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large complex caused DNA precipitation. At low DNA con-
centrations, a large number of Mn complex molecules will be
bound to a given molecule of DNA, while, at higher DNA con-
centrations, the complex molecules are distributed among many
DNA molecules. The change in the trend of the shift in E, of
Mn!lP(Dis), in the presence of different concentrations of DNA,
for example, from positive potentials at low DNA concentrations
to more negative values at higher DNA concentrations, indicates
that the adsorption process dominates the electrochemical response,
over the effect of binding to DNA, at the early stages of the
titration. This occurs because adsorption and precipitation are
present only at low DNA concentrations. Although we were
unable to quantify the binding of Mn"P(Dis), to DNA, the
binding site size was estimated to be about 15 bp. This value
agrees with the arithmetic addition of the individual binding site
sizes of Mn!l'P (s = 3-4 bp)! and Dis (s = 4-6 bp).F-!!

The effect of DNA on the Soret band of Mn'P(Dis), complex
was the same as that for Mn!'P alone; however, the magnitude
of the increase in the absorbance was greater for Mn!I'P at low
NP concentrations. This may occur because the distamycin
portion of the complex competes with the metalloporphyrin ring
for sites in the double helix.

Comparison of the electrochemical and spectroscopic behavior
of Mn"'P and Mn!""P(Dis), in the presence of DNA suggests that
these two species associate with DNA in a similar fashion.

Conclusion

In this paper we reported the binding of two DNA groove-
binding molecules, Mn'''P and Dis, by voltammetric methods. Two
distamycin molecules bind one Mn'!'P, probably by axial caor-
dination of the oxygen atom of the formyl end to the Mn(III)
center. Bis(distamycin) compounds are important, as shown by
Dervan and others,**3 as potential recognition agents of large
sequences of A-T rich DNA.
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For human red blood cells (RBCs) loaded with Cs* and suspended in a shift reagent (SR) free medium, the extracellular !3Cs*
NMR resonance was shifted upfield from the intracellular resonance. However, in the presence of the SRs Dy(PPP),-, Dy-
(TTHA)*, and Tm(DOTP)*" [where Dy** and Tm** denote dysprosium and thulium ions and PPP5~, TTHA®", and DOTP*-
represent the triphosphate, triethylenetetraminehexaacetate, and 1,4,7,10-tetraazacyclododecane-N,N’,N,N'"-tetrakis(methyle-
nephosphonate) ligands, respectively], the extracellular '**Cs™ NMR resonance was shifted downfield from the intracellular
resonance. The magnitudes of the 1**Cs* shifts observed with Tm(DOTP)*> were much larger than those for Dy(TTHA)? and
Dy(PPP),’" at the same concentration. The direction of the 13*Cs* shift induced by Dy(PPP),’~ was the opposite of that previously
reported for 'Li*, 2Na*, and **K* NMR resonances. The negative sign of the pseudocontact **Cs shift induced by Dy(PPP),
is related to the large size of the Cs* cation and its location in the equatorial region formed by the cone around the effective magnetic
axis of the triphosphate SR. At physiologically relevant RBC concentrations, 2,3-diphosphoglycerate (DPG), of all intracellular
phosphates tested, caused the largest !33Cs* shift. The '**Cs* resonance in carbonmonoxygenated RBC lysate shifted downfield
by approximately 2.0 ppm with increasing hemoglobin concentration, whereas an increase in the diamagnetic susceptibility of the
sample induced by hemoglobin is expected to induce an upfield shift of 0.1 ppm. The '33Cs* resonance was shifted downfield with
increasing concentrations of two unrelated proteins, carbonmonoxyhemoglobin and lysozyme. We conclude that, in the absence
of SRs, the physical basis for the resolution of intra- and extracellular '3Cs NMR resonances in Cs*-loaded human RBC
suspensions arises from Cs* binding to intracellular phosphates, in particular DPG, and from the nonideality of intracellular water

induced by hemoglobin.

Introduction

Aqueous shift reagents (SRs) have been introduced in the past
decade for the study of biologically important metal cations by
nuclear magnetic resonance (NMR) spectroscopy.! Because of
their high negative charges, SRs are not soluble in the interior
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! Abbreviations used in this paper: ADP, adenosine diphosphate; ATP,
adenosine triphosphate; BMS, bulk magnetic susceptibility; COHb, carbon-
monoxyhemoglobin; CORBC, carbonmonoxygenated red blood cell; deox-
yRBC, deoxygenated red blood cell; DOTP?, 1,4,7,10-tetraazacyclodode-
cane-N,N’ N” N’"tetrakis(methylenephosphonate); DPG, 2,3-diphospho-
glycerate; Ht, hematocrit; NMR, nuclear magnetic resonance; P;, inorganic
phosphate; PPP*-, triphosphate; PVP-100, poly(vinylpyrrolidone)-100; SR,
shift reagent; TTHA®, triethylenetetraminehexaacetate.

of the lipophilic membrane and are repelled by the negatively
charged head groups of phospholipids. Thus, SRs remain in the
extracellular compartment during NMR experiments conducted
on cell suspensions. With the use of SRs, the extracellular res-
onance is shifted away from the intracellular resonance, thus
allowing the simultaneous observation of the two pools of metal
ions. Information on metal cation transport and distribution in
cell suspensions, and on enzymatic activity, is then easily obtained
by metal NMR spectroscopy in the presence of SRs.2?

In cell suspensions, the presence of SRs in the suspension
medium leads to transmembrane differences in chemical shifts
that result in resolution of intra- and extracellular 'Li*, #Na*,

(1) Sherry, A. D.; Geraldes, F. G. C. In Lanthanide Probes in Life,
Chemical, and Earth Sciences. Theory and Practice, Bunzli, J.-C. G.,
Choppin, G. R., Eds.; Elsevier Press: Amsterdam, 1989; pp 93-126.
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3K+, and 8’Rb* NMR resonances.*’ In the absence of SRs,
transmembrane differences in relaxation times provide an alter-
native means of distinguishing intra- and extracellular pools of
Lit and K* ions.%® However, intra- and extracellular !33Cs*
NMR resonances in Cs*-loaded cell suspensions exhibit a unique
behavior. The chemical shifts of the two '33Cs NMR resonances
in Cs*-loaded human erythrocyte and perfused rat heart sus-
pensions are distinguishable without the incorporation of a SR
in the suspension medium.!° Similar '3*Cs NMR observations
were recently made with living plant tissue.!! On the other hand,
with vesicular preparations, triphosphate was required for sepa-
ration of the 3Cs* NMR resonances.'?

Because of the large ionic radius of Cs*, the NMR chemical
shift range of '3Cs is much larger relative to those of other alkali
metal nuclei and is known to be extremely sensitive to the chemical
environment and is affected by the counterions present, as well
as by temperature and solvent composition.!* The '*Cs nucleus
has a nuclear spin of 7/,, a small quadrupole moment, and a
relaxation rate approximately 200 times smaller than that of the
other NMR-detectable alkali metal nuclei. The Cs* ion is 100%
visible by 133Cs NMR spectroscopy. These factors make !3*Cs
NMR spectroscopy an ideal technique for investigating the dis-
tribution and transport of Cs* in biological systems.!®!2

The discovery of a convenient tool for Cs* analysis comes at
a time when much interest in the biochemistry and physiology
of Cs* in biological systems exists.!* Understanding the general
properties of alkali metal ions in transport and enzyme activation
typically involves the use of Cs* as a tracer of K* transport and
distribution in vivo because Cs™ is considered to be physiologically
similar to K*. Investigation of the toxicologic problems is of
concern because these are related in part to uptake of radioactive
137Cs*, which has a long biological half-life and is a product of
nuclear explosions. Once generated, !¥7Cs* is passed quickly down
the food chain and eventually settles in muscle and bone tissues.
Cs* is also used for treatment of depression. Typically, Li,CO,
has been administered for this purpose. Cs* was found, however,
to be absorbed more rapidly, without some of the side effects
associated with Li* salts. Since Cs* salts were first evaluated for
their antidepressant activity by Messiha and co-workers,'4 several
studies have appeared on Cs* effects on neuromuscular systems,
the immune system, motor functions, and tumor growth.*

Our aim in this study was to investigate the origin of the
chemical shift resolution of the two 133Cs* NMR resonances
observed in suspensions of human RBCs loaded with Cs* in SR-
free and SR-containing media. In addition to investigating the
unusual '¥*Cs-shifting properties of Dy(PPP)," relative to other
SRs, we examined the effects of Cs* binding to the RBC mem-
brane, intracellular phosphates, and hemoglobin, magnetic sus-
ceptibility, and nonideality of intracellular water on the **Cs
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NMR chemical shift of intracellular Cs*.

Materials and Methods

Chemicals. All chemicals were supplied by either Aldrich or Sigma
and were used without further purification. The macrocyclic ligand
1,4,7,10-tetraazacyclododecane-N,N’,N”,N’"-tetrakis(methylene-
phosphonic) acid (H;DOTP) was synthesized and characterized as de-
scribed elsewhere.!®> Packed RBCs were supplied by Life Source.

Shift Reagents. Dy(PPP),”~ was prepared by the dropwise addition
of sodium triphosphate, Nas;PPP, to DyCl, (final ratio 2.5:1) during
vortexing.® Dy(TTHA)* was prepared according to a published proce-
dure.'$ Tm(DOTP)" was prepared from TmCly and H;DOTP as de-
scribed previously.!” Solutions for the '3*Cs* shift measurements with
the shift reagents Dy(TTHA)?*" and Tm(DOTP)* were made in a
HEPES buffer in the absence of Na*. In the Na*/Cs* competition
experiments, Dy(PPP),’~ in the Na* form was dissolved in HEPES
buffer, and the Na* concentration was varied as described in the caption
of Figure 2.

RBC Preparations. Fresh RBCs were collected and washed at least
three times in an isotonic 5 mM sodium phosphate buffer, pH 7.4, con-
taining 150 mM NaCl. They were then centrifuged at 2000g for 6 min
at 4 °C in a Savant refrigerated centrifuge. Cs* loading of RBCs is a
rather slow process.'®!® We developed loading conditions that led to
higher intracellular RBC Cs* concentrations than previously reported.'®
Cs* loading was accomplished by incubation of the washed, packed RBCs
at 45% hematocrit and 37 °C from 1 to 12 h with 150 mM CsCl, 5 mM
glucose, and 5 mM HEPES, pH 7.4. The intracellular Cs* concentra-
tions varied from 0.59 to 15.0 mM, depending on the incubation time
used. The Cs*-loaded RBCs were then washed and resuspended at
27-93% hematocrit in the isotonic buffers as described in the figure
legends.

Hematocrit measurements were conducted with an IEC MB micro-
hematocrit unit (Needham Heights, MA). We applied a 2% correction
to the measured hematocrit to account for trapped suspension medium.!”
The osmolarity of all suspension media was adjusted with sucrose and
measured with a Wescor vapor pressure osmometer (Wescor Inc., Logan,
UT). Except for the experiments in which the effect of osmolarity on
the intracellular Cs* shift was investigated, RBCs were suspended in
isotonic media (osmolarity approximately 300 mosM). The viscosity of
the CsCl buffer solution C in Table I was adjusted with PVP-100% and
measured with a Brookfield cone plate viscometer.

Deoxygenated RBCs (deoxyRBC) were prepared by gentle passage
of moist nitrogen gas through each sample.2'"22 To prevent cell drying,
we moistened the gas initially by bubbling it through the resuspension
medium. Carbonmonoxygenated RBCs (CORBC) were prepared in a
similar fashion by bubbling each sample with CO gas.?'?? DeoxyRBC
and CORBC were repacked prior to resuspension and their oxygenation
states were verified by examination of the P NMR spectra of the
suspensions (vide infra). Unsealed RBC membranes were prepared by
hypotonic cell lysis.”> RBC lysates were prepared by repeated rapid
freezing of washed packed RBCs in an ethanol dry ice mixture and
thawing in a water bath at 37 °C.22 Various RBC lysate concentrations
were obtained by dilution with doubly distilled water. Homoglobin
stripped of DPG and purified according to a published procedure? was
bubbled with CO for 30 min prior to analysis with an IBM 9420 UV /vis
spectrophotometer at 550 and 430 nm for determination of the concen-
tration of carbonmonoxyhemoglobin (COHb). Samples containing
COHDb were placed in septum-sealed NMR tubes that had been purged
with nitrogen for removal of any oxygen.

NMR Spectroscopy. '¥Cs, *C, and *'P NMR measurements of cell
suspensions were made at 39.4, 75.4, and 121.4 MHz, respectively, on
a Varian VXR-300 NMR spectrometer (Loyola University) equipped

(15) Sherry, A. D.; Malloy, C. R,; Jeffrey, F. M. H.; Cacheris, W. P.;
Geraldes, C. F. G. C. J. Magn. Reson. 1988, 76, 528.

(16) (a) Chu, S. C.-K.; Pike, M. M.; Fossel, E. T.; Smith, T. W.; Balschi,
J. A,; Springer, C. S, Jr. J. Magn. Reson. 1984, 56, 33. (b) Chy, S.
C.-K.; Qui, H. Z.-H.; Springer, C. S., Jr.; Wishnia, A. J. Magn. Reson.
1990, 87, 287.

(17) Sherry, A. D.; Geraldes, C. F. G. C,; Cacheris, W. P. Inorg. Chim. Acta
1987, 139, 137.

(18) (a) Love, W. D.; Burch, G. E. J. Lab. Clin. Med. 1953, 41, 351. (b)
Garrahan, P. J.; Glynn, . M. J. Physiol. (London) 1967, 192, 217.

(19) Dacie, J. V.; Lewis, S. M. In Practical Haematology, 5th ed.; Churchill
Livingstone: Edinburgh, 1975; pp 39-41.

(20) Dufilho, M. D,; Garestier, T. M.; Devynck, M.-A. Cell Calcium 1988,
9, 167.

(21) Fabry, M. E.; San George, R. C. Biochemistry 1983, 22, 4119.

(22) Labotka, R. J. Biochemistry 1984, 23, 5549,

(23) Steck, T. L.; Kant, J. A. Methods Enzymol. 1974, 31, 172.

(24) Dozy, A. M.; Kleiauer, E. F.; Huisman, T. H. J. J. Chromatography
1968, 32, 723.



Downloaded by PORTUGAL CONSORTIA MASTER on July 7, 2009
Published on May 1, 2002 on http://pubs.acs.org | doi: 10.1021/ic00033a005

133Cs NMR Study of Cs*-Loaded RBC Suspensions

with a variable-temperature unit. Some *'P NMR measurements were
made on a General Electric GN-500 NMR spectrometer (University of
Texas at Dallas). The flip angles of the excitation pulses were 54° (18
us) for 133Cs, 67° (8.7 us) for 1*C, and 45° (45 us) for 3'P. The spectral
widths were 8000, 16 500, and 10000 Hz for !33Cs, 13C, and 3P, re-
spectively. The '**Cs, 13C, and *'P chemical shifts are reported relative
to 0.15 M CsCl, tetramethylsilane, and phosphoric acid, respectively,
which were measured separately in spinning 10-mm NMR tubes. The
reported line widths represent the widths of the resonances at half-height
(in hertz) after subtraction of line broadening used in Fourier transfor-
mation. The '3Cs NMR spectra of SR-free cell suspensions were re-
corded with a 25-s delay to allow for complete relaxation of extracellular
Cs* mgnals (T, = 13.6 5).! With the exception of those of intact RBC
suspensions, the spectra of all samples were recorded while the samples
were spinning. The 2Na and '33Cs NMR experiments in SR-containing
aqueous solutions were made at 52.9 and 26.4 MHz, respectively, on a
Varian XL-200 NMR spectrometer (University of Coimbra) equipped
with a variable-temperature unit. The flip angles of the excitation pulses
were 90° (22 us) for 2*Na and 45° (58 us) for 1*Cs. The **Cs NMR
spectra in aqueous solution were recorded with a total relaxation delay
of 9's. For all experiments, the probe temperature was ambient. The
reported paramagnetic shifts were measured relative to samples that were
free of SR. Downfield and upfield paramagnetic shifts reported in Figure
2 were defined as negative and positive, respectively.

Field-frequency locking on D,O present in the aqueous media was used
throughout. No coaxial tube combinations were used, except for the
experiments in which the contribution of the nonideality of intracellular
water to the intracellular '3*Cs* shift was investigated (vida infra).
Locking on D,0 and placing reference and sample solutions in separate
NMR tubes with the same geometry eliminate contributions to the ob-
served shifts from volume magnetic susceptibility, assuming that lan-
thanide-induced shifts of the solvent 2H resonance are negligible.!?5 For
some experiments (Figures 5 and 6), ths **Cs* chemical shifts were
referenced relative to 0.15 M CsCl placed in the bulb of a spherical
bulb/cylindrical capillary (Wilmad Glass Co., Inc., Buena, NJ) sup-
ported in the outer 10-mm NMR tube with a vortex plug. The spherical
bulb/cylindrical capillary reference assembly used eliminated any chem-
ical shift contribution from the diamagnetic susceptibility of the sample
resulting from an increase in protein concentration, as was previously
reported.?’ The methods used for referencing of '3*Cs* chemical shifts
are indicated in the figure captions and footnotes to the tables. The
concentration of intracellular Cs*, [Cs*];,, expressed in mmol of Cs*/L
of RBCs, was calculated from the equation

[CS+]in = lAin[Cs+]sl/{As[hematocrit]l

where A,, is the peak area under the intracellular !**Cs* resonance and
[Cs*], and A, are the concentration and peak area of the resonance of
the standard 0.15 M CsC1/D,0 solution. The concentration of extra-
cellular Cs* was obtained from a similar expression except that 4;, was
replaced by 4., and [hematocrit] was replaced by (1 - [hematocrit]).
Relative peak areas of '3*Cs* signals were obtained by means of the
integration routines included in the software provided by the manufac-
turer for the Varian VXR-300 NMR spectrometer.

Results

Resolution of Intra- and Extracellular '3*Cs NMR Resonances
in the Presence and Absence of SRs. Figure 1 shows the !'3Cs
NMR spectra of Cs*-loaded CORBCs suspended in a Cs* me-
dium without SR (Figure 1A) or with Tm(DOTP)*> (Figure 1B),
Dy(TTHA)?* (Figure 1C) or Dy(PPP),’ (Figure 1D). We made
the assignments of intra- and extracellular '33Cs resonances in
SR-free RBC suspensions (Figure 1A) by observing the changes
in peak areas during Cs* loading, as previously reported.!® As
shown in Figure 1A, the intra- and extracellular 133Cs* NMR
resonances were resolved without the incorporation of a SR, with
the extracellular resonance being upfield. For the samples con-
taining SR, we made peak assignments by centrifuging and
separating the extracellular suspension from the Cs* loaded RBCs.
The !'3Cs chemical shifts were recorded for the SR-containing
media alone (no RBCs) and were approximately the same as for
the extracellular resonance in the RBC suspension. Upon in-
corporation of a SR, Tm(DOTP)> (Figure 1B), Dy(TTHA)*"

(25) Chy,S.C.-K,; Xu, Y.; Balschi, J. A.; Springer, C. S., Jr. Magn. Reson.
Med. 1990, 13, 239.

(26) Frei, K.; Bernstein, J. J. Chem. Phys. 1962, 37, 1891.

(27) Xu, A. S.-L; Potts, J. R.; Kuchel, P. W. Magn. Reson. Med. 1991, 18,
193,
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Figure 1. 133Cs NMR spectra: (A) Cs*-loaded CORBCs resuspended
at 33% hematocrit in an isotonic medium containing 10 mM CsCl, 140
mM NaCl, 5 mM glucose, and 5 mM HEPES, pH 7.4 (initial concen-
trations [Cs*];, = 4.5 mM and [Cs*),,, = 5.1 mM); (B) RBC suspension
similar to that in part A at 40% hematocrit, except that 5.0 mM Tm-
(DOTP)* replaced 25 mM NaCl in the medium (initial concentrations
[Cs*]in = 2.5 mM and [Cs*],,, = 5.3 mM); (C) RBC suspension similar
to that in part A at 33% hematécrit, except that 5.0 mM Dy(TTHA)*
replaced 15 mM NaCl in the medium (initial concentrations (Cs*];, =
4.1 mM and [Cs*},, = 7.9 mM); (D) RBC suspension similar to that
in part A at 45% hematocrit, except that 5.0 mM Dy(PPP),"™ replaced
50 mM in the medium (initial concentrations [Cs*];, = 6.1 mM and
[Cs*]ow = 5.8 mM). Each spectrum was recorded in 1000 transients in
a septum-sealed NMR tube bubbled with moist CO gas. The symbols
i and o denote intra- and extracellular 33Cs* NMR resonances. The
spectra are referenced to a sample of 0.15 M CsCl in D,O which was
measured separately.

(Figure 1C), or Dy(PPP),” (Figure 1D), in the Cs*-containing
suspension medium, the extracellular '3*Cs* NMR resonance was
shifted downfield. The largest downfield shifts of the extraceliular
133Cs* resonance were observed in Cs*-loaded RBC suspensions
containing Tm(DOTP)*" in the medium.

Transmembrane Cs* distribution ratios were measured for
Cs*-loaded RBCs suspended in a Cs*-containing media at 37 °C
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Figure 2. Competition between Na* and Cs* for shift reagents. (A)
Effect of [Na*]/[Cs*] ratio on the '3*Cs* NMR paramagnetic shifts
induced by 4.8 mM Dy(TTHA)*". [Cs*] was held constant at 10 mM
while [Na*] was varied. (B) Effect of [Na*]/[Cs*] ratio on the '33Cs*
NMR paramagnetic shifts induced by 4.5 mM Dy(PPP),”. [Cs*] was
held constant at 80 mM while [Na*] was varied. (C) Effect of
[Cs*]/[Na*] ratio on the ?*Na* NMR paramagnetic shift induced by
4.5 mM Dy(PPP),”. [Na*] was held at 60 mM while [Cs*] was varied.
The reported paramagnetic shifts were measured relative to samples that
were free of SR. Downfield and upfield paramagnetic shifts were defined
as negative and positive, respectively.'®

over a 4-h period. We found that a steady-state transmembrane
Cs* distribution was reached after 3 h of incubation time. The
steady-state Cs* distribution ratio ([Cs*];,/[Cs*]ou) across the
RBC membrane was approximately the same (0.27 £ 0.01) in
the presence and absence of Tm(DOTP)*" or Dy(TTHA)*~.
However, the Cs* distribution rato observed in Dy(PPP),"-treated
RBC suspensions (as is apparent from the relative peak areas
shown in Figure 1D) was significantly higher than those observed
in Cs*-loaded RBCs suspended in Tm(DOTP)>- or Dy-
(TTHA)*-treated media, or in SR-free medium.

133Cs NMR Paramagnetic Shifts Induced by Several Dy>* and
Tm?* Shift Reagents in Aqueous Solution. The efficacy of the
chelates Dy(PPP),™, Dy(TTHA)*, and Tm(DOTP)*, which were
studied previously for 'Li* and Na* NMR shifts,*163 was tested
for 133Cs* NMR studies. We obtained plots of the !33Cs* para-
magnetic shift of solutions containing 10 mM Cs* as a function
of p (stoichiometric molar ratio of SR to Cs*) for these three SRs
(data not shown). The induced '3>Cs™ shifts are significantly
smaller than those observed for "Li* and 2Na* for the same p
values.»1622 As the SR concentration increased, the observed
133Cs* shifts increased linearly and did not approach a limiting
value except for Tm(DOTP)*". The general shape of the curves
for Dy(TTHA)?*" and Dy(PPP),” indicates much weaker Cs*
binding to SRs relative to that for Li* and Na* ions, whereas the

(28) Buster, D. C.; Castro, M. M. C. A.; Geraldes, C. F. G. C; Malloy, C.
R.; Sherry, A. D.; Siemers, T. C. Magn. Reson. Med. 1990, 15, 25.
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Table I. '3Cs NMR Chemical Shifts Caused by Cs* Binding to
Intracellular RBC Components?

8(1%Cs)/ppm

sample buffer A® buffer B¢ buffer C?
2.0 mM ATP 0.46 0.43 0.46
0.2 mM ADP 0.23 0.23 0.33
5.4 mM DPG 0.81 0.81 0.83
1.0 mM P, 0.22 0.27 0.27
2.7 mM COHb* 2.02 2.10 211

2Shifts are reported relative to a reference sample of 0.15 M CsCl in
D,0 placed in a spinning 10-mm NMR tube and measured separately.
The reported values represent an average of measurements conducted
in three separately prepared samples. Errors are less than 0.05 ppm.
¢ CsCl buffer A consisted of 10 mM CsCl, 140 mM NaCl, 5 mM glu-
cose, and 5 mM HEPES, pH 7.4. The osmolarity was approximately
300 mosM. “CsCl buffer B consisted of 10 mM CsCl, 5 mM glucose,
5 mM HEPES, pH 7.4, 140 mM KCl, 5 mM NaCl, 2.4 mM MgCl,,
and 1 uM CaCl,. ¢CsCl buffer C had the same composition as buffer
B, except that the viscosity of this solution was adjusted to 5.6 cP with
PVP-100. ¢Because of denaturation problems associated with Hb
preparations at high concentration, the concentration of COHb used in
this study was below the physiologic value in human RBC (4.8-5.4
mM).*® However, for the COHb experiments we only used 5 mM
CsCl in buffers A-C. Thus, the concentration ratio of Cs* to COHb is
close to the physiologic value in human RBC.

hyperbolic nature of the curve for Tm(DOTP)*" indicates strong
Cs* binding.?? In contrast to the results for 'Li* and 2Na*, where
the shifts induced by Dy(PPP),”” and Tm(DOTP)> are, under
the same concentration conditions, larger than those induced by
Dy(TTHA)*,*!628 with '33Cs* the relative shifting ability was
Tm(DOTP)*- » Dy(TTHA)?* > Dy(PPP),”~. The '*Cs* shifts
induced by Dy(PPP),’ were also of opposite sign relative to those
reported previously for 'Li* and 2Na* resonances.*!628

Figure 2 shows the results of competition experiments between
Cs* and Na* for the SRs Dy(TTHA)?*" and Dy(PPP),”. In the
case of Dy(TTHA)?, addition of Na* decreases the *3Cs* shifts
(Figure 2A), indicating competition between Na* and Cs* for
the same binding site on the SR. The common binding site(s)
is(are) presumably the carboxylate group(s) in the equatorial
region which is(are) not bound to the lanthanide ion.'* However,
in the case of Dy(PPP),’", addition of Na* to a Cs*/SR solution
caused a small increase in the 133Cs* shift (Figure 2B), whereas
addition of Cs* to a Na*/SR solution caused a decrease in the
BNa* shift (Figure 2C).

Effect of Cs* Binding to Intracellular Phosphates, Hemoglobin,
and Cell Membrane on the Intracellular '33Cs* Shift. We used
three media to study the contribution of the intracellular RBC
components at concentrations close to the physiologic values® to
the intracellular '33Cs* chemical shift (Table I). The compositions
of the media are indicated in the footnotes to Table I. Buffer A
had the same composition as did the suspension medium used in
Figure 1A. Buffer B contained competing intracellular cations,
and buffer C, in addition to competing intracellular cations, had
its viscosity adjusted with PVP-100% to approximately 5 ¢P to
mimic that of the intracellular RBC compartment.3! Table I
shows that the chemical shift of the 33Cs* NMR resonance was
at least 0.8 ppm for physiologically relevant concentrations of DPG
in buffer A. In contrast, the 1¥*Cs* NMR shifts in the presence
of typical RBC concentrations of the intracellular phosphates ATP,
ADP, and P; were approximately 57, 28, and 27%, respectively,
of those observed with DPG in buffer A.

To determine whether the large Cs*-DPG shift was simply due
to the high DPG concentration relative to that of other intracellular
phosphates, we also measured the '**Cs NMR chemical shifts for
each intracellular phosphate at the same concentration (2 mM)

(29) Ramasamy, R.; Mota de Freitas, D.; Geraldes, C. F. G. C.; Peters, J.
Inorg. Chem. 1991, 30, 3188.

(30) (a) Gupta, R. J.; Benovic, J. L.; Rose, Z. B. J. Biol. Chem. 1978, 253,
6172. (b) Raftos, J. E.; Bulliman, B. T.; Kuchel, P. W. J. Gen. Physiol.
1990, 95, 1183.

(31) Morse, P. D; Lusczakoski, D. M.; Simpson, D. A. Biochemistry 1979,
18, 5021.
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Table II. Effects of Cs* Loading, Oxygenation, and SR on Chemical
Shifts and Line Widths of Intracellular RBC *'P NMR Phosphate
Resonances®®
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Table III. 133Cs NMR Chemical Shifts and Line Widths for
Cs*-Loaded RBC Suspensions in the Presence and Absence of 5 mM
Dy(TTHA)*-2b

DPG ATP
3 2 Pi Y o B
A. Cs*-Loaded DeoxyRBCs

3/ppm 62 55 46 -29 -78 169
Av/Hz 42 28 19 42 48 137

B. Cs*-Free DeoxyRBCs
3/ppm 59 52 43 33  -81 -17.2
Avp/Hz 26 22 20 46 49 125

C. Cs*-Loaded CORBCs
8/ppm 57 49 42 34 -83 -174
Avp/Hz 25 20 21 37 36 104

D. Cs*-Free CORBCs
5/ppm 56 48 42 -33  -83 -174
Anp/Mz 17 19 15 43 37 125

E. Cs*-Loaded DeoxyRBCs in SR Suspension
3/ppm 58 51 40 -36 -83 177
Avyj3/Hz 36 36 35 51 55 126

F. Cs*-Loaded CORBCs in SR Suspension
5/ppm 55 47 42 -35 -83 -I8
Avyj/Hz 56 120 37 56 55 150

2Samples A and C were suspended in the same medium as for Fig-
ure 1A. Samples B and D were suspended in 150 mM NaCl, § mM
glucose, and 5 mM HEPES, pH 7.4. Samples E and F were suspended
in the same medium as for Figure 1C. All suspension media contained
15% D,0. RBCs were loaded with 150 mM CsCl for 3 h. ®Shifts are
reported relative to a reference sample of phosphoric acid in D,0,
placed in a spinning 10-mm NMR tube and measured separately. The
reported *'P line widths represent the widths of the resonances at
half-height after subtraction of 20 Hz used in line broadening. The
reported NMR parameters represent the average of measurements
conducted on at least two separately prepared samples. Errors in
chemical shift and line width are less than 0.1 ppm and 1.0 Hz, re-
spectively.

in buffer A. The observed shifts were 0.46, 0.25, 0.75, and 0.36
ppm for ATP, ADP, DPG, and P, respectively. These values were
comparable to those measured in buffer A for each of the in-
tracellular phosphates at known physiological RBC concentrations
(see Table I). The downfield shift of the 3*Cs* NMR resonance
observed in the presence of COHb at concentrations close to its
normal range in human RBC?® was larger than the downfield shift
induced by DPG. However, the downfield shift induced by COHb
is not due to specific Cs* binding to COHb (vide infra). In the
presence of competing intracellular cations (buffer B) and with
the solution viscosity adjusted to 5 ¢P (buffer C), the 3Cst NMR
chemical shifts in the presence of each intracellular RBC com-
ponent were virtually unchanged relative to that observed in buffer
A (Table I). Of all intracellular phosphates, DPG continued to
induce the largest '33Cs* shift in the presence of competing cations
within a physiologic viscosity range. When all of the intraceilular
components were present in buffer C, the shift observed was 0.99
ppm (n = 3). This is less than the calculated value, 4.00 ppm,
obtained by addition of the shifts produced separately by each
RBC component. The shifts were not additive, presumably be-
cause there is competition between intracellular components for
the Cs* ion.

Negatively charged phospholipids or amino acid side chains
in RBC membrane proteins are also potential sites for Cs* in-
teraction. The '*Cs* NMR parameters of 10 mM CsCl in the
presence of unsealed RBC membranes suspended in buffer A (at
3 mg/ml protein concentration) were 6 = 0.07 ppm and Ap, ), =
8.3 Hz (n = 3). Upon addition of DPG to the same membrane
samples, the !33Cs* NMR parameters were § = 1.01 ppm and
AV] 2 = 15.3 Hz (n = 3).

éontribution of Magnetic Susceptibility to the Intracellular
133Cs* Shift. *'P NMR spectra were recorded for Cs*-free RBCs
suspended in a Cs*-free medium or for Cs*-loaded RBCs in a
Cs*-containing medium (Table II). Both deoxyRBC and

CS*in Cs+0ul
with without with without
SR SR SR SR
A. Cs*-Loaded DeoxyRBCs
é/ppm 2.1 23 3.8 1.1
Avyjp/Hz 10 10 49 3.9
B. Cs*-Loaded CORBCs
4/ppm 2.1 1.9 3.7 1.3
Avy)y/Hz 13 9.5 10 7.1

RBCs were loaded with 150 mM CsCl for 3 h. [Cs*];, = 2.5 mM.
The SR-free samples were suspended in medium A (see Table I). The
SR-treated samples were suspended in a medium similar to A, except
that 5.0 mM Dy(TTHA)? replaced 15 mM NaCl. DeoxyRBC and
CORBC samples were prepared as described under Materials and
Methods. ®Chemical shifts are reported relative to a reference sample
of 0.15 M CsCl in D,0, placed in a spinning 10-mm NMR tube and
measured separately. The reported !*3Cs* line widths represent the
widths of the resonances at half-height after subtraction of 3.0 Hz used
in line broadening. The reported NMR parameters represent the av-
erage of measurements conducted on at least two separately prepared
samples. Errors in chemical shift and line width are less than 0.1 ppm
and 1.0 Hz, respectively.

CORBC suspensions were analyzed. As a further test of the effect
of a magnetic field gradient across the RBC membrane, we also
examined Cs*-loaded RBCs suspended in a medium containing
5.0 mM DyTTHA?®". Deoxygenation of Cs*-free or Cs*-loaded
RBC suspensions caused broadening and downfield shifts of the
31P resonances of intracellular phosphates. In contrast, Cs* loading
of CORBC suspensions led to virtually no changes in the line
widths or chemical shifts of the 3'P NMR resonances. Incorpo-
ration of 5.0 mM Dy(TTHA)* in the medium of Cs*-loaded RBC
suspensions led to upfield shifts (relative to SR-free samples) and
broadening of the 3'P NMR spectra of both deoxyRBC and
CORBC suspensions. However, in suspensions containing SR,
the spectral changes were larger with CORBC than with deox-
yRBC.

The effect of the degree of oxygenation on the '*3Cs NMR
spectra of the SR-free and SR-containing Cs*-loaded RBC
suspensions was also examined (Table III). As reported above
for 3'P NMR spectra of RBC suspensions in SR-free media,
deoxygenation also caused small downfield shifts of the intra-
cellular 133Cs* NMR resonance of Cs*-loaded RBC suspensions
in SR-free media. The presence of Dy(TTHA)* in the suspension
medium of deoxyRBCs induced an upfield shift of the intracellular
133Cs* resonance. In contrast, CORBCs gave rise to a broad and
downshifted intraceliular !3Cs* resonance in the presence of SR.
Incorporation of Dy(TTHA)?" into the suspension media of either
deoxy or CO Cs*-loaded RBCs caused broadening and down-
shifting of the extracellular **Cs* resonance, as reported above
(Figure 1). In SR-free media, the chemical shift separation
between intra- and extracellular !3*Cs* NMR resonances from
Cs*-loaded RBCs was 1.2 and 0.6 ppm, respectively, in deoxyRBC
and CORBC suspensions. In SR-treated media, the chemical shift
separation was 1.7 and 1.6 ppm, respectively, in deoxyRBC and
CORBC suspensions.

For further characterization of the volume and diamagnetic
susceptibility contributions of hemoglobin toward the intraceilular
133Cs™* shift, we examined the effect of hemoglobin concentration
on the 133Cs NMR spectra by varying the hematocrit concentration
(Figure 3) or osmolarity (Figure 4) in CORBC suspensions or
by diluting the CORBC lysate (Figure 5).

We varied the hematocrit concentration, [Ht], by changing the
volume ratio of packed RBCs to suspension medium (buffer A).
The chemical shifts of intra- and extracellular '**Cs* resonances
were measured at different hematocrit values (Figure 3). The
13Cs* chemical shift extrapolated for the suspension medium alone
([Ht] = 0) was 1.7 £ 0.1 ppm upfield from that extrapolated for
packed cells ([Ht] = 100%). In CORBC suspensions, as the
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Figure 3. Dependence of intra- and extracellular '3Cs* NMR chemical
shifts on hematocrit concentration for Cs*-loaded CORBCs (n = 2)
suspended in buffer A (see Table I). The symbols ® and O represent the
intra- and extracellular '*Cs* shifts, respectively, and the symbol B
denotes the transmembrane chemical shift difference. The shifts were
determined relative to a sample of 0.15 M CsCl in D,O which was
measured separately. A 2% correction was applied to the measured
hematocrit concentration to account for trapped suspension medium.'®
Errors in chemical shift are less than 0.06 ppm.
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Figure 4. Dependence of intra- and extracellular '33Cs* NMR chemical
shifts on osmolarity for Cs*-loaded CORBC suspensions (n = 2). The
osmotic pressure of the suspension medium was adjusted by addition of
0.3 mL of sucrose (ranging in concentration from 0 to 1000 mM) to 2.0
mL of Cs*-loaded CORBCs suspended in 0.6 mL of buffer A. The
symbols @ and O represent the intra- and extracellular '3Cs* shifts,
respectively, and the symbol B denotes the transmembrane chemical shift
difference. The shifts were determined relative to a sample of 0.15 M
CsCl in D,O which was measured separately. Errors in chemical shift
are less than 0.1 ppm.

hematocrit increased, the intracellular '**Cs* resonance and, to
a less extent, the extracellular !33Cs* resonance were shifted
downfield. The chemical shift separation between intra- and
extracellular 1¥*Cs* resonances in Cs*-loaded CORBC suspensions
increased slightly (by approximately 0.1 ppm) when the hematocrit
increased from 25 to 95%. The intracellular Cs* concentration
varied between 1.2 and 4.8 mM, whereas the extracellular Cs*
concentration varied between 4.6 and 14 mM, when the Ht in-
creased from 25 to 95%.

The chemical shifts of intra- and extracellular *>Cs* resonances
were measured at different osmolarity values (Figure 4). The
osmolarity was increased by addition of increasing amounts of
the nonelectrolyte sucrose to the suspension medium. In CORBC
suspensions, as the osmolarity increased, the intracellular '*Cs*
resonance was shifted downfield, whereas the extracellular 3Cs*
resonance was shifted slightly upfield. The chemical shift sepa-
ration between intra- and extracellular '33Cs* resonances in
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Figure 5. Dependence of the 1**Cs* shift on CORBC lysate concentration
(n = 2). Concentrated CORBC lysates were prepared from Cs*-loaded
RBCs, as described under Materials and Methods. The various lysate
concentrations were obtained by addition of varying amounts of distilled
water to concentrated RBC lysate. The CsCl concentrations ranged from
2.4 mM at a lysate concentration of 100% to 1.0 mM at a lysate con-
centration of 42%. The lysate concentration is given in units of % (v/v),
the percentage ratio of the initial volume of concentrated lysate and the
volume of each sample after dilution. The reported !**Cs* shifts were
measured relative to 0.15 M CsCl placed in the bulb of a spherical
bulb/cylindrical capillary reference assembly. Errors in chemical shift
are less than 0.05 ppm.

Cs*-loaded CORBC suspensions underwent an approximately
2-fold increase as the osmolarity increased from 182 to 551 mosM.
The intracellular Cs* concentration varied between 1.7 and 2.3
mM, whereas the extracellular Cs* concentration varied between
4.6 and 7.5 mM, when the osmolarity increased from 182 to 551
mosM.

Contribution of Nonideality of Water to the Intracellular !3Cs*
Shift. Concentrated RBC lysate bubbled with CO gas was diluted
with distilled water to yield different COHb concentrations. Under
these experimental conditions, the Cs*/Hb concentration ratio
was constant. Figure 5 shows the !*3Cs* chemical shifts in RBC
lysate referenced to 0.15 M CsCl placed in the bulb of a spherical
bulb/cylindrical capillary reference assembly. Because of the
spherical geometry of this reference assembly, the reference and
sample solutions experience the same changes in magnetic field
strength.26?” An increase in CORBC lysate concentration was
accompanied by a 2.1 ppm downfield shift of the 1*Cs* NMR
resonance. The smaller downfield shift of the !3Cs* NMR
resonance observed with increasing CORBC lysate concentration
did not include the contribution from an increase in the dia-
magnetic susceptibility of COHb. An increase in CORBC lysate
concentration from 42 to 100% resulted in an increase of 7.7 Hz
in the line width of the '33Cs* NMR resonance.

Figure 6 shows the effect of increasing concentrations of COHb
and lysozyme on the chemical shift and line width of the 133Cs*
NMR resonance. Both lysozyme and COHb caused downfield
133Cs* shifts, with the shifts induced by COHb being slightly
larger. Whereas an increase in COHb concentration caused an
increase from approximately 3.0 to 28 Hz in the line width of the
133Cs* NMR resonance, a similar increase in lysozyme concen-
tration had a very small effect on the line width. An increase in
protein concentration resulted in an increase in the diamagnetic
susceptibility of the sample. However, because of the reference
method employed, the observed downfield !33Cs* shifts measured
in the presence of increasing COHb or lysozyme concentrations
were due to a protein property independent of magnetic suscep-
tibility. We also measured the 3Cs* NMR parameters in
PVP-100 samples which had the same viscosity as did the protein
samples (data not shown). In contrast to the case of COHb
solutions, an increase in solution viscosity had no significant effect
on the line width of the '33Cs* NMR resonance measured in
PVP-100 solutions of varying concentrations. Unlike the case of
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Figure 6. Effect of varying concentrations of (@) COHb and (0O) lyso-
zyme on (A) chemical shifts and (B) line widths of '3*Cs* NMR reso-
nances (n = 2). The initial Cs* concentration was 10 mM. The COHb
concentration is expressed in terms of tetramer concentration whereas
the concentration of lysozyme is expressed in terms of monomer con-
centration. The protein samples were diluted by addition of varying
amounts of distilled water. The reported chemical shifts were measured
relative to 0.15 M CsCl placed in the bulb of a spherical bulb/cylindrical
capillary reference tube assembly. Errors in chemical shift and line width
are less than 0.05 ppm and 0.5 Hz, respectively.

COHb or lysozyme, an increase in PVP-100 concentration did
not lead to a downfield shift of the '3Cs* resonance.

Cs* Binding to DPG. To characterize the interaction of Cs*
with DPG, we obtained 3'P NMR and 13C NMR spectra for DPG
solutions in the presence and absence of Cs*. The chemical shifts
and line widths of 3!P and '*C NMR spectra of DPG, in the
presence and absence of competing ions at physiologically relevant
concentrations, are given in Table IV. 3!P peak assignments were
made as previously reported.’>* 13C peak assignments were based
on standard chemical shifts for carboxylic, methylene, and methyne
carbons. The chemical shifts of the *'P and '*C NMR resonances
of DPG did not change upon addition of Cs* or competing ions.
However, the line widths increased upon addition of Cs*, but did
50 to a lesser extent in the presence of competing ions. Using **Cs
NMR spectroscopy (data not shown), we determined the Cs*-DPG
association constant from plots of 6.,/ [Cs*] vs {Cs*] (in mM)
at pH 7.4. The good linear fit (#2 = 0.90) of the !33Cs* chemical
shift data in the presence of DPG is consistent with a stoichiometry
of 1:1 for the Cs*-DPG complex. From the slope of the linear
plot the dissociation constant was found to be 3.8 £ 0.2 mM at
23 °C.

Discussion

It is known that the resonances of monovalent alkali metal ions

are shifted in the presence of lanthanide SRs.!*3* The direction

(32) Gupta, R. K.; Benovic, J. L. Biochem. Biophys. Res. Commun. 1978,
84,130

(33) R\issu, I M.; Wu, S.-S;; Bupp, K. A.; Ho, N. T; Ho, C. Biochemistry
1990, 29, 3785.
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Table IV. *'P and )C NMR Chemical Shifts and Line Widths of
DPG in the Presence and Absence of 10 mM Cs* @

3p NMR® 3C NMR?
3 2 1 2 3
A. Medium A

without Cs*
with Cs*

5(22) 4.6(13) 179(6) 75(11) 67 (9)
5(38) 4.6 (43) 179 (12) 75 (20) 67 (18)

B. Medium B
without Cs* 5.6 (18) 4.6 (16) 179 (18) 75 (16) 67 (14)
with Cs* 56(30) 46(29) 179(24) 75(29) 67 (19)

¢Medium A consisted of 10 mM CsCl and 5.4 mM DPG. Medium
B consisted of 10 mM CsCl, 5.4 mM DPG, 140 mM KCl, 5 mM
NaCl, 2.4 mM MgCl,, and 1| uM CaCl,. We did not add HEPES and
glucose to the solutions in order to simplify the '*C NMR spectra.
®Chemical shifts in ppm are followed by line widths in Hz in par-
entheses. 3'P chemical shifts are reported relative to a reference sam-
ple of phosphoric acid in D,0, placed in a spinning 10-mm NMR tube
and measured separately. '*C chemical shifts are reported relative to
tetramethylsilane present in the sample. The reported *!P and '*C line
widths represent the widths of the resonances at half-height after sub-
traction of 20 and 2.0 Hz, respectively, used in line broadening. The
reported NMR parameters are an average for three separately prepar-
ed samples. Errors in chemical shift and line width are less than 0.5
ppm and 1.0 Hz, respectively.

W

of the observed shifts for extracellular '**Cs* resonances in the
presence of SRs is dependent on the angle of orientation of the
Cs* relative to the principal axis of the lanthanide ion. It is clear
from Figure 1 that SRs are not needed for separation of the
chemical shifts of intra- and extracellular **Cs* NMR resonances
in Cs*-loaded RBC suspensions. The positions of the intra- and
extracellular 13*Cs signals in the presence of SRs (Figure 1B-D)
were inverted relative to the positions when no shift reagent was
used (Figure 1A). The Cs*-shifting properties of Dy(PPP),’ are
unique in that, for all other alkali metal ions, Dy(PPP),”" shifts
the extracellular resonance in the upfield direction.*16 However,
Dy(TTHA)*- and Tm(DOTP)* shift the extracellular Cs* res-
onance downfield, as for the other alkali metal cations. 1628
Moreover, the magnitude of the !3Cs* shift induced by Dy-
(PPP),”~ was considerably smaller than those caused by Dy-
(TTHA)* and Tm(DOTP)~, at the same SR concentrations. In
contrast, for other alkali and alkaline earth metal ions, the
magnitude of the shifts induced by Dy(PPP),"~ is considerably
larger than those caused by Dy(TTHA)®", but only slightly larger
than those induced by Tm(DOTP)", at the same SR concen-
trations.*'62® The very large '**Cs* shifts induced by Tm-
(DOTP)* are presumably associated with the large size of the
Cs™ cation and its binding via four phosphonate oxygens close to
the Tm?* ion and near the cone axis.

The downfield !33Cs* shift induced by Dy(PPP),’ is probably
related to the large ionic radius of the Cs* cation and its location
in the equatorial region formed by the dipolar cone angle around
the effective magnetic axis of the SR. Addition of Na* to a
Cs*/SR solution removed the Cs* ions from the Na* preferred
sites and caused a small increase in the downfield !**Cs* shift
(Figure 2B). However, addition of Cs* to a Na*/SR solution
caused a relatively large upfield 2’Na* shift (Figure 2C), pre-
sumably because Cs* binds to both sides of the cone, with only
some weak preference for the equatorial side. Thus, the Na*/Cs*
competition experiments indicate that Na* and Cs* have distinct
binding sites on Dy(PPP),", with Na* clearly preferring the axial
portion outside the dipolar cone and binding strongly to the SR
and with Cs* binding weakly to the equatorial portion inside the
cone. The specific effect of Dy(PPP),” on the Cs* distribution
ratio is presumably due to the higher charge of this SR, because
it was not so noticeable in the Tm(DOTP)>- or Dy(TTHA)*--
containing RBC suspensions. This SR-specific effect on the Cs*
distribution across the RBC membrane is in agreement with the
higher and lower transmembrane Li* and Na* ratios, respectively,

(34) Springer, C. S., Jr. Ann. Rev. Biophys. Chem. 1987, 508, 130.
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previously reported for Li*-loaded RBC suspensions containing
Dy(PPP),"-.

We investigated the contribution of each intracellular com-
ponent (Table I) and of the RBC membrane to the observed
chemical shift of the intracellular '3*Cs NMR resonance in
Cs*-loaded CORBC suspensions. At concentrations close to
physiologic values for ATP, ADP, DPG, and P;, DPG gave the
largest downfield !*3Cs* shift of all the intracellular phosphates
tested. We also measured the '3*Cs* shifts for samples containing
the same concentration (2.0 mM) of each intracellular phosphate
and found that the interaction of Cs* with DPG was not due to
an elevated DPG concentration relative to that of other intra-
cellular phosphates in RBC. We also found evidence for a
Cs*-DPG interaction in the presence of competing cations and
in samples whose viscosity was adjusted to that of the intracellular
RBC compartment (Table I). In the absence of DPG, prepara-
tions of unsealed RBC membranes gave no significant 33Cs* shifts
or line broadening. We conclude that the RBC membrane is not
responsible for the downfield shift of the intracellular '3Cs*
resonance observed in Cs*-loaded RBC suspensions. The chemical
shift of the 133Cs* resonance is known to be sensitive to the nature
of the counteranion present in solution.!* The anion present at
the highest concentration in RBCs is Cl". However, the CI”
concentrations inside and outside RBCs are approximately the
same and unlikely to be responsible for the observed resolution
of 133Cs NMR resonances in Cs*-loaded RBC suspensions (Figure
1A). In contrast, biological phosphates are present only in the
intracellular compartment. We therefore conclude that Cs*
binding to intracellular phosphates, and to DPG in particular,
contributes strongly to the appearance of two **Cs resonances
in Cs*-loaded RBC suspensions.

Magnetic susceptibility is known to be an important, albeit
small, contributor to the observed chemical shifts of NMR res-
onances in biological samples. The effects of magnetic suscep-
tibility on chemical shifts have sometimes been the cause of
misinterpretation of data,21222527.35-40  Cell suspensions consist
of two compartments, intra- and extracellular. If the intracellular
compartment is spherical, the nuclei inside and outside the cells
experience the same magnetic field, and thus there is no chemical
shift difference between intra- and extracellular NMR resonances.
For any nonsymmetric geometry, a chemical shift difference may
be observed. The bulk magnetic susceptibility (BMS) contribution
to the chemical shift depends on the volume susceptibility of the
medium inside and outside the cells, the cell morphology, and the
relative orientation of the sample with respect to the externally
applied magnetic field.>> When NMR experiments are carried
out with superconducting magnets, as in the case of this study,
paramagnetic substances have a positive susceptibility, which
generates a downfield shift, and diamagnetic substances have a
negative susceptibility, which generates an upfield shift.?!:22:25
Because the direction and magnitude of the BMS shifts are de-
pendent on the alignment of the magnetic moments of the indi-
vidual nuclei with the applied magnetic field, the BMS shifts are
of opposite sign in superconducting magnets and in electromag-
nets.212225 The effects of BMS can be changed in a sample by
incorporation of a paramagnetic substance, such as a shift reagent,
into the suspension medium.?2%%5

In its deoxygenated form, Hb is paramagnetic,*37 inducing
a magnetic susceptibility difference between the intra- and ex-
tracellular compartments in deoxyRBC suspensions. The magnetic
field gradient across the RBC membrane effects both broadening
and downfield shifts of the 3'P resonances.?!2 Upon incorporation
of a SR into the suspension medium, the magnetic field gradient
is decreased, and consequently the line widths sharpen and the

(35) Philo, J. S.; Dreyer, U.; Schuster, T. M. Biochemistry 1984, 23, 865.

(36) Savicki, P.; Lang, G.; Ikeda-Saito, M. Proc. Natl. Acad. Sci. U.S.A.
1984, 81, 5417.

(37) Cerdonio, M.; Morante, S.; Torresani, D.; Vitale, S.; DeYoung, A.;
Noble, R. W. Proc. Natl. Acad. Sci. US.A. 1988, 82, 102,

(38) Kirk, K.; Kuchel, P. W. J. Biol. Chem. 1988, 263, 130.

(39) Kirk, K.; Kuchel, P. W. Biochemistry 1988, 27, 8795.

(40) Kirk, K.; Kuchel, P. W. Biochemistry 1988, 27, 8803.
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chemical shifts move upfield.??> In contrast to deoxyHb, COHb
is diamagnetic.’>>” When a SR is incorporated into a CORBC
suspension, a significant magnetic field gradient is generated across
the cell membrane, causing broadening and downshifting of the
3P NMR resonances. We examined the magnetic susceptibility
contribution of hemoglobin to the intracellular *'P and **Cs* shifts
by comparing *'P and **Cs NMR spectra of deoxyRBC and
CORBC suspensions. Whereas deoxyRBC suspensions gave broad
and downfield-shifted 'P resonances for DPG and ATP, the
corresponding resonances were sharp and were shifted upfield in
CORBC suspensions (Table II). The presence of 5.0 mM Dy-
(TTHA)* in the medium partially inverts the magnetic field
gradient across the RBC membrane in suspensions of Cs*-loaded
deoxyRBCs because the two compartments now feel a similar
magnetic susceptibility. In contrast, incorporation of 5.0 mM
Dy(TTHA)* into the medium of Cs*-loaded CORBCs leads to
a small enhancement of the magnetic field gradient across the
RBC membrane. Thus, magnetic susceptibility differences be-
tween the intra- and extracellular compartments are responsible
for the chemical shift and line width changes observed in the 3P
NMR resonances of Cs*-free and Cs*-loaded RBC samples, as
previously reported.?!?2

Just as for 3'P NMR resonances of intracellular phosphates,
chemical shift and line width changes occurred for the intra- and
extracellular 13*Cs* NMR resonances upon deoxygenation or upon
incorporation of 5.0 mM Dy(TTHA)*" into the medium (Table
III). However, the changes in the !3Cs* NMR parameters were
smaller than those observed for 3'P NMR resonances of intra-
cellular phosphates. The large effects of the SR on the chemical
shift and line width of the extracellular **Cs* resonance are
associated with the paramagnetism of the SR and are not due to
magnetic susceptibility properties of the SR-treated samples.
Unless a significant inhomogeneity component is present, magnetic
susceptibility affects the resonance frequency of all nuclei equally.
Thus, for a RBC suspension placed in a superconducting magnet,
the magnetic susceptibility contributions to the '**Cs* and 3'P shifts
should be approximately the same. However, because inho-
mogeneity effects are present in blood samples,*! there may also
be a contribution of the gyromagnetic ratios of '33Cs and *'P to
the observed BMS shift.Z> At a constant magnetic field, nuclei
with a lower resonance frequency show weaker line-broadening
effects.?! It is therefore not surprising that shifting and broadening
effects were less pronounced in '*3Cs than in *'P resonances. The
chemical shift separation between intra- and extracellular 33Cs*
NMR resonances changed by not more than 0.6 ppm upon de-
oxygenation of Cs*-loaded RBCs in the presence or absence of
a SR. Even when diamagnetic or paramagnetic susceptibility
differences are present across the RBC membrane, as confirmed
by 3'P NMR spectroscopy,2':?? a clear separation between intra-
and extracellular '3*Cs* NMR resonances is observed in Cs*-
loaded RBC suspensions. If magnetic susceptibility effects alone
were responsible for the resolution of 1**Cs* NMR resonances
in Cs*-loaded CORBC suspensions, one would predict that in-
tracellular 1**Cs* NMR resonances would be shifted upfield from
extracellular '**Cs* NMR resonances when recording the spectrum
using a superconducting magnet.2!?> Because the relative positions
of the '3Cs* NMR resonances observed in Cs*-loaded RBC
suspensions are the opposite of those predicted, we conclude that
magnetic susceptibility effects are not responsible for the resolution
of 13Cs* NMR resonances in human RBC suspensions.

In suspension medium alone or in packed cells, only one 133Cs*
resonance was observed. However, the chemical shifts of the
133Cs™* resonances observed either in suspension medium alone (3o,
= 1.0 ppm; [Ht] = 0) or in packed cells (§;, = 2.6 ppm; [Ht] =
95%) differed significantly from those observed in Cs*-loaded RBC
suspensions of intermediate hematocrit concentrations (Figure 3).
Dependence of *'P chemical shifts on hematocrit concentration
was also observed for triethyl phosphate, dimethyl methylene-

(41) (a) Brooks, R. A.; Brutenni, A.; Alger, J. R.; Chiro, G. D. Magn. Reson.
Med. 1989, 12, 241. (b) Matwiyoff, N. A.; Gasparovic, C.; Mazurchuk,
R.; Matwiyoff, G. Magn. Reson. Med. 1990, 20, 144.
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phosphonate, and hypophosphite in oxygenated RBC suspensions.*®
As the [Ht] increases, the diamagnetic susceptibility of the sample
increases as a result of an increase in COHb concentration. An
increase in diamagnetic susceptibility with increasing [Ht] is
associated with a decrease in BMS and, with a superconducting
magnet, is expected to generate upfield shifts. However, downfield
(as opposed to upfield) !3*Cs™* shifts of intra- and extracellular
resonances were observed with increasing [Ht] (Figure 3). Clearly,
an effect independent of magnetic susceptibility is responsible for
the downfield intracellular !33Cs* shifts observed in Cs*-loaded
RBC suspensions. As the [Ht] varied, the intra- and extracellular
Cs* concentrations also varied, presumably because Cs* transport
occurred for Cs*-loaded RBCs suspended at different hematocrit
concentrations.

Theoretical calculations based on concentric cylindrical com-
partments with independent magnetic susceptibilities have pre-
dicted that the diamagnetic susceptibility of COHb should resuit
in intracellular resonances that are 0.12 ppm upfield from ex-
tracellular resonances.2!2?2 However, a recent calculation? that
took into account the interdependence of the magnetic suscep-
tibilities of the two cellular compartments has shown that the
contribution of magnetic susceptibility effects to the chemical shift
separation between intra- and extracellular resonances in RBC
suspensions is dependent on [Ht] and is less (0.06 ppm, [Ht] =
100%; 0.08 ppm; [Ht] = 0) than that previously predicted (0.12
ppm). The observed chemical shift separation between intra- and
extracellular 1*3Cs* resonances in Cs*-loaded RBC suspensions
was weakly dependent on Ht, as expected (0.80 ppm, [Ht] =
100%; 1.20 ppm, [Ht] = 0). However, the observed transmem-
brane chemical shift differences observed with !33Cs* resonances
were much larger than those predicted. We conclude that an effect
independent of magnetic susceptibility is responsible for the clear
resolution and the relative positions of the 133Cs* NMR resonances
in Cs*-loaded CORBC suspensions of intermediate hematocrit
concentrations.

An increase in osmolarity of the suspension medium leads to
an efflux of intracellular water and a decrease in mean cell
volume.’® The resulting increase in COHb concentration gives
rise to an increase in the diamagnetic susceptibility of the sample
with increasing osmolarity, which is associated with a decrease
in BMS and, with a superconducting magnet, is expected to lead
to upfield shifts. However, a downfield (as opposed to upfield)
133Cs* shift, due to a magnetic susceptibility independent effect,
of the intracellular resonances was observed with increasing os-
molarity (Figure 4). At low osmolarity values, partial cell lysis
and a decrease in ionic strength may account in part for the
magnitude of the !3*Cs* shifts. The small upfield **Cs* shift of
the extracellular resonance with increasing osmolarity is pre-
sumably due to an increase in the BMS of the extracellular
compartment, as previously reported for *'P resonances of
phosphoryl compounds in RBC suspensions.” The chemical shift
separation between intra- and extracellular '33Cs* resonances
increased with osmolarity in Cs*-loaded RBC suspensions. Similar
increases in *'P and '’F NMR resonances were reported for
phosphoryl compounds and difluorophosphate in RBC suspen-
sions.?’*% As the mean cell volume decreases with increasing
osmolarity of the suspension medium, the intracellular concen-
trations of both biological phosphates and Cs* are increased. We
conclude that volume susceptibility is not responsible for the
resolution and relative positions of the intra- and extracellular
133Cs™* resonances originating from Cs*-loaded CORBCs that are
suspended in media of varying osmolarity.

The high concentration of COHb present at high CORBC
lysate concentration should lead to an increase in the diamagnetic
susceptibility of the sample. An increase in diamagnetic sus-
ceptibility with increasing RBC lysate concentration is associated
with a decrease in BMS and, with a superconducting magnet, is
expected to lead to small upfield shifts (0.12 ppm).22*® Such small
upfield 3'P shifts were, in fact, observed for triethyl phosphate.?
Downlfield '*3Cs* shifts were observed with increasing CORBC
lysate concentration (Figure 5). The '3Cs* shifts measured in
RBC lysate samples relative to 0.15 M CsCl placed in a spherical
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bulb are independent of changes in magnetic susceptibility of the
RBC lysate sample.?¢?73° We conclude that a magnetic sus-
ceptibility independent effect is responsible for the downfield '3*Cs*
shifts observed in CORBC lysate samples. Precedents for mag-
netic susceptibility independent contributions to *'P and F
chemical shifts in CORBC lysate samples have also been reported
for phosphoryl compounds and difluorophosphate.27-38~40

To determine the contribution of the nonideality of water to
the intracellular '33Cs* shift, we measured **Cs* chemical shifts
and line widths in the presence of increasing concentrations of
COHb and lysozyme (Figure 6). To eliminate the diamagnetic
susceptibility contribution in the protein samples, we measured
the chemical shifts relative to CsCl placed in a spherical bulb/
cylindrical capillary reference assembly. The finding that in-
creasing concentrations of two unrelated proteins (COHb and
lysozyme) caused downfield '33Cs* shifts suggests that the observed
intracellular '33Cs* shifts in Cs*-loaded RBCs are controlled by
a general property of proteins and not by a specific property of
Hb. Similar observations were reported for *'P chemical shifts
of phosphoryl compounds in the presence of either COHb or
lysozyme.® The general property of proteins responsible for the
133Cs™ shifts is unlikely to be viscosity because the 1**Cs* chemical
shift changes measured in PVP-100 samples were insignificant
relative to those measured in the presence of samples of COHb
or lysozyme with the same viscosity. The line widths of the 13*Cs*
resonances in the presence of lysozyme or PVP-100 were essentially
independent of concentration or viscosity. In contrast, the line
widths of the !33Cs* NMR resonances increased with increasing
concentrations of COHb or CORBC lysate, indicating that weak
Cs* binding to COHb is present. The slightly larger downfield
133Cs* shifts induced by COHb relative to lysozyme are also
consistent with weak Cs* binding to COHb. The isoelectric point
of hemoglobin is higher than that of lysozyme. At the neutral
pH used in our experiments, COHb has a higher overall anionic
charge than lysozyme. Nonspecific weak Cs* binding is therefore
expected to be more important for COHb than for lysozyme.
Because both lysozyme and COHb gave downfield shifts, but
different line width changes, of the 133Cs* NMR resonances, we
conclude that the weak interaction between Cs* and COHb is not
solely responsible for the observed downfield shifts of intracellular
133Cs* resonances in Cs*-loaded CORBC suspensions.

In the extracellular compartment, the Cs* ion is coordinated
to water ligands. In the intracellular compartment, however,
hemoglobin is surrounded by ordered water of hydration. Thus,
hemoglobin disrupts the hydrogen-bonding network inside RBCs,
leading to nonideality of intracellular water. The number of water
ligands available for coordination to intraceliular Cs* is smaller
than that available for coordination to extracellular Cs*. A
decrease in electron shielding of intracellular Cs* should result
in a downfield shift of the intracellular '3*Cs* resonance, as ob-
served. The downfield shifts of intracellular '33Cs* NMR reso-
nances resemble the downfield shifts of '’F NMR resonances of
intracellular trifluoroacetate and difluorophosphate in RBC
suspensions.?’#2 In contrast, the downfield shifts of intracellular
133Cs* are in the opposite direction of the upfield shifts of 3P
NMR resonances observed for intracellular phosphoryl compounds
and difluorophosphate.?’-3%40 Water coordinates to Cs* via oxygen
atoms whereas it coordinates to F via hydrogen atoms. In both
cases hydrogen bonding results, however, in deshielding of the
133Cs* and '°F nuclei. The dependence of the chemical shift of
intracellular '**Cs* on the nonideality of water is consistent with
the strong dependence of !33Cs chemical shifts on the nature of
the solvent.!3

Therefore, we conclude that the chemical shift separation of
133Cs* NMR resonances in Cs*-loaded RBC suspensions stems
from binding of Cs* to intracellular phosphates (in particular
DPG) and from the nonideality of intracellular water induced by
hemoglobin.

The increase in the line widths of all 1*C and 3'P NMR reso-
nances of DPG upon addition of Cs* is consistent with Cs* en-

(42) London, R. E; Gabel, S. A. Biochemistry 1989, 28, 2378.
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hancement of the spin—spin relaxation times of the three *C and
two 3P resonances of DPG (Table IV). Therefore, the interaction
of the Cs* ion with DPG most likely involves the carboxylic group
on carbon 1 and each of the phosphate groups on carbons 2 and
3 of DPG. The chemical shifts of the 13C and 3'P NMR reso-
nances of DPG did not change upon addition of Cs*, presumably
because the interaction with the carboxylate and phosphate groups
of DPG occurs via the oxygen atoms and not directly with the
reporter nuclei. From our 3'P and !Cs NMR results (Tables
I and IV), we conclude that Cs* interacts more strongly with DPG
than with ADP or ATP. Cs* forms a 1:1 complex with DPG with
a Kpof 3.8 £ 0.2 mM. This Cs* interaction is unique because
DPG is reported to bind Mg?*, Zn?*, and AI** more weakly than
does either ADP or ATP, despite the presence of two basic
phosphates.’2434¢ The stronger interaction of Cs*, relative to
Na*,* with DPG may be related to the larger ionic size of Cs*
and to the capacity of DPG to act as a tridentate ligand. We
conclude from our 3!'P and *C NMR data (a) that Cs* interacts
with the phosphate and carboxylate groups of DPG and (b) that
the competing ions decrease the observed Cs* interaction with
DPG.

Comparison of 3'P NMR spectra of Cs*-loaded and Cs*-free
RBC suspensions (Table II) indicated that Cs* loading broadened
and moved the 3!P resonances of DPG (and to a smaller extent
the resonances of ATP and P;) downfield in deoxyRBC but not
in CORBC suspensions. Deoxygenation did not cause any sig-

(43) Collier, H. B.; Lam, A. Biochim. Biophys. Acta 1970, 222, 299.

(44) Sovago, 1; Kiss, T.; Martin, R. B. Polyhedron 1990, 9, 189.

(45) Mendz, G. L.; Kuchel, P. W.; Wilcox, G. R. Biophys. Chem. 1988, 30,
81,

nificant changes in the peak areas of the *'P resonances of DPG
in Cs*-loaded or Cs*-free RBC suspensions (data not shown). This
lack of change in DPG levels upon deoxygenation is in agreement
with previous reports.3®4 DPG binds more strongly to deoxy-
hemoglobin than to oxyhemoglobin (or its analogue, COHb),30%-3?
Moreover, more Mg?* is bound to DPG in CORBC than in
deoxyRBC suspensions.’® Although less free DPG is available
in deoxygenated RBC suspensions to bind Cs*, DPG is not com-
plexed as fully to Mg?*.3% Because the affinity of DPG for Mg2*
is higher than that for Cs*,>2 binding of Cs* to free intracellular
DPG occurs most strongly in deoxyRBC suspensions. This may
explain why the effect of Cs* loading on >!P resonances of DPG
is more noticeable in deoxyRBC than in CORBC suspensions
(Table II). Competition between Cs* and hemoglobin for DPG
will have the result that smaller amounts of DPG are available
to bind to deoxyHb, which, in turn, may result in an increase in
the oxygen affinity of hemoglobin. The enhanced oxygen affinity
of hemoglobin in the presence of Cs* may hinder the release of
oxygen to tissues and may provide a mechanism for Cs* toxicity.
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Absorbance data obtained in the stopped-flow spectrophotometric study of the “in situ” biphasic regeneration of deuteroferriheme
(dfh) following its oxidation by NaOClI are utilized to calculate extinction coefficients of species presumed to be involved in series
pseudo-first-order redox regeneration processes. Such data are interpreted in terms of a previously proposed mechanism of the
type A £ B £ C where A denotes the dfh—OCI- oxidation product; B, a reaction intermediate; and C, the regenerated dfh. Results
are consistent with a scheme involving consecutive one-electron reductions of the heme analogues of peroxidase enzyme compounds
T and II to regenerate free dfh in a state of monomer—dimer equilibrium. A value e =4 X 10* M~! cm™ at A = 384 nm is computed
at pH 6.85 and 25 °C for the molar extinction coefficient of the compound II analogue (B), which has been depicted as dinuclear
Fell'OFe!V. This is intermediate in magnitude between the value e = 2 X 10* M~! em™ calculated for the dfh-derived compound
1 analogue (A), depicted as Fe!V,0, and previously calculated values of extinction coefficients for monomeric and dimeric dfh.
Such ¢ values are consistent with observed changes in optical density accompanying heme regeneration and with kinetic studies

that show k; > k, by about an order of magnitude.

Introduction

A number of studies of the chemistry of iron(III)~-porphyrin
(heme) models of peroxidase enzyme systems have been focused
on the stoichiometry and rates of formation and the subsequent
reactivity of oxidized heme species which are functional analogues
of enzyme-derived reaction intermediates.?” !¢ Although such
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investigations are complicated by the tendency of the protein-free
hemes to undergo dimerization in aqueous solution with consequent
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