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Electrical Potential of Transfer RNAs: Codon-Anticodon Recognition®
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ABSTRACT: Calculations of the electrostatic potentials were made around yeast elongator phenylalanine,
aspartate tRNAs, and yeast initiator methionine tRNA in aqueous solution at physiological ionic strength.
The calculations were carried out with a finite difference algorithm for solving the nonlinear Poisson—
Boltzmann equation that incorporates the screening effects of the electrolyte, the exclusion of ions by the
molecule, the molecular shape, and the different polarizabilities of the solvent and the tRNA. The initiator
tRNA is surrounded by uniformly spaced contours of negative potential. The elongator tRNAs are also
surrounded by a similar contour pattern except in the anticodon region where there is a pronounced “hole”
in the potential surface. This hole is caused by an invagination of the potential contours, which also results
in an increase in the local field strength. The effect of this hole is that the anticodon region in the elongator
tRNAs is the least negative, or conversely the most positive, region of the molecule. This hole, which is
not found when simple Coulombic potentials are used, is due both to the structure of the elongator tRNA
anticodon loops and to the different polarizabilities of the solvent and tRNA. The existence of the potential
hole in elongator tRINAs may account in part for their ability to associate with other negatively charged
macromolecules, in particular mRNA. Moreover, it suggests that the anticodon loop of elongator tRNAs

is the energetically most favorable point of approach of mRNA to tRNA.

Electrostatic interactions play a central role in interactions
between biological molecules (Harvey, 1989; Rogers, 1986;
Honig et al., 1986). In traditional modeling studies on
macromolecules, electrostatic interactions are often described
by Coulomb’s law (McCammon & Harvey, 1987). However,
this approch neglects three important electrostatic factors.
First, the polarizability of water is much greater than that of
macromolecules, the dielectric constant of the former being
about 80 and that of the latter being around 2-4 (Honig et
al., 1986; Gilson & Honig, 1986; Nakamura et al., 1988). The
effect of solvent screening and presence of a dielectric dis-
continuity results in the electrostatic forces being dependent
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not only on the distribution of charge but also on the shape
of the macromolecular surface (Warwicker & Watson, 1982;
Zauhar & Morgan, 1985; Gilson et al., 1985; Klapper et al.,
1986). Second, when the ionic strength of the solvent is
nonzero, the electrostatic screening arising from the mobile
ions cannot be calculated from Coulomb’s law, since the ionic
positions are not fixed and can only be described statistically.
Third, the ions in the solvent are excluded from the interior
of the molecule.

Several recent investigations based on efficient finite dif-
ference and finite element numerical solutions to the linear
Poisson or Poisson—Boltzmann equation provided more rigorous
calculations of electrostatic effects in protein systems (War-
wicker & Watson, 1982; Zauhar & Morgan, 1985; Gilson et
al., 1985; Klapper et al., 1986). This approach has been used
with considerable success in the study of protein structure and
enzyme activity (Klapper et al., 1986; Rogers & Sternberg,
1984; Rogers et al., 1985; Warwicker et al., 1985; Gilson &
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Honig, 1987; Sternberg ¢t al., 1987). A general conclusion
from these studies is that the shape and the low polarizability
of a macromolecule can have a large effect on the macro-
molecular potential,

Nucleic acids present even more of a challenge than proteins,
both because they have larger surface-to-volume ratios and
because at neutral pH they are highly charged. Until recently
it has been difficult to incorporate realistic electrostatic models
into calculations on nucleic acid structures. For example,
previous molecular mechanics (Harvey & McCammon, 1981,
Tung et al.,, 1984) and molecular dynamics (Harvey et al,,
1984, 1985) studies have either omitted or greatly scaled down
the phosphate charges because of the problem of adequately
treating solvent and ion screening. In a recent study of DNA,
we showed that the finite difference method can be used to
solve the nonlinear Poisson—Boltzmann equation, which makes
it possible to treat highly charged molecules (Jayaram et al.,
1989). In this study we investigated the electrostatic potentials
around the tRNA molecule.

EXPERIMENTAL PROCEDURES

The electrostatic potentials in and around yeast phenyl-
alanine (tRNAPFh), aspartate (tRNAA®P), and initiator me-
thionine (tRNAM¢t) transfer RNAs were calculated with the
finite difference algorithm to solve the Poisson-Boltzmann
equation. The molecule is described in terms of its three-
dimensional structure with the location of all charges defined
by the coordinates of the appropriate atoms. The coordinates
of tRNAP were taken from Hingerty et al. (1978), refined
by energy minimization, using a standard potential function
(Harvey & McCammon, 1981; Tung et al., 1984). The co-
ordinates of tRNAA®P were taken from Westhof et al. (1985)
through the Brookhaven data bank. Preliminary coordinates
from tRNAMet were provided by Professor Paul Sigler. Since
in initial studies we were interested in general features of
tRNA electrostatics, only the full charges were included, by
placing a charge of —0.5 on each nonbridging phosphate ox-
ygen. The positively charged modified bases of tRNAPhe,
m'A58 and m’G46, are assigned a charge of +1 on the amine
nitrogens. Some structures of tRNAP include bound coun-
terions (Stout et al., 1978; Dewan et al., 1985), so in one set
of our calculations Mg?* ions were included with charges of
+2 in the appropriate locations. Bound cation locations are
not available for the tRNAA® and tRNAM structures, so
comparisons of potentials between the three molecules are
based mainly on the calculations without bound ions. The
molecules are assumed to be fully ionized, as would be expected
at neutral pH. The net charges are as follows: tRNAPhe, —74;
tRNAA® —75: tRNAMe, -75,

Full details of the method of calculating electrostatic po-
tentials are given elsewhere (Gilson et al., 1988; Jayaram et
al., 1989). Briefly, all the charges are treated as being em-
bedded in a low dielectric medium (dielectric of 4), consisting
of the volume enclosed by the solvent-accessible surface of the
nucleic acid. The surrounding solvent is treated as a contin-
uum of dielectric constant of 80 with an electrolyte behaving
according to the nonlinear Poisson—Boltzmann (PB) equation.
The Debye screening distance was set at 8 A, corresponding
to the physiological ionic strength of 0.15 M. The nonlinear
PB equation is

VIe(x)Vo(x)] - 3(x) sinh [¢(x)] + dmp(x) =0 (1)
where ¢ is the potential expressed in units of kT'/e, k being
Boltzmann’s factor, T the absolute temperature, and e the unit

proton charge; V¢ is the potential gradient or field, € is the
dielectric constant, and p is the fixed charge density. €'/2/«’
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is the Debye—Huckel sereening length. The quantities ¢, ¢,
«’, and p are all functions of spatial position x.

In otder to solve eq 1, the nucleic acid and a region of the
surrounding solvent are mapped onto a2 65 X 65 X 65 grid.
The equation is then transformed into 653 simultaneous non-
linear finite difference equations:

¢, =
Zfi¢‘i + 47rq0/d
26+ KR+ 02/3 + 0t /3 L+ 02/ (20 + 1))
(2)

where ¢’ is the new estimate of the potential at a grid point,
¢, 1s the previous estimate of the potential at that point, ¢;
(i = 1-6) is the potential at its six neighboring grid points in
the positive and negative directions along the x, y, and z axes,
respectively, ¢; is the dielectric constant associated with the
midpoints of the six lines joining the point to these neighboring
grid points, and d is the grid spacing. The system of simul-
taneous equations represented by eq 2 can be solved by iterative
relaxation as described previously (Gilson et al., 1988), to
obtain the potential at all the grid points.

To apply eq 2, each grid point lying in the solvent is assigned
a dielectric constant of 80 and a Debye-Huckel parameter
representing the required ionic strength («"! = 8 A) at an ionic
strength of 150 mM). Grid points falling inside the nucleic
acid are assigned a Debye—Huckel parameter of zero (mobile
ions being excluded), a dielectric constant of 4, and a charge
density calculated from the nucleic acid charge distribution.
The salt is assumed to be a 1:1 electrolyte, such as NaCl. In
the initial calculation the molecule fills about 66% of the grid,
giving a scale of about 2 A per grid. The potential on the grid
boundary is approximated with the Debye-Huckel equation
(Klapper et al., 1986). In the second part of the calculation,
the grid is made 3 times finer and centered on the anticodon
loop and the boundary conditions interpolated from the first
run, a technique called focusing (Gilson et al., 1988). This
permits us to examine the potential around the anticodon with
greater resolution.

It should be stressed that although there is some uncertainty
as to what the dielectric properties of protein and nucleic acids
are, there is general agreement that they are significantly less
polarizable than water. In fact, previous studies of electrostatic
effects in biomolecules show that neglect of this difference in
dielectric behavior, i.e., calculations of potentials based on
Coulombic functions, can lead to incorrect models of elec-
trostatic behavior (Gilson & Honig, 1987; Sharp et al., 1987).

To investigate the effect of the difference in polarizability,
or dielectric, between the solvent and molecule, calculations
were also performed with a molecule dielectric of 80, equal
to that of water, but with all other parameters as above. Under
these conditions, the molecule still excludes solvent ions since
the Debye~Huckel parameter in its interior remains zero, but
there is no dielectric boundary.

RESULTS

Figure 1 shows the phosphate~sugar backbones of the three
tRNAs in green, along with the electrostatic potential contours
in the range —0.75kT/e (yellow) to —3.0kT/e (blue) around
the anticodon stem and loop. The anticodon (bases 34-31) has
been shown in a space-filling representation. It can clearly
be seen that for the two elongator tRNAs the potential con-
tours fold in around the anticodon region (Figure 1a,b) and
at the —0.75k T /e (outermost) to —1.0kT /e level actually pass
below the surface of the molecule. This effectively amounts
to a hole in the potential surface at this region. Note also that
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FIGURE |: Computer graphics representation of the isopotential surfaces around tRNA. Potentials were calculated with a molecule dielectric
of 4, a solvent dielectric of 80, and an ionic strength of 0.145 M. A charge of —0.5 was placed on each phosphate oxygen. Contours (in units
of kT/e) are drawn at —0.75 (yellow), =1.0 (red), =2.0 (magenta), and 3.0 (blue), respectively. Potentials were calculated with the whole
molecule, but only portions of the contours around the anticodon loop and stem are displayed. (a) tRNAPRe: (b) tRNAA; () tRNAMe The
phosphate-ribose backbone is shown in green. The anticodon bases 34-36 and the adjacent base 37 are shown in space-filling representation.

C €

FIGURE 2: Two-dimensional slices through the center of tRNA. The heavy solid line indicates the solvent-accessible surface of the molecules.
The amino acid acceptor arm is on the top right, and the anticodon region is on the lower stem of the molecule, facing right. (Panels a and
b) tRNAFM; (panels c and d) tRNAAP; (panels e and f) tRNAMe. (Panels a, ¢, and ) Conditions as in Figure 1. In Panels b, d, and f the
molecule dielectric was set to 80. The dashed lines are isopotential contours at —0.25kT /e, —0.5kT/e, —0.75kT /e, and —1.0k T/e from outermost
to innermost. Solid contour lines enclose regions of positive potential.

in this view, the Wye base of tRNAP", which is believed to Figure 2 shows slices through the solvent-accessible surfaces
play a role in tRNA-mRNA alignment (Saenger, 1984), also of the three tRNAs (heavy lines), oriented to show the familiar
protrudes through the potential surface. L-shape, and potential contours at —0.25kT/e, -0.5kT /e,
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FIGURE 3: Potential contours around part of the anticodon stem and loop. Potentials were calculated as for Figure 1, except only nucleotides
29-41, the anticodon loop, and part of the stem were included. The solvent-accessible surface is shown as a bold line, in the same orientation
as Figure 2, i.e., with the anticodon region on the right side. The tRNAP" potentials (a) also included the effect of the magnesium bound
in the anticodon loop region. (b) tRNAA%; (c) tRNAM. Contour levels are the same as for Figure 2.

-0.75kT/e, and —1kT/e (dashed lines). The anticodon loop
is at the bottom of the molecule, with the aminoacyl receptor
arm at the top right. Panels a, ¢, and e, which correspond to
the conditions in Figure 1, show that, in regions of the tRNA
away from the anticodon, the contours are more uniform, lying
around 2-6 A outside the molecule. The exception is the long
3" acceptor end which also protrudes through the contour
surface. The potential from tRNAA is in all respects very
similar to that of tRNAP, The initiator tRNAM<, by con-
trast, does not show this necking in of contours in the anticodon
region, and the anticodon base lie wholly within the —1.0k7/e
contour surface and lower (Figure 2e). The potentials in other
regions of the molecule however are very similar to those of
tRNAP and tRNAA,

There is another major difference between the potential
patterns of initiator tRNA and the two elongator tRNAs. For
the two elongator tRN As the contours crowd closer together
in the anticodon region, denoting an increase in the local field
strength. By contrast, the tRNAM® contours remain evenly
spaced, similar to those in the other regions of the molecule.

The effect of the difference in molecular and solvent di-
electrics is also shown in Figure 2. The invagination of the
contours in the anticodon regions of tRNAPh and tRNAAsP
when the molecule is assigned a dielectric of 4 (Figure 2a,c)
disappears when the molecule’s dielectric is changed to that
of the solvent, 80 (Figure 2b,d). The entire molecule is sur-
rounded by contours of at least -1k7T/e. For tRNAM¢, which
shows no invagination, the effect of the molecule’s dielectric
on the contour shape is small. The overall pattern for the
uniform dielectric cases is similar to that calculated previously
from Coulombic potentials derived from charges obtained from
a multiple approximation for each ribose, phosphate, and base
(Lavery et al., 1980, 1981). The major difference is our use
of the water rather than the vacuum dielectric constant, in-
clusion of the effect of solvent ions through the solution of the
Poisson-Boltzmann equation, and exclusion of solvent ions
from the molecule interior.

Calculations of the potential for tRNAPh and tRNAA were
also carried out with a molecular dielectric of 2, with results
very similar to Figure 1. From this and the results in Figure
2 it is clear that the effects are rather insensitive to the exact
dielectric used for the molecule, provided it is substantially
less than that of water.

Five bound magnesium ions have been located in the crystal
structure of tRNAPh (Stout et al., 1978). One of these is

within 10 A of the anticodon. One set of potential calculations
was carried out including the cation charges. The result is
to produce localized regions of positive potential around the
Mg ions, but these do not extend more than 2-3 A from the
ions and are surrounded by regions of strong negative potential,
due to the strongly negative charge of the rest of the tRNA.
The negative contours are drawn somewhat closer to the
molecule in the region of bases 18-20 since two ions are bound
fairly close together, reducing the net charge density, but the
pattern of potential in the anticodon region of tRNAPFhe re.
mains almost unchanged (Figures 2a and 3a). The positively
charged modified bases m'A58 and m’G46 in tRNAPt are
too far away to have a detectable effect on the anticodon
potentials.

Calculations were performed on all three RNAs including
just the anticodon loop and part of the stem (bases 29-41).
The resulting potentials shown in Figure 3 are very similar
to those with the whole molecule present. Thus the rest of the
molecule has little effect on the pattern of potentials in the
anticodon region, due to the effectiveness of solvent and ions
in screening the very long-range interactions (the Debye length
being about 8 A at this ionic strength).

DISCuUSSION

Before trying to explain the striking pattern of potentials
in the anticodon regions of the two elongator tRNAs tRNAPhe
and tRNAA and its absent in the initiator tRNAM!, it is
worth making two general observations:

First, although tRNAs have a large negative charge,
screening by the water and ions results in potentials close to
the surface of the molecules in the range of only a few k7 /e,
which are thus in the range of interest for biological inter-
actions. On the basis of this and previous quantitative suc-
cesses of the method used here for calculating potentials of
proteins (Klapper et al., 1986; Gilson & Honig, 1987;
Sternberg et al., 1987), it is likely that the calculations provide
a realistic picture of the electrical potential around tRNA.,

Second, since the phosphate charges alone give rise to the
potential patterns described here, the effects we are seeing are
general, in the sense that they are sequence independent. They
result only from the conformation of the tRNA, the phosphate
charges common to all tRNAs, and the low dielectric of the
molecule. Sequence effects would only appear indirectly,
insofar as they would result in different conformations. Of
course the different charge distributions on the various bases
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would modify the potential patterns observed here, perhaps
leading to further differences between the different tRNAs.
Since the direct electrostatic effect of the bases arises from
their permanent dipole potentials, their contribution is very
local and is dominated by the monopolar contribution of the
phosphates upon moving more than 1-2 A from the base
(Jayaram et al., 1989). The specific electrostatic effects of
tRNA bases will be examined in a future study.

Due to the high net negative charge of tRNAs, one might
expect the molecule to be uniformly negative, with little
variation in the potential pattern due to the phosphates. In-
deed, there are only two regions where the negative electrical
potential at the molecular surface is less than 1k7/e: in the
anticodon region and near the aminoacyl 3’ end. In the latter
case, the van der Waals surface of the tRNA also extends
somewhat through the potential surface (top right of Figure
2). However, there is no increase in field here, and the shape
of the potential surface in this region is not sensitive to the
dielectric used for the tRNA. The protrusion is simply a result
of the distance between the 3’ end and the nearest phosphate
groups. Although the effective hole in the potential surface
is much less pronounced than that in the anticodon region, it
could play a role in minimizing electrostatic repulsion between
tRNA and the negatively charged aminoacyl adenylate during
esterification.

Clearly the most striking observation is the appearance of
a hole in the potential surface in the anticodon region of the
elongator tRNAs, with a concomitant increase in local field.
We first consider the physical origin of this effect and its
relationship to the local conformation in the anticodon stem
and loop and then discuss whether it may play a role in the
biochemical function of tRNA.

There are two factors involved in generating the electrostatic
pattern around the elongator tRNA anticodon loops. First,
the ribose~phosphate backbone doubles back upon itself at the
bottom of the anticodon loop, and the three bases of the an-
ticodon point away from the backbone. Since the phosphate
groups, with their large negative charges, are concentrated on
one side of the loop (the lefthand side in Figure 2), the bases
are relatively far away from all negative charges.

Second, the region of space occupied by the potential hole
is separated from the phosphate groups by a low dielectric
region formed by the anticodon and flanking bases. This low
dielectric “cavity” (low when compared with the surrounding
solvent) results in more effective screening of the phosphate
charges (i.e., an effective dielectric greater than 80). This
overscreening effect is best understood within the framework
of classical continuum electrostatics [e.g., see Gilson et al.
(1985) for this effect in charged spheres]. Similar effects have
also been seen in electrostatic calculations on DNA (Jayaram
et al., 1989) and in an experimental model of DNA (Troll et
al., 1986). Although a full description of this effect is provided
only through solutions of the appropriate Poisson or Poisson—
Boltzmann equation, a qualitative explanation of this effect
may be given as follows: For a charge on the opposite side
of a low dielectric region, the low dielectric cavity screens more
effectively than the solvent itself by forcing the field lines into
the solvent where they must traverse a longer path (Finkel'-
stein, 1978). Alternatively, one may think of the field from
the charge as polarizing the medium around it. At the di-
electric boundaries, the difference in polarization is equivalent
to the induction of surface charge. On the backside of the
dielectric boundary, the surface charge is of opposite sign to
the inducing charge. It thus effectively screens the potential
arising from the charge.

Sharp et al.

tRNA Phe- asp

trna Met

FIGURE 4: Schematic diagram of the base conformations in the
anticodon region of elongator tRNAs (a) and initiator tRNA (b).
The phosphate-ribose backbone is shown as a bold line; the base-
pairing edges of the bases are shaded. Bases 34-36 form the anticodon
triplet.

The effect of conformational differences on the pattern of
potentials surrounding biomolecules has also been examined
in DNA (Matthew & Richards, 1984) and cytochrome ¢
(Wendoloski & Matthew, 1989). The former study compared
the potentials around A, B, and Z forms of DNA, using a
Debye—Huckel type potential function with an effective di-
electric constant of 50, while the latter explored different
configurations with molecular dynamics using various dielectric
functions. Both studies point to the importance of local con-
formation on potential. However, the elongator anticodon loop
conformation alone cannot produce the potential hole, since
it disappears if the dielectric boundary is removed (i.e., when
a dielectric of 80 is used for both the solvent and the molecule;
Figure 2). But neither is the dielectric boundary sufficient
to produce this effect, since it is absent in the initiator tRNA.
An examination of the structures of the three tRNAs in the
region of the anticodon reveals why the effect is absent in the
tRNAMet structure (Figure 4). In tRNAPh and tRNAASP,
the three anticodon bases, plus the one above (base 37), stack
well and are everted, or pointing out from the loop formed by
the phosphate backbone. Both the ascending and descending
phosphate strands lie behind the bases. In the tRNAMe
structure base 37 is swung out in an extrahelical conformation.
Base 36 of the anticodon is swung up and inward to try to stack
with base 38. Bases 34 and 35 follow. This has two effects:
The bases are not as everted, lying more between the ascending
and descending strands, and there is less low dielectric bulk
in the anticodon region. These differences between the elon-
gator tRNAs and the initiator tRNA result in the absence of
overscreening around the anticodon of the latter, and thus no
potential hole.

It is of interest to consider whether the potential differences
observed here both within and between the molecules could
play a role in the biological function of tRNA. Considering
first the elongator tRNAs, tRNAA® and tRNAPP, the less
negative potentials at the anticodon region would result in
different binding energies of a charged molecule or ion to this
part of the tRNA. One may think of the ~1k7/e contour
depicted in Figures 1-3 as a potential barrier of 17 that a
single negative charge would have to overcome to approach
the tRNA. The hole in the anticodon region means that it
would be about 1k7 easier to bind in this region. Thus the
potential pattern could play a role in directing anion binding
to the anticodon region or cation binding away from this
region. While 17 is not a large difference, for a multivalent
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anjon the effect would be proportionally larger. For example,
when tRNA binds to mRNA, there will be an unfavorable
electrostatic repulsion between the two negatively charged
molecules. Although this repulsion is probably moderated by
the presence of positively charged groups in the ribosome, the
orientation of the two RNAs would still be such as to minimize
the repulsion. The potential hole at the anticodon could
provide access for the mRNA at a minimum cost in electro-
static energy. The regions of the molecule close to the Mg
ions are also positive in our potential maps and could also
provide attractive sites. However, these regions of potential
are very localized, and relatively inaccessible, since the ions
tend to be closely “chelated” within the tRNA grooves, and
they are still surrounded by regions of negative potential.
Previous studies on the effect of electrostatic potentials on
association indicate that accessibility is a major factor (Sharp
et al., 1987).

The net result of reducing the negative potential is that the
anticodon loop has a structure that would minimize the un-
favorable electrostatic energy when tRNA binds to mRNA.
This may turn out to be a general feature of elongator tRNAs
since the two forms examined here have quite different base
sequences in this region (ACU-GAA-GAU for tRNAP and
CUU-GUC-GCG for tRNAAP respectively for the anticodon
and the six flanking bases), yet they both exhibit the potential
hole. It will be interesting to examine potential patterns of
other tRNAs as their structures become available.

If the structure of the anticodon loop does indeed minimize
unfavorable electrostatic interactions with other RNAs, one
would also expect that it would play a similar role in tRNA-
tRNA interactions. There are two pieces of experimental
evidence that support this idea. First, the affinity between
complementary RNA triplets is enhanced by 5-6 orders of
magnitude when they are built into the anticodon loop of two
tRNAs (Eisinger, 1971; Grosjean et al., 1978). Second, an-
ticodon—anticodon interactions are a common feature of tRNA
crystal structures. They occur not only in tRNAA®, which
has a partly self-complementary anticodon (GUC) (Westhof
et al., 1985), but also in the orthorhombic form of tRNAPhe,
where the anticodon (GAA) has no self-complementarity
(Quigley et al., 1974). The monoclinic form of tRNAF does
not have the head-to-head, tail-to-tail packing pattern of the
orthorhombic form, but even in the head-to-tail packing
pattern of the monoclinic form, the anticodon loop of one
tRNA is in contact with another tRNA (Quigley et al., 1974).

The difference in potential patterns seen between the two
elongator tRNAs and the initiator tRNA is also of interest,
given the difference in their biochemical function. Initiator
tRNA has the ability to bind in the P site of a ribosome in
the absence of other ribosomally bound tRNAs and will not
bind in the A site. By contrast, elongator tRNAs will only
bind to the A site, and then only when the P site is occupied.
They subsequently move to the P site during translation (Rich
& RajBhandary, 1976). Initiator tRNA also has the ability
to form a complex with initiation factor IF2 and GTP. These
differences are general properties of the two classes of tRNAs
and do not depend on the anticodon sequence. For example,
the initiator tRNA;Met and elongator tRNAE which incorpo-
rates methionine within proteins have the same anticodon
(CAU) yet function differently.

There are two general features of tRNA sequences that
distinguish initiators from elongators: First, the end of the
acceptor stem of initiators has a non Watson—Crick base pair
(usually AU), which may need to be broken during initiation.
Second, the anticodon stem of initiators always contains a
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(GC), stack (bases 29-31 and 39-41), while elongators have
other, variable sequences (Sigler, 1974). The (GC), stack is
essential to translation initiation (Seong & RajBhandary,
1987) and also causes differences in the conformation of the
anticodon loop, irrespective of the base sequence within the
loop (Wrede et al., 1979). The effect of the rest of the tRNA
would seem to be smaller, since the anticodon stem and loop
fragment of tRNAM* binds to the 30S portion of the ribosome
in a manner similar to whole tRNAM¢t (Gold, 1988).

From the results obtained here, we suggest that the dif-
ference in electrostatic potentials in the anticodon region
provide one way in which conformational differences in the
stem/loop region could result in differences in binding be-
havior. The differences in potential we see arise from the
phosphate charges only, consistent with the insensitivity to loop
sequence.

A note of caution must be sounded here. Although the
biochemical evidence clearly indicates differences in anticodon
loop conformation, they may not be those revealed by the
crystal structures. The different ionic environment within the
crystal and the crystal packing forces may result in different
structures than those in solution and within the ribosome,
particularly since the anticodon regions are often involved in
crystal contacts. In addition the pattern of tRNA potentials
will be altered upon binding to other molecules, since the latter
will displace solvent and solvent ions from around the tRNA.
While a quantitative analysis of electrostatic binding energies
must await the determination of tRNA-ligand complex
structures, it remains true that the less negative the potential,
the easier it is to bind anions and the greater the field, the
stronger the interaction with dipolar groups.

CONCLUSIONS

A number of conclusions may be drawn from this work.
First, rather subtle conformational changes in the anticodon
loop structure of tRNA can result in surprisingly large changes
in the potential pattern. These are independent of base se-
quence and result from a combination of conformational and
dielectric boundary effects, and they have the effect of reducing
the negative potential and increasing the field at the anticodon
itself. Second, given these changes in potential, it will be easier
to bind negatively charged groups in the anticodon region of
elongator tRNAs than elsewhere on the molecule. Finally,
in a more general sense, the electrostatic potentials around
loops in other RNA molecules will be strongly affected by the
local conformation. This may have implications both for the
interaction of RNA with other molecules and for the detailed
energetics of RNA structures.

One conclusion to be drawn from this work echoes that from
our previous studies of the protein Cu,Zn superoxide dismutase
(Klapper et al., 1986). There it was suggested that the ex-
istence of a large repulsive region of potential away from the
active site had little effect on the diffusion of substrate. Rather
it was the nature of the active site itself—attractive, neutral,
or repulsive and the height of the potential barrier to the active
site, if any—that determined the substrate association constant.
An analogous argument suggests that the repulsive potential
around tRNAAP and tRNAFP" does not inhibit recognition by
mRNA as long as access to the anticodon itself is not inhibited
by a large potential barrier. For Cu,Zn superoxide dismutase,
this interpretation of the potential maps was subsequently
confirmed by calculation of substrate association rates (Sharp
et al., 1987). It appears that the structure of elongator tRNAs
may have evolved so as to reduce the barrier that might have
been expected from such a negatively charged macromolecule,
although confirmation of this will have to await experimental
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and theoretical determinations of association rates.
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