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Escherichia coli ribosome released protons upon addition of Mg2*. The Mg* "-induced protor release was studied bv means

of the pH-stat technique. The number of protons released from a 70 S ribosome in the Mg>* concentration range 1-20 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 rfRNA is the main source of the protons released 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
Mg2* binding sites leading to proton release were either heterogeneous or had a negative cooperativity. A model assuming
heterogeneous Mg2*-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 [1-4]. Some studies have been made on
the binding of metal ions, especially Mg2*, to
ribosome [5—7]. 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
rRINA and ribosome. A pH titration study of
rRNA revealed the existence of a metastable struc-
ture in an acid pH region [8]. The charge of the
ribosome was studied as a function of bound
Mg?* and H* [3]. Kliber et al. [9] found that the
pH titration of ribosome was affected by the bind-
ing of Mg2* and K*. They alsc found that ribo-
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some released protons upon binding of Mg>* and
K*.

The Mg>*- or K *-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
coli 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 Mg?*.induced proton re-
lease, including its pH dependence, of 70 S ribo-
some, TRNA 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 Mg?*-induced proton release. We propose
polyelectrolytic models for ti:e proton release. In
these models, the proton release is explained as
being due to change of the Coulombic field of the
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phosphate backbone by polyelectrolytic binding of
metal ions. The change of the Coulombic field
brings about a shift of pK, values of jonizable
nucleotide bases and consequently proton release
from bases. The models are shown to be able to
explain the data for rRNA.

2. Materials and methods

2.1, Bacrerial cells and ribosomes

E. coli strain Q 13 was grown at 37°C and
harvest in the mid-log phase. High-salt-washed
ribosomes were prepared according to a procedure
described earlier [10]. rapidly frozen in liquid N,
and stored at —20°C in the standard buffer with
100 mM NH_ OAc. 10 mM Mg(OAc),. 20 mM
Tris-HCl (pH 7.6) and 6 mM 2-mercaptoethanol.

2.2. rRNA and ribosomal proteins

rRNAs were extracted from the high-salt-
washed ribosomes by the phenol-sodium dodecyl
sulfate method [11}], so that the sample was an
equimolar mixture of 23 8, 16 San 5 SrRNAs. It
was rapidly frozen and stored at —20°C in 360
mM KCL 20 mM MgCl, and 20 mM Tris-HCl
(pH 7.6). A mixture of ribosomal proteins was
prepared from the high-salt-washed ribosomes by
the acetic acid method [12] and stored at —20°C
in § M urea.

2.3. Determination of concentrations

The concentration of ribosome (fRNA) was
determined from the absorbance in 100 mM KCl.
10 mM (1 mM for rRNA) MgCl, and 20 mM
Tris-HCI (pH 7.6). assuming that 1 A4,,, unit *
equals 26 pmol 70 S ribosomal particle (rRNA)
[13]. The concentration of the ribosomal protein
mixture was determined by the microbiuret method
{14} using bovine serum albumin as a standard.
The concentration of stock MgCl, solution (2 M}
was measured by the Eriochrome black T method
{15].

2. 4. Potentiometric measurements

pH titrations and pH-stat measurements were
carried out with a Radiometer TTT2b titrator and

an ABU12 autoburet. A glass electrode ((G2222C)
and a calomel electrode (K4112) were uszd for the
5 ml cell: G202C and K401 :lectrodes were used
for the 25 ml cell. The buret volume was 0.25 ml
and the precision of titrant volume was about 1 ul.
To avoid the effect of dissolved CO,. the cell with
sample solution was continuously flushed from 15
min before a measurement with N, gas previously
washed with water. The cell was immersed in a
thermostated (25.0°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
calibrated by a 0.01 N HCI standard solution. 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 A, units of high-
salt-washed ribosomes was adjusted to a given pH
by adding 0.1 N HCl or 0.1 N KOH. Then MgCl,
solution (2 M) was added stepwise, 5-20 pul 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 Mg2*. 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 sample used in each ex~
periment was about 360 A4, 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.

2.5. Preparation of unbuffered samples

A stock solution of 70 S ribosomes was dialysed
against 100 mM KCl and 10 mM MgCl, in a

* A, unit, the quantity of material contained in 1 ml of a
solution measured with the absorbance at 260 nm.
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closed vessel at 4°C 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
Mg2* in a proton release experiment was set to i1
or 2 mM by dilution immediately before measure-
ment of proton release in order to avoid inactiva-
tion and degradation of ribosomes due to low
Mg?* concentration [16]. A stock solution of the
rRNA mixture was dialysed against 100 mM KCl
(and 10 mM MgCl, in some cases) for about 4 h
as described above. A stock sclution of the ribo-
somal protein mixture was dialysed against 6, 1 or
0.2 M guanidine hydrochloride for at least 15 h as
described above. 100 mM K<l was present in the
cases of 1 and 0.2 M gvanidine hydrochloride.
Then. the pH of the dialysate was maintained at
about 7 to avoid precipi.ation of proteins.

2.6. Activities of riboso ne

The activity of 73 S particle formation was
measured by 5-20% 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 (K,,,), then the number (#)
of protons released by a jump of the Mg?* con-
centration from zero to a given concentration
[Mg?*] satisfies the Scatchard equation

n

e M

=N
where n_,.. is the number of protons released in
the limit [Mg2*]= co. In the case of ribosome, the
initial concentration of Mg2** ([Mg2*],) cannot be
made zero because complete elimination of Mg?*
leads to denaturation of ribosomes. However, the

mass action law vields the following modified

Scatchard equation for a jump of the Mg2* con-
centration from [Mg?"}, to [Mg2*]:
n—ng= ("m.u - ”o)_ ( Kapp -+ [X\a{gl"' ]0)

i 2)

[Mg*" ]-[Me*" ]o

where n, is the number of protons released by the
jump of Mg** conceniration from 0 to [Mg?"],-
n — n, is the observablc number of protons released
by the jump of Mg>* concentration from [Mg27],
to [Mg?*]. The plot of n—ng vs. (n—ng)/
(IMg2*}1—[Mg?7],) gives a straight line with the
ordinate intercept at »,,, —n, and a slope of
—(K,pp +[Mg*"]). 1, can be obtained from

the n,,,, —ny and K, thus determined by using
the following equation,

Kﬂ?P
Mmay — 0 = " max - (3)

Kﬂpp + [Mgl+ ]0

3. Results and discussion
3.1. Activity of 70 S ribosome

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 4°C for 4 h against unbuffered solution
with 100 mM KCl 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 65-75%, before and after pcotentiometric
measurement respectively. Thus, our pH titration
and proton release data are considered to reflect
mainly functionally active ribosome.

3.2. pH titration measurement

The numbers of titrable groups in 70 S ribo-
some, the rRNA mixture and ribosomal protein
mixture were measured by pH titration. The pH
titration experiments were carried out in the pres-
ence of 100 mM KCl, unless otherwise mentioned.
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Fig. 1. pH titrations of 70 S ribosome and rRNA mixture in 100 mM KCI at 25°C. (a) Ribosome in 1 mM (
) MgCl,. The origin of the ordinate was chosen arbitrarily at the initial point of the titrations at pH 6.5. (b) TRNA mixture in
yin 10 mM (------ ) MgCl,. The amount of titrated protons was normalized per 70 S ribosome or per 70 S particle

0 mM (
equivalent amount of the rRNA mixture.

3.2.1. Ribosome
The pH titration measurements of 70 S ribec-

some were performed in the pH range between 6.5
and 8.5. where the ribosome is stable, with 1 and
10 mM MgCl, (fig. 1a). 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?2* curved upward and downward but this
feature was not clear enough to unambiguous de-
termination of titrable groups.

3.2.2. rRNA

Fig. 1b shows the pH titration curves of the
rRNA mixture with 0 and 10 mM MgCl, over the
range pH 4- 10. Titration at alkaline pH values
was made as quickly as possible to avoid alkali
hydrolysis of rRNAs: hydrolysis was less than 10%

) and 10 mM

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?2* 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 rfRNA 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-



H. Hagihara er al. / Proron release from ribosome i51

500 . : .

- a b c

| oy

Q

o

-

'3&1

@ = ol J

v 3

3=

xg

ES

ca

EEs

™

S g

52 ~500

—

L]

£ L

©

W0

L]

£

o

\"'1000"’

ES /
;1 3 1 1 i i 1 ) 1 z 4 3 L i - 3 | 3 3 1
4 8 8 4 6 8 4 6 8

pH

Fig. 2. pH titration of 70 S ribosomal protein mixture dissolved in 6 M (a). 1 M (b) and 0.2 M (¢} guanidine hydrochloride at 25°C.
The protein solutions of b and ¢ contained 100 mM KCL The origin of the ordinate was chosen arbitrarily at pH 7.6. The amount of
protons was normalized per 70 S particle equivalent amount of proteins.

phates by binding of Mg2* on rRNA.

The net charges in TRNA titrated in the pH
region 6.5-8.5 were of the same order (= 100) as
those in 70 S ribosome (= 150), indicating that
rRINAs 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. Ribosomal protein

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 KCI 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 rRNA. 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 a-amino groups,
and e-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. Mg2* 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 KCI and initially 1 mM (Q) or 2 mM (a) MgCl,. 2 M MgCl, was added stepwise. The
ordinate of a was shifted so as to bring the initial point of & on the O point at 2 mM Mg?2*. 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 measurements of Mg’ ™-induced proton
release

Mg2*-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 KCIL.

3.3.1. Ribosome

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
pPH 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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) and

pKE =50, pK$ =805 v=0115 (-~~~ ). The parameter a for 16 S rRNA is 70 A in both curves. Details of the model are

described in the text.

that from 1 mM Mg?* within experimental error
(fig. 3). The activity of 70 S particle formation is
lost on exposure to low Mg?* concentrations and
the inactivation is more enhanced at 1 mM Mg?2+
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. rRNA

Fig. 4 shows proton release curves of the rRNA
mixture for an initia! Mg?* 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
Mg?* concentration change from 0 to 20 mM.
The corresponding values for the Mg?* 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 alkaline pH regions. This marked pH
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dcpendence 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 KCI at any constant Mg?™ concentration
below 20 mM (data not shown).

3.3.2. 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 TRNAs and not ribosomal pro-
teins. in contrast to the suggestion of Kliber et al.

191
3.4. Mechanism 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 TRNA
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
divalent cation binding to tRNA was generally
found to be concave upward in the presence of
monovalent cations [22-26]. 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 [28-30].
In the following we shall examine these two possi-
bilitzies for Mg>*-induced proton release in the
simpler case of rRNA.

3.4.1. Hetergeneous Mg~ *-binding model
We first examine a model assuming the pres-

Table 1

K.op and n. . of rRNA estimated by the heterogeneous
Mg = "-binding model

pH Strong binding Weak binding
Kapp M max f"app M nas
(mM) {mM)

6.5 1.26 53 14.0 25

7.6 0.95 6 7.9 19

8.5 3.13 21 330 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 K,,, for the two classes of
Mg?*-binding sites in rRNA. The result is shown
in table 1. The table shows the X, and n,,, 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,RMg2+
K, 11 1LK; )
B,R +Mg?~ = B,RMg>~

where R denotes rRNA and K, is the intrinsic
dissociation constant of Mg>*. K, and K/ are the
intrinsic proton dissociation constants of an ioniz-
able group B, before and after binding of Mg~
respectively. Scheme 1 is the simplest but most
reasonable mechanism of proton release or uptake
by ligand binding [31}. The cxpressions of K,
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and n,, in scheme I are

(1 +[HT /K,
K app = (l’ll——-~l+m+]/,(:)x. 4
_sf_IH"} _H"]
"m“‘_Z,:(K,+[H’3 K:+{H*})
diog K,
- SRR )

Eq. 5 shows that each ionizable group B, has a
bell-shaped contribution to #, . 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 K.
on the other hand, cannot be explained by scheme
I. In the case of proton release, n_, iS positive.
Ther, the second expression of eq. 5 shows that
K, 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 K, at alkaline pH (1able
1). Therefore. the model assuming two classes of
Mg?*-binding sites and scheme 1 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 Mg?*-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. Evaluation of the electrostatic potential in
rRNA

RNA is a polyelectrolyte with anionic charges
on the phosphate backbone. The electrostatic
potential produced by the backbone has 2 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
mechsnism of proton release from RNA. Here, we
evaluate the potential in TRNA and its effect on
the pK, values of bases.

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

of atmospheric binding of counterions [28.29]. The
atmospheric binding model was applied to the
interaction of DINA 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 calculate 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 v = 47a” /3 and that the electro-
static potential ¥ in the sphere is uniform (fig. 6).
In dilute solution, the concentration [M~<],, of
small ion M~ with charge ze in the free volume
inside the sphere is given by

M ], = [M ]gexp[ — zed /AT}] {6)

where [M~]; is the free concentration of ion M-, k
Boltzmann’s constant and 7 the absolute tempera-
ture. Let us consider the solution with the ions K *.
Mg2* and Cl™. Then, the total charge N_ e of the
small ions contained in the sphere is

N, = {[K* Joexp(~ ed/kT Y +2[Mg>* Joexp(—2ed /KT )
~[C1" Joexp( ey /kT)} (v —vg) Ag. Q)

where A4, is Avogadro’s number and vy, the net
volume occupied by the rRNA molecule so that
v — y, is the free volume for capture of small ions.
The sphere has net charge — N*e¢e= —(N — N _)e.
where N is the number of phosphate groups in the
rRINA molecule. The potential ¥ is determined so
as to be equal to the Debye-Hiuckel potential at
the surface of the sphere

=..J‘ﬁ~’_(l_ L )
dmege\a a+ A}

A= (2efegekT) 7, 8)

where €, and ¢ are the dielectric constant of a
vacuum and the relative dielectric constant of
water, respectively. A the Debye length and 7 the
ionic strength. From eqgs. 7 and 8, ¢ is determined
as a function of [K*], and [Mg2*],. In the pres-
ence of the potential ¢, the pK, of an ionizable
group in the sphere is shifted by

pK, ~pKo= — e /2.303kT, 0]

where pK,, is the intrinsic pK, in the absence of
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of 1 mM are used in a. The dashed lines show the optimal decomposition of each curved (modified) Scatchard plot into two linear
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plots. The solid lines show the calculated curves by superposing the two linear plots.
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o

¥

Fig. 6. The two-phase approximation model for the electro-
static atmospheric binding of small ions to rfRNA. An fRNA
molecule is approximated by a sphere penetrable by small ions
and with a uniform inside electrostatic potential.

the potential and pK, the apparent pK, in the
presence of .

We calculated the potential 4 for 16 S and 23 S
rRNASs in a solution containing 0.1 M KCi and
MgCl, varying from 0 to 20 mM. We used the
phosphate number, N = 1541 (16 S) and 2904 (23
S [32], and the net volume v, = 5.2 X 10~ | (16 §)
and 1.04 X 10™7! (23 S) calculated from the partial
specific volume v; or rRNA, v, = 0.57 ml/g [33a],
and molecular weight 0.55 X 10° (16 S) and 1.1 %
109 (23 S) [33b]. The radius a 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)/v
(16 S)= N (23 S)/v (23 S), then they have almost
the same potential. We assume this condition, i.e.,
a (23 8)= 1.244 (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 Mg?™ is
larger for smaller a. The pH titration of rRNA
(fig. 1b) shows that pK, values of bases shift by
about 0.3-0.6 upon the Mg®* concentration
change from 0 to 10 mM. To explain the observed
pK, shift, a 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-sait condition {34]. This means that the
effective volume for the atmospheric binding of

41.4
a—
.t 112
o &F 410
<«
had { b
R 5 los >
-— t
4+
>
- 06 2
[~
¢ 37
Lb 404
. {02

0 10 20
tMg?1 (mM)

Fig. 7. The electrostatic potential of TRNA calculaied by the
two-phase approximation model ( ) and by the Leroy
and Guéron model (- -« ~- - }. The calculations were carried out
for the solution with {KCl}g =0.1 M and [MgCl,], 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 A are shown. The parameters in the Leroy and
Guéron model are given in the appendix.

small ions is smaller than the hydrodvnamic 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 jons are under the influence of the
strong potential near the rRNA chain so that the
effective ion binding volume estimated by simple
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 ¢ is rather
insensitive to the expression of the right-hand side
of eq. 8. For instance, even if we replace the factor
1/a—1/(a+A) = (1/10)1/a) by 1/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 5o as to suppress a large change
in the value of 1.

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
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of an RNA molecule. Leroy and Guéron [30]
proposed a different model 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 TRNA
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 Guéron model for TRNA. Details of this
model are described in the appendix. We also
show in fig. 7 the electrostatic potential on the
sphere of a structural block calculated from the
Leroy and Guéron model with an appropriate
parameter set. We observe that the Mg>™ depen-
dence of the potential in the Leroy and Guéron
model is similar to that in the atmospheric binding
model with a =70 A 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 y,. respectively. Ionizable groups

under the influence of the potential make the pK,

shift by

pK, —pK,o=—e( — 1) /2.303kT. (10)

Since ¢ — ¢, > 0, the pK, shift is downward. The
deprotonated fraction «, of an ionizable group
under the potential ¢ is

a, =1/{1+10PRe-pH} (11)

Upon change of the potential from ¢, to i, the
ionizable group releases protons to an extent of
a, — a,,. 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 (U) in the region pH 9-9.5
[37]. Hence, for simplicity, we assume that A and
C have the same intrinsic pK,, pK, 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+ Cand G+ U in
the total rRNA per 70 S particle be N8 and N*. In
rRNA, N*/N =0.48 and NB8/N =0.52 where N
= N*+ NB=4565 [32]. Hence, we can put N4 =
NB = N/2. Then the proton release per total IRNA
of a 70 S particle is

11=val{(a$——ago)+(ag—uzo)}_ (12)

where af and af 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. 1b, the ionization of
bases does not affect the potential significantly.
Using the potential in the atmospheric binding
model with 2a=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 pKP = 4.2, pK$ = 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 Guéron
model 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 Guéron model gives
almost the same theoretical proton release curves
as those shown in fig. 4 if we use the pK§ and
pK 2 values shifted by 045, ie, pK§ =9.15 and
pkB=4.65.

The electrostatic field mechanism can explain
the negative cooperativity in proton release. The
potential decreases rapidly in a low Mg2* con-
centration range but only gradually at higher Mg?*
concentrations (fig. 7). This is because divalent
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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 Mg2* 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
Mg3* 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, pK 2, is below pH 6.5
and is displayed even further from pH 6.5 by
Mg?*, ie, pKp— 6.5 <pKj,—6.5<0. Hence.
the fraction af is more sensitive to change of the
potential ¥ at low Mg?* concentrations where
pK 2 is near pH 6.5 than at high Mg?* concentra-
tions where pKf 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?*, re., 0 <pKj — 8.5 < pK[,
— 8.5. Hence, af, contrast to af, is less sensitive
to change of ¥ at low Mg2"* concentrations than at
high Mg?* concentrations. This difference in
potential dependence of a at pH 6.5 and af 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
pKEB and pK§, respectively. The proton release at
neutral pH decreases because the pH is far from
both pK} and pK§ 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 Mg2* depen-
dence is similar. Provided we use pX{* 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 [pXg — pH| and
ipKE — pH| decrease at neutral pH. The dashed
lines in fig. 4 show the theoretical proton release
curves calculated with the parameters a =70 A.
pKP=50. pK4 =8.05 and v = 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 pX,
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,fo 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 Mg2*-induced proton
release 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.

3.5. Defect of the pH-stat method

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.

Appendix
We describe here the model of rRNA according

to Leroy and Guéron [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 v, (i = 1. 2) be the numbers of the
cations M, bound to a sphere. The charge of the
sphere is

2

P("x-"z)zz-',”,_lz- (A1)
=1

where z; =1 and z,=2. By assuming uniform

distribution of charge on the sphere, the potential

on the surface of the sphere is given in the Debye-

Hiuckel approximation as

e 1 1
4weocp(p"vz)(E_R+A)' (A2)

The probability P(v,, »,) for the sphere to bind »,
of the cations M, is

Y (vyory)=

2
P(vy.vy)=r1(¥.7) 1:[l ([M:]o./Kn)"
Xexp[ — W(w,.v»,)/kT]. (A3)

where K, is the intrinsic dissociation constant of
the cation M, in the binding to phosphate groups,
W(»,, v;) is the electrostatic energy of the sphere

W(vy,vm)=

1 1
8weocp2(p"y2)(E_R+}\)' (Ad)
and m(»,, »,) is the combinatorial number of the
binding of the cations M, and M, to a sphere

12\(12—
sy = ()2

The expression of m(v,, »,) 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

v,—v2+1) (AS)

Y= Z Y(»,. ) P(vy1.9v2)/ Z P(vy.v2)- (A6)

rioFa ».P2
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Ionizable bases are assumed to experience this
potential.

The potential Y shown in fig. 7 was calculated

from eq. A6 using the dissociation constants K,
for K™ and K, for Mg?* with the values K, =
1/0.65 M and K, =1/8 M as utilized by Leroy
and Guéron [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.
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