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ABSTRACT. Thiamin phosphate synthase catalyzes the formation of thiamin phosphate from 4-amino-5-
(hydroxymethyl)-2-methylpyrimidine pyrophosphate and 5-(hydroxyethyl)-4-methylthiazole phosphate.
Several lines of evidence suggest that the reaction proceeds via a dissociative mechanism. The previously
determined crystal structure of thiamin phosphate synthase in complex with the reaction products, thiamin
phosphate and magnesium pyrophosphate, provided a view of the active site and suggested a number of

additional experiments. We report here seven new

crystal structures primarily involving crystals of S130A

thiamin phosphate synthase soaked in solutions containing substrates or products. We prepared S130A
thiamin phosphate synthase with the intent of characterizing the erzsutstrate complex. Surprisingly,

in three thiamin phosphate synthase structures, the active site density cannot be modeled as either substrates
or products. For these structures, the best fit to the electron density is provided by a model that consists
of independent pyrimidine, pyrophosphate, and thiazole phosphate fragments, consistent with a carbenium
ion intermediate. The resulting carbenium ion is likely to be further stabilized by proton transfer from the
pyrimidine amino group to the pyrophosphate to give the pyrimidine iminemethide, which we believe is

the species that is observed in the crystal structures.

Thiamin phosphate synthase {T$ynthase) catalyzes the
coupling of 4-amino-5-(hydroxymethyl)-2-methylpyrimidine
pyrophosphatel( HMP-PP) and 5-(hydroxyethyl)-4-meth-
ylthiazole phosphate2( Thz-P) to form thiamin phosphate
(3, TP) (Scheme 1). This reaction is the penultimate step in

enzyme has been cloned and overexpressedfsrherichia
coli (1), Bacillus subtilis(2), Saccharomyces cerisiae (3),
andArabodopsis thalian§4), and orthologs can be identified
in all thiamin-synthesizing organisms where sequence in-
formation is available. The structure of the enzyme fildBm
subtilis, with products bound at the active site, has recently
been reporteds).
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Scheme 1: TP Synthase-Catalyzed Reaction
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The TP synthase reaction could occur by either an
associative or dissociative mechanism. Several lines of
evidence, including substituent effects and positional isotope
exchange experiements, support a dissociative mechanism,
generating a carbocation intermedia®. (We previously
determined the crystal structure of TP synthase to identify
key active site residues and to provide additional evidence
concerning the reaction mechanisB).(This TP synthase
structure showed that the products of the reaction, TP,
pyrophosphate (RR and Mg", were bound at the active
site. This was surprising because neither reactants nor
products were added during the purification or crystallization
procedures. We proposed that product release must be
triggered by some unknown event such as the availability
of substrate.
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Table 1: Data Collection Statistics

S130A S130A-substrate S130Aproduct WT-product S130A-intermed 1 S130Aintermed?2 S130Aintermed 3

ligands added  none CEHMP-PP TP and RP CRHMP-PP HMP-PP CRHMP-PP HMP-PP and
(20 mMm) and Thz-P and Thiz-P and Thz-P Thiz-P
method NA 12 h soak 12 h soak cocrystallized 12 h soak 12 h soak 30 min soak
resolution (A) 1.6 25 1.7 1.55 1.4 1.4 15
unitcella,b (A) 76.37,139.15  76.28, 139.59 76.99,139.85 76.79,140.33 76.85, 140.25 76.67,140.12 76.34,139.15
source CHESS F1 CukK CHESS F1 CHESS F1 CHESS F1 CHESS F1 APS-SBC
detector ADSC Q4 SAXII CCD ADSC Q4 ADSC Q4 ADSC Q4 ADSC Q4 SBC-1 CCD
no. of unique 54596 14985 43894 60821 65601 77666 63282
reflections
redundancy 6.5 8.1 7.8 5.9 5.4 7.1 6.5
cor(np;etene@s 99.1 (95.0) 100 (99.8) 92.9 (87.8) 98.6 (92.6) 78.7 (64.3) 93.8(83.1) 94.2 (69.2)
%
Rsynf 4.7 (16.2) 11.7 (32.0) 5.7 (15.9) 6.4 (24.8) 5.1 (22.9) 6.1 (12.9) 3.9 (34.4)
1102 11.2 (4.5) 7.1(1.2) 8.6 (3.5) 7.3(2.1) 7.9(3.2) 7.4(4.8) 11.4(2.0)

aValue for the highest-resolution shell in parentheses.

The observation of bound products clearly defined the TP synthaseproduct complex, the protein was incubated
active site and suggested roles for key amino acid side chainswith 20 mM substrates f&b h prior to crystallization (Table
leading us to focus on Serl130. This residue is hydrogen 1). All complexes crystallize in space groBgs:2,2 and are
bonded to the RRXxygen atom that was originally bonded isomorphous to the previously reported structare=(76.83
to the pyrimidine. Subsequent experiments demonstrated thad; ¢ = 140.10 A) &).
the S130A mutant of TP synthase is 8000 times less active paia Collection and ProcessinGrystals diffracted to very
than the native enzymé). Additional experiments showed  high resolution (1.41.7 A) using synchrotron radiation.
that CEHMP-PP is not a substrate for wild-type TP synthase gynchrotron data were measured either at the Cornell High

(6). We used these observations as a basis for designingEnergy Synchrotron Source (CHESS) using a Quantum 4
experiments to obtain structures of unliganded TP synthase-cp ™ getector (Area Detector Systems Corp.) or at the

and of an enzymesubstrate complex. We reasoned that g,ctyral Biology Center (SBC) at the Advanced Photon
inactive S130A TP synthase would lack bound product, thus g, rce ysing the SBC-1 CCD detector. Data were typically
providing a view of the unliganded enzyme. We further qacteq in 2 oscillations with 45-60 s exposures at

reasoned that using either the S130A mutant or the substrate-\Ess and 810 s exposures at SBC. CHESS data were
analogue CEHMP-PP we would be able to prevent conver- 0o using MOSFLM?( and SCALA in CCP4 §)

sion of added substrates to products and thus provide a VieW\F/)vhiIe SBCdatawere processed using DENZOand SCALEF;ACK
of the enzyme substrate complex. Surprisingly, the crystal - g) 'Ap aqdditional 2.5 A data set was collected using a SAXII
structures of several complexes showed active site densityccD detector (Brucker) and Cuckradiation from a rotating
that was consistent neither with reactants nor with products. anode with 10 min/Lexposures. These data were processed
The current studies focus on characterization of structuresusing the accompanying progr.am, SAIN,n, values for

alor;ﬁ thetr:ea_lrc;lon tcrf)ordlr*;a';e,t |nclud|r|19 unl:jgand?dt. TP the synchrotron data were 3:8.1% (rotating anode data,
synthase, the 1 synthassubstrate complex, and a putative 11.7%) with 78.799.1% completeness (rotating anode data,

'{g‘;”?;“ ?hr:?heagerrg?jiilf ésgn?nlgxfurther characterization of 100%). Data collection and data processing statistics are
y P piex. summarized in Table 1.

MATERIALS AND METHODS Structure Determination, Model Building, and Refinement.
The structure of the S130A mutant TP synthase was
Preparation of Natie and S130A TP Synthas@verex- determined as follows. The previously reported TP synthase

pression and purification of wild-type TP synthase and product complex structure (Protein Data Bank entry 2TPS)
preparation of the inactive S130A TP synthase mutant werewith substrate, water, and Ser13@ @toms removed was
performed as previously describeg) fvith the following used for rigid body fitting followed by simulated annealing
exception. After expression had been induced with 1 mM refinement using CNSLQ). A 2F, — F. composite omit map
isopropyl thiog-p-galactoside, the cells were incubated was constructed using the refined model. Side chains and
overnight and then purified as previously described. Syn- regions showing poorly defined peptide backbone electron
theses of the substrates have been described by Reddick &lensity were then manually adjusted using the program O
al. (6). (11) running on a COMPAQ Alpha workstation. The rebuilt
Crystallization of TP Synthase Complex€xystals of model was refined, and water molecules were added using
wild-type TP synthase and the S130A mutant were grown anF, — Fc map. A second composite omit map was then
in 50 mM Tris-HCI (pH 7.5), 75 mM MgGl 21—-22% (w/ used to examine the active site contents and to identify
v) PEG4000, and 1 mM DTT, as previously describBd (  alternate conformations of side chains. Occupancies of side
Seeds of wild-type TP synthase were initially used for chain atoms with alternate conformations were set to 50%
S130A. The resulting S130A crystals were then used to seedfor each conformer, and another round of least-squares
into fresh S130A protein to minimize contamination of wild-  refinement was performed during which individiafactors
type TP synthase in the crystals. All substrate concentrationswere allowed to vary. The final model was examined using
during soaking were 20 mM with an excess of ¥Mgon CNS and PROCHECKI1Q). The root-mean-square devia-
already in the mother liquor. In the cocrystallized wild-type tions between S130A and the starting model were evaluated
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Table 2: Refinement Statistics

S130A- S130A- WT— S130A- S130A- S130A-
S130A substrate product product intermed 1 intermed 2 intermed 3
resolution (A) 1.6 25 1.7 1.55 1.4 1.4 15
R-factor 20.9 20.7 20.4 20.9 21.2 21.2 21.0
R-free 23.9 27.4 234 23.3 23.6 231 22.8
Luzzati error 0.19 0.27 0.20 0.19 0.17 0.17 0.18
residues
molecule A 16-100, 10155, 10-235 10-235 11-235 11235 10-235
113-156, 62—234
162-235
molecule B 9-111, 10-155, 10-235 9-235 11235 9-234 8-235
113-155, 163-234
162-235
no. of non-H atoms
no. of proteins 3257 3255 3382 3394 3362 3381 3402
no. of ligands none 44 64 70 64 70 64
no. of waters 321 176 298 351 263 293 279
B-factors (&)
protein 14.19 8.65 17.42 14.06 16.01 13.23 13.07
ligand NA2 5.21 14.80 11.31 12.52 9.87 21.53
water 26.14 16.82 27.16 25.91 25.95 23.78 23.03
rms deviations
bonds (A) 0.0043 0.0062 0.0051 0.0052 0.0054 0.0049 0.0046
angles (deg) 1.1 1.2 1.1 1.1 1.1 1.1 1.1
dihedrals (deg) 21 22 21 21 21 22 21
2 Not applicable.
using ProFit 3). type TP synthase complex, one unliganded S130A mutant

Structure determination for the complexes was carried out TP synthase, and five S130A mutant TP synthase complexes.
using the unliganded S130A model as a starting point. After Each model consists of two molecules of TP synthase per
rigid body refinement and simulated annealing refinement, asymmetric unit, designated as molecules A and B. Except
Fo — Fc maps were constructed along withF2 — F; for the unliganded S130A structure, all of the structures
composite omit maps. The active site ligands were clearly showed that both the A and B active sites are occupied by
observed in thé-, — F. maps, but ligand models were not ligands. Each model contains several hundred water mol-
included in the refinement until later steps to minimize model ecules, including a subset that is mostly conserved in the
bias. Adjustment of the protein model and addition of water active sites of all seven structures as well as in the previously
molecules proceeded as described above for the S130Areported structure of the wild-type TP synthageoduct
structure. After all protein and water atoms were refined, complex 6).
the appropriate ligand model was manually fit into the active TP synthase has aw/ structure with a triosephosphate
site followed by a final cycle of refinement. The final jsomerase (TIM barrel) fold. The TIM barrel has two
refinement statistics are summarized in Table 2. additional helices, an N-terminal0 helix (Arg19-Leu25)

Thiamin Phosphate Release from TP SynthAs&00 uL and a single turn of helixx8a (Ser209-Ser211), between
aliquot of O.B/AM TP synthase in 50 mM Tris-HCI (pH 7.5) ﬂ8 and o8 (Figure 1)_ Seven of the e|gm1 |oops, 2-8,
and 6 mM MgC} was incubated at room temperature in the contact the ligands in the active site. Loops®are involved
presence of 5@aM CFHMP-PP, 5QuM TP, or both. After  primarily with HMP-PP interactions, while loops—® are
10 min, the small molecule fraction was separated from the involved primarily in Thz-P interactions.
protein by ultrafiltration through a 5000 kDa molecular mass  Tne structures refined to find values between 20.7 and
cutoff Vivaspin concentrator according to the manufacturer's 55 504 The coordinate errors based on Luzzati Pl (
instructions. The amount of thiamin phosphate in the filtrate \yere petween 0.17 and 0.27 A. Ramachandran pltas (
was determined using a modification of the thiochrome assay showed that all non-glycine residues were in allowed regions
previously describeds]. Two control experiments were  aycept Asp93, which is ligated to the Rigion in the active

performed with samples containing enzyme but no substratesijie and 11e208. which contacts Thz-P. The aveBgactors
The first was incubated and separated as described above tg,, t,he structurés range from 8.6 to 17.2fAr protein atoms,

determine the amount of TP released under the experimentak,om 5 2 to 21.5 & for ligand atoms, and from 16.8 to 27.2

conditions. The second control was incubated with 10% A2 for water oxygen atoms (Table 2). Weak backbone density
trichloroacetic a_cid for_ 15 min to determine the amount of 5 gpserved at the Gly62-Gly63 portion in all TP synthase
unreleased TP in the initial samples. The analyte was thengirctures. In those complexes that lack a thiazole moiety,
separated from the protein by ultrafiltration as before. TP 5 electron density is observed between Glu157 and Thr162,
concentrations in the filtrate of both controls were measured yhich are located in a loop that covers the active site. The
using the modified thiochrome assa).( models do not include the polyhistidine tag, which was
RESULTS disordered in molecules A and B for all structures. Root-
mean-square deviations (rmsd) calculated usingafbms
Overall Structure of TP Synthasé total of seven TP show the largest variability between molecule A and
synthase structures were determined, including one wild- molecule B to be in four regions: (1) nea2 (rmsd= 0.4—



10106 Biochemistry, Vol. 40, No. 34, 2001 Peapus et al.
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Ficure 1: Structure of TP synthase. (a) Ribbon drawing of TP synthase with the enzymatic products, thiamin phosphateaandeP
as a Mg@" ion bound. The PPMg?" ion, and thiazole lie across the C-terminal ends ofAkstrands, and the pyrimidine moiety binds in
the center of the TIM barrel. Active site loops 2, 4, and 6 are labeled. This figure was created using Ra&pmod (Bobscript21). (b)
Topology diagram of TP synthase.

0.5 A), (2) residues near the C-terminus (rmsd.1-1.0 complexes with products, and (4) complexes with intermedi-
A), (3) loop 2 (rmsd= 0.2—1.0 A), and (4) residues near ates. The substrates, intermediates, and products are all
a8 (0.5-0.7 A). The first two regions are involved in crystal oriented in a similar fashion at the C-terminal face of the
packing, while loop 2 contains Gly62 and Gly63 for which TIM barrel (Figure 1). The PRnoiety is the most solvent
the density is always weak. accessible, forming hydrogen bonds with water molecules
TP Synthase Aaté Site.Approximately 13 highly con-  at the solvent interface and with solvent accessible residues
served residues are involved in ligand binding (Figure 2). in loops 2-4 and 6 and stran@5. The plane of the Thz-P
Arg59 and Lys61 (loop 2), Asn92 (loop 3), Lys159 (loop moiety is roughly perpendicular to the TIM barrel axis with
6), and Mg@" form interactions with thg8-phosphate group  the thiazole group covered by loop 6 and the phosphate of
of HMP-PP, while thea-phosphate group interacts with Thz-P exposed to a small solvent channel ne@a. The
Ser130 (loop 5), Lys159 (loop 6), Mt and four water pyrimidine moiety binds deepest into the TIM barrel and is
molecules. In addition to the RMg?" is ligated to Asp93 oriented with its plane nearly parallel to the barrel axis. In
(loop 3), Aspl12 (loop 4), and two water molecules. Two addition to the hydrogen bonds with GIn57, the pyrimidine
hydrogen bonds are formed between the edge of theis sandwiched between His107 and lle186. Bhghosphate
pyrimidine and the side chain of GIn57 (loop 2). The of HMP-PP is close to the pyrimidine amino group forming
phosphate group of Thz-P forms hydrogen bonds with a hydrogen bond. This hydrogen bond completes a 10-
Thr156 and Thr 158 (loop 6), with Gly188 (loop 7), and membered ring «¢-H—N4'—C4—C5—-C7—0—Pa—0O—
with 11e208 and Ser 209 (loop 8). Only van der Waals P3—0---). This hydrogen bond may be mechanistically
contacts, primarily from loop 6, are formed with the thiazole important (see the Discussion).
ring. Two different conformations of the P&roup are observed
The seven structures reported here, together with theamong the eight structures (Figure 3). In one conformation,
original structure, can be divided into four groups: (1) theo-phosphate group points toward the'@¥om to which
unliganded TP synthase, (2) complexes with substrates, (3)it would be bound in the HMP-PP substrate molecule. The
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The rmsd from the previously reported TP synthase
product complex is 0.3 A (usingd€Catoms) with the largest
differences seen in the active site. For the active site loop 6,
electron density is not seen for Glut5&sp161 in molecule
A and Thr156-Thrl62 in molecule B. These side chains
are involved primarily in hydrogen bonds to the phosphate
groups in both Thz-P and HMP-PP. For the loop 6 residues
that are visible, the rmsd is 0.6 A for molecule A and 0.4 A
for molecule B. Loop 4, which contains the Kigligating
residue Aspl12, also exhibits missing backbone density in
the unliganded S130A mutant TP synthase and higher rmsd
values (1.1 A for molecule A and 0.8 A for molecule B).
The 85 strand, where the Ser130 mutation is located, does
not appear to be significantly perturbed by deletion of the
hydroxy! group.

Structure of the TP Synthas&ubstrate CompleXone of
the structures reported here provides a direct view of an
enzyme-substrate binary complex. S130A crystals soaked
overnight in 20 mM CBHMP-PP, a slowly reacting substrate,
showed the position of the pyrimidine substrate and its
interactions with the protein in the absence of the thiazole
moiety (Figure 4a). The model contains 437 protein residues,
one molecule of CEHMP-PP and one Mg ion in each
active site, and 176 water molecules. Thirteen of the water
molecules (seven for molecule A and six for molecule B)
are in active site positions equivalent to the previously
reported structure. Four additional active site water molecules

doccupy positions that are filled by phosphate oxygen atoms

of Thz-P in other structures.
The overall structure of the S136ACKHMP-PP complex
is similar to both the previously reported TP synthase

angle is nearly eclipsed. In the alternate conformation, the product complex (rmse- 0.3 A) and the unliganded S130A

PR rotates around the -©PS bond such that the-phosphate
group points away from C7and both the ©-Pa torsion

mutant (rmsd= 0.3 A). The largest deviations are seen
between the S130Asubstrate complex and unliganded

angle and the ©P3 torsion angle are nearly eclipsed. The S130A in loop 3 (1.0 A for molecule A and 0.5 A for
alternate conformation of the Pleads to displacement of a  molecule B) and loop 4 (0.4 A for molecule A and 0.8 A
well-ordered water molecule and formation of a hydrogen for molecule B). Loop 3 and loop 4 contain the Mdigating

bond to Lys159 N. In the first PR conformation, Lys159

residues Asp93 and Aspll2, respectively. Unlike the unli-

forms a hydrogen bond with a different water molecule. Only 9anded 513+OA structure, the S13Bfubstrate complex
the first conformation is observed for wild-type structures, contains M@" and shows an ordered Asp112. This region

while both conformations were observed in the S130A (Ioop 4) is almost identical to the TP synthagwoduct

structures. In S130A crystals where both substrates were

complex. However, the active site loop 6, which interacts

added, the PPgroup shows both conformations. When primarily with the thiazole moiety, is disordered here, as it

products were added directly to S130A crystals, only the

second conformation of PRas observed.

Structure of Unliganded S130A TP Synthase.the

is in the unliganded S130A mutant with residues Thri56
Aspl61 missing from molecule A and residues Thri56
Thrl62 missing from molecule B.

A shift in both the PPand the pyrimidine moieties occurs

original crystal structure of TP synthase, the reaction j, the S130A-substrate complex with respect to the previous

products, TP and RPalong with Mg* were unexpectedly

TP synthaseproduct complex. The pyrimidine ring tilts out

found in the active sites of both molecules A and B even qf plane, resulting in a 1.4 A difference in the ‘@idsitions.
though neither reactants nor products were added at any timgle186 Gy and His107 N, which are in van der Waals
during protein production or crystallization. S130A TP contact with the pyrimidine ring, shift by 1.0 and 0.4 A,
synthase is inactive, and the structure revealed that aCtiVGrespectiver, but there are no backbone shifts at these
sites of both molecules A and B were empty, except in those residues. Thea-phosphate group is rotated toward the
cases where ligands were added during or after crystalliza-pyrimidine moiety of the substrate, resulting in a less
tion. The unliganded S130A TP synthase model contains 439staggered conformation in the substrate than in the product,
residues and 323 water molecules. Fifteen of the waterand a displacement of the oxygen closest to thed®D.9
molecules (seven for molecule A and eight for molecule B) A. A consequent shift in the Mg ion (0.6 A) and the Asp93
are located in the active site. Six of the water molecules are and Asp112 ligands (@atoms shift 0.4 A for each) is also
also seen in the previously reported structure, and nineobserved.

occupy positions where ligand oxygen or nitrogen atoms

appear in the TP synthase complexes.

Structures of the TP SynthasBroduct ComplexTwo of
the structures reported here show additional views of the TP
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Ficure 3: Two conformations for BPThe main conformation of RPa single water molecule, and the hydrogen bond between that water
and the PPare shown in cyan. The alternate conformation, seen only in the S130A mutant, and all unique contacts to that conformation
are colored yellow. All atoms that are the same in both conformations are colored by atom type. This figure was created using@Rasmol (
Bobscript 1), and Raster3d2Q).

Ficure 4: Electron density for TP synthase compelxes. (a) Substrate taken from molecule A of the-SIBSIMP-PP complex, (b)
products taken from molecule A of TP, and (c) intermediates taken from molecule B of the SCEQAMP—Thz-P-PR complex. Figures
were created using Rasmd(), Bobscript 1), and Raster3d2Q).

synthase-product complex. The structure of the S130A previously reported TP synthasproduct complex gives an
mutant soaked with products was determined to compare itoverall rmsd of 0.2 A using € atoms. The largest differ-

to the original TP synthasgroduct complex. S130A crystals  ences between these two structures are seen in the N-terminal
soaked overnight in 20 mM TP and RBveal both products  region, which is poorly ordered in all structures. The TP,
bound to the inactive mutant (Figure 4b). The final model PR, and Mg* ions overlap with those in the previously
contains 452 protein residues, one molecule each of TP andreported structure, except that the; FPonly found in the

PR and one M§" ion in each active site, and 298 water second conformation for both molecules A and B.
molecules. Thirty-four (17 each for molecules A and B) of  An attempt to prepare a TP synthasibstrate ternary
the 38 active site water molecules are in positions equivalentcomplex using wild-type TP synthase and the slowly reacting
to those in the previously reported TP synthapeoduct substrate CEHMP-PP resulted in an additional view of the
complex. A comparison of S13GAproduct complex to the TP synthaseproduct complex. The wild-type TP synthase
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was incubated in 20 mM GHMP-PP and 20 mM Thz-P  relative to the other models. The largest deviation for protein
and cocrystallized. Surprisingly, the resulting structure atoms between this TP synthasatermediate complex and
showed CETP, PR, and Mg* bound at the active site rather the TP synthaseproduct complex is in active site loop 6.
than the substrates that were added. The structure could be |n another attempt to trap the TP synthasebstrate

distinguished from the TP synthasgroduct complex by the  ternary complex, crystals of the S130A mutant TP synthase
clear density for the trifluoromethyl group in both molecules \yere soaked in 20 mM HMP-PP and 20 mM Thz-P, but the
A and B. This result demonstrates that the (trifluoromethyl)- soaking time was limited to 30 min. The crystals were
pyrimidine is reactive enough that given sufficient time it removed from the soaking solution frozen, and X-ray
can be converted to product. Furthermore, the experimentintensity data were recorded. As was the case for the two
demonstrated that one of the substrates or the combinatiorpther TP synthaseintermediate complexes, only density at
of both substrates was able to displace the bound productthe level of noise was observed between the HMP and PP
TP, that copurified with the enzyme. The final model contains groups or between the HMP and Thz-P groups. Interestingly,
453 protein residues, one molecule each ofT8Fand PP in this structure the RRyroup showed no indication of the
and one Mg’ ion in each active site, and 351 water alternate conformation seen in the other intermediate struc-
molecules. All of the 38 (19 each for molecules A and B) tures. The final model contains 454 protein residues and 279
active site waters are in positions equivalent to those in the water molecules. Each active site contains three separate
previously reported structure. fragments corresponding to HMP, PBnd Thz-P, and one
This TP synthaseproduct complex differs very little from  Mg2* jon.
the previously reported structure. The largest difference with  gecayse the preceding attempts to prepare a TP synthase
respect to the previously reported TP synthgseduct g pstrate complex led to an unexpected result, we then tried
complex is seen in active site loop 6 (rmsd0.5 A for  jycubating the S130A mutant with the trifluoromethyl
molecule A and rmsd= 0.3 A for molecule B), and the  qupstrate to further retard the rate of intermediate formation.
largest difference with respect to the S130groduct  crystals of S130A TP synthase were soaked overnight in
complex is in the N-terminal coil (rmsg 0.5 A for molecule 20 mM CRHMP-PP and 20 mM Thz-P. As with the
A and rmsd= 0.4 A for molecule B). The three fluorine  5130A-HMP-PP-Thz-P complex, only weak electron den-
atoms of CETP are within 3.5 A of seven protein residues, ity near the noise level appeared between the intermediate
Tyr29, GIn57, His107, Tyrl47, Gly149, Vall84, and Ser206; fragments and could not be modeled by either substrates or
however, the rmsd deviation for these residues was Veryprodycts. The final model contains 451 protein residues and

small when it was compared to the rmsd of either of the 593 ater molecules. Each active site contains three separate
other TP synthaseproduct complexes. The only notable fragments, one each of the chemical moietiesHO#P, PR,

difference in these residues is seen for Ser2p6vahich is and Thz-P, and one Mg ion. As was the case for the first
found in two alternat'e conformatlon_s in the previously Tp synthaseintermediate complex, the PR disordered
reported structure but is sterically restricted to the conforma- yer two possible conformations. Thirty-two (16 each for
tion that is furthest from the fluorine atoms in this complex. olecules A and B) active site water molecules are in
Structure of the TP Synthaséntermediate Complex. conserved positions. The largest variation between the

Three of the structures reported here appear to be distinctlysq30A-CRHMP-PP-Thz-P and S130AHMP-PP-Thz-P
different from either the TP synthassubstrate complex or complexes is seen in loop 2 which interacts with both the
the TP synthaseproduct complexes and have been modeled pp and HMP fragments.

as TP synthaseintermediate complexes. All three of the
structures were determined in an attempt to obtain the TP
synthase-substrate complex but clearly showed that the
reaction had progressed to an intermediate stage.
Crystals of the S130A mutant TP synthase were treated
overnight in 20 mM HMP-PP and 20 mM Thz-P, the
preferred TP synthase substrates. After preliminary refine-

Substrate-Induced Product ReleaSée previously re-
ported TP synthase structure unexpectedly contained tightly
bound reaction products even though neither substrates nor
products had been added at any time. Therefore, we
speculated that product release might be triggered by some
unknown mechanism such as availability of substrates. To

* electron densit led st density for th determine whether substrates for this enzyme could accelerate
ment, electron density maps revealed strong density Tor eproduct release, it was necessary to treat the enzyme with a

Eyr|m|d|ne, tTe thlaiolle [)thos%hatg,t ar;d th?hﬁiﬁgure 4tC)- d dsubstrate analogue that would not be converted to thiamin
d ovy(atyer, only wea .ter:]ect:op ensll—|>l</’lF?§7d gg one s el‘(;‘ arlas this would interfere with the assay for released TP. Since
eviation, appears either between ras wou CFRHMP-PP is not a substrate for the enzyme, it is an ideal

be expected for products or between HMP @nd ThZ'P. substrate analogue for these studies. When the enzyme is
N3 as would be expected for substrates. Furthermore, neithet, .. with a mixture of this analogue and with Thz-P, we

subsirates nor products Tit the, electron density with réason- ohserved the release of 68% of the bound thiamin phosphate
able ge_ometry, and the fitted I|ganq models showed signifi- (Figure 5). We then examined the role of the individual
cagt dlfferencesl comp?lredTFt)o e|tr;]er ths L syntr}ase substrates in stimulating thiamin phosphate release and found
substrate ‘complex or the synthageoduct: complex that CEHMP-PP is more effective in stimulating TP release

described above. The final model contains 450 protein (74%) than Thz-P release (29%). It is unclear why we do
residues and 263 water molecules. Each active site containg, . (bcarve complete release in any of these experiments

three separate fragments, one each of the chemical moieties
HMP, PR, and Thz-P, and one Mgion. Theo-phosphate DISCUSSION

of PR is disordered and is a mixture of the two conformations

described above. Thirty-three (16 for molecule A and 17 for  Previous studies on TP synthase demonstrate that the
molecule B) active site waters are in conserved positions reaction rate is retardee7800-fold when Ser130, which is
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Ficure 5: Release of thiamin phosphate from TP synthase under

various conditions. The columns are as follows: (A) TCA-treated
sample, (B) CEHMP-PP- and Thz-P-treated sample, (CB8MP-
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it is also possible that the altered conformation of the PP
moiety at the active site of the S130A mutant retards the
reaction by decreasing the mobility of the thiazole or the
pyrimidine (see the discussion of the enzyniermediate
complex below).

CRHMP-PP is not a substrate for the enzyme, suggesting
that this pyrimidine analogue might be useful for obtaining
a structure of the enzymesubstrate complex. However,
cocrystallization of the enzyme in the presence oftdNiP-

PP and Thz-P established the presence of product at the
active site. This unexpected observation suggests that the

PP-treated sample, (D) Thz-P-treated sample, (E) control, with no |arge rate retardation caused by substituting the methyl group

substrates added, and (F) control, with no enzyme added.

hydrogen bonded to the oxygen leaving group in thg BP
replaced with alaninegj and >7800-fold when the methyl
group of HMP-PP is replaced with the electron-withdrawing
trifluoromethyl group 6). In addition, the enzyme catalyzes
positional isotope exchange (PIX) in the pyrimidine pyro-
phosphate &). The high sensitivity of the reaction rate to

of the pyrimidine with a trifluoromethyl group is due to the
electron-withdrawing effect of the trifluoromethyl substituent
and not due to structural perturbations caused by binding of
this analogue to the active site.

Structure of the EnzymeSubstrate ComplexOnly the
pyrimidine substrate is directly observed in a crystal structure.
Soaking of S130A crystals in a solution of {EfVIP-PP gave
the expected binary S130Asubstrate complex. This struc-

perturbations designed to destabilize an ion pair intermediatey ;e demonstrates that pyrimidine ‘Og tilted away from
and the observation of PIX strongly suggest that the reactionhe thiazole binding site of the enzymproduct complex

proceeds via a dissociativeNElike) rather than an associa-

and that the overall protein structure is similar to the structure

tive (Sy2-like) mechanism (Scheme 2). The crystal structures ¢ e unliganded enzyme (S130A). The main difference is

suggest that the resulting carbenium ion intermediate
likely to be further stabilized by proton transfer from the
pyrimidine amino group to the PRo give the pyrimidine
iminemethideb. Addition of the thiazole to Cof 4 followed

by proton transfer from the P® the pyrimidine amino group

would complete the reaction. In this research, the structures

of the free enzyme and the enzymsubstrate, enzyme
intermediate, and enzym@roduct complexes were obtained.

that loop 6, which interacts with the Thz-P and Ri®ieties

in the enzyme-product complex, is disordered. The intramo-
lecular NH:+--Of hydrogen bond appears to be slightly
shorter (2.82 A) then in the product complexes.

The position of the Thz-P substrate is not directly observed
in any X-ray structure, but can be inferred from three
complexes where a thiazole moiety is present. In all such
complexes, active site loop 6 is well-ordered and the

These enable us to structurally define the reaction Coordinatephosphate ends of all six Thz-P molecules (three each from

for TP synthase.

Structure of the EnzymeProduct Complex.The TP
synthase-product complex is directly observed in three

molecules A and B) superimpose closely. Because of the
tight interactions, it is unlikely that the phosphate group of
the Thz-P substrate is any different from what is observed

complexes: the previously reported wild-type TP synthase in these complexes. The thiazole ring positions show slight

complex, a wild-type TP synthas€FRTP—PR complex, and
an S130A-TP—PR complex. Two differences are observed

variation among the three complexes, but always shift away
from HMP C7 compared to the TP synthasproduct

in the comparison of the three structures. First, Ser206, whichcomplexes. The largest difference is abauA and occurs
shows a mixture of two conformations in other TP synthase at the N3 position. It is likely that the thiazole ring position

complexes, is sterically restricted to one of these in the CF
TP complex. More importantly, tha-phosphate group of
PR, originally bound to C7of the pyrimidine and hydrogen
bonded to Ser1309Q is rotated away from the TP product
in the S130A mutant, which cannot form the hydrogen bond.
Nevertheless, the CG7-Oa distance in all three structures
is similar, ranging from 3.42 to 3.56 A, and the 'N4O

in the substrate complex more closely resembles the non-
bonded ring position in the set of intermediate structures,
and might shift even farther from the HMP. However, ring
movement away from HMP CTs bounded by contacts with
the extended Thr158-Lys159 aliphatic chain. The Thz-P ring
position of the substrate complex was therefore modeled in
the observed conformation that is farthest from (Figure

hydrogen bond distance is similar, ranging from 2.91 to 3.00 gg).
A. Because the three structures are so similar, the previously \We have previously observed)that the binary enzyme
reported wild-type complex was chosen to represent the HMP-PP complex shows a higher rate of positional isotope

enzyme-product complex modeled in Figure 6c¢.
The structures of the TP synthaggroduct complexes

exchange than the tertiary enzysmdMP-PP-isomeric
Thz-P complex. In the isomeric Thz-P, the nitrogen and

suggest that the large rate retardation observed for the S130Asulfur atoms are interchanged to prevent product formation.
mutant is caused by the removal of an important hydrogen Comparison of loop 6 in the S130Asubstrate complex with
bond that must be involved in the catalytic mechanism rather that in all other complexes in this study provides an
than by a structural change in the mutant enzyme. If explanation for the observation of PIX. The presence of a
carbocation formation were fully rate limiting, this hydrogen thiazole moiety causes loop 6 to become ordered and
bond would need to be 5.5 kcal/mol stronger in the transition establishes the interaction of Lys15¢ Wn loop 6 with PP
state than it is in the enzymesubstrate complex to explain 04 and @3. Though the S130Asubstrate complex shows
the rate retardation. This could occur due to the increasing PR in the same location as in other complexes, and therefore
basicity of the ester oxygen in the transition state. However, in position to form those hydrogen bonds, these interactions
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Scheme 2: Mechanistic Proposal for TP Synthase
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cannot form when loop 6 is disordered. The enzyHdP-

ingly, the N4---O hydrogen bond was noticeably shorter

PP complex in the PIX study would therefore have a lower (average value of 2.64 A) then in any other complex. The
barrier to PA-O4 bond rotation, showing a higher rate of shorter observed hydrogen bond distance suggests that in

PIX than the ternary complex.
Structure of the Enzymdntermediate ComplexOur first
attempt to obtain a structure of the enzynseibstrate ternary

addition to the pyrimidine iminemethide, a small fraction of
an amino-substituted pyrimidine species may still remain.
Presumably, the hydrogen bond between an amino group and

complex involved soaking S130A crystals overnight in a a negatively charged pyrophosphate oxygen atom would be
solution of HMP-PP and Thz-P. The structure of this stronger then the hydrogen bond between the iminemethide
complex surprisingly contained an intermediate in the active nitrogen atom and a protonated;RIRygen atom. Further
site rather than the expected substrates. While this structureextension of this reasoning suggests that the-Na

is consistent with a bound carbenium ion, it is more likely hydrogen bond of the enzymesubstrate ternary complex
that the carbenium ion has been deprotonated by théoPP  would be even shorter than the one observed in this or either
give the more stable iminemethide (Scheme 2). Further of the other two enzymeintermediate complexes. An
evidence for the protonation state of the intermediate is intermediate model based on an average of the three
provided by S130A TP synthase crystals that were soakedcomplexes (six copies) is presented in Figure 6b.

overnight in a solution of CSHMP-PP and Thz-P. As was

The detection of the pyrimidine iminemethide intermediate

the case for S130A treated with HMP-PP and Thz-P, an at the active site of the S130A mutant TP synthase is an
intermediate was observed in the active site. The observationunanticipated novel discovery arising from our much more
of an intermediate in the presence of a trifluoromethyl- rational attempts to prepare crystals of the ternary enzyme
substituted pyrimidine, which would strongly destabilize a substrate complex. The high stability of this intermediate is
carbenium ion, strongly suggests that the observed interme-intriguing and must be due to the retarded rate of its trapping
diate is the pyrimidine iminemethide rather than the carbe- by PR and Thz-P. The rate of the ion recombination reaction
nium ion. For these two intermediate complexes, the averagemay be suppressed due to;®®a), originally attached to

distance from C70of the pyrimidine to the closest P&xygen

is 2.83 A and the average distance of' @& the thiazole
nitrogen is 2.94 A. A typical €N single bond length is
1.47 A, and a typical €0 single bond length is 1.43 A;
thus, in this TP synthase complex,'G¥ clearly not bonded

the pyrimidine, freely rotating away from Cas it is no
longer hydrogen bonded to Ser13¢.Qt is unclear however
why the thiazole does not react with the iminemethide.
Apparently, movement of the thiazole toward 'G# the
pyrimidine iminemethide or movement of the pyrimidine

to either nucleophile. The average distance between theiminemethide toward the thiazole is restricted. This putative

amine nitrogen (N3 and the closest PBxygen is 3.00 A,

immobilization of the thiazoleiminemethide intermediate

which is similar to the values observed for the TP synthase may be an indirect consequence of the S130A mutation or

product complex.
The third attempt to obtain an enzymsubstrate complex

may be a consequence of the crystalline state of the enzyme.
Flexibility and Conformational ChangesThe protein

also resulted in an intermediate. In this case, the S130A secondary structure shows no evidence of concerted con-
mutant enzyme was treated for less than 30 min with formational change; however, minor movement in active site
substrates and then flash-frozen. The overall active siteloops, which is consistent with ligand binding, is observed.
structure was similar to the structures of the two intermediate In complexes that lack the thiazole moiety, active site loop

complexes discussed above. Both thé-&F and C7—N3

6 is disordered, thus implying flexibility. The Aspl12

distances indicated the absence of a single bond. Interestbackbone density also suggests flexibility in complexes
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FicUurRe 6: Stereoviews of the TP synthase active site. (a) Model of substrates with key active site residues. (b) Model of intermediates with
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key active site residues. (c) Model of products with key active site residues. Figures were made using EAsBuaibgcript, 21), Raster3d

(22), and GraphicConverte8).

where that residue is not ligated to Rtg Backbone

all side chains appear to be disordered. One residue that is
flexibility is also seen at the Gly62-Gly63 region, which consistently present in two different conformations and also

could allow peptide flipping of one or both of those residues. appears near the active site is His132. A disordered Arg163
In the high-resolution structures of TP synthase, only a few lies over His132, and an ordered Glu136 is to one side. For

surface side chains are poorly defined and less than 5% ofone conformation of His132 in the S136Antermediate
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FIGURE 7: Stereoview showing a superposition of substrates (blue), intermediates (yellow), and products (red). The comparison illustrates
the movements of the thizaole and pyrimidine rings that occur during catalysis. The hydrogen bonds between the pyrimidine 4-amino group
and the PPoxygen atom are shown with dashed lines.

complex, N is hydrogen bonded to a conserved water pyrimidine amino group and the closest;BRygen changes
molecule that in turn is hydrogen bonded ta RRile N6 is from ~2.6 A (by inference) in the enzymesubstrate
hydrogen bonded to Glu136€eDthus creating a possible  complex to~3.0 A in the enzymeiminemethide complex
charge relay system. For the second conformation, the His132and then to~2.9 A in the enzymeproduct complex.

side chain is solvent exposed. The possibility of a charge Substrate-Induced Product Releadée TP synthase

relay triad is not supported by sequence comparisons, which . . .
ShO\)//V that His132 isaot congervgd in TP synFt)hases of otherprOdUCt ternary complex is stable and requires the addition
of HMP-PP to drive product dissociation. One possible

species. o . mechanism for substrate-assisted product release in the case
Structural Characterization of the TP Synthase Reaction o o
of TP synthase is dissociation of the;®®m the enzyme

Coordinate. The structural characterization of the free roduct complex allowing the ovrimidine to miarate into the
enzyme and the enzymsubstrate, enzymentermediate, pro P : g Ihe pyrin € to migr
adjacent solvent-filled cavity. This migration into a less

and enzymeproduct complexes allows us to construct a ¢ ble si be dri by bindi f b
clear picture of the reaction coordinate for TP synthase 'avorable site may be driven by binding of a subsequent

(Figure 6). After binding HMP-PP and Thz-P, loop 6 closes molecgle pf the pyrimidine pyrophosphate substrat_e to _the
down on the active site to give the ternary enzyrsebstrate catalytlc S|_te. If Iopp 6 then_movgs back from the active site,
complex. The ionization of the pyrimidine pyrophosphate is the thiazolium moiety can dissociate from the_: enzyme surface
facilitated by the stabilization of the PRaving group and  followed by the pyrimidine. The observation of a stable
by the delocalization of the positive charge into the electron €nzyme-product complex for TP synthase while unusual is
rich pyrimidine. The carbenium ion is further stabilized by not without precedent. Stable enzymgroduct complexes
proton transfer to the PR give the pyrimidine iminemethide  have previously been detected for protein farnesyltransferase
intermediate. This proton transfer is not concerted with (16), MTA phosphorylase I(7), phosphopantothenate ade-
carbenium ion formation because the-O bond and the  nylyl transferaseX8), and dihydrofolate reductasg9). The
N—H bonds are orthogonal in the transition state that leads physiological role of this tight TP synthasproduct complex

to the carbenium ion. The structure of the pyrimidine is not yet known. One hypothesis is that it may play a role
iminemethide complex demonstrates that at this point along in the regulation of thiamin biosynthesis.

the reaction coordinate Cof the pyrimidine has moved

~3.5 A away from the PRoxygen by a pivotal movement ACKNOWLEDGMENT

about the methyl group. To form the product,’ @7 the

pyrimidine continues its pivotal movement for an additional ~We thank Ms. Leslie Kinsland for assistance in the
1 A and the thiazole moves a little less thh A toward C7 preparation of the manuscript. We thank CHESS and the
of the pyrimidine (Figure 7). During the course of the Structural Biology Center at the APS for providing beam
reaction, the length of the hydrogen bond between the time.
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