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ABSTRACT: The structural gene that encodes cytidine deaminase (cdd) in Escherichia coli was cloned from
Kohara phage A365 (7F1), and its nucleotide sequence was determined. Plasmids harboring the gene
complemented chromosomal cdd mutations, enhanced cytidine deaminase activity in cell extracts, and directed
the synthesis of a protein identical in mass and N-terminal amino acid sequence with cytidine deaminase
purified from wild-type bacteria. Metal analysis of the purified, plasmid-encoded deaminase indicated a
single atom of tightly bound zinc per subunit. Earlier work has shown that bacterial cytidine deaminase
and mammalian adenosine deaminase are remarkably alike in their mechanisms of action, in their free energies
of interaction with analogue inhibitors resembling tetrahedral intermediates in nucleophilic substitution,
and in their ability to discriminate between analogue inhibitors differing by a single hydroxyl group. In
contrast to these shared catalytic similarities, the deduced amino acid sequence of E. coli cytidine deaminase
(monomer MW 31 540) differs markedly from the mammalian adenosine deaminase sequence suggesting
major differences in their tertiary structures. Nevertheless, cytidine deaminase and mammalian plus bacterial
adenosine deaminases share a single region (TVHA) of sequence identity that is tentatively identified as

part of the cytidine deaminase active site.

Bacterial cytidine deaminase and mammalian adenosine
deaminase are excellent catalysts, enhancing the rates of hy-
drolytic deamination of nucleosides by factors in the neigh-
borhood of 1012 (Frick et al., 1987). These enzymes share a
susceptibility to strong inhibition by compounds that resemble
unstable intermediates in direct water attack on their sub-
strates. In addition, rare hydrated forms of inhibitory substrate
analogues, in which hydrogen replaces the leaving group am-
monia, are stabilized at the active sites of both cytidine and
adenosine deaminases by factors of approximately 10'° (Kati
& Wolfenden, 1989a,b; Frick et al., 1989). In both cases, a
single ligand hydroxyl group appears to contribute roughly
~ 10 kcal/mol to the binding affinity of the hydrated inhibitor,
the highest level of enzyme binding discrimination that appears
to have been recorded for a single hydroxyl substituent.
To uncover the structural basis of these remarkable powers
of binding discrimination and to assist the solution of the
crystal structure of bacterial cytidine deaminase, it would be
desirable to learn the amino acid sequence of bacterial cytidine
deaminase. The amino acid sequence and three-dimensional
structure of mouse adenosine deaminase have been reported
recently (Chang et al., 1991; Wilson et al., 1991), and crystals
of bacterial cytidine deaminase have been prepared in the
presence and absence of the transition-state analogue inhibitor
5-fluoropyrimidin-2-one ribonucleoside (Betts et al., 1989).
This paper describes the cloning of the cdd gene that encodes
cytidine deaminase in Escherichia coli K-12 and the deter-
mination of its DNA sequence. The similarities in amino acid
sequence between cytidine deaminase and adenosine de-
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Table I: Bacterial Strains and Plasmids

strain or
plasmid

E. coli
N99 F- gal rpsL

characteristics source

M. Gottesman

N4956 F~ thi-1 leuB6 thr-1 pro lacYl tonA21 M. Gottesman
supE44 hsdR X~

JM103  A(lac-pro) thi rpsL supE endA sbcB15/F J. Messing
traD36 proAB lacP lacZAM15

S¢441 F cdd-5 upp-11 relAl metBI rpsL B. Bachmann

plasmids

pCY1 Ap’ plus a 13-kb BamHI/HindIII-ended this study
DNA insert from Kohara phage A365

pCY2  Ap’, Hpal deletion derivative of pCY1 this study

pCY3 Ap’, EcoRYV deletion derivative of pCY1 this study

pCY4 Ap:, Clal deletion derivative of pCY1 this study

pCYS5 Ap, BamHI/Miul deletion derivative of this study
pCY4

pCY6  Ap', BamHI/Hpal deletion derivative of this study
pCY4

pCY9 Ap', BglII” derivative of pCY4 this study

pCY10 Ap', Sspl deletion derivative of pCYS5 this study

pCY11 Ap', pCY10 having a BamHI linker this study

(GGTGGATCCACC) inserted at the
unique Sspl site

aminase, which are very limited, point to several mechanistic
inferences.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Bacteriophage. The E.
coli strains used in this study are listed in Table I. The E.
coli strains N99 and JM103 were used for the propagation
of A and M13 phages, respectively. Plasmids constructed
during the cloning of ¢dd are derivatives of pPBR322 and are
described in Table I. Stocks of the Kohara A phage set en-
compassing the 46-min region of the E. coli chromosome were
kindly provided by K. Rudd (Kohara et al., 1987).

Media and Growth Conditions. All E. coli strains were
grown at 37 °C in a complete minimal medium as described
by Vogel and Bonner (1956). The carbon sources for liquid
and solid media were 0.2% glucose, 0.4% glycerol, or 0.2%
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cytidine. Amino acids required to satisfy auxotrophic re-
quirements and ampicillin were added to the media at final
concentrations of 50 ug/mL and 125 ug/mL, respectively.
Other media were prepared as described by Miller (1972).

Recombinant DNA Procedures. Plasmid DNA and DNA
extracted from the Kohara A phages were isolated and di-
gested, and their restriction digests were analyzed as described
previously (Barbier & Short, 1985; Maniatis et al., 1982; Short
& Singer, 1984). Specific DNA fragments used in cdd sub-
cloning experiments were isolated from preparative agarose
gels by electroelution or by binding to GeneClean glassmilk
(Biol01, La Jolla, CA). DNA ligations using T4 DNA ligase
(New England BioLabs, Inc., Beverly, MA) were carried out
in TA buffer prepared as described by O’Farrell et al. (O’-
Farrell et al., 1980). Competent E. coll were prepared and
transformed as described by Maniatis et al. (1982). Kohara
A phage harboring the cdd structural gene were identified by
in situ hybridization using a 3?P-labeled synthetic oligo-
nucleotide (Sambrook et al.,, 1989). The 19-base oligo-
nucleotide probe was designed by back-translation of an N-
terminal cytidine deaminase heptapeptide and was a degen-
erate pool composed of 48 oligonucleotides.

For determination of the cdd nucleotide sequence,
M13mp19 derivatives having the cdd structural gene cloned
in opposite orientations were constructed. Ordered, overlap-
ping deletions within the DNA insert of each CDD* M13mp19
derivative were prepared using T4 DNA polymerase as de-
scribed by Dale et al. (1985). Dideoxy chain termination
sequencing (Sanger et al., 1977) was performed using [a-
338)dATPas$S and Sequenase Version 2.0 (United States Bio-
chemical Corp., Cleveland, OH). Compressions were resolved
by replacing dGTP sequencing reactions with reactions con-
taining either 7-deaza-dGTP or dITP. Electrophoresis of the
DNA sequencing reactions employed 8% polyacrylamide/8
M urea exponential wedge gels (spacers from CBS Scientific,
Delmar, CA) maintained at 55 °C using a thermostatic plate.
Computer analysis of the nucleotide sequences obtained was
performed with the GCG sequence software package (Dev-
ereux et al., 1984).

Nucleotide Sequence Accession Number. The cdd nu-
cleotide sequence has been assigned GenBank Accession
Number M60916.

Analysis of Cytidine Deaminase in Cell Extracts. Bacterial
strains to be assayed for cytidine deaminase activity were
grown for 16-18 h at 37 °C in complete minimal medium
containing glycerol as the carbon source. The final Ay for
these cultures ranged from 2.9 to 3.2. Cells collected from
25 mL of each culture were washed once with an equal volume
of cold, 100 mM potassium phosphate (pH 7.0) and then
resuspended in 1 mL of the same buffer containing 1 ug/mL
lysozyme. The cell suspension was subjected to two freeze—
thaw cycles and then sonicated for 30 s in 10-s bursts followed
by 50-s periods of cooling on ice. Cell debris and intact cells
were removed by centrifugation, and the cell-free extracts were
stored at —20 °C without loss of activity. Cytidine deaminase
activity present in each cell-free extract was determined at 30
°C by measuring the decrease in absorbance at 282 nm due
to the conversion of cytidine to uridine [Ae (mM) = -3.60]
in a reaction mixture containing 50 mM Tris-HCI (pH 7.5)
and 400 uM cytidine. One cytidine deaminase unit catalyzes
the deamination of 1 umol of cytidine to uridine per minute
per milliliter.

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
of cell-free extracts was performed by using mini-slab gels
(0.75 mm X 7 cm) and the running buffer described by
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Thomas and Kornberg (1975). The slab gels consisted of a
6-cm 16.5% separating gel (200:1 acrylamide:bisacrylamide)
overlaid with a 1-cm 4.5% stacking gel (36:1 acrylamide:bis-
acrylamide). Electrophoresis of the proteins through the
stacking and separating gels was carried out at a constant
voltage of 50 V and 200 V, respectively. The protein con-
centration of cell-free extracts was measured by the method
of Lowry (1951) using bovine serum albumin as the protein
standard.

Purification and Characterization of Cytidine Deaminase
Expressed from CDD* Recombinant Plasmids. Cytidine
deaminase was purified from E. coli S¢p441(pCY4). The
bacterial culture was grown at 37 °C in Luria broth (Miller,
1972) supplemented with 0.2% glycerol and 150 ug/mL am-
picillin to late log phase; the cells were collected and washed
with cold 50 mM Tris-HCI (pH 7.5) containing 50 mM NaCl,
and the enzyme was purified as described previously (Ashley
& Bartlett, 1984; Frick et al., 1989) except that all chroma-
tography steps were carried out at 4 °C using FPLC columns.
This procedure yielded enzyme having a purity >98% with
an overall yield of ~30%. The amino acid composition and
N-terminal amino acid sequence were determined as described
by Matsudaira (1987). The molar absorptivity for cytidine
deaminase was calculated from spectroscopic data obtained
with solutions of known enzyme concentrations. The protein
concentrations of these cytidine deaminase solutions were
determined by amino acid analysis using a Beckman System
6300 amino acid analyzer. The metal content of dialyzed,
purified cytidine deaminase was measured using an ARL
Model 34000 inductively coupled plasma optical emission
spectrometer, through the courtesy of Dr. J. W. Olesik (De-
partment of Chemistry, UNC—Chapel Hill). For this mea-
surement, enzyme (5 mg) was dissolved in 0.01 M imidazole
hydrochloride buffer (5 mL) and dialyzed against the same
buffer (1000 mL) with three changes over a period of 72 h.

Production of Anti-Cytidine Deaminase Antibody. Cytidine
deaminase purified to greater than 98% homogeneity was
resuspended in Freund’s complete adjuvant and used to im-
munize New Zealand rabbits. Two weeks after the initial
immunization, the rabbits were again injected with purified
enzyme emulsified in Freund’s complete adjuvant, followed
two weeks later by a second booster injection of enzyme
suspended in incomplete Freund’s adjuvant. The rabbits were
bled prior to the onset of the immunization regime (preimmune
serum) and at 7, 14, and 21 days following injection of enzyme
in incomplete Freund’s adjuvant. Pre- and postimmune sera
were tested against purified cytidine deaminase using the
double-immunodiffusion technique. Preimmune serum pro-
duced no specific cytidine deaminase precipitin bands. The
different postimmune serum samples showing cytidine de-
aminase specific precipitin bands were pooled, and the poly-
valent antibody was purified by ammonium sulfate precipi-
tation. The final ammonium sulfate precipitated y-globulin
fraction was dissolved in 10 mM potassium phosphate buffer
(pH 7.6) and dialyzed extensively against the same buffer.
Aliquots of the antibody were frozen at =70 °C.

RESULTS

Cloning the cdd Structural Gene. A collection of Kohara
A phage spanning the 46-min region of the E. coli chromosome
was screened for the cdd structural gene by in situ hybrid-
ization using a mixed oligonucleotide probe having the se-
quence 5-TGCA(C/T)CC(G/A/T)CG(C/T)TT(C/T)CA-
(G/A)AC-¥. The nucleotide sequence of this oligonucleotide
probe was derived following back-transiation of the first seven
cytidine deaminase amino-terminal amino acids (MHPRFQT)
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Table II: Cytidine Deaminase Specific Activities Determined for S¢441
Clones Harboring pCY1 and Its Derivative Plasmids

sp act.’ sp act.?
(units/ mg of (units/ mg of
strain protein) strain protein)
S¢441 (pBR322) <0.003 S¢441 (pCY5) 3.76
S¢441 (pCY1) 15.0 S¢441 (pCY6) <0.005
S¢441 (pCY2) <0.002 S¢441 (pCY9) <0.007
S¢44l (pCY3) <0.006 S¢441 (pCY10) 3.86
S¢441 (pCY4) 14.2

2The cytidine deaminase specific activity was determined for cell-free
extracts prepared from each clone grown in complete minimal medium
containing 0.4% glycerol and 150 ug/mL ampicillin as described in Mate-
rials and Methods. One cytidine deaminase unit is defined as 1 umol of
cytidine deaminated/(min-mL).

using codons found predominantly in highly expressed E. coli
proteins (Aota et al., 1988). Of the phage tested, only plaques
formed by Kohara phage A365 (Kohara no. 7F1) hybridized
with the oligonucleotide probe back-translated from the cy-
tidine deaminase amino-terminal hexapeptide.

DNA fragments of Kohara phage A365 that resulted from
single- or double-restriction endonuclease digestions using
EcoRI, BamHI, EcoRV, and HindIII were cloned into ap-
propriately digested pBR322. Each potential cdd plasmid gene
bank was used to transform E. coli N4956 and a pooled
population of transformants selected in liquid media containing
ampicillin. For each Ap* N4956 transformant pool, minilysate
plasmid DNA was prepared and used to transform E. coli
S¢441 (cdd). Since a functional cytidine deaminase is required
for growth of S¢441 on cytidine as the sole carbon and energy
source, CDD™* S¢441 transformants were selected for by re-
quiring growth on minimal agar media containing 0.2% cy-
tidine and ampicillin. Of the various gene banks prepared from
Kohara phage A365, only pBR322 derivatives harboring
BamHI/HindIII-ended A\365 DNA inserts yieldled CDD*
S¢441 transformants. The pBR322 hybrid isolated from one
CDD™ transformant was designated pCY1. Analysis of the
DNA insert carried by pCY1 indicated that this plasmid
contained a single 13-kb DNA insert bounded by single
BamHI and HindIII cleavage sites (Figure 1). The data
presented in Table II confirm that the CDD* growth pheno-
type of S¢441(pCY1) results directly from the fact that pCY1
carries a functional cdd gene. The cytidine deaminase specific
activity determined for the crude cell-free extract prepared
from E. coli S¢441(pCY1) was approximately equal to 6%
of the specific activity determined for the purified enzyme
(Frick et al., 1989) and is at least 5000-fold higher than the
specific activity measured for CDD™ strain S¢441(pBR322).

Localization of the cdd Gene within the pCY1 DNA Insert.
Deletion derivatives of pCY1 were constructed in order to map
the location of the cdd gene within the pCY1 DNA insert and
to prepare a subclone containing the cdd gene on a small DNA
fragment suitable for nucleotide sequence determination.
Deletion of pCY1 insert DNA bounded by Hpal or EcoRV
endonuclease cleavage sites yielded plasmids pCY2 and pCY3,
respectively (Figure 1), both of which lacked the ability to
encode a functional cytidine deaminase (Table II). The
construction of Clal deletion derivative pCY4 yielded CDD*
S¢441 transformants on cytidine minimal agar medium,
yielded S¢441(pCY4) cell extracts having cytidine deaminase
specific activity equal to that determined for S¢44I(pCY1)
extracts (Table II), and thus localized the cdd gene to the
BamHI proximal, 4-kb DNA segment of pCY1 (Figure 1).
Plasmid pCY5 was constructed by removal of pCY4 DNA
bounded by BamHI and M/ul endonuclease cleavage sites
(Figure 1). In the generation of pCY35, the Mlul site was
abolished and the BamHI site was repositioned adjacent to
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FIGURE 1: Plasmid maps for CDD* pCY|1 and its derivatives generated
in the cloning of the cdd gene. Relevant restriction sites used in the
characterization of pCY1 and for the construction of deletion derivative
plasmids are indicated. The hatched segment of each plasmid map
denotes pPBR322 DNA and the open segment denotes cloned DNA.
Deletions are represented by gaps. The cdd genotype for each construct
is indicated on the left of the drawing. Restriction sites marked with
an asterisk (*) indicate that additional endonuclease cleavage sites
are present in pCY1 but were not mapped in this study. In pCY?9,
the cross through the line representing the Bg/II site signifies the
destruction of this endonuclease recognition site.

the original Miul site of pCY4. All subsequent plasmid
constructs derived from pCY5 possess this repositioned BamHI
site. Plasmid pCY5 conferred a CDD* phenotype upon all
S¢441 transformants. Determination of the cytidine de-
aminase specific activity for S¢p441(pCY5) extracts demon-
strated that this plasmid encoded a functional cytidine de-
aminase but that the level of enzyme synthesis was reduced
approximately 4-fold relative to the cytidine deaminase level
recorded for S¢441 clones harboring plasmids pCY1 or pCY4
(Table II).

Deletion of pCY4 DNA between the unique BamHI and
Hpal sites (see Figure 1) or destruction of the unique Bg/II
cleavage site of pCY4 resulted in plasmids pCY6 and pCY9,
respectively (Figure 1), both of which were incapable of di-
recting the synthesis of functional cytidine deaminase (Table
IT). These results, in conjunction with a knowledge of the
subunit size determined for purified cytidine deaminase
(Ashley & Barlett, 1984; Frick et al., 1989), indicated that
deletion of DNA delimited by the Sspl sites located in the
cdd-containing insert and vector regions of pCY5 would
generate a plasmid that should maintain a functional cdd gene.
That this was the case is shown by data obtained with plasmid
pCY10 (Figure 1; Table IT). From pCY10, CDD* plasmid
pCY1l was constructed by insertion of a BamHI linker
(GGTGGATCCACC) into the unique Sspl site, yielding a
plasmid having the cdd gene on a 1.3-kb insert bounded by
BamHI endonuclease cleavage sites.

Identification of the Plasmid-Encoded Cytidine Deaminase
Polypeptide. When cell extracts prepared from selected CDD*
and CDD~ S¢44! clones were analyzed by SDS—polyacryl-
amide gel electrophoresis, the protein product coded for by
the cdd structural gene was readily identified (Figure 2).
Comparison of the protein profiles obtained with extracts from
CDD* clones S¢441(pCY1) or S¢p441(pCY4) with that from
CDD- clone S¢441(pCY2) demonstrated that the CDD*
plasmids encode a protein having a subunit molecular weight
of approximately 32 000 that is absent from the protein profile
obtained with the extract from a CDD™ clone. The polypeptide
identified in Figure 2 as the ¢dd gene product had the same
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20 kD — ===

FIGURE 2: Protein profiles obtained following polyacrylamide elec-
trophoresis of cell extracts prepared from S¢441 clones harboring
CDD*/~ plasmids. Plasmid cdd genotype is indicated below each name,
and the cytidine deaminase polypeptide (M, ~ 32000) is indicated
by CDD at the right of the figure. The protein profiles shown in this
figure were obtained by electrophoresis of cell extract samples con-
taining 25 ug of protein.

subunit size as that reported for chromosomally encoded cy-
tidine deaminase purified from other E. coli strains (Ashley
& Bartlett, 1984; Frick et al., 1989) and reacted with poly-
valent antibody raised against purified cytidine deaminase.
Extracts prepared from S¢441 harboring plasmids pCY'5 and
pCY10 also contained the cytidine deaminase polypeptide
identified in extracts from pCY1/pCY4 clones, but the level
of cytidine deaminase subunit polypeptide in the pCY5/pCY10
extracts was reduced relative to the level of cytidine deaminase
polypeptide found in the pCY1/pCY4 extracts. The difference
in cytidine deaminase polypeptide abundance found for the
two plasmid sets is consistent with and predicted by the dif-
ferences in cytidine deaminase specific activities measured for
extracts prepared from the pCY5/pCY 10 clones relative to
the cytidine deaminase activity observed for the pCY1/pCY4
clones (Table II).

Nucleotide Sequence of the cdd Gene. The DNA sequence
for the cdd structural gene, given in Figure 3, was determined
from both DNA strands using a complete and overlapping set
of M13mp19 derivatives carrying the 1.3-kb insert isolated
from pCY11. Computer analysis of the sequence identified
a single 294-codon open reading frame (ORF) beginning with
an ATG which when translated would correspond to a poly-
peptide having a subunit molecular weight of 31 540. A survey
of the nucleotide sequence 5’ to the cytidine deaminase ORF
revealed (i) a sequence GAGG (nucleotides 81-84) which
when translated into mRNA would be complementary to the
3’ end of 16S rRNA and could function as a ribosome binding
site (Shine & Dalgarno, 1974); (ii) the sequence 5'-TAAT-
GAGATTCAGATCACATAT starting at nucleotide 14 in
Figure 3 which has 78% identity with the 22-bp consensus
CAP binding site (Zhang & Ebright, 1990) and has been
identified as one of the two CAP sites reported for the cdd
promoter region (Valentin-Hansen et al., 1989); and (iii) a
sequence identified as a potential —10 region of the ¢dd pro-
moter located at bases 54—59. It should also be noted that
the cdd promoter lacks a =35 region but contains a 22-nu-
cleotide sequence having homology with the canonical CAP
site upstream of the potential =10 region of the cdd promoter
as would be expected for a gene whose transcription is CAP
activated (Munch-Petersen et al., 1972).

Properties of Cytidine Deaminase Encoded by pCY4. The
enzyme purified from E. coli expressing the cdd gene from
a multicopy plasmid was found to have physical and catalytic
parameters that were similar to those reported previously for
this deaminase (Ashley & Bartlett, 1984; Cohen & Wolfenden,
1971; Vita et al., 1985). Purified cytidine deaminase exhibited
a K, value for cytidine of 120-140 M and a specific activity
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of 600-700 pmol of cytidine deaminated/(min-mg of protein)
(koo = 299 s71), a value which is approximately 3-fold higher
than that reported previously for this deaminase. The ex-
tinction coefficient at 280 nm for purified E. coli cytidine
deaminase was determined to be 39000 M~ cm™'. When
analyzed for zinc by inductively coupled plasma optical
emission spectroscopy, the results of four experiments indicated
that tightly bound zinc was present at a concentration
equivalent to 1.01 £ 0.05 g-atoms/31 540 g of protein, which
is equivalent to 1 zinc per deaminase subunit. No other metal,
including Ni, Co, Cu, Mn, or Fe, was present in significant
quantities.

Cytidine deaminase was stored as a precipitate under 70%
ammonium sulfate at 4 °C for >6 months without a loss of
activity. The native, dimeric form of the enzyme appeared
to be very stable; individual subunits were not detected fol-
lowing gel filtration chromatography of the crude or purified
enzyme or by centrifugation of the purified enzyme through
sucrose gradients. When purified cytidine deaminase was
analyzed for amino acid composition and N-terminal sequence,
the data obtained were in complete agreement with the amino
acid composition and N-terminal sequence predicted from the
cdd DNA sequence. This latter result demonstrates that
mature, cytosolic cytidine deaminase does not undergo post-
translational methionine excision. This finding agrees with
the specificity reported for E. coli methionyl-aminopeptidase
(Hirel et al., 1989).

DiscussioN

Several lines of evidence suggest that the open reading frame
encoding cytidine deaminase has been correctly identified.
Specifically, endonuclease cleavage sites, identified as critical
for the synthesis of functional enzyme, are located within the
DNA identified as the cdd structural gene (Figures 1 and 3).
The subunit molecular weight calculated from the deduced
amino acid sequence (M, 31540) agrees with the value
(32000) determined for the purified enzyme (Ashley &
Bartlett, 1984; Frick et al., 1989). In cell extracts prepared
from the CDD* clones, the level of cytidine deaminase activity
and the immunoreactivity with polyvalent antibody raised
against pure cytidine deaminase were found to match the
relative abundance of a protein having a subunit molecular
weight of ~32000 (Table II and Figure 2). Finally, the
N-terminal amino acid sequence, deduced from the nucleotide
sequence, agrees with the N-terminal 22-residue sequence
observed for the purified enzyme (Frick et al., 1989).

The cdd structural gene has previously been mapped to the
46-47-min region of the E. coli chromosome (Josephsen et
al,, 1983). If the restriction map prepared for the DNA inserts
of the CDD* pCY plasmids constructed in this study are
aligned with the map for Kohara phage A365, then the cdd
structural gene can be positioned to the 2241-2242-kb segment
of the E. coli chromosome in such a way that cdd transcription
proceeds in a clockwise direction (Kohara et al., 1987; Rudd
et al., 1990). Comparison of the restriction maps for CDD*
pCY plasmids and the sequence data for cdd furnishes a
plausible explanation of the higher levels of enzyme activity
that were observed for plasmids pCY1 and pCY4 than those
observed for plasmids pCY5 and pCY10 (Table II). A recent
study of transcriptional regulation at the cdd promoter, using
cdd—lac gene fusions, identified tandem CAP sites located at
positions 41 and 93 nucleotides 5’ to the site of initiation of
cdd transcription (Valentin-Hansen et al., 1989). Plasmids
pCY1 and pCY4 contain an intact cdd promoter region 5’ of
the structural gene, whereas plasmids pCY5 and pCY10
possess only one (the cdd proximal site) of the two CAP
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RBS

CGCGTTGCATAATTAATGAGATTCAGATCACATATAAAGCCACAACGGGTTCGTAAACTGTTATCCCATTACATGATTATGAGGCAACGC

NsiI ScaIl

CATGCATCCACGTTTTCAAACCGCTTTTGCCCAACTTGCGGATAACTTGCAATCTGCACTGGAACCTATTCTGGCAGACAAGTACTTCCC
M H P R F Q T AV FAOQULADNILIGQSAULEU®PTIULADITIKYF P

CGCTTTGTTGACCGGGGAGCAAGTCTCATCGCTGAAGAGCGCAACGGGGCTGGACGAAGACGCGCTGGCATTCGCACTACTTCCGCTGGC
A L L T G E Q V $ 8§ L K 8§ AT G L D EDATLA AT FATILTULUZPILA

GGCGGCCTGTGCGCGTACGCCATTGTCGAATTTTAATGTTGGCGCAATTGCGCGCGGTGTGAGCGGAACCTGGTATTTCGGTGCCAATAT
A A CAURTUPUL SNV F NV GATI ARGV S G T W Y F G A N M

L] L] . L] L] L] L] L]
GGAATTTATTGGTGCGACAATGCAGCAAACCGTTCATGCCGAACAAAGCGCGATCAGCCACGCCTGGTTGAGTGGTGAAAAAGCGCTTGC
E F I G A TMOQQ TV HAUEIGQS A ATI S HAWIULS G E K AL A

Hpal

[ ]

AGCCATCACCGTTAACTACACGCCTTGTGGTCACTGCCGTCAGTTTATGAATGAACTGAACAGCGGTCTGGATCTGCGTATTCATCTGCC
A I T V N Y TP C G HCU®RQF M N EUL NS GVL DL R I H L P

BglII

GGGCCGCGAGGCACACGCGCTGCGTGACTATCTGCCAGATGCCTTTGGGCCGAAAGATCTGGAGATTAAAACGCTGCTGATGGACGAACA
G R EA HAUL U RDY L PDAUPFPG?P K DULETII KTTUL L M DE Q

GGATCACGGCTATGCGCTGACGGGTGATGCGCTTTCTCAGGCAGCGATTGCGGCGGCAAACCGTTCGCACATGCCTTACAGTAAGTCGCC
D H G Y AL T GD AUL S Q A A I A A ANUZ RS HMUPY S K 5 P

L] * L] L] L] L] . L]
AAGCGGTGTCGCGCTGGAATGTAAAGACGGTCGTATTTTCAGTGGCAGCTACGCTGAAAACGCCGCATTCAACCCGACTCTGCCACCGTT
s G val ETCZXDGRTIT F S G S§ Y A ENWSBAABATFNU®PTULUP P L

EcCoRV

GCAGGGAGCGTTAATTCTGTTGAATCTCAAGGGTTATGATTACCCGGATATCCAGCGCGCGGTTCTGGCAGAAAAAGCCGATGCGCCGTT
Q G AL I L L NULKGY DY P DI QU RAVLAEIZ KA ADA AUPL

L] L] . L] . L] L] L] *
GATTCAGTGGGATGCCACCTCCGCAACGCTGAAAGCTCTCGGCTGTCACAGTATCGACCGAGTGCTTCTCGCTTAAGCCTGGTGCCGGAT
I1 Q w D AT Ss aATUL K AULGCH S I DRV L L A °*

- o . . . . . .

GCGGCGTGAACGCCTTGTCCGGCTTGCCAGCCCTCTCCTGGTGTCGAAATTCCCGGCAAACAGTTTGCCGTTTCTTGCGCAAAACCAGCG

GGTAAAGTAGCCTGATGGAAATTTTCCTTAGATCGAGTCTCCTGCATGTTAAAGCGCGTGTTCCTCAGCCTGTTAGTCCTGATCGGCTTG

CTGCTGTTGACTGTGCTCGGCCTCGATCGCTGGATGAGCTGGAAAACCGCGCCTTATATCTACGACGAATTGCAGGATCTCCCCTACCGC

CAGGTCGGTGTGGTGCTCGGAACAGCAAAAT 1291
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FIGURE 3: Nucleotide sequence for the 1291-bp DNA fragment containing the cdd gene. The deduced amino acid sequence for cytidine deaminase
is shown. The sequence corresponding to a potential ribosome binding region (RBS) is indicated. The arrows 3’ to the cytidine deaminase
termination codon indicate an inverted repeat that could function as a p-dependent transcription terminator. The sequence CGCGT corresponds
to the last five bases of the M/ul site shown in Figure 1 which were retained during subcloning of the cdd gene for sequence determination.

binding sites identified in the DNA sequence of the wild-type
cdd promoter region. It remains to be determined whether
the reduction in enzyme expression from plasmids pCY5 and
pCY10 results from a decrease in the efficiency of mRNA
synthesis from a truncated and weakened cdd promoter, which
may be now only marginally CAP-activated or from mRNA
initiated at a plasmid-borne promoter, such as pPBR-P4 (Queen
& Rosenberg, 1981), following inactivation of the cdd pro-

moter during construction of plasmids pCY5 and pCY10. In
either case, the level of functional cdd mRNA would be re-
duced relative to mRNA synthesized from the wild-type cdd
promoter.

Comparison of the amino acid sequence of bacterial cytidine
deaminase with the sequences for deoxy-CMP deaminases of
yeast (McIntosh & Haynes, 1986) and bacteriophages T2 and
T4 (Maley et al., 1983, 1990) and with human, mouse, and
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E. coli adenosine deaminase
human adenosine deaminase
mouse adenosine deaminase
S.cerevisiae dCMP deaminase
bacteriophage T2 dCMP deaminase
bacteriophage T4 dCMP deaminase
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qTUHAE.qsAi sagekalaal ..tunYt... PCghC
iTUHRg.eaRg pesiwgaire ......ccvverss
rTUHRg.evgs pevvReavd! ................
rTUHRG.evgs pevvReavd! ................
IcIHREen.Al leagRdrvgg n.atlYedte PCItC
e. iHAEIn.Al 1faaRngssl| egatmYwtls PCpdC
e. {HREIn.ARI 1faaRngssi egatmYutls PCpdC
-TUHAE---A- --==R==oc| ===e= Y---- PC--C

FIGURE 4: Regional amino acid sequence similarity between E. coli cytidine deaminase and other purine and pyrimidine nucleoside/nucleotide
deaminases. Line 1: cytidine deaminase amino acid sequence beginning at residue 99. Line 2: E. coli adenosine deaminase beginning at
residue 193 (Chang et al., 1991). Line 3: human adenosine deaminase beginning at residue 211 (Wiginton et al., 1984). Line 4: mouse adenosine
deaminase beginning at residue 211 (Yeung et al., 1985). Line 5: deoxycytidylate deaminase from Saccharomyces cerevisiae beginning at
residue 230 (McIntosh & Haynes, 1986). Lines 6 and 7 show bacteriophage T2 (line 6) and T4 (line 7) deoxycytidylate deaminase, each
beginning at amino acid residue 102 (Maley et al., 1983, 1990). In line 8, which represents the sequence similarity, amino acids found in

4 of the 7 protein sequences are shown.

bacterial adenosine deaminases (Wiginton et al., 1984; Yeung
et al., 1985; Chang et al., 1991) identified only a single region
of amino acid sequence similarity in each deaminase (Figure
4). The region of amino acid similarity for each protein was
used to construct a derivative profile, which was then compared
with all protein sequences in the NBRF data base using the
program PROFILESEARCH as described by Gribskov et al.
(1990). This search uncovered only the proteins composing
the original profile, and iterative reconstruction, in which each
of these enzymes was omitted in turn, always found the enzyme
that had been omitted intentionally.

A short but striking region of sequence identity, TVHA, was
observed between bacterial cytidine deaminase and, bacterial
and mammalian, adenosine deaminases. These enzymes re-
semble each other in the general mechanisms by which they
appear to bring about substrate hydrolysis (as indicated by
earlier studies involving inhibitors resembling intermediates
in direct water attack) and also in the magnitudes of the large
numerical contributions made by single hydroxyl groups to
the free energies of binding of 3,4-dihydrouridine by cytidine
deaminase (Frick et al., 1989) and 6-hydroxy-1,6-dihydro-
purine ribonucleoside by adenosine deaminase (Kati &
Wolfenden, 1989a). In addition, both adenosine deaminase
(Wilson et al., 1991) and cytidine deaminase contain an es-
sential zinc atom at the active site. In view of these functional
similarities, it seems hardly surprising that cytidine and
adenosine deaminases should share a region (TVHA) of se-
quence identity, at positions 100103 in cytidine deaminase
and at positions 212-215 and 194-197 in mammalian and
bacterial adenosine deaminase, respectively. This span of four
contiguous amino acids is their only region of amino acid
sequence identity, rendering it probable that this common
sequence plays a role, direct or indirect, in catalyzing the
deamination of both cytosine and adenine derivatives. In the
crystal structure of adenosine deaminase complexed with 6-
hydroxy-1,6-dihydropurine ribonucleoside, the sequence
TVHAGE (residues 212-217) contains a histidine coordinated
to zinc and a glutamic acid that interacts with N-1 of the
purine ring (Wilson et al,, 1991). In the crystal structure of
cytidine deaminase complexed with 5-fluoropyrimidin-2-one
ribonucleoside (L. Betts and C. W. Carter, Jr., personal
communication), the sequence TVHAE (residues 100—-104)
contains a histidine that is coordinated to zinc.

Aside from this short region of similarity, the amino acid
sequences of cytidine and adenosine deaminases are strikingly
different. Inspection of the cytidine deaminase amino acid
sequence suggests that it is unlikely that the active site zinc
atom is coordinated by three histidine ligands as in adenosine
deaminase. Instead, the most probable zinc ligands appear

to include, in addition to His-102, the cysteine residues at
positions 129 and 132. Separated by two residues, these
cysteines might form a reverse $-turn that could serve as part
of a high-affinity site for chelation of zinc (Arnold & Hay-
more, 1991) and could also serve as targets for 5-chloro-
mercuricytidine, an irreversible inhibitor described by Ashley
and Bartlett (1984). The amino acid sequence homologies
shared by E. coli cytidine deaminase and the dCMP de-
aminases also suggest, by inference, that these bacteriophage
and yeast nucleotide deaminases are zinc metalloproteins and
that the histidyl and cystidyl residues identified in Figure 4
are involved in metal coordination. Answers to questions
regarding the function of specific amino acids await solution
of the cytidine deaminase crystal structure at high resolution.
The functional significances of the TVHAE sequence, of the
Cys-X,-Cys sequence, and of other amino acid residues that
may participate in the catalytic process are now being explored
by site-directed and proofreading mutagenesis experiments.
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ABSTRACT: Lactate dehydrogenase catalyzes the stereospecific hydride transfer to and from the re face of
the nicotinamide coenzyme. The demonstrated probability of transfer to the si face of less than 2 X 1078
indicates that the free energy of any diastereotopic transition state leading to a si transfer must be over
10 kcal/mol greater than the free energy for transfer to or from the re face. The general notion of closed,
desolvated active sites suggests the a priori hypothesis that steric hindrance prevents the nicotinamide ring
from assuming a conformation that would lead to transfer of the pro-S hydrogen. In this paper we report
that the probability of transfer of the pro-S proton is less than 9 X 1077 with 3-pyridinealdehyde adenine
dinucleotide as coenzyme and less than 4 X 1077 during the lactate dehydrogenase catalyzed disproportionation
of glyoxylate. Examination of the crystal structure of lactate dehydrogenase further suggests that steric
exclusion does not enforce the extreme stereospecificity of the reaction. An electrostatic interaction with
the macrodipole associated with the o2F helix is suggested as a potential molecular source of the stereo-
specificity.

’Ee pyridine nucleotide dependent dehydrogenases catalyze
the reversible hydride transfer to and from the C-4 carbon of
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the nicotinamide moiety of NAD(P)*. It has been well es-
tablished that this reaction is stereospecific, such that a given
dehydrogenase transfers either the pro-4R (A-side) or pro-4S
(B-side) hydrogen of the coenzyme (Fisher et al., 1953; Loewus
et al., 1953; Jarabak & Talalay, 1960; Cornforth & Ryback,
1962; Arnold et al., 1976; You, 1985). In our original ex-
periments, the reaction
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