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The complex [SnMe,(HTDP)(H,0)]CI-H,0, synthesized by reaction between dimethyltin(IV) dichloride and thiamine
diphosphate hydrochloride (HsTDPCI) in water, was characterized by X-ray diffractometry and IR and Raman
spectroscopy in the solid state, and by electrospray mass spectrometry (ESMS) and NMR spectroscopy (H, *3C,
31p, 1199n and inverse-detection H,**N HMBC) in aqueous solution. In the solid state the HTDP~ anion chelates
the metal via one oxygen atom of each phosphate group [Sn—O = 2.062(3), 2.292(3) A], and another oxygen
atom belonging to the terminal phosphate links the SnMe,?* cations into chains. The tin atom has distorted octahedral
coordination involving the trans methyl groups, the above-mentioned diphosphate oxygen atoms, and the oxygen
atom of the coordinated water molecule. The thiamine moiety has F conformation. NMR studies suggest that the
interaction between the organometallic cation and the HTDP~ ligand persists in D,O solution, which is in keeping
with the ESMS spectrum showing a peak corresponding to [SnMe,(HTDP)]. Both in the solid state and in solution,
the acidic HTDP~ proton in the complex is located on the N(1') atom of the pyrimidine ring. The enzymatic behavior
of native pyruvate decarboxylase (EC 4.1.1.1, PDC), obtained from baker's yeast, was compared in a coupled
assay with that shown by the “SnMe,-holoenzyme” created by incubation of apoPDC with [SnMe,(HTDP)(H,0)]-
Cl-H,0. The SnMe,-holoenzyme exhibited about 34% of the activity of the native enzyme (with a Michaelis—
Menten constant of 2.7 uM, as against 6.4 uM for native PDC), so confirming the very low specificity of PDC
regarding the identity of its metal ion cofactor. In view of the observed protonation of N(1'), it is suggested that the
role of divalent cations in the mechanism of thiamine-diphosphate-dependent enzymes may be not only to anchor
the cofactor in its hinding site but also to shift the acidic proton of HTDP~ from the diphosphate group to N(1');
protonation of N(1') is widely believed to be important for enzyme function, but the origin of the proton has never
been clarified.

1. Introduction in the coordination chemistry of thiamine diphosphate

All thiamine-diphosphate-dependent enzymes also require(HZTDP when formulated as shown, as a double zwitterion).

divalent metal ions M(Il) for their activity,the complex (1) (a) Departamento de Quica Inorgaica, Facultade de Farmacia,

formed by M(ll) and the thiamine derivative being the true Universidade de Santiago de Compostela. (b) Universidade™de Sa
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(2) Schellenberger, ABiochim. Biophys. Actd998 1385 177.
*To whom correspondence should be addressed. E-mail: giscasas@ (3) Blake, R., Il; O'Brien, R. B. G.; Hager, L. Rl. Biol. Chem.1982
usc.es. 257, 9605.

10.1021/ic0351141 CCC: $27.50 © 2004 American Chemical Society Inorganic Chemistry, Vol. 43, No. 6, 2004 1957
Published on Web 02/19/2004



Casas et al.

ligands in the new complex are thiamine diphosphate and
water, suggests that the structure of the complex may be more

CH3 relevant to the native enzyme than those of the two previous
o crystallographically characterized comple®é€gone of these
5p |F!1 |F!2 contained a phenanthroline ligand foreign to the native
Y o l\o/ l\o- holoenzyme and the other was a trinuclear complex with oxo
o OH and hydroxo ligands). In particular, the finding that in the

new complex N(J) is protonated both in the solid state and

Studies have mainly addressed the formation equilibria of in solution suggests that induction of the protonation of this
its complexes with metal catioisind the structures of these  Nitrogen (a putatively essential but ill-clarified step in the
complexes in solutioR:NMR measurements and other data catalytic proces§)may constitute a second major role for
suggest that thiamine diphosphate binds to metal ions in M(ll) cations in the mechanism of thiamine-diphosphate-
solution via both the diphosphate group and also, except independent enzymes.

a rhodium(lll) complex, via the pyrimidine N{llatom>' By
contrast, very few complexes between thiamine diphosphate
and metal ions have been isolated and characterized in the Methods and Materials. Elemental analyses, IR and Raman
solid stateb and in the only two that have been studied by spectra, andH, **C, 3'P and**Sn NMR spectra were obtained as
X-ray diffractometrysad thiamine diphosphate is bound to described_elsewheﬁémverse detection 2BH,>N HMBC spectra
the metal ion only via the diphosphate group. It is this latter VA"I‘\eAr; %gté‘"mv‘ljRW'stEZEt:gr':]aett‘érra:]2::;”2?'}ﬁi;ggogr;(azg:nirgl:sge
binding mode that has been observed in all X-ray crystal- : .
Iograp%ic studies of thiamine-diphosphate-deper{derxllt en-and operating at 50014 MHZH) and 50.69 MHz {N), with *H

- . . ) .~ signals referred to DSS arfiN signals to external neat GNO,
zymes] and it is on the basis of these studies that it is (s1sy = 0); samples were run inD solution in 5 mm o.d. tubes.

commonly assumed that the only role of the M(ll) cation in ~ Egjectrospray mass spectra (ESMS) were obtained using a
the mechanism of the enzyme is to anchor the thiamine Hewlett-Packard HP1100 mass spectrometer in positive ion mode,
diphosphate molecule in the active site. with a quadrupole as analyzer. A510-3 M solution of the sample

We describe here the synthesis of the new thiamine in 5:5:1 v/v/v methanol/water/acetic acid was automatically injected
diphosphate derivative [SnM@& TDP)(H,O)]|CI-H,0, its into the spectrometer with a flow rate of 0.2 mL minNitrogen
structures in the solid state and in water, and the results ofwith a flow rate ¢ 7 L min~* was employed both as drying gas
kinetic experiments showing that when [Sni(l¢TDP)- (te_mperature_325(:) and nebulizing gas (_n(_abul_izer pressure 30
(H,0)]CI-H,0 is incubated with apoPDC (PD€ pyruvate p_5|). The capillary voltage was 4.0 kV._ Collision-induced dissocia-
decarboxylase, EC 4.1.1.1), the resulting “SaMeloen- tion .(CID) voltages were typically varied from 10 to 200 V The

; . A . . . relative molecular masses of the metal-containing species were

zyme” retains a significant proportion of the catalytic activity

. . calculated assuming tin to B&°Sn. Theoretical isotope patterns
of the native enzyme despite the methyl groups on the metalwere calculated using the program ISOPRO 3.0 [MS/MS Software,

atom. This evidence of the relative innocuity of the methyl gynnyvale, CAJ: agreement between observed and calculated
groups, and the fact that apart from these groups the onlyisotope distribution patterns was excellent for all the major peaks.
Thiamine diphosphate hydrochloride {HDPCI) (Sigma) and

2. Experimental Section

(4) (a) Katz, H. B.; Kustin, KBiochim. Biophys. Actd973 313 235. ; ; ; ; ; ;
(b) Taqui Khan. M. M. Amara Babu, ML, Inorg. Nucl. Chem1978 dlmethyltm_(IV) dichloride (Aldrich) were used as suppl_led.
40, 2110. (c) Taglioni, J. P.; Fournier, Biochimie1979 61, 1055. Synthesis of [SnMg(HTDP)(H;0)]CI-H0. A solution of
(d) Davidenko, N. K.; Bukivskaya, G. A.; Parkhomento, Yu.Kbord. HsTDPCI (0.10 g, 0.22 mmol) in 3 mL of water was brought to

Khim. 1989 15, 1059. (€) Micera, G.; Sanna, D.; Kiss, E.; Garribba, pH 5.6 (the optimal pH for PDC activity) by addition of 0.5 M

E.; Kiss, T.J. Inorg. Biochem1999 75, 303. . .
(5) (a) White, W. D.; Drago, R. Snorg. Chem1971 10, 2727. (b) Gallo, aqueous NaOH, and it was then stirred foh and added to a

A. A.; Hansen, I. L.; Sable, H. Z.; Swift, T. J. Biol. Chem1972 solution of dimethyltin dichloride (0.06 g, 0.22 mmol) in 3 mL of
g‘_ﬂ. }1591919(70% 3G7ra5"éj§’(<'§')'é';uH°XgRt°'§,’ EI' LH \/Z?egférl,%l;- J. water. The new solution (pH 1.5) was brought to pH 5.6 with 0.5
lochem y . allo, A. A.; Sable, H. 4l. biol. em. :

1975 250, 4986. (e) Williams, P. A. M.; Baran, E. J. Inorg. Biochem. M aqgeous NaOH.and stirred rfd h at rqom temperature. The,
199Q 38, 101. (f) Lautens, J. C.; Kluger, R. Org. Chem1992 57, resulting clear solution was kept in the refrigerator for 5 days, giving
6410. (g) Ferrer, E. G.; Etcheverry, S. B.; Baran, Ard. Asoc. Qlm. white crystals suitable for X-ray diffractometry. Yield: ca. 34%.
Argent.1998 86, 146. ~ 3 . .

(6) (@) Aoki, K.. Yamazaki, HJ. Am. Chem. Sod98q 102 6879, () P ~ 280°C. Anal‘ Caled fgr GuClIHNLOP-SSN: C, 26.1; N
Fiore, T.; Pellerito, C, Fontana, A.; Triolo, F.; Maggio, F.; Pellerito, 8.7, H, 4.2, S 5.0%. Found: C, 26.1; N, 8.8; H, 4.3; S, 5.0%.
L.; Cestelli, A.; Di Liegro, I.Appl. Organomet. Chem 999 13, 705. ESMS: [SnMeg(HTDP)]*, 573 m/z (100%); [SnMeg(H,TDP)F,

(c) Malandrinos, G.; Louloudi, M.; Koukkou, A. I.; Sovago, |.; Drainas, 287 myz (72%); [SnMe(CeH1sNO;PS)T, 452 miz (42%); [Hs-

C.; Hadjiliadis, N.J. Biol. Inorg. Chem200Q 5, 218. (d) Casas, J. . .
S.; Castellano, E. E.; Couce, M. D.; Ga€iasende, M. S.; ®ahez, TDPT', 425 (25%). IR and Raman (in parentheses): 3501m, 3396m,

A.; Sordo, J.; Taboada, C.;'Yquez-Lpez, E. M.Inorg. Chem2001, v(OH); 3205w, 3096my(NH); 1657s, 1627m, 1600sh (1655w,
40, 946. 1625w, 1600w),5(NHz) + wv(ring); 1544m, v(ring); 1171vs,

(7) (a) Lindgvist, Y.; Schneider, G.; Ermler, U.; SundstroM. EMBO .
3.1992 11, 2373. (b) Muller, Y. A.: Schumacher, G.. Rudolph, R:  *asnlP(1)Q2; 1095s, 1072s (1105w, 1065W)asyn{P(2)0s] +
Schulz, G. EJ. Mol. Biol. 1994 237, 315. (c) Arjunan, P.; Umland,  YsylP(1)Q2];  943s, vasyn[P(1)OP(2)]; (929W), veyn{P(2)Cs];
T.; Dyda, F.; Swaminathan, S.; Furey, W.; Sax, M.; Farrenkopf, B.; 757w (751m),vs,n{P(1)OP(2)]; 544m,»(COP) (includes ligand
Gao, Y.; Zhang, D.; Jordan, B. Mol. Biol. 1996 256, 590. (d) Hasson, vibration); (546W),vasyn[C—Sn—C]; 530sh (5318)psyr{C—Sn—

M. S.; Muscate, A.; McLeish, M. J.; Polovnikova, L. S.; Gerlt, J. A.; 1 . o . . . .
Kenyon, G. L.; Petsko, G. A.; Ringe, Biochemistryl998 37, 9918. Cl. *H NMR: 6[C(2)H] = 9.38 (this signal vanishes in a few

(e) Pang, S. S.; Duggleby, R. G.; Guddat, L. ¥ Mol. Biol. 2002
317, 249. (8) Jordan, FNat. Prod. Rep2003 20, 184 and references therein.
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Reaction of Dimethyltin(IV) Dichloride with HTDP

Table 1. Crystal and Structure Refinement Data for

[SnMex(HTDP)(H0)]CI-H20

in liquid N, followed by mechanical shearing in a steel blender,
and the fine powder so obtained was added at room temperature to

formula Gi4H27CIN4OgP-SSN the glycerol/EDTA/ammonium sulfate-buffer solution described by
fw 643.54 Ullrich.14
T 296(2) ApoPDC was also prepared by published methdds.was
radiation Mo Ku (2 = 0.71073 A) normally used immediately, but sometimes after storage 3
cryst syst, space group orthorhomicn(No. 60) o S S
cell params a=22.2209(4) A C for a few days (which does not cause significant loss of
b=8.8241(2) A reconstitution capacity).
c=24.1119(6) A Enzyme Assay.PDC activity was assayed as the rate of
a=p=y=90 production of acetaldehyde from pyruvate at 30, which was
\Y 4727.85(18) & . o .
7D 8. 1.808 ma/m measured by following the oxidation of NADH to NADin a
» Ucaled y L mg .
abs coeff 1.470 mmt coupled assa¥p Alcohol dehydrogenase, NADH, and pyruvate in
F(000) 2592 0.3 M citrate buffer were added to the PDC solution, and activity
cryst size 0.14« 0.05x 0.02 mn? was followed at 340 nm in a Pye Unicam PU-8732 spectropho-
6 range 3.0725.00. tometer
hkl collected 0<h=<26 ’ . .
—10< k<10 Holoenzyme was reconstituted from apoPDC 10 min before assay
—-28<1<28 by adding either the native cofactors or the diorganotin(l\VV) complex

no. obsd reflns/unique

in 0.05 M MES buffer (pH 6.2) at 30C. No activity was observed

50196/416&(int) = 0.1052]
GOF onF? 1.024
final Rindices | > 20(1)]
Rindices (all data)
largest diff peak and hole

in assays of apoPDC alone, apoPDC plus added*Mgithout
added HTDP), or apoPDC plus added,FDP (without added
dication), showing that the purified apoPDC was not contaminated
by H,TDP or Mg?*.

Kinetic parameters were calculated using tBefit program
(Erithacus Software, Staines, U.K.). Results are given as means
SEMs (standard errors of means) of four or five determinations.
All kinetic plots had correlation coefficients of 0.9D.99.

R1=0.0355, wR2= 0.0812
RE 0.0652, wR2= 0.0975
0.779 an®.720 e A3

minutes);0[C(6')H] = 7.88s (1)0[C(3,5)H,] = 5.53s (2)0[C(56)-
HJ] = 4.22¢ (2) 3J(*H—3P) = 5.9;0[C(5a)H;] = 3.33t (2),3J(*H—
31p) = 5.3; S[C(20)Hs] = 2.58s (3);0[C(4a)Hs] = 2.52s (3);
0[Sn—CHz] = 0.92s (6),2J(*H—119Sn) = 100.40, 96.86.13C
NMR: O[C(2)] = 164.0;5[C(4)] = 163.5;0[C(6')] = 145.2;
S[C(4)] = 144.1;0[C(5)] = 136.1;0[C(5)] = 106.9;5[C(58)] =
66.0, 2J(13C—3P) = 5.2; 5[C(3,5)] = 50.6; 6[C(5a)] = 27.8,
3J(BC—31P) = 7.9; 0[C(2' )] = 21.7; 0[C(4a)] = 11.8; 0[Sn—
CHz] = 10.1, 1J(13C—Sn) = 906/849.3%P NMR: O[P(1)] =
—11.1dt;8[P(2)] = —9.6d, 2J[3*P(1)-3P(2)] = 19.7,3J[3P(1)~
1H] = 6.4.1195n NMR: 6(Sn)= —277brs.

3. Results and Discussion

Synthesis of the ComplexThe reaction between thiamine
diphosphate hydrochloride and Sni@& in water potentially
involves two pH-dependent processes: the deprotonation of
HsTDPCFeand the hydrolysis of dichlorodimethyltin(I\.

X-ray Crystallography. Table 1 lists crystal and refinement data. The HTDP™ monocation has three acidic prqto_ns., one on
The intensities of reflections (Mo & radiation,A = 0.71073 A) each phos.phat.e group and one on t_he pyrimidine ¥ing.
were measured in/20 scan mode on a Siemens SMART system When pH rises in the absence of metal iongTBIP" evolves
equipped with a CCD detector, and Lorentz and polarization first to the zwitterion HTDP by loss of the proton on P(%)
corrections were applied. An absorption correction was performed O, and then, by deprotonation of N)1to HTDP-, which is
using SADABS? The structure was solved as indicated elsewere the major species between pH 5 antf Bt the pH at which
using SHELXL97° with atomic scattering factors frormterna- the complex was synthesized (pH 5.6, the value at which
tional Tables for X-ray Crystallographyt All hydrogen atoms were  PDC activity peaks)’ thiamine diphosphate is thus mainly
located on a difference map [in particular, N(2H], but except monoanionic.
for those of the water mqlecules, their actuql coorQinates yvgre Although the hydrolysis of SNMEl, can lead to the
calculated on stereochemical grounds and refined with the riding formation of hydroxo and/or oxohydroxo Sn(IV) derivatives

model. The water hydrogens were left free to refine with thetO with or without chloride anion&? under the working condi-
lengths restrained to the target value 0.88(2) A. The usual programs ’ 9

were employed for plotting molecular and crystal structét&nce tions used (SnMEI, concentration 0.036 M, pH 5.6) the

the space group is centrosymmetric (see Table 1), the crystalPrésence of HTDP prevents hydrolysis and ensures coor-
contains both enantiomers of the complex. dination of the SnMg" cation in what seems to be a

Purification of Enzyme. Crude PDC was isolated from baker's ~ Straightforward reaction:
yeast by a modifie# Ullrich proceduré The fresh yeast was stored
at—30°C for 24 h, the frozen cells were then lysed by fast freezing SnMe,Cl,(aq)+ H;TDPCl(aq)+ 2NaOH(aqg)—

[SnMe,(HTDP)(H,0)]CI-H,0(s) + 2Na"(aq)+ 2Cl (aq)

(9) Sheldrick, G. M. SADABS, Program for Empirical Absorption
Correction of Area Detector DafdJniversity of Gdtingen: Gdtingen.
Germany, 1997.

(10) Sheldrick, G. M.SHELXL97 University of Gdtingen: Gitingen,
Germany, 1997.

(11) International Tables for X-ray Crystallographiluwer: Dordrecht,
1992; Vol. C.

(12) (a) Farrugia, J. L. ORTEP Il for Windows. Appl. Crystallogr1997,
30, 565. (b) Speck, A. LPLATON 99, A multipurpose crystallographic
tool; Utrecht University: Utrecht, The Netherlands, 1999.

(13) Schekman, R. www.bioprotocol.com.

(14) Ullrich, J. InMethods of enzymatic analysird ed.; Bergmeyer, H.
U., Ed.; VCH: Weinheim, 1985; p 457.

The product clearly differs from the dimethyltin(lV)
complex prepared by Fiore et&lby refluxing a methanolic
suspension of fTDP-4H,0 and SnMgO, which was studied
by IR and Mwssbauer spectroscopy.

(15) Diefenbach, R. J.; Duggeby, R. Biochem. J1991, 276, 439.

(16) Stefano, C. D.; Foti, C.; Gianguzza, A.; Martino, M.; Pellerito, L.;
Sammartano, Sl. Chem. Eng. Datd996 41, 511.

(17) Schellenberger, AAngew. Chem., Int. Ed. Engl967, 6, 1024.

Inorganic Chemistry, Vol. 43, No. 6, 2004 1959



Casas et al.

Table 3. Main Hydrogen Bonds in [SnMEHTDP)(H,0)]CI-H,02

d(D—H) d(H-+A) d(D::+A) O(DHA)
D—H:---A A A A (deg)

N(1)—H(L')-+-O(13)#3  0.8600  1.8200  2.682(5) 177.3
N(4'0)—H(@1)--0(21)  0.8600  2.1000  2.908(5) 157.0
N(4'o)—H(4'2)---O(21)#1 0.8600  2.0000  2.848(5) 169.7
O(1W)—H(1W)---O(13)#6 0.8700(2) 1.9200(2) 2.791(5) 176.0(7)
O(IW)—H(1W)--CI#5  0.8800(2) 2.3100(2) 3.186(4) 175.0(5)
O(2W)—H(2W)--Cl#4  0.8800(2) 2.3000(2) 3.177(7) 173.0(8)
O(2W)—H(2W)--CI#5  0.8800(2) 2.5500(3) 3.426(8) 173.0(10)

aSymmetry transformations used to generate equivalent atoms: (#1)
=X+ Yo, y + Yo, z, (#2) =X + Yo, y — Yo, z (#3) X, =Y, 2+ Uz (HA) X —
Yo,y + Yp, —z+ Yg; (#5) =X + o, =y + Yo,z — Uy, #6) X,y + 1, 2

O(1W) = 2.586(4) A], but again, the interatomic distance is
in the normal range for SRO bonding?® These four SAO
bonds, together with the two SiMe bonds, give the tin atom

a distorted octahedral coordination polyhedron somewhat
similar to that of M@" in PDCs?! in which the magnesium
atom is coordinated by one O atom of each thiamine
diphosphate phosphate group, one molecule of water, and

Figure 1. ORTEP view of the cation [SnMEHTDP)(H.0)]". three apoenzyme amino acids (Gly, Asp, and A3n).

Table 2. Selected Bond Lengths [A] and Angles [deg] in _The P-O bond lengths in the chelate ring _reflect the
[SNMeHTDP)(H,0)]CI-H20? differences between the S©(11) and SrO(22) distances,
Sn-0(22) 2.062(3) C(12)Sn-0(1W) 80.51(17) the oxygen with the longer phqsphortm(ygen bond [O(22);
Sn—C(12) 2.093(5) C(1BSn—0(1W) 79.67(18) P(2)-0(22)= 1.512(3) A] having the shorter metabxygen
grkg((ﬁ))#l 223915((%) g((fggwgggggﬁ gi-iggg bond [Sn-O(22)]. The P(2)0O(23) bond is also long
Sn-0(11) 2202(3)  O(22)Sn—C(11) 97.03(18) [1.517(3) A], in correspondence with the short'—&'h('23)“
Sn—0(1W) 2.586(4) C(12ySn—C(11) 157.4(2) bond length. The relative orientation of the pyrimidine and
TSRy 1 Geroti, iy thesolumrings defied by the orsion angesl~C(5)-
P(2)-0(23) 1517(3)  O@3#asn-c(y) 960018  C(3.8)—N(3)—C(2)= —11.0(6)] and¢e [= N(3)—C(3,5)~
P(2)-0(12) 1.623(3) 0(22)Sn-0(11) 83.58(11) C(5)—C(4) = —75.2(5)] is of F type?>72* and the ethyl
58)):883 i-igggg 88352_&(111\9’) 1%%-%%((11%)) diphosphate side chain adopts a folded arrangenggntf
P(1)-0(12) 1589(3)  O@sn-c(12)  10362(17) o C(B)"C()—=C(¥) = 106.8(4), ¢ = C(5)~Cl(o)—

0(22-Sn—0O(1W) 174.01(12) O(23)#1Sn—O(1W)  89.49(13) C(58)—0O(5y) = —57.1(57%, ¢5, = C(50)—C(53)—O(5y)—
aSymmetry transformations used to generate equivalent atoms: (#1) P(1) = 165.8(3}, ¢rw = C(56)—O(5y)—P(1)-O(12) =

X+ Yo,y + U, 7, (#2) —X + Up, y — Y, 2. —65.3(3), ¢p) = O(5y)—P(1)-O(12)-P(2)= —90.7(3¥]
Structure of the Complex. a. Solid-state StudiesThe that places the O(21) atom of the terminal phosphate near

complex consists of [SNMEHTDP)(H,0)]* cations, the Ci the pyrimidine—NH; group.

anion, and one molecule of water of crystallization. In the ~ Although in aqueous solution, in the absence of a metal

cation, the HTDP ligand chelates the metal center via one Cation, the remaining acidic proton of HTDHs probably

oxygen atom of each phosphate group (Figure 1), as has beefPcated on the terminal phosphate grdéhis is not the

observed in X-ray studies of thiamine-diphosphate-dependentc@s€ in the crystalline complex, in' which it was found
enzymed. Via O(23), the terminal phosphate group is also crystallographically to be located on N)1In fact, N(1) acts
linked to another tin atom, so that O(22p(2)-0(23) as a donor in an intermolecular hydrogen bond (see Table

bridges between metal centers create zigzag chains. Fhe tin 3)- There is also, as in the case of the monomethyltin(1V)
oxygen distances in the bridge [2.062(3) A for-Sn(22) derivative$? strong indirect evidence of its being located at
and 2.112(3) A for SRO(23)"%; see Table 2] are close to this position. First, neither the P(2D(21_) distance nor the
but shorter than those of the almost regular octahedral fact that O(21) acts as the acceptor in an intramolecular

coordination polyhedron of (SnMg(POy),-8H,0, 2.17(2) hydrogen bond (vide infra) suggest protonation of this_atom.
and 2.18(2) A8 The Sr-O(11) distance, 2.292(3) A, is Second, the C(Z-N(1)—C(6) bond angle, 120.5(%) is
longer than those of the terminal phosphate, but still short (20) Forrester, A R.; Garden, A. R, Alan, S. J.; Howie, R.; Wardel, J. L.

enough to indicate a significant bond (sum of the covalent J. Chem. Soc., Dalton Trang992 2615 and references therein.

radii = 2.13 A; sum of the van der Waals radii 3.7 A9). (21) Dobritzsch, D.; Kaing, S.; Schneider, G.; Lu, G. Biol. Chem199§
. . \ : 273 20196.
The interaction with the water molecule is weaker SN (55) {5y pietcher, J.: Sax, M. Am. Chem. S0¢972 94,3998. (b) Pletcher,

J.; Wood, M.; Blank, G.; Shin, W.; Sax, Micta Crystallogr.1977,

(18) Ashmore, J. P.; Chivers, T.; Kerr, K. A.; van Roode, J. HIr®rg. B33 3349.
Chem.1977, 16, 191. (23) Pletcher, J.; Sax, M.; Sengupta, S.; Chu, J.; Yoo, B¢t Crystallogr.
(19) Huheey, J. E.; Keiter, E. A.; Keiter, R. Llnorganic Chemistry. 1972 B28 2928.
Principles of Structure and Reagitly, 4th ed.; Harper Collins College (24) Pletcher, J.; Sax, M.; Blank, G.; Wood, M.Am. Chem. Sod.977,
Publishers: New York, 1993; p 292. 99, 1396.

1960 Inorganic Chemistry, Vol. 43, No. 6, 2004



Reaction of Dimethyltin(IV) Dichloride with HTDP

Figure 2. PLATON plot of [SnMe(HTDP)(H.0)]CI-H,0 showing the main hydrogen bond interactions contributing to the folding of the ethyl diphosphate

side chain.

closer to the values reported for N)-protonated thiamine
diphosphate (119:3120.3)?? than to that found in N()-
deprotonated thiamine (115)22 suggesting a protonation-
induced contraction of the electron cloud of the Ni({bne
pair.

All the main hydrogen bond interactions are shown in
Figure 2, and their parameters are listed in Table 3. The
above-noted proximity between O(21) and thieH, group,
possible because of the folded conformation adopted by
HTDP-, leads to the intramolecular hydrogen bond {4
H(4'1)---+O(21). The other H atom of theN(4'o)H, group
is involved in an intermolecular hydrogen bond with O¢21)
# =Y — x, Y + vy, 2. Thus, O(21) forms both
intramolecular and intermolecular hydrogen bonds with
pyrimidine amino groups, both of them with unexceptional
parameters$®

The shortest donetracceptor distance among the hydrogen
bonds listed in Table 3 is that of Njt-H(1')---O(13)*
(B=x, -y, ¥, + 2), 2.682(5) A, which is just slightly longer
than a similar N()—O hydrogen bond in the monomethyltin-
(IV) complex8 The coordinated water molecule is involved
in two hydrogen bonds, one with a chloride anion and another
with O(13)% ("¢ = x, 1 +y, 2). Thus, O(13) and O(21), the
oxygen atoms of the diphosphate chain that are not involved
in forming the chain or binding the metal, form two hydrogen

bonds each, showing the capacity of these atoms to contribute

to the anchoring of the coenzyme in the active site of PDCs.
Finally, the chloride anions are linked in pairs by two
molecules of water of crystallization which form a double
bridge between the members of each pair.

(OH)-21H,0%to 1171 cnt in the dimethyltin(IV) complex,
probably because one oxygen of this phosphate group is
bound to the metal in the latter but not in the monomethyltin-
(IV) derivative. Also,vasyn[P(1)OP(2)] lies at higher wave-
numbers (943 cnt) than in the spectrum of the monometh-
yltin(1V) complex [931 (925) cm?], possibly because in the
latter HTDP coordinates through only one phosphate group,
making the P-O—P fragment less rigid than in the dimeth-
yltin(IV) complex.

b. Solution Studies At CID voltages of 16-100 V, the
base peak of the electrospray mass spectrum of [$hMe
(HTDP)(H,0)]CI-H,0 is a signal due to the dehydrated
cation, [SnMg(HTDP)]". The protonated species [Snid.-
TDP)J?" also appears with high intensity (72% of the base
peak). These peaks show that the dimethyltin(IV) cation
remains bound to thiamine diphosphate in water/methanol
even in the presence of a small concentration of acetic acid
(see Experimental Section). This conclusion is further
supported by a signal at 45@z with a relative intensity of
42% that was identified as [SNMENSPO;H15)]*, the
result of [SnMg(HTDP)]" losing the fragment formed by
the methylene bridge and the pyrimidine ring.

ThelH, 2C, 1N, 3P, and'*®*Sn NMR spectra of [SnMe
(HTDP)(H0)]CI-H,0 were recorded in BD solutions of
concentrations ranging from ca. 2qpH ~ 3.7) to ca. 103
M (pH ~ 4.3) that were obtained by direct solution of the
solid complex. The absence of N and N(4o)H; signals
from the proton spectrum seems likely to be due to rapid
exchange with the solvent. The C{Hi signal at 9.38 ppm

The main IR and Raman bands (see Experimental Section)2PPears in freshly prepared solutions but disappears even

have been assigned on the basis of previous work and

references thereiif. The band corresponding tQs,n{P(1)-
0O,] is shifted from 1226 cm' in [{ SnMe(HTDP)(OH):0]-

(25) Steiner, TAngew. Chem., Int. EQ2002 41, 48.

more quickly than that of free fTDPCI (9.48 ppm). The
fact that the?J[*H—117115n] coupling constants, 96.9/100.4
Hz, are smaller than those of dimethyltin(IV) perchlorate
(104/108 Hz) supports the persistence of the interaction
between the dimethyltin(IV) cation and HTD#h solution,
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Table 4. 15N NMR Chemical Shifts {6[P(1)] for HTDP-, recorded from solutions of NaHTDP,
N(L) N(3) N(3) is —10.7 ppm; while the chemical shift of P(2) is the same
HsTDPCI 516 11 “173 as for HTDP 8dinstead of being deshielded as in complexes
HTDP- -135 —144 -169 with Zn(ll) and Cd(ll)é showing that interaction of the
[SnMeHTDP)(H,0)ICI-H20 —214 —141 —173 terminal phosphate group with the tin atom affects P(2) less
a|n ppm relative to nitromethane. than complexation with these other metals.

The®Sn chemical shift;-276.9 ppm, clearly differs from
as do the chemical shifts of the methyl groups linked to the that of dimethyltin(I\V) perchlorate{336.7 Hz) and suggests
tin atom (10.1 ppm in the complex, 11.8 ppm in the that the tin atom has coordination number Zixnce more
perchlorate) and théJ[**C—!11%8n] coupling constants  corroborating the persistence of the interaction between the
(849/906 Hz for the complex, 980.1/1024.8 for the perchlo- organometallic cation and the diphosphate group of HTDP

rate). The CG-Sn—C angle of 156 calculated from the Enzyme Studies. ApoPDC from baker's yeast was
H[PC—"55n] values using the LockharMander$® empiri- —  jcpated with [SPMgHTDP)(H,0)]CI-H,0, and the cata-
cal equation is practically the same as that observed in thelytic activity of the resulting “SnMgholoenzyme” was
X-ray study of the solid state, 157.4¢2) determined from saturation curves for pyruvate decarbox-
Although no N(D)H proton signal was observed, the yjation obtained in initial velocity kinetic experiments. The
chemical shifts of C(3, C(2a), and C(6) were almostthe  SnMe-holoenzyme exhibited MichaetisMenten behavior,
same as for ETDPCI? in which N() is protonated, and  retaining 34% of the activity of the native enzyme under
lie upfield from those of NaHTDPS in which it is not  the same conditions; a Michaeli¢enten constanKy, of
(according to Malandrinos et &k jt is usual for protonation 2.7 uM was estimated using a LineweaveBurk double
or metalation to shield these carbons). In order to ascertainreciprocal plot, while the value for the native enzyme is 6.4
for sure the location of the acidic proton on HTDR the uM.% The addition of M@" to the SnMe-holoenzyme did
complex,**N NMR experiments were done using inverse not increase its activity, suggesting that there was no free
detection'H,"N HMBC (see Experimental Section). There thjamine diphosphate in these solutions. These results
appear to have been no previous studies of thiamine confirm the low specificity of PDC regarding the identity
diphosphate using this technique. We recorded the spectraf the metal ion cofactot,showing that even the organo-
of the complex, of HTDPCI, and of a NaHTDP/NaDP metallic dication SnMg* can enable significant enzymatic
mixture prepared in situ by bringing a solution ofTHDPCI activity.
in D,O to ca. pH 7 by addition of NaOD. The N signal
was not located, but those of the other three nitrogen atoms
were in all cases easily identified (Table 4). As expected

the resonances of MIDPCI are at positions very close 10, o experiments, on the other hand, the dimethyltinV)
those of thiamine chloride hydrochlorifgnote that in the HTDP complex does seem to have bound to the apoenzyme
spectrum of the latter compound the signals previously a5 5 preformed unit. This difference may be due partly to
assigned to N(3) and N(Bon the basis of a directly recorded 1,4 HTDP-SnMe complex being more stable than MgeH)
spectrum’-22must probably be interchanged). The chemical HTDP, and partly to the two methyl groups of SniMisaking

shift of N(I) in the complex is very similar to that ofH  yhe gimethyltin(Iv) complex more hydrophobic than Mg-
TDPCI, in which N(1) is protonated, but is almost 80 ppm (I)—HTDP.

upfield from that of the sodium salt, in which Njlis

. Possible Relevance to Enzyme MechanismAs noted
unprotonated. It may therefore be concluded that in aqueous. :
. e . in the Introduction, the role of the M(ll) cofactor of PDCs
solution the remaining acidic proton on HTDRn the

complex is located on N(L and not on the terminal and other TDP-dependent enzymes is usually assumed to

P . o . be that of anchoring the diphosphate group to the prétein.
phosphate, its position in agueous solutions of free HT.DP The results described above and elsew est that the
This difference is probably made possible by the two e

dissociation constants of FIDP not being very different mgﬁlor?;yea:gr?];i\i/ne ?Coié?cer ;/oet:)ynsclngf]?Azclir;}t;&znglsrgfce_
(pK = 5.05 and 6.40%¢ 9 P y

from the terminal phosphate to the NYlatom of the
The proton-decoupledP NMR data for [SnMgHTDP)- pyrimidine ring. This displacement would have at least two
(H20)]CI-H;O (see the Experimental Section) show the important effects. First, it would allow the deprotonated
expectelf two doublets for P(1) and P(2) atll.1and-9.6  p5) ( tg interact more strongly with lle4?2 (here we
ppm, respectively2J[P(1)-P(2)]= 19.7 H3. The chemical \her amino acids as fat. mobilis PDC), so that the
shift of P(1) is the same as for thiamine diphosphate diphosphate group is well anchored to the apoenzyme
hydrochloride®d showing that metalation and protonation of

h inal bhosphate h ilar off i i through all its terminal oxygens. Second, it would protonate
the nonterminal phosphate have similar effects on this nuclide 11" hrotonation of N(3) is believed to be essential for

proper enzyme function (it would promote transformation

For Zymomonas mobiliBDC the possibility that the two
native coenzymes bind to the apoenzyme simultaneously as
' a preformed HTDP-Mg(ll) complex has been ruled ot

(26) Lockhart, T. P.; Manders, W. forg. Chem 1986 25, 892.
(27) Casas, J. S.; Castellano, E. E.; Couce, M. DncBaz, A.; Sordo, J.;

Varela, J. M.; Zukerman-Schpector,ldorg. Chem.1995 34, 2430. (29) Nath, M.; Goyal, S.; Eng, G.; Whalen, Bull. Chem. Soc. Jpri996
(28) Cain, A. H.; Sullivan, G. R.; Roberts, J. D. Am. Chem. S0d.977, 69, 605.
99, 6423. (30) Kluger, R.; Smyth, TJ. Am. Chem. S0d.981, 103 1214.
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Scheme 1

of the 4-aminopyrimidine group into a'4minopyrimidine acidic proton from the diphosphate moiety to N(1so
capable of inducing the deprotonation of C{2);® see facilitating the formation of the=N(4'a)H group and the
Scheme 1), but the origin of the required proton has never consequent deprotonation of C(2), a key step in the enzyme
been clarified (at the resolutions currently achieved in X-ray mechanism.
studies of thiamine diphosphate-dependent enzymes, hydro-
gen atoms are not locate?).

To sum up, at the optimal pH for PDC activity (538),
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