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Phenylalanine Transfer RNA: Molecular Dynamics Simulation 

Abstract. Yeast phenylalanine transfer RNA was subjected to a 12-picosecond 
molecular dynamics simulation. The principal features of the x-ray ciystallographic. 
analysis are  reproduced, and the amplitudes of atomic displacements appear to be 
determined by the degree of exposure of the atoms. An analysis of the hydrogen 
bonds shows a correlation between the average length of a bond and  the fluctuation 
in that length and  reveals a rocking motion of  base^ in Watson-Crick guanine cyto- 
sine base pairs. The in-plane motions of the bases are  generally of larger amplitude 
than the out-ofplane motions, and  there are  correlations in the motions of adjacent 
bases. 

Computer simulations with the molec- 
ular dynamics algorithm have been used 
to investigate intramolecular motions in 
proteins on the picosecond time scale ( I ,  
2), and Levitt has recently reported the 
first simulation for DNA (3). H e  found 
that, when he included the partial atomic 
charges, the double helix unwound; to 
preserve the tertiary structure he had to 
set all of the partial charges to zero. We 
describe the first successful molecular 
dynamics simulation for a transfer RNA 
(tRNA). By careful equilibration of the 
structure, we have been able to include 
full electrostatic effects (4); a similar 
result for a DNA simulation has just 
been reported (5). 

As in our previous conformational en- 
ergy study (6) on large-scale bending in 
phenylalanine transfer RNA (tRNAPhe), 
we began with the 2.5-A crystal structure 
(7) and used standard parameters (8-10) 
for the potential energy functions. Partial 
atomic charges (11) have been included, 
and a distance-dependent dielectric con- 

stant was used to mimic solvent dielec- 
tric effects (12). No counterions were 
included, but their effect was approxi- 
mated by scaling charges on atoms in 
phosphate groups to give a net charge of 
0.2 electron per nucleotide. Explicit hy- 
drogen atoms are not included, and ex- 
tended atoms represent each heavy atom 
and the hydrogens covalently bound to it 
(12); hydrogen bond lengths thus refer to 
the distance between the heavy atoms of 
the donor and acceptor groups. A normal 
van der Waals potential function (4) was 
used in this simulation. 

The structure was subjected to 100 
cycles of steepest descent energy mini- 
mization, after which atomic velocities 
were assigned with a Maxwellian distri- 
bution corresponding to a temperature of 
50 K, and the molecule was warmed by 
velocity reassignments at 1-picosecond 
intervals with temperatures rising to 300 
K at 11 psec. This temperature was 
reassigned at 0.2-psec intervals over a 
period of 5 psec, and equilibration was 

completed by a 4 psec free run. Data 
analysis covered the interval from 20 to 
32 psec, during which time the average 
temperature of the molecule was 303.7 
K. 

The integrity of protein structures dur- 
ing molecular dynamics experiments 
may be partly due to their compact and 
globular shapes and to the fact that the 
simulations are generally done near the 
isoelectric point. In view of the extended 
structure and net charge of tRNAPhe, 
and because of the difficulties (described 
above) that Levitt encountered with 
structural degradation in his DNA simu- 
lation (3), we have examined several 
structural parameters to verify that our 
model of ~RNA'~ '  does remain intact. 
To  begin with, a visual inspection of 
computer graphics pictures of repre- 
sentative structures from the trajectory 
showed that the overall structure is pre- 
served. The radius of gyration is 23.4 A 
in the crystal structure (7 ,  while it varies 
about a mean value of 22.7 A with an 
amplitude of 0.5 A and an apparent peri- 
od of about 10 psec in the simulation (4). 
Since there is no solvent in the stimula- 
tion, so that there are no attractive 
forces between atoms on the surface of 
the molecule and the solvent, the 3 per- 
cent shrinkage of the model with respect 
to the crystal is not surprising. 'The oscil- 
lation in the radius of gyration reflects a 
concerted bending motion, a collective 
motion of small amplitude but extending 
over the entire molecule: the angle be- 
tween the two arms oscillates with an 
amplitude of about lo ,  and the distance 
between the anticodon and the acceptor 
terminus oscillates with an amplitude of 
about 1 A. This motion is reminiscent of 
the hinge-bending mode proposed by 
others (13, 14) and examined in our earli- 
er study (6). 

More critical measures of the preser- 
vation of the structure are provided by 
an examination of the ribose puckers and 
of some of the parameters of the helix. 
We have calculated the puckering angle 
(15) for all 76 sugar moieties over the 
course of the trajectory, and we find that 
65 of them are in the conformational 
energy valley near the C3'-endo config- 
uration, and I 1  are C2'-endo, exactly as 
in the crystal. Although the puckering 
angles oscillate about these two local 
minima, none of the sugars changes from 
C3'-endo to C2'-endo or vice versa. He-  
lix integrity is demonstrated by the inter- 
phosphate distances, the twist angles of 
successive base pairs, and the orienta- 
tion of base plane normal vectors, all of 
which also have average values near 
those of the crystal structure. 

The root-mean-square deviations of 
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Fig. 1. Comparison of root-mean-square 
atomic displacements (broken line and scale 
at right) and solvent-accessible surface con- 
tact area (solid line and scale at left) for the 76 
residues of tRNAPhe. Surface areas were cal- 
culated with the use of the algorithm of Lee 
and Richards (20) with a spherical probe radi- 
us of 1.4 A. 

the atomic positions about their mean 
values, which represent the amplitudes 
of the thermal motions, are of the same 
magnitude as  those reported for bovine 
pancreatic trypsin inhibitor (16, 17) and 
for ferrocytochrome c (18). The root- 
mean-square vibrational amplitudes for 
each residue are shown in Fig. 1. There 
is a general trend of larger motions near 
the ends of the arms (residues 1 to 3 and 
70 to 76 in the acceptor stem and resi- 
dues 32 to 38 in the anticodon loop) and 
smaller motions near the center of the 
molecule (residues 7 to 16, 48 to 50, and 
59 to 61), in accordance with the crystal- 
lographic studies (19). Superimposed on 
this general trend is a series of peaks and 
valleys that are explained by examining 
the average solvent-accessible surface 
contact area of each residue (20). The 
vibrational amplitudes are highly corre- 
lated with residue exposure (Fig. I ) ,  a 
reflection of the influence of packing 
restrictions on atomic motion. When we 
cohsider the atomic motions within a 
single residue, they are generally largest 
for the phosphate atoms, intermediate 
for those of the ribose, and smallest for 
those of the base, again in agreement 
with the thermal factors derived from the 
crystal structure (19). 

Two interesting dynamic features of 
the hydrogen bonds have revealed them- 
selves. The first of these, the correlation 
between the average length of a hydro- 
gen bond and the amplitude of the ther- 
mal fluctuations in the bond length, is 
shown in Fig. 2. While it is not surprising 
that the bonds associated with secondary 
structure are generally shorter and stiffer 
than those of the tertiary structure, the 
correlation between bond length and 
bond stiffness is striking. The relaxation 
times for these motions are on the order 
of 0.1 psec. The second feature was 
discovered early in our search for collec- 
tive motions in the double-helical regions 

and is summarized bv the correlation 
coefficients for pairs of hydrogen bonds 
(Table 1). These coefficients were calcu- 
lated because it was to be expected that 
the lengths of the Watson-Crick hydro- 
gen bonds within a given base pair 
should be highly correlated as the bases 
move toward and away from one anoth- 
er.  This is confirmed by the positive 
coefficients for bonds in adenine uracil 
(AU) pairs and for neighboring bonds in 
guanine cytosine (GC) pairs. The unex- 
pected result is the collection of negative 
correlation coefficients for bonds 1 and 3 
in GC pairs, revealing a rocking motion 
of the bases, with one bond growing 
longer as the other is shortened. Most of 
these coefficients appear statistically sig- 
nificant (rCrit = 0.053; P < 0.01; d .f .  = 
2399), but such a test is suspect when 
applied to a single coefficient that is 
derived from a sequence of structures 
that are not independent of one another. 
A more stringent test is the simple sign 
test, which gives a highly statistically 
significant result ( P  < 0.01) when ap- 
plied to the whole set of coefficients 
which represent GC rocking (r13) ,  dem- 
onstrating unambiguously the occur- 
rence of these rocking motions. 

We have also begun to analyze the 
base motions. As would be expected, the 
in-plane motions (transverse to the helix 

Table I .  Correlation coefficients for lengths of 
hydrogen bonds. The correlation coefficient 
between the lengths of bonds i and J is deslg- 
nated r,,. For AU base pairs and the pair G4- 
U69, there are only two hydrogen bonds. In 
GC base pairs, bond 2 refers to the middle of 
the three Watson-Crlck bonds, from Nl(G) to 
N3(C), while bond 1 is from N4(C) to 06(G) 
and bond 3 is from N2(G) to 02(C). 

Base pair riz r23 r13 

Acceptor stem 
0.56 0.51 
0.55 0.30 
0.43 0.17 
0.20 
0.35 
0.08 
0.33 
D stem 
0.07 0.70 
0.36 0.27 

-0.23 
0.19 0.22 

Anticodon stem 
0.37 0.65 
0.33 0.22 
0.19 
0.34 0.29 
0.26 
T stem 
0.24 0.30 
0.18 
0.46 0.39 
0.29 
0.24 0.40 

Fig 2 Correlat~on between the mean length 
of the hydrogen bonds (P) and root-mean- 
square fluctuation in bond length (u) Second- 
ary structure hydrogen bonds are represented 
by triangles, while those of the tertiary struc- 
ture are represented by circles. Closed circles 
indicate bonds between 02 '  hydroxyls of one 
ribose and oxygen atoms (04'  or 05 ' )  of the 
succeeding resldue, whlle open circles lndi- 
cate other tertiary hydrogen bonds. Distances 
are between donor and acceptor group heavy 
atoms. 

axis) are generally larger than the out-of- 
plane (longitudinal) motions. Interesting- 
ly, the largest ratio for transverse to  
longitudinal motions is found in the three 
bases of the anticodon, which are not in 
a double helical region. There are also 
substantial correlations in both the lon- 
gitudinal and transverse motions of 
stacked bases; within a base pair, the 
transverse motions are generally more 
strongly coupled than motions along the 
helix axis. 

The molecular dynamics simulation of 
is thus seen to reveal a variety 

of motions over a broad range of time 
scales. Extending the simulation to a 
longer time interval should lead to a 
fuller characterization of the slow, large- 
scale motions and the relationships be- 
tween those and the rapid, local motions. 
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Bioassay of Solubilized Bacillus thuringiensis var, israelensis suring bead-adsorbed radioactivity after 
the attachment and centrifugation proce- 

Crystals by Attachment to Latex Beads dures (Fig. 1). The o f  bead- 
attached proteins decreased from 80 to 

Abstract. Solubilized crystals of Bacillus thuringiensis var. israelensis were 7000 45 percent as the protein concentration 
times less toxic to Aedes aegypti larvae than intact crystals, presumably because was increased from 2 to 37 pglml. How- 
mosquito larvae are filter feeders and selectively concentrate particles while ex- ever, there was no preferential attach- 
cluding water and soluble molecules. A procedure is described whereby soluble ment of individual proteins to the beads. 
toxins are adsorbed to 0.8-micrometer latex beads, with retention of toxicity. The Sodium dodecyl sulfate-polyacrylamide 
latex bead assay should make itpossible to analyze the structure and mode of action gel electrophoresis (SDS-PAGE) profiles 
of the mosquito toxin. of the solubilized proteins before and 

after attachment were virtually identical. 
Control of several human diseases is km latex beads (Table 1). The procedure Further bioassays in the absence of 

based on controlling their mosquito or was adapted from that described for the beads showed that solubilized Bti crys- 
black fly vectors. Mosquitoes transmit attachment of antibodies to latex beads tals were about 7000 times less toxic than 
such devastating diseases as malaria, en- (4). Bioassays were performed with sec- intact crystals (Table 1). When the solu- 
cephalitis, yellow fever, dengue, and fil- ond- to third-instar larvae of A .  aegypti bilized proteins were adsorbed to latex 
ariasis, while black flies transmit oncho- (5). The bead concentration was kept beads of the appropriate size, the LCso 
cerciasis. Biological control of these dis- constant while the toxin concentration was reduced from 53,000 to 190 nglml, a 
ease vectors has been made possible by was varied through six or more dilutions 280-fold increase in toxicity. However, 
the recent discovery of Bacillus thurin- covering the range from 100 to 0 percent the LCso for bead-attached toxin was 
giensis var, israelensis (Bti). This bacte- mortality. Microscopic examination re- still 25 times higher than that for intact 
rium produces a protein crystal during vealed larval guts gorged with ingested crystals. This difference may reflect a 
sporulation that is toxic to the larval beads. The presence of excess beads decrease in toxicity on solubilization or 
stage of many mosquitoes and black minimized the effect of slight variations an accumulation of physical factors due 
flies. Purified particulate crystals are in larval number and size. Values of to the presence of the beads. Three pos- 
toxic to larvae of the mosquito Aedes median lethal concentration (LCSO) were sible physical factors are (i) decreased 
aegypti at concentrations as low as 1 ngl calculated after 4 hours instead of the toxin ingestion due to the gut volume 
ml ( I ) .  However, it has not been possible more standard 24 hours because 4 hours occupied by the beads and the longer 
to determine the mode of action of the approximates the larval transit time for transit time (6) caused by their nonnutri- 
Bti toxin and the subunit of the multi- nonnutritive particles in Culex pipiens tive status [merely mixing intact crystals 
component crystal (1, 2) containing the (6) and because we wanted to avoid with latex beads doubled their LCSo (Ta- 
toxin. Larval toxicity disappears after recycling of the beads. Values reported ble I)], (ii) decreased toxin ingestion by 
the crystal is solubilized, probably be- were calculated from three or more inde- the bottom-feeding A .  aegypti larvae be- 
cause mosquito larvae, as filter feeders, 
selectively concentrate particles 0.5 to 
10 Fm in diameter while excluding water Table 1 .  Toxicity of soluble and crystalline Bti toxin to Aedes aegypti larvae. Crystals were 

and soluble molecules (3). prepared as described by Ang and Nickerson (9). The crystals (2 mglml) were solubilized 
overnight at 4°C in 0.05M NaOH (pH 11.7) containing 10 mM EDTA and were then centrifuged 

We rep0rt here a procedure whereby at 100,000g for 30 minutes (10). The solubilized supernatant proteins were adjusted to 25 times 
potentially toxic soluble proteins are ad- the desired bioassay concentration in 1 ml of 0.1M tris buffer (pH 7.4) and mixed with 10 p1 of 
sorbed to latex beads with retention of latex beads (0.8 pm, 10 percent solids; Sigma). After incubation at room temperature for 1 hour 

toxicity. ~h~ soluble toxin gains access the beads were centrifuged at 15,000g for 10 minutes and the pellet was resuspended in 1 ml of 
tris containing 0.01 percent polyvinylpyrrol~done (11). Test solutions were diluted with 24 ml of to the larval gut because the particles to deionized water for the bioassays. At least six dilutions of each toxin preparation were used; 

which it is attached are of the a ~ ~ r o ~ r i -  whenever latex beads were employed their final concentrations were identical. Values of LCso 
ate size to be concentrated during filter were determined 4 hours after the addition of 10 to 20 larvae and are presented as means f 2 
feeding, This procedure should prove standard errors. All the experiments were conducted with crystal toxin from a single puri- 

effective for use with other soluble, gut- fication (12). The LCso values for crystals remained constant over at least a 10-month peri- 
od. 

active compounds toxic to filter-feeding 
mosquito and black fly larvae and to net- Condition N* LCSO (nglml) 
making caddis flies, midges, and burrow- intact crystals 5 7.5 f 1.6 
ing mayflies. Intact crystals mixed with latex beads 4 15.0 f 2.6 

We confirmed that solubilized Bti pro- Solubilized crystals 3 5.3 x lo4 -f 1 . 1  x 10' 

teins are still intrinsically toxic to mas- Solubilized crystals adsorbed to latex beads 6 

quit0 larvae by adsorbing them to 0.8- *Number of independent replications for each determination of LC5o. 
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