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ABSTRACT Molecular dynamics simulations of the binding of the heterochiral tripeptide KkN to the transactivation responsive
(TAR) RNA of HIV-1 is presented, using an all-atom force field with explicit water. To obtain starting structures for the TAR-KkN
complex, semirigid docking calculations were performed that employ an NMR structure of free TAR RNA. The molecular dynamics
simulations show that the starting structures in which KkN binds to the major groove of TAR (as it is the case for the Tat-TAR
complex of HIV-1) are unstable. On the other hand, the minor-groove starting structures are found to lead to several binding modes,
which are stabilized by a complex interplay of stacking, hydrogen bonding, and electrostatic interactions. Although the ligand does
not occupy the binding position of Tat protein, itis shown to hinder the interhelical motion of free TAR RNA. The latter is presumably
necessary to achieve the conformational change of TAR RNA to bind Tat protein. Considering the time evolution of the trajectories,
the binding process is found to be ligand-induced and cooperative. That is, the conformational rearrangement only occurs in the
presence of the ligand and the concerted motion of the ligand and a large part of the RNA binding site is necessary to achieve the

final low-energy binding state.

INTRODUCTION

The binding of RNA and protein often involves considerable
conformational changes of the molecular system (1-3). In-
stead of the common picture of a rigid lock-and-key docking,
molecular recognition may occur via a dynamical induced-fit
process, that is, a ligand-induced conformational rearrange-
ment of local elements of RNA secondary structure, which
subsequently leads to the stabilization of a defined confor-
mation of the RNA-protein complex. Due to the high flexi-
bility of RNA single strands, one generally expects a rugged
energy landscape with multiple populated conformers. This
conformational flexibility also significantly affects the affinity
and specificity of RNA-protein interactions, although its
biological function is not yet well understood.

Although the structures of the free and bound states of RNA
and protein can be accurately described by x-ray and nuclear
magnetic resonance (NMR) experiments, typically not much
is known about the pathway by which the binding takes place.
Toinvestigate and understand biophysical processes in atomic
detail, classical molecular dynamics (MD) simulations have
proven valuable (4-7). However, so far MD studies on RNA
system have focused on the free and bound states, but have not
considered the dynamic binding process itself (8—17). This is
because RNA-protein binding is expected to occur on a micro-
to millisecond timescale, which currently is still beyond the
reach of all-atom MD simulations.

A prime example for induced-fit RNA-protein binding is
the interaction between the transactivation responsive (TAR)
RNA and the transactivator (Tat) protein of the human im-
munodeficiency virus type 1 (HIV-1). A number of NMR
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studies of the free TAR RNA and the bound Tat-TAR com-
plex have given a detailed picture of this highly specific and
dynamic binding process (18-23). It is well established that
the binding site mainly involves the trinucleotide bulge (see
Fig. 1 a) and the adjacent basepairs A22-U40 and G26-C39,
which undergo a substantial conformational change during
the binding process. As the Tat-TAR interaction represents
a crucial step in the gene expression of the virus, it has been
widely studied as a possible target for anti-HIV intervention
(24-26). For example, Hwang et al. (27) identified, from an
encoded combinatorial library, various heterochiral tripe-
ptides, which bind to TAR RNA with high affinity and
specificity. In particular, they showed that the peptide
(L)Lys-(D)Lys-(L)Asn (KkN) may suppress the transcrip-
tional activation by Tat protein in human cells with an ICs,
of =50 nM. Although the structure of the TAR-KkN com-
plex was not determined in detail, their NMR studies indicate
that KkN binds to the bulge region of TAR RNA.

To identify possible binding modes of the TAR-KkKN com-
plex and to give a qualitative picture of the dynamics during
binding, in this work we present a detailed MD study of this
process, using an all-atom force field with explicit water
solvent, counterions, and Ewald-sum treatment of electro-
statics. Due to the (compared to the Tat protein) small size of
the tripeptide, a MD description of the binding of KkN to
TAR appears to be feasible, although no exhaustive sam-
pling of the process can be expected on a timescale of some
10 ns. With this end in mind, the following strategy was em-
ployed: Starting with the NMR structure of free TAR RNA,
we first used a docking method to identify the most plausible
structures of the complex. Employing these results as initial
structures, various 20-ns MD simulations were performed,
showing that the starting structures in which KkN binds to
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the major groove of TAR are unstable, whereas the minor-
groove starting structures are found to lead to several stable
binding modes. Although the ligand does not occupy the
binding position of Tat protein, it is shown to hinder the
interhelical motion of free TAR RNA, which presumably
is necessary to achieve the conformational change of TAR
RNA to bind Tat protein (22). Considering the time evolu-
tion of the binding trajectories, the binding process is found
to be ligand-induced and cooperative. Based on these find-
ings, the importance of conformational flexibly for RNA-
ligand binding is discussed in some detail.

METHODS
Docking study

We used the program AutoDoc3.0 (28), which allows for the efficient
docking of a flexible ligand (i.e., the tripeptide KkN) to a rigid target (i.e.,
TAR RNA). Following Nifosi et al. (11), structure 2 from the NMR study
(19) was taken as the starting structure of HIV-1 TAR RNA. Although the
choice of the starting structure was found to hardly change the subsequent
docking results, this structure exhibits low local root-mean-squared dis-
tances compared to the other NMR models and is therefore adopted as a rep-
resentative starting structure for the MD simulations of free TAR RNA. The
tripeptide KkN was built using the program XLEAP distributed by AMBER6
(29). To allow for flexibility of the ligand, a total of 20 active torsion angles
were assigned as rotatable bonds. To be consistent with the subsequent MD
studies, all partial charges of TAR and KkN were taken from the AMBER98
force field (30). Considering the van der Waals and electrostatic interactions
of the TAR-KkN complex, the 10 docking structures with lowest energy
were identified. These structures were analyzed in detail and served as
starting structures for the subsequent MD simulations.

MD simulations

The AMBERG6 program suite (29) and the force-field Amber98 (30) were
used in the simulations of the free TAR RNA, the tripeptide KkN, and the
TAR-KKN complex. The RNA was solvated in a rectangular box of TIP3P
water (31), keeping a minimum distance of 10 A between the solute and each
face of the box. To neutralize the system, sodium counterions were added
and water molecules were removed if they overlapped with the sodium ions.
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FIGURE 1 (a) Secondary structure of HIV-1
TAR RNA, indicating a local coordinate system
placed at the center of mass of the A22-U40
basepair. (b) Docking results for the preferred
position of the KkN ligand in TAR RNA, plotted
in this coordinate system. The calculations reveal
two main binding sites, which are located in the
major (x > 0) and minor (x < 0) grooves of the
bulge region. Choosing for both cases a represen-
tative conformation as a starting structure for
a subsequent MD simulation, the right-hand-side
panels show MD snapshots of the initial and
final structures of (¢) an unstable major-groove
complex and () a stable minor-groove complex,
respectively.

The final system contained 19,758 (17,224) atoms within a box dimension of
48 X 68 X 59 A® (49 X 67 X 51 A®) in the case of the TAR-tripeptide
complex (free TAR).

The systems were minimized and equilibrated with the same protocol,
using the program SANDER. Initially, the whole system was minimized for
1000 steps and the water molecules and counterions were relaxed around the
fixed solute with a 100-ps MD run. MD production runs of 20-ns duration
were then performed for each system. Covalent bonds including hydrogen
atoms were constrained by the SHAKE algorithm (32) with a relative
geometric tolerance of 0.0001. The equation of motion was integrated by
using a leapfrog algorithm with a time step of 2 fs. A cutoff of 10 A was used
for the nonbonded van der Waals interactions. The nonbonded interaction
pair-list was updated every 20 fs. The solute and solvent were separately
weakly coupled to external temperature baths at 300 K (33) with a tem-
perature coupling constant of 0.1 ps (0.01 during the first 100 ps). The total
system was also weakly coupled to an external pressure bath at 1 atm using
a coupling constant of 0.5 ps (0.05 during the first 100 ps). Periodic bound-
ary conditions were applied and the particle-mesh Ewald method (34) was
used to treat electrostatic interactions.

Free energy analysis

The absolute free energy was estimated as the sum of the molecular mechanics
energy, the solvation energy, and the entropic contribution (35). The molec-
ular mechanics energy is given as the sum of bonded and nonbonded
interactions and is directly obtained from the potential-energy function. The
solvation free energy consists of electrostatic and nonpolar contributions.
The electrostatic contribution was approximated by the generalized Born
method (36). The nonpolar contribution G, was estimated from the solvent-
accessible surface area (SA) of the solute using the algorithm of Sanner (37),
i.e., Gy, = ySA + B, where y = 0.00542 kcal/A% and 8 = 0.92 kcal/mol (38).
To calculate the entropic contribution to the free energy, the translational,
rotational and vibrational entropies are calculated using normal mode analysis
tools employed in the AMBER program package (29).

The binding free energy is defined as the free energy difference between
the TAR-KkN complex and the free TAR RNA and the KkN tripeptide:

AG = Grar—kiy — (GTAR + GKkN)~

For simplicity, the latter two quantities are also calculated from the trajectory
of the TAR-KkN complex (11). For example, to calculate Grar from the
TAR-KKN trajectory, all interactions involving the atoms of the KkN
tripeptide are left out. Similarly, the atoms of TAR RNA are left out to
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calculate Ggyn. It is noted that this approximation neglects the (presumably
small) free energy difference in the bonded interactions of the complex and
the two constituents.

RESULTS AND DISCUSSION
Identification of binding modes

In a first step, we have performed semirigid docking cal-
culations to explore possible binding sites of TAR RNA for
the KkN peptide. As an illustration of the thus obtained
positions of the ligand, a local coordinate system of TAR
RNA is introduced in Fig. 1 a, whose origin is placed at the
center of mass of the A22-U40 basepair and whose x,y plane
coincides with the plane of the A22-U40 basepair. The posi-
tive x-direction points toward the major groove, and the
positive z-direction is parallel to the stacking direction of the
bases G21 and A22. Employing these coordinates, Fig. 1 b
shows the positions of the C, atom of the middle lysine
residue of KkN as obtained from the docking calculations. As
may be expected, TAR RNA provides two main binding sites,
which are located in the major groove (x > 0) and the minor
groove (x < 0) of the bulge, respectively. From the binding
energies predicted by the docking program, no superiority of
the major or minor groove binding positions could be estab-
lished. For this reason, we choose 10 representative low-
energy structures of the KkN-TAR complex (including five
minor and five major groove conformations) as initial struc-
tures for the subsequent MD study.

Upon performing several nanoseconds of MD simulation
for each complex, it was found that the minor-groove struc-
tures are significantly more stable than the major-groove
structures. That is, four of the major groove structures became
unstable (i.e., the ligand moved far away from its initial
docking position) and the fifth structure is only weakly
bound. From the minor-groove structures, on the other hand,
only one became unstable, while the other four assumed
stable binding modes. This finding is in accord with exper-
iment (27), which reports NMR interactions for the KkN-
TAR complex that are different from known major-groove
complexes. In particular, the NOESY and TOCSY reso-
nances of only the U23 and C24 residues were shifted upon
the addition of the ligand. In the calculated minor-groove
structures of the KkN-TAR complex, these residues are found
in direct vicinity of the ligand. Furthermore, a minor-groove
binding structure was also found by NMR studies for a com-
plex of TAR RNA and acetylpromazine (25).

As a representative example for both cases, Fig. 1 shows
snapshots of the initial and final structures of an unstable
major-groove complex (Fig. 1 ¢) and a stable minor-groove
complex (Fig. 1 d). (Note that this last complex is referred to
as complex 1 below.) Although in the latter case the ligand is
seen to move further into the bulge to stabilize binding, in
the major-groove complex the ligand clearly moves out of
the binding pocket. This finding is interesting in the light
of the fact that binding of the Tat-TAR complex does occur
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in the major groove of TAR RNA (18-20). As discussed
below, the inhibition of the Tat-TAR interaction by KkN
peptide can, therefore, not be explained by a simple replace-
ment of Tat protein in the major groove of TAR RNA.

Characterization of binding modes

For each of the four stable binding modes identified in the
above described docking/MD strategy, a 20-ns MD run was
performed to characterize the structure and the binding
interactions of the complex. From these simulations, Fig. 2
shows representative views of the binding sites as seen from
the minor groove (for the three minor-groove complexes 1,

FIGURE 2 Structures (a—d) of the binding site of the TAR-KkN complex
corresponding to trajectories 1-4 discussed in the text. The shaded space-
filling representations on the left-hand side clearly show the binding pocket
for the ligand, the right-hand-side structures reveal atomic details of TAR-
KkN interactions: The ligand is drawn in blue with thick lines indicating
favorable van der Waals interactions with bases. Phosphate groups involved
in hydrogen bonding to the ligand are indicated by spheres.
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2, and 3) and from the major groove (for the major-groove
complex 4), respectively. As a common feature of all struc-
tures, the TAR binding site is seen to exhibit a hole, which
embeds the side chain of k2 for the three minor-groove com-
plexes and the side chain of K1 in the case of the major-
groove complex. The hole is caused by the imperfect stacking
between the upper and lower stem due to the three unpaired
nucleotides in the bulge.

Despite this similarity, a comparison of the various struc-
tures in Fig. 2 shows that there are quite different ways to
accommodate the ligand in the binding pocket of TAR RNA.
As is well known, the affinity and specificity of RNA-ligand
binding is mainly achieved by stacking interactions, hydrogen
bonding, and electrostatic interactions of positively charged
ligand side chains and negatively charged phosphate groups
of RNA (24). To obtain an impression of the overall impor-
tance of these interactions, Table 1 presents a decomposition
of the enthalpic and entropic contributions to the binding free
energy. The analysis shows that:

1. The entropy penalty for all bound structures is relatively
similar.

2. The electrostatic and solvation energies of the complexes
may differ significantly (from disfavoring binding by +6
kcal/mol in complex 1 to favoring binding by —3 kcal/
mol in complex 2).

3. The van der Waals interactions provide, by far, the
largest energetic contribution to binding, ranging from
—23 to —40 kcal/mol.

Although the calculated absolute binding free energy of
—19 kcal/mol is too low compared to the experimental value
of —5 kcal/mol (27), we expect the relative free energies of
the various binding modes as well as their decomposition to
be sufficiently accurate for our purposes (35).

The above finding emphasizes the importance of stacking
interactions for RNA-ligand binding. Indeed, by analyzing
Fig. 2 it is found that the various binding modes can readily
be characterized by their stacking interactions. In complex 1,
for example, the bases of A22, U23, and C24 are tightly stacked.
This pushes the ligand toward the other strand, where it pre-

TABLE 1 Free energy analysis obtained from the four bound
trajectories of the KkN-TAR complex (see Methods)

TrajCCtOI‘y AHVCIW AI-Iel ASlrans ASvib AG

1 —40 (=4)  6(x3) T(x1) 8(x5 —19(=7)
2 —38(*3) -3 (x3) 9(£1) 9 (£4) —23 (*5)
3 =31 (x5) -2 (*4) T(£1) 8 (+4) —18 (£7)
4 —23 (*5) 1(£4) 7(x1) 7 (x4) -8 (£7)

The binding free energy AG is decomposed into the enthalpic contributions
AH,qw and AH,, reflecting van der Waals as well as electrostatic and
solvation energies, respectively, and into the entropic contributions ASns
and AS,;, reflecting translational and rotational as well as vibrational
entropies of the solute, respectively. The (presumably small) free energy
difference in the bonded interactions are neglected. All quantities are in
units of kcal/mol.
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vents the stacking of the bases of C39 and U40. In complex
2, on the other hand, the bases of the other strand, C30, U40,
and C41 are tightly stacked, whereas the nucleotides C24
and U25 are completely looped out. This way, the side chain
of k2 is stacking to the base of A22, and to a lesser degree, to
the base of U23. Complex 3 shows another possibility, in
which U25 is looped out and the bases of U23 and C24 are
tightly stacked. Similar to complex 2, the ligand stacks to
A22, although there is no stacking of the bases of U40 and
C41. Finally, there is the major-groove complex 4, which has
the side chain of K1 embedded in the binding pocket of TAR
RNA. Although it exhibits similar-looking stacking to com-
plex 3, it is only weakly bound, because the van der Waals
contribution AH,qw = —23 kcal/mol turns out to be much
larger in the major groove.

As listed in Table 1, the van der Waals contribution
AH 4w to the binding energy increases from —40 kcal/mol
for complex 1 to —23 kcal/mol for complex 4, thus reflecting
the decreasing degree of stacking interactions. Nevertheless,
the best binding with AG = —23 kcal/mol is found for
complex 2, which shows a slightly higher van der Waals
contribution (—38 kcal/mol) but exhibits a favorable elec-
trostatic energy of AH. = —3 kcal/mol. A closer analysis of
the electrostatic interactions occurring in the KkN-TAR
binding process reveals that the differences in AH,,; observed
for the various complexes mainly reflect the number of stable
hydrogen bonds maintained in the complex. Typically, strong
hydrogen bonds were found to exist at both termini and at the
amide hydrogens of the ligand. Efficient binding evidently
requires a fine balance between van der Waals interactions
and electrostatic interactions, although the latter appear to
contribute only little, according to Table 1.

It is interesting to note that a minor-groove binding struc-
ture was also found by NMR studies of a complex of TAR
RNA and acetylpromazine (25). In this case, the three-
member ring of acetylpromazine inserts between basepairs
G26-C39 and A22-U40 with the aliphatic moiety extended
along the minor groove. The binding mode is therefore quite
similar to the situation found for the KkN-TAR complex,
where the side chain of the middle lysine is stacked between
basepairs G26—C39 and A22-U40 while the two terminal
residues point to the minor groove. In this respect, the two
ligands employ a similar strategy to bind to the bulge region of
TAR RNA, even though their structures and the type of
interaction (aromatic-aromatic in the case of acetylpromazine
and aliphatic-aromatic in the case of KkN peptide) are quite
different. As a further difference, the acetylpromazine-TAR
complex appears to occur as a single dominant binding mode
(25), whereas the KkN-TAR complex exhibits pronounced
conformational heterogeneity in the binding region.

Cooperative conformational transitions

The results presented above indicate that the peptide and
the nucleotides in the bulge region undergo significant
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conformational rearrangement to optimize the binding inter-
face. Choosing complex 1 as a representative example, in
what follows we wish to study this conformational dynamics
of the binding process in some detail. The upper panel of Fig.
3 shows a simple scheme of the RNA binding site. The figure
indicates several interatomic distances, which facilitate the
description of the binding process of the tripeptide KkN to
TAR RNA. Taking the position of the C1" atom of U40 as
a reference point, we consider the distances between this
atom and the C1’ atom of U39 (Fig. 3 a), the C, atom of k2
(Fig. 3 b), and the C1’ atom of U23 (Fig. 3 ¢), respectively.
The time evolutions of these distances are shown in Fig. 4.
Let us first consider the C39-U40 distance shown in Fig. 4 a.
Initially, this distance is ~6 A, which reflects a close stack-
ing of the corresponding bases. After several transient at-
tempts to leave this stacking position, at time ~4 ns C39 and
U40 finally move apart to a distance of ~7 A. Interestingly,
this conformational transition is followed by a rearrangement
of the tripeptide in the binding pocket, which is monitored
by the k2-U40 distance shown in Fig. 4 b. At ~5 ns, this
distance changes from ~8 A corresponding to a position
between A22 and G26 to ~5 A, which reflects the insertion
of the k2 side chain between C39 and U40. Because giving
up the C39-U40 stacking in favor of the k2 insertion is
energetically disfavorable, a further conformational re-

G26 = Y

Cc24 2> 39
¢ —

gy

U23 Q——
——
_—
A22
t=3.75ns t=4.90 ns

FIGURE 3 (Upper panel) Scheme of the dynamical binding process of
KKkN tripeptide to TAR RNA. The nucleotides of the bulge region of TAR
RNA are drawn as boxes and the position of the tripeptide is indicated by the
C, atom of k2. The arrows labeled by a, b, and ¢ indicate the most important
directions of motion: (a) the binding pocket opens, () the ligand moves in,
and (c) base U23 moves in to close the pocket. (Lower panel) Structure of
the TAR binding site and the k2 residue of the tripeptide directly before (leff)
and directly after (right) the conformational transition of the complex.
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FIGURE 4 Time evolution of various interatomic distances describing the
cooperative binding of the tripeptide KkN to TAR RNA. Shown in full lines
are (a) the distance between the C1’ atoms of U39 and U40, (b) the distance
between the C, atom of k2 and C1’ atom of U40, and (c) the distance
between the C1’ atoms of U23 and U40. The dashed lines in @ and ¢ display
the corresponding distances as obtained from a separate simulation of free
TAR RNA.

arrangement of the binding site is necessary to stabilize the
complex. As monitored by the U23-U40 distance shown in
Fig. 4 c, this rearrangement mainly consists of the motion of
base U23. That is, whereas initially U23 points out of the
bulge, at =5 ns it changes to point inside. Unlike the case
of free TAR, in which the unpaired base U23 is found in
a looped-out conformation due to the strong electrostatic
repulsion, the positively charged side chains of the ligand
reduces the repulsion and make the in-loop position of U23
favorable. To summarize the conformational dynamics shown
in Figs. 3 and 4, the following simple picture emerges: (a)
the binding pocket opens, (b) the ligand moves in, and (c)
base U23 moves in to close the pocket. As a further illus-
tration of the motions (@), (b), and (c¢), the lower panel of Fig.
3 shows the structure of the binding site directly before (left)
and directly after (right) the conformational transition of the
complex.

The above discussion reveals that it takes the correlated
rearrangement of the KkN ligand and several bulge nucle-
otides to reach the more stable binding conformation for
times ~9 ns. In other words, the binding process is coopera-
tive. The meaning of cooperativity is nicely demonstrated by
the simulation at ~2 ns. At this time, the opening of bases
C39 and U40 (Fig. 4 a) and the intercalation of k2 (Fig. 4 b)
seems almost to be finished. However, the attempt fails be-
cause the necessary concerted motion of U23 does not occur
at this time.

Biophysical Journal 90(2) 391-399
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Furthermore, the conformational change of the TAR
binding site is induced by the ligand, that is, induced-fit-type
of binding occurs. This point is readily demonstrated by
comparing the C39-U40 and U23-U40 distances obtained
for bound TAR to the corresponding distances as obtained
from a separate simulation of free TAR RNA (dashed lines
in Fig. 4). In the absence of the ligand, clearly no specific
conformational transition is observed.

Although the above results clearly show the existence of
a ligand-induced cooperative conformational transition in
the binding of KkN to TAR RNA, the finding, of course, raises
the question on the importance of such dynamic effects on
peptide-RNA binding. Analyzing the other three binding
trajectories, we have found clearly cooperative rearrange-
ments only for complex 3 (data not shown). At a time of ~8
ns, simultaneously, the C39-U40 distance changes from 6.5
t0 5.5 A, the k2-U40 distance changes from 7.5 to 10 A, and
the U23-U40 distance changes from 11 to 13 A, thus resulting
in binding-mode 3 described above. Another way to assess the
relevance of a phenomena is to study its reproducibility. To
this end, we have performed additional simulations of the
binding process of complex 1, in which we changed the initial
conditions at time ¢ = 4 ns, i.e., right before the conforma-
tional transition. As an example, Fig. 5 compares the original
trajectory (solid lines) to a trajectory using the same initial
coordinates but with completely reassigned initial velocities
(dotted lines), and to a trajectory employing minor random
changes of the initial coordinates and completely reassigned
velocities (dashed lines). Although the three conformational
transitions certainly differ in details of the time evolution, the
outcome of the conformational rearrangement as well as the
cooperativity is reproduced.

L (b) |

QO N W O N o

distance [A]

-
N

6 1 1

time [ns]
FIGURE 5 Reproducibility of cooperative binding. Shown are the inter-

atomic distances introduced in Fig. 4 obtained for three trajectories with
slightly different initial conditions at r = 4 ns.
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Global motion of TAR RNA

Let us finally come back to the question how a small peptide
binding to the minor groove of TAR RNA may inhibit the
Tat-TAR interaction, which is known to occur at the major
groove of TAR RNA (18-20). With this end in mind, a sep-
arate 20-ns MD simulation of free (i.e., unbound) TAR RNA
was performed and compared to the data obtained for the
KkN-TAR complex. Comparing the root-mean-squared dis-
tances (RMSD) of free and bound TAR RNA (data not
shown), we found, in both cases, values of ~3 A for the first
2 ns. Although the RMSD of the bound TAR RNA remains
below 4 A, the RMSD of free TAR increases up to 7 A. In-
terestingly, a closer inspection of the trajectory reveals that
all secondary elements (i.e., bulge, loop, and upper and lower
stems) of TAR RNA are well maintained during the sim-
ulation. That is, the quite large RMSD observed for free TAR
is mainly caused by global interhelical motion of the RNA.
Interhelical hingelike motions have also been identified in
MD simulations of RNA kink-turns (15,16). Furthermore,
this finding is interesting in the light of recent residual dipolar
couplings’ NMR experiments (22), which reported strong evi-
dence for the existence of this hinge-bending motion of TAR
RNA around the bulge region.

To illustrate this motion, we introduce two coordinate
systems, whose origins are localized at the centers of mass of
the lower stem (including the basepairs G18—C44, C19-G43,
A20-U42, G21-C41) and the upper stem (including the
basepairs G26—C39, A27-U38, G28-C37, and C29-G36),
respectively. The z-axes are chosen orthogonal to the plane
spanned (in the average) by the nucleic basepairs and there-
fore indicate the axial direction of the stems. The x-axes are
parallel to this plane and point from the minor to the major
groove. Employing these coordinates, the interhelical motion
of TAR RNA can be described by two angles: The angle
between the two z-axes, that is, the bending angle 6.4, and
the angle between the two x-axes, that is, the twisting angle
Owwist- (Note: More precisely, O.yis; 1S obtained by projecting
the x-axes of the upper stem onto the x,y plane of the lower
stem and calculating the angle between the projected x-axes
of the upper stem and the x-axes of the lower stem in the
plane.) Fig. 6 compares the time evolution of these two an-
gles as obtained for free TAR RNA and for the three minor-
grove Kkn-TAR complexes. The bending angle of free TAR
is seen to vary between 20° and 100° in the 20-ns simulation,
thus describing a rather slow large-amplitude motion between
the two stems. The bending motion of the KkN-TAR com-
plexes, on the other hand, is much more localized with Gyepg
~ 30 = 10°. The overall difference between free and bound
TAR RNA is similar but not as prominent for the twisting
motion of the RNA stems.

Fig. 6 clearly demonstrates that the interhelical motion
of the RNA is hindered by binding small molecules in the
minor-groove region. This finding also explains the obser-
vation that complexes of TAR RNA with a small ligand are
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FIGURE 6 Global motion of TAR RNA as revealed by the time evolution
of the interstem angles Oeng and Oy,is,. Compared are the trajectories of free
TAR RNA (black) and of the three minor-groove RNA-KkN complexes 1
(red), 2 (green), and 3 (blue).

significantly more stable than free TAR (11). Assuming that
the interhelical motion is necessary to achieve the confor-
mational change of TAR RNA to bind Tat protein (22,23),
our results suggest that the binding of small molecules to the
minor groove of TAR RNA represents a dynamical inhibi-
tion mechanism of the Tat-TAR interaction. In other words,
the ligand does not occupy the binding position of Tat pro-
tein, but it prevents the conformational rearrangement of the
RNA, which necessary for the binding of Tat protein.

It is instructive to compare the above findings to the re-
sidual dipolar couplings NMR experiments of Al-Hashimi
et al. (22,23). Providing long-range constraints on the orien-
tation of bond vectors, this technique has significantly en-
hanced the accuracy with which extended structures such as
nucleic acids can be determined by NMR (39). Furthermore,
the measurement of NMR residual dipolar couplings has also
emerged as a powerful approach to probe the amplitudes and
directions of collective motions in biomolecules. The study
of TAR RNA in the free state (22) provided evidence that the
two helices undergo large amplitude (46°) rigid-body collec-
tive motions about an average interhelical angle of 47°. Upon
binding to argininamide, the interhelical motion of TAR
RNA was found to be significantly reduced, resulting in
an average interhelical angle of 11 *= 3° (23). The above
reported computational results (fpeng = 50 = 40° for free
TAR RNA and 30 = 10° for the KkN-TAR complex) are in
good overall agreement with experiment, thus providing a
consistent picture of the flexibility change of TAR RNA
upon ligand binding.

CONCLUDING REMARKS

We have employed a combination of semirigid docking and
all-atom MD simulations to study the binding of a RNA-
tripeptide complex in explicit water. Using free TAR RNA
as the initial structure in the docking calculations, the subse-
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quent MD study monitors the ligand-induced conformational
rearrangement of the complex. Considering the wealth of in-
triguing data obtained by the simulation, this hybrid strategy
appears to be a promising approach to study dynamical
aspects of RNA-ligand binding. This is because:

1. The docking calculations provide an inexpensive way to
identify the most plausible structures of the complex.

2. The much more expensive MD simulations need to be
performed for only a few representative cases.

3. The MD study may shed light on the transition from
the free to the bound conformational states of the RNA
system.

It is noted that the combination of lock-and-key docking
and induced-fit dynamics has also been found by NMR
studies of several RNA-protein complexes (2,40). Here the
initial binding mode is recognized first by flexible docking
and then the binding interface is optimized by conforma-
tional rearrangements.

The MD simulations have shown that only the minor-
groove starting structure leads to various stable binding
modes, whereas the Tat-TAR related major-groove struc-
tures turned out to be unstable or only very weakly bound.
This finding is in accord with experiment (27), which
reported NMR interactions for the KkN-TAR complex that
are different from known major-groove complexes. Further-
more, NMR studies for a complex of TAR RNA and
acetylpromazine (25) have revealed a quite similar minor-
groove binding structure. In both systems, the ligand is found
between basepairs G26—C39 and A22-U40, with the minor
groove accommodating the side chain of the ligand.

To characterize the stable binding modes, a detailed anal-
ysis of the enthalpic and entropic contributions to the binding
free energy was given. We have found that:

1. The entropy penalty for all bound structures is relatively
similar.

2. The electrostatic and solvation energies of the complexes
may differ significantly (from disfavoring binding by +6
kcal/mol in complex 1 to favoring binding by —3 kcal/
mol in complex 2).

3. The van der Waals interactions provide by far the largest
energetic contribution to binding; they range from —23 to
—40 kcal/mol, thus reflecting the different degree of
stacking of the binding modes.

The surprisingly large conformational heterogeneity of the
binding interface of the KkN-TAR complex is also reflected
in the time evolution of the binding trajectories. By moni-
toring various interatomic distances accounting for the stack-
ing and the hydrogen bonding during the binding process,
we have identified numerous conformational rearrange-
ments to optimize the binding interface. In particular, we have
found a induced-fit-type of binding, in which the binding
process is ligand-induced and cooperative. That is, the con-
certed motion of the ligand and a large part of the RNA
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binding site is necessary to achieve the final low-energy bind-
ing state. To assess the relevance of these cooperative rear-
rangement, its reproducibility has been checked by additional
simulations with changed initial conditions. Although the
resulting trajectories certainly differ in the details of their
time evolution, the outcome of the conformational transition
as well as the cooperativity was reproduced.

Finally, the global motions of free TAR RNA and the
bound KkN-TAR complex have been investigated. We have
shown that the quite large RMSD observed for free TAR is
mainly caused by interhelical hinge-bending motion of the
RNA. In nice agreement with residual dipolar couplings’
NMR experiments of Al-Hashimi et al. (22,23), we obtain
the bending angle of free TAR Openg = 50 = 40°. The
bending motion of the KkN-TAR complexes, on the other
hand, is much more localized, with 0.4 =~ 30 £ 10°. This
finding clearly demonstrates that the interhelical motion of
the RNA is hindered by binding small molecules in the
minor-groove region. Assuming that the interhelical motion
is necessary to achieve the conformational change of TAR
RNA to bind Tat protein (22), our results suggest that the
binding of small molecules to the minor groove of TAR
RNA represents a dynamical inhibition mechanism of the
Tat-TAR interaction.
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