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with peptide binding strengths for HIV-1 and BIV TAR
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ABSTRACT

For the binding of peptides to wild-type HIV-1 and BIV
TAR RNA and to mutants with bulges of various sizes,
changes in the ∆∆G values of binding were determined
from experimental Kd values. The corresponding
entropies of these bulges are estimated by enumerating
all possible RNA bulge conformations on a lattice and
then applying the Boltzmann relationship. Independent
calculations of entropies from fluctuations are also
carried out using the Gaussian network model (GNM)
recently introduced for analyzing folded structures.
Strong correlations are seen between the changes in
free energy determined for binding and the two
different unbound entropy calculations. The fact that
the calculated entropy increase with larger bulge size is
correlated with the enhanced experimental binding free
energy is unusual. This system exhibits a dependence
on the entropy of the unbound form that is opposite to
usual binding models. Instead of a large initial entropy
being unfavorable since it would be reduced upon
binding, here the larger entropies actually favor binding.
Several interpretations are possible: (i) the higher
conformational freedom implies a higher competence
for binding with a minimal strain, by suitable selection
amongst the set of already accessible conformations;
(ii) larger bulge entropies enhance the probability of
the specific favorable conformation of the bound state;
(iii) the increased freedom of the larger bulges contri-
butes more to the bound state than to the unbound state;
(iv) indirectly the large entropy of the bound state might
have an unfavorable effect on the solvent structure.
Nonetheless, this unusual effect is interesting.

INTRODUCTION

RNA–protein interactions are important for many biological
processes, including regulation. Understanding the details of the
binding process is critical to being able to relate structure to

function. Studies of protein–protein and DNA–protein binding have
shown that flexibility of the binding partners is often critical for
obtaining strong specific binding. These can be viewed as examples
of induced fit, sometimes small in scale and sometimes large.

Nucleic acids characteristically form double helices that have
only limited flexibility. In addition, RNA has more diverse
structural elements, such as bulges and loops, that can be local
sites of greater flexibility. Here we will explore the role of bulge
and loop flexibility for RNA–protein binding, which is not well
understood. One reported effect of flexibility involves strain
associated with asymmetric internal loops (1), that can lead to a
widening of the major groove to facilitate amino acid binding (2–5).

Specifically, we are going to investigate computationally the
flexibility of bulges of various sizes. These calculations will be
compared with others’ experimental peptide binding studies for
HIV (human immunodeficiency virus) and BIV (bovine immuno-
deficiency virus) that include various bulge insertions and
deletions (4–6). Chen and Frankel (6) titrated the TAR binding
region of BIV and its various mutants with a 17 residue Tat
peptide. Relative amounts of peptide–TAR complex formed for
wild-type and various mutant RNAs were determined from gel
shift assays. These values can be expressed in terms of relative
dissociation constants Kd for the mutant compared with the
native. Values have also been reported for competition assays
involving 14 and 38 residue Tat peptides (4).

Lattice models have been developed previously to generate
coarse grained structures for tRNA, ribozyme RNA and an rRNA
fragment (7,8). Each lattice point corresponds to one nucleotide
and these points are used to account for the excluded volume.
Rigid volume elements representing double helical stems are
attached to the lattice points representing nucleotides of the
various internal bulges. All possible bulge forms and their various
attendant stem positions are generated, accounting for the effects
of excluded volume. The resulting structures indicate preferred
stem–stem arrangements and other structural features in agreement
with experiment. Certain asymmetries and constraints in loop
position were found to favor functionally important RNA
conformations, including hammerhead ribozyme conformers
known to be catalytically active (8). The complete enumeration
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Figure 1. Secondary structures of TAR RNA binding regions. (a) For BIV TAR (6). (b) For HIV-1 TAR (4,5). (c) Three-dimensional structure of BIV Tat–TAR peptide–RNA
complex (15,16) showing the unusual non-sequential triplet (bases 10-13-24) in magenta formed by the RNA. Structure shown is from the Brookhaven structure 1mnb.
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of all conformations, made possible by this coarse grained lattice,
avoids some conformational uncertainties associated with less
exhaustive methods.

The relatively large scale conformational changes possible in
the bulges would require substantial time to fully sample the
ensemble of conformations and this could be important for
binding intermediates. This contrasts directly with the smaller
scale fluctuations more typically observed in other biomolecular
structures. It can mean that the binding to an RNA bulge structure
could directly reflect the difficulty of conformational access. Of
course the size of the ensemble of generated RNA conformations
can be related to conformational entropy.

In this paper we will estimate entropies of the various bulges in
two ways: (i) using the number of conformational states
generated on a lattice; (ii) from the size of the fluctuations
obtained with the Gaussian network model (GNM) recently
introduced (9) for describing the conformational flexibility of
folded structures (9–11). The main conclusion here will be that
decreases in free energy of binding for various bulge insertions
are related directly to entropy increases for the unbound RNA.
Normally a bound state would have a reduced entropy, but instead
here the binding process is enhanced by higher entropies of the

unbound RNA. Because the bulge is likely a site of flexibility
within the binding site of the TAR RNA, it is logical to posit that
the stiffness of the structures is diminished by increased
flexibility, i.e. by larger bulges, and that access to the bound
conformation is thereby enhanced. This is particularly plausible
since the structure of the bound state shows a highly distorted
bulge in which a base within the bulge forms a base triplet with
a stem base pair (Fig. 1). Consequently, for the range of bulge sizes
investigated here, access (and adaptability) to the bound RNA
conformation might be critical, and this is improved by the greater
flexibilities of the larger bulges. Of course, if the bulge were enlarged
beyond a certain point, then the probability of the bound state
conformation eventually would be reduced. Alternatively, it is
possible that the increase in the bulge entropy is even more favorable
for the bound state, in comparison with the unbound state.

In order to study the effects of the flexibility of the bulge in BIV
and HIV TAR binding targets, we are going to utilize two
extremely different coarse grained approaches: (i) a lattice
method appropriate for investigating large scale changes in
conformation; (ii) a GNM appropriate to gauge a range of effects
including small scale fluctuations, based on the topology of
inter-residue contacts in the examined structure.
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Figure 2. Lattice structure model of mutant BIV TAR with a single deletion in
the bulge (–1 nt from bulge).

METHODS AND RESULTS

Lattice models

The lattice calculations are performed on a cubic lattice having
cell edges of 6.15 Å, based on the distance between O3′ atoms in
sequential nucleotides. The TAR binding regions of BIV and
HIV-1 (Fig. 1) are divided into solid double helical stems and
individual points representing unpaired nucleotides in the bulge.
Each lattice point of the bulge represents an O3′ atom as shown
by a sample lattice fold for a one base bulge in Figure 2. Attached
to the bulge are two model rigid volume elements that represent
the helical stems. Volume exclusion prohibits multiple occupancy
of the bulge lattice points and lattice points within the model stems.
These model stems are taken as elements of lattice volume fit to an
ideal A-form helical stem of 7 bp. This is short enough to permit
complete enumeration of all lattice forms of internal bulges.

The modified cubic lattice used here allows virtual bonds
connecting O3′ atoms to have lengths of 6.15 or 8.70 Å, for a
coordination number of 18, and this lattice offers a simple and
appropriate way to exhaustively generate conformations. The two
helical axes are allowed to be parallel or perpendicular with
respect to one another. As with all lattice methods, the resulting
structures are only approximate, but the distributions of con-
formations should be representative (7,8). The number of RNA
lattice folds ranges from 66 844 configurations for the +1 nt added
to the HIV-1 TAR bulge to only one possible lattice configuration
associated with the –3 nt form that has no bulge, which is fully
constrained in this lattice model.

The change in entropy can be estimated from Nmutant and Nwt, the
numbers of mutant and wild-type RNA lattice configurations, as

�S ~ C1k ln �Nmutant

Nwt
� 1

where k is the Boltzmann constant and C1 reflects the details and
extent of coarse graining of the lattice but in practice is simply
used to scale the results.

Gaussian network model (GNM)

This model gives information about conformational fluctuations
based on constraints imposed between close nucleotides (9–11).
The entropic component of the change in free energy for the
motion ∆Ri = |Ri – Ri

0| of the ith nucleotide away from its
equilibrium position (Ri

0) in the folded state is estimated from its
mean square fluctuation <(∆Ri)2> as (10)

–T∆Si = 3kT(∆Ri)2/2<(∆Ri)2> 2

Accordingly, in the GNM description of folded structures any
conformational change away from the original equilibrium state
(or the native state) is accompanied by a decrease in entropy and,
consequently, an increase in free energy. And nucleotides subject
to smaller amplitude equilibrium fluctuations exhibit a stronger
resistance, of entropic origin, to conformational change. For a
given size conformational rearrangement, at a given temperature,
the energy cost contributed by the ith residue may thus be
expressed as

∆Gi = C2/<(∆Ri)2> 3

This conforms with the higher free energy requirement for
moving residues subject to smaller amplitude fluctuations, for
H/D exchanging with the solvent, as observed and predicted for
a series of proteins (10). The total molecular entropic contribution
to the free energy change is taken to be the sum over all residues.

Correlations with experimental binding energies

All possible lattice structures are enumerated for the various
bulge mutants of the BIV and HIV-1 TAR structures shown in
Figure 1a and b, respectively. We assume that the structure for the
1 nt deletion (–1 nt) from the bulge of BIV TAR (Fig. 1) is the
same as the –2 nt bulge structure of HIV-1 TAR. Similarly, we can
assume that the model structures for –2 nt from bulge BIV TAR
and –3 nt from bulge HIV-1 TAR are the same.

The change in ∆G of binding resulting from a mutation in the
bulge for both peptide–BIV TAR and peptide–HIV TAR can be
calculated from the corresponding dissociation constants Kd as

��G � RT ln���
K mutant

d

K wt
d
���

 
4

The Kd values for HIV-1 TAR are an average over the Tfr14 and
Tfr38 peptides (4). The Kd value for –1 nt in the bulge of BIV TAR
is an average involving two possible –1 nt bulge mutants. The
correlation plot (Fig. 3a) compares the change in experimental free
energy associated with change in bulge size with that calculated
from lattice calculations, for four HIV-1 TAR bulge mutants +1,
–1, –2 and –3 nt. They also include a similar correlation involving
the –1 nt BIV TAR bulge mutant. It is clear that there is a strong
correlation in this plot; the correlation coefficient is 0.98 and the
probability of being random is <0.005 (12).

Correlations with GNM calculations

The entropic contribution for the change in free energy associated
with mean sqaure fluctuations is calculated using 3 for the HIV-1
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Figure 3. (a) Correlations of changes in free energies determined from binding
(abscissa) and from lattice calculations (ordinate). Open squares indicate the
average ∆∆G for binding at 22�C (4,5) of peptides Tfr14 and Tfr38 with HIV-1
and a series of mutants (from left to right: +1 nt added to the bulge, –1 nt deleted
from the bulge, –2 nt from the bulge, –3 nt from the bulge). The closed square
indicates the ∆∆G for binding at 4�C (6) of a target peptide with BIV TAR and
a mutant (–1 nt from bulge). The ∆G lattice values involve changes in
conformational free energies calculated from the various bulge entropies. The
linear regression line is y = 0.26 × 10–3 + 1.13x and the correlation coefficient
is 0.98 (P < 0.005). (b) Correlations of changes in free energies determined from
HIV-1 binding (abscissa) and from GNM calculations (ordinate). The linear
regression line is y = 0.11 + 0.79x and the correlation coefficient is 0.89 (P < 0.12).
The two sets of calculated data are also highly correlated (see text).

a
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wild-type and its +1, –1, –2 and –3 nt bulge mutants. A
comparison of the experimental values with the corresponding
calculated change in the ∆G values for the GNM method
associated with forming the mutant bulges of HIV-1 is shown in
Figure 3b. A good correlation is indicated, with a correlation
coefficient of 0.89 and a probability of being random of <0.12
(12). An even stronger correlation is noted when the ∆∆G GNM
values are plotted against the ∆G lattice values, with a correlation
coefficient of 0.96, which indicates the probability of its being
random as <0.05.

The correlations between the two independent calculated
changes in the entropy and the experimentally determined
changes in binding free energy indicate a significant role for
flexibility in the binding of peptides to TAR RNAs. It is
interesting to note that these entropies are so similar when
calculated with two entirely different computational methods.
The GNM results reflect flexibility based on the local density and
distribution of contacts, whereas the calculated lattice entropies
are a more direct measure of the overall flexibility. But,
apparently the overall flexibility is closely related to the local
packing density and contact distribution.

DISCUSSION

It is somewhat difficult to know how to characterize the unbound
RNA conformationally even though there are NMR determined
structures. The multiple structures modeled from the NMR data
exhibit rather large excursions within the space of the molecule.
Thus the flexible lattice model of the bulge conformations may
be appropriate. But, in some sense these conformations are still
not extremely different from one another and consequently the
fluctuations about a single structure as in the GNM is a
contrasting but not altogether inappropriate model. We have
utilized these two different approaches to investigate this
problem. In order to gain an understanding of the physical basis for
the agreement between the experimentally observed ∆∆G values
and the ∆G values determined from entropic considerations, we will
next consider in more detail the physics and underlying assumptions
of the two theoretical approaches presently adopted.

Entropy changes from lattice model calculations

In cases where both the original and final states enjoy a significant
conformational freedom, beyond small rearrangements near the
equilibrium state, complete enumeration of all accessible
conformations on a lattice may be useful for estimating entropic
effects. In the present lattice calculations, the conformational
space accessible to the unbound bulge mutants has been
considered, which provided a measure of their entropy change
∆Sunbound relative to wild-type TAR bulges or the corresponding
contribution to free energy change ∆Gunbound = –T∆Sunbound (see
1 for a lattice estimation of ∆Sunbound).

On the other hand, experimental data refer to ∆∆Gbinding =
∆Gbound – ∆Gunbound, which comprises both entropic and
enthalpic effects, from the bound and unbound states. In a strict
sense, ∆∆Gbinding = ∆Hbound – ∆Hunbound – T∆Sbound +
T∆Sunbound. In the present analysis, the contribution T∆Sunbound
is evaluated, exclusively. As expected, ∆Sunbound is found to
gradually decrease as one proceeds from the +1 nt mutant to the
–3 nt mutant, giving rise to an increase in ∆Gunbound. Yet, the
accompanying change in ∆∆Gbinding is positive. This may arise
from two effects, both of which indeed correlate with the degree
of flexibility of the TAR bulge at the Tat recognition site:
(i) enthalpic effects resulting from a tighter binding that is achieved
only when the TAR bulge is sufficiently flexible and permits an
optimal interaction with the peptide; (ii) an enhancement of the
conformational space of the bound state, which may more than
counterbalance the effect of entropy increases in the unbound state.

It is interesting to consider the relative importances of entropy
and enthalpy to biological macromolecular processes. However,
the entropic and enthalpic effects may be somewhat coupled in
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Figure 4. Schematic representation of the change in free energy accompanying
a conformational change of fixed magnitude, ∆R, near the folded state, for two
different equilibrium structures, I and II, differing in their overall conformational
flexibility.

that a higher conformational freedom (or entropy) in the unbound
state entails the availability of specific conformational states that
permit a lower enthalpy association in the bound state. Thus, it is
conceivable that conformational entropy or flexibility, as reflected
by the smoothness of the energy landscape accessible in the
folded state, can play a critical role in a process by providing
access to the desired final state, but the present calculations are
limited in providing information only about the entropies of the
unbound state.

Conformational rearrangements in the GNM

The native state in this model is described by a multidimensional
harmonic potential energy surface. There is no specificity in the
pairwise interactions, i.e. no sequences, and the relative flexibilities
of individual nucleotides, as well as that of the overall structure,
are fully determined by the contact topology and are thereby
entropic effects (13). Let the equilibrium conformation be
designated R0. This is a minimum free energy state, which may
be conveniently described by the schematic representation shown in
Figure 4. Therein two different cases, I and II, are displayed,
referring to a shallower and steeper energy well, respectively. In
conformity with the curvature of the energy landscape, the structure
R0

I is characterized by larger amplitude equilibrium fluctuations
<(∆RI)2> compared with those about R0

II. Cases I and II could be
representative of +1 and –3 nt bulge mutants, for example.

Suppose, to achieve the bound state, a conformational
rearrangement of a given size ∆R is required in both cases. As
shown in Figure 4, structure I will accommodate this change by
a free energy change ∆GI smaller than ∆GII , that required for
structure II to undergo the same extent of deformation. Thus, if
in the bound state, the bulge region is required to undergo a
distortion of a given size, the free energy cost will be smaller for
a structure having larger amplitude fluctuations, or higher
flexibility, about the original state (3).

It should be noted that the experimental data would reflect the
above depicted increase in free energy provided that: (i) relatively
small size conformational rearrangements occur upon binding,
such that these may be represented as fluctuations near the

original global minimum; (ii) the contribution to the observed
free energy change from effects other than intramolecular
couplings in the RNA bulge, such as those associated with
TAR–peptide or peptide–peptide interactions, are negligibly
small. The departure between experimental data and theoretical
results seen in Figure 3b is reasonable in view of these
approximations.

Conclusion

Our interpretation of the correlation between the experimental
∆∆G values and the calculated bulge entropies is simply that the
entropies of the unbound RNA reflect the ease of achieving the
most specific peptide binding form for the RNA structure. This
means that even though binding would reduce the entropy, access
to the bound RNA conformation and/or adaptability of the original
structure to assume conformational states required for optimal
binding (through a possible induced fit mechanism) are more critical
and would be enhanced by the larger flexibility in a bulge manifested
in its higher entropy. It is interesting to note that a recent study on
the binding specificities of HIV and BIV Tat proteins to a series of
hybrid TARs also indicated that the presence of larger, more flexible
bulges increases the peptide affinity (14). This effect was also
attributed to the fact that a larger bulge may provide a more favorable
bound conformation, perhaps by widening the major groove or
allowing more flexibility to the recognition site.

In the present case, the two different estimates of bulge entropy
both exhibit a strong correlation with binding strengths. This is in
spite of the fact that neither calculation explicitly accesses the bound
conformation. However, the fact that both of these estimates of
entropy show correlations with the experimental data indicates that
it really is the flexibility of the bulge that can enhance binding.
Insofar as the energy of the bound state is concerned, it is likely that,
in the case of mutants enjoying sufficient conformational flexibility,
the bulge in the bound state assumes a relatively low energy
conformation (or an ensemble of conformations) among those
already available in the free state, whereas in the case of mutants
with highly restrictive conformational space, binding is presumably
achieved at the cost of assuming a highly strained state, only. The
energy requirement for sustaining such a strained conformation
may more than counterbalance the entropic effect associated with
the smaller reduction in the number of available conformations
compared with the more flexible mutants. Alternatively the
flexibility remaining in the bound state might be relatively more
favorable than the loss of freedom to the unbound state.

Overall, the original higher flexibility of the TAR bulge may
give rise to a reduced strain and optimal intermolecular
interaction in the bound state and the resulting relatively high
probability of the bound conformation may possibly contribute to
the observed correlation.

The NMR structures of the BIV TAR–peptide complex indeed
indicate how the bulge can rearrange to achieve a highly specific
peptide binding site at a widened major groove, by forming a
non-sequential base triplet that is likely to represent a structure
mutually induced when the peptide forms a β-hairpin (15–18).
Other more complex explanations of the present phenomena
remain possible, especially indirect ones wherein the solvent
(water and/or ions) could have free energies opposing the free
energy changes of the RNA bulges.
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