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ABSTRACT: In this study, we demonstrate that UIA—RNA
IConformationaI selection |

molecular recognition is mediated by a combined mechanism of
conformational s.electlon Aand induced fit. The binding of UIA to UlA ) Q:)
RNA has been discussed in the context of induced fit that involves |, . Y

the reorientation of the a-helix in the C-terminal region (Helix-C) S
of UlA to permit RNA access only when UlA correctly recognizes RNA

RNA. However, according to our molecular dynamics simulations, 9)

even in the absence of RNA, Helix-C spontaneously reoriented to

permit RNA access. Nonetheless, such a conformational change was

still incomplete. Helix-C was often partially or even fully unfolded

and in an infrequent RNA-accessible conformation, which can be detected using state-of-the-art nuclear magnetic resonance
methodology. These results suggest that the formation of an energetically stabilized complex is promoted by specific interactions
between UIA and RNA. In conclusion, in the recognition of RNA by UIA protein, we propose a combined mechanism that
requires the reorientation of Helix-C and the subsequent contact with RNA through conformational selection, although the
stabilization of the UIA—RNA complex is caused by induced fit. We further propose a modification to the conventional
assumption regarding the mechanism of UIA—RNA molecular recognition.

he formation of protein—RNA complexes is a fundamen- PheS6 to permit RNA access [Figure 1B (RNA, transparent
tal process that mediates RNA metabolism.! The failure of blue)].
the formation of these complexes has highly detrimental effects Tang and Nilsson performed simulations to evaluate the
on cells.” Therefore, defining the mechanism of the formation formation of the UIA—RNA complex at the atomic level."*
of protein—RNA complexes (protein—RNA molecular recog- According to the results of their molecular dynamics (MD)

nition) is a central issue in basic biological and medical simulation study and experimental studies, they proposed a

research. Analysis of the binding between ULA and RNA can three-step reaction leading to the formation of the UIA—RNA
complex (ie., the TN conjecture). First, UIA and RNA are

attracted to each other through electrostatic interactions.
Second, U1A is anchored to RNA through the interactions of
Glul9 and Arg52 with RNA bases. Third, Helix-C reorients
toward the open form upon binding to the changed

! i conformation of RNA “in response to the correct recognition
and its functional outcome. Thus, the ULA—RNA system has of the RNA”."* In the third step, U1A makes loose contact with

been extensively studied® " to establish the molecular basis of

serve to address this issue. UlA possesses two characteristics
typical of an RNA-binding protein: (1) sequence-specific RNA
recognition and (2) a large conformational change that occurs
upon RNA binding (induced fit). These characteristics are
critical for understanding protein—RNA molecular recognition

RNA to maintain the closed form and gradually interacts

the sequence-specific recognition of RNA by UIAS™512 specifically with the RNA upon the rearrangement of Helix-C

Although the induced fit model that may explain the binding to permit RNA access, leading to the formation of the final
of UIA to RNA has been discussed for more than 15 years, it UIA—RNA complex. Later, Williamson proposed the UlA—
remains poorly understood.>'>~"* The induced fit of U1A was RNA cofolding scenario (mutually induced fit,'* ie., the W
characterized by determining the reorientation of its C-terminal conjecture) as follows. Helix-C and RNA are initially unfolded
region upon binding to RNA>'? [Figure 1 (C-terminal region, partially, and Helix-C refolds into an a-helix that is coupled

red)]. Thus, apo-U1A folds into the closed form in which the with the folding of the RNA during binding. Although these
a-helix in the C-terminal region (Helix-C, consisting of residues

91-98) covers part of the RNA-binding surface, ie., PheS6 Received: December 23, 2013
(Figure 1A). In contrast, when U1A binds to RNA, it folds into Revised:  April 20, 2014
the open form, and Helix-C moves away, uncovering the buried Published: May 14, 2014
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Figure 1. Conformational change of U1A upon binding to RNA. (A)
Apo-U1A in the closed form (PDB entry 1FTH). (B) U1A in the open
form (PDB entry ITURN) bound to RNA. In panels A and B, Glul9
and Arg52 are shown as blue and pink sticks and/or surfaces,
respectively, in each inset. In panel A, hydrogen bonds between Glul9
and ArgS2 are represented by red dotted lines in the inset. In panel B,
the bound RNA is shown in transparent blue and blue, and RNA
residues interacting with Glul9 and ArtS2 (ie., Ade6, Ura7, Glu9, and
Gual6) are shown as orange sticks in the right inset. The C-terminal
region (residues 89—102) and others (residues 1—88) are colored red
and green, respectively. Phe56 in the RNA-binding surface is shown as
yellow van der Waals spheres.

hypotheses are considered landmarks for subsegiuent studies of
UlA—RNA molecular recognition,é’s’m’n’1 they remain
unaltered. This is because neither experimental nor computer
simulation studies have directly shown Helix-C reorientation at
the atomic level.

In a subsequent X-ray crystallographic study by Rupert et al.,
an alternative open form of U1A was resolved in the absence of

RNA binding * (Figure 2A). The structure was determined
® aiternative  ® f © losed f
open form open form closed form
Asp90
,\%
Lys8s™
L

Figure 2. UIA structures determined using X-ray crystallography and
NMR. (A) Apo-UlA in the alternative open form (PDB entry 1INU4)
in the presence of a high concentration of MAL. (B) U1A in the open
form (PDB entry 1TURN) bound to RNA. (C) Apo-U1A in the closed
form (PDB entry 1FTH). Lys88 and Asp90 are shown as orange
sticks. In panel B, Cytl0 is shown as blue sticks. In panel C, MAL
stacking on Lys88 is shown as blue sticks. UIA, the C-terminal region,
PheS6, and RNA are colored as in Figure 1.

from crystals formed in the presence of a high concentration of
malonate (MAL), an organic acid possessing two negative
charges contributed by its two carboxyl groups. In the
alternative open form, an MAL molecule is present at the
position occupied by the RNA residue, the cytosine (Cyt10), in
the ULA—RNA complex'” (Figure 2A,B). This is the only MAL
molecule present around the RNA-binding surface of UlA,
suggesting the importance of Cytl10 for the stabilization of the
open form. According to these observations, Rupert et al.
suggested that the MAL mimics RNA to stabilize the alternative
open form. Moreover, Cyt10 is stacked on Lys88. Considering
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that in the closed form, Lys88 is located in the vicinity of
Asp90, which connects Helix-C to the remaining part of U1A
(Figure 2C), we assume that stacking of Cytl0 with Lys88
stabilizes the open form by preventing Asp90 from interacting
with Lys88.

On the other hand, according to the conformational
flexibility of the C-terminal region of apo-UIA, Rupert et al.
also suggested that Helix-C could reorient spontaneously in the
absence of RNA binding and claimed that UlA assumes the
open form not because of induced fit but because of
conformational selection.'” Moreover, under thermal equili-
brium, a protein in an aqueous solution can assume multiple
conformations, ranging from the unfolded to native forms.
Furthermore, a protein assumes the active conformation not
because of specific protein—protein or protein—ligand inter-
actions but because of the influence of environmental factors
such as salt concentration, pressure, and pH.ls_21 Therefore, it
is possible that apo-U1A assumes the active conformation, the
open form, in aqueous solution independent of specific
interactions with RNA, i.e, through conformational selection.

Keeping these conditions in mind, we made such an
assumption that the reorientation of the C-terminal region
does not necessarily occur “in response to the correct
recognition of the RNA”'* but in such an aqueous solution
with MAL, or even in an aqueous solution with or without
MAL. To verify this assumption, we performed several MD
simulations of the UlA conformation in the presence and
absence of MAL. We found that such a reorientation does not
necessarily occur in the presence of MAL, suggesting that U1A
converts spontaneously from the closed form to the open form,
i.e, through conformational selection. However, the observed
conformations differed from the open form with respect to
conformational stability and/or the conformation of Helix-C.
This indicates that neither induced fit nor conformational
selection explains the mechanism of UlA’s conformational
change. Therefore, we here address the modification of the TN
conjecture to establish a complete understanding of UIA—RNA
molecular recognition.

B MATERIALS AND METHODS

Structures and Force Field Parameters. The atomic
coordinates of UlA were obtained from the Protein Data
Bank.*> The apo-UlA structure in the closed form was
generated from the averaged conformation of 43 NMR
structures (PDB entry 1FHT®). The missing Metl was
compensated, and the residues from Glul03 to Glull7 were
truncated. Molecular modeling was performed using the LEaP
module of AmberTools.*®

To calculate the forces acting among atoms, Amber force
field 99SB, the TIP3P water model, and JC ion parameters
adjusted for the TIP3P water model were applied for amino
acid residues, water molecules, and ions,** >’ respectively. The
force field parameters of MAL were determined as follows. The
atomic coordinates of MAL were obtained from the UlA—
MAL complex (PDB entry 1INU4'”). The missing hydrogen
atoms were compensated using UCSF Chimera.”® Both
carboxyl groups of MAL were deprotonated under the
physiological condition (i.e., pH 7.4). The molecular structure
was energetically minimized, and the restrained electrostatic
potential charge was calculated at the Hartree—Fock/6-31G*
level using Gaussian03.> The atomic charges of MAL are listed
in Table 1. The other force field parameters (bond, angle,
dihedral, and van der Waals parameters) were assigned
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according to the general Amber force field (GAFF) 1.4

30,31
parameters.”™™

Table 1. Atomic Charges of Malonate

atom name” atom type” RESP charge (au)
C1 c2 0.92868
Ol1A o —0.88818
O1B o —0.88818
C2 c3 —0.22788
H22 hc —0.03838
H23 hc —0.03838
C3 c2 0.92868
O3B o —0.88818
0O3A o —0.88818
total —2.00000

“Atom name and type follow the style of GAFE.2%%

For the apo-U1lA structure, the compensated residues were
energetically minimized using a molecular mechanics simu-
lation, where 500 steps of the steepest descent method were
followed by 1500 steps of the conjugate gradient method.
Subsequently, hydrogen atoms were also minimized. These
calculations were performed in vacuum, where the nonbonded
cutoff was set to 99 A.

MD Simulations. All MD simulations were performed
under the periodic boundary condition, where the rectangular
box was set so that the minimal distance from the box’s face to
the molecular surface was 10 A. The apo-U1A structure in the
closed form was solvated by adding TIP3P model water
molecules™ and was electrically neutralized by adding CI™ as
counterions, and we have termed it the U1A* system. We
also prepared the U1A%**~MAL system by adding 20 MAL
molecules and 40 Na* ions to the UIAY** system initially on
the surfaces of the periodic boundary box (refer to Table 2 for
the molecular components of systems), where the addions2
command in the LEaP module of AmberTools** was employed,
and equilibrated them through 50 ns NPT MD simulations to
be distributed uniformly in the periodic boundary box. This
new system uses a sodium malonate concentration of 0.2 M.
Electrostatic interaction was treated using the particle mesh
Ewald method, where the real space cutoff was set to 9 A.
Vibrational motions associated with hydrogen atoms were
frozen using the SHAKE algorithm. The translational center-of-
mass motion was removed by every 1000 steps to maintain the
whole system around the origin, avoiding the overflow of
coordinate information from the MD trajectory format. MD
trajectories were recorded at intervals of 1 ps for the
subsequent analysis.

For the UlAclsd system, we executed 25 sets of MD
simulations. Each MD simulation consisted of five sequential
simulations as follows: (i) NVT (0.1 K, 10 ps) — (ii) NVT (1—
300 K, 20 ps) — (iii)) NVT (300 K, 20 ps) — (iv) NPT (300 K,
1 bar, 100 ps) — (v) NVT (300 K, 20 ns). The initial atomic
velocities were randomly assigned from the Maxwellian
distribution at 0.1 K. The first four simulations were executed

for the temperature and density relaxation using a Langevin
thermostat with a 1 ps™" collision coefficient and a Berendsen
barostat® with a 2 ps coupling constant. In the second
simulation, the thermostat temperature was increased linearly
from 1 to 300 K. The last 20 ns NVT simulation was a
production run for conformational sampling and was
performed using the Berendsen thermostat’ with a 5 ps
coupling constant. The pressure value averaged over the time
period between 12 and 20 ns was 13.0 bar on average over the
25 MD trajectories (95% confidence interval of 0.9—25.1 bar).
Then, we assumed that the system was equilibrated under a
pressure of 13 bar during this period. The first NVT simulation
and the four remaining simulations used time steps of
integration of 1 and 2 fs, respectively.

For the UIA**'—MAL system, we also executed 25 sets of
MD simulations. The initial atomic coordinates of each MD
simulation were generated from the snapshot structure acquired
at § ns from each of the 25 MD simulations of the U1A%*
system. Na* ions and MAL molecules were added to each of
the 2S5 snapshot structures as described above. The initial
atomic velocities were randomly assigned from the Maxwellian
distribution. Before the five sequential simulations, which were
similar to those performed in the ULAY*** systems, had been
performed, the energies of water molecules, Na* ions, and MAL
molecules were rapidly quenched, where the system was tightly
coupled with the Berendsen thermostat’® with a 0.001 ps
coupling constant. The quenched MD simulation includes the
following relaxation states: (i) NVT (1 K, 2.5 ps) — (ii) NVT
(1-300 K, 2.5 ps) — (iii) NPT (300 K, 1 bar, 100 ps). The first
MD simulation is for quenching the kinetic energy of the
system. The second and third MD simulations are for the
relaxation of water molecules, Na* ions, and MAL molecules
using the Langevin thermostat with a 1 ps™" collision coefficient
and the Berendsen barostat®® with a 2 ps coupling constant.
The first MD simulation and the two remaining simulations
used time steps of integration of 0.25 and 2 fs, respectively.
During quenching, the atomic coordinates of UIA were
restrained by the harmonic potential around the initial atomic
coordinates with a force coefficient of 100 kcal mol™ A™".

After the quenched MD simulation, six sequential
simulations were executed as follows: (i) NVT (0.1 K, 10 ps)
— (i) NVT (1-300 K, 20 ps) — (iii) NVT (300 K, 20 ps) —
(iv) NPT (300 K, 11 bar, 50 ns) — (v) NVT (300 K, 10 ps) —
(vi) NVT (300 K, 20 ns). The initial atomic velocities were
randomly assigned from the Maxwellian distribution. The first
three NVT simulations are the same as those used for the
U1A%d system, performed for equilibration of temperature.
The pressure of the system was equilibrated through the fourth
simulation using the Berendsen barostat,®” where the coupling
constant was switched from 0.5 to 2 ps at 35 ns. The pressure
value averaged over the time period between 42 and 50 ns was
11.4 bar over the 25 MD trajectories (95% confidence interval
of 10.6—12.2 bar). Then, in the fifth simulation, the NPT
condition was switched to the NVT condition. The size of the
simulation box at 50 ns was replaced with the average over
8000 snapshot structures, obtained during the period between

Table 2. Molecular Components and Simulation Times

system no. of water molecules no. of counterions
U1Adoed 6011 7 CI”
UlA%d_MLA 6011 40 Na*, 7 CI~

simulation duration (ns)

none 20 25
20 20 25

no. of malonate acids no. of trajectories
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Table 3. Ratios of Residual SASAs of Open-like Forms (open-folded form-1, of1; open-folded form-2, of2; open-unfolded form-
1, oul; open-unfolded form-2, ou2) and a Vertical Form (v) to Those of the Closed (c) or Open (o) Form”

Biochemistry

ratio of residual SASAs

SASA (A?) open-like form
closed form open form open-folded form-1  open-folded form-2  open-unfolded form-1 open-unfolded form-2 vertical form
residue Sc So soﬂ/ Sc Sofl/ so Sofz/ Sc Soﬂ/ So Soul/ Sc soul/ So Souz/ Sc SouZ/ So Sv/ Sc Sv/ So
His10 58.9 33.3 12 22 0.9 1.7 14 2.5 1.1 1.9 0.8 LS
Tyr13 19.9 424 2.5 1.2 19 0.9 22 1.0 1.9 0.9 19 0.9
Leu44 10.0 89.5 8.6 1.0 9.6 1.1 S.0 0.6 S.3 0.6 8.2 0.9
Val4$ 6.9 15.5 1.5 0.7 4.8 2.1 2.8 1.3 2.5 1.1 4.0 1.8
Phe56 0.9 52.1 34.7 0.6 65.3 1.2 11.5 0.2 29.4 0.5 45.5 0.8
Asp92 122.9 125.6 0.1 0.1 0.7 0.7 0.7 0.7 0.1 0.1 0.5 0.5
1le93 46.8 80.3 1.7 1.0 2.3 1.3 2.9 1.7 1.1 0.6 1.1 0.7
Ile94 56.7 18.0 15 4.9 0.7 2.1 0.6 1.8 2.1 6.6 0.7 2.2
Met97 44.6 127.5 1.6 0.6 0.9 0.3 3.4 1.2 22 0.8 22 0.8
“Bold entries indicate that the local structure is more similar to the open form than to the closed form.
(A) (B) (@) (D)
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Figure 3. Representative open-like structures determined from MD simulations. (A and C) Open-folded form-1 and open-unfolded form-1 detected
in an MD trajectory of the U1A%*** system, respectively. (B and D) Open-folded form-2 and open-unfolded form-2 detected in an MD trajectory of
the U1A%*—MAL system, respectively. (E—H) Time course analyses of rmsds from the open form, derived for each of the MD trajectories
assuming open-like structures: (E) open-folded form-1, (F) open-folded form-2, (G) open-unfolded form-1, and (H) open-unfolded form-2. (I and
J) Time course analyses of rmsds from the open form, where the values were averaged over the 25 MD trajectories at each time point: (I) U1A®*
system and (J) UIA®***—MAL system. In panels A—D, U1A, the C-terminal region, and Phe36 are colored as in Figure 1. In panels E—H, each time
point when the representative conformation appears is assigned by a red arrow. In panels I and J, the time course is divided by each 200 ps time
interval. A set of 25 average values within each 200 ps time interval is averaged, where error bars indicate the 95% confidence interval.

of 0.25 fs, where atomic coordinates of solute molecules (U1A,
MAL, and Na* and CI~ ions) were restrained by the harmonic

42 and 50 ns of the NPT simulation. The energy of water
molecules was quenched using the Berendsen thermostat®

with a 0.001 ps coupling constant and a time step of integration potential around the initial atomic coordinates with a force
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Table 4. Ratios of Interatomic Distances of Open-like Forms (open-folded form-1, of1; open-folded form-2, of2; open-unfolded
form-1, oul; open-unfolded form-2, ou2) and the Vertical Form (v) to Those of the Closed (c) or Open (o) Form®

ratio of interatomic distances between Ca atoms

interatomic distance between
Ca atoms (A)

open-like forms

open-unfolded open-unfolded
closed form open form  open-folded form-1  open-folded form-2 form-1 form-2 vertical form
residues d dy dg/de don/dy  dop/d. dep/d,  don/de dou/ds  don/de doo/d,  di/d. di/d,

His10—Ile94 11.8 74 12 1.9 0.8 12 0.8 12 1.0 1.6 1.6 2.5
Leu44—Asp92 12.3 112 1.0 1.1 12 1.4 1.1 12 0.9 0.9 1.1 1.3
Tyr13—1le93 11.8 15.0 12 1.0 13 1.0 12 1.0 11 0.9 13 1.0
Leu44—Met97 7.0 18.2 2.7 1.0 1.7 0.7 22 0.8 2.0 0.8 2.8 1.1
Val45—Met97 8.1 219 2.7 1.0 2.0 0.7 22 0.8 2.1 0.8 2.5 0.9
Phe56—11e93 9.1 11.9 15 1.2 14 1.1 12 0.9 13 1.0 1.7 1.3
PheS6—11e94 8.3 123 1.7 1.1 15 1.0 1.1 0.7 13 0.9 1.8 1.2
PheS6—Met97 10.8 18.0 1.7 1.0 13 0.8 15 0.9 14 0.8 1.9 1.1

“Bold entries indicate that the local structure is more similar to the open form than to the closed form.

coefficient of 100 kcal mol™ A™' The fourth and sixth
simulations were executed using Berendsen thermostat®” with a
S ps coupling constant and a time step of integration of 2 fs.
The final 20 ns NVT simulations were used for the following
analyses. The pressure value averaged over the time period
between 12 and 20 ns was 22.8 bar over the 25 MD trajectories
(95% confidence interval of 19.6—26.0 bar). Then, we assumed
that the system was equilibrated under a pressure of 22.8 bar
during this time period. All MD simulations were performed
using the sander and PMEMD modules in the molecular
dynamics package of Amber 11.%

Analysis of MD Trajectories. Interatomic distances for the
residue pairs, which significantly change upon reorientation of
Helix-C (see Table 3 for details of residue pairs), hydrogen
bond (H-bond) formation, the vector from the Ca atom of
Asp90 to that of Lys98, and the root-mean-square deviation
(rmsd) were calculated using the ptraj and cpptraj modules of
the Amber Tools 1.5 package.®> The secondary structure
annotation and solvent-accessible surface area (SASA) were
calculated using STRIDE** and NACCESS.>> A H-bond was
defined such that the X—Y distance was <3.3 A and the X—H—
Y angle was >120°, where X, Y, and H stand for acceptor,
donor, and hydrogen atoms, respectively. rmsd fitting was
performed for residues 10—102 according to backbone atoms
(Ca, N, C, and O), and rmsd values were calculated using these
atoms. The apo-U1A structure in the open form was prepared
from chain B of the X-ray structure (PDB entry 1URN),"?
where the apo-U1A structure was converted to the wild-type
structure by introducing two point mutations (H31Y and
R36Q) and was compensated for the missing residues (Metl
and Lys97—Val102). Similar to the closed form of apo-U1A,
the open form of apo-U1A was energetically minimized using
the molecular mechanics simulation. We define contact
between an MAL molecule and an amino acid residue when
the minimal interatomic distance between them was <3 A. We
determined the number of MAL molecules that made contact
with ArgS2 for each snapshot of 25 MD trajectories of the
ULA%**d_MAL system. Molecular structures were illustrated
using Visual Molecular Dynamics (VMD),** and the density
distribution of MAL molecules was calculated using the Volmap
plugin of VMD.
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B RESULTS AND DISCUSSION

Existence of Open-like Forms: Open-Folded and
Open-Unfolded Forms. Among the 50 MD trajectories
obtained, we identified four trajectories undergoing reorienta-
tion of the C-terminal region toward the open form: two
derived from the U1A%** system and the other two from the
U1A%**_MAL system. For each of the four trajectories, the
representative conformation analyzed (Figure 3A—D) was the
conformation with the minimal rmsd from the open form, i.e.,
U1A in the complex with RNA (Figure 1B). The conformations
shown in panels A and C of Figure 3 were obtained from the
U1A?? gystem, while those shown in panels B and D of
Figure 3 were obtained from the UIA“****~MAL system.

Panels E—H of Figure 3 show time course analyses of rmsds
for the MD trajectories that assume the conformations
discussed in panels A—D of Figure 3, respectively. As for
each of the three MD trajectories discussed in panels E—G of
Figure 3, the rmsd can be taken to represent relatively small
values compared with the averaged rmsd values (Figure 3LJ). It
is, therefore, possible to say that some of the UIlA
conformations in these three MD trajectories come to the
open form. On the other hand, the other trajectory discussed in
Figure 3H shows quite stable rmsd values similar to the
averaged rmsd values during the simulation, although Helix-C
moves away from the RNA-binding surface (see Figure 3B).
This could be attributed to the uptake of the residues
connecting Helix-C and the other part of UlA, inducing larger
rmsds from the open form.

As shown in Figure 3A—D, these representative conforma-
tions are similar to the open form in that their C-terminal
regions move away from the RNA-binding surface. Hereafter,
these conformations are called “open-like forms”. On the other
hand, they differ in their conformational characteristics, i.e.,
have a folded or unfolded C-terminal region. Then, the folding
condition of the C-terminal region was characterized using the
helix formation index (HFI). HFI is defined as the number of
residues assigned to a helix, i.e, a-helix, 3'%helix, or 7-helix,
within Helix-C (i.e., residues 91—98). The helix assignment for
each residue is given on the basis of STRIDE secondary
structure annotation.”* We defined that a conformation
assumes a folding condition if the value of HFI is >5.

According to HFI, the conformations shown in panels A and
B of Figure 3 possess the folded C-terminal region because of

dx.doi.org/10.1021/bi401708q | Biochemistry 2014, 53, 3646—3657
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Figure 4. Time course analyses of interatomic distances. (A—D) MD trajectories assuming open-folded form-1, open-folded form-2, open-unfolded
form-1, and open-unfolded form-2, respectively. The distances between Phe56 and I1e93, PheS6 and Ile94, and Phe56 and Met97 are shown by
black, red, and blue curves, respectively. An open arrowhead on the horizontal axis indicates the time at which each representative open-like form was
detected. The time interval when the open-like state appears is indicated by the black rectangle on the horizontal axis at the bottom. UIA, the C-

terminal region, and PheS6 are colored as in Figure 1.

the HFI values of 7 and S, respectively, and are termed open-
folded form-1 and open-folded form-2, respectively. In
addition, conformations shown in panels C and D of Figure
3 possess a partially (or even fully) unfolded C-terminal region
because of the HFI values of 3 and 4, respectively, and are
termed open-unfolded form-1 and open-unfolded form-2,
respectively. Although the numbering is used to identify the
MD trajectories, a ULA conformation should be simply termed
the open-folded or open-unfolded form if it possesses the
folded or unfolded C-terminal region, respectively.

To compare their structural characteristics with those of the
open and closed forms, the residual SASA [S (square
angstroms)] and the interatomic distance [d (angstroms)]
were calculated for each representative open-like form (Tables
3 and 4), with a focus on the residues that changed significantly
relative to the reorientation of the C-terminal region.”
Structural similarity was estimated according to the §,/S, and
d,/d, ratios, where x denotes open-folded form-1 (of-1), open-
folded form-2 (of-2), open-unfolded form-1 (oul), or open-
unfolded form-2 (ou2) and y denotes the open form (o) or the
closed form (c). Thus, a conformation is locally similar to the
open form if S,/S, (d,/d,) is closer to 1 than S,/S. (d,/d.). For
the ratios of residual SASA (Table 3), more than five of nine
residues showed local similarity to the open form, indicating
that those residues in the RNA-binding surface (e.g., PheS6)
are exposed to permit RNA access. On the other hand, for the
ratios of interatomic distances (Table 4), more than five of
eight atom pairs were more locally similar to the open form
than to the closed form, indicating that their C-terminal region
moves away from the RNA-binding surface. According to these
analyses, we concluded that these open-folded and open-
unfolded conformations are similar to the open form, as a
whole.

Stability of the Open-like State. The open-like state
conformation of UIA is defined as that in which the C-terminal
region is farther from PheS6, similar to the open form
conformation. Further, the open-like state can assume an open-
folded or open-unfolded state according to the conformation of
the C-terminal region. We performed time course analyses of
interatomic distances by focusing on pairing between PheS6
and X (where X is 11e93, [le94, or Met97) to characterize the
effects of the removal of Helix-C from PheS6 (Figure 4A—D).
Furthermore, time course analyses of secondary structure
formation were performed by focusing on the residues in Helix-
C, namely residues 91—98 (Figure 6), to characterize the
folding condition of the C-terminal region. To determine the
structural stability of the open-like state, the four MD
trajectories mentioned above were examined according to
these quantities.
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The open-folded state appearing in the MD trajectory of the
U1A%* system is unstable and returns to the closed form after
reorientation (Figures 4A and SA). The distances started to
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Figure S. Helix-C reorientation over time. (A—D) MD trajectories
assuming open-folded form-1, open-folded form-2, open-unfolded
form-1, and open-unfolded form-2, respectively.

increase at approximately 10 ns, reached their maxima at
approximately 14.5 ns, and immediately decreased to reach the
plateau after 17.5 ns. In this trajectory, Met97 is relatively
distant from PheS6 compared with Ile93 and Ile94, being
similar to the open form (see Table 4). Therefore, the open-
folded state, where Helix-C is almost held (Figure 6AE),
appeared between 14 and 16 ns.

The open-unfolded state in the MD trajectory of the
ULA?* gystem is also structurally unstable and instanta-
neously appears at approximately 0.6 or 10 ns in the MD
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Figure 6. Time course analyses of the secondary structure of U1A. Panels A—D and E—H correspond to the MD trajectories assuming open-folded
form-1, open-folded form-2, open-unfolded form-1, and open-unfolded form-2, respectively. (A—D) Time course analyses of STRIDE-based
secondary structure annotation. Orange, yellow, green, blue, and white represent a-helix, 3o-helix, f-strand, turn, and random coil, respectively. (E—
H) Time course analyses of the helix formation index (HFI). The red dotted line indicates a HFI of S. The time course is divided by 200 ps time
intervals, and the values in each time interval are averaged, where an error bar indicates the standard deviation for the values in each 200 ps time
interval. For each graph, the time interval where the open-like state appears is indicated by the black rectangle on the horizontal axis at the top.

trajectory (Figures 4C and SC). Although the rmsd values are
around 4 A near 10 ns (see Figure 3C), their C-terminal
regions move away from the RNA-binding surface. Helix-C
assumes a partially folded or fully unfolded conformation
(Figure 6C,G). It should be noted that values of HFI fluctuate
around S during between 0 and 2 ns. This observation suggests
that the open-folded state transiently converts into the open-
unfolded state, and vice versa. After the initial conversion to the
open-unfolded state, the C-terminal region orients vertically
toward the RNA-binding surface. The conformation at S ns in
Figure 4C is termed the vertical form and was analyzed as a
representative example. The data listed in Tables 3 and 4
indicate a tendency for the vertical form to move away from the
closed form. U1A is in the vertical state if its C-terminal region
is in the same orientation as that in the vertical form. In this
MD trajectory, the vertical state appears at approximately S ns,
and then UlA almost assumes the open-unfolded or vertical
state.

It is worth noting that the open-unfolded state in the
ULA® system appears with the vertical state in the MD
trajectory (Figure SC). Then, it can be assumed that the vertical
state may convert more frequently to the open-unfolded state
than to the closed form. To test this assumption, we performed
another set of MD simulations starting with the vertical form in
the absence of MAL and found that such a conversion from the
vertical state to the open-unfolded state occurs irrespective of
the presence of MAL (see section SI-1 of the Supporting
Information for details). Therefore, it is plausible that the
vertical state may be on the edge of the basin of the open-
unfolded form in the conformational repertoire of UlA in
aqueous solution.

The open-like states in the UlAY*‘—MAL system are
structurally stable throughout the simulation (Figure 4B,D and
Figure SB,D). In the MD trajectory assuming open-folded
form-2, averaged HFI values fluctuate around 6 (Figure 6B,F).
Meanwhile, the error bars for HFI values indicate transient

3652

conversion between the open-folded and open-unfolded states.
This might occur regardless of the orientation of Helix-C (see
section SI-2 of the Supporting Information for details). In this
trajectory, Met97 is relatively distant from Phe56 compared
with Ile94 and 1le93 (Figure 4D), similar to the case in the
open form (see Table 4). Then, it is possible to say that the
orientation of Helix-C is similar to those of the open form and
the open-folded state in the MD trajectory of the UIAY
system.

The open-unfolded state in the MD trajectory of the
ULA?* gystem was mainly found during the three time
periods between 1 and 2 ns, between 3 and 6 ns, and between 8
and 10 ns. Within the other time periods, the open-unfolded
state transiently converts into the open-folded state, and vice
versa. I1e93 and Ile94 are as distant from Phe56 as Met97. This
could be attributed to the uptake of the residues connecting
Helix-C and the other part of UIA (see Figure 3D).
Meanwhile, in the open form and in the MD trajectories
assuming the open-like state in the UTA“*** system, Met97 is
relatively distant from PheS6 compared with the other two (see
Table 4 and Figure 4A—C). Then, the open-like conformations
in this trajectory are slightly different from those appearing in
the other three trajectories, but they still permit RNA to access
the RNA-binding surface. Accordingly, it is possible to say that
Helix-C in the open-like state assumes a variety of
conformations with respect to both the orientation and the
folding condition.

These two open-like states in the UlA“**~MAL system
were maintained relatively longer (20 ns) than those in the
ULA? system. This should be partially attributed to the
influence of MAL because MAL molecules were distributed at a
part of the RNA-binding surface of the open-unfolded form
(Figure 7A,B), and they could prevent the return to the closed
form. In Figure 7B, MAL molecules seem to contribute to the
maintenance of the orientation of Helix-C through UIA—MLA
interaction. On the other hand, MAL was not present at the site
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(A)

Figure 7. Density distribution of MAL around UlA in the open-
unfolded state. (A) MD trajectory that assumes open-unfolded form-1.
(B) MD trajectory that assumes open-unfolded form-2. The
distributions were calculated using the MD trajectories from 0 to 20
ns. Locations of MAL with densities of >0.01 and >0.05 A~ are drawn
as blue wire frames and solid surfaces, respectively. UlA, the C-
terminal region, PheS6, Lys88, and Asp90 are colored as in Figures 1
and 2.

occupied by Cyt10 in the ULA—RNA complex (compare each
panel in Figure 7 with panels A and B of Figure 2). Such
coordination of MAL may occur for a longer time but is not
essential for the reorientation of Helix-C. Therefore, it is
reasonable to conclude that MAL molecules contribute, in
general, to the stabilization of the open-like state. Moreover,
despite the presence of MAL, the C-terminal region remained
partially unfolded and should refold into Helix-C as shown in
the alternative open form® (Figure 2A). Such a refolding
process would take longer time than that in the simulations
presented here. Thus, the closed—open conversion may differ
mechanistically from the refolding of the C-terminal region.
Specifically, they are relaxed independently on two different
time scales. Furthermore, refolding requires UlA—RNA
interactions. In terms of the formation of the UIA—RNA
complex, it is therefore possible to say that induced fit works
only for the refolding of the C-terminal region and the local
interactions between UlA and RNA. Taken together, these
analyses suggest that the open-like states, both the open-folded
and open-unfolded states, appear spontaneously because they
are part of the conformational repertoire of UlA in aqueous
solution. This observation suggests that the reorientation of the
C-terminal region occurs through conformational selection.

Coexistence of the Open-like and Closed States.
Annuciado et al. employed time-resolved fluorescence aniso-
tropy to examine the segmental motion of the C-terminal
region3 in the absence of RNA on a nanosecond time scale.
They represented the motion of the C-terminal region with a
cone whose vertex is the N-terminus of Helix-C. From their
point of view, the cone angle should be close to 90° if closed—
open conversion occurs. However, the observed value was 20°.
This means that under the circumstances, U1A is usually in the
“closed state”. Therefore, its C-terminal region may assume the
same orientation as that in the closed form, which possesses the
C-terminal region covering Phe56. Therefore, their observation
disagrees with ours because the C-terminal region in the closed
state spontaneously reorients toward that in the open-like state
in aqueous solution on the same time scale.

To determine the reason for this disagreement, we used our
MD trajectories to examine the segmental motion of the C-
terminal region by calculating the cone angle. The cone angle
was defined as the ensemble average of the librational angle of
motion of the C-terminal region, ¥, ie., (¥). The broken
brackets denote the ensemble average of a variable within them
over MD trajectories. ¥ is defined as follows:

¥ = cos™ (7 (i) /I (1)
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where i is a vector from the Car atom of Asp90 to that of Lys98
[it should be noted that Asp90 is a linker region connecting the
C-terminal region (residues 90—102) and the other (residues
1-89) (see Figure 2)]. Before calculating fi, we fit each MD
snapshot structure to the initial snapshot in each MD trajectory
on the basis of the rmsd, using the Car atoms of the residues in
the stable f-sheet of UlA (Leu4l, Ile43, and GInS4). This
procedure removes the entire rotational motion of UIA,
clarifying the segmental motion of the C-terminal region in
UlA.

We assumed that the UIA9** system was in equilibrium
after 12 ns (Figure 8A) because the ensemble average of the
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Figure 8. Cone angle analysis of the motion of the C-terminal region.
(A) Average rmsd (Ca atoms of residues 10—102). (B) Average of the
librational motion angle of the C-terminal region. (C) Mobile field of
the C-terminal region in the conformational repertoire of UlA,
represented by the blue circular cone with a cone angle of 37°. In
panel A and B, the average values are calculated at each time point
over 25 MD trajectories of the U1A*** system. The assumed time
interval for equilibrium is boxed in red. In panel C, the closed and
open forms of the C-terminal region (residues 89—102) are colored
dark and light red, respectively.

rmsd with respect to residues 10—102 over 25 trajectories was
convergent. Although the average of W over 25 trajectories
fluctuated, we assumed that it was in equilibrium after 12 ns
(Figure 8B). We then employed a set of 25 partial MD
trajectories consisting of each last 8 ns interval to evaluate the
cone angle in the equilibrium of the rmsd. An average of the
cone angle was taken over the time interval of 8 ns, and then
the average over the 25 partial MD trajectories was taken.

The cone angle calculated from these partial MD trajectories
was 37.2° (95% confidence interval of 32.2—42.2°), which is
slightly larger than that of the earlier experimental study but
smaller than 90°. In our simulations of UIAY** system, the
pressure of the system is 13 bar (see Materials and Methods),
thus being slightly higher than that of the normal experimental
condition, 1 bar. According to the volume theorem, “partial
molar volume of a protein decreases with the decrease of its
conformational order”,” it is possible that the segmental
motion of the C-terminal region becomes flexible because of
the higher pressure. Additionally, the C-terminal region might
be more stably folded under the normal experimental
condition.

There was one partial MD trajectory that existed in the open-
folded state for approximately 2 ns (1%) of the entire duration
(refer to Figure 4D and the related discussion). However, even
if we excluded this partial MD trajectory to calculate the cone
angle, the result was 37.3° as an average of the 24 trajectories
(95% confidence interval of 32.1—42.5°). Therefore, we
conclude that the disagreement between the observations of
Annuciado et al.’> and ours can be attributed to the inability of
time-resolved fluorescence anisotropy to detect such a minor
state as the open-folded state, which could be detected by high-
pressure NMR. In fact, Helix-C in the open-folded state is
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partially unfolded (Figure 6B). The volume theorem tells us
that partially unfolded conformations should become dominant
under higher pressures. This should apply to the open-unfolded
state because of complete Helix-C unfolding (Figure 6C,D).

On the basis of the discussion presented above, we
concluded that the open-like state coexists with the closed
state in aqueous solution. However, in MD simulation studies
starting from the closed form,>”'® no open-like form was
reported. These results may be observed because of an
insufficient number of samplings that would not reveal such a
minor state. Moreover, only a single MD simulation of <10 ns
was executed. In contrast, in our study, we performed MD
simulations for a few hundred nanoseconds to sample the
conformations and succeeded in detecting these open-like
forms.

Stabilization of the Encounter Complex by Exchang-
ing Inter- and Intramolecular Interactions. U1A binds to
RNA through the concerted “stacking of RNA bases with
aromatic side chain of UlA and many direct and water-
mediated hydrogen bonds”,'* where the RNA bound to U1A is
folded into a hairpin form. On the other hand, an NMR study
indicates that free RNA assumes a conformation different from
such a hairpin form,*® suggesting that the RNA undergoes a
conformational change during the formation of the complex
with U1A. Therefore, in the initial step of the formation of the
U1A—RNA complex, such concerted stacking and hydrogen
bonding may not form between UIA and RNA.

When U1A initially approaches an RNA molecule (the first
step of the TN conjecture), the ULA—RNA encounter complex
is formed using “the edge of a positively charged region of the
protein”** (the second step of the TN conjecture). This allows
UIA to anchor to RNA rigidly enough to wait for the closed—
open conversion. A positive charge on the protein would be
attracted to negative charges on the RNA (the phosphate
backbone'%*). Using the two negative charges and the size of
an MAL molecule, an MAL molecule must be located on a
positively charged residue in U1A as RNA phosphate groups
interact with UlA. Therefore, the UIA—MAL interaction
should be as stable as the UIA—RNA interaction during the
formation of the UIA—RNA encounter complex.

In the second step of the TN conjecture, Glul9 and Arg52
play important roles in the sequence-specific recognition of
RNA. Thus, according to the X-ray crystallographic structure of
the UIA—RNA complex'’ and the results of the MD
simulation by Tang and Nilsson,'"* Glul9 and Arg52 form
specific close contacts with RNA bases (i.e., Ade6, Ura7, and
Gua9) (see the right inset of Figure 1B). ArgS2 forms a salt
bridge with the phosphate group of Gual6, contributing to
higher-affinity binding to RNA."**’ In the closed form of U1A,
ArgS2 is close enough to Glul9 to form H-bonds between
them (see the inset of Figure 1A). When U1A makes contact
with RNA, the H-bonds should break to form H-bonds
between ArgS2 and RNA (see the left inset of Figure 1B). Our
MD simulations revealed that H-bonds between Glul9 and
ArgS2 were formed and broken (Figure 9A,B). For the
U1A%* gystem, the average number of H-bonds was 0.82 in
equilibrium after 12 ns for the 25 trajectories (95% confidentce
interval of 0.65—0.99), while for the UIA%**~MAL system,
the average number of H-bonds was 0.35 in equilibrium after
12 ns for the 25 trajectories (95% confidence interval of 0.11—
0.61). MAL molecules gradually made contact with ArgS2
during this time interval (Figure 9C), and the average number
of MAL molecules was 1.24 in equilibrium after 12 ns for the
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Figure 9. Formation of hydrogen bonds between Glul9 and ArgS2
and coordination of MAL with ArgS2. (A and B) Numbers of
hydrogen bonds between Glul9 and Arg52 for (A) the UlAe
system and (B) the U1A9*~MAL system. (C) Number of MAL
molecules making contact with ArgS2 in UlA. In panels A—C, the
average value of 25 MD trajectories at each time point is shown. The
assumed time interval of equilibrium is boxed in red.

25 trajectories (95% confidence interval of 0.88—1.60). The
pressure values of the UIAY**! and U1A“***~MAL systems
are 13.0 and 22.8 bar, respectively (see Materials and
Methods). However, we can assume that the difference in the
pressure should be not so significant if we consider the
circumstances of high-pressure NMR studies, where the effect
of pressure is seriously discussed only after the pressure in one
experiment becomes 10-fold higher than that of the other.'®
Therefore, we conclude that the intramolecular interaction
between Glul9 and Arg52 was partially disrupted and was
exchanged for the intermolecular interaction between MAL and
Args2.

According to these observations, we deduced the following
mechanism for stable anchoring of UlIA to RNA. The
intramolecular interaction is exchanged with intermolecular
interactions upon the formation of the encounter complex.
Thus, RNA induces the disruption of the H-bonds between
Glul9 and ArgS2, and ArgS2 makes contact with phosphate
groups in RNA to anchor UIA to the RNA; on the other hand,
Glul9 searches for and makes contact with the recognition
bases. Such an exchange between intra- and intermolecular
interactions would favor the anchoring of UIA to the RNA
until it undergoes the closed—open conversion. Considering
that the disruption of H-bond formation occurs under the
influence of MAL molecules, it is reasonable to conclude that
such an exchange between intra- and intermolecular
interactions should be promoted by the formation of the
U1A—RNA encounter complex.

According to the discussion presented above, we speculate
about how UIA searches the target sequence in RNA.
Anchoring of RNA to UIA may involve several collisions
between them through librational motion at the anchoring
point. Under these circumstances, UlA incidentally makes
contact with RNA on the RNA-binding surface only when it is
in the open-like state. Subsequently, if UIA finds the target
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sequence, the formation of a stable complex is mediated by
specific interactions between UlA and RNA. If this does not
occur, UlA is released from RNA and would wander until it
succeeds in finding the target sequence.

Combined Mechanism of Conformational Selection
and Induced Fit in the Formation of the UTA—RNA
Complex: Modified TN Conjecture. We suggest that prior
to the correct recognition of RNA, UlA makes contact with
RNA on the RNA-binding surface by conformational selection
because the open-like state spontaneously appears in the
conformational repertoire of UlA in aqueous solution. This
assumption is essentially different from the third step of the TN
conjecture14 because Helix-C reorientation occurs under the
coupling to RNA folding “in response to the correct
recognition of the RNA”." Thus, Tang and Nilsson'* discussed
RNA recognition consistently in the context of induced fit.
Although the open-like state spontaneously appears, we here
found that conformations in the open-like state differ from the
open form because they are structurally unstable, incomplete,
or both with respect to Helix-C formation in the C-terminal
region.

We can speculate that in the open-like state, U1A incidentally
makes contact with RNA on the RNA-binding surface and then
“the correct recognition of the RNA”'* induces the stabilization
of the UIA—RNA complex, entailing the refolding into the a-
helix. This mechanism is similar to that proposed in the W
conjecture,"> which maintains that in mutually induced fit, U1A
would fold together with RNA to form the complex.
Furthermore, we suggest that not only induced fit but also
conformational selection plays an essential role in the formation
of the UIA—RNA complex. As pointed out above, the open-
like forms are a minority of the U1A conformations in aqueous
solution. However, from the viewpoint of the chemical
equilibrium, once the open-like forms turn to the open forms
for the UIA—RNA recognition, some of the remaining UlA
molecules in the closed form should convert into open forms.
Such conformational conversion would continue until the
U1A—RNA recognition process becomes equilibrated.

This insight reminds us of an earlier lower-resolution MD
simulation study by Okazaki and Takada, which proposed a
combined mechanism of conformational selection and induced
fit according to the physicochemical mechanism underlying the
formation of the protein—ligand complex.*' Using Markov state
models, Silva et al. recently reported an example of such
combined mechanisms on the basis on all-atom simulations.**
The results of these studies seem reasonable because molecular
interactions in a cell are much more complex than we
previously imagined such that the concepts of conformational
selection and induced fit may occur independently. Thus, both
were originally proposed to interpret the kinetic mechanism in
which molecules are often represented by characteristic states,
e.g, the relaxed—tense form in hemoglobin allostery.*’
Therefore, it may be impossible to classify a molecular
recognition mechanism as conformational selection or induced
fit.

The preceding demonstration of the reorientation of the C-
terminal region in U1A and its subsequent contact with RNA,
i.e,, conformational selection-driven events, should be regarded
as an independent step in UIA—RNA molecular recognition.
We here propose a four-step modification of the three-step
reaction scenario of the TN conjecture. The first and second
steps are identical to those of the original TN conjecture, i.e.,
the approach of UIA to RNA through electrostatic interactions
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and the formation of the UIA—RNA encounter complex,
respectively. However, the third step involves the spontaneous
appearance of the open-like state and the subsequent contact
with RNA on the RNA-binding interface. In the fourth step, the
stabilization of the UIA—RNA complex is mediated by specific
interactions between UIA and RNA.

B CONCLUDING REMARKS

In this study, we performed all-atom MD simulations and
found that the open-like states spontaneously appear in the
conformational repertoire of UlA in aqueous solution.
According to our MD simulations, the open-like states
represent a minority of the UIA conformations in aqueous
solution. However, high-pressure NMR'®*” should detect these
states because the Helix-C structure is less ordered.

The presence of the open-like states suggests that irrespective
of “the correct recognition of the RNA”'™ UlA undergoes a
change in its conformation to permit RNA access and
subsequently makes contact with RNA on the RNA-binding
surface. Therefore, “the correct recognition of the RNA™
would work only for the stabilization of the UlA—RNA
complex. Finally, we suggest that UIA—RNA molecular
recognition is mediated by a combined mechanism of
conformational selection and induced fit.

According to the data presented here, we propose a further
modification of the TN conjecture that explains the mechanism
underlying UIA—RNA molecular recognition. This knowledge
may serve as a basis for understanding all protein—RNA
interactions.

B ASSOCIATED CONTENT

© Supporting Information

Details of another MD simulation starting from the vertical
form (section SI-1, Figure S1, and Tables S1 and S2) and time
course analyses of interatomic distances and secondary
structure formation on average over the 25 MD trajectories
(section SI-2 and Figures S2 and S3). This material is available
free of charge via the Internet at http://pubs.acs.org.
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