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Abstract

Molecular dynamics (MD) simulations were carried out to compare the free and bound structures
of wild type U1A protein with several Phe56 mutant U1A proteins that bind the target stem loop 2
(SL2) RNA with a range of affinities. The simulations indicate the free U1A protein is more
flexible than the ULA-RNA complex for both wild type and Phe56 mutant systems. A complete
analysis of the hydrogen bonding (HB) and non-bonded (VDW) interactions over the course of the
MD simulations suggested that changes in the interactions in the free U1A protein caused by the
Phe56Ala and Phe56Leu mutations may stabilize the helical character in loop 3, and contribute to
the weak binding of these proteins to SL2 RNA. Compared to wild type, changes in HB and VDW
interactions in Phe56 mutants of the free U1A protein are global, and include differences in -
sheet, loop 1 and loop 3 interactions. In the ULA-RNA complex, the Phe56Ala mutation leads to a
series of differences in interactions that resonate through the complex, while the Phe56Leu and
Phe56Trp mutations cause local differences around the site of mutation. The long-range networks
of interactions identified in the simulations suggest that direct interactions and dynamic processes
in both the free and bound forms contribute to complex stability.

Introduction

One of the most common eukaryotic RNA binding domains is the RNA recognition motif
(RRM), also known as the RNA binding domain (RBD) or the ribonucleoprotein (RNP)
domain.1, 2 Proteins containing this particular motif bind single-stranded RNA and are
involved in post-transcriptional regulation of gene expression.3 The prototype RRM protein,
U1A, is a component of the spliceosome, which excises introns from pre-mRNA prior to
gene expression in eukaryotes.4—6 Extensive structural and experimental studies have been
performed on the protein ULA,7-28 though a general understanding of RNA binding and
recognition at the molecular level remains elusive.

The N-terminal RRM of U1A binds with high affinity and specificity to stem loop 2 (SL2)
of U1 snRNA as well as two adjacent internal loops in the 3'-untranslated region of its own
pre-mRNA.29-31 These target sites contain nearly identical sequences in the loop,
AUUGCAC closed by a CG base pair. The structure of the N-terminal RRM of U1A
(residues 2-117) has been determined by NMR spectroscopy32 and X-ray crystallography
(residues 3-92),33 and the complex of the N-terminal RRM of U1A (residues 2-97) with
SL2 RNA (21 bases) (ULA-RNA) has been determined by X-ray crystallography,34 albeit
with two surface mutations. The structure of U1A is shown in Figure 1a and the structure of
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the ULA-RNA complex is shown in Figure 1b, with the secondary structure of SL2 RNA
inset.

There are two highly conserved aromatic amino acids in U1A, Tyrl3 and Phe56, which
participate in stacking interactions with C5 and A6, respectively, in the RNA target site. The
contribution of the conserved aromatic amino acid Phe56 to the affinity and specificity of
U1A for SL2 RNA has been previously investigated.35 Mutation of Phe56 to Ala reduced
the binding affinity by 5.5 kcal/mol, while mutation of Phe56 to Leu also destabilized the
complex, by 4.1 kcal/mol. In contrast, mutation to Trp had little effect on complex stability.
35 It was determined that the aromatic group is a stronger contributor to binding affinity in
U1A-RNA than individual hydrogen bond donors and acceptors.35, 36 Double mutant
studies suggested that Phe56 plays a complex role in target site recognition by contributing
to binding affinity by stacking with A6 and participating in energetically coupled
interactions with the functional groups on A6.36 Non-polar base isosteres were substituted
for A6 with little loss of binding affinity, which is evidence that increased hydrophobicity
can compensate for the loss of hydrogen-bonding interactions.37 Altogether, this data points
to an important role for the conserved Phe56 residue in ULA-RNA binding.

In order to interpret the experimental results on the effect of mutations on ULA-RNA
binding, it is necessary to know the structures of the various mutant species in solution. In
the absence of experimental structure determination, molecular dynamics (MD) simulations
can be used to predict solution structures with considerable accuracy. A number of
theoretical and computational studies on the ULA-RNA system have been reported
previously; 17-19, 21, 22, 25-27, 38-45 however, none have provided an overall analysis of
the contributions of specific interactions to binding. To investigate this problem further, MD
simulations were performed on U1A and the Phe56Ala, Phe56Leu and Phe56Trp mutants
free and bound to SL2 RNA, followed by a complete analysis of the hydrogen bonding and
non-bonded interactions for each system. Analysis of the results indicates that a comparison
of the mutant interactions to those in the wild type system provides insight into ULA-RNA
recognition.

Molecular Dynamics Simulations

The initial structure for the MD simulation of free wild type U1A was based on the NMR
solution structure of the unbound protein,32 PDBID:46 1FHT. Model 5 was selected as the
representative structure based on analysis of the 43 NMR structures by NMRCLUST 2.1.47
The U1A NMR structure was truncated from residues 2 — 117 to residues 2 — 102 to match
the construct used in the binding affinity experiments. Point mutations were introduced at
the Phe56 position in this structure to create the Phe56Ala, Phe56Leu and Phe56Trp mutant
forms of free U1A.

The initial structure for the MD simulation of wild type ULA-RNA complex reported earlier
was based on the X-ray cocrystal structure of the N-terminal RRM of U1A bound to SL.2 of
U1 snRNA solved at 1.92 A resolution,34 PDB 1D:46 1URN. Biological unit 2 was chosen
for the initial structure as it contains the most complete structural information for SL2 RNA.
The U1A protein was extended from the crystal structure construct to obtain a structure
containing residues 2 — 102 to match that used in the binding affinity experiments, and two
point mutations (His31Tyr and Arg36GIn) were introduced to revert the protein to the wild
type sequence. Details of these procedures have been described previously.48 The question
naturally arises if the previous MD simulation was stable and converged. To investigate this
issue, we carried out 10 additional MD simulations on wild type U1A, each beginning with a
different distribution of initial velocities. A superpaosition of the 10 average structures

Biopolymers. Author manuscript; available in PMC 2013 August 02.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kormos et al.

Page 3

formed from the equilibrated regions of the trajectories showed that the simulations were
stable within an RMSD of 1.5+0.6 A. In addition, we extended our original simulation to
100 ns. The RMSD from the initial structure is stable at ~ 2.1 A RMSD, consistent with that
found in our earlier MD (2.3 A). We divided this 100ns trajectory into tracts of 10 ns each
and found them all to agree within an RMSD of 0.9+0.2 A. The results of all of these
additional simulations, a principal component analysis of the 100 ns trajectory, as well as the
overlays of structural snapshots are included in the supplementary material available on the
Biopolymers Website.

Point mutations were introduced at the Phe56 position in this structure to create the
Phe56Ala, Phe56Leu and Phe56Trp mutant complexes and MD simulations were performed
using the same protocol as above, AMBER 949 with the force field ff99SB, the latest
modification to ff99 backbone torsions by Simmerling and coworkers50 for the protein and
the parmbscO force field51 for RNA. The systems were solvated in a box of explicit
TIP3P52 water molecules that extended a minimum distance of 12 A from the solute atoms.
Neutralizing Na* or CI~ ions were added to each system, after which Na* and CI~ ions were
added to each system to obtain a salt concentration of 250 mM, in accordance with the
conditions of binding affinity experiments. Additional details of the minimization and MD
procedures are described in Pitici et al.48 The results presented here, as in our previous MD
simulations on wild type U1A, are based on production runs of 10 ns.

Hydrogen Bond and Non-bonded Interactions

Results
RMSD Plots

Snapshots were collected from each MD trajectory for analysis at 5 ps intervals for a total of
2000 structures each. The program HBPLUS53 in NUCPLOT54 was used to calculate the
hydrogen bonds and non-bonded contacts present in each snapshot, enabling the calculation
of a percentage of each interaction over the 2000 snapshots. HBPLUS calculates all
hydrogen atom (H) positions and counts the interaction as a hydrogen bond if specific
criteria are satisfied with respect to donor (D) and acceptor (A) atom positions. The criteria
for a hydrogen bonding interaction used in this study include a H-A distance < 2.7 A, a D-A
distance < 3.35 A, a D-H-A angle > 90°, and a H-A-AA angle > 90°, where AA is the atom
attached to the acceptor. The criterion for a VDW interaction in this study included atoms
within 3.9 A of each other.

The MD trajectories computed for this study include free wild type U1A and the wild type
U1A-RNA complex, as well as those of three U1A mutants, Phe56Ala, Phe56Leu and
Phe56Trp. MD simulations were performed with explicit water and counterions. The root-
mean-square deviations (RMSD) of the protein backbone residues Phe8 — Lys98 and RNA
backbone atoms from the equilibrated structures were calculated over the course of the
trajectories and are plotted in Figure 2. N- and C-terminal protein residues were omitted
from the RMSD analysis due to their high flexibility throughout the MD simulations, which
causes high RMSD values that are not indicative of significant structural changes of interest
in the proteins or protein-RNA complexes.

The RMSD plots of the free Phe56Ala and Phe56Leu U1A proteins stabilize after 0.5 ns,
while the wild type and Phe56Trp mutants take 4 ns to stabilize (Figure 2a). The higher
RMSD of the wild type system after 4 ns is due to a change in the position of helix C
compared to the initial structure. The helix positions itself more horizontally across the p-
sheet (relative to the orientation of helix C in Figure 1a). The slightly smaller RMSD of the
Phe56Trp system after 4 ns is due to a small change in the position of helix C, moving
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further away from loop 3, and due to changes in the positions of the loop 3 residues.
Comparison to previous MD studies on this system48, 55 indicate good agreement with an
average RMSD value of 2.3 A for the wild type U1A protein.

The RMSD plots of the Phe56Leu and Phe56Trp ULA-RNA mutant complexes (Figure 2b)
are quite stable over the 10 ns trajectories. The wild type ULA-RNA complex stabilizes after
5 ns, and has larger deviations from the equilibrated structure after that point. Comparing the
average structures over these two time frames, the main difference is due to the positions of
the dynamic U8, C9 and C10 bases in the RNA loop. The Phe56Ala ULTA-RNA mutant
complex stabilizes after 2 ns, but also has larger deviations from the equilibrated structure
throughout the course of the rest of the trajectory. These larger deviations are due to more
fluctuations in the RNA stem. During this trajectory, A15 flips out of the RNA stem, which
enables A16 to stack with A-5 from the opposite strand. Similar fluctuations of the RNA
stem are seen in the trajectory of the free SL2 RNA (results not shown), but are not observed
in any of the other trajectories of the wild type and mutant ULA-RNA complexes. Further
analysis of RMSF and average structures (Figures 3 and 5, detailed below) indicate these
RNA base fluctuations in the stem do not affect the backbone conformation of the RNA
stem or loop 1 residues, and should not impact the results or conclusions of this paper.
Validation of the ULA-RNA MD trajectory for the wild type is provided by comparison to
previous MD studies on this system.56-60 The average RMSD of 1.9 A is consistent with
these prior studies. The average RMSD of the Phe56Ala mutant complex from the initial
structure is 2.4 A, larger than wild type and the other mutants (Phe56Leu = 1.6 A, Phe56Trp
=16 A).

Root-mean-square fluctuations (RMSF) on a per residue or per nucleotide basis were
computed for free wild type and Phe56 mutant U1A protein and ULA-RNA complex
trajectories with reference to their respective average structures (Figures 3a and b,
respectively). The largest fluctuations in the free proteins occur in the flexible N- and C-
terminal regions of the U1A protein, and in the flexible loop regions. The fluctuations of the
helix C residues in wild type and Phe56Leu mutant U1A proteins are larger than those of the
Phe56Ala and Phe56 Trp mutants, indicating greater fluctuations of these residues from their
average structure positions. Of the residues involved in loop regions, those in loop 3 have
the greatest fluctuations. The largest fluctuations in the ULA-RNA complexes again occur in
the N- and C-terminal regions of the protein, as well as in the 5" and 3" ends of the SL2
RNA stem and the U8/C9/C10 loop nucleotides, which do not interact with the protein.

Secondary Structure Plots

Secondary structures were computed over the course of each 10 ns trajectory for free wild
type and Phe56 mutant U1A proteins and ULA-RNA complexes (Figures 4a and b,
respectively) using the program STRIDEG1 in the timeline extension of VMD.62 In the free
proteins, Figure 4a, the four B-strands that form the B-sheet and the three a-helices are
readily apparent throughout the course of the wild type and Phe56 mutant trajectories. Loop
3 residues, which connect p2-p3, fluctuate between turn and 31 helix character throughout
the simulations of the Phe56Ala and Phe56Leu mutants. Within loop 3, the Leu49-Lys50-
Met51 residues have an average of 64% and 49% 34 helix character throughout the
Phe56Ala and Phe56Leu simulations, respectively, while wild type and Phe56Trp have an
average of 0.2% and 5%, respectively.63 Loop 5 in the Phe56Trp mutant, which connects
helix B to p4, exhibits different secondary structure behavior than the other free U1A
proteins. The residues in loop 5 exhibit both turn and antiparallel p-sheet characteristics. The
Phe77-Tyr78-Asp79-Lys80 residues in Phe56Trp exhibit a very high average percentage of
turn character (> 85%), while in the other systems, only the Tyr78-Asp79 residues exhibit >
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85% of turn character and the Phe77 and Lys80 residues exhibit antiparallel p-sheet
characteristics. The residues in Loop 6 in the Phe56Trp mutant also exhibit higher
percentage of turn character than the other free U1A proteins.

In the ULA-RNA complexes, Figure 4b, the p-sheet and three a-helices are again readily
apparent. The N-terminal residues, though flexible as seen in the RMSF plot (Figure 3b),
have an average of 46% 3 helical character and 53% turn character across the trajectories.
Helix C, however, loses its stability in both the wild type and Phe56Leu simulations. This
loss of stability occurs at approximately 7 ns in the wild type system and at approximately
4.5 ns in the Phe56Leu system. This behavior has not been observed in other wild type or
mutant simulations of these systems.16-29

Average Structure Overlays

Average structures were computed for all systems over the stable portion of the trajectories,
as determined by the RMSD plots. The free U1A protein and ULA-RNA complex average
structures were superimposed and can be found in Figure 5a and b, respectively. In the
overlay of the free proteins, which includes the wild type and Phe56 mutants as well as the
NMR solution structure,32 the Bappap motif superimposes quite well. The regions of the
protein that differ significantly in the superposition correspond to those regions of the
protein that have the largest RMSFs in Figure 3a: the N- and C-terminal residues, loop 3,
and helix C. The differences in position of the helix C residues, which have been rendered in
a tubular form for clarity, are especially striking. In the average structures of all of the
systems, helix C has relaxed from its initial position in the NMR structure. The NMR
structure that was chosen for the starting structure, model 5, was one of 43 structures in the
1FHT PDB file, which show helix C in a variety of positions. These observations indicate
significant flexibility of helix C in the U1A protein in solution. The loop 5 residues in the
Phe56Trp mutant, shown in red, are also in a different position than is observed in the rest of
the systems. These are the residues that had different secondary structure characteristics in
the Phe56Trp mutant compared to the other systems.

In the overlay of the ULA-RNA complexes (Figure 5b), which includes the wild type and
Phe56 mutants as well as the X-ray crystal structure,34 again the Bappap motif
superimposes quite well. The regions of the protein and SL2 RNA that differ significantly in
the superposition correspond to those regions that have the largest RMSFs in Figure 3b: the
C-terminal residues, helix C, the 5" and 3" ends of the RNA stem, and the U8/C9/C10 loop
nucleotides, which do not interact with the protein. In contrast to the overlay of the average
structures of the free proteins, the N-terminal and loop 3 residues superimpose very well in
the overlay of the complexes. For the N-terminal residues, this is due to the turn and helical
character induced upon SL2 RNA binding, observed in the secondary structure plots (Figure
4b), and for loop 3, this is due to the interactions between several loop 3 residues and SL2
RNA. For the systems in which helix C remains intact throughout the simulation, Phe56Ala
and Phe56Trp, the position of this helix does not change from the starting position as
drastically as is observed in the free protein systems. It is also obvious from the overlay of
these average structures that helix C in the wild type and Phe56Leu systems does not
maintain its helical character, as was noted in the secondary structure analysis.

Evaluation of Hydrogen Bonding and Non-bonding Interactions

The previous analyses have indicated quite a number of differences between the simulations
of the wild type and mutant systems. To determine whether these differences in the average
structures of the wild type and Phe56 mutant U1A proteins and ULA-RNA complexes are
representative of differences observed throughout the 10 ns simulations and if they are
caused by the mutation at position 56 or due to normal fluctuations throughout the
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simulations, an analysis of the hydrogen-bonding and non-bonded interactions was carried
out.

Residues Phe8 — Lys98 and the RNA nucleotides were the focus of the following analysis of
H-bond and VDW interactions. The N- and C-terminal residues were neglected in this
analysis due to their significant flexibility throughout the simulation, which is indicated in
the preceding results of the RMSF. The flexibility of these terminal residues leads to large
differences in interactions between the systems that are not of particular interest to this
study. In the analyses of the ULA-RNA complex systems, the helix C residues 11e93 — Lys98
were not included in the Phe56Leu analysis since they are unstructured through most of the
trajectory (Figure 4). The helix C residues Met97 — Lys98 were not included in Phe56Ala
and Phe56Trp ULA-RNA complex analyses if they were interacting with other helix C
residues since these residues are less structured in the trajectory of the wild type system.

Wild type MD interactions compared to experimental structures

The percentage of hydrogen-bonding (HB) and non-bonded (VDW) interactions were
computed for 2000 structures extracted from the 10 ns MD simulation of wild type U1A and
compared to those computed for the 43 structures obtained from the NMR structure of the
free protein,32 PDB ID: 1FHT. The top left half of Figure 6 illustrates the differences in
interactions between the experimental NMR and MD structures, with crosses and blue dots
indicating greater and fewer than 50% differences, respectively. There are a large number of
differences as may be expected due merely to the differences in sampling or because the free
U1A protein has several regions that are less well-defined due to their flexibility, including
the N- and C-terminal residues, loops 1 and 3, and helix C.32, 48, 55 Most of the differences
in interactions occur in the flexible loop regions of the protein, in helix C, or are due to
flexible side chain orientations, detailed in the supplementary material, Tables S1 and S2.
These differences tend to be compensatory. For instance, if the percent difference between
the total number of HB and VDW interactions present in the NMR structures and MD
simulation is averaged, there are 2% more HB interactions and 4% fewer VDW interactions
in the MD simulation compared to the NMR structures.

The percentage of HB and VDW interactions were also compared between the 2000
structures extracted from the 10 ns MD simulation of wild type U1A and for the three
structures obtained from the asymmetric unit of the X-ray co-crystal structure of the U1A-
RNA complex,34 PDB ID: 1URN. Of these three structures, pdb2 contains the most
structural information. Nucleotides C14 and U21 in SL2 RNA were unresolved in pdbl and
pdb3 due to disorder, and only residues Ala2 — Met97 were well-defined in the protein part
in all three complexes. In addition, two point mutations were made in LTURN to aid in
crystallization, Tyr31His and GIn36Arg. These differences were all taken into account upon
comparing differences in interactions between the X-ray crystal structures and the MD
structures.

As with the free protein, there are a number of differences in interactions between the MD
simulation and the X-ray crystal structures. The bottom right half of Figure 6 illustrates the
differences in interactions between the experimental and MD structures, with crosses and
red dots indicating greater and fewer than 50% differences, respectively, in the MD
simulation compared to the X-ray crystal structure. Averaging the percent difference
between the total number of HB and VDW interactions present in the X-ray crystal
structures and the MD simulation indicates 2% more HB interactions and 26% fewer VDW
interactions in the MD simulation compared to the X-ray crystal structures. In actuality, the
difference in VDW interactions is not as large as it seems. The majority of the VDW
interactions in the X-ray crystal structures are very close to the cutoff distance of 3.9 A, so
upon relaxing in the MD simulation, the distances increase to just over the 3.9 A cutoff.
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Other differences are due to the flexibility of residue side chains and nucleotide bases
through the MD simulation. These interactions are detailed in the supplementary material,
Tables S3 and S4. This analysis suggests that the MD model obtained for the solution
structure compares well with the experimental structures. Most force field issues will cancel
out between the mutants since only relevant differences are revealed.

Unique Phe56 U1A mutant interactions compared to wild type

Phe56Ala free protein—Table 1 lists the HB and VDW interactions that are more than
50% different in the 2000 snapshots sampled from the free Phe56Ala mutant U1A trajectory
compared to the wild type system. The residues involved in these interactions are illustrated
in Figure 7a. The main differences are clustered around the Phe56Ala mutation site on p1,
B2 and B3, and extend to loop 1, loop 3, helix A and helix C. There are fewer interactions
between Tyr13 and Ala56 due to the size difference between the much smaller Ala amino
acid compared to the wild type Phe at position 56. There are different interactions between
helix C and the B-sheet, specifically VVal45 and Ala55 with Met97. Since the mutant has a
smaller amino acid at position 56, helix C is able to move closer to the p-sheet, enabling
these interactions. This can also be seen in the overlay of the average structures (Figure 5a),
where helix C is in a different position in the average structure of the Phe56Ala mutant with
the C-terminal residues of the helix closer to the B-sheet. These differences in the
interactions of B2, B3 and helix C residues could contribute to the differences in the
interactions of the loop 3 residues, including their H-bonding patterns: Ser46, Arg47, Met51,
Arg52 and GIn54. Loop 3 is more structured and less flexible in the Phe56Ala mutant
(Figure 3a) and has more helical content than is seen in the wild type (Figure 4a).

Phe56Ala complex—Table 2 lists the H-bonding and VDW interactions that are more
than 50% different in the 2000 snapshots sampled from the Phe56Ala ULA-RNA complex
trajectory compared to the wild type system. The residues involved in these interactions are
illustrated in Figure 7b. Table 2 indicates the net loss of a series of interactions that cascade
through the Phe56Ala ULA-RNA complex resulting from the single Phe56Ala mutation
starting with Ala56, through Tyr13 and SL2 RNA to specific loop 1 and loop 3 residues.
The gain in H-bonding interactions between 11e33 and GIn36 in helix A does not appear to
be caused by the Phe56Ala mutation because 11e33 and GIn36 are far removed spatially in
the protein from the other residues that are affected by the Ala mutation, and there is no
cascade through differences in interactions originating from the Ala mutation to these
residues. The bottom half of Table 2 consists of SL2 RNA stem residues in the Phe56Ala
U1A-RNA complex simulation that differ from the wild type simulation by greater than
50%. The terminal SL2 RNA stem bases fluctuate more than the wild type during this
simulation. A15 flips out from the double stranded helical stem, which enables the dangling
A6 base to stack with A-5 from the other strand. It is difficult to attribute these differences
in the simulation to the Phe56Ala mutation since they are removed from the residues and
nucleotides in the top of Table 2 that showed differences in interactions compared to the
wild type system. The RMSF and average structures (Figures 3 and 5) indicate these RNA
base fluctuations in the stem do not affect the backbone conformation of the RNA stem or
loop 1 residues and should not affect the fluctuations of the residues in Table 2.

Pheb56Leu free protein—Table 3 lists the HB and VDW interactions that are more than
50% different in the 2000 snapshots sampled from the free Phe56Leu mutant U1A trajectory
compared to the wild type system. The residues involved in these interactions are illustrated
in Figure 8a. The Phe56Leu mutation affects interactions with Tyr13 due to its smaller size
and may also affect other B-sheet interactions seen by disruption of the Thr11 — I1e58
interaction, as well as the interaction of His10 with the loop 4 residue, Lys60, and the helix
B residue, Val62. Alternatively, His10 has a different side chain orientation in the Phe56Leu
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mutant that could be caused by the flexibility of the N-terminal residues. The Phe56Leu
mutation may also directly contribute to the differences observed in the interactions of loop
3and, to a lesser extent, loop 1 residue. The loss in interactions between Tyrl3 — Leu56 may
lead to an increase in H-bonding interactions of 41% between Tyrl3 and GIn54 in this
system (not shown in the table because the increase is less than 50%). This interaction
optimally aligns GIn54 for a H-bonding interaction with Met51, which contributes to the
helical character of loop 3 in this system (Figure 4a), altering the interactions of the other
loop 3 residues: Ser46, Arg47, Serd8, and Arg52. This difference in the structure of loop 3
compared to wild type causes a different orientation of the Arg47 side chain, increasing its
interactions with the loop 1 residues Glul19 and Ile21.

Phe56Leu complex—Table 4 lists the HB and VDW interactions that are more than 50%
different in the 2000 snapshots sampled from the Phe56Leu U1A-RNA complex trajectory
compared to the wild type system. The residues involved in these interactions are illustrated
in Figure 8b. The Phe56Leu mutation has more of a local affect on the interactions of the
U1A-RNA complex compared to the Phe56Ala system. Leu56 has fewer interactions with
Tyrl3 and the C5 loop nucleotide of SL2 RNA compared to wild type. Surprisingly, the
Leu56 VDW interactions with A6 are not altered significantly compared to the wild type
system, though the stacking interactions are absent since the aromaticity has been removed
by the Phe56Leu mutation. The increase in interactions between U8 and C9, as well as
Ser48 and C10 is due to the flexibility of the RNA backbone throughout the simulation. This
flexibility is evidenced by the difference in average structure of the RNA backbone at that
site in the Phe56Leu mutant (Figure 5b). Similarly, the loss in interactions between Lys22
and A-4 is due to the flexibility in the ends of the RNA stem throughout the simulation,
which can also be seen in Figure 5b. There is no obvious connection between the Phe56Leu
mutation and these differences in interactions.

Phe56Trp free protein—Table 5 lists the HB and VDW interactions that are more than
50% different in the 2000 snapshots sampled from the free Phe56Trp mutant U1A trajectory
compared to the wild type system. The residues involved in these interactions are illustrated
in Figure 9a. The Phe56Trp mutation causes an increase in interactions between Trp56 and
the helix C residues Asp90 and 11e94 which, in turn, increases interactions of helix C with
B2 and loop 6 residues: Lys98 to Asp42, Asp90 to Ala87 and Lys88, and Ser91 to Thr89.
These differences can be visualized by the overlay of average structures in Figure 5a in
which the orientation of helix C in the free Phe56Trp ULA mutant is different compared to
wild type. The loop 6 residues are in close enough proximity to His10 to cause a change in
its side chain orientation and its interactions with Phe59 and Glu61; alternatively, this may
be due to the flexibility of the N-terminal residues. The changes in interactions in loop 3
residues Ser46, Arg47, Ser48, and GIn54 may be due to the different dynamics of helix C
residues, though there is no direct link between these differences and the Phe56Trp
mutation. There is not an obvious explanation for the differences in the loop 5 interactions
between Pro76 and Phe77 with Lys80, or the different side chain orientation of Tyr78
leading to fewer interactions with Ser29 based on the Phe56Trp mutation. As seen in the
secondary structure plot of free Phe56Trp U1A protein (Figure 4a), loop 5 is less structured
compared to the other simulations with Phe77 and Lys80 exhibiting turn character rather
than B-sheet character, which would affect the interactions of these residues.

Phe56Trp complex—Table 6 lists the H-bonding and VDW interactions that are more
than 50% different in the 2000 snapshots sampled from the Phe56Trp ULA-RNA complex
trajectory compared to the wild type system. The residues involved in these interactions are
illustrated in Figure 9b. Surprisingly, the average structure of the Phe56Trp ULA-RNA
complex indicates that Trp56 does not stack with A6 to the extent that Phe56 does in the
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wild type structure. This is likely due to a HB interaction between NE1 of Trp56 and N3 of
A6, not indicated in Table 6 since the interaction is only 34% more than seen in the wild
type system. This different side chain orientation of Trp56 causes a loss of VDW
interactions with Tyr13 and C5. The loss of interactions between Met51 and A6 are due to a
different side chain orientation of Met51 in the Phe56Trp mutant. There is a greater distance
between A6 in the RNA loop and the Met51 side chain (~ 1 A measured from SD of Met51
to C4* of A6) due to the different interactions between A6 and Trp56, perhaps leaving more
room for the Met51 side chain to fluctuate. The remaining differences in protein interactions
are all with the Lys98 residue. This is mainly due to the difference in the Lys98 side chain
orientation, which is caused by more helical character in helix C at this residue (Figure 4b)
compared to the wild type system. The increase in interactions between C10 and G11 are
due to the flexibility of C10 in the RNA loop.

Common differences in Phe56 U1A mutant interactions compared to wild type

Free U1A proteins—Differences in interactions (> 50%) that are common between either
two or all three of the free Phe56 U1A mutants compared to wild type are listed in Table 7.
Other than the interactions in Table 7 explicitly mentioned below, the differences that are
common between the Phe56 mutants compared to the wild type system are primarily due to
different side chain orientations that can be attributed to natural fluctuations throughout the
simulations and not to the Phe56 mutation. The difference in interactions between Ser46 and
Met97 are due to different side chain orientations, as well, but are also due to different helix
C positions compared to wild type in the Phe56Ala and Phe56Trp systems. All of the
common differences in loop 3 interactions, including Arg47, Ser48 and Leu49 with Met51
and Leu49 with Arg52, are due to the flexibility of loop 3 throughout the simulations and the
helical character in loop 3 that is present in the Phe56Ala and Phe56Leu systems (Figure
4a). Note that the differences in interactions for these residues are very similar in the
Phe56Ala and Phe56Leu systems compared to wild type and the Phe56Trp system.

U1A-RNA Complexes—Differences in interactions (> 50%) that are common between
either two or all three of the Phe56 U1A-RNA mutant complexes compared to wild type are
listed in Table 8. The differences seen in the first two entries in Table 8 are due solely to the
orientation of the Ser48 side chain. In the wild type system, the hydroxyl group is oriented
to H-bond with the N of Met51, and in the mutant systems, it is oriented to H-bond with the
phosphate group. This increase in interactions between Ser48 and C10 may cause this
flexible area of the RNA loop to remain closer to loop 3 in the mutants, as is seen in the
average structure overlay in Figure 5b. The interactions between the C7 and U8 nucleotides
in the loop region of the RNA causes a bend in the RNA backbone that is stabilized in the
wild type system by this H-bond. The mutant systems have a bend in the RNA backbone at
this point, as well, which can be seen in Figure 5b.

Discussion

The MD simulations of the free U1A protein in this and other studies17, 21, 22, 25-28, 39
indicate large fluctuations and significant flexibility in loop 3 and helix C residues (Figures
3 and 5). These same secondary structure elements undergo large changes upon binding SL2
RNA, and are also important for specificity in ULA-RNA binding.32-34, 64-68 The
flexibility of these regions may play a role in recognition by enabling the protein to sample
various subtle conformations of which the appropriate ones can then bind SL2 RNA.28 The
MD simulations presented here suggest that mutation of Phe56 may alter the helical
character of loop 3, which occurs transiently in the MD simulations of Phe56Ala and
Phe56Leu U1A, but not in the wild type and Phe56Trp simulations (Figure 4a). Loop 3
helical character has been observed in one of the two molecules in the asymmetric unit of
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the crystal structure of the free U1A protein33 and, according to the Avis, et al.,32 in the
NMR structure, though a DSSP calculation of the 43 models in 1FHT indicates the loop 3
residues Lys50-Met51-Arg52 have an average 3¢ helix character of only 8.5%. The helical
character of this loop may be transient on the nanosecond (or longer) timescale as evidenced
by disappearance in some trajectories and reappearance in others. The flexibility of this loop
has been suggested to be necessary for binding,11, 17, 18 and therefore, the more permanent
nature of the helical form in the Phe56Ala and Phe56Leu systems could be detrimental for
binding.

The differences in interactions observed in the MD of free Phe56 U1A mutant proteins
compared to wild type are not localized around the mutation site, but are distributed
throughout the protein. These results are consistent with previously performed MM-GBSA
calculations of the energetics of these systems, which indicated that the different ULA
mutants obtain overall binding energies by very different combinations of energetic
contributions.55 A breakdown of MM-GBSA energetics by residue in the wild type and
Phe56 mutant systems indicated that differences in binding energy between the mutant and
wild type proteins occur throughout the proteins, especially in the B3 — loop 3 and loop 6 —
helix C regions. Similarly, many of the differences in hydrogen bonds and non-bonded
interactions between the free wild type and mutant proteins occur in the 3 — loop 3 and
loop 6 — helix C regions.

The number of differences in interactions in the free Phe56 U1A mutants far exceeds those
in the Phe56 U1A-RNA complexes. This is a consequence of the greater flexibility and
dynamical nature of the free U1A proteins, which become more rigid upon binding RNA.
The analysis of the Phe56Ala ULA-RNA complex indicates a net loss of interactions
through the complex that originates at the site of mutation. The differences observed in the
Phe56Ala mutant complex are much more extensive compared to the localized perturbations
in the Phe56Leu and Phe56Trp ULA-RNA complexes (if the differences in the Phe56Trp
complex due to the Lys98 side chain orientation are not considered). The interactions that
are lost in the Phe56Ala ULA-RNA complex are predominantly located between the RNA
and protein (Table 2). The loss of these interactions only in the Phe56Ala ULA-RNA
complex is consistent with the significantly greater loss in binding affinity observed
experimentally upon mutation of Phe56 to Ala compared to Leu and Trp.20

Many of the residues identified to have altered interactions in the free or bound mutant
systems have previously been reported to be important contributors to the stability of the
complex. For example, the mutation of the amino acids in loop 3, including Lys50, Met51,
Arg52, and GIn54, resulted in at least a 5-fold decrease in binding affinity.11, 12, 69
Mutation of amino acids in the N-terminal region, such as Thr11 or Asn18, and in the C-
terminal helix, such as Asp90 and Ser91 also destabilized the complex by at least 5-fold.24,
28, 69 Finally, mutation of the charged amino acids Lys23, Lys50, and Lys80, has been
observed to result in a greater than 5-fold decrease in binding affinity.9, 11, 13 Thus the
computational predictions are consistent with previously reported experimental binding
investigations.

Conclusions

The MD simulations reported here are predictions of the solution structures for the wild type
and various mutants of U1A in the RNA bound and unbound forms. Analysis of the results
indicates that the free U1A protein is more flexible and has greater thermal fluctuations than
the ULA-RNA complex for both wild type and Phe56 mutant systems. Regions of the
protein with the greatest flexibility include N- and C-termini, loops 1 and 3, and helix C.
Changes in hydrogen bonding and non-bonded interactions in the free U1A protein caused
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by the Phe56Ala and Phe56Leu mutations may contribute to stabilization of loop 3, which
could be detrimental to SL2 RNA binding. Compared to the wild type protein, changes in
hydrogen bonds and non-bonded interactions in the Phe56 mutants of the free ULA protein
are globally dispersed away from the site of mutation, and include differences in p-sheet,
loop 1 and loop 3 interactions. The Phe56Ala mutation in the ULA-RNA complex leads to a
series of differences in hydrogen bonding and non-bonded interactions that cascade through
the complex compared to wild type and especially target interactions with the RNA, while
the Phe56Leu and Phe56Trp mutations cause differences that are more localized around the
site of mutation Taken together with a previous analysis of the energetics of these systems
using MM-GBSA, 27 these results suggest that the binding of the Phe56Ala mutant U1A
protein to RNA is destabilized by both the changes in the free protein structure that stabilize
the structure of loop 3 and the reduced interactions between the RNA and the protein
compared to the wild type complex. The long-range networks of interactions identified in
these simulations suggest a complex interplay between the contributions of direct
interactions and dynamic processes in both the free and bound components to the stability of
the ULA-RNA complex.
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Figure 1.
(a) Structure of the N-terminal RRM of U1A. (b) Structure of the N-terminal RRM of U1A

bound to SL2 RNA. Inset: Nucleic acid sequence of SL2 RNA with nucleotides recognized
by U1A for binding highlighted in red.
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Figure 2.

Plots of the RMSD of protein backbone residues Phe8 — Lys98 and RNA backbone atoms
from the equilibrated structures calculated over the course of MD trajectories. (a) Free U1A
protein and Phe56 mutants. (b) ULA-RNA complex and Phe56 mutants.
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Figure 3.

Root-mean-square fluctuations (RMSF) computed on a residue or nucleotide basis with
reference to the average structure calculated over the 10 ns simulations of (a) free ULA
protein and Phe56 mutants and (b) ULA-RNA complex and Phe56 mutants.
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Figure 4.
Secondary structure of ULA and Phe56 mutant U1A proteins calculated over the course of

each 10 ns trajectory: ll = a-helix, [] = 319 helix, [] = extended conformation (B-strand), Bl =
turn, and L] = random coil. (a) Free U1A protein and Phe56 mutants. (b) U1A-RNA complex
and Phe56 mutants.
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Figure5.

Overlay of time averaged structures: (a) free ULA protein and Phe56 mutants. (b) U1A-
RNA complex and Phe56 mutants. White: NMR structure of the free protein and X-ray
crystal structure of the ULA-RNA complex, respectively; Black: Wild Type; Green:
Phe56Ala; Blue: Phe56Leu; Red: Phe56Trp.
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Figure®6.

Plot of differences in HB and VDW interactions in MD simulations compared to
experimental structures. Crosses and solid dots indicate greater and fewer than 50%
differences, respectively. Upper left: NMR structures compared to MD simulation of free
wild-type U1A protein. Bottom right: X-ray crystal structures compared to MD simulation
of wild-type ULA-RNA complex.
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U16

Figure7.

Positions of residues in Phe56Ala mutant U1A trajectories that differ in H-bond and VDW
interactions (> 50%) compared to wild type. Residues are colored according to location in
the protein for clarity. (a) Free protein. (b) ULA-RNA complex.
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Figure 8.

Positions of residues in Phe56Leu mutant U1A trajectories that differ in H-bond and VDW
interactions (> 50%) compared to wild type. Residues are colored according to location in
the protein for clarity. (a) Free protein. (b) ULA-RNA complex.
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Positions of residues in Phe56Trp mutant U1A trajectories that differ in H-bond and VDW
interactions (> 50%) compared to wild type. Residues are colored according to location in
the protein for clarity. (a) Free protein. (b) ULA-RNA complex.
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Differences in interactions (>50%) observed in free Phe56Ala U1A simulation compared to wild type

Table 1

Residues Positions Type of interaction Difference
Tyrl3 — Ala56 p1top3 VDW - 85%
Ala55 — Met97 B3toaC VDW + 74%
Val45 — Met97 p2toaC VDW + 63%
Ser46 — GIn54 loop 3 H-bond (N of Ser46 — O of GIn54) +87%
Ser46 — Met51 loop 3 H-bond (OG of Ser46 — O of Met51) +95%
Ser46 — Met51 loop 3 VDW +53%
Arg47 — Args2 loop 3 VDW - 69%
Lys23 — Ser46 | aAtoloop3 H-bond (NZ of Lys23 — O of Ser46) +52%
Lys23 —Ser46 | aAtoloop 3 VDW +58%
Asn18 - Lys20 loop 1 H-bond (N of Lys20 — OD1 of Asn18) - 63%
Asni8 - lle21 loop 1 VDW -53%
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Table 2
Differences in interactions (>50%) observed in Phe56Ala ULA-RNA complex simulation compared to wild
type
Residues Positions Type of interaction Difference

Tyrl3 — Ala56 p1to B3 VDW - 86%
Ala56 — C5 B3 to RNA loop VDW - 73%
Ala56 — A6 B3 to RNA loop VDW - 70%
Lys50 — A6 loop 3 to RNA loop VDW -52%
U2-G4 RNA loop H-bond (N2 of G4 — 02 of U2) -61%
Glu19 - U2 loop 1 to RNA loop VDW - 74%
Arg52 — U2 loop 3 to RNA loop VDW -51%
Arg52 - Al loop 3 to RNA loop VDW - 58%
11e33 - GIn36 helix A H-bond (NE2 of GIn36 — O of 11e33) +52%
A-4-U15 RNA stem VDW - 64%
A-5-U15 RNA stem H-bond (N3 of U15 — N1 of A-5) - 80%
A-5-U15 RNA stem H-bond (N6 of A-5— 04 of U15) - 82%
A-5-U15 RNA stem VDW -83%
A-5-U16 RNA stem H-bond (N6 of A-5 - 02* of U16) + 64%
A-5-U16 RNA stem VDW + 60%
Ul4 - U15 RNA stem H-bond (02* of U14 — O5* of U15) +72%
Ul14 - U16 RNA stem VDW + 66%
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Differences in interactions (>50%) observed in free Phe56Leu U1A simulation compared to wild type

Table 3

Residues Positions Type of interaction Difference
Tyrl3 — Leu56 pltop3 VDW - 82%
Thrll - 11e58 Bltop3 vVDW - 56%
His10 — Lys60 B1to loop 4 VDW -63%
His10 — Val62 B1 to helix B vVDW - 64%
Met51 — GIn54 loop 3 H-bond (N of GIn54 — O of Met51) +55%
Ser48 — Arg52 loop 3 H-bond (N of Arg52 — O of Ser48) + 66%
Ser48 — Arg52 loop 3 VDW + 76%
Ser46 — Ser48 loop 3 VDW +79%
1le21 — Arg47 | loop 1 to loop 3 VDW +55%
Glul9 - Arg47 | loop 1toloop 3 | H-bond (NH1 of Arg47 — O of Glul9) +61%
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Table 4

Differences in interactions (>50%) observed in Phe56Leu ULA-RNA complex simulation compared to wild
type

Residues Positions Type of interaction Difference
Tyrl3 — Leu56 plto B3 VDW - 77%
Leu56 — C5 B3 to RNA loop VDW - 72%
Ser48 — C10 loop 3 to RNA loop VDW +61%
U8 -C9 RNA loop H-bond (O2* of U8 — O4* of C9) +54 %
us-C9 RNA loop H-bond (02* of U8 — O5* of C9) +55%
Lys22 — A-4 loop 1 to RNA stem VDW -50%
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Differences in interactions (>50%) observed in free Phe56Trp U1A simulation compared to wild type

Table 5

Residues Positions Type of interaction Difference
Trp56 — Asp90 B3 to helix C VDW +78%
Trp56 — 11e94 B3 to helix C VDW +69%
Aspd2 — Lys98 B2 to helix C VDW +60%
Ala87 — Asp90 | loop 6 to helix C VDW + 84%
Lys88 — Asp90 | loop 6 to helix C | H-bond (N of Lys88 — OD2 of Asp90) +97%
Thr89 — Ser91 | loop 6 to helix C VDW +63%
His10 — Phe59 pltop3 H-bond (ND1 of His10 — O of Phe59) +56%
His10 — Glu6l B1to loop 4 VDW - 54%
Ser46 — GIn54 loop 3 H-bond (NE2 of GIn54 — O of Ser46) +56%
Ser48 - GIn54 loop 3 H-bond (NE2 of GIn54 — OG of Ser48) +57%
Ser48 — GIn54 loop 3 VDW +65%
Arg47 — Ser48 loop 3 H-bond (NH2 of Arg47 — O of Ser48) +62%
Pro76 — Lys80 loop 5 VDW -71%
Phe77 — Lys80 loop 5 H-bond (N of Phe77 — O of Lys80) - 66%

Ser29 — Tyr78

helix A to loop 5

VDW

- 65%
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Table 6
Differences in interactions (>50%) observed in Phe56Trp ULA-RNA complex simulation compared to wild
type
Residues Positions Type of interaction Difference
Tyrl3 — Trp56 plto B3 VDW -61%
Trp56 — C5 B3 to RNA loop VDW - 72%
Met51 — A6 loop 3 to RNA loop VDW - 65%
His10 - Lys98 Bl to helix C H-bond (NZ of Lys98 — NE2 of His10) +56%
His10 - Lys98 B1 to helix C VDW +62%
Lys60 — Lys98 loop 4 to helix C H-bond (NZ of Lys98 — O of Lys60) +56%
Glu6l - Lys98 loop 4 to helix C VDW +57%
C10-G11 RNA loop to RNA stem H-bond (02* of C10 — O5* of G11) +51%
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