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Abstract The sequences of histidine operon genes in
hyperthermophiles are informative for understanding high
protein thermostability and the evolution of metabolic
pathways. Therefore, a cluster of eight his genes from the
hyperthermophilic and phylogenetically early bacterium
Thermotoga maritima was cloned and sequenced. The clus-
ter has the gene order hisDCBdHAFI-E, lacking only hisG
and hisBp, and does not contain intercistronic regions. This
compact organization of his genes resembles the his operon
of enterobacteria. Sequence analysis downstream of the
stop codon of hisI-E identifies a region with a significantly
higher cytosine over guanosine content, which is indicative
of a rho-dependent termination of transcription of the
his operon. Multiple sequence alignments of N'-((5'-
phosphoribosyl)-formimino)-5-aminoimidazole-4-car-
boxyamide ribonucleotide isomerase (HisA) and of the
cycloligase moiety of imidazoleglycerol phosphate synthase
(HisF) support the previous assignment of the (fa)s-barrel
fold to these proteins. The alignments also reveal a second
phosphate-binding motif located in the first halves of both
enzymes and thereby support the hypothesis that HisA and
HisF have evolved by a sequence of two gene duplication
events. Comparison of the amino acid compositions of
HisA and HisF from mesophiles and thermophiles shows
that the thermostable variants of both enzymes contain a
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significantly increased number of charged amino acid resi-
dues and may therefore be stabilized by additional salt
bridges.
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Introduction

Histidine biosynthesis is an ancient metabolic pathway that
was presumably assembled before the separation of Bacte-
ria, Archaea, and Eucarya (Alifano et al. 1996; Bult et al.
1996; Charlebois et al. 1997). The pathway requires 11
enzymatic reactions, which are encoded by corresponding
functional domains. They are encoded by only eight genes
in the enterobacteria (hisG, hisI-E, hisA, hisH, hisF, hisB,
hisC, and hisD, in order of the anabolic pathway), because
the products of hisD, hisB, and hisI-E are bifunctional
(Winkler 1996). In all other investigated microorganisms,
the two functions of hisB are encoded by separate hisBp
and hisBd genes (Fani et al. 1995; Bult et al. 1996;
Charlebois et al. 1997). The situation found for hisI-E
is more complicated. Bacteria have mostly bifunctional
hisI-E genes, whereas his] and hisE are separate genes in
the Archaea (Charlebois et al. 1997; Bult et al. 1996). In the
Eukarya, the hisI-E gene is fused to the N-terminus of the
hisD gene (Hinnebusch and Fink 1983; Fani et al. 1995).
Although his genes are organized in a single operon in some
Bacteria (Carlomagno et al. 1988; Delorme et al. 1992) and
in the archaeon Sulfolobus solfataricus (Charlebois et al.
1997), they are scattered throughout the chromosome in
other organisms (Beckler and Reeve 1986; Limauro et al.
1990; Bult et al. 1996). The physiological and evolutionary
implications of the diverse organization of his genes are as
yet unknown.

Gene duplication events seem to have played an impor-
tant role during the assembly of the his operon. The exten-
sive sequence similarities between the amino acid sequence
of HisH with glutamine amidotransferases of tryptophan
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biosynthesis (Zalkin and Smith 1998) are indicative of an
evolutionary relationship between these key metabolic
pathways. Additionally, it was postulated that hisA and hisF
have evolved by a sequence of two gene duplications, start-
ing from a precursor “half-sequence” of hisA (Fani et al.
1994). Moreover, both HisA and HisF have been predicted
to belong to the class of (Ba)s-barrel proteins (Wilmanns
and Eisenberg 1993, 1995).

To understand these relationships better, we chose the
hyperthermophile Thermotoga maritima as a new source of
his genes. It belongs to the domain of Bacteria and repre-
sents one of the earliest and most slowly evolving branches.
The proximity of T. maritima to the root of the phylogenetic
tree implies that it has retained more of the characteristic
properties of the last common ancestor before diversifica-
tion into the three extant domains (Woese et al. 1990) than
most other known members of the Bacteria or Archaea.
Here we report the sequence of the 3'-terminal part of the
hisD gene and the complete sequences of the hisC, hisBd,
hisH, hisA, hisF, and hisI-E genes of T. maritima. The
organization of these genes and analysis of the deduced
amino acid sequences of the gene products give insights into
the evolution of the his operon, and the relationship be-
tween HisA and HisF, as well as the structural basis of the
high thermostability of these two enzymes from 7. maritima
and other thermophiles.

Materials and methods
Manipulation, sequencing, and sequence analysis of DNA

DNA was prepared, digested with restriction endonu-
cleases, and ligated according to Sambrook et al. (1989).
Escherichia coli strains were transformed with plasmid
DNA by electroporation (Dower et al. 1988), using a Gene
Pulser (Biorad, Munich, Germany). Exonuclease III diges-
tion of cloned DNA for sequencing was performed with a
kit from Promega (Madison, WI, USA). Nonradioactive
DNA sequencing followed the dideoxynucleotide chain-
termination method (Sanger et al. 1977), using the
DyeDeoxy Terminator Cycle sequencing kit from Applied
Biosystems (Foster City, CA, USA). The gel was run over-
night on an ABI 373 stretch sequencer from Applied
Biosystems, with on-line data collection. The sequences
were analyzed with the 373 A DNA sequencer data analysis
program. PCRs were performed in the Trio-block from
Biometra (Gottingen, Germany), and oligonucleotides
were purchased from Microsyn (Windisch, Switzerland).
The GCG software package was used for similarity searches
in nucleotide and protein databanks (program BLAST), for
searches for open reading frames and restriction sites (pro-
gram MAP), as well as for alignments of amino acid
sequences (programs GAP and PILEUP). In analogy to a
previous study (Alifano et al. 1991), to search for regions of
high C over G content, a computer program was written in
Turbo Pascal that computes within a sliding frame of 78
nucleotides both the C and G content and stores the corre-

sponding fraction of these nucleotides at the first position of
the frame.

Media and strains

SOC, LB, and M9 minimal media were prepared as described
by Sambrook et al. (1989). M9 minimal medium was supple-
mented with glucose (30mM), thiamine (7mM), biotin
(5mM), and a mixture of heavy metals: MoNa,O, (10mg/l),
CoCl, (2mg/l), CuSO,5H,0 (2mg/l), MnCl,-4H,0O
(10mg/1), MgSO,7H,0 (200mg/l), ZnCl, (10mg/l),
FeSO,7H,0 (5mg/l), CaCl,2H,O (50mg/l), and H;BO,
(10mg/1).

The E. coli hisA deletion strain Hfr G6 hisA323\"
(Matney et al. 1964) and the E. coli hisF deletion strain
UTHS860 ara-14, gIlnV44 (AS), galK2, L, hisF860,
rpsL145(stR), malT1(A¥), xglAS, mtl-1 (Goldschmidt et al.
1970) are derivatives of E. coli K12. Both strains were
kindly provided by the E. coli genetic stock center
(Stanford, CA, USA).

Cloning and sequencing strategy

Auxotrophic E. coli strain Hfr G6 hisA323\", which lacks
the hisA gene (Matney et al. 1964), was transformed with a
gene bank of genomic 7. maritima DNA (Ostendorp et al.
1993; Sterner et al. 1995), which encompasses about 6000
clones. The transformed cells were plated on supplemented
Vogel-Bonner minimal medium and incubated at 37°C.
Five prototrophic colonies were detected after 60h and
their plasmids (pUN121/I-V) were isolated. Digestion with
HindIIl and EcoRI indicated that the plasmids pUN121/I,
I, IV, and V were identical (data not shown). Subse-
quently, pUN121/I and pUN121/IIT were also transformed
into E. coli strain UTH 860, which lacks the hisF gene
(Goldschmidt et al. 1970). Both plasmids conferred pro-
totrophy to the recipient within 48h. pUNI121/I and
pUN121/II1, which contain inserts of 4.3kb and 10kb, were
digested with several endonucleases, and restriction maps
were constructed (Fig. 1A). Using these maps, two overlap-
ping restriction fragments of pUN121/I, a 2.7-kb HindIII-
HindIII and a 2.2-kb Clal-PstI fragment, as well as a 5.65-kb
PstI-Pst]l  restriction fragment of pUNI21/III, were
subcloned into the vector pBlueskript IT SK+ (Stratagene,
La Jolla, CA, USA). The resulting plasmids were termed
SK+/1 H-H, SK+/1 C-P, and SK+/I11 P-P (Fig. 1A).

To produce appropriate templates for DNA sequencing,
deletion derivatives of these plasmids were constructed by
digestion with exonuclease III from both sides. For SK+/1
H-H, digestion was started for both orientations of the in-
sert from the Sall restriction site within the polylinker of
SK+, and protection of the vector was assured by digestion
with Kpnl. Similarly, digestion of SK+/I C-P was started
from the Xbal site within the polylinker of SK+, and pro-
tection of the vector was assured by digestion with BstXI.
For sequencing the opposite strand, two subclones of SK+/
I C-P were prepared using restriction sites deduced from
the determined sequence. For SK+/III P-P, digestion was



A BclI/sau3a
HindIIl .
HindIII Pstl
e pUN121/1 n
BclI/SauBA/
Bcll/Saula
Bcll/sau3a claI clal PstI PstI pstl
- l [ HindIII
o Py L
PUN121/TII
1 kb
-+
v ~N

B -~ A

| I

| |

ihisD hisC

hisBd  hisH :
hisA - hisk
hisle " (g
1 kb
-

Fig. 1A,B. Sequencing strategy and order of his genes of Thermotoga
maritima. A Restriction map of pUNI121/I and the sequenced
subclones SK*/I C-P and SK'/I H-H, as well as restriction map of
pUNI121/I1I and the sequenced subclone SK'/III P-P. Stippled lines
mark DNA segments of the vector pUN121 that contain restriction
sites used for subcloning (see text for details). B Order of genes in the
sequenced his gene cluster from 7. maritima. HisD codes for L-
histidinol dehydrogenase, hisC for L-histidinol phosphate aminotrans-
ferase, hisBd for imidazoleglycerol phosphate dehydrogenase, hisH for
the glutamine amidotransferase subunit of the imidazoleglycerol phos-
phate synthase, hisA for the N'-((5'-phosphoribosyl)-formimino)-5-
aminoimidazole-4-carboxyamide ribonucleotide isomerase, hisF for
the cycloligase moiety of the imidazoleglycerol phosphate synthase,
and hisI-E for the bifunctional enzyme phosphoribosyl-ATP-
pyrophosphohydrolyase fused to phosphoribosyl-AMP cyclo-
hydrolase. rffE is not part of the Ais operon and encodes a protein with
high sequence similarity to the UDP-N-acetylglucosamine-2-
epimerase

started from the Xbal site of the polylinker of SK+, and
protection of the vector was assured by digestion with NotI.
The Notl-site was filled in with a-phosphorothioate
deoxynucleotides before exonuclease treatment. After
religation, appropriate deletion plasmids were sequenced,
using either the T3 or the T7 priming sites of SK+. All
isolated SK+/III P-P clones had the insert in the same
orientation. Therefore, for sequencing of the opposite
strand, either subclones of SK+/IIT P-P were prepared or
internal primers were used that were deduced from the
previously determined sequence.

The gene bank of 7. maritima used for cloning of the
cluster of his genes contains Sau3A I fragments of 3-6kbp
(Ostendorp et al. 1993). Thus, the 10-kbp insert of pUN121/
IIT is unusually large. To unravel the reason for this unusual
size, a 2.3-kb PstI-PstI fragment that is located on pUN121/
111, downstream of the sequence of SK+/III P-P (Fig. 1A),
was cloned into pBlueskript IT SK+, and about 500bp were
sequenced from both ends (unpublished data). A database
search with the analyzed sequence showed 99% identity to
parts of the Tn1000 transposon from E. coli (Broom et al.
1995).
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Results

Cloning and sequencing of his genes from 7. maritima

The 3'-terminal part of the tryptophan operon from 7.
maritima was cloned recently by functional complementa-
tion of E. coli auxotrophic strains (Sterner et al. 1995).
Thus, regulatory elements that are necessary for expression
of T. maritima genes are recognized by E. coli, and sug-
gested an analogous approach to isolate genes involved
in histidine biosynthesis. To this end, the auxotrophic strain
of E. coli Hfr G6 hisA323)", which lacks the hisA gene
(Matney et al. 1964), was transformed with a gene bank of
genomic 7. maritima DNA (Ostendorp et al. 1993; Sterner
et al. 1995). Five plasmids were isolated by this approach,
two of which were nonidentical (pUN121/1 and pUN121/
IIT) and also conferred prototrophy to E. coli strain UTH
860, which lacks the gene hisF (Goldschmidt et al. 1970).
Two overlapping restriction fragments of pUN121/I and a
restriction fragment of pUN121/IIT were subcloned into the
vector pBlueskript II SK+. The resulting plasmids SK+/1
H-H, SK+/1 P-C, and SK+/III P-P (Fig. 1A) were digested
stepwise with exonuclease III and sequenced in both
directions.

Altogether, a continuous stretch of 5269bp was se-
quenced, which encodes eight open reading frames (ORFs).
From 5’ to 3’, seven ORFs are transcribed in the same
direction, whereas the last ORF is transcribed in the reverse
direction (Fig. 1B).

Figure 2 presents the complete nucleotide sequence de-
termined in this work and the deduced amino acid se-
quences of the eight identified ORFs. These were compared
with orthologous sequences in several databanks, and sig-
nificant sequence identities were detected for all eight
ORFs. The seven consecutive ORFs correspond to 9 of 11
functional domains of histidine biosynthesis (Alifano et al.
1996). Only the hisG and hisBp genes are missing, and the
order of genes is otherwise identical to that found in E. coli.
Accordingly, these genes were designated hisD, hisC,
hisBd, hisH, hisA, hisF, and hisI-E. The encoded proteins
possess approximately the same number of amino acid resi-
dues (HisD, 184, N-terminus missing, HisC 335, HisBd 195,
HisH 201, HisA 241, HisF 253, and HisI-E 196) as the
counterparts in E. coli (Winkler 1996). The eighth ORF, for
which the N-terminal region is missing, shows significant
sequence identity to the C-terminal regions of the YVYH
gene product of Bacillus subtilis (58%) and of the rffE gene
product of E. coli (50%) (Fig. 1B). Both genes encode
UDP-N-acetylglucosamine-2-epimerase, which participates
in lipopolysaccharide O-antigen biosynthesis (Kawamura et
al. 1982). The succession of 4is genes of 7. maritima displays
most of the features familiar from operons of enterobacte-
ria. All the complete ORFs are preceded by a putative
ribosome-binding site, complementary to the 3’-end of
the 16S rRNA of T. maritima (3'-UCCUUUCU-5")
(Achenbach-Richter et al. 1987).

The incomplete sequence of HisD (L-histidinol-NAD"
oxidoreductase) lacks about 250 residues at the N-terminus.
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TGATCTCATAGCCGCGGATTTCCTCTCCCAGGCAGAGCACGACGAGAACGCGATGAGTGT
D LIAADTFULSQAZEHTDTENAMS SV
GGTGATAACCACTTCGARAGAAGTCTTCGAAAAAT TACCTCAGGTCATTGARAGACACCT
v iTT S KEVFEKXKIL?PQVIERUHTL
GGAAGCTCTTCCAGARGAGAGAAGAAARACGGCCAGGATTTCAACGGAARATTTCGGTAC
EALUPEERTRIEKTARIZSTENTFGT
CATCATCTTGACGGACAGTCTGARAAGGGCCTTTGAGATCTCCARCCTCATCGCCCCCGA
I I LTDSULZ KR RATFETISNILTIATPE
ACATCTGGAGGTCCTCGTGGAARACCCGTTTGAGCCACTGGGACACATARAGAACGCGGG
H L EV LV ENZPZFEUPILGHTIIKNASG
ATCTGTCTTTCTCGGARAGTACACCTGTGAGTCTGTGGGAGACTACGGTGCGGGACCGAA
S VvV F LG KYTZCESVGGDYGAGUPN
CCACGTTCTTCCCACCTTCAGATCCGCGAGGT TCTCCTCAGGACTCAGGGTTTCCGATTT
HV L P T F R A R F S 5 G L RV s D F
CACGARGARGATATTCATCACACACCTCTCCGAAGAAGAT TTCAGAAGAAAGAGCGAGCT
T K K I F I THUL S E EDTF R R K S E L
TTACTCGAAAATGGCGCGCTGGGAAGGT TTTGAAGCCCACGCTCGGGCGATAGACGTCAG
Y S KMARWEGVPFP EAHARATILITDUVR
GAGGGARAAGCTGTGAATCGTCTCGATTTGAT TGCAAAGAGGGCGTATCCGTACGARACC
R E K L * STOP hisD

hisc M N R L. D L I A KR A Y P Y E T
GARAAGAGAGACARAACCTACCTTGCGCTGARTGAAAATCCGTTTCCCTTTCCAGAGGAC
ZE KRDEKTYULALUNENZ®PF?PTFU?PETD
CTCGTGGATGAAGTGTTTCGACGATTGAACAGCGACGCCCTGAGGATCTACTACGACTCC
LV DEVFRRLNSTIDALIR RTIYYDS
CCCGATGARAGAATTAATAGAAAAGATACTCTCATACCTCGACACCGATTTTCTTTCGRAAA
P DEEULIEIZ KTIULSYULDTUDTFTL S K
AACAACGTCTCTGTGGGAAACGGAGCGGATGAGATCATCTACGTGATGATGCTCATGTTC
N NV SV GNGADETITIVYVMMTLMTF
GACCGTTCCGTTTTCTTTCCCCCGACCTACAGC TGCTACAGGATC TTTGCGAAGGCAGTT
DRSSV FFPUPTYSCYRTITFATZ KAV
GGAGCGAAATTCCTGGAAGTGCCGCTCACGAAAGATCTGAGGATACCTGAGGTGAACGTG
GAKPFLEVU?PLTI KT DILRTIZPEVNUV
GGAGAAGGAGACGTTGTTTTCATTCCGARCCCGAACANTCCARCGGGCCATGTCTTCGAA
G EBE GDVVF I PNZPNNZPTGHV F E
AGAGAGGARATAGAAAGAATCCTGARAACGGGTGCCTTCGTCGCGCTGGACGAAGCCTAC
R EEI ERIULIKTGATFVALTUDTER AY
TACGAATTCCACGGAGAAAGT TATGTGGAT TTTCTGAAGAAATACGAAAATCTCGCTGTG
Y EFHGE S YV DFLZE KT KYENTLAYV
ATCAGGACTTTCTCGARAGCGTTTTCCCTGGCAGCGCARCGTGTCGGATACGTTGTGGCC
I RTVF S KATFSLARAMQRVGYV VA
TCGGAGAARGTTCATTGACGCTTACAACAGGGTGAGACTTCCTTTCAACGTGAGCTACGTC
S E X F I DAY NRV RL P F NV S YV

TCCCAGATGTTCGCARAGGTAGC TCTCGATCACAGAGAGATCTT TGAAGAAAGAACGAAG
s ¢ M FAKVALUDUHZRETITFTETEZRTK
TTCATCGTGGAAGAACGCGAGAGGATGAAGAGTGC TCTCAGGGAAATGGGATACCGAATC
F I VEEREIRMEKSALI REMMGYRTI
ACCGACTCCAGAGGAAACTTCGTGTTCGTATTCATGGAGARGGAAGAAAARGAARGACTT
T DS RGNVFV FVFMETZEKTETETZ XKETRTL
CTCGARCACCTCCGGACGAAGAACGTCGCTGTTCGCAGT TTCAGGGARGGTGT TAGAATC
L EHVLRTIEKNVAVRSFRETGVRI
ACTATCGGARAACGCGARGAGAACGATATGAT TCTGAGAGARCTGGAGGTGTTCARATGA
T I GKREENVDMTITULRETLEV F K *

CGGTAGARAGAT TGGAARACGGTGTGATCGTTCAGAGARACACCAACGAGAT CGAGATTT
VERILENGVYV IV QRNTNETITETIS
CCATAACGCTCGACACGGTACACGGARARCTCGARGGAAGCACGGGGGTGAATTTTTTCG
I TLDTVHSGI KULETGSTG GV NTFF D
ATCACCTTCTGAACACCTTCTGTCATTACTCTGGCCTGGGTCTCAGGGTTAGCACTTGCG
HLLNTTFCHYSGULGIULR RV S TCE
ARAGCAAAGACGGCATCCTTCACCACCTGATAGAGGACTTCGGTATTTCACTGGGECTTG
S XD G I LHHULTIETDTFSGTISUL GULA
CATTCAGGGAGCTTTTCGACTACACGARAGTGAGARGATTCGGTGAAGCCACCGTTCCCA
F RELVFDYTI KVZRRTFGEA ATV PM
TGAACGAAGCGC TGGTGGGATGC TACGTGGATCTTTCCGGAAGGCCCTTCTTCCAGAAGA
N EALV GCYVDULSGRUPTFTFQKN
ATTTCGAATTCTCCGTTGAAAAGATAGAGGACATGCCCGTCGAGGGATTCGAGGAGTTTA
F EFSVEZEKTIETDMZPVEGTFTEETFM
TGTGCGGATTTGTGAACCACGCAAGGATCACGGTTCATTTCTTCARATTCTTCGGARAGA
¢ GFVNHARTITUVHTF EFTFI KT FTFGKN
ACGACCACCACATCTCTGAATCTGCCATGARATCTTTTGGACTAGCGATTGCCAAGGCTC
D HHISESAMZE KSFGLATIATZKATL
TGGAGAGTTCAGAAARARAGACCACCARGGGTGTGATAGAT TGAGGATCGGAATAATCTC
E S S E K KTTZX GV I D * SIOP hiskd
hisH M R I G I I s
TGTTGGTCCGGGGAACATAATGAATCTGTATCGCGGAGTGAAAAGGGCATCCGAGAATTT
VGGPGNTIMNILYRGVYV KRASENTF
TGAGGATGTTTCGATAGAGCTCGTGGAATCACCTCGAAACGACCTGTACGATCTTCTGTT
E DV S5 IELVESZPRNDILYTUDTILTLTF
CATCCCGGGTGTGGGACACT TCGGCGAAGGGATGAGACGTCTCAGGGAGAATGATCTCAT
I PGV GHFGEGMRRILI RENTDTLTI
CGATTTCGTARGARARCACGTCGAAGACGAGAGGTACGTGGTCGGAGTTTGTCTTGGAAT
D FVREKHVEUDET RYVVGVCLGM
GCAGCTTCTTTTTGAAGAGAGCGAAGAGGCACCCGGLGTGARAGGTCTTTCTCTCATAGA
Q L L FEESEZEHA AZPGV KSGTL S L I E
AGGAAACGTCGTGAAAC TGAGGAGCAGAAGAC TTCCCCACATGGGCTGGAACGAGGTGAT
G NV V KLURSRPRILPHMGUWNEVI

Fig. 2. Nucleotide sequences of his genes from 7. maritima with deduced amino acid sequences of encoded proteins below. Stop codons are
indicated by asterisks. Putative ribosome binding sites are underlined. The G > C-rich bubble after the stop codon of hisI-E is boxed

CTTCARAGACACGITTCCGAACGGGTATTACTACTTCGTCCACACCTACAGAGCTGTGTG
FKDTT FZPNGYJYYTFVHTYURAWVC
CGAGGAGGAACACGTTCTGGGAACAACTGAATACGACGGTGAGATCTTTCCATCCGCGGT
EEEHVLGTTEZYUDGETITFUPSAV
GAGGAAGGGGAGAATTCTGGGGTTTCAGTTCCATCCCGARAAGAGTTCAAAAATCGGAAG
R KGRI L GFQFHUPEI KZ SSI KTIGR
AAAACTGCTTGAGARGGTGATCGAATGCTCGTTGTCCCGGCGATAGATCTCTTCAGAGGA
K L LEZ KVTIZETCSL S R R * stop hisH

hisha M L V V P A I DL F R G
AAGGTAGCGAGGATGATAARAGGAAGARAAGAGAACACCATATTTTACGAAAAAGATCCC
KV ARMIIKG GRIE KENTTIVFYEIKTDT?P
GTAGAACTGGTGGARAARC TCATCGAAGAGGGATTCACACTGATTCACGTGGTGGATCTC
vV ELVEIEKLTIEZEGT FTTILTIHVVDTL
TCGAATGCGATAGAAARCAGCGGCGAGRATCTTCCAGT TCTCGAGAAACTCTCTGAATTT
S NAI ENSGENULUPVLETZ KTLSETF
GCCGAGCACATACAGATCGGAGGCGGGATCAGATCGCTCGATTACGCGGAAARACTCCGA
A EHIQIGG GTIU®RSILDJYAETZ KTLR
AAGCTGGGATACAGARGACAGATCGTGAGC TCARAGGTTCTGGAAGATCCTTCTTTCCTG
XK L GYRRQIV S S KV LETDTPS ST FIL
AAATCCCTGAGAGARATCGATGTGGAGCCCGTGTTCAGTCTGGACACTCGAGGTGGAAGA
K S L RETIDVEZPVFSULDTURSGGR
GTAGCGTTCAARGGGTGGCTGGCGGARGAGGAGATCGACCCTGTTTCTCTTCTGARGAGA
VAFKGWILAETETETITDTZPVS K R
CTGAAAGAATACGGCCTTGAAGAGATCGTACACACGGAGATCGAAAAAGATGGCACTCTT
L X E Y GLEE IV HTETIEIZ KDGTL
CAGGAGCACGATTTTTCTCTCACCAARARGATAGCGATCGARGCTGARGTGARAGTACTC
Q EHDF SLTZ X KTIATIEAEVZEKUVTL
GCAGCGGGIGGTATCTCTTCGGAGAACTCTTTGARAACAGCGCAGAAGGT TCACACAGAA
A A GG I S S ENSLKTAQIKVHTE
ACGAACGGGCTTCTCAPAGGTGTGATCGTGGGAAGGGCGT TTCTGGAGGGART TCTCACA
T NGULUL KGV IV GRATFTLETGTITULT
GTTGAGGTGAT GARGAGATATGCTCGCTARAAGAATAATCGCGTGTCTCGATGTGARRGA
V EV M KR Y A R * STOP hisA

hisfM L. A K R I I A C L D V K D
CGGTCGTGTGGTGAAGGGAACGAACTTCGAAAACCTCAGGGACAGCGGTGATCCTGTCGA
G RVVKGTNTFENTLT RTDSGDZPVE
ACTGGGAAAGT TCTATTCCGAAAT TGGAATAGACGAACTCGTTTT TCTGGATATCACCGL
L G XK FYSETIGTIUDETLVT FTLDTITA
GTCCGTTGAGAAGAGGAAAACCAT GCTGGAAC TGGTCGAARAGGTGGCCGAGCAGATCGA
S VEEKRIE KTMLETULUVEZXKXVAETIQTITD
CATTCCGTTCACTGTTGGAGGAGGTATCCACGACT TCGAAACGGCCTCGGAGCTCATTCT
I P F TV GG GI HEDTFETASETLTITL
CCGTGGTGCGGACAAGGTGAGCATAARCACGGL! TGTGGAGAATCCTTCTTTGATCAC
R GADI XV S I NTAAVENPSILTIT

ACAGATCGCTCAAACTT TTGGGAGTCAGGCCGTTGTCGTGGCGATAGATGCARAAAGAGT
Q I AQ TF G S QAV V VAIDAIE KT RV
GGATGGAGAGTTCATGGTCTTCACCTACTCCGGAARGAAGAACACGGGCATACTTCTGAG
D GEFMVYVFTYSGKI KNTGTIULILR
AGACTGGGTGGTTGAAGTAGAAAAGAGAGGAGCAGGAGAGATCCTGCTCACCAGTATCGA
D WV VEVEZ KRGAGETITZLTLTSTID
CAGAGACGGCACAAAATCGGGT TACGATACGGAGATGATARGGT TCGTGAGGCCACTAAC
R DGTIXKS GYDTEMTIRTEFVZREPILT
CACACTTCCCATCATCGCTTCCGGTGGTGCGGGARAARTGGAACATT TCCTTGAAGCCTT
T L P I I ASGGAGI KMEHT FTLERATF
CCTGGCAGGTGCCGACGCTGCCCTTGCGGCTTCTGTCT TTCACTTCAGAGAGATCGACGT
L AGADAALAASV FHTFRETITDUV
GAGAGAACTGAARGAGTACCTCAARAAACAC GGAGTGAACGTGAGACT CGAGGGGTTCTG
R EL KEYULZ KK KHGV NV RILETGTL*
Stop hisF
ATGACGCTCTATCCGGTGGTGGT TCAGGAGAGAACAACGGGTGAGGTGTTGATGC TGGCC
hisTE
M TULYPVVVQERTTGEVILMTLA
TACGCGARCGAAGAGGCTTTGGAGCTCACCAAGARAACGGGATACGCGCATTTCTTCTCG
YANEEALETLTIEKI KTSGYAHTFTF S
AGAGAGAGACAGAARATCTGGAAAAAGGGAGAARACCTCTGGAAACACGATGAGAGTGGTT
R EROQKTIWIKI KGETSGNTMZRUVYV
GARATAAGAAGGGACTGCGATGACGATGCTTACCTGTACATCGTTGATTTTCCAGAAGAT
E I RRDCDDUDAYTULYTIV DTFZPED
AAGGTGGCGTGCCACACGGGAARCAGATCCTGC TTTTTCAAGGTGGAGCACAGGTTTGAA
KV A CHTGNU RS CFF XKV EHTRTFE
GARACGGGCTCTCCCACCTTCTGGCTTGAGCTGTACAGACTGGTGAGAAAARGARAAGAA
E TGS PTFWILETULJYRULYVRIKTR RIKE
GAGATGCCAGAGGGATCCTACACCGTAAAACTCTT TARAGAAGGAAAGGGARAGATCGCA
EMPEGS YTV KULTFZ KESGI KSGIZ KTIA
AAGAAGT TCGGAGAAGAAGCAGTCGAGGTGATAACTGGCTACCTTCARAACGACAGGGAA
K K F GEEAV EV ITGYULOQNDRE
AACCTCGTCTGGGAGATAGCCGACATGATGTATCACCTCACCGTCCTCATGGCCGACGCT
N LVWETIADMMYUHLTVLMAZDARA
GGTGTCACTGTCCAGGATGTCATGAGAGAACTCGAARAGAGAAGAAAGTGATCAGCAGAA
GV TV QDVMRETLE KRR K * Stop hisIE
Stop rfffE * C F
[CTCCTCTGGTGGATCTGRAAGCCCGAACTCSPGAAGAATCGCTTTCACAATGCGCTCTGA I
E E P P D S L G F EHLIAZKUV I R E S
IAbLlLlu,LAlLlLLL:AAJMbLlLMLﬂ:LI TTCGCCATTTTTTCGTATTCTTCTCTGTC ]
A R GDGVF PNV AKAMEKETYEERD
IAACAAGI\AGC’I'I'I‘TTTGCAAGI‘TCGAATATTCTCTCTTCCTCCACTCCTCCCAAAACGGC l
V L L KKATULETFTIURETETEUVGGTL VA

ITACACCCGCTTCGALLU\.HL@.LL1LL.&:huuuLLCAGAACGAT:ACCGGC’I‘I‘j
V GA E I AE P RETEIZ KRTILV IV P K

I TCCAAGGGCCGGTGCCTCCTCCTGTATTCCTCCAGAGTCAGTCATARTGAGATAACTTCT
G LAPAEEQIGGSUDTMTITILVY S R
TGCCATCAGATTGTGCATGTCAATCACATTCACAGGATCGATTAGGAAAACTCTTTCCAC
A ML NHMDTIVNVYVYZPDITULTFVREV
GTTTTCAAGCATCGGAARTACGATCTCTCTCACAGCGGGGTTCATGTGARCCGGGTAAAT
N 2L MPFVIERVAPNMHEHEVYVZ®PYTI
CACCTTCACATCCTCGAAGCCTTCAACGATCCTTCTCACTGCCCTGCAG

VXKV DETFGEVIRRVYVARLC




The initial methionine of HisC (r-histidinol phosphate
aminotransferase) appears to be encoded by a GTG. This
putative start codon overlaps with the stop codon of the
preceding hisD gene. Moreover, the stop codon of hisC
overlaps with the start codon of the subsequent hisBd
gene. HisBd shows 36% sequence identity to the
imidazoleglycerol phosphate dehydratase domain, the C-
terminal part of E. coli HisBp-Bd. However, as observed in
a number of other investigated Bacteria and Archaea (Fani
et al. 1995; Charlebois et al. 1997), no ORF with homology
to the L-histidinol phosphatase domain HisBp was detected
in the sequenced segment of the 7. maritima genome (Fig.
1B). The initial methionine of HisH, which codes for the
glutamine amidotransferase subunit of imidazoleglycerol
phosphate synthase, appears to be encoded by TTG, and it
overlaps with the stop codon of hisBd. The coding region of
hisH overlaps by 22 nucleotides that of hisA, which encodes
N'-((5'-phosphoribosyl)-formimino)-5-aminoimidazole-4-
carboxyamide ribonucleotide isomerase. The coding region
of hisA overlaps by 11 nucleotides that of hisF, which en-
codes the cycloligase subunit of imidazoleglycerol phos-
phate synthase. The stop codon of hisF overlaps the start
codon of hisI-E, which encodes the bifunctional enzyme
phosphoribosyl-ATP-pyrophosphohydrolyase  fused to
phosphoribosyl-AMP cyclohydrolase.

Rho-independent termination of transcription requires
an inverted repeat, followed by a stretch of oligo(dT)
(D’Aubenton-Carafa et al. 1990). No such sequence motif
was found downstream of the stop codon of hisI-E, unlike
the his operons of E. coli and Salmonella typhimurium
(Carlomagno et al. 1988), Azospirillum brasiliense (Fani et
al. 1989), and Lactobacillus lactis (Delorme et al. 1992).
Alifano et al. (1991) proposed that rho-dependent termina-
tion of transcription requires a region of high cytosine over
guanosine content, a so-called C > G-rich “bubble.” To
search for such a “bubble,” the G- and C-content of the
complete sequence given in Fig. 2 was compared from 5’ to
3’, using a “window size” of 78 nucleotides. A distinct C >
G-rich “bubble” was indeed found downstream of the stop
codon of the hisI-E gene (Fig. 3), which might serve as the
termination site of transcription. The three additional small
“bubbles” around nucleotides 210, 720, and 2000 are less
pronounced.

Evidence for two phosphate-binding sites in HisA
and HisF

The hisA and hisF genes of T. maritima are adjacent (Fig.
1B), as observed in most bacterial his operons. Moreover,
Fani et al. (1994) discovered that the amino acid sequences
of HisA and HisF each consist of two duplicated tandem
regions with significant sequence identity. Because multiple
alignments of several entire HisA and HisF sequences also
revealed high similarity, it is likely that they are related by
a further gene duplication event. It is important to trace the
two putative gene duplication events as far back to the point
of phylogenetic separation as possible. Because T. maritima
is closer to that point than any of the microorganisms stud-
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Fig. 3. C > G-rich bubbles (arrows) in the sequenced his gene cluster.
The percentages of C (solid line) and G (dotted line) are plotted as a
function of the nucleotide sequence of the &is gene cluster. At a given
nucleotide position, the percentages of C and G are calculated for the
78 subsequent nucleotides. Triangles indicate translation stop codons
of the individual Ais genes. The C > G-rich bubble downstream of AisT—
E suggests a rho-dependent termination of transcription (Alifano et al.
1991)

ied to date (Woese et al. 1990), we aligned the sequences
of the two halves of HisA and HisF with each other (data
not shown), following the procedures of Fani et al. (1994,
1995). The observed identities (HisA1/HisA2, 25%; HisF1/
HisF2, 25%) and similarities (HisA1/HisA2, 42%; HisF1/
HisF2, 41%) are the same as those found in HisA of
Methanococcus voltae (Fani et al. 1994) and HisF of Saccha-
romyces cerevisiae (Fani et al. 1995).

HisA and HisF have been predicted to belong to the
(Ba)g-barrel class of proteins (Wilmanns and Eisenberg
1993, 1995; Bork et al. 1995). To further test this hypothesis
on the basis of an actualized set of data, we performed a
multiple joint alignment of all available sequences of HisA
and HisF. Moreover, secondary structure predictions were
performed separately for HisA and HisF with the program
PHD (Rost and Sander 1994). Figure 4 shows that the
predicted secondary structural elements of hisA and hisF
superimpose well. Furthermore, the predictions are charac-
terized by an alteration of f-strands and a-helices, which is
typical of (fa)g-barrel enzymes. The active site residues of
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Fig. 4. Predicted secondary Bt B1’ ol B2
structural elements of HisA and  predict SSSSS SSSSSss HHHHHHHHHHH = SSSSS
HisF are superimposable and tHisA 1 ...MLVVPAIDLFRGKVARMIKGRKENTIFYEKDPVELVEKLIEEGFTLIHVV 50
indicative of the (Ba)g-barrel CONns e Pa.D...g..v.1l..G........... Pooveon. G...-H.V
g;pﬁ}:iyégg%%;vz;ﬁl%?mem cons ....RiipCLd.....VvVKg..... F...... GD.v..a..y...gaDE..f.
maﬂﬁma(ﬁﬁm\andtHﬁf)m tHisE 1 MLAKRIIACLDVKDGRVVKGTN. . .FENLRDSGDPVELGKFYSEIGIDELVFL 50
based on a multiple joint predict SSSSS SSSSSSS HHHHHHHHHH SSSSS
alignment of 17 sequences of His B1 B1’ ol B2
A and 16 sequences of HisF; the
sequence numbering ignores
aps. cons, invariant residues
%u;r))percase letters) and residues . o2 p3 o3 pa
that are identical in at least 88% ~ Predict HHHHHHHHH SSSSS HHHHHHHH 55558
(lowercase letters) of all HisA or ~ tHisA 51 DLSNAIENSGENLPVLEKLSEFAE.HIQIGGGIR.SLDYAEKLRKLGYRRQIV 101
HisF sequences; predict, cons AL A e e e e e e e e gGGlr ............ ...
secondary structural elements cons DIA .. ... Y. un.. Qe P..v.GG1......... 1 GadK.S
(S, p-strand; H, a-helix) tHisF 51 DITASVEKRKTMLELVEKVAEQIDIPFTVGGGIHDFETASELILR.GADKVSI 102
predicted separately for HisA or  predict SSSSS HHHHHHHHHHHH SSS HHHHHHHHHH SSS
HisF with the PHD program B2 a2 B3 a3 B4
(Rost and Sander 1994). 1 and
p1’, as well as 5 and BS’,
indicate alternative sequence
stretches that could form the e o4 ps5
first and the fifth -strand of the predict SS HHHHHH SSSSS
predicted (-barrel. The large tHisA 102 SSKVLEDPSFLKSL.REIDVE.PVFSLDTRG. ... ..ottt iv i ennnnn 130
gap between 5 and PS5’ arises cons [ - T e
from corresponding sequence cons N..A...Devevennn fg. Q. . Vv.ID. ..ottt
insertions in some of the HisF tHisF 103 NTAAVENPSLITQIAQTFGSQAVVVAIDAKRV..........c.vuuenn... D 135
sequences predict HHHHHHH SSSSSSSS
ad Bs
Bs’ oS Be a6
predict SSSSSSS HHHHHHHHHHH SSSSSSS HHH
tHisA 131 ..GRVAFKGWLAEEEIDPVSLLKRLKEYGLEEIVHTEIEKDGTLQEHDFSLTK 181
cons e VL LG T..... g. o ST
CONS e e e to.o.... We oot i GaGEi.l..... DG...G.d.....
tHisF 136 GEFMVFTYSGKKNTGILLRDWVVEVEKRGAGEILLTSIDRDGTKSGYDTEMIR 188
predict SSSSSS HHHHHHHHHHHH SSSSSSS HHHHH
Bs’ o5 B6 o6
o6 B7 o7 Bs o8’
predict HHHH SSSSSS HHHHHHHHHH SSSSSSS HHHH
tHisA 182 KIAIE.AEVKVLAAGGISS.ENSLKTAQKVHTETNGLLKGVIVGRAFLEGILT 232
CONS e eeie e e sGg. . .... d. ..., . g...g.8c.u....
cons e P.iAsGG.G...h..e.f... .. ... ..., l.as.fh......
tHisF 189 FVRPLT.TLPIIASGGAGKMEHFLEAFLAGAD...... AALAASVFHFREID. 233
predict HHHH SSSSS HHHHHHHHHHHHHHH SSSSS
a6 37 o7 Be
o8
predict HHHHH
tHisA 233 .VEVMKRYAR 242
CONS e
cons koo r....
tHisF 234 VRELKEYLKKHGVNVRLEGL 253
predict HHHHHHH
o8

all known (Pa)s-barrel enzymes are located at the C-termi-
nal ends of the B-strands and in the loops that connect the f3-
strands with subsequent a-helices (Reardon and Farber
1995). Accordingly, clusters of conserved residues are
found in the sequence stretches of HisA and HisF that

comprise strands 1, B2, 3, and 7, as well as the subse-
quent loop regions.

Many enzymes with the (Ba)s-barrel topology contain a
phosphate-binding site that is located in their C-terminal
region, involving the region from B-strand 7 to a-helix 8



Fig. 5A,B. HisA and HisF
contain two phosphate-binding
motifs. Multiple sequence
alignments of the second and
fourth quarters of all available
HisA (A) and HisF (B)
sequences. Upper blocks,
second quarters; lower blocks,
fourth quarters; motif, amino
acid residues that are found in
at least 60% of the phosphate-
binding motifs in enzymes with
known or assumed (fa)s-barrel
topology (Bork et al. 1995);
predict, localization of second-
ary structure elements (S, f3-
strand; H, a-helix) as predicted
by the PHD program (Rost and
Sander 1994); first and last
lines, numbering of the
secondary structural elements
according to Fig. 4. Organisms:
Azospirillium brasilense (A.
bras), Escherichia coli (E. coli),
Haemophilus influenzae (H.
infl), Klebsiella pneumoniae (K.
pneu), Lactococcus lactis (L.
lact), Methanococcus jannaschii
(M. jann), Methanococcus
thermolithotrophicus (M. ther),
Methanococcus vannielii (M.
vann), Methanococcus voltae
(M. volt), Pseudomonas
aeruginosa (P. aerg),
Rhodobacter sphaeroides (R.
spha), Salmonella typhimurium
(S. typh), Streptomyces
coelicolor (8. coel), Sulfolobus
solfataricus (S. solf),
Synechocystis sp. (S. sp),
Thermotoga maritima (T. mari)

(Brandén 1991; Wilmanns et al. 1991). Using a sequence
motif that is conserved in several (fa)s-barrel proteins,
Bork et al. (1995) identified putative phosphate-binding
sites near the C-termini of both HisA and HisF. Because the
substrates of both enzymes each contain two phosphate
groups and because of the high sequence similarity of the N-
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B3 o3 B4 o4
predict . .SS8S8SS. .. .HHHHHHHHH. ......... SSSSSSS... ... HHHHHH. . ...
A.bras .TVPVQLGGGIRDLKTIALWLEK. .. .. G.VSRVILGTVALREPELVREARREFP
E.coli .NVPVQVGGGVRTEEDVAALLE. . ... AG.VARVVVGSTAVKSQDMVKGWFERFG
S.typh* .NVPVQVGGGVRTEEDVAALLK. . . .. AG.VARVVIGSTAVKSPDVVKGWFERFG
H.infl . QCKVQVGGGIRTEQDVADLLA. . . .. VG.ANRVVIGSTAVTHRSMVKNWFIKYG
M.volt .KVPVOMGGGIRTIQDVEELVD. .. .. LG.INKVIIGTVAVQNPDFVEQLAKKVG
M. ther -NVPVQIGGGI.SVRCTESNLIE. .. .IG.AKRITILGTVAVENPDIVEEISKKVG
M.vann .GVPVQIGGGIRSVSDALYFIE. .. .. KG.AEKVILGTVAIQNPKIVREISSIVG
M. jann -NVPVEVGGGIR.NLEIAKELIS. ...LG.VDRVIVGTKAILEPKFIDDLNKEIG
R.spha .AVPAQLGGGIRDMATIALWLEK. .. .. G .LARVILGTVAVENPGLVREAARAFP
L.lact -.RLKIETIGGGIR.DFDTVRMYLEQ. . .IG.VERVILGTAAVEKPDFLKELLIKYG
S.coel .DIKVELSGGIR.DDDTLAAALA. ...TG.CTRVNLGTAALETPEWVAKVIAEHG
S.solf GFDWIQVGGGIR.DVEKAKRLIS. ...LD.VNALIFSTIVFTINFNLFYNIVREIG
T.mari .AEHIQIGGGIR.SLDYAEKLRK. .. .LG.YRRQIVSSKVLEDPSFLKSLREIDV
motif [ N €€ Dot G.A..... G..... G...oo oo
A.bras . TTPVIASGAVSSIDDLIALKKEED. .TG.IQGVICGRALYDGRIDPKTALDLLS
E.coli .QVAFQSSGGIGDIDDVAALRG. .. .. TG.VRGVIVGRALLEGKFTVKEATACWQ
S.typh -QIAFQSSGGIGDIDDDVAALRG. . . . TG.VRGMIVGRALLEGKFTVKEAIQCWO
H.infl .PIQFQSSGGIGSLADIEALKG. .. .. TG.VSGVIVGRALLEGKFTLSEATIKCWQ
M.vann .NIPIIASGGVTTVEDLLKFKE. .. .. IG.VYAVVVGSALYKDMINLKDAILASK
M.ther .EIPVIASGGVTTIEDLIKLKA. .. .. VG .VEGVVVGSAIYKNLIDLKEATIKACR
M.volt NIPIIASGGVTTIEDLIEFKK..... IG.VAGVVVGSALYKNNFKLQDAINTVN
M. Jjann .DIPIIYSGGITTLEDIKALKE. .. .. LG.IYGVVIGSALYKGLIDLKKALEIVK
R.spha .SIPVIASGGVSSLADLLALR. . ... DTGSIAGAISGRALYAKAFTLEEALQALR
S.coel -DRPVVASGGVSSLDDLRAIAGLVP. .AG.VEGAIVGKALYAKAFTLEEALEATS
L.lact . SLNVIISGGVKDNSDIQRAT...... RSDFYGIIVGKAYYEGKINLEKEFRNAN
S.solf RGGVKEYAGGVSSDSDITFLK. .. .. NVG.FDYIIVGMAFYLNKIRGTNVV. ...
T.mari AEVKVLAAGGISSENSLKTAQKVHTETNGLLKGVIVGRAFLEGILTVEVMK.RYA
predict ..88SSSSS. .. .. HHHHHHHHHH. ... ... SSSSSSS.HHHH. .. .HHHHH. ...

B7 o7 B8 o8’ o8

p3 o3 B4 o4
predict  ...... SSS...... HHHHHHHHHH.....SSS........ HHHHHHH. .. .. SS
A.bras TAEQVFMPLTVGGGVRTVDDIRKLLLA . GADKVSINTAATHRPEFVQEAAEKFGAQC
E.coli VAEVIDIPFCVAGGIKSLEDAAKILSEF .GADKISINSPALADPTLITRLADRFGVQC
H.infl IAQVIDIPFCVAGGIKTIEDAEKLFAF .GADKISINSPALADPTLISRLADRFGVQA
K.pneu VAEVIDIPFCVAGGIKSLDDAAQILSFE .GADKISINSPALADPTLITRLADRFGVQC
L.lact AARELSIPLTVGGGIRSIDDFRRILAR.GADKVSVNSAAIENPELIRQAANEFGVQC
M.jann TAEKVFIPLTVGGGIKSIEDFRRILRA .GADKVSINTAAVKNPNLIKEASEIFGSQC
P.aerg AGECF .MPICYGGGIKTLEHAEKIFSL.GVEKVSINTAALMDLSLIRRIADKFGSQS
R.spha TAEQCFMPLTVGGGVRTHQDVRALLLA . GADKVSFNSAAVADPGVVP . SRRPLRSQC
S.solf TASVLSTIPLTVGGGIRTPDDVSMALRS . GADKVSINTAAVESSQIVKKSAEEFGSQA
S.sp TAEEVFIPLTVGGGISTLEHIKNLLRA . GADKVSVNSSAVRDPDFISRASDRFGRQC
S.typh VAEVIDIPFCVAGGIRSIDDAAKILSF.GADKISINSPALADPTLITRLADRFGVQC
T.mari  VAEQIDIPFTVGGGIHDFETASELILR.GADKVSINTAAVENPSLITQIAQTFGSQA
motif ... .. P....GG..... D.venen.. GA...... G...... Govii i
A.bras VADGLRIPVIASGGVGTLDHLVEGIREGHATAVLAAST. .FHFGTYTIGQAKAALAE
E.coli VREVCHVPLIASGGAGTMEHFLEAFRDADVDGALAASV. . FHKQIINIGELKAYLAT
H.infl VRGVCRVPLIASGGAGKMVHFRDAFTIEAKVDGALAASV. .FHKOITEIGELKSYLVQ
K.pneu VRAVCRVPLIASGGAGTMEHFLEAFRDASVDGALAASV. . FHKQITINIGELKTYLAA
L.lact VCTAVNIPVVASGGCGKISDIVEVFONTRSDAALFASL. . FHYGEEQLMKLKTNL. .
M. jann ISKSVKLPVIASGGCGKPEHVYEAFVYGKADAALMAGT . .LHYREYTIEEIKKYCAD
P.aerg  IASNVHVPVIACGGAGSIADLIDLFERTCVSAVAAGSLFVFHGKHRAVLISYPDVNK
R.spha ISDAVPIPVIASGGVGTLDHLVEGVTEGGASAVLAASI . .FHFGEFTIGEAKAHMAA
S.solf IVDSVNIPVIASGGAGKMEHFYEVFSLAKADAALAAGI . .FHDGIIKIKDLKSYLSQ
S.sp IAERVEIPVIASGGAGNCQHVYEAFTEGKAEAALLASL . . LHYGQLTIGELKTFLEA
S.typh VRDVCRVPLIASGGAGTMEHFLEAFRDADVDGALAASV. . FHKQIINIGELKAYLAG
T.mari VRPLTTLPITIASGGAGKMEHFLEAF . LAGADAALAASV. .FHFREIDVRELKEYLKK
predict HHH....SSSSS...HHHHHHHHHHHHHHHH..SSSSS.......... HHHHHHH. .
o6 B7 o7 B8 o8

conserved

and C-terminal halves (Fani et al. 1994), we asked whether
a second phosphate-binding site exists in HisA and HisF.
The multiple sequence alignments of the second (fa(3 +
4)) and fourth (fa(7 + 8)) quarters of HisA and HisF are
shown in Fig. 5A,B. Although the number of strongly
residues is

small, the central residues
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Table 1. HisA and HisF contain a significantly higher number of
charged amino acid residues in thermophiles than in mesophiles

Percent (%) (D + E + R + H + K)*

HisF

Organism
HisA

Escherichia coli 23.3
Salmonella typhimurium 22.8
Azospirillum brasiliense 24.0
All mesophiles”

Methanococcus
thermolithotrophicus 28.6
Methanococcus jannaschii ~ 32.5
Thermotoga maritima 332

All thermophiles®

249 +32 (n = 8)

314 =25 (n = 3)

275
26.7
28.7
268 = 1.6 (n = 9)

No data available
32
29.2

30.6 (n = 2)

“Fraction of charged amino acid residues in the polypeptide chain
"Fraction of charged residues averaged over the currently available
protein sequences (n) in the SWISSPROT databank

(P....GG....D............ G.A...G....G) of the phosphate-
binding motif are clearly detectable not only in the fourth
quarters (between strand 7 and helix a8), as noted by Bork
et al. (1995), but also in the second quarters (between
strand 3 and helix 04) of both HisA and HisF. The two
highly conserved glycine residues that are located between
strand 3 and helix a3, as well as between strand 37 and
helix a7 in both HisA and HisF (Fig. 5), are probably crucial
for phosphate binding. Two glycine residues at equivalent
positions between strand 37 and helix o7 are found in all 20
available amino acid sequences of the (fa)s-barrel enzyme
phosphoribosyl anthranilate isomerase (data not shown).
The X-ray structures of these enzymes from E. coli and
T. maritima show that the peptide amide groups of
the invariant glycines are forming hydrogen bonds to
oxygen atoms of the bound phosphate ion (Hennig et al.
1997).

Sequence comparisons between several (fa)s-barrel en-
zymes of tryptophan biosynthesis in mesophiles and ther-
mophiles showed that the thermostable variants possess a
significantly higher number of charged amino acid residues
(Sterner et al. 1995). In an analogous approach, extensive
comparisons of all available amino acid sequences in the
SWISSPROT databank of HisA and HisF were performed
(data not shown). The most striking result is that the vari-
ants from thermophilic organisms have a significantly in-
creased number of charged amino acid residues compared
with the corresponding variants from mesophilic organisms
(Table 1).

Discussion
Organization of the T. maritima his gene cluster
A 5.27-kb fragment of T. maritima genomic DNA was iso-

lated by functional complementation of auxotrophic E. coli
strains that are deficient in either hisA or hisF. The se-

quenced fragment contains eight ORFs, seven of which
are significantly similar to those of known enzymes of histi-
dine biosynthesis. This his gene cluster has the order
hisDCBdHAFI-E and comprises all genes of the his op-
eron, with the exception of 4isG and hisBp (Fig. 1B). Thus,
as in the case of the tryptophan operon (Sterner et al. 1995),
the organization of the his gene cluster of T. maritima is
similar to that found in a number of “modern” gram-
negative Bacteria such as E. coli, where the his operon is
organized as hisGDCBpBdHAFI-E (Carlomagno et al.
1988). According to 16S rRNA sequence comparisons
(Woese et al. 1990), T. maritima is more closely related to
the last common ancestor before the separation of the three
extant domains of life than any other organism for which
the organization of the his operon has been revealed. The
his gene cluster of T. maritima is very compact: there are no
intercistronic regions (Fig. 2), whereas in the his operons of
some gram-negative Bacteria such as A. brasiliense and
Lactococcus lactis the his genes are separated by additional
OREFs (Alifano et al. 1996). This compact operon organiza-
tion in 7. maritima suggests that insertion of other ORFs, or
distribution of the his genes over the whole genome, as
found in Eukarya (Fani et al. 1995) or the archaeon
Methanococcus jannaschii (Bult et al. 1996), were later
events in evolution.

A heterogeneous situation is found for the structure of
the hisB gene, which has been well studied both in prokary-
otes (Grisolia et al. 1983) and eukaryotes (Struhl 1985). In
E. coli and S. typhimurium, hisB codes for a protein of 355
amino acids. This protein possesses two enzymatic
activities, L-histidinol phosphatase and imidazole glycero-
Iphosphate dehydratase activity. In S. cerevisiae and
Neurosporra crassa, the two activities are encoded by two
separate genes (Broach 1981; Fink 1964). A similar situa-
tion is found in the bacterium Streptomyces coelicolor,
where hisBd encodes the dehydratase and hisBp encodes
the phosphatase activity (Limauro et al. 1990). In T.
maritima, as in other Bacteria such as A. brasiliense (Fani et
al. 1989) or L. lactis (Delorme et al. 1992), and in the



archaeon S. solfataricus (Charlebois et al. 1997), only the
monofunctional hisBd gene has been identified. It appears
that hisBp is localized elsewhere in the chromosome of
these organisms. However, also in M. jannaschii, for which
the entire genomic DNA has been sequenced (Bult et al.
1996), no region with significant similarity to 4isBp could be
identified. Presumably, T. maritima and several other or-
ganisms contain an alternative phosphatase to replace the
hisBp gene product. In support of this notion, the function
of a specific L-histidinol phosphatase from S. cerevisiae
seems to be carried out by a less specific alkaline phospho-
monoesterase under certain growth conditions (Gorman
and Hu 1969).

The mechanisms of termination of transcription of the
his genes seem to be different between 7. maritima and
other Bacteria. Whereas rho-independent termination of
transcription is found in the his operons of E. coli, S.
typhimurium, L. lactis, and A. brasiliense (Fani et al. 1995),
no inverted repeat followed by an oligo(dT) sequence was
detected downstream of the hisI-E gene of T. maritima.
Instead, in agreement with the “bubble model” for rho-
dependent termination (Alifano et al. 1991), immediately
downstream of the stop codon for hisI-E, a C > G-rich
“bubble” is present (see Fig. 3). Several additional, albeit
less pronounced, C > G-rich “bubbles” were detected
within the his operon of T. maritima, one of them immedi-
ately downstream of the stop codon for hisD (Fig. 3). Such
internal rho-dependent termination signals were shown to
constitute additional termination sites for transcription in
the his operon of S. typhimurium (Alifano et al. 1991), and
a similar function cannot be excluded for 7. maritima.

Evolution of hisA and hisF

The hisA and hisF genes are adjacent in most investigated
his operons (Fani et al. 1995; also, this study) and catalyze
consecutive steps in histidine biosynthesis (Winkler 1996).
Based on comparisons of gene and amino acid sequences, it
was suggested that hisA and hisF have evolved via a series of
gene duplication events (Fani et al. 1994). The first assumed
tandem duplication and fusion of a small ancestral gene
(pre-hisA) of about 360 base pairs was postulated to gener-
ate hisA, followed by a further tandem duplication and
diversification of hisA that led to generate hisF. Alignments
of the N- and C-terminal halves of T. maritima HisA and
HisF and the presence of a phosphate-binding motif in both
halves (Fig. 5), as well as alignments of the entire sequences
of T. maritima HisA and HisF (Fig. 4), support the model of
two sequential duplication events. Because of the proximity
of T. maritima to the root of the phylogenetic tree, these
duplications probably occurred early in evolution.

Both HisA and HisF have been predicted to belong to
the class of (f/a)g-barrel proteins (Wilmanns and Eisenberg
1993, 1995). It is not clear which subfamilies of (3/a)s-barrel
proteins have evolved from a common ancestor by diver-
gent evolution (Farber and Petsko 1990) and which sub-
families arose by convergent evolution to a common fold
(Briandén 1991; Hennig et al. 1992). A comparison of HisA
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and HisF with other (B/a)s-barrel enzymes, for example,
those involved in tryptophan biosynthesis, may help to an-
swer this question. When the two halves of phosphoribosyl
anthranilate isomerase (TrpF), indole glycerol phosphate
synthase (TrpC), and the a-subunit of tryptophan synthase
(TrpA) were aligned, no significant sequence similarites
were detected (data not shown). Also, two of these (B/a)s-
barrel enzymes fold according to a “6 + 2” mechanism in
which the folding of the first six (f/a) modules is followed
by the folding and association of the last two (3/a) modules
(Miles et al. 1982; Eder and Kirschner 1992). Taken to-
gether, the postulated duplication events in HisA and HisF
and the absence of a tandem duplication in TrpF, TrpC, and
TrpA, as well as the postulated “6 + 2” folding mechanism,
are difficult to reconcile with the idea of a common ancestor
of (P/a)s-barrel proteins, even for the putative subfamily
HisA, HisF, TrpF, TrpC, and TrpA.

Determinants of the thermostability of 7. maritima HisA
and HisF

The structural basis of extreme protein thermostability is of
scientific and biotechnological interest and has been investi-
gated intensely during recent years (Jaenicke 1996). Early
modeling studies (Perutz and Raidt 1975) and comparisons
of highly resolved X-ray structures of thermolabile proteins
with their thermostable orthologs indicate that, among
other structural features, an increased number of polar in-
teractions such as hydrogen bonds or salt bridges are impor-
tant determinants of thermostability (Kelly et al. 1993; Yip
et al. 1995; Korndorfer et al. 1995; Tanner et al. 1996;
Macedo-Ribeiro et al. 1996; Lim et al. 1997; Vogt et al.
1997). Thermostable (Pa)s-barrel enzymes of tryptophan
biosynthesis contain an increased number of salt bridges
compared to the corresponding enzymes from mesophiles
(Hennig et al. 1995, 1997; Knochel et al. 1996), a feature
that had been predicted on the basis of a significantly higher
number of charged amino acid residues in the thermostable
variants (Sterner et al. 1995). T. maritima HisA and HisF
are extremely thermostable (unpublished data).

To test whether thermostable variants of HisA and
HisF might be stabilized by an additional number of salt
bridges, a comparison of all available amino acid sequences
in the SWISSPROT databank of HisA and HisF was
performed (data not shown), and a significantly increased
number of charged amino acid residues compared with
the corresponding variants from mesophilic organisms
were found (see Table 1). This result suggests that also
thermostable enzymes of histidine biosynthesis are stabi-
lized by an additional number of salt bridges. Highly
resolved X-ray structures of both thermostable and thermo-
labile variants of HisA and HisF are needed to test this
hypothesis.

Note added in proof. Since the acceptance of this paper,
the X-ray structure of 7. maritima His F has been solved.
The structure is indeed a (fa)s-barrel with an internal two-
fold symmetry [Lang D, Obmolova G, Wilmanns M, per-
sonal communication].
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