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ABSTRACT: The goal of the research reported here is to identify evolutionarily conserved amino acid residues 
associated with enzymatic deamination of adenosine. To  do this, we isolated molecular clones of the 
Escherichia coli adenosine deaminase gene by functional complementation of adenosine deaminase deficient 
bacteria and deduced the amino acid sequence of the enzyme from the nucleotide sequence of the gene. 
Nucleotide sequence analysis revealed the presence of a 996-nucleotide open reading frame encoding a protein 
of 332 amino acids having a molecular weight of 36 345. The deduced amino acid sequence of the E.  coli 
enzyme has approximately 33% identity with those of the mammalian adenosine deaminases. With con- 
servative amino acid substitutions the overall sequence homology approaches 50% suggesting that the 
structures and functions of the mammalian and bacterial enzymes are similar. Additional amino acid sequence 
analysis revealed specific residues that are conserved among all three adenosine deaminases and four A M P  
deaminases for which sequence information is currently available. In view of previously published enzy- 
mological data and the conserved amino acid residues identified in this study, we propose a model to account 
for the enzyme-catalyzed hydrolytic deamination of adenosine. Potential catalytic roles are assigned to the 
conserved His 214, Cys 262, Asp 295, and Asp 296 residues of mammalian adenosine deaminases and the 
corresponding conserved amino acid residues in bacterial adenosine deaminase and the eukaryotic A M P  
deaminases. 

x e  catalytic power of an enzyme is measured by its ability 
to enhance the rate of a specific chemical reaction. One of 
the highest rate enhancements known is that achieved by 
adenosine deaminase (EC 3.5.4.4), an enzyme that catalyzes 
the hydrolytic deamination of adenosine with a rate en- 
hancement of approximately 2 X 10l2 (Frick et al., 1987). The 
catalytic power of adenosine deaminase is encompassed within 
a single polypeptide chain and is achieved without the aid of 
cofactors. Thus, all of the functional groups required to 
catalyze the hydrolytic deamination of adenosine reside within 
the properly configured amino acid residues of a single poly- 
peptide chain. The amino acid sequences of the murine 
(Yeung et al., 1985) and the human (Wiginton et al., 1984) 
adenosine deaminases have been deduced from the nucleotide 
sequence of the cloned cDNAs. Functional studies have in- 
dicated that adenosine deaminases from different sources are 
similar with regard to substrate specificity and kinetic constants 
(Wolfenden, 1969; Wolfenden et al., 1969; Agarwal et al., 
1975; Spector et al., 1983). Because of the apparent simplicity 
and catalytic efficiency of adenosine deaminase, the enzyme 
has been the focus of extensive investigations in an effort to 
understand the mechanism of catalysis. A variety of studies 
have implicated an enzyme sulfhydryl (Ronca et al., 1967; 
Wolfenden et al., 1967; Weiss et al., 1987), one or more 
carboxyl groups (Kurz & Frieden, 1983; Kati & Wolfenden, 

1989a), and one or more imidazole groups (Orsi et al., 1972; 
Kurz & Frieden, 1983) in the catalytic process. The availa- 
bility of a variety of substrates and inhibitors (Chassy & 
Suhadolnik, 1967; Cha et al., 1975; Wolfenden et al., 1977; 
Agarwal et al., 1977) has played an important role in efforts 
to understand substrate specificity and catalytic mechanism. 
The transition state of the enzyme-catalyzed reaction appears 
to involve a tetrahedral intermediate (Wolfenden, 1969; Evans 
& Wolfenden, 1970, 1973; Frick et al., 1986; Kurz & Frieden, 
1987; Jones et al., 1989) which is formed during an addi- 
tion-elimination reaction at the sixth position of the purine 
ring. Recent studies illustrate the importance of the hydroxyl 
group at the tetrahedral carbon of transition-state analogues 
for binding to the enzyme (Schramm & Baker, 1985; Jones 
et al., 1989; Kati & Wolfenden, 1989a). 

Recombinant DNA technology has contributed to the 
structural and functional analysis of adenosine deaminase in 
two ways. First, molecular cloning and sequencing of murine 
(Yeung et al., 1985) and human (Wiginton et al., 1984) 
adenosine deaminase cDNAs allowed the amino acid sequence 
of each enzyme to be deduced. Second, the construction of 
bacteria capable of overproducing murine adenosine deaminase 
has made it possible to purify large quantities of the enzyme 
for crystallization and X-ray diffraction analysis (Wilson et 
al., 1988). Genetic engineering also allows the introduction 
of sDecific amino acid substitutions in Droteins of interest bv 
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site:specific mutagenesis (Leatherbariow & Fersht, 1987). 
However to utilize this last approach, it is important to have 
some rational basis for choosing the specific amino acid 
changes to be made. For example, such choices can be made 
on the basis of detailed structural information that reveals 
amino acids present at the active site that are likely to provide 
functional groups that participate in the catalytic pathway. 
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However, such high-resolution structural information is not 
yet available for adenosine deaminase. An alternative and 
completely independent approach which can often reveal the 
identity of functionally important amino acid residues or se- 
quence motifs is the identification of evolutionarily conserved 
amino acid sequences among functionally related proteins 
(Reichardt & Berg, 1988). For this reason we have cloned 
the Escherichia coli adenosine deaminase gene, deduced the 
amino acid sequence of the enzyme, and identified four amino 
acid sequences, of at least four amino acid residues in length, 
which have remained unchanged since the evolutionary di- 
vergence of bacteria and mammals. Two of these amino acid 
sequences are also conserved in four AMP deaminases, en- 
zymes which also catalyze a hydrolytic deamination from the 
sixth position of an adenine ring. Additional sequence analysis 
revealed that a histidine, a cysteine, and a pair of aspartic acid 
residues are conserved among the three adenosine deaminases 
(bacterial, mouse, and human) and the four AMP deaminases 
(yeast, rat, and two human isoforms) for which sequence 
information is currently available. On the basis of a consid- 
eration of previously published enzymolgoical data and the 
evolutionarily conserved amino acids identified in this study, 
we propose a mechanism for the enzyme-catalyzed deamina- 
tion of adenosine. Potential catalytic roles are assigned to four 
specific amino acid residues; His 214, Cys 262, Asp 295, and 
Asp 296 of the mammalian adenosine deaminases and the 
corresponding conserved amino acid residues in E. coli 
adenosine deaminase and four eukaryotic AMP deaminases. 

MATERIALS AND METHODS 
Bacterial Strains and Growth Conditions. S43834 (rpsL, 

Aadd-uid-man, metB, guaA, uraA::TnlO) is an E. coli strain 
which has two features important to this work: one is the 
deletion of the add gene (Jochimsen et al., 1975), and the other 
is a mutation of the guaA gene (Hove-Jensen & Nygaard, 
1989). S43834 was constructed as follows: E. coli strain 
S43822 was derived from S4198 (rpsL, metB, guaA) by P1 
transduction with phage grown on S41608 (HfrR4, pyrA35, 
purM48, metBl, uraA::TnlO). Colonies were selected on 
L-broth with 5 pg/mL tetracycline. The resulting strain is 
designated S43822 (rpsL, metB, guaA, uraA::Tn10). Strain 
S43834 was derived from strain S4230 (rpsL, Aadd-uid-man, 
metB) by P1 transduction with phage grown on strain S43822. 
Again, colonies were selected on L-broth plus 5 pg/mL tet- 
racycline. Note that uraA encodes a protein for uracil 
transport at low concentrations and has been disrupted by a 
TnlO insertion in  strain S41608. It is not relevant to the 
present study but was used to move the closely linked guaA 
gene into S43822 by P1 transduction. 

Minimal medium contained (per liter of salt buffer) 50 mg 
of methionine, 2 mL of glycerol, 0.2 g of MgS04, 0.01 g of 
CaCI2, and 1 mg of thiamin. The salt buffer contained (per 
liter) 13.6 g of KHzP04, 2 g of (NHJZSO4, and 0.0005 g of 
FeS04.7H20 with the pH adjusted to 7.2 by KOH. When 
required, guanine, hypoxanthine, and uracil were added at 15 
pg/mL. When DAPI-supplemented minimal medium was 
made, 20 mg of 2,6-diaminopurine was added to the above 
solution. Antibiotics, when appropriate, were also added. 
Solutions were sterilized by either autoclaving or filtration. 
All the chemicals were from Sigma Chemical Co. 

A 
plasmid library of E. coli genomic DNA was made by insertion 
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of fractionated 8-15-kb DNA fragments from Sau3A partially 
digested E. coli genomic DNA into BamHI-digested and 
phosphatase-treated pUC9 plasmid vector (Jayakumar et al., 
1989). The plasmid library was transformed into the S43834 
cells and selected on L-broth/ampicillin plates. The colonies 
thus obtained were pooled and reselected on DAP minimal 
medium plates. The secondary plasmid library was made 
similarly. Plasmid DNA from the positive clone (padd7.7; see 
Results) was partially digested with Sau3A, and 1-3-kb DNA 
fragments were purified with Geneclean (Bio 101) and in- 
serted into BamHI-digested and phosphatase-treated Bluescript 
I 1  KS+ plasmid (Stratagene, La Jolla, CA). The library was 
transformed into competent S43834 cells and selected on DAP 
minimal medium. 

Detection of Adenosine Deaminase Activity. After growing 
in 10 mL of L-broth-rich medium overnight at 37 OC, cells 
were pelleted and resuspended in 200 pL of homogenization 
buffer (Nygaard, 1978) with 1 mM phenylmethanesulfonyl 
fluoride. The cells were lysed by sonication (Branson soni- 
cator-cell disruptor 185). Cell debris was eliminated by ul- 
tracentrifugation (Beckman, TL-100) at  45 000 rpm for 30 
min. The resulting supernatant was assayed for adenosine 
deaminase activity. All operations were performed at 4 OC. 

The adenosine deaminase activity was analyzed by both 
spectrophotometry (Nygaard, 1978) and zymogram analysis 
(Yeung et al., 1983). The spectrophotometric assay is based 
on the decrease of absorption at  265 nm resulting from the 
deamination of adenosine to inosine. The zymogram analysis 
is based on a specific histochemical reaction that is dependent 
on adenosine deaminase activity and was used to identify 
adenosine deaminase activity after electrophoretic separation 
of supernatant fractions under nondenaturing conditions on 
an Authentifilm thin agarose gel (Innovative Chemistry) in 
a chilled electrophoresis chamber (100 V, 45 min). 

DNA Sequencing. ExoIII/mung bean nuclease deletions 
were made according to the supplier's recommendations 
[Stratagene and Sambrook et al. (1989)l except for the fol- 
lowing modifications. The plasmid DNA was completely 
digested with the 3'-overhang restriction enzyme first and then 
cut with the 5'-overhang enzyme [instead of vice versa as 
described by Sambrook et al. (1989)l. After mung bean 
nuclease treatment, the DNA was run on a low-melting 
agarose gel, and the DNA fragments were purified with 
GeneClean for better ligation. Plasmid DNA from minilysate 
preparations was used for double-strand dideoxy termination 
sequencing. The boiling method of preparing minilysates was 
used (Ausubel et al., 1987), with two phenol/chloroform/ 
isoamylalcohol (25:24: 1) extractions before and after the 2- 
propanol precipitations. The double-strand sequencing was 
performed by the Sequenase method according to the supplier's 
recommendation (US. Biochemicals). The reverse primer and 
universal primer of Bluescript I1 KS+ plasmid were used for 
sequencing the two complementary DNA strands. Sequence 
analysis was performed with the MicroGenie sequence analysis 
program (Version 5.5, Beckman Instruments, Inc.). 

RESULTS 
Cloning Strategy: Functional Complementation of Aden- 

osine Deaminase Deficient Bacteria. The phenotypic selection 
strategy we used stems directly from the approach used pre- 
viously to clone full-length murine adenosine deaminase cDNA 
by functional complementation of an adenosine deaminase 
deficient E.  coli strain (Yeung et al., 1985). However, the 
particular E. coli strain used in the earlier work, S4200, was 
not entirely satisfactory due to a relatively high reversion 
frequency. To alleviate this problem, we constructed a new 

I Abbreviations: EHNA, eryrhro-9-(2-hydroxy-3-nonyl)adenine; 
DAP, 2,6-diaminopurine; GR, guanosine; G, guanine. 
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FIGURE 1 : Purine metabolic pathways in the E. coli mutant S43834. 
Panel A depicts an abbreviated version of purine metabolism in E. 
coli. S43834 (rpsL, Aadd-uid-man, metB, guaA, uraA::TnlO) is a 
guanine-requiring nutritional auxotroph which has a deletion in the 
adenosine deaminase gene (add). The mutation in the guaA gene 
results in the loss of the guanylate synthetase activity and provides 
the basis for the guanine ( G )  or guanosine (GR) reqiurement. Ad- 
ditional abbreviations: AR, adenosine; A, adenine; HR, inosine; H, 
hypoxanthine. Panel B shows the pathway leading to the synthesis 
of guanine and guanosine from 2,6-diaminopurine (DAP) and ribose 
1 -phosphate (RPi) by adenosine deaminase (add) and purine nu- 
cleoside phosphorylase (deoD). S43834 can grow on DAP if adenosine 
deaminase is provided because GMP can be synthesized from gua- 
nosine or guanine as indicated. 

mutant, S43834 (rpsL, Aadd-uid-man, metB, guaA, 
uraA::Tn10). The Aadd-uid-man refers to a deletion of the 
adenosine deaminase gene (add) and two neighboring genes 
(Jochimsen et al., 1975). The guaA mutation renders this 
strain a guanine-requiring nutritional auxotroph by preventing 
the conversion of XMP to GMP. The reversion frequency for 
the guaA mutation is less than IO-*. The relevant E .  coli 
purine metabolic pathways and the specific mutations affecting 
these pathways in S43834 are shown in Figure 1A (Nygaard, 
1983). 

The metabolic basis for the phenotypic selection protocol 
is as follows. In  the presence of purine nucleoside phospho- 
rylase (encoded by deoD) and adenosine deaminase (encoded 
by add), guanosine (GR) and guanine ( G )  can be produced 
from 2,6-diaminopurine (DAP) as shown in Figure 1B. The 
resulting guanosine and guanine can be converted directly to 
GMP as shown in Figure IA, thus circumventing the genetic 
block to GMP synthesis resulting from the guaA mutation. 
In strain S43834, a guaA mutant lacking an add gene, DAP 
cannot satisfy the guanine nucleotide needs of the cell unless 
a functional add gene is provided. Thus, S43834 cells grow 
on minimal medium when supplemented with guanosine or 
guanine, but not with DAP. However when transformed with 
a recombinant plasmid encoding mouse or human adenosine 
deaminase, S43834 cells grow on minimal medium supple- 
mented with DAP (data not shown). Under these conditions 
such transformants are killed by the addition of inhibitors of 
adenosine deaminase such as EHNA [erythro-9-(2-hydroxy- 
3-nonyl)adenine], purine riboside, or deoxycoformycin (data 
not shown), indicating that adenosine deaminase is essential 
for growth. Thus, the DAP selection medium appeared to be 
suitable for cloning the E .  coli add gene by functional com- 
plementation of S43834. 

Complementation Cloning of the Bacterial add Gene. A 
plasmid library of E .  coli genomic DNA (Jayakumar et al., 
1989) was constructed and used to transform the adenosine 
deaminase deficient mutant, S43834. Transformants were 
initially selected on L-broth plus ampicillin. Transformants 
were then pooled and replated on minimal medium plus DAP, 
and one positive clone was obtained. This clone, padd7.7, has 
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FIGURE 2: Zymogram analysis of bacterial transformants to test for 
the presence of adenosine deaminase activity. Zymogram analysis 
of adenosine deaminase activity in cell lines and transformants is shown 
in the upper panel, and the deletion mutants used to define the 
boundaries of the add gene are shown in the lower panel. Lane 1 
is from the adenosine deaminase deficient S43834  cells and serves 
as a negative control for bacterial adenosine deaminase activity. Lane 
2 is from an adenosine deaminase positive strain, MutD5 (Schaaper, 
1988), and serves as a positive control for adenosine deaminase activity. 
Lanes 3 and 4 are from the two positive clones selected for growth 
on DAP minimal medium. Lanes 5-8 are from the deletion mutants 
shown at the bottom. The position of the open reading frame between 
the ATG and TAA sequences is indicated by the hatched box in the 
lower panel. 

an insert of approximately 7.7 kb of genomic DNA. The 
following two observations indicate that the padd7.7 contains 
the add gene rather than the guaA gene (which may be re- 
covered by our selection scheme). First, S43834 cells trans- 
formed by padd7.7 did not grow on minimal medium without 
supplementation with D A P  if the guaA gene had been cloned, 
the transformants would have been able to grow on minimal 
medium alone (see Figure 1A). Second, a high level of 
adenosine deaminase activity was detected in cell extracts from 
the transformed cells (Figure 2, lane 3). The much higher 
levels of adenosine deaminase activity in cells transformed with 
padd7.7, as compared to a control bacterial extract (MutD5, 
Figure 2, lane 2), presumably results from gene dosage effects 
reflecting the presence of multiple copies of padd7.7 present 
per transformed cell. 

The add gene was further delineated by preparing a sec- 
ondary plasmid library from padd7.7. This was accomplished 
by Sau3A partial digestion of padd7.7, gel purification of 
DNA fragments in the size range of 1-3 kb, and insertion into 
BamH 1 -digested and phosphatase-treated Bluescript I1 KS+ 
vector DNA. The resulting recombinant plasmids were in- 
troduced into S43834, and transformants were selected on 
minimal medium plus DAP. Plasmid minilysates were pre- 
pared from a number of transformants, and one transformant, 
paddl.7, was identified as having the smallest insert of ap- 
proximately 1.7 kb. The presence of the add gene was indi- 
cated by the presence of adenosine deaminase activity in cell 
extracts (Figure 2, lane 4). The location of the add gene within 
paddl .7 was determined by preparing a nested set of 5' and 
3' deletion mutants (a subset of which is shown in Figure 2, 
lower panel) and testing extracts of transformed S43834 for 
adenosine deaminase activity. From the results shown in 
Figure 2 we conclude that one end of the add gene lies between 
the end points of subclones KE3 and KE4, whereas the other 
end of the add gene is situated between the end points of 
subclones SXl and SX2. 

Nucleotide Sequence of the E. coli add Gene. Unambiguous 
sequence from both strands of paddl .7 was obtained for the 
region believed to encode adenosine deaminase. The sequence 
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CGTCGTTMCCCCMTTCGCMGTAAAAMTCGTTGCMTCGTGGATI~~FFE+TGCTTTGTTT@~~*GT 

e- RBs MetIleAspThrThrLeuProLauThrAspIleHis~gHis 0P.nnor 
CTTOATGGCMCATTCGTCCCCAGACCATTCTTCMCTTGGCCGCCAGTATMTATCTCGCTTCCTGCACMTCC 
LeuAs~lyAsnIl~gProGlnThrI1eLeuGluImuGlyArgGlnTyrAsnIleSerLeuProAlaGlnSer 

CTGGMACACTGATTCCCCACGTTCAGGTCATTGCCMCGMCCCGATCT~TGAGC~CTGACC~CTTGAC 
ImuGluThrLauIleProHisValGlnVa1IleA1~snGluProAspLeuValSer~eLeuThrLyrLauAsp 

TGGGGCGTTAMOTTCTCGCCTCTCTTGATGCCTGTCGCCGCGTGGCA~~CATTGMGATGCAGCCCGT 
TrpGlyVa1LysValImuAlaSerLeuAspAlaCysArgArgValAlaPheGluAsnIleGluAspAlaAlaArg 

CACGGCCTGCACTATGTCGAGCTGCGTTTTTCACCAGGCTACATGGCMTGGCACATCAGCTGCCTGTAGCGGGT 
HisGlyLa~lsTyrValGluLeuArgPheSerProGlyTyrMetAlaMetAlaHisGlnLeuProVa1AlaGly 

GTTGTCGMGCGGTGATCGATGGCGTACGTGMGGTTGCCGCACCTTTGGTGTGCAGGCGMGCTTATCGGCATT 
ValValGluAlaVa1IleAspGlyValArgGluGlyCysArgThrPheGlyVa1GlnAlaLysLeuIleGlyIle 

ATGAGCCGGACCTTCGMGCCGCCTGTCAGCMGAGCTGGAGGCCTTTTTAGCCCACCGTGACCAGATTACCGCA 
HetSerArgThrPheGluAlaAlaCysGlnGlnGluLauGluAlaPheLeuAlaHisArgAspGlnI1eThrAla 

CTTGA~AGCCGGTGATGMCTTGGTTTCCCGGGMGTCTGTTCCTTTCTCACTTCMCCGCGCGCGTGATGCG 
LeuAspLeuAlaGlyAspGluLeuGlyPheProGlySerLeuPheLeuSerHisPheAsnArgAlaArgAspAla 

GGCTGGCATATTACCGTCCATGCAGGCGMGCTGCCCGGCCGGMAGCATCTGGCAGGCGATTCGTGMCTGGGT 
GlyTrpHisI1eThrValHisAlaGlyGluAlaAlaGlyProGluSerIleTrpGlnAlaIleArgGluLeuGly 

GCGGAGCGTATTGGACATGGCGT~GCCATTGMCATCGGGCGCTGATGGATTTTCTCGCCGAGCMCMATT 
AlaGluArgIleGlyHlsGlyValLysAlaIleCluAspArgAlaLe~etAspPheLe~laGluGlnGlnIle 

GGTATTGMTCCTGTCTGACCTCCMTATTCAGACCAGCACCGTAGCAGAGCTGGCTGCACATCCGCTGAAMCG 
GlyIleGluSerCysLeuThrSerAsnIleGlnThrSerThrValAlaGluLeuAlaAlaHisProLeuLysThr 

TTCCTTGAGCATGGCATTCGTGCCAGCATTMCACTCACGATCCCGGCGTACAGGGACTGGATATCATTCACGM 
PheLauGluHlsGlyIleArgAlaSerIleAsnThrAspAspProGlyValGlnGlyValAspIleIleHisGlu 

TATACCGTTGCCGCGCCAGCTGCTGGGTTATCCCGCCAGC~TCCGCCAGGCACAGATTMTGGTCTGGMATG 
TyrThrVaUlaA1aProAlaAlaGlyLeuSerArgCluGlnIleArgGlnAlaGlnIleAsnGlyLeuGl~et 

GCGCAC~TATATCCAG~~~GACCATGATTGATACCACCCTGC~TTMCTGATATCCATCGCCAC + +  

1 0 5 1  G C T T T C C T C A G C G C T G A G G l C G C G C A C T G C G A G ~ G T C G C C G C G M G T M C ~ T G G A - G C ~  
~laPheLauSerAlaGluGluLysArgAlaLeuArgGluLysValAlaAlaLysEnd rem. 

1126 TGCAC_ACCATTTTTCATGCAAGGCACAMGTCGCGCGATCTTTCGGCGGATTCGATCCCCAGCTCMTCMCTCC 

F I G U R E  3: Nucleotide sequence of the E .  coli adenosine deaminase (add) gene and flanking region. Shown below the nucleotide sequence 
is the amino acid sequence encoded by the open reading frame. Putative regulatory elements are indicated. These include promoter elements 
at -10 and -35, an operator which consists of a region of dyad symmetry (inverted arrows) flanking potential transcriptional initiation sites 
(downward arrows), a ribosome binding site (RBS), and p-independent terminator (Term.) possessing elements of dyad symmetry (indicated 
by the inverted arrows) 

(Figure 3) included a 996-nucleotide open reading frame, 
bounded on one end by a translation start codon (ATG) and 
on the other end by a translation stop codon (TAA). This open 
reading frame encodes a protein of 332 amino acids having 
a molecular weight of 36 345 and lies within the boundaries 
delineated in Figure 2 for the functional add gene. The de- 
duced amino acid sequence shows considerable similarity to 
those of mouse and human adenosine deaminase (Figure 4). 
The E.  coli sequence shows 33% identity and 49% similarity 
with that of the mouse adenosine deaminase sequence and 32% 
identity and 47% similarity with that of the human adenosine 
deaminase sequence. On the basis of the functional evidence 
presented in Figure 2 and the sequence similarities illustrated 
in Figure 4, we conclude that the 996-nucleotide open reading 
frame in padd 1.7 encodes E .  coli adenosine deaminase. 

Sequence motifs which may serve as promoter, operator, 
ribosome binding site, and p-independent transcription ter- 
minator for the add gene are depicted in Figure 3. Procaryotic 
promoters usually contain two consensus hexamers (McClure, 
1985; Hawley & McClure, 1983): one is the -10 TATAAT 
sequence; the other is the -35 TTGACA. The putative -10 

sequence for the E .  coli add gene is completely conserved, 
whereas the putative -35 sequence (TTTACC) is less well 
conserved. In E.  coli, transcription usually startes at a G or 
an A nucleotide which is four to eight bases downstream from 
the -10 sequence (McClur, 1985; Hawley & McClure, 1983). 
Thus, the G and A nucleotides, which are five and seven bases 
downstream of the -10 sequence, are potential transcription 
start sites for the add gene (shown as downward arrows in 
Figure 3). An operator usually consists of a DNA sequence 
having dyad symmetry which encompasses part of the pro- 
moter sequence and part of the transcription start site 
(McClure, 1985). On the basis of these criteria, the sequence 
TATAATGGTGC GCAGTTTTATA, which has partial dyad 
symmetry and covers the putative promoter and transcription 
start site, may serve as an operator that could be involved in 
the metabolic regulation of add gene expression (Nygaard, 
1978). The consensus sequence for ribosome binding, GAGG 
or AGGA, is usually centered 8-13 bases upstream of the 
translation initiation codon (Gold et al., 1981). The GAGTG 
sequence, which is centered eight bases upstream from the 
ATG codon, is a likely candidate for a ribosome binding site. 
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ILKTERLGHCYHTLeDQAL~LYNRLRQENMHFE WSSYLTOAWKPDTEHAVIRLDQANYS TDD IFKSTLD 
-L-+ER+CHC-+++ED-AL---L---++--E --S---T--+---+-H-+---------- S 0 NTDD -+- - - -+-  1 
HEYTVAAPAACLSREQIRQAQINCLEMAFLSAEEKRALREKVAAK 
TDYQMTKKDMGFTEEEFKRLNINAAKSSFLPEEEKKELLERLYREYQ 
TDYQMTKRDMGFTEEEFKRLNINAAKSSFLPEDEKRELLDLLYKAYCMPPSASAGQNL 
-+Y-++----C-+-E--+--+IN----+FL--+EK+-L-+-+---------------- 

FIGURE 4: Amino acid sequence comparisons of E .  coli, murine, and human adenosine deaminases. Panel A shows the dot matrix comparisons. 
To score positive in the comparison, four amino acids out of five must be conserved. Panel B shows the sequence alignment comparisons with 
identical residues listed on the bottom line where (+) indicates a conservative amino acid substitution and (-) indicates a nonconservative amino 
acid substitution. 

Table I 

Enzymes Conserved Sequences' Referencesb 

IMz- 

~(.t . . .. -. - -362----. - (207). . .. .c573---. - - (74)- -. -. -smmjp651-.- - - ( 5 )  

Yeast .-._.-- 421w ...-. (206) _ _ _ _ _  C631----- - (74) _ _ _ _ _ _  SLSTDJP7O9-.---(4) 

H-n(K)--. -362VliM--- - - (207). - -. -C573-.7.. - (74). - -. . -SLSR)Dp651-.. - . - ( 6 )  

H-~(L) .___ 3 6 2 ~  .._._ (207) .____ - c'" _ _ _ _ _  (74)----..sLsTopp651--. . - ( 7 )  

"The number of amino acid residues between the conserved se- 
yucnccs is indicated in  parentheses. The amino acids depicted in the 
model presented in Figure 5 are underlined. bReferences are as fol- 
lows: ( I )  this manuscript; (2) Yeung et al., 1985; (3) Wiginton et al., 
1984; (4) Mcycr et al., 1989: (5) Sabina et al., 1987; ( 6 )  Sabina et al., 
1990: ( 7 )  Sabina et al.. Dersonal communication. 

The sequence ATGGTGCAAATGCACCACCATTTTT, 
which is eight bases downstream from the translation stop 
codon, encodes an RNA with the potential to form a stem-loop 
followed by a run of uridylic acid residues and very likely serves 
as a p-independent transcription terminator (Platt, 1986). 

Conserved Amino Acid Sequences Present in Adenosine 
Deaminases and AMP Deaminases. Although there is a great 
deal of overall amino acid sequence conservation between the 
E. coli and mammalian adenosine deaminases, there are only 
four stretches of four or more contiguous amino acid residues 
that have been completely conserved with regard to sequence 
and highly conserved with regard to position (Figure 4). The 
distance between two of the conserved elements, TVHAGE 
and SL(I)NTDDP, has been exactly conserved at 76 amino 
acids for all three adenosine deaminases. In addition, the only 
conserved cysteine among the three enzymes occurs between 
these two conserved elements with identical spacing between 
each element and the cysteine as illustrated in Table I. The 
amino acid sequence of the three adenosine deaminases were 
also compared with those of four AMP deaminases; yeast, rat, 
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and the human muscle (M) and liver (L) forms. AMP de- 
aminase is a larger protein than adenosine deaminase with 
monomeric molecular weight of approximately 96 000 (Meyer 
et al., 1989) and is a tetramer in its native form. Nevertheless, 
it has been suggested that adenosine deaminases and AMP 
deaminases have similar catalytic mechanisms due to the 
similarity of the reactions catalyzed and the fact that deoxy- 
coformycin derivatives are potent inhibitors of both enzymes 
(Frieden et al., 1980). Two of the four conserved sequence 
elements shared among the three adenosine deaminases are 
also present in the four AMP deaminases (Table I). The 
SLSTDDP sequence differs only in the conservative substi- 
tution of a serine for an asparagine. In the mammalian AMP 
deaminases the VHA sequence is completely conserved, and 
the HA portion is conserved in the yeast enzyme (Table I). 
A conserved cysteine with conserved spacing between these 
two regions is also found. Thus, sequence analysis of three 
adenosine deaminases and four AMP deaminases revealed the 
presence of a highly conserved sequence motif, SLN(S)TDDP, 
a conserved dipeptide, HA, and a conserved cysteine residue. 
Such highly conserved amino acids are likely to provide 
functional groups that play important roles in the catalytic 
process of these enzymes (Reichardt & Berg, 1988). 

DISCUSSION 
The molecular cloning and sequence analysis of the E.  coli 

adenosine deaminase gene has enabled us to identify amino 
acid residues that are evolutionarily conserved among aden- 
osine deaminases and AMP deaminases, enzymes which 
catalyze the hydrolytic deamination from the C-6 position of 
adenine nucleosides and nucleotides. These highly conserved 
amino acid residues (Table I) are likely to play functional roles 
in the catalytic process of these enzymes. Participation of 
certain of these conserved amino acids in the catalytic 
mechanism of the adenosine deaminase reaction has been 
suggested by a number of previous studies (Kati & Wolfenden, 
1989a,b; Kurz & Frieden, 1983; Jones et al., 1989; Orsi et al., 
1972; Weiss et al., 1987; Wolfenden et al., 1967; Ronca et al., 
1967). These studies indicated that two or more ionizable 
groups appear to participate in the enzyme reaction. Orsi et 
al. (1 972) indicated that the rate-limiting step of the adenosine 
deaminase catalyzed reaction appears to be governed by a 
single ionizing group with a pK, of 4.8, compatible with a 
carboxyl group. Similarly, Kurz and Frieden (1983) found 
that an ionizable group with a pK, of 4.97 is rate limiting and 
suggested that it may be a carboxyl group. The involvement 
of a sulfhydryl group for the adenosine deaminase catalyzed 
reaction was implied by chemical modification studies 
(Wolfenden et al., 1967; Ronca et al., 1967) and pH profile 
studies (Orsi et al., 1972; Wolfenden et al., 1967; Weiss et al., 
1987). The involvement of a sulfhydryl group was also con- 
firmed by the analysis of nitrogen-15 and solvent deuterium 
isotope effects (Weiss et al., 1987). Kati and Wolfendon 
(1989a,b) found that a single hydroxyl group at the C-6 
position of 6-hydroxyl- 1,6-dihydropurine ribonucleoside, a 
transition-state analogue inhibitor of adenosine deaminase, 
increased the affinity for the enzyme by approximately 
108-fold. They suggested that strong hydrogen bonding may 
occur between the 6-hydroxyl and a charged carbonyl group 
at  the active site. In addition, an imidzole group, probably 
in the protonated form, has been implicated in enzyme function 
(Orsi et al., 1972; Kurz & Frieden, 1983). Thus, available 
data suggest that the adenosine deaminase catalyzed hydrolytic 
deamination process includes the following events: (1) the 
reversible donation of a proton to the N-1 position of the purine 
ring by an enzyme sulfhydryl, (2) the removal of a proton from 
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FIGURE 5 :  Enzymatic deamination of adenosine: a model. In view 
of previously published enzymological data and the conserved amino 
acid residues identified in this study, we propose a model to account 
for the enzyme-catalyzed deamination of adenosine. Potential catalytic 
roles are assigned to the conserved Cys 262, His 214, Asp 295, and 
Asp 296 residues of mammalian adenosine deaminases and the 
corresponding amino acid residues in bacterial adenosine deaminase 
and the eukaryotic AMP deaminases (see Table I). The two aspartates 
(Asp 295 and Asp 296) may function in a manner similar to that 
proposed for aspartic acid proteinases [see Discussion and Davies 
(1990), Foundling et al. (1987), and Rich et al. (1985)l. 

the water molecule that attacks the C-6 position of the purine 
ring, (3) the stabilization of the resulting C-6 tetrahedral 
intermediate via strong hydrogen bonding to the 6-hydroxyl 
group, and (4) the donation of a proton to the 6-amino group 
to form the leaving group. 

On the basis of highly conserved amino acid sequences we 
have identified in the present study and on the mechanistic 
data described in the preceding paragraph, we propose a model 
for the enzyme-catalyzed hydrolytic deamination of adenosine 
(Figure 5 ) .  We propose that the four catalytic functions 
referred to above are carried out by Cys 262, Asp 295, Asp 
296, and His 214 of the mammalian adenosine deaminases 
and the corresponding conserved amino acids in the bacterial 
enzyme. According to this model (Figure 5) Cys 262 is the 
enzyme sulfhydryl believed to share a proton with the N-1 
position of the purine ring. One of the aspartic acid residues 
(Asp 295 or Asp 296) serves as a general base which is believed 
to remove a proton from the attacking water molecule, and 
the two aspartates together provide the strong hydrogen 
bonding to the 6-hydroxyl which is postulated to stabilize the 
tetrahedral intermediate (Kati & Wolfenden, 1989a, 198913). 
The two aspartate residues (Asp 295 and Asp 296) are likely 
to function in a manner similar to that postulated for the 
aspartic acid proteinases. For the latter enzymes the reaction 
is believed to proceed by general-base catalysis, in which the 
carboxyl groups provided by the two highly conserved as- 
partates deprotonate the attacking water molecule and stabilize 
the tetrahedral intermediate (Davies, 1990; Foundling et al., 
1987; Rich et al., 1985). His 214 of the mammalian adenosine 
deaminases is postulated to serve as a general acid by donating 
a proton to the amino group which is eliminated as ammonia 
from the C-6 position. Other highly conserved amino acid 
residues deserve mention. The serine, asparagine, and 
threonine, which are present along with the two aspartates in 
the conserved seven amino acid sequence, are likely candidates 
to participate in hydrogen bonding to substrates or interme- 
diates in the enzyme-catalyzed reaction. The asparagine is 
conservatively replaced with serine in the AMP deaminases. 
Because these specific amino acids are so highly conserved in 
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all adenosine deaminases and AMP deaminases for which 
sequence information is available, we postulate that these 
amino acids carry out similar functions in both classes of 
enzyme. 

The model depicted in Figure 5 makes testable predictions. 
The model predicts that the side chains of the four highly 
conserved amino acids are present at the active site of the 
enzyme. A high-resolution map of murine adenosine de- 
aminase should be available in the near future and will provide 
a direct structural test of this prediction. The model also 
predicts that amino acid substitutions at the four amino acids 
depicted in Figure 5, as well as changes within or near the 
highly conserved sequence motifs shown in Table I, will affect 
catalytic activity. The model predicts that the highly conserved 
amino acids illustrated in Table I will likely be found in other 
enzymes that catalyze a hydrolytic deamination from an ad- 
enine ring. Likely candidates include the enzyme that converts 
adenosine to inosine in the anticodon of many tRNAs (Elliott 
& Trewyn, 1984; Grosjean et al., 1987) and the RNA un- 
winding activity that deaminates up to 40% of adenosine 
residues in double-stranded RNA (Bass & Weintraub, 1988; 
Wagner et al., 1989). 

As a functional test of the model proposed in Figure 5, 
site-specific amino acid substitutions are being genetically 
engineered into the recombinant murine adenosine deaminase. 
Because each mutant must be subjected to a thorough 
structural and functional analysis in order to accurately un- 
derstand the basis for any changes in enzyme activity, this work 
will require considerable time and effort to complete. How- 
ever, as a preliminary test of the model, we surveyed the 
naturally occurring amino acid substitutions associated with 
complete loss or drastic reduction of adenosine deaminase 
activity in humans suffering from immunodeficiency syn- 
dromes (Akeson et al., 1989; Hirschhorn et al., 1989). One 
of the amino acid substitutions falls within the conserved 
SLNTDDP sequence, a proline to glutamine mutation at 
position 297 (Hirschhorn et al., 1989). Another occurs im- 
mediately in front of the conserved TVHAGE sequence, a 
mutation causing an arginine to histidine change at amino acid 
position 21 1 (Akeson et al., 1988). Thus, naturally occurring 
missense mutations within or immediately adjacent to the 
highly conserved amino acid sequence motifs are associated 
with a loss of enzyme function. Genetically engineered 
adenosine deaminses and AMP deaminases with amino acid 
substitutions at the conserved cysteine, histidine, or aspartic 
acid residues are being constructed. The detailed structural 
and functional analysis of such site-directed mutants will allow 
a direct test of the model presented in Figure 5. 
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