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The amino acid sequences of four thiamine pyrophosphate-requiring enzymes were aligned with the published amino acid sequence of the
transketolase of Hunsenula polymorpha. Sequences of the combined a and # subunts of the E, enzyme of the pyruvate dehydrogenase complexes
of Homo sapiens and Bacillus stearothermophilus aligned well with the transketolase while the E, of the pyruvate dehydrogenase complex of
Escherichia colr aligned easily provided a non-aligning segment of 77 amino acids was omitted. The non-acetylating pyruvate decarboxylase of
Saccharomyces cerevisiae could only be aligned 1if the sequence was cut in two with the C-terminus corresponding to the N-terminus of the other
TPP-dependent enzymes. Using the published 2.5 A resolution of the X-ray crystal structure of Saccharomyces cerevisiae transketolase as a template
we show that a hydrophobic region of the S-subunit of the PDH E, aff enzymes likely contains a binding site for the thiazolium ring of TPP and
key motfs are retained in common by ali the TPP-dependent enzymes considered, which are essential for catalysis

Pyruvate dehydrogenase, Transketolase, Thiamine pyrophosphate: Thiazolium binding

1. INTRODUCTION

The investigation of the structure and function of
thiamine pyrophosphate (TPP)-binding enzymes was
assisted by the recent publication of the X-ray crystal
structure at 2.5 A resolution of the yeast, Succharomy-
ces cerevisiae, transketolase [1]. This showed how the
structural binding site motif GDGX™***" NN, previously
identified by sequence homology studies of TPP-bind-
ing enzymes [2], is actually concerned primarily with
binding the pyrophosphate end of the TPP molecule
using an incorporated calcium ion. The thiazolium ring
structure, on the other hand, is held in a hydrophobic
pocket at the other end of the transketolase monomer
such that each dimeric functional transketolase mole-
cule binds two molecules of TPP in a head-to-tail fash-
ion [1].

While this provides a working model that may en-
compass all TPP-dependent enzymes, two remaining
problems have to be answered with respect to the py-
ruvate decarboxylating enzymes that are TPP-depend-
ent. What is the function of the § subunit in the a,f,
tetrameric pyruvate dehydrogenase (PDH) E, present in
the pyruvate dehydrogenase complex of yeast, bacteria
and higher animals and plants, and how does this relate
to the structure of the family of TPP-requiring decar-
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boxylase enzymes recently compared by Green [3],
which seem to be a different evolutionary group.

Here we use the published Hansenula polymorpha
transketolase amino acid sequence as a template on
which to align important functional motifs in a variety
of pyruvate decarboxylating enzymes. This shows that
the S subunit of the pyruvate dehydrogenase enzymes
is involved in TPP binding and that the non-acetylating
pyruvate decarboxylase group of enzymes has the same
functional groups arranged in an orientation which sug-
gests a re-arrangement of the ancestral gene for this
family.

2. EXPERIMENTAL

Since the ammo acid sequence of S cerevisiae transketolase was not
published with the X-ray structure, we used the sequence of H poly-
morpha [4] as a template We compared 1ts sequence with four other
sequences. The first one was a combined human pyruvate dehydroge-
nase E,af protein constructed by removing the leader sequences from
the E,a [5.6] and E,# [7.8] human subunits and joining them N-
terminus (#) to C-terminus (a). Homology searches using Pearson—
Lipmann algorithms [9] consistently misaligned these proteins with
respect to their functional motifs, or aligned them with significant
homology only for a short stretch of 30-40 amino acids On the other
hand, a very simplistic ahgnment of the protens by eye, starting at
residue number 1 1n each case, gave an alignment with widely spaced,
but consistent homology, 68 residues being identical (Fig. 1). The
second sequence aligned was the E,aff subunits of the pyruvate dehy-
drogenase of Bacillus stearothermophilus. another a3, tetramer [10]
again organized as a combined single E,aff protein sequence. Not
surprisingly these two proteins had 98 residues in common. The third
sequence was the non-acetylating pyruvate decarboxylase of S cere-
visige [11]. In this case alignment was achieved again by eye, the initial
alignment being made by the juxtaposition of the consensus sequence

99



August 1993

YPVCFHHUFFRARIZG

11

>

KOLELGGHMAR™ &

FEBS LETTERS

Volume 328, number 1.2

h.mﬁ3? «m.m,b.j_! Fo0me wmﬁz.ﬂ Mwm.w,b?.ﬂ %%68

Oy WAL Yy A e WY TN GO LY v peapiie — QO

M e wy en VY oy e < N —~ N D PR W ] NN e

[N A S Ol oy o RO UWn M e ) W3 (0 ) O D)< [S3- ¥ M

¥l X Z >y > AT N oo 2 et e O3 o2 e ]

W3 L O wmeas  [ZaaE=] 0 O LD O

el e DR g Ot QR NI OWE -t (2 >0

oz o A N LA Z O LA (Nl YR 2 ]

s e e B O >l e 3 HOwax (SRR R = e [ )

P30 o B o2 g, fe X X 0o - DO Lo 3 e n>x

ool G 4 (M v MZ O D> OﬂEG e Bt TE L

SETD EERK 2> E ot OB R € <]

N W L Qo e (3 1t B Rowfzz] eoamx Y B X5 >0

[ RN Ol OO W mMA o e a2 3 0l S>>0

[z es 3 BwEem EOX A L b E O~ %

mNLEQA Vo wu>ax M%KG o R -

(SRS T %] e > 5 e v >k O v whPrawm U e X Toew

Sl >k e e S« 4 wE Eg=

ISl {5 A T aw N e < e XSS
RERORTY BRI 2O NGMGE v oo

o T O3 g O>aan Y oo w0

_rmll.waKIG m;.,&APK EY=NTY ) Dﬂlu. ﬁﬂl s [SRTEN
YQArEE B>z o (D JTJCA M Eo X OS] s AR
L EEo o o MVEID canox 5 OO BT X ot
0353 bt 4 12 >t PAXa 0w RZZ>r O L e o Oz << K
Etlooz o > g & O B E Sxo>a OBl O e AT X o

SKEAI VDAPE PKAIG ﬂ%&ﬁ@ IVPRM EV@NI GDV
ﬁTm CoU.aE 2o B > A< [EEET] = o 0 B oL 52

RS o O > MLE> A RS AR =y Sy g <z e S
e = Bvz > 0t e B NECNA | b Oz E[fe o -0z

@ O 0 U e A=A @Y efo Gl = PAE R SRR
£ 3 £y B E o o < ] e @ e aGREV R Brer t o
SlalEl wHezo TEXS v BONGE VAZemn ooma= El-al
ELELE

oo <o B 303 AL we>zmE [ afn T e = e
Oz 3 wWHnar TALU9 = ol >l

(2% ©

GTMWD nKm,@I QX XU EGWKT Ol R e O [e2ARS

B0 e PERtR7Y™ <z o KOO @ a0 <o w s <5

GU > O L bt 3 6 oMW E - wrzow [Os< Prresys o o

> 0 O OS> 00 0 0 RS HEOTNA  >aZO0A S bt e o<

ATt [ -[e]= > I I WO O HGHTL V= o [
o [ O || 2 2 @ o X el Lz

& O L 0 3 s O3 Ll T 3
L w1 OO > [ale Eoa e [CRI Ry 0 O O (Ao}
wEio 1 g3 oz g <0 TRLBN VUL < o

Lad

(SR e ol R d > O b L2 CE>O0 s U1 E OO

LLNENYHM@?\MPEGI\EEGIRKGL‘{KLETIEGSKGKVQLLGSCSI734

lﬂLmvlJ Mo oo o o1pad oflcuws B >uo

Ler 5 D> Fae Lo et O e B4 L2} D ok g LD AT ol ax p34 OO EGYY“ O

ol > Blefja= o>azx - e T guzmor e
O rend 3003 O E 2 B E3~ A S Eewee Tanze
[V - V-4 ER bRl | cf z e e [ - a) mimb - [P RY N AN e

Ux> o SR Taaxo UExEO EEKTA mia><  TocE T > wpd] Eﬂpz

o5 H P yoppen [ Eleyere) 0t S e >IEZ6 lw=d0 3 HNTS Z T o e

[ RS E 4 e 0o Ooe A ARG Rﬁ.L EFRVL nnm.hoo .VEKEAW X Gt 2B L3 LHOE O D

weoe Mo e i 23 CXoUuX 3} ey wd >t O> e X O g Y R Gav] R L

OE - Ee LN e 2] e 1] 6L B 1D BT RER o> J oL e VFV‘PE

ooz = mzloGo L E KL ) PR3- R Raas .wg D@2

EEEES PR _M_AAWHT <l 10 O nxolzz e HNAE

VE» WV [z e e o FAmes ELVD Uyl E A SN S o aja > O

Sz o E > om ) a1 T 3 AL O Z X 0u AT V)L Q4 e ] > D> e ZOowox

A 0T 2 @ST o B AN ) e Bl@gw

Zuvm O |0 o=>fla £ L B o D Bl 01 0 mOwn 1 O0 &

vma @ GRAE Ewwae mr..b 5w n e oz 1aeao

[T N3 PAZ Y-S fuend § X > el E L M e > e 7Y

[N e 10t @B [eal TR aE & S i) [eape s S o) e RSN ES R e 3Lt el

=g < = & e =2 fd = & & =& & = ,w MM bt HM L5

Ti ¥z Lio 84 Li g4 L gl L1 gt £L ogi 1. gl !

Zgowi T mm«wu Nme.,\. Bow i TBxar BTxzT ZExaE SoxmiL

K 328p
v 326
A 702

X
K
X

POH-EC AP AV[AISTD YMKLFAEQVRTYVPADDYRVLGTDGFTRSDSRERNLREHBIE
shaded.
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for the following amino acid sequences: PDH-H. human pyruvate dehydrogenase E,a and f; PDH-BS, B stearothermophilus pyruvate dehydroge-

Fig. 1. Alignment of TPP-dependent pyruvate decarboxylating enzymes with transketolase. The alignment was carried out as described n the text
nase E,a and B; TK, H polymorphu transketolase: YPDC, S cerevisiae pyruvate decarboxylase (in two segments 103-357 and 358-3563), PDH-EC,
E coli pyruvate dehydrogenase E,. A 77-amino acid segment 478-555 which does not align 1s omitted as indicated, as are the 50 C-terminal residues
837-886; identical residues are boxed. Residues thought to be involved erther m important binding or 1 catalyte roles within the active sitc are
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for TPP binding. When this was done, it became obvious that the yeast
pyruvate decarboxylase sequence had to be broken such that the
second half of the molecule aligned approximately with the E,a se-
quence, while the first half of the decarboxylase, starting at residue 1.
aligned with the human E,§ sequence. This gave an alignment which
was also close to linear, such that 31 residues were held in common
with transketolase, 43 residues in common with human PDH E,af and
33 1n common with the B. stearothermophilus enzyme. Finally the E,
of the Escherichia coli PDH complex [12] was aligned and this gave
44 identical residues to human E,, 40 identical residues to B stearo-
thermophilus E,, 48 with transketolase and 43 with S cerevisiae py-
ruvate decarboxylase. A short 77-amino acid non-homologous region
was deleted from the E coli sequence as indicated and the final C-
terminal 50 amino acid residues are not shown for the E coli sequence.
Computerized alignment by a variety of protein alignment algorithms
consistently failed to align functional domains as 1dentified below.

3. FUNCTIONAL DOMAINS PREDICTED BY
ALIGNMENT WITH THE TRANSKETOLASE
STRUCTURE

The region showing the most conservation amongst
these sequences was, as expected, the section concerned
with the binding of the pyrophosphate end of the cofac-
tor TPP. the consensus being GDG/A X**2*N/CN.

Since in transketolase these residues are concerned
with the co-ordination of a calcium ion with the pyro-
phosphate structure, it is reasonable to infer that cal-
cium, magnesium or a similar divalent cation is simi-
larly involved in TPP binding in the pyruvate decarbox-
ylating enzymes. Two further histidine residues required
for pyrophosphate co-ordination through hydrogen
bonding in S. cerevisiae transketolase [1] are probably
represented by H84 and H263 for human PDH Eqa,
H90 and H272 for B. stearothermophilus PDH E,a and
by Q161 and H335 for E. coli PDH. The most likely
residues for S. cerevisiue pyruvate decarboxylase are
Q368 and Q547 since there is no histidine in the vicintiy
and an amide can give a satisfactory hydrogen bond
with the phosphate oxygen residues. The serine residue
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next to H263 in human PDH E,« is one of the residues
which undergoes phosphorylation/dephosphorylation
in the vertebrate PDH complex, while the correspond-
ing histidine—threonine combination in B. stearothermo-
philus does not undergo phosphorylation [13]. A child
with severe lactic acidosis due to PDH E, deficiency was
shown by us to have an H263L mutation with only 2.5%
residual activity in the PDH complex [14]. This muta-
tion could have affected the pyrophosphate binding or
the serine phosphorylation site at S264. The aspartate
residue D382 in S. cerevisiue transketolase is also prom-
inent in the active site and has its equivalent at E295 of
the human sequence, E178 of the B. stearothermophilus
sequence. E198 of the decarboxylase and possibly Q454
in E. coli PDH E,.

Of particular interest is the thiazolium binding area
of transketolase and possible homologous regions of the
pyruvate decarboxylating enzymes that might serve a
similar function. In H. polymorpha transketolase this is
made up of F458, F461, Y464 preceeded by E433 which
co-ordinates the nitrogen atom of the pyridine ring [4].
This is almost identical spacing to the E418, F442, F445
and Y448 of the S. cerevisiue transketolase enzyme. The
glutamate residue is retained in human and B. stearo-
thermophilus PDH E,af at ES9f and E60p. respectively,
and the same function is probably served by D237 in S.
cerevisiae pyruvate decarboxylase (which is highly con-
served in this group of enzymes) [4]. The equivalent
thiazolium binding pocket for E,a8 is most likely to be
made up of F808, F83f4 and F858 for human, and F834,
F868 and Y88p for B. stearothermophilus. 1n the yeast
decarboxylase it is probably made up of Y2608, Y2645
and L2688, and in E. coli of Y345, Y348 and F351. The
branched-chain keto acid dehydrogenase E,f subunit
also has a similar motif of FXXYI/FF/Y, starting at
about 908 in a wide variety of organisms [14]. A strate-
gically placed histidine, 33 amino acids C-terminal to
the end of the thiazolium ring binding pocket, is thought

Asp
1670 o
Asn / Glu e_r?;
196 ¢ Gly 29 B
w 168c -
Ca ~ o) 3 val
\ ~ ¢
0 TN o pso Glus9p
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Glu | © s/ C N  Phe8O B
194 o © ¢ | ﬂ
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Fig. 2. Model of the thiamine pyrophosphate-binding site of human pyruvate dehydrogenase E,. Based on the homologies seen in Fig. 1 and the
published X-ray crystal structure of transketolase [1], a parallel model of the thiamine pyrophosphate-binding site in human pyruvate dehydrogenase
E, was constructed Residues belonging to the PDH-E,a subunit are designated o, while residues belonging to the E,8 subunit are designated 5.
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to be very important in the catalytic mechanism of the
transketolase [1]. This residue, which is probably instru-
mental in creating a reactive thiazole carbanion for re-
ceipt of the acetyl function, occurs at 481 in S. cerevisiue
transketolase and at 503 in Hansenula polymorpha
transketolase. For all the pyruvate and branched-chain
keto acid decarboxylating enzymes an HS combination
occurs about 40 amino acids downstream of the
thiazolium binding site [15], and this compelling homol-
ogy suggests that this histidine is the catalytic residue
which is held in common. No other histidine residues
are common to all sequences in this vicinity.

A possible model for the active site of human py-
ruvate dehydrogenase E, is shown in Fig. 2, incorporat-
ing the key amino acids mentioned above and exhibiting
marked similarity to the transketolase active site [1].
This model clearly shows that the function of the g
subunit of the a3, tetrameric enzymes is to bind the
thiazolium ring of TPP and to provide a key catalytic
histidine residue for the active site. It also shows that the
fundamental catalytic residues are present in similar
configurations in all of the enzymes considered, al-
though it is obvious that a splitting and rejoining of the
ancestral gene has taken place to create two enzyme
types, those with the TPP-binding site at the end of the
protein and those with this site at the beginning. Which
is the most primitive arrangement is impossible to say
at this point. Parsimony analysis programmes give dif-
ferent answers to this question depending on the para-
meters chosen for the analysis. However, simple consid-
eration of the homology between sequences as pre-
sented here suggests a close relationship between human
and B. stearothermophilus PDH E, enzymes with tran-
sketolase, while the relationship of these entities to E.
coli PDH E, and S. cerevisiae pyruvate decarboxylase
are more distant. The validity of this model will eventu-
ally be tested when resolution of the PDH E, structure
is revealed by X-ray crystallography and the impor-
tance of key residues revealed either by site-directed
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mutagenesis as has been shown for both E. coli PDH E,
[16] and for Zymomonas mobilis pyruvate decarbox-
ylase [17] around the GDGX** 2 NN thiamine pyro-
phosphate-binding motif. or by examination of natu-
rally occurring mutations in the human population [18].
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