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The crystal structure of Saccharomyces cerevisiae
transketolase, a thiamine diphosphate dependent enzyme,
has been determined to 2.5 A resolution. The enzyme is
a dimer with the active sites located at the interface
between the two identical subunits. The cofactor, vitamin
B, derived thiamine diphosphate, is bound at the
interface between the two subunits. The enzyme subunit
is built up of three domains of the «/f type. The
diphosphate moiety of thiamine diphosphate is bound to
the enzyme at the carboxyl end of the parallel S-sheet
of the N-terminal domain and interacts with the protein
through a Ca2* ion. The thiazolium ring interacts with
residues from both subunits, whereas the pyrimidine ring
is buried in a hydrophobic pocket of the enzyme, formed
by the loops at the carboxyl end of the S-sheet in the
middle domain in the second subunit. The structure
analysis identifies amino acids critical for cofactor binding
and provides mechanistic insights into thiamine catalysis.
Key words: protein crystallography/thiamine diphosphate/
transketolase

Introduction

Transketolase is a key enzyme in the pentose phosphate
pathway for the metabolism of glucose-6-phosphate. The
enzyme catalyses ketol transfer from a ketose to an aldose
amongst a variety of donor and acceptor sugar phosphates.
Transketolase, together with transaldolase, creates a
reversible link between two main metabolic pathways, the
pentose phosphate pathway and glycolysis. This allows the
cell to adapt to a variety of needs such as production of
NADPH (reducing power) for biosynthesis, ribose-5-phos-
phate for synthesis of DNA or supply of glycolytic
intermediates. In photosynthetic organisms, the enzyme is
also part of the Calvin cycle, where ribulose-1,5-bisphos-
phate is regenerated from phosphoglycerate formed during
fixation of CO,.

Transketolase from baker’s yeast, Saccharomyces
cerevisiae, is composed of two identical subunits (Cavalieri
et al., 1975) each with a molecular weight of 74 000
(Sundstrém et al., unpublished results). The enzyme contains
thiamine diphosphate (ThDP, scheme 1), the biologically
active derivative of vitamin B, as a prosthetic group and
requires Mg2™* ions for catalytic activity. Other metal ions
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such as Ca2*, Mn?* and Co?* can replace the Mg?* ion
(Heinrich et al., 1972). The amino acid sequences derived
from the DNA sequences for transketolase from Rhodobacter
sphaeroides (Chen et al., 1991), S.cerevisiae (M.Sundstrom,
Y.Lindgvist, U.Hellman, G.Schneider and H.Ronne,
unpublished results) and a formaldehyde transketolase from
the yeast Hansenula polymorpha (Janowicz et al., 1985)
have been determined.

ThDP serves as cofactor in many biochemical reactions
involving cleavage of the carbon—carbon bond adjacent to
a keto-group. Important members of this class of ThDP
dependent enzymes are pyruvate decarboxylase, trans-
ketolase and the 2-oxo acid decarboxylase component of the
2-oxo acid dehydrogenase complex. Whereas non-enzymatic
catalysis by thiamine has been rather well studied (for a
review see Kluger, 1987), enzyme mediated thiamine
catalysis is poorly understood, mainly due to the lack
of structural information on enzyme—cofactor and
enzyme —cofactor —substrate interactions. In the following,
we describe the molecular structure of a ThDP dependent
enzyme at high resolution and its interactions with the bound
cofactor, and discuss implications for enzymatic thiamine
catalysis.

Results

Electron density map

The electron density map at 2.9 A resolution calculated with
phases from multiple isomorphous replacement (mean figure
of merit 0.54) was not interpretable. This map could be
improved, however, by non-crystallographic averaging
(Bricogne, 1976) using local twofold symmetry. The
averaged map allowed us to build a partial polyalanine model
of the protein, consisting of 355 amino acids per subunit.
A cyclic bootstrapping procedure of phase combination of
model phases with multiple isomorphous replacement phases
followed by model building and refinement improved the
electron density gradually such that the polypeptide chain
could be traced. The current model consists of residues
3-680, one Ca2* ion and one cofactor molecule per
subunit and has a crystallographic R-factor of 0.215 at 2.5
A resolution and r.m.s. bond length deviation of 0.024 A.
Figure 1 shows the electron density for bound ThDP at the
active site of transketolase.

Overall structure
Transketolase is a dimeric molecule where the twofold
related active sites are located between different domains
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Scheme 1. Nomenclature used for thiamine diphosphate.
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Fig. 1. Stereo view of the final 2|Fo| - |FC| electron density map of holo-transketolase at the location of bound thiamine diphosphate. The contour
level of the electron density is at the standard deviation of the electron density map. The refined structure of the active site is superimposed.

of the two subunits. Residues from both subunits build up
the active site and are involved in binding the cofactor.
Therefore, the dimer is the functional unit of transketolase.
This arrangement of the coenzyme binding site gives a
molecular explanation for the observation that the addition
of ThDP prevents the dissociation of apo-transketolase into
monomers at low protein concentrations (Cavalieri et al.,
1975). Also, it is compatible with the observed co-operativity
of the apoenzyme with regard to cofactor binding (Egan and
Sable, 1981).

The subunit. The 680 amino acids of the V-shaped subunit
are folded into three consecutive o/3-domains (Figure 2).
The N-terminal domain (residues 3 —322) consists of a five-
stranded parallel 8-sheet with topology +1X,+1X,+2X,
—1X. There are several helices on both sides of the sheet
and some additional helices not belonging to this structural
motif on top of it. In the B/« connection after the second
strand in the 3-sheet there is an extra helix and the 8/«
connection after the third strand contains a hairpin loop. Both
of these loops are involved in cofactor binding. The chain
leaves this domain via a long helix of 33 residues which
contains one turn of w-helix after one third of its length.

The second domain (residues 323 —538) contains a parallel
B-sheet of six strands with topology —1X,+2X,+1X,
+2X,—1X. The structural motif of the second domain is
very similar to the first domain, especially in the last four
a/B-units of the domains. Alignment of the Cx carbon atoms
of the two domains using the program O (Jones et al., 1991)
gave an r.m.s. fit of 2.2 A for 120 atoms from all five /(-
units which were structurally equivalent in the two domains.

This comparison reflects more similarity than could be
expected from any two parallel sheets with the same topology
as inferred from comparison of the second domain to a
parallel sheet in glucose-6-phosphate isomerase which has
exactly the same topology (Shaw and Muirhead, 1977). That
comparison gave an r.m.s. deviation of 2.3 A but only 55
atoms were structurally equivalent. It is thus probable that
domains one and two of transketolase are evolutionary related
although the structurally equivalent 120 residues share only
13% identical amino acids.

Loops at the carboxyl end of the B-sheet in the second
domain are also involved in binding ThDP and probably in
binding the substrates.

Finally, the third domain (residues 539 —680) consists of
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a (3-sheet with one antiparallel strand followed by four
parallel strands with the ubiquitous topology shown in
Figure 2b. The cleft formed between strands 19 and 21
created by a crossover connection (Brindén, 1980) is far
away from the active sites. It seems to be filled up by rather
large side chains but it could form a binding site for
regulatory molecules.

The dimer. A schematic view of the transketolase dimer is
shown in Figure 3. The interface region of the dimer consists
of a buried surface of 4390 A2. There are tight packing
interactions between helices 8 and 9 on one side of the sheet
in the N-terminal domain with the twofold related helices
in the other subunit (Figure 3b). The surface area buried
in the N-terminal domain upon dimer formation is 1550 A2,
The interaction between the subunits in the C-terminal
domain mainly involves contacts between the C-termini
(Figure 3a). The buried surface for this domain corresponds
to an area of 1170 A2. The main contacts between the
middle domains involve the twofold related helices 19. This
dimer arrangement positions the loops at the carboxy end
of the sheet of the N-terminal domain of one subunit in
contact with the loops at the carboxy end of the middle
domain of the second subunit. Most of these interactions are
in or close to the active site.

The two subunits were built and refined independently with
no restraints included for the non-crystallographic symmetry.
The subunits obey the local twofold symmetry axis very
closely. Superposition of one subunit with the other gives
an r.m.s. deviation of 0.35 A for all 678 Co atoms in the
model.

Cofactor binding

ThDP binds in a deep cleft at the interface between the two
subunits and residues from both subunits contribute to
cofactor binding. Enzyme bound ThDP has a more extended
conformation than the crystal structure of isolated ThDP
hydrochloride (Pletcher and Sax, 1972). Furthermore, the
pyrimidine ring’s conformation in relation to the thiazolium
ring is different from that in the ThDP molecules that have
been described (Pletcher and Sax, 1972; Shin et al., 1979).
¢r, defined as the torsion angle C(5')-C(3,5')-(N3)-C(2)
and ¢p, the angle N(3)-C(3,5')-C(5')-C(4’) have values 90°
and —70° respectively. This conformation positions the
4’-NH, group close to the reactive C2 carbon atom of the



3D structure of transketolase

Fig. 2. (a) Schematic view of the structure of the transketolase subunit illustrating the domain organization. The three domains are colour coded
differently: N-terminal domain, light blue; middle domain, red-brown; and C-terminal domain, yellow. The bound cofactor, ThDP, is shown as a
CPK model. The Ca?* ion is shown in green. Both this figure and Figure 3 were generated with the program MOLSCRIPT (Kraulis, 1991). (b)
Topology diagram of the three domains, illustrating the fold of the transketolase subunit.

thiazolium ring while making this atom accessible for strands 1 and 2. The diphosphate group of ThDP interacts
reaction. with the protein in two ways, directly through hydrogen

The cofactor binds to the N-terminal domain at the carboxy bonding and indirectly through co-ordination to a protein
end of the B-sheet, with the diphosphate group between bound Ca?* ion. The Ca2* binding site is made up of three
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Fig. 3. Schematic view of the transketolase dimer. The bound cofactor and the metal ion are included. Colour coding is as in Figure 2a. The local
twpfold axis runs horizontally in the plane of the paper. (a) The dimer oriented as in Figure 2a. (b) The dimer rotated 90° about the local twofold

axis.

protein ligands, the side chains of the conserved residues
Asp157 and Asn187 and the main chain oxygen atom of
Dle189 (Figure 4). Two oxygen atoms from the diphosphate
are also ligands of the Ca’* ion, giving pentameric co-
ordination with square pyramidal geometry. Further
interactions of the diphosphate with the protein are mediated
through hydrogen bonds to two conserved histidine residues,
His69 and His263. The terminal phosphate group is also
close to the conserved residue Asp185. One of the oxygen
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atoms of the second phosphate group forms a hydrogen bond
to the main chain nitrogen atom of Gly158 at the N-terminus
of a short c-helix.

The remaining part of the cofactor, and the thiazolium and
pyrimidine rings are bound in a cleft between the two
subunits. This arrangement of the cofactor binding site in
transketolase requires the dimer for proper, catalytically
competent binding of ThDP. The thiazolium ring forms
mainly hydrophobic interactions with the conserved residues
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Fig. 4. Schematic diagram of the interactions of ThDP at the cofactor binding site of transketolase. All residues within 4 A of the cofactor are
included in the figure. Residues coming from the second subunit are indicated by an asterisk after the residue number. Possible hydrogen bonds are

indicated by dashed lines.
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Fig. 5. Mechanism of proton abstraction at the C2 carbon atom of ThDP. B denotes an enzymic base or a water molecule.

Leul18 and Ile191 which pack against the ring. The C4
methyl group interacts with the side chains of the conserved
Leu383* (the asterisk indicates a residue from the second
subunit) and Ile416*. Close to the thiazolium ring, there is
a side chain of Asp382*, which probably compensates for
the positive charge of the thiazolium ring.

The pyrimidine ring is bound in a hydrophobic pocket built
up by conserved residues Phe442*, Phe445* and Tyrd48*
from the second subunit. The pyrimidine ring of the cofactor
is stacked with the ring system of Phe445*, whereas the
methyl group points at right angles towards the plane of the
Tyr448* ring. A number of hydrogen bonds participate in
binding the pyrimidine ring and are responsible for the
proper orientation of this part of the cofactor at the active
site. The 4’-NH, group forms a hydrogen bond to the main
chain oxygen of the conserved Gly116 in the first subunit
and is also close to the His481* side chain. The N3’ nitrogen
atom of the pyrimidine ring makes a hydrogen bond to the
main chain nitrogen atom of Leull8. An important
interaction is made by the N1’ of the pyrimidine ring which
is hydrogen bonded to the side chain of Glu418*. This
conserved side chain is in turn within a short distance from
another conserved glutamic acid, Glu162. This implies that
Glu418* is protonated, i.e. uncharged, since interaction of
this side chain with the N1’ atom would not otherwise be
possible. The interaction of the ring nitrogen with Glu418*
is certainly of functional significance, since protonation of

this nitrogen must influence the electronic properties of the
4'-NH, group which is in close spatial proximity to the C2
carbon atom of the thiazolium ring. The importance of this
interaction is further substantiated by the fact that ThDP
analogues in which the N1’ atom has been replaced by
carbon are catalytically inactive (Meshalkina et al., 1991).
Replacement of the N3’ atom, however, does not interfere
significantly with the coenzyme activity.

The cofactor is almost completely buried in its binding
site. The C2 atom is the only atom which is accessible from
solution through the active site cleft. All other cofactor atoms
are not accessible to solvent. During turnover, the C2 atom
forms a covalent adduct with the substrate, a mechanism
common to all ThDP catalysed reactions.

Active site
The ThDP binding site is accessible from the solvent through
a deep cleft between the two subunits. This cleft is lined with
conserved residues, located on loop regions, which build up
the active site. On one side of the thiazolium ring, in the
vicinity of the C2 atom, is a cluster of conserved histidine
residues, His30, His69, His103, His263 and His481*. Two
of these residues are involved in binding the diphosphate
group. The other histidines might function in proton transfer
during catalysis and in the stabilization of the covalent
intermediate between substrate and ThDP. .
Towards the entrance to the active site cleft, ~ 12 A away
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from the thiazolium ring, we find two conserved arginine
residues, Arg94 and Arg528*, which might be involved in
binding the phosphate group of the substrate.

Several highly conserved loop regions are found as parts
of this pocket. Amongst those loops is one of the longest
stretches of conserved amino acids in the whole polypeptide
chain (468*—483%), suggesting that this region is of
functional importance. Two residues from this loop, Glu476*
and Asp477* point into the active site cleft and might be
part of the binding site for the donor and/or acceptor
substrate.

Discussion

Based upon the comparison of amino acid sequences for a
number of ThDP dependent enzymes, Hawkins et al. (1989)
suggested a putative ThDP binding motif. This motif consists
of the sequence -G-D-G- and a conserved asparagine residue,
separated by 28 amino acids. This sequence motif was
interpreted as being reminiscent of the fingerprint for the
nucleotide binding fold. The three-dimensional structure of
transketolase confirms that this fingerprint is involved in
ThDP binding and reveals the structural reason for the
conservation of these residues. The aspartic acid and the
asparagine are ligands of the metal ion and the two glycine
residues are located at the N-terminus of a short a-helix
which is involved in the binding of one of the phosphate
groups of ThDP. The structure involving these conserved
amino acids is thus different from that of the Gly-X-Gly-X-
X-Gly fingerprint found in nucleotide binding domains.
Upon binding of ThDP to apo-transketolase, a strong
absorption in the 300 —380 nm region of the CD spectrum
has been observed (Kochetov et al., 1970). This spectral

change has been interpreted as being caused by charge
transfer between the thiazolium ring of the cofactor and an
enzymic tryptophan residue (Kochetov and Usmanov, 1970).
The three-dimensional structure of holo-transketolase clearly
shows that there is no tryptophan residue close enough to
the cofactor for charge transfer to occur. However, the
structure suggests that the strong absorption in the CD
spectrum might be caused by a charge transfer complex
between the pyrimidine ring of the cofactor and Phe445*.

A common initial step in thiamine catalysis is the
deprotonation of the C2 atom of ThDP (Breslow, 1958). In
the transketolase reaction, the carbanion formed then attacks
the carbonyl group of the ketose substrate forming a covalent
intermediate. In the structure of holo-transketolase, no
enzymic base is close enough or has good enough geometry
to abstract the C2 proton. We suggest that this proton is
removed by the 4’-imino group of the cofactor as shown
in Figure 5. Interaction of bound ThDP with the uncharged
side chain of Glu418 leads to partial protonation of N1’ of
the pyrimidine ring. Protonation of this ring nitrogen
promotes a resonance form with a positively charged
4'-NH, group. One of these protons can now be abstracted
by His481%*, leading to a 4'-imino group at the pyrimidine
ring. Model experiments by Jordan and coworkers (Jordan
et al., 1982) have shown that the protonation at N1’ is
necessary for the exchange of NH, protons to occur, i.e.
the 4’-NH, group can, under these conditions, function as
an acid/base catalyst.

The protonated His481* side chain can transfer its proton
to bulk solvent. The 4'-imino group of the pyrimidine ring
is now a good candidate for the base that accepts the C2
proton. In the presence of donor substrate, the negatively
charged C2 carbon atom can attack the carbonyl group of

Table 1. Data collection and phasing statistics

‘Data collection
Data set Number of crystals Resolution (A) Measured reflections Unique reflections Ruergea
(% of total)
NATI1 2 29 71 017 23 796 (75) 0.078
NATI2 3 2.5 107 894 45 688 (91) 0.070
K,Hg(CN), 1 29 48 999 25 236 (80) 0.038
METO1® 1 43 22 391 8692 (77) 0.078
METO2 1 29 39 657 16 531 (51) 0.059
U0o,Cl, 1 44 21 537 7594 (71) 0.063
TagBr,, 1 5.5 17 192 4195 (71) 0.067
Derivative Number of sites Ryerive R utiisd Phasing power®
(resolution, A)
K,Hg(CN)4¢ 1 0.157 0.74 1.41 2.9)
METO!f 5 0.171 0.73 1.14 2.9)
METO2 4 0.148 0.67 1.75 4.3)
UO,Cl, 5 0.134 0.68 1.44 (4.4)
TagBr), 2 0.154 0.62 2.89 (5.5)
’Rm,,ge L LI, — <I>| ! £|<I>| where I, are the intensity measurements for a reflection and </> is the mean value for this reflection.
Methoxyethylmercunc chloride
“Ryeriv = L |Fpy — Fpl / T|Fp| where Fp is the structure factor amplitude of the derivative crystal and Fpy is that of the native.

"R,:u“,s =z ||Fp|-|Fp| — |Fy(calc)|| / £ |Fpy — Fp| where Fpy and Fp are defined as above and Fy(calc) is the calculated heavy atom structure

factor amplitude summed over centric reflections only.

°Phasing power: = F(H)/E, the r.m.s. heavy atom structure factor amplitudes divided by the lack of closure error.

fAnomalous dispersion data included in the refinement.
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the ketose substrate. The protonated 4’-imino is then able
to donate a proton to the keto-oxygen when the covalent
adduct with substrate is formed, as has already been
suggested by others (Schellenberger et al., 1991).
Assignment of residues involved in subsequent steps of the
catalytic cycle must await determination of the structure of
complexes of transketolase with donor and acceptor
substrates, respectively.

Materials and methods

Crystallization, heavy metal derivatives and data collection
Commercially available S. cerevisiae transketolase (Sigma) was used without
further purification. Crystals of holo-transketolase were obtained using
13—17% PEG 6000, 2 mM thiamine diphosphate and 5 mM CaCl, in 50
mM glycyl —glycine buffer, pH 7.9, as described previously (Schneider
et al., 1989). Holo-transketolase crystallizes in space group P2,2,2,
(Kona‘reva et al., 1983; Schneider et al., 1989) with cell dimensions a =
76.3A,b=113.3Aand c = 160.9 A. These crystals contain one dimer
in the asymmetrical unit.

Heavy metal derivatives were prepared by soaking crystals of the
holoenzyme in the above solution with the addition of 5 mM heavy metal
salt (in the case of the cluster compound TagBry,, only 1 mM) for 4—5
days. Native data set NATI! and all derivative data sets were collected on
a Nicolet multiwire area detector mounted on a Rigaku rotating anode.
Reflections were measured in 0.1° oscillation frames and evaluated with
the BUDDHA program (Blum et al., 1987). Further processing and scaling
were done with the program PROTEIN (Steigemann, 1974). Native data
set NATI2 was collected on film at SRS Daresbury, UK. Films were
processed using MOSFILM and the CCP4 program suite (Daresbury, UK).
Details of data collection are given in Table I.

Phasing

Two heavy atom sites were located by manual inspection of the difference
Patterson maps for the TagBr,, and METO derivatives. The K,Hg(CN),
derivative contains one major site, which could also be located easily. The
remaining heavy atom sites were located by cross-phased difference Fourier
maps. Refinement of the heavy metal parameters and calculation of phases
was done using a program originally written by M.G.Rossmann. The two
METO crystals were refined separately because they contained different
number of sites with different occupancies. The mean figure of merit in
the final run was 0.54 for all reflections to 2.9 A resolution (Table I).

Non-crystallographic symmetry

Solvent flattening (Wang, 1985) was used to improve the initial multiple
isomorphous replacement phases. The envelope of the molecule was defined
from a skeletonized solvent flattened electron density map. The position
of the local twofold symmetry axis was determined from the heavy metal
positions. The program package of Bricogne (1976) was used for cyclic
averaging and phase combination following a protocol described earlier
(Schneider et al., 1986). The final R-value was 0.170 and the correlation
coefficient 0.91.

Model building .

Skeletonized electron density maps [‘bones’ (Jones and Thirup, 1986)] were
used to build the initial partial model. The atomic model was built with
the graphics program O (Jones er al., 1991). This model was refined with
XPLOR (Briinger, 1989) and the calculated model phases were combined
with multiple isomorphous replacement phases, followed by model building
and refinement. This cyclic procedure gradually improved the electron density
such that the chain could be traced and the amino acid side chains fitted
to the electron density map. Simultaneously, the amino acid sequence derived
from the nucleotide sequence of the transketolase gene from S.cerevisiae
became available (M.Sundstrom, Y.Lindqvist, U.Hellman, G.Schneider and
H.Ronne, unpublished) and could be fitted to the electron density map using
the Slider option in O.

Refinement

The coordinates are presently being refined by simulated annealing
using the program XPLOR. After the R-factor dropped below 0.24 at
2.5 A resolution, the overall B-factor was replaced by restrained individual
B-factors. The current model has a crystallographic R-factor of 0.215 in
the resolution interval 8.0—2.5 A with r.m.s. bond length deviations of
0.024 A. The coordinates will be deposited with the Protein Data Bank,
Brookhaven.

3D structure of transketolase
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