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ABSTRACT: The gene encoding alanine dehydrogenase (EC 1.4.1 . l )  from a mesophile, Bacillus sphaericus, 
was cloned, and its complete DNA sequence was determined. In addition, the same gene from a moderate 
thermophile, B. stearothermophilus, was analyzed in a similar manner. Large parts of the two translated 
amino acid sequences were confirmed by automated Edman degradation of tryptic peptide fragments. Each 
alanine dehydrogenase gene consists of a 11 16-bp open reading frame and encodes 372 amino acid residues 
corresponding to the subunit (M, = 39 500-40000) of the hexameric enzyme. The similarity of amino acid 
sequence between the two alanine dehydrogenases with distinct thermostabilities is very high (>70%). The 
nonidentical residues are clustered in a few regions with relatively short length, which may correlate with 
the difference in thermal stability of the enzymes. Homology search of the primary structures of both alanine 
dehydrogenases with those of other pyridine nucleotide-dependent oxidoreductases revealed significant 
sequence similarity in the regions containing the coenzyme binding domain. Interestingly, several catalytically 
important residues in lactate and malate dehydrogenases are conserved in the primary structure of alanine 
dehydrogenases a t  matched positions with similar mutual distances. 

A l a n i n e  dehydrogenase (L-alanine:NAD+ oxidoreductase, 
deaminating, EC 1.4.1 . l )  catalyzes the reversible deamination 
of L-alanine to pyruvate and is found in vegetative cells (Hong 
et al., 1959; Zink & Sanwal, 1962; McCowen & Phibbs, 1974) 
and spores (OConner & Halvorson, 1961; Nitta et al., 1974) 
of various bacilli and in some other bacteria (German0 & 
Anderson, 1968; Holmes et al., 1965; Ohshima & Soda, 1979). 
This enzyme is a key factor in the assimilation of L-alanine 
as an energy source through the tricarboxylic acid cycle during 
sporulation (McCowen & Phibbs, 1974). Alanine de- 
hydrogenase has been purified to homogeneity from Bacillus 
subtilis, B. sphaericus, and B. cereus, and its enzymological 
properties have been elucidated (Yoshida & Freese, 1965; 
Ohshima & Soda, 1979; Porumb et al., 1987). The kinetic 
and chemical mechanisms of the enzyme reaction have also 
been extensively studied (Grimshaw & Cleland, 1981; Grim- 
shaw et al., 1981). I t  has been shown that the enzyme has 

'This study was supported in part by Grants-in-Aid for Scientific 
Research from the Ministry of Education, Science and Culture and by 
special coordination funds from the Ministry of Agriculture, Forestry and 
Fisheries of Japan. 

* Author to whom correspondence should be addressed. 
Present address: Biotechnology Laboratories, Central Research 

Division, Takeda Chemical Industries, Ltd., Yodogawa-ku, Osaka 532, 
Japan. 

f Present address: Laboratory of Food Chemistry, Institute of Scien- 
tific and Industrial Research, Osaka University, Ibaraki, Osaka 567, 
Japan. 

Present address: Laboratory of Applied Gene Chemistry, Faculty 
of Agriculture, Okayama University, Okayama 700, Japan. 

different mechanisms for coenzyme binding (A stereospeci- 
ficity) and substrate binding from those of glutamate de- 
hydrogenase. 

To date, a large number of NAD(P)+-dependent de- 
hydrogenases have been sequenced, and several of these have 
been structurally analyzed in atomic detail. For the de- 
hydrogenases that act on amino acids, however, structural data 
are available only for primary structures of B-stereospecific 
dehydrogenases, such as glutamate (Smith et al., 1975), leucine 
(Nagata et al., 1988), and phenylalanine (Okazaki et al., 1988) 
dehydrogenases. In this work, we report the cloning and 
sequencing of the alanine dehydrogenase gene from a meso- 
phile, B. sphaericus, and also the complete sequence of the 
thermostable alanine dehydrogenase from a moderate ther- 
mophile, B. stearothermophilus, the gene for which has been 
cloned recently in this laboratory (Nagata et al., unpublished 
results). The difference in thermostability between the two 
alanine dehydrogenases is discussed on the basis of their 
primary structures. Sequence comparison with other NAD- 
(P)+-dependent dehydrogenases has suggested possible loca- 
tions of the coenzyme binding region and several catalytically 
important residues in the primary structure of alanine de- 
hydrogenases. 

EXPERIMENTAL PROCEDURES 
Strains and Media. Escherichia coli C600 rk-mk- thi thr 

leu was used as a host strain for cloning and plasmid con- 
struction. A mesophile, B. sphaericus IF03525, was used as 
the source for chromosomal DNA. Transformants were grown 
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in YT medium (1% polypeptone, 0.5% yeast extract, and 0.5% 
NaCl; pH 7.2), with or without 2% agar, containing appro- 
priate antibiotics (50 pg/mL ampicillin and/or 15 pg/mL 
tetracycline). 

Materials. The plasmid pICD301 containing the gene for 
thermostable alanine dehydrogenase from a moderate ther- 
mophile, B. stearothermophilus IF01 2550, has been con- 
structed by Nagata and Sakamoto of this laboratory (un- 
published results). The thermostable enzyme was purified to 
homogeneity from cell extracts of E. coli C600/pICD301. All 
restriction endonucleases and T4 DNA ligase were obtained 
from Takara Shuzo (Kyoto, Japan). The other chemicals were 
of highest purity available. 

DNA Cloning, Mapping, and Sequencing. The chromoso- 
mal DNA was isolated from B. sphaericus according to the 
method of Saito and Miura (1963). Plasmids were prepared 
by the method of Birnboim and Doly (1979). Chromosomal 
DNA (2 pg) from B. sphaericus was partially digested with 
HindIII, and the resultant fragments were ligated into the 
HindIII site of pBR322 (0.5 pg) and then used to transform 
E. coli C600 cells (Mandel & Higa, 1970). To identify the 
clones expressing alanine dehydrogenase, the replica-printing 
assay (Nagata et al., 1988) was employed, by incubation of 
the filter papers at 37 OC for 10 min in 1.5 mL of the reaction 
mixture containing 50 mM L-alanine, 50 mM glycine-KOH 
buffer (pH 10.5), 0.625 mM NAD', 0.064 mM phenazine 
methosulfate, and 0.24 mM nitroblue tetrazolium. The pos- 
itive colonies were detected as dark blue spots on the replica 
disk. 

DNA sequence was determined by the chain termination 
method using an MI3 sequencing kit (Takara Shuzo) after 
cloning into bacteriophage M13 mp18 and mp19 sequencing 
vectors (Messing, 1983). Several regions of the sequence were 
also determined by selective priming with the oligonucleotides 
synthesized on an Applied Biosystems 38 1A DNA synthesizer. 

Enzyme and Protein Assays. Alanine dehydrogenase was 
assayed at 25 "C as previously described (Ohshima & Soda, 
1979). One unit of the enzyme is defined as the amount of 
enzyme that catalyzes the formation of 1 pmol of NADH/min 
in oxidative deamination. Specific activity is expressed as units 
per milligram of protein. Protein concentration was measured 
by the method of Lowry et al. (1951), with crystalline bovine 
serum albumin as standard. 

Purification of Alanine Dehydrogenase from E. coli 
C6OOJpICD322 Cells. E. coli C600 carrying pICD322 (see 
below) was cultivated at 37 OC for 16 h in 180 L of YT 
medium containing 50 mg/L ampicillin. After preparation 
of cell-free extract and the first ion-exchange chromatography, 
which were carried out as previously described for purification 
of the enzyme from B. sphaericus (Ohshima & Soda, 1979), 
ammonium sulfate was added to the concentrated enzyme 
solution (200 mL) to give 40% saturation. The enzyme so- 
lution was applied to a column (3 X 30 cm) of butyl-Toyopearl 
650M equilibrated with 10 mM potassium phosphate buffer 
(pH 7.2) containing 40% saturated ammonium sulfate and was 
eluted with a linear gradient of 40-0% saturated ammonium 
sulfate. The pooled active fractions were dialyzed against 500 
volumes of 20 mM Tris-HCI buffer (pH 8.0) containing 0.01% 
(v Jv) 2-mercaptoethanol, concentrated by ultrafiltration to 
about 15 mL, and applied to a Mono Q ion-exchange column 
in a fast protein liquid chromatography system (FPLC; 
Pharmacia, Piscataway, NJ).  The enzyme was eluted with 
a linear gradient of NaCl (0.3-0.4 M) in 20 mM Tris-HC1 
buffer. The active fractions were combined, concentrated to 
2 mL, and further purified by gel filtration with two tandemly 
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connected Superose 12 columns in FPLC, using 0.15 M 
Tris-HCI buffer (pH 8.0) containing 0.15 M NaCl and 0.01% 
2-mercaptoethanol as an eluting buffer. The enzyme obtained 
was homogeneous by polyacrylamide gel electrophoresis. 

Amino Acid Analysis. The purified enzyme (1 nmol) 
dissolved in distilled water was lyophilized and hydrolyzed at 
110 "C in 1 mL of 6 N HCI for 24, 48, and 72 h in sealed 
and evacuated tubes. After the hydrolysates were evaporated 
to dryness, the residue was dissolved in 0.2 M sodium citrate 
buffer (pH 2.2) and analyzed with a Beckman 7300 high- 
performance amino acid analyzer. Half-cystine was deter- 
mined as cysteic acid after performic acid oxidation and hy- 
drolysis. Tryptophan and tyrosine were determined spectro- 
photometrically by the method of Edelhoch (1967). 

N- Terminal Sequence Analysis. The purified enzyme 
[about 2 nmol in 1 mM potassium phosphate buffer (pH 7.2)] 
was used directly for the N-terminal sequence analysis by 
automated Edman degradation with an Applied Biosystems 
470A gas-liquid-phase protein sequencer. The phenylthio- 
hydantoin (PTH) amino acids were separated and identified 
by an on-line PTH analyzer Model 120A (Applied Biosystems) 
with a PTH-C,* column. 

Trypsin Digestion, Isolation of Peptide Fragments, and 
Peptide Sequencing. Digestion of the purified alanine de- 
hydrogenases with bovine pancreas trypsin, isolation of tryptic 
peptides by reverse-phase high-performance liquid chroma- 
tography, and amino acid sequencing of the tryptic peptides 
were carried out as described previously for leucine de- 
hydrogenase (Nagata et al., 1988). 

Computer Search for Sequence Similarities. A search of 
the National Biomedical Research Foundation (NBRF) pro- 
tein sequence data bank (George et al., 1986) for sequence 
similarities was carried out on an IBM PC-AT personal 
computer with a Beckman MICROGENIE program. 

RESULTS AND DISCUSSION 
Cloning of the Alanine Dehydrogenase Gene of B. 

sphaericus. We recently cloned the gene for the thermostable 
alanine dehydrogenase of a thermophile, B. stearothermo- 
philus, into E. coli with pBR322 as the vector (Nagata et al., 
unpublished results). In the present studies, the gene for the 
alanine dehydrogenase with lower thermostability (Ohshima 
& Soda, 1979) was similarly cloned by using HindIII digests 
of the chromosomal DNA from a mesophilic bacterium, B. 
sphaericus. Of approximately 1 1 000 A m p % +  transformants 
obtained, three clones showed strong dark blue color on the 
replica disks in activity staining. The plasmids isolated from 
each clone generated the same physical map with several 
restriction endonucleases and were designated pICD321 [ 10.9 
kilobase pairs (kb)]. HindIII digestion of pICD321 produced 
four fragments of 4.36, 3.81, 2.56, and 0.17 kb, and EcoRI 
digestion yielded five fragments of 5.05, 3.23, 1.24, 1.20, and 
0.17 kb. Southern blot analysis indicated that three HindIII 
fragments (3.8 1 ,  2.56, and 0.17 kb) are derived from the B. 
sphaericus chromosomal DNA (data not shown). To locate 
the alanine dehydrogenase gene in pICD321, it was subcloned 
as follows: about 5 pg of pICD321 was digested completely 
with HindIII and EcoRI, and the resulting DNA fragments 
were separated and religated between the EcoRI and HindIII 
sites of pBR322. As a result, a 3.10-kp EcoRI-Hind111 
fragment was found to contain the entire gene for the ex- 
pression of alanine dehydrogenase, and the plasmid containing 
this fragment was designated pICD322 (7.50 kb; Figure 1 ,  
left). 

Purification of Alanine Dehydrogenase from E. coli 
C6OO/pICD322. Since the expression level of alanine de- 
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FIGURE 1: Cleavage maps and DNA sequencing schemes for the 
3. IO-kb EcoRI-Hind111 fragment of pICD322 ( B .  sphaericus, left) 
and the 1.70-kb HindIII-Sac1 fragment of pICD301 (B .  sieuro- 
thermophilus, right). The single line represents pBR322 DNA. The 
open bar indicates the genomic insert, and the hatched region indicates 
the coding region for the alanine dehydrogenase genes. Restriction 
endonucleases are HindIII (a), EcoRI (O) ,  H i n d  (m), KpnI ( O ) ,  
SphI (A), Sal1 (A), and Sac1 (V). The restriction fragments were 
subcloned into MI 3 vectors, and the resulting single-stranded templates 
were sequenced by the dideoxy chain termination method with the 
universal sequencing primers (solid bars). The synthesized site-specific 
primers (open bars) were used for sequencing of double-stranded 
templates. 
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hydrogenase in E.  coli C600 carrying pICD322 was unex- 
pectedly lower (about 0.4% of the total soluble protein) than 
that in E.  coli C600 carrying pICD301 (about 4%), which 
contains the thermostable alanine dehydrogenase gene of B. 
stearothermophilus, we cultivated the E. coli C600/pICD322 
cells on a large scale (180 L of YT medium) for enzyme 
purification. The enzyme was purified to homogeneity in five 
steps (see Experimental Procedures), with a final yield of 6% 
of the total enzyme activity (52 mg of protein). 

Properties of Alanine Dehydrogenase from E .  coli 
C6OO/plCD322. The molecular weight of the purified alanine 
dehydrogenase was estimated to be 235 OOO by the gel filtration 
method, using tandemly connected Superose 12 columns in 
FPLC. In  sodium lauryl sulfate/polyacrylamide gel electro- 
phoresis, the enzyme migrated as a single polypeptide, the size 
of which was estimated to be 39 500 on the basis of its mobility 
in the gel. On the basis of these results, alanine dehydrogenase 
is composed of six subunits with identical molecular weights, 
which coincides with the subunit structure of the thermostable 
enzyme from B. stearothermophilus (Nagata et al., unpub- 
lished results). In addition to these structural properties, its 
catalytic properties, including kinetic parameters for substrates 
and the coenzyme, were identical with those of the enzyme 
purified from the original bacterium, B. sphaericus (Ohshima 
& Soda, 1979) (data not shown). The amino acid composition 
of the enzyme is summarized in Table I. The predominant 
residues of the enzyme protein were alanine, glutamic acid, 
valine, and glycine, whereas only a few half-cystine and 
tryptophan residues were found in the enzyme. The analytic 
data are in good agreement with the amino acid composition 
predicted from the DNA sequence of the enzyme gene. 

DNA Sequence of the Alanine Dehydrogenase Gene of B. 
sphaericus. Sanger analysis of the M13 recombinants con- 
taining the Tag1 and Sau3AI digests provided an initial set 
of five continuous, nonoverlapping sequences corresponding 
to nearly 50% of the total length of the 3.10-kb EcoRI-Hind111 
fragment of pICD322. After sequence determination with 8 
directional recombinants and 11 specific primers for double- 
stranded pICD322, sequencing of the entire region was com- 
pleted in both directions (Figure 1, left). The open reading 
frame of the alanine dehydrogenase gene comprises 11 16 bp 
encoding 372 amino acids, whose ATG codon locates 491 bp 
downstream of the unique HindIII site (Figure 2, left). We 
identified 23 residues from the N terminus of the enzyme 
protein by automated Edman degradation of the purified gene 
product: Met-Lys-Ile-Gly-Ile-Pro-Lys-Glu-Ile-Lys-Asn-Asn- 

Table I: Amino Acid Composition of Alanine Dehydrogenases from 
B.  sphaericus and B .  stearoihermophilus 

B. 
B. sphaericus stearoihermophilus 

amino acid predicted observed predicted observed 
CYS 2 2 3 3 
Asn 
Asx 
ASP 
Thr 
Ser 
Gln 
Glx 
Glu 
Pro 
GlY 
Ala 
Val 
Met 
Ile 
Leu 

Phe 
TYr 

15 

15 
22 
16 
15 

22 
17 
38 
44 
36 
1 1  
28 
28 
15 
5 

34 

23 
17 

38 

16 
37 
44 
37 
12 
26 
31 
12 
6 

13 

17 
28 
13 
6 

23 
16 
40 
40 
40 
10 
21 
32 
12 
8 

30 

21 
15 

30 

19 
37 
40 
44 

9 
20 
33 
10 
8 

His 10 9 12 9 
LYS 22 22 18 17 
Arg 10 10 18 19 
TrP 1 1 2 3 

Glu-Asn-Arg-Val-Ala-Met-Thr-Pro-Ala-Gly-Val. The N- 
terminal sequence exactly matched that deduced from the 
DNA sequence. About 50% of the entire amino acid sequence, 
including the C-terminal region, was also confirmed by amino 
acid sequence analyses of 12 peptides obtained by trypsin 
digestion and purification by HPLC. These peptides are shown 
at their positions in the amino acid sequence (Figure 2, left). 
Thus, we identified the 11 16-bp open reading frame as the 
translational unit for alanine dehydrogenase. On the basis of 
the deduced amino acid sequence (372 residues), the molecular 
weight of the enzyme subunit is calculated as 39 465, which 
corresponds to the value (39 500) determined by sodium lauryl 
sulfate/polyacrylamide gel electrophoresis of the protein (see 
above) . 

DNA Sequence of the Alanine Dehydrogenase Gene of B. 
stearothermophilus. Alanine dehydrogenase of B. stearoth- 
ermophilus shows higher thermostability than the enzyme of 
B. sphaericus (Ohshima & Soda, 1979). Thus, the B. 
stearothermophilus enzyme retained about 50% of its initial 
activity when heated at 85 OC for 5 min in 50 mM potassium 
phosphate buffer (pH 7.2), whereas the B. sphaericus enzyme 
lost the same activity when heated at only 65 OC for 5 min. 
To correlate the difference in thermostability between the two 
alanine dehydrogenases with the difference in their primary 
structures, we sequenced the gene of B. stearothermophilus 
in the plasmid pICD301 (7.90 kb). This plasmid consists of 
a 4.20-kb HindIII-Sal1 fragment of B.  stearothermophilus 
chromosomal DNA and the 3.70-kb HindIII-Sal1 fragment 
of pBR322 (Figure 1, right). Because subcloning analysis 
showed that deletion of the 0.29-kb HindIII-Sal1 fragment 
at the end of the inserted fragment from pICD301 led to loss 
of the enzyme activity in the recombinant E. coli cells, we 
started the sequence determination with two directional clones 
for the 0.29-kb fragment. After sequence analysis of the M13 
recombinants from TaqI, Sau3AI and HpaII digests allowed 
two overlapping sequences corresponding to about 40% of the 
total length of the 1.74-kb HindIII-Sac1 fragment of PIC- 
D301. Further analysis with seven directional clones and four 
specific primers provided the complete sequence in both di- 
rections (Figure 1, right). The open reading frame of the 
alanine dehydrogenase gene includes 1 1 16 bp encoding 372 
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21 

41 

61 

81 

101 

121 

141 

161 

181 

201 

221 , 

AAGCTTGTGC 
ACGCTCTGCAATGGAACGGTCATATGCTTCAATAGCAGCGAATGAACGTGTATCAATAAC 
ATTTACTAGGTTTAAAACAGCACCTTCGTTACGTTTAGCAACGTCGATTGATTTACGAAA 
AGCGTACTCTGCCTCTTTAGAACCCTCTACTGCAACTACAATGCTTTATAATGATTAGCC 
ATTTGTATTACCTCCCTATTTGTATAATGATATTATATCAAATGATTTTCTAAAGGMAT 
ACTTTCCGAAGAAAATTTGTGAAAAAGTGAAGGCATTTACTGTACAATGACTCGTATATC 
TTTAATAGTCTTACTATTTGATATITATAAATATTGTAAATTTAATTAGTATTTGClTT 
AATTAAAGCATTTTTGCACATGTTTGGTMGATGGAAATGCAAGGGGTGCATCATTTAC 
GATGAAACGTATTTTGATGAAAATTGCTTAGTTCATAGGTTATGAAAGGGGATTGGAAAT 
ATGAAGATTGGTATTCCAAAGWTTAAAAACAACGAAAATCGCGTAGCAATGACACCA 
MetLys I 1  eGlyI  1eProLysGl u I  1eLysAsnAsnGl uAsnArgValAlaMetThrPro 

GCAGGAGTTGTATCCTTAACGCATGCTGGGCACGAGAGGTTAGCTATTGAAACAGGAGGT 
A1 aG1 yVa 1 Va 1 SerLeuThrH1 sAl aGlyH1 sG1 uArgLeuAla1 leGl uThrGlyG1 y 

GGTATCGGTTCAAGTTTTACAGATGCAGAGTACGTAGCAGCAGGTGCAGCATATCGTTGC 
Gly I  1eGlySerSerPheThrAspAlaGluTyrValAlaAlaGlyAlaAlaTyrArgCys 
ATCGGCAAAGAAGCGTGGGCTCAAGAAATGATTTTAAAAGTAAAAGAACCCGTAGCATCG 
I 1 eG1 y LysGl uAl aTrpA 1 aG 1 nG 1 uMet I 1 eLeuLysVa 1 LysG 1 uProVa 1 A1 aSer 
GAATACGATTACTTTTATGAGGGACAAATCTTATTTACCTACTTGCACTTAGCGCCCAGA 
G 1 uTyrAspTyrPheTyrG1 uGl yGl n1 leLeuPheThrTyrLeuH1 sLeuAl aProArg 

GCTGAATTAACGCAGGCATTAATAGATAAAMAGTTGTAGGTATTGCCTATWCGGTT 
A 1 aG 1 uLeuThrG 1 nA 1 aLeu I 1 eAspLysLysVa 1 Va 1 G 1 y I  1 eAl aTyffi1 uThrVal 

CAACTTGCAAATGGTTCACTACCTTTATTAACACCAATGAGTGAAGTAGCTGGTAAAATG 
GlnLeuAlaAsnGlySerLeuProLeuLeuThrProMetSerGl uValAlaGl yLys& 

GCAACACAAATTGGTGCGCATATTTAGAWTCACGGTGGTAAAGGGATITACTA 
AlaThrGlnI IeGlyAlaGlnTyrLeuGluLysAsnHisGlyGlyLysGlyI leLeuLeu 

GGCGGTGTATCAGGTGTACACGCGCGTAAAGTAACAGTAATTGGTGGCGGAATCGCGGGA 
G 1 6 1  y Va 1 SerG1 yVa 1 H I  sA!aArgLysVa 1 ThrVa 1 I 1 eGlyGlyG1 y I  1 eA 1 aG1 y 

ACAAACGCTGCGAAAATTGCAGTTGGTATGGGAGCAGACGTAACAGTTATTGATTTAAGT 
ThrAsnAlaAlaLysIleAlaValGlyMetGlyAlaAspValThrVal IleArpLeuSer 

CCAGAACGTCTACGTCAATTAGAAGATATGTTTGGTCGCGATGTTCAAACATTAATGTCT 
P r d j l  u A r g w G l  nLeuGl uAspMetPheGlyArgAspVa1GlnThrLeuMetSer 
AACCCGTATAATATTGCAGTCTGTGAAACACTCAGATTTAGTTGTCGGECTGTTCTA 
AsnProTyrAsnI leA l  aG1 uSerVa 1 LysHi sSerArpLeuVa 1 ValGl yAl aVa 1 Leu 

ATTCCTGGTGCAAAGGCTCCAA4GTTAGTTTCGGAAGAAATGATTCAATCGATGCAACCA 
241 I 1 eProGl yAl aLysAlaProLysLeuVa1 SerG1 uG1 uHtt  I leGl nSerFletG1 nPro 

GGTTCTGTTGTTGTGGATATTGCGATTGACCAAGGTGGAATVTTGCGACATCTGATCGT 
26 1 G1 ySerVa 1 Val Va 1 Asp1 leA l  a 1  1eAspGlnGlyGlyI 1 ePheAlaThrSerAspArg 

GTTACAACACATGATGATCCAACGTATGTTAAACATGGGGTAGTCCATTATGCTGTTGCA 
281 ValThrThrHisAspAspProThrTyrValLysHlsGlyValValHisTyrAlaValAla 

AATATGCCAGGGGCTGTGCCACGTACTTCAACGATTGCTTTAACAAATAATACAATTCCT 
301 AsnMetProGlyAlaValProArgThrSerThrIleAlaLeuThrAsnAsnThrIlePro 

TATGCGTTGCAAATTGCCAATAAAGGCTATMGCAAGCATGTATTGACAATCCTGCATTG 
321 T x A l  aLeuGl nI l eA l  aAsnLysGlyTyrLysG1 nAl aCysI 1 eAspAsnProAlaLeu 

AAAAAAGGTGTGAATGCATTAGAGGGGCATATTACTTATAAAGCGGTAGCAGAAGCACAA 
341 LysLysGlyValAsnAlaLeuGluGlyH1 s1 leThrTyrLysAlaValA1 aG1 uAl aG1 n 

GGCTTGCCATATGTGAATGTGGATGAATTAATCCAATAATMTGAATAACTAAAATTAAT 
361 GlyLeuProTyrValAsnValAspGluLeuIleGln- 372 

ATATCCTGTGGTTGCTATTCGTTACGTATGAATACATCTGAGCCATWTGCCAAAAGA 
AGGACAGAAATATCCATTTATGGTGGATTAGCAATTCTTCCTTTTACAATAAATAAAAAT 
ARGAAAGCTAGCATTAGTTGTTGAC 1776 

10 
70 

130 
190 
250 
310 
370 
430 
490 

550 

610 

670 

730 

790 

8 50 

910 

970 

1030 

1090 

1150 

1210 

1270 

1330 

1390 

1450 

1510 

1570 

1630 

1690 
1750 

GAGCTCGGTCTCTCCATTTAGCTGAGGCGGACGA 
TCCCGATTATGCGAAAACAACGGTTTGGCCGGCATCATTACGTACGGATTTCAA~GCG 
GCGGATCCCGGGCTGGGTGCACCGTTCGGCGCTTCGGCGCGGCWGTCGGGCCTTGTA 
TCGCCTGACGAAAACGATCGCCCTAGAAGAGGCAATATGGCATTACCGC~TACTGGTG 
TGCCCAGGAATATTCTCGGCGCCATGAAAGAGGCGGCGGGATCAGCGGGCGCGGCGCAGA 
AGGGATCGGAAACGCGGTCGGACGCCCGGGGACTGGTGAAGATATCGCCCGCGTGATCGC 
TTTTTATGCGAGGACGACTCGGATTTCATCACCGGCGCCGTCATTGACGTCACCGGCGGA 
GGAACGTCATTTACCGCCACCTTTTCCGTTGAGACCAGCGTCTCCTCC~CGTTTGC 
TTTTGCGCGAAACGGAGCACAATAAAAGGAAGAAGCGGGAAGGAAAAAGGAGGAAATGTA 
ATGAAGATCGGCATTCCAAAAGAAATWCAATGAAACCGCGTCGCCATCACTCCG 

1 MetLysI 1 eGl y I  1 eProLysGl u l  1 eLysAsnAsnG1 uAsnArgValA1 a 1  1 eThrPro 

GCAGGCGTGATGACGCTCGTCAAAGCGGGGCATGAGGTGTATGTGGAGACGGAAGGCGGC 
21 A1 aG1 yValMetThrLeuVa1 LysAl aG1 yH1 sG1 uValTyrValGluThrG1 uG1 yGly 

GCTGGGTCGGGGTTTTCCGATTCCGAGTATGAAAAAGCCGGGGCAGCTGATCGTTGCCGA 
41 AlsGlySeffilyPheSerAspSe~~~~~~~~~y~AlaGlyAlaAlaAspArgCysArg 

ACGTGGAGAGATGCTTGGACGGCGGAGATGGTGTTGAAAGTGAAAGAGCCGCTGGCTCGA 
61 ThrTrpArgAspAlaTrpThrAlaGluMetValLeuLysValLysGluProLeuAlaArg 

GAGTTCCGCTATITCGCCCCGGATTGATTTTGTTTACGTATTTGCATTTAGCCGCGGCC 
81 GluPheArgTyrPheArgPrdjlyLeuI 1eLeuPheThrTyrLeuHisLeuAlaAlaAla 

GAACGCGTCACGAAAGCCGTCGTCGAGCAAAAAGTGGTCGGCATCGCTTACWCGGTG 
101 GluArgValThrLysAlaValValGluGlnLysValValGlyIleAlaTyrGluThrVal 

CAGCTGGCGAACGGCTCGCTGCCACTGTTGACGCCGATGAGTGAAGTCGCCGGCCGCATG 
121 GlnLeuAlaAsnGlySerLeuProLeuLeuThrPr~tSerGluValAlaGlyArgMet 

TCGGTGCAAGTCGGCGCCCAGTTTCTCGAGAAGCCGCACGGGGWGGGCATTTTGCTT 
141 SerValGlnValGlyAlaGlnPheLeuGluLysProHlsGlyGlyLysGlyIleLeuLeu 

GGCGGCGTGCCCGGAGTGCGGCGCGGCAAAGTGACGATCATCGGCGGCWCGGCGGGG 
161 G1 $1 yVal ProGl yVal ArgArgGl yLysVa 1 Thr I  1 e1 leGl yGlyGlyThrA1 aG1 y 

ACGAACGCGGCGAAAATCGGGGTCGGTCTCGGTGCAGACGTGACGATITGGACATTAAC 
181 ThrAsnAlaAlaLysIleGlyValGlyLeuGlyAlaAspValThrIleLeuAspIleAsn 

GCCGAGCGGCTGCGCGAGCTCGATGATTTGTTCGGCGACCACGTGACGACGCTCATGTCC 
201 AlaGluArgLeuArgGluLeuAspAspLeuPhffilyAspHlsValThrThrLeu~tSer 

AACTCGTACCATATCGCCGAGTGCGTGCGCGAATCGGATTTGGTCGTCGGTGCCG~CTTG 
221 AsnSerTyrHI SI 1 eAlaGl UCysValArgGluSerAspLeuVal ValGl yAl aVa 1 Leu 

ATCCCGGGGGCGAAAGCGAAGCTGGTGACGGMGAGATGGTGCGCTCMTGACGCCGGGA 
241 IleProGlyAlaLysAlaLysLeuValThrGluGluMetValArgSe~etThrPrdjly 

TCGGTGTTGGTCGACATCGCCATTGACCAAGGCGGCATTTTCGAAACGACCGACCGCGTC 
261 SerValLeuValAspIleAlaIleAspGlnG1yGlyIlePhffiluThrThrAspArqV~ 

ACGACGCACGACGATCCGACATACGTCAAGCACGGCGTCGTCCATTACGCCGTCGCCAAC 
281 ThrThrHlsAs~AspProThrTyrValLysHlsGlyValValHlsTyrAlaValAlaAsn 

ATGCCGGGCGCGGTGCCGCGCACGTCGACATTCGCGCTTACGAACGTCACGATCCCATAC 
301 MetProGlvAlaValProAraThrSerThrPheAlaLeuThrAsnValThrIleProTyr 

GCCTTGCAAATCGCCAACAAAGGCTACCGCGCCGGTTGCTTGGATAACCCGGCGCTGTTA 
321 AlaLeuGlnI 1eAlaAsnLysGlyTyrArgAlaGlyCysLeuAspAsnProAlaLeuLeu 

AAAGGGATCAACACGCTCGACGGGCACATCGTGTACGAAGCGGTCGCGGCGGCGCACAAC 
341 LysGl y I  1eAsnThrLeuAspGlyHI s I 1  eVa 1 TyrGluAl aVal A1 aAlaAl aHis Asn 

ATGCCGTATACAGATGTTCATTCGTTGTTGCACGGATWTCATGAAGATGGAGCCGCC 

TTGATGGCATGAGAAAACAAGCTGTCCGAATCGGCTTGGGGATCGAGCGTGGACTATTCG 
TGCACCTTATTCGCAGAAGCTT 1 736 

361 MetProTyrThrAspValHisSerLeuLeuHisGly 372 
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FIGURE 2: DNA sequences of the gene and the deduced amino acid sequences for alanine dehydrogenases from B. sphaericus (left) and B. 
stearothermophilus (right). Tryptic peptides, as well as the N-terminal region of the B. sphaericus enzyme, for which sequences were determined 
from the purified gene product by automated Edman degradation, are underlined. 
amino acids, whose ATG codon locates 5 15 bp downstream 
of the Sac1 site (Figure 2 ,  right); the total number of nu- 
cleotides in the coding region is identical with that of the gene 
for the B. sphaericus enzyme. The high similarity of the amino 
acid sequence to that of the B. sphaericus enzyme (see below) 
also enabled us to identify the open reading frame accurately, 
and amino acid sequencing of seven tryptic peptides (Figure 
2, right) confirmed about 40% of the entire sequence. On the 
basis of the deduced amino acid sequence of the thermostable 
alanine dehydrogenase (372 amino acids), the molecular 
weight of the enzyme subunit is calculated as 39 699, which 
agrees well with the value (40 000) determined experimentally 
for the enzyme purified from the E. coli clone cell extract. In 
addition, the amino acid composition estimated from the de- 
duced sequence is in good agreement with the analytic value 
of the enzyme purified from the transformant (Table I). 

Comparison of the Alanine Dehydrogenase Genes of B. 
sphaericus and B. stearothermophilus. The open reading 
frame of the alanine dehydrogenase gene of B. stearother- 
mophilus shows a higher GC content (59.6 mol %) than that 
of B. sphaericus (40.8 mol %), both of which correspond to 
the genomic GC contents of B. stearothermophilus (52-58 
mol %) and B. sphaericus (36.5-37 mol %). However, G or 
C is preferentially used at the third base of the codons in the 

B.  stearothermophilus gene: 75.0 mol % in the B. stearo- 
thermophilus codons and 25.5 mol % in the B.  sphaericus 
codons. Changes from A/T to G/C in DNA sequences, 
particularly in the third position of each codon, are believed 
to be one of the mechanisms of gene stabilization at high 
temperatures (Kagawa et al., 1984). 

Amino Acid Sequence Comparison of the Alanine De- 
hydrogenases of B. sphaericus and B. stearothermophilus. In 
addition to the size parity of polypeptides and the identical 
hexameric subunit structure, the hydropathy profiles (Kyte 
& Doolittle, 1982) and the predicted secondary structures 
(Chou & Fasman, 1978) for each alanine dehydrogenase se- 
quence showed no significant differences between the two 
enzymes (data not shown). Linear alignment of the two se- 
quences on the basis of a mutation data scoring matrix 
(Dayhoff et al., 1983) revealed marked similarity between the 
two enzymes (Figure 3); 272 residues are identical of 375 
possible residue matches. The overall sequence homology is 
calculated as 73%, which is considerably high for the degree 
of interspecies sequence homology between thermostable and 
thermolabile enzymes (cf. 54% homology between alanine 
racemases from B. stearothermophilus and B. subtilis; Tan- 
izawa et al., 1988), strongly suggesting that the two alanine 
dehydrogenases have very similar three-dimensional structures. 
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activity, and therefore the structural differences between the 
two enzymes are subtle. 

We previously showed the presence of a free thiol group(s) 
in the B. sphaericus alanine dehydrogenase, modification of 
which by thiol blocking agents [e.g., p-(ch1oromercuri)benzoate 
and HgClJ led to reversible inactivation of the enzyme 
(Ohshima et al., 1979). The B. sphaericus enzyme contains 
only two cysteinyl residues at positions 60 and 334 (Figure 
2, left). Therefore, there is probably no intramolecular di- 
sulfide bond in the B. sphaericus enzyme. It is interesting to 
note that the more thermostable enzyme of B. stearother- 
mophilus contains an additional cysteinyl residue (at position 
228) besides the two residues located at positions (59 and 333) 
equivalent to those in the B. sphaericus enzyme. This contrasts 
with the lack of cysteine in the T.  thermophilus enzyme with 
very high thermostability (Vili et al., 1980). Because free 
cysteines occurring in the exterior of proteins are a potential 
source of thermal instability (Hocking & Harris, 1976), 
Cys-228 of the B. stearothermophilus enzyme may occur in 
the interior of the protein and/or form a disulfide bond with 
either Cys-59 or Cys-333, exerting a positive effect on the 
thermostability. 

Prediction of the Coenzyme Binding Domain by Sequence 
Comparison with Other NAD(P)+-Dependent Dehydrogenases. 
Although a computer-aided search of the National Biomedical 
Research Foundation (NBRF) protein sequence data bank 
(George et al., 1986) revealed rather low overall sequence 
similarities ( 1 1-20%) between alanine dehydrogenases and 
other pyridine nucleotide-dependent dehydrogenases, a partial 
sequence of 29 residues (from Lys-170 to Asp-198) in each 
alanine dehydrogenase was found to contain many residues 
identical with those in the nicotinamide coenzyme binding 
region of various dehydrogenases (Figure 4). The coenzyme 
binding domain of dehydrogenases has been shown to display 
a high degree of conservation of tertiary structure (Birktoft 
& Banaszak, 1984): it consists of a four-stranded parallel 
@-sheet and one a-helix with virtually identical arrangement. 
In the dehydrogenases acting on amino acids (Le., glutamate 
and leucine dehydrogenases), however, only two parallel 0- 
sheets and one a-helix have been identified as the binding 
domain for the coenzyme, in particular, for the adenine nu- 
cleotide moiety (Birktoft & Banaszak, 1984; Nagata et al., 
1988). The similarity of the 29-residue sequence with the 
coenzyme binding domain of other dehydrogenases is very 
high, giving scores of 11 and 10 for the sequences of the B. 
sphaericus and B. stearothermophilus enzymes, respectively, 
in prediction of the occurrence of the ADP-binding pap-fold 
in proteins by the amino acid sequence fingerprint method 
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FIGURE 3: Linear alignment of the protein sequences of alanine 
dehydrogenases from B. sphaericus (upper) and B. stearothermophilus 
(lower). The two sequences were aligned by introducing gaps (hy- 
phens) to maximize identities according to the method of Dayhoff 
et al. (1983). Identical residues and conservative substitutions between 
the two sequences are shown by verticle lines and dotted lines, re- 
spectively. 

A H A M P Y T D V H S L L H A  

In the aligned sequences, two portions (1-32 and 90-340 of 
the B. sphaericus sequence) that comprise about 75% of the 
entire sequence show particularly high similarity (>80%). 
Several residues with catalytic importance and those identified 
to be involved in binding of the coenzyme (see below) are all 
conserved in this highly similar portion (90-340). The re- 
maining two portions (33-89 and 341-372 of the B. sphaericus 
sequence) are less similar (<60%), indicating that most of the 
nonidentical residues are clustered in these short segments. 
In view of the fact that the only significant difference between 
the two alanine dehydrogenases is thermostability, we speculate 
that either or both of the two segments with low similarity 
might contribute a role in the thermostability of alanine de- 
hydrogenases. This is consistent with the idea that a consid- 
erable increase in thermal resistance of proteins can be ac- 
quired by the addition of only a few intramolecular bonds, such 
as hydrogen, ionic, and hydrophobic bonds (Hocking & Harris, 
1976). Studies of the temperature dependence of enzyme 
activity and the heat inactivation of alanine dehydrogenases 
from B. subtilis and Thermus thermophilus (Vili et al., 1980) 
have also indicated that the factors ensuring the thermore- 
sistance of the T. thermophilus enzyme do not affect enzyme 
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FIGURE 4: Sequence comparison of the PA-aB-PB regions of several NAD(P)+-dependent dehydrogenases. Conserved residues that are believed 
to be important for coenzyme binding are indicated by asterisks. The sequence numbers of the first and last residues involved in this region 
are shown above each sequence. Abbreviations: AlaDH, alanine dehydrogenase; LeuDH, leucine dehydrogenase; PheDH, phenylalanine 
dehydrogenase; GluDH, glutamate dehydrogenase; LDH, lactate dehydrogenase; mMDH, mitochondrial malate dehydrogenase; ADH, alcohol 
dehydrogenase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 
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FIGURE 5: Comparison of partial sequences of alanine dehydrogenases with the catalytic regions of other NAD(P)+-dependent dehydrogenases. 
The sequences were aligned by introducing gaps (hyphens) to maximize identities. Numbers of the first and last residues are referred to the 
sequences registered in the data bank and are shown above each sequence. Catalytically important residues are shown by asterisks, and conserved 
residues are blocked. Abbreviations are the same as used in Figure 4. 

(Wierenga et al., 1986). These findings support the suggestion 
that this region of alanine dehydrogenases participates in the 
binding of NAD' in a manner analogous to other NAD- 
(P)'-dependent dehydrogenases. 

Further Decipherment of the Alanine Dehydrogenase Se- 
quence. By a computer search for local sequence homology, 
three segments (55-65, 103-113, and 143-169 of the B. 
sphaericus sequence) were found to be significantly similar 
to partial sequences from other dehydrogenases (Figure 5). 
The enzymes chosen from the data bank include lactate and 
malate dehydrogenases, which share the reaction mechanism 
and catalytically important residues in the highly similar 
primary structures (Wilks et al., 1988). Interestingly enough, 
His-I95 (an acid-base catalyst; Parker & Holbrook, 1977), 
Asp- 168 (an anionic group supporting the protonated form 
of His-I95 in the ternary complex; Clarke et al., 1988), 
Arg-109 (a cationic group stabilizing the negative charge on 
the substrate C2 oxygen during a transition state; Clarke et 
al., 1986), and Arg-171 (a cationic group providing a tight 
and bifurcated binding with the C1 carboxylate of the sub- 
strate; Hart et al., 1987) of lactate dehydrogenase are found 
in these segments from both alanine dehydrogenase sequences 
at matched positions with similar mutual distances (except that 
Lys is substituted for Arg at the position corresponding to 
Arg- 17 1 of lactate dehydrogenase). According to Grimshaw 
et al. (1981), a cationic acid group (probably histidine) plays 
an essential role as an acid-base catalyst in alanine de- 
hydrogenase, unlike glutamate dehydrogenase which appears 
to employ a lysyl residue (Rife & Cleland, 1980a,b). Thus, 
it seems probable that the essential histidine corresponds to 
His- 153 of the B. sphaericus and B.  stearothermophilus 
alanine dehydrogenases (which is matched to His-195 of 
lactate dehydrogenase; see Figure 5). 

Furthermore, the longest segment (143-169 of the B. 
sphaericus alanine dehydrogenase sequence) compared in 
Figure 5 contains a tetrapeptide sequence (from Gly-154 to 
Gly- 157) analogous to the consensus sequence, G-G-(G or A 
or S)-K, uniquely conserved in glutamate (Piszkiewicz et al., 
1970; Blumenthal et al., 1975) and leucine dehydrogenases 
(Nagata et al., 1988); such a motif does not occur in the 
sequences of lactate and malate dehydrogenases. The lysyl 
residue in the Gly-rich region of glutamate dehydrogenases 
probably functions in catalysis by forming a Schiff base adduct 
with a-ketoglutarate (Smith et al., 1975). Alanine de- 
hydrogenase of B. sphaericus contains no reactive lysyl residues 
(Ohshima & Soda, 1979) whereas leucine dehydrogenase, the 
sequence of which is similar to glutamate dehydrogenase se- 

quences (Nagata et al., 1988), suffers from chemical modi- 
fication of a reactive lysyl residue by pyridoxal 5'-phosphate 
(Ohshima & Soda, 1984). These facts suggest that Lys-156 
of alanine dehydrogenase, which is matched to the essential 
Lys- 126 of mammalian glutamate dehydrogenase, is not in- 
volved in catalysis. However, Grimshaw et al. (1981) sug- 
gested the presence of a cationic acid group (probably lysine) 
in alanine dehydrogenase which must be protonated for activity 
and good binding of inhibitors and which appears to be im- 
portant for maintaining the proper conformation of the en- 
zyme. 

In conclusion, we have shown here by complete sequencing 
and detailed sequence decipherment that alanine de- 
hydrogenases from B. sphaericus and B. stearothermophilus 
comprise many residues which are of interest as targets for 
site-directed mutagenesis in structural studies of amino acid 
dehydrogenases. 
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