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1.1 Introduction

Recent structures of large RNAs, such as the P4-P6 domain of the Tetra-
hymena ribozyme,' > and larger RNAs such as rRNAs,*'* combined with a
general increase over time in the sophistication of diffraction experiments, show
cations in diverse and sometimes unexpected environments. The interactions of
nucleic acids with cations follow basic principles of coordination chemistry.
The effects of cations on RNA stability and conformation demonstrate the
endurance of these relatively simple principles.

One focus of this chapter is the coordination of Na™, K™, Ca®>* and Mg>" by
phosphates and nucleic acids. We describe coordination chemistry, electrostatic
forces/energetics, conformational effects and ion-selective binding. We explain
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the origins of the specific requirement for Mg>* in RNA folding and the tight
coupling between Mg>" binding and RNA conformation. We deconstruct the
two binding-mode formalism. We describe crystallographic methods for
determining cation positions. We propose a model of RNA folding that is
consistent with Mg®" coordination properties of RNA. Previous reviews are
available on roles of metals in biology,'> !” in polyelectrolyte theory'® % (see
Chapter 9), in DNA structure® >® (see Chapter 3), in RNA folding®® 3? (see
Chapters 6 and 7) and in RNA catalysis®>* * (see Chapter 8).

1.1.1 Modern Treasure Troves of Structural Information:
Large RNAs

Very large RNA assemblies are now available at high resolution. The largest and
most accurate structures are used here in conjunction with smaller structures,
down to the level of mononucleotides, to illustrate patterns of interaction of
nucleic acids with cations. 23S-TRNA™™ refers to the 23S rRNA from the
archaeon H. marismortui’>" (2.4 A resolution, PDB entry 1JJ2), a halophile from
the Dead Sea. 23S-rRNA™T refers to the 23S rRNA from the eubacterium 7.
thermophilus' (2.8 A resolution, PDB entry 2J01), isolated from a thermal vent.
The fractional sequence identity of the 23S rRNAs from HM and TT is around
60%. RNAP*P¢ refers the 160 nucleotide domain of the self-splicing Terra-
hymena thermophila intron (2.31& resolution, PDB entry 1HR2, this AC209
mutant® gives the best available resolution).

1.2 Nucleic Acid Folding
1.2.1 Cations

During protein folding, water molecules in contact with hydrophobic surfaces are
released to bulk solvent. During nucleic acid folding, cations are sequestered from
bulk solvent and held in close proximity to the polymer. Protein side-chains are
multifarious, with a variety of shapes and chemical properties. The nucleic acid
backbone is intricate, with many accessible rotameric states,® and carries charge.

Functional nucleic acids generally fold into compact and stable states of given
conformation.*”** DNA can form quadruplexes,*' ™ triplexes,*’* i-motifs, ™!
ete. Structured RNAs range in size from aptamers and tRNAs to ribosomes.
However some functional nucleic acids, such as riboswitches, are conforma-
tionally polymorphic.’*> For our purposes, folded nucleic acid structures fall
into three general classes: (i) helical structures such as A-form, B-form and tri-
plexes, (i) quasi-globular structures such as tRNA, with base-base tertiary
interactions but no buried phosphates,*> and quadruplexes,*' *® and (iii) rrue
globular structures such as the Tetrahymena ribozyme* and its P4-P6 domain,' >
with base—base tertiary interactions plus buried OP atoms (OP indicates a non-
bridging phosphate oxygen). True globular structures have distinct ‘insides’ and
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‘outsides’. Folding of helices, quasi-globular structures and true globular struc-
tures increases proximities of phosphate groups and the electrostatic repulsion
among them. Therefore, folding is intrinsically linked to association with cations.
Phosphate—phosphate repulsion must be offset by attraction between phosphates
and cations. Cations most strongly associate with regions of DNA and RNA in
which phosphate groups assume greatest ‘density’.

As will become clear in the following sections, Mg>" stabilizes distinctive
conformational and energetic states of nucleic acids. Mg>" shares a special
geometric and electrostatic complementarity with phosphate, with a specific
coordination and thermodynamic fingerprint. These states are simply not
accessible in the absence of Mg®>" (or Mn>"), even when other cations are at
high concentration. The thermodynamic and conformational consequences of
first-shell OP interactions with Mg>" are different to those for neutral ligands or
for other cations, with lesser charge or greater size.

1.2.2 The RNA Folding Hierarchy

RNA folding is hierarchical.’*>” Folding progresses through a series of inter-
mediates that are commonly characterized by extents and types of base—base
hydrogen bonding and stacking interactions. The unfolded state, the random
coil, is a conformationally polymorphic and fluctuating ensemble with few local
or long-range base—base interactions. Early intermediates contain double-
stranded stems and hairpin loops, interspersed by single-stranded regions.
These stems and loops are known collectively as secondary structural units.
Late intermediates and the final folded state are stabilized by base—base tertiary
interactions, between residues that are remote in the secondary structure. To a
first approximation, secondary structure can be conceptually and experimen-
tally separated from tertiary structure. Secondary structure forms before ter-
tiary structure and is favorable in a broad range of ionic conditions. Tertiary
structure is favored by divalent cations.*®>* Although compact structures with
base—base tertiary interactions can be achieved at very high concentrations of
other cations, for true globular structures, the fully folded state is absolutely
dependent on Mg It can be useful to make a distinction between the tertiary
structure of an RN A, which is a description of short- and-long range base—base
interactions, and a folded RNA, which is a description of three-dimensional
positions of all atoms, including of course the phosphate groups.

A hierarchical model that focuses exclusively on base—base interactions is a
useful but somewhat limited approximation. In true globular structures, ground
states are stabilized by specifically associated Mg>" ions, each with up to four
first-shell OP ligands. The importance of Mg>*(OP); and Mg**(OP), coordi-
nation complexes is discussed in later sections. Multidentate interactions of OP
atoms with Mg are generally local along the RNA backbone. A small and
important subset of OP ligands of a common Mg>" are remote in the secondary
and primary structures, thus forming ‘electrostatic tertiary interactions’ (Mg>"
mediated linkages between remote OP groups). Extensive base—base tertiary
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interactions during folding do not necessary imply the formation of electrostatic
tertiary interactions. At least some globular RNAs fold into compact (but non-
native) structures, with extensive base—base tertiary interactions — in the absence
of Mg®>".%* We do not know at present if the converse is true (i.e. are electro-
static tertiary interactions fully dependent on correct base—base tertiary inter-
actions?). At any rate, to understand and describe fully the structure of a
globular RNA, one can extend a conventional tertiary description of base—base
interactions to include electrostatic tertiary interactions.

1.2.3 Alternative RNA Folding Hierarchies

To illuminate the underlying dependence of folding on cations, one can re-state
the hierarchy of RNA folding using ‘phosphate density’. In early folding steps, a
subset of phosphate-phosphate distances decreases from >7 A (P to P) in random
coil to around 5.8-6.2A (in A-form helical regions and loops). In subsequent
steps, a subset of P to P distances decreases further, to 5.0-4.6 A. Associated with
this group of short P to P distances are tightly packed anionic OP atoms, which are
in van der Waals contact with each other (dop_op=2.8-3.2 A). This tight packing
of anionic oxygen atoms is dependent on multidentate chelation of Mg>* by OP
atoms. Neither monovalent cations nor polyamines can substitute for Mg>" in
stabilizing structures with such short OP-OP contacts. During folding, some
phosphates and associated Mg®* ions become buried in the globular interior.

1.3 Coordination Chemistry

The binding of ligands to Group I and II cations is dictated by the chemical
properties of the cations and of the ligands and, to a significant extent, by
interactions between ligands.'> Chelators, with covalently linked ligands, create
cavities for ions and bind with greater affinity and selectivity than monomeric
ligands. The length of the chelator linker is a critical component of stability. As
the linker length increases, the entropic cost of assembling the ligands for joint
coordination increases. Hud and Polak previously noted the chelation proper-
ties of DNA, calling it an ionophore.?” Here we illustrate how the phosphate
groups of nucleic acids commonly act as chelators of cations.

1.3.1 Group I

Group I cations prefer hard neutral ligands or one singly charged ligand plus
additional neutral ligands. In their associations with nucleic acids, Group I
cations are most commonly associated with non-anionic oxygens (i.e. oxygen
atoms other than OP) as inner shell ligands.?*®!

The monovalent cations [sodium (Na™), potassium (K ), rubidium (Rb™),
caesium (Cs™"), thallium (T1") and ammonium (NH, ), excluding lithium (Li™)]
are characterized by relatively large ionic radii, low charge density and modest
enthalpies of hydration (Table 1.1). The coordination chemistry of Li*, with its



Complexes of Nucleic Acids with Group I and II Cations 5

Table 1.1 Physical properties of cations.

Property Lit Na* K" R Cst Tt NH Mgt ca”t Mt
Tonic radius, A® 0.60 095 133 148 169 149 - 0.65 099 0.80
AHpyarasion/kcalmol ™' —127 =99 77 72 —66 78 78 458 358 -

AOCN? 5.3 67 9.0 98 104 83 ¢ 5.98 7.3 5.98

“From Brown.®
The radius of a non-spherical species such as NH, is not well defined. Rashin and Honig'®®
estimated from geometric considerations that the effective radius of NH," is very nearly the same
as the radius of K.
“From Rashin and Honig.'®
Average observed coordination numbers, from Brown.
“Not reported.

65

small atomic radius and high charge density, is distinct from that of other
Group I metals. TI" and NH," are listed here along with the Group I metals
because they are well-developed K substitutes with useful spectroscopic and
crystallographic signals. NH, positions are indicated by NOEs in solu-
tion.*>6%3 TI" positions are indicated in solution by NMR and in crystals by a
distinctive X-ray scattering signal (anomalous scattering). TI", K* and NH,
have similar ionic radii and enthalpies of hydration (Table 1.1).

These monovalent ions, except Li", display irregular and variable coordina-
tion geometry.**> The variability in coordination geometry is associated with
non-covalency of interaction, weak ligand-ligand interactions and loose ligand—
ligand packing. For a given monovalent ion, the number of first-shell ligands
can vary from four to over 10. These properties are quantitated by ‘average
observed coordination numbers’ (AOCN, Table 1.1) over a large number of
structures within the Cambridge Structural Database as reported by Brown.®’

1.3.1.1 Na™

The ideal Na™ to oxygen distance is 24A (Figure 1.1a). The distance between
first-shell ligands of Na™ is variable, depending on coordination number and
coordination geometry. An octahedral arrangement of first shell oxygen ligands
is loosely packed. The O to O distance is 3.4 A, which is significantly greater
than twice the van der Waals radius of oxygen (oxygen radius=1.4A).
Therefore, inner shell ligands of Na™ are not crowded and the geometry of the
Na™ inner sphere is not determined by ligand-ligand interactions. An Na™ ion
with ideal octahedral geometry in association with the O6 position of a guanine
of DNA with five water molecule inner-shell ligands®® is shown in Figure 1.1a.
As can be seen, the Na* to O distances average around 2.4 A, whereas the
distance between cis oxygen atoms (adjacent oxygen ligands) averages around
3.4 A. DNA—cation interactions are discussed in Chapter 3.

13.1.2 K'

The ideal K to oxygen distance is around 2.7 A. For an octahedral arrange-
ment of first-shell oxygen ligands, the average O to O distance is over 4.0 A.
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(a) An Na™ ion bound to the O6 of a guanine of DNA (ion 487 from PDB
entry 2DYW). The Na™ ion (purple ellipsoid) is octahedral, with bonds to
the floor of the major groove and five water molecules (hydrogens not
shown). All first-shell oxygen ligands are represented by red ellipsoids.
Na"—oxygen bonds are around 2.4 A in length. The first shell ligands are
not in van der Waals contact with each other. (b) A trichelated Mg>" ion
(ion 8001 from 23S-rRNAM™). This Mg** ion (green sphere) is octahedral,
with three bonds to phosphate groups of RNA (cyan) and three bonds to
water oxygens (red). Mg> —oxygen bonds are around 2.1 A in length. Mg**
coordination imposes oxygen—oxygen distances of around 2.9 A in the first
shell. For clarity, the radii of the spheres are reduced from the van der
Waals radii of the atoms and have no physical significance.

Hence the inner-shell ligands of K™ are of less defined geometry than those of
Na™. Specific K* binders, that exclude Na™, are generally composed of
stacked, planar arrangements of keto oxygens.*'"*”%® In these K*-selective
structures, the positions of the keto oxygens (O*'°) are fixed such that the
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enthalpy of dehydration is compensated by O*“'~K ¥ interactions but not by
O*_Na™ interactions, which are too long.

1.3.2 Group II
1.32.1 Cda’*

Ca’* often shows irregular coordination geometry and coordination numbers
greater than six. The ionic radius of Ca®>" is ca. 0.99 A. Compared with Mg>",
Ca’" is large, its charge density is low, its inner-shell ligands are loosely packed
and the magnitude of is hydration enthalpy is small (Table 1.1). However, like
Mg?*, Ca®" prefers a mix of anionic and neutral ligands.

1322 Mg*

Mg>", from life’s beginning, has been closely associated with some of the
central players in biological systems — phosphates and phosphate esters.®
Mg " shares a special geometric, electrostatic and thermodynamic relationship
with phosphates and phosphate esters. In comparison with group I ions, Ca®*
or polyamines, Mg®" has a greater affinity for OP atoms and binds to OP with
well-defined geometry. Unlike other cations, Mg>* brings OP atoms into direct
contact with each other. .

The ionic radius of Mg>* is small (ca. 0.65 A), the charge density is high, the
six ligands of an octahedral inner first shell are tightly packed and the mag-
nitude of the hydration enthalpy is large (Table 1.1). The heat of hydration of
Mg?" is much greater than for other biological cations (Table 1.1). Mg>*
prefers two to four oxyanions (along with a complement of water molecules)
over uncharged oxygens and nitrogens as inner-shell ligands.

The first coordination sphere of Mg?* assumes octahedral geometry,
as shown in Figure 1.1b. The AOCN of Mg”" is 5.98.%° Because Mg " is small
and highly charged, ligand-ligand crowding is one of the hallmarks of Mg*"
complexes, leading to highly restrained ligand-Mg*"—ligand geometry and
strong ligand-ligand repulsive forces. Although probably not germane to
nucleic acid structure, four-coordinate Mg " is observed at high temperature in
the gas phase.”

64,65,70,71

1.3.2.2.1 Hexaaqua Mg>" Complexes. In hexaaqua complexes [Mg>" (H,O)q
or Mga,], oxygen-Mg>" distances are 2.07/§. The cis O- - -Mg- - -O angle
is 90° and the cis O- - -O distance is 2.93A.” "> The frans O- - -Mg- - -O
angle is 180°. Adjacent oxygen atoms in Mgigf are in van der Waals contact.
First-shell water molecules are strictly oriented such that their dipole moments
are directed in towards the metal, with Mg®* - - - O-H angles of 120-128°. This
orientation prevents hydrogen bonding between water molecules in the Mg®*
first coordination shell.
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1.3.2.2.2 ADP-Mg?* Complexes. The nature of complexes formed by
Mg®" with ADP and ATP are highly predictive of Mg>" interactions with
other multidentate OP ligands such as RNA. Some of the ADP-Mg®" and
ATP-Mg*" complexes identified in the Protein Data Bank are shown in
Figure 1.2 and here we discuss the implications of these and related struc-
tures provided by X-ray crystallography. One can immediately appreciate
that ADP and ATP are mono- and multidentate chelators of Mg, con-
tributing OP ligands to the inner coordination sphere. In this section, we
focus on structural aspects of Mg>* complexes with nucleotides. Thermo-
dynamic aspects are discussed in a subsequent section.

Mg?* interacts with non-bridging OP atoms, but not with bridging oxygens,
base or sugar atoms of ADP/ATP. The OP atoms of ADP bind to Mg>" by
either monodentate interactions (40% of structures surveyed; Figure 1.2a and
b, Table 1.2 and Table 1.3) or by bidentate chelation (60%, Figure 1.2c—¢).
Monodentate interactions occur exclusively by OPP whereas bidentate chela-
tion involves O”P and OPP.

Chelation ring size is an important factor in modulating stability (see Section
1.3). The bidentate chelation complexes of Mg®" with ADP/ATP are composed
of six-membered rings consisting of atoms Mg>"~O*P-P-O-P-OPP-Mg>* or
(Mg *—OPP-P-O-P-O"P-Mg”"). Bidentate chelation by two OP atoms bound
to a common phosphorus atom would require a chelation ring size of four and
is not observed in ADP/ATP complexes. When Mg>* is monochelated by
ADP, at least one protein ligand is also found in the Mg>" first shell. The
protein ligand is invariably oxygen, but may be charged or neutral. Similarly,
most bidentate ADP-Mg”" complexes contain protein first-shell ligands. OP
ligands are adjacent to each other within the octahedron of first-shell ligands of
Mg?*. All bidentate Mg>*—ADP complexes assume cis (OP-Mg>*—OP angle
90°), cis—cis or cis—cis—cis orientation of the ligands surrounding the Mg>"
depending on the number of first shell protein ligands. Trans bidentate Mg>*—
ADP complexes (OP-Mg>*—OP angle 180°) are not observed and appear to be
stereochemically prohibited.

1.3.2.2.3 ATP-Mg®>" Complexes. Mg”>" binds to ATP by bidentate (66%,
Figure 1.2f-i) or tridentate (33%, Figure 1.2j) interactions. Monodentate
ATP-Mg** complexes are not observed. The bidentate complexes are all cis,
whereas the tridentate complexes are all cis—cis. The tridentate complexes, by
definition, are bicyclic, with two six-membered rings. Each ring consists of six
atoms (Mg”>" —O"P-P-O-P-OPP-Mg>") or (Mg’ "-OPP-P-O-P-O"P-Mg>").
Bidentate complexes most commonly involve OPP and O'P (88%). One O*P—
OPP bidentate complex is observed.

An O*P-Mg*"—O"P bidentate complex would form an eight-membered ring.
The importance of ring size in chelation complexes is underscored by the absence
of O"P-Mg>"—O"P bidentate complexes in the Protein Data Bank. The observed
bidentate complexes contain 0-3 protein ligands (Table 1.2), which are all
oxygens, with no obvious preference in the number or charge of protein ligands.
First-shell protein ligands are not observed in tridentate ATP complexes.
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(© (d) (e)

Figure 1.2 ADP and ATP as Mg>" chelators. Mg”" ions are represented by yellow
spheres and water molecules by small white spheres. Nucleotides and
protein ligands are represented by sticks. (a) Monodentate chelation by
ADP (OPP) with one protein ligand. (b) Monodentate chelation by ADP
with two protein ligands. (c) Bidentate chelation by ADP (OPP and O*P)
with no protein ligands. The OP ligands are cis. (d) Bidentate chelation by
ADP with one protein ligand. (e) Bidentate chelation by ADP with two
protein ligands. (f) Bidentate chelation by ATP (OPP and OP) with no
protein ligands. (g) Bidentate chelation by ATP plus one protein ligand
(OPP and OYP). (h) Bidentate chelation by ATP plus three protein ligands
(O°P and OPP). (i) Bidentate chelation by ATP (O*P and OPP) with two
protein ligands. (j) Tridentate chelation by ATP. The OP ligands are cis—
cis. All structures shown were extracted from the Protein Data Bank.
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Table 1.3 Mg>" chelation by nucleotides® and by RNA.”
No. of first-shell OP ligands

0 (hexaaqua) 1 (monodentate) 2 (bidentate) 3 (tridentate)
ADP NA 4 6 0
ATP NA 0 8 4
RNA 36 40 31 10

“Nucleotides with OP atoms in the Mg>" first shell. Protein ligands are omitted.
In 23S-rRNAMM,

1.3.2.2.4 RNA-Mg* OP Preferred. With RNA, Mg’" associates pre-
ferentially with OP atoms over base and ribose atoms, just as it prefers OP
atoms of ATP/ADP (above). Interactions with uncharged functional groups of
sugars and bases of RNA are infrequent (Table 1.4).

The arrangement of three OP atoms and three water oxygens around one
particular Mg®" in a large globular RNA is shown in Figure 1.1b. The 23S-
rRNAMM is a tridentate chelator of this Mg>* ion, contributing three OP
ligands to the inner coordination shell.

Large rRNAs such as 23S-rRNA"™ are associated with many Mg** ions,
which can be visualized by X-ray diffraction. Of the 117 Mg>" atoms associated in
some fashion with 23S-rRNA™™, 98 are ‘bonded’ to the 23S rRNA,
(Mg>* - - -RNA distance <2.6 A), with first-shell RNA ligands. The most
common Mg”>" ligands are water oxygens (407 ligands). Most RNA ligands are
OP atoms (129 first-shell OP ligands). Mg>" does not exhibit a preference for O1P
(63 ligands) over O2P (66 ligands). RNA bases are infrequent ligands, with 12 O6
atoms, 10 N7 atoms, five O4 atoms and three O2 atoms within Mg2+ first shells.
As expected from DNA structures,”’ RNA amino groups, (N6, N2 and N4) do
not enter the first coordination shell of Mg>". The 5S rRNA associated with
23S-rRNAMM interacts with one Mg”>". There, two OP atoms chelate an Mg>™.

1.3.2.2.5 Chelation Ring Size. In contrast to preferential bi- and tridentate
chelation of Mg>* by ADP and ATP, RNA generally prefers monodentate
chelation of Mg®" (Table 1.3). The primary reason for this preference is that
RNA forms 10-membered chelation cycles with Mg®" (Figures 1.3 and 1.4),
which are less favorable than the six-membered chelation cycles of ADP/
ATP (Figure 1.2). A second reason is that the relative positions of OP atoms
in common RNA secondary structural elements such as A-form helices and
tetraloops are not favorable for multidentate chelation of Mg®>". In such
canonical RNA conformations, the OP atoms are too far apart and are not
optimally oriented for multidentate Mg®>" chelation. In regions of irregular
RNA conformation, OP can assume the correct geometric disposition for
Mg**chelation. For example, the RNA conformation in the Mg (OP),
complex in Figure 1.3 deviates profoundly from that in A-form helical RNA.

The most frequent Mg>* chelation motif in RNA is when OP atoms
of adjacent residues chelate a common Mg>* (A =1, Figure 1.4). Larger ring
sizes are less frequent. A=1 is observed at higher frequency than in other
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Table 1.4 Paleo-magnesium ions in 23S-rRNA"™ and 23S-rRNA™T.

Ligand type
Mg >t Ipb (OP,B, S, P)° Mg2+ ID No.*  rRNA residue numbers®

Dual Mg?" bicycles

D1 (OP); 8001 (122) 2483 (2448), 2533 (2498), 2534 (2499)

DI’ (OP),B 8002 (123) 2483 %2448), 2534 (2499), 6275
(570 aSE:)

D2 (OP); 8003 (66) 876 (783), 877 (784), 2624 (2589)

D2’ (OP), 8013 (70) 877 (784), 2623 (2588)

D3 (OP); 8016 (86) 1504 (1395), 1678 (1603), 1679 (1604)

D3’ (OP), 8029 (85) 1503 (1394), 1679 (1604)

D4 (OP); 8005 (124) 1836 (1780), 1838 (1782), 1839 (1783)

D4/ (OP); 8007 (126) 832 (740), 1839 (1783), 1840 (1784)

Lone tridenate Mg>*

4 (OP); 8026 (130) 2608 (2573), 2609 (2574), 2610 (2575)

5 (OP); 8008 (127) 919 (826), 2464 (2427), 2465 (2428),
na (2429)%

6 (OP);B 8033 (133) 1747 (1669), 1748 (1670), 2585 (2550),
1749Basc (1671BaSC)

9 (OP); 8006 (125) 821 (730), 822 (731), 854 (761)

10 (OP); 8081 (143) 1420 (1314), 1421 (1315), 1438 (1332)

Ancillary Mg?" ions®

al (OP), 8009 (272) 2611 (2576), 2612 (2577)

a2 (OP), 8023 (129) 2617 (2582), 2618 (2583)

a3 (OP),BP 8067 (422) 1845 (1789), 1846 (1790), 188452
(1828Base)

a4 (OP), 8015 (100) 844 (751), 1689 (1614)

as (OP), 8077 (141) 880 (787), 883 (790)

“Paleo-magnesium ions identified by coordination and are conserved in position and coordinating
Jigands of 23S-rRNAP™ and 23S-rRNATT.
See Figure 1.7 for the locations of these ions in the 2D structure and Figure 1.8 for their locations
in the 3D structure.

“OP indicates non-bridging phosphate; B indicates base atom; S indicates sugar (ribose) atom; P
indicates protein atom.

“These are the numbers in the 1JJ2 coordinate file (23S-rRNAM™). The numbers in parentheses
refer to the numbers in the 2J01 coordinate file (23S-rRNATT).

“These are the rRNA residue numbers of the Mg?" first shell in 23S-rRNA™. The numbers in
parentheses refer to 23S-rRNATT, which follows the E. coli numbering scheme.

TThis Mg”>* does not have conserved coordination in 23S-rRNA™ [(OP);]. and 23S-rRNA™T

[(OP)4].
These ions are found in close association with paleo-Mg>" ions and are conserved in the 23S-
rRNAM™ and 23S-rRNATT structures.

bidentate complexes (Figure 1.4) because it offers (i) the shortest achiev-
able linker and thus the lowest entropy penalty upon binding, (ii) charged
oxygens (OP atoms) as first-shell Mg ligands and (iii) favorable RNA bond
rotamers. This 10-membered ring system (Mg®> —OP-P-05'-C5'-C4'-C3'—
03'-P-OP-Mg”"), which requires cis-oriented OP atoms around the Mg>*, is
the elemental unit of Mg>" chelation by RNA. Tri- and tetradentate Mg>"
complexes nearly always contain at least one of these 10-membered ring
systems (Figures 1.5 and 1.6).
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Figure 1.3 RNA as Mg®" chelator. Shown here is a representative bidentate Mg>"
(OP), complex. For clarity, the base atoms along with ribose atoms C1’,
C2" 04’ and O2’ are lightened. This bidentate complex forms a 10-mem-
bered chelation cycle (A=1). It can be seen that this trinucleotide is in a
non-A-helical conformational state. This is Mg®" 8009 from 23S-
rRNA™ along with residues U(2610), G(2611) and A(2612).

1.3.2.2.6 Accuracy of 3D Structures. The Mg>" positions in 23S-rRNAM
are, as determined by various geometric criteria, highly credible, with a few
exceptions. The Mg?* to oxygen distance is an excellent metric in that the pre-
dicted and observed (in 23S-rRNAM™™) frequencies reach distinct maxima at
2.1A and fall to nearly zero by 2.6 A. As indicated by relative OP positions,
essentially all relevant Mg ions were added correctly to the model. Other
ribosome structures and smaller globular RNAs follow 23S-rRNAM™™ in the
general patterns of Mg®" interaction [for example, compare Figure 1.5 (23S-
rRNA"™) and Figure 1.6 (RNAP*P® and 23S-rRNATT)]. The same level of
confidence does not apply to the monovalent cations of 23S-rRNA"™  which
in many cases display unorthodox coordination geometry such as fewer than
three first-shell ligands and are judged to be less credible.

1.3.2.2.7 Why Mg®>"? The predominant mode of interaction of Mg** with
RNAs large and small is in the form of Mgzlq+ and Mg>*(OP), complexes (the
five water molecules required to complete the hexacoordinate coordination
sphere of Mg”>*(OP), are not specified for the sake of brevity). Geometric
considerations suggest that these types of Mg”" ions can be substituted by
other cations, such as Na™, polyamines and cationic side-chains of proteins
without substantial alteration of RNA conformation.

Specific requirements for Mg®>"™ in RNA folding derive from Mg>" stabili-
zation of distinctive conformational states of RNA. Mg>"-specific states are
characterized by bi-, tri- and tetradentate Mg>" complexes with OP atoms
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Figure 1.4 Bidentate Mg*" binding is predominantly local. OP ligands are clustered
along the RNA chain. (a) Definition of A, which is the distance in residues
between two OP ligands that bind to a common Mg>" jon. A =1 indicates
binding by OPs of adjacent residues, giving a 10-membered chelation ring.
(b) The observed frequency of occurrence of A values in 23S-rRNAMM,
expanded to show the distribution at small A. A=1 is preferred over all
other A. (c) The observed frequency of occurrence of A values. Small A are
preferred over large A.

[in Mg®>"(OP),, Mg*"(OP);, Mg>*(OP), complexes]. A representative Mg>"
(OP), complex in 23S-rRNA"™ is shown in Figure 1.3. The OP atoms in these
multidentate complexes reach the global minimum in OP - - - OP distances in
RNA. These OP atoms are in closer proximity and are more tightly restrained
in position than in any other environment, such as when associated with larger
ions such as K™ or Na™ or polyamines or cationic side-chains of proteins or
when not directly associated with ions. Therefore, RNA conformation in the
vicinity of these Mg®" ions is dependent on and is specific for Mg*>*. Such
tightly packed OP atoms, in association with Mg®" ions, are found in all
globular RNAs, including the P4-P6 domain of the tetrahymena ribozyme'>
and ribosomes.® ' Only Li* or Mn*>* can rival Mg®" in driving the close
packing of OP atoms. However, the first-shell ligands of Li** tend to assume
tetrahedral rather than octahedral geometry.
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(©) (d)

(e) (f)

Figure 1.5 RNA as Mg>" chelator. Shown here are some Mg>* chelation complexes
in 23S-rRNAPM. The base atoms and ribose atoms C1’, C2' 04’ and 02’
are omitted for clarity. (a) Bidentate chelation by neighboring OP atoms.
This common motif is a 10-membered-ring with a cis orientation of OP
ligands. This is a A=1 complex, indicating that the OP atoms are con-
tributed by reside i and residue i+1 (Mg>" 8009, same as Figure 1.3). (b)
Tridentate chelation by three OP atoms from neighboring residues (A, =1,
As=1, Mg>" 8026). (c) Dual Mg*>" bicycle center D1. This is a bicyclic
complex with an Mg?>"—OP-P-OP-Mg>* bridge. One Mg" is involved in
tridentate chelation by neighboring and a remote OP atoms (Mg>" 8001,
Ay =1, A, =50). The tridentate complex is coupled to a bidentate complex
(Mg 8002, A=51). (d) Dual Mg*" bicycle center D3. This is a bicyclic
complex with a Mg?*—OP-P-OP-Mg>" bridge. One Mg>" is involved in
tridentate chelation by two neighboring and one remote OP atoms (Mg "
8016, A;=1, A, =175). The tridentate complex is coupled to a bidentate
complex (Mg>* 8029, A = 176). (¢) Dual Mg*" bicycle center D2. This is a
bicyclic complex with an Mg®>"—OP-P-OP-Mg>" bridge. One Mg>" is
involved in tridentate chelation by two neighboring and one remote OP
atoms (Mg2+ 8003, A;j=1, A,=1747). This complex is coupled to a
bidentate complex (Mg>" 8013, A= 1746). (f) Dual Mg " tricycle center D4.
This is a tricyclic complex with an Mg>"—-OP-P-OP-Mg>" bridge. One
Mg?" is involved in tridentate chelation by two neighboring and one
proximal OP atoms (Mg?* 8005, A; = 1, A, =2). This complex is coupled to
another tridentate chelation complex, by two neighboring and one remote
OP atoms (Mg”" 8007, A; =1, A,=1007).
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Figure 1.6 RNA as chelator, continued. (a) Tetradetate chelation in the Thermus ther-
mophilus 70s ribosome. A complex formed by two A= 1 motifs (Mg>* 245,
2J01). (b) Tridentate Mg>" chelation in RNAP*™® (Mg?* 3). Neighboring
and next-nearest neighboring phosphate groups (A; =1, A, =2) bind to the
same Mg”". Note the similarity of this complex to that in Figure 1.5f.

1.3.2.2.8 Mg®>" Versus Na*. It has been suggested that high concentra-
tions of Na™ attenuate OP---OP repulsion to the extent that globular
RNAs can fold, achieving native OP- - - OP proximities, in the absence of
Mg®".% In evaluating such models, one must account for unyielding differ-
ences in the coordination chemistry of Na™ and Mg>*. The close proximity
of adjacent OP atoms in the Mg>" first shell is inconceivable in Na* com-
plexes at any concentration and the preference of Na™ for neutral ligands
would drive this cation to alternate sites.

It seems that globular RNAs can collapse in the presence of high [Na™] to
states stabilized by native-like base—base tertiary interactions, but lacking
tightly packed OP atoms. One might expect base—base and electrostatic inter-
actions to be somewhat independent of each other because they do not
necessarily link the same secondary elements and do not, on a local level,
necessarily act in concert. Where the phosphates come closest together the
corresponding bases are remote from each other.

1.3.2.2.9 Why Chelation? When Chelation? Multidentate Mg>* binding is
commonly under control of local RNA conformation or, conversely, RNA
conformation is coupled with multidentate Mg?* binding. The relationship
between local conformation and Mg binding is important especially when
OP atoms are contributed by adjacent residues (A=1, Figures 1.3 and 1.4).
Distinctive conformational states are associated with such bidentate com-
plexes. The 10-membered rings of RNA that chelate Mg”" are not, with few
exceptions, A-form helix or tetraloops. Trans bidentate complexes are favored
electrostatically (by attenuated OP- - - OP repulsion) in comparison with cis
bidentate complexes, but are disfavored by the entropic cost associated with
the necessarily increased linker size. The minimum observed linker for a trans
Mg*"(OP), complex in 23S-rRNAPM/TT ig four residues.
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What stabilizes cis Mg+ (OP), complexes in which OP atoms are forced into
close proximity? First, OP- - - Mg>" attraction offsets the OP - - - OP repulsion.
Second, repulsion is attenuated by charge transfer from OP to Mg>". Third, the
RNA backbone allows the formation of 10-membered chelation rings in the
absence of rotameric restraints, i.e. in the absence of unfavorable bond rota-
tions. The implications of multidentate Mg>* coordination transcend ther-
modynamics. Close OP - - - OP proximities present kinetic barriers to changes
in coordination state.”® Chapters 6 and 7 contain detailed discussions of the
effects of Mg on the kinetics of RNA folding.

Many multidentate Mg?*(OP),, complexes are found in 23S-rRNA™ as
described by Klein ez al.'' As these authors noted, the most frequent chelation
motif is Mg®"(OP),, where phosphate groups from neighboring residues che-
late a common Mg?" (Figures 1.3-1.6). Twenty-five of these 10-membered
bidentate chelation cycles are observed in 23S-rRNA™™ . The OP ligands within
the 10-membered cycles can be either O1P or O2P atoms and are invariably in
the cis orientation around the Mg®". For these 10-membered cycles, by defi-
nition A = 1, where A is the distance, in number of residues, between the two OP
groups (Figure 1.4). The tridentate complex shown in Figure 1.1b yields two
different A values; 1 and 95. Nine of 10 Mg>*(OP); centers in 23S-rRNA"™
contain at least one A=1 complex. The Mg”>*(OP); center in Figure 1.5b is
composed of two A =2 complexes.

The chelating ring size patterns observed in 23S-rRNA™™ are general fea-
tures of large RNAs, in which Mg®"(OP), A = 1 complexes are observed alone
and in combination with other chelation rings. A double A=1 complex, with
tetradentate chelation, is observed linking the 16S RNA with the mRNA in the
intact ribosome of Thermus thermophilus (PDB entry 2J01, Figure 1.6a). A
homolog of the Mg>"(OP);A; =1, A,=2 complex that forms part of the D4
center of 23S-rRNA™ (Figure 1.5f) is found in RNAP*F¢ (Figure 1.6b).

1.3.2.2.10 Bicycles, Tricycles. Tridentate Mg>"—RNA complexes, although
less frequent than monodentate and bidentate complexes, are especially impor-
tant in structure, stability and function. Ten A=1 cycles are fused with second-
ary cycles to form bicyclic Mg>*(OP); structures in 23S-TRNA™™. The bicycles
fall into two classes; those composed of RNA and a single Mg>" ion (a A=1,
A=1 example is shown in Figure 1.5b) and those containing Mg**—O1P-P—
02P-Mg”** linkages (Figure 1.5¢—f). Four Mg?*-OI1P-P-O2P-Mg*" linked
bicycles are observed in 23S-rRNA™™ . In these dual Mg?" bicycles, called here
DI, D2, D3 and D4, both the O1P and O2P of a single phosphate group are
first-shell Mg®" ligands. In each of these centers, a tridentate Mg**(OP); com-
plex is paired with and mutually stabilizes a bidendate Mg**(OP), complex.
The exception is D4, in which two Mg?*(OP); complexes form a tricyclic struc-
ture. A dual Mg”" bicycle (or tricycle) is essentially a single extended structural
unit, of high rigidity and with stability greater than the sum of the parts. The
high measure of similarity within subsets of these dual Mg>" bicycles [compare
Figure 1.5d (D3) with 1.5¢ (D2)] suggests that general rules for RNA con-
formation and Mg>" interactions are discernible from them.
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1.3.2.2.11 Paleo-magnesium Ions. Here we introduce the concept of the
‘paleo-Mg>* ion’. Paleo-Mg>" ions play key roles in RNA folding, stability
and function and are conserved in ribosomes over vast evolutionary time-
scales. They were identified initially by their RNA coordination and then vali-
dated by comparison between different rRNAs. Broadly, a paleo-Mg®" ion is
in either an Mg?*(OP); center, with at least three RNA first-shell OP ligands,
or is a component of a dual Mg®>" bicycle or tricycle. Five ancillary
Mg”*(OP), ions are located in close association with paleo-Mg”" ions in 23S-
rRNAPM/TT - Eioure 1.5b—f are examples of paleo-Mg?* ions from 23S-
rRNA"™. The requirement for three OP first-shell ligands over base and
sugar ligands is founded on the lower frequency and smaller contribution to
stability of base/sugar ligands compared with OP ligands.

In sum, 13 paleo-Mg>" ions associate with 23S-rRNA"™ (Figures 1.7 and
1.8, Table 1.4). Their importance in RNA folding, stability and evolution is
underscored by the following:

(i) Conservation in 3D. The paleo-Mg>" ions are highly conserved in posi-
tion and mode of interaction between the 23S rRNAs of HM (archea)
and TT (bacteria). There is essentially a 1:1 mapping of paleo-Mg>*
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Figure 1.7 The secondary structure of 23S-rRNA™™. The locations of paleo Mg*" jons
are depicted in red. The thick red lines indicate the dual Mg? blcycles (D1,
D2, D3 and D4). The thin red lines indicate the isolated Mg>*(OP); com-
plexes. The ancillary Mg*" (OP), ions, which cluster on the 2D map with
paleo-Mg>* 10ns, are shown in blue. The circles indicate the OP atoms that
contact Mg?* ions. Diamonds indicate base atoms that contact Mg>" ions.
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Figure 1.8

(@)

(b)

(a) View into the peptidyl transfer center of 23S-rRNAM™. The 13 paleo-
Mg”" ions are shown as red spheres. The Mg>" ions of the four dual Mg>*
bicycles/tricycles (D1, D2, D3 and D4) are indicated. Ancillary Mg?" ions
are shown in blue. The RNA atoms lining the peptide exit tunnel are
accented in black. (b) This view, looking across the peptide tunnel, is
rotated by 90° relative to the top panel. The radii of the Mg”* ions are
increased over their normal ionic size for clarity and have no physical
significance. The proteins and 5S-rRNA are omitted for clarity.
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ions, of the surrounding RNA conformation and Mg2+ coordination
geometry between the two 3D structures, which are separated by billions
of years of evolution.

(i) Effect on 3D structure. It is apparent that Mg>"(OP); complexes alone and
especially dual Mg bicycles and tricycles form unique structural entities
with rigidity, stability and forced dispositions of functional groups that
cannot be approximated by RNA alone or in conjunction with other ions.

(iii) Conservation in 2D. Paleo-Mg>* ions generally associate with the
most conserved 2D elements in TRNA and link these conserved 2D ele-
ments by electrostatic tertiary interactions. These elements are remote
in secondary structure. The relationship of paleo-Mg®" ions to
secondary structural elements of 23S-rRNA"™ is shown in Figure 1.7.
The secondary elements linked by paleo-Mg”>* ions are conserved
between bacteria and archea (see the next item), in the proposed sec-
ondary structures of eukaryotic’’ and some mitochondrial rRNAs,”®
and in a proposed minimal 23S-rRNA.”

(iv) Conservation of sequence. The base sequence of the RNA surrounding
paleo-Mg®" ions is highly conserved between the 23S rRNAs of
HM and TT. Where the sequences do differ, only purine to purine or
pyrimidine to pyrimidine substitutions are observed.

(V) Role in function. The locations of paleo-Mg>" ions appear to lend cri-
tical support to function (Figure 1.8). Ten paleo-Mg>* ions form a
loose ring around the peptidyl transfer center. Three paleo-Mg>" ions
are located by the exit of the peptide tunnel. Dual Mg®" bicycles and
tricycles D1, D2 and D4 flank the peptidyl transfer center, whereas D3
is located by the exit of the peptide tunnel.

(vi) Absence of protein ligands. Paleo-Mg”" ions are not coordinated by
protein ligands (Table 1.4), suggesting ancestry prior to development of
the ribosomal proteins.

(vil) Linkage with RNA conformation. Paleo-Mg>" ions, by nature of their
10-membered chelation cycles, impose constraints on RNA conforma-
tion and topology. The relationship between RNA conformation and
Mg** chelation is discussed below.

1.3.2.2.12 Mg** Avoids RNA Motifs. Chelation of Mg>* is coupled to
RNA conformation. Mg** ions select against canonical conformations such as
A-form helices and tetraloops. As noted by Moore® and others,®' folded RNA
is largely composed of a relatively small number of motifs such as A-helices,*
tetraloops,®> *® E-loop motifs,*” *' and kink-turns.’’*** RNA motifs are
essentially equivalent to RNA secondary structural units, that form early in
RNA folding processes. We have used multi-resolution data-mining approaches
to extend the definition of RNA motifs, to allow for deletions, insertions,
strand clips and topology switches.”* Formation of RNA motifs (secondary
structure) is not Mg>" dependent.

One can observe that Mg?" inner-shell complexes are apparently incompa-
tible with RNA tetraloops. In Figure 1.9, first-shell OP interactions with Mg**
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Figure 1.9 Multidenate M ¢>* binding selects against tetraloops. The secondary struc-
ture and Mg>" contacts of the 23S rRNA from HM are shown. Tetraloop
positions, as determined by Hsiao ez al.,* are indicated in blue. Mg®*—OP
interactions are indicated by circles. OP atoms that interact with Mg>" via
monodentate interactions are green circles. OP atoms that interact with
Mg”" via bidentate interactions are yellow circles. OP atoms that interact
with Mg?" via tridentate interactions are red circles.

are mapped on to the 23S-rRNA™™ secondary structure, as are the locations of
tetraloops.”® The sites of first-shell Mg>* coordination do not in general cor-
respond to the locations of the tetraloops.

This preference is supported by statistical results. Automated methods
allow one to count conformational states and determine their populations
(frequencies), locations and sequences. One can seek correlations between
frequency of occurrence of conformational states and locations of Mg>* ions.
23S-rRNAM™ can be partitioned into conformational states and grouped by
frequency. For example, various conformational states can be differentiated by
their torsion fingerprints. States with many occupants are motifs. States with
few occupants represent non-motif RNA (conformational-deviants). To help
determine if Mg?" interacts preferentially with motifs or with non-motif RNA
requires a comparison with a random binding model (see Appendix) that
assumes no preference of Mg®" binding to any residue or conformation over
another. We have used this method to calculate populations and then com-
pared the calculated with the observed populations. The results, illustrated in
Figure 1.10 and tabulated in Table Al in the Appendix, indicate that Mg®"
binds preferentially to non-motif RNA. The observed extent of binding to non-
motif RNA exceeds that predicted by the random model. The observed extent

94-96
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Figure 1.10 Mg”>" ions that form multiple bonds to RNA prefer conformational-

deviants. The observed populations of various binding states are indicated
by vertical arrows. The predicted propensity envelopes, obtained from a
random binding model that assumes no preference of Mg>" ion binding
for canonical versus deviant conformations are shown as solid, dashed and
dotted lines. p;(n) is the probability of n Mg** ions occupying state (i, ).
Predicted envelopes are shown for Mg** ions in state (2,0) with two bonds
to canonical RNA and none to a conformational-deviant, state (1,1) with
one bond to canonical and one bond to non-canonical RNA and (0,2)
with two bonds to conformational-deviants and none to canonical RNA.
The observed populations of states (2,0) and (1,1) are within or very close
to the predicted binding envelopes. The observed population in the (0,2)
state is far greater than predicted by the random binding envelope.

of binding to motif RNA, such as A-form helices and tetraloops, falls below
that predicted by a random binding model.

1.3.2.2.13 RNA Associated with Mg>" is Dispersed in Conformational Space.
The diversity of RNA conformation in the vicinity of Mg>*(OP),, is illu-
strated in Figure 1.11. The conformation of RNA acting as bidentate Mg*"
ligands is different from the conformation of other RNA, including RNA in
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Figure 1.11 Mg”" ions that form multiple bonds to RNA prefer conformational
deviants. Fragments of RNA that bind directly to Mg>* were super-
imposed. Each of these RNA fragments bind to Mg?* using the same
two atoms (O1 of residue i and OP2 of residue i+ 1). The backbone
atoms of the two residues linking to the Mg”" ions were used for the
superimposition. Mg?" jons are represented by green spheres. Other
Mg*>" ligands (water molecules) are omitted for clarity. From 23S-
rRNAMM,

the vicinities of other bidentate Mg®" ions. This result is consistent with
the observation of Klein er al. that Mg>" ions tend to bind to “highly idio-
syncratic binding sites in 23S RNA that are unlike any previously repor-
ted”.!" However, there are reports that in some cases Mg>" ions bind to
specific motifs such as non-Watson—Crick base pairs in the E-loop of the 5S
rRNA.Y

1.3.2.2.14 Mg>"—OP Energetics. Cations interact with nucleic acids by
both electrostatic and non-electrostatic interactions. Stability is influenced by
solvent screening and other ions and by entropic effects.?®*” % Entropic
gain by water release may, in some cases, be a dominant factor in binding,
especially for Mg?* (see below). High-level calculations underscore the
importance of non-electrostatic contributions, such as polarization and
charge transfer. For example, calculations by Rulisek and Sponer suggest
that inner-shell binding of Mg”* to the N7 position of a guanine significantly
reduces the energy of the outer-shell binding of the same Mg®>" to a



24 Chapter 1

phosphate group, due to polarization and charge transfer from Mg>* to gua-
nine.”® NLPB, molecular dynamics simulation and other computational
approaches generally assume that electrostatic interactions are the only sig-
nificant contribution to energy of binding. Some level of error should be
expected from these approximations.

The thermodynamic fingerprint for OP interactions with Mg>" is anomalous
in comparison with OP interactions with other divalent cations. For example,
the standard enthalpy of interaction of ATP in aqueous media with Mg*" is
small and positive.'”" Other divalent cations (Ca**, Mn?*, Zn*", etc.) give
negative enthalpies for this reaction. Thus, in water enthalpic factors are less
favorable for forming ATP complexes with Mg®" than with other divalent
cations. This effect is related to the large heat of hydration of Mg®". The
negative enthalpy of ATP-Mg>" interaction is offset by a larger negative
entropy of interaction of Mg>" with H,O. The magnitude of the entropic effect
is much greater for Mg>" than for other divalent cations. Thus, the association
of ATP with Mg>" is driven by entropy — arising from the release of water
molecules. This thermodynamic paradigm is specific to Mg>* and is applicable
to aqueous Mg *-OP interactions in general.

1.4 Experimental Methods for Determination
of Cation Positions in X-ray Structures

The solvent/ion environment in the vicinity of nucleic acids is difficult to fit
unambiguously to X-ray diffraction data. Solvent positions and species iden-
tified by X-ray diffraction should be considered to be approximations.'®
Monovalent cations in particular present non-trivial analytical challenges.
Sodium ions (Na™), potassium ions (K"), rubidium ions (Rb"), caesium ions
(Cs™), ammonium ions and water molecules, and even polyamines and divalent
cations, compete for overlapping sites adjacent on DNA and RNA 2103104 A
variety of species coexist and co-localize, giving partial and mixed occupancies. In
addition, Na™ and NH, scatter X-rays with nearly the same power as water or
partially occupied K. Therefore, it is not generally correct to exclude K™ in favor
of other species based on thermal factors. One can interchangeably fit H,O,
NH, ", Na*, K, efc., to many solvent peaks simply by adjusting or fitting
occupancy levels.

1.4.1 Group I

TI" was initially investigated as a K mimic in biological systems by R.J.P.
Williams ez al.'>'°° and others.' """ TI" can effectively replace K™ in diol
dehydratase, pyruvate kinase, some phosphatases and other enzymatic systems.
In X-ray diffraction experiments, the anomalous signal of TI" renders it a beacon
that circumvents the necessity for interpretation of subtle differences in coordi-
nation geometry and scattering power of K" versus Na™ versus H,O. More
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recently, T1* has been used as a K™ substitute in the catalytic mechanisms of
sodium—potassium pumps,''? fructose-1-6-bisphosphatase''® and pyruvate
kinase."'* TI™ has been shown to stabilize guanine quadruplexes in a manner
analogous to K* and ammonium.*'">'"® We have used TI" as a probe for
K™ in association with B-DNA'®'!7 and in DNA—drug complexes.''® Doudna
and co-workers used T1™ as a probe for K™ in the tetrahymena ribozyme P4-P6
domain."! Draper and co-workers used TI™ as a K™ probe in the structure of a
fragment of the 23S rRNA.'"" Correll ef al. used TI* as a K* probe in the
structure of the sarcin/ricin loop of the 23S rRNA.* TI1* was used by Caspar and
co-workers to determine counterion positions adjacent to insulin'**'?! and by
Gill and Eisenberg to determine the positions of ammonium ions in the binding
pocket of glutamine synthetase.'”> Rb* has also been used, with some success, as
a K™ substitute in DNA structures'**'?* and in ribosomal structures.''

1.4.2 Group II

In contrast to monovalent cations, Mg2+ ions can often be identified by
coordination geometry. As noted above, Mg>" is surrounded by dn octahedron
of first-shell ligands, generally oxygen atoms, with ligand to Mg** distances of
2.1A and ligand to ligand distances of 2.9 A (see Figure 1.1b). No other species
found in proximity to DNA/RNA has this geometric fingerprint. Mg>" ions
that appear to have coordination numbers of less than six are disordered
and/or partially occupied. Mg®" can generally be substituted by manganese
(Mn?™),7%125°128 which gives a useful anomalous signal.*'*” Cobalt hexamine is

a useful NMR probe for fully hydrated magnesium.'*%'3°

1.5 The Two Binding-mode Formalism

Cation associations with nucleic acids are commonly ascribed to one of two
modes, site-bound or non-speciﬁc.18’19’29’35’58’97’119’13"*142 This formalism is, at
its core, a thermodynamic construct. Yet one constantly strives to interpret and
extend this model in terms of three-dimensional structures and theoretical
models. In fact, the definitions of the site-bound and non-specific modes are
variable, depending on the application and context. It is important to under-
stand that that the various definitions are not necessarily self-consistent; an ion
can be site bound by one definition and diffusely bound by another. It seems
clear that further progress will be aided by concise definitions of terms. Here we
list what we believe are the consensus definitions of site-bound and non-specific
ions in various contexts.

1.5.1 Thermodynamic/Kinetic Definition

Non-specific cations are found in diffuse ‘ion clouds’ and ‘ion-atmospheres’.
Ions on the outer reaches of an atmosphere interact weakly with the nucleic
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acid, whereas the inner cations interact strongly. Their integrated contri-
bution to stability is large. These ions retain mobility and are exchangeable
for a broad array of alternative ion types. Alternatively, site-bound cations
localize in confined volumes with highly favorable enthalpies but at the cost
of an entropic penalty (note that the contributions from water release can
switch the signs of both effects). Site-bound ions show significantly reduced
mobility compared with bulk aqueous ions and cannot be replaced by alter-
native ionic species.

1.5.2 Structural Definition

Non-specific cations retain water molecules as inner-sphere ligands. These
cations are not closely associated with specific nucleic acid functional groups.
Non-specific cations are not dependent on specific geometric dispositions of
DNA/RNA functional groups. Site-binding is associated with inner-sphere
coordination and especially with multidentate interactions (chelation). Site
bound ions have lost one or more first-shell water molecules. Multidentate
complexes, particularly with Mg*, require specific geometric dispositions of
the RNA/DNA functional groups and can impose special conformational
restraints on RNA/DNA. Multidentate Mg?* interactions can stabilize con-
formational states that are otherwise unfavorable. Cis-bidentate Mg>* binding
brings OP atoms into van der Waals contact. Draper has discussed an inter-
mediate binding mode called ‘water-positioned” cations.™

1.5.3 Computational Definition

The non-specific and site-bound categories have specific definitions and prac-
tical consequences in NLPB theory,?’** in which electrostatic energies are com-
puted from detailed atomic structures. Chapter 9 discusses computational
approaches to understanding long-range electrostatic forces. Chapter 6 discusses
the application of NLPB to Mg>" and RNA folding. Here it is sufficient to
know that NLPB is a continuum solvent model for treating electrostatic inter-
actions. The electrostatic free energy is computed for empty sites plus the free
cations and again for filled sites. Non-specific ions are treated non-atomistically,
as a continuum that is distinct from the RNA/DNA, with intrinsically incorpo-
rated entropy. Specifically bound ions are generally treated as discrete enti-
ties. The entropy of site binding is not incorporated automatically. A specific
binding site is distinguished from a region of diffuse binding by a small con-
finement volume and a large occupation probability per unit volume. A specific
binding site is restricted to two occupational states, namely occupied or empty,
with no partial occupancy permitted. A bound cation is regarded as fixed and part
of the fixed charge array of the polyion, rather than part of the diffuse ion
atmosphere.
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1.5.4 Breaking the Two Binding-mode Formalism

The two binding-mode formalism may provide reasonably satisfactory descrip-
tions of the interactions of Mg>" with nucleic acids. However, for group I cations
we believe that this formalism is not generally useful and is probably mis-
leading. For group I cations the distinction between site- and non-specific
binding is commonly blurred. At one limit, monovalent cations fully conform to
the conventional site-bound description in association with G-quadruplexes,*' ¢
with Draper’s 58 nucleotide rRNA fragment'' and with the AA platform
of the RNA tetraloop receptor.' At the other limit, a subset of fully hydrated
group I cations is held in loose association with double helical RNA
and DNA.

However, group I ions commonly exhibit intermediate behavior, with a mix of
site-bound and non-specific characteristics. Ions appear site bound in that they
form inner-shell complexes, with up to four nucleic acid ligands.¢:103:104.123.124
Some of these ions appear non-specific in that they retain significant mobility,
switching readily between coordination environments, with residence times from
10 ns to 100 ps,'** and are exchangeable between a broad array of alternative ion
types, including polyamines.®!-103-104.123.144

DNA ligands of group I ions are uncharged base oxygens and nitrogens,
which fall in overlapping arrays along the floors of helical grooves. Therefore,
the activation energies and the changes in free energies for the transitions from
one site to the next are nominal. Group I cations can transit along the major
groove, from say N7/06 to N7/O6 of adjacent guanines, or along the minor
groove B-form A-tract without much of an activation barrier or change in free
energy (discussed in Chapter 3). The free energies required to alter coordination
geometry and coordination number are small in magnitude. Nucleic acids offer
competing isoenergetic binding sites with varying numbers and geometries of
first-shell ligands. In sum, differences in coordination chemistry suggest a
continuum between site-bound and diffuse modes for Na™ and K™ and a clear
demarcation for Mg>".

1.6 Reaction Coordinates for RNA Folding
1.6.1 The Utility of 3D Databases for Determining Mechanism

Crystal structures, when averaged, can provide excellent predictions of solution
behavior. It has been observed that relative populations over a large number of
crystal structures reflect populations and relative energies in solution.'#>'4¢
Structural databases allow determination of averages and deviations of bond
and hydrogen bond lengths, bond angles and dihedrals.'*""'** Structural data-
bases also allow the determination of coordination sphere geometry,”* ’> reac-
tion coordinates and transition pathways.”®!4%153

Burgi and Dunitz used data-mining of crystal structures to determine
reaction coordinates for simple organic reactions.'*13%15% Similarly, reaction
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coordinates for conformational transition reaction coordinates'> and along
folding reaction coordinates'>> have been determined for biological polymers.

1.6.2 Mg?>"—RNA Complexes Report on Folding Intermediates

As noted in previous sections, in ground-state crystal structures of large RNAs OP
atoms of Mg”"(OP), complexes tend to be from neighboring residues (i.e. A= 1 is
most probable). Further, RNA in Mg?*(OP), complexes is conformationally
polymorphic [i.e. Mg>*(OP), complexes are conformational deviants].

Does one expect to capture such complexes within a large folded RNA? Yes,
if Mg?*(OP), complexes form preferentially with single-stranded regions of
RNA folding intermediates. Adjacent residues along a single-stranded (i.e.
flexible) RNA chain achieve close proximity with greatest probability,'*® and
are conformationally most polymorphic. Adjacent residues along a double-
stranded (i.e. relatively rigid) RNA chain achieve close proximity with lower
probability and are conformationally homogeneous.

Hence, the combined data suggest that much of Mg?* binding to folding
intermediates (i) is local, (ii) occurs in flexible, single-stranded regions, (iii) dam-
pens flexibility and decreases the available number of conformational states and
(iv) is fast on the time-scale of large-amplitude RNA conformational change.
However, a subset of Mg>" ions stitch together RNA elements that are remote in
primary sequence (i.e. are distant along the backbone). During RNA folding, such
electrostatic tertiary interactions may form after many base-base tertiary inter-
actions. A summary of this RNA folding model is shown in Figure 1.12. Support
for this general mechanism is provided by results of Woodson and co-workers,'®’
who concluded that Mg®" ions dampen the dynamics of RNA folding inter-
mediates. Chapter 6 discusses restriction of RNA conformational fluctuations by
Mg** ions. The mechanism here is consistent with preferential binding of Mg>" to
ssRNA over dsRNA as observed experimentally in solution,'*® even though that
preference is counter to the predictions of polyelectrolyte theory.'®!%

Appendix

Statistical Analysis of Mg>*—RNA Interactions: Conformational
Motifs Versus Conformational Deviants

An Mg>" with i bonds to conformational motif(s) and j bonds to conformatio-
nal deviant(s) [i.e. Mg?t(RNA)i+/] is said to be in state (i,j). With a geome-
tric algorithm we determined n;}”s, the number of observed Mg”>" ions in
23S-rRNAM™ ip each state (i,)). The results, summarized in Table Al, indicate,
for example, that 25 Mg>" ions are observed in state (0,0) [i.e. Mg*> " (RNA),_o].
These Mg ions are fully hydrated and do not form bonds to RNA in either
canonical or non-canonical conformations. Thirty-three Mg>" ions form a single

bond to RNA [Mg?*(RNA),_o]. Twenty of those Mg>" ions bond to RNA in
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W -

Random Coil

Intermediate 1:
Secondary Structure
Collapse
Base-Base Tertiary Interactions (partial)

Intermediate 2:
Local Mg2+ Coordination

Folded RNA
Electrostatic Tertiary Interactions
Base-BaseTertiary Interactions

Figure 1.12 Simplified mechanism of RNA folding. The first step of RNA folding is
Na*- (or K*-) dependent. In this step, secondary structure forms, along
with some tertiary structure (solid lines). The second step is Mg>"-depen-
dent. In this step, local Mg®>"(OP), chelation occurs (short dashed lines),
preferentially at single-stranded regions. This Mg?* binding dampens
conformational fluctuations of the single-stranded regions. The third step
forms electrostatic tertiary interactions (long dashed lines), which are Mg>"
mediated interactions between OPs that are remote in primary structure. At
the same time, the final tertiary interactions are locked into place.

canonical conformations (n{s°=20) and 13 of them bond to RNA in non-
canonical conformations (n3;* = 13), etc.
To help determine if Mg”" interacts preferentially with conformational

motifs or with conformational deviants, we formulated a random binding
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Table A1 Observed and calculated probabilities of Mg>" interaction with
conformational motifs and conformational deviants.

State” Observed Calculated
n[a/hy ntc/a:[:u Gflak I//O_(alz b
Monodentate Mg>"(RNA), (0,0) 25 25 4.4 0.0
Mg>"(RNA),  (1,0) 20 15 3.6 1.5
Mg>*(RNA),  (0,1)° 13 5 2.2 3.6
Bidentate Mg?"(RNA), (2,0 16 8 2.8 2.9
Mg>*(RNA),  (1,1) 10 6 2.4 1.7
Mg?"(RNA),  (0,2)¢ 14 1 1.0 12.7
Tridentate Mg (RNA); (3,0) 0 5 2.2 -2.3
Mg*"(RNA);  (2,1) 3 5 22 -1.0
Mg”"(RNA);  (1,2) 4 2 1.3 1.6
Mg?*(RNA);  (0,3)° 5 0 0.45 10.4

;’)Stdte (i,7) contains i bonds to conformational motifs and j bonds to conformational deviants.

Aylog oéale— Z” Y ‘"")/af,”", which is the discrepancy between observation and calculation, nor-

mahzed to the standard deviation of the calculated probability envelope.
“Most significant deviations between model and observation.

model that assumes no preference of Mg>" binding to any given residue or
conformation over another. We use this model to compute populations of
states. We assume that the binding process occurs via a series of steps, where at
each step a bond is formed with probability py,. A total of n bonds requires n
binding steps, followed by a terminal non-bonding step. The final result is
essentially identical with that for a biased one-dimensional random walk. This
approach allows us to compute nf"é‘w, the average number of Mg ions in state
(iy/). In addition, we compute o7 call , the standard deviation of n;—’,’é‘;e. Finally, we

compute the statistical 51gn1ﬁcance of the difference between the observed and
calculated results (n"b‘ - ni,“i‘,,ﬁ)/al ¢alc The results are tabulated in Table Al and
Figure 1.10.

The combined results indicate that the observations are not well described by
the random model. In observed monodentate RNA complexes [i.e. Mg (RNA),],
Mg** ions are observed to form bonds with moderate preference for conforma-
tional deviants over conformational motifs. In observed multidentate complexes
[Mg>"(RNA), -], Mg>* binds with strong preference for conformational devi-
ants. Multidentate Mg>" [Mg”>"(RNA), - 1] does not bind randomly, but binds
with clear preference to conformational deviants. This preference is indicated by
uniformly positive values of (n"’“ — nf,”f,“,g)/ai”l‘ for Mg>" ions that form fewer
bonds to conformational motifs than conformational deviants [i.e. for states (0,1),
0,2), (1,2) and (0,3)]. The (0,2) and (0,3) states show the greatest statistical
deviations from the random model, with values of (n"bs - n;“fﬁ()/og?‘k of 12.7 and
10.4, respectively. For the (0,2) state, the random model predicts a population of 1
whereas the database actually contains 14. For the (0,3) state, the random model
predicts a population of zero while 23S-rRNAMM contains 5. We excluded Mg**
ions with more than three interactions, since there are very few of them and none
of the corresponding states are occupied by more than a single Mg>* ion



Complexes of Nucleic Acids with Group I and II Cations 31

Derivation of Functions Governing Random Mg”™"
Ion Binding to RNA

We begin by first deriving the probability that a given Mg”* has i canonical and
j non-canonical interactions. We say that such an Mg" is in state (i, /) and we
denote the probability of being in state (i, ) by p;;.

Let us assume that the binding process occurs via a series of steps, where
at each step a bond is formed with probability p,. For a total of n bonds
to form, there must be n binding steps, followed by a terminal nonbonding
step. The total probability is then py"(1 —py). Assuming that an Mg>" is
bonded n times, we can then ask what the probability is of it having i cano-
nical and j=n—1i non-canonical interactions. If f denotes the fraction of
canonical RNA, then the probability of binding to canonical RNA is f and
the probability of binding to non-canonical RNA is 1 —f. In the n=i+j
binding steps, i of the steps must be canonical bonds and j must be non-
canonical bonds. Hence there are (i+))!/i!j! distinct binding sequences
and since each sequence has a probability of /(1 =f)’, we obtain a total
probability of (i+/)!/i1j!f'(1 — £)’. Multiplying by the probability of forming n
bonds gives

piy = (i + DY (1= 1)y (1= py)

Consider the case of N Mg>" atoms interacting with the RNA molecule.
We may denote n; as the number of Mg>" jons in state (i,j). Let n=(ngo,
n10, Mo1, M2o, M11, Moo, -..) denote the vector of n; values. In principle, n can
take on any set of leues subject to the restrlctlon that > ,n;=N. We set
Py equal to the observed fraction of bonded Mg>"s in order to normalize n
to npo,ave-

Let P(n) denote the probability of obtaining the occupancy vector n. Note
that there are N!/I1;n;! ways of assigning states to the N Mg>" ions consistent
with the occupancy n. Since each such assignment has a probability ,,pZ” ,
we obtain

p(n) = (NV/Tyng )\p!

With this probability distribution in hand, we can now proceed to compute any
statistical quantity of interest to us. Here, we are interested in the following
quantities: (1) P;(n), the probability of n Mg>" ions being in state (i), (2)
Nave=(100.aves 110.aves 101.aves - - -) and (3) afj: n?i,m — nfzj,avg. To determine (2) and
(3), we consider the general case of evaluating f(n;) .. over the distribution
P(n), for some function f. Note that

I’l,] ,ave Zf nlj Z f(nlj)zp(n)
N n
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where the final summation is taken over all # consistent with the value n;;. Note
then that this sum is simply P;(n) and thus,

S (1) gy = Z S (ny) Pyi(ny)

To determine P;(n;), note that it is obtained by summing over all sequences
consistent with having n;; Mg>" ions in state (i, /). We can readily evaluate such
a sum as follows: There are N!/n (N — n;)! different ways of placing n;; Mg**
ions into state (i,/). The remaining N —n;; Mg>* ions can each be in any state
other than (i, /). Since the probability of being in state (i, /) is p;;, the probability
of being in any state other than (i,/) is 1 — p;;. Therefore, given a set of n;; Mg>*
ions in state (i,/)) and N —n; Mg>" ions in any other state, the probability of
the sequence is p;’ (1 — py) ;V ~". Multiplying by the number of ways of choosing
ny Mg”* ions to be in state (i, j), we obtain

njj N—nj;
Pi(ny) = [NV/ng! (N —ng)|pyf (1 = py) "
From this equation, it is a standard result that n; ., = Np; and ;= Np;
(I = p;). It may be noted that these results are identical with those for a biased
one-dimensional random walk.
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