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An adaptive binding mechanism, requiring large conformational
rearrangements, occurs commonly with many RNA-protein associations.
To explore this process of reorganization, we have investigated the con-
formational change upon spliceosomal U1A-RNA binding with molecular
dynamics (MD) simulations and free energy analyses. We computed the
energetic cost of conformational change in U1A-hairpin and U1A-internal
loop binding using a hybrid of molecular mechanics and continuum sol-
vent methods. Encouragingly, in all four free energy comparisons (two
slightly different proteins, two different RNAs), the free macromolecule
was more stable than the bound form by the physically reasonable value
of �10 kcal/mol. We calculated the absolute binding free energies for
both complexes to be in the same range as that found experimentally.
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Introduction

Structural and biochemical studies of RNA-pro-
tein interactions examine how a protein recognizes
a speci®c RNA site, what effect it has on RNA
structure, and how their interactions promote a
speci®c function (Draper, 1995). For ribonucleopro-
tein (RNP) complexes, these functions include tran-
scription, splicing, and translation, which are
crucial in regulating gene expression. In many
cases, RNA-protein complexes are formed by an
``adaptive binding'' mechanism, wherein both mol-
ecules undergo signi®cant conformational changes
upon binding (De Guzman et al., 1998). What is the
contribution of structural reorganization in RNA-
protein binding? The free energy cost of structural
adaptation is experimentally dif®cult, if not
impossible, to obtain, but amenable to theoretical
studies. Theoretical investigations of RNA-protein
binding can complement biochemical and structur-
ing author:

, angle, dihedral;
namics; MM,
oltzmann; RBD,
cleoprotein; RRM,
er Waals.
al studies and formulate insights into their
dynamics and energetics. So, to better understand
RNA-protein recognition, we computed the absol-
ute binding free energies and the adaptation free
energies of one of the best-characterized RNP com-
plexes, U1A-RNA (Allain et al., 1996; Avis et al.,
1996; Gubser & Varani, 1996; Nagai et al., 1990;
Oubridge et al., 1994).

U1A-RNA is a component of the U1 small nucle-
ar ribonucleoprotein that binds to the 50 splice site
of a primary transcript. The U1A protein contains
two RNA-recognition motifs (RRM) or RNA-bind-
ing domains (RBD), which fold into bab-bab struc-
ture, found in many RNA-binding proteins (Lu &
Hall, 1997; Nagai et al., 1995). The N-terminal RBD
of U1A (U1A RBD1) has been studied extensively,
both structurally and biochemically, which makes
it an ideal system for computational studies (Avis
et al., 1996; Hall & Kranz, 1995; Jessen et al., 1991;
Kranz & Hall, 1998; Kranz et al., 1996; Nagai et al.,
1990; Zeng & Hall, 1997).

U1A RBD1 binds a hairpin RNA and an internal
loop RNA with subnanomolar af®nities (Hall,
1994). Both the crystal structure of hairpin complex
(Oubridge et al., 1994) and the NMR structure of
the internal loop complex (Allain et al., 1996) show
hydrophobic stacking of RNA loop bases with resi-
dues on the b-sheet. In both structures, illustrated
# 2000 Academic Press



1146 Estimating the Free Energy Cost of Preorganization
in Figure 1(a), the b2-b3 loop, connecting the
b-sheet, protrudes through the RNA loop and
forms hydrogen bonds with the closing loop base-
pair. The protein loop insertion through the RNA
loop suggests that the binding process requires
extensive conformational rearrangement. Indeed,
the NMR structures of the unbound protein (Avis
et al., 1996) and the unbound internal loop RNA
(Gubser & Varani, 1996) con®rm this. As rep-
resented in Figure 1(b), the C-terminal helix, helix
C, is parallel with the b-sheet and partially
obstructing the RNA-binding site, whereas in the
bound structures, helix C is perpendicular to the
b-sheet. Similarly, the single-stranded region of the
RNA is more compact and collapsed in the free
structure, while the same region is splayed out in
the complex (Figure 1(c)). Hence, a large confor-
mational change accompanies the binding of U1A
RBD1 to its RNA, as illustrated in Figure 1(d).

To probe the energetic contributions of confor-
mational change upon U1A RBD1-RNA binding,
we carried out molecular dynamics (MD) simu-
lations and binding free energy analyses on the
bound and unbound monomers. The approach
takes snapshots of the macromolecule from the
MD trajectory and calculates their conformational
molecular mechanics (MM) energy and solvation
free energy. The average binding free energy is the
sum of the average MM energy, conformational
entropy and solvation free energy (Srinivasan et al.,
1998b). The conformational entropy, T�S, is
approximated with normal mode calculations
(Kottalam & Case, 1990; McQuarrrie, 1976):

�hGi � �hEEEi ÿ hT�Si ��hGsolvi �1�
where:

�hGsolvi � �hGPBi ��hGnonpolari �2�
The solvation free energy, �Gsolv, is estimated as
the sum of the electrostatic contribution, calculated
by the ®nite difference Poisson-Boltzmann (PB)
model (Sharp & Honig, 1990a) and the non-polar
contribution, as a function of the solvent-accessible
surface area (SA). This hybrid of molecular mech-
anics and continuum solvent (MM/PBSA) method
has been applied to nucleic acids (Srinivasan et al.,
1998a), analyzing the solvation of RNA hairpins
and helices (Srinivasan et al., 1998b) and sequence-
dependent solvation of DNA helices (Cheatham
et al., 1998). In general, continuum solvent methods
have been widely utilized to study protein-protein
(Froloff et al., 1997; Honig & Nicholls, 1995), pro-
tein-ligand (Shen & Wendolowski, 1996; Zhang &
Koshland, 1996), and protein-DNA recognition
(Jayaram et al., 1999; Misra et al., 1994, 1998).

We employ the MM/PBSA method here to
investigate the absolute binding free energies of
U1A RBD1-RNA and to calculate adaptation free
energy associated with binding. To calculate the
free energy cost of adaptation, we compared the
energies of the snapshots from the trajectories of
the free monomers and the snapshots of the mono-
mers from the complex trajectories. The differences
in their average energies, therefore, represent the
adaptation free energy.

We applied two methods to compute the absol-
ute binding free energies. The simpler approxi-
mation analyzes only the trajectories of the
complexes and extract from them the intermolecu-
lar energies of the protein and RNA. The second
approach computes the binding free energy as the
difference of the free energies of the complex trajec-
tories and the free energies of the separate trajec-
tories of the unbound monomers. The separate
trajectory protocol more appropriately describes
U1A-RNA binding, as it implicitly includes the
energetic contribution of adaptation by sampling
the conformations of the complex and the unbound
monomers.

Results

MD trajectory analysis of the
unbound monomers

The unbound proteins were adapted from the
116 residue NMR structure of U1A (Avis et al.,
1996) truncated to match the proteins in the com-
plex structures. The protein bound to the internal
loop complex is U1A102 and the protein bound to
the hairpin is U1A97. The root-mean-squared devi-
ation (RMSD) plots for U1A102 are shown in
Figure 2. The average backbone RMSD is 1.46 AÊ .
We examine the C-terminal helix, helix C, which
moves as a rigid body away from the surface upon
binding of the RNA. Helix C has an average
RMSD of 1.57 AÊ , while the rest of the protein, the
non-helix C region, is 1.34 AÊ . In the 1.3 ns simu-
lation of U1A102, the trajectory is fairly stable and
there is no signi®cant difference in RMSD between
helix C and the rest of the protein.

The simulation of U1A97, however, exhibits a
different behavior. The backbone average RMSD,
plotted in Figure 3, is 1.7 AÊ . The average helix C
RMSD is 3.53 AÊ , while the non-helix C region
RMSD is stable at 1.39 AÊ . Helix C deviates from
the starting structure early in the simulation and
with larger ¯uctuations than helix C of U1A102. At
about 2 ns, the RMSD moves to 5 AÊ and remains
there for the rest of the simulation. Figure 4 dis-
plays the initial structure (gray) superimposed
with the minimized average structure from the last
500 ps (green). Figure 4 clearly illustrates the ¯ex-
ible regions, b2-b3 loop and helix C, during the
simulation. NMR backbone dynamics studies by
Mittermaier et al. (1999) show that b2-b3 loop is
more ¯exible in the free protein compared to the
complex and highlight the conformational change
in helix C upon complex formation. If we match
the non-helix C region and measure the angle rep-
resented by the helical axis of helix C in its initial
and ®nal average structures, we calculate a differ-
ence of about 35 �. Over the 3 ns MD simulation of
U1A97, we observe higher RMS ¯uctuations in
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helix C compared to that found in U1A102. Helix
C of U1A102 is ®ve residues longer than that of
U1A97 with greater H-bonding and van der Waals
contacts with the b-sheet and thus maintains a
more stable helix C. Also, the observed increased
¯exibility of the U1A97 helix C is in accord with
the results of studies by Hall and co-workers
(Kranz & Hall, 1998; Zeng & Hall, 1997). They
found that the shorter helix C, truncated at residue
95, leads to a binding free energy that is 2 kcal/
mol less than that found with the protein truncated
at residue 101. However, they showed that the
binding of U1A wt97 decreased by only 0.3 kcal/
mol relative to U1A101 (Kranz & Hall, 1998). Fur-
thermore, Zeng & Hall (1997) noted that the short-
er helix is more dynamic and less helical in
structure. Our simulated U1A97 is indeed more
¯exible, but the helical conformation is maintained
throughout the simulation. Therefore, if a struc-
tured helix C is important in binding, and if trun-
cation at residue 97 decreased binding by only
0.3 kcal/mol, then we can infer that U1A97 should
have a helical structure, as was observed in our
MD simulation. Nevertheless, it is interesting to
observe that the b2-b3 loop and the helix C
regions, which we know undergo large confor-
mational rearrangements upon binding, have an
inherent ¯exibility in the MD simulation. The ¯exi-
bility of adaptive regions is even more apparent in
the MD simulations of the unbound RNAs.

The RMSD plots for the unbound internal loop
and hairpin RNAs are shown in Figure 5. The
average RMSD for the internal loop (top) is 3.84 AÊ .
Fitting on the single-stranded loop, upper stem
and lower stem regions give average RMSDs of
3.59 AÊ , 1.26 AÊ , and 1.45 AÊ , respectively. Both the
upper and lower stems have low RMSDs, while
the loop RMSD parallels that of the overall RMSD.
The loop heptanucleotide AUUGCAC ¯uctuations,
therefore, contribute signi®cantly to the overall
RMSD of the internal loop.
Table 1. Adaptation energy for U1A102

U1A102 Bound

hE(BADH)i 1741.55
(2.54)

hE(vdW)i ÿ387.75
(1.27)

hE(elec)i ÿ2179.35
(6.16)

hE(MM total)i ÿ825.56
(5.84)

hG(PB)i ÿ2587.66
(5.52)

hE(elec) � G(PB)i ÿ4767.00
(1.60)

hG(non-polar)i 38.77
(0.05)

hG(total)i � T�S ÿ3374.44
(2.27)

Average over 100 snapshots from the last 1 ns trajectory; standard
Similarly, the RMSD of the hairpin RNA, 4.00 AÊ ,
couples with its loop RMSD, 4.48 AÊ , over the 2.4
ns MD simulation, while the stem region yields a
low RMSD of 1.75 AÊ . The free hairpin structure is
not known but it is believed to be highly unstruc-
tured (Hall, 1994; Oubridge et al., 1994). Without a
starting structure, we modeled the free hairpin by
running an MD simulation starting from the
bound RNA. During the simulation, the loop
bases, which were initially splayed out and sol-
vent-exposed, collapsed inward and away from the
solvent. We observed this inward movement, or
collapse, of the loop bases in the ®rst 500 ps and
they remained removed from solvent for the rest of
the simulation. Figure 6 illustrates the difference
between the starting structure and the ®nal 500 ps
minimized average structure. Interestingly, Tang &
Nilsson (1999) have observed similar loop
¯exibility in their MD simulation of the unbound
hairpin.

Adaptation energy of the monomers

Our free and bound trajectories allow us to
examine the conformational change or adaptation
free energy associated with binding. The adap-
tation energy is calculated as the BOUND minus
FREE total energies. A comparison of the average
energy components of the bound and unbound
U1A102 is given in Table 1.

For U1A102, the bond, angle, dihedral (BADH)
energies are favorable by 12 kcal/mol.
Both h�E(vdW)i and h�E(elec) � �G(PB)i disfavor
reorganization by 10 and 13 kcal/mol,
respectively. The total electrostatics energy,
h�E(elec) � �G(PB)i, is the sum of the MM electro-
statics energy and �G(PB). The total average adap-
tation energy change is 12.6 kcal/mol, so the
conformation of the free monomer is more favored.
As shown in Table 2, the calculations of bound
and free U1A97 give similar results. Its adaptation
Free Adaptation energy

1753.22 ÿ11.67
(2.53) (3.59)
ÿ397.66 9.90

(1.66) (2.09)
ÿ2315.93 136.58

(5.52) (8.27)
ÿ960.37 134.81

(5.99) (8.36)
ÿ2463.82 ÿ123.84

(5.62) (7.88)
ÿ4779.80 12.80

(1.53) (2.22)
37.13 1.65
(0.06) (0.08)
ÿ3387.06 12.62

(2.49) (3.37)

error of the mean in parentheses.



Figure 1 (legend shown opposite)
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energy is 11.3 kcal/mol. The h�E(BADH)i is
ÿ14.5 kcal/mol, while h�E(vdw)i and
h�E(elec) � �G(PB)i are unfavorable by 9.0 kcal/
mol and 11.8 kcal/mol, respectively. In both con-
formations of bound U1A97 and U1A102, helix C
is perpendicular to the b-sheet surface, exposing
the conserved RNP region of the b-sheet to interact
with the RNA loop. In the unbound protein, helix
C lies on top of the b-sheet stabilized by hydro-
phobic interactions. Therefore, the 11-12 kcal/mol
difference can be attributed to the change in orien-
tation of helix C relative to the b-sheet RNA-bind-
ing surface.

Comparing the bound and free internal loop in
Table 3, we also ®nd that the free conformation is
more favorable by 7.9 kcal/mol. The magnitudes
of the energy contributions, however, decompose
differently. The h�E(BADH)i and h�E(vdW)i are
unfavorable by 14 kcal/mol and 24 kcal/mol,
while the h�E(elec) � �G(PB)i contribution is
favorable by 32.7 kcal/mol. Analogous to the
internal loop, the energy analysis of the bound and
free hairpin RNA in Table 4 yields a mean adap-
tation energy of 8.7 kcal/mol. With the hairpin
RNA, both h�E(BADH)i and h�E(vdW)i are unfa-
vorable by 12 kcal/mol and 5 kcal/mol, while the
h�E(elec) � �G(PB)i contribution is favorable by
9.5 kcal/mol. The absolute values of the average
bound and free hairpin energies are similar, since
the free hairpin is modeled after the bound crystal
structure. Nevertheless, for the change in orien-
tation of the loop bases, we calculate the adap-
tation energy penalty of 8-9 kcal/mol. In the
bound internal loop and hairpin RNAs, the loop
bases are splayed out into solvent and the phos-
phate backbone is more extended. Hence, the more
``open'' bound conformation permits more inter-
actions with water, resulting in more favorable
solvation. With such highly charged systems as
RNAs, solvation plays a signi®cant role in confor-
mational and binding free energies.



Figure 1. (a) The U1A protein (green) bound to the hairpin RNA (left) and to the internal loop RNA (right).
(b) The conformational change of U1A102 upon binding; in the free form (magenta), helix C sits on top of the
b-sheet, while in the bound form (green), helix C is oriented away from the b-sheet. (c) The internal loop RNA under-
goes signi®cant structural change upon binding. The free internal loop (blue) is more collapsed, while the bound
internal loop has its loop bases extruding out to interact with hydrophobic residues on the protein's b-sheet.
(d) Adaptive binding of U1A-RNA.
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Binding free energies

The calculated average binding free energies of
U1A RBD1-RNA are reported in Table 5. In gener-
al, the MM energies and the electrostatic solvation
energies compensate each other; both are large
numbers, but opposite in sign. For example,
extended conformations expose lots of surface
charges to solvent, lowering the solvation energy.
However, the distance between the charges is now
increased, increasing E(elec) and E(vdW). The
binding of U1A RBD1 to its RNA is an energetic
balance of the vdW energies and the total electro-
static energies (sum of MM electrostatic and PB
terms). In all four calculations, the vdW contri-
butions to binding are favorable by 82-116 kcal/
mol, but the total electrostatic contributions are
unfavorable by 40-60 kcal/mol. The non-polar sol-
vation term, solvent-accessible surface area-depen-
dent term, is always favorable by 10-14 kcal/mol.
The sum of the MM energies, h�E(MM total)i, and
the solvation free energies, h�G(PB)i � h�G(non-
polar)i, yield favorable binding for both hairpin
complex (ÿ69 kcal/mol for single trajectory and
ÿ48.4 kcal/mol for separate trajectory) and



Figure 2. RMSD plots for U1A102 relative to its initial
structure; top, protein backbone; middle, helix C region;
and bottom, the non-helix C region.

Figure 3. RMSD plot for U1A97 relative to its initial
structure. Fitting to the protein backbone (black) and the
non-helix C region (green) give stable RMSD while the
helix C region (red) shows greater mobility.
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internal loop complex (ÿ72 kcal/mol for single tra-
jectory and ÿ51.5 kcal/mol separate trajectory).
The �20 kcal/mol energy difference between the
single trajectory and separate trajectory protocols
Table 2. Adaptation energy for U1A97

U1A97 Bound

hE(BADH)i 1652.27
(2.75)

hE(vdW)i ÿ387.66
(1.53)

hE(elec)i ÿ2356.65
(3.62)

hE(MM total)i ÿ1092.03
(4.32)

hG(PB)i ÿ2268.45
(3.30)

hE(elec) � G(PB)i ÿ4625.09
(1.50)

hG(non-polar)i 34.12
(0.03)

hG(total)i � T�S ÿ3326.36
(2.46)

Average over 100 snapshots from the last 1 ns trajectory; standard
stems from the conformational adaptation of the
monomers in binding.

The computed sum of the MM energies and sol-
vation free energies are signi®cantly more favor-
able than experimentally determined binding free
energies, since it does not account for the entropic
contributions to binding. The entropy calculations
were performed on the experimental structures of
the complexes and unbound monomers. We also
computed the entropies of the bound monomers
minimized from their experimental complex struc-
tures. For hairpin binding, the average solute
entropy loss is 51.1 kcal/mol. The entropy loss for
internal loop binding is 39.6 kcal/mol. Note
(Table 5) that both averages are based on two inde-
pendent estimates (bound and unbound mono-
Free Adaptation energy

1666.77 ÿ14.5
(2.01) (3.40)
ÿ396.69 9.03

(1.58) (2.20)
ÿ2512.49 155.84

(5.21) (6.34)
ÿ1247.42 155.96

(5.07) (6.66)
ÿ2124.44 ÿ144.01

(4.80) (5.82)
ÿ4636.9 11.81

(1.79) (2.34)
34.21 ÿ0.09
(0.05) (0.06)
ÿ3337.64 11.28

(2.13) (3.25)

error of the mean in parentheses.



Figure 4. Superimposing the
backbone of the initial (gray) and
averaged ®nal structure (green) of
U1A97 reveals the shifted positions
of helix C and b2-b3 loop.
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mers) that differ by 10-20 kcal/mol for these sys-
tems. These entropy values are based on simple
harmonic approximations to the normal modes of
the two minimized initial structures and are crude
estimates of the solute entropy, since they do not
necessarily represent the trajectory-averaged solute
entropies. We report 45.3 kcal/mol as the average
of these four sets of entropy calculations, hÿT�Si,
as broad ballpark estimates of the entropic contri-
butions to the binding free energies.
All the above terms added together
(h�E(MM total)i ÿ hT�Si � h�G(PB)i � h�G(non-
polar)i), yield the average calculated binding free
energies of U1A RBD1-RNA. The experimental
binding free energies are ÿ14.2 kcal/mol for the
hairpin (Williams & Hall, 1996) complex and
ÿ12.6 kcal/mol for the internal loop complex
(Gubser & Varani, 1996). In the single trajectory
calculation of hairpin binding, the average binding
is ÿ23.7 kcal/mol, while the separate trajectory
Figure 5. RMSD plots for the
internal loop RNA (top) ®tting all
RNA (black), the loop region (red),
upper stem (green) and lower stem
(blue). RMSD plots for the hairpin
RNA simulation (bottom), ®tting
all RNA (black), loop region (red)
and the stem (green).



Figure 6. Comparison of the
initial (left) and ®nal average
(right) structures from the MD
simulation of the hairpin illustrates
the difference in the orientation of
the loop bases.

1152 Estimating the Free Energy Cost of Preorganization
protocol yields ÿ3.1 kcal/mol. For the internal
loop complex, the single trajectory average binding
is ÿ26.7 kcal/mol and the separate trajectory aver-
age is ÿ6.2 kcal/mol. The separate trajectory calcu-
lation of the internal loop complex, whose MD
simulations started from known experimental
structures of the free monomers, gives the best
agreement with experiment. However, given the
approximations in the entropy calculations, the
absolute binding free energies are less accurate and
they do not include salt contributions to binding.

Salt effects

We now investigate electrostatic effects in sol-
vation; more speci®cally, the effect of ionic strength
to U1A-hairpin binding with non-linear Poisson-
Boltzmann (PB) calculations (Sharp & Honig,
1990b). The average contribution of 150 mM ionic
strength to binding (150 mM salt ÿ no salt) is
28.3(�0.7) kcal/mol for the single trajectory proto-
col and 26.5(�1.3) kcal/mol for the separate trajec-
tory protocol. This is indeed a signi®cant
contribution, but we cannot con®rm the accuracy
of this absolute value with experimental results.
However, we can compare the relative contribution
of increasing salt concentration to binding with the
results of studies by Hall & Stump (1992). Relative
to 150 mM ionic strength, as was measured exper-
imentally, Table 6 compares the calculated and
experimental effects of added salt. For 500 mM salt
concentration, binding decreases by 2.7 kcal/mol
for the single trajectory and 2.5 kcal/mol for the
separate trajectory. Both compare well with the
experimentally determined 3.1 kcal/mol (Hall &
Stump, 1992). Hall and Stump extrapolated their
results to 1 M salt and suggested that binding
would decrease by 6.2 kcal/mol. We calculate that
at 1.0 M salt concentration, U1A RBD1-hairpin
binding would decrease by only 3.9 kcal/mol for
the single trajectory and 3.6 kcal/mol for the separ-
ate trajectory. The accuracy of the PB calculations
decreases in the limit of high ionic strength (Sharp,
1995; Fixman, 1979), which may be the reason for
the discrepancy at 1 M ionic strength. In any case,
we computed that at increasing ionic strength, the
binding free energy becomes signi®cantly less
favorable, as found experimentally.

Discussion

Total electrostatics opposes binding

MD simulations (Hermann & Westhof, 1999)
recently examined the microscopic picture of
salt-induced U1A-hairpin destabilization. With
explicitly added 1 M Na� and Clÿ counterions,
MD studies showed increased ¯uctuations on the
RNA-protein binding site and on the RNA com-
pared to 100 mM salt simulations. Hermann and
Westhof concluded that the decrease in U1A-hair-
pin binding at higher salt concentration is due to
the increased dynamics at the binding interface.

The total electrostatics is computed as the sum
of the MM electrostatic energies (E(elec)) and the
Poisson-Boltzmann (�G(PB)) solvation term. We
calculated a �G total electrostatics of �60 kcal/
mol for U1A-internal loop and 40-60 kcal/mol for
U1A-hairpin. Although these are obtained by add-
ing two large terms with standard errors of the
order of 6-20 kcal/mol, their sums are well con-
verged, with standard errors of 1-3 kcal/mol. This
is due to compensatory effects of the PB term with
the MM electrostatic energies. In our calculations
of the total electrostatics, the more favorable PB
solvation term for the highly charged unbound
RNAs relative to the complex is a signi®cant con-
tributor to the overall electrostatics. The favorable
electrostatic solvation of the unbound RNA domi-
nates and opposes binding.



Table 3. Adaptation energy for internal loop RNA

Internal loop Bound Free Adaptation energy

hE(BADH)i 1418.03 1403.91 14.12
(2.02) (2.09) (2.91)

hE(VDW)i ÿ227.81 ÿ252.20 24.39
(1.29) (1.40) (1.90)

hE(elect)i 1768.88 2458.59 ÿ689.71
(12.22) (17.99) (21.75)

hE(MM total)i 2959.10 3610.30 ÿ651.20
(12.42) (17.50) (21.46)

hG(PB)i ÿ9767.64 ÿ10423.89 656.24
(11.65) (16.94) (20.56)

hE(elec) � G(PB)i ÿ7998.00 ÿ7965.30 ÿ32.70
(1.38) (1.78) (2.25)

hG(non-polar)i 35.15 32.26 2.89
(0.03) (0.04) (0.05)

hG(total)i � T�S ÿ6773.40 ÿ6781.32 7.93
(1.95) (1.82) (2.67)

Average over 100 snapshots from the last 1 ns trajectory; standard error of the mean in parentheses.
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Theoretical studies of DNA-protein complexes
have found unfavorable electrostatic contributions
to binding, due to favorable solvation of the
unbound nucleic acids (Jayaram et al., 1999; Misra
et al., 1998). Moreover, experimental estimates,
based on the number of released ions upon U1A-
hairpin association, assess that the binding is pri-
marily due to non-electrostatic contributions (Hall
& Stump, 1992). Similarly, other RNA-protein
binding studies estimate that as much as 80 % of
binding come from non-electrostatic contributions
(Ryan & Draper, 1989). Our calculations reveal that
�E(vdW) interactions are very favorable, essen-
tially driving the association of U1A-RNA. The
structures of the complexes do reveal hydrophobic
stacking and H-bonds on the interface.

However, we do not imply that electrostatic
interactions are insigni®cant in U1A-RNA com-
plexes. The net contribution is small, but the large
magnitude of these terms means that ionic strength
can signi®cantly adjust the balance of forces in the
U1A-RNA interaction, as we have found. As an
Table 4. Adaptation energy for the hairpin

Hairpin Bound

hE(BADH)i 975.85
(1.88)

hE(vdW)i ÿ127.58
(0.93)

hE(elec)i 370.23
(3.51)

hE(MM total)i 1218.50
(3.73)

hG(PB)i ÿ5643.72
(3.12)

hE(elec) � G(PB)i ÿ5273.49
(1.06)

hG(non-polar)i 26.39
(0.02)

hG(total)i � T�S ÿ4398.83
(1.86)

Average over 100 snapshots from the last 1 ns trajectory; standard
alternative to the interpretation offered by
Hermann & Westhof (1999), we propose that the
salt effects on U1A-RNA binding are primarily due
to bulk electrostatic (ionic strength) effects that
change the relative stability of free and bound
RNA, rather than alterations in the entropy or
dynamics of the complex.

Conformational preorganization free energy

For U1A-RNA association, we approximate the
conformational change upon binding as the sum of
the adaptation energies of the monomers. Exper-
imentally, this value is dif®cult to obtain but we
do know, based on the structures, that U1A-RNA
binding is accompanied by signi®cant confor-
mational change. The adaptation free energy
emerges from our MM/PBSA protocols of calculat-
ing the separate monomer trajectories and the
monomers in the complex trajectories. The ener-
getic difference between the two protocols rep-
Free Adaptation energy

963.97 11.88
(1.67) (2.51)
ÿ132.45 4.87

(1.00) (1.37)
348.53 21.70
(4.88) (6.01)

1180.05 38.45
(4.75) (6.04)
ÿ5612.55 ÿ31.17

(4.66) (5.61)
ÿ5264.00 ÿ9.49

(1.19) (1.60)
24.93 1.45
(0.25) (0.25)
ÿ4407.56 8.73

(1.50) (2.39)

error of the mean in parentheses.



Table 5. Calculated average binding free energy

U1A RBD1 hairpin binding U1A RBD1 internal loop binding

Single trajectory Separate trajectory Single trajectory Separate trajectory

hE(BADH)i 0.0 2.2 0.0 2.5
ÿ (2.9) ÿ (4.5)

hE(vdW)i ÿ112.0 ÿ98.1 ÿ116.2 ÿ82
(0.6) (2.7) (0.6) (2.8)

hE(elec)i ÿ3090.6 ÿ2913.0 ÿ4375.4 ÿ4928.5
(6.0) (6.4) (17.8) (20.8)

hE(MM total)i ÿ3203.6 ÿ3008.9 ÿ4491.6 ÿ5008.0
(6.0) (6.9) (18.1) (20.8)

hG(PB)ia 3147.4 2972.2 4433.7 4966.1
(6.0) (5.9) (18.3) (20.0)

hE(elec) � G(PB)i 56.7 59.2 58.3 38.1
(2.1) (2.9) (1.1) (3.4)

hG(non-polar)i ÿ12.8 ÿ11.7 ÿ14.1 ÿ9.6
(0.0) (0.1) (0.1) (0.1)

hG(total)i � hT�Si ÿ69.0 ÿ48.4 ÿ72.0 ÿ51.5
(0.9) (3.9) (1.0) (4.2)

ÿT�S 57.6 44.6 49.4 29.6
ÿhT�Si 45.3 45.3 45.3 45.3
h�Gbindi ÿ23.7 ÿ3.1 ÿ26.7 ÿ6.2

(0.9) (3.9) (1.0) (4.2)
Experimental bindingb ÿ14.2 ÿ14.2 ÿ12.6 ÿ12.6

Calculated binding energies and standard errors in parenthesis averaged from 100 snapshots from the last 1 ns in kcal/mol.
MM/PBSA: �Gbind � �EMM total ÿ T�S � �GPB � �Gnon-polar.
a Zero ionic strength.
b (Williams & Hall, 1996; Gubser & Varani, 1996).

1154 Estimating the Free Energy Cost of Preorganization
resents the conformational adaptation that occurs
with U1A-RNA binding.

In the complex trajectories, the bound monomers
are preorganized for optimal interactions; hence,
their binding free energies are overestimated and
more favorable than the unbound monomer trajec-
tories. Therefore, it should be emphasized that
with macromolecular association accompanied by
large conformational change, theoretical calcu-
lations based on the complex structures alone can
overestimate the experimental binding free energy.
Binding is indeed always a thermodynamic bal-
ance of the bound and unbound constituents.

Our estimation of 20 kcal/mol (�half protein
and �half RNA) is within the range of values that
have been proposed for the conformational adap-
tation or strain free energy (Chipot & Pohorille,
1998; Bostrom et al., 1998; Vorobjev & Hermans,
1999; Vorobjev et al., 1998; Jayaram et al., 1999).
More speci®cally, our estimation of 11-12 kcal/mol
for the change in orientation of the U1A helix C
relative to the hydrophobic b-sheet (parallel versus
perpendicular) closely corresponds to the potential
of mean force (PMF) calculation made by Chipot &
Pohorille (1998). They calculated a free energy
Table 6. Effect of salt concentration in kcal/mol relative to 1

Salt concentration Single trajectory hairpin

150 mM 0
500 mM 2.7
1.0 M 3.9

Calculated and experimental effects of ionic strength to binding re
a Hall & Stump (1992).
difference of 4-13 kcal/mol for a 90 � change in
orientation of a polyleucine a-helix relative to a
water-hexane interface. Other theoretical studies of
binding free energies with MM-continuum solvent
hybrid methods have explored the conformational
energy penalties with macromolecular binding. For
small protein ligands, the strain energy was com-
puted to be around 3 kcal/mol (Bostrom et al.,
1998). For the extreme case of preorganization, pro-
tein folding, Hermans and co-workers have
assessed the free energy difference between folded
and misfolded protein models to be of the order of
11-190 kcal/mol (Vorobjev et al., 1998). For DNA-
protein association of the EcoRI-DNA complex,
Beveridge and co-workers have found the adap-
tation free energy to be 63 kcal/mol (Jayaram et al.,
1999).

Overall, the MM/PBSA method is able to quali-
tatively reproduce the absolute binding free energy
of U1A RBD1 to its RNA target. As noted above,
the greatest source of error in these calculations is
the solute entropy term, which is obtained from
normal mode calculations. A simple harmonic
approximation of the normal modes will not ade-
quately describe the internal entropies of macro-
50 mM salt

Separate trajectory hairpin Experimentalb

0 0
2.5 3.1
3.6 6.2

lative to 150 mM in kcal/mol.
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molecules, but it is not clear that a quasi-harmonic
methods (Vorobjev & Hermans, 1999; Vorobjev
et al., 1998) will be much better, given the limited
number of local minima sampled in nanosecond
simulations. Moreover, MM/PBSA does not expli-
citly include solvent entropy, but includes it
implicitly in the change in solvent-accessible sur-
face area upon binding.

Interestingly, however, if we simply look at the
non-polar solvation term, it is the smallest of all
the other terms and yet gives a pretty good
approximation of the overall observed binding for
U1A RBD1. However, the non-polar solvation term
alone does not resolve or explain binding speci-
®city. Based on our calculations of different U1A
RBD1-hairpin mutations (Reyes & Kollman, 2000),
the non-polar solvation term is fairly constant and
insensitive to the single amino acid or base
mutations.

Our theoretical studies reveal regions, that
undergo substantial conformational change upon
U1A RBD1-RNA binding and have inherent ¯exi-
bility in MD simulations. Secondly, this preorgani-
zation or adaptation free energy of the protein and
RNA upon complex formation is of the order of
20 kcal/mol. We have described the molecular
dynamics of the unbound monomers of the U1A
RBD1-RNA complexes. The ability to observe
dynamic functional regions is an important feature
of MD simulations, as it can allow us to predict
functional sites or a mechanism of binding for a
given complex structure.

Furthermore, we investigated the energetics of
conformational adaptation and binding of U1A
RBD1-RNA by the MM/PBSA method. We ®nd
that the total electrostatics oppose binding while
van der Waals contributions favor binding. Our
protocol of using separate trajectories of the mono-
mers, starting from their unbound experimental
structures, yields the best agreement with exper-
imental binding free energies. This implies that
free energy analyses based on the complex struc-
ture alone may overestimate binding by as much
as 20 kcal/mol, since they ignore the energetic
penalty of conformational rearrangement upon
binding.

In summary, with the caveats mentioned duly
noted, there are two very exciting results from
these calculations. First, the calculated absolute
binding free energies of both U1A-hairpin RNA
Table 7. MD simulations

System Water box size (AÊ 3) Neutralizing c

U1A-hairpin 84 � 63 � 59 13 Na
U1A97 66 � 51 � 57 8 Clÿ

Free hairpin 71 � 53 � 46 20 Na
U1A-internal loop 99 � 77 � 63 21 Na
U1A102 64 � 64 � 63 8 Clÿ

Free internal loop 79 � 64 � 54 29 Na

Comparison of methods for all simulations: water box size (AÊ 3

atoms, length of simulation (picoseconds).
and U1A-internal loop RNA (�G � ÿ 5 kcal/mol)
are close to those found experimentally (�G � ÿ12
to ÿ14 kcal/mol), despite the fact that these calcu-
lated free energies are the difference between free
energies of thousands of kcal/mol. This encoura-
ging energy balance has been found in a number
of other examples, most notably a hairpin loop
monomer dimer equilibrium (Srinivasan et al.,
1998b). Secondly, to our knowledge this is the ®rst
calculation of the free energy difference between
free and bound macromolecules (adaptation free
energy) where a signi®cant conformational change
has taken place. All four adaptation free energies
are of the order of �10 kcal/mol, which is a physi-
cally reasonable magnitude.

Materials and Methods

MD simulations

MD simulations for the U1A-RNA complexes have
been described by Reyes & Kollman (1999). All MD
simulations were performed using AMBER5 (Case et al.,
1997) with the Cornell et al. (1995) force ®eld. They
included explicit TIP3P water molecules (Jorgensen et al.,
1983), neutralizing counterions, periodic boundary con-
ditions, and full electrostatics with particle-mesh Ewald
(Darden et al., 1993). The simulations ran with a constant
temperature of 300 K and a constant pressure of 1 atm
(101,325 Pa). Table 7 enumerates the MD simulation
methods for the complexes and the unbound monomers.

The starting structures for the unbound U1A protein
simulations were adapted from one of the NMR family
of structures of the unbound 116 residue U1A (Avis et al.,
1996). The NMR structure was truncated to a 96 residue
protein (U1A97) corresponding to the crystal structure of
U1A bound to the hairpin (Oubridge et al., 1994) and to
a 101 residue protein (U1A102) corresponding to the
NMR structure of U1A bound to the internal loop
(Allain et al., 1996). Hydrogen atoms were added in
EDIT, and their positions were optimized by minimiz-
ation. After careful equilibration with slow gradual heat-
ing to 300 K over 60 ps, the simulations were continued
for 1.3 ns for U1A102 and for 3 ns for U1A97. U1A97
was run longer because its calculated free energy
(equation (1)) continually decreased until the last nanose-
cond, at which point its average free energy was stable.

One of the NMR structures of the unbound internal
loop was taken as the initial structure (Gubser & Varani,
1996). The experimental structure for the unbound hair-
pin is not available. We modeled the free hairpin RNA
from the crystal structure of the complex by removing
the protein. Both RNAs were equilibrated to 300 K in
ounterions Total number of atoms Length of simulation (ps)

� 28,369 1600
19,844 3000

� 14,371 2300
� 42,845 2200

22,636 2100
� 23,435 2200

), number of added neutralizing counterions, total number of
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60 ps. The internal loop simulation was carried out to 2.1
ns, while the unbound hairpin ran to 2.4 ns.

Snapshots for energy analyses were obtained from the
MD trajectories of the unbound proteins, unbound
RNAs, and both complexes. The water molecules and
counterions were deleted for energy analyses. We moni-
tored the change in total energies over time and the
RMSD from the initial structures to assess the equili-
bration of the trajectories. We then selected 100 snap-
shots from the last nanosecond of each equilibrated
trajectory in 10 ps intervals. The RMSD to the initial
starting structure was calculated using CARNAL, the
trajectory analysis suite of AMBER. Snapshots from the
trajectories were visually examined and illustrated with
MidasPlus (Ferrin et al., 1988).

Energy analyses

The MM energies for the protein, RNA and complex
were computed using the ANAL module in AMBER5
with the Cornell et al. (1995) force ®eld. All solute pair-
wise interactions were included and represented as
bond � angle � dihedrals (BADH), van der Waals, elec-
trostatics, and total energies. In the single trajectory anal-
ysis, the energy calculations were performed on the
monomers in the context of their complex structures,
whereas in the separate trajectory method, analyses were
executed on shapshots from the respective MD simu-
lations of the complex and the monomers.

The electrostatic component of the solvation free
energy for each snapshot was computed by the ®nite
difference Poisson-Boltzmann method (Sharp & Honig,
1990a,b) as implemented in the Delphi II program
(Nicholls et al., 1990). This was approximated as the reac-
tion ®eld energy of taking a solute from a vacuum
dielectric (e � 1) to an aqueous dielectric (e � 80). A
probe radius of 1.4 AÊ was used to de®ne the molecular
surface, represented by atom-centered spheres with radii
adapted from the PARSE parameter set (Massova &
Kollman, 2000; Sitkoff et al., 1994; Srinivasan et al.,
1998a). Atomic charges were taken from the Cornell et al.
(1995) force ®eld in order to have a consistent set of
charges for calculating the total electrostatic energies
(sum of MM electrostatics and PB) (Srinivasan et al.,
1998a). For each computed structure, an 80 % box®ll
cubic lattice with a grid resolution of 0.5 AÊ /grid point
was applied and 1000 linear iterations were required for
energy convergence. To calculate the effects of salt con-
centration on the hairpin complex binding, 1000 linear
iterations and an additional 1000 non-linear iterations
were performed at speci®ed 150 mM, 500 mM and
1.0 M ionic strengths. Explicit monovalent or divalent
counterions were not included in the salt calculations,
but the bulk ionic strength was speci®ed and treated
with the non-linear PB calculations (Sharp & Honig,
1990b).

The non-polar contribution to solvation free energy
was estimated with Sanner's MSMS software (Sanner
et al., 1996), which calculates the solvent-accessible
surface area. The SA term relates to the non-polar
solvation term as: �Gnon-polar � g (SASA) � b, where
g � 0.00542 kcal/AÊ and b � 0.92 kcal/mol (Cheatham
et al., 1998).

Solute entropies were approximated with normal
mode calculations (Srinivasan et al., 1998b). This entailed
at least 100,000 steps of steepest descent and conjugate
gradient minimizations, with a distance dependent
dielectric in the absence of solvent, followed by Newton-
Raphson minimizations until the root-mean-square of
the elements of gradient vector is less than 10ÿ4 kcal/
mol. The rotational, translational, and vibrational entro-
pies were computed at 298 K. Ideally, one would aver-
age the entropies calculated for each snapshot in the
same way as the total energies and solvation free ener-
gies were calculated. However, since normal mode calcu-
lations give inaccurate harmonic approximations of
solute entropy and are computationally expensive, we
performed only single calculations of the minimized
starting structures. We minimized the experimental
structures of both complexes and unbound monomers
(U1A102, U1A97, and internal loop) and the 500 ps
snapshot of the unbound hairpin simulation for which
an experimental structure is not available. The mini-
mized structures have moved away from the initial
structures (1.0 to 2.8 AÊ RMSD) more dramatically at the
terminal base-pairs of the RNA helices. We also com-
puted the entropies of the bound monomers, adapted
from the experimental structures of both complexes.
Since normal mode calculations are imperfect estimates
for the solute entropies (distorted minimized structures,
harmonic approximation, single calculation), we consider
them here to give us the magnitude of the entropic con-
tribution to the binding free energy. Therefore, we
reported the average entropy difference in binding of the
monomers. As discussed (Cheatham et al., 1998) normal
mode analyses give only qualitative estimates of the
solute entropy.
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