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The production of hydrogen ions during the hydrolysis of ATP by myosin B and the 
consequent fall in pH can produce alterations in enzymatic activity directly, or by in- 
fluencing Ca ion concentrations controlled by metal-chelate systems. Adequate hydro- 
gen ion buffer systems can limit pH changes to acceptable levels. However, several com- 
monly used hydrogen ion buffers have been reported to have specific effects on 
contractile protein responses, and all buffers can indirectly change activity through 
their contributions to the ionic strength. In this study, ten potentially useful buffers 
suitable for pH control between pH 5 and 9 were evaluated for their effects on myo- 
sin B ATPase activity. In contrast to previous reports, all were found to have no 
effect on this system if both the buffering value (AH+/apH) and the ionic strength 
were maintained constant. Simple methods are presented for determining the total 
and ionized concentrations of any buffet 
pH control at any operating pH. 

Undesirable decreases in pH may occur in 
experimental reactions such as those in- 
volving t’he hydrolysis of ATP, in which 
there is significant hydrogen ion production 
(1). Reactions in the presence of metal- 
chelate systems, used to control the concen- 
tration of activating ions such as calcium, 
require even more stringent pH control than 
would otherwise be necessary. For example, 
if ethylene glycol bis(/?-aminoethyl ether)- 
N,N’-tetraacetic acid (EGTA) is used to 
buffer Ca ion concentrations, a drop in pH of 
0.1 unit may lead to a 50 % increase in the 
Ca ion concentration. These considerations 
emphasize the importance of using optimal 
hydrogen ion buffer systems for investiga- 
tions of the ATPase activity of contractile 
protein systems. 

The suitability of any particular buffer for 
a given reaction depends on a variety of 
factors (2). Of major importance is whether 
the buffer can provide the required pH con- 
trol at the desired operating pH and at con- 

1 This investigation received support from the 
Michigan Heart Association and USPHS grant 
HE-03756. 

required to meet designated criteria for 

centrationx which do not increase the ionic 
strength above permissible values. However, 
it is also important that the buffer have no 
side effects which limit its usefulness in a 
particular system. Previous work suggests 
that the response of an enzyme system may 
be influenced by the buffer substance em- 
ployed (2). Several widely used hydrogen ion 
buffers are thought to affect the responses of 
cont,ractile protein systems (3,4). 

The present investigation was prompted 
by the need to identify a series of hydrogen 
ion buffers with pK, values in the 6 to S 
range and which had no side effects on the 
ATPase activity of myosin B. Ten buffers 
were examined under conditions which elim- 
inated two complicating variables in the 
studies quoted above: differences in (i) the 
pa-stabilizing capacity of the buffers, and 
(ii) the ionic strength, due to t’he degree of 
ionization of the buffers. The pH depend- 
ence of myosin B ATPase activity at low 
ionic strength was also determined, inde- 
pendent of complications introduced by the 
characteristics of the individual buffers. A 
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TABLE I 

HYDROGEN ION BUFFER SOLUTIONS AT .4 CONSTANT BUFFERING VALUE OF -20, PH 7.0, .4ND 25°C 

millimolar 

Trivial name Chemical name* r&t (25°C) [Total [Buffer with 

p”df’z;l 
net charge] 

e 
(es. 3) (=I. J) 

Histidine L-Histidine’z 2 5.97c 117 9 
MES 2.(N-Morpholino)ethanesulfonic acid’ 0.09” 93 84 
Carnosine @-Alanyl-L-histidine3 6.83” 38 15 
Imidazole Imidazole4 7.09* 35 20 
MOPS Morpholinopropanesulfonic acid’ 7. lob 36 16 
TES A-Tris(hydroxymethyl)methyl-2-aminoeth- 7.40” 44 13 

anesulfonic acid’ 
HEPES 1V-2-Hydroxyethylpiperazine-N’-2-ethanesul- 7.48” 48 12 

fonic acid’ 
Tricine N-Tris(hydroxymethyl)methylglycine’ 8.04” 119 10 
Tris 2.Amino-2-hydroxymethyl-propan-1,3diol’ 8.145 145 135 
Bicine l\‘,N-Bis(2-hydroxyethyl)glycine’ 8.2@ 185 9 

* Source: 1 Calbiochem; 2 Sigma; 3 Nutritional Biochemicals; 4 Eastman Organic Chemicals. 
t Reference: a Good et al. (2); * by titration; c Greenstein and Winitz (6). 

preliminary report on this investigation has 
been presented (5). 

MATERIALS AND METHODS 

The buffers studied were selected on the basis of 
availability in pure form, reasonable solubility, 
and pK, values in the 6 to 8 range. The buffers 
most frequently used in studies of the contractile 
proteins are included. Table I lists these buffers, 
together with their trivial names and the values 
for pK, . Since the pK, value depends on tem- 
perature and, to a lesser degree, buffer concentra- 
tion, the data listed are limited in accuracy to 
conditions closely approximating those used in the 
present investigation. 

CaZcuZations of total and ionized bu$er concentra- 
tions. To avoid differences in pH-stabilizing capac- 
ity of the buffers tested, all comparisons were 
made using those buffer concentrations necessary 
to give identical buffering values. The buffering 
value of a solution may be defined as AH/ApH, 
where AH is the quantity of hydrogen ions added 
to the solution and ApH is the change in 
pH brought about (7). A decision as to a satis- 
factory buffering value depends on the quantity of 
hydrogen ions which would be produced during 
the course of an experimental reaction and also on 

the maximum acceptable change in pH. Hydrogen 
ion production depends on a number of factors, 
but one would not ordinarily permit more than 
20yo hydrolysis of the total substrate present. 
Thus with 5 mM ATP, the production of inorganic 
phosphate would be limited to 1 mM, and that 
woldd equal the maximum hydrogen ion prodllc- 

tion (1). Under ordinary circumstances at pH 
values below 8, hydrogen ion production due to 
ATP splitting would be less. Chelation of divalent 
metal cations by ATP may additionally result in 
hydrogen ion liberation. If, for example, the maxi- 
mum drop in pII which is acceptable in an experi- 
ment is -0.05 PI-I unit, an effective buffering value 
can be calculated where AH/ApH = 1 mn/-0.05 
pH urlit = -20. This calculation assumes a high 
hydrogen ion prodllction. Clearly, a buffering value 
of -20 would provide more effective pH control 
than would be required in many experimental situ- 
ations (including those of the present study). Since 
any side effects of a buffer can best be assayed by 
using a range of buffer coucentrations, comparisons 
were made at concentrations corresponding to 
buffering values of -20, -10, -5, and -2.5. 

The concentration of any buffer required to 
produce the desired buffering value is a function of 
the pH of the solution and the K, of the buffer. 
This concentration can be readily calculated, 
assuming that the buffer behaves like a weak acid 
and that only one dissociation is involved in the 
hydrogen ion equilibritlm. The equilibrium condi- 
tions at the beginning and end of a reaction are 
given by: 

K = U-rli [Ali [HI, [AIf 0 =- 
[HAli [HA~J 

(1) 

where K,, = acid dissociation constant for the 
buffer (corrected for temperature and 
concentration), 

[HI, and [HI, = initial and final hydro- 
geil ion concentrations, 



IA], and [A], = initial and final concen- 
trations of dissociated buffer (basic 
form), 

[HA], and [HA], = initial and final con- 
cent.rations of undissociated buffer 
(acidic form). 

T11e difference between initial and final states is 
brought about by the addition of a quantity of 
hydrogen ions = AH. In both the initial and final 
states, the total concentration of buffer (= [HA] + 
[A]) is const,ant,. From equation 1 expression 2 can 
be obtained. 

[total buffer] 

= lHA1 + IA1 

(AH)(KdHh + l)(K./[Hl, + 1) = 
Wa/[Hli) - UC,/[Hl,) 

The buffer concentration required to produce 
any given buffering value can be calculated by 
substituting the desired values into equation 2. 
For example, to achieve a buffering value limiting 
the pH drop from 7.00 to 6.95 on the production of 
1 mM hydrogen ions, substitution of t,he relevant 
figures (Aa = hM, [HI, = 10-7.w M [HI, = lo-e.95 
M, K, = appropriate value for the buffer and 
conditions) in equation 2 gives the desired buffer 
concentration. 

It is necessary also to calculate the concentra- 
tion of the buffer which bears a net ionic charge in 
the reaction medium so that the ionic strength can 
be adjusted to a constant known value by KC1 
addition. The calculation depends on the structure 
of the buffer. In instances in which the acceptance 
of a hydrogen ion yields a zwitterion (e.g., MES, 
MOPS, TES, HEPES, Tricine, Bicine), the net 
ionic charge is zero in the acidic form. The concen- 
tration of buffer with a net (negative) charge falls 
with decreasing pH, as is given by equation 3. 

[buffer with net charge] 

= [total buffer](K,/IH]J 

1 + Ka/[Hli 
(3) 

In other cases, the acceptance of a hydrogen ion 
by a zwitterionic or nonpolar molecule produces a 
net (positive) charge in the acidic form of the buf- 
fer (histidine, carnosine, imidaaole, Tris). With 
these buffers, the concentration of buffer with a 
net ionic charge increases with a decrease in pH 
and is given by: 

[buffer with net charge] 

= [total buffer] - 
[total buffer] (KJHli) (4) 

1 + KJlHl, 

The solutions to equations 2 to 4 are laborious if 
they must be applied to a variety of buffers over a 
range of pH values. In the present study an IBM 
7090 computer was programmed in MA11 language 
to carry out the necessary computations. Inspec- 
tion of equations 2 to 4 reveals that a function 
relating K, and [HI to the desired concentrations 
of total and ionized buffer could be used for simple 
graphic solution of the equations. The desired 
function is given by the relationship: K,/[H] = 
ant.ilog (pK, - pH) where [H] is determined by 
the operating pH of the reaction and may be taken 
as equal to [H]i The computer-generated solu- 

tions to equations 2 to 4 are plotted in Figure 1 as a 
function of (pK, - pH) with the numerical values 
of the ordinate based on a buffering value of -20. 
For any given buffer, substracting the desired 
operating pH from the pK, of that buffer allows 
one to read from the upper U-shaped curve in 
Figure 1 the total buffer concentration required to 
give a buffering value of -20. A buffer solution of 
this concentration will limit to 0.05 pH units the 
drop in pH resulting from the production of 1 
mM hydrogen ions. The lower curves allow the 
concentration of buffer bearing a net ionic charge 
to be similarly obtained, the appropriate curve 
being determined by whether the charged form of 
the buffer is basic or acidic, If a Iower buffering 
value would be adequate, the numerical values on 

the ordinate of Figure 1 may be scaled down (i. e., 
one-half the indicated concenirat,ions correspond 
to a buffering value of - 10). 

M~osin R: A myosin B (natural actomyosin) 
preparation was obtained from homogenized 
rabbit skeletal muscle extracted 12 to 18 hours 
with 0.6 M KC1 + 5 rnM NaHCOI (pH 7.5). The 
extraction solution was freed of nonsoluble ma- 
terial and diluted to fi = 0.075 to precipitate the 
myosin B. Three additional precipitation cycles 
were carried out, and the final precipitate was dis- 
solved in 0.6 M KC1 + 1 rnN NaHCOs and cen- 
rifuged for 30 min at 40,000 g. The purified myosint 
B solution was mixed with an equal volume of 
double-distilled glycerol and stored at -20°C. 

ATPase activity determinations: The protein 
content of myosin B suspensions, washed free of 
glycerol, was determined by the micro-kjeldahl 
method using the conventional protein factor of 
6.25. Reactions were carried out at 25 f O.l”C in 
the following medium. 0.3 mg myosin B/ml, 0.1 
mM CaClz , 5 mM MgATP, KC1 to give p = 0.1, 
and the buffer concentration required to give the 
desired buffering value at the operating pH. All 
ion additions to the reaction medium and the 
major ionic complexes were taken into account in 
calculating the ionic strength. The buffer concen- 
trations bearing a net ionic charge were calculated 
by equation 3 or 4 and checked by titration of the 
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FIG. 1. Total buffer and charged buffer concentrations corresponding to a buffering vallle 
of -20, as a function of the buffer pk’, minus the desired operating PH. lifter determining 
(pK, - pH), the total buffer concentration required can be read from the upper U-shaped 
curve (corresponding to equation 2). The curve descending to the left (equation 3) and that 
descending to the right (equation 4) define the concentration of buffer molecules bearing 
a net charge as a function of (pK, - pH), and the choice of curve depends on whether the 
charged form of the buffer is basic (equation 3) or acidic (equation 4) (see text). To obtain 
the total and charged concentrations of a buffer necessary to give buffering values other 
than -20, multiply the concent,rations given on the ordinate by the fraction of -20 which 
gives the desired buffering value. 

buffer stock solutions. MgClz and ATP were com- chelat,ion of magnesium by ATP ions. A Itadiome- 
bined and the pH was adjusted to the desired ter model PHM 4c pH meter was used for all titra- 
value before the mixture was added to the reaction tions and pH measurements. ATP was obtained as 
medium to avoid the pH drop associated with the disodium salt from Sigma Chemical Co. and 
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FIG. 2. Basic rate (48 min) of myosin B 
ATPase activity over an S-fold range of buffering 
values (plotted on a log scale) in the presence of 
a variety of buffers. The heavy line connects the 
average ATPase activity for all determinations at 
each buffering value, with the shaded area indi- 
cating il standard deviation. Conditions: 0.3 
mg myosin B/ml, 0.1 mM CaCl* , 5 mM Mg-ATP, 
KC1 to give p = 0.1; buffer concentrations as re- 
quired to provide the indicated buffering value at 
pH 7.0, 25°C (0 HEPES, 0 Tris, II! histidine, 
q Bicine, A MES, A TES, X Tricine). Plotted 
points for nearly identical experimental ATPase 
determinations which would be superimposed are 
offset on the abcissa, for clarity. 

, * 

BUFFER VALUE ( mmdes/a ;; ““) 

FIG. 3. Initial (O-4 min) and basic (4-8 mini 
rates of myosin B ATPase activity over an &fold 
range of buffering values with several buffers 
having pK, values near 7. Conditions as in Figure 
2. (Open symbols, initial rates; closed symbols, 
basic rates; 0, l imidaeole; 0, a MOPS; A, A 
HEPES.) 

passed through Dowex 50 (Na form) to remove 
divalent metal cation contaminants (8). The re- 
actions were stopped by the addition of an equal 
volume of 2% trichloroacetic acid. Inorganic phos- 

O1 G 005 
, 1 I 

0 IO 0 I5 
IONIC STRENGTH 

FIG. 4. Basic rate (4-8 min) of myosin B 
ATPase activity as a funct,ion of ionic strength. 
Conditions: 0.3 mg myosin B/ml, 0.1 mm CaClz , 
5 mM Mg-ATP, 44 mM TES (buffering value = 
-2O), pH 7.0, 25%; varying additions of KC1 to 
give ionic strength values indicated. 

phate was measured by the method of Rockstein 
and Herron (9). 

RESULTS 

The myosin B ATPase activity was un- 
affected by the nature or the concentration 
of hydrogen ion buffer present’. In Figures 2 
and 3, myosin B ATPase activity in the pres- 
ence of nine buffers (pH 7.0, p = 0.1, 25°C) 
is plotted as a function of buffering value. 
The actual concentration of each buffer re- 
quired to achieve a given buffering value is 
different. For comparative purposes t’he con- 
centrations for a buffering value of -20 at 
pH 7.0 are listed in Table I. It, is apparent 
that not all buffers could be used at a buffer- 
ing value of -20 at pH 7, since the concen- 
tration of some buffers bearing a net charge 
would lead to ionic strengths above 0.1. In 
Figure 3, the upper heavy line is the average 
initial (0 to 4 min) rate of ATP splitting, 
which includes the so-called “initial burst” 
(10, ll), Over the concentration range em- 
ployed for each buffer, there were no signifi- 
cant systematic changes in either the initial 
or basic rates of ATPase activity attribut- 
able to side effects of any individual buffer. 
Similar results were obtained with carnosine 
(not illustrated), although this dipeptide is 
too expensive for consideration as a buffer. 
The higher basic rate of activity in the ex- 
periments depicted in Figure 3 reflects a dif- 
ference in myosin B preparations used. The 
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FIG. 5. Basic r&e (4-8 min) of myosin B 
ATPase activity as a function of pH at constant 
buffering value (-20) and ionic strength (0.1). 
Shaded area indicates ~51 SD from average activ- 
ity at each pH value. Conditions: 0.3 mg myosin 
B/ml, 0.1 mM CaClz , 5 mM Mg-ATP, XC1 to give 
p = 0.1, buffer concentrations as required to pro- 
vide a buffering value of -20 at the indicated pH 
values, 25°C (0 HEPES, l Tris, q Bicine, n 
histidine, A TES, A MES). Plotted points for 
nearly identical experimental ATPase determina- 
tions which would be superimposed are offset on 
the pH axis. 

inclusion of HEPES in both series of experi- 
ments serves as a control. 

Figure 4 illustrates the well-known sen- 
sitivity (12-15) to changes in ionic strength 
of myosin B ATPase activity in the region of 
p = 0.1 (pH 7.0, 25°C) when the pH-stabil- 
izing capacity is high and constant (buffer- 
ing value = -20). Small errors in the pK, 
value used to calculate the concentration of 
buffer bearing a net charge (equat,ions 3 and 
4) lead to systemaGe errors in the adjust- 
ment of the ionic strength. Since the total 
ionic strength depends largely on the buffer 
(and less on added RCl) at higher buffering 
values, the increased scatter in ATPase ac- 
tivity measurements at a buffering value of 
-20 (Fig. 3) reflects these systematic errors. 

The availability of a series of buffers with 
no side effects on the myosin B ATPase ac- 
tivit.y prompted a carefully controlled pH- 
dependence study of this enzyme. Figure 5 
illustrates an experiment in which pH was 
varied and a variety of buffers appropriate 
to each pH range was used to maintain a 
constant high buffering value of -20 wibh 
ionic strength adjusted to 0.1 at 25%. A 
single broad activity optimum was found 

between pH 6 and 7 with sharp declines in 
activity at lower and higher pH values. The 
lack of specific effects of individual buffer 
substances on ATPase activity over a wide 
pH range is evident in Figure 5. The broad 
optimum shows that the myosin B ATPase 
activit#y would be little affected by small 
decreases in pH below pH 7. This explains 
why large differences in buffering value had 
no discernible effeet.s on myosin B ATPase 
activity at pH 7 (Figs. 2 and 3). 

DISCUSSION AND CONCLUSIONS 

Any buffer affects both the hydrogen ion 
concentration and the ionic strength of the 
solution in which it is used. In assays sensi- 
tive to pH or ionic strength changes, failure 
to control these factors can produce the ap- 
pearance of buffer-induced modifications of 
activity. In particular, the pH dependence 
of an enzyme cannot be defined unambigu- 
ously if experimental variations in the hydro- 
gen ion concentration alt,er the ionic 
strength. In the case of myosin B ATPase 
activity, no buffer was found to affect the 
a.ctivity, per se. Many of the buffers tested 
have been report,ed to have side effect.s on 
other enzyme systems (a), but the compari- 
sons did not take into account differences in 
buffering value or ionic strength. It has been 
reported that hi&dine, carnosine, and imi- 
dazole stimulate myofibrillar ATPase ac- 
tivity at pH 7.0 in t,he absence of calcium 
ions (3). Furthermore, histidine, carosine, 
and Tris apparent.ly accelerate the rate or 
extent of ATP induced shortening of gIyceri- 
nated muscle fibers at pH S (4). It) appears 
likely that the observed effects of these 
buffers on contractile protein responses, at 
least in part, reflect relative changes in t’he 
ionic strength or pH of the bat’hing media. 
The ionic strength (12-15) and pH (16) de- 
pendence of myosin B observed agree with 
results given in earlier report,s of experiments 
performed under comparable conditions. 

With respect to the substances tested, the 
buffer of choice in the myosin B system is 
that which will provide the desired buffering 
capacity at t’he lowest cost. Subject to ex- 
perimental verification, this may be true of 
many other enzyme syst’ems. Factors such as 
solubility, chelate formation, stability, light 
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absorption, etc. of any given buffer should be 
taken into consideration, although all of the 
materials tested were satisfactory for the ex- 
periments reported here. The cost calculation 
for any pH value can be easily made with the 
aid of Fig. I and may lead to surprising 
results. For ‘example, despite a high cost per 
gram for highly purified imidazole, it is an 
econbmical buffer at pH 7, the region of most 
effective buffering of this low molecular 
weight compound. 

The practice of using hydrogen ion buffers 
to provide known buffering values in experi- 
mental media has many advantages. Atten- 
tion is focused on those factors which alter 
the pH of the reaction solution (hydrogen ion 
production, temperature changes, chelate 
formation, etc.). In addition, the effects of 
such pH changes on the activity measured 
(whether directly, or indirectly through in- 
duced alterations in ionic strength or in 
divalent metal cation concentrations con- 
trolled by metal chelate systems) are more 
easily recognized and controlled. Figure 1 (or 
equations 2 to 4) may be generally useful as 
a simple means of defining a buffer system 
which will provide the pH-stabilizing capac- 
ity demanded by adequate experimental de- 
sign. 
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