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We studied the efficacy of the tris-glycinatocobaltate(ll) complex ([Co(gly)s] ) as a shift reagent (SR) for chloride
by CI NMR spectroscopy and compared to that of Co?*(,. Due to the relatively low thermodynamic stability of
[Co(gly)s]~, a 1:3 Co(ll)/gly stoichiometric solution at physiological pH is approximately a 2:1 mixture of [Co(gly).-
(H20)7] and [Co(gly)(H20)4]*. This SR was found to be stable up to higher pH values than Co?*q), better preventing
Co(OH), formation at alkaline pH. No significant differences in the ®CI~ NMR chemical shift induced by Co(ll)/gly
or Co?*4q) Were observed in the presence of physiological concentrations of either Ca?* or Mg?*, or of either Na*
or K*. Although Co?*(,q) was almost twice as effective as Co(ll)/gly in shifting the 35CI~ NMR resonance at the
same high p ([SR}/[CI7]) value and low ionic strength, Co?*q Showed a significant decrease (p < 0.05) in the
3CI~ chemical shift at higher ionic strength. Line widths at half-height were significantly (p < 0.05) less for Co-
(I/gly than for Co% (g at p values in the range 0.066—0.40. Intracellular chloride was clearly detectable by *Cl
NMR spectroscopy in human skin fibroblast cells suspended in medium containing 40 mM Co(ll)/gly SR. We
determined that, although Co?*q provides a larger shift than Co(ll)/gly at the same p value, there are significant
advantages for using Co(ll)/gly, such as pH stability, ionic strength independent chemical shifts, narrow *Cl~ NMR
resonances, and reduced cellular toxicity, as a SR in biological systems.

Introduction Aqueous lanthanide shift reagents (SRs), such as
The study of chloride transport in cellular systems is of DY(TTHA)*" and HTm(DOTPY', have proven to be power-
particular importance due to the associated chloride transportful tools to study cation transport using NMR spectroscopy.
abnormalities present in cystic fibrosiand Duchenne’s ~ 1hese two SRs provide excellent means to study transport
muscular dystrophy patientsittenuation of chloride trans-  ©f cations; however, they do not work well for anion transport
port, through the inactivation of the cystic fibrosis trans- Studies, presumably because their high negative charges repel

membrane conductance regulator (CFTR) protein, leads to@nions. The resulting effect is little, or no, effective chemical
a buildup of chloride inside the cell, resulting in pancreatic Shift of the anionic NMR resonance of interest. Because of

insufficiency, and mucosal buildup in the tracheae. Several the_nonmvaswe nature of NMR spectroscopy, there are
techniques have been used to monitor chloride transportdistinct advantages over the other techniques used to study
across cell membranes: whole-cell and partial-cell patch nion transport, including the investigation of the number
clamp, ion-selective electrodes, fluorescence, radioactivef chloride binding sites, of the thermodynamics of chloride

labeling, and more recently NMR spectroscopy by the use interactions and of the kinetic properties of chloride transport.
of either shifé“ or relaxatiofi reagents. A number of innovativé®Cl~ NMR techniques have been

employed using transition metal complexes, particularly
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[Co(gly)]~ as a3*Cl- NMR Shift Reagent

Mn?*t,q as a relaxation reagérit for the extracellular Preparation of SR Solutions for lonic Competition Studies.
chloride resonance, and 6@@ as a SR to resolve the Solutions for cationic competition experiments contained 40 mM
extracellular chloride resonance from that of intracellular Co(ll/gly or CG**(ag, 10 mM glucose, 0.10 M [C], and 0.6-5.0
chloride. Although both reagents have successfully resulted™M of either C&" or Mg?* for divalent cation studies or-60.10
in the observation of intracellular chloride in vesicles and M for K* or Na” monovalent cation studies, and varying amounts

non-nucleated cell systems, they are toxic to cells becauseOf HEPES, pH 7.4. Preparation of the SRs was from either £0Cl

. Co(N d glycine, as d ibed above. Taking int t
both Mr?t g and CG* (g Slowly leak into cellst Shachar- or Co(NQ), and glycine, as described above. Taking into accoun

- the concentration of Coglused, if any, adjustment of the
Hill and Shulmafireported the successful use ofCqy as concentration of chloride to 0.10 M in these solutions was achieved
a SR in vesicles, but were unable to observe intracellular wjth NaCl, KCI, CaC, MgCl,, or tetramethylammonium chloride
chloride in Escherichia colicells. They interpreted this ((CH3)4NCI) depending on the particular competition experiments
observation as being the result of plasma membrane bindingconducted. The pH was adjusted to 7.4 with tetramethylammonium
the cytosolic chloride, thus broadening the resonance from hydroxide ((CH)sNOH), and the ionic strength was kept constant

the quadrupolaf®°Cl~ nucleus of intracellular chloride and  at 0.31 M with HEPES, pH 7.4. We selected (§MOH, HEPES,
making it unobservable. and (CH,)4NCI for adjusting pH, ionic strength, and [Glbecause

We have reported the use of the Co(Il)/gly SR to visualize Fhe bulky counterion was unlikely to bind to the SRs and interfere

. . in the competition experiments.
the 35CI- intracellular NMR resonance in red blood cell P b

. . . . ) Preparation of SR Solutions for Fluorescence Spectroscopy.
suspension$We designed this SR with the premise that the g effect of chioride on the fluorescence spectra of the SPQ dye

negative charge on the SR complex would cause slight was used to determine the amount of free chloride in SR solutions.
repulsion from the membrane phospholipids and thus preventajl sample solutions, either with or without 0.04 M Co(ll)/gly or
entry of the SR into the cell. 0.04 M CG*(sq at pH values 7 or 8, contained 2 mM SPQ. lonic
The purpose of the present study was to compare thestrength was kept constant at 0.15 M, V\_/hich was adjusted with 1
efficacy of the Co(ll)/gly SR developed in our lab with the M HEPES (at either pH 7 or 8, respectively) and 0.5 M NaNO
C02+(aq) SR for the application in biological systems by solutions. Fluorescence spectra Wer_e rgcorded acasén a PTI '
conducting ionic strength, concentration, pH, ionic competi- QuantaMaster QM-1 fluorimeter. Emission spectra were acquired
tion. UV/Vis fluorescen,ce and magr’letic’ susceptibility continuously at 443 nm, with the excitation wavelength set at 344

. . . 4 . nm? The SPQ fluorescence quenching effect by chloride is known
studies. Additionally, we provide the first report showing to be purely collisional for chloride concentrations up to at least

that intracellular chloride in nucleated cells is detectable using g 16 M9 we noticed that the SRs Co(ll)/gly and Tqy also

35CI NMR spectroscopy and Co(ll)/gly. quench SPQ through a collisional mechanism up to at least 0.5 M
concentrations. Therefore, the modified SteXfolmer equation to
Experimental Section describe the relationship between the fluorescence intensity and

the free concentrations of both quenchers is

CoCkL-6H,0, glycine, CaGl, MgCl,, MgSQ,, NaCl, NaHPO,,
KH2PO,, NaHCQ, acetic acid, sulfuric acid, [4-(2-hydroxyethyl)- FofFiortsr =1+ Kol [C1 Thee + Ko, R [SRlee (1)
1-piperazinethanesulfonic acid] (HEPES), and NaOH were pur-
chased from the Sigma-Aldrich Chemical Co. (St. Louis, MO) and WwhereF, is the fluorescence intensity measured in the absence of
used without further purification. 6-Methoxy-[3-sulfopropyl]- both [CI'] and [SRY], feij+sry is the fluorescence intensity in the
quinolinium (SPQ) was purchased from Molecular Probes (Eugene, presence of both [C] and [SR], andKs,©' andKs, R are the Sterr
OR). The human skin fibroblast (CCD-1001sk) cell line was Volmer quenching constants for Cand for SR, respectively. Here,
purchased from American Tissue and Cell Culture (Manassas, VA). we denote [CI] and [SR] as the total concentrations of Gind

Preparation of SR Solutions for pH Analysis. The nominal SR added to the solutions and [@ilee and [SRjee as the free
concentration of the Co(ll)/gly SR or €Q.q was kept constant at concentrations of C_I and SR in th_e_solutlons, respectivek,~!
40 mM. Al solutions contained HEPES, pH 7.4, 10 mM glucose, 2ndKs°%were obtained through fitting of SteriVolmer plots of
and NaCl. The pH was adjusted from pH 3.0 to pH 9.0 with NaOH fluorescence intensity data versus {{0h the absence of [SR] and

or H,SOy. lonic strength and [C] were adjusted to 0.15 and 0.10 ~ Versus [SR]in the absence of [l respectively. In order to obtain
M, respectively, with HEPES and NaCl. [Cl7]free the interaction between Cland each SR needed to be

Preparation of SR Solutions for lonic Strength and Concen- considered,

tration Studies. The Co(ll)/gly SR was prepared by dissolution of CI” + SR=CI"-SR @)
cobaltous chloride (or cobaltous nitrate for ionic competition studies;

vide infra) in water with the addition of glycine in a molar ratio of ~ with association constanks, = [Cl—-SR]/[CI"][SR]. Both [Cl ]fre
1:3 (cobalt:glycine). For comparison studies of?Gg;, and Co- and [SR}ee can be expressed in terms of {Chand [SR]:
(I/gly, the ionic strength was adjusted to either 0.15 or 0.31 M

with HEPES, pH 7.4. The final pH of each sample was adjusted to [Cl Jfee = [CI 1/(1 + K, [SR)ee) = (—1 — K[SR] + K [CI'] +
7.4 with concentrated NaOH. Varying concentrations of SR and (1 + KJSR] — K [CI"])2 + 4K [CI 1) *))/(2K,) (3)
HEPES were added to a 10 mm NMR tube. NaCl was used to

adjust the final concentration of Clto 100 mM. The respective and similarly,

ratio p ([SR]/[CI]) values were 0.033, 0.066, 0.13, 0.27, 0.33, and

0.40 for comparison of CGdq) and Co(ll)/gly at the two ionic [SR]iee = [SRI/(1 + KJCl Jjee = (-1 — KJCI'] + K[SR] +

strength values studied. (Q+KJCI] - Ka[SR])Z + 4Ka[SR])1’2)/(2K ) @

(8) Riddell, F. G.; Zhou, ZJ. Inorg. Biochem1994 55, 279-293. By substituting [Ct]qee (€q 3) and [SRke (eq 4) in eq 1, we
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obtained the functiofro/Fcij+(sr; in terms of [Cl] and [SR], and 40+

the parameter&.©', KSR andK, Through curve fitting ofFy/ E

Ficirj+sry vs [CI7], and assuming that [SR] was constant (0.04 M), £ 30 .

the K, values were obtained, and [Qfe. values were calculated £ )

using eq 3 for each SR. & 20 : .
Preparation of Human Fibroblast Cell SuspensionsHuman s . c

skin fibroblast cells (CCD-1001sk) were grown until confluent, ‘E . 8

harvested, and washed once in a HEPES buffered saline solution .(:“; 104 _

(137 mM NaCl, 5 mM KCI, 10 mM HEPES, pH 7.4, 20 mM s o

glucose, 20 mM sucrose) and 40 mM Co(ll)/gly. Cell viability was 0 . T T T

measured using the trypan blue exclusion test as described 00 0.1 02 03 0.4

previously? [SRYICI

UV/Vis Spectrophotometry. UV/vis spectra were determined Figure 1. Plots of chemical shift (in ppm) v value for ©) Co*(aq)
on a Jasco-V550 UV/vis spectrophotometer. SR solutions were jonic strength () = 0.15 M; @) Co?*(qy | = 0.31 M; @) Co(ll)/gly, | =
placed in disposable methacrylate cuvettes, and spectra were0.15 M; and W) Co(ll)/gly, I = 0.31 M. [CI] was kept constant at 0.10 M
acquired using a wavelength scan between 285 and 700 nm, undef" all experiments. For all points) = 3.

the same conditions described above for the pH studies using NMR ) o ) )
spectroscopy. Magnetic susceptibility measurements were carried out on a Varian

35C|-, 1H, and 3C NMR Spectroscopy.35Cl- NMR spectra of VXR-400S NMR spectrometer at room temperature. A set of two

SR samples were acquired on either a Varian VXR-300 or a Varian coaxial NMR tubes was used. The inner tube was a capillary with
VXR-400S NMR spectrometer at 25C. All solution spectra 1.0 mmi.d.,, 1.2 mm o.d., and 90 mm length. The outer tube was
(without cells) were acquired with 512 transients, and a spectral @ regular Wiimad NMR tube with 5 mm o.d. The outer tube was
width of 200000 Hz on a low-frequency 10 mm broadband probe filled with 2% tert-butyl alcohol as an indicator in 99.9%,0.
tuned t0%Cl (29.4 and 39.2 MHz for the Varian VXR-300 and The inner tube was filled with the sample solution of 40 mM
Varian VXR-400S spectrometers, respectively). A p0lse width Co?*(ag 0r Co(ll)/gly and 2%ert-butyl alcohol in 99.9% BO. The
of 78 us and a preacquisition delay of 48 were used for spectra pH of the sample solution was adjuste.d.to 7 or 8 with concentrated
obtained on the VXR-300, while a pulse width of 28 and a ~ NaOH. At higher pH for &) precipitation of Co(OH) was
preacquisition delay of 0.4 s were used on spectra acquired on theoPserved. Therefore, Tris-Cl was used as a buffer fot"Gg at
VXR-400S. The total acquisition time for each SR sample was pH 8 to avoid such a precipitation. The solution level in the inner
approximately 5 min. All samples were run with a reference tube tube was lower than that in the outer tube to make the inner capillary
placed within a sample tube, i.e., the inner tube contained 50 mM stand straight up during fast spinning of the NMR tube. All solution
NaCl with 20% DO, and the outer tube contained 0.15 M NaCl SPectra were acquired with 512 transients, a 2Bulse width, an
and varying concentrations of SR. The@in the inner tube was acquisition time of 4.096 s, and a spectral width of 8000 Hz on a
used to lock the frequency during the acquisition of the spectra. > MM broadband probe tuned 4 (399.96 MHz). The spinning
35CI- NMR spectra of cell suspensions were acquired nonspin- fréduency was set to 35 Hz. The number of unpaired e_Iectron_s for
ning on the VXR-300 equipped with a 10 mm broadband probe €%’ Or Co(ll)/gly was calculated from the chemical shift
(29.4 MHz), with 8192 transients, a 9@ulse width of 78us, a difference t_)etween theert-butyl alcohol _|nd|cato_r intH NMR
preacquisition delay of 40s, a spectral width of 100000 Hz, and ~ 'éSonance in the two compartments with or without G, or

the variable-temperature unit set to 2. Total acquisition time Co(ll)/gly.*2
for cell samples was not more than 45 min. Statistical Analysis.Calculated average values are presented as

1H and13C NMR spectra of Co(ll)/gly solutions in the absence meant+ SEM. Comparisons between two sets of experimental data
and presence of Cwere acquired on the Varian VXR-400S NMR ~ Were made using the paired Studenttest, withp < 0.05 being
spectrometer at 25C, usirg a 5 mmbroadband probe at 399.96 ~ considered significant.
and 100.60 MHz, respectiveliiH NMR spectra were typically run
with 16 transients, a 33pulse width, an acquisition time of 3.74
s, and a spectral width of 8000 Hz, while for tHe€ WALTZ-16 lonic Strength Effects on3*CI- NMR Chemical Shifts.
brloadband decoupﬂled spectra we used 7600 trfi@mntﬁ,pﬂ% For p values> 0.1, C6+(aq) produced a significanp(< 0.05)
width, a spectral width of 66778 Hz, a preacquisition delay of 5.0 o, e aqe in thasCl- paramagnetic induced shift at higher
s, and an acquisition time of 0.96 s (12.7 h total acquisition). The . .
1H and®3C shifts were referenced internally to sodium 3-(trimeth- ionic strength (Se? Flgur.e 1).' For examplepat 0.40, we

observed a chemical shift difference of 29:30.6 ppm

ylsilyl)-1-propanesulfonate. i
All 35CI NMR spectra were analyzed using Acorn Nuts (Acorn — 3) at the ionic strength of 0.15 M vs 207 0.1 ppm @

NMR, Livermore, CA). All spectra were integrated using the same = 3) at the ionic strength of 0.31 M. THECI~ NMR shift
vertical scale and spectral width. In the calculation of line width at induced by Co(ll)/gly exhibited no significant dependence
half-height values of thé&CI~ resonances, the exponential multi- (p < 0.36) on ionic strength; at the sarpevalue of 0.40,
plication, used for spectral smoothing, was subtracted from the the chemical shift difference was 17A410.9 ppm ( = 3) at

Results

experimental line widths. the ionic strength of 0.15 M vs 162 0.4 ppm ( = 3) at
Magnetic Susceptibility. Experiments were carried out using a  the jonic strength of 0.31 M.
modified version of Evans’s method as previously descriBéd. Relationship between3:Cl~ NMR Line Widths and

9) () llisley, N. P: Verkman., A. SBiochemistryl987, 26, 1215-1219. Concentration of SR. The relationship between the line

(b) Verkman, A. S.; Sellers, M. C.; Chao, A. C.; Leung, T.; Ketcham,
R. Anal. Biochem1989 178 355-361. (11) Evans, D. FJ. Chem. Soc1959 2003-2005.
(10) Patterson, M. K., JMethods Enzymoll979 58, 141-152. (12) Loiger, J.; Scheffold, LJ. Chem. Educl972 49, 646-647.
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[Co(gly)]~ as a3*Cl- NMR Shift Reagent

Table 1. Observed®CI~ NMR Chemical Shift for Cationic Competition with Either 40 mM [Co(glly) or 40 mM [CG*(aq)?

[Ca2+] or CO(”)/eg [C02+(aq)] [Na*] or Co(ll)/gly [C02+(aq)]

[Mg?*t] (mM) cat Mg?* cat Mg?*+ [K*] (mM) Na* K+ Na* K+
5.0 23.8£ 05 23.1+ 04 37.6£0.2 38.9£ 0.2 100.0 23’ & 0.4 23.8£ 0.3 36.2+ 0.8 36.5+ 0.4
4.0 23.6+ 0.3 23.4+ 0.4 39.0+£ 0.4 38.7£ 0.4 80.0 23.2:0.3 23.4+ 0.2 36.0+£ 0.4 36.4+ 0.3
3.0 228+ 04 23.0£ 04 38.3£ 0.3 379+ 0.1 60.0 23.6£ 0.2 23.5£0.3 36.4+ 0.3 36.9+ 0.1
2.0 225+ 0.3 22.8+ 0.6 38.1+£ 04 39.1+ 0.2 40.0 22# 0.1 22.3£0.3 37.3£0.2 38.1+£ 0.5
1.0 23.6+ 0.3 240+ 04 39.2£ 0.3 38.3£ 0.3 20.0 245+ 0.3 23.4+04 38.2+ 0.3 38.1+ 0.4
0.0 23.8+£ 0.4 23.8+ 0.4 38.2+ 05 38.2+ 05 0.0 23.8£ 0.4 23.8+ 0.4 38.2+ 0.5 38.2+ 0.5
p values 0.50 0.36 0.87 0.39

aAll entries in the table, except for cation concentrations pnealues, are’>*Cl- NMR chemical shifts (in ppm). [Cl] and the ionic strength were
adjusted at 0.10 and 0.31 M, respectively. All data reported as mie8BEM, n = 4.

301

N
o
1

-
o
1

Corrected Line Width at
Half-Height
(Avas2e/Av;2i)

T
0.2 0.3 0.4

[SRY/[CI]
Figure 2. Corrected line width at half-height ysvalue for (&) C0o?*(aq)
and @) Co(ll)/gly at ionic strength 0.15 M. [C]] was held constant at

0.10 M. * statistically significantp < 0.05,n = 3. Error bars smaller than
points for Co(ll)/gly, and ap = 0.13 for C3*(aq, Corrected line widths at

0.0 0.1

254

20+

Chemical Shift (ppm)

3 4 5 6 7 8 9
pH

half-height were calculated by (external resonance line width at half-height)/ Figure 3. PI_OtS_Of chemi+cal shift (in ppm)_vs_pH value faD) Co%(aq)
(internal resonance line width at half-height) to correct for magnetic field forward fitration; ®) Co** () reverse ftitration; [) Co(ll)/gly forward

inhomogeneity and shimming between samples.

width at half-height of th€°CI~ NMR resonance and varying

titration; and W) Co(ll)/gly reverse titration. Note that only a partial
restoration in chemical shift is evident for the reverse titrations df'Gg
or Co(ll)/gly.

SR concentrations at the ionic strength of 0.15 M are shown Co(Il)/gly aqueous solution at a nominal concentration of

in Figure 2. The corrected line width values at half-height
are significantly larger for C0 g than for Co(ll)/gly f =
3, p < 0.05) for all p values investigated.

Cationic Competition Studies.Data from cationic com-
petition studies with Co(ll)/gly or C0 (g are shown in Table
1. No significant differences in th&Cl~ shift induced by
Co(Il)/gly or Cc*(5q With or without C&" or Mg?* and with
or without K or Na" were observed.

pH Dependence of°Cl~ NMR Chemical Shifts. At the
physiological ionic strength of 0.15 M, th&Cl~ NMR
chemical shift values in the presence of eithePGg, or
Co(ll)/gly were compared at varying pH values (Figure 3).

40 mM displays a very small, positive shift of 0.07 ppm
relative to 120 mM gly (3.55 ppm). This small paramagnetic
shift does not change significantly in the presence of 100
mM NacCl (o = 2.5) or in the presence of 267.5 mM HEPES,
pH 7.4 ( = 0.31 M). At the same pH value, th€C
paramagnetic shifts of a Co(ll)/gly solution at a nominal
concentration of 200 mM [Co(gly)~ relative to 120 mM
gly are very large and positive: 130.9 ppm for &d 121.2
ppm for G. These shifts, however, only experienced a very
small but significant variation in the presence of 600 mM
NaCl (o = 3.0).

UV/Vis and Magnetic Susceptibility Measurementsin

A significant decrease in chemical shift was observed at order to study the coordination chemistry occurring at higher

higher pH (pH> 8.0) for both Cé&* g and Co(ll)/gly. As

pH, the pH titrations were followed by UV/vis spectropho-

the pH increased from pH 3 to 7, the chemical shift remained tometry as well as with magnetic susceptibility measure-
almost constant until the physiological pH was reached, but ments. The UV/vis titration spectra of Co(ll)/gly and Ty
it decreased as the pH approached values above 8. It wasire shown in Figure 4A and Figure 4B, respectively. The

also observed that the color of the €gq) solution changed
from light pink to a blue precipitate at higher pH, whereas
the color of [Co(gly}]~ remained light pink and no precipi-
tate was visible at higher pH. Upon addition of acid to
decrease the pH, thé®Cl- NMR chemical shift in the
presence of Co(ll)/gly or Cd(.qywas only partially restored,
but the color of the system was fully restored for’Gg,,

H and 3C NMR Shifts of Co(ll)/gly Solutions in the
Absence and Presence of excess CIAt pH 7.4, thelH
chemical shift (3.62 ppm) of the Gnethylene protons of a

insets in Figure 4 display the increases in the absorbance of
the bands with increasing pH for the two Co(ll) complexes.
The pH effect was partially reversible upon acidification.
There was no significant changp € 0.45,n = 5) in the
magnetic susceptibility of Co(ll)/gly at pH 7 or 8, yielding
values of 3.33t 0.06 and 3.25+ 0.07 unpaired electrons
for pH 7 and 8, respectively. For €, a significant
difference p < 0.05,n = 5) between pH 7 and pH 8 was
observed, yielding values of 3.22 0.04 and 2.98+ 0.03
unpaired electrons, respectively.
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Figure 5. Normalized fluorescence intensities of €ISPQ complex at

pH 7 (A) and at pH 8 (B), in the absence of SB){in the presence of 40
mM Cc?(aq) (2), and in the presence of 40 mM Co(ll)/gIi).

o

20

Table 2. A[Cl ]Jfree (NM) Values Obtained from SPQ Fluorescence
Quenching by Ci in the Presence of SR (0.04 M) at Increasing Total
[cr]e

pH=7 pH=28
[CIT] Co?*(ag) Co(lly/gly [CI] Co?"(ag) Co(ll)/gly
0 0 0 0 0 0
20 241+ 0.12 1.45+0.02 20 2.58:0.08 3.14+0.22
50 6.01+ 0.30 3.63+ 0.06 50 6.45+ 0.21  7.84+ 0.55
100 12.0+0.60 7.26+:0.12 100 12.9-0.40 15.7+£1.10

aThe entries in the tablé\[Cl ]«ee (in NM), are the differences between
the [Cl]wee Values in the presence and absence of SR (the latter values

C0**(aqy Reverse titration absorbance values are indicated by filled symbols being equal to the total [C] (in mM) used). TheKs, values in the absence

in each figure inset.

Interaction of Cl ~ with the Cobalt Complexes.The data
plots of SPQ fluorescence intensity ratiegF vs [CI7] and
the Sterr-Volmer constantKs,"' obtained at pH 7 and 8

are shown in Figure 5 and Table 2. There was no significant

difference p < 0.15) between th&, values in the absence
of SRsatpH7and 8 (922 M %, n=3,and 873 M1,

n = 3, respectively). These values are somewhat smaller than

the reportedks,“ value of 118 M in water at 23°C 2
possibly due to the weak quenching effect of 0.5 M nitrate
present in our solution¥s,>R constants were obtained from
the appropriate SterAVolmer plots in the absence of Cl
(data not shown), yielding values of 591 M1 and 454+

1 M~ for Co?(aq and 56+ 1 mM~t and 44+ 1 M~ for
Co(ll)/gly at pH 7 and 8, respectively. There was no
significant difference between th€,SR values for Cé'(sq)
and Co(ll)/gly at pH 7§ < 0.18,n = 3) and at pH 81§ <
0.36,n = 3). However, for the values between pH 7 and pH
8 a significant difference was observad € 0.05,n = 3).
The data plots ofo/Ficij+(sr; VS [CIT] in the presence of
0.04 M SR (either C& (5q) or Co(ll)/gly) are also shown in
Figure 5. TheK, values obtained through curve fitting of eq
1 are 3.00+ 0.15 M* and 3.23+ 0.10 M for Co?*aq)
and 1.81+ 0.03 M and 3.924 0.28 M for Co(ll)/gly at

pH 7 and 8, respectively. The [Qkee values in the presence

of SR at pH 7 and pH 8 were 92 2 M~! and 874+ 3 M1, respectively.

i

50 0 -50 PPM

Figure 6. 3°Cl NMR spectrum of a human skin fibroblast suspension:
(0) the extracellulaf>Cl~ resonance; (i) the intracellular resonance.

are not significantly different from the total [Qlvalues 6
< 0.15, 0.15, 0.15, 0.1%,= 4, for solutions containing either
Co?*(aq) Or Co(ll)/gly at pH 7 or 8, respectively).

NMR Studies on Cellular Systems.A representative
35CI~ NMR spectrum from our studies on cellular systems
is shown in Figure 6. Intracellular chloride was clearly
detectable using a nominal concentration of 40 mM Co(ll)/
gly in a fibroblast cell suspension. Cell viability was
measured to be 81% at the conclusion of the experiment,
indicating good cell viability during the course of spectrum
acquisition.

Discussion

The ability for a SR to be effective in NMR studies of

of SR, calculated as described in the Experimental Section,cell compartmentation of anionic species, such3¥i-,
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depends upon a number of factdtdn the absence of SR,
the 3°CI~ signals in the two compartments coincide. The
presence of SR in the extracellular medium should, however,
be effective in shifting the extracellular signal from the
intracellular one at low, nontoxic [SR] concentrations and
without causing too much broadening, and the SR should
be thermodynamically stable in the extracellular medium and
not leak into the cell.

Fast exchange conditions prevail for tReCl NMR
spectrum between the free and SR-bound iGhs. As the
interaction between the SR and <Cis weak, the shift
observed for the extracellular resonance relative to the
unshifted intracellular one is given Y0 ps = A6: fp, where
Aoy is the fully bound shift and, is the SR-bound CI
fraction. WhileAd; depends on the shift mechanisms present,
which will be discussed latef, depends orp and n, the
number of binding sites of Clto the SR, as well as the
respective association constants of @ the SRK,. If p
decreases, e.g., because @ the solution increases relative
to [SR], f, and the observed shift will decrease, due to the
decreased number of anions being in close proximity to the
SR compared to bulk C| Conversely, as [SR] in the solution
is increased relative to [C], the observed shift will increase
until it reaches a plateau atvalues when all the SR binding

100
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z MLs
g 60 ML
=
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Figure 7. Species distribution as a function of pH calculated for a total
Co(ll) concentration of 40 mM and a total glycinate (gilL) concentration

of 120 mM using the thermodynamic data from the literatdrbut not
taking into account the formation of Co(Ofhhy M, ML, ML 2, and MLs
represent the species [Ca®)s]2", [Co(gly)(H0)4™, [Co(gly)(H20)2],
and [Co(gly}] ~, respectively.

not take into account the formation of the hydroxide Co-
(OH), at high pH (vide infra), it clearly predicts that at pH
7.4 the [Co(Glyj]~ species is virtually nonexistent (3%),
and the active SR species f&CI~ are the 1:2 [Co(Gly)
(H20),] (57%) and 1:1 [Co(Gly)(KHO)4 ™ (37%) species. The
presence of 10% excess glycinate is predicted to only
increase to 4% the speciation of [Co(Gly) which increases

to 21% at a 10-fold excess of ligand. Indeed, we observed
that preparation of [Co(gly)~ using more than a 3-fold

sites are saturated. We did not reach such a plateau usingyycess of glycine over Co did not result in a further

the p values reported under the current experimental condi-
tions, indicating that the SRCI~ interaction is too weak to

increase in théCl~ shift.
At the samep values, the chemical shift induced by the

be measured by this technique in both cases (Figure 1). TheCo(II)/eg SR was almost twice as small as that oRGg,

present experiments were limited by our wish not to change
the [CI] and the ionic strength too much, keeping them
whenever possible at values relevant to physiological condi-
tions.

The thermodynamic stability of the SR complex is a
determining factor in the kind of species present in solution.
The concentration stability constants (defined &g =
[MpLH/[M]PIL]9[H]") reported for the C¥/glycinate
system at 25C and an ionic strength of 0.1 are Ipg;o =
4.64+ 0.01 ([Co(gly)(HO)4] " species), loghi0 = 8.46+
0.04 ([Co(gly}(H20),] species), and lo;130= 10.81+ 0.1
([Co(gly)s]~ species}* Because of these low values, the
conditional overall stability constant of tris-glycinatocobal-
tate(ll) at pH 7.4 is even lower. Figure 7 shows the
distribution diagram vs pH of the soluble species calculated
for the Co(ll)/glycinate system at total concentrations of
Co(ll) and glycinate of 40 mM and 120 mM, respectively,

(Figure 1), presumably either because the different magnitude
and sign of the charges in the complex ions present ([Co-
(gly)2(H20),] and [Co(gly)(HO)4] ") result in the interaction
between SR and Clnot being as strong as that between
Co?"aqand CI (indicated by a smallef value), or theAd;
values being smaller for [Co(ghj]) than for C8* (g, Or a
combination of the two (vide infra).

The concentration of chloride in extracellular fluids is
reported to be between 0.03 and 0.14%Since the
effectiveness of the SR is dependent largely upon][Ghe
choice of the [SR] to [CI] ratio (p) to be used is of
tantamount importance. As the [SR] increases, it may become
more toxic to the cells, but as the [Clincreases more SR
is required to provide an adequate resolution of ¥~
chemical shift. Therefore, the amount of SR required should
be high enough to resolve the intra- and extracellular chloride
resonances in the NMR spectrum, but not too high to cause

using the above constants, as well as the formation constani.g| toxicity and death.

log f11-1 = —5.42 for the hydrolysis product [Co(gly)(B)s-
(OH)J*, the glycinate protonation constants of 9.78 and 2.35,
and the ion product of waterKp, = 13.755 This species
distribution was calculated using the HySS program within
the HYPERQUAD packag®. Although this diagram does

(13) Sherry, A. D.; Geraldes, C. F. G. C. Shift Reagents in NMR
Spectroscopy. IrLanthanide Probes in LifeChemical and Earth
SciencesBunzli, J. C. G., Choppin, G. R., Eds.; Elsevier Science
Publishers: Amsterdam, 1989; Chapter 4, pp-236.

(14) Martell, A. E.; Smith, R. M.Critical Stability Constants Plenum
Press: New York, 1974; Vol. 1.

(15) Aldeighi, L.; Gans, P.; lenco, A.; Peters, D.; Sabatini, A.; Vacca, A.
Coord. Chem. Re 1999 184, 311-318.

Increasing the ionic strength of the Co(ll)/gly SR solution
had no significant effect on the inducéxCI~ shift (Figure
1), indicating that the outer-sphere ion pair interaction with
chloride is negligible even for the positively charged Co(ll)
complex present. A decrease in th€l~ shift induced by
the Co*aq SR was expected with an increase in ionic
strength, due to the attenuation of ieion attractive inter-
actions at higher ionic strength. This effect was indeed
observed (Figure 1), in agreement with the decreased stability

(16) Gamble, J. LAcid-base physiologyA Direct Approach The Johns
Hopkins University Press: Baltimore, 1982.
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constant reported for the monochloro Co(ll) complex at 25 to (g? — g-%) (whereg, andgn are the principaly values

°C when the ionic strength increases (kg 0.0 atl = 0.5 parallel and perpendicular to the main symmetry axis of the
M and logK = —0.2 atl = 3.0 M)!* Therefore, ionic SR complex), and the geometric facterof the nucleus@
strength plays a more important role for the?Gg, SR in = (3 cog 0 — 1)/r®) describing the position of the nucleus

affecting the®®*Cl~ induced shift than ion competition. By relative to the Co(ll) ion through the Co(H) nucleus
contrast, neither ionic strength (Figure 1) nor ion competition distance and the angl® betweerr and the main symmetry
(Table 1) significantly affected th&Cl~ shift induced by axis of the SR comple¥ The pseudo-contact shifts have
Co(Ih/gly. been estimated for thtH and **C nuclei of pyridine bis-

As described above, ti#CI~ shift induced by Co(ll)/gly coordinated to the tetragonal high-spin Co(ll) bis-acetyl-
was not as large as that of €gq) at the samep values acetonate complex using single-crystal magnetic susceptibil-
(Figure 1), indicating thai\d; is larger for the latter SR. ity data?® While these were all negative, indicating that all
There are a number of factors contributing to the overall the pyridine nuclei ha values of the same sign, the contact
chemical shift, as given by the following expressiofd; shift often changed sign between adjacent nuclei, reflecting
= Adg + Adc + Adpe, WhereAdy is the diamagnetic complex  a polarization of the unpaired electron spin density through
formation shift, Ad. is the contact shift, and\dy. is the the ligand bonds, which resulted in sign changes in the
pseudo-contact or dipolar shift!"18The diamagnetic com-  respective spin density anilvalues.
plex formation shift, usually small, is the result of electro-  The larger positivé®Cl~ shift induced by the C0 g SR
static interactions of metal ion induced ligand conformational relative to Co(ll)/gly results from a combination of the Fermi

changes’'® Substitution of C&" in [Co(gly)s]~ for Mg?* contact and the dipolar contributions. The interactions of Cl
(40 mM Mg@?" at ap value of 0.40, in the absence of €gg) with both SRs are very weak, as predicted from the very
or Co(Il)/gly), its isomorphous diamagnetic analogtigave low stability constant reported for the monochloro Co(ll)

no significant p < 0.54,n = 4) 3CI~ chemical shift (data  complex* and as inferred from the absence in decreases of

not shown), indicating that the complex formation shift is free chloride concentrations in solutions containing either

not a significant contributor. SR, as sensed by the indirect method based on SPQ
The paramagnetic shift induced by the Co(ll) shift reagents fluorescence quenching by C(Table 2). The weak inner-

on a given nucleus, in the simpler case of axial magnetic sphere complexes formed by Gbns with CG*yq lead to

symmetry for the SRCI~ complex, is given b replacement of at least one of the®ligands surrounding
the paramagnetic center. The presence of a direct Co(ll)
A+ Adp. = —(2nAlhy,B)[EH DG (5) CI~ bond leads to a large positive contact contribution to

_ o _ o the **CI~ shift induced by C&'(,q), because of direat and

The Fermi-contact contribution to the shiftdc), originating 7 spin delocalization of the unpaired electrong gad b,
from the additional magnetic field at the observed nucleus | respectively) of C& onto the3Cl nucleus, as observed
caused by the electron magnetic moment of the Co(ll) ion, pefore for thel’O shifts of water in the aqua complexss.
depends on the hyperfine coupling const@wf the nucleus  Thjs jarge positive contribution is dominant relative to the
with a gyromagnetic ratig/, and on the spin expectation  gipolar contribution, which is likely to be negati¥®and
value [§,of the Co(ll) ion @1 is Planck’s constant anB, dominated by the orbital contribution and the distortion from
the external magnetic field)A is proportional to the total  he regular octahedral symmetry to the magnetic anisotropy
unpaired spin density at the nucleus, which is a sum of the ;gnstanD of the inner-sphere [Co@®)sCl]~ complex. The
contributions from each molecular orbital containing an outer-sphere complexes are expected to have no significant
unpaired electron, and is transmitted to the nucleus throughcgntact and dipolar shifts.
its s orbital contribution to that molecular orbital. Spin density  The3sc|- shifts induced by the Co(Il)/gly SR result from
can be positive or negative, but becalSglis negative for the interaction of Cl with the [Co(gly}(H.O),] and [Co-
Co(ll), a positive spin density implieA > 0 and a positive (gly)(H-0)4* complexes present in solution. The outer-
(downfield) hyperfine shift. Unpaired electrons inTanay  gsphere contribution to this interaction is negligible, as shown
result in positive contributions to spin density through direct by the absence of ionic strength effects on the observed shifts,
unpaired spin delocalization into the ligand nucleus, while gnq i present, would give a negligible contribution to the
negative contributions to spin density may result from spin ssc|- ghifts. because of the negligible Gbound fraction
polarization mechanisms. The pseudo-contact contribution g3nq the very small shifts induced. The very small positive
(Ady), deriving from the Co(ll)-centered magnetic moment, 1 shift observed for the &1, protons of the glycinate
depends on the magnetic anisotropy consfantvhich is ligands in the complexes present in the SR solution com-
characteristic of the Co(ll) SR complex and is proportional plexes, which results from canceling of the opposing effects
(17) Geraldes, C. F. G. Odethods Enzymoll993 227, 4378, of the two spin polarization mechani;ms from the Co(ll)
(18) (a) Horrocks, W. D., Jr. Analysis of Isotropic Shifts. NMR of center through the carboxylate and nitrogen paths, clearly

Parameklgn\%iCDM%I;EC'LLIgISmPrgenﬁi_'pleé»dindA@g%Iingiticog?el\s/lsr, l\?e'v{/\l\'('ork indicates that any contact interaction due to polarization of

T§§r3(?°cﬁaptér 3. pp 128177, (b) Bertini. |- Luchinat. C.- Parigi, .~ the unpaired electron spin density of Co(ll), through the three

Solution NMR of Paramagnetic Molecules. @urrent Methods in bidentate glycine ligands, into Clis negligible. The dipolar

Inorganic ChemistryElsevier: Amsterdam, 2001; Vol. 2, Chapter 2,

pp 29-73. (20) Horrocks, W. DeW., Jr.; Hall, D. Onorg. Chem 1971, 10, 2368~
(19) Griesser, R.; Sigel, Hnorg. Chem 1971, 10, 2229-2232. 2370.
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shift should also average out. Thus, the large obsei’&d formed, and the actual [Gb,q) in the solution decreased
shifts induced by the SR are due to formation of inner-sphere dramatically resulting in a decrease of th€l~ chemical
complexes, such as [Co(gii.O)CI]~ and [Co(gly)(HO)s- shift, the observed decrease ®€I~ shift with the Co(ll)/
Cl], with Co(Il)—CI~ bonds allowing directr and sz spin gly SR at alkaline pH does not result from Co(QH)
delocalization mechanisms, as discussed above for [Co-formation but rather in part from a combination of the
(H.0)sCI]~. The efficacy of these mechanisms is reflected increased solution concentration of the shiftless [Cogty)

in the very large positive'®C shifts observed for the at higher pH (Figure 7), as well as to some other complex
carboxylate @ and G, carbons, with a sizable negative being generated, other than the [Co(glyy(hk(OH)]* hy-
dipolar shift contribution for G which has a much larg&s droxo complex.

value than G. Inner-sphere Cl complexation is also The UV/vis spectra observed for both SRs at different pH
demonstrated by the extremely small effect of a 3-fold excessvalues (Figure 4) are consistent with eomplexes, and at
CI= (0 = 3) on the!*C shifts of the complexes present in higher pH the observed absorbance changes could be due to
the Co(ll)/gly system, which are in fast exchange on the a shift from high-spin &’ to low-spin £e' spin systems.

NMR time scale. The shift in spin configuration at high pH could be the result
One advantage of the Co(ll)/gly SR over gqq) is that of coordination of the OH ligand to C&" or to the formation
the line width at half-height of the SR-exposéeCl~ of other C3" complexes. With more OH present, the

resonance was much narrower (Figure 2). This should resultCo?* (g System favors the formation of Co(O4g) resulting
from a smaller paramagnetic relaxation effect of Co(ll) in in a decrease in chemical shift because of lower availability
the former SR, reflecting a lengthening of its electron spin of the soluble C®&",q complex. However, the data from
relaxation time'é® as the percentage of inner-sphere com- magnetic susceptibility studies of the Co(ll)/gly system do
plexes present should be comparable. This narrow resonanceot support the formation at higher pH of a complex with
has a number of advantages in biological systems, particu-reduced spin multiplicity since no significant difference in
larly because lines tend to be broadened due to magneticmagnetic susceptibility was observed. FoPGg, at pH 7,
susceptibility effects in high-density cell suspensions under- the complex is entirely in the high-spin configuration. At

going nonisotropic tumbling. pH 8, however, approximately 1% of the complex is in the
The effect of pH on thé5Cl~ chemical shift induced by  low-spin configuration.
C0o?*(aq) (Figure 3) showed an abrupt decrease atpH8, If CI~ ions were covalently bound to or strongly interacting

which is attributed to the formation of insoluble Co(Ql4j} with the SR and therefore not available for collision with
high pH from the Cé"(4q solutions?! whose low solubility SPQ, the concentration of free Clletected by fluorescence
product Ksp value of 1.3x 10715 M3) indicates a relatively ~ would be significantly lower than the total [dlin the
insoluble product in KO.22 A decrease in pH results in a absence and presence of SR. The absence of a significant
reversal of the above process, with a concomitant increasedifference of [Ct]qee from the total [CI] in the SPQ

in the 3°CI~ chemical shift as would be expected from the fluorescence intensity in SR-containing solutions (Figure 5
ionization of Co(OH) into C&**(aqy FromKg, = [Co*'J[OH 2, and Table 2) reflects a weak interaction between &id

we calculated that, at pH 8, [EQcq = 1.3 mM, which is the SR. The significant decreasekfR values for the two
much smaller than the starting concentration, 40 mM. SRs between pH 7 and 8 could be due to the formation of
Therefore, most G0 g (@bout 38.7 mM) was converted into  Co(OH), at higher pH, resulting in smaller concentrations

insoluble precipitate Co(OH) and the effective [CH] of Co?*(aq)0r Co(ll)/gly complexes available to interact with
decreased dramatically. At a pH value of 7, it can also be SPQ.
calculated that C0 ) is soluble up to 0.13 M. Human fibroblast cell lines have been used extensively to

With the Co(ll)/gly system, the decrease of the induced Study chloride transpdft2° and have clinical relevance due
35CI- shift with increasing pH is more gradual, starting at to the associated abnormalities expressed in the CFTR gene
pH 7 and leading to negligible shifts only at pH 9 (Figure product?’ The limitations of the**Cl~ NMR technique are
3). As a result of the complexation of &€oby the glycinate ~ that the signal viewed by NMR spectroscopy takes an
ligand, the free [C#1 is now much lower in those solutions. ~ average of over 45 min (Figure 6) and the overall viability
Its calculated value in a solution containing 40 mM total Of the cell system is threatened without the use of perfusion.
Co(ll) and 120 mM total glycinate, using the speciation The theoretical®>*ClI~ NMR visibility of chloride being
method described above, is substantially lower than its exchanged in a cellular system is low, namely, 60%.
solubility obtained from theKg, value of Co(OH). The Given the visibility limitations and thafCl~ is a relatively
respective values of free [€4 for Co(ll)/gly and CG* (s insensitive NMR nucleus, longer experimental times are
are 0.21 mM vs 1.3 mM at pH 8.0 and 1.%710°° M vs - - -

52 x 10°° M at pH 6.7 indicating that no hydroxide (53 %P7 Testen B, ) Physlaons 255 c1iz c122,
precipitation is predicted, as observed. Thus, while for (25) Rommens, J. M.; Dho, S.; Bear, C. E.; Kartner, N.; Kennedy, D.;

+ ivnifi Riordan, J. R.; Tsui, L.-C.; Foskett, J. Rroc. Natl. Acad. Sci. U.S.A.
Co?*(ag) at pH > 8 a significant amount of Co(Okt)) was 1001, 88, 7500-7504.
(26) Rugolo, M.; Romeo, G.; Lenaz, Biochem. Biophys. Res. Commun.
(21) Glemser, O. ItHandbook of Preparate Inorganic ChemistryBrauer, 1986 134, 233-239.

G., Ed.; Academic Press: New York, 1965; Vol. 2. (27) Andersen, D. HAm. J. Dis. Child.1938 56, 344—399.
(22) Linke, W. F.Solubilities of Inorganic and Metal-Organic Compounds  (28) Rooney, W. D.; Springer, C. 8IMR Biomed1991, 4, 209-226.

4th ed.; D. Van Nostrand Company, Inc: Princeton, 1958; Vol. 1. (29) Rooney, W. D.; Springer, C. 8IMR Biomed1991, 4, 227—-245.
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necessary, and this precludes the use of this technique taas seen with Co(ll)/gly is crucial for resolution of intracellular
monitor short-lived transport phenomena. We have begun chloride in cellular systems. Finally, since there is no ionic
to conduct experiments where the cell line is constantly strength effect or interference from the physiologically
perfused with oxygenated medium in order to alleviate relevant cations Ng K*, C&*, and M¢* on the 35Cl~

concerns with viability. chemical shift when using Co(Il)/gly, it should provide better

Although the [Co(glys]~ complex is not stable at physi-  yersatility in biological applications.
ological pH in the experimental stiochiometric conditions

used, the [Co(gly(H-0);] and [Co(gly)(HO)4 " complexes

present in the 1:3 Co(ll)/gly SR formulation provide several ~ Acknowledgment. F.W. acknowledges support from the
advantages as®Cl- NMR SR over Cé"(yq for application Cystic Fibrosis Foundation, and C.F.G.C.G. thanks Ana
to biological systems. First, at a pH of 8 or greater, and even Isabel Tomaz for help with speciation calculations and FCT
near pH 7.4, C® ) begins to precipitate out of solution. (POCTI/1999/BCI/36160), Portugal, for financial support.
This precipitate is not observed with the Co(ll)/gly SR up

to pH 9. Second, the narrow&CI~ line width at half-height ~ 1C0258680
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