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Thiamin Phosphate Synthase: The Rate of Pyrimidine Carbocation Formation
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thoroughly studied.Carbocations have been proposed as intermedi- )

ates in several enzyme-catalyzed reactions, such as the prenyl
transfer and cyclization reactions involved in terpene biosyntRésis,
the pyrrole tetramerization involved in porphyrin biosynthéslse
glycosyl transfer reactions involved in a wide variety of glycosyl-
ations® and, the topic of this communication, the thiazole/pyrimidine
coupling reaction involved in thiamin phosphate biosynth&$isis
reaction, catalyzed by thiamin phosphate synthase (TP-synthase),

is the penultimate step in the biosynthesis of thiamin pyrophosphate,F_ 1 Pre-steadv-stat duct § i ; IS d by TP-svnth
. L . . . igure 1. Pre-steady-state product formation catalyzed by TP-synthase
the active form of vitamin B All organisms that synthesize thiamin using HMP-PP and two HMP-PP analogusapds). (a) The structures

pyrophosphate haVe some form of this coupl_ing enzyme. Previqus of the three substrates used to probe the rate of catalysis by TP-synthase
structural and biochemical data suggest a dissociative mechanismare shown. (b) The concentration of product was quantified by taking

for TP-synthase (Scheme & Here we describe a study which  advantage of the oxidation of TP bysRe(CN)} under basic conditions to

allowed the direct measurement of the rate constant for pyrimidine Yi€ld the highly fluorescent compound thiochron?e (or thiochrome
b ior3 f . . . Kineti hod derivatives). (c) A pre-steady-state burst of product formation was observed
carbocatio ormation using transient state kinetic methods. upon rapidly mixing TP-synthase with an excess (M) of either HMP-

PP or MeO-HMP-PB and Thz-P (50@M). (d) Shown is a single-turnover
experiment using GGHMP-PP6 as a substrate. The reaction was performed
under the following conditions: [TP-synthase]100uM, [CFsHMP-PP]

= 300uM, and [Thz-P]= 80 uM.
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tion. This was accomplished by taking advantage of a change in
the intrinsic protein fluorescence upon addition of RPthe TP-
Prior to this work, the rate-limiting steps for catalysis by TP- synthase/TP complex (see Supporting Information). The burst
synthase were unknown; therefore, we sought to inspect the amplitude and the active site titration agreed well and indicated
formation of thiamin phosphate (TP) on the millisecond time scale that the enzyme co-purifies with slightly less;RRan TP. It is
under “burst” conditions in order to more clearly understand the also important to note that both the burst rate and the burst
kinetic pathway. As shown in Figure 1c (squares), a pre-steady- amplitude were independent of HMP-PP and Thz-P concentration
state burst of product formation was observed upon rapidly mixing under all pseudo-first-order conditions examined.
TP-synthase with an excess of HMP-PP and Thz-P in a chemical ~Observation of a pre-steady-state burst of product formation can
quench-flow apparatus. The reaction mixture for each time point often indicate that the overall rate constant for catalykig) (is
was quenched by the rapid addition of 0.25 M NaOH, and the limited by product dissociation. TP-synthase is no exception as the
amount of product was quantified by the oxidation of TP using rate constant for the dissociation of TP nearly fully links (results
KsFe(CN) to yield the intensely fluorescent thiochrome phosphate not shown). Therefore, probing the mechanism of catalysis by TP-
7 (Figure 1b) The data were fit by nonlinear regression to the synthase under steady-state conditions is not informative. The
following burst equation: evidence at hand suggests that the observed rate of the burst phase
is largely a measure of a single irreversible step. Several possibilities
exist regarding the identity of this step and may likely be narrowed
to pyrimidine carbocation formatio, pyrimidine carbocation
trapping by the Thz-P, or a conformational change of the protein.
To differentiate between these, the sensitivity of the burst phase
rate to carbocation stabilizing (methoxy) and destabilizing (tri-
TP-synthase that co-purifies with FRf the reaction to form TP fluoromethyl) groups was determined. If the rate of the burst phase
is irreversible at the active site, the amplitude € 21.9+ 0.5 is limited by carbocation formation, we anticipate a large substituent
uM) of the burst phase should be nearly equal to the active enzymeeffect (i.e., methoxy> trifluoromethyl). In contrast, if the rate of
concentration. However, in this case, an additional level of the burst phase is limited by carbocation trapping by Thz-P, we
complexity exists because the enzyme co-purifies with a fraction predict a small and opposite substituent effect (i.e., methexy

[Product]=A(1— e ™)+ kt+C

A burst phase ratelf of 0.394 0.02 s and a steady-state phase
rate ksJ[E]) of 0.0125+ 0.0005 s* were obtained. The nonzero
value for [TP] in thet = 0 time point results from a fraction of

of product bound (both TP and PPTherefore, the sum of the
amplitude and ther-intercept C = 5.3 £ 0.3 uM) is ~equal to

the enzyme concentration used in the burst experiment. To
investigate this matter further, an active site titration was performed

trifluoromethyl). A conformational change is likely to be relatively
insensitive to the pyrimidine substituent (i.e., methexyrifluoro-
methyl).

Data from a burst experiment performed with MeO-HMP 9P

using the burst amplitude as a measure of active enzyme concentraare shown in Figure 1c (circles). The observed burst phase rate
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Figure 2. Analysis of the substituent effect on the TP-synthase-catalyzed
reaction. (a) Comparison of theyB solvolysis ofp-substitutedert-cumyl
chloride derivative$ to the &2 displacement of benzyl chloride derivatives

9 and to the reaction catalyzed by TP-synthase. (b) Hammett plot (logarithm )
(kobdkme) Versusopt) of the model |2 displacement reactions (squares),

0. o
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the model |1 solvolysis reactions (triangles), and the enzymatic reactions O-'“P\O-

(circles). A linear fit to the enzymatic reaction data gives\alue (slope) o:,:g__o:____________ H—N

of —3.14+ 0.20. \ H/ =
o hl =N

(6.2+ 1.0 s'1) was 16 times greater than that observed for HMP- 3.03A T
PP. The steady-state rate also increased, although only by a factor )

of about 3. and is likelv due to an increase in the rate of dissociation Figure 3. Structure of TP-synthase with the bound pyrimidine carbocation
! y intermediate (PDB ID 1G67). (a) Stereoview of the active site (cross-eye

of methoxythiamin phosphate from the active site. The reaction yiewing). (b) Schematic representation of the key active site interactions.
using CR-HMP-PP6 was extremely slow, and it was necessary to ) A
carry out this reaction under single-turnover conditions ([TP- 3. On_e of the pyrophospha_lt(_e oxygen atoms Is Iogated 3.03 A from
synthasep [Thz-P]) to accurately measure catalysis (Figure 1d). the nitrogen of the pyrimidine amino group. T,h',s suggests that
The reaction proceeded to completion in a monophasic fashion andProton transfer or hydrogen bonding of the pyrimidine amino group
was analyzed by fitting the data to a single-exponential equation to the pyrophosphat_e oxygen plays an important role in stabilizing
([Product]= A(1—e*) + C) to obtain an observed rate of (3.01 the bound carbocation. ) ) .
+0.23)x 10-4s°L. The relative rates of reaction for GB-HMP- The TP-synthase-catalyzed reaction proceeds via a carbocation
PP, CH-HMP-PP, and CEHMP-PP were 16, 1, and 77 10-* intermediate. The high stability of this intermediate, relative to that
resioectively. ' Y ' of other enzyme-bound carbocations, makes this enzyme a uniquely

A Hammett plot for these substituent effects is shown in Figure '([jractab!e exhperlmental systﬁm. This St?b'l'ty h;,‘s enabletli us tg
2b. Also shown is a plot for the solvolysis td#rt-cumyl chloride etermine the structure of the enzyme intermediate complex an

derivativess, a well studied reaction that proceeds via a carbocation e rate constant for carbocation formation at the active site.
intermediate, and a p|0t for theJSdispIacement reaction of benzyl Acknow|edgment. This research was Supported by NIH grants
chloride derivative® (Figure 2a):°-12 These plots demonstrate that DK44083 to T.P.B. and DK67081 to S.E.E.

the enzymatic reaction shows similar sensitivity to carbocation
stabilizing/destabilizing substituents as tkert-cumyl chloride
system pen; = —3.14 £ 0.20, pmogel = —4.02) and the opposite
sensitivity to the benzyl chloride substitutiop € +0.73). This
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