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ABSTRACT: Thymidylate synthase (TS), a half-the-sites reactive enzyme, catalyzes the final step in the de
novo biosynthesis of deoxythymidine monophosphate, dTMP, required for DNA replication. The cocrystal
structure of TS fronPneumocystis carinifPcTS), a new drug target for an important pathogen, with its
substrate, deoxyuridine monophosphate (dUMP), and a cofactor mimic, CB3717, was determined. The
structure, solved at 2.6 A resolution, shows an asymmetric dimer with two molecules of the substrate
dUMP bound yet only one molecule of cofactor analogue bound. The structural evidence reveals that
upon binding cofactor analogue and forming a covalent bond from the nucleophilic cysteine to the substrate,
dUMP, at one active site, PcTS undergoes a conformational change that renders the opposite monomer
incapable of forming a covalent bond or binding a molecule of cofactor analogue. The communication
pathway between the two active sites is evident, allowing a structural definition of the basis of half-the-
sites reactivity for thymidylate synthase and providing an example of such a mechanism for other half-
the-sites reactive enzymes.

Thymidylate synthase (TS)an obligate dimer comprised TS (EcTS) with one site made inactive through mutagenesis
of two identical polypeptides, catalyzes the reductive meth- exhibit activity equal to homodimer§), further confirming
ylation of deoxyuridine monophosphate (dUMP) by meth- catalytic half-sites reactivity. Equilibrium dialysis, gel per-
ylene and hydride transfer from the cofactor, 5,10-methylene meation chromatography, and kinetic enzyme assays con-
tetrahydrofolate, to produce deoxythymidine monophosphateclusively show negative cooperativity with respect to cofactor
(dTMP) and dihydrofolate. TS is a half-the-sites reactile (  and cofactor analogue binding)( Cofactor binds an enzyme/
enzyme for which binding of cofactor or an antifolate dUMP complex at one active site with a measurable
inhibitor to one monomer causes the formation of a covalent dissociation constant and binds the second site so weakly
bond from the enzyme to the substrate and renders the othethat a dissociation constant cannot be calcula@dAnti-
monomer inactive and incapable of binding cofactor. This folate inhibitors reveal varying degrees of negative cooper-
half-the-sites reactivity has been supported by biochemical ativity, but the monoglutamylated versions of these inhibitors
experiments showing both half-sites binding and catalytic all showed between 8- and 5000-fold decreases in affinity
reactions. These experiments show the same results forat the second site. In summary, biochemical experiments have
several different species, and it can be extrapolated that thedemonstrated that TS binds dUMP and cofactor in an ordered
results can be applied across species due to the strondpinding reaction in which dUMP binds one active site first
evolutionary conservation of the biochemical and structural followed by cofactor binding the same site and a conforma-
nature of the enzyme. Sulfhydryl titration experimer®y ( tional change. In the second site, dUMP binds with decreased
showed that TS binds substrate and cofactor tightly in one affinity followed by cofactor binding with greatly decreased
monomer before binding in the second site. These resultsaffinity. These results imply that binding reactions in one
were confirmed by differential scanning calorimet8y &nd site are coupled with catalytic conversions at another site,
by fluorescence quenchingd)(experiments. The fluorescence an important and significant breakthrough in understanding
quenching experiments also determined that catalysis occurghe mechanism and regulation of such an essential enzyme.
with half-sites reactivity. Heterodimers &scherichia coli The crystal structure of TS frolRneumocystis cariniis
asymmetric with respect to binding of the cofactor mimic,
the conformation of the monomers, and substrate binding.

T Coordinates have been deposited in the PDB under accession codel.he asymmetry allows us to investigate the key signaling
1CI7. .

* To whom correspondence should be addressed. mechanism between the two monomers and the resultant lack
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Table 1: Crystallographic Refinement Statistics

resolution (A) 56-2.6
unit cell dimensions (A) a="54.05b=66.16,c=178.76
Space group P2:2,2;
observed reflections 57081
unique reflections 20517
completeness (%) 81.2
Rmerg{50—2.6 A) 0.127
Riacto(50—2.6 A) 0.216
Ried(50—2.6 A) 0.293
total no. atoms 5897
no. water molecules 195
rmsd bonds (A) 0.009
rmsd angles (deg 1.7
averageB-factor (4?) 22.2

(7). The protein was mixed with 2 mM dUMP, 2 mM
CB3717,and 1 mM DTT and incubated on ice for 1 h. This
mixture was combined in a 1:1 ratio with the crystallization
solution [12.5% PEGB8K, 0.2 M (N§%.SOs, 100 mM Tris, Monomer B Monomer A

pH 7.5, and 1 mM DTT] in a 5L hanging drop and Ficure 1: Overview of the PcTS structure with monomer A on

L= . the right-hand side and monomer B on the left. One molecule of
suspended over 0.75 mL of the crystallization solution. The dUMS is bound in both monomers, but only monomer A binds the

crystals belong to space gro@2:2:2; (a = 54.05 A,b = cofactor analogue, CB3717 (dUMP and CB3717 shown in ball-
66.16 A, anct = 178.76 A) with one dimer per asymmetric and-stick representation). Residues involved in the signaling
unit. mechanism connecting the active sites are shown in black ball-

) and-stick representation and are located at the dimer interface.
X-ray Data CollectionData were collected at the Stanford

Synchrotron Radiation Laboratory at beamline 7-1 using RESULTS

crystals frozen to 100 K (30% glycerol as a cryoprotectant) TS from Pneumocystis cariniPcTS) (Figure 1) presents
and processed with the programs DENZO and SCALEPACK the surface of an extensive centfasheet that supports the
(8). two active sites, each site having components from both
Structure Solution and RefinemeRtolecular replacement  monomers. In the crystal structure, for which the dimer
procedures in AMoRe9) were used to position a search comprises the asymmetric unit, the substrate, dUMP, and
model of Cryptococcus neoformangS (A. Anderson,  CB3717 (N**-propargyl-5,8-dideazafolic acid) are bound in
unpublished data). After th€. neoformansesidues were  the one, fully liganded active site (monomer A) in the
replaced byP. carinii side chains, aR, — F electron density ~ Productive configuration as seen in other species of 165 (
map was calculated with the program XPLOROY, and 18). QB3717 is a strong TS |nh|b|to_K( = 90 nM for thl_s
density for two molecules of the substrate, dUMP, and one SPecies of TS)9), closely resembling the product, dihy-
molecule of the inhibitor, CB3717, was apparent, and drofolate. The other site, m_onomerB, binds only dUMP and
therefore these were included in the model. Several roundsnot CB3717. Because of this unusual asymmetry, we sought
of simulated annealing using torsion angles followed by &0 independent vqlldatlon of thg occupancy in each cofactor
conjugate gradient minimization in CNSLi-14) and site. To assess this, the_two active sites were rotated around
rebuilding in O (5) led to a final model with all residues the molecula_r 2-fold axis to_ position the two ligands from
built except three in each monomer (38838), correspond- monomer A in the active site of monomer B and the one
ing to a disordered loop region, and the first two N-terminal "gaf‘d from mof‘omef_B. Into monomer A Thirty cyclgs of
amino acids. Each residue of the molecule was verified with conugate gra@ent minimization mcjudmg t_he substltu'.[ed
simulated annealing omit maps (using CNS). The final model ligands and using noncrystallographic restraints for sections

; 0 0 of the model that do not have significantly different
cvﬁ] Zggjtgggﬂzggﬁ(?%?‘—21660{;9&/]3? ?nfgee,oizii? conformations per monomer (residues—3@B0 and 147
nd — Y. ’ ngle — L.

; NN 235) were followed by calculation of a difference map

(see refinement statistics in Table 1). o (coefficients F, — F¢). This ‘omit-include’ map shows

Fluorescence Spectroscoyeasurement of the intrinsic positive density for CB3717, indicating its presence in
tryptophan fluorescence was performed with a solution of 1 monomer A, and negative density in monomer B, indicating
#M dimeric enzyme (M active sites), 1 MM dUMP, and  that it is not present even after refinement biased by its
varying concentrations of CB3717 (1 nM, 5 nM, 10 nM, 50 inclusion (see Figure 2). The values of both fRg. and
nM, 100 nM, 500 nM, 1uM, 5 uM, 10 uM, 50 uM, and crystallographidR-factor for this reversed model increased
100 uM) in a total volume of 75L on an Aminco/SLM  (0.4% and 1.4%, respectively). The difference density
8200 Fluorimeter. Concentrations of CB3717 greater than reconfirms that CB3717 is bound only in monomer A and

100uM absorbed significant amounts of both the excitation is not bound at all in monomer B. Furthermore, the active
and emission photons from the tryptophan fluorescence andsites are not near crystal contacts. This opportunity to
therefore were not included. The excitation wavelength was visualize half-the-sites binding for the antifolate is remarkable
295 nm, and emission spectra were recorded from 300 tosince cocrystals were grown in the presence of saturating
500 nm. The emission spectra were corrected for CB3717 concentrations of CB3717 (2 mM), more thart tithes the
fluorescence and absorption at each concentration point. K; for CB3717.
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a) b) addition step of the catalytic reactioh6. In monomer B,
there are only four hydrogen bonds to dUMP (all donors
from the protein): three hydrogen bonds are from the enzyme
to the phosphate, one to the ‘G the ribose, and one to
the O2 group of the pyrimidine base. These are the only
hydrogen bonds that position the substrate. Importantly, Asn
210, that stabilizes the enolate intermediate in cataldis (
does not form hydrogen bonds to the pyrimidine base, Tyr
242 does not form a hydrogen bond to the ©8ygen, and

the active site cysteine in monomer B does not form a
covalent bond to the substrate.

The closed conformation, triggered on binding the cofactor
or its analogues, includes specific hydrogen bonds and van
der Waals interactions between the active site residues and
the ‘closed’ C-terminus and positions the substrate and

. cofactor for catalysisi(, 22, 23). The closed conformation

Ficure 2: Difference electron density (shown at)Tor the cofactor allows the Michael addition reaction between the cysteine

mimic after being rotated on the molecular 2-fold axis and relocated nucleophile and dUMP and initiates a cascade of conforma-

in monomer B. (a) Positive difference electron density for the . .

location in monomer A where the cofactor analogue is missing after tional cha_nggs that prevent covalent bond form.atlo.n and

relocation to monomer B. (b) Negative difference density in cofactor binding at monomer B. Monomer B remains in the

monomer B for the presence of the cofactor mimic. open conformation and either lacks or exhibits weaker
interactions between the active site residues and the now open

To verify the half-sites occupancy in solution, we meas- C-terminus. We sought to determine the coordinated structure
ured binding using the fluorescence evoked by the four change between the cofactor-occupied site and monomer B
tryptophan residues within each monomer. Fluorescenceby identifying residues that differ in position between
spectroscopy results have already shown half-sites bindingmonomers and are in contact along a pathway of conforma-
in E. coliTS @). Therefore, this method was chosen because tional change between active sites. The results of the detailed
of the strong evolutionary conservation of the enzyme and analysis that follows are schematized in Figure 4 in which
the ability to perform the experiments under the crystalliza- conformational changes that occur upon cofactor analogue
tion conditions. When dUMP is added to the enzyme, the binding in monomer A and cause the closed conformation
intrinsic tryptophan fluorescence is reduced by 32.4%. The prevent cofactor binding in monomer B.
quenching of Trp 87 in the active site accounts for the A difference distance matrix (see Figure 5a) that compares
majority of this change, as established by mutagenesisthe two monomers pinpoints regions of distinctly different
experiments in which the analogous Trp lin casei TS conformation. The distribution of difference distances in the
(which contains tryptophan at all four PcTS sites) was matrix calculation has a standard deviation of 0.25 A, and
mutated to Phe and fluorescence quenching was reduced (Lthe maximum shift is 2.47 A. Therefore, the plots were
Liu, Y. Liu, and D. Santi, in preparation). As CB3717 is shaded with five intervals according to a lightest value of
titrated into the enzyme in the presence of saturating 0.25 A, a step size of 0.32 A, and a darkest region
concentrations of dUMP, further fluorescence quenching is corresponding to 1.87 A. Regions of the protein including
accompanied by a red shift of the emission maximum from the C-terminus (residues 29@97) and loops consisting of
344 to 365 nm (see Figure 3). With an enzyme concentration residues 22 30, 93-98, 132-134, 204, 247250, and 263
of 2 uM active sites, the 50% point of the fluorescence 273 fold toward the active site when the cofactor analogue
change occurs at 500 nM CB3717, indicating that the final binds as indicated by the scaled vectors in Figure 5b. These
stoichiometry is 1 CB3717 molecule per 2 active sites. conformational changes are important for the formation of

From this unique structural opportunity to visualize the both the closed ternary complex in monomer A (Figure 5c,d)
inactivated site, we can begin to ask how the signal is relayedand the covalent bond from the nucleophilic cysteine to the
from the first liganded active site with a productive config- substrate. Many of these changes have been documented
uration to the second site where cofactor no longer binds previously in a vector analysis comparing apo, binary
and catalysis is inactivated. Monomer A with dUMP and (dUMP-bound), and ternary complexes®f coli TS (16).
the cofactor analogue CB3717 bound assumes the same In addition to the global changes that occur on cofactor
“closed” productive binding interactions as in the structure binding, there are subtle changes in residues at the dimer
of EcTS with FAUMP 20) and the natural cofactor. There interface in a direct connection between active sites A and
are a total of eight hydrogen bonds (seven donors and oneB. These residues are primary candidates for the signaling
acceptor from the protein) to dUMP: three arginines, two between active sites since the signal must go through the
from monomer B and one from monomer A, bind the dimer interface and most likely involves a short and direct
phosphate and ribose of dUMP; the amide nitrogen of Asp path. Using a least-squares superposition of monomers A
202 binds O2 of the pyrimidine base; Tyr 242 binds thé O3 and B dictated by regions of the difference distance matrix
of the ribose; and the primary specificity side chain of Asn that show relatively little €0.25 A) change (residues 50
210 is a donor to O4 and an acceptor from 3NH of the 130 and 147235), the shifts between theaCatoms of
pyrimidine. Importantly, a covalent bond is formed between monomers A and B for 34 residues that form the dimer
the active site cysteine (Cys 173) of monomer A and the C6 interface were measured (see Table 2). To estimate the
position of dUMP, as would occur in the first Michael accuracy and reliability of the measurements of these
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Ficure 3: Superposition of the intrinsic tryptophan fluorescence of the enzyme alone and in the presence of saturating dUMP titrated with
CB3717 during the formation of ternary complexes. CB3717 was titrated into the enzyme at concentrations of 1 nM, 5 nM, 10 nM, 50 nM,
100 nM, 500 nM, 1uM, 5 uM, 10 uM, 50 uM, and 100uM. The APO fluorescence shows a clear maximum at 344 nm which is quenched
with the addition of dUMP at the active site. Further quenching and a shift in the maximum to 365 nm are seen with the titration of
CB3717. The total area under the fluorescence curve versus the concentration of CB3717 is graphed in the inset.

Asnz10 positions. Cys 173, the nucleophilic cysteine, shows a main
chain shift of 0.35 A and side chain shift of 0.71 A. Met
175 has a 0.6 A side chain shift, and Phe 176 shows both a
0.33 A main chain and a 0.72 A side chain shift. Residues
196 and 197 show significant main chain (0.37 and 0.35 A,
respectively) and side chain shifts, and residues 198 and 199
show large side chain shifts (0.4 and 0.54 A). Additional
singular residues exhibiting either side chain or main chain
differences do not fall on this path and have no contact with
the other monomers and are primarily at the ends of the
strands near loop regions (residue 180), or so distant from
the active site (233) that there is no obvious involvement in
Monomer A Monomer B the passage of a signal. Although we cannot rule out other
FIGURE 4: Schematic of the conformational changes PcTS under- Minor pathways between the active sites, the pathway through
goes on binding cofactor. When cofactor binds monomer A, the residues 173176 and 196199 represents the greatest
C-terminus closes the active site cavity, and Cys 173 forms a structural differences between the two subunits and shows a

ﬁ%ﬁ'f%?:egogc(iovs@t?hgLéi“r/'npe} I‘ ?:r?gcgcigfgqr{)?%t:ggflsCB?Q\?:% r;”‘(‘;eastrong coordinated movement within a rigid dimer interface
covalent bond. The conformational changes also 7resu|t in the and the most direct route with the most biochemical

hydrogen bonds between Asn 210 and Tyr 242 and dUMP being feasibility as the basis of cooperativity.
broken in monomer B, yielding a misoriented dUMP and a  The basis for the signaling mediated by coordinated shifts
monomer in which cofactor does not bind and catalysis IS st a1oms in close contact between one site and the other was
inactivated. . ) .
also addressed by the creation of a three-dimensional
conformational changes, the error associated with the position“movie”. (W. DeLano, RigiMol, Version 1.0, under develop-
of each residue was calculated using the temperature factoment. Information is available via the Internet at http://
and atom/reflection ratio2d) (included in Table 2). The  www.delanoscientific.com.) The movie maps an energy-
positions of all residues showing greater than either 0.3 A minimized track between two conformational states: one an
(1.50) Ca shifts or 0.4 A (20) side chain shifts are mapped AB dimer and the other a BA dimer superposed onto the
to a trace of thgg-sheet viewed perpendicular to the interface AB dimer. This structural comparison shows that the covalent
in Figure 6a. The majority of the dimer interface residues Michael addition of Cys 173 to C6 of dUMP is accompanied
do not have a significant conformational change, reflecting by a 0.93 A [error 0.2 A 24)] movement of Arg 199 away
a relatively rigid interface. However, there are several from the nucleophile of Cys 173 (see Figure 7). The
residues, specifically 173176 and 196-199, at the dimer  conformational change of Cys 173 is translated to His 174,
interface that form a direct connection between the two active Met 175, and Phe 176 of monomer A. Both phenylalanine
sites (identified by the bound dUMP in Figure 6a) and have residues, Phe 176 (A) in contact with Phe 176 (B), are
shifts significantly larger than the estimated error of the displaced across the dimer 2-fold axis, causing the opposite
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Ficure 5: (a) Difference distance matrix comparing the conformations of monomers A and B. Residue numbers are shown omx both the
andy axes. The lowest contour of the map represents one standard deviation of the plot, and five contours are shown in increasing levels.
White represents a change ©0.25 A; black indicates a difference of at least 1.8 A. (b) Ribbon diagram with labeled regions corresponding

to those showing the largest degree of conformational change (black). The vectors signify both the magnitude (scaled to the magnitude of
the shift) and the direction of conformational change. (c) Stereoview of active site A, exhibiting the closed conformation. Distances are
shown for hydrogen bonds between active site residues and the cofactor analogue. (d) Stereoview of active site B, exhibiting the open
conformation.

conformational changes to occur in monomer B. As a result, sandwiched against the pyrimidine base in a fixed orientation.

the active site nucleophilic cysteine in monomer B is  another independent line of supporting evidence for this
separated 1.58 A further from dUMP and rotated toward Arg pathway was also obtained in PcTS. Recently we have solved
199. Arg 199 is an essential side chain that polarizes Cysthe structure of PcTS bound to another antifolate inhibitor,
173 prior to Michael addition. Additionally, the conforma-  g\w1843U89 (A. Anderson, T. Surti, and R. Stroud, manu-
tional changes result in the movement of two key residues, script in preparation) to 1.9 A resolution. This complex
Asn 210 and Tyr 242. Asn 210 [analogous to Asn 228.in  crystallizes in a different space group?) yet also reveals
casei(21)] is a hydrogen bond donor to and acceptor from oy one covalent bond per dimer and an asymmetry across
02 and N3, respectively, of the pyrimidine base. The the gimer interface residues, specifically involving Phe 176
hydrogen bonds in monomer A have good geometry with (a) and Phe 176 (B). The occurrence of the same motifs at
lengths 2.98 and 3.4 A, and are significantly weaker in high resolution with a new packing arrangement reinforces
monomer B (3.54 and 3.47 A with poor geometry), resulting the conclusions from the PcTS/AUMP/ICB3717 ternary

in nonproductive dUMP binding. Tyr 242 forms a hydrogen complex regarding the nature of the pathway.
bond to the ribose’'3xygen in monomer A (2.6 A) but does

not form a bond in monomer B (3.5 A) (see Figure 8). The pISCUSSION

lack of hydrogen bonds from the enzyme to the substrate in

monomer B leads to a significantly misoriented substrate. The structure of PCTS is unique because usually in protein
From extensive mutational analysis, we have established thatrystallography, a dimeric enzyme would appear to have
any misorientation of dUMP leads to an increase inKie 2-fold symmetry even if the two sites were slightly different,
for cofactor @1) since the cofactor is normally directly due to statistical averaging. Strict symmetry may also exist
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FicurRe 6: (a) Dimer interface residues with significantly different conformations in each monomer. Strands feustibet of one monomer

are shown in thick lines, strands from the opposite monomer are shown in thin lines, and the dUMP molecules of each active site are also

shown. After superposition of the monomers using the difference distance matrix, residues wighit©f greater than 0.3 A are shown

with a filled circle, and residues with a side chain movement of greater than 0.4 A are shown with an open circle. (b) Electron density (map

coefficients F, — F., shown at 1.3) for the residues of the dimer interface.

Table 2: Residue Shifts at the Dimer Interface

Ca Ca

shift side chain error shift side chain error
residue (A) shift (&) (A)2 residue (A) shift(A) (A)
P37 0.18 0.34 0.21R199 0.19 0.54 0.20
S38 0.18 0.19 0.23C173 0.35 0.71 0.25
P39 0.16 0.18 0.23 H174 0.22 0.27 0.22
L40 0.16 0.13 0.20 M175 0.23 0.60 0.23
K41 0.26 0.24 0.21 F176 0.33 0.72 0.23
G230 0.32 0.32 0.22 C177 0.16 0.37 0.23
D231 0.22 0.31 0.21 Q178 0.15 0.28 0.21
F232 0.23 0.26 0.19F179 0.21 0.70 0.19
1233 0.42 0.42 0.19 Y180 0.17 0.49 0.20
H234 0.26 0.25 0.19 D152 0.31 0.32 0.21
V235 0.19 0.31 0.20 R153 0.27 0.32 0.24
M236 0.23 0.21 0.21 R154 0.30 0.45 0.23
C194 0.18 0.24 0.22 L155 0.11 0.29 0.21
Q195 0.20 0.59 0.20 1156 0.10 0.11 0.21
L196 0.37 0.38 0.2 L157 0.14 0.18 0.20
Y197 0.35 0.35 0.19 S158 0.12 0.23 0.20
Q198 0.19 0.40 0.19 A159 0.26 0.26 0.21

aError calculated usindgd-factor and atom/reflection ratid®24) in
the following equations: slop@) = k; + k.*e®*, wherek; = —0.687,
k, = —0.00223, and = 6.16; interceptB) = k; + ks*e®%), where
ks = 0.642,ks = 0.00852, ands = 7.88. Error,e, is then a function
of B-factor and the atom/reflection raticc (B, atom/reflection)=
intercept B) + slope B)*e(~2atmireflection) Highlighted residues show
either a significant @ or a side chain shift. Strard 37—41,2: 230—
236,3: 194-199,4: 173-180,5: 152-159.

all sites even if the enzyme is negatively cooperative. In this
particular case, however, the differences between the two
monomers define a pathway of structural change that relates
the bound state of monomer A to the alteration that abrogates
binding at monomer B.

TS is a very highly conserved enzyme, exhibiting half-
the-sites reactivity under physiological conditions throughout
its evolution. With such a high degree of conservation, we
might expect to see structural differences between the
monomers of other species of TS. Numerous other ternary
structures of TSX6, 20, 25) reveal ligand binding in both
active sites and usually with some degree of asymmetry,
specifically involving the phenylalanines 176 (A) and 176
(B). A comparison of the residues between the active site
and the dimer interface reveals structural differences between
EcTS and PcTS that may explain why EcTS can become
fully loaded with ligand under saturating conditions. Impor-
tant differences lie in the orientation of Phe 149, ¢oli
numbering) and the replacement of Met 175 with Ala 148.
In PcTS, the face-to-face orientation of Phe 176 from
monomer A and Phe 176 from monomer B in conjunction
with Tyr 197, Met 175, and Leu 196 from each monomer
allows a strong coupling between monomerskElrcoli, Phe
149 is twisted by 128relative to Phe 176 in PcTS, and the
methionine in PcTS (Met 175) is replaced by Ala 148 with
significantly less hydrophobic surface area contributed to the

due to the coincidence of the molecular 2-fold axis with a coupling mechanism. When one monomerHn coli TS
crystallographic axis. Also, frequently the choice of saturating forms a covalent bond with dUMP, it demonstrates sig-

ligand concentrations during crystallization will fully load

nificant asymmetry but does not prohibit a covalent bond
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Monomer A Monomer A

N210 N210
dUMP dUMP
Y242 Y242
Monomer B Monomer B

Ficure 7: Stereoview of the residues involved in the mechanism of negative cooperativity between monomer A and monomer B. Atoms
were assigned a value according to the magnitude of their shift between conformations. A color ramp was assigned (yellow to red, where
red signifies the greatest shift) based on this assigned value. The cofactor mimic, CB3717, is shown in blue. Omit map electron density
(shown at 10) corresponding to the residues involved in the signaling mechanism is also displayed.

from forming in the opposite monomer under saturating interaction of the two monomers have been identified as
conditions. important for the decreased affinity for aspartate at the second
This structure represents a unique visualization of a direct monomer. Although this receptor has a very different
mechanism that mediates half-the-sites reactivity in enzymol- function from TS, it exhibits the same dependence on subtle
ogy. There have been other crystal structures of negativelysignaling between residues at the dimer interface as well as
cooperative enzymes such as tyrosyl tRNA syntheta6g ( a tight interaction between monomers.
D-glyceraldehyde phosphate dehydrogend&s®, (o-amino What are the reasons for an enzyme to evolve half-the-
acid aminotransferas@®), and indeed numerous complexes sites reactivity? TS, one of the most highly conserved
with thymidylate synthase from at least five species. How- enzymes in biology, may have evolved to be a half-the-sites
ever, these structures showed one monomer per asymmetriceactive enzyme in order to be responsive to the need for
unit, a fully liganded protein (under the saturating conditions dTMP without being inhibited by two products that are
of crystal growth), or essentially identical subunits, yielding structurally very similar to the substrates. With dUMP
no possibility for evidence of a structural mechanism of already bound at the second site, the enzyme is primed to
negative cooperativity. Dihydropteroate synthase fiSta- carry out a second reaction as soon as catalysis occurs at
phylococcus aureus a half-the-sites enzyme for which the the first site and cofactor binds the original empty site. In
structure 29) shows ligand bound in only one subunit, but addition, the binding of cofactor in the opposite monomer
does not reveal any structural perturbation upon ligand must help products dissociate from the first monomer in a
binding. Additionally, the structure of adenylyltransferase kinetically noncompetitive mannet) since the dissociation
from E. coli (30) reveals half-the-sites binding and significant constants for CB3717 are so very different at the two sites.
structural differences between monomers, but a potential The product, dTMP, binds TS only-3-fold less tightly than
pathway of communication between active sites was not the substrate, dUMP, and the availability of dUMP in the
identified. cell is only 2-fold greater than dTMP2p). Half-the-sites
The aspartate receptor 8almonella typhimuriuraxhibits reactivity can therefore give TS a regulatory advantage under
strong negative cooperativity, and structures of this enzyme physiological conditions. This proposal effectively uses the
in the apo, singly liganded, and fully liganded forms have biosynthetic energy, represented by the concentrations of the
been solveddl, 32). A serine residue at the dimer interface fully reduced cofactor and dUMP, to help expel the products.
(33) as well as the relative orientation and the degree of However, there are other ways in which an enzyme could
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Ficure 8: Superposition of dUMP, Asn 210, and Tyr 242 from
monomers A and B. Residues from monomer A are shown in black,
and those from monomer B are shown in gray. Hydrogen bonds
are formed between the substrate and residues in monomer A
(shown with dashed lines and distances) and are not formed in
monomer B (distances are too long for hydrogen bonds).

respond to repulsion of the product. More enticing is the
notion that half-the-sites reactivity is connected to the
regulation of the enzyme by other enzymes with which it
may be associated in the DNA replicative machinery of the
cell. TS and DHFR are often found as a bifunctional protein
that uses channeling to pass dihydrofolate from TS to DHFR.
A cooperative involvement in the regulated pathway for
folate metabolism is a very attractive prospect for how this
structural mechanism could relay the state of TS activity to
neighboring enzymes in the folate pathway. An assembly
of such enzymes has been identified in T4 phage. This may
be a fundamental aspect of biology that would not be
apparent in today’s in vitro assays, since it relies on the
efficiency of a multienzyme pathway that is likely to be
closely coupled at the structural level in the cell. These results
clearly point toward a level of organization in the cell above
that of TS as a soluble enzyme, and presage the notion of
spatial organization of proteins in the nucleus.
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