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Background: Many prokaryotic genomes comprise Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPRs) offering defense against foreign nucleic acids. These immune systems are conditioned by the production
of small CRISPR-derived RNAs matured from long RNA precursors. This often requires a Csy4 endoribonuclease
cleaving the RNA 3’-end.

Methods: We report extended explicit solvent molecular dynamic (MD) simulations of Csy4/RNA complex in pre-
cursor and product states, based on X-ray structures of product and inactivated precursor (55 simulations;
~3.7 pss in total).

Results: The simulations identify double-protonated His29 and deprotonated terminal phosphate as the likely dom-
inant protonation states consistent with the product structure. We revealed potential substates consistent with
Ser148 and His29 acting as the general base and acid, respectively. The Ser148 could be straightforwardly
deprotonated through solvent and could without further structural rearrangements deprotonate the nucleophile,
contrasting similar studies investigating the general base role of nucleobases in ribozymes. We could not locate ge-
ometries consistent with His29 acting as general base. However, we caution that the X-ray structures do not always
capture the catalytically active geometries and then the reactive structures may be unreachable by the simulation
technique.

Conclusions: We identified potential catalytic arrangement of the Csy4/RNA complex but we also report limitations
of the simulation technique. Even for the dominant protonation state we could not achieve full agreement between
the simulations and the structural data.

General significance: Potential catalytic arrangement of the Csy4/RNA complex is found. Further, we provide unique
insights into limitations of simulations of protein/RNA complexes, namely, the influence of the starting experimen-
tal structures and force field limitations. This article is part of a Special Issue entitled Recent developments of mo-
lecular dynamics.
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1. Introduction assemble with CRISPR-associated (Cas) proteins into large ribonucleo-

protein (RNP) complexes (Cas/crRNA complexes) [5,6]. The targeting

In many bacteria and archaea, fragments of foreign nucleic acids are
integrated into Clustered Regularly Interspaced Short Palindromic
Repeat (CRISPR) loci providing an adaptive immune system to protect
the prokaryote cells against invading phages or plasmids. These foreign
genetic sequences are placed between copies of a repeated host RNA
sequence [1-4]. The CRISPR transcripts (long RNAs precursor, pre-
crRNAs) are cleaved after the transcription within each repeat sequence
to generate short mature CRISPR-derived RNAs (crRNAs). The crRNAs
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Cas/crRNA complex may base pair with the invading DNA and then
triggers its degradation.

In type I and type Il CRISPR systems [7], a specific Cas6 endoribo-
nuclease splits the pre-crRNAs in a sequence-specific way to gener-
ate ~60-nucleotide (nt) crRNA products in which segments of the
repeat sequence flank the spacer (the target “foreign” nucleic acid
sequence) [5,8-14]. In contrast, crRNA biogenesis in type II systems
requires RNase III [15]. The inactivation of the Cas proteins results
in a total loss of the immune mechanism function [5,15-18]. Doudna
and coworkers [10] studied the pre-crRNA processing by means of
Csy4 enzyme (recently reclassified as Cas6f) [7] in CRISPR subtype
[-F. They reported multiple X-ray structures of complex of Csy4
both with precursor pre-crRNA and product crRNA [10,19]. The pre-
cursor was inactivated by deoxy-mutation of the G20 nucleotide just
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upstream of the scissile phosphate (PDB code of the best resolved
precursor structure is 2XLK, Fig. S1). The electron density of C21
(downstream of the scissile phosphate) is disordered except of the scis-
sile phosphate moiety. The Csy4 protein consists of an N-terminal
ferredoxin-like domain and a C-terminal domain. This later domain
forms most of the recognition interactions with the RNA (Fig. 1A). The
RNA adopts a stem-loop structure [20] with five base pairs in A-form
helical stem capped by GUAUA pentaloop containing a sheared G11-
A15 base pair and a bulged nucleotide U14. The pentaloop structurally
belongs to family of GNRA tetraloops with insertion, i.e., GNR(N)A
family (see Fig. 1B) [21].

The Csy4 binds to both the pre-crRNA precursor and the crRNA
product with high affinity (K4 ~50 pM, Fig. S2) [14]. Product and precur-
sor co-crystal structures of Csy4 bound to crRNA and pre-crRNA, respec-
tively, revealed three regions mediating the protein/RNA recognition
(Fig. S3) [10,19]. The catalytic center region includes interactions
between the 3’-end of RNA and the 36-37 hairpin loop, approaching
the RNA from the minor groove side. The RNA spans the B-hairpin
loop with the stem terminal C6-G20 base pair. The G20 stacks with
the aromatic side chain of Phe155 (see Fig. S3D). The second region in-
cludes base-specific interactions of Arg102 and GIn104 (linker segment
connecting the body of Csy4 to the Arginine-rich helix) with the major
groove faces of A19 and G20 (Fig. S3B) [14]. The third region includes
interactions of the Arg-rich helix a3 with the RNA pentaloop and part
of the adjacent major groove (Fig. S3C). All these interactions ensure
specificity of Csy4 binding to the pre-crRNA repeat and its site-specific
cleavage. Table S1 in Supporting information lists the protein/RNA
interactions.

The endoribonuclease cleaves the pre-crRNAs at the 3’-end of RNA
between G20 and C21 nucleotides, producing crRNAs with only one
spacer. The spacer is confined between 8th- and 19th-nucleotides of
the 5’- and 3’-ends of RNA, respectively (see Fig. 1B) [10]. The scissile
phosphate forms hydrogen bond interactions with the GIn149 back-
bone nitrogen (3-hairpin loop) and the side chain of His29 (a1 helix)
[10,19]. In addition, three residues near the active site were identified:
Ser148, His29, and Tyr176 (Fig. S3A). Production of crRNA was strongly
inhibited by S148C and H29A mutations, while Y176F mutation exhibit-
ed near wild-type activity [10,19]. These mutational assays suggested a
crucial role of Ser148 and His29 in the catalytic mechanism. In addition,
R102A and P155A mutations seriously reduced the crRNA processing,
whereas Q104A mutation did not compromise the activity. The binding
of the RNA substrate to Csy4 is unaffected by the mentioned mutations
[10,19].

The cleavage reaction occurs in a metal ion-independent way
and two reaction mechanisms were suggested. The first mechanism

B hairpin
loop

Scissile

assumes activation of the 2’-hydroxyl nucleophile by Ser148 while
His29 acts as a general acid protonating the leaving 05’ group (Fig. 2A)
[10]. The second mechanism suggests that Ser148 rearranges the G20 ri-
bose into the C2’-endo conformation and holds the 2’-hydroxyl nucleo-
phile in place, positioning His29 to act as a general base deprotonating
the 2’-hydroxyl nucleophile (Fig. 2B) [19]. Consensus about catalytic
roles of Ser148 and His29 still has not been reached.

We use classical molecular dynamic (MD) simulations in explicit sol-
vent to study the basic structural dynamics of the Csy4/RNA complex
from Pseudomonas aeruginosa (Fig. 1A). MD simulations allow to obtain
structural dynamic insights, investigate different protonation states of
the catalytically important residues, and eventually prepare suitable
structures for theoretical investigation of the catalytic mechanism via
hybrid QM/MM methods [22-29]. Thus, MD simulations can comple-
ment the experimental data [30,31] and were successfully used to
study RNA enzymes (ribozymes) catalyzing the sugar-phosphate back-
bone self-cleavage, i.e., the same reaction as catalyzed by the Csy4/RNA
complex [32-37]. However, attention should always be paid to possible
force field inaccuracies, which may affect the simulations [38]. Obvious-
ly, studies of catalytic RNP complexes are even more challenging than
studies of ribozymes. In the present study we use a combination of
ff99bscOy o3 RNA force field [39-42] with ff99SB protein force field
[43]. While reporting relevant information on the potential catalytic
mechanism, we also discuss the uncertainties and limitations of the
simulation methodology.

The X-ray structures undoubtedly bring irreplaceable insights into
studies of RNA and RNP enzymes. Nevertheless, the X-ray experiment
provides static and averaged structures, which in addition can be to a
certain extent affected by the crystal packing. However, structural
dynamics and flexibility may often be important for the biochemical
processes, justifying simulation studies. Another uncertainty in experi-
mental structures stems from the fact that the hydrogen atoms are
not directly observable. This can create ambiguity in directionality of
catalytically important hydroxyl groups and in determination of proton-
ation states. Further, for example the X-ray structures of Csy4/RNA
complexes were obtained at relatively low pH, which also could affect
the protonation states. In case of enzyme precursors, the X-ray struc-
tures can be affected by the inactivating modifications and some key
residues often remain unresolved. In addition, the experimental struc-
tures of RNA and RNP enzymes may capture inactive ground-state
arrangements which require further rearrangements, including changes
of the protonation states, when progressing toward the chemical reac-
tion. It is important to point out (see also below) that the chemical reac-
tion may utilize rarely populated (minor) conformations with high
reactivity, while the dominant structures (captured by the experiments)
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Fig. 1. (A) Back (left) and front (right) views of the crystal structure of Csy4/RNA product complex at 2.0 A resolution (PDB ID: 4AL5) [19]. Csy4 is colored in gray and crRNA backbone is
colored in orange. The major groove of crRNA and active site moieties are depicted in magenta boxes. The amino acid residues highlighted in green are involved in crystal contacts.
(B) Schematic representation of pre-crRNA cleaved by Csy4 endoribonuclease to generate crRNA. The spacer sequence is shown in red and cleavage sites are indicated with blue arrows.
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Fig. 2. Two catalytic strategies proposed for the phosphodiester cleavage by the Csy4 endoribonuclease. (A) Mechanism in which the double-protonated His29 (His™) acts as the general
acid protonating the leaving nt21(05’) alcoholate [10]. The Ser148 can either structurally stabilize the in-line attack geometry or (as shown in the figure) it could act as the general base
after being deprotonated. (B) Mechanism with 6-protonated His29 (His®) acting as the general base activating the G20 (2’-OH) nucleophile. The leaving nt21(05’) alcoholate is protonated
by an unknown proton-donor group, marked as “A” [19]. The cleavage reaction occurs in a metal ion-independent way.

may be unreactive. As suggested recently for HDV ribozyme using com-
bined experimental and MD simulation investigations, its available X-ray
structures likely represent static snapshots on an overall rugged RNA
folding free-energy landscape [36].

MD simulations can help to resolve all the above-noted issues.
Simulations can probe different protonation states of the studied com-
plexes, follow the H-bond orientations and remove the inactivating
modifications. However, in order to properly understand the results,
limitations of the MD technique should be taken into consideration,
which is an issue ignored in many simulation studies. Besides the qual-
ity of the force fields, MD simulations of complex RNP systems with
dense network of molecular interactions solved at medium resolution
may be also affected by properties of the experimental starting struc-
ture [44,30,31]. The relation between the starting experimental struc-
tures and simulations is complex. In general, we would like to see that
the MD technique is reproducing as many of the observed interactions
as possible. However, genuine flexibility of some parts of the biomole-
cules such as protein loops and linkers may lead to deviations of the
simulated structures from the single conformations captured by the
experiments. Some additional differences may be caused by potential
uncertainties stemming from the resolution limits (ranging from uncer-
tain RNA backbone conformations up to entirely unresolved residues).
The crystal packing effects can distort the biomolecule in comparison
to its natural, fully solvated state, which can also lead to structural un-
certainties that are transferred to the simulations. There could be occa-
sionally improperly assigned side-chain rotamers of Asn, GIn, and His
amino acids which contain atoms that are difficult to distinguish inside
the electron density maps [45]. Similarly, in RNA, anti/syn bias may
occasionally occur for the positions of the bases. All such problems
lead to deviations between the experimental and simulated structures.
In principle, converged simulations with correct force field should be
ultimately capable to eliminate these uncertainties. However, the af-
fordable lengths of the simulations are often insufficient to relax the
structures [31]. Finally, even a structure which is in all aspects entirely
correct from the experimental point of view at the limits of the resolu-
tion may initially introduce instabilities into MD simulations. The
X-ray structures taken from the database are obviously not fully relaxed
with respect to the simulation force field. In other words, the starting
structure does not fully correspond to the potential energy minimum
of the simulation force field, so that the unprocessed experimental coor-
dinate file is always high in force field potential energy. Therefore,
production simulations are always preceded by careful equilibration
protocols. However, we suggest that in contrast to small systems it is
not guaranteed that the standard equilibration protocols are robust
enough for intricate RNP molecular complex. The elimination of the

remaining excess energy may then randomly affect the production sim-
ulations even after careful equilibration [31]. All the above issues need
to be considered when interpreting the simulations presented in our
study, as well as in all other simulation studies on complicated RNP
complexes.

In the present work we investigate product form of the Csy4/RNA
complex and precursor-like structures with modeled methyl group in
C5 position of nucleotide 21 and with different protonation states of
the active site residues. Our study is primarily based on 35 simulations
with total simulation time ~2.5 ps. Additional ~1.2 ps of simulation
data is discussed in the Supporting information to understand the accu-
racy limits of our study.

2. Methods
2.1. Preparation of studied systems

The starting geometries of Csy4/RNA complexes were based on the
X-ray structure of Csy4/RNA product complex with cleaved crRNA
(PDB ID: 4AL5; resolution 2.0 A) [19] and Csy4/RNA precursor complex
(with pre-crRNA; inhibited by the deoxy-mutation of G20 upstream of
the scissile phosphate; PDB ID: 2XLK; resolution 1.8 A; two independent
structures in the crystal lattice) [10].

The product X-ray structure shares similar overall folds, architec-
tures of the catalytic pocket and hydrogen bond interaction patterns
with the precursor (RMSd 0.4 A over 811 atoms; Supporting informa-
tion Fig. S2) [19]. Supporting information Table S1 lists the protein/
RNA interactions. Note that the second structure of the 2XIK file has a
different orientation of the Thr151 side chain compared to the first
structure and the product structure. This locally affects H-bonding
pattern at the catalytic center (Supporting information Table S1).

2.2. Protonation states of histidines

The protonation states of histidines were determined according to
the structural context to maximize the hydrogen-bond network. His3
was double protonated, His161 and His82 &-protonated and His61,
His93, and His154 e-protonated. All other protonation states would be
inconsistent with the structural data. The protonation state of His120
was suggested to be double protonated using MD simulations testing
all three possible protonation states. Only the double protonation
state did not show deviations from the starting X-ray structure (not
shown). Regarding the catalytic His29, its neutral e-protonated form
can be excluded due to a clear structural H-bond involving the & posi-
tion as donor in all X-ray structures. We extensively simulated its
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double-protonated and &-protonated states (see below). The approxi-
mate calculations using PROPKA 3.1 [46] indicate tentative pKa value
of 5.1 for the His29 in the 4AL5 X-ray structure, however, pKa calcula-
tions are always highly uncertain.

Despite the pH shifts in the crystalline conditions away from
neutrality (4.6-5.0), these pH shifts should not change the dominant
protonation states of any other amino acid or nucleobases.

2.3. Basic sets of simulations using the 4AL5 X-ray structure (4al5 and
4al5ye: simulation sets)

We performed two different sets of simulations based on the 4AL5
product structure: (i) simulations of product form (corresponding exact-
ly to the X-ray structure; these simulations are abbreviated as “4al5")
with the scissile phosphate being the terminal group, and (ii) precursor
simulations with methyl group modeled and bonded to the 05’ of the
scissile phosphate, mimicking part of the nt C21 in the precursor (here-
after termed “4al5ye,” systems), where the subscripted “Met” indicates
the presence of the 3’-end methoxy-phosphate (MP3). Numerous
attempts to model the complete C21 nucleotide resulted into rather un-
stable simulations (Supporting information). Thus, we decided to base
our study on simulations with the smallest possible modeled group
sufficient to study the cleavage reaction. We have no idea why it was
not possible to prepare stable simulations with the full C21. Problems
with the force field or the product experimental structure (or their
combination) are possible. Supporting information Table S2 explains
all abbreviations and labels used in this study.

2.3.1. His29 protonation states

Two possible protonation states of His29 (6-protonated, His® or
double-protonated, His ") were considered, resulting in four subsets of
simulations: 4al5(His™), 4al5(His®), 4al5yec(His™) and 4al5ye(His?).
When we occasionally use abbreviations 4al5(His) and 4al5ye¢(His)
not specifying the His charge we refer to all 4al5 or 4al5y; sSimulations
regardless of the protonation state of His29 (see Supporting information
Fig. S4).

2.3.2. Orientations and protonation states of the scissile phosphate

In the precursor 4al5y: simulations, we considered three different
initial orientations of the methoxy group with its O5’ oxygen:
(i) oriented toward N of His29, (ii) being oriented between these two
residues and exposed to the bulk solvent, or (iii) oriented toward
GIn149 backbone amido group. These three initial methoxy group ori-
entations are marked as 4al5yet1, 4al5verz and 4al5yee3, respectively
(see Supporting information Fig. S5 explaining details of the initial

methoxy group placement). However, the methoxy group in simula-
tions can easily rotate and its initial orientation does not seem to have
any systematic impact on the simulations; all simulations irrespective
of the starting geometry prefer the methoxy group oriented toward
the His29. Therefore, only this starting orientation was used in His®
simulations.

For the product 4al5 simulations, we considered both deprotonated
double-charged phosphate (labeled as 4al5(His®, P?~) or 4al5(His™,
P27)) and mono-protonated single-charged phosphate (4al5(His®,
PH™) or 4al5(His™, PH™)). Protonation of all three phosphate oxygen
atoms in the initial structure was tested (see Supporting information
Fig. S6).

Thus, twelve different starting structures were used based on the
product Csy4/crRNA complex 4AL5 (Scheme 1). Each simulation from
the 4al5y set was verified by additional independent simulations
while several independent simulations were additionally performed
for the 4al5(His™, P>~) system (see Supporting information Scheme
S1, Table S2 and Table S3 for more details about all simulations per-
formed and the nomenclature used).

2.4. Basic sets of simulations using the 2XLK X-ray structure (2xlk, and
2X”(B)

We performed 6 simulations for each crystallographically inde-
pendent biological unit (BU) of the 2XLK precursor X-ray structure
(simulations using the first and second BU as start are marked as
2xlka and 2xlkg, respectively). The first set of simulations contained
the inactivating G20 deoxy sugar, as observed in the 2XLK X-ray
structure. In the second set we modified the X-ray structure to contain
the native G20 ribose. In addition, despite that the crystallographic ex-
periment included the whole terminal C21 nucleotide at the 3’-end
RNA, only the scissile phosphate was resolved due to C21 disorder.
Attempts to model the complete C21 nucleotide in the 2XLK X-ray
structure again resulted into rather unstable trajectories (Figs. S7 and
S8 in Supporting information). Thus, as in the case of 4al5e; simula-
tions, we added a methyl group to the O5’of the scissile phosphate,
considering three starting positions (Fig. S5). For reasons in detail
explained in the Results, we considered only double-protonated state
for His29 residue (His™, see Fig. S4). The preparation of the starting
structure for the 2xlkg simulations had an additional difficulty since
its amino acid residues 13-15 and 134-138 were entirely disordered
and invisible. We modeled them employing equivalent fragments
from the first BU by superimposition of both biological units (RMSd
0.43 A). See Scheme S1 in Supporting information for overview of sim-
ulations based on the 2XLK X-ray structure.

Csy4/RNA: 4ALS5

Ll

-
£ e

|__(his) |

Scheme 1. Overview of simulations based on the 4AL5 X-ray structure. Blue boxes mark two different starting sets of structures. Product 4al5 structures are terminated by PO~ or HPO3.
Precursor 4al5y; structures have modeled methyl group bonded at nt21(05'). Gray boxes mark protonation states of His29 (double-protonated, His* and &-protonated, His®). Orange
boxes represent deprotonated double-negatively charged (P?>~) and mono-protonated single-negatively charged (PH™) scissile phosphates in product simulations. For the 4al5(His*,
PH™) and 4al5(His®, PH™) systems we used three different starting structures with hydrogens attached to different terminal phosphate oxygens, corresponding to atoms formally marked
as OP1, OP2 and O5' in the PDB file (obviously all these oxygen atoms are equivalent). This results into 8 basic 4al5 starting structures. Yellow boxes mark different orientations of the
methyl group in the 4al5y starting structures (oriented toward His29, bulk or GIn149). However, the phosphate group is free to rotate, its initial orientation does not seem to be impor-
tant and the 4al5ye; orientation is ultimately preferred in all simulations independently of the start. Thus only one (the 4al5ye1 ) orientation was used at the start in simulations with His®.
Note also that when more than one simulation is done for the same starting structure, we mark them consecutively as Sim1, Sim2, ... etc.



1076 C. Estarellas et al. / Biochimica et Biophysica Acta 1850 (2015) 1072-1090

2.5. Simulation protocol

We combined simulation protocols tested for proteins and RNA, re-
spectively [47,48]. Missing hydrogen atoms were added by LEaP module
of the AMBER package [49]. The system was immersed in a rectangular
SPC/E [50,51] water box with a 15 A thick layer of water molecules
around the solute, leading to box size ~130 x 85 x 75 A>. The systems
were first neutralized with 8-10 Na™ cations depending on the proton-
ation state of His29 and scissile phosphate (Na™ radius 1.212 A and well
depth 0.3526 kcal/mol) [52]. The cations were iteratively placed into
the minima of the electrostatic potential calculated on a grid with spac-
ing 1 A using the program LEaP of AMBER 12.0 [53]. To provide more
realistic ion background, excess of sodium chloride salt (0.3 mol/L, ob-
tained by addition of 119 cations and anions. Cl~ has radius 2.711 A
and well depth 0.0128 kcal/mol) has then been added; cf. ref [54] for
a discussion of ion treatment in simulations. The complete structures
contained ~55,500 atoms. Parameters for all nonstandard residues,
deprotonated and monoprotonated phosphate, as well as methyl
group were developed according to RESP procedure by Cornell
et al. [39,55] (see Supporting information for more details, together
with parameters and prep files). The RNP-solvent system was mini-
mized prior to the simulation as follows. Minimization of the solute
hydrogen atoms was followed by minimization of counterions and
water molecules. Subsequently, the protein/RNA system was frozen
and solvent molecules with counterions were allowed to move dur-
ing 10 ps long MD run in order to relax the density of the system.
After that, the system was relaxed in several minimization runs
with decreasing force constant applied to the RNA and protein back-
bone. After full relaxation, the system was slowly heated to 298.15 K
over 50 ps using 2 fs time steps and NpT conditions using a weak-
coupling scheme with a coupling time of 1 ps [56]. The production
phases of MD simulations were carried out under periodic boundary
conditions (PBC) in the NpT ensemble (298.15 K, 1 atm) with 2 fs
time steps. The SHAKE algorithm was applied to constrain all bonds
containing hydrogen atoms. The PMEMD module of AMBER 12.0
[53] was used for simulations.

We use the modern ff99bsc0 y o, 3 variant of the RNA Cornell et al.
force field [39,40] with bsc0 [41] and yo;3[42] corrections to the o/y
and y torsions, respectively, combined with the ff99SB protein force
field [39,43]. Two additional simulations were performed with the
latest AMBER [53] protein force field ff12SB which has extensively
modified side chain torsions. This force field suddenly appeared in
the AMBER12 code as the suggested default, but unfortunately has
not yet been documented in the literature and no tests are available.
While this work was under review, ff12SB protein force field has
been replaced by ff14SB which also has not yet been documented.
The cumulative simulation time of all simulations was 3.7 ps (most
simulations 50 ns).

The ab initio calculations required for the parameterization of all
three nonstandard residues were carried out using Gaussian 09 [57] at
the HF/6-31G(d) level of theory. Analyses of trajectories were per-
formed by Ptraj (from AmberTools package) program. The VMD [58]
and PyMOL [59] programs were used for visualizations.

2.6. Restrained simulations

Although our paper is primarily based on unrestrained simulations,
for reasons explained in the Results section we also performed several
restrained simulations, with restraints applied to several dihedral
angles of the S148, S150 and T151 amino acids and the pucker of G20
nucleotide. The restraints are applied using the standard flat-well
approach. Specifically, pucker was restrained via 7, torsion, with no
penalty below — 20°, quadratic restraining potential in the —20° to 0
region with force constant 10 kcal/mol - rad? and continuing linear pen-
alty above 0°. The restrained simulations are summarized in Supporting
information (Table S4).

2.7. H-bond network analyses

The individual H-bond interactions were primarily analyzed by mea-
suring the interatomic distance between the heavy atoms (3.2 A was
used as the criterion). We have also always simultaneously monitored
the H-bond angles, although in the paper we report them only when
necessary, e.g., in detailed analyses of the catalytic center. Note that
the distance analysis would be in principle sufficient for comparison
with the experimental structures, since experiments do not reveal hy-
drogen positions.

3. Results

In the following text we first describe the product simulations,
which allow to assess the dominant protonation states of 4AL5 X-ray
structure and to obtain insights into accuracy limits (length of simula-
tions, properties of the starting structure and force field) of the MD
simulation technique. Then, based on the precursor simulations, we
propose a plausible structure, which is in all aspects consistent with
the Ser148 general base mechanism.

3.1. The overall simulation behavior

Overall structural dynamics of the Csy4/RNA complex were similar
in all simulations. The ferredoxin-like domain of the protein and the
stem region of the RNA were rather rigid. There were two flexible re-
gions at the Csy4/RNA interface, namely, (i) the Arg-rich helix a3 to-
gether with the RNA pentaloop in the upper part of the complex and
(ii) the 36—37 hairpin loop together with the 3’-end of RNA at the active
site (Fig. 1A). The individual simulations often visibly differed in these
regions. In the following analyses, we primarily concentrate on the sec-
ond region due to its direct catalytic relevance. In addition, there were
other regions, e.g., the linkers between o2 and 35 that also fluctuated
(Fig. 3). The fluctuations and rearrangements of protein and RNA were
coupled, i.e., movements of the protein affected the RNA and vice versa.

Fig. 4 shows the RMSd data for six product 4al5 and precursor-like
4al5)e; simulations. In general, all simulations show similar overall
RMSd developments (see Supporting information Fig. S9).

3.2. Simulations of the unmodified product 4AL5 structure

Simulations of the Csy4/crRNA product form (the 4al5 simulation
set) with different protonation states of the His29 and terminal phos-
phate (Scheme 1) were made in order to determine dominant proton-
ation states corresponding to the 4AL5 X-ray structure. We considered
d-protonated (His®) or double-protonated (His™) His29 residue, and
mono-protonated (PH™) or deprotonated (P?>~) 3’-end phosphate.
Different initial positions of the hydroxyl group of the protonated phos-
phate were tested (Fig. S6), resulting into altogether eight distinct initial
structures (Scheme 1). These simulations were also used to assess the
performance of the simulation methodology, since this is the only set
of simulations simulating the experimental structure without any mod-
ification. We assumed that the right protonation state should lead to the
smallest deviations from the experimental structure. The active site
contains two important interaction networks, namely, interactions be-
tween the His29 and the 3’-end of RNA, and hydrogen bond interactions
involving triad residues of the p-hairpin loop (Ser148, Ser150 and
Thr151) and nt G20 (Fig. 5). Direction of majority of the H-bonds in
the experimental structure can be determined quite unambiguously.
Thr151 appears to act as a donor to Ser148 which in turn acts as a
donor to G20(02’). Ser150 acts as a donor to G20(03’). The interactions
of Ser148 and Ser150 with the ribose likely fix the mutual position of the
serine side-chains. This interaction network thus implies that G20(02’)
acts as a donor to one of the oxygen atoms of the nt21 phosphate. Rever-
sal of this H-bond network would require deprotonation of the Ser148
which is unlikely in case of the product structure. It would also be
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B-hairpin <=
loop

Fig. 3. Overlay of the 4AL5 X-ray structure (gray and green tubes) and 4al5(His ", P>~) MD structure (cyan cartoon and orange tube) at different simulation times illustrating (i) vertical
fluctuations of the a3 -4 segment and (ii) fluctuations of the 3-hairpin loop. The magenta arrows show the direction of the dominant dynamics while the magenta circles highlight the
most flexible areas.

0 1 1 1 1 L L L 1

0 10 20 30 40 50 10 20 30 40 50 Cc21
time [ns] time [ns]

Fig. 4. RMSd profiles for selected simulations with respect to the starting 4AL5 X-ray structure: the whole Csy4/RNA complex (black line), the Csy4 protein (red line), the RNA (maroon)
and four small regions at the active site, namely regions I (green), II (blue), Ill (magenta) and IV (orange). All residues depicted in stick representation (right) were used for the RMSd
calculations of the regions I-IV. The simulation names are given in the upper right corners; the 05’ subscript indicates to which atom of the PDB file the terminal hydrogen has been
added. The RMSD was calculated considering all heavy atoms of the selected residues.
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H29

Fig. 5. Front view (A) and side view (B) of the active site of 4AL5 X-ray structure showing the intricate network of interactions between His29, the 3'-end of RNA and the residues of the 3-

hairpin loop.

incompatible with the observed interaction between G20(02’) and the
nt21 phosphate.

3.2.1. The 4al5(His™, P°~) Sim-1 simulation achieved reasonable but not
full agreement with the 4AL5 X-ray structure

As explained below, the 4al5(His™, P2 ™) simulations with double-
protonated His29 and deprotonated scissile phosphate were the
most consistent with the X-ray data. Let us first discuss one of the 4al5
(His*, P>7) simulations (marked as Sim-1) which revealed the best
agreement with the X-ray structure and which was ultimately extended
to 300 ns. We examined key interactions in three crucial segments,
namely, (i) interactions at the active site (Figs. S3D and E and 5), (ii) in-
teractions between the protein and the major groove of RNA (Fig. S3B)
and (iii) interactions of the recognition region (Arg-rich helix o3/RNA
pentaloop, Fig. S3C). In the main text we report structural dynamics of
the active site while segments (ii) and (iii) are described in Supporting
information, Table S5, Figs. S10 and S11 and the accompanying text.

There are potential contacts between His29 amino acid and the 02’
and 03’ atoms of G20. However, in the product crystal structure these
distances are too long to form hydrogen bond interactions. In the 4al5
(His™, P27) Sim-1 simulation these His29-G20 distances shortened
but H-bonds were still not established (see Fig. 6A, middle and 7). How-
ever, the His29 came even closer to the terminal phosphate compared
to the X-ray structure. In fact, due to adjustment of the phosphate posi-
tion, the simulation established double (bifurcated) H-bond between
His29(N;) and the oxygen atoms of nt21 phosphate while only one H-
bond was suggested by the X-ray data (Fig. 6B).

Figs. 6-8 illustrate that the simulated system dramatically departed
from the starting structure immediately after the simulation start, with
some interatomic distances (namely between the 3-hairpin loop and
the RNA) deviating as much as 5 A from their starting values. However,
the system returned close to the starting structure after ~20 ns,
although the catalytic center was somewhat rearranged compared to
the experimental structure. Then, despite some fluctuations, the simu-
lated system remained essentially unchanged and local differences of
the p-hairpin loop interactions compared to the X-ray structure
persisted till the end (Figs. 6A, 7A-B, C). The Ser148(0,)-Ser150(0.)
distance increased from 3.5 A to 4-5 A (Fig. 6A, right and Table S6).
This was related to change of interactions between the B-hairpin loop
and G20, namely, weakening of Ser148(0,)-G20(02’) and loss of
Ser150(04)-G20(03’) interactions (Fig. 6A, left). Water density analysis
of the Sim-1 simulation revealed a hydration site between the 3’-end of
RNA and the 3-hairpin loop which was not seen in the 4AL5 X-ray struc-
ture. Interestingly, similar hydration site was found in the 2XLK
inactivated precursor crystal structure having less dense network of
H-bonds due to the absence of the 2’-hydroxyl group of G20.

Apparently, the distortion of the p-hairpin loop was initiated by
rearrangements of the triad residues, which subsequently propagat-
ed to G20. To achieve a stable hydrogen bond network, the hydroxyl
groups of the B-hairpin loop triad should be oriented toward the
catalytic pocket. Experimental orientations of the hydrogens (the
X2 angles, C,—C3-0y-Hy) are obviously not known. Nevertheless,
the proper disposition of hydrogen bond network would require >
gauche™, gauche™ and gauche™ conformations of Ser148, Ser150
and Thr151, respectively (see Supporting information and Fig. S12 for
further details). Fig. 8A shows that after ~20 ns the y, angles reached
the expected gauche” and gauche™ conformation for Ser148 and
Thr151, respectively. Also the x; dihedral angles for Ser148 and Thr151
are maintained after the first 20 ns at the experimental values. However,
the y; dihedral angle of Ser150 flipped from the X-ray gauche™* value to
gauche ™ after few picoseconds and remained in this orientation till the
end of the simulation.

The Ser150 y, dihedral angle oscillated between gauche ™, trans and
gauche ™~ orientation during the simulation, although the gauche* orien-
tation was the most populated (Fig. 8A, middle), allowing formation
of an alternative arrangement of the catalytic center. The y; flip of
Ser150 was related to the elongation of the Ser148(0,)-Ser150(0,)
distance and loss of the Ser148(0,)-G20(02’) interaction, leading to
the re-conformation of the 3-hairpin loop and modified local H-bond
network compared to the experimental structure.

Since the Sim-1 simulation started with the trans y, angles of the
triad, we run three 5 ns simulations where all ), and y, dihedral angles
of the triad initially had the correct (expected) values, i.e., x; Ser148
(180°), x2 Ser148 (g7), 1 Ser150 (g7), x» Ser150(g ™), x; Thr151(g™)
and y, Thr151(g~). The flip of x; of Ser150 occurred again and the
starting orientation of the hydrogens did not affect the simulations.

The initial distortion of the B-hairpin loop was correlated with orien-
tation and movement of the 2’-hydroxyl group of G20. Specifically, the
most visible movement of 2’-OH coincided with C2’-endo to C3’-endo
re-puckering of G20 during the first 20 ns. This may facilitate the initial
loss of Ser148(0,)-G20(02’) and Ser150(0)-G20(03’) interactions.
However, after 20 ns of the simulation the G20 pucker returned to C2’-
endo conformation. However, since the x; angle of Ser150 remained
flipped to gauche™, the catalytic region remained somewhat rearranged
(Figs. 7A-C and 8B) compared to the experimental structure.

The local re-conformation of the 3-hairpin loop did not involve any
significant flip in the backbone torsion angles of amino acids and did
not alter their position on the Ramachandran plot. The overall impres-
sion is that the simulation at the beginning eliminated some energy im-
balance (potentially some conflict between the interaction network in
the starting structure and its force field description) and then it relaxed
to similar but not identical geometry as seen in the experiment. Thus,
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Fig. 6. Time evolution of the most significant distances in the 4al5(His™, P>~) Sim-1 simulation. The simulated system dramatically deviated from the starting structure during the first
~20 ns but then it partly returned back. The experimental values are given by the dots located on the y-axes while the colors are explained at the bottom of the figure. The thin horizontal
lines mark the 3.2 A distance. (A) The key interactions of the active site. Left: interactions between the >-hairpin loop and the 3’-end of RNA. Middle: interactions between the His29 and
the 3’-end of RNA. Right: distances between the triad residues Ser148, Ser150 and Thr151. (B) The interactions of the three oxygen atoms of the scissile phosphate at nt21 with His29 (B.1),
GIn149 (B.2), Ser150 (B.3) and G20 (B.4). Note that the three oxygen atoms of the phosphate group are chemically equivalent. In the simulation description we maintain their formal
numbering (05, OP1 and OP2) as given in the PDB ID: 4AL5 file, and we use different colors for their interactions to visualize rotation of the phosphate group in the simulations. However,
the three experimental values are marked by black dots to reflect that the oxygen atoms are equivalent and thus indistinguishable.

the 4al5(His™, P>7) Sim-1 simulation achieved qualitative but not
quantitative agreement with the X-ray structure.

3.2.2. Additional 4al5(His™, P> ™) simulations

To check the reproducibility of the 300 ns Sim-1 4al5(His ", P> ™) sim-
ulation, we performed four additional 50 ns simulations from the same
starting structure (simulations Sim-2 to Sim-5, see Figs. S12-S21 and
Table S4 in Supporting information for the meaning of the nomenclature).

The Sim-3 simulation showed essentially the same behavior as the
Sim-1 simulation. There was a large initial perturbation of the structure
compared to the X-ray data. However, after 20-25 ns most of the dis-
tances returned back or close to the experimental values (Fig. S14 in
Supporting information). The y1/y» gauche ~/gauche™ conformation of
Ser150 again did not allow full restoration of the Ser150 contacts (see
details below and Fig. S15 in Supporting information).

The Sim-2 and Sim-5 simulations deviated from the X-ray structure
during the whole 50 ns trajectories (Figs. S16-S19 in Supporting

information), with a progressive increase of the distances between the
-hairpin loop and the 3’-end of RNA (Figs. S16 and S18). The G20
sugar pucker was in C3’-endo conformation for most of the time, and
x1 and y» dihedral angles for all residues of the triad were unstable
(Figs.S17 and S19). Finally, the Sim-4 simulation showed visibly smaller
deviation from the X-ray data compared to the Sim-2 and Sim-5 simu-
lations, but was not as close to the X-ray data as the Sim-1 and Sim-3
simulations (Figs. S20 and S21).

We suggest the following interpretation of the data. After initial
large perturbation seen in all simulations two simulations (Sim-1 and
Sim-3) relaxed almost back to the 4AL5 crystal structure arrangement.
Two simulations (Sim-2 and Sim-5) deviated progressively from the ex-
perimental structure at the 50 ns time scale. The remaining simulation
showed intermediate behavior. Obviously, the results were far from
being converged. Based on recent simulations of small RNAs it is clear
that there was no chance to obtain converged results for this large and
exceptionally intricate system [60,61]. Nevertheless, we suggest that
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Top view

Front view Top view
® Ser148(0G)-G20(02°) @ His29(NE)-G20(02’) ® Ser148(0G)-Ser150(0G)
® Ser150(0G)-G20(03") ® His29(NE)-G20(03') Ser148(0G)-Thr151(0G)

Fig. 7. The enlarged views of the active site show the evolution of some distances at different times of the Sim-1 simulation. See Table S6 in Supporting information for further details.
(A) Interactions of the active site in the 4AL5 X-ray structure. (B) Interactions of the active site after 150 ps of the simulation. (C) Interactions of the active site after 50 ns. See the legend
at the bottom of the figure for the colors used. The magenta and yellow arrows depict the change of the ribose pucker.

the behavior of simulations Sim-1 and Sim-3 was the most representa-
tive one, because the capability of the simulated structure to come close
to the starting geometry after a profound geometry perturbation is a
considerably more significant observation than mere stability of the
starting structure [31]. Based on all simulations we suggest that the
flip of y; and yx, dihedral angles of Ser150, when the remaining
dihedral angles were at the experimental values, was related to local
imperfectness of the simulated structure (Supporting information
Figs. S12-S21 and Table S4).

3.2.3. Double-protonated His29 and deprotonated scissile phosphate
represent the dominant protonation state consistent with the 4AL5 X-ray
structure

We suggest that the (His™, P>~) protonation state is the dominant
protonation state consistent with the product X-ray structure because
all simulations performed with different protonation states showed un-
stable behavior. None of them was comparable with the best behaving
4al5(His™, P>7) simulations.

The mono-protonated His29 decisively moved away from the nt21
phosphate in all simulations, losing all interactions with the 3’-end
RNA. This created a large cleft between the N-ferredoxin-like domain
(where His29 is located) and the RNA stem/C-terminal domain seg-
ment directly participating in the active site (see Fig. 9 and Supporting
information Figs. S22 and S23 and Table S6 for further information).
This was observed even in all three 4al5(His®, PH™) simulations,
where the His29 side-chain positioned near the phosphate hydroxyl
group could in principle accept hydrogen bond from this hydroxyl
group. Thus, singly protonated His29 is not consistent with the 4AL5
structure.

In contrast, in 4al5(His™) simulations the double-protonated His29
remains in proximity of the scissile phosphate (Fig. 9B, middle and
right). However, there were differences between the 4al5(His™, P?™)
and 4al5(His™, PH™) simulations in the 3-hairpin loop and in the

Arg-rich helix a3/RNA pentaloop segment (Fig. 9A, middle and
right). All 4al5(His™, PH™) simulations showed large deviations of the
3-hairpin loop from the X-ray geometry. Specific example is shown in
Figs. S24 and S25 in Supporting information. In the X-ray structure the
phosphate oxygen atoms of P21 formed five tight H-bond interactions
with key residues (His 29, GIn149 and G20) which were seen also in
well-behaving 4al5(His™, P2 ™) simulations (Fig. 6) but became unsta-
ble after the P21 protonation (Fig. S25).

3.2.4. Summary of B-hairpin loop deviations

As discussed above, majority of 4al5(His®) and all 4al5(His™, PH™)
simulations revealed significant deviations of the 3-hairpin loop with
respect to the X-ray structure. Let us now briefly describe hallmarks of
this deviation. The B-hairpin loop rearrangements created more space
for free movements of the scissile phosphate, which could then adopt
two distinct positions, being either close to His29 residue or close to
the p-hairpin loop. The second position always severely distorted the
active site (see Fig. 9B, left). We usually observed that the movement
of the scissile phosphate was also accompanied by the rearrangement
of GIn149 residue which severely affected the (3-hairpin loop, and thus
the arrangement of the active site. In the experimental structures
(both product and precursor) GIn149 acted as an anchoring point due
to a hydrogen bond between its backbone nitrogen and the 3’-end
phosphate (Fig. S3E). If this H-bond formed in simulations, the con-
formation of the 3-hairpin loop was closer to the X-ray structure al-
beit, as explained above, never in perfect agreement (see Fig. 9B,
middle). However, if side chain hydrogen bond interaction between
GIn149(N,) and the scissile phosphate was established instead, the
-hairpin loop was shifted away from the 3’-end of RNA. The hydro-
gen bond interactions between the 3-hairpin loop triad residues and
the 3’-end RNA were lost and the B-hairpin loop was distorted (see
Fig. 9A, left and right panels). For more details, see also below the
4al5ye¢ simulation section. None of the above-noted movements
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Fig. 8. Time evolution of the most significant dihedral angles in the 4al5(His™, P>~) Sim-1 simulation. (A) The %, and , dihedral angles for triad residues of the >-hairpin loop. Left: the y;
and y, of Ser148. Middle: the y; and y, of Ser150. Right: the )7 and ), of Thr151. (B) Key dihedral angles to define the sugar pucker of nt G20. Left: € dihedral angle of G20. Right: 7, dihedral
angle and sugar pucker of G20. The triangles located on the y axes of the graphs show the 4AL5 experimental values where relevant.

occurred in the two stable 4al5(His*, P>~) simulations Sim-1 and
Sim-3 (Fig. 9B, middle).

3.2.5. Restrained simulations of the 4al5(His™, P> ~) complex

The most stable 4al5(His*, P>~) simulations Sim-1 and Sim-3
provided the following picture: (i) unfavorable orientation of the side-
chains of the triad (mainly /x> dihedrals of Ser150) preventing full
restoration of the hydrogen bond network with the RNA suggested by
the X-ray structure; (ii) re-puckering of G20 ribose from C2’-endo to
C3’-endo conformation at the beginning of the simulations and its
return back, and (iii) the accompanying notable fluctuations of the
position of the 2’-hydroxyl group of the G20 ribose in the first part of
the simulations. These factors significantly affected the interactions
between both serines and G20. These interactions were difficult to be
established simultaneously.

We conducted a set of additional simulations in which we attempted
to stabilize the scissile phosphate H-bond network using combination of
various restraints. Rather than restraining the individual H-bonds, we
tried to stabilize the initial conformations of several dihedral angles,
whose changes were coupled with the disruptions of the H-bond
network. While these simulations provided some insights, we were
unable to stabilize all of the interactions. The results are discussed
in details in the Supporting information (Figs. S26-5S33 and text de-
scription on pages S44-5S46). We tested restraints of the y, dihedral
angle (Co~Cp—0y-Hy) to gauche™, gauche ™ and gauche ~ orientation for
Ser148, Ser150 and Thr151, respectively, restraint of the T, dihedral
angle of G20 ribose (negative values of T, correspond to the C2’-endo
pucker) and restraint of 1),’ dihedral angle (C1'-C2’-02'-HO2’). The

inability of the dihedral restraints to stabilize the observed arrangement
indicated that the simulation behavior should not be attributed to some
straightforward errors in the force field dihedral terms.

The simulations confirmed the role of sugar pucker of nt G20. If the
pucker changes to C3’-endo conformation and was maintained in
this state, the key active site interactions were completely lost. The
C2’-endo conformation stabilizes some but not all key interactions.
It was difficult to simultaneously obtain the right C2’-endo pucker
of G20 ribose and gauche™ y; conformation of Ser150. We observed
the following combinations of the y/y> dihedrals of Ser150 during
the simulations: (i) gauche*/trans, (ii) gauche ~/trans, (iii) gauche™/
gauche™ (the expected native arrangement), (iv) gauche/100°,
(v) gauche/gauche™ and (vi) gauche ~/gauche . The gauche ™ /gauche™
combination was not populated. Obviously, if 1 flips, > must follow to
establish a similar (but not identical) H-bond network. Ser150 y1/x>
angle combinations (iii), (iv) and (v) were those that more favorably
affected the monitored interactions. When these y1/x» combinations
occurred, the Ser148(0,)-G20(02’) and Ser150(0)-G20(03’) interac-
tions showed proper distances (Figs. 6 and 8). Fig. S33 shows the native
(but essentially not supported by simulations) gauche ™ /gauche™ com-
bination (iii) allowing fully correct arrangement of the active site. The
combinations (iv) and (v) could be considered as conformations
allowing viable alternative organization of key active site interactions,
although they are not fully consistent with the X-ray data.

3.2.6. 4al5(His™, P°~) simulations with the ff12SB protein force field
We have also performed two simulations with the ff12SB protein
force field (Tables S4 and S7 and Figs. S34-S36, see Methods) [53].
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4al5(His? P2™)

4al5(His",p2-)

4al5(His*PHg; )

Fig.9. (A) Average structures from the last nanosecond (bluish cartoons and orange tube) superimposed over the starting structure ( gray and green tubes) for the 4al5(His®, P>™)
(left), 4al5(His™, P>~) Sim-1 (middle) and 4al5(His ™, PHgs/) (right) simulations. Key deviations are highlighted by dashed black rectangles. The best agreement with the crys-
tallographic active site is seen in the 4al5(His*, P> ~) simulation (middle). (B) Enlarged views of the active site in the indicated simulations. Note the cleft in the 4al5(His®, P> ™)
simulation visualized by the N;(H29)-05'(nt21) distance (red dashed line — the simulation, black dashed line — the X-ray value) and the large deviation of the 3-hairpin loop in
the 4al5(His™, PHgs/) simulation with respect to the starting structure, which occurs in all simulations with singly-protonated phosphate (PH™). Large movements at the active

site are indicated by dashed black arrows.

The first simulation resulted in a complete distortion of the active site
with the characteristic rearrangement of the GIn149-P21 interactions
described earlier in this paper (Fig. S34A). The second simulation,
which we extended to 300 ns, was also worse than the best simulations
utilizing the ff99SB force field (Figs. S35 and S36). The y, dihedral angle
term of Thr151 in the ff12SB protein force field disfavors the gauche™
orientation by ~1.5 kcal/mol with respect to the ff99SB version. This
might explain why the y, dihedral angle of Thr151 sampled trans orien-
tation during this simulation. Thus, the ff12SB force field refinement was
not sufficient to improve the description of the catalytic center, which
again indicated that the deviations from the 4AL5 structure should not
be attributed to trivial errors in the force field dihedral terms. Our un-
published data for some other RNP systems indicate that the ff12SB
shows somewhat improved behavior over the ff99SB, although, in gen-
eral we do not see large differences between these two protein force
fields in simulations of RNP systems.

3.2.7. Summary of the 4al5 simulation set

To summarize the results, the best agreement with the 4AL5 crystal
structure was obtained in some 4al5(His ™, P>~) simulations. We sug-
gested that these simulations identified the dominant protonation
state of the product X-ray structure. However, complete agreement
with the active site of the 4AL5 structure was not achieved. We suggest
that it may indicate some force field imbalance. However, the overall
behavior of all simulations indicates that such potential force field im-
balance should not be straightforwardly attributed to some very few
specific force field terms. We tentatively suggest that the simulations
may be affected also by the intermolecular terms and cannot be
corrected by refinements of the intramolecular dihedral terms (see
Discussion). In addition, we cannot rule out that the simulations were
affected by properties of the starting structure.

3.3. Potential catalytic geometry with Ser148/His29 acting as the general
base/acid identified in 4al5ys; precursor simulations

Our first model of the precursor structure was based on the 4AL5
product X-ray structure. The advantage of using the 4AL5 structure is
the native G20 ribose, which is important to establish the H-bond net-
work in the catalytic pocket. However, the catalytic relevance of the
4AL5 structure can be compromised by the absence of the C21 residue.
We mimicked the C21 residue by modeling a methyl group into the
4AL5 X-ray structure, yielding the 3’-methoxyphosphate terminus, ab-
breviated as 4al5ye. (see Methods).

We carried out two simulations (100 ns and 50 ns) for each starting
structure (Fig. 10). 4al5yec Simulations with double-protonated His29
(His™) were run with initially three different orientations of the
methoxy group (see Methods and Fig. S5), however, all these simula-
tions clearly preferred orientation of the methoxy group toward His29
suggesting that protonated His29 might interact in pre-cleavage state
with the leaving 05’ oxygen. For the 4al5ye¢(His®) simulations we con-
sidered only this starting orientation (see Figs. S5B and S37-S56 in
Supporting information).

One of our six 4al5ye(His") simulations spontaneously adopted a
stable substate which looks very relevant for catalysis. In the last
~10 ns of the 50 ns 4al5yer>(His™) simulation, stable simultaneous
short contacts between Ser148(04)-G20(02'), Ser150(0.,)-G20(03’)
and Ser148(0,)-Ser150(0,) were established (Figs. 11 and S45 and
S46). This was the only simulation in the whole our study where
these short interatomic contacts formed simultaneously. Phe155
remained stacked below G20 and Tyr176 stacked with His29. Thr151 in-
teraction with G20(N2) was lost. This, however, was consistent with the
inactivated precursor X-ray structures. Most importantly, the Ser148
hydroxyl group was reoriented away from the G20(02’) nucleophile
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Fig. 10. (A) Green/orange (protein/RNA) cartoon diagrams showing the average structure of the last nanosecond of the two independent 4al5yer3(His™) simulations superimposed over
the initial structure (gray and green tubes). (B) Left; arrangement of the active site based on the 4AL5 X-ray crystal structure with modeled C5’-methyl group (MP3) of the nt21. Middle;
the active site at the end of the 100 ns 4al5ye3(His ™) simulation with the side chain of GIn149 oriented outwards the catalytic pocket. The native hydrogen bond interaction established
between GIn149 backbone and the scissile phosphate is highlighted in yellow. Right; the active site at the end of the 50 ns 4al5y3(His ™) simulation with the side chain of GIn149 oriented
toward the catalytic pocket. The interaction highlighted in yellow is the non-native side-chain GIn149(N;)-nt21(Ph) H-bond, which formed after the departure of the 3-hairpin loop. The
catalytic pocket was disrupted. Altogether, of the six 4al5yec(His ") simulations (cf. Scheme 1 in Methods), three ended up with rather stable catalytic core (as in B, middle) and three with

disrupted catalytic core (as in B, right).

and fluctuated between donating a H-bond either to the Thr151 side
chain or to a water molecule (Fig. 12). Despite the loss of the Ser148-
G20 ribose H-bonding, the Ser148 hydroxyl and the G20(02’) nucleo-
phile amazingly remained in a close contact, due to all the other interac-
tions cementing the catalytic center (Fig. 12). Upon H-bonding of the
Ser148 hydroxyl group to Thr151, Thr151 side chain acted as H-bond
donor to water molecules and sometimes also to GIn153(0Og1).

In this arrangement, Ser148 could be straightforwardly deprotonated
either by a water molecule (Fig. 12) or perhaps via Thr151 side chain
deprotonated by a water molecule (not shown). Then, Ser148 could
act as the general base and deprotonate the G20(02’) nucleophile. Fur-
ther, the RNA backbone was sampling near in-line attack configurations
(Fig. S56 in Supporting information) while the double-protonated
His29 established a hydrogen bond with the nt21(05’) oxygen, consis-
tent with the complementary His29 general acid role. We suggest
that this geometry achieved all the necessary features to promote the
Ser148 general base His29 general acid mechanism with no requirement
for any further rearrangements. The fact that we identified this structure
only in one simulation does not weaken the result. The catalytically active
geometry may differ from the dominantly populated ground state pre-
cursor geometry, i.e., structural rearrangements to rare but catalytically
active conformations may precede the chemical reaction [36].

3.3.1. The remaining precursor 4al5y, sSimulations

The behavior of the remaining 4al5y; simulations was quite var-
iable. The simulations revealed similar global conformational behav-
ior as observed in 4al5 simulations reported above (see Figs. S37-S56
and Table S8 in Supporting information). Their hallmark was again
difficulty to establish simultaneously short contacts (below 3.5 A) be-
tween Ser148(0y)-G20(02'), Ser150(0,)-G20(03’) and Ser148(0,)-
Ser150(0,). Some simulations showed large scale rearrangements of
the catalytic center (Fig. 9).

In all 4al5y(His™) simulations, the methoxy group independently
of its initial location always flipped toward His29, which established a hy-
drogen bond interaction with the nt21(05’) oxygen. Such arrangement

could support the mechanism where protonated His29 acts as the general
acid (Figs. 2A and S38). Note, however, that eventual rearrangement
supporting the second catalytic scenario (His29° acting as the general
base) could be difficult to reach by our simulations from the available
starting structures because it could require concerted rearrangement of
several residues. Indeed, no interaction between neutral His29 and the
G20(02’) was established in our simulations. The His29° in the 100 ns
4al5e(His®) simulation was modestly shifted away from the 3’-end
phosphate (no direct interaction with the phosphate was established)
but it did not result into any large distortion of the active site, in contrast
to formation of the large cleft seen in comparable product 4al5(His®) sim-
ulations. In the 50 ns 4a15Met(His°) simulation, His29 and GIn149 deci-
sively departed from the 3’-end RNA.

In contrast to the product simulations we did not have an unambig-
uous reference experimental structure to assess quality of the precursor
simulations. Due to the added methoxy group, we could not use the
4ALS5 structure as the reference. The 2XLK precursor structures could
not be used, because they were obtained with the inactivating G20
deoxyribose. The absence of the key native 2’-hydroxyl group of G20
affects the network of H-bonds between the B-hairpin loop and the
RNA 3’-end. For instance, there exists an H-bond interaction of 2.7 A
between Ser148(0,) and Ser150(0,) in the first unit of the 2XLK struc-
ture, which is absent in the product 4AL5 X-ray structure where Ser148
interacts with G20(02’). Additionally, the inactivated precursor crystal
structure shows a water molecule involved in the hydrogen bond
network, which is not seen in the product structure. In general, the
B-hairpin loop and His29 sampled in the 4al5ye, simulations similar
substates as in the 4al5 set of simulations, including large mobility of
the 3’-end RNA and different substates of GIn149 (Fig. 10).

3.4. Simulations of the Csy4/pre-crRNA precursor form based on the 2XLK
inactivated precursor X-ray structure (2xlk, and 2xlkg simulation sets)

Our additional two starting models of the precursor structure were
based on the 2XLK inactivated precursor X-ray structure (see Methods).
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Fig. 11. Time evolution of the most significant distances in the 50 ns 4al5y>(His™) precursor simulation. The experimental values marked by dots are taken from the product 4AL5 struc-
ture. The thin horizontal lines mark the 3.2 A distance. (A) The key interactions of the active site. Left: interactions between the 3-hairpin loop and the 3’-end of RNA. Middle: interactions
between the His29 and the 3’-end of RNA. Right: distances between the triad residues Ser148, Ser150 and Thr151. (B) The interactions of the three oxygen atoms of the scissile phosphate
with His29 (B.1), GIn149 (B.2), Ser150 (B.3) and G20 (B.4). Note that the three oxygen atoms of the phosphate group are chemically equivalent in the 4AL5 structure, so that their reference
experimental distances cannot be distinguished and are marked by black dots. In the simulation, the methyl group has been added to the 05’ atom (see Methods for further details). The

last 10 ns of this simulation sampled arrangements that are entirely consistent (at the level
mechanism.

These simulations were rather consistent with the 4al5y;., set of
precursor simulations, though they more often resulted in larger
structural perturbations. The double-protonated His29 again re-
vealed a clear tendency to H-bond to the nt21(05’). In contrast to
the 4al5y; simulation set, we did not identify any simulation which
would simultaneously stabilize the Ser148(0,)-G20(02’), Ser150(0)-
G20(03’) and Ser148(0,)-Ser150(0,) contacts. The 2xlka and 2xlkg
simulations are in more detail described in the Supporting information,
Figs. S57-S65 and the accompanying text. Our 4al5ye; precursor simula-
tions based on the product X-ray structure were more insightful than the
2xlka/2xIkg precursor simulations based on the inactivated precursor
X-ray structure.

of classical molecular mechanics description) with the general base/general acid Ser148/His29

4. Discussion

We employed explicit solvent MD simulations of Csy4/RNA endonu-
clease with the aim to investigate its structural dynamics, the arrange-
ment of the active site and different protonation states. MD, when
used with enough attention paid to its limitations, can complement
the experimental data [30,54,62,63]. We have carried out 55 simula-
tions with aggregate length of ~3.7 us. We have extensively investigated
the product 4AL5 X-ray structure to assess the dominant protonation
states of the catalytic residues consistent with this experimental structure
(see Figs. S3 and S5 in Supporting information). Further, we have used
the 4ALS5 structure, which has been simulated without any modification,
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Fig. 12. (A) Front views of the 3-hairpin loop (left) and the 3’-end of RNA (right), snapshot of a typical arrangements populated during the last 10 ns of the 4al5yeo(His ™) 50 ns simulation.
The most important residues and distances between the heavy atoms are indicated. (B) The same snapshot: hydrogen bond network between the B-hairpin loop and the 3’-end of RNA.
The in-line attack 02’-P-05’ angle is indicated. The Ser148 side chain is exposed to the solvent as H-bond donor and could thus be deprotonated. Then it could immediately deprotonate
the G20(02’) nucleophile because the Ser148(0,)-G20(02’) distance fluctuates around 3.2 A in this part of simulation.

to obtain insights into capability of simulations to properly describe this
RNP complex. Then, we have carried out MD simulations of precursor
structures built up using the available Csy4/RNA product and precursor
X-ray structures. The catalytic residue has been modeled by the 3’-end
methoxy-phosphate (MP3) rather than the complete C21 nucleotide
(Fig. S5), because we were unable to model full C21 stably into our sim-
ulated systems.

4.1. Precursor simulation predicts a substate that could allow straightforward
deprotonation of Ser148 to act as a general base

We have carried out twelve precursor simulations with double pro-
tonated His29. These simulations support the general acid role of His29
due to its tendency to bind to the scissile phosphate. Further, one of the
simulations resulted into stable arrangement which appeared to have
all necessary hallmarks of a catalytically potent geometry. This structure
was in all aspects (at the level of molecular mechanical description)
consistent with a catalytic scenario with double protonated His29 acting
as a general acid and Ser148 acting (after deprotonation) as a general
base (Fig. 12). It is important to point out that a catalytically active
geometry may be represented by a rarely populated reactive conforma-
tion and may thus differ from the dominant ground state arrangement
[33,36,64]. Therefore, observation of a suitable geometry in only one
simulation does not weaken the result. Indeed, rarely populated but re-
active enough protonation states of the active sites have been suggested
to achieve general acid/base catalysis in RNA enzymes catalyzing the
same RNA backbone self-cleavage reaction [65,66].

The simulation established stable simultaneous short contacts be-
tween Ser148(0.,,)-G20(02"), Ser150(0,)-G20(03’) and Ser148(0)-
Ser150(0y) (Fig. 11). The Ser148 hydroxyl group was reoriented away
from the G20(02’) nucleophile to donate H-bond to either the Thr151
side chain or to a water molecule. However, close contact between the

Ser148 hydroxyl and the G20(02’) nucleophile still persisted due to
the additional H-bond interactions in the catalytic center (Fig. 12). The
hydroxyl group of Thr151 was acting as H-bond donor to water mole-
cules or GIn153. In this geometry, Ser148 could be straightforwardly
deprotonated either directly by a water molecule or via proton shuttle
involving Thr151 side chain deprotonated by solvent. Then, Ser148
could act as the general base and deprotonate the 2’-hydroxyl nucleo-
phile. Further, the RNA backbone was extensively sampling near in-
line attack configurations (see Fig. S56 in Supporting information) and
the double-protonated His29 was H-bonded with the nt21 05’ leaving
group, so it could act as the general acid.

In our preceding MD simulations of glmS and hairpin ribozymes, we
extensively simulated analogous scenarios when deprotonated catalytic
guanine (i.e., in its rare protonation state) was assumed to act as a gen-
eral base deprotonating the 2’-hydroxyl nucleophile [33,38]. However,
we could not obtain trajectories that would suggest a mechanism of
guanine deprotonation and its subsequent return to the catalytic center
to establish the catalytic interaction with the nucleophile. In contrast,
our potential Cys4/RNA catalytic geometry is in all aspects structurally
consistent with the catalytic scenario having Ser148 acting as a general
base and His29 as a general acid. The Ser148 residue can be
deprotonated and then immediately or concomitantly deprotonate the
nucleophile without any relocation.

4.2. Protonation state and the proposed functional role of His29 based on
the precursor simulations

Experimental studies have identified two amino acid residues essen-
tial for the catalysis, Ser148 and His29 [10,19]. Two plausible reaction
mechanisms were proposed (Fig. 2). Initially, double-protonated
His29 (His™) was suggested to act as a general acid, donating its proton
to the leaving alcoholate nt21(05’) [10]. In this mechanism, Ser148
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would either play a structural role or activate the G20(2’-OH) by
accepting its proton (it would have to be deprotonated before the re-
action). The subsequent study was interpreted in favor of the second
mechanism, with His29 &-protonated (His®) and acting as a general base
accepting the proton from the G20(2’-OH) group [19]. The Ser148 would
play a structural role and the leaving alcoholate nt21(05’) could be pro-
tonated by solvent.

To our opinion, the available experimental techniques do not
provide sufficient information to unambiguously distinguish which
mechanism is present or to rule out co-existence of several competing
microscopic mechanisms. The His29 general acid role was suggested,
among other reasons, based on geometries of the active site of
inactivated precursor and product low-pH crystal structures [10]. The
subsequent suggestion of general base role of His29 was based on the
pH-profile and His29Lys mutation assay [19]. The pH-rate profiles of
both wild type and His29Lys mutant clearly supported the active partic-
ipation of the His29 in proton transfer during the self-cleavage and
linked it with the ascending part of the pH-rate profile. However, the
reaction rate pH-profiles are notoriously ambiguous [67]. When the
self-cleavage of the RNA sugar-phosphate backbone is catalyzed via
general acid/base mechanism, it should lead to bell-shaped pH-rate
profile. However, low pKa general base and high pKa general acid may
lead to the same pH dependence of the reaction as low pKa general
acid and high pKa general base. In other words, the ascending parts of
bell-shaped pH-rate profiles (at more acidic pHs) do not necessarily
correspond to a general base and in turn may also reflect pKa of a
general acid, when the general base has higher pKa than the general
acid [64,68,69]. In the case of Cys4 catalysis, however, the observed
pH-rate profile has rather sigmoidal shape. Nevertheless, when the ap-
parent pKa of a general base or general acid is outside the measurable
pH range, the bell-shaped profile might appear as sigmoidal. This
would almost surely be the case of the Ser148 participation. Thus, in
this particular case, all biochemical data might be also consistent with
general acid role of His29 combined with activation of the 2’-OH
nucleophile by a general base with pKa above ~11 (the upper pH
value of the observed His29Lys pH-rate profile). Notably, the Ser148
might indeed play such a role as the (unperturbed) pKa of serine
hydroxyl group is ~13 [70]. In such mechanism, the reactive form of
the active site would correspond to the rare protonation states of
Ser148 and His29 and would be reactive enough to compensate the
thermodynamic penalty due to the rare protonation states. Textbook
example of such scenario is the HDV ribozyme, where the general acid
(rare protonated state of C75 with pKa around 6) is assumed to be pos-
sibly complemented by Mg?*-bound OH~ with pKa ~11.5. In fact,
deprotonated serine participates in catalysis of serine proteases. How-
ever, we would like to underline that we in no case claim that our sim-
ulations prove such a mechanism for the Cys4 endonuclease. We merely
suggest that this mechanism should not be dismissed based on the
available data and that we found a very plausible atomistic arrangement
for such a scenario. On the other hand, our simulations are also consis-
tent with the more conservative role of Ser148 structurally supporting
the C2’-endo conformation of the catalytic ribose and the in-line attack
conformation, while the 2’-OH nucleophile could be deprotonated
(activated) by solvent via specific base mechanism.

As our simulations confirm, the arrangement of the active site in
both X-ray structures does not support the general base role of neutral
His29. Obviously, we need to consider the low pH of ~5 of these struc-
tures, which may support the His29 protonation and cause subsequent
local re-conformation of the catalytic center. However, we again re-
emphasize that the chemical reaction may advance via rare but
chemically reactive conformations and protonation states, as a result
of the inherently rugged conformational surface of the enzyme. Minor
conformational states cannot be easily captured by X-ray crystallogra-
phy, as recently discussed for small ribozymes [36]. Then, for example,
the low pH X-ray structures may in fact capture the catalytically rele-
vant rare (at pH = 7) protonation states. Nevertheless, when assessing

the present simulations, we certainly need to keep in mind that the sim-
ulation outcome is affected by the starting structures [30]. The general
acid role of His29 is clearly consistent with our precursor simulations,
which reveal that the terminal methoxy group prefers to be oriented to-
ward His29, forming a clear hydrogen bond between the protonated
His29(N.) and nt21(05’) (Fig. S38). On the other hand, the simulations
do not indicate any reactive conformations suitable for His® acting as a
general base. However, this particular result should not be over-
interpreted. Direct proton abstraction of G20(2’-OH) by means of
His29° would require the His29° side-chain positioned near to the 2’-
hydroxyl of G20 (Fig. 2B). However, in the available crystal structures,
the G20(02’) is too far from His29 to establish any H-bonds (Fig. S3E).
Simulations explicitly considering neutral &-protonated His29° reveal
a further increase of the distance between His29 and G20(2’-OH). How-
ever, the simulation time scale may be insufficient to complete the rear-
rangements of the catalytic center for the His29 general base
mechanism, preventing us, in the absence of the corresponding X-ray
data, to observe a suitable catalytic geometry for the neutral His29. Sim-
ilar story can be followed in experimental and subsequent simulation
studies of the HDV ribozyme [32,34,35,71,72]. In general, for small self-
cleaving ribozymes, it is not always easy to obtain an unambiguous
agreement between the X-ray, MD simulation and biochemical data.
Specifically, the dominant protonation states suggested by simulations
(based on the available X-ray structures) may be different
(i.e., opposite) than those suggested by the mechanistic data [33,38,64].
Textbook example is the G40 of glmS ribozyme, which could be
deprotonated based on the biochemical data, but so far could not be sta-
bilized as G40~ in appropriate geometry in the simulations [33]. Similar
complex relation between X-ray, biochemical and simulation data for
potentially deprotonated guanine has been discussed also for the hairpin
ribozyme [38]. The X-ray structures of ribozymes suggest that the poten-
tially catalytic guanines can be readily bound to the 2’-hydroxyl nucleo-
phile in their canonical state. However, before the reaction the guanine
would have to be deprotonated. This is unlikely to take place when the
guanine is H-bonded to the 2’-hydroxyl nucleophile as H-bond donor.
The guanine would have to be deprotonated in a geometry in which its
N1 is accessible to the solvent and then return back, which is not seen
in simulations carried out so far for the ribozymes [33,38,64].

In summary, our present study identifies a structure where His29
can act as a general acid and Ser148 is optimally oriented for depro-
tonation through solvent to be able to act (besides its structural role)
as a general base. We will further investigate this potential atomistic
reaction mechanism via QM/MM computations [73]. However, for
reasons explained above, we in no case exclude the His29 general
base role and more efforts to locate suitable geometries for this cat-
alytic scenario need to be done before either ultimately excluding it
or finding it.

4.3. Simulations with doubly-protonated His29 and deprotonated
doubly-charged phosphate best agree with the 4AL5 product structure

We identified the dominant protonation state of key residues corre-
sponding to the 4AL5 structure based on evaluation of the agreement
between the simulated and experimental 4AL5 X-ray structures. The
4al5(His™, P27) system having double-protonated His29 residue and
deprotonated double-charged scissile phosphate was the most consis-
tent with the product crystal structure (Fig. 7). Simulations done with
single-negatively charged (mono-protonated) scissile phosphate re-
sulted in large perturbations at the active site (see Figs. 9, right and
S24 and S25 in the Supporting information). The extensive H-bond
network involving the oxygen atoms of the P21 phosphate seen in the
4ALS5 structure was always lost. In turn, simulations performed with
neutral His29 led to formation of a deep cleft between the N-terminal
and C-terminal domains, which substantially distorted the active site
by shifting the His29 residue away from the scissile phosphate and
G20 nucleotide (Fig. 9, left).
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4.4. Full agreement between the 4AL5 structure and the simulations could
not be obtained

Even in the five independent 4al5(His™, P2~) simulations consider-
ing the dominant protonation state we observed a visible flexibility in
the B-hairpin loop. In all five simulations, the structure initially
very quickly (often within picoseconds) lost many observed interac-
tions, with some interatomic distances changed by several A (see
Figs. 6 and 8). This is a rather unusual simulation behavior (not com-
mon, for example, in simulations of medium-sized RNAs). It indicates
some energy imbalance in the starting structure, which could stem
from the resolution limits of the experimental structure, its overall com-
plexity and some force field inaccuracies. Obviously, the initial local in-
stabilities in the simulations may be a consequence of removal of crystal
packing contacts, since they occur in intrinsically flexible regions of the
RNP complex (see description of the crystal contacts in the Supporting
information). We would like to underline (see Introduction) that we
in no case suggest that the experimental structure is incorrect. For
large systems the starting structure may cause initial instabilities in
simulations even when being basically correct from the experimental
point of view, since the unprocessed experimental coordinate file is
always high in the molecular mechanical potential energy [31]. It is
possible that the standard equilibration protocols that are sufficient to
prepare simulations of simple systems may be less robust for intricate
molecular complexes such as the Csy4/RNA complex. Full relaxation
for systems with dense networks of molecular interactions may be dif-
ficult, at least compared to small RNAs.

The role of the starting structure is supported by the fact that two
4al5(His*, P?7) simulations return remarkably close to the starting
structure after ~20 ns. It indicates good performance of the force field
(see Figs. 6 and 8 for Sim-1 and S14 and S15 in Supporting information
for Sim-3). Capability of the system to return back after a large initial
perturbation is convincing evidence that these simulations capture the
dominant protonation state consistent with the 4AL5 structure. The
fact that three other simulations are not repaired on the 50 ns timescale
is not surprising, considering the magnitude of the initial perturbation
(Figs. S14-S21 in Supporting information). Nevertheless, the final
local H-bonding network established in the catalytic center even in
the best behaving 4al5(His™, P>~) simulations differs from the experi-
mental geometry. Thus, we achieve qualitative but not quantitative
agreement with the experimental structure. This may indicate some
limitation of the force field description.

4.5. Potential force field issues in description of the 3-hairpin loop and its
interactions with the 3’-end of RNA

Deviations between the simulated and X-ray structure were seen in
the p-hairpin loop, specifically the Ser148, Ser150 and Thr151 triad
(Fig. S3F) [10,19]. Ser150 residue typically flipped its y; dihedral to a
non-native value leading to further local rearrangements including
Ser150 y, (Fig. 8A, middle). It seemed that the unstable side-chain be-
havior of Ser150 residue destabilized the arrangement of the active
site. This could at first sight indicate errors in the torsion potentials of
the triad residues. However, based on some subsequent computations
we suggested that the behavior was not caused by the parametrization
of the dihedral terms (Fig. S65). We attempted to stabilize the simula-
tions by restraining the y, dihedrals of all three triad residues since it
should indirectly stabilize (via supporting the native H-bonds) also
the Ser150 yx; angle. These restraints did not solve the problem. The
data indicated that (i) when we restrained the Y, dihedral angles, the
G20 ribose was unable to maintain the initial (native) C2’-endo confor-
mation and (ii) the optimal combination of the y, dihedral angles of the
triad located in the 3-hairpin loop caused imbalance of the 3’-end of the
RNA (Figs. S26-S31). This suggested an overall imbalance in the target
region which cannot be resolved just by dihedral parameter tuning
(Fig. S5 in Supporting information). We also tried the ff12SB protein

force field with refined side chain dihedrals. However, it also did not
improve the simulations (Figs. S34-S36 in Supporting information). In
other words, it does not seem that tuning the side chain dihedrals of
the B-hairpin loop triad can decisively stabilize the simulations (see
also Supporting information Fig. S65 for a comparison of MM and QM
serine ); potential energy profiles).

Besides the 3-hairpin loop triad, an important player was the pucker
conformation of G20 ribose. The electron density of the 4AL5 crystal
structure was inconsistent with a C3’-endo conformation but agreed
well with a C2’-endo form [19]. The hydrogen bond interactions be-
tween the 2’-hydroxyl group of G20 and the side chains of Ser148
and Tyr176 may enforce the observed C2’-endo sugar pucker of
G20 (Fig. S3D) [19]. The C2’-endo conformation may support the
in-line attack conformation requiring a locally extended RNA back-
bone (Fig. S3A) [19]. Sugar-pucker is a difficult parameter in nucleic
acids force fields which together with the glycosidic y torsion has
dramatic impact on simulations [21,40,48]. During the simulations,
we usually first observed rapid re-puckering of the G20 ribose from
C2’-endo to C3’-endo, which then led to swift major perturbation of
the active site arrangement. Fortunately, in many simulations the
sugar pucker returned spontaneously back to the native C2’-endo con-
formation after the initial relaxations. Thus, we also experimented with
restraining the C2’-endo conformation but it also did not lead to full
agreement with the 4AL5 structure (see the Results section for more
details and Figs. S29 and S30 in Supporting information).

It is to be noted that our inability to decisively stabilize the simula-
tions via dihedral angle restraints is not surprising. As discussed else-
where [54,74], the intramolecular torsional terms are often used for
the final fine-tuning of the force field performance. They effectively
compensate for inaccuracies and deficiencies of the other force field
terms, including the intermolecular terms [75]. Obviously, capability
of torsional potentials to eliminate all force field imbalances and trans-
ferability of the optimized torsional potentials are not unlimited [31,
76]. So, we suggest that rather than primarily originating in the param-
eterization of the torsional terms, our problems to describe the intricate
details of the catalytic center (Fig. 5) may be due to combination of im-
perfectness of many different force field terms. The terminal highly po-
larizable doubly-charged anionic phosphate group is inherently difficult
to describe by non-polarizable pair-additive force fields with fixed
atomic charges [74]. This entity in addition interacts with the positively
charged His29, creating a complex network of interactions (Fig. 5).
The balance of forces is further complicated by extensive interactions
between the terminal P>~ group and monovalent ions (not shown)
for which the non-polarizable force field may also introduce imperfect-
ness. Thus, this region is almost surely affected by substantial geometry-
dependent electronic structure redistribution effects that are not fully
describable by the simple fixed-parameters force field form, irrespective
of its parameters [77,78]. This is the likely reason why our data indicate
an overall difficulty to balance all interactions simultaneously, including
the struggle between the Ser150 orientation and the G20 sugar pucker.
Considering the electronic structure complexity of the interactions
in the core of the 4AL5 structure the performance of the force field
is actually quite good and its eventual further improvement may be
tricky. Polarizable force fields may in future provide insights into
the nature and magnitude of polarization effects in the catalytic
core of the Csy4/RNA RNP complex [79,80]. Obviously, we still can-
not rule out that the initial perturbations are also due to properties
of the starting structure (see above) and we as well cannot rule out
that our simulations were too short to allow full relaxation of the
catalytic center. In addition, we should keep in mind that we compare
MD simulations with one static medium resolution X-ray structure,
which could be affected by averaging over several local substates and
by crystal packing.

Irrespective of the origin of the above-noted simulation behavior,
our data indicate that accurate simulations of complex RNP systems
may be more difficult than simulations of small RNA and protein
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molecules alone. The literature experience with simulations of pro-
tein/RNA interactions is so quite fragmented [81-98] with essential-
ly no discussion of the limits of the simulation methodology. Some of
the studies are based on simulations apparently progressively devi-
ating from the starting structures. As we noted in the Introduction,
standard unbiased simulations using a realistic force field and initiat-
ed from an appropriately prepared starting structure should, consid-
ering the simulation time scale, remain close to the starting
structures. Although the increased dynamics may sometimes be
praised as desirable to obtain biochemically interesting results, one
has to be very careful with increased dynamics that is caused by
the force fields. Increased flexibility of molecules can be achieved
for example by enhanced sampling methods or external
denaturating conditions such as elevated temperature, and absence
of salt [31]. Although many of these approaches do not have an
equivalent experimental method and are prone to certain over-
interpretations, they are in principle entirely valid [31]. They bias
the dynamics by applying external sampling-enhancing factors to
presumably correct models of the studied molecule. In contrast,
when the sampling is “enhanced” due to force field imbalances,
then the correctness of the core description of the studied molecule
itself is compromised, which may severely invalidate all the results.
Therefore, we suggest that performance of contemporary force fields
in simulations of different types of protein—-RNA complexes should
be systematically tested in future, since it may differ from simulation
behavior of isolated RNA and protein molecules. Equally important
will be to understand the role of starting structures and their equili-
bration on stability of simulations of protein-RNA complexes.

5. Conclusions

We have carried out series of explicit solvent MD simulations of the
Csy4/RNA RNP complex, which participates in adaptive immune system
of prokaryote cells. We used the available X-ray structures of product
and inactivated precursor as the starting geometries. The simulations
were executed with the bscOyo;3 (RNA) and ff99SB (protein) variants
of the AMBER Cornell et al. force field. With ~3.7 ps of total simulation
data, our study is one of the most extended MD studies of RNP systems
currently available in the literature.

Our precursor simulations reveal that double protonated His29
could easily bind to the 05’ leaving oxygen of the scissile phosphate to
act as a general acid. Further, we report sufficiently stable arrangement
consistent with catalytic scenario utilizing double-protonated His29 as a
general acid and deprotonated Ser148 as a general base. The Ser148 side
chain is in a close contact with the nucleophile 2’-hydroxyl group but
donates H-bond either to Thr151 or to a water molecule. The protonated
His29 is bound to the 05’ leaving group and the backbone samples in-
line attack geometries. In this geometry, the Ser148 side chain can be
deprotonated either by a water molecule or perhaps by the proton shut-
tle via the Thr151 side chain. The deprotonated Ser148™~ would then be
capable to immediately act as the general base with essentially no fur-
ther structural rearrangement. Obviously, MD simulations alone cannot
prove catalytic mechanisms, but we suggest that if the Ser148/His29
general base/general acid catalysis occurs, it could proceed via the struc-
ture shown in our work. Although this catalytic scenario would involve
rare protonation forms of Ser148 and His29, it could be reactive enough
to compensate the thermodynamic penalty coming from the rare pro-
tonation state, as common for small ribozymes.

Our simulations do not reveal any tendency of the 6-protonated
neutral His29 to bind to the nucleophile. Rather, monoprotonated
His29 facilitates disruption of the catalytic pocket. However, as ex-
plained in the Discussion section, this particular result should not be
over-interpreted since it may be affected by the available experimental
structures used as the starting geometries in connection with the limit-
ed time scale of the simulations. Nevertheless, the simulations show
that if His29 acts as a general base, the active site arrangement would

have to significantly differ from the available X-ray structures and
would be separated from them by significant rearrangements not
observable on the simulation time scale. In summary, although we un-
doubtedly derive a suitable atomistic geometry for the general acid
catalysis by His29, we in no case rule out its general base role.

The simulations suggest that double-protonated His29 and
deprotonated doubly-charged phosphate are the dominant proton-
ation states corresponding to the product X-ray structure.

Our simulations give also insights into the performance of the
simulation technique. At the beginning of all simulations, we observe
rapid losses of multiple interactions in the catalytic center at the
protein/RNA interface, which indicates stress in the initial structures.
Such behavior is uncommon in simulations of RNA molecules based
on X-ray starting structures and suggests that simulations of RNP com-
plexes may be more complicated. However, when simulating the prod-
uct structure with the right protonation states, some simulations are
capable to remarkably restore majority of the native interactions at
the catalytic center after dozens of ns. We suggest that the initial period
of the production simulations is needed for a proper relaxation of the
starting structure which is not completed by the standard equilibration
protocol. However, the simulations arrive at alternative rather than the
native H-bonding pattern, achieving qualitative but not quantitative
agreement with the experimental structure of the catalytic center.
Hallmark of this behavior is a struggle between the correct geometry
of the B-hairpin loop triad (Ser148, Ser150 and Thr151) and the
RNA 3’-end, especially the G20 ribose. The simulations tend to flip
the Ser150 y; angle to a non-native orientation and it is difficult to
obtain stable simultaneous short contacts between Ser148(0y)-
G20(02'), Ser150(04)-G20(03’) and Ser148(0.,)-Ser150(0,) atom
pairs observed in the X-ray structure. It is also difficult to simulta-
neously stabilize the correct 3-hairpin loop triad geometry and the
native C2’-endo pucker of G20. We suggest that the simulation re-
sults may reflect some limitations of the force field potential energy
description and may be related to non-polarizable nature of the force
field.

Our work confirms that MD simulation technique [22,23,30,54,63,
81,99,100] is a powerful tool to complement experimental data on
RNA and RNP enzymes. However, MD simulations of intricate RNP com-
plexes may be much more challenging than apparent from the presently
available literature.
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