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Escherichio coli ribosome released protons upon addition of Mg ‘+ The Mg”-induced protor? release was sttxdied bv means _ 
of the pH-stat technique. The number of protons released from a 70 S ribosome in the Mg’+ concentration range l-20 mM 
was about 30 at pH 7 and 7.6. and increased to about 40 at pH 6.5. The rRNA mixture extracted from 70 S ribosome showed 
proton release of amount and of pH dependence similar to those of the 70 S ribosome but the ribosomal protein mixture 
released few. This indicates that rRNA is the main source of the protons re!eased from ribosome. The pH titration of rRNA 
showed that the pK, values of nucleotide bases were downward shifted upon Mg” binding. This pK, shift can account for the 
proton release. The Scatchard plots of proton release from rRNA and ribosome were concave upward. showing that the 
Mg’+-binding sites leading to proton release were either heterogeneous or had a negative cooperativitj. A model assuming 
heterogeneous Mg’+-binding sites is shown to be unable to explain the proton release. Electrostatic field effect models are 
proposed in which Mg*+ modulates the electrostatic field of phosphate groups and the potential change induces a shift of the 
pK, values of bases that leads to the proton release. These models can explain the main features of the proton release. 

1. Introduction 

The ribsome is a complicated polyelectrolytic 
system consisting of RNAs and proteins. The 
polyelectrolytic interaction of ribosome with metal 
ions plays important roles in its structure and 
functions [l-4]. Some studies have been made on 
the binding of metal ions, especially Mg”, to 
ribosome [5-71. However, little is understood about 
the state of ionizable groups in the ribosome and 
how they are affected by metal ions. Only a few 
studies have been made on ionizable groups in 
rRNA and ribosome. A pH titration study of 
rRNA revealed the existence of a metastable struc- 
ture in an acid pH region [S]. The charge of the 
ribosome was studied as a function of bound 
Mg*+ and H+ [3]. Kliber et al. 191 found that the 
pH titration of ribosome was affected by the bind- 
ing of Mgz+ and K+. They also found that ribo- 
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some released protons upon binding of Mg” and 
KC. 

The Mgz+- or Ii’-induced proton release from 
ribosome found by Kliber et al. is a phenomenon 
directly reflecting the effect of metal ions on ioniz- 
able groups_ In this paper, we present a study on 
the Mg ‘+-induced proton release from Escherichia 

cofi ribosome with the aims to identify the main 
source of the protons and to clarify the mechanism 
of the proton release. For this purpose we mea- 
sured pH titration and Mgz+-induced proton re- 
lease, including its pH dependence, of 70 S ribo- 
some, rRNA and ribosomal protein. The pH-stat 
method was used for detection of released protons. 
Tha data showed that rRNA was the main source 
of the Mgz+ -induced proton release. We propose 
polyelzctrolytic models for the proton release. In 
these models, the proton release is explained as 
being due to change of the Coulombic field of the 



phosphate backbone by pofyelectrolytic binding of 
metal ions. The change of the Coulombic field 
brings about a shift of pK, values of ionizable 
nuclrotide bases and consequently proton release 
from bases. The models are shown to be able to 
cxpfain the data for rRNA. 

2. Materials and methods 

E. co/i strain Q 13 was grown at 37OC and 
harvest in the mid-log phase. High-salt-washed 
rihosomes were prepared according to a procedure 
described earlier [lo], rapidIy frozen in liquid N, 
and stored at -2OOC in the standard buffer with 
100 mM NH,OAc. 10 mM M~(QAc)~, 20 mM 
Tris-HCI (pH 7.6) and 6 mM Zmercaptoethanol. 

2.2. rRh’A and rihmand proteins 

rRNAs were extracted from the high-snlt- 
washed ribosomes by the phenol-sodium dodecyl 
sulfate method fll], so that the sample was an 
eyuimolar mixture of 23 S. I6 S an 5 S rRNAs. It 
was rapidly frozen and stored at -2OOC in 360 
mM KCI. 20 mM MgCl, and 20 mM Tris-HCI 
(pH 7.6)_ A mixture of ribosomat proteins was 
prepared from the high-salt-washed ribosomes by 
the acetic acid method [I21 and stored at -20°C 
in X M uzxa. 

The concentration of ribosome (rRNA) was 
determined from the absorbance in 100 mM KCI. 
IO mM (1 mM for rRNA) MgCI, and 20 mM 
Tris-HCI (pH 7.6). assuming that 1 A,,,, unit * 
cyuals 26 pmol 70 S ribosomal particle (i-RNA) 
1131. The concentration of the ribosomal protein 
mixture was determined by the microbiuret method 
1141 using bovine serum albumin as a standard. 
The concentration of stock MgCI, solution (2 M) 
was measured by the Eriochrome black T method 
1151. 

2.4. Potentionlrtric n2eusurenwnts 

pH titrations and pH-stat measurements were 
carried out with a Radiometer TIT2b titrator and 

an ABUl2 autoburet. A glass electrode (G2222C) 
and a calomel eiectrode (K4112) were used for the 
5 ml cell: G202C and K401 electrodes were used 
for the 25 ml cell. The but-et volume was 0.25 ml 
and the precision of titrant volume was about 1 pl. 
To avoid the effect of dissolved CO,. the cell with 
sample solution was continuously fIushed from 15 
rni‘l before a measurement with N, gas previously 
washed with water. The cell was immersed in a 
thermostated (25.O”C) water bath. which was 
shielded electrically. and stirred by a magnetic 
stirrer. The titrant used in the pH titration and 
pH-stat was 0.1-0.005 N KOH. Before and after 
each experiment the concentration of titrant was 
catibrated by a 0.01 N HCI standard soiution. In a 
pH titration. the pH was recorded with a Watanabe 
WX4402 XY recorder as a function of time during 
a constant supply of KOH through the autoburet. 

The Mg’+-induced proton release was mea- 
sured by the pH-stat method. The sample solution 
(20 ml) containing 500-530 AIht, units of high- 
salt-washed ribosomes was adjusted to a given pH 
by adding 0.1 N HCI or 0.1 N KOH. Then MgClz 
solution (2 M) was added stepwise, 5-20 ~1 per 
injection, through a microsyringe and the pH was 
readjusted automatically to the initial value by 
adding 0.01 N KOH through the autoburet. A 
blank experiment using a solution without ribo- 
somes was also carried out. The net amount of 
added KOH subtracted From the blank is equal to 
the amount of protons released from ribosomes 
upon addition of Mg’+, The error of the pH-stat 
method was less than 5 protons per 70 S particle in 
the pH region from 6.5 to 7.6. 

In the cases of the rRNA and ribosomal protein 
mixtures. the amount of sampfe used in each ex- 
periment was about 360 Az,, units and about 4 
mg. respectively_ In pH titration measurements. 
the amount of sample in each experiment was half 
of (for ribosome and rRNA), or equal to (for 
ribosomal protein), that in pH-stat measurements. 

-7.5. Prepuratiorr of unbuffered samples 

A stock solution of 70 S ribosomes was dialysed 
against 100 mM KC1 and 10 mM M&l, in a 

* A,, unit, the quantity of material contained in 1 ml of a 
solulion measured with the absorbance at 250 nm. 
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closed vessel at 4OC for 5-7 h with one exchange 
of dialysate in the course of the dialysis. The 
dialysate was maintained at abou: pH 7-8 with 
0.1 N KOH. The dialysed material was used as an 
unbuffered sample for a titration or a proton 
release experiment. The initial concentration of 
Mg” in a proton release experiment was set to 1 
or 2 mM by dilution immediately before measure- 
ment of proton release in order to avoid inactiva- 
tion and degradation of ribosomes due to IOW 
Mg”’ concentration [16]. A stock solution of the 
rRNA mixture was dialysed against 100 mM KC1 
(and 10 mM MgCl, in some cases) for about 4 h 
as described above. A stock solution of the ribo- 
somal protein mixture was dial)-sed against 6, 1 or 
0.2 M guanidine hydrochloride for at least 15 h as 
described above. 100 mM KC1 was present in the 
cases of 1 and 0.2 M guanidine hydrochloride_ 
Then. the pH of the dialysate was maintained at 
about 7 to avoid precipiiation of proteins_ 

2.6. Activities of riboso?ze 

The activity of 73 S particle formation was 
measured by 5-2056 sucrose density gradient 
centrifugation in buffer consisting of 100 mM 
NH,OAc. 15 mM Mg(OAc), and 20 mM Tris-HCI 
(pH 7.6). The activity of poly(U)-dependent poly- 
phenylalanine synthesis was followed according to 
Nierhaus and Dohme [17]. 

2.7. Modified Scatchard plot 

If the binding of Mg’+ leading to proton re- 
lease occurs on homogeneous binding sites obey- 
ing the mass action law with the same apparent 
dissociation constant ( KaPP), then the number ( ~1) 
of protons released by a jump of the Mg*+ con- 
centration from zero to a given concentration 
[Mg”] satisfies the Scatchard equation 

where nrnax is the number of protons released in 
the limit [Mg”‘] = co. In the case of ribosome, the 
initial concentration of Mg’+ ([Mg’+],) cannot be 
made zero because complete elimination of Mg’+ 
leads to denaturation of ribosomes. However, the 

mass action law yields the following modified 
Scatchard equation for a jump of the Mg’+ con- 
centration from [Mg’.‘.], to [Mg’+]: 

“--no=(nmJ,- no)- (K,,, + [ME’+ 10) 
n - “0 

Mg’+]-[Mg”], 
(2) 

where era is the number of protons released by the 
jump of Mg’+ concentration from 0 to [Mg”],. 
PI - ,ra is the observable number of protons released 
by the jump of Mg”’ concentration from [Mg”], 
to [Mg’+]. The plot of II - 11~ vs. 01 -lra)/ 
([Mg’+]-[Mg’+],) gives a straight line with the 
ordinate intercept at ?I,,, - ~zc and a slope of 
-(‘;;tpP + [Mg”],,). n,,, can be obtained from 
the PI,,, - )I,, and KaPP thus determined by using 
the foilowing equation, 

K 
“mn, - “0 = 

VP 

K =pp + [Me’+ ]o”ma’- 
(3) 

3. Results and discussion 

3.1. Activity of 70 S ribosonze 

To check the integrity of ribosomes subjected to 
the unbuffered condition necessary for potentio- 
metric measurement, poly(U)-dependent poly- 
phenylalanine synthesis activity was measured after 
dialysis at 4OC for 4 h against unbuffered solution 
with 100 mM KC1 and 10 mM MgCl, at pH 
= 7.6. The unbuffered sampie was as active as the 
control without effect from the unbuffered condi- 
tion. The activity of 70 S particle formation mea- 
sured by sucrose gradient centrifugation was about 
80 and 65-752, before and after potentiometric 
measurement respectiveiy. Thus, our pH titration 
and proton release data are considered to reflect 
mainly functionally active ribosome. 

3.2. pH titration nzeasurenzetzt 

The numbers of titrable groups in 70 S ribo- 
some, the rRNA mixture and ribogomal protein 
mixture were measured by pH titration. The pH 
titration experiments were carried out in the pres- 
ence of 100 mM KCI, unless otherwise mentioned_ 
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Fig. 1. pH titrations of 70 S rihosome and rRNA mixture in 100 mM KC1 at 25°C. (a) Rihosome in 1 mM ( -) and 10 mM 
(- _ - _ - -) MgCI,. The origin of the ordinate was chosen arbitrarily at the initial point of the titrations at pH 6.5. (h) rRNA mixture in 

0 mM (- ) in 10 mM (- - - - - -) M&I,. The amount oi titrated protons was normalized per 70 S rihosome or per 70 S particle 
equivalent amount oi the rRNA mixture. 

3.2.1. Rihosome 

The pH titration measurements of 70 S ribo- 
some were performed in the pH range between 6.5 
and 8.5. where the ribosome is stable. with 1 and 
10 mM M&l2 (fig. la). The number of net proton 
charges titrated in this pH range was about 150 for 
each curve. The titration curves showed no clear 
stepwise titrations. Both of the plots at 1 and at 10 
mM Mg’+ curved upward and downward but this 
feature was not clear enough to unambiguous de- 
termination of titrable groups. 

3 ’ 1 rRNA _ __._. 
Fig. 1 b shows the pH titration curves of the 

rRNA mixtur,e with 0 and 10 mM MgC12 over the 
range pH 4- 10. Titration at alkaline pH va!ues 
was made as quickly as possible to avoid alkali 
hydrolysis of rRNAs: hydrolysis was less than 10% 

measured by sucrose gradient centrifugation. The 
titration curves clearly show the basic and acidic 
ionizations of nucleotide bases in the acid range 
pH < 6 and the alkaline range pH > 9, respec- 
tively. The pK, values of bases in the presence of 
10 mM Mg”+ were shifted toward the low-pH side 
compared to those in 0 mM Mg”+. The shifts of 
the pK, values of bases by Mg’+ cannot be 
ascribed to secondary structure formation by hy- 
drogen bonding. The shift of pK, by secondary 
structure formation is toward the acid side for the 
basic ionization but toward the alkaline side for 
the acidic ionization as is known for DNA [18]. 
whereas the observed pK, shifts in rRNA are 
toward the acid pH side in both the basic and 
acidic ionizations. As we shall show later, the pK, 
shifts can be explained by the decrease of the 
negative Coulombic field from backbone phos- 
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Fig. 2. pH titration of 70 S ribosomal protein mixture dissolved in 6 M (a). 1 M (b) and 0.2 iM. (c) guanidinr hydrochioridc at 25°C. 
The protein solutions of b and c contained 100 mM KCl. The origin of the ordinate wns chosen arbitrarily at pH 7.6. The ;fmount Of 
protons was normalized per 70 S particle equivnlmt amount of proteins. 

phates by binding of Mg” on rRNA. 
The net charges in rRNA titrated in the pH 

region 6.5-8.5 were of the same order (= 100) as 
those in 70 S ribosome (3 150) indicating that 
rRNAs can make a large contribution to the titra- 
tion of ribosome, in contrast to the suggestion that 
the titration of ribosome at neutral pH is mainly 
due to proteins [9]_ 

3.2.3. Ribosomaf p-ore& 

pH titrations of the ribosomal protein mixture 
were performed at the three guanidine hydrochlo- 
ride concentrations of 6, 1 and 0.2 M and with 100 
mM KC1 except for the case of 6 M guanidine 
hydrochloride (fig. 2). As the pK, of guanidine 
hydrochloride is 13.6 [19]. the titrations were made 
in the pH region below 10. 

The number of protons titrated in the region 

pH 6.5-8.5 was about 200 which was of the same 
order as that of t-RNA. The titration curves of the 
ribosomal protein mixture showed no change in 
the presence or absence of Mg’+ (data not shown). 
In the presence of 6 M guanidine hydrochloride 
where most proteins were denatured. three distinct 
ionizations at pH = 4. = 6.5 and > 10 were ob- 
served. These may correspond to the ionizations of 
carboxyl groups, imidazole and or-amino groups. 
and c-amino, phenol and SH groups, respectively. 
In 1 and 0.2 M guanidine hydrochloride, where 
ribosomal proteins were renatured to some extent 
[20], a large fraction of carboxyl groups appeared 
to have pK, shifted to the alkaline side (up to 
pH = 5). Since ribosomal proteins in general have 
very low solubilities in many buffers and were thus 
turbid when the concentration of guanidine hydro- 
chloride was lowered to less than about 0.2 M. we 
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Fig. 3. Me”+ concentration dependence of the proton release from a 70 S ribosome at pH 6.5.7.0 and 7.6 measured at 25°C. All the 
ribosome solutions contained 100 mM KC1 and initially 1 mM (0) or 2 mM (A) MgCl,. 2 M MgCl, was added stepwise. The 
ordinate of * was shifted so as to bring the initial point of P on the 0 point at 2 mM Mg ‘+. The solid curves are traces through the 
experimental points. 

could not make titration measurement of ribo- 
somal proteins in solution completely free from 
denaturant. However, the data suggest that a large 
fraction of carboxyl groups have abnormally high 
pK,, values in the native ribosomal proteins. 

3.3. pH-stat measuremenrs of Mg’ ‘-induced proton 

release 

Mg’+-induced proton release was measured by 
the pH-stat method for 70 S ribosome. the rRNA 
mixture and the protein mixture in the presence of 
100 mM KCl. 

3.3. I. Ribosonle 

Fig. 3 shows how the number of protons re- 
leased from a 70 S ribosome depends on the Mg” 
concentration in a series of Mg’+ concentration 

jumps from the initial Mg” concentration of 1 or 
2 mM. To observe the pH dependence of the 
proton release, we show in fig. 3 the data mea- 
sured at three pH values: 6.5, 7.0 and 7.6. We also 
measured proton release at pH > 8 but the data 
had a larger error owing to poor stability of the 
pH of the ribosome solution at alkaline pH, these 
data are therefore not shown here. Precise mea- 
surement of the proton release is usually much 
more difficult than the pH titration because the 
number of protons involved in the proton release 
is much less than that involved in the pH titration. 

A 70 S ribosome released about 36 (pH 6.5), 26 
(pH 7.0) and 23 (pH 7.6) protons in the Mg’+ 
concentration change from 1 to 20 mM (fig. 3). 
Thus, 70 S ribosome releases more protons at acid 
pH than at neutral pH. The proton release curve 
originating from 2 mM Mg’+ overlapped with 
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Fig. 4. Mgzc concentration dependence of the proton release from the one ‘70 S particle equivalent amount of rRNA mixture at pH 
6.5.7.6 and 8.5 measured at 2PC (O)+ All the rRNA solutions contained 100 mM KC1 but initialb no Mg”. 2 M M&l, was added 
stepwise. The solid and dashed lines show the theoretical proton release curves calculated by the two-phase approximation model of 
electrostatic atmospheric bindir.3 of small ions to rRNA with the parameters Qf$ = 4.2, ply: = 8.7. y = 0.39 (----- ) and 
pKz = 5.0, pK; = &OS. y = 0.115 ( - - - - - -). The parameter n for 16 S rRNA is 70 .k in both curves_ Details of the model are 
described in the text. 

that from 1 mM Mg2’ within experimental error 
(fig. 3). The activity of 70 S particle formation is 
lost on exposure to Iow Mg’* concentrations and 
the inactivation is more enhanced at 1 mM Mg2+ 
than at 2 mM Mg2+ [16]. Hence, exposure of 
ribosome to an initial low Mg’+ concentration 
might affect proton release. However, our data 
show that the initial low Mg*” concentration has 
little effect on proton release under our experi- 
mental conditions_ 

3.3.2. t-RNA 

Fig- 4 shows proton release curves of the rRNA 
mixture for an initia! Mg2’ concentration of 0 
mM measured at pH 6.5, 7.6 and 8.5. Because of 
the greater stability of the pH in rRNA solution as 

compared to the ribosome solution, measurement 
at the alkaline pH 8.5 was also possible. The 
number of protons released from a unit amount of 
rRNA mixture with one molecule each of 23 S, 16 
S and 5 S components was about 65 (pH 6.5). 20 
(pH 7.6) and 50 (pH 8.5), respectively, in the 
Mg2+ concentration change from 0 to 20 mM. 
The corresponding values for the Mg2* concentra- 
tion change from 1 to 20 mM were 39 (pH 6..5}, 14 
(pH 7.6) and 43 (pH 8.5). Thus, the number of 
protons released from the rRNA mixture and its 
pH dependence are similar to those of ribosome. 

Proton release from rRNA has a rather sharp 
pH dependence. The number of protons is minimal 
at the neutral pH 7.6 and increases in both the 
acid and a!kaline pH regions. This marked pH 



dependence of proton release cannot be ascribed 
to a pH-dependent change of the rRNA conforma- 
tion_ The absorbance change at 260 nm of the 
rRNA mixture in the range pH 6.5-8.5 was ob- 
served to be very small ( < 2%) in the presence of 
100 mM KC1 at any constant Mg” concentration 
below 20 mM (data not shown). 

3.3.X Ribosomal protein 

The ribosomal protein mixture showed no de- 
tectable proton release or uptake on addition of 
Mg”. This and the pH titration data, which 
showed no effect of Mg’+. indicate that Mg” 
does not bind appreciably to ribosomal proteins 
and does not have a significant effect on their 
conformations even in the case of significant bind- 
ing. 

From the above data. we can conclude that the 
main source of the Mg’+-induced proton release 
from ribosome is rRNAs and not ribosomal pro- 
teins. in contrast to the suggestion of Kliber et al. 
191. 

3.4. Mechmisnl of the proton release 

Fig. 5a and b shows the modified Scatchard 
plot and the Scatchard plot of the data in figs. 3 
and 4. respectively_ All modified Scatchard plots 
for ribosome and the Scatchard plots for rRNA 
are not linear but concave upward. This indicates 
that the Mg”-binding sites leading to proton 
release are either heterogeneous or have a negative 
cooperative interaction [21]. 

Cation binding to RNA has been most exten- 
sively studied for tRNA. The Scatchard plot for 
divatent cation binding to tRNA was generally 
found to be concave upward in the presence of 
monovatent cations [22-261. This was interpreted 
as being due to either the existence of at least two 
classes of cation-binding sites with different bind- 
ing strengths [27] or a negative cooperative interac- 
tion between binding sites that arises from the 
polyelectrolytic nature of cation binding [28-301. 
In the fullowing we shall examine these two possi- 
biIi:;ss for Mg’.‘-induced proton release in the 
simpler case of rRNA. 

3.4. I. Hetergeneous Mg’ +-binding model 

We first examine a model assuming the pres- 

Table 1 

K and n,,. of rRNA 
b;iP+-binding model 

estimated by the heterogeneous 

PH 

6.5 
7.6 
8.5 

Strong binding 

K VP ‘I my. 
(mM) 

I .26 53 
0.95 6 
3.13 21 

Weok binding 

Kapp ‘2 Inn. 
(mM) 

14.0 25 
7.9 19 

33.0 88 

ence of two classes of Mg”-binding sites with 
different binding strengths. A curved (modified) 

Scatchard plot in fig. 5 can be decomposed into 
two linear plots as indicated by the dashed lines. 
The composite (modified) Scatchard curve calcu- 
lated from the two linear plots [21]. show by the 
solid line in fig. 5. agrees nicely with the observed 
curve. Therefore, the assumption of two classes of 
Mg’* -binding sites seem plausible. 

Applying the Scatchard equation (eq. 1) to each 
dashed linear plot in fig. 5b, we estimated the 
values of n,,, and KapP for the two classes of 
Mg”-binding sites in rRNA. The result is shown 
in tabIe 1. The table shows the KaPP and II,,, have 
a minimum at neutral pH near 7.6 and increase in 
both the acid and alkaline pH regions for both the 
strong and weak binding cases. This pH depen- 
dence, however, is difficult to explain by a simple 
model as we shall see below. 

A possible mechanism of proton release is that 
binding of an Mg’+ induces a shift of the pK, 
values of nearby ionizable groups B, (i = 1, 2,. . - . n) 
via a direct interaction of bound Mg’+ or a con- 
formational change as shown in the following 
scheme: 

HB,R +Mg” = HB,RMg’+ 
K, 11 IL K; 

B,R +Mg=+ = B,RMg’- 
(1) 

K, 

where R denotes rRNA and K, is the intrinsic 
dissociation constant of Mg’+. K, and K,’ aie the 
intrinsic proton dissociation constants of an ioniz- 
able group B, before and after binding of Mg’+, 
respectively. Scheme I is the simplest but most 
reasonable mechanism of proton release or uptake 
by ligand binding [31]. The expressions of KaPP 



and ftmoX in scheme I are 

(5) 

Eq. 5 shows that each ionizable group B, has a 
bell-shaped contribution to II,,_. Therefore, the 
pH dependence of n,,, as shown in table 1 can be 
explained by assuming two kinds of ionizable 
groups. B, and B,, one with proton dissociation 
constants in the acid pH range, the other in the 
alkaline pH range. The pH dependence of KBPP, 
on the other hand, cannot be explained by scheme 
I. In the case of proton release, nmax is positive. 
Then, the second expression of eq. 5 shows that 

K,PP always decreases with pH. In scheme I. an 
increase of K,, with pH is allowed only in the 
case of proton uptake. Thus, scheme I contradicts 
the observed increase of KJpp at alkaline pH (table 
1). Therefore. the model assuming two classes of 
Mg’+ -binding sites and scheme I is unable to 
explain the proton release from rRNA. It might be 
possible to construct a consistent model by intro- 
ducing more than two classes of Mgz’binding 
sites including the case of proton uptake or a more 
complicated scheme. However, such models have 
little practical value due to too many ambiguities. 

3.4.2. Euafuatior~ of the electrostatic potential in 
Z-RNA 

RNA is a polyelectrolyte with anionic charges 
on the phosphate backbone. The eIectrostatic 
potential produced by the backbone has a decisive 
influence on the binding of small ions and affects 
also the ionization of nucleotide bases. Binding of 
small ions modulates the potential and a change in 
the potential gives rise to a change in the ioniza- 
tion of bases, thus giving rise to proton release. In 
the following, we shall consider the electrostatic 
mechqnism of proton release from RNA. Here, we 
evaluate the potential in rRNA and its effect on 
the ply, values of bases. 

Theory of the electrostatic field effect in poly- 
eIectroIytes has been developed based on the model 

of atmospheric binding of counterions [28.29]. The 
atmospheric binding model was applied to the 
interaction of DNA with small ions [29]. Another 
model with emphasis on the site binding of coun- 
terions was proposed for tRNA [30]. We evaluate 
the potential for both models. 

To Cal&ate the potential in the atmospheric 
binding model, we use the following two-phase 
approximation [28]. We assume that an rRNA 
molecule is coiled into a sphere of radius a and 
apparent volume u = 457a3/3 and that the electro- 
static potential IJ.J in the sphere is uniform (fig. 6). 
In dilute solution, the concentration CM’],, of 
small ion M’ with charge re in the free volume 
inside the sphere is given by 

[M=jgn = jM=&,enpf- =e+/kTj (61 

where [M’], is the free concentration of ion M’, ,5 
Boltzmann’s constant and T the absolute tempera- 
ture. Let us consider the solution with the ions K”. 
Mg’+ and Cl- _ Then, the total charge N,e of the 
small ions contained in the sphere is 

Jv+ = { IK’ IO +=P( - e+/kT)+t[lvrg”* loexp( -2&/X-7 ) 

-[C1-]oexp(e&/kT)}(u-uuo)A,. (7) 

where A, is Avogadro’s number and vO the net 
voiume occupied by the rRNA molecule so that 
u - ue is the free volume for capture of smali ions. 
The sphere has net charge - N*e = -(N - N+)e. 
where N is the number of phosphate groups in the 
rRNA molecuIe. The potential 9 is determined so 
as to be equal to the Debye-Huckel potential at 
the surface of the sphere 

+=-S(&L). 
0 4+X 

A q (2e’I/4T)-“*. (8) 

where Q, and e are the dielectric constant of a 
vacuum and the relative dielectric constant of 
water, respectively. X the Debye length and I the 
ionic strength. From eqs. 7 and 8, + is determined 
as a function of [K*], and [Mg”‘],. In the pres- 
ence of the potential $_ the pK, of an ionizable 
group in the sphere is shifted by 

QK, - pK, = - e+/2.303&2-. (9) 

where pK, is the intrinsic pK, in the absence of 
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Fig. 5. (Modified) Scatchard plot of the proton releases of 70 S ribosome (a) and the rRNA mixture (b). The proton release data in 
figs. 3 and 4 are replotted according to eq. 2 (a) and eq. 1 (b). respectively. Only the data in fig. 3 with the initial Mg” concentration 
of 1 mM are used in a. The dashed lines show the optimal decomposition of each curved (modified) Scatchard plot into two linear 
plots. The solid lines show the calculated curves by superposing the two linear plots. 
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Fig. 6. The two-phase approximation model for the electro- 
static atmospheric binding of small ions to rRNA. An rRNA 
molecule is approximated by a sphere penetrable by smail ions 
and with a uniform inside ekctrosratic potential. 

the potential and pK+ the apparent pf\T, in the 
presence of 4. 

We calculated the potential I$ for 16 S and 23 S 
rRNAs in a solution containing 0.1 M KC1 and 
MgCIa varying from 0 to 20 mM. We used the 
phosphate number, N = 1541 (16 S) and 2904 (23 
S [32], and the net volume u0 = 5.2 x 10V2” 1 (16 S) 
and 1.04 X 10”” (23 S) cqlculated from the partial 
specific volume ui or rRNA, ui = 0.57 ml/g [33a], 
and molecular weight 0.55 X lo6 (16 S) and 1.1 x 

lo6 (23 S) [33b]. The radius (I of the sphere was the 
only adjustable parameter. If 16 S and 23 S rRNAs 
have a values such that they give the same charge 
density in the apparent volume, i.e., N (16 S)/o 
(16 S) = N (23 S)/u (23 S), then they have almost 
the same potential. We assume this condition, i.e., 
LI (23 S) = 1.24a (16 S). 

Fig. 7 shows the result of the calculation. The 
radius is represented for 16 S rRNA. The potential 
is stronger and the change induced by Mgzi is 
larger for smaller a. The pH titration of rRNA 
(fig. lb) shows that pK, values of bases shift by 
about O-3-0.6 upon the Mg’+ concentration 
change from 0 to 10 mM. To explain the observed 
pK, shift, CI must be 85-60 A for 16 S rRNA. This 
value of the radius is smaller than that of 115 A 
determined from hydrodynamic measurement un- 
der a high-salt condition (341. This means that the 
effective volume for the atmospheric binding of 

Fig. 7. The electrostatic potential of rRNA calcula:ed by the 
two-phase approximarion model (- ) and by the Leroy 
and Gueron model f- - - - - -)_ The calculations were carried out 
for the solution with [KCl]oaO.f M and [MgCI,], varying 
from 0 to 20 mM. In the two-phase approximation model. the 
potentials for the three cases of 16 S rRNA with radius a = 70. 
80 and 115 .k are shown. The parameters in the Leroy and 
Guiron model are given in the appendix. 

small ions is smaller than the hydrodynamic efFec- 
tive volume. The potential in the hydrodynamic 
effective volume is certainly not uniform because 
it is much larger than the net volume of rRNA. 
The bound ions are under the influence of the 
strong potestial near the rRNA chain so that the 
effective ion binding volume estimated by simp!e 
two-phase approximation becomes smaller than 
the hydrodynamic volume. 

In eq. 8 we have used the Debye-Hiickel ap- 
proximation that is questionable for the macroion. 
However, we note that the potential a$ is rather 
insensitive to the expre:;sion of the right-hand side 
of eq. 8. FOS instance, even if we replace the factor 
l/a - l/( LI + X)( = (1/10)1/a) by l/a, + changes 
by only a few percent. This is because the net 
charge determined by eq. 7 changes rather sensi- 
tively according to change of the right-hand side 
expression of eq. 7 so as to suppress a large change 
in the value of +_ 

In the above atmospheric binding model, small 
ions are assumed to be trapped, but mobile within 
the free volume inside the sphere bounding the coil 



of an RNA molecule. Leroy and Guiron [30] 
proposed a different mode1 for the binding of 
small ions to tRNA. They represented tRNA as a 
collection of structural blocks which were ap- 
proximated by spheres of the same size and as- 
sumed to be electrically shielded. Small ions were 
assumed to experience only the electrostatic field 
of a sphere and to bind tightly to binding sites on 
the sphere_ This model may be valid for rRNA 
because rRNA under our solvent condition is not 
a simple random coil but certainly has many local 
rigid structures as judged from circular dichroism 
data [35,36]. Therefore. we also examined the Leroy 
and Gueron model for rRNA. Details of this 
mode1 are described in the appendix. We also 
show in fig. 7 the electrostatic potential on the 
sphere of a structural block caIcu1ated from the 
Leroy and GuCron model with an appropriate 
parameter set. We observe that the Mg” depen- 
dence of the potential in the Leroy and GuCron 
model is similar to that in the atmospheric binding 
mode1 with = = 70 .4 which gives a reasonable fit 
to the proton release data as we shall show in the 
next section. Therefore. both models are equally 
able to explain the Mg’*-induced pK, shift of 
bases and proton release in rRNA_ We cannot 
decide which is the better model from our experi- 
mental data alone. 

3.4.3. Proton release by the electrostatic field effect 

Let the potentials in the presence and absence 
of Mg” be # and #a. respectively. Ionizable groups 
under the influence of the potential make the pK, 
shift by 

PK, -P&O = - e(.J - &,)/2.303x-T. (10) 

Since a$ - a$,, > 0. the pK, shift is downward. The 
deprotonated fraction a,,, of an ionizable group 
under the potential 4 is 

~;=I/(l+lO’~“‘-P”‘). (11) 

Upon change of the potential from Go to +, the 
ionizable group releases protons to an extent of 
a& - a4”. Therefore. nucleotide bases in RNA can 
release protons upon change in Mg’+ concentra- 
tion. 

The intrinsic pK, value of the basic ionizations 
of adenine (A) and cytosine (C) are in the region 

pH 3.5-5 and those of the acidic ionizations of 
guanine (G) and uracil (t-l) in the region pH 9-9.5 
[37]. Hence, for simplicity, we assume that A and 
C have the same intrinsic pK,, pKE. and that G 
and U also have the same value. pK&. Since bases 
forming base-pairs cannot ionize in the region pH 
6.5-8.5, we assume that only the fraction y of 
bases, in both the A + C and G + U groups. is 
ionizable. Let the numbers of A + C and G + U in 
the total rRNA per 70 S particle be N B and N”. In 
rRNA, N”/N = 0.48 and N B/N = 0.52 where N 
= N” + NB = 4565 [32]. Hence, we can put NA = 
N B = N/2. Then the proton release per total rRNA 
of a 70 S particle is 

where a$ and a: are the deprotonated fraction of 
G + U and the unprotonated fraction of A + C 
under the potential +, respectively. 

Since the fraction of charged nucleotide base in 
the region pH 6-5-8.5 is small compared to phos- 
phate number as seen in fig. It, the ionization of 
bases does not affect the potential significantly. 
Using the potential in the atmospheric binding 
model with a = 70 A, we obtain the theoretical 
proton release curves at pH 6.5 and 8.5 in good 
agreement with the observed ones (fig. 4). The 
parameters we used are pKt = 4.2, pKt = 8.7 and 
y = 0.39. These theoretical pK, values are near the 
intrinsic pK, values of monomer bases and the 
fraction y of ionizable bases is near the observed 
fraction of unpaired bases [35,36]. Therefore, these 
parameter values are reasonable. 

Since the potential in the Leroy and Gueron 
mode1 is nearly the same as that of the atmo- 
spheric binding model with a = 70 A except for 
the constant difference by about 0.45 in pK+ - pK, 

units (fig. 7) the Leroy and Gueron model gives 
almost the same theoretical proton release curves 
as those shown in fig. 4 if we use the pKc and 
pK$ values shifted by 0.45, i.e., pKt = 9.15 and 
pK,B = 4.65. 

The electrostatic field mechanism can explain 
the negative cooperativity in proton release. The 
potential decreases rapidly in a low Mg’+ con- 
centration range but only gradually at higher MgZC 
concentrations (fig. 7). This is because divalent 



cations at low concentrations very effectively bind 
to a polyanion and effectively screen its charge so 
that their binding at high concentrations becomes 
gradual owing to the screening attained at the 
lower concentrations_ This results in the negative 
cooperativity in Mg’* binding and Mg”‘-induced 
proton release. 

The mechanism can also explain the difference 
in shape of the proton release curves at pH 6.5 and 
8.5. The curve at pH 6.5 rises rapidly at low Mg”’ 
concentrations and turns out to saturate at higher 
Mg” concentrations, however, the curve at pH 
8.5 displays a much slower rise and slower satura- 
tion (fig_ 4). At pH 6.5, the basic ionizations of A 
and C mainly contribute to the proton release. The 
effective pK, of A and C, pKJ, is below pH 6.5 
and is displayed even further from pH 6.5 by 
Mg”, i.e., pKJ - 6.5 < pK&, - 6.5 < 0. Hence. 
the fraction n: is more sensitive to change of the 
potential + at low Mg’+ concentrations where 
pK$ is near pH 6.5 than at high Mg”’ concentra- 
tions where pK$ becomes more distant from pH 
6.5 (eq. 11). On the other hand, at pH 8.5, the 
acidic ionizations of G and U mainly contribute to 
the proton release. The effective pK, of G and U, 
PK$. is above pH 8.5 and approaches pH 8.5 in 
the presence of Mg’+, i.e., 0 < pKt - 8.5 < pK& 
- 8.5. Hence, a$, contrast to a:. is less sensitive 
to change of + at low Mg’+ concentrations than at 
high Mg’+ concentrations_ This difference in 
potential dependence of a: at pH 6.5 and c$ at 
pH 8.5 result in different shapes of the proton 
release curves at pH 6.5 and 8.5. 

The electrostatic mechanism can also explain 
the pH dependence of proton release with a 
minimum at neutral pH (fig. 4) The ionizations of 
A + C and G + U contribute to the proton release 
mainly at the acid and alkaline pH regions near 
pKE and pKc, respectively. The proton release at 
neutral pH decreases because the pH is far from 
both pK$ and p-K; so that the proton release 
from both groups is small. The proton release at 
pH 7.6 calculated by the atmospheric binding 
model with the above-mentioned parameters is 
also shown in fig. 4. The calculated proton release 
is less than that observed though its Mg’+ depen- 
dence is similar. Provided we use pK,$ and pK$ 
near their monomer values. the proton release at 
neutral pH is smailer than that observed if we fit 

the parameters so as to explain the proton releases 
in acid and alkaline pH regions. 

This disagreement can be remedied by consider- 
ing the following two possibilities_ Firstly. the 
bases mainly contributing to the proton release in 
rRNA may have abnormal pK, values. If those 
bases have intrinsic pK, values shifted toward 
neutral pH. then the proton release at neutral pH 
is increased because the distances IpK: - pH1 and 
IpKg - pH1 decrease at neutral pH. The dashed 
lines in fig. 4 show the theoretical proton release 
curves calculated with the parameters a = 70 A. 
pKE = 5.0. pKe = 8.05 and y = 0.115. Thus. with 
the pK, values shifted by about 1 unit toward the 
neutral pH side from the normal monomer values. 
we can explain the observed pH dependence of the 
proton release. Note also that a small value (0.115) 
for the fraction y of ionizable bases is enough to 
explain the proton release if such abnormal bases 
are really contributing. The above-described 
abnormal pK, values estimated by the simple 
two-phase approximation are not reliable. It is 
likely that the pK, values of bases in rRNA are 
not uniform and some bases have abnormal pK, 
values because rRNA is considered to have many 
local rigid tertiary structures_ Secondly. the poten- 
tial in rRNA is not uniform. If some parts in 
rRNA have a stronger potential than average. then 
the pK& in those parts shifts more upward. re- 
sulting in more proton release at neutral pH. Both 
possibilities of inhomogeneous pK, values and in- 
homogeneous potentials seem to be equally likely. 
however, we cannot yet comment on the quantita- 
tive aspects except that the inhomogeneity in rRNA 
appears to have a substantial effect on proton 
release. 

We finally note that in the atmospheric binding 
model there may be the possibility of the release of 
protons atmospherically trapped in the effective 
volume of rRNA. However, because of the very 
small concentration of H+ in the region pH 
6.5-8.5, the number of H+ atmospherically trapped 
in an rRNA molecule is estimated to be smaller 
than 0.1 and the effect of such protons is negligi- 
ble_ 

From the above analyses we can conclude that 
the main mechanism of the Mg’+-induced proton 
reiease from rRNA is not a specific effect of 
bound Mg” on ionizable groups but a nonspecific 
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effect of the electrostatic field of the phosphate 
groups on ionizations of bases. This phenomenon 
reflects well the characteristics of rRNA as a poly- 
electrolyte in having a strong electrostatic field 
produced by the phosphates in the backbone. 
which is modulated by the binding of counterions, 
and in possessing nucleotide bases ionizable in 
acid (pH 5) and alkaline (pH 9) pH regions. 

The main mechanism of proton release from 
ribosome also is considered to be the electrostatic 
field effect and the major source of protons ap- 
pears to be rRNA owing to the marked similarity 
to the proton release from rRNA. However. its 
modeling is much more ambiguous than that of 
rRNA. For instance, a fraction of ionizable amino 
acids in ribosomal proteins may contribute to pro- 
ton release, yet another may form salt bridges with 
phosphates of rRNA and not contribute to it. 
Because of many such unknown factors. unam- 
biguous modeling of the proton release from ribo- 
some is practically impossible. However, it is cer- 
tain that ribosomal proteins affect the proton re- 
lease as seen from the obvious difference in the 
quantitative aspect of the proton release between 
ribosome and rRNA. 

3.X Defect of rhe pW-srar merhod 

The pH-stat method is an established technique 
for the quantitative detection of proton release 
and uptake [38.39]. However, a large amount of 
sample is necessary to obtain a satisfactory 
quantitative precision. We could not measure sep- 
arately the proton releases from 30 S and 50 S 
subunits and 16 S and 23 S rRNAs because of the 
difficulty in preparing them in sufficient amounts 
for the pH-stat measurement. To overcome this 
difficulty, we have developed a new quantitative 
technique to detect protons with much better 
sensitivity than the pH-stat method which will be 
described in a separate paper. 

Appendis 

We describe here the model of rRNA according 
to Leroy and Guiron [30]. rRNA is approximated 
by a collection of impenetrable spheres of the 

same radius R and mutually screened by counter- 
ions. The sphere is considered to be of size similar 
to that of a structural block in tRNA and is 
assumed to have 12 phosphates uniformly distrib- 
uted on the surface. Ionizable bases are also as- 
sumed to be distributed uniformly on the surfaces 
of the spheres. 

We consider a solution containing the monova- 
lent cation M, (= K’) and the divalent cation M, 
(= Mg”). Let vi (i = 1. 2) be the numbers of the 
cations M, bound to a sphere. The charge of the 
sphere is 

Z 
P(Y,.+)= c=,v,-12. (Al) 

r--l 

where Z, = 1 and zz = 2. By assuming uniform 
distribution of charge on the sphere, the potential 
on the surface of the sphere is given in the Debye- 
Hiickel approximation as 

( 
1 1 

+(V2)=&P(YI.Q x-- . R-+X 1 
(A21 

The probability P( Y,, v’) for the sphere to bind Y, 
of the cations Mi is 

x exp[ - W(v,. Y&X-T], (A31 

where K, is the intrinsic dissociation constant of 
the cation M, in the binding to phosphate groups, 

WY,, v2) is the electrostatic energy of the sphere 

W( y,. p2) = 
tJ 

( 
1 

&$(w) f-- 
) R-t-X ’ (‘44) 

and m(v,, v2) is the combinatorial number of the 
binding of the cations M, and M, to a sphere 

12 
n~(v*.%)= YI ( N 12-VP,-vp2+1 9 1 

The expression of m(v,, ~a) is obtained on the 
assumption that the monovalent cations are dis- 
tributed freely on the binding sites but that the 
divalent cations bind to vacant binding sites with 
the constraint that any pair of them do not occupy 
nearest-neighbor sites. The effective potential on 
the sphere is the statistical average 

(A6) 
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Ionizable bases are assumed to experience this 
potential. 

The potential a/ shown in fig. 7 was calculated 
from eq. A6 using the dissociation constants K, 
for K’ and K, for Mg’+ with the values K, = 
l/O.65 M and Kz = l/8 M as utilized by Leroy 
and GuCron [30] and R = 12 A. The value of R is 

larger than the value 7.8 A which they used for 
tRNA but is still reasonable as the size of the 
structural block with 12 phosphates. 

References 

1 P. Spitnik-Elson and D. Elson. Progr. Nucleic Acid Res. 
Mol. Biol. 17 (1976) 77. 

2 C. Stahli and H. NOB, Mol. Gen. Genef. 153 (1977) 159. 
3 J.A.L.I. Walters and G.A.J. van OS. Biochim. Biophys. Acta 

199 (1970) 453. 
4 B.E.H. Maden and R.E. Monro. Eur. J. Biochem. 6 (1968) 

309. 
5 Y.S. Choi and C.W. Cat-r. J. Mol. Biol. 25 (1967) 331. 
6 J.A.L.I. Walters and G.A.J. van OS. Biopolymers IO (1971) 

Il. 
7 D. Elson. P. Spitnik-Elson. S. Avital and R. Abramowitz. 

Nucleic Acids Res. 7 (197s) 465. 
8 A. Revzin. F. Neumann and A. Katchalsky. J. MO:. Biol. 79 

(1973) 95. 
9 J.S. Klibrr. G. Hui Bon Hoa. P. Douzou. M. Graffe and M. 

Grunberg-Manago, Nucleic Acids Res. 3 (1976) 3423. 
10 K. Ho&. A. Wada and H. Fukutome. J. Biochem. 90 

(1981) 449. 
11 

12 

13 

14 
15 

16 

P. Traub, S. Mizushima, C.V. Lowry and M. Nomura, 
Methods Enzymol. 20 (1971) 391. 
S.J.S. Hardy, C.G. Kurland, P. Voynow and G. Mora. 
Biochemistry 8 (1969) 2897. 
W.E. Hill. G.P. Rossetti and K.E. van Holde. J. Mol. Biol. 
44 (1969) 263. 
R.F. Itaaki and D.M. Gill. An-l. B&hem. 9 (1956) 401. 
A.E. Marcel and M. Calvin, Chemistry of the metal chelate 
compounds (Prentice-Hall, Englewood Cliffs, NJ, 1956) p. 
389. 
A. Zamir, R. Miskin, Z. Vogel and D. Elson. Methods 
Enzymol. 30 (1974) 406. 

17 

1s 

19 

20 
21 

22 
23 

24 
25 
26 

27 

28 

29 
30 
31 

32 

33 

K.H. Nierhaus and F. Dohme, Methods Enzymol. 5G (1979) 
443. 
D-0. Jordan. in: The nucleic acids. vol. 1. rds. E. Chorgaff 
and J.N. Davidson (Academic Press. New York. 1955) p_ 
447. 
D.O. Gray and P.D.J. Weitzmann. in: Data for biochemical 
reserach. eds. R.M.C. Dawson. DC. Elliott. W.H. Elliott 
and K.M. Jones (Oxford University Press. London. 1969) p_ 
1. 
S.H. Allen and K.-P. Wong. Biochemistry 17 (1978) 3971. 
CR. Cantor and P.R. Schimmel. Biophysical chemistry part 
III: The behavior of biological macromolecules (W-F. Free- 
man. San Francisco. 1980) p. 856. 
M. Bina-Stein and A. Stein. Biochemistry 15 (1976) 3912. 
M. Cohn, A. Danchin and M. Grunberg-Manago. J. 4101. 
Biol. 39 (1969) 193. 
A. Danchin. Biopolymers 11 (1972) 1317. 
R. Riimer and R. Hach. Eur. J. B&hem. 55 (1975) 271. 
A.A. Schreier and P.R. Schimmel. J. Mol. BioI. 86 (1974) 
601. 
P.R. Schimmel and A.G. Redfield. Annu. Rev. Biophys. 
Bioeng. 9 (1980) 181. 
F. Oosawa, Polyelectrolytes (Marcel Dekker. New York. 
1971) and references therein. 
G.S. Manning. Q. Rev. Biophys. 11 (1978) 103. 
J.L. Leroy and M. Guiron. Biopolymers 16 (1977) 2429. 
M. Lnskowski. Jr and W.R. Finkenstadt. Methods Enzymol. 
26 (1972) 193. 
F.H. NoIIer, in: Ribosome: Structure. function. and genet- 
ics. eds. G. Chambliss. G.R. Craven. J. Davies. K. Davis. L. 
Kahan and M. Nomura (University Park Press. Baltimore. 
1980) p. 3. 
a. H. Boedtker. in: Handbook of biochemistry and molecu- 
lar biology: Nucleic acids vol. II. ed. G.D. Fasman (CRC 
Press. OH. 1976) p. 405; b. D. Dormer. in: Handbook of 
biochemistry and molecular biology: Nucleic acids vol. II. 
ed. G.D. Fasman (CRC Press. OH. 1976) p. 47:. 

34 S.H. Allen and K.-P. Wong. J. Biol. Chem. 253 (1978) 87.59. 
35 W.B. Gratzer and E.G. Richard. Biopolymers 10 (1971) 

2607. 
36 R.A. Cox. W. Hirsf. E. Godwin and I. Kaiser. Biochrm. J. 

155 (1976) 279. 
37 K. Burton. in: Data for biochemical research. eds. R.M.C. 

Dawson, D.C. Elliott, W.H. Elliott and K.M. Jones (Oxford 
University Press. London. 1969) p. 169. 

38 J.-R. GareI and B. Labouesse. J. Mol. Biol. 47 (1970) 41. 
39 D.M. Glick. Biochemistry 7 (1968) 3391. 


