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Abstract: A potentiometric study of the coordination of the fluorophore, 2-methyl-8-(4-toluenesulfonamido)-
6-quinolyloxyacetic acid, 'LH; (the intracellular Zn?* probe, Zinquin A) in its deprotonated form, 'L?7, in
Zn?* ternary complexes, [Zn"L1L]" (where nis the charge of "L) at 298.2 K in 50% aqueous ethanol (v/v)
and / = 0.10 (NaClO4), shows that the formation of [Zn"LL]" from [Zn"L]@*"* is characterized by log(Ks/
dm® mol™) = 8.23 + 0.05, 4.36 + 0.18, 8.45 + 0.10, 10.00 + 0.06, 11.53 + 0.06 and 5.92 + 0.15,
respectively, where "L = 2L — 6L and "L®~ are 1,4,7,10-tetraazacyclododecane, 1,4,8,11-tetraazacyclotet-
radecane, 1,4,7-triazacyclononane, 1,5,9-triazacyclododecane, tris(2-aminoethyl)amine and nitrilotriacetate,
respectively, and Ks is the stepwise complexation constant. Dissociation of a hydroxo proton from
triethanolamine, 8L, occurs in the formation of [Zn8LH_,]* that subsequently forms [Zn8LH_;!L]~ for which
log(Ks/dm® mol~1) = 9.87 4 0.08. The variation of Ks and the 5-fold variation of quantum yield of L2~ as
its coordination environment changes in Zn?* ternary complexes are discussed with reference to the use

of L2~ in the detection of intracellular Zn%*.

Introduction

Zinc(ll) is widespread in biology and there is much interest

in its detection in vivo where its concentration ranges from°10
mol dn1 2 in the cytoplasm to 1@ mol dm 2 in some vesicles.
Accordingly, we developed the 2nh specific fluorophore

2-methyl-8-(4-toluenesulfonamido)-6-quinolyloxy]acetic acid,
Zinquin A, 1LH, and its ethyl ester, Zinquin E, both of which

fluoresce strongly when bound by Zr?2 and have been widely
used in intracellular studigs(An interesting range of other

fluorophores designed for Zh detection has also been re-
ported®) In vitro studies show that Zinquin A loses protons from

its carboxylic acid and sulfonamide groups to foln#~ which
complexes Z#" in [ZnlL] and [ZntL ]2, both of which are
fluorescent and whose formation we have charactefiZghl.
later potentiometric study in 80:20 DMSG;8 (w/w) only
detected the overall formation of [An,]2~ probably because
[Zn? ) otal[*L 2 ]tota = 0.58} However, most intracellular 2n

is bound by proteins and other bioligands and very little exists
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in the fully hydrated state whose concentration is reported to
be < 10715 mol dnr3 in E. coli.” As all reported studies of
intracellular Z@*+ using Zinquin A and E show fluorescence
consistent with their coordination by Zn it is probable that
fluorescent ternary 21 complexes are formed whete?~ is
one of the ligands.

Accordingly, it is of interest to establish the extent to which
1L2- coordinates Z#" in ternary complexes and its fluorescence
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Scheme 1 Table 2. Equilibria and Complexation Constants for Binary and
q p y
HO,CCHO = /\ Ternary Zn?* Complexes at 298.2 K in 50% Aqueous Ethanol (v/v)
| HN NH] and / = 0.10 (NaCIOy)
NS
N e N NH eq equilibrium n log(Ky/dm3 mol~1)
ol o (la) zr* +"L2 =[zn"L] 1 9.65
02 (1b)  Zr®* 4L =[zn"L]2* 2 15.34+0.02
//\
ol , (oo
<HN NH> (10.65+ 0.13p
CH _/ 4 12.384+ 0.07
'LH, L 5 8.93+ 0.03
(7.60+ 0.04p
—\ N(CH2CHoNHo)3 6 15.74+ 0.03
H NH  HN  NH oL (11.13+ 0.07y
<i ) k ) N(CH,C00)5* (1c)  Zret 413 _[Zn"L]~ 7 10.22+ 0.03
NH o 5 (10.41+ 0.04p
L L N(CHZCSHZOH)S |Og(K2/dI’T'I3 mol’l)
L (@)  Zrt 4+ "LHY Z[Zn"LH]3t 2 8.42+ 0.07
. N (3.60+ 0.08F
Table 1. Ligand pKas Determined in 50% Aqueous Ethanol (v/v) 4 5.80+ 0.08
at 298.2 K and / = 0.10 Mol dm=3 (NaClO,) (3.74+ 0.0F
ligands pKa pKaz PKaz log(Ks)
(3)  Z* 4L —[Zn"LH-_q]* + H* 8 4,37+ 0.07
1|_ H3+ a 1001 372 187 (745:E 003)1
2 Hg3t 10.52+ 0.01 9.10+ 0.01 1.744+-0.18 log(K4/dm? mol~2)
3 3+
He Bieom o gm0 men o pwgwopeor 3 s
e 11.69+ 0.05 6.80+ 0.03 253+ 0.03 (4b)  [ZPLIT ML - [Zn(L)al 2 2-18+£0.14
N . : . : : : (4c)  [ZrL]™ + L3 =[Zn("L)Z]4~ 7 3.03+ 0.03
LHs 10.46=+ 0.03 9.444 0.02 8.16+ 0.03 log(Kg/drr® mol-1)
;L Hi 9.02+ 0.04b 3.114+ 0.05 2.76+ 0.06 (5a) [ZmML]2" + 1L =[Zn"LIL] 2 8.23+ 0.05
LH 7.43+0.02 3 4364 0.18
4 8.45+ 0.10
2 Ref 3. Kay, pKaz and [Kazare assigned to the sulfonamide, carboxylic 5 10.00+ 0.06
and quinolinium protons, respectivelpK, of the protonated amine function. (6.30-+ 0.04F
(5.67+0.08F
is affected by the presence of other ligands. Thus, we have 6 %igji 8-8%
. . + ) . .
studied thezformatlon and fluorescepce of_ ternarg*Zoom Bb)  [ZL] + 12 = [zl i 7 5994 015
plexes oflL2~ and the well-characterized tridentdte andSL (7.66+ 0.15F
and tetradentaté34_, 7L3~, and®L ligands (Scheme 1) that (3.94+ 0.02F
bind Zr?* strongly. These ligands permit the bidentate coordina- (5¢) ~ [ZPLH-"+1L2"~[Zn"LH4'L]" 8 9.87+0.08
tion of 1L2~ that requires either 5- or 6-coordination of%Z (8.92+0.08
a n (5d) [ZMLH_g] +1L2 _[Zn"LH,'L]> 8 8.41+ 0.09

which is encompassed by its normal coordination number range.
Although these ligands do not usually occur in biology, their ~ 2Ref 3.°pK, attributed to proton dissociation of coordinated water.

. : . . i i iati + 3+ d
mix of nitrogen and oxygen donor atoms, their macrocyclic and ©PKas attributed to proton dissociation 6LHT in [Zn°LH]P. ¢ pKa

. h - . . attributed to dissociation of a hydroxy proton from [ZH_4]7. © pKas
tripodal structures and, in the case/bf", a difference in charge  attributed to dissociation of two protons from [ErHILH]2* and
generates a range of environments in which to study the [Zn"LHILH]~. In neither case is the ligand protonation site known with

[ P ; : certainty. pK, attributed to dissociation of a proton from [BriL H]* where

Coo,rd,matlon ofL?"and its fluorescence. Thesg enVIronmental, the ligand protonation site is not known with certairftyK, attributed to
variations are probably less than those experienced by proteingissociation of a hydroxy proton from [ZnH_s!L]" to give [ZrfLH_1L]2".
bound intracellular Z# which are expected to reflect a range
of binding sites and changes in the frequency of their occurrence
as the proteome varies with cell type. However, the simpler
systems studied here allow quantitative characterization of all
spec_:jes exs_(tjmgt] I;\hsolg_tll_ond[\glutdlng the|tr ffluorescg_nci, and complexes is shown in eqs-b, whereK; — Ks are stepwise
provide a guide to the ability 0 compete for coordination complexation constants (Table 2).

: " . -
sites on ZA™ and the concomitant changes in its fluorescence. Although Zr#+ complexes formed b§L — 6L and L3 in

in 50% aqueous ethanol (v/v) at the concentrations required for
potentiometric determination of ternary complex stability.) The
formation of binary, protonated binary, bis and ternaryZn

Results and Discussion water have also been previously reportééithey have not been
characterized under the conditions of this study. The equilibria
Formation of Binary and Protonated Binary and Bis and potentiometrically determined complexation constants for
Complexes. The potentiometrically determinedKgs for the the binary complexes are shown in Table 2 (eqs-B) together
triprotonated ligands are collected in Table 1. Th&gpfor with pK,s for coordinated water (except for [Arj2* where

27°LHZ%", 'LHs, and®LH* show the trends anticipated from  gppearance of a precipitate at pH 8.5, and thought to be
earlier studied,but it was necessary to determine them in 50%

aqueous ethanol (v/v) for this study. (AlthoubH, and*LH~ (9) Zompa, L. J.inorg. Chem 1978 17, 2531. Desreux, J. F.; Merciny, E.;
tfici | lubl . he | . Loucin, N. C.;Inorg. Chem.1981, 20, 987. Micheloni, M.; Sabatini, A.;
are ?U |C|enty WaFer soluble to give the ow.cloncentratlons Paoletti, P.J. Chem. SagPerkin Trans. 21978 828. Yang, R.; Zompa,
required for biological use, they are only sufficiently soluble L. J.;Inorg. Chem1976 15, 1500. Christensen, J. J.; Izatt, R. M.; Wrathall,
D. P.; Hansen, L. DJ. Chem. Soc. (A}969 1212.
(10) Kodama, M.; Kimura, EJ. Chem. Sog¢Dalton Trans.1977, 2269. Kimura,
(8) Smith, R. M.; Martell, A. E.Critical Stability ConstantsPlenum Press: E.; Shiota, T.; Kioke, T.; Shiro, M.; Kodama, M. Am. Chem. Sod99Q
New York, 1975; Vol. 2. 112 580.
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[Zn*L (OH)]™, precluded a I, determination). Generally, as the 100 prr—rrrrr T T
denticity of the ligand increases so does the stability of the so:- b f ]
binary complex formed. Superimposed on this are ligand 5 ¢

stereochemical restraints as indicated by?[4&" being more 5 60 ]
stable than [ZfL]%", and [ZrfL]?" being more stable than 5}40 ]
[Zn3L1% . In [Zn2L]?, 2L folds so that the remaining coordina- &2 a

tion sites are cis to each other while they are trans to each other 2t d R g ]
in [Zn3L]?*, assuming six-coordinatiott. This stereochemical I S

difference probably accounts for the large difference in tgp 2 3 4 5 6 7 8 9 pr

of the Coordmateq water in the two F:F)mplexes, and also for the Figure 1. Speciation plot for a 50% aqueous ethanol (v/v) solution 1.03
4 orders of magnitude greater stability of the ternary complex, x 10-4mol dm2in [2L Jiotas 4.58 x 105 mol dm2in [Zn? o and 9.84
[Zn2L1L]2~ (Table 2) compared with that of [2hL]2" arising xhlff Gin [*LHA® ; Miotal r?t 29?.029:5 ?Lng (=n9-21)9 (NaClq). ?Eﬁcifs sre
from the greater resistance & to folding to allowL2" to f ?XVSZ??CF))inLange(Z)W=e[rzenll_], /(ﬁe) o (1L;;‘]’?f7(3% - [anL'lé],)
become bidentate in the latter complex as discussed below. The, g (@)= 1Lz
stereochemistries of [2h]2", [Zn’L]~ and [ZfLH_,]* are
probably similar because of the tripodal tetradentate nature of 100 pr
6L, 7L3, and8LH-;". It is probable that the higher stability of
[ZnBL]2* arises in part because the borderline hard acith Zn
coordinates the four softer base amine nitrogen8Lofmore
strongly than the three harder base donor oxygerk bf and 5
8LH-; . A A 2\
Two protonated complexes are formed, fZh]3+ and o iA&—A’A—
[Zn*LH]3*, where an amine nitrogen is protonated in each case 2 3 4 5 6 7 8 9 10
with a consequent decrease in ligand denticity to three and two,
respectively, and a corresponding decrease in stabilities byFigure 2. Speciation plot for a 50% aqueous ethanol (v/v) solution 4.99

. ! . 1073 mol dn3in [3L]iotas 3.01x 10-3 mol dni3in [Zn2* d 1.04
comparison with those of their unprotonated precursors. The z 105 m?lLHn(nl_nz[)*']t];Zf:’ﬂt 2982 K an?o= OTEO l(r’llg Cnlq)].mg;o aér::ies o

@
o

[02]
o

IS
o

% Speciation

n
o

proton lost from [ZAL]2* in the formation of [ZBLH_4]" (eq shown as percentages where 1089 Hy® ~ 2,0 (2) = L H3*, (b)
3) may either come from coordinated water or a hydroxy group =L Ha, (€)= LH-, (d)=[Zn'L], (e) = [Zn'L2]?", () = [Zn®L L], and
of triethanolamine. The bis complexes, [An);]2-, [Zn(“L)2]%, @="1"

and [Zn(L);]*~ are also formed as shown in eq-4a (The
bidentate 6-methoxy-(8-toluenesulfonamido)quinoline biden-
tate ligand that closely ressembl$~ forms a tetrahedral 2n

bis complex in the solid staf@) Although all donor groups of
the ligands are assumed to be coordinated in the first two bis
complexes, this cannot be the case in the third #Zmetains

a coordination number of six. It appears that one or both ligands
in [Zn("L)2]*" exercise less than their maximum denticities of
four.

Formation of Ternary Complexes.Ligands?L — 6L, 7L 3",
and8L participate in the formation of the ternary complexes
ZnZ78L1L ], [Zn7LL]3, [Zn8LH-_4'L], and [ZFLH_,'L]?" .
L\s shown] irE eq 5a(]j in [Table 2. F]or [Zﬁ_lE_], Ks for lhe determl.ne.d (Table 2). )
complexation of'L?~ is larger thanK, for [ZnlL], Ks for Speciation plots for the fo_rmaﬂon of [An'L] and [ZreL L],
[ZnSLL] and [ZrfLH _;1L]~ are similar toK; for [ZnL], and where BLH@ - 0—3)(n_2)+]‘9ta'_'s set to 100% and the percentage
[Zn2-4L1L] and [ZL1L]3~ are smaller. There are two sites vz_;matlons of all'L co_ntal_nlng species Wll_:h pH are showp in
available for substitution byL2~ in the first coordination ~ Figures 1 and 2 and in Figures S$5 provided as Supporting
spheres of [ZA36L], [ZnL]", [ZneLH_4]*, and [ZrFLH_,], Information. Because of their much h|ghgr conceptratlons, the
and three in those of [Z8L] assuming ZA™ to be six- other Zr¥* and?%H, = 0~ containing species are not
coordinate, so that statistically the probability of substitution SNOWN. Itis seen (Figure 1) that [Ar'L ] first appears at pH
by 1L.2- should be less favored than on [Zn®)e2*. To varying 4.2 and is the domlr_lant_ species at pH 6.6 (70.1%_), at which
extents, it is probable that the effects of steric hindrance and fluorescence determinations were made. TheliZ] rises to
changes in electron density atZrsuperimpose on the statistical & Maximum of 96.6% at pH 9.0 before decreasing in concentra-
effect. The sequence of increasing stabilities 2>~ < tion coincident with!L 2~ and [ZrfL (OH)]™ (Who_se protonateq
[ZNBLH_,'L ]2~ < [ZnBLH_slL]" is consistent with a similar ~ Précursors havelfas of 10.01 and 7.75, respectively) becoming

sequence of increasing electrostatic attraction between the binanjhe dominant free fluorophore and Zncomplex, respectively,

complex precursors of these stereochemically similar ternary @5 PH increases. In contrast, BZAL] only reaches< 1% at
complexes andL 2" pH 6.6 (Figure 2) and a maximum of 95.6% at pH 10.0. The

differences between the two systems illustrates the effects of

Two pKzS, assigned to dissociation of two protons from both
[ZnSLHLH]?* and [ZWLHILH]*, were also determined as was
a single (K, attributed to dissociation of a proton from
[ZnSLILH]* (Table 2). The protonation sites cannot be assigned
with certainity from these data alone. HowevkrZ~ andLH~
are the only fluorophore species likely to be coordinated by
Zn?* and therefore could bind a maximum of one proton in a
protonated ternary complex, althougihcould bind one proton,
andSL and’L 3" could bind two protons and still act as bidentate
ligands. The K, for the deprotonation of a coordinated hydroxy
group in [ZPLH_;L]~ to give [ZrPLH-,L]?>~ was also

(11) Kato, M.; Ito, T.Inorg. Chem 1985 24, 509. THan, V. J.; Hosken, G. D.; 2LH3%" and 3L H3%" pKgs and [ZALIL] and [ZrfLL] com-
Hancock, R. DInorg. Chem 1985 24, 3378. ; At ;

(12) Nasir. M. S.: Fahmi. G. .- Suhy. D. A Kolodsick, K. J: Singer, c. p..  Pléxation constants on speciation. It is notable that largely
O'Halloran, T. V.J. Biol. Chem1999 4, 775. because of the highekKp; and a2 of 3L H3*" and lesseK; of

J. AM. CHEM. SOC. = VOL. 125, NO. 13, 2003 3891
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"€ 8.0 807 8.0 g

o o [

70 70T b 70T

g g €

« 6.0 6.0 oy 60

'g 'g 50 2

Zs0 502 0~

i % 2 400

240 408 ks o

o o 30 g

330 30 8 f g

S g 208

£20 20 g 5

17} I} \ 1.0 2

210 10 £ N N 00 :

s 0.0 = St ()0 5 g 2

O U. A (]

= 250 300 350 400 450 = 250 SV?IOavel on g?:(/)nm 400 450

Wavelength / nm . .
) Figure 4. (@) [Zn'L] (pH 6.6, broken line), (b) [Zr{)2]% (pH 6.6) ()
Figure 3. Absorbance spectra of (a) [An] (pH 6.6), (b) [Zn¢L)2]*~ (pH 1LH- (pH 6.6), (d) [ZALL]3" (pH 10.0), (€) [ZAL L H]>~ (pH 6.6, broken
6.6), (c)'LH" (pH 6.6), (d) [ZrfLL] (pH 6.6), (e) [ZrFL'L] (pH 10.0, line), and (f) [ZPLH-41L]~ (pH 6.6) in 50% aqueous ethanol (v/v) solution

broken line), (f) [ZL'L] (pH 6.6), (g) [ZrPL L] (pH 6.6 and 10.0, broken  at 298.2 K. The pH of the solutions from which the spectra were derived
line), (h) [ZrPLHL]* (pH 6.6), and (i) [ZALL] (pH 6.6, broken line), in is shown in brackets. The pH 6.6 solutions were 0.10 moldimNaPIPES

50% aqueous ethanol (v/v) solution at 298.2 K. The pH of the solutions pyffer, and the pH 10 solutions were 0.10 moldhin borate buffer.
from which the spectra were derived is shown in brackets. The pH 6.6

solutions were 0.10 mol dnd in NaPIPES buffer, and the pH 10 solutions ~ fluorescence spectra as seen in Figure 5.) The accumulation of
were 0.10 mol dm? in borate buffer. errors arising from deriving system speciation potentiometrically
[Zn3L]2* by comparison with those GLHs%" and [Zr7L]?*, and applying it in the derivation of species spectra leads to the
respectively, a substantial formation of [Zh},]>~ occurs in absorbance of [Zi.'LH]2~ becoming negative between 360
the first system (Figure 2), whereas only a very small amount and 400 nm were absorbance is low (Figure 4). The molar
forms in the second. (The latter situation usually applies for absorbance of [ZAL)2]* is approximately twice that of the
the systems studied as is seen from the speciation plots inOther complexes because of the presence of #.* The
Figures S+S5. The percent speciation refers to [An6]2 reagent concentrations of the solutions studied appear in the
and should be multiplied by 2 for this species to obtain the Experimental Section.

percentage ofL2~ coordinated.) Because of such speciation Of the spectra of the eight ternary complexes, the wavelength
variations with pH UV-vis and fluorescence determinations Maxima of those of [ZL1L], [Zn°LH'L]", [Zn’L*L]*", and
were made at either pH 6.6 or pH 10.0 or both, where the ternary [Zn°®LH-1'L]*™ are similar to those of [Zi.] which may
complexes were at significant concentration. indicate that the coordination environmentlbf~ is similar in

In contrast to the above two systems, three ternary com- the five complexes. The similarity of the spectrum of JZHL]*
plexes: [Z8LHILH]2*, [ZnSLHL]*, and [ZL1L] appear in to that of [ZrtL] is consistent witPL being protonated rather
the 5L system where their proportions are 3.7%, 31.2%, and than'L?" as expected from thekas of their monoprotonated
62.2%, respectively, at pH 6.6, and that of JZAL] is 100% forms in the free state, 11.69 and 10.01, respectively. In contrast,
at pH 10.0. The [ZfL1L] complex exists as 45.9% and 100% the wavelength maxima in the spectrum of [ZH.H]?~ closely
at pH 6.6 and 10.0, respectively, and fZAL] exists as 99.1% resemble those diLH™ consistent with protonation being on
and 100% proportions at pH 6.6 and 10.0, respectively. The 'L~ as anticipated from thel of free ‘LH?" being 9.02,
complexes, [ZAL1LH]?~ and [ZITLL]3" exist as 84.7% and  Whereas that ofLH™ is 10.1. The spectra of the ternary
7.4%, respectively, at pH 6.6, and [ZriL]3 exists as 97.3%  complexes ofL, 3L, “L, and®L show characteristics intermedi-
at pH 10.0. Finally, [ZALH_,!L] exists as 15.3% at pH 6.0 ate between those 6L H~ and [ZriL] consistent with these
and [ZrPLH_,'L]2~ as 92.5% at pH 10.0. (These species Polyamines modifying the environment of coordinated™ by
percentages apply at the reagent concentrations given in thecomparison with that in [Zi.].
captions to Figures 1 and 2 and Figures—S5 and for the Solution Fluorescence Studiesk-luorescence spectra were
fluorescence determinations in the Experimental Section, andrun at pH 6.6 for théL, “L, L, °L, L3, and®L systems, and
their variations reflect the variations ia—Ks and the associated ~ at pH 10.0 for théll, °L, and’L3" systems, to accommodate
pKzs controlling the competing equilibria.) the substantial variation of speciation with pH. The fluorescence

Solution UV—Vis Absorbance Studies.Because of the spectra for individual complexes were derived from the fluo-
substantial variation of speciation with pH, UV-vis spectra were rescence spectra of the solutions studied on the basis of the
run at pH 6.6 for théL, 4L, 5L, 6L, 7L3", and®L systems, and  reported fluorescence spectra of {Zh and [Zn{L)]?>~ and
at pH 10 for thedL, 5L, 7L3-, and®L systems. The UV-vis  the concentrations of each Znternary complex ofL2" in
spectra of the individual species in solution were derived from solution as determined from the data in Tables 1 and 2. In all
solution spectra on the basis of the concentrations of each ternangases, excitation was at 358 nm, and the fluorescence spectrum
Zn?" complex calculated from the data in Tables 1 and 2, and of each species was divided by the molar absorbance at 358
reported UV-vis spectra df. H™, [Zn'L], and [Zn{L);]?>~.2 The nm to produce the standardized spectra in Figure 5. (Because
derived UV-vis spectra are shown in Figures 3 and 4, and the of its small molar absorbance at 358 nm, the derived fluores-
molar absorbances at the spectral maxima are given in Table 3.cence spectrum of [Zh 1L H]?~ may be subject to considerable
In some cases the noise level of the derived spectrum iserror and is not considered. It is probable that'thel~ ligand
significant as the complex of interest is not the only absorbing will be at most weakly fluorescent.) The molar absorbances at
species contributing to the observed total absorbance. (Signifi-358 nm, emissioimax, and relative emission intensities/atax
cant noise levels similarly arise in some of the derived and quantum yieldsp, appear in Table 4.
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Table 3. Derived UV—Vis Spectra of Ternary Zn?" Complexes in 50% Aqueous Ethanol (v/v) at 298.2 K

species wavelength at maximum in nm (and molar absorbance in dm?® mol~* cm~1)
ILH-ab 225 243 336
(3.06 x 10% (3.66x 10% (3.99x 10
[ZniL]ab 224 263 315 330 361
(2.82x 109 (3.40x 109 (2.68 x 10°) (3.07x 109 (3.81x 10¥)
[Zn(tL),)2 2P 224 263 315 329 361
(5.67 x 10% (7.18x 10% (5.52x 103 (6.19x 103 (7.92x 163
[Zn2LL )P 225 243 260 267 333 339 368
(2.39x 109 (2.87x 10% (1.16x 104 (1.20x 104 (3.58x 10°) (3.58x 10°) (1.88x 1%
[Zn3L1L]d 244 263 331 341 368
(3.20x 10% (1.54x 10% (3.53x 109 (3.71x 13 (2.65x 103
[Zn4L1L] P 225 245 263 315 330 345 368
(3.25x 10% (2.83x 10% (2.17x 10% (2.82x 10°) (3.52x 1) (3.51x 109 (2.65x 109
[ZnSL1L] bd 223 264 315 329 361
(2.97 x 109 (2.59x 1) (2.59x 1) (2.98x 13 (3.81x 133
[ZnSLILH]*+P 224 263 315 330 361
(3.69x 10% (3.15x 10% (2.48x 1% (2.86x 10°%) (3.39x 1)
[ZnSLiL] b 225 245 263 315 330 351
(2.76 x 109 (2.27 x 109 (2.40x 10% (2.58 x 10°) (3.12x 1) (3.24x 1)
[Zn7L1L]3-d 261 315 330 356
(3.22x 109 (2.73x 1) (3.12x 1® (3.73x 1®)
[Zn7LALH]Z b 225 244 267 336
(3.18x 10% (3.59x 104 (7.44x 10°) (4.11x 109
[Zn8LH_,1L]~P 225 244 267 336

(3.18x 109 (3.59x 10 (7.44% 10%) (4.11x 109

aRef 3.ppH 6.6, 0.10 mol dm® NaPIPES buffer¢ Shoulder.d pH 10.0, 0.10 mol dm? borate buffer.

— 70 Table 4. Fluorescence Parameters for Ternary ZnZ* Complexes
2 in 50% Aqueous Ethanol (v/v) at 298.2 K
£ 60} molar emission relative ¢
~ 501 absorbance Amax emission (400-600
E complex 358 nm (hm) at Aax nm)
g40r [ZniL]ab 3.79x 10° 485 5.16x 107 0.21
g [ZnlL g2~ ab 7.88x 10° 484 6.72x 107 0.13
230r [Zn2L1L]P 2.29% 10° 484 1.11x 107 0.08
5 [Zn3L1L]e 2.64x 10° 484 7.62x 108 0.05
T 20r [ZniLiL]P 2.97x 108 484 2.05x 107 0.10
% 1.0 [ZnSLiL]be 3.79x 10° 484 4.74% 107 0.20
= 0 [ZnSLHIL]*be 3.38x 10° 484 3.68x 107 0.17
0.0 Z - - [ZnSL1L]b 3.19x 10° 484 2.61x 107 0.13
400 450 500 550 600 [Zn7LiL]3-be 3.73x 108 478 5.98x 107 0.25
Wavelength / nm [ZnfLH_41L]"P ~3.25x 10° ~492 ~2.78x 10° ~0.14
Figure 5. Fluorescence spectra of (a) 1] (pH 6.6), (b) [Zn{L)z]%
(pH 6.6), (c) [ZRLL] (pH 6.6), (d) [ZrPLL] (pH 10.0), (€) [ZHLL] (pH ‘i?ef 3.PpH 6.6, 0.10 mol dm3 NaPIPES buffer® pH 10.0, 0.10 mol
6.6), () [ZrPLL] (pH 6.6 and 10.0), (g) [Zf HL]* (pH 6.6), (h) [Zr*L1L] dm™ borate buffer.

(pH 6.6), (i) [Zn'LIL]3" (pH 10.0), and (j) [ZALH-1L]~ (pH 6.6) in 50%
aqueous ethanol (v/v) solution at 298.2 K. The pH of the solutions from nitrogen of the closely related 6-methoxy+{¢&eluenesulfona-
which the spectra were derived is shown in brackets. The pH 6.6 solutions mido)quinoline bidentate ligand approaching trigonal planar

Nl | dm? in NaPIPES buff he pH 10 soluti . L .
\(l)\liroencq)ol%nr:gind?or::te t?uffer. S buffer, and the pH 10 solutions were stereochemistry in its tetrahedral bis complex ofZ¥

There is a 5-foldp variation for the complexes in Table 4 Conclusions
consistent with a significant effect of the coordination environ-  Zinquin A anion L2, fluoresces in the ternary [ZnfL1L],
ment on the fluorescence #f2~. This is attributable to differing ~ [ZnSLHIL]*, [Zn7L1L]3", and [ZBLH-11L]~ complexes. The
excitation and quenching efficiencies in the range of complexes fluorescencé.max varies slightly and varies 5-fold as thél. 2~
studied. Thep of [ZnSL L], [ZnSLHL]T, and [ZHLIL]3" most coordination environment changes with the nature of the ligands
closely approach that of [2h] consistent with the coordination ~ 2-68_ and’L3~. This suggests that most of the fluorescence of
environments of'L2~ being the most similar as was also 1L2- observed in intracellular studies arises from the coordina-

deduced from the UV-vis spectra. tion of L2~ by Zr?t that also coordinates a protein or other
The absence of detectable fluorescencelfdd~ contrasts bioligand. Such coordination E2~ may arise either when two
with the significant fluorescence observed = in [ZnlL], waters coordinated to Zhin a protein complex are substituted
[Zn(*L);]%~ and the ternary complexes. This is probably attri- by bidentate'L2-, or Zr*" increases its coordination number
butable to a combination of increased delocalizatiomn efec- from <6 to 6 to accommodate bidentate coordinatiodlot,

tron density in coordinatetl 2~ coincident with the sulfonamide  or when L2~ displaces weakly coordinated protein donor
nitrogen lone pair coordinating with Zh, and a restriction of groups. These findings suggest that assessments of intracellular
vibrational and internal rotational modes of coordinated- Zn2* levels through Z#+ specific fluorophores are likely to be
resulting in a decrease in quenching efficiency by comparison semiquantitative and that different Znspecific fluorophores

with that of ILH~. This deduction is based on the sulfonamide probably detect different ensembles of biologicafZapecies.
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Experimental Section

Materials. [2-Methyl-8-(p-toluenesulfonamido)-6-quinolyloxylacetic
acid was prepared as described elsewhérgands?L, 4L and°L were
prepared as reported in the literatditd.igand 3L (Strem), Na’'LH_3
(Fluka), Zn(ClQ), (Fluka) and NaCIl@(Fluka) were twice recrystallized
from water, and dried to constant weight ove©Punder vacuum prior
to use. CAUTION . Perchlorate salts can be explosive under anhydrous
conditions and should be handled with care.) After being recrystallized
from water °L (HCI)4 (Aldrich) was dissolved in water, neutralized with
NaOH, ancPL was extracted into chloroform that was removed under
vacuum and dried to constant weight ove®RPunder vacuum. Sodium
piperazineN,N'-bis(2-ethanesulfonate), NaPIPES (Cal Biochem), di-
sodiumethylenediaminetetraacetic acid.¢¢tdak (Ajax), boric acid
(Ajax), NaOH solution (Convol, BDH), HCIQ(BDH Analar) andéL
(BDH) were used as received. Deionized water was further purified
using a MilliQ-Reagent system to produce water with a resistance of
>15 MQ cm. Analytical grade ethanol distilled from CaO was used in
all solution preparations. Zinc perchlorate, HgEhd NaOH (all with
| adjusted to 0.10 mol dni with NaClQy) titration solutions were

prepared in 50% aqueous ethanol by volume under nitrogen and were
standardized by conventional methods. Solutions for spectroscopic studyS

were either buffered with 0.10 mol dNaPIPES buffer adjusted to
pH 6.6 with NaOH and HCIQ or with 0.10 mol dm? borate buffer
adjusted to pH 10.0 with NaOH and HGJO

Potentiometric Titrations. Potentiometric titrations were carried out
using a Metrohm E665 Dosimat autoburet interfaced to a Laser XT/
3—8086 PC in conjunction with an Orion SA720 potentiometer and

an Orion Ross Sureflow combination electrode. The electrode was
calibrated using standard buffer solutions and no corrections were made”

to pH values determined in the 50% aqueous ethanol (v/v) solutions.
Titration solutions were thermostated at 298:2.05 K in a water-

[Zn2+]1ma| =9.08x 10°and FL]muﬂ =2.07 x 104, [Zn2+][0[a| =9.08

x 1075 and PL] torar = 2.01 x 1074 [ZNn2*];orr = 8.08 x 10 5 and PL]

total = 4.92 x 1073 [Zn?Mjota = 9.08 x 107° and PL]iota = 2.00 x

1073, [Zn*]iota = 3.01 x 1072 and [L% Jiota = 4.98 x 1073, and
[Zn*)1ota = 3.01x 1072 and PL ]t = 5.20 x 1072, For determinations

in the 226-300 nm region at pH 10.0M[] tw = 2.07 x 1075 mol

dm=2 and the other reagent concentrations (mof&nm the duplicate
three solutions studied were [Zioa = 3.01 x 1073 and PL]wota =

4.99 x 1073 [Zn**]iora = 4.51 x 1074 and PL] tota = 5.05 x 1073;

and [Zrf e = 3.01 x 1072 and [L37] tota = 5.03 x 1073, For
determinations in the 360450 nm region at pH 6.6 all solutions were
9.84 x 1075 mol dnT2in [*L?7] 1w, and the other reagent concentrations
(mol dnv®) in the duplicate six solutions studied were o =
4.51x 104and PL] o= 1.03 x 10°3; [Zn?*]iora = 4.51 x 104 and
[4|—]t0ta| =1.01x 103, [Zn2+]t0ta| =4.51x 10%and PL]totaI = 5.00 x

10°3; [Zn?"]iota = 4.51 x 1074 and PL]iw = 1.00 x 10°%; [Zn? ota
=4.01x 10~* and [L3 Jiota = 4.98 x 1073 and [Zr#Miota = 4.51 x

107 and BL]iwta = 5.20 x 1073, For determinations in the 36@150

nm region at pH 10.0'[] tta = 1.04 x 10-° mol dm2 and the other
reagent concentrations (mol df in the duplicate three solutions
tudied were [Z# ot = 3.01 x 1072 and PL]wow = 4.99 x 1073;
[Zn?*]iota = 4.51 x 1074 and PL]iota = 5.05x 107%; and [Zr# ]t =

3.01 x 1072 and [L3 it = 5.03 x 1073, The spectra of the ternary
complexes were obtained by fitting the observed absorbances to the
reported spectra of [Zh] and [Zn{L),]?>" the appropriate potentio-
metrically determined stepwise stability constants through a nonlinear
least squares regression analysis based on the Method 5 of Pitha and
Jone® using an AcerPower 466d computer. The fluorescence spectra
ere similarly derived from the fluorescence of the solutions discussed
below.

Fluorimetry. Fluorimetric determinations were performed on solu-

jacketed vessel that was closed apart from a small vent for the nitrogentions thermostated at 2982 0.03 K in stoppered 1 cm path length

stream that was bubbled through the magnetically stirred titration

silica cells using a Perkin Elmer LS50B fluorimeter. For determinations

solutions to exclude atmospheric carbon dioxide. The instrumentation at pH 6.6 all solutions were 9.84 10°® mol dn 2 in ['L? ], and

was calibrated by titration of 0.100 mol dfNaOH (1.00 cr¥) from
the autoburet against 0.004 mol dhHCIO,4 (10.00 cnd). Protonation
constants for the ligandd, — 6L and’L 23", were determined by titration
of 10.00 cnd solutions (2.06-2.94) x 1072 mol dn12 in the ligand
and (2.00-4.01) x 102 mol dm2 in HCIO, (such that the acid

the other reagent concentrations (mol-djin the six solutions studied
were [Zif it = 4.58 x 107 and PLJiota = 1.03 x 1074 [Zn%]otal
=458 x 10°% and PL]ow = 1.01 x 1074 [Zn**]iota = 4.08 x 1075
and PLJwot = 4.99 x 1073 [Zn?*']iota = 4.58 x 1075 and PL Jotal =
1.00 x 104 and [Zr# ] = 3.50 x 1072 and [L3 ]oa = 4.98 x

concentration was at least one mole in excess of that required to0 1073 [Zn?"]m = 1.50 x 1072 and PL]w = 5.20 x 1073, For

completely protonate the ligand) with 0.100 mol dhiNaOH. The
stepwise complexation constants for the binary and bf$ Zomplexes
were carried out at the same concentrations of ligand and H®@IO
the presence of 2f in a series of two titrations; the first were
characterized by [Zi]ww/[ligandloa = 0.5 and the second by
[Zn*]iowal[ligandlota = 1.0. The stepwise complexation constants for
the ternary Zf™ complexes were determined from titration of solutions
(3.91-4.13) x 103 mol dm 2 in the ligand,’L — 5L and’L®", and
(8.01-10.0) x 1072 mol dn 2 in HCIO,. In all solutions [Z& ota
and L2 [yt = 0.5 x [275L, 7L3, and®L . All titrations were carried
out in triplicate at least. Generally, the pH titration range was 2.0 to
10.5 except for titrations ofL where precipitation of [ZH (OH)]"
commencing at pH 8.5 precluded titration to a higher pH. THesp
and stepwise ZAf complexation constants were determined using
program SUPERQUAB and appear in Tables 1 and 2.

UV —Vis Spectroscopy UV —vis spectrophotometric determinations
were perfomed on solutions thermostated at 298®03 K in stoppered
1 cm path length silica cells using a Cary 2200 spectrophotometer.
For determinations in the 22800 nm region at pH 6.6 all solutions
were 1.97 x 107° mol dnt2 in [*L% i, and the other reagent
concentrations (mol dnd) in the duplicate five solutions studied were

(13) Richman, J. E.; Atkins, T. J. Am. Chem. Sod974 96, 2268. Searle, G.
H.; Geue, R. JAust. J. Chem1984 37, 659. Briellmann, M.; Kaderli, S.;
Meyer, C. J.; Zuberbhler, A. D. Helv. Chim. Actal987, 70, 680.

(14) Gans, P.; Sabatini, A.; Vacca, A.Chem. So¢Dalton Trans.1985 1195.
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determinations at pH 10.0U? ]t = 1.04 x 107> mol dn12 and the
other reagent concentrations (mol dfnin the three solutions studied
were [Zif]iota = 3.01 x 1072 and BLJita = 4.99 x 1073, [Zn*]otal

= 4.51 x 10* and PL]iota = 5.05 x 1073 and [Z#]ota = 3.01 x

1072 and [L3 Jorar = 5.03 x 1072, Quantum yields were determined
using quinine as the reference fluorophore and were not corrected for
solvent refractive inde¥

Adventitious Zn?*. Zinc(ll) is environmentally ubiquitous and is
present as a very low level impurity in some high-grade commercial
chemicals as shown by our atomic absorption measurements. This is a
problem when working with low experimental Znconcentrations in
fluorescence studiésEither, all components of a solution may be
further purified at the risk of introducing other impurities, or the?Zn
impurity level may be determined in situ. The second approach was
adopted and the [Zf]agventtious= 8.0 x 1077 mol dnv 2 was the highest
level found in buffer solutions made up in the NaGli@ supporting
electrolyte in the absence oLH, 27°L, and ’L3". We found
[Zn% ] adventitiousto be below detection levels in solutions of the ligand
over the experimental ranges studied. Thus2{Zaventtiousmade less
than a 2% contribution to [Z] in the most dilute solutions used
in the fluorescence studies, and could be neglected in potentiometric
and spectrophotometric studies where 374w was much greater.

(15) Pitha, J.; Jones, R. Néan. J. Chem1966 44, 3031
(16) Melhuish, W. HJ. Phys. Cheml1961, 65, 229.
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