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reconsideration in the light of known physiological levels of Mg2?*
(10-30 mM) and the demonstrated affinity of 5S rRNA for Mg?*,
The methodology described herein should be of general utility in
developing the metallobiochemistry of many structurally and
catalytically important RNA molecules.
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Alkali and alkaline-earth metals are the most abundant cations
in living organisms and are essential for the proper regulation of
cellular bioenergetics, protein synthesis, and enzymatic chemistry
on RNA and DNA.!?2 However, the absence of convenient
physical and spectroscopic properties to study the ligand envi-
ronment of these ions has held back the detailed understanding
of their biochemistry.>” Previously we described simple proce-
dures to determine the number of Mg?* ions bound to 5S rRNA.}
In this paper we describe the first detailed quantitative study of
the coordination chemistry of Mg?* with a rRNA. Important
binding parameters (K,, AG*, ky;)® have been determined by direct
measurement. The coordination state (inner/outer sphere) of the
magnesium center can be deduced from consideration of the
nuclear quadrupole coupling constant xg, while the energetics of
Mg?*-RNA binding contains a large contribution from hydro-
gen-bonding interactions of inner-sphere H,O molecules to
backbone phosphates, sugar hydroxyls, and nucleotide bases.

The coordination chemistry of Mg?* with 5S rRNA was studied
by use of Mg NMR, which offers a probe of binding kinetics
(kons kofr, AG*), thermodynamics (K,), and ligand geometry
(quadrupole coupling constant x5).%® A correlation time 7, ~
10 ns has been previously estimated for 5S rRNA in solution.?
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Figure 1. Top: Magnesium titration curve obtained at 298 Kin 0.2 M
NaCl (pH 7). [Mg?*] varied from 0.22 to 77 mM, [RNA] varied from
0.22 to 0.18 mM. Bottom: Variation of line width with temperature.
[Mg?*] = 7.5 mM, [RNA] = 0.2 mM in 0.2 M NaCl (pH 7). Typical
spectral parameters were as follows: preacquisition delay = 100 us, pulse
width = 90° (30 us); (broad lines ) SW 20000 Hz, SI = 512 W, AQ =
26 ms; (narrow) lines) SW = 3000 Hz, SI = 512 W, AQ = 171 ms. The
experimental points are shown relative to a theoretical curve obtained by
joining calculated points from the fitting analysis. Av,,; included a line
broadening of 100 Hz.

If the bound ion were to possess internal rotational freedom [i.e.,
7Mg)pound < T(RNA)], the association constant (K,) and off
rate (ko) would not be affected but x5 might be underestimated.
By consideration of the relaxation parameters T; and T, 7.-
{(Mg2")pouna Was estimated to be ca. 12 ns.!® This clearly dem-
onstrates the lack of rotational freedom for bound ion, and so
exchange falls in the near-extreme narrowing region (w,7. <
1.5)."-13  The exchange-broadened resonance is therefore dom-
inated by a single relaxation term and is indistinguishable from
a Lorentzian form.!2 In 0.2 M NaCl the native (*high” melting)
conformation is adopted,'*!> and Figure 1 shows the effect on
Mg?* line width [Av;,(Mg?*)] when increasing amounts of ion
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Figure 2. Variation of xg with number of H,O molecules (6-n) in the
inner coordination sphere of Mg?*. Data shown corresponds to ATP+
(®), ADP* (O), glucose |-phosphate (+), glucose 6-phosphate (M),
tRNAP [native (A) and nonnative (¥) conformations], and 5S rRNA
(©). Values for x5 (£10%) were determined by line-shape analysis of
data determined by systematic titration and variable-temperature ex-
periments, and from relaxation measurements.®!!2!

are added to a 0.22 mM solution of Escherichia coli 5S rRNA.
A resonance was observed after the addition of 1 equiv of mag-
nesium, and so in contrast to most tRNAs, 5S rRNA does not
possess strong Mg?* binding sites (i.e., K, are all <10* M™1) 816
The formation of the ribosomal complex from rRNA and protein
components would demand a certain flexibility on the part of the
RNA and is in keeping with the absence of tight-binding Mg?*
domains at intrastrand cross-links, such as those found in tRNA 16
A total line-shape analysis!” of the data in Figure 1 for 80 bound
jons® gave the following binding parameters: K, = 236 + 20 M~%;
AG* = (13.1 £ 0.2) X 10° keal; koy = 1.5 X 10357 (koy = Kokor
=3.5X10°s7"); x5 = 0.69 £ 0.1 MHz. Parameter xj is given
by €2Qq,,/h, where Q is the quadrupole moment and g,, is the
electric field gradient at the nucleus. The value of x is dependent
on the asymmetry at the metal center!®!? and should therefore
be a probe of the inner coordination sphere of the ion. The plot
in Figure 2 displays a systematic variation in xg with substitution
of the inner-sphere waters (n), reflecting the increasing electric
field gradient and the greater asymmetry in the ligand environment
of Mg?*.2® Previous determinations of xz for Mg?* binding sites
on proteins (troponin ¢, xg ~ 1.1 MHz; calmodulin and tryptic
fragments, xg ~ 1.6 MHz; phospholipase, A,, xg ~ 1.4-2.3
MHz)!%2122 reflect a larger asymmetry and coordination number.
The small value of xg for RNA complexes indicates retention of
the hydration shell and outer-sphere coordination by Mg(H,0)¢**.
For free Mg?* (7. ~ 0.1-0.01 ns) with a T, of 173 ms, x can be
estimated from the relationship 1/ 7, = (372/10)x%(2] + 3)7./
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(221 - 1)] to give x = 7.7-24 kHz. The larger value for Mg-
(H,0)¢2* bound to RNA suggests multiple hydrogen-bonding
interactions between backbone phosphates, base O and N atoms,
and sugar hydroxyls. Computer graphics analysis of Mg(H,0)¢**
binding sites in the major and minor grooves of dsSRNA suggests
that five to seven H bonds can form for each hexaaquo ion.* This
also explains the relatively large value of K,,2425 which is similar
to that determined for tRNAP (yeast).! An upper limit for the
excess energy of each bound Mg?* ion resulting from H-bond
formation over direct phosphate coordination (which allows three
to four fewer H bonds) can be estimated from the relative K,’s
for magnesium binding to phosphodiesters (~3 M™!) and RNA
{~200-250 M™1), using the relationship AG® = -RT In K,. We
calculate AAG® ~ 0.75 kcal/mol per Mg?* ion in favor of
maximal H-bond interactions. Stabilization of the hydration
sphere can therefore be ascribed to the dominance of hydrogen-
bond formation.

In this paper we have demonstrated the absence of “strong”
Mg?* binding sites on 5S rRNA. Magnesium-RNA chemistry
is likely to be dominated by hexahydrated ions held in the major
and minor grooves of dsSRNA by hydrogen-bonding. The coor-
dination state of (Mg?*)y,u. may be deduced from xg. The rate
of Mg?* exchange (k. ~ 1.5 X 10°s7) is rapid enough to support
metalloregulatory mechanisms for conformational changes in
RNA tertiary structure.’
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X-ray diffraction of reaction centers' (RCs) from two strains
of purple bacteria, Rhodobacter sphaeroides®* and Rhodopseu-
domonas viridis,* revealed that their primary electron donors,
P-860 and P-960, are tight dimers of bacteriochlorophyll (Bchl)
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