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Abstract. We used®'P NMR to investigate the tempera- Key words: 3*P NMR spectroscopy — Frog muscle —
ture-dependence of intracellular pH (phh isolated frog  pH; regulation — N&-H* exchange — Temperature —
skeletal muscles. We found thafH™] is a linear func-  Enthalpy

tion of 1/T_ . paralleling those of neutral water (i.e.;’H

= OH") and of a solution containing the fixed pH buff- Introduction

ers of frog muscle cytosol. This classical van't Hoff re- o )
lationship was unaffected by inhibition of glycolysis and Living qells regulate their intracellular hydrogen ion con-
was not dependent upon the pH or [Jiin the bathing centration ([I—T_]i) at a value far removed from electro-
solution. Insulin stimulation of NaH* exchange shifted chemical equilibrium. When temperature changes, the
the intercept in the alkaline direction but had no effect onPH Of most cells of most organisms, including plant
the slope. Acid loading followed by washout resulted in (Aducci et al., 1982) and animal (Roos & Boron, 1981)

an amiloride-sensitive return to the (temperature depen§|oecIes also changes, such thaj pecomes 0.15 10 0.2

dent) basal pH pH units more alkaline with every 10°C decrease. This

These results show that the temperature dependen@eeha\/ior parallels the temperature dependence of the dis-

of activation of N&-H* exchanae is similar to that of the sociation of water and also the pKs of fixed intracellular
. 9 buffers, primarily protein histidines (Reeves & Malan,
intracellular buffers, and suggest that constancy 6i/[H ’ heref I
[OHT] with changing temperature is achieved in the short1976)' Al any given temperature, therefore, pFicells :
i by int lular bufferi din the | t b that behave in this manner is regulated near to neutrality
tﬁrm ty n r?C?t# alil* gf“na and in P et ong t?mt‘. y (i.e., [H] = [OHT]) as temperature is varied. This has

fet?]e —pomh orthe ha exc anger.t rto 03 a(é va 'I[ﬁnl been termed the-stat hypothesis (Reeves, 1972), since
of the exchanger has an apparent standard enthapy ., nstant-imidazole (i.e., the ratio of unprotonated to
change AH®) under both control and insulin-stimulated

total protein histidine imidazole), is maintained.
conditions that is similar to thAH® of the intracellular b )

, . ) This study concerns the mechanismooebtat regu-
buffers and approximately half of theH® for the disS0-  |5¢0n of intracellular pH. Because protons are con-

ciation of water. Thus, the temperature-dependent CoMgiantly pheing produced by metabolism and extruded from
ponent of the standard free-energy chan§B°f is un-  {he cell by energy-requiring ion-exchangers, the tem-

affected by insulin stimulation, suggesting that changesyeratyre dependence of the intracellular buffers cannot
in Arrhenius activation energye() may notbe a part of -,y jself explain the temperature dependence of. pH
the mechanism of hormone stimulation. has therefore been argued that the physiological set-point
(i.e., the regulated pH value) for the N&* exchanger,
as well as for other pH regulating proteins, is at a con-
—_— stant alkaline deviation from neutral pH (Nattie, 1990).
* Present addres@epartment of Zoology, Eastern lllinois University, This hypothesis is attractive since it implies a functional
Charleston, lllinois 61920, USA integration of pH buffers and active proton extrusion
** Present addressCell Physiology Group, School of Biological Sci- across the Ce! membrane, which tends to maintain con-
ences, University of Manchester, Manchester M13 9PT, UK stgnt [H]/[OH Jand thUS a (.:onStant charge state of pro-
teins as temperature is varied.
Correspondence tay.J. Dawson The hypothesis that the activity of a membrane pro-
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ton transporter regulates [I_H[OH_] does, however, approximately 4.0 and then titrated with KOH, adding enoughn.1
have thermodynamic consequences. Over the physMgClz to keep the free [M§] constant as the pH was raised. The
ological temperature range, a classical van't Hoff plot Ofamount of MgC]J required was calculated from the total concentrations

. + a of the ions present, the pH and the association (stability) constants for
eitherln or Iog {[H ] X [OH ]} of neutral watervs.lfrabs the possible complexes of phosphocreatine (PCr) and inorganic phos-

is approximately linear, with a slope proportional to the phate (B with H*, K* and M@". The ligand stability constants were
standard enthalpy chang&H°®) and an intercept propor- taken from Smith and Alberty (1956b).
tional to the standard entropy changeS() for the dis- A pH-sensitive glass electrode (Corning) was used together with
sociation of water. If energetic relationships are to bea separate KCl/calomel reference electrode with a ground-glass sleeve
maintained, regulation of pHo a constant deviation quui'd junctior_w (Pye-Ingold). This electrode combin_ation was_used to
from neutrality requires that the reactions that determing/0!d errors in pH measurement of the type described by lilingworth
- 1981) for combination pH electrodes, and was found to be free from
pPH; have a similar depende_nce on tempe(gture, both Urrors when tested by the method of lllingworth (1981). The pH of
der control and hormone-stimulated conditions. each solution was measured before and after acquiring NMR data.
To test the hypothesis that phbk regulated to a Measurements of pH at 4°C were carried out in a cold room, and
constant deviation from neutrality via-stat activation of measurements at 37°C were carried out with the titration solution main-
an exchanger, we usé® NMR to measure the effect of tained in a water bath. The pH electrode was calibrated at the experi-
temperature on pHof sartorius and gastrocnemius of Mental temperature with standard buffers (Corning).
Rana temporarieandRana pipiensunder control condi-
tions an_d while underg_oing maneuvers that af_fect PrOtORr|ssyE PREPARATION AND MAINTENANCE
production and extrusion. We found that acid loading
followed by washout resulted in an amiloride-sensitive this protocol was approved by the Laboratory Animal Care Advisory
return to the temperature dependent basgl piaddi-  Committee of the University of lllinois, Urbana-Champaign. Pairs of
tion, we were able to confirm that the van't Hoff values gastrocnemius or sartorius muscles were dissected from grhesm-
for AH°® for the intracellular buffers and for transmem- PorariaorR. pipiensn a cold (4-6°C) moist environment and mounted
_ ; P ;_in an experimental chamber (as described by Dawson, Gadian and
m’gtne ‘TyF.!L /ezx;[;’]ueSAIaI;l gretilgqggstgciat?:noé?i\::tg? aﬁﬁé(;)él Wilkie, 1977) fitted within a 20-mm diameter NMR sample tube. The

. - muscles were bathed in oxygenated Ringer’s solution: (MaCl, 105;
results are independent of metabolic rate, of the overalkc| 2.5 cacy, 2; PIPES [piperazine-N,Nbis-2-ethanesulphonic

driving force for proton extrusion and of hormone- acid], 10) during dissection and throughout the experiment. The pH
stimulation. Stimulation of N&H* exchange with insu-  was adjusted to pH 7.2 at room temperature with HCI and the solution
lin resulted in intracellular alkalization, the magnitude of was equilibrated with 100% O PIPES was chosen as the buffer be-
which was temperature independent. Thus, the temperé}f"use it contains no phosphgte and because the change gf its pK with
ture-dependent component of the standard free-ener mperature (-0.0085 pH units (°G) Good et al., 1966) is similar to

o o o . . at of physiological buffers.
Change AF = AH° -TAS ) is unaffected by insulin Temperature was changed by replacing the Ringer’s solution with

stimulation, and changes in Arrhenius activation energysoution previously equilibrated at or near the temperature required, and

(E, = AH° + RT) may not be a part of the mechanism of by adjusting the thermostat of the NMR probe. Since the probe ther-

hormone stimulation. mostat senses the temperature of the air near the sample, but not of the
These results are consistent witkstat regulation of sample itself, a calibration curve was constructed using Ringer’s solu-

the exchanger and with temperature-independen‘t"’” and a thermocouple in the NMR sample tube. Data acquisition

mechanisms of proton-activation and hormone stimulayvas begun when the probe temperature had stabilized. The tempera-

. , . ture control of the NMR probe is accurate to 0.1°C and the steady-state
tion. Various aspects of this work have been presentegﬁmperature reading varied by no more than 0.3°C.
previously in preliminary form (Dawson & Elliott, 1985;
Marjanovic et al., 1994).
NMR SPECTROSCOPY

Materials and Methods 3P NMR spectra were recorded either on a Bruker WM-200 spectrom-
eter operating at 81 MHz (1psec pulses at 2-sec intervals, 8000 data
points and 5000 Hz spectral width) or on a GN-300 wide-bore spec-

CALIBRATION SOLUTIONS AND pH MEASUREMENTS trometer (General Electric, now Bruker) operating at 121 MHz (12
psec pulses at 0.5-sec intervals, 8,000 data points, and 4,000 Hz spec:

Solutions of composition shown in Table 1 were made up with doubletral width). Exponential line broadening of 1-5 Hz was applied.

glass-distilled water using analytical reagent grade chemicals obtained  In the studies of calibration solutions, chemical shifts were ref-

from Sigma or British Drug Houses (UK). Magnesium chloride (0.1 or erenced to that of PCr at pH 7.0, either in the titration solution or in a

1 m stock solution) was standardized by titrating #Mgvith EDTA separate solution containing 0.&44KCl, 20 mv PCr, 10 m PIPES and

(ethylenediamine-N,N,NN’-tetracetic acid) using Solochrome Black 0-8 mu total MgCL, so as to yield a free [Mg] of 0, 3 or 5 nmm.

as an indicator, or by titrating Clsing a commercially available assay The chemical shift of PCr changed by only 0.07 ppm when the free

kit (Sigma). The pH of the solutions was adjusted using HCI or [Mg?*] was raised from 0 to 5 m, and was unaffected by changing the

KOH. temperature over the range 4°-37°C or by variations in ionic strength

In two titration experiments, where free [¥1§ was maintained  between 0.15-0.26.
constant at 3 or 5 m, the solutions were initially adjusted to a pH of In the muscle studies, two to six hundred scans were collected for
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each spectrum, requiring 7 to 20 min. Data collection was continued\N-methylo-glucamine (NMDG), and the pHneasurement was re-
until the P; peak, which is very small in resting aerobic muscle, could peated.
be clearly distinguished. The phas calculated using the calibration In other experiments NaH* exchange was stimulated in the
curves determined in the present study for solutions containingn5 m presence of insulin. The phvas determined first under control con-
total magnesium at 4°, 21° or 37°C, with interpolation from these ditions at the experimental temperature and then the muscles were
curves when the experimental temperature differed from the calibratiorexposed to 2wm insulin (Moore, 1981). After 30 min of incubation at
temperatures. 21°C, muscles were returned to the experimental temperature and the

pH, was again measured. The temperature dependence oéqdvery

from an acid load was measured by exposing frog sartorius muscles to
CONSTRUCTION OF THEpH CALIBRATION CURVES 20 mm NH4C| for 45 min in the absence and presence ofM amilo-

ride at both 5° and 21°C, as described by Putnam, Roos & Wilding

I . 1986).
Calibration curves were constructed from plots of pH, determined as( )

described aboveys. chemical shift of P; (Fig. 1). Henderson-

Hasselbalch titration curves for a single ionization were fitted to the paoTA ANALYSIS

experimental data using an iterative nonlinear least squares procedure

which minimized the sum of squared deviations of the obsevsettie T distinguish between monophasically linear and biphasic curves,
calculated end points. Using the calibration curves thus obtained, thenyltiple regression analysis (Weisberg, 1985) was used to test for the

pH; of muscle was calculated from presence of two linear segments:
d-3, Y=Yty = (ap+bX) + (3 + bX). (2
pH, = pK + log , (D]
O0g— O To do this, the data were divided between two limbs at each interval

along the x-axis, between experimentally obtained points. The case
whereK is the apparent proton association constang, anddg are produci'ng the least sum of squares of the'deviation was then tested to
the observed and limiting chemical shifts Bfat acidic and basic pH  determine whethea, b, were significantly different frona,, b,. If the

respectively, representing the apparent chemical shifts,®iCGfland ~ two limbs produced significantly different valueB & 0.05), the bi-
HPCG~. phasic solution was accepted. If not, the plot was treated as being

monophasic, with single values farandb.

TISSUE EXPERIMENTS
Results

Pairs of gastrocnemius muscles were used to define the relationship

between temperature and pHnitial spectra were always obtained at CONSTRUCTION o|:pH CaLIBRATION CURVES

5°C, and subsequent spectra were recorded when the muscles were

equilibrated with Ringer’s solution at a series of higher temperatureswe first calibrated the pH measurement at different tem-

(5°-37°C) in random order. Final spectra were again obtained at 5°C, - .

If pH; differed by more than 0.1 pH units in the initial and final spectra, peratures, in or.der to _eStab“Sh the accur_acy of the

the experiment was excluded from the analysis. method for use in solutl_on and tissue experiments. E]_‘-
To equilibrate the solutions within the intracellular spaces by fects of altering magnesium concentration were investi-

diffusion, small, paired sartorius muscles were used for studies of th@jated because free Mgis known to have a pronounced

effects of drugs or of manipulations of the bathing solution. One effect on the calibration curves, because free W\gs

muscle from each frog was used at 5°C while the paired muscle wag,ot known with Certainty at any temperature and be-

used at 21°C. Four sartorii were used at the same time. In some ®:ause this quantity may vary with temperature. Figure 1

periments, glycolysis was inhibited with Ringer’s solution containing 1 h th i f K th
mm iodoacetic acid (IAA) adjusted to pH 7.2 (added from a 0.1 shows the resonance frequency of epeak over the

stock solution which was kept frozen) at room temperature for 20 min;PH range 8.4 to 4.25, 21°C with 5nmMgCl,. The reso-

IAA was then removed and the temperature was adjusted to either 5°¢@ance frequency of PCr is unaffected by pH in the physi-

or 21°C for the pH measurement. This procedure blocks glycolysis ological range, but it does shift at pH values less than 6.

effectively, as judged by the fact that exposure of muscle to m Table 1 gives the parameters describing standard titration
sodium cyanide (NaCN) and 10wmrcaffeine, which ordinarily leads to curves for a single ionization, fitted to data such as that

a large intracellular acidosis, did not cause acidification of pH shown in Fig. 1.

muscles which had been treated with IAA, and by the fact that a lactate Th K ff db bei
methyl peak is ordinarily observed in tH&l spectrum of caffeine- e apparent pK was affected by temperature, being

treated muscles (Shen, Gregory & Dawson, 1996), but is not preserfigher at 4°C than at 21°C or 37°C. At all three tem-
following this protocol for IAA treatment. peratures, the presence of mnvigCl, shifted the curve

The effect of external pH on pHvas investigated by placing to the left (i.e., to slightly lower pH values) and lowered
paired sartorius muscles in the standard Ringer’s solution adjusted tghe apparent upper (bas&a) limit relative to that of the
thehsime pH at diﬁere”thter[‘gf[ramr]es (pH7.2 dat 5°C a”d( 21°C) or - zero-Md* curve while the lower (acidicd,) limit was
with the pH varying so that OH™] remained constant (pH= 7.2 .
at 5°C and pH= 7.4 at 21°C). A similar protocol was used to study r8|a.tlve|y unaffected. These change; led to the apparent
the effects of variation in external sodium. After measuring ipHhe pK' in the presence of 5 mMgCl, being about 0.1 pH
standard bathing solution at either 5° or 21°C, muscles were placed itnit lower than in the absence of Kfgat each tempera-

solution in which the Nawas replaced by an equal concentration of ture.
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@

at 5°C were always compared as described in Materials

é i and Methods.
£ °r The results are presented in Figh B the form of a
2 \ i classical van’t Hoff plot, treating pHas an equilibrium
P, § i constant for the reaction(s) which determine its value:
O 3 PRI E T N
DT In[H*], =-7.51- 2648(1/T,,) (3)
PCr
oH r=0.89 n=32
—— 4.25
i :% The data are highly linear and least-squares fitting did
614 not yield an improved fit to two lines, rather than a single
6.45 line. The van't Hoff plot shown in Fig. 8 serves to
6.93 divide the standard free energy chang&{ = AH° - T
7.33 AS°®) for the mechanism which determines;phto its
7.91 temperature-dependent and independent components
8.40 If AH® is independent of temperature, then the slepe
L S | —AH°/R and they-intercept= AS°R,whereRis the gas

constant. On this basis, the apparéii® is constant
over the temperature range studied at 22 + &8 (
Fig. 1. The variation in the chemical shift of Rith pH. The stacked KJ* Mol and the apparenAS°® = —-62.4 + 6.1 0)

31p NMR spectra were obtained from a solution containing 140 m J° mol™. In agreement with earlier literature (and with
KCI, 10 mv KP;, 5 mv Na,PCr and 5 m1 MgCl, (ionic strength= the near linearity over short ranges of the reciprocal of a
0.18wm) at 21°C. linear relationship), a linear correlation was also ob-
served between pH ant (°C):

Chemical Shift (ppm)

A complication which arises when titrating a physi- pH. = 7.46- 0.013T (°C) (4)
ological solution with a particular level of total magne-
sium is that, as the pH is changed, free fMgvaries as r=086 n=32
a consequence of different amounts of magnesium being
bound to P, since HPG™ binds magnesium more
strongly than does §PC;,. For a solution of 10 m P, TEMPERATURE DEPENDENCE OFINTRACELLULAR BUFFERS
and 5 nm magnesium, the free [Md] decreased from

almost 5 nw at the acidic end of thg, titration curve to e major pH buffers in frog skeletal muscle aig (
arouan 32 m at_the_basm end. The variation in f_ree HCO3; (ii) P;; (iii) imidazole groups of carnosine and
[Mg*"] can be minimized by altering total magnesium protein histidine residues. Under the conditions of the
and pH simultaneously, such that free [Mgremains  present study only the last one contributes significantly
constant. When free [Md] was kept constant at 3 or 5 4 pH puffering in the muscle, since intracellular [HGJO
mwu, the resulting parameters were similar to those dejs pegligible in the bicarbonate-free Ringer’s solution,
scribing the titration curve with 5 mntotal magnesium.  gnd the3'P NMR spectra show thaP]] is low (<3 mm).
Frog skeletal muscle contains approximately 10 car-
nosine B-alanylhistidine) and approximately 36wnpro-
tein histidine (Godt & Maughan, 1988). FigureB3

Figure 2 shows a typical’P NMR spectrum obtained shows the temperature dependence of pH in a model
solution which mimics the intracellular ions and buffers

from isolated frog gastrocnemius muscle at the end of an .
: ? ; . of frog skeletal muscle. The regression of the model
experiment lasting several hours, during which the ; . X L
: solution data is described by the equation:
muscle was subjected to repeated temperature changes.
The intensity of theP, peak corresponds to &] in the

THE TEMPERATURE DEPENDENCE OFINTRACELLULAR pH

muscle of about 2 mmol (kg wet Wt} In two experi- N [H']; = =5.88— 3146(1/TpJ 5)
ments, muscles were maintained at either 4° or 20°C
for 24 h; the position of thé®, peak at the end of this r=0.95

period did not differ from that measured at the beginning.

There was, however, a tendency for the pH to shift in theThe apparenAH° for pH buffering in this solution is 26
acid direction over a period of several hours if the tem-+ 2.7 (sp) kJ- mol™%, and is not significantly different
perature was varied. For this reason, initial and final pHfrom that for pH.
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Table 1. The effect of temperature and [¥g on the P titration curve

Solution lonic t(°C) Apparent da(ppm)+ sE dg(ppm) *sE
strength (m) pK + se

140 mv KCI 4 6.83 £0.02 3.29+0.01 5.66 +0.02

10 mv KP* 0.21

20 mv Na,PCr 21 6.75+0.01 3.19+0.01 5.70+0.01

140 nv KClI 0.16 37 6.77 £0.02 3.12+0.02 5.75+0.02

10 mu KP,

140 mv KCI 4 6.71+£0.02 3.19+£0.02 5.49 +0.02

10 mm KP; 0.17 21 6.64 +0.02 3.20+0.01 5.58 £ 0.02

5 mv MgCl, 37 6.65+0.02 3.14 £ 0.02 5.61+0.02

90 mv KClI

20 mv KP; 0.175 21 6.55+0.04 3.30+0.03 5.55+0.05

5 mm Na,PCr

13 mv MgCl,

140 nv KCI

10 mm KP; 0.17 21 6.70 £ 0.02 3.18 £0.02 5.65+0.03

3 mm free [Mg?']

140 mv KClI

10 mm KP; 0.175 21 6.65 +0.02 3.21+0.02 5.64 £0.03

5 mm free [Mg?']

Values of the apparent pK and limiting resonance frequencies at adjgdieutd basic §s) pHs for inorganic phosphaté,) were obtained from
calibration curves (Fig. 1). Numbers given are fitted parameters and the standard eseprsf [sidual deviations from the best fit curveeg
Methods for details). The ionic strength of the titration solution used for the 4°C experiments wag @@hpared with 0.1% for the 21°C and
37°C experiments. The higher ionic strength at 4°C would be expected to lower the apparent pK relative to the experimentsaati© strength.

The size of this effect can be estimated from the published data as about 0.03—0.04 pH units (Seo et al., 1983). The true effect of cha
temperature between 21° and 4°C on the pK was thus probably slightly underestimated in the present study.

* KP, = mixture of K;HPO, and KH,PO, in ratio necessary to give certain pH.

TEMPERATURE DEPENDENCE OFACID PRODUCTION er’'s solution is maintained at constant pH or constant
AND EXTRUSION [H*)/[OHT] as the temperature is changed. There is,
however, a significant effect of stimulation of N&i™
We performed a number of experiments to assess whettexchange with insulin, and this is similar at the two tem-
er changes in metabolism, transmembrane proton or sg@eratures. In four paired experiments, insulin caused an
dium gradients, proton activation or hormone stimulationalkaline shift of 0.15 + 0.02 pH at 5°C and 0.13 + 0.01
of transmembrane sodium-proton exchange could be repH at 21°C. These data yield an apparamt® for the
sponsible for the changes in pHvith tempera- process regulating pkh the presence of insulin which is
ture. These studies, performed at 5°C and 21°C omot significantly different from the control, and an ap-
paired sartorius muscles, are summarized in Table 2parentAS® which is more negative by 4.7 = 0.08
The control data indicate the same dependence ¢f pH- mol™ (P < 0.01).
upon temperature in sartorius as in gastrocnemius To observe the temperature dependence of proton
muscles. Taken together, the results show gH7.41 +  activation of Nd-H* exchange, we investigated the tem-
0.07 o = 16) at 5°C and pH= 7.14 £ 0.06 ( = 16) perature-dependence of ptdllowing an acid load, with
at 21°C, yielding a dependence of plipon temperature and without blockage of the exchanger. Figure 4 shows
of 0.14 pH units/10°C. one such experiment on frog sartorius at 21°C, confirm-
The top row of Table 2 shows that blocking glycol- ing an acid shiftimmediately following NjHwashout, as
ysis with iodoacetic acid has no effect on;pid either well as the expected amiloride sensitive return to the
temperature. The rest of Table 2 concerns transmeminitial pH;. In 6 experiments at 21°C, exposure to NH
brane proton extrusion. Replacement of sodium withresulted in an acid shift of 0.28 + 0.05d], P < 0.01, and
NMDG has no effect on pHat either temperature stud- pH; returned to its initial value following Nfiwashout
ied. In addition, pHlis not affected by whether the Ring- (ApH;, = 0.04 £ 0.02sg, P > 0.1). The corresponding
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PCr -15
A. muscle

16 |-

In [H'],

3 18 . 1 . 1 . 1 . 1
= > 3.2 3.3 3.4 3.5 3.6

B. solution

Chemical Shift (ppm)

Fig. 2. 3P NMR spectrum of isolated gastrocneumius muscle fam  —
pipiensat 21°C in Ringer’s solution (pH= 7.2). The spectrum was =
obtained at 120 mHz and is the average of 300 scans at 2-sec interval £
Peaks from P PCr and ATP are visible. The vertical line through the A7 L
P, peak has a chemical shig)(of 5.05 ppm, corresponding to a péf
7.2

18 . 1 . ] A 1 . 1
numbers at 5°C are: control — NH= 0.19 + 0.04 ¢g), 32 33 34 38 36

n = 4,P < 0.01; control - washout 0.03 £ 0.02sE, n 1/T x10°
= 4, P > 0.1. In two experiments, amiloride had no
effect on the acid shift in pHollowing exposure to N,
but it completely inhibited the alkaline return.

Fig. 3. (A) The temperature-dependence lof[H*] in isolated frog
skeletal muscle. The data from six experiments were fitted by linear
regressionin H = - AH°/RT,,+ AS°R to determine apparent stan-
dard entropy changeA§’) and apparent standard enthalpy change
. . (AH°®). T,psis the absolute temperature (Kelvifig;is the gas constant
Discussion (8.31 J mol™*- T7%). (B) The temperature-dependencelm{H*] in a
model solution containing pH buffers present in frog muscle: 20 m
In these experiments, we have shown that both the incarnosine, 36 m histidine and 2 m P; (pH 7.1 at 21°C).
tracellular buffers and the set point for the N&al* ex-
changer have the same temperature dependence a$ pH
isolated frog skeletal muscle and that of neutral water
In addition, the apparent standard free eneryly°j for

Table 2. Effects of maneuvers which alter*Horoduction, N&-H"*
gradients or exchanger activity

activation of the exchange during insulin stimulation hast(°C) 5 21
the same temperature sensitivity, but a more negative
temperature independent component, compared to thl%o”t“l"d @ acid 7%32191+06032 7%0§4i+060§2 '
processes that determine ptthder control conditions. ™ lodoacetic aci =90 axl. “)
Th the t t d dent t of the st Control 7.45+0.02 7.17 £0.04

us, the temperature-dependent component of the sta ;- 744 +0.04 717 +0.04 @
da_rd free-energy cha}nge is unaﬁectgd py insulin stimuconstant py 7.46 +0.03 7.12 +0.04
lation, and changes in Arrhenius activation energy (Ea)constant (H+/OH-) 7.45+0.04 7.09 +£0.03 4)
may not be a part of the mechanism of hormone stimu<Control 7.43+0.03 7.21+0.01
lation. 5 u™ Insulin 7.58 £0.02 7.34+0.02 4

Means *se are given for number of paired experiments in parenthesis.
ACCURACY OF pH; MEASURED AS A FUNCTION
OF TEMPERATURE accuracy and with minimal disturbance to the cell. Mea-
surement of the resonance position of intracellular P
To understand the control of pHh intact cells, it is  using**P NMR meets the second criterion, and its in-
necessary to measure ptith the maximum possible sensitivity to physiological changes in a number of vari-
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— AMILORIDE

+ AMILORIDE

CONTROL CONTROL

+NH4ClI +NH4ClI

Fig. 4. Effect of an acid load on pHn the presence
and absence of 1 mamiloride at 21°C. After a con-
trol period (upper spectra) muscles were incubated for
45 min in Ringer’s solution containing 20mNH,CI.

The middle spectra were obtained immediately after
NH,CI removal and the final data (lower spectra)
were obtained 1 hr later.

WASH WASH

Chemical Shift (ppm) Chemical Shift (ppm)

ables, including ionic strength, protein concentration,endpoint of the titration §g) should be progressively
substitution of K for Na', etc. is well established. more affected by increasing levels of Rig
Assessment of possible sources of error indicates’tRat The maximum error in determining phhat could
NMR has a similar accuracy to that of pH electrodesresult from the effects of Mg is simply the difference in
(Madden et al., 1991). While itis not possible to rule outthe pH derived from the zero and 5vMgCl, curves
all interfering effects in the measurement of @y *'P  for the same value of the chemical shift. We determined
NMR or any other method, we were particularly con- pH; = 7.43 in frog gastrocnemius muscle at 4°C using
cerned about the effects of changes in temperature arthe “4°C, 5 mv total MgCL,” calibration curve (Table
free Mg?*, both of which have quantitatively significant 1). If the “4°C, zero MgC}” curve had been used, the
effects on the resonance position gf(Roberts, Wade- pH would have been estimated as 7.34. For 20-25°C,
Jardetzky & Jarketzky, 1981; Jacobson & Cohen, 1982intracellular pH was found to be 7.14. Use of the zero-
Seo et al., 1983). The concentration of #Mgnay well Mg curve would have led instead to a value of 7.17.
change with temperature in frog skeletal muscle, as ifThe problems are clearly worse at alkaline values qf pH
does in red blood cells (Marjanovic et al., 1993). While and this means that the errors introduced by incorrect
theoretically it is possible to measure [kfg using®'P  estimates of [M§']; are worse, for example, in frog skel-
NMR, in practice this method has low sensitivity and etal muscle at low temperatures (where pH.4) than in
reproducibility, especially in the face of temperature- most mammalian tissues at 37°C, in which; gthought
dependent changes in peak shape (Roman, 1992). We be near 7.0. We conclude that the size of the error due
therefore calibrated our pH measurement in the presende Mg?" in the measurement of absolute values of pH
of 0 and 5 nw Mg?*, which brackets the outermost limits depends on the range in which pli¢s, and is less than
of the values for [M§*]; (Godt & Maughan, 1988). 0.1 pH units. The slope of pHs a function of tempera-
The temperature-dependence observed for the pK diure has an accuracy of better than 0.03 pH/10°C, which
P. agrees with previous work (Bates & Acree, 1943; Seois the effect of changing free [Md] by 5 mm over the
et al., 1983), and establishes that there is no effect ofemperature range studied.
Mg?* over the physiological range. At any given tem-
perature, however, there is a pronounced effect 0f'Mg TemPERATUREDEPENDENCE orpH.
on the basic region of the titration curves and on the basic
endpoint §g), in agreement with previous studies carried The values of pHreported here compare well with ear-
out at room temperature (Jacobson & Cohen, 1982; Selier results obtained by NMR or pH electrodes in isolated
et al., 1983). The most obvious interpretation is that, infrog muscle in bicarbonate-free solutions (e.g.; pi3 at
the presence of Mg, phosphate exists in two forms 4°C, Dawson et al., 1977; 7.18 at 22°C, Abercrombie,
(HPQ;~ and MgHPQ@) which are in fast exchange on the Putnam, & Roos, 1983; 7.09 at 20°C, Curtin, 1986; 7.05
NMR time-scale and thus give an “averaged” chemicalat 25°C, Bolton & Vaughan-Jones, 1977). They also
shift. By analogy with other phosphate groups that showagree with the in vivo results of Malan, Wilson and
changes in chemical shift on Mgbinding (for instance Reeves (1976), who used equilibration of a weak acid to
ATP), it is reasonable to expect the chemical shifts offind a change with temperature of —0.0147 pH units/°C
HPQO;~ and MgHPQ to be different, and that the basic in skeletal muscle of temperature-acclimatized frogs.
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These results are not unique to frog muscle; a similain isolated frog muscle has the same temperature depen:
temperature dependence of ;phés been reported in all dence as that of the isolated muscle. We conclude that
studies of isolated tissue of which we are aware. Thesehatever mechanism is responsible for the temperature
include a difference in pHat two temperatures in mouse dependence of pHs closely linked to the temperature
soleus muscle (pH7.23 at 28°C compared with 7.07 at dependence of the pH of intracellular buffers. In particu-
37°C; Aickin & Thomas, 1977), in cardiac muscle (pH |ar, the temperature dependence of the pKs of intracel-
became 0.21 pH units more alkaline when the temperatular buffers ensures that when temperature is changed,
ture was lowered from 35 to 21°C; Ellis & MacLeod, new pH, which is similar to the steady-state pbf the
1985) and in rat uterine smooth muscle (8 at 4°C  solated tissue, is attained instantaneously. Neither we
and 7.09 at 37°C; Dawson & Wray, 1985). técomes  nor anyone else have observed a time dependence in the
more alkaline (.15 pH units/10°C) as temperature is shift of pH, in isolated tissues with change in tempera-
lowered in red cells from humans and from a hibernatingre.
species of ground squirrel (Marjanovic et al., 1993), as  |pracellular pH is maintained at its set-point, near to

well as in nucleated chicken red blood cells (Kozma efihe pKs of the intracellular buffers, but far removed from
al., 19095)' and in an OSteObl'f}St_'“ke rat cell line (0.13anscellular electrochemical equilibrium, by the mecha-
pH/10°C between 17° and 37°C; Dascalu, Nevo & Ko-pigms which remove Hfrom the cytosol. The con-

rgnstgin, 1992). The same principle holds for maize rOOEtancy of pHwhen a tissue is in a physiological steady-
tips, in which pH changes by 0.2 pH/10°C between 4°g 0 topresents the balance between the rate’ atH

and 28°C (Aducci et al., 1982). The similarity of the .5 anq the rate at which*Hi) enters the cell down

;esultsl mta fvarle'éy t?]f 'S(tjl?rt]ed t!ssueds, |r:jcllt.1r(]j|ng _thos_elts electrochemical gradient and (ii) is produced intracel-
r:gg %ﬁg ?r’o:r?T]ibgrn;tgrc; g;m'(;:?s fﬁg dgm(;;?;f;m}[ularly by metabolism. As temperature increases, the

o . » Sugges! rates of these processes can be expected to increase, pe
larities in the mechanisms responsible for the tempera:

! . haps to variable extents. However, since metabolism is
ture dependence of pH regulation across tissues and SPg; : .
cies e largest source of protons in skeletal muscle, and since

While pH, of all isolated tissues appears to respondin rest_ing muscle, glyqolysis Is thg starting poin.t flo_r both
to changes inI temperature in a similar manner, the sam erobic and anaerobic metabolism, the po§S|b|I|ty th_at
is not true of pK within tissues of intact organisms. In temperature dependence of proton production contrib-

some cases, such as frog skeletal muscle (data of MaIaLrl]teS to the temperature dependence of pHvirtually

et al., 1976 compared to that reported here) or dog braift iminated by the lack of effect of blocking glycolysis
and heart (in vivo data of Swain et al., 1991 compared tg"ith iodoacetate.
that of Ellis & MacLeod, 1985), the change in piith We are left with the fact that the temperature depen-
temperature is the same in vivo as in vitro. In otherdence of the steady-state piiust result from the tem-
cases, temperature-dependent alterations in b|00d2pccperatur_e dependence of proton extrusion as well as that
are superimposed. For example, in white muscle of in.of the mtracgllular buffers. The [parameters tha}t affect
tact newts, pH changes by 0.18 pH/10°C, while in lung-Proton extrusion are (i) the 'g'radlent against Wh!Ch pro-
less red-backed salamanders it changes by 0.41 pH/10°@ns are extruded, (ii) the driving force for extrusion and
(Johnson et al., 1993). In hibernators, blood pH is main{iii) the rate or the set point of the proton transporters.
tained constant (termed pH-Stat regu|ation) due to in- An obvious consideration is the fact that, if the tem-
creased CQ as the temperature is lowered. This hasperature dependence of the extracellular pH is not the
variable consequences for phbresumably depending same as that of piithe gradient against which the pro-
upon tissue mechanisms for handling C(Malan, tons are extruded is altered as the temperature changes
1982). Such studies indicate that the temperature depeVe have found that pHof isolated frog muscle is the
dence of gas exchange can affect jpHvivo, shifting it ~ same function of temperature between 5°C and 21°C,
away from that observed in isolated tissues. irrespective of whether extracellular pH or'HOH ] is
maintained constant. This finding is similar to that of
Swain et al. (1991) who found that, in anesthetized dogs,
WHAT Causes THE TEMPERATURE DEPENDENCE OFPH,?  cardiac and brain pHwere the same function of tem-
perature between 37°C and 26°C, irrespective of whether
Reeves & Malan (1976) suggested that the change jn ptblood pH or [H]/[OHT] was held constant. We con-
with temperature could be explained by the temperaturelude that the temperature-dependence of proton extru-
dependence of the pKs of the intracellular buffers. Theirsion does not depend upon that of extracellular pH.
calculations predicted variation in pMith temperature Two membrane pH regulating systems are known to
which agreed well with the in vivo measurements of exist in frog muscle: an amiloride-sensitive Nd* ex-
Malan et al. (1976). We found experimentally that the changer which accounts for 90% of the proton efflux,
pH of the model solution that mimics the buffers presentand a SITS-sensitive HNa"™-CI"™-HCOj; exchanger
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which accounts for the remainder of the flux (Putnam & It has been suggested that maintenance of a constan
Roos, 1986). The driving force for NeH* exchange is  ratio of intracellular [H]/[OH"] when temperature is
the electrochemical gradient for sodium entry into thechanged results from dependence of activity of thé-Na
cytoplasm. We found that there is no effect on;@i H™ exchanger on degree of ionization of the imidazole
either 5°C or 21°C when the sodium in the bathing so-groups on the exchanger protein (Nattie, 1990). loniza-
lution is completely replaced with NMDG. This is con- tion of imidazole groups has been shown to explain tem-
sistent with the observations of Abercrombie et a|.perature dependent properties of a number of cellular
(1983) that, at 22°C, sodium removal does not affectenzymes and thus to underlie a number of biological
steady state pHn frog muscle, although it does affect adaptation processes (Somero & White, 1985). If con-
the return of pkifollowing an acid load (Putnam et al., stancy of imidazole ionization determines the set point of
1986). We conclude that the temperature dependence ¢he exchanger, it follows from the Henderson-
pH; is not due to any temperature dependence of th@yasselbalch equation that the ptHus determined will
driving force for sodium entry. o have an apparendtH® similar to that for the relevant
We are left with only one possibility: that the tem- jmigazole groups on the exchanger protein. Our finding
perature dependence of steady state mHst.be due+to that apparentAH° for pH; is constant over the physi-
the temperature dependence of the set point of the Na ,|ogical temperature range, as is that for imidazole, and
H" exchanger, and to a lesser extent that of tHeNd"™- 5 o, antitatively similar to that of a buffer solution domi-
CI"-HCG; exchanger. The amiloride sensitive return of e by imidazoles, is consistent with this suggestion.
pH to its initial value following exposure to NHatboth g, changesin ionization of imidazoles have large
h'?“ and low temperatures, clearly shows that thé-Na enthalpic effects, the mechanism which determines the
H exchanggr is primarily responsible for maintenance ofg point of the exchanger must either preserve the im-
return of pH in frog skeletal muscle under conditions of idazole ionization state or offset the enthalpic conse-

proton loading. guences of any such changes.
Dependence of exchanger activity on ionization of
STEADY-STATE THERMODYNAMICS OF imidazole groups, either specific or to a regulatory site or
PROTON EXTRUSION for the balance between stability and lability of the pro-
tein as a whole, could preserve constant heat capacity,
Several forms of the NaH* exchanger of eukaryotic and thus prgvide gffective euthermic regulation of,.pH
cells have recently been cloned, and all show a great de&formone stimulation must decrease the actual free en-
of homology (NG& and Pouyssgur, 1995). For the €9y changeAF = AH — TAS) for activation of the
ubiquitous amiloride-sensitive and growth-factor activat-€xchanger, in order that the set point occur at a higher
able NHE, a group which includes the exchanger of V&lué of pH. A change in the temperature-insensitive
skeletal muscle, phosphorylation and Ca/calmodulin in-2PPareniaS, rather than a change isH or £, would
teraction are thought to be likely mechanisms for hor-allow effective euthermic regulation of pHy maintain-
mone stimulation, acting through protonation of a regu-ing @ constant energetic relationship among the various
latory site that is distinct from the transporter site relevant ionic equilibria.
(Wakabayashi, Shigekawa & Pouygse, 1997). Al- Entropy-driven modifications of enzyme activity
though steady-state thermodynamics cannot provide déave been known for many decades, and typically they
tailed molecular mechanisms, and although the classicanvolve changes in the hydration-state of the protein
van't Hoff approach used here is undoubtedly an over{Lauffer, 1975; Silva & Webber, 1993). Formation of
simplification, these studies do yield evidence in favor ofhydrophobic bonds, together with release of protein-
some proton activation and hormone stimulation mechabound water, provides the driving force for such reac-
nisms and are inconsistent with others. tions. By analogy with known entropy-driven processes,
For example, binding of activators and substrateghe effect of insulin could involve the relative exclusion
induces conformational changes in many proteins whictof water from the regulatory site. Such a mechanism
cause alterations in heat capacity-(& AH/AT), and  would be consistent with the small observed change in
thus a nonlinear slope of the van't Hoff plot (Alber et al., apparentAS°.
1982). The fact that the van't Hoff plot for the mecha- Overall, our results provide thermodynamic evi-
nisms regulating pHis linear suggests that these in- dence that is consistent with, and extends, dhstat
duced-fit mechanisms are not a part of-gttivation of  hypothesis. We have found that the appatgrt for the
the exchanger. Similarly, any mechanisms which in-fixed intracellular buffers (26 kJ/mol) and for proton
volve changes in Arrhenius activation energy (E AH°® activation of the N&H"* exchanger (22 kJ/mol) are con-
+ RT) upon hormone stimulation, are inconsistent with stant over the physiological temperature range and simi-
the equality ofAH° under control and insulin-stimulated lar to that for protein production by ionization of neutral
conditions. water (1/2 of the 56 kJ/mahH° for production of both
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H* and OH). Insulin stimulation alters the temperature- Singh, R.M.M. 1966. Hydrogen ion buffers for biological research.
independent component, and not the temperature- Biochemistry5:467-477 _

dependent component of the free-energy Change for prdl_llngworth, J.A. 1981. A common source of error in pH measurements.
ton activation of the exchanger. Thus, in addition to its_5ochemistry J195259-262

lei . f h f . Jacobson, L., Cohen, J.S. 1982. Intracellular pH measurements by
role in preservation of constant charge state of proteins NMR methodsIn: Non-invasive Probes of Tissue Metabolism. J.S.

and Donnan distribution ratios under control conditions,  cohen, editor. pp. 5-24. Wiley Interscience, New York

as argued by the-stat hypothesis, pHegulation also  johnson, D.C., Burt, C.T., Perng, W.-C., Hitzig, B.M. 1993. Effects of
maintains temperature-independent energetic relation- temperature on muscle peind phosphate metabolites in newts and
ships among ionization of water, intracellular buffers and  lungless salamander&m. J. Physiol265R1162-R1167

the regulatory site(s) of the exchanger under both controfozma, T.G., Omana, F., Ducoff, H.S., Dawson, M.J. 1995. Thermo-

; ™ lerance in chicken red blood cells studied® NMR spectros-
and hormone-stimulated conditions. o )
copy. Int. J. of Hyperthermial1:647—662

) ) _ Lauffer, M.A. 1975.In: Entropy-driven Processes in Biology. A.
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