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RNA - ligand interactions: (I) magnesium binding sites in yeast tRNAPhe
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ABSTRACT
X-ray crystallographic studies indicate that there are at least four

site-specifically bound hydrated Mg2+ ions, [Mg(H20)n]2+, in yeast tRNAPhe.
The size and the octahedral coordination geometry, rather than the charge,
of [Mg(H20)n]2+ appear to be the primary reasons for the specificity of
magnesium ions in site-binding and in the stabilization of the tertiary
structure of tRNA.

INTRODUCTION

The observation that site-bound divalent cations are integral com-

ponents of the biologically active form of tRNAs (1, 2) initiated the

search for the mode of binding, number and location of the binding sites

in tRNA. Various techniques have been applied, such as proton magnetic

relaxation of metal hydrates (3), electron spin resonance of Mn -tRNA

complexes (4), Co3 labelling (5), equilibrium dialysis (6, 7, 8), NMR

of rare earth ion-tRNA complexes (9), fluorescence measurement of Eu3+
when bound to tRNA (10, 11) or of a fluorescence indicator (12), and

calorimetry (13).

Most of these investigators find at least two classes of divalent

cation binding sites: strong and weak binding sites. The strong binding
(Ka = 105M 1) usually exhibits cooperativity, presumably, accompanied

by some conformational changes of tRNA. However, at high ionic strength,
such cooperativity does not seem to exist (8, 10, 13). The reported num-

ber of strong binding sites varies from one in E. coli tRNA t (8) to
Phe Phe - - 1

six in E. coli tRNA (3). In yeast tRNA , as many as 17 strong bind-

ing sites (5 of which are cooperative) have been reported (7). The weak

binding sites are probably statistical rather than site-specific,
Several regions of tRNA have been implicated for Mg binding. The

Co ion forms a coordination shell of approximately the same size as Mg
but with a stronger bond between Co3 and ligand atoms. Taking advantage
of such stereochemical similarity, the strong binding sites of Co3 on
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yeast tRNA he have been localized in the anticodon loop, the D loop, and

near base-pairs 2, 3, and 4 (5). The Eu3+ ion can substitute for the Mg2+
ion in the enzymatic aminoacylation reaction (14) and was found to be lo-

Phecated near residues 6 and 11 of yeast tRNA from low field NMR studies

( 9). NMR studies of Mg and Mn binding also suggest the binding in

the anticodon loop, the T loop,and a position near U8 (Kearns: personal

communication).

This article describes the location and the coordination of the site-

specifically bound Mg ions based on the results of the X-ray crystallo-
Phegraphic refinement of yeast tRNA structure in an orthorhombic form.

MATERIALS AND METHODS
PheThe buffer solution from which yeast tRNA was crystallized con-

tained 40 mM sodium cacodylate (pH 6.0), 40 mM MgCl2, and 3 mM spermine.4
HC1. The solution was equilibrated by the vapor diffusion technique with

8% (V/V) isopropanol (15). The crystal structure of this tRNA was deter-

mined by the multiple isomorphous replacement method (16) and has been re-

fined by a combination of partial Fourier method (17) and a structure fac-
tor least-squares method with restraint and constraint conditions (18).

The crystallographic discrepancy factor (R) is 22% for 8625 reflec-

tions (F > 2a), which represent an almost complete data set up to 2.7 A

resolution. The metal ions and water oxygens are not included in the

structure factor calculation. At this point, the estimate of the position-
al errors is about 0.2 A according to the least-squares matrix inversion.

To locate site-specifically bound Mg2 ions, F - F and 2F - Fo c 0 c
maps were computed and displayed, along with the atomic structure, on an

interactive computer graphics system at the University of North Carolina,
Chapel Hill. Only those electron density peaks that are considerably high-
er than "background" and clearly present as isolated peaks in both maps

have been considered in the search. When the peak heights from the differ-

ence electron density map are listed in descending order (Table 1), the

first peak is considerably higher than any other; then there is an apparent
discontinuity between peaks six and seven. From peak seven on, the peak

heights decrease without any discontinuity. We, therefore, will consider
only the first six peaks here.

In an aqueous environment, Mg ion exists as a hexa-hydrated form

[Mg(H20)6] 2+, where oxygen atoms from coordinated water molecules occupy
the six vertices of an octahedron with the magnesium at the center. At
the current resolution of the data, a [Mg(H20)6] ion appears as a single
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peak in the electron density maps. Therefore, the assignments of

[Mg(H20) ]2 are based primarily on the size of the electron density, the

coordination environments, and the distances between the center of an elec-

tron density peak and the atoms of tRNA which may be directly coordinated

or hydrogen bonded by a coordinated water.

Since there are two kinds of metal ions present, Mg and Na , it is

necessary to distinguish between them, if possible,as well as to distin-

guish them from water.
+The Na ion in aqueous solution is known also to exist commonly in a

hydrated form [Na(H20)61 , with octahedral coordination geometry. However,26 ~~+the coordination geometry of the Na ion appears to be less stringent, i.e.,

other geometries such as distorted trigonal bipyramidal, decahedral or even

hexahedral coordination geometry have been observed (19).

In interpreting the electron density maps, the following general as-

sumptions have been made:

1. The electron densities for the tightly bound hydrated metal ions

are likely to be higher and larger in volume than those of bound water

molecules.
2+2. The coordinate ion cage of [Mg(H20)6] is 0.8 A smaller in dia-

meter than that of [Na(H20)6] .

3. Both the [Mg(H20) 6 and the [Na(H20)61+ ions have octahedral

coordination geometries while a water molecule has a tetrahedral H-bond

geometry.
a

4. Any number of tbje coordinated water molecules can be replaced by

electron donating atoms of tRNA.

Among the six highest electron density peaks (Table 1), those that

are, separated by 2.3 to 3.4 A from the nearby oxygen or-nitrogen atoms of

tRNA have been classified either as H-bonded water molecules or directly

coordinated Na ions (peaks 5 and 6). Among the remainder, those with the

distances near 1.8 - 2.2 A are interpreted as direct coordination of

Mg to the respective atoms (peaks 1, 2 and 4) and one with the distanceo 2+
in the range of 3.5 - 4.4 A is interpreted as Mg coordinated to water

oxygens, which in turn form hydrogen bonds with the hydrogen acceptors

from tRNA. The above criteria are based on crystal structures of compounds
that contain Mg or Na and many water molecules, such as MgSO4H20 (20),
MgCl2.12H20 (21), MgHPO4 3H20 (22), MgNH4 6H20 (23), and Na Phytate.38H20

(19). In these structures, the average coordination distances are 2.0 A
2+ 0 +

between Mg and oxygen (from either water or phosphate), 2.4 A between Na
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TABLE 1

Electron density Direct
Site Assignment Location in relative scale Coordination to H-bonded to

1 [HgtH2O)5J4] D-loop 3342 phosphate phosphate oxygen (G19)
oxygen of G19 Bases (G20, U59, C60)

(6,8a)*

2 [Mg(H20)4] D-loop 2827 phosphate oxygens
of G20, A21

(5.7a)

3 [Mg(H20)6]+ 8-12 turn 2662 phosphate oxygens
(U8, A9, Cll, U12)

(5.4a)

4 [Mg(H20)5I] Anticodon loop 2585 phosphate oxygen Bases (C32, Y37, A38, *39)
(5.2o) of Y37

5 H20? (D-loop)-(T-loop) 2583 phosphate oxygens
(small volume) (G15, G57)

(5.2a)

6 Spermine? Wide groove of 2530
D stem

(5.la)

7 H20 Near a wobble 2296 phosphate oxygens
base pair (small volume) (G4, A5)

(4.6a)

* a is rms electron density of the difference up in the unit cell

o ~~2+
and oxygen, 4.2 A between Mg and oxygen which is hydrogen bonded to the

2+water molecules of [Mg(H20)6] . Wider ranges are found for the equivalent

distances in Na hydrates due to their easily distortable coordination cages.

RESULTS AND DISCUSSION

We have found at least four locations in the yeast tRNA structure,

where both F - F and 2F - F maps show isolated electron density peaks
o c o c

well above the background noise level and where the octahedral coordination
2+

stereochemistry of Mg can be maintained. The heights of these peaks are

about one third those of phosphate peaks nearby. The Fo - Fc electron den-

sities of these sites are shown in Fig. 1. The suggested detailed coordina-

tion environments of these binding sites are shown in Fig. 2. The relative

positions of these four tightly bound [Mg(H20) ]2 in yeast tRNAPhe are

schematically shown in Fig. 3.

The following descriptions of the detailed environment around each hy-
drated magnesium ion are based on the interpretation of the electron den-

sity maps, described in Materials and Methods, to distinguish the magnesium
ion from a sodium ion or bound water molecule.

The first and the second sites, in terms of peak height (see Table 1),
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c

Fig. 1. Stereo patre of difference (FP- FP electrondelity map. shown with portion. ot yeat tRNAlhe) strrcre aro *doch electron deneity pak. (a) Stte one to at
the lower riht anda site two at the upper iet. The residue at the lowor left ts G019. Th residu at the per left I from the next molecule tn the crystal. (b) Site three
surrounded by residues 8, 9, 11 and 12. Residue 7 Is at the upper left and residue 13 at the uwer ri.ght (c) Site four in the anticodon loop. The smail electron density
peak at the right tea water molecule. Resedue 39 it at the upper left and residue 31 ta t the right.
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b

cPlg.2. 1n4_rpr.taUom zfXs .I.c2r.sdsit~ 1Mku Ia 4Ig. 1 I terms Mg(O) I lees. MTme eactcsi o tee stereo paimwe sa lumedy tde same a* those In
Fig. I.correopmingly. Each octahedron represu a &g"+ in the ter and *a r* ayge at each osein verIw ce. When tbr ae diret ooedietlo between Mg2+ Zd
pbosphate oxygees, oe or two verties ate*howo to touch the phophate ozygs of te esciatde bakbsce. fU resideIduestd teate are tl m e thoe in FPg. 1.
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Ftg. 3. 7be sebtic repre"nxtaton ot dwe four Mg2+ ion bindWg *ltts ta yrtRNAPb,,. Short solid basr concttng the Mg2+had the bac'oo repro t direct
coosltbton and the dotted Itnes rwesreent H-bonds (fbr stmpltcity, only one dotted llne per moiey to uwed).

are found in the D loop and near each other (see Fig. la). The first mag-

nesium appears to be directly coordinated (coordination distance of 1,9 A

to the phosphate oxygen of residue 19, thus as [Mg (H 0) 1]2, and the hv-

drated ion is hydrogen bonded to the guanine base of residue 20 (G20) and

possibly to C59 and U60 (see Fig. 2a). The second site appears to be occu-

pied by a magnesium directly coordinated to two phosphate oxygens of resi-

dues 20 and 21, thus as [Mg(H20)4]2 (see Fig. la), with an average coor-

dination distance of 2.09 A. This ion may be hydrogen bonded to 02' (D16)
of the symmetry related molecule in the crystal. This Mg ion binding

site is identical to one of two tightly bound intramolecular Sm sites

when Sm3 ions are present in the crystallization mother liquor (24).
The third highest electron density was found in the "pocket" formed

by the tight turn of residues 8, 9, 10, 11 and 12 (Fig. lb), and has been

interpreted as [Mg(H20)6] ion based on the distance criteria. This is

located approximately the same distance from the phosphates of residues

8, 9, 11 and 12, forming 5 or 6 hydrogen bonds (Fig. 2b). Such an exten-

sively hydrogen-bonded magnesium hydrate ion could stabilize this unusually

tight-corner turning of the polynucleotide backbone. The average distance

between Mg and phosphate oxygens that form hydrogen bonds to the coordi-
natedwaeolclss416Ahohrtihlbud 3+nated water molecules is 4.16 A. The other tightly bound SM ion (24) is
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located near this Mg binding site. The difference electron density map

of the Sm derivative shows a negative peak at this Mg binding site and

a large positive peak 2 A closer to the phosphates of residues 8 and 9, sug-

gesting that Sm3 ion displaces the bound Mg ion at this site. Due to

the difference in the coordination shells between these two ions, Sm now

appears to be directly coordinated to the phosphates of residues 8 and 9

after replacing the Mg ion.

The fourth binding site is located in the anticodon loop (see Fig. lc

and 2c). The distance criteria suggests that this Mg2 is directly coor-

dinated (coordination distance of 2.1 A) to one of the phosphate oxygens

of residue 37, thus [Mg(H20)51 ion. This ion is also hydrogen bonded

to the bases from residues 37, 38, 39 and 32.

CONCLUSION

X-ray crystallographic study suggests that there are at least four

site-specifically bound magnesium ions in the crystal structure of yeast
Phe

tRNA . These magnesium ions can best be interpreted as octahedrally

coordinated. All four magnesium hydrate ions are found in non-helical re-

gions, and appear to stabilize loops and bends of the tRNA tertiary struc-

ture.

The preference of Mg ions over other ions for stabilization of the

tRNA structure probably arises from the specific size and geometry of the

coordination shell of the hydrated Mg ion rather than the charge or the

size of the unhydrated Mg ion.

The large hydration energy of Mg ion (459 Kcal/mole compared to 97

Kcal/mole for Na ) and the relatively slow exchange rate of inner shell

water molecules of [Mg(H20)612 (105 sec compared to 109 sec for
+ 262+.[Na(H20)6] (25) suggest that hydrated Mg ions are relatively "tight",

requiring more stringent coordination geometry, which results in the

efficiency of hydrated Mg2+ ions in stabilizing the tertiary structure of

tRNA.

Although we have tentatively assigned binding sites for spermines,

about fifty water molecules, several Na hydrate ions, and additional Mg hy-

drate ions of lower occupancy, the reliability of these assignments from

the X-ray crystallographic standpoint are considerably lower than that of

the Mg hydrate ions described above. The atomic coordinates of the four

bound magnesium hydrate ions are available on request and are to be depos-

ited in the Brookhaven Data Bank along with the most recent atomic coordi-

nates of yeast tRNAP
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During the preparation of this manuscript, a crystallographic investi-
Phegation of metal-binding to the monoclinic crystal form of yeast tRNA

has been published (26). The authors have located three strong magnesium

binding sites. The two sites located in the D loop are in direct agreement

with our results. The [Mg(H20)5] ion directly coordinated to phosphate

oxygen of G19 is also cited in their study as the highest peak, although no

relative peak heights are quoted. However, a difference in interpretation

of the mode of magnesium binding to the turn 8-12 is apparent. In the mono-

clinic form, this magnesium is interpreted as directly bonding phosphates

8 and 9 in the same manner as the samarium ion. This does not appear pos-

sible from the location of the density in our maps. The strong binding site

we have found in the anticodon loop is not found in the monoclinic form,

Although the overall density level in this part of the map is relatively

low, this peak has remained one of our highest throughout refinement.
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