12258 Biochemistry1999,38, 12258-12265

Cytidine Deaminases from. subtilisandE. colii Compensating Effects of
Changing Zinc Coordination and Quaternary Structure

Dean C. Carlow, Charles W. Carter, J¥.Nina Mejlhedes Jan Neuhard,and Richard Wolfenden*

Department of Biochemistry and Biophysics, Lmsity of North Carolina, Chapel Hill, North Carolina 27599-7260, and
Center for Enzyme Research, Institute of Molecular Biology pehsity of Copenhagen, Copenhagen, Denmark

Receied April 8, 1999; Reised Manuscript Receed July 21, 1999

ABSTRACT. Cytidine deaminase frora. coliis a dimer of identical subunitd/, = 31 540), each containing

a single zinc atom. Cytidine deaminase fr@&nsubtilisis a tetramer of identical subunits!{ = 14 800).

After purification from an overexpressing strain, the enzyme fRimsubtilisis found to contain a single

atom of zinc per enzyme subunit by flame atomic absorption spectroscopy. Fluorescence titration indicates
that each of the four subunits contains a binding site for the transition state analogue inhibitor 5-fluoro-
3,4-dihydrouridine. A region of amino acid sequence homology, containing residues that are involved in
zinc coordination in the enzyme froB coli, strongly suggests that in the enzyme fr8msubtilis zinc

is coordinated by the thiolate side chains of three cysteine residues (Cys-53, Cys-86, and Cys-89) [Song,
B. H., and Neuhard, J. (1988)ol. Gen. Genet. 21,6162-468]. This pattern of zinc coordination appears

to be novel for a hydrolytic enzyme, and might be expected to reduce the reactivity of the active site
substantially compared with that of the enzyme fremcoli (His-102, Cys-129, and Cys-132). Instead,

the B. subtilisandE. coli enzymes are found to be similar in their activities, and also in their relative
binding affinities for a series of structurally related inhibitors with binding affinities that span a range of

6 orders of magnitude. In addition, the appareiif yalue of the active site is shifted upward by less than

1 unit. Sequence alignments, together with model building, suggest one possible mechanism of

compensation.

Cytidine deaminase fror&. coliis a dimeric protein that 77777~ clotos 7
contains one atom of tightly bound zinc in each subuhit ( “'\ Cys-129
2) (Figure 1). The three-dimensional structure of this Zn- Cysi32
enzyme’s complex with the transition state analogue inhibitor His-102

3,4-dihydrouridine K; = 1.2 x 102 M) shows that the zinc
atom lies deeply buried within the active site, where it is
coordinated by a nitrogen atom of His-102 and by the thiolate
groups of Cys-129 and Cys-132)(In an environment that

is sequestered almost completely from bulk solvent, this zinc
atom appears to activate substrate water for attack on the
pyrimidine ring, in conjunction with the carboxylate group S,OA/,/OH\ 2634

of Glu-104 @, 3). Replacement of any of these zinc-coor- Asn‘89 \C.‘,|u_91

dinating residues by alanine results in major losses in the Ficure 1: Active site of E. coli cytidine deaminase, showing

enzyme’s affinity for zinc, and also in its catalytic activity  gn,yme interactions with the transition-state analogue 5-fluoro-3,4-

4). dihydrouridine that have been inferred from the crystal structure
In other zinc-containing hydrolases and hydratases, cata-of the CDA—FZEB complex ).

lytic zinc atoms are usually ligated by histidine (as in

carbonic anhydrase and adenosine deaminase, with three Higppears to be unusual among hydrolytic enzymes, although
residues), and also, less frequently, by carboxylate groupsit is also found in some other deaminases that act on cytosine
(as in carboxypeptidase A, with two His residues and one derivatives, in deoxycytidylate deaminase, and in a recently
Glu residue) (for reviews, se® and 6), with water or a discovered mRNA-editing enzyme from mammals, apobec-1
hydroxide ion occupying the fourth coordination position. (7).

In this respect, the coordination motif &. coli cytidine In the small, tetrameric cytidine deaminase®osubtilis
deaminase (with one His residue and two Cys residues)(8) and of humansg, 10, a cysteine residue is found at the
position corresponding to the histidine residue in the first
T This research was supported by Grant GM18325 from the National part of the zinc-binding motif oE. coli cytidine deaminase

Institutes of Health. (Figure 2). The apparent involvement of three cysteine
28;;°E‘Nh°’.‘|1 corrtesgndznce Shé’“'d be addressed. Fax: (919)-962-esjdyes in zinc coordination, although common for “struc-
. E-mall: water@mea.unc.eau. . . .
# University of North Carolina. tural” zinc atoms in proteins, appears to be unprecedented
8 University of Copenhagen. at the active site of a hydrolytic enzyme. Moreover,
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TETRAMERIC CDAs 2 * % o0k

B. subtilis 20PYSKF QVGAALLTKDGKVYR GCNIE NAAY SMCNCA ERTALFKAVSEGDTEFQ MLAVAA DTPGP VSP CGACRQVISELC..

H.sapiens 32PYSHFPVGAALLTQEGRI FK GCNIENACY PLGI CAERTAIQKAVSEGYKDFR Al Al AS DMQDDF | SP C GA C RQVMREFG..

B. burgdorferi 26PYSKFKVGACI KTKTNDFFI GTNVEN ASFGATCCA ERSAIL NMI AK | GVQEIDFLLLNTSPEC | P C Al CLQVMAEFF..

B. pahangi 22PYSKFTVGAALLTKDGKI I T GGN VE NAS Y GGTI CA ERSAVTRAVAEGYREFQ AVAVCA TPAEP T AP C GL C RQFLIEFG..

C. elegans 29PYSKFPVGAALLTESGEI VQ GCN VE NASY GGTI CA ERSAIVSAVSQGYTKFR Al AVVT ELSEP ASP CGL CRQFLVEFG..

M. genitafium 22 PFSNFKVACMI | ANNQTFF GVN I E | s CAERSAIASMVTSGHRKID YVFVYFN TKNKS NSP CGMC RQNLLEFS..

M. tuberculosis 23PYSREAVGAAALVDDGRVVT GCN V Y . C A ECAVVCALHSTGGGR LLALA CVDGHGSY L MP C GR C RQVLLEHG..

M. preumoniae 22PFSKFKVACMLVANNQAF Y GVNIEMNASY PVILCAERSAIANMVTSI GKAD YVFVY FOTKTPT NSP C GMC RQNIFEFA..

M. pirum 2 PYSNFRVSCLLLTDGGWF A GVNIENSAY SPTI CAERSAVSSMITSGFKQI FKVYILT DTI VKDI G TP C GV CRQVLSEFA..

M. genitalium 22 PESKFKVACMLVANNQAF Y GVNIENASY PVTLCAERSAIANMYTSI GKATIDYVFVYF DTKTPT NSP CGMCRQNIFEFA..

s. pombe 23PYSNFAVGACVVSDDKNTYI YGAN VE NASY GNCI CA ERVAITKAVSMGYTK FMAI GV MSAKGR V TP C Gl C RQVIREFS..

S. cerevisiae 28PYSHFRVGCSI LTNNDVIFT GAN VE NASY SNCI CA ERSAMI QVLMAGHRSGWKCMVI CGDSEDQC VSP CGVCRQFINEFV..

DIMERIC CDAs-Dom 1 7 [ 88 9 102 104 ] ] ] 126 129 132 [ ]

E.col 67 PLSNFENVGAI ARGYSGTWYYF GANME FIGATMQQTV HA E QSAI SHAWLSGEK ALAAI TVN Y TP CGHC RQFMNEL

H. influenzae 66 Al SHFENVGAI Al GEQGDFYF GANQE FA S AIQQTI HA E QSAI SHAWLRNER RISDM VVN Y TP C GH C RQFMNEL

Arabidopsis thallana (1) 42 P| SK F NVAVVGLGSSGRIFL GVN VE FPN L PLHHSI HA E QFLVTNLTLNGER HLNGGAVS AAP CGHC RQFLQEI

APOBEC-1 (mRNA editing) 49 K| WR S SGKNTTHN HV EVNFIEKFTSERDF HPSTSCSI TWFLSWS PCWECSQAIREF

DIMERIC CDAs, Dom 2 o 0 23 ¢ b ¢ 6 ¢ ¢ ¢

E. coli 505 PYSKSPSGVALECKDGRI FS GSY_.A'E_.NA._.;\FN:?TL_ PP LQGALILLNLKGYD YPDIQRAVLAEKA DAP LI QWDATSATLK @©

H. influenzae 204PYSNSPHGI Al LFKNSDVVT GRY AE NAAF NPSL P A L QTALNFAYLNDKK LSDIERIVMAEKA LKL SHKTMAETL LS 8

Arabidopsis thaliana () 194 PYSL CPSGVSLVDCDGKVYR GWY ME SAA Y NPSM  GP V QAALVDYVANGGGGGYERI VGAVLVEKE DAVVRQEHTARLLLE 3

APOBEC-1 (mRNA editing) RNF WV NYP PG DEA H WPRY PP LWMMLYALELYCII LGLPPCLKI SRRK QNQLTFF TLTLQNCH %
74
o

Ficure 2: Comparative alignment of amino acid sequences for tetrameric and dimeric cytidine deaminases. Consensus motifs are in boldface. Prafzatule amecifidicated by asterisks<S
Enzymes proven to contain zinc are underlined. Sequences were obtained through the ExPASy interface to the SWISS-PROT database. Themamsedsiemeecelored to assist the'
interpretation of Table 2 and Figure 6 as follows: Segments forming the dimer interface in dimeric CDAs are shaded green, blue, yellow, and e iim tivhioh they occur in the sequencess
of the tetrameric CDA subunits (Figure 6) and the two core domains of the dimeric CDAs. Residues contributing to the principal hydrophobic ¢are idggitified in reR, are shaded light *
gray and indicated by to emphasize the similarity between their patterns in the tetrameric CDAs and in the first core domain of the dimeric CDAs.
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Coordi_nation of zinc by_ three CySteme residues appears OTable 1: Purification oB. subtilisCytidine Deaminase
be strictly correlated with a tetrameric quaternary structure
in these deaminases (Figure 2).

purificationstep mL mg units units/mg fold % yield

In the present work, we confirm that the enzyme frBm g{fedp"i;’;t;gcnt 882 22232 89;1388 356 11 1520
subt|I|s.co.nta|ns zmc,.an_d compare its .s:t0|ch|ometry with  SeEAE 153 421 42000 100 58 a4
the stoichiometry of binding of the transition state analogue heat denaturation 12.1 290 35800 123 3.4 33
inhibitor 5-fluoro-3,4-dihydrouridine. The results indicate that G-75 35 228 44000 193 5.4 47
a single active site, containing a catalytic zinc atom Q5 3 63 15000 238 6.6 16

coordinated by three protein thiolate groups, is present in
each enzyme subunitVi = 14 800). The four subunits  hydroxytetrahydro-2(#)-pyrimidone] (lll) and 3,4,5,6-tet-
appear to be identical and independent in their binding rahydrozebularine [14¢p-ribofuranosyl)tetrahydro-2¢)-
behavior, as indicated by fluorescence titration. The enzymespyrimidone] (IV) were synthesized according to the method
from B. subtilisandE. coli, although they differ markedly  of Hanze (2).
in the number of subunits and patterns of zinc coordination, Determination of the Dissociation Constant of 5-Fluoro-
are shown to be remarkably similar in their active sika p  zebularine The binding of FZEB was observed by quenching
values, and in their relative binding affinities for a set of of this inhibitor's fluorescence as described earli) (vith
structurally related analogue inhibitors whose individual a Hitachi F-2000 spectrofluorometer thermostated a#25
binding affinities differ by 6 orders of magnitude. These 0.1 °C, usirg a 3 mL cuvette (1-cm light path). In these
inhibitors allow comparison of the binding contributions of experiments, FZEB and protein were present at concentra-
functional groups of these ligands, in the different settings tions between 5x 108 and 1 x 10°° M, at which the
provided by the active sites of the two enzymes. absorbencies of both partners amounted to less than 0.04 at
the wavelength (322 nm) of excitation. The fluorescence of
MATERIALS AND METHODS FZEB was quenched approximately 73% upon binding by
Materials. Cytidine deaminase was purified frobh coli the B. subtilis protein, similar to the quenching observed
S@268 harboring plasmid pSO143. This plasmid contains earlier using the enzyme fror. coli. To determine the
the B. subtilis cytidine deaminase gene cloned behind the dissociation constant, a solution of FZEB (661078 M)
E. coli lac promoter of pUC19§). Cells were grown with  was titrated with enzyme, in potassium phosphate buffer (25
vigorous aeration at 37C in L broth (11) supplemented with mM, pH 7.0). Because FZEB is bound very tightly, it was
ampicillin (200 mg/L) for 16 h, and then harvested by necessary to correct for depletion of the free enzyme. The
centrifugation to yield 18 g of cell paste. Cells were then concentration of free enzyme, [l was calculated accord-
suspended in 70 mL of buffer A (Tris-HCI, 0.1 M, pH 7.6) ing to the equation:
and sonicated, and the cell debris were removed by cen-

trifugation. Nucleic acids were removed by precipitation with [Eltree = [Elioras — (AF/AF . )[FZEB]
streptomycin sulfate (1%), and the supernatant was applied
to a column of DEAE-cellulose (DE-52, 2.5 30 cm) in which AF is the observed fluorescence chan§€ma is

equilibrated with buffer A. After the column was washed g (otal fluorescence quenching at saturating binding sites,
with buffer A (300 mL), enzyme activity was eluted with @ 504 [FZEB] is the concentration of FZEB. Dissociation
gradient (900 mL) from 0.0 to 0.3 M NaCl in buffer Ain  gnstants were determined by nonlinear regression analysis
the cold, using a flow rate of 2 mL/min. Active fractions 4 5 plot of the change in the relative fluorescent€, as
were pooled (150 mL), and then adjusted to 60% saturation 5 function of the concentration of free enzyme.

with ammonium sulfate. The precipitate, obtained by cen-  gnzyme Assafthe deamination of cytidine in potassium
trifugation, was red|ssolv_ed in buffer B (Trls_-HCI, 0.05 M, phosphate buffer (0.1 M, pH 7.0) was monitored at 282 nm
pH 7.6) and dialyzed against t_)uffer B. The dialyzed so_lqun (Aey = —3600) using cuvettes maintained at 25 (14).

was heated to 68C for 10 min, and then cooled rapidly. |npipitor dissociation constants were determined from double

The precipitate was removed by centrifugation, and the reciprocal plots of enzyme activity as a function of changing
supernatant was applied to a gel filtration column (Sephadex g pstrate concentration in the presence and absence of
G-75, 2.5x 90 cm) equilibrated with buffer B. The enzyme jnpipitors. Thek; values reported in Figure 5 represent the
was eluted with buffer B at a flow rate of 0.5 mL/min. Active \,aan of six experimental determinations.

fractions were applied to a Bio-Rad Q5 column equilibrated  7inc AnalysisBuffers were treated with Chelex-100 resin
with buffer C_(Tns—HCI_, 0.02 M, pH 7.6), and the enzyme (Bio-Rad, Richmond, CA)X5). Glassware and polyethylene
was eluted with a gradient (50 mL) from 0.0t0 0.5 M KCl,  containers were rendered metal-free by soaking overnight
in buffer C. Active fractions were pooled and concentrated i, 5 1:1 mixture of concentrated nitric and sulfuric aciti§)(

by ultrafiltration in a Centriprep tube (Amicon, Inc.). The  pjgysis tubing was freed of metal ions as described by Auld
resulting protein was 98% pure as judged by SBSAGE. (17). The quantity of enzyme in each dialyzed sample was
The progress of a typical preparation is shown in Table 1. jatermined using the Coomassie protein assay (Bio-Rad,
The final specific activity (238 units/mg) is comparable in Richmond, CA), with bovine serum albumin as a standard.
magnitude with that reported earlier (570 units/mg) for the Before metal analysis, excess and loosely associated metal

enzyme frome. coli (4). _ ions were removed by prolonged dialysis against metal-free
The inhibitors zebularine (ZEB),5-fluorozebularine

(F.ZEB)’ and 3’4_d|hydrozebmarme (”.) were glftS from Dr. 1 Abbreviations: CDA, cytidine deaminase; ZEB, zebularine; FZEB,
Victor Marquez (National Cancer Institute, NIH, Bethesda, s fiyorozebularine; 3,4-hydrate of FZEB, 3,4-dihydro-5-fluoropyrimi-
MD). 3,4,5,6-Tetrahydrouridine [13¢p-ribofuranosyl)-4- din-2-one ribonucleoside or 5-fluoro-3,4-dihydrouridine.
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FiGURE 3: Decreases in fluorescence intensity that accompany the . i ; ;
e -~ ! IGURE 4: Values ofk../Kn for cytidine deaminase frork. coli
8 . - . f
binding of FZEB (6.6x 10°° M) by cytidine deaminase fror8. (circles) andB. subtilis (diamonds), plotted as a function of pH.

subtilis The Scatchard plot (inset) shows that the enzyme has onethe jines are theoretical curves based on assurad/lues of

FZEB binding site per enzyme suburiit(14 800).Y is the fraction 4.7 for theE. coli 4 for th ili
of enzyme bound to FZEB, an@ is the concentration of free -7 for thek. coli enzyme and 5.4 for thB. subtilisenzyme.

bunit . . .
enzyme subunitsv) and to virtually the same extent. After correction for the
HEPES-HCI buffer (10 mM, pH 7.0). The specific activity 2mount of enzyme bound by the ligand, plotsAff as a
of the enzyme, determined before and after dialysis, was 226fu_nct|0n of the concentration of free enzyme were hyperbolic.
+ 6 units/mg, indicating that essential zinc atoms had not High concentrations of the substrate cytidine were found to

been lost during dialysis. Samples of enzyme were analyzeddisplace FZEB from the active site of the enzyme, as
for zinc content using an Instrumentation Laboratories S-12 Indicated by the reappearance of fluorescence, showing that
flame atomic absorption spectrometer. FZEB competes with substrate for a place on the enzyme.

Influences of pH on /K. Influences of pH orkeadKm The dissociation constant of FZEB from the enzyme from

were determined for both enzymes in the presence of B- Subtilis in the absence of substrate, is 5410°° M as
potassium acetate buffers (0.02 M) in the pH range betweenindicated by rpnhnear regression ana]y&s. Thus, the enzyme
3.8 and 5.4 and potassium phosphate buffers (0.02 M) in from B. subtilis binds FZEB approximately 2-fold more

the pH range between 5.8 and 7.5. The reaction wastgntly than does the enzyme frok coli.
monitored at 290 nm, by the disappearance'ededxycy- The dissociation constant of the complex formed between
tidine (2 x 10°5 M), using cuvettes maintained at 28. the enzyme fronB. subtilisand the covalent 3,4-hydrate of

Rate calculations were based &ay values that varied from  FZEB (3,4-dihydro-5-fluoropyrimidin-2-one ribonucleoside),
—7.49 x 10° at pH 3.9 to—1.69 x 10% at pH 7.5, with a estimated as the product of its dissociation constant and the

pKa value of 4.2 (9). equilibrium constant for 3,4-hydration of FZEB as described
earlier (L3), was 1.9x 10711 M, slightly lower than the value
RESULTS of 3.9 x 107 M previously observed for the enzyme from

E. coli. Figure 5 shows that although the enzyme frBm
subtilis binds 5-fluorozebularine more tightly than does the
enzyme fromE. coli enzyme, it binds the unfluorinated
inhibitor zebularine 6.8-fold less tightly than does thecoli

Enzyme Inhibition The results of the present study are
shown in Figure 5, along with son€ values previously
determined for the enzyme frofa. coli (19). Each of the
inhibitors showed competitive inhibition, as indicated by en

' g ; zyme.
double reciprocal plots of enzyme activity as a function of - ,
: " The data in Figure 3 (inset) are also shown as a Scatchard
changing substrate concentration. Enzyme assays performed

before and after preincubation of enzymes with inhibitors plot, in which Y'is the fraction of enzyme bound to FZEB
er p : ym L andC is the concentration of free enzyme (micromolar). Each
showed no evidence of time-dependent inactivation. These

> L ...~ “protein subunit ¥, 14 800) binds approximately one mol-
inhibitors were chosen because of their wide variation in : X

o . S .. ecule of FZEB, as shown by the intercept on the abscissa.
affinity as a means of assessing the equilibrium binding

: . o AT The linearity of this plot indicates that the binding sites
properties of the active site, including its zinc atom, that are c . :
believed to contribute to catalysis (see Discussion). function independently of each other, in agreement with

) : . . ' . earlier results that failed to detect allosteric behavior from
Zinc Analysis Analysis for zinc using flame atomic

. kinetic profiles (N. Mejlhede, unpublished results).
absorption spectroscopy revealed the presence ofl (185 Val fB. subtili 4 E. coli Cviidine D .
tightly bound zinc atoms per enzyme subunit (14 800 Da). PKa Values of B. subtilis and E. coli Cytidine Deaminases.

The specific activity of the enzyme remained constant during lFlgureb4tshtows the usflt:gnceTr(])f pH on en;ygje ?Cm/lttybatth
the prolonged “metal-free” dialysis, suggesting that no metal ow substrate concentration. These curves indicaté that bo

atoms essential for catalysis were removed by this procedure.enZymeS are inactive at low pH, with appareit, palues

Binding of 5-FluorozebularineFigure 3 shows changes of 4.7 for theE. coli enzyme and 5.4 for th8. subtilis
in fluorescence intensityAF) that were observed upon enzyme.
addition of the enzyme fronB. subtilisto a solution of
) : DISCUSSION
FZEB. As in the case of the enzyme frde coli (13), the
binding of FZEB by the enzyme fronB. subtilis is Comparison of PropertiesThis work has shown that
accompanied by quenching of the inhibitor’s fluorescence, cytidine deaminase frorB. subtilis like the enzyme from
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E. coli, contains one atom of Zn per subunit. Fluorescence . —

titration indicates that each of its four subunits contains a plain = B subtllg

binding site for the transition state analogue inhibitor NN F XN

5-fluoro-3,4-dihydrouridine. A region of amino acid sequence Q \(\/J\

homology, containing residues that are involved in zinc N o N o

coordination in the enzyme froi. coli, strongly suggests |:I‘ '_1!

that in the enzyme fronB. subtilis zinc is coordinated by _ ,

the thiolate side chains of three cysteine residues (Cys-53, < fﬁb;':';’(‘)‘?aM 52'?;":?("1“?;'&6

Cys-86, and Cys—$9)8§. . S . K,-I=2.‘5x10'7M Ki=1.1x107M
The three-cysteine pattern of zinc coordination in cytidine | .

deaminase fronB. subtilisdoes not appear to have been | H OH HOH

described before for any hydrolytic enzyme, although it has X )(

been reported for the catalytic zinc atom of cobalamin- ™~ NH NH

independent methionine synthag6)( In the absence of other L /k | /k

differences, substitution of a sulfur ligand for a histidine N o] N o]

nitrogen ligand might have been expected to depress reactiv- F'( F';

ity. Bertini and co-workers have carried out a series of X=H 3,4-dihydrozebularine (Il)

molecular orbital calculations for Zn(N3)OH, Zn(N2)(S)- 3,4-dihydrouridine (1) Ki=3~6"1°_':""

OH, and Zn(N)(S2)(OH) complexes, and their results show Ki=8x10"2M Ki=3.0x10"M

a qualitative trend toward higheKp values as the nitrogen Ki=1.1x107M

ligands are replaced by sulfur ligand&l). In accord with X=F

these calculations, mutagenesis experiments performed on M

carbonic anhydrase demonstrated the importance of neutral | ¢ K=soxw’M

ligands in maintaining the low Ky, of zinc-bound water H OH H H

molecules 22, 23) This catalytic zinc atom is coordinated

by three histidine residues and a hydroxide ion in tetrahedral NH NH

geometry. Substitution of one of these His ligands with a /J\ /J\

negatively charged Cys thiolate or Asp carboxylate increased ’}‘ 0 ’}‘ 0

the K, of the zinc-bound water up to 2.7 pH units, and R R

crystal structures of these variants demonstrated that the 3,4,5,6-tetrahydrouridine (lll) 3,4,5,6-tetrahydrozebularine (IV)

engineered zinc ligands coordinated the zinc atom with Ki=5x10°M Ki=32x10°M

optimal stereochemistry28). This work suggests that the Ki=1.0x10"M Ki=4.0x107M

electrostatic environment around the zinc site modulates the
pK, of zinc-bound water with an increasing negative charge
on the zinc ion correlating directly with an increasd¢, pf

the zinc-bound water molecule.

The present results indicate that the steady-state catalyticare roughly the same in the enzymes from both sources. Of
activity of the enzyme fronB. subtilisand its relative binding ~ particular interest are those features, the 4-OH group
affinities for several 2-ketopyrimidine nucleoside inhibitors coordinated by zinc and by Glu-104 (Figure 1) and the
that differ from each other in the presence or absence of aunsaturated 5,6 double bond, that distinguish transition state
4-OH group or of unsaturation at the 5,6 position are similar from ground state binding. The relative contributions of these
to those properties of the enzyme fr@ncoli (Figure 5). In two structural features and their synergism are expressed to
theB. subtilisenzyme, the active site’s appare#t,fis shifted almost exactly the same degree in binding by both enzymes.
upward from~4.7 to ~5.4, as indicated by a plot of log The 5,6 double bond is much more important to the binding
(kealKm) vs pH (Figure 4), in the direction expected from affinity of the OH-containing inhibitors~¢10*-fold; compare
the negative charge of the third coordinating cysteine residue.l with Ill) than it is to the binding of the H-containing

At present, we do not have information that would exclude inhibitors (~10-fold; compare Il with IV). Since this effect
the possibility that the steady-state catalytic activities of these is expressed to nearly the same extent in the enzymes from
enzymes are controlled, at least in part, by a physical eventE. coliandB. subtilis we infer that the source of the enzyme,
such as substrate binding or product release. In that caseand hence the differences in zinc atom coordination, does
minor differences between these enzymes in the steady-stat@ot significantly contribute to its response to changes in the
activity and its pH dependence (Figure 4) could mask larger detailed configurations of these inhibitors and the disposition
differences that might be present in the individual chemical of their binding determinants.
steps of catalysis. Nor can we exclude the possibility that In summary, a fundamental change in zinc coordination
the apparentlg, values indicated by the inflection in Figure appears to have little effect on the functional properties of
4 might actually represent changes in the rate-determining cytidine deaminase, even though the enzyme’s activity shows
step. These potential complications of interpretation do not exquisite sensitivity to apparent minor changes in the
arise in considering the behavior of the competitive inhibitors structures of substrates and inhibitors as shown, for example,
shown in Figure 5, whosK; values represent equilibrium in Figure 5. Evidently the change from His to Cys, involved
binding affinities. in the present comparison of enzymes fr&ncoli and B.

Figure 5 shows that the equilibrium binding free energies subtilis is compensated by other changes in structure. How
implied by the inhibition constants for the four inhibitors might such compensation occur? Before considering that

FIGURE 5: Structures of the inhibitors used in this study, and their
Ki values forB. subtilis cytidine deaminase. Values fd&. coli
cytidine deaminase are shown in italic.
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Table 2: Dimer Interface and Composite Active Site ConstructioB.igoli CDA?

residues 6871 91-102 127134 159-170 206-207 227238 268-278
buried surface (8 125 481 308 363 31 350 271
% of total area 6 25 16 19 2 18 14
active site residues F71 E91 (Y126) F165 F233
H102 P128 L170
(E104) C129
C132

aThe entire dimer interface i&. coli CDA is constructed from 3 short loops from each core domain, together with an 11 residue stretch of the
linker between them. Active site residues that do not contribute directly to the dimer interface are identified by parentheses. The linkerdetween th
first and second core domains occurs between residue 159 and 170.

question, it is of interest to compare the overall tertiary and spondingB. subtilisresidues F125, L130, and Q91 provides
quaternary structures of the two enzymes. substantial evidence that these residues serve similar dual
Quaternary Interactions and the Composite AetiSite. roles in the tetrameric enzymes. The absence of the second
Comparison of amino acid sequences of tetrameric andcore domain in the tetrameric subunit, together with the
dimeric cytidine deaminases (Figure 2) shows the presenceabsence of tyrosine in the position homologous to Y126,
of numerous identities. The 32 kDa monomers ofEheoli suggests that the functional roles of aromatic side chains
enzyme are each composed of two very similar core domains.Y126 and F233 in th&. colienzyme are provided in trans,
Only one of these, which we will designate the first domain, by interactions involving a third subunit in the tetramer.
contains zinc. However, both the first and second domains The tetrameric cytidine deaminases contain two highly
are of nearly the same size as the four identical subunits ofconserved tyrosine residues not found in any of the dimeric
the tetrameric cytidine deaminases (Figures 5 and 7 of refcytidine deaminase sequences. One of these, Y48, is in the
2). These small core domains are arranged with approximatepresumptive ribose binding loop that also contains N42 and
222 symmetry R). That symmetry is also expected for a E44, corresponding to N89 and E91 in tRe coli active
tetrameric enzyme containing four equivalent subunits. site (Figure 1). That loop is structurally homologous to a
Significantly, theE. coli enzyme’s binding sites are com- loop that contains F233 in the second domain ofEheoli
posite, receiving contributions from each of the two subunits. enzyme. The second tyrosine residue occurs in the sequence
Betts et al. (Figure 11 of reff) identified three kinds of active ~ P20-Y21-S22, which is conserved in the zinc-containing
site binding determinants, in addition to those directly domain of theE. colienzyme (P67-L68-S69) and is identical
involved with the activated hydroxyl group. Those include to a sequence in the structurally homologous loop in the
residues forming a loop with hydrogen bonds to ribose second, non-zinc-containing, domain (P205-Y206-S207). The
(N89 and E91), four aromatic side chains that interact with quaternary structure of th. subtilisenzyme, and of other
the pyrimidine (F71, Y126, F165, and F233), and the resi- tetrameric cytidine deaminases, might thus be approximated
due P128 which constrains the leaving ammonia binding by two steps, diagrammed in Figure 6:
site. 1. Maintain the interface contacts between first domains
The E. coli dimer interface consists of seven segments of the two monomers in th&. coli enzyme, providing the
detailed in Table 2. Three of these arise from the first core function of F165 (red) to the active site.
domain and three others from corresponding segments inthe 2. Align two copies of this dimer by superimposing loops
second core domain. They are shaded green, blue, an7—-69 (green) and 9195 (blue) from theE. coli enzyme
yellow, respectively, in Figure 2. The seventh (central) first domain onto the structurally homologous sequences
segment is from the linker between the two core domains 205-207 (green) and 228223 (blue) of theE. coli second
and is shaded red in Figure 2. Clearly these segments sharglomain, preservin@22 symmetry and providing the con-
a high proportion of identical and highly conserved amino served tyrosines to the active site, in traaxoss the resulting
acids between the dimeric CDAs. As noted in Table 2, row tetrameric interface. That superposition appears to produce
4, all active site residues ig. coli CDA arise from these  a plausible tetrameric structure, whose relevant interface is
segments. Residues F165, F233, and L170, a residue nofllustrated in Figure 6.
previously noted 2), are provided in trans (that is, by the  structural Compensations for 3-Cysteine Coordinatias.
second monomer across the dimer interface). noted earlier, a fundamental change in zinc coordination
Based on the observed sequence identities (Figure 2), theappears to have little effect on the functional properties of
tetramericB. subtilisenzyme sequences might provide, in cytidine deaminase, even though the enzyme’s activity is
cis (i.e., from within the same monomer), residues corre- highly sensitive to changes in ligand structure. Substitution
sponding to N89, E91 (N42, E44), to F71 (F24), and to P128 of the cysteine thiolate for the imidazole nitrogen of histidine
(P85). If these residues have the same spatial arrangemenih the tetrameric enzyme is likely to result in increased
in both enzymes, then it seems reasonable to suppose thaglectron donation to zinc, thereby reducing its ability to
the fourB. subtilissubunits adopt an overall fold like those activate water. Evidently the change is compensated by other
of the small core domains in tHe. coli enzyme. changes in structureHow might such compensation occur?
The dual roles of F165 and L170 in forming the dimer The most obvious possibility is that the new cysteine residue
interface and the composite active site have been noted inmight be geometrically positioned in such a way as to furnish
Table 2. Residue Q134 participates in an intimate hydrogena poor ligand for zinc. In view of the dimetetramer
bond across the interface to the amide nitrogen of G130 fromrelationships noted above, a more subtle mechanism of
the other monomer. The strict conservation of the corre- compensation also appears to be worth considering.
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Ficure 6: Schematic drawing in stereo of a novel interface in tetrameric cytidine deaminases, based on the ap@2Risyatenetry in

the E. coli enzyme. Two of the four subunits are shown in bold and pastel colors (primed residue numbers), the remaining dimer in the
tetramer being generated using the exact 2-fold symmetry observed B&. tbeli enzyme. Only the C-terminal portions of these two
monomers are shown here (red). Loops from one monofecdli residues 6373 (green) and 88103 (blue)] may provide tyrosine
residues B. subtilisresidues Y23 and Y48), in trans, to complete the environment of aromatic side chains observeH.indhactive

site, as well as those interacting with the ribose. These residues are indicated by spheres at the positiocarbtireatoms. Colors are
consistent with those used in Figure 2. In this model structure, Y48 is positioned close to the location of E288liits hydroxyl group

could therefore serve as a hydrogen bond donor to the third thiolate ligand at the position of the third cysteine zinc ligand, C53, as indicated
by the arrow.

An important mechanism for modulating electronic prop-  Substitution of tyrosine (Y48) for phenylalanine (F233)
erties of thiolate metal ligands is the use of NH-to-S in the model described in the previous section provides a
hydrogen bonding. This mechanism is thought to underlie plausible hydrogen bond donor to the third cysteine residue
the varied behavior of ironsulfur electron transport proteins  (C53), as indicated by the arrow in the diagram. The active
by relative stabilization of the net charge on the prosthetic site construction for tetrameric CDAs, illustrated in Figure
group @6, 27). In the observed structure of tHe. coli 6, thus provides all active site residues identified in Ehe
enzyme, one of the cysteine thiolate ligands (C129) receivescoli CDA with minimal alteration to the quaternary structure
H-bonds from two backbone amide groups, while the other of the tetrameric CDAs. Contribution of key residues from

thiolate ligand (C132) appears to adjust its zhscilfur each of three different monomers in the tetrameric quaternary
distance as the.negative charge on the ngcleophilic oxygenstructure could make the four active sites interdependent, in
atom varies during the course of the reactiag)( In theB. which case they could act cooperatively. We do not see

subtilis enzyme, with three sulfur ligands, the problem of evidence for such cooperativity in the measurements pre-
excess negative charge is compounded. To solve thatsented in Figure 3 (inset). Cooperativity may be subtle
problem, it seems reasonable to suppose that the quaternargnough to evade detection by the crude, equilibrium Scat-
structure of tetrameric cytidine deaminases might instead chard analysis presented here. On the other hand, our
furnish an additional protodonor, to decrease the negative interpretation of the sequence conservation in terms condi-
charge on the third cysteinyl sulfur atom from C53 which tioned by the approximate symmetry of the knot&ncoli
takes the place of H102. CDA quaternary structure may be misleading. An alternate
possibility is that the additional residues in the loop preceding
2 As a further illustration of the compensation effects that may be at the second group of zinc ligands serve as a “flap” covering
work in the present (;omparisons, itis _of interest that th_e (_jimeric cytidine the active site, in which case all four subunits may indeed
deaminase oE. coli (with two cysteines and one histidine residue act independently. To distinguish between these possibilities,

coordinating zinc in each subunit) and the monomeric mammalian ¢ )
adenosine deaminases (with three histidine residues coordinating zinc)it would be desirable to solve the crystal structure of a
were found to be similarly effective in transition state stabilization as tetrameric cytidine deaminase.

indicated by the rate enhancement that each prod®&®sdnd also
similar in their affinities for transition state analogue inhibitors. These
enzymes exhibit major differences in the nature of the overall protein
fold, and even in such details as the chirality of the tetrahedral-like
transition state that appears to be formed by covalent hydration of the 1. Yang, C., Carlow, D., Wolfenden, R., and Short, S. A. (1992)
substrate 7). Biochemistry 314168-4174.
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