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hisH encodes imidazole acetol phosphate (IAP) aminotransferase in Zymomonas mobilis and is located
immediately upstream of #yrC, a gene which codes for cyclohexadienyl dehydrogenase. A plasmid containing
hisH was able to complement an Escherichia coli histidine auxotroph which lacked the homologous amino-
transferase. DNA sequencing of hisH revealed an open reading frame of 1,110 bp, encoding a protein of 40,631
Da. The cloned hisH product was purified from E. coli and estimated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis to have a molecular mass of 40,000 Da. Since the native enzyme had a molecular mass of
85,000 Da as determined by gel filtration, the active enzyme species must be a homodimer. The purified enzyme
was able to transaminate aromatic amino acids and histidine in addition to histidinol phosphate. The existence
of a single protein having broad substrate specificity was consistent with the constant ratio of activities
obtained with different substrates following a variety of physical treatments (such as freeze-thaw, temperature
inactivation, and manipulation of pyridoxal 5’-phosphate content). The purified enzyme did not require
addition of pyridoxal 5'-phosphate, but dependence upon this cofactor was demonstrated following resolution
of the enzyme and cofactor by hydroxylamine treatment. Kinetic data showed the classic ping-pong mechanism
expected for aminotransferases. K,,, values of 0.17, 3.39, and 43.48 mM for histidinol phosphate, tyrosine, and
phenylalanine were obtained. The gene structure around hisH-tyrC suggested an operon organization. The
hisH-tyrC cluster in Z. mobilis is reminiscent of the hisH-tyrA component of a complex operon in Bacillus subtilis,
which includes the tryptophan operon and aroE. Multiple alignment of all aminotransferase sequences
available in the database showed that within the class I superfamily of aminotransferases, IAP aminotrans-
ferases (family If3) are closer to the Iy family (e.g., rat tyrosine aminotransferase) than to the I« family (e.g.,
rat aspartate aminotransferase or E. coli AspC). Signature motifs which distinguish the IAP aminotransferase

family were identified in the region of the active-site lysine and in the region of the interdomain interface.

Histidine biosynthesis requires imidazole acetol phosphate
aminotransferases (IAP aminotransferases) to catalyze the for-
mation of histidinol phosphate by transamination between im-
idazole acetol phosphate and glutamate (40). Although a num-
ber of aminotransferases are not essential for growth because
of the enzymatic backup attributed to the overlapping speci-
ficities of the intracellular repertoire of aminotransferases
(18), IAP aminotransferase is essential in all organisms stud-
ied. Thus, mutants which lack IAP aminotransferase activity
have been shown to be auxotrophic for histidine in Escherichia
coli (13), Bacillus subtilis (38), Corynebacterium glutamicum
(1a), Halobacterium volcanii (6), and Streptomyces coelicolor
(21).

Genes responsible for histidine biosynthesis form a single
operon in Salmonella typhimurium and E. coli (40). In B. sub-
tilis, all genes of histidine biosynthesis also map together, ex-
cept for hisH (28). The latter gene (called hisC in E. coli)
encodes IAP aminotransferase and is flanked upstream by the
tryptophan operon and downstream by #r4 (encoding pre-
phenate dehydrogenase) and aroE (encoding enolpyruvylshi-
kimate-5-phosphate synthase). The arrangement is 5'-aroF-
aroB-aroH-trpE-trpD-trpC-trpF-trpB-trpA-hisH-tyrA-aroE-3' (2,
18). A “supraoperon” was originally proposed (32) to explain
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the coordinate derepression of hisH and fyrA genes following
derepression of the tryptophan operon. Later it was found that
complex transcription with multiple transcription start sites
and multiple readthrough events occurs within the entire aroF-
aroE segment (2, 16). The latter system illustrates features of a
complex operon which can be defined as a multicomponent
transcriptional unit whose encoded proteins function in differ-
ent biochemical pathways. Internal promoters which can facil-
itate the discoordinate synthesis of operon gene products com-
monly exist.

B. subtilis IAP aminotransferase can provide a backup func-
tion in tyrosine and phenylalanine biosynthesis (26), a role
normally fulfilled by an aromatic aminotransferase specified by
aroJ. Thus, hisH mutants are auxotrophic for L-histidine, while
aroJ mutants remain prototrophic. However, hisH aroJ double
mutants are auxotrophic for histidine, phenylalanine, and ty-
rosine. As expected from the in vivo results, purified IAP
aminotransferase from B. subtilis was shown to transaminate
phenylpyruvate and p-hydroxyphenylpyruvate in vitro (38). In
view of the foregoing physical and functional relationship be-
tween hisH and tyrA in B. subtilis, it is intriguing that #yrC in
Zymomonas mobilis was found to be adjacent to hisH (42).
Does HisH function also overlap both histidine and aromatic
amino acid biosynthesis in Z. mobilis? Z. mobilis is a gram-
negative organism belonging to the beta subdivision of the
proteobacteria (11). At the outset, two evolutionary differences
were already known to distinguish Z. mobilis from B. subtilis
with respect to aromatic amino acid biosynthesis. B. subtilis
possesses a narrow-specificity prephenate dehydrogenase
(specified by tyrA) which is feedback inhibited by L-tyrosine,
while Z. mobilis possesses a broad-specificity cyclohexadienyl
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TABLE 1. Bacterial strains and plasmids used

Sptlr;slrr:“.(()jr Genotype or description f::)fl:: rrf;gg
E. coli K-12
JMS83 ara A(proAB-lac) rpsL thi-1 Gibco-BRL
$80dlacZAM15
AT2471 thi-1 tyrA4 relAl N~ spoT CGSC” 4510
UTH780 hisC780 malA1 (N*) xyl-5 rpsL145 N~ CGSC 5954
DHS5a supE44 AlacU169 ($80dlacZAM15) Gibco-BRL
hsdR17 recAl endAl gyrA96 thi-1
relA1
Z. mobilis CP4 Prototroph 29
Plasmids
pFBA9 Cosmid carrying Z. mobilis trpFBA in 9
a 27.4-kb EcoRI fragment
pC2 Cosmid carrying Z. mobilis trpC in a 9
29.4-kb EcoRI fragment
pC5 Cosmid carrying Z. mobilis trpC in a 9
29.1-kb EcoRI fragment
pF5.8 pUCI18 carrying Z. mobilis trpBA ina 9

5.8-kb EcoRI fragment
pF20 Cosmid carrying Z. mobilis trpF in a 9
34.6-kb EcoRI fragment

pUCI18 Ap" lacI'’POZ Gibco-BRL
pUC19 Ap* lacI'POZ Gibco-BRL
pGEM-5Zf(+) Ap" lacI'POZ Promega
pJZs5 Original clone of #yrC isolated from Z. 42
mobilis CP4 library
pJZ5b Derivative of pJZ5 generated by 42
removal of a 3.2-kb HindIII
fragment
pJG1 1.8-kb EcoRI-Nsil fragment of pJZ5 This study
subcloned into pUC18 at EcoRI-
Pstl site
pJG2 1.1-kb Ncol-Stul fragment of pJG1 This study
subcloned into pGEM-5Zf(+) at
Ncol-EcoRV site
pJG3 2.5-kb Ncol-Ncol fragment of pJZ5 This study
subcloned into pGEM-5Zf(+) at
Ncol site
pJG4-a 6-kb EcoRI-HindIII fragment of This study
pJIZ5b subcloned into pUC18 at
EcoRI-HindIII site
pJG4-b 6-kb EcoRI-HindIII fragment of This study

pJZ5b subcloned into pUC19 at
EcoRI-HindIII site

“ CGSC, Escherichia coli Genetic Stock Center, Yale University.

dehydrogenase (specified by #yrC) which is insensitive to feed-
back inhibition (42). Second, in contrast to B. subtilis, Z. mo-
bilis tryptophan pathway genes are not organized as a single
operon (9). Therefore, if the hisH tyrC region is part of a
larger, B. subtilis type of complex operon, only one or several
of the trp genes could be present.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. Bacterial strains and plasmids used in
this study are listed in Table 1. Luria-Bertani medium was used as enriched
medium (33). The minimal medium used for E. coli strains was the M-9 formu-
lation (22). Where indicated, ampicillin was added to media at 100 wg/ml,
tetracycline was added at 10 pg/ml, thiamine was added at 17 pg/ml, and amino
acids were added at 50 pg/ml. Medium was solidified with 2% (wt/vol) agar.

DNA manipulation. The subcloning techniques including plasmid purification,
restriction enzyme digestion, ligation, and transformation were conducted by
standard methods (22). Restriction enzymes, ligase, and calf intestine alkaline
phosphatase were purchased from Gibco-BRL or Promega and were used ac-
cording to manufacturer’s instructions. Electroporation was conducted by using
equipment from Invitrogen Corporation. Southern blot hybridization was carried
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out under stringent conditions by use of a biotinylated probe according to the
instructions of Promega.

DNA sequencing and data analysis. Plasmid pJG2 was purified by the method
recommended by Applied Biosystems, Inc. (1). Primers were made by the DNA
Synthesis Laboratory of the Interdisciplinary Center of Biotechnology Research
(ICBR) at the University of Florida. Sequencing was performed by the DNA
Core Facility of the ICBR. The nucleotide sequence and the deduced amino acid
sequence were analyzed by using the updated version of sequence analysis
software package offered by Genetics Computer Group, Inc. (7).

RNA isolation and analysis. Total RNA from cultures of Z. mobilis or E. coli
UTH780 (pJG3) was isolated as described by Bialkowska-Hobrzanska et al. (3).
Contaminating DNA was removed by treatment with RNase-free DNase I from
Gibco-BRL. Northern (RNA) blot hybridization was carried out by using a
biotinylated probe according to instructions provided by Promega. Determina-
tions of RNA size were based on migration of known RNA standards (0.24- to
9.5-kb RNA ladder from Gibco-BRL) as described by Maniatis et al. (22).

The 5’ termini of transcripts were determined by primer extension analysis
essentially as described by Tsui et al. (36), with some modifications. Two 30-base
oligonucleotide primers which anneal to hisH transcripts (5'-CCCCGGAAT
GATAGGCGCAATACTGTCGAT-3") at positions 366 to 395 (Fig. 2) and tyrC
(5'-GGAACCGATCAGTCCTAATCCGATAATGGC-3') at positions 1461 to
1490 were synthesized by the DNA Synthesis Laboratory of the ICBR at the
University of Florida. The primers were labeled on the 5" end with [y-*>P]JATP
(Amersham) and T4 polynucleotide kinase (Promega), and the unincorporated
radioisotope was removed by two rounds of ethanol precipitation. The labeled
primers were hybridized to various amounts of total RNA, and reverse tran-
scriptase (Gibco-BRL) was used for primer extension. The cDNA obtained was
dissolved in 2 pl of Tris-EDTA buffer and 4 pl of formamide loading buffer and
was electrophoresed adjacent to a sequence ladder. The sequence ladder was
generated by using the same primer, [a-3*S]JATP (Amersham), purified recom-
binant plasmid DNA containing the region of interest, and a sequencing kit from
Promega.

Crude extract preparation and enzyme assays. Bacterial cultures were grown
at 37°C with vigorous shaking in minimal medium supplemented with ampicillin.
The cells were harvested in the late exponential phase of growth by centrifuga-
tion and resuspended in 50 mM potassium phosphate buffer (pH 7.0). The cells
were broken by sonication, using a Ultratip Labsonic System (Lab-Line Instru-
ments, Inc., Melrose Park, I1l.). The suspension was centrifuged at 150,000 X g
for 65 min at 4°C. The supernatant fraction was collected and passed through a
DG-10 Sephadex column (1.5 by 5.5 cm). The resulting desalted preparation is
designated the crude extract.

IAP aminotransferase was assayed by mixing enzyme, a-ketoglutarate (final
concentration, 10 mM), and histidinol phosphate (final concentration, 8.3 mM)
in potassium phosphate buffer (50 mM, pH 7.0), incubating the mixture at 37°C
for the designated amount of time, and then measuring the A,g, of enolized
imidazole acetol phosphate formed enzymatically (23). p-Hydroxyphenylpyru-
vate aminotransferase (HAT) and phenylpyruvate aminotransferase (PAT) ac-
tivities were assayed in 50 mM potassium phosphate buffer (pH 7.0), by using 10
mM a-ketoglutarate and 10 mM L-tyrosine or 10 mM L-phenylalanine as sub-
strates, and monitoring the A3, for p-hydroxyphenylpyruvate or the A, for
phenylpyruvate (39). Other aminotransferase activities were assayed by moni-
toring the formation of product amino acids by use of high-performance liquid
chromatography (HPLC) (4). Prephenate dehydrogenase activity was assayed by
monitoring the appearance of NADH on a spectrophotofluorometer (excitation
at 340 nm and emission at 460 nm) at 37°C with saturating concentrations of
NAD™ (1 mM) and prephenate (2 mM) (42). Extinction coefficients of 5,310 for
imidazole acetol phosphate (23), 17,500 for phenylpyruvate (39), and 32,850 for
p-hydroxyphenylpyruvate (39) were used to calculate the concentration of each
product. Protein concentration was determined by the method of Bradford (5).

Purification of the cloned IAP aminotransferase from E. coli UTH780. E. coli
UTH780 carrying plasmid pJG3 was grown in 6 liters of minimal medium sup-
plemented with ampicillin and thiamine at 37°C in a gyratory shaker up to the
late exponential phase of growth. The cell pellet was harvested by centrifugation
and washed once with buffer A (50 mM potassium phosphate buffer [pH 7.0],
dithiothreitol, 1.0 mM, 1.4 mM B-mercaptoethanol, 0.05 mM pyridoxal 5'-phos-
phate [PLP]), then resuspended in the same buffer, and disrupted by sonication.
After centrifugation (150,000 X g for 65 min at 4°C), the supernatant was
dialyzed overnight against buffer A and then applied to a DEAE-cellulose col-
umn (2.5 by 55 cm) equilibrated with buffer A. The column was washed with 700
ml of buffer A and then eluted with 1,800 ml of buffer A containing a linear
gradient of KCI from 0 to 200 mM. Fractions of 8 ml were collected, and those
showing high IAP aminotransferase activity were pooled and concentrated by
means of an Amicon PM-10 membrane. The concentrated preparation was
dialyzed against buffer A overnight and applied to a hydroxylapatite column (1.5
by 51 cm) equilibrated with buffer A. After being washed with 400 ml of buffer
A, the column was eluted with 1,000 ml of buffer A containing a linear gradient
of potassium phosphate from 10 to 400 mM. Fractions of 5 ml were collected,
and those showing high IAP aminotransferase activity were pooled and concen-
trated as described above.

PAGE. Native polyacrylamide gel electrophoresis (PAGE), using the forego-
ing preparation, was performed as described by Orr et al. (27). After electro-
phoresis, a part of the gel was stained with Coomassie blue. The portion of the
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FIG. 1. Physical map and subclone analysis of Z. mobilis hisH (shaded arrow) and tyrC (open arrow). Restriction site locations are indicated at the upper left.
Plasmid DNA in the pJZS5 construct is depicted by heavy bars. The orientation of the lac promoter in the vector is shown for the pJG4a and pJG4b subclones, and that
of all of the other constructs is the same as shown for pJG4a. The abilities of the various constructs to complement yr4 or hisC auxotrophs are shown at the right, as
are specific activities (nanomoles of product per minute per milligram) for HisH in some of the constructs. ND, not done.

unstained gel which corresponded to the bands visualized on the stained gel were
excised separately, minced in buffer A, and then incubated at 37°C for 1 h. The
gel was removed by centrifugation at 10,000 X g by means of a microfilterfuge
tube (Rainin Instrument Co., Inc., Woburn, Mass.). The preparation recovered
could be used for further enzyme analysis.

Amino acid sequencing of the cloned IAP aminotransferase. The purified
enzyme preparation was denatured by sodium dodecyl sulfate (SDS) and sub-
jected to PAGE (19). The protein was transferred to a polyvinylidene difluoride
membrane by a protein miniblotting apparatus and sequenced by using an Ap-
plied Biosystems model 407A protein sequencer with on-line 120A phenylthio-
hydantoin analyzer at the Protein Core Facility of the ICBR at the University of
Florida.

Molecular mass determination. The molecular mass of the native enzyme was
estimated by gel filtration using a Sephadex G-200 column (2.5 by 98 cm) which
had been previously equilibrated with buffer A and eluted with the same buffer.
The column was calibrated by chymotrypsinogen (M,, 25,000), bovine serum
albumin (M., 66,000), alcohol dehydrogenase (M,, 150,000), and B-amylase (M,
200,000). SDS-PAGE was carried out to determine the subunit molecular mass
of the enzyme. a-Lactalbumin (M,, 14,400), soybean trypsin inhibitor (M,
20,100), carbonic anhydrase (M, 30,000), ovalbumin (M, 43,000), bovine serum
albumin (M., 67,000), and phosphorylase (M,, 94,000) were used as molecular
mass standards.

Biochemicals and chemicals. Histidinol phosphate, a-ketoglutarate, PLP,
B-mercaptoethanol, ampicillin, tetracycline, thiamine, Sephadex G-200, and
amino acids were purchased from Sigma Chemical Company; dithiothreitol was
from Research Organics, Inc.; DEAE-cellulose was from Whatman; hydrox-
ylapatite was from Bio-Rad. Molecular mass standards for gel filtration and for
SDS-PAGE were from Sigma and Pharmacia Fine Chemicals, respectively.
Growth medium components and agar were from Difco.

Nucleotide sequence accession number. The nucleotide sequence reported in
this communication has been assigned GenBank accession number 1.36343.

RESULTS

Identification of the gene upstream of zyrC. Zhao et al. (42)
identified a partial open reading frame of 539 bp located di-
rectly upstream of #yrC (encoding cyclohexadienyl dehydroge-
nase) in Z. mobilis. Amino acid sequence comparison with
other sequences in the database indicated that the upstream
gene might encode IAP aminotransferase. The original tyrC
clone (pJZ5) isolated (42) contained an intact hisH gene, since
functional complementation (Fig. 1) of E. coli UTH780, a hisC
mutant (lacking IAP aminotransferase activity), could be
readily demonstrated. Plasmids purified from the ampicillin-
resistant transformants had the same size and banding pattern
(supercoiled, circular, and linear) as pJZ5 on agarose gel, and

a second transformation of E. coli UTH780 with these purified
plasmids again conferred histidine prototrophy.

Subcloning experiments shown in Fig. 1 localized hisH to the
Ncol-Ncol fragment. The inability of plasmid pJG1 to comple-
ment the histidine auxotroph E. coli UTH780 indicated that
cleavage at the Nsil site disrupted the integrity of hisH. South-
ern blot hybridization showed that a labeled 0.6-kb StuI-Stul
fragment of pJG3 hybridized with a 0.6-kb fragment of Z.
mobilis chromosomal DNA digested with Stul but did not
hybridize with a similar digest of E. coli chromosomal DNA
(data not shown).

Z. mobilis IAP aminotransferase expression in E. coli was
measured directly (Fig. 1). Histidine auxotroph UTH780 ex-
hibited the expected absence of IAP aminotransferase activity.
Although the specific activity measured in UTH780 (pJZ5)
progressively increased as insert size decreased in subclones
UTH780 (pJG4a) and UTH780 (pJG3), the plasmids used
have different promoters or cloning ends. In addition, specific
activities have not been normalized to plasmid copy numbers.
Since the insert of UTH780 (pJG4b) has an orientation oppo-
site that of the Jac promoter, a native promoter ahead of hisH
appears to be recognized by E. coli.

Nucleotide sequence. The complete nucleotide sequence of
Z. mobilis hisH along with the flanking upstream region is
shown in Fig. 2. The structural gene, 1,110 bp in length, begins
at codon ATG and terminates at codon TAA. The N-terminal
amino acid sequence, obtained by using a sample cut from the
major band on SDS-PAGE, was determined to be MTAAPE,
a sequence which was identical to that deduced from the nu-
cleotide sequence. The deduced amino acid sequence yields a
protein of 370 residues with a molecular mass of 40,631 Da.
The hisH terminator codon is immediately adjacent to the
GTG start codon of #yrC, leaving no intercistronic space.

The G+C content of hisH (50.1%) falls into the range of 47
to 50% for the Z. mobilis genome (25). The 5’ region corre-
sponding to the untranslated transcript is exceedingly A+T
rich. The codon usage of hisH exhibits a bias different from
that of Z. mobilis genes which encode high-abundance proteins
(29). For instance, six codons (GGG, AGG, AGA, ATA,
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ATAAAARATATAAAAAACAGTTTATCGCTAAAAAAATCGGCAATTTTACTCTATTAGGAAATACCAAAAAATAAAAATTAAAGCCTTTTTAAACAAAATCATTAAAGAARATTTAGTTTT 120
TTAATTTTTTATTATAAAAAACAAGAAAAACACAACCCAATAAACCARATCAATCTATTTTCTGCTTGGACCARAAAGCTGTAAAAT T TTTTATAAATTATGATACAARATCAGTCACTT 240
r—s+la »+1b r——rhisH
TGGTTCTAAAATAAAGAAAAGACTATTAAATATCGAGGATAGCCTTTAACGCGCGCCATTATTATCCGGATTTTTATCAAAGAGCTATTATGACTGCTGCACCTGAACTTCGCCCGAAAT 360
RBS M T A A P E L R P K § 11
CTTGGATCGACAGTATTIGCGCCTTACATTCCGGGGTCATCARAGACGCTGGATGGCCGTCCGGCTGTCAAACTTTCATCTAATGAAAACCCTTTGGGAACCAGCCTAAAGGCGAAAGAAG 480
W 1D S I AP Y I PG S S KTULDGR RUPAVYVY KLSSNENUPILSGTSUL KA ATIKEA-A 51
CCTATCGGGAAGCCATAGACTCCCTTTCCCTGTATCCTGACAGTGGGGCAACCGCTCTGCGTGAGGCCATCGGCGCTTGCTATAATCTTGATCCGGCTCCGGATTATTCACGGCACCGGAT 600
Y R EA I DSL S LY PDSGATALUREA ATIGACYNTILDU®PA ARTITIIHBTGTS G S 91
CGGATGAAATCCTGCATTTGGCCGCCEGGTGCCTATGCCGGACAAGATGACGAGGTTTTATATCCTCGCTATAGTTTTTCAGTTTACCCGCTGGCTGCCAGACGCGTAGGCGCAACACCGG 720
b E I L H L A AGAYAHAOGOQDIDEUVLYPRY S F SV Y PLAARU RVYVGH ATU?PUV 131
TAGAAGCACCAGATGATGACTATCGTTGTTCTGTTGATGCCTTGTTAAAGGCTGTCACGCCACGGACACGGETTGTCTTTATTGCCAATCCGAATAACCCGACGGGAACATGGATTACCC 840
E A P DDDYRCS VD ALULI K AYVTTU®PRTI RV YV FIANUPNNUZPTGTWTITR 171
Sturl
GTGCAGAAGTTGAAAAACTGCATAACGGCCTTCCCCGTARCTGCTTATTGGTTATCGATCAGGCCTATGCTGAATATCTTGATCCTGAATGTGATGATGGCGCGTTAGCACTCGCCAAAA 960
A E V E KL HENGVLPURNTCLILUVIDOQAYA AEYULDU®PZEU CDUDGA AL ALR®AI KN 211
ACACAAAAAATGTGCTGGTAACGCGGACATTTTCTAAAATCTACGGATTGGCCGCTGAAAGAATTGGCTGGGCTTATGCTTGCCCTGAAATCATTGATGCCCTTAACCGGATACGGGCAC 1080
T X NV LV TRTU PSS K I Y GLAARETRTIGU®WAYA ATCEPETITITDA ATLNI RTITRAP 251
CCTTCAATGTCACGATTGCGGGACAAAAGGCAGCGCTCGCCGCTTTGGAAGATCAGGCGTTCATCCAGAACAGCTTCARAACATAGCAAAAAAGTGGCGTGGCTGGTTGAAAACCAGATGG 1200
F NV TIAGU QI X AARAVYV AAMADLED QA ATFTIUGQNZSUPI XKUHSI XK KV A WIUL YV ENGQMA 291
v v
CGCTTTTAAGTAATGTTGGCATTCGTGTTATCCCGTCCTCTGCCAATT TTACTCTACTGCTGTTTGAAGGCAGCCTGACGGCTARAACCGCCTATAAAGCCTTGATGGATCACGGCTATA 1320
L L S NV GIURV I PSSAUNUVPFTILILILTFUEUGSULTA AI KT AY KA AILMDHSGYT 331
v v NsiI RBS —
CCACCCGTTGGTTGCCGGGACAGCGCCTTCCTCATGCATTACGTATCACTATCGGCAGTGAAAAACATATGCAGGATG TCGCTGGTATTTTAACTTCCTTGGTTAGGCAGGCGCTCTAAG 1440
T R WL P G QR L P HALIZRTITTIGSEI KHMOQDUVAGTIULTSULVEROQAUL *¥ M 369/1
~—» tyrcC Stul
tgaccgtcetttaagcatattgccattatcggattaggactgateggttoctctgeggcacgggcaacaaaggectattgtectgatgtaacggteagtctectatgacaaaagcgaatttyg 1560
TV I A G L I G S S A ARAT A Y CPDV TV S L Y DK S E F V 41

gatattcacccttaaaatttgccagtattattcagecegtcagatatttttetgacggecttrtttactgattaaagegattgatcgecagcatgaacaagegetteggetteecttecgegg 2425
" 29

D I S2323>333> €CECLCLCLLL

FIG. 2. Nucleotide sequence of the Z. mobilis hisH region. Probable ribosome binding sites (RBS) just upstream of hisH and tyrC are underlined. Converging
arrowheads mark a probable terminator structure following #yrC. The nucleotide sequence of tyrC (beginning at nucleotide 1440) is given in lowercase letters, and the
dotted line indicates the portion of the #yrC sequence (nucleotides 1561 to 2305) not shown here. Nucleotide and amino acid numbers are given at the far right across
from the appropriate line. Transcriptional start sites upstream of AisH indicated by primer extension analysis are labeled +1a and +1b. Possible transcriptional start
sites for tyrC originating from an internal promoter within hisH are indicated with vertical arrowheads.

CGA, and CTA) are never used, and three codons (GTA,
CGG, and ACA) are rarely (<0.1 mol%) used in high-abun-
dance proteins but are used to a significantly greater extent in
the low-abundance proteins. This is consistent with expecta-
tions that the low-abundance tRNA species in the cell may
limit gene expression.

Transcript analysis. Northern blot analysis was performed
as described in Materials and Methods. RNA was isolated
from E. coli UTH780 (pJG3) and Z. mobilis. Two DNA probes
were generated by PCR. One 511-bp probe spanned nucleo-
tides 335 to 846 within hisH (Fig. 2), and another 441-bp probe
spanned nucleotides 1874 to 2315 within #yrC. In either case,
two transcripts of different sizes were detected (data not
shown). One transcript of about 2 kb would be sufficient to
read through both structural genes. A smaller, 1.1-kb transcript
may correspond to #yrC driven from an internal promoter
within hisH.

Primer extension analysis was carried out with a primer
complementary to the 5’ portion of hisH. Two possible tran-
scription start sites for hisH were identified by using RNA from
either E. coli UTH780 (pJG3) or Z. mobilis (as marked on Fig.
2). Since we observed numerous faint bands that indicated in
vivo RNase processing, RNase protection experiments will be
required to confirm positions marked +1a and +1b as tran-
scription start sites. Primer extension analysis was also carried
out with a primer complementary to the 5’ portion of #yrC to
determine possible transcription start sites for fyrC which orig-
inate from an internal promoter upstream of the Nisil restric-
tion site within AisH. Four bands of nearly equal intensity
correspond to the possible start sites indicated in Fig. 2. One or
more of these bands could be transcript ends caused by in vivo
RNase processing of the mRNA originating from the primary
promoter ahead of hisH.

Inseparability of the cloned IAP aminotransferase and ar-
omatic aminotransferase activities. The Z. mobilis enzyme was
purified from E. coli UTH780 (pJG3) by fractionation using
two chromatography steps (Table 2). One major protein band
and one minor protein band were visualized by SDS-PAGE
(Fig. 3). The molecular mass of the major band was estimated
to be 40,000 Da, in good agreement with that deduced from
DNA sequence. The molecular mass of the native enzyme is
85,000 Da, as determined by gel filtration on Sephadex G-200.
The native enzyme is therefore a homodimer.

The fractions which contained IAP aminotransferase activity
also exhibited a coinciding peak of aromatic aminotransferase
activity (data not shown). The purified enzyme preparation
from the hydroxylapatite column was loaded on a native poly-
acrylamide gel. The protein corresponding to the top band (see
Materials and Methods) was eluted and found to exhibit IAP
aminotransferase, PAT, and HAT activities. N-terminal amino
acid sequencing also showed this band to correspond to IAP
aminotransferase. A sample of the same eluate gave a single

TABLE 2. Purification of the cloned Z. mobilis IAP
aminotransferase from E. coli UTH780 (pJG3)

Sp act (umol
Step Total protein =~ min™' mg™") IAT“/_PAT Purification
(mg) _ ratio factor
IAT PAT
Crude extract 818 052 215 0.24 1
DEAE-cellulose 95.2 3.54 8.67 0.41 6.8
Hydroxylapatite 20.9 18.24  29.93 0.64 35

“ AT, IAP aminotransferase.
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FIG. 3. SDS-PAGE of the protein samples obtained after the purification
steps specified in Table 2 for the cloned IAP aminotransferase from E. coli
UTHT780. A 12% gel was used and stained with Coomassie blue. Lane 1, mo-
lecular weight standards; lane 2, crude extract; lane 3, after the DEAE-cellulose
chromatography step; lane 4, after the hydroxylapatite chromatography step.

40,000-Da band on SDS-PAGE, thus indicating successful re-
moval of the minor protein from the sample.

To confirm further that the minor protein was not respon-
sible for the aromatic aminotransferase activity observed,
N-terminal amino acid sequencing of the minor protein was
carried out. The resulting sequence (MKVAYV) did not corre-
spond with that of TyrB (MFQKYV), AspC (MFENI), or IIvE
(MTTKK) of E. coli. These three E. coli enzymes would be the
only extraneous sources of aromatic aminotransferase activity
(14), and we have confirmed that a #yrB aspC ilvE triple mutant
lacks all detectable aromatic aminotransferase activity. These
data show that IAP aminotransferase possesses broad sub-
strate specificity which includes aromatic keto and amino acids.

Heat stability. The purified HisH protein (Table 2) showed
relatively good tolerance to elevated temperatures. Enzyme
preparations were incubated at 5°C temperature increments
over the range of 40 to 65°C for 2 min and then kept at 4°C
until assay. Both IAP aminotransferase and PAT activities
remained unchanged when the enzyme was treated at 50°C but
decreased sharply and in parallel when incubated above 55°C
for 2 min (data not shown). Under these conditions, 50 and
96% inactivation of both activities was obtained at 57.5 and
65°C, respectively.

Freeze-thaw stability. The purified enzyme (Table 2) is un-
stable to freeze-thaw treatment. After freezing at —20°C over-
night and thawing on ice, 98% of both the IAP aminotransfer-
ase and PAT activities were lost; after freezing at —80°C
overnight and thawing on ice, 58% of both activities were lost.
In contrast, 100% of both activities remained after several
months at —80°C in 10% (vol/vol) glycerol.

Requirement for PLP. When the purified enzyme prepara-
tion (Table 2) was dialyzed against 50 mM potassium phos-
phate buffer overnight to remove a-ketoglutarate, PLP, and
B-mercaptoethanol, both IAP aminotransferase and PAT ac-
tivities were unaltered. Enzyme activity was neither dependent
on nor stimulated by the presence of PLP in the reaction
buffer. However, when the purified enzyme preparation was
dialyzed against 20 mM potassium phosphate buffer containing
3 mM hydroxylamine and then dialyzed against the same buffer
without hydroxylamine to remove the pyridoxamine generated,
no enzyme activity could be detected in this PLP-resolved
enzyme preparation. Incubation of the PLP-resolved enzyme
preparation with 0.1 mM PLP for 15 min at 37°C restored
about 17% of the original activities with either histidinol phos-
phate or phenylpyruvate. These results indicated that PLP
binds tightly to the enzyme. Removal of the cofactor appar-
ently triggers irreversible denaturation. The presence of 10%
glycerol, which stabilizes the enzyme during storage, did not
stabilize the apoenzyme resolved of cofactor.

J. BACTERIOL.

TABLE 3. Substrate specificity of purified IAP aminotransferase”

Keto acid Sp act (pumol Amino acid Sp act (pumol
substrate? of p {Odu‘it, substrate® of p }'odu(it]
min~' mg~") min~' mg™')

a-Ketoglutarate 7.0 Phenylalanine 11.6
p-Hydroxyphenylpyruvate 7.11 Tyrosine 11.6
Phenylpyruvate 0.56 Histidine 1.13
Oxaloacetate 0.10 Leucine 0.06
Pyruvate 0.25 Phosphoserine 0

“ See Materials and Methods for conditions used in enzyme assays. All activ-
ities were assayed by monitoring the formation of product amino acids, using
HPLC.

b Used in combination with histidinol phosphate as amino donor substrate.

¢ Used in combination with a-ketoglutarate as keto acid substrate.

Effect of pH on enzyme activity. The purified enzyme exhib-
ited a broad pH range between pH 6.0 and 8.0 when different
substrates were used (data not shown). Over this range, IAP
aminotransferase, PAT, and HAT activities did not vary more
than 25%, but pH optima varied: pH 6.5 for HAT, pH 7.1 for
PAT, and pH 8.0 for IAP aminotransferase.

Substrate specificity of the purified enzyme. The specific
activities of the purified enzyme when different substrates were
used are listed in Table 3. In addition to high activities when
histidinol phosphate, phenylalanine, and tyrosine were used as
amino donors, histidine was also found to be an effective sub-
strate. The enzyme has only very low activity as an aspartate
aminotransferase or alanine aminotransferase, judging from
results obtained with oxaloacetate or pyruvate in combination
with histidinol phosphate. Phosphoserine, a phosphorylated
intermediate of a biosynthetic pathway (like histidinol phos-
phate), was not utilized at all by IAP aminotransferase.

Kinetics of the purified enzyme. A series of kinetic analyses
was carried out. Double-reciprocal plots of initial velocity as a
function of varied concentration of one substrate when the
other substrate was maintained at various fixed concentrations
gave a family of parallel lines (Fig. 4). These experimental
results conform with expectations for a ping-pong bi-bi type of
reaction mechanism, as has been demonstrated for many other
aminotransferases (34). The K,,, and V,,,, values for different
substrates were calculated from the secondary plots of inter-
cept versus reciprocal concentrations of the fixed substrate
(data not shown). The K, and V, /K, values are listed in
Table 4. The markedly higher affinity for histidinol phosphate
than for any of the alternative substrates is consistent with its
probable major role as an enzyme of histidine biosynthesis.
Surprisingly, the K,,, value determined for a-ketoglutarate var-
ied significantly depending upon the amino donor cosubstrate.
Thus, the K, value was 50-fold lower when histidinol phos-
phate was the amino donor than when aromatic amino acids
were used. Perhaps imidazole acetol phosphate produced in
the first half-step is not released before the binding of a-keto-
glutarate. If so, the bound imidazole acetol phosphate may
induce a conformational change leading to increased affinity
for a-ketoglutarate. On the other hand, phenylpyruvate or
4-hydroxyphenylpyruvate may fail to induce an equivalent con-
formational change. This proposed mechanism is consistent
with the ping-pong bi-bi kinetics shown in Fig. 4.

Possible linkage of hisH-tyrC with genes of tryptophan bio-
synthesis. Plasmid pF5.8 and cosmids pFBA9, pC2, pC5, and
pF20 (Table 1) were introduced into E. coli UTH780 and
AT?2471 by electroporation, but none of the transformants
obtained corrected the hisC and #yrA deficiencies. Thus, link-
age of hisH-tyrC with trpFBA and trpC has been eliminated.
Possible linkage to #zpD or trpE has not been eliminated.
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FIG. 4. Double-reciprocal plots of initial velocity as a function of one substrate concentration (millimolar) at several fixed concentrations (millimolar) of the second
substrate. (A and B) Enzyme assayed as IAP aminotransferase. (A) a-Ketoglutarate concentration ([a-KG]) is varied, and histidinol phosphate concentration ([HP)) is fixed;
(B) [HP] is varied, and [a-KG] is fixed. (C and D) Enzyme assayed as PAT. (C) [«-KG] is varied, and phenylalanine concentration ([Phe]) is fixed; (D) [Phe] is varied, and
[a-KG] is fixed. (E and F) Enzyme assayed as HAT. (E) [«-KG] is varied, and tyrosine concentration [Tyr] is fixed; (F) [Tyr] is varied, and [a-KG] is fixed.
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TABLE 4. K,, and V,,,,/K,,, values of IAP aminotransferase
for different substrates

Variable substrate
Varied substrate Saturating substrate

K, (M) Vpo K,

Histidinol phosphate 0.17 150.1 a-Ketoglutarate

Tyrosine 3.39 43 a-Ketoglutarate

Phenylalanine 43.48 1.1 a-Ketoglutarate

a-Ketoglutarate 0.08 319.0 Histidinol phosphate

a-Ketoglutarate 4.08 3.6 Tyrosine

a-Ketoglutarate 3.85 12.1 Phenylalanine
DISCUSSION

Class I aminotransferase gene families. Multiple alignment
clearly shows that Z. mobilis HisH belongs to the class I ami-
notransferase superfamily. This superfamily includes rat ty-
rosine aminotransferase, vertebrate aspartate aminotrans-
ferases, and the IAP aminotransferases (Fig. 5). The latter
form a distinct cluster which we will refer to as family IB. Z.
mobilis HisH exhibits the highest amino acid identity (36%)

FUNCTTIONAL PATHWAY
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FIG. 5. Dendrogram of the class I aminotransferase superfamily generated
by the PILEUP multiple alignment program using the Genetics Computer
Group software (9). The primary function of each aminotransferase in the
biosynthesis of histidine (His), aromatic amino acids (Aro), aspartate (Asp), or
branched-chain amino acids (Bch) are indicated by closed symbols. Secondary
function in an additional pathway (when known) is indicated with open symbols.
Abbreviations with accession numbers given in parentheses are as follows: Rme
Tyr, Rhizobium meliloti aromatic aminotransferase (L05065); Zmo Asp, Z. mo-
bilis aspartate aminotransferase (unpublished); Alf Aspl, alfalfa aspartate ami-
notransferase 1 (P28011); Alf Asp2, alfalfa aspartate aminotransferase 2 (12);
Rat Asp(m), rat mitochondrial aspartate aminotransferase (M18467); Rat
Asp(c), rat cytosolic aspartate aminotransferase (J04171); Eco AspC, E. coli
aspartate aminotransferase (X03629); Pae PhhC, Pseudomonas aeruginosa aro-
matic aminotransferase (M88627); Eco TyrB, E. coli aromatic aminotransferase
(X03628); Zmo HisH, Z. mobilis IAP aminotransferase (L36343); Bsu HisH, B.
subtilis IAP aminotransferase (P17731); Hvo HisC, H. volcanii IAP aminotrans-
ferase (M33161); Eco HisC, E. coli IAP aminotransferase (P06986); Sty HisC, S.
typhimurium HisC (J01804); Sce HisS, Saccharomyces cerevisiae IAP aminotrans-
ferase (X05650); Sco HisC, Streptomyces coelicolor TAP aminotransferase
(M31628); Lla HisC, Lactococcus lactis IAP aminotransferase (M90760); Rme
Asp-a, R. meliloti aspartate aminotransferase a (L05064); Rme Asp-b, R. meliloti
aspartate aminotransferase b (L12149); Bsp Asp, Bacillus species aspartate ami-
notransferase (P23034); Sso Asp, Sulfolobus solfataricus aspartate aminotrans-
ferase (X16505); Rat Tyr, rat tyrosine aminotransferase (X02741). Eco IIVE (E.
coli branched-chain aminotransferase [X02413]) is shown (dashed lines) as an
outlying member.
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with B. subtilis HisH. The most divergent members of family I
exhibit amino acid identities of about 25%.

Mehta et al. (24) first recognized rat tyrosine aminotrans-
ferase and IAP aminotransferases as homologs of the classical
aspartate aminotransferase family. Since at that time only two
members of family If and one member of family Iy were
available, the three family clusters shown in Fig. 5 were not yet
apparent. The emergence of additional amino acid sequences
representing each family shows that family I« diverged from a
common ancestor of families I and Ivy.

All members of the class I superfamily utilize a-ketoglut-
arate and glutamate very well, and each of the three families
has at least some members which can utilize aromatic amino
acids. Family IB is unique for its IAP aminotransferase capa-
bility, and other aminotransferases are not known to be able to
catalyze this activity. Z. mobilis HisH was found to be unable to
use aspartate. Both Z. mobilis HisH and B. subtilis HisH can
utilize aromatic amino acids; the breadth of substrate specific-
ity for other IAP aminotransferases has not been studied. Both
family I and family Iy possess members whose primary func-
tion is for aromatic amino acid biosynthesis or for aspartate
biosynthesis.

Although E. coli IIVE is not a class I aminotransferase, it is
included in Fig. 5 because it has been shown to exhibit func-
tional overlap with E. coli TyrB and AspC (14, 18), which
belong to family Ia. The dendrogram in Fig. 5 suggests that
there was a broad-specificity ancestor aminotransferase which
transaminated both aspartate and aromatic amino acids. Di-
vergent evolution led to the separation of two lineages, one
being the common ancestor of family I members. The other
lineage diverged to yield family Iy and a new specialized step
of histidine biosynthesis (family IB).

The IAP aminotransferase gene family. A multiple align-
ment of all reported IAP aminotransferase amino acid se-
quences is shown in Fig. 6. A total of 28 residues are invariant
within family I, and 11 of these are invariant within the entire
superfamily. Amino acid sequences corresponding to the
highly conserved interdomain interface and active-site lysine
regions may be useful as signature motifs characteristic of
family IB. These are 192-P(x,)NPTG-197 and 254-T-(x,)
SK(x4)A(x,)R(X,)G-268, respectively. The two family I« argi-
nine residues, R-292 and R-386, well known to interact with
the distal and a-carboxyl moieties of dicarboxylic substrates
(10), are not aligned by computer program with arginine res-
idues in family IB. Perhaps residues R-381 and R-393 of Z.
mobilis HisH (invariant in family If) perform an equivalent
function. Indeed, residues equivalent to Z. mobilis R-393 have
been manually aligned with pig cytosolic aspartate aminotrans-
ferase R-386 (24).

Complex-operon function. hisH and tyrC appear to be co-
transcribed. Northern blot analysis using Z. mobilis RNA has
shown a 2-kb transcript. Cotranscription is consistent with the
apparent translational coupling of hisH and tyrC. As in other
organisms, Z. mobilis HisH is undoubtedly critical for histidine
biosynthesis. That the aminotransferase function may extend
to the pathway of aromatic amino acid biosynthesis as well is
consistent with the coexistence of hisH with #yrC in an apparent
operon and also with the precedent in B. subtilis. The genes of
tryptophan biosynthesis are not clustered within a single
operon in Z. mobilis as they are in B. subtilis, but we considered
the possibility that some tryptophan pathway genes might be
located adjacent to the hisH-tyrC operon. When cosmid con-
structs containing Z. mobilis trpFBA or trpC were introduced by
electroporation into E. coli hisC or tyrA mutants, no His* or
Tyr™ transformants were obtained. Thus, neither #rpFBA nor
trpC of Z. mobilis is closely linked to the hisH-tyrC region.
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FIG. 6. Multiple alignment of IAP aminotransferase (family IB). Invariant residues are boxed, and residues conserved in six of the seven amino acid sequences are
shaded. Residues invariant throughout the entire class I superfamily are labeled with asterisks, except for the invariant active-site lysine, which is indicated with a solid
circle. These invariant residues correspond to the following residues of porcine cytosolic aspartate aminotransferase: 70 (Y), 110 (G), 194 (N), 195 (P), 197 (G), 222
(D), 225 (Y), 258 (K), 266 (R), 268 (G), and 386 (R). Individual amino acid residue numbers are given at the far right. See the legend to Fig. 5 for abbreviations used

at the left.

It is unknown whether HisH might be a major or sole en-
zyme of aromatic biosynthesis in Z. mobilis or whether it has a
backup role, as appears to be the case in B. subtilis. An obvious
rationale may not be readily apparent to explain the coexist-
ence of genes from different pathways in operons. However,
this is likely to reflect the coordination of interpathway rela-
tionships. Thus, in E. coli and S. typhimurium, serC and aroA
exist as components of a complex operon (8, 17), and this has
been explained as a mechanism for coordination of a response
to iron limitation which requires output from both the serine
and aromatic amino acid biosynthetic pathways to produce
enterochelin. The serC-aroA operon is also involved in pyri-
doxine biosynthesis; serine, the aromatics, and pyridoxine con-
verge at a number of places in metabolism (20, 31). The mod-
ern era of cloning in which sequenced genes of interest may be
found to coexist with unexpected genes in complex operons has
the potential to reveal novel interpathway relationships of reg-
ulation. For example, in E. coli (35) and S. typhimurium (41), a
gene encoding an enzyme of heme biosynthesis coexists with a
gene encoding a probable N-acetylmuramyl-L-alanine amidase,
an enzyme of cell wall metabolism.

Other evolutionary and physiological considerations. E. coli

hisC (IAP aminotransferase) and hisD (histidinol dehydroge-
nase) are adjacent cistrons within the histidine operon (40).
These genes have been fused in the laboratory to yield a re-
markably functional bicatalytic protein (30). We considered
the possibility that, like Z. mobilis hisH and E. coli hisC, Z.
mobilis tyrC and E. coli hisD are homologs. However, this
seems unlikely since (i) contemporary Z. mobilis TyrC has no
histidinol dehydrogenase activity, (ii) a pairwise alignment of
Z. mobilis TyrC and E. coli HisD did not exhibit obvious
homology, and (iii) the mechanisms of the two dehydrogenase
reactions are different.

Since purified Z. mobilis IAP aminotransferase can utilize
histidine, it is possible that this activity is physiologically sig-
nificant. Organisms capable of growth on imidazole lactate as
a sole carbon source utilize a dehydrogenase to convert it to
imidazolepyruvate, which is then transaminated to histidine.
Histidine is then catabolized to yield glutamate (15). The pos-
sibility that HisH and TyrC function together as an amin-
otransferase-dehydrogenase unit able to convert imidazole-
lactate to histidine was considered since cyclohexadienyl
dehydrogenase (TyrC) is already known to exhibit broad sub-
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strate specificity. However, Z. mobilis TyrC was found to be
incapable of utilizing imidazolelactate as a substrate.
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