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SUMMARY 

Observation of the 31P signal from various intracellular 
phosphates can provide a convenient, nondestructive tech- 
nique for determining intracellular conditions such as pH. 
This procedure has been explored with particular reference 
to the erythrocyte. Both the chemical shift of intracellular 
inorganic phosphate relative to that of serum phosphate and 
the positions of, and more especially the difference between, 
the chemical shifts of 2,3-diphosphoglycerate have been 
used to monitor intracellular pH of erythrocytes whose 
hemoglobin has been liganded with carbon monoxide. 

E:\-cntually studirs of the hemoglobin n~olcculc in solution 
must be rclatcd to its function within the intact rrtl ~11. Or- 
garlic phosphates, in particular 2,3-diphosphogl~ccratc, bind 
preferentially to wlliganded tleosyhemoglobin, thereby reducing 
the oxygc~l affGty of hemoglobin (1, 2). The degree of hemo- 
globin oxygenation significantly affects pH through the alkaline 
Bohr effwt and the intracellular pI1 in turn exerts a strong in- 
fluencc on the lcvcl OC 2,3-diphosphoglyccrate within the erythro- 
cytr (3). ~Ioreowr, 2,3-diphosplioglyccrate serves as a potent 
inhibitor of sc~cral red cell enzymes (4). -1 close association 
thus exists within the red cell between hemoglobin oxygenation, 
pH, and metabolism n-hi& is mediated in large measure by 
2,3-diphosphoglyccrate. In order to gain a better understand- 
ing of thcsc interrelationships within the functioning erythrocyte 
ne haw undcrtakcn V’ magnetic resonance studies of hemoly- 
sates, red ccl1 suspensions, and whole blood. 

Wr have found 311’ NXR to provide a useful aud direct means 
for determining the intraerythrocyte pH and the levels of several 
importalIt wd ccl1 mctabolitcs. Since 31P is present at 1007, 
natural ab~u~d:mce, exhibits a x?de spectrum of chemical shifts, 
and is colltainccl in many metabolites, it holds considerable 
promise as a probe in many biological system?. 

I:XPERIRICXT.~L PROCEDURE 

Fig. 1 shows the 1~1-1 dependencies of the Aemical shifts for 
several organic phosphates and emphasizes the large variation 
in this paramctcr as a function of the state of ionization. All 
spcct,ra n-crc obtniwd by pulsed Fourier transform techniques 
on a Vaniali R,ssociatcs XL-loo-15 spcctromctcr operating at 
40.5 MHz. Fig. 2 shows a more detailed representation of the 
titration behavior of the 2- and 3-phosphate groups of 2,3-di- 
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pliosplioglyceratc. Assignment of the resonance at Ion-er field 
to the 3-phosphate (which titrates with pK, = 6.3) depends on 
1-he ‘H-coupled spectrum in which this 31P resonance appears as 
a triplet with J = 5 Hz which is due to coupling to a CHe group. 
The resonance at higher field (which titrates with pK = 7.0) 
was assigned to the 2-phosphate because its ‘H-coupled spectrum 
gives a doublet with J = 10 Hz which is expected for attach- 
ment to a CH group. The rclativc chemical shift separation 
between the 2- arid S-phosphate 311) nuclei depends on pl-I as 
shown in Fig. 2, and this ,qeparation may be used to measure pH 
directly in cases where diamagnetic or other bulk effects 11x1~ 

complicate dcterminations based on absolute chemical shifts. 
Except in the region 6.4 to 6.6, the absolute chemical shift of the 
nuclei Cl1 distinguish betxeeu t.he 2.Eold degeneracy inherent in 
the use of the diffcrcnce parameter alone. 

s- 

e- 

Frc. I. The pII-dependent chemical shift behavior of a variety of 
biological organic phosphates. Chemical shifts ax reported relative to 
external 1.0 31 phosphoric acid. MI’, fructose G-phosphate; DPG, 2,3- 
diphosphoglycerate; CI’, csrbumyl phosphate. 

PH 

Fro. 2. The detailed pH-dependent chemical shift behavior of 2, 3- 
diphosphoglycerate. Absolute shifts from external IIaL’Oa are indicated 
on the left ordinate while the relative separation of the a1I’ resonances xre 
shown on the Tight. The x1)pcr and lower titration curves correspond to 
phosphates at positions 3 snd 2 of 2,3-diphosphoglycerate, respectirely. 
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FIG. 3. Typical slP spectrum of carbon monoxide-treated whole rabbit 
blood obtained at 40.5 MHz by pulsed Fourier transform NMR. The 
anticoagulant used was acid-citrate-dextrose (ACD, Formula B). The 
whole blood pH was 6.70 zt 0.02 as determined on a Radiometer 
model 26 pH meter. The estimated intracellular pH values indicated 
are based on both the absolute chemical shifts and the relative separation 
of the 2,3-diphosphoglycerate (DPG) resonances, and the relative sepa- 
ration of the intra- and extracellular Pi resonances. The phospholipid 
resonances of the red cell membrane are also indicated. 
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FIG. 4. A typical slP spectrum of a rabbit hemolysate obtained 
from sonicated cells. Sample pH = 7.52 f 0.02. Data accumulation 
time was 5% hours for this sample. Sufficient signal to noise ratios for 
determining 2,3-diphosphoglycerate (DPG) and Pi chemical shifts are 
obtained after several minutes, however. 
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FIG. 5. A plot of chemical shift vwsus pH for carbon monoxide-treated 
rabbit hemolysates. The upper and middle titration curves corre- 
spond to phosphates at positions 3 and 2 of 2,3-diphosphoglycerate, re- 
spectively, and the lout curve corresponds to the titration behavior 
Of Pi* 

Typical physiological concentrations for 2,3-diphosphoglyc- 
erate in human red cells of 5 mM and in rabbit red cells of 7 mM 
make the ?l? resonances from 2,3-diphosphoglycerate easily 
observable by pulsed Fourier transform NMR in hemolysates, 
packed red cells, or whole blood. Fig. 3 shows a typical spec- 
trum of carbon monoxide-treated whole rabbit blood. The 
sample was contained in a lo-mm tube which was not spun as 
this leads to packing of the erythrocytes around the sides of the 
tube which increases the magnetic field inhomogeneity within 
the sample and thereby artificially broadens the resonances. 

Rabbit red cell hemolysates which were first treated with 
carbon monoxide so as to reduce interactions between 2,3-di- 
phosphoglycerate and hemoglobin as much as possible by com- 
pletely saturating the hemoglobin with ligand gave titration 
results similar to those of Fig. 2. Fig. 4 shows a typical spec- 
trum of such a hemolysate and Fig. 5 summarizes the titration 
behavior of 2,3-diphosphoglycerate and inorganic phosphate in 
such a hemolysate. 

These data, together with comparable titration data for the 
31P resonance of inorganic phosphate in the hemolysate, were 
used to estimate the intracellular pH of erythrocytes in whole 
blood which had been treated with carbon monoxide such as the 
sample shown in Fig. 3. The pH estimates indicated are based 
on both the differences in chemical shift for the two 31P nuclei 
of the intracellular 2,3-diphosphoglycerate and for the 31P 
nuclei of Pi inside and outside the cell. 

DISCUSSION 

Although providing a nondestructive and reasonably accurate 
and rapid way of measuring intraerythrocytic pH, this method 
must be used with caut.ion as the interpretation of the observed 
resonances can be complicated by the interaction between 2,3- 
diphosphoglycerate and deoxyhemoglobin. On binding to de- 
oxyhemoglobin, the 2,3-diphosphoglycerate resonances experi- 
ence a large downfield shift which probably results largely from 
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a11 itrcxase irl tlegree of ionization for the hound 2,3-diphospho- 
glyccratc, as the magnitude of the observed tlownfield shift 
clo~;cly parallrls that observed on ionization of 2,3-diphosl)ho- 
glycerate in solution. Other factors, such as aromatic ring 
currents or bond anisotropics, for example, may also influcncc 
chemical shift. (The 2,3-diphoxpho~l~ccrate exchanges rapidly 
relative to d2/27rA SO tllat the observed signal represents the 
weighted average for the 2,3-diphosplrogl?-ccratc in its t\l-o cn- 
vironments-solution a~ltl bound to hemoglobill.l) Accordingly, 
one must calibrate the esperiment by first titrating a hemolysate 
which has the same relative oxygen tension as the blood sample 
of interest if one is to obtain accurate data. Nevertheless this 
chemical shift data may be acquired in a relatively short time 
(only several minut,es per point are required) and the technique 
is therefore comparable in ease to other methods of measuring 
intraerythrocyt,ic pH, i.e. electrode determination of the pll in 
hemolysates obtained from packed rrd cells which have been 
lysrd by repcatetl freezing and thawing of the cells (5) or by 
sonication. In this regard we have fomld no change in intra- 
erythrocytic pTT ill packed red cells or their hemolysates with 
respect to whole blood samples. This technique offers a further 
advantage in that no disruption of the cell membrane is ncces- 
sary; measurcmellts C:UL bc made of intact, functioning cells. 
Thus one’ can directly study the response of intracellular pI1 to 

1 It. B. Moon and .J. H. Richards, unpublished observations 

various external stimuli. Further, the total concrtrtrations of 
2,3-diphosphoglycerate and Pi can be tl&rmincd by irrtegratioll 
of their respective 31l’ resoiIa1Ices ill spectra requiring data ac- 
cumulation times of an hour or less. 

While most other cellular systems do not ~OSSIXS significant 
concentrations of 2,3-tlipliosl~lloglyccrat~~, they often do contain 
other phosphates such as I’,, ATI’, and inositol hrsxphonphate 
with concentrations approaching 1 m&l. I:se of analogous 3111 
techniques may therefore provide a basis for intracellular pi1 
measurements in a variety of biological systems. Ollce again 
appropriate controls in holution must be carried out SO that OILC’ 
can unambiguously tlissert the influence on chemical Aft of pII 
changes from other effects suc~h as interaction with intracellular 
macromolecules or cations, I’or example. Moreover, phoaphatrs 
incorporated into sylrthctically prepared vesicles may proridr a 
probe for measurements 01’ internal pH for the study of 
Donnan equilibrium or other properties of model membranes. 
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