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ABSTRACT

In this article, we review the structural chemistry of the alkali and alksiine carth metal cations
{Mg*", Na*, and K"} with three classes of biological macromolecule (profeins, nucieic acids, 2nd mem-
brane lipids). Emphasis is placed on crystailographically wellcharacterized examples that illustrate the
characteristic features of ligand type and coordination geometry that define the binding specificity and
fanctional role (structural or catalytic) of thess co-factors. Reflecting the availability of literature data, the
focus of the review is directed toward magnesium chemistry. Four classes of magnesin coordination site
{A-D) are defined according to whether the co-factor interacts predominantly with the protein or substrate,
and serves either a structural or catalytic role. The distinction between inner and outer coordination
modes is made. There is an apparent tendency for magnesium to bind to nucleic acids by extensive
hydrogen bonding from waters of hydration to heteroatoms on bases and the ribose-phosphate backbone,
while inner-sphere binding to proteins is promoted by the weil-defined chelating pockets defined by protein
residues. With regard to the functional role of the metal, the lability of these metal cofactors must be
considered in the context of enzyme mechanism, inasmuch as the most stable structural configuration is
not necessarily the competent coordination state for enzyme turnover. Oxygen ligation {from carboxylates,
hydroxyl, water, or phosphate fuactionality) is common, although coordination by N-7 of guanosine is
frequently observed in metal nucleotide structures in the solid state. In contrast to calcium-binding pro-
teins, no general binding motifs have been clearly identified for magnesium sites in preteins.

ABBREVIATIONS

Ad adenocsine

ADP adenosine diphosphate
ATP adenosine triphosphate
DNA deoxyribonucleic acid
ds double-stranded

F1,6BP fructose-1,6-bisphosphate
Fi,6BPase fructose-1,6-bisphosphatase
F2,6BP fructose-2,6-bisphosphate

FéeP fructose-6-phosphate

GTP guanosine triphosphate

dNMP deoxynucleotide menophosphate
PEP phosphoenolpyruvate

PFK phosphofructokinase

2PG 2-phosphoglycerate

RNA ribonucleic acid

Rubisco  ribulose-1,3-bisphosphate
RuBisCO ribulose-1,5-bisphosphate carboxylase.

1. INFRODUCTION

There is increasing interest in the chemistry of the alkali and alkaline earth
metals as structural and catalytic co-factors with proteins, enzymes, ribozymes, and
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polynucleotides [1,2]. To this end, it is important to identify the characteristic
features of ligand type and coerdination geometry that define the binding specificity
and functional role {structural or catalytic} of these co-factors. Previous crystallo-
graphic studies on calcium-binding proteins have demonstrated a sumber of common
structural motifs that define the calcium site, for example, the EF-hand toop domains
of reguiatory proteins {such as calinodulin, troponin €, and calbindin), and the
catalytic sites of hydrolytic enzymes {staphyloccocus nuclease, phospholipase A,). In
sharp contrast, the structural biochemisiry of the remaining bulk mineral ions (Na™,
K*, Mg?*) is less well defined, although all are involved in the stabilization and/or
activation of biological macromolecules. Only recently has a sufficiently large body
of structural data been made available that ailows some general commenis to be
made regarding magnesium binding sites on proieins and enzymnes. Binding sites for
K™ and Na* remain for the most part poorly defined as a result of the lower affinity
of proteins and nucleic acids for monovalent ions. In contrast, crystallographic
definition of Mg?* binding sites on oligonucleotides has been available for some
time. In this review we will summarize what is known concerning the coordination
environments of Mg?*, K* and Na* for both proteins and nucleic acids, and attempt
to identify the common structural principles that undeslie the efficient binding of
each. it will become evident that these are firmly grounded in the standard coordina-
tion chemistry established for each metal ion in solution and the solid state.

Magnesium tends to adopt octahedral coordination, with a marked preference
for oxygen ligands (carboxylates, phosphates, hydroxyls, carbonyls, water). Scdium
and potassium also adopt octahedral coordination, again showing a preference for
oxygen donor ligands, although potassium can expand its coordination number to
eight. Monovalent ions exhibit weak association to biological macromolecules and
serve predominantly as bulk electrolytes that stabilize surface charge on proteins
and nucleic acids. In contrast, divalent Mg?* binds with higher affinity
(K, =~ 10°-10° M ™1, often serving a specific structural or catalytic role.

We will review the structural chemisity of these alkali and alkaline earth metal
cations with three major classes of biological macromolecule (proteins, nucleic acids,
and membrane lipids). Reflecting the availability of literature data, we will focus
primarily on magnesium ion and emphasize crystallographically well-characterized
examples. Little or no emphasis will be placed on the functional chemistry of the
bound metal co-factor, while speculative analyses of low-resolution structural data
will be avoided.

2. PROTEINS AND ENZYMES

2.1 Proteins that bind predominantly one magnesium ion per subunit

In this section we will review some representative, and struciurally well-charac-
terized magnesiwm {and to a far lesser extent potassium) cootdination sites located
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in enzyme and protein pockets. Each site is illustrated and described in the accompa-
nying figures and iegends, and a brief background to each enzyme is described in
the text*. We will simply present some salient facts on protein binding domains and
will ieave the overview and analysis of underlying trends to the summary section at
the end of the review.

2.1.1 Preliminary comments on magnesium binding to ATP and substrate molecules
Given the relatively high affinity of ATP*~ for Mg®* (K, ~10°M™1) and
ADP?~ (K, ~ 10° M ™!}, and the abundance of intracellular Mg?* (~3 mM) [1,21,
it 1s not surprising that the metal chelates are the most commeon physiological forms
of these nucleotide substrates.

{3
o i__o__7p\o /Pi___o,_...—Ad

MgATP

Magnesium typically binds to the two terminal phosphates, either the B,y-phosphates
or a,f-phosphates, respectively, and promotes phosphoryl or nucleotidyl transfer
reactions [ 2]. In most ATP-binding enzymes, the major contributor to the binding
energy stems from hydrophobic interactions of the adenosine group with residues in
an enzyme pocket, while the magaesium center interacts weakly, if at all, with protein
side chains. Other proteins and enzymes that bind magnesium substrate complexes
may also show minimal direct coordination between the metal site and protein
residues. The affinity of the enzyme for Mg?*(aq) is again weak in these cases, and
so the protein does not provide an efficient binding domain for the divalent ion in
the absence of substrate. In summary, Table 3 at the end of the review attempts
clearly to delineate and classify proteins and enzymes that have intrinsic magnesivm
binding domains from those that bind the metal as a substrate complex.

2.1.2 Ha-ras p2l
Ras genes are DNA sequences encoding MgGTP binding proteins {G-proteins)
that are involved in mechanisms of cellular signal transduction. These constitute

* The figures usualty show all protein contacts to the metal cofactor and also indicate the nature of the
surrounding protein secondary structure in which a bound residue is found. Alpha helices and beta-
sheets are indicated by the Greek symbols 2 or §, respectively, and specific structural elements designated
by upper case letters or numerals, Intervening peptide domains linking secondary structure motifs are
also indicated.
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some of the few examples of magnesium-nucleotide-binding enzymes where protein
sidechains play a significant role in the direct coordination of Mg**. Fig. 1{a) and
{b) show the coordination environment of magnesium jon in Ha-ras p21 before and
after transfer of the p-phosphate of GTP. The structural changes that result from
hydrolysis of MgGTP {the distance between Mg?* and the hydroxyl of Thr33
doubles after phosphate transfer [3,4]), are important in regulating the function of
the protein [5]. In this case, magnesium both activates the hydrolysis of GTP and
stabilizes the resulting protein conformation.

(a)
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~
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Fig. 1. (a) The 1.35 A structure of the Ha-ras p21 GTP complex prior to hydrolysis. One of the boand
waters provides a bridge to Asp 57, the residue which replaces the y-phosphate. The secondary structure
of the proteip is indicated in the vicinity of the magnesium binding domain [5]. The inset shows bond
distances in A. Selected bond angles are noted in Table 4. (b) Ha-ras p21 after GTP hydrolysis. Asp 57
carboxylate takes up the position of the y-phosphate. Thr 35 (shown here replaced by a water) is uniikely
to bind to Mg** sincc the Mg?*~{HO—Thr) spacing doubics (o almost 4 A after phosphate transfer [5).
&t is possible that a water molecule bridges the threonine hydroxyl and magnesium, although there is no
direct evidence for this.
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2.1.3 Enolase
Enolase is a dimeric protein that catalyzes the interconversion of 2-phosphe-
glycerate and phosphoenolpyruvate. Each subunit requires magnesium for structural
integrity and catalysis [6-8]. Enzyme activation follows a defined sequence of steps.

COOH CO0OH
I enoinse |
HC-OPO}¥ —— C(C-OPO} +H,0
I Il
H,C-OH CH,

2-phosphogiycerate ghosphoenpipyruvals

First, magnesium ion binds at the structural site; second, the resulting conformational
change promotes substrate binding; and third, the substrate and enzyme pocket form
an in situ binding site for the catalytic metal ion [4]. Figure 2 shows the high affinity
conformational site with bound substrate {2-phosphoglycerate}. The catalytic metal
ion at the low affinity site was not co-crystallized with the protein.

2.14 Fructose-1,6-bisphosphatase
Fructose-1,6-bisphosphatase (F1,6BPase}, a tetramer with two metal binding
sites per 35000 Da subunit [9,10], is an important enzyme in the glycolytic pathway
{Scheme 1). It functions in tandem with phosphofructokinase, catalyzing the dephos-
phorylation of fructose-1,6-bisphosphate {the product of the phosphofructokinase
reaction). Figure 3 shows the active site of fructose-1,6-bisphosphatase co-crystallized
with the substrate anzlogue fructose-2,6-bisphosphate.

{peptide domain
betweet: ¢ B and a O) _
Asp 246 I
{peptide domain
bg;%mzcuanduﬂ) HC—OPO32'

Clu 295\ ,
2+ O’ICHZ

w,_/MS g

Asp 320
peptide domain L@
ween o D and & E} 2¢ _199
13 Me
o E
Fig. 2. The high affinity conformational site proposed for yeast enolase cocrystailized with 2-phosphoglyc-
erate. The magnesium-bound water is believed to be strongly polarized and basic enough to abstract a
proton from C-2 on the substrate [4]. Notice the unusual five-coordinate geometry of the magnesium ion

and the surrounding secondary structure that is dominated by random strand sequences iinking =-helices B,
C, D and E. The inset shows bond distances in A. Selected bond angles arc noted in Tablc 4.
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Fig. 3. The crystallographically defined magnesium binding site in fructose-1,6-bisphosphatase {isolated
from pig kidney). X represents the 2-phosphate of a substrate analogue {fructose-2,6-bisphosphate) that
was co-crystailized with the enzyme. The identity of the sixth ligand remains uncertain since no protein
sidechains or water molecules were observed within 4 A of the metal co-factor [97. The secondary structure
of the protein around the metal binding site is indicated [11]. The iaset shows bond distances in A,
Selected bond angles are noted in Table 4.

20,POCH, 0. CHOPO,* H,O FisBPase Y FO,POCH, 0 €H,CH

H OH H OH
H OH H OH
OH H OH H
fructose 1,6-bisphosphate fructose 6-phosphate

Scheme 1.

2.1.5 Alkaline phosphatase

Alkaline phosphatase (so called because it exhibits maximal activity ca. pH 8)
catalyzes hydrolysis of the terminal ¥-phosphate frorn DNA [12,13]. Each 47 kDa
subunit of the homodimer requires two zinc ions and one magnesiam for full catalytic
activity [14]. The binuclear zinc center forms the catalytic site and hydrolysis
proceeds by phosphorylation of a serine residue. Magnesium ion enbances the
catalytic activity of the enzyme by 20% [15], although there is no evidence for
direct participation in binding or catalysis [ 14]. Figure 4 shows how magnesium
appears to serve a minor structural role [14,15], hydrogen bonding the substrate
through the metal-bound water.

E + ROPO3%"- E + HPOZ~

E. ROPOZ- - E-POZ-
ROH H;
216 Che ¥
Bacterial chemotaxis is a motional response of bacteria to chemicat substances.
Four proteins are invoived in the transfer of a signal from the tnansducer (receptor
proteins in the membrane) to the flageflar motor by a pathway thiat involves protein
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Fig. 4. The magnesium ion in the active site of E. coli alkaline phosphatase is bridged to the catalytic
binuclear zinc site through Asp 51 [14]. Ia this case, magnesinm cross-links several secondary structure
motifs {28 sheets, I« hetix} [16]. The inset shows bond distances in A. Selected bond angles are noted
in Table 4.

phosphorylation. Che Y, which regulates the clockwise rotation of the flagelia (pro-
teinaceous tentacles that propel a bacterial cell at speeds of up to 50ums™!), is
activated by phosphorylation of Asp 57, while Asp 13 and Asp 12 appear to be of
importance for catalysis [17]. On the basis of one highly ordered solvent molecule,
Volz and Matsumura have proposed the structural model shown in Fig, 5 for the
essential magnesium co-factor [18].

2.1.7 Ribonuclease H
E. coli cibonuclease H (RNase H} is a 17.5 kDa monomeric endonuclease that
specifically cleaves the ribonucieotide strand of RNA DNA hybrids. Magnesium ion

{ e domain
P3andx3)
Asn 59
i domain
Asp 13 o & 1)
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20,80
e
w £
32 Mgt 230
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w®E

Fig. 5. The metal binding site of Che Y shows a bound suifate that co-crystallized from solution. The
active site magnesivm was identified in the 1.7A resoletion electron density map through the presence of
a highly ordered solvent molecule located in the most likely position for a magnesium ion. An additional
metal-bound solvent water was not identified in the crystal structure but is likely to be present since the
remaining ligands show 2 regular octahedral coordination geometry [ 18], The inset shows bond distances
in A. Selected bond angles are noted in Table 4.
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is an essential co-factor for enzyme activity with a proposed binding domain compris-
ing two Asp and one Glu residue(s) [191. There is a large degree of structusal
homology and identity of active site residues with the RNase H domain of retroviral
reverse transcriptase [ 20-22].

2.2 Proteins that bind multiple magnesium ions per subunit

Many protein kinases, for example phosphoglycerate kinase [23], pyruvate
kinase [24], adenylate kinase [25], and hexokinase [26,27] weakly bind a second
Mg?* in addition to MgATP. The function of this second metal ion is unclear but
may contribute to the maintenance of structural integrity at the active site {e.g.
phosphofructokinase), or possibly lower the activation barrier for group transfer {e.g.
phosphoryl transfer by phosphoglycerate kinase}. The most thoroughly characterized
examples are described below.

2.2.1 Xylose (glucose } isomerase
Xylose (glucose) isomerase is a tetrameric enzyme made up of four identical
43000 Da subunits. Two metal ions appear to bind per subupit with an inter-
magnesium distance of less than 5 A [28].

CHO CH,0H
H(lJ—OH <|:=0
HO—(IZH 2plose | Mg HO—(|:H

H(IZ—OH H(lj—OH

(|3H20H (|IH30H
aldose D-xylose Ketase D-xylose

On the basis of crystallographic evidence, the coordination geometry at one site
{metal 1) appears to switch from tetrahedral to octahedral after substrate binding
{Fig. 6(a) and (b)), while the second site (metal 2} maintains the same inner coordina-
tion sphere whether or not substrate is present (Fig. 6{c) and (d)} [29]. This is
consistent with the 1,2 hydride shift mechanism proposed previously [31]. As might
be anticipated, there is some confusion as to whether the first site is actually tetrahe-
dral (Fig. 6(b)), or possibly penta- or hexacoordinate. If the former, this will represent
one of the few characterized examples of a tetrahedrally coordinated Mg2* ion,

2.2.2 Phosphofructokinase
Phosphofructokinase is an o, f, tetramer that catalyzes the phosphorylation
of fructose-6-phosphate to yield fructose-1,6-bisphosphate by phosphoryl transfer
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from MgATP. The enzyme contains both catalytic {8) and regulatory (o) subunits.
Each 35 kDa subunit possesses three Mg?* binding sites. The subsirate binding site
{fructose é-phosphate} and the MgATP binding site are located in the catalytic
domain. A thitd allosteric site binds either MgADP or phosphoenolpyruvate, Two

2:05,POCH, (o] CHOH ATP ADP 20,POCH, O\CHzopoaz-
H OH NS H  OH
H CH H QH
OH H OH H
fructose 6-phosphate fructose 1,6-bisphosphate

magnesium ions have been identified with the catalytic domain {see Fig. 7(a)), while
the third allosteric site is located at the interface of the o,f subunits (Fig. 7{b)) [32].

2.2.3 Pyruvate kinase
Pyruvate kinase catalyzes the conversion of phosphoenolpyruvate to pyruvate
by transfer of phosphoryl to ADP. The reaction favors ATP formation and is
essentially irreversible. The enzyme requires one monovalent cation {K*) and two
magnesium 1ons [one complexed to ADP/ATP (Fig. 8(b)), while the other is enzyme
bound (Fig. 8(ap] [33,34].

oo~ ADP pyruvate ATP coo-
Pl =
ﬁ-—-OPO, - =0
CH, CHy
phosphoenclpyruvate pyruvate

2.24 Ribulose-1,5-bisphosphate carboxylase
Ribulose-1,5-bisphosphate carboxylase (RuBisCO) is one of the most abundant
enzymes in nature, constituting up to 50% of the soluble protein in leaves. This
bifunctional protein catalyzes the initial steps of two distinct reaction pathways.

Fig. 6. {a) Metal site 1 of xylose isomerase from Actinoplanes missouriensis showing the bound substrate
(aldose b-xylose). Giu 217 bridges the two Mg?* ions that form the active site [see ()] both with and
without bound substzate (see (a})—{d}) [ 28,31 ]. The secondary structure of the surrounding protein matrix
is predominantly S-sheet [30], cross-linked by Mg®*. (b} Mectal site 1 in the abisence of substrate. No
water molecutes were located within 3 A and the sitc appears tetrabedral [28,30,311. This is one of the few
examples of a protein-bound magnesium ion that adopts tetrahedral coordinatiop. (¢} Metal site 2 with
bound substrate {aldose D-xylose). In conirast to site 1, this ion does not change geometry or tigands as
a result of substrate binding [28,30,31]. (d) Metal site 2 in the absence of bound subistrate. Residue Gilu 217
bridges the metal sites {sec {a}{d)) while the carboxylate of Asp 255 chelates the metai in the absence of
substrate [28,30,31].
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Fig. 7. {a) The closed form of the catalytic site of £. cofi phosphofiuctokinase after product release. Asp 129

is hydrogen bonded to the waters of hydration [32]. {b) The effector site (site three} in E. coli phosphofruc-
tokinase with the allosteric activator, ADP. Note that Gly 185 is bound to the inagnesium through the

backbone carbonyl [32].

CH,0PO;"
|
C=0 CH,OPO%-
I _ I
HC—OH RuBCO 2 HC-OH
r o |
HC—-OH CO0O-
|
CH,0P0O}”
3-phosphoglycerate

ribulose 1.5-biphosphate

First, in the “dark” reactions of photosynthetic pathways the carboxylation of
ribulose-1,5-bisphosphate yields two molecules of 3-phosphoglycerate. The magne-
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(a)
?
Ala 297
Arg 293 MgZ/ 2'031"‘0- enolpyruvate
Glu 271
?
®)
?
Ser 242
enolpyruvate- OPQ,? ~—Mg? O\ ; L
Asp 112 o

o]
0'\..\?/
< N

Fig. 8. {a} Part of the coordination envircnment for the enzyme-boubd magnesium ion in the active site
of pyruvate kinase, also showing bound substrate. Both Arg 293 and Ala 292 bind to the ion through
backbone carbonyls. The precise coordination deteils of the cisftrans orientations of the ligands are
vocettain [34,35]. The coordipation sphere should be regarded as a good schematic illustration of the
bound ligands. (b) The nuclectide binding site in skeletal muscle pyruvate kinase. This site is linked to
the enzyme binding site (Fig. 8(a)) through the phospheenolpyruvate molecule. Agaio, the precise details
of the coordinatior geometry are uncertain {34].

sium ion stabilizes the intermediate carbamate following carboxylation of a lysine
residue by CO,. Secondly, the enzyme oxidizes ribulose-1,5-bisphosphate to give
phosphoglycolate and 3-phosphoglycerate in photorespiration [ 36,37,39]. Figure 9(a)
and {b) show the coordination environment of the ternary complex and the quar-
ternary complex, respectively. Magnesium binds to the enzyme only after carbamate
formation. Subsequently, substrate can favorably bind to this activated enzyme
complex.

2.2.5 Glutamine synthetase
Glutamine synthetase is a complex enzyme comprising 12 ideatical 51 kDa
subunits and six active sites [41-43]. Two metal ions, with an intersite spacing of
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{peptide domain ?

between B2and o )

Fig. 9. (a) The active site of RuBisCO ifrom R. rubrum) showing the coordination sphere of magnesivm
ion prior 1o substrate binding to the activated enzyme. His 287 hydrogen bonds to metal-bound water.
At the current Hmit of resolution it is not clear whether the nitrogen or oxygen on Asn 111 is bound to
magnaesium [ 38], although (a priori) one might expect oxygen ligation. Note also the predominsnce of
B-sheet structure defining the metal binding site [40]. Rb = Rubisco. The inset shows bond distances in A.
Selected bond angles are noted im Tabled. {b) Active site coordination geometry after substrate
{ribulose-1,5-bisphosphate) binding and carboxylation of Lys 191 to form the activated carbamate. The
sixth site has not been clearly identified. Glu 194 moves to a distance greater than 2.7 A from the magne-
sivm ion, but may hydrogen bond to a bound water molecule [ 38,407

58 A (illustrated in Fig. 10{a) and (b)), are required for optimal activation of each
subunit [41]. The enzyme is important for the regulation of cellular nitrogen metabo-
lism, catalyzing the condensation of ammonia and glutamate to form glutamine. The
crystallographic data shown in Fig. 10(a) and {b) were obtained on a Min?* derivative,
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Fig. 10. {(a} Structural detaiis of the manganese derivative of glutamine synthetase (isolated from
S. typhimuriwm) showing the ipner enzyme-bound metal that forms part of the substrate binding site, One
of the coordinated waters forms 2 bridge between the two metal sites (Fig. 16(b)). Glu 226 chelates as a
bidentate ligand [44]. The inset shows bond distances in A. (b} The outer magnesium binding site of
glutamine synthetase {again identified as the manganese derivative). This site is the most likely location
for MgATP, aithough the ATP ligand was not cocrystailized in this structure. A coordinated water
molecuale bridges the two metal ions. Either Glu 357 or Glu 129 serves as a bidentate ligand {Gle 357 is
assumed for illustrative putposes) since in both cases the second carboxylate oxygen atoms fie 3.3 A from
the manganese ion. Note that a histidine nitrogen binds directly to the manganese ion [44]. It is not
clear if His would bind to Mg?* in this manncr. The inset shows bond distances in A.

o
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2.2.6 3,5'-Exonuctease domain of DN A polymerase 1

The 103 kDa Klenow fragment of DNA polymerase 1 contains both 5,3'-polym-
erase and 3',5-exonuclease activities. These two domains function synchronously to
provide error-free primed synthesis of DNA. The exonuclease site is located approxi-
mately 30 A from the polymerase site [45]. The exonuclease domain binds at least
two (Fig. 11), and possibly three divalent metal ions. Zinc is believed to bind at the
higher affinity tetra- or pentacocrdinate site (site A), while site B appears to be
occupied either by a penta- or hexacoordinate magnesivm ion [46]. The binding
domain for the putative third metal ion is poorly defined.

{&F
Asp 501
ide domain
Glu 357 Sbreen 2 and B
w AL 62
T Asp 355
w
R I /
| 0 B W
o .-';‘
\p\ /

o/ o
| w
R

Fig. 11. The 3-5-exonuclease site in the Klenow frapment of E. coli DNA polymerase I [46], Site B site
(betieved to be either penta- or hexacoordinate) is most likely a magnesivin binding site. Site A (ietra- or
pentacoordinate) maintains a high affinity for divalent zinc ions. Ion B is believed to activate the phospho-
diester bond toward nucleophilic atiack while promoting the departure of the 3'-oxygen. The carboxylate
oxygens of Asp 355 bridge sites A and B [47]. The weakiy bound magnesium (site B} was only identified
in the presence of ANMP [4648.49].
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2.3 Potassium-activated enzymes

The importance of potassium ion for activation of enzymes was first recognized
in the early 1940s during studies on pyravate kinase. Since then, many enzymes have
been shown to exhibit either a structural {e.g. S-galactosidase [50)) or catalyiic
dependence on K. In the case of pyruvate kinase, potassivm appears to stabilize
the enolate intermediate and may also aid in the alignment of the phoshory! group
for nucleophilic attack (Fig. 12) [ 51,52]. In comparison with Mg *, the lower charge
density of K™ results in low binding affinities to proteins and poor Lewis acidity.
Consequently, K™ typically serves as a biological electrolyte with few weli-defined
protein binding sites, but can also play a secondary role in catalysis and the mainte-
nance of structural integrity.

3. METAL IONS AND MEMBRANES

Both alkali and alkaline earth metals stabilize biological membranes by charge
neutralization after cross-linking the carboxylated and phosphorylated head groups
of lipids. Metal ion binding raises the temperature of the phase transition and
becomes more prominent with increasing charge on the cation [ 54]. In this context,
metal ions also regulate endo- and exocytosis by influencing the fluidity and stability
of membranes ' 55]. The bound cations also lower the permeability of the membrane
toward water, aiding in the osmotic regulation of solvent transfer across the mem-
brane [ 56], and inhibit chemical degradation. There is evidence for selective binding
of Mg?*, Ca?*, Fe**, and Ni®* at the membrane surface (Table 1). Surface binding
of potentially toxic trace transition metal ions also forms part of a cells defence
mechanism, while the influence of metal ions on membrane structure has important
implications for the function of lipoproteins apd ion channels.

4 METAL NUCLEQTIDE BINDING DOMAINS

Thus far we have not clearly distinguished the iwo principal binding modes
for a metal ion with a biological molecule. These are indirect (outer sphere) associa-

Thr 327

Fig. 12. A proposed binding site for the potassivm ion in skeletal muscle pyruvate kinase. The identity
of additional binding residues and the precise details of the coordination arrangemnent are unclear [341.
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TABLE 1

Metal uptake by cell walls and membranes*®

Organism Component Na* K* Mgt  Ca’* Ma*t  Fe't
B. subtilis Wail 270 194 8.22 040 08¢ 3.58
B. licheniformis  Wall 0.91 056 040 059  0.66 0.76

E. coli-AB264 Peptidoglycan layer 0290 0060 0035 0038 G052 0010
E. coli-AB264 Outer membrane 0081 0025 0019 0020 0012 0233

E. coli-AB264 Cell envelope 0042 0082 256 0035 0140 0200
*umol metal {mg dry weight)™ L.
See ref, 53.
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Mg Mg
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tion by hydrogen bond formation to solvent waters in the hydration sphere of the
metal ion, and direct (inner sphere) coordination of a ligand to the metal center.
Beth modes of association have been identified in X-ray crystallographic studies of
metal-oligonucleotide complexes. Outer sphere binding appears to be particularly
common for interactions of magnesium ion, which adopts a regular octahedsal
hydration sphere with a Mg?*—~H, O bond distance close to 2.0 A, and oligonucleo-
tides [57]. To distinguish clearly Mg?* from the isostructural Na* ion, or to
demonstrate direct coordination of a metal jon to a biological ligand, requires X-ray
crystallographic data with a resolution of at least 1.5 A. Beyond this limit, magnesium
and sodium ions cannot be differentiated and each may be mistaken for solvent
molecules.

As for proteins, most structural information on oligonucleotide complexes has
been obtained for magnesium binding sites. Although the reguiar octahedrail geome-
try is dominant, we shall see examples where magnesivim forms ion clusters through
bridging water molecules, and ligand loss resulting from steric restrictions. Usually,
the favored sites for direci coordination to magnesium are phosphate oxygen and
(surprisingly) N-7 of guanosine. Magnesium ion normaily serves a structural role by
stabilizing the sugar—phosphate backbone of oligonucleotides; however, a catalytic
role is also likely for the reactions of ribozymes. In this section, we will review some
characteristics of Mg®* and Na* binding sites on oligonucleotides. Most of the
available information has been deduced from a relatively small pumber of high-
resolution structures.



C.B. Black et al /Coord. Chem. Rev. 135/136 (1994) 165-202 183

4.1 Magnesium—DN A complexes

4.1.1 Outer sphere coordination

An octahedral hexahydrated magnesium ion has been identified on the Z-DNA
obtained from a d{CGCGTG) sequence [58]. Three waters of hydration form
hydrogen bonds with the wobble base pair G8T3. Two other water molecules were
found to hydrogen bond to the sngar phosphate backbone of an adjacent base
residue. Figure 13 shows the structural detail of the magnesium complex associated
with the base pair GT, while Fig. 14 illustrates the corresponding magnesivm binding
site at the base pair G8CS5 of the complementary Z-DNA oligomer d{CGCGCG)
[59]. In the latter case, the aquated magnesium ion moved somewhat closer to the
purine residue and only two Mg?*-bound water molecules were able to hydrogen
bond to the G8C5 base pair. The Mg(H,0)%2" ion forms an additional H-bond to
the O-6 atom of G4 in the neighboring base pair G4C9. A symmetry-related hydrated
magnesium ion was also noted in the same DNA complex [59], which forms a single
H-bond to the oxygen of P10. The DNA oligomer d{CGCGFGQG), where F represents
a fluorinated uridine, provides a related example with a Mg{H,O}2* binding site
located at a similar position to those found with d{CGCGTG) and d(CGCGCG),
although the H-bond patterns from the complexed waters and the corresponding
wobble base pair (F5G8) are different [60]. For example, Fig. 15 shows that one

T

Fig. 13. Schematic diagram of the magnesivm ion complex with the wobble base pair GT in diCGCGTG).
Hydrogen bonds are indicated by broken lines and the distances (in A) are dcfined by the oxygen—oxygen
internuclear spacing. Water molecules are represented by W and the backbone phosphate by OPQO.
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Fig. 14. Magnesium ion complex with a GC base paiy in d{CGCGCG). Phosphate oxygens are indicated
by PQ. The residue name and number are indicated in parentheses.

water molecule forms two H-bonds to O-4 of 5-FU and O-6 of G8, respectively,
while a second water molecule forms two H-bonds to O-6 and N-7 on the same
base G8. It has been suggested that the observed differences for complexation of
Mg{H,0)2" io the d(CGCGFG) and d{CGCGTG) oligonucleotides may be related
to the distinct solvent organization in the vicinity of the fluorine atom of S-fluorouri-
dine versus the methyl group of thymidine [3].

Recently, a detailed study of the magnesium binding sites on the Z-DNA duplex
obtained from d{CGCGCG) has been reported [61]. Five distinct binding environ-
ments for Mg{H,O)2" (labeled as A, A’, B, B and B"} were identified {Fig. 16). At
site A, the hydrated magnesivm ion forms four H-bonds to three successive phos-
phates (P8, P9 and P10) along one strand of DNA. The symmetry-related complex
at site A’ is also H-bonded to the phosphate oxygen of P5 and the ribose O-4" of
(G6. Magnesium ion at site B is located at the enirance of the minor groove and
bridges the two strands of the phosphate backbone. Three coordinated water mole-
cules from the ion at site B are H-bonded to phosphate oxygens (P6 and P10).
Site B’ is located on the convex surface of the Z-DDNA major groove. The hydrated
magnesitm ion forms H-bonds to two G residues from complementary strands; G-6
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Fig. 15. Magnesinm ion complex with the wobble base pair FG in d({CGCGFG). Hydrogen bonds are
indicated by broken lines and the distances (in A} ate defined by the oxygen—oxygen internuclear spacing,

of G4 and N-7 of G8. The metal center at site B” is rather distant from the DNA
and only one H-bond is directed toward a phosphate group (P35). Figure 16 summa-
rizes the coordination environment for each of these bound ions and shows the
radial projection of the magnesivm binding sites on the Z-DNA from the
HCGCGCG]) nucleotide sequence. Although several of these sites may be unique to
the crystal form, it has been suggested that the magnesium complexes A and B mighi
also exist in solution. In addition to these Mg(H,O)2* sites, five clusters of multiple
magnesium centers were also identified in this DNA oligomer. These will be discussed
in Sect. 4.1.3,

In a crystal lattice, magnesium ions are found to form not only intramolecular
complexes with DNA oligomers, but may also form intermolecular links te neighbor-
ing molecules. For example, the crystal structure of the B-DNA sequence
d(CGATTAATCG) shows a magnesium ion that links two helices [62]. Figure 17
shows two magnesium-bound water molecules that form hydrogen bonds to N-3 of
Al17 and O-2 of TS in one helix, while two additional water molecules hydrogen
bond to the phosphate oxygens of A3 in an adjacent DNA molecule. This kind of
intermolecular interaction has also beer noted in the crystal siructure of a chiral
phosphorothioaie {R-form) analogue of B-DNA R-d[G(SICG(SYCG(S)C] [63].
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(a)

-180°

Fig. 16. (a) Radial projection of the magnesium ion complexes in d{CGCGCG). Hydrogen bonds between
the ion coraplex and oligonucieotide are indicated by a thin solid line, while coordinatiop between the
tigands and the magnesium ion is indicated by heavy bars [adapted from ref 617.

4.1.2 Iner sphere coordination

The examples above illustrate outer sphere binding of magnesiuth ion to
oligonucleotides by formation of a hydrogen-bond network from coordinated water
molecules. However, direct inner-sphere binding has also been observed in X-ray
crystallographic data. For example, the structure of the methylated hexamer
d(m* CGTAm* CG) shows one magnesium ion octahedrally coordinated to five water
molecules and one phosphate oxygen of G2 [64]. It retains a regular octahedral
geometry with Mg-OH, and Mg-phosphate distances of 2.0 A. Figure 18 shows that
two of the associated water molecules alse form hydrogen bonds to neighboning
backbone phosphates.

4.1.3 Magnesium clusters
Figure 18 shows two symmetry-related cation clusters that have been identified
in the crystal structure of d{m>CGTAm>CG} [64]. Each cluster contains four cations,
either magnesium or sodium, coordinated by water molecules in a slightly distorted
octabedral environment. Magnesium ion typically adopts a regular octahedral geom-
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ternuclear spacing. Bond distances aze measured from the protein data bank. Selected bond angles are

listed in Table 5.

etry with a magnesivm-oxygen distance of 2 A, while sodium ion é)ften shows distor-
tions from regular octahedral symmetry and varable sodiumi-oxygen distances
ranging from 2.3 to 2.7 A. On this basis, it has been suggested thatLtwo of the cations

in the clusters A and A’ are likely to be Mg?* (indicated in Fi

. 18(b)). Mg2* in
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cluster A on the convex side of the major groove binds to N-7 of guanine, while the
other ion (in cluster A’} is directly coordinated to phosphate oxygen. The two outer
octahedrally coordinated ions share edges with the two central octahedra, which
themselves share a common face. The cluster on the convex side forms four H-bonds
to nucleotide bases, while the ion cluster on the groove side forms H-bonds only fo
the phosphate backbone. [t is interesting to note thai the four-cation cluster may
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w
Fig. 17. Cross-linking of two DNA helices d{CGATTAATCG) by magnesium ion. Hydrogen bonds are
indicated by broken lines and the distances {in A} are defined by the oxygen—oxygen internuclear spacing.

serve as a “pseudospermine”, which neutralizes the negatively charged phosphate
backbone. Just as the spermine ligand has four charged centers separated by methy-
lene (—CH,—) groups, so the ion cluster contains four positively charged metals with
the coordinated water molecules acting as spacer wnits.

Ton clusters have also been identified in the crystal structure of Z-DNA
d(CGCGCG) (Fig. 16(b)) [61]. A dimeric magnesivm complex (sites C and D), bridged
by two water molecules, is located at the junction between two DNA hexamers.
Mg?* (C) binds to five water molecules and N-7 of G6. One of the shared water
ligands forms two H-bonds; one to O-6 of G6 in the hexamer directly coordinated
by Mg?* (C), and the other to N-4 of C! in the adjacent oligonucieotide. Besides this

(a)
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Fig. 18. {a} Skeletal diagram of the magnesium ion complexes with Z-DNA d{m*CGTAm*CG) [adapted
from ref 64]. (b} The coordination environments of the individual magnesivm iors and ion clusters

end-to-end intermolecular linkage, ion C also stabilizes the Z;; conformation of the
phosphate backbone {P5)*. This Z,; conformation is further stabilized by a bridging
water molecule that is linked 1o the magnesium ion complex B” through the second
hydration shell. It has been proposed that the magnesium ion at site C also exists
in solution. In addition to the shared water molecule between ions C and D, two

additional water molecules (coordinated to ion D) contribute to the stabilization of

* The Z, conformation is a stight variation of the regular Z-conformation that arises in d(GpC) sequences
when hydrated magnesium binds to the phosphate backbone. See ref. 78 for further details.
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these contiguous oligonucleotides. One water ligand hydrogen bonds to O-6 of the
Mg?* (C}coordinated G6, and the other forms an H-bond to Q-6 of G12 in the
adjacent oligonucleotide. A symmetry-related dimeric ion cluster C'-I) has been
located at a different surface site on the ds DNA molecule. This cluster complex
interacts with the DNA by hydrogen bond formation from magnesium-bound water
to (a) O-6 and N-7 of G10, (b) N-4 of C3, (c) the phosphate group of P9, and (d) ion B".
The third dimeric magnesium ion cluster identified in this structure is denoted
C"-D”. This forms hydrogen bords to the phosphate groups (P11 and P10} and
also interacts with ion complex B.

4.1.4 Alternative coordination geometries for magnesium and sodium

In addition io regular octahedral coordination, magnesium ion has been found
to adopt irregulat geometries. A tetrahydrate magnesium ion Mg(H,0R% was
located in the structure of Z-DNA d(CGCGCG) in the presence of magnesiom and
cobalt hexaammine [ 59]. This ion also coordinates directly to N7 of G6 and locks
the local phosphate backbone into a Z; conformation. It has been suggested that
the loss of a water molecule from the octabedral complex results from the steric
presence of a neighboring cobalt hexaammine.

With regard to sodium ion, an irregular complex was located in the maior
groove of d(SBrC-G-5BrC-G-5BrC-G) [ 63]. Figure 19 shows coordination to seven
ligands {five water molecules, N-7 of G2, and the phosphate oxygen of C11}; however,
the coordination geometry of the sodium ion may be viewed as a distorted octahedron
if the distant and weakly bound water ligand is exciuded.

An interesting example of the role of bound potassium ion in polynucieotide
chemistry comes from telomeric DNA. Telomeres are chromosomal DNA with a
J-overhang of two repeating sequences that can form antiparaliel guanine quad-
ruplexes [66]. A cavity is created within the hairpin dimer by the O-6 oxygens of
two stacked guanine tetrads. Fiber diffraction data and model building led to the
proposal that this cavity is suitable for coordination of potassivm ion in a cubic
geometry, reflecting the ability of potassium, unlike the smaller sodium ion, to expand
its coordination shell. Figure 20 shows the proposed structure of telomeric hairpin
dimers and the coordination environment of potassivm ion within the chelation cage.

OoP{(C11)

Fig. 19. Interaction of sodinm ion and d(5BrC-G-5BrC-G-5BrC-G). Bond distances are noted in A.
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Fig. 20. Proposed structure of telomeric kairpin dimers and the coordination enviroament of potassium
ion within the cage (adapated from ref. 66).

5t

4.2 Magnesium binding sites on transfer RN A

Phenyialanine transfer RNA is one of the most thoroughly investigated RNA
molecules. Crystallographic data have clearly identified at least four high-affinity
magnesium binding sites [67-70] and a large number of ions are known to bind
weakly (K, ~ 102 M1}, atthough the structural details of the latter sites remain
poorly charactenzed [71,72]. Figure 21 shows the locations of the four crystaliograph-
ically characterized sites in yeast tRNA®™, all of which are placed in non-helical
environments. A regular octahedral Mg(H,O0);" is located at the turn formed by
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Fig. 21, Struciurally characterized magnesium binding sites in {RNA™* (adapted from ref. 70, Bond dis-
tances were obtained from the protein data bank. Hydrogen bonds are indicated by broken lines and the

distances {in A) are defined by the oxygen—oxygen internuclear spacing. Selected bond angles are lsted
in Table 5.

residues U8 to U12. This hydrated complex forms hydrogen bonds to the phosphate
oxygens of U§, A9, Cil and U12. A second magnesium ion is located at the D loop
and coordinates directly to the phosphate oxygen of G19. It also binds through an
array of hydrogen bonds from the waters of hydration to the base heteroatoms of
G20, US9 and C68. The third magnesium jon is also located in lcop D and is
coordinated by the phosphate oxygens of G20 and A21, and four water molecules
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that are solvent exposed rather than forming H-bonds to any specific heteroatom of
the tRNA molecule. A fourth magnesium ion complexes to tRNA at the anticodon
loop. It binds directly to the phosphate oxygen of ¥37 and directs H-bonds from
the waters of hydration to the base heteroatoms C32, Y37, A38 and ‘¥39.

Approximately 40—60 weaker magnesium binding sites have been determined
for yeast tRNA™™ by Mg NMR, crystallography, and equilibrium dialysis [ 71,72].
NMR studies sugpest the ligand environment of these ions to be highly symmetric,
and consistent with outer sphere binding.

4.3 Magnesium binding sites on ribozymes

Ribozymes cataiyze site-specific RNA cleavage and splicing reactions. Group 1
introns, ribonuclease P, and hammerhead nbozymes each require divalent metal
co-factors {especially Mg * or Mn2*) for full catalytic activity [73-75]. Although
two classes of metal binding site have been postulated for ribozyme activity {ions
that serve a structural role and those invelved in catalytic activation) [76], the
details of the reaction mechanism and the role of the essential metal cations are not
yet clear. There are many speculative structural models for the role of divalent metal
ions in ribozyme chemistry, however, there is currently no crystallographic evidence
to substantiate these ideas and so we will not comment further on this area.

5 SUMMARY

Few generalizations can yet be made concerning the coordination domains of
magnesium, potassium, and sodium ions on biological macromolecules. Current
literature reflects the wide variety of magnesium coordination sites in contrast to
the more elusive binding sites of potassin and sodium. A few general points can,
however, be made in view of the data summarized in this review.

Potassium and sodium typically serve as bulk electrolytes in biological systems
to maintain electrochemical gradients and provide charge neuntralization. Pyruvate
kinase is one of the few examples where a single potassiumn ion is known to serve a
specific structural role by bridging the enzyme and substrate pyruvate, and possibly
aligning the substrate in the active site [51]. In general, however, both Na* and
K™ tend to form weak complexes to proteins, enzymes, lipid membranes and nucleic
acids. In contrast, specific siructural and catalytic roles have been identified for
magnesium lon in the regulation of protein structure, enzyme catalysis, membrane
stabilization, ion transport, and cell growth.

Table 2 summarizes the relevant details of the coordination environments for
the protein binding sites described in Sect. 2, From this data we have ideatified
several categories of binding site for magnesium-dependent enzymes {Table 3) accord-
ing to the functional role of the cofactor. Type A sites are characterized by close
association of magnesivm with a substrate or nucleotide, and binding to the enzyme
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is favorable only as a complex with a substrate or aucleotide molecule. For example,
Ha-ras p21 protein, which binds MgGTP (Fig. 1), and the effector site on phospho-
fructokinase (Fig. 7(b}) where binding of MgADP alters the active conformation of
the enzyme. Type B magnesium is characterized by a close association with the
enzyme, such that even in the absence of substrate magnesium ion will favorably
bind to the active site. Examples include the Mg?* binding sites on xylose isomerase
{Fig. 6(b)) or RuBisCO (Fig. 9{(a)}. We further define magnesium as a type C ion if
it serves a catalytic role, while type D domains are structural sites where Mg?* is
located in an enzyme pocket that may lie some distance from the substrate binding
site. For example, the structural sites in xylose isomerase (Fig. 6(c), (d}) and alkaline
phosphatase (Fig. 4). It is clear from the data in Figs. 1-12 that type D structural
sites tend to maintain the largest number of enzyme residue contacts to magnesium
(anywhere from 4 to 6 per ion). Although it is readily apparent that in some cases
the boundaries between these various categories may not be so clear-cut, we find
this classification scheme to be generally useful for defining magnesivm binding
domains in biological systems.

Close inspection of the figures documented throughout the text reveals an
important characteristic of binding sites on magnesium proteins, namely, a preference
for carboxylate residues as ligands, Every protein or enzyme site shown has at least
one {Ha-ras p21 has only one) carboxylate residue in the coordination sphere. This
can be rationalized in simple terms by hard/soft criteria inasmuch as the hard
magnesitm cation prefers to coordinate with hard anions. There is also a clear
preference for H, O as a ligand {with the possible exceptions of xylose isomerase and
pyruvate kinase}. This reflects the steric difficulties of packing larger protein-derived
ligands around the small Mg?™ ion. As for oligonucleotide binding, there are often
hydrogen-bond contacts from Mg?*-bound H,O to heteroatoms on the protein
backbone and sidechains that contribute to the binding energy of the metal co-factor.
In those cases where data of sufficient accuracy affords insight on bond distances
(shown as insets in Figs. 1-5, 9, and 10} it is clear that Mg—ligand distances typically
fall in the range 1.9-2.5 A. We would argue that in those cases where ligand atoms
are located at a distance greater than 3 A then there is either no direct interaction,
or the interaction is through a hydrogen bond io an unresolved solvent water. As a
result of steric clashes with bulky protein sidechains, L—Mg—L' bond angles often
show significant deviations from octahedral geometry (Table 4).

In contrast to calcium proteins, no overall binding motif or “pocket” (including
secondary structure) has been clearly identified for magnesinm-dependent enzymes.
This may reflect the coordination requirements for the multi-functional role of
magnesiam ion in biology, which serves as a structural agent, a background electro-
lyte, and a catalytic co-factor in a wide variety of chemical transibrmations.

Although the number of specific examples is relatively few, the most thoroughly
characterized metal binding sites are those identified in high resolution crystallo-
graphic data on oligonucleotide samptles. From these examples, it wounld appear that
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TABLE 2

Semmary of magnesiwm coordination sites on proteins and enzymes

Enzyme Binding Site Ligands

Alkaline phosphatase Structural site H,0, H,0, H,0, Asp-51,
{E. coli) Gle-322, Thr-153

Che Y Active site Asn({0)-59°, Asp-57, Asp-13,
{E. coli} H,OP, Asp-12 SO2~

Enolase Allosteric site Asp-246, Glu-295, Asp-320,
{yeast) O(3)2PG*, H,0

¥,5-Exonuclease Pol 1

Fructose-1,6-bisphosphatase

{pig kidrey)
Glutamine synthetase

{Saimonella typhimurium)

Ha-ras p21

Phosphoiructokinase
(E. coli)

Pyruvate kinase
(skeletal muscle)

Ribulose-1,5-bisphosphate
carboxylase (RuBisCQ)

{Rubrus Rubrum)

Xylose isomerase

{Actinoplanes Missouriensis)

Active site
metal A
Active site
metal B
Active siie

Inner metal site
Outer metal site

Active site

{ before reaction}
Aciive site

(after reaction}
Active site
{after reaction)
Effecior site

Active site
{before reaction}
ADP binding site

Active site
{ternary complex)®

Active site
{quarternary complex)’
Active site (1)

{no substrate}

Active site {1}

{with substrate)
Active site (2}

{no substraie)

Active site (2)

{with substrate}

Asp-501, Glu-357, Asp-355, H,O,
op?
H,0, H,0, Asp-355, O,P¢

Glu-280, Asp-121, Asp-118,
Gla-97, P(1)F26BP, T

Glu-131, Glu-220, Glu-212, H,0,
H,0, H,O

Glu-357, Gle-129, His-269, H, 0,
H,0, H,0

Ser-17, P{y¥GTP, P(BYGTP,
Thr-35, H,0, H,O

Ser-17, Asp-57, P(B)GTP, H,0,
H,0, H,0

Asp-103, P(1)F1,6BP, H,O, H,0,
H,0, P(HADP

Gly(CO}185%, H,0, H,0,
Glu-187, P(JADP, P{x)ADP
Ala{CO)-292%, Arg(CO)-2937,
Ghe-271, OP-enolpyruvaie, 7, 7
Ser-242, OP-enolpyruvate,
Asp-112, P(a}ADP, P(BIADP, T
Asa-111% Glu-194, Asp-193,
Lys-191{CQO3 ), H,0, H,O

Glu-194, Lys-191{C0O; ),?,
O(2}rubisco, O(6)rubisco
Asp-245, Glu-181, Glu-217,
Asp-292

Asp-245, Glu-181, Glu-217,
Asp-292, Of2}xylitol, O{d)xylitol
His-220, Asp-255, Asp-257,
Asp-255, Glu-217, H,O

His-220, Asp-255, Asp-257,
Of1)xylitol, Glu-217, H,O

*The asparagine is bound through the amide oxygen.
bA water molecule was not actually observed in this structure; however, it is suggested here
since the structural data provides no evideamce of deviation from the standard octahedral
coordination geometry adopted by Mg** (see Fig. 5).
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TABLE 3
General categorization of magnesium binding domains

Enzyme/protein Category of magnesium site*
A B C D
Ha-ras p21 x X
Enolase Mg?* (1) X x
Mg2* (2) x ®
Fructose 1,6-bisphosphatase X X
Xylose isomerase Mg?* (1) X %
Mg** (2) X x
Alkaline phosphatase b by
Che Y X ¥
Ribonuclease H % X
Phosphofructokinase Mg?* (1, 2} x x
Mgt (3) x %
Mg?* (ATP) x X
Pyruvate kinase Mg?* (ATP) X x
Mg?* x %
RuBisCO X X
Glutamine synthetase Mg®* (1) ® x
Mg?* (2) x x
Exonuclease {Pol 1)° x x

*The various categories of binding site are defined as follows: A = metal ion binds predomi-
pantly to the subsirate molecule with weak binding to the protein or enzyme;
B = protein/enzyme possesses 2 well-defined pocket that binds Mg?* with moderate affinity
in the absence of subsirate; C' = magnesium principally serves a structural role; ) = magnesium
principally serves a catalytic role.

YA second putative magnesium ion has not been structurally characterized.

TABLE 2 {continued)

“This notation indicates coordination through am oxygen on the third carbon in 2-phos-
phoglycerate.

4This notation refers to the diester phosphate of the DNA backbone where either one (OP)
or two {0, P) oxygen atom(s} is/are bound to the metal ion, respectively.

¥ indicates either a lipand of unknown identity or a vacant coordination site on the ion.
Indicates coordination through the main chain carbonyl.

€A term used to describe the compiex between ribulose 1,5-bisphosphate carboxylase, Mg??,
and the carbamate derived from lysiae.

Bit is not clear from the struciural data if asparagine is bound through the oxygen or nitro-
gen atom.

'A term used 1o describe the complex between ribulose 1,5-bisphosphate carboxylase, Mg?*,
carbamate, and ribulose-1,5-bisphosphate.



TABLE 4

Bond angles for magnesium co*factors in enzyme active sites®

Alk. phosphatase® CheY® Enolase? F*l,6+BPase” Ha-Rasp21* RuBisCO#®

Ligands L-M-L'{") Ligands L-M-L' () Ligands L-M-L() Ligands L—M-L (°) Ligands L-M—L ("} Ligands L-M—L ()
Asp5l 101.1 Aspl2 32.10 Glu295 93.89 Aspllf 14036 Serl7 %281 Asgpl93 165.33
Thrl55 83.7 AspS9 10583 Asp320 17i.97 Glu28d 7421 BP{O) i7342 Gha184 7274
Glu322 1529 Asp57 16117 Enolate(()  87.13 Gin97 i49.11 YP{O} 9i.26 LysI9I(CO) 12166
W454 86.3 w 6649 W 13791 Aspi2l 54.78 w1 20.46 Lys191{(CO)} 67.00
W453 76.7 SO2- 180.40 w2 §9.31

*Bond angles are taken from crystallographic data deposited in the Brookhaven Data Bank.
® Angles are measured relative to W456 in Fig. 4.
°Angles are measered relative to Aspl3 in Fig, 5.
“Angles are measured relative to Asp246 in Fig. 2.
*Angles are measured relative to X ligand in Fig. 3.
Angles are measured relative to Thed5 in Fig. 1(a).
EAngles are measured relative to W1 in Fig. 9(a).

861

207-591 (P661) BEL/SET 0oy iy} "pdoo)} o 12 3o0ig g0
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outer sphere coordination of a hydrated metal center is much mere common than
direct inner sphere contacts. The rationale and implications of thig observation have
been discussed elsewhere [2,72]. Typically, Mg—OH, distances fall in the range
2.0-2.2 A and H,O—Mg—OH, bond angles lie between 80 and 100° (most commonly
85--95°). In those cases where inner sphere binding has been identified, larger devia-
tions are observed (Tabie 5). The apparent affinity of metal ions for N7 of guanosine
most likely resuits from steric constraints that position the metal ion close to this
ligand atom.

The apparent tendency for protein binding domains to adopt inner sphere
coordination to Mg*™* relative to the outer sphere interactions common to nucleic

TABLE 5

Bond angles between the magnesium complex and the oligonucieotides®

Oligonucleotides® Mg—X-1° Angle (°) Mg—X-I° Angle (*)

dCGCGCTG) A'—W—0p (GS) 142.23 —W--04' (G6) 151.51
A—W—Op (C5} 121.90
B'—W-06 (G4) 14524 B'—W-N7 (G8) 129.69
C'-W-W (B} 152.22 C—W-D 82464
C—-w-o 87.62¢
D'~W-N7 (G10) 130.86 D—-W-—06 {G10) 120.97
D'—W-—-N4 (C3} 114.21

tRNAe Mg—-W—-0Op (U12} 115.68 Mg—W—0Op (U12} 82.62
Mg—W-0Op (C11) 114.89 Mg—W-0p (UU8) 9067

Mg—W—Op {A9) 142.32
Mg—Op—P {G20) 154.36 Mg—Op—P (A21) 145.54
Mg—Op—P (G19} 132.06 Mg-W—06 (G20)  127.39
Mg-W—N7 (G20} 10884 Mg-W-04 (US9) 15627
Mg—-W-N4 (C60) 12201

Mg—O—P (Y37) 163.81 Mg-W2-02 (¥39) 12196
Mg W3-N7(A38) 121.26 Mg W3-N6(A38) 12082
Mg W3-N7{¥37) 12389 Mg-W4—02(C32) 1304

WIi-Mg Op (Y37) 11218 W2-Mg-Op(Y37)  67.79

W3-Mg—Op (Y37) 11925 W4—Mg—-Op (Y37)  149.15
W5-Mg Op (Y37) 6971

*Bond angies are measured from the crystallographic data deposited in the Brockhaven Data
Bank. Since H,0-Mg—O,H angles for hydrated Mg?* typically fall in the range 85-95°,
emphasis is placed on the surrounding hydrogen bond network.

bSites in d(CGCGCG) are illustrated in Fig, 16 and those for tRNAP in Fig. 21. The notation
A B, ... elc., denotes the Mg?* ion in the particular complex with that label in Fig, 16.

“X indicates either the oxygen atom of the coordinated water molecule (W} or the directly
coordinated oxygen atom of the oligonucleotide phosphate backbone. The notation Op
denotes an outer sphere interaction between the phosphate backbone and a water of
hydration {W), while O—P indicates inner sphere coordination by phosphate.

4The angle refers to the bridging water molecules that connect sites €' and D' in Fig. 16.
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acids stems from the nature of the chelating pockets formed by a protein binding
domain that favor direct coordination. The few inner sphere magnesinm ions iden-
tified in structural data on tRNAF are also located in such chelating environments.
In this regard, the inherent lability of divalent magnesium must be considered in any
functional role for the metal ion in the context of enzyme mechanism, inasmuch as
the structurally most stable configuration may not represent the functionally compe-
tent coordination state of the metal during enzyme tumover [2,77].
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