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ABSTRACT. 2'-Deoxycytidylate deaminase (dCD) converts deoxycytidirenénophosphate (dCMP) to
deoxyuridine 5monophosphate and is a major supplier of the substrate for thymidylate synthase, an
important enzyme in DNA synthesis and a major target for cancer chemotherapy. Wild-type dCD is
allosterically regulated by the end products of its metabolic pathway, deoxycytidingHosphate and
deoxythymidine 5triphosphate, which act as an activator and an inhibitor, respectively. The first crystal
structure of a dCD, in the form of the R115E mutant of the T4-bacteriophage enzyme complexed with
the active site inhibitor pyrimidin-2-one deoxyribotide, has been determined at 2.2 A resolution. This
mutant of dCD is active, even in the absence of the allosteric regulators. The molecular topology of dCD
is related to that of cytidine deaminase (CDA) but with modifications for formation of the binding site for
the phosphate group of dCMP. The enzyme has a zinc ion-based mechanism that is similar to that of
CDA. A second zinc ion that is present in bacteriophage dCD, but absent in mammalian dCD and CDA,
is important for the structural integrity of the enzyme and for the binding of the phosphate group of the
substrate or inhibitor. Although the R115E mutant of dCD is a dimer in solution, it crystallizes as a
hexamer, mimicking the natural state of the wild-type enzyme. Residues 112 and 115, which are known
to be important for the binding of the allosteric regulators, are found in a pocket that is at the intersubunit
interfaces in the hexamer but distant from the substrate-binding site. The substrate-binding site is composed
of residues from a single protein molecule and is sequestered in a deep groove. This groove is located at
the outer surface of the hexamer but ends at the subunit interface that also includes residue 115. It is
proposed that the absence of subunit interactions at this interface in the dimeric R115E mutant renders
the substrate-binding site accessible. In contrast, for the wild-type enzyme, binding of dCTP induces an
allosteric effect that affects the subunit interactions and results in an increase in the accessibility of the

binding site.
2'-Deoxycytidylate deaminase (dCDgyonverts deoxy- NH, « HO_ H
cytidine 8-monophosphate (dACMP) (Figure 1a) to deoxyuri- o (QN o, 0 |E\N o. O |f<NH
dine B-monophosphate (dUMP), the substrate of thymidylate O\/F{ | y ,go S N/l\o K o N/l%o

7\
synthase (TS)1). dCD has been shown to be a major, © o ° ° ©
although not exclusive, provider of dUMR)( while TS is w
the onlyde nao source of deoxythymidine'snonophos- OH OH OH
phate (dTMP) in most biological systems. Consequently, TS a b c
is essential for DNA synthesis and is thus a target for Ficure 1: Schematic diagram of dCD ligands observed in the
anticancer agent8(4). In addition to processing successive Crystal structure: (a) substrate;deoxycytidine 5monophosphate;
steps in dTMP synthesis, TS and dCD also appear to have(t,)) inhibitor, PdR; and (c) intermediate analogue, 3,4-dihydrouridine
- . f S : . 5'-monophosphate.
a biological relationship, in that their levels are simulta-

neously elevated in rapidly dividing cells while they are ,cjeotide level §, 7), but it can potentiate the activity of
minimally active in nondl\_/lc;llng cellsy). (_:ICD also has be_er_1 other drugs such as 5-fluorodeoxycytidin®. (Together,
shown to reduce the.eff|C|enc_:y of anticancer a}nd _ant|V|raI these properties of dCD suggest that inhibitors of dCD have
drugs, such as cytosine arabinoside, by deamination at the,tential applications in chemotherapy, warranting strueture
function studies of the enzyme and structure-based develop-
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two distinct classes of the enzyme. Both enzymes are activesignificant similarities in two sequence segments that cor-
as homohexamers, in which the active sites of all six subunitsrespond to residues 2411 and 104-144 of T4-bacterio-
sites are identical, and all six sites are apparently actiOe (  phage dCD Z0). The second segment includes the residues
This differs from TS, which is dimeric but a half-of-the- that form the catalytic site, suggesting similarities in the
sites-activity enzymel(l, 12). Mammalian dCDs contain a  catalytic mechanisms of the two enzymes. This is further
single zinc ion per monomer that is required for catalytic supported by the fact that dCD is inhibited by compounds
activity. In contrast, the bacteriophage enzymes contain twothat are 5monophosphate derivatives of CDA inhibitors.
zinc ions per monomer that are both required for activity, The crystal structures of two forms of CDA have been
although only one appears to be involved in the catalytic reported: a dimeric form (CDA-D) frork. coli (17) and a
mechanism. Four cysteines (19, 49, 132, and 135) and twotetrameric form (CDA-T) fronBacillis subtilis(21). How-
histidines (94 and 104) have been identified as being ever, unlike dCD, neither form of CDA is allosterically
important for zinc binding in T4-dCD (G. F. Maley and R. regulated. Studies of the catalytic mechanism of CDA-D have
Ketring, unpublished observations). Cys132, Cys135, andshown that the catalytic site contains a zinc ion that is
His104 form one zinc-binding site which, based on sequencecoordinated by two cysteines, one histidine, and a water
analysis, corresponds to the Cys110, Cys113, and His84 sitemolecule. This zinc ion activates the water molecule, which,
of the human enzyme and therefore forms the binding site as a hydroxyl, reacts with C4 of the cytidine. A nearby
for the catalytic zinc ion. Cys19, Cys49, and His948)(are glutamic acid interacts with N3 of the cytidine, functioning
part of the binding site for the second zinc ion. Mutagenesis as a proton donor in the initial step and a proton acceptor in
of these residues results in the loss of one zinc ion and ofthe final step of the reaction. The active site of CDA-T is
enzyme activity. Interestingly, mutagenesis of adjacent similar to that of CDA-D, except that its zinc ion is
cysteines, Cys20 and Cys50, does not affect dCD activity. coordinated by three cysteines and a water molecule. Charge-
The most unusual property of dCD is its allosteric difference effects due to the histidine-to-cysteine substitution
regulation by the end products of its metabolic pathway, are reportedly offset by second-order interactic2k 22).

dCTP and deoxythymidine 'Sriphosphate (dTTP). The Here, we report the first three-dimensional structure of a
enzyme is activated by dCTP and inhibited by dTTP, dCD, in the form of a complex of the R115E mutant of T4-
providing a unique means by which to balance the availability bacteriophage dCD (T4-dCD-R115E) with the inhibitor

of the pyrimidine nucleotides for DNA synthesis £). The pyrimidin-2-one deoxyribotide (PdR) (Figure 1b). This
degree of dependence on the regulators differs between thenutant was selected for these structural studies because it
mammalian and bacteriophage forms of the enzyme. T4-can be obtained in a monodisperse state and because it has
bacteriophage dCD is completely dependent on the presenceetter solubility properties than the wild-type enzyme. The
of dCTP for activity, while the human enzyme is weakly structure reveals several important aspects of the catalytic
active at low substrate concentrations, in the absence of themechanism and substrate binding characteristics, as well as
activator (L4). The inhibitor and activator appear to bind at  the role of the noncatalytic zinc ion. It allows us to propose

the same site, which is thought to be distant from the active g hypothesis for the activity of the mutant as a dimer, and it
site, and to act through an allosteric mechanism that inVO|VeSSuggests a model for the mechanism for the allosteric

changes in the subunit interactions of the hexameric func- regulation of the wild-type enzyme.
tional form of the enzymeX, 10). Residues Phel12 and
Argl1l5 of T4-phage dCD have been implicated in the
binding of the allosteric regulatord4, 15). Photofixation

experiments showed that dTTP binding involves stacking of , ) o
the pyrimidine ring with the side chain of Phe112, an effect _ Protein Expression and Purificatiof4-dCD-R11SE was

that is impaired in the presence of dCTESY, The impor-  cloned into the pET-3c vector, expressedircoli (16), and
tance of this interaction with Phe112 was confirmed by site- Purified as previously describedy). Under these conditions,
directed mutagenesis experiments. The Ala mutation of &t €ast 20 mg of pure protein is obtainedrra 1 L culture.
Phe112 (F112A) yields a protein that is active,di0% of The R115E mutant was obtained using the Quikchange
the level of wild-type T4-phage dCD, but one that is Procedure (Stratagene, La Jolia, CA).
essentially independent of the allosteric regulatc§).( Quaternary Structure DeterminatioAnalytical centrifuge
Similarly, the R115E mutant of T4-bacteriophage dCD has experiments for T4-dCD-R115E were performed using a
a specific activity that is~60% of that of the wild-type Beckman XLI analytical ultracentrifuge and an AN-60-Ti
enzyme, is independent of dCTP activation or dTTP inhibi- rotor at 25°C. The protein samples were dialyzed into a
tion, and, most interestingly, is functional in solution as a buffer consisting of 0.050 M potassium phosphate (pH 7.0).
dimer (16). These results indicate that there is a relationship The viscosity and density of the buffers and the partial
between the oligomeric state of dCD and its regulation by Specific volume of the protein were obtained from SEDN-
dCTP and dTTP, and they also imply that the allosteric TERP, which is public domain software developed by Laue
regulation involves conformational changes at the inter- and others Z4). The partial specific volume (v-bar) was
subunit interface. However, the exact nature of these changes¢alculated from the protein’s amino acid content to be 0.74
and how these effects influence the enzymatic activity of mL/g at 25°C.
wild-type dCD, remain unknown. For the sedimentation velocity studies, the sample volume
dCD is related to cytidine deaminase (CDA), which was 0.420 mL and the reference volume of the dialysis buffer
catalyzes the same reaction, but for the unphosphorylatedwas 0.440 mL. Protein samples at concentrations of 0.2, 0.5,
substrate. This enzyme has been studied extensively, bothl.0, and 5.2 mg/mL were run at 50 000 rpm in an aluminum-
structurally and functionallyl(7—19). dCD and CDA show  filled Epon two-sector centerpiece with quartz windows.

MATERIALS AND METHODS
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Table 1: Data Collection and Refinement Statistics

Data Collection

inflection remote
wavelength (A) 1.286 1.2809 1.000
redundancy 9.7 10.3 10.8
completeness (%) 99.9 (99.7) 99.9 (99.9)
Mo(1)O 21.3(3.1) 20.6 (2.6) 17.8 (2.8)
Rmer 0.044 (0.489) 0.050 (0.441) 0.045(0.412)
Refinement
no. of reflections 15506
Reryst 0.216
Riree 0.244
rmsd from ideality
bond lengths (A) 0.006
bond angles (deg) 1.15
dihedrals (deg) 235
averageB-factors (&)
protein 38.2
zinc ions (2) 34.3
inhibitor 41.5
water (47) 41.2

aValues in parentheses are for the highest-resolution sheh-(2.3

2.2 A).
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Ficure 2: Final F, — F. electron density map for the inhibitor
contoured at the 1¢b level. This figure was prepared with
BOBSCRIPT 42).

of the Ramachandran plo8Y). Figure 2 shows the final
electron density map for the inhibitor.

RESULTS
Molecular and Quaternary Structure of T4-dCD-R115E.

Detection by absorption optics was at 280 nm for the three The three-dimensional structure of T4-dCD-R115E was
lower concentrations, and 300 nm for the most concentrateddetermined by MAD phasing methods and was refined at
sample. The data were analyzed by the c(s) method found2.2 A resolution. The final model (Figure 3a) includes
in Sedfit, a program developed by Schuck and co-workers residues +62 and 84-193 of the 193-residue molecule. The
(25). The experimentally calculated sedimentation coef- absence of electron density for residues-83 indicates that

ficients from Sedfit were converted s, by multiplication

these residues form a highly flexible loop that is disordered

of the experimentally obtained value by 0.92, a factor that in the crystal. T4-dCD-R115E has at}3-fold consisting of

was calculated from the standard equation.
Crystallization. T4-dCD-R115E was crystallized in the

a central five-stranded mixggétsheet that is flanked by the
N-terminal a-helix and a long loop on one face, four

presence of the inhibitor PdR, which was prepared as @-helices on the opposite face, and a sixtthelix along

previously describedl1d). The protein solution containing
0.28 mM T4-dCD-R115E, 0.02 M phosphate (pH 7.2), 0.38
mM PdR, and 30 mM DTT was mixed with an equal volume
of the precipitation buffer [1.3 M (NSO, 0.1 M sodium
citrate (pH 6.0), and 10 mM DTT] and was equilibrated
against the latter solution in hanging-drop vapor-diffusion
experiments at 22C. The crystals grew after 3 weeks and
belong to space group6:22, with the following cell
parametersa=b = 114.5 A ancc = 76.9 A. There is one
monomer in the asymmetric unit with\4, of 3.44 Da/®

one edge.

Although T4-dCD-R115E was shown to be a dimer in
solution by gel filtration analysisl@), the crystal structure
contains a hexamer, or a trimer of dimers, that has 32
symmetry (Figure 3b) with two distinct subunit interfaces.
The subunit interface between molecules A and B (hereafter
called interface AB) consists of a central antiparallel two-
helix bundle formed by the N-terminal-helices of the two
subunits, surrounded by interacting loops. The subunit
interactions at the other interface (AC) are more complex,

and a solvent content of 64%. The crystals were flash-cooledand involve contacts between loops that join théelices

in the cold nitrogen stream after addition of 20% glycerol
to the mother liquor. All diffraction data were measured at
100 K.

Structure Determination and Refinemefite structure

and -strands on the opposite face of the subunit, most
importantly, the loops following helicea3—a5. The two
interfaces have interaction areas with similar dimensions,
with total buried surface areas of 2593 and 2352 fdr

was determined by multiwavelength anomalous diffraction interfaces AB and AC, respectively. Interestingly, the
methods using the anomalous scattering of the zinc ion for residues that are known to be important for allosteric
phasing. Three-wavelength X-ray diffraction data to 2.2 A regulation, 112 and 115, are found at the interfaces and are

resolution were measured at beamline X12c¢ of the National close to the core of the hexamer.

Synchrotron Light Source (Brookhaven National Laboratory,
Upton, NY). Initial phases were obtained using SOL\ZB)(
After solvent flattening, using DM27), the electron density
map showed interpretable density fo80% of the molecule.
The model was built using TURBO-FROD@8§) and O @9),
and was refined using CNS8@). Final R and Ry values

Sedimentation velocity experiments were performed to
complement the earlier gel filtration experiments and to
confirm that T4-dCD-R115E is a dimer in solution. The
protein was examined at loading concentrations ranging from
0.2 to 5.2 g/L. Data analysis by the c(s) method in Sedfit
(25 showed the presence of a single component at all

are 0.220 and 0.247, respectively. The data collection andconcentrations. When extrapolated to a zero concentration,
refinement statistics are listed in Table 1. Ninety-six percent the s, was found to be 3.55 S. The plot of the sedimentation
of the non-glycine residues are in the most favored region, coefficient &0,) versus concentration gave an indication of
and the remaining 4% are in the additionally allowed region a single component that was quite stable in this concentration
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(b) AB AB

Ficure 3: (@) Three-dimensional structure of T4-dCD-R115E with the inhibitor bound. Z1 denotes the catalytically essential zinc ion,
while Z2 denotes the second zinc ion. Residue 115 is shown to illustrate the relative locations of the active site and the allosteric regulator-
binding site. (b) Structure of the hexamer of T4-dCD-R115E as observed in the crystal. The six molecules that are shown are related by
crystallographic symmetry and are therefore identical. Molecute€ Aas referenced in the text are shown in green, blue, and magenta,
respectively. The inhibitor bound in the active site is shown in multicolor CPK representation. The side chains of residues 112 and 115 of
each molecule are shown in CPK representation in the same color as the corresponding backbone. (c) Detailed image of the substrate-
binding site, zinc ion locations and coordinations, and pret@ihibitor interactions. Contacts with the zinc ions are shown as red dotted

lines. Protein-inhibitor hydrogen bonds are shown as blue dotted lines. This figure was prepared with MOLS@R)Rhd RASTER3D

(44).

range. The value of 3.55 S is consistent with the presencehelix a5. The second zinc ion is also found in a tetrahedral

of a dimeric oligomer and compares to &8,, value of~6 cluster formed by Cys19, Cys49, His94, and Glu102. This
S that was previously obtained for wild-type T2-bacterio- zinc ion is located near the surface of the substrate-binding
phage dCD, which is hexamerig83). site but is not solvent-exposed, and it does not interact

Distinct Roles of the Zinc lonsThe two zinc ions are  directly with the inhibitor. It joins the loop between helix
located at opposite ends of the substrate-binding site occupiedx1 and strangdl (residues 1721) with helicesx2 (residues
by the inhibitor. One zinc ion is tetrahedrally coordinated 48—56) anda3 (90-102), shaping the binding site of the
by His104, Cys132, Cys135, and the O4 hydroxyl of the phosphate group of the inhibitor, which is in hydrogen
inhibitor and is clearly the catalytically important cation bonding contact with Ser21, Arg91, His94, and Ser95. In
(Figure 3c). His104 is located at the N-terminus of helik addition, the zinc ion is involved in compensating for the
while Cys132 and Cys135 are part of the N-terminal turn of negative charge of the phosphate group, through the bridging
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interactions of His94. Thus, it appears that this zinc ion does
not play a direct role in catalysis, but rather, it appears to
have a role in substrate binding, in addition to being
structurally important. It may also play a role in defining
the conformation of the protein at the subunit interface,
because residues of the loop joining strg#®lwith helix

a2 as well as some residues in hedi8 participate in sub-
unit interactions at the same interface at which residue 115
does.

Substrate-Binding Sitelhe F, — F. difference electron
density maps showed clear density for the inhibitor in a
cavity located above stramtil and defined at the catalytic
site by the N-termini of helices4 anda5, and at the binding
site of the phosphate group by the edge of hel& The
PdR inhibitor is observed as its hydrated derivative, 3,4-
dihydrouridine 5>monophosphate (Figures 1c and 3c), which
is an analogue of the reaction intermediate in which C4 is
hydroxylated. In addition to the contact with the zinc ion
through the C4 hydroxyl, the pyrimidine ring interacts with
Alal05, Glul06, and Tyrl53. The hydrogen bond between
the carboxylate group of Glu106 and N3 of the pyrimidine
confirms the role of the glutamic acid as a proton donor and/
or acceptor. The side chain of Tyrl53 is involved in a
hydrophobic interaction by stacking against the-C% edge
of the base. This interaction appears to be important for
substrate specificity. It blocks the binding of ligands that

Biochemistry, Vol. 43, No. 43, 2004.3719

Ficure 4: Subunit-subunit interactions. Interactions across the AC
interface of the hexamer observed in the crystal structure. Molecule
A is shown as a green ribbon representation withelicesa3 and

a5 highlighted in red. Molecule C is shown as a yellow surface
representation. We propose that the interactions-bkliceso3
anda5 of molecule A with molecule C lock the enzyme in a closed
conformation that does not allow substrate entry or egress. This
figure was prepared with DINO4E).

Comparison between dCD and CDFhe crystal structures
of several nucleoside and nucleotide deaminases have been
reported, including those of cytosine deamina3é),(two
distinct forms of CDA (7, 21), and a bifunctional dCTP
deaminase-dUTPas85). Despite having very different folds,
cytosine deaminase and CDA have similar, zinc ion-based,
catalytic mechanisms. In contrast, the dCTP deaminase-
dUTPase has a completely different mechanism that does

have substituents at C5, such as 5-hydroxymethyl-dCMP andnot involve a metal ion.

dTMP. This structural detalil is also consistent with earlier
findings that increasing the size of thetalogen substituent
on dCMP derivatives reduces its activity as a substrate for
T4-bacteriophage dCD, but not for the eukaryotic enzymes
(8, 33). Tyrl53 is also involved in binding the phosphate
group through a hydrogen bond between its hydroxyl and
an oxygen atom of the phosphate group. Thé I@&iroxyl

of the deoxyribose moiety is in hydrogen bonding contact

dCD is most closely related, structurally as well as
functionally, to CDA. Overall, the topology of the dCD
monomer is similar to that of a monomer of CDA-T (Figure
5a). Thes-sheet and three of the-helices align well when
superimposed. However, there are two major differences: (1)
an insertion in dCD, residues 439, after the second
p-strand that includes twa-helices ¢2 ando.3) and a long
loop that is partially disordered and (2) an alternative folding

with Cys19 and Asn40. The phosphate group occupies aof the molecule after the fourtf-strand that results in the

positively charged pocket that consists of the side chains of
Arg91, His94, Ser95, Tyrl53, and Lys155. His94 appears
to be especially important in compensating for the negative

fifth g-strand being in the opposite orientation. Thus, while
in CDA S-strands 13 are antiparallel, 3 and 4 parallel, and
4 and 5 antiparallel, in dCI[B-strands 13 are antiparallel

charge of the phosphate because it interacts with both theands-strands 3-5 parallel (Figure 5b). These two differences

phosphate group and the second zinc ion.
The substrate-binding site is composed of residues from
a single dCD molecule. It is located at the bottom of a long

are important in shaping the binding site for the phosphate
group of the substrate of dCD. Furthermore, because of
differences in the quaternary structures, the substrate-binding

groove that extends over the outer surface of the moleculesites are composed of different protein segments, although

as it is incorporated into the hexamer. While the inhibitor
itself is bound more than 10 A from the subunit interfaces,
one end of the groove and the flanking helice8,andab,
make contacts with the molecule across the AC interface
(Figure 4). The inhibitor is buried deeply in the protein, with
only 10 A2 of its surface accessible to a standard 1.4 A
solvent accessibility probe. Therefore, conformational flex-
ibility is required for the substrate or products to enter or

they have similar shapes and proteligand interactions.
The dCD substrate-binding site is contained within a single
monomer and is located on an exposed surface of the
molecule. In contrast, multiple subunits of CDA interact to
define its substrate-binding site, which is located at the
interface between the subunits. CDA-DD7] is a dimeric
enzyme in which each subunit consists of two domains that
have similar folds, but in which the C-terminal domain lacks

leave the active site. Such entrance or egress most likelythe active site residues. CDA-RY) is a tetramer of four

involves an increase in the distance between heBxon
one side and helia5 and the loop (residues 15058)
joining strandp4 and helixa6 on the other side. In the
hexamer observed in the crystal structure of T4-dCD-R115E,

identical subunits that resemble the N-terminal domain of
CDA-D, and with four complete active sites. The active sites
of the CDAs consist of residues from three subunits (in the
case of CDA-T) or of residues from both domains from one

the subunit interactions across the AC interface appear tosubunit and the N-terminal domain of the second subunit

restrict the movement ad-helices 3 and 5. However, this
form of the enzyme is a dimer in solution, most likely
consisting of molecules A and B (see below), and thus lacks
such restraints.

(in the case of CDA-D).

dCD and CDA exhibit significant similarities in two
sequence segments that correspond to residuegd4nd
104—-144 of T4-bacteriophage dCD. The first segment



13720 Biochemistry, Vol. 43, No. 43, 2004 Almog et al.

(a)

Ficure 5: Topological relationship between dCD and CDA. (a) Superposition of a dCD monomer (green) with the catalytic domain of
CDA-D (orange). The superposition was generated by least-squares fitting of five conserved secondary structure elements. The two main
differences in the folds of the two proteins are the insertion in dCD after residue 42 (top) that forms most of the phosphate binding site and
a difference in the fold aftef-strand 4 (bottom right) that introduces a loop into dCD that includes Tyr153. (b) Schematic diagram of the
topology differences between dCD and CDA. (c) Detailed view of the differences in the substrate-binding sites of dCD and CDA-D. The
backbones and side chains are shown in green, orange, and magenta for dCD, the first molecule of CDA-D and the second CDA-D molecule,
respectively. The dCD and CDA inhibitors are shown in yellow and light gray, respectively. Residue labels of dCD are displayed in regular
type and those of CDA in italic type. Panels a and ¢ were prepared with MOLSCRByRrfd RASTER3D 44).

corresponds to strandl, which forms the core of the catalytic residues, most of the other residues that interact
substrate-binding site, while the latter segment includes notwith the base and ribose group of the inhibitor are conserved
only the residues that form the catalytic sites of both enzymes(Figure 5c). Most interestingly, the side chain of Tyr153 of
but also the residues known to be involved in the binding of dCD, which interacts with the phosphate group and with the
the allosteric regulators of T4-dCD. The 1.6 A root-mean- base, is replaced with Phe165 of the second subunit in CDA,
square deviation of the superposition of the. &oms of where it stacks against the base in a similar manner and
residues 240 and 104-141 of dCD onto the corresponding presumably has a similar role in defining the substrate
residues of the N-terminal domain of CDA-D (residues-49  specificity. If the residues involved in binding the phosphate
89 and 102138, respectively) indicates a high degree of group in dCD or the Shydroxyl in CDA are not counted,
similarity in the cores of the molecules, despite differences there is only one residue involved in substrate binding that
in the folds (as described above). In addition to the conservedis different between the two enzymes. Glu91 of CDA makes
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a hydrogen bonding contact with O& the ribose. Surpris-
ingly, this residue has been shown to be important not only
for substrate binding but also for catalytic activi8g]. dCD

does not have a corresponding residue, and this area is
occupied by residues that are mainly important for the
binding of the phosphate group. The histidine that binds the
catalytically important zinc ion has a somewhat different
conformation in the two structures (Figure 5c). This differ-
ence appears to be related to the presence (CDA) or absence
(dCD) of the 2-hydroxyl on the ribose and a difference in
the orientation of the ribose relative to the base and thus
represents an adaptation to the differences in the composition
of the inhibitors.

Despite differences in their substrate-binding sites, the . - . . .
biochemical data and the similarities in their respective active FIGURE 6: Subunit-subunit interaction and regulatory site. Detailed
sites suggest that the catalytic mechanisms of dCD and CDAsurface representation of the subutstbunit interactions near the

. . . . . residues that are known to be important for the binding of the
are essentially identical. This idea is further supported by gjiosteric regulators. The same color scheme is used as in the

the fact that the analogous inhibitors, PdR for dCD and hexamer in Figure 3b. Residues Phel12 (cyan) and Glul115 (red)
zebularine for CDA 87), are found in identical hydrated  of molecule A (green) are located in a pocket that is formed between
states in the respective active sites. Furthermore, while thethe three subunits. Phe112 stacks with Arg33 (yellow) of molecule

; ; ; ; ; ; oo B (blue). Glu115 is near Glu121 (white) of molecule C (magenta).
ligand of dCD is bound in a slightly different orientation in In the wild-type enzyme, Arg115 and Glu121 would be sufficiently

the binding cleft and the ribose ring is in a conformation ¢jgse to form a salt bridge, stabilizing the subunit association. This
different from that of the zebularine derivative in CDA-D, figure was prepared with DINO4E).

their bends at the NAC1' glycosidic link are similar (Figure
5c). An increase in the angle of this bend along the reaction When the local protein concentration becomes extremely high
pathway was observed for CDA-D, based on the structuresin an environment that also has high salt concentrations.
of complexes with a series of ligands that correspond to the Although the surface areas of both interfaces are similar,
substrate, the intermediate state, and the product. Thisthe AB interface with its central two-helix bundle appears
increasing distortion of the ligand, combined with a shift of to be the more stable one and thus the one present in the
the pyrimidine toward the catalytic zinc ion, was proposed dimer. Furthermore, the side chains of Glu115 of molecule
to constitute a “spring-loading” effect, facilitating release of A and Glu121 of molecule C are sufficiently close that an
the product at the end of the reactids), Arg at position 115, as it is in the wild-type protein, could
Nevertheless, subtle differences in the geometries of the €asily form a salt bridge interaction with Glu121. Thus, it is

active sites of dCD. CDA-D. and CDA-T indicate that small likely that the R115E mutation eliminates an attractive
variations among the respective mechanisms of the enzymeénteractlon at this location on the AC interface, which would

are possible. Most interestingly, the distance between O4 ofat least be a contributing factor to the destabilization of the
the hydrated pyrimidine and the zinc ion is different: 1.95 hexamer. The existence and the proposed function of this
A in CDA-D and 2.20 A in dCD. Likewise. the distance Salt bridge assume that the AC interface and the hexamer

between the zinc ion and Cys135 is longer (2.38 A) in the S€€N in the crystal are similar to the AC interface and the
dCD structure than the corresponding zit@ys132 distance ~ hexamer, respectively, of the wild-type enzyme. This concept
in CDA-D (2.20 A). This may be important because changes 'S supported by the fact that the AC interface has all the
in the distance to Cys132 in the different complexes of characteristics of a typical subunit interface, including a core

CDA-D were proposed to be related to its role as the valence of hydrophobic contacts surrounded by polar interactions.
buffer (39). However, the zinc ion coordination distances of Furthermore, Phel12 and Glul15 are located in a pocket at

dCD are similar to those observed in the CDA-T structure, the subunit interfaces and close to the core of the hexamer.
which lacks the active site histidine but instead has three T n€ location and characteristics of this pocket are consistent
cysteines coordinating the zinc ion. In addition, the confor- With it being the binding site of the allosteric regulators. It
mation of the side chain of His104 in dCD is also not 1S formed by several, mostly polar, residues from three
identical to that of His102 in CDA-D. This appears to be Subunits (A-C) (Figure 6). Residues Phel12 and Glu115
related to the absence of the ‘@8/droxyl in the ligand of are located at the bottom of the pocket where the side chain

dCD and may be significant, because of the apparent role©f P_he112 stacks against the hydrophobic_: section of th_e side
of the interaction with the ribose ring in the stabilization of chain of Arg33 of molecule B and Glul15 is close to residue

121 of molecule C.
Activity of T4-dCD-R115E and Proposed Model for

the reaction intermediates in CDA®).

DISCUSSION Allosteric Regulation of Wild-Type T4-dCDhe absence of
the interactions involving molecule C in the dimer of T4-
Subunit Interaction and Potential Regulatory Siteis dCD-R115E in solution leads to an explanation of how the

proposed that the T4-dCD-R115E dimer in solution consists mutant can be active in the absence of dCTP. In an AB
of molecules A and B while the hexamer observed in the dimer, the ligand in the substrate-binding site is not more
crystal structure, and consequently the interaction across theexposed than it is in the hexamer, but the structural elements
AC interface, is produced during the crystallization process. that form the binding site, especially-helix 3, are less
Protein aggregation into the hexamer becomes favorableconstrained and probably are capable of movement to allow



13722 Biochemistry, Vol. 43, No. 43, 2004

entry of the ligands. This requirement for movement of
structural elements that form the substrate-binding site is not
too different from the mechanism of CDA, which has a
binding site very similar in structure. However, the structural
elements that form the substrate-binding site of CDA, which
is fully sequestered between subunits, are contributed by
multiple subunits. In this case, entry of the substrate would
require separation of the subunits at the interface, which is
an allosterically controlled process. Thus, we can conclude
that T4-dCD-R115E is incapable of binding the allosteric
regulators, due to the incompleteness of the binding pocket.
However, it is active as a dimer because it has the
conformational flexibility required for the entry and exit of
the substrate.

Furthermore, if we again assume that the hexamer
resembles the hexamer of the wild-type enzyme, it is possible
to develop a model for the allosteric activation of the enzyme.
The pocket that contains residues 112 and 115 is distant from,
and on the surface opposite from, the substrate-binding site,
but at the subunit interfaces. This location is typical for the
regulatory site of an enzyme that is allosterically regulated
by heterotropic effects4Q, 41). Since it is known that
activation of wild-type dCD by dCTP involves conforma-
tional changes at the subunit interfad®); we propose that
binding of dCTP alters the AC interface to reduce the
restraint on the structural elements that form the substrate-
binding site, resulting in enzyme activation.
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