
required to  explain fully the  persistence of 
the  disease in a llletapopulation where there 
is n o  inilux from an  external source (5) .  

In  summary, inclusion of a more realis- 
tic infection period in  chiliihood disease 
models generates the  high-frequency puls- 
illg seen in  the  real data and produces 
Inore realistic levels of persistence, as re- 
flected in  the  lower C C S .  This  improved 
fit is likely to be a generic result for infec- 
tions that  occur as self-extinguishing epi- 
demics. More generally, this well-docu- 
nlented example underlines (25)  the  idea 
that  the  assumption of constant transition 
rates (and therefore exponentially distrib- 
uted times), which is often made in ecol- 
ogy, may need to  be reevaluated if we are 
to  fully understand patterns of stochastic 
fl l~ctuations and extinctions. 
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How Thiamine Diphosphate Is 
Activated in Enzymes 

Dorothee Kern,*-! Gunther Kern,? Holger Neef, Kai Tittmann, 
Margrit Killenberg-Jabs, Christer Wikner, Gunter Schneider, 

Gerhard Hubner 

The controversial question of how thiamine diphosphate, the biologically active form of 
vitamin B,, is activated in different enzymes has been addressed. Activation of the 
coenzyme was studied by measuring thermodynamics and kinetics of deprotonation at 
the carbon in the 2-position (C2) of thiamine diphosphate in the enzymes pyruvate 
decarboxylase and transketolase by use of nuclear magnetic resonance spectroscopy, 
proton/deuterium exchange, coenzyme analogs, and site-specific mutant enzymes. 
Interaction of a glutamate with the nitrogen in the 1'-position in the pyrimidine ring 
activated the 4'-amino group to act as an efficient proton acceptor for the C2 proton. 
The protein component accelerated the deprotonation of the C2 atom by several orders 
of magnitude, beyond the rate of the overall enzyme reaction. Therefore, the earlier 
proposed concerted mechanism or stabilization of a C2 carbanion can be excluded. 

Coenzymes exert their catalytic activity 
after binding to a specific protein compo- 
nent.  Therefore, it is crucial to understand 
how the  reactivity of distinct groups of co- 
enzymes is increased hy interaction with the  
protein. 

T h e  coenzyme thiamine diphosphate 
(ThDP; Fig. I ) ,  the  biologically active deriv- 
ative of v i ta~nin B,, is used b\- different en- 
zymes that perform a a ide  range of catalytic 
functions. These include decarhoxylation of 
2-oxo acids and transketolation. Althoueh 
the free coenzyme can assist some of these 
reactions, the  protein environment potently 
accelerates the overall enzyme reaction hy up 
to a factor of lC1', as determined for pyru- 

vate decarboxylase (PDC; E.C. 4.1.1.1) (1  ). 
T h e  reactive C2  atom, located between the 
nitrogen and sulfur in the thiazolium ring, is 
the nucleophile that attacks the carhonyl 
carhon of the different substrates (2) .  For 
this reaction, the C2-ThDP atom must be 
activated by the enzyme environment. T h e  
deprotonation of C 2  (Fig. 1)  is the key reac- 
tion, because (i)  this initial reaction is the 
only common step for all T h D P  enzymes and 
(ii) the rate constant for this C-H dissocia- 
tion is far too s ~ l ~ a l l  in the  free coenzyme 
compared with that of the entire enzyme 
reaction (3). T h e  C2-ThDP activation in 
enzymes has been discussed for decades. In 
an  early model, stahilization of ThDP C2- 
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carbanion in the enzyme-bound state aas  
proposed (4). In contrast, a fast dissociation 
of tlie C2 proton in the enzyme-hound state 
could also explain the rate of the enzyme- 
llleJiatec1 reaction (5) .  In a third model, a 
concerted pathmy for the addition step of 
the substrate \\.as descril~ed (6). Crystallo- 
graphic studies of several ThDP-dependent 
enzvmes 17-1 2 )  have revealeil the molecular 
frame~vork for enzymatic thiamin catalysis 
and, together with site-clirected mutagenesis 
(1  3), have identified an invariant glutamate 
as a keT- feature in ThDP catalysis. Holvever, 
the mechanism of cofactor activation could 
not be unambiguously elucidated. 

To  address this question, Lve analyzeil 
the thermodynamics and kinetics of the 
cleprotonation at C2 of ThDP in the en- 
zymes PDC and transketolase ITK: E.C. 
2.2.1.1) by nuclear magnetic resonance 
(NhlR)  spectroscopy. In addition, yeast 
PDC offers the possibility to study the 
mechanism of allosteric enzyme activation, 
hecause it is activatecl by its substrate (14, 
15). 

Apo-PDC tightly binds its c o e ~ ~ z y ~ x ~ e ,  
ThDP, at pH values below 6.5, forming a 
240-kD tetrarneric en;\-me n.hic11 contains 
four ThDP/Mg2+ complexes ( 1  6). T o  study 
ivhether the protein shifts the eiluilihrium 
to detectable amounts of the C2 carbanion 
or whether the C2 relnains protonateil on  
the enzyme, we synthesized '3C2-Tl~DP, re- 
colnbilleJ the lalleled coenzyme wit11 apo- 
PDC, and recorded the "C NMR spectra of 
the l~oloenzyme ( 17). The 'C-NhlR spec- 
trum of PDC with 13C2-labelei1 ThDP 
shows a ilistinct signal at 155  parts per 
nlillion (ppm) that is lnissing in a spectrum 
of PDC containing the unlabelecl coen;yme 
(Fig. 2).  All other sigllals were identical in 
both spectra (data not shown). The signal 
at 155 ppm has the same chemical shift as 

L L 

the I3C2 signal of the free coenzyme, \vhich 
is completely protonated in its C2 position. 
From these measurements, we conclude 
that the enzyme-bound ThDP does not es-  
ist as a discrete carbanion interlnediate in 
detectable a m o ~ ~ n t s  In PDC, but rather pre- 
vails m its protonated form. 

To study ~vhether thls eiluilil~rium is 
shifted upon substrate activation, we used 
the nonconvertible substrate surrooate 
yyruvamiile, which induces the active state 
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conformation hy billding to the regillatory 
site (1 5) .  In the presence of pyrilvamiile, 
the signal at 155 ppm in the 13C2-ThDP 
containing PDC remains unchanged (Fig. 
2C). Conclusively, the C2 is still proton- 
ated in the activated state. 

Therefore, in the enzyme-catalyzed reac- 
tion, the addition of the carbonyl group of 
the substrate to C2 of ThDP requires either 
a fast dissociation of the C2 proton or a 
concerted mechanism. T o  discriminate he- 
t ~ \ ~ e e n  these two possibilities, the proton/ 
ilei~terium (HID) exchange kinetic> of the 
proton bound to C2-ThDP in PDC were 
deterruined by 'H-NMR (18). Fiyure 3 
sho~vs the time-dependent decay of the 

C2-H signal (9.55 pprn) of ThDP resulti~lg 
from the C2 H/D exchallge of the coenzyllle 
in the enzyme. The Jeprotonation in the 
en:yme-boi~nil ThDP is accelerated by a 
factor of 1L7' compareil with that of free 
ThDP under the sanle conditions (Tahle 1 ) .  
Ho~vever. this rate constant is still one or- 
der of magni t~~de  too small to allow the 
enzyme catalysis to proceed at the ohserved 
catalytic constant of 10 sC1 at 4°C for 
each active site. Because the kLCli value rep- 
resents the rate constant in the activateil 
state, 1%-e also measureil the kinetics of H/D 
eschange for C2-H of ThDP in the pyruv- 
amide-activated PDC. The exchallge \%-as 
already complete within the shortest mix- 

EIQ, EIA mutants Fig. 1. The coenzyme TnDP is 
ThDP (N3-pyridy-ThDP) shown with the deprotonaton step, 

common In all ThDP-dependent 
enzymes. Arrows r?d~cate groups 
altered to eluc~date the ~nechansm 

cH2.,-H2.0.p206H3 of cofactor act~vat~on: double ar- 
rows nd~cate the deprotonat~on 
step ~nor?~tored drectly by 'C and 
' H - N M R  spectroscopy. E!Q and TH 1 I 'ID exchange EIA refer to subst~tut~ons of the 
consenled glutamate to glutamne 
In PDC and alar?lt?e n TK 

Fig. 2. Evldence for the protonat~on 
state oi the C2 carbon of ThDP I ?  

nonact~vated and act~vated PDC. 
Expanslor? of 'H-decoupled 13C- 
N M R  spectra of unlabeled (A) and 

* 13C2-ThDP labeled yeast PDC II? 

the absence (B) and In the presence 
(C) of 100 mM pyruvamde. The sg-  
nal of '"2-ThDP IS marked w~th an 
aster~sk and shows the salne 
chem~cal sh~ft as the protonated C2 

C 
carbon n free ThDP The other s g -  
nals orlg~nate from the natural 
abundance of '% In the protell? and 

* relate to the carbonyl carbons (1 70 
to 185 ppm), to the Cb of arginine 
and C4 of tyrosine (1 55 to 157 ppm), 
and to some aromatc carbons (1 25 
to 135 ppm). These s~gnals were 
used to quantify tlie signal of C2- 

B ThDP. The truncated s~gnals n (C) 
originate from pyruvamide in t s  de- 
hydrated and hydrated state. 

I \ 

I3C Chemical shift (ppm) 
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Fig. 3. K~net~cs of H/D 
exchange of ThDP C2-H 1 
in yeast PDC (18). The 
'H-NMR spectra are ex- 
pansions showing the 
ThDP signals C2-H (9.55 
ppm) and C6'H (7.85 
ppm), the latter serving 

as a nonexchanging 
standard for quantlflca- HID exchange time (s) 
t~on. To obta~n the de- 

order react~on (Inset). 
I I 

9.50 9.00 8.50 8.00 
where A2, IS the Integral 

'H Chemical shift (ppm) 
of the s~gnal of the C2 
proton at tme i, A2, IS that of the C2 proton after complete exchange, and A6' IS that of the C6' proton. 

ing tilne of the  quench-flow apparatus (2  
ms),  resulting in a deprotollation rate which 
is a t  least three oriiers of mag~litude higher 
than that of the llonactivated enzyme (Ta-  
ble 1) .  This she\\-s that the C2-H dissocia- 
tion-the crucial step in catalysis-1s not  
rate lirnlting in activated yeast PDC, \\,here- 
as it is rate lilllitillg in the enzyme lacking 
allosteric activation. T h e  acrivatlon process 
in yeast PDC is accolnplished by an  in- 
crease in the  C2-H dissociation rate of the  
enzyme-h;lunii coenzyme ThDP.  This mod- 
el was substa~ltiated by lneajuring the  H/D 
excha~lge of C2-H of T h D P  in PDC from 
%?momonas inobilis, ~vh ich  sho~vs n o  sub- 
strate activation (19).  As  expected for this 
model, the depro tona t io~~  rate in Z .  n~obilis 
PDC is aha\-e its kc-,, of 17 s p l  at 4°C for 
each actwe site (Tahle 1 )  and is not  altered 
by pyruvarnide. 

T o  investigate whether the rnecha~ l~sm 
of ThDP activation is identical in other 
ThDP-dependent enzymes, H/D excha~lge 
experiments n-ere performed x i t h  TK,  
\\-hlch has a different substrate and reaction 
specificity. I11 fact, t he  conllnon initial step 
in ThDP-mediated catalysis, the  C 2  depro- 
tonation, is again not rate limiting ( kc , ,  = 8 
s p l ) ,  as observeci for PDC (Tahle 1). 

T h e  crystal structures of the ThDP- 
depende~l t  enzymes PDC (7,  12) ,  transke- 
tolase (8 ,  9 ) ,  and pyruvate oxidase (1 0, 1 I )  
show that the  side cham of a gluta~uic acici 
is \vithin a short distance of the  K1 '  nitro- 
gen of the  pyrilnldille ring, ind lca t l~~g  for- 
luatioll of a hydrogen bond. Studies invo1~-- 
ing T h D P  analogs in varlous ThDP-depen- 
dent enzymes point to a requirelnent for the  
N1' atoll1 anil 4 ' -NH2 group of T h D P  for 
catalytic activity (2?, 21 ). O n  the basis of 
these finclings, it has been proposeil that the  
i~l teract io~l  between the  glutamate and the  
N1 '  nitrogen enables the 4'-amino group to  
react in the  proton translocatioll step (21, 
22). I11 contrast, it has been argued that 
~leither the glutamate-N 1 ' interactio~l nor 

the  4'-NH1 g r o ~ ~ p  significantly contributes 
to the activation of ThDP,  but rather that a 
hase in the active site deproto~late j  the C2  
(6 ) .  

T o  address this question, this glutamate 
and the  closest base to C2  were mutated 
(23) ,  and in adiiition, cofactor analogs lack- 
ing the  4'-amino g r o u ~ ~  or the E l '  were 
ill!-estigated. 

T h e  slow dissoclatioll rate of C2-H in 
the  glutamate nlutants (Table 1 )  suggests 
that this glutamate is indeed involved in 
the  proton abstraction mechanism of the  
enryme-bound T h D P  (24) .  In  contrast, the 
m u t a t i o ~ ~  of the closest hase to C2  in TK, 
His4" + Ala ( H q d l A ) ,  does not alter the  
rate of deprotonatloll (Tahle 1 ) .  Therefore, 
a nlechanislu in which His4" 1s assumed to 
be the  hase for C 2  proton abstraction (8) 
can be ruled out. X-ray structures of TK and 
its mutants shol\- identical cofactor binding 
and no structural change of the  protein 
component (1 3 ) .  

T o  unra\-el the f ~ ~ n c t i o n  of the  4'-NH, 
group, TK was reconlbined with either the  
4'-desamino for111 (25) or the N3'-pyridyl 
T h D P  analog (26) ,  whereas PDC could 
only l ~ e  stuilied x7-it11 4'-desamino-ThDP be- 
cause of the  weak bindlny of K3'-pyrid7.1- 
ThDP.  Both lnodificatiolls of T h D P  result 
in ~nact ive  enzymes and in a lnarkedly de- 
creased deprotonatio~l rate of C2-H com- 
pared with the  enzymes co~ltainlllg the nat- 
ural coenzyme (Tahle 1 ) .  Structural chang- 
es were not detectable by x-ray crystallog- 
raphy (27).  This establishes the essential 
functioll of both the 4'-amino group and 
the  N 1 '  in the cieprotonation step. 

W e  provide a clear and co~lsistent model 
for the  activation of T h D P  in ThDP-depen- 
dent enzymes ancl for allosterlc regulation of 
the  yeast PDC. T h e  directly determined C 2  
deprotonation rates show that a concerted 
mechanism, \vl~ich was suggested o n  the  
hasis of indirect measurements of C2-acti- 
vation in  T h D P  (6 ) ,  iloes not  have to  be 

Table 1. Pseudo-f~rst order rate constants for 
deprotonation of C2 In free and enzyme-bound 
coenzyme n 50 mM phosphate buffer at 4% 
PDC samples were measured at pH 6.0 and TK at 
pH 7.0. The experments for determnation of the 
rate constants are descrbed n Fig. 3.  

Sample Rate constant 
(s-'1 

Free ThDP (pH 6.0) 9.5 2 0.4 x lo-" 
Free ThDP (pH 7.0) 3.0 2 0.1 x 10-a 
Free 4'-desamno-ThDP 1.2 -t 0.1 x 1 0 -a  

(pH 6.0) 
Free 4'-desamno-ThDP 3.2 -t 0.1 x 1 0-3 

(pH 7.0) 
Free N3'-~vrdv-ThDP 1.6 -t 0.1 x lo-' , , 

(pH 7.0) 
Yeast PDC ( w d  type) 9.7 2 0.9 x lo- '  
Yeast PDC (wid type), >6  x loi 

pyruvamde-actvated 
Yeast PDC E51Q mutant 7.6 2 0.6 x lo-' 
Yeast PDC E51 Q mutant. 1.7 2 0.2 

pyruvamde-actvated 
Z, mobilis PDC 1.1 2 0.2 x 10: 
Yeast PDC recombned w~tb 3.4 2 0.1 x lo-" 

4'-desamino-ThDP 
TK ( w d  type) 61 2 2  
TK E418A mutant 3.7 2 0.1 x 10-I 
TK H481A mutant 61 2 2  
TK recombned wlth 9.5 2 0.1 x lo-" 

4'-desamno-ThDP 
TK recombined w~th 1 . 6 2 0 . 2  x lo-"  

N3'-pyr~dyl-ThDP 

assulued to explain catalysis. LWashabaugh 
and co-11-orkers (6)  lneasured much slolr-er 
C2-H exchange rates for yeast PDC.  H o n -  
ever, the  experilnental co~lditions used were 
not  appropriate for deterlnillation of activa- 
tion of T h D P  in the e~lzyme-bound state 
128). 111 addition. our data from the T h D P  , , 

analogs sl~o\\-  that the  N1 '  atom, as well as 
the 4'-NH, group, is essential for the  acti- 
vation of ThDP,  \\-hich colltradlcts previ- 
ously published assumptions (6) .  

T h e  presented data support the  follow- 
ing nlechallisrn of the essent~al cieprotona- 
tion ster of the  C 2  atom in ThDP-deoen- 
dent enzymes. I11 the enzyme-bou~ld state, 
the  C 2  proton of T h D P  is undissociated, as 
in free ThDP.  Hoxvever, the  protein com- 
ponent dramatically accelerates the  depro- 
to~lat ion.  ~ r o d u c i n e  a11 lnternlediate C 2  u 

ca rban~on  \\-it11 a short lifetime. Fast depro- 
tonation of C 2  reiluires illteraction of a 
glutamate ~ v i t h  N1' in the  pyrimidine ring, 
leading to an  increased basicity of the  4 ' -  
a lui~lo  group. 
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Microtubule Architecture Specified 
by a P-Tubulin lsoform 

Elizabeth C. Raff," James D. Fackenthal,? Jeffrey A. Hutchens, 
Henry D. Hoyle, F. Rudolf Turner 

In Drosophila melanogaster, a testis-specific p-tubulin (p2) is required for spermato- 
genesis. A sequence motif was identified in carboxyl termini of axonemal p-tubulins in 
diverse taxa. As a test of whether orthologous P-tubulins from different species are 
functionally equivalent, the moth Heliothis virescens p 2  homolog was expressed in 
Drosophila testes. When coexpressed with p2, the moth isoform imposed the 16- 
protofilament structure characteristic of that found in the moth on the corresponding 
subset of Drosophila microtubules, which normally contain only 13-protofilament mi- 
crotubules. Thus, the architecture of the microtubule cytoskeleton can be directed by a 
component p-tubulin. 

I n  eukaryotic cells, microtubules form di- 
verse structures that  are used for many 
different functions. Wi th in  each microtu- 
b!lle array, there are two levels of supramo- 
lecular organization: the  architecture of 
each individual microtubule, determined 
by t h e  number and arrangement of proto- 
filaments, and  the  o ~ e r a l l  morphology of 
the  microtubule array, for example, a n  
axoneme or a spindle. Morphogenesis of 
each structure depends both  o n  interac- 
tlons between oc- and p-tubulln het-  
erodtmers and o n  lnteractlons between tu- 
b ~ ~ l i n s  and  other proteins. I n  vertebrate 
p-tubulins, isotype-defining variable re- 
gions ( in  particular t h e  COOH-terminus) ,  
which ha\-e diverged among different iso- 
forms in  a gene family but are conserved in  
orthologs "from different species, have 
been postulated to  have a n  important role 
in  conferring the  functional specificity of 
each class of isoforln (1 ). W e  pre~ ious ly  
demonstrated the  validity of this hypoth- 
esis by showing that  the  unique C O O H -  

terminus of the  Drosophila melmogaster 
testis-specific P2-tubulin isoform is re- 
quired for tissue-specific functions, incluii- 
ing morphogenesis of the  motile axo- 
nelne ( 2 ,  3 ) .  Spermatogenic-specific mi- 
crotubule functions cannot  be p r o ~ i d e d  by 
P3, another Drosophila P-tubulin isoform 
normally used during differentiation of a 
variety of somatic cells (3, 4) .  

Vertebrate P-tubulin orthologs in  dif- 
ferent species are conserved in  structure 
and have similar expression patterns, sug- 
gesting tha t  they perform similar functions 
(1 ). If this   nod el is true for other groups of 
organisms of similar evolutionary relation- 
ship, then  the  P2 ortholog from another 
insect should be better able to  f ~ ~ n c t i o n  i n  
t h e  Drosophila male germ cells t h a n  t h e  
paralogous P3 isoform. ii c D N A  from the  
moth  Heliothis virescens was reported that  
represents the  gene for a testis-specific 
P-tubulin ( H v p t )  whose expression pat- 
tern  suggested it t o  be the  moth  P2 or- 
tholog (5). W e  sequenced the  H v P t  clone 
and c o m ~ a r e d  the  ~ r e d i c t e d  amino acid 

Depafllnent 0' Boog)' and nd'ana Molecular B'oogy "qUence lyith D r o s o ~ h i l a  p-tubulins. 
Institute, Indiana Universitv, Bloorninuton, IN 47405, COOH-termini  of H v p t  and  P2 were 
USA. more similar t o  each other than  t o  t h e  
'To whorn correspondence should be addressed. E-mail, other  Drosophila P-tubulins and  exhibited 
era3Qbo. nd'ana.edu t h e  same relative similarities to  the  other 
-:Present address: Depa4rnent of Molecular Genetics 
and C e  Biology, Un~verslty of Chicago, Cii,cago, 1~ Drosophila isoforms (Fig. l A ) ,  suhstantiat- 
60637. USA. ing that  H v p t  is orthologous to  P2. Holy- 
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