for analysis of EST data, have been previ-
ously described (Liew 1993; Liew et al. 1994; Hwang et al. 1994;
1995a,b). ANgt22 clone (F3465) representing thaeiftu gene was 58—
amplified by polymerase chain reaction in the presence of vector-
P y POy P Fig. 2. Northern blot analysis of hNifU expression in various tissues.

specific primers (Hwang et al. 1994) and Taq DNA polymerase (Phar—H h heartl. h liverP. h | t
macia), and the resultant PCR product was subcloned into the pCR-" uman heartl., human liver;P, human placenta.

Script vector (Stratagene). Inserts were digested with appropriate re-
striction endonucleases and subcloned into M13mp18 and M13mp219noniae,sp:P05343Nostoc communéragment), gp:L23514Plecto-
Single-stranded DNA templates were isolated ugingoli 71-18 asa  nema boryanunffragment), sp:Q00241. Sequence data fRattussp.
host strain and subjected to automated DNA sequencing using Phawere obtained by conceptual six-frame translation of a single EST
macia ALF and ALF-Express DNA sequencers. Sequence similarity(gb:H35834)Candida maltosaequence was first identified by nucleo-
searching was performed against the nonredundant nucleotide and prtide similarity to the 3-flanking region of an n-alkane-inducible cyto-
tein databases at the National Center for Biotechnology Informationchrome P450 gene (gh:D12718), and amino acid sequence was deduced
(NCBI) using the BLAST program (Altschul et al. 1990; Gish and by translation of the strand complementary to the published sequence.
States 1993). The sequence was deposited in Genbank under the ac-
cession number U47101.
For Northern blot hybridizations, total RNA was extracted from Results and Discussion
human heart, liver, and placenta using the method of Chomczynski and
Sacchi (1987). Northern blots were prepared using@@otal RNAper A clone (F3465) exhibiting a high degree of nucleotide
lane and hybridized to a radiolabeled cDNA probe derived from thesequence identity (63%) to théfU gene ofAzotobacter
purlfleq insert 0fc_|on§ F3465. PCR amplification of a234—bpfra_gmentvine|andii (Genbank accession gb:Ml7349; Fig. 1) was
spanning a putative intron-exon boundary from human genomic DNA,. . . .
(100 ng) was performed using the following primers: fllrst isolated in the course of sequencinggt22A cDNA
library prepared from human fetal hearts (10-12 weeks’
NIFU-F1: 5'-TAGTCTGTCTCCAGGATCAC-3 (intron) gestation) (Hwang et al 1994, 1995a). Northern blot de-
NIFU-R1: 5'-CTTGATTGCATCTTCAGCCAG-3 (exon) tected a single species of approximately 1.1 kb in several
tissues (Fig. 2), and PCR from purified human genomic
Amino acid sequence alignments were performed initially using DNA yielded a specific band of the expected size (234
MACDNASIS v.3.4 and alignments optimized manually. Peptide se-bp; data not shown), confirming that clone F3465 did not
quences of NifU and NifU-like proteins from nonhuman sources Wererepresem a bacterial or yeast contaminant. The subse-

obtained from public protein databases as follotwaemophilus influ- . P . .
enzae,gp:L45018;Saccharomyces cerevisiagp:X92441;Anabaena quent identification in dbEST of other matChmg ESTs

sp.,sp:P20628Anabaena azollagyp:L34879;Azotobacter chroococ- from a variety of tissue sources (bram’ liver, sp_leen, me-
cum,sp:P23121Azotobacter vinelandiipir:S34843Klebsiella pneu-  lanocyte, breast) further confirmed that this repre-
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Homo sapiens

Rattus sp.

Haemophilus influenzae
Saccharomyces cerevisiae
Candida maltosa
Anabaena sp.

Anabaena azollae
Azotobacter chroococcum
Azotobacter vinelandii
Klebsiella pneumoniae
Nostoc commune

-------------------------------------- Peeernenneeem = Xuuans
MVSSLIFSCHYLTMAFTRIEKRKVKMAYSEKVIDHYENP. ... . ... KDS---..... m.
MFARLANPAHFKPLTGSHIT-RAAKRLYHPKVIDHYTNP. .. ..M. .SLA==~..... i

------------------------- SYHEKVIDHYENP....t.n.DDS---.......
MWDYTDKVLELFYDPk.Q.VieeNGePGVK.a..E.
MWDYTDKVLELFYDPk.Q.VieDNGePGVK.a. .E.
MWDYSEKVKEHFYNPk.A.aveGAN------ al.D.
MWDYSEKVKEHFYNPk .A.aveGAN------ al.D.

Plectonema boryanum
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Homo sapiens GAPACGDVMKLQIQVDEK-GKIVDARFKTFGCGSAIAS-SSLATEWVKGKTVEEAL-TIK
Rattus sp. fereereeereroaens Ciesresaesas [ Treneee G*vvnnnns -
Haemophilus influenzae @ ......... qe..ke dN-TLE. . KeeuYenannn. LI . sl...G-A..
Saccharomyces cerevisiae = ........ Tavennn nd.S.I.EnVK..oouiinnnnns -..YM..L.r.Msld..v-K..
Candida maltosa ~  ......... reookeoo oo cEeVKeeeieennns LU (U § TP V. P | P
Anabaena sp. .sl....Alr.H.k.eVeSD....s..q....T.....-.. AL..Mi..L.ld...-KvS

Anabaena azollae
Azotobacter chroococcum
Azotobacter vinelandii
Klebsiella pneumoniae

.sI....Alr.H.k.eveSD....s..q....T....".. AL..Mi..L.ld...-KvS
.sLs...Rlr.Tlk..PeTDV.l..G.q..... ..AL..M...ADldd..-K.S
.sLs...Alr.Tlk..PeTDV.l..G.q... ..AL..M...L.ld...-K.S
..AL..LiI.H.lA..G-Q.T

Nostoc commune B R e L L L L EEE L L ..-KvsS

Plectonema boryanum = --smssssssseems-emseeossoocesosceooscooosoooooooooee -Nvs
80 90 100 110 120

Homo sapiens NTDIAKELC-LPPVKLHgSMLAEDAIKAALADYKLKQEPKKGEAEKK*

Rattus sp. Liieee.. cauee

Haemophilus influenzae .sQ..e..E-..... |78 i....A..G*

Saccharomyces cerevisiae - S iiiesnsernsenannnns iK...T.rN.SVLH*

Candida maltosa JE- AP S iieiinrinrraanaas s.VR...S.rrTPTLGPAVVTASPVASV*

Anabaena sp. K...DY.GG..EA.m...vmGge. le..iYn.rGIPLAAHD .DdeGALVCTCF-GVSEN

Anabaena azollae .K...DY.GG..EA.m...vmGge.le..iYn.rGIPLATHDAEdeGALVCTCF-GVSEN

Azotobacter chroococcum R...HF.GR..RE.m...vmGRe.lq..v.n.rGeeL--rTdH..PQLICKSF-AIDEV

Azotobacter vinelandii .Q.m.DY.DG...E.m...vmGRe.lq..v.n.rGeTI--eDdH.eGALICKCF-AVDEV

Klebsiella pneumoniae .QQ..DY.DG...E.m...vmGge.lr..i.nfrGeSL--eE.HdeGKLICKCF-GVDEG

Nostoc commune .K...DY.GG..EA.m...vmGge.le..iYn.rGIPLATHDADdeGALVCSCF-GISES

Plectonema boryanum .Q...AF.GG..EA.m...vmGge. le..iFK.rGleV-eHH.EdeGALICSCF-GISEP

Fig. 3. Alignment of NifU and NifU-like proteinsDots (.) denote mainder represent the N-terminal regions of NifU proteins from nitro-
residues identical to the top linelashes (-)denote gaps in the se- gen-fixing organisms. Conserved cysteine residues doeble-
quencesasterisks (*)indicate stop codond.ower-case letterindicate underlined,and link regions between putative N-terminal and internal
conservative substitutions. The top five sequences represent NifU-likelomains of the diazatrophic NifU proteins amederlined. Numbers
protein sequences from non-nitrogen-fixing organisms, while the re-correspond to the hNifU protein.

sented a human sequence that was widespread in its disat EST, suggesting that this may represent only a mini-
tribution. The identification of a putative intron and con- mum degree of sequence identity. More strikingly,
sensus splice acceptor site in several of these ESTSNifU exhibited 77% and 70% identity (88% and 85%
(gb:H18377, gh:H22470, gb:H39174, gb:H46707) sug-amino acid similarity) to hypothetical proteins frobh
gested that this clone represented an expressed eukalypfluenzaga Gram-negative bacillus; Genpept accession
otic gene rather than a transcribed pseudogene (data ngp:L45018) anc5. cerevisiadgp:X92441), respectively.
shown). Furthermore, hNifU showed 71% identity (84% similar-
Clone F3465 was completely sequenced and its putaty) to a partial hypothetical protein sequencedandida
tive amino acid sequence was determined by conceptuahaltosa which was deduced by translating the antisense
translation. Comparison of the hNifU predicted aminostrand of a cytochrome P450 gene frath maltosa
acid sequence with sequences of other known NifU (di{gh:D12718). The hNifU protein was also between 40%
azatrophic) and NifU-like (non-diazatrophic) proteins and 44% identical (or 67—72% similar) to known NifU
demonstrated striking evolutionary conservation (Fig. 3).proteins from nitrogen-fixing bacteria and cyanobacteria
The mifU gene was at least 88% identical at the nucleo{excluding Nostoc and Plectonemafragments, the se-
tide level to an EST fronRattussp. (gh:H35834), and quences of which were missing the apparently most
the putative protein was 97% identical over 88 aminohighly conserved regions).
acid residues to the predicted amino acid sequence of this Pairwise determination of amino acid identities using
EST, suggesting that gb:H35834 represents the rat hadNifU-like proteins and N-terminal domains of NifU pro-
mologue of the hifU gene. It should be noted, however, teins from a number of representative organisms showed
that all three differences between the rat and humarthe minimum identity between any two sequences to be
polypeptide sequences (V13X, W62G, and V63*) oc-about 40% (Table 1), indicating a high degree of evolu-
curred in regions of nucleotide sequence ambiguity in thegionary conservation. In all cases, NifU-like proteins
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Table 1. Similarity matrix for selected NifU and NifU-like proteifis

H. sapiens H. influenzae S. cerevisiae A. vinelandii A. azollae K. pneumoniae
H. sapiens 100 7 70 44 43 41
H. influenzae 100 63 46 40 48
S. cerevisiae 100 40 40 43
A. vinelandii 100 63 71
A. azollae 100 56
K. pneumoniae 100

2 Pairwise determination of amino acid identities were performed using MACDNASIS v.3.4 and maximized visually. Percentages were calculat
for the regions of overlap shown in Fig. 3. Middle and C-terminal domains of diazatrophic NifU proteins were not included in analyses of identit
and similarity

from non-nitrogen-fixing organisms exhibited much ning of the nitrite reductase-like internal domain
higher identity to each other (63-77%) than to the N-(ALVCTCFGVSEN. .. inA. azollag (Ouzounis et al.
termini of diazatrophic NifU proteins (40—48%), which 1994). This acidic region may be postulated to serve as a
also showed higher identity to each other (56—71%) tharshort, mobile linker between the N-terminal and internal
to the NifU-like proteins (40—48%). domains of the diazatrophic NifU proteins.

Analysis of global alignments (Fig. 3) identified at  The diazatrophic NifU proteins thus appear to consist
least 34 absolutely conserved residues (28%), suggestirentirely of three domains: the N-terminal domain iden-
these residues to be critical to NifU function. Included tified here, and the internal and C-terminal domains pre-
among these were three previously identified absolutelywiously identified (Ouzounis et al. 1994). Interestingly,
conserved cysteine residues (Cys23, Cys49, Cys92) (Fine gene encoding the NifU-like protein Hf influenzae
et al. 1994). While these cysteines may not represent this directly adjacent to aifS homologue on the bacterial
residues previously suggested to be involved in Fe-Shromosome (gh:U32721) (Fleischmann et al. 1995).
cluster formation in diazatrophic NifU proteins (Fu et al. Given that thenifU andnifS genes are adjacent and co-
1994), their conservation, together with the conservatiortiranscribed in thenif clusters ofA. vinelandii and K.
of flanking residues, strongly implies functional impor- pneumoniagBeynon et al. 1987), this proximity ikl.
tance. Along these lines, Fu et al. (1994) postulated thainfluenzaesuggests that the internal and C-terminal mod-
NifU may function together with NifS in the sequestra- ules may have been inserted between the ancesftal
tion of Fe and sulfide and that conserved cysteine resiand nifS genes later in the evolution of thaf cluster.
dues other than those forming the Fe-S cluster may act tblowever, becauskl. influenzaecontains a reduced ge-
coordinate additional Fe atoms. Whether the hNifU pro-nome (e.g., missing three citric acid cycle genes), the
tein is capable of binding iron merits further study and possibility that the NifU-like genes arose from deletion
should help clarify the role of these conserved cysteinesof ancestral internal and C-terminal NifU domains can-
Intriguingly, we have also recently identified a human not be excluded.
cardiac EST (gb:N56305) exhibiting approximately 50% It is also unclear whether the diazatropmiU and
amino acid identity to a number of NifS proteins, sug- nondiazatrophicnifU-like genes represent paralogous
gesting that a similar system may indeed be operationglancestral gene duplicated prior to divergence) or or-
in eukaryotic cells (C.C. Liew, unpublished observa-thologous (no duplication) sequences (Fitch 1970). The
tions). widespread distribution dfiNifU (Fig. 2 and EST data)

Besides the absolutely conserved amino acids, a nunmand the high degree of conservation of tN&U-like
ber of residues differed between the NifU-like and NifU proteins (Fig. 2) suggest that the NifU-like proteins per-
proteins, but were highly conserved within each groupform an essential basic cellular function and that disrup-
These included two single-residue insertions in NifU tion of their function might therefore be deleterious. Du-
proteins relative to the hNifU sequence, the first betweerplication, though not absolutely necessary, would cer-
Lys36 and Gly37, and the second between Cys84 anthinly lessen the functional constraints on modifications
Leu85. While all NifU-like proteins lacked the second of such essential genes. Verification of such an event
insertion, interestingly, the yeast NifU-like proteinS.( would require identification of othemifU-like genes in
cerevisiaeand C. maltosa did contain the first. the genomes of diazatrophs.

The region of similarity between the NifU-like and In either case, the high degree of sequence identity
NifU proteins ended at Lys108 of hNifU. (. KAAL- between the NifU-like proteins suggests that they may be
ADY 1°). Beyond this residue, the NifU-like proteins among the most highly conserved proteins known. Gupta
terminated shortly and exhibited little similarity to each and Golding (1993) recently suggested that the 70-kDa
other. In the diazatrophic NifU proteins, however, this heat-shock protein is the most conserved protein known
residue was followed by a short stretch of sequence ricltio date, with the minimum amino acid identity observed
in acidic residues (Fig. 3, underlined) prior to the begin-between any two HSP70 homologs from any of the three
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domains (archaebacteria, eubacteria, eukaryotes) beirfgeischmann RD, Adams MD, White O, Clayton RA, Kirkness EF,
approximately 42—-46% (Gupta et al. 1994). Analysis of Kerlavage AR, Bult CJ, Tomb JF, Dougherty BA, Merrick JM,
other highly conserved proteins (e.g., elongation factors McKenney K, Sutton G, FitzHugh W, Fields C, Gocayne JD, Scott
1 and 2, V/F ATPase, glutamine synthase) showed lower J, Shirley R, Liu LI, Glodek A, Kelley JM, Weidman JF, Phillips

qn o o 9 ; - y =" CA, Spriggs T, Hedblom E, Cotton MD, Utterback TR, Hanna MC,
pairwise minimum amino acid identities (21-32%)  Nguyen DT, Saudek DM, Brandon RC, Fine LD, Fritchman JL,
(Gupta and Golding 1993; Gupta et al. 1994; Gogarten Fuhrman JL, Geoghagen NSM, Gnehm CL, McDonald LA, Small
1994). Strikingly, the NifU-like proteins demonstrated at KV, Fraser CM, Smith HO, Venter JC (1995) Whole-genome ran-
least 63% amino acid identity between any pair, and a gﬁ(lsfg;ignglznd assemblyteemophilus influenzaRd. Sci-
minimum of 40% identity with the N-terminal domain of i )

. . . . . . Fu W, Jack RF, Morgan V, Dean DR, Johnson MK (1984} gene

E_iny dlaza_trophlc NifU protein, SqueStmg that the Nifu- product fromAzotobacter vinelandis a homodimer that contains
like proteins may be among the most highly conserved two identical [2Fe-2S] clusters. Biochemistry 33:13455-13463

proteins known. This statement, however, should besish w, States DJ (1993) Identification of protein coding regions by

qualified by the fact that relatively few NifU-like se- database similarity search. Nat Genet 3:266-272
quences have been characterized to date, including noréegarten JP (1994) Which is the most conserved group of proteins?
from archaebacteria. Identification of otheifU-like Homology-orthology, paralogy, xenology, and the fusion of inde-

. . . endent lineages. J Mol Evol 39:541-543
genes, especially from archaebacteria, should provide P ineages v

L . . . . Gupta RS, Golding GB (1993) Evolution of HSP70 gene and its im-
further mSIth into the evolution of theifU and nifU- plications regarding relationships between archaebacteria, eubacte-

like genes and of theif cluster as a whole. Furthermore,  ia and eukaryotes. J Mol Evol 37:573-582
it should also provide clues regarding the mechanisms ofypta RS, Golding GB, Singh B (1994) HSP70 phylogeny and the
genetic rearrangement underlying the structure of modu- relationship between archaebacteria, eubacteria, and eukaryotes. J

lar proteins in prokaryotes. Mol Evol 39:537-540
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