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Abstract Most known DNA-dependent RNA polymerases
(RNAPs) share a universal heptapeptide, called the NAD-
FDGD motif. The crystal structures of RNAPs indicate that
in all cases this motif forms a loop with an embedded triad
of aspartic acid residues. This conserved loop is the key
part of the active site. Based on the crystal structures of
the yeast RNAP II, we have studied this common active site
for three cases: (1) single RNAP, (2) pre-translocation elon-
gation complex, and (3) post-translocation elongation com-
plex. Here we have applied two different modeling methods,
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the GGA density functional theory method (PBE) of quan-
tum mechanics (QM) and the ReaxFF reactive force field.
The QM calculations indicate that the loop shrinks from
pre- to post-translocation and expands from post- to pre-
translocation. In addition, PBE MD simulations in the gas
phase at 310K shows that the loop in the single-RNAP case
is tightly connected to a catalytic Mg+ ion and that there is
an ordered hydrogen bond network in the loop. The corre-
sponding ReaxFF MD simulation presents a less stable loop
structure, suggesting that ReaxFF may underestimate the
coordinating interactions between carbonyl oxygen and mag-
nesium ion compared to the gas phase QM. However, with
ReaxFF it was practical to study the dynamics for a much
more detailed model for the post-translocational case, includ-
ing the complete loop and solvent. This leads to a plausible
reactant-side model that may explain the large difference in
efficiency of NTP polymerization between RNA and DNA
polymerases.

Keywords Yeast RNA polymerase II - NADFDGD motif -
Nucleotidyl transfer - Molecular dynamics simulations -
ReaxFF

1 Introduction

DNA and RNA polymerases are both high-fidelity polynucle-
otide polymerases. DNA polymerases replicate the genome
accurately for maintaining genomic stability in evolution.
RNA polymerases catalyze the synthesis of messenger RNAs
accurately based on the DNA template; otherwise the infor-
mation contained in the DNA would be lost in gene expres-
sion. The catalytic mechanism proposed for both DNA and
RNA polymerases involves the oxygen atom of the 3’-OH
group of the RNA/primer acting as a nucleophile to form
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a phosphodiester bond with the o phosphate of the matched
(deoxy)nucleoside triphosphate (d-NTP/NTP) while the
other two phosphates leave as a pyrophosphate. An
illustration of this nucleotidyl transfer scheme in the context
of RNA polymerases is presented in Fig. 1b.

From crystal structure analyses, these two classes of
polymerases share a similar active site [1] with two or three
conserved aspartic acid residues. On the other hand, RNA
polymerases (RNAPs) also have some unique structural fea-
tures at the active site. An extensive comparison between
the amino acid sequences of the known largest subunit of
the RNAPs of different organisms (including prokaryotes,
eukaryotes, and cytoplasmic DNA viruses) indicates that all
these polypeptides possess a universal heptapeptide: Asn Ala
Asp Phe Asp Gly Asp, called the NADFDGD motif [2].
By comparing the crystal structures of the thermus aquat-
icus RNAP (PDB: 1HQM) [3], thermus thermophilus RNAP
(PDB: 1IW7) [4], and yeast RNAP II (PDB: IWCM) [5], we
learn that, in all cases, the NADFDGD motif forms a loop
with an embedded triad of aspartic acid residues [6] and that
this triad always holds a Mg>* ion, as illustrated in Fig. 2.
This conserved triad is the key part of the active site of these
RNAPs. The DNA polymerases, however, do not have this
kind of common motif. They thus do not have such a loop-
shaped part at the active site.

Recent observations of crystal structures of a series of
yeast RNAP II complexes in different transcriptional phases
[7,8] provide a good opportunity to study this common loop.
The primary purpose of this work is to explore the structure
of the yeast RNAP II active site in different phases at the
atomic level, focusing on the loop structure. Specifically,
we studied the active site both in a single RNAP and in
an RNAP/DNA/transcript/NTP complex. For the latter case,
there are two further situations: the complex after the nu-
cleotidyl transfer (pre-translocation of RNAP as illustrated
in Fig. 1a) and the complex before the transfer (post-trans-
location of RNAP as illustrated in Fig. 1b). A nucleotide
residue is added to the transcript after each translocation
of RNAP. Thus, we studied three cases in total. For both
the single-RNAP and the pre-translocational cases, the three
aspartate residues coordinate only one Mgt ion (Mg>*(I)
in Fig. 1). This metal ion appears to play the very impor-
tant role of supporting the formation of a nucleophile in
the catalysis. The post-translocational case shown in Fig. 1b
corresponds to a reactant-side complex, where a second
catalytic Mg+ (II) ion has been proposed to come into the
active site with the NTP. Mg?*(IT) and Mg?*(I) appear to
stabilize the penta-coordinated intermediate that forms
during the nucleophilic attack, and Mg?*(Il) assists the
leaving of the pyrophosphate. As a result, these two metal
ions help to catalyze efficiently the nucleotidyl transfer in
the NTP addition cycle, which is called the two-metal-ion
mechanism [1,9].
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Fig. 1 The proposed NTP-addition scheme involved in RNA polymer-
ases. a Pre-translocation complex: the circled polymerase part (includ-
ing a permanent Mg?*(I)) moves forward to the next base site, being
coupled with the insertion of an NTP (holding another Mg2+(II)).
b Post-translocation with a matched NTP showing the mechanism of
nucleotidyl transfer reaction (modified from Ref. [1].)

To investigate the loop structure at the three different cases
mentioned above, we first performed molecular modeling at
the quantum chemical level using the PBE density functional



Theor Chem Account (2008) 120:479-489

481

Asp481

Fig. 2 Structure of the conserved NADFDGD motif of RNAPs which
forms a common loop with a triad of aspartate residues holding a cata-

lytic magnesium ion. This structure is obtained from the crystal structure
(PDB:116H)

theory (DFT) method [10], which is expected to reveal the
important internal interactions involved in the loop. Three
models derived from the yeast RNAP II crystal structures
were used. The models for the single-RNAP, pre-transloca-
tional, and post-translocational cases have 57, 91, and 108
atoms, respectively. We notice that even though the size of
the pre-translocational complex model is too large for the
PBE method to handle, it is still too small to capture some
important interactions involved in the catalysis. Therefore,
we also constructed a more detailed model of 250 atoms
for the post-translocational case. We then studied this model
system in a 30 x 30 x 30 A cell randomly filled with 400
water molecules by using the recently developed reactive
force field (ReaxFF). ReaxFF is a first principles-based reac-
tive force field [11,12], in which the parameters are fitted
to a quantum mechanics training set. The main purpose of
using ReaxFF is to provide a reasonable model for our study
of possible reaction pathways involved in the nucleotide-
addition catalytic cycle. We also intend to derive some
simplified models from this large ReaxFF model for the
catalytic reaction modeling at the DFT level.

2 Models and methods
2.1 DFT-level modeling

After observing several yeast RNAP II complex crystal struc-
tures, we found that only five residues of the NADFDGD
motif, i.e., Asp Phe Asp Gly Asp, are tightly involved in
the active site. Thus, we focused only on this amino acid
sequence, called the DFDGD motif, in the DFT-level model-
ing. We first built a single yeast RNAP II active site model,
called model 1, from the pre-translocation crystal structure
(PDB: 1I6H, resolution 3.3 A). See the next paragraph for an
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Fig. 3 PBE-level optimized structures of a model 1, b model 2, and
¢ model 3 for the single RNAP, pre-translocation and post-translocation
cases, respectively. Each model system has a net charge. The carbon
atom marked with * is fixed in the optimization. Slim dashed lines
denote hydrogen bonds formed in the loop; thick dashed lines denote
coordination bonds; solid lines denote the opening of the loop. Note that
Arg1020 belongs to subunit 8 and other residues to subunit «. Please
view the electronic version for a better illustration in color
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explanation of using the pre-translocation structure to build
a model in a single RNAP. In this model, as illustrated in
Fig. 3a, the DFDGD motif is further simplified to a sequence
of Asp Gly Asp Gly Asp. We consider only the full
aspartic acid residues and peptide connections between them,
but ignore the effect of the phenyl group of the phenylalanine
residue. Note that our model is different from those active
site models of DNA polymerases, where the aspartate resi-
dues were simplified to formate groups [13,14] or only the
carboxylates of the aspartate residues were involved in the
quantum chemical calculations [15], and where no peptide
bonds were involved. It is important to note that both the size
of the model and the theoretical methodology can influence
the final result. DFT calculations provide a detailed descrip-
tion of the electronic structure of the model system. How-
ever, it is often necessary to omit many structural features
to decrease the calculation costs. This might make the DFT
description lead to results that do not apply to the real system.

As illustrated in Fig. 3b, model 2, representing a pre-
translocation complex, is model 1 combined with a simplified
model of the RNA transcript taken from the crystal structure
116H. It is worth noting that we used the same pre-transloca-
tion elongation complex (116H) to build the initial structures
of models 1 and 2. The only difference between the two
models is that model 1 does not include the RNA segment
as in model 2. The comparison between the two optimized
geometries allows us to investigate the changes of the loop
due to the addition of the RNA transcript to it. Model 3 in
Fig. 3c, depicting a post-translocation complex, was derived
from the post-translocation elongation complex (PDB: 1R9S,
resolution 4.3 A). It contains the model 1 structure, a second
Mg (II) ion, a simplified RNA, a simplified arginine resi-
due, and a simplified NTP substrate. It should be noticed that
this post-translocation crystal structure was actually obtained
by combining the substrate data in post-translocation with the
active site motif data in pre-translocation (116H). In other
words, the initial geometry of model 3 has exactly the same
loop geometry as in the initial geometries of models 1 and 2.
This allows us to investigate the changes of the loop structure
before and after translocation of RNAP.

For the modeling part, the geometry optimization for all
the three models was first performed using the linear combi-
nation of Gaussian-type orbital (LCGTO) Kohn—Sham
(KS) DFT program deMon2k [16]. The GGA PBE96-PBE
exchange-correlation functionals were employed [10]. The
double-zeta valence polarization (DZVP) [17] basis set was
used in combination with the GEN-A2* auxiliary function
set [18] for the variational fitting of the Coulomb poten-
tial. The structure optimizations were done using a Quasi-
Newton method with analytical gradients. Next, we
performed for model 1 an MD simulation in the gas phase
at the same DFT level for a simulation time of about 5 ps
starting from the optimized structure. A Nose—Hoover
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Table 1 ReaxFF bond parameters for Mg—O interactions. For a full
description of these parameters and the ReaxFF functional form see
Ref. [12]

Interaction Degigma  Pbel Povunl  Pbe2 Pbol DPbo2

Mg-O 87.0227 0.0030 0.0250 0.0087 —0.0439 6.6073

Table 2 ReaxFF off-diagonal van der Waals and bond parameters for
Mg-O interactions

Interaction Dijj Ryaw Alfa T'sigma

Mg-O 0.0809 1.700 11.4606 1.5177

thermostat was used and the simulations were performed with
time steps of 0.5fs. The equilibrium temperature was set to
310K.

2.2 ReaxFF-level modeling

To build a more detailed post-translocation model in the
yeast RNA polymerase II, we derived a backbone model of
250 atoms, called model 4, from a recently published post-
translocation crystal structure (PDB: 2NVZ, resolution
4.3 10\). This crystal structure is a refined version of 1R9S,
containing more accurate information about residues at the
active site. The intention of building model 4 is to get a rea-
sonable model for the investigation of the catalytic nucleot-
idyl transfer mechanism. The initial geometry of model 4,
as illustrated in Fig. 8a, features the loop structure of the
complete NADFDGD motif, two Mg+ ions, two arginine
residues, one histidine residue, and the whole incoming NTP
at the addition site. The net charge of model 4 is zero. The
backbone system was first energy minimized with the Rea-
xFF program. Next, the minimized structure was equilibrated
at 310K in a 30 x 30 x 30A cell containing 400 water
molecules with the ReaxFF program. Some atoms as indi-
cated by arrows in Fig. 8a were fixed in the MD simulation.
A Berendsen thermostat with a temperature damping con-
stant of 100fs was used to control the system temperature.
A MD-time step of 0.25fs was used in the MD simulation.
ReaxFF bond parameters for Mg—O interactions are given in
Tables 1, 2 and 3.

3 Results and discussion
3.1 Optimized geometries at the DFT level

The fully optimized geometry of model 1 at the DFT level is
shown in Fig. 3a. The three aspartate residues are numbered
as in the yeast RNAP II. As expected, the Mg+ (I) ion is
held by the three aspartate residues through coordination with
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Table 3 ReaxFF angle parameters for Mg/O/H interactions.

Interaction Theta, o Dvall Dval2 Dvald Dval7
0-Mg-O 0? 9.232 0.1 1.092 1.0
Mg O-Mg 0 25 8.0 3.0 1.0
H-O-Mg 66.04 5.0 1.0 1.25 1.0
H-Mg-O 0 0.5 0.1 3.0 1.0
0-0-Mg 70.0 20.0 1.0 1.25 1.0

4 Jeads to an equilibrium angle of 180-Theta, o

Table 4 Distance measurements (in 10\) in models 1-3

Asp485 Asp481 Asp483
Model 1
Hydrogen bond?* 2.05 1.93 1.88
Mg, -O 2.112.19 2.132.20 211221
Model 2
Hydrogen bond 1.85 2.14 1.99
1.63°
Mg, -O 2.00¢ 2.02 221222 221228
Model 3
Hydrogen bond 2.30 247 2.71
1.77
Mg, -O 2.142.22 - 2.06
P,0:2.10, 2-OH:2.21, 3-OH:2.28
Mg,-O 2.13 2.132.28 2.10

P,0:2.25,P,0:2.07

Geometries are optimized at the PBE level

 For example, the hydrogen bond for Asp481 denotes that one formed
by one of the carboxylate oxygen atoms of Asp481 and the
N-hydrogen of Asp483

b The second hydrogen bond for Asp481 is formed by the same
carboxylate oxygen of Asp481 and the N-hydrogen of Phe482

¢ This value is for the distance between Mg, and one of the non-bridging
oxygen atoms of the phosphate

three carboxylates, forming a favorable six-ligand geometry.
Interestingly, an ordered hydrogen-bond network is also
clearly shown in the structure. One of the two carboxylate
oxygen atoms of each Asp is hydrogen-bonded to the back-
bone amide group of a nearby Asp: Asp485-O-Asp481—
H, Asp481-O—-Asp483-H, Asp483—-O—Asp481-H. The dis-
tances between the Mg and O atoms and the lengths of the
hydrogen bonds are given in Table 4. This energy-favored
structure implies that the DFDGD motif has an intrinsic abil-
ity to form an ordered triad structure through interactions
with an Mg?™ ion.

As shown in Fig. 3b, the optimized model 2, modeling
the pre-translocation complex, has an RNA part consisting
of two sugars and a scissile phosphate. Note again that we
used the same pre-translocation elongation complex (116H)
to build models 1 and 2, i.e., model 2 = model 1 + the

RNA part. Thus, the comparison between the two optimized
geometries allows us to see differences between the pre-
translocational and the single RNAP cases. Compared with
model 1, the non-bridging oxygen of the phosphate in model
2, replacing one carbonyl oxygen of Asp485, coordinates the
Mg+ (I) ion. A quite similar situation is shown in the cor-
responding pre-translocation crystal structure 116H, where it
is, however, a bridging oxygen of the phosphate that coor-
dinates the Mg?*(I) ion. As a result of this change in the
coordination of the magnesium, the Asp485—O-Asp481-H
hydrogen bond gets stronger in the pre-translocational phase
than in the single RNAP case. We can see this change from
the fact that the length of the hydrogen bond decreases from
2.05 (model 1) to 1.85A (model 2). In addition, a strong
fourth hydrogen bond is formed in model 2 by the carboxyl-
ate oxygen of Asp481 and the N-hydrogen of Phe482. The
distances between the Mg and O atoms and the lengths of
the hydrogen bonds in model 2 are also listed in Table 4.
Also worth noting is that the loop opening increases a lit-
tle from 6.9 (model 1) to 7.1 A (model 2) due to the change
of the coordinating state caused by the RNA part. The loop
opening is denoted by a solid line in Fig. 3.

By fixing one carbon atom of Argl020, we obtained an
optimized geometry of model 3 (Fig. 3c) for the post-
translocational case. Argl020 belongs to a different sub-
unit (8) which is assumed to be robust in the studied case.
Such arestriction allows free rotation of the functional group
of Argl020 without moving Argl020 away from the sub-
unit 8. The substrate part obtained is similar to the corre-
sponding crystal structure in the post-translocation complex
(1R9S). Also, the distance between the two magnesium ions
is 4.32A, which is in qualitative agreement with the crys-
tal data, 4.15 A. As mentioned earlier in Sect. 2, the initial
geometries of models 3 and 2 have exactly the same loop
structure. Interestingly, the optimized geometry of model 3
shows that the motif loop appears to shrink compared with the
optimized model 2. As indicated in Fig. 3b, c, the loop open-
ing decreases from 7.1 to 6.5 A. This indicates a shrinking of
the loop from the pre- to post-translocation and an expanding
from the post- to pre-translocation. We also obtained another
optimized geometry of model 3 which is about 25 kcal/mol
higher in energy than that shown in Fig. 3c when using a
slightly different initial conformation. In this geometry, the
distance between the two magnesium ions is only 3.70 A,
much shorter than the crystal value. Similar to the one illus-
trated in Fig. 3¢, however, a small loop was also obtained. We
suppose that this shrinking movement may play an important
role in the catalysis. As the Mg+ (II) ion moves over the loop
with the NTP in the post-translocational phase, the shrink-
ing of the loop lifts up the Mg+ (I) ion close to the 3'-OH
group and the o phosphate of the NTP, facilitating the nucle-
ophilic attack. Note that we cannot get this loop change by
comparing 1I6H and 1R9S since they have the same loop
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geometry. However, we do see this shrinking tendency by
comparing 116H and 2NVZ. Note that 2NVZ is the refined
version of 1R9S. The loop opening changes from 6.8 (116H)
to 6.2A (2NVZ). In addition, the distances between the Mg
and O atoms and the lengths of the possible hydrogen bonds
in our model 3 are presented in Table 4. It is found that only
one hydrogen bond is clearly present in this case. The Mg>*
ion prefers six ligands arranged in an octahedral geometry
with 2.05-2.25 A coordination distances [19]. A structural
feature of model 3 is that both Mg?*(I) and Mg>*(II) ions
form the most favorable six-ligand configuration. We can see
from Table 4 that the coordination distances are roughly in
the range of 2.05-2.25 A.

The above results imply that the motif loop of RNAP
appears not to be fixed during the transcription process. Spe-
cifically, it shrinks when the RNAP is absorbing an NTP
and expands when the RNAP is completing the addition of a
nucleotide. This rhythmic movement may adjust the orienta-
tion of the Mg?*(I) ion in the catalytic process, facilitating
the nucleophilic attack. In addition, we note that the model
systems studied here are all negatively charged. The net
charges of models 1-3 are —1, —2, and —2, respectively. This
is due to the three conserved aspartate residues (—3 charge) of
the active site and the triphosphate (—4 charge) of the incom-
ing NTP. The former is tightly connected to the Mg>* (I) ion
in the active site and the latter effectively brings the Mg>* (II)
ion into the active site. However, the extra negative potential
makes the system unstable. Thus, those hydrogen bonds in
models 1-3 seem to adjust the interactions of the negative
oxygen atoms and the positive Mg?™" ion(s).

While the three models used above are quite simple, study-
ing them is a reasonable first step toward understanding the
features of the common loop. We ignored important interac-
tions such as the solvation effect of water molecules and the
polarization effects of the surrounding enzyme. These inter-
actions may function significantly in the catalytic process.
Though model 3 has 108 atoms, it is still not accurate enough
to study the catalytic mechanism. For example, model 3 in
Fig. 3¢ suggests the coordination of both 2’-OH and 3’-OH
groups of RNA by Mg?*(I) ion, which is not a good struc-
ture for the 3’-OH nucleophilic attack. Thus, we need to
build a more detailed model with more atoms for the post-
translocational case. In the next section, we build a model
which includes more residues at the active site, a more
detailed RNA, and a complete substrate. Furthermore, this
backbone was studied in a cell filled with water molecules.
Due to the large size of this model system, we turned to Rea-
xFF MD simulations.

DFT calculations provide an accurate description of the
electronic structure of the model system so that DFT can be
expected to provide a much better description of the reaction
mechanism for the model system. On the other hand, to make
the calculations practical for DFT it is necessary to omit many
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structural features from the model. The advantages of using
a force field are that we can include the full protein and the
solvent and ions and average the structures over the dynam-
ics at the appropriate temperature. The special advantage of
ReaxFF is that this averaging can also be done as the reaction
is proceeding.

3.2 MD simulations

There are two parts in this section. In the first part, we per-
formed a PBE MD simulation and also a ReaxFF MD sim-
ulation both in the gas phase for model 1. One purpose is to
see how robust model 1 is in the gas phase at 310 K. Note
that the model 1 structure shown in Fig. 3a is just a minimum
at K. The other purpose is to test the performance of Rea-
xFF by comparing the ReaxFF results with the PBE ones. In
the second part, we carry out a ReaxFF MD simulation for a
more detailed model of the post-translocation complex in a
water environment.

3.2.1 The PBE and ReaxFF MD simulations for model 1

Both the PBE and ReaxFF MD simulations ran about 5 ps.
The final temperature was set to 310 K. The trajectory of the
average temperature and the potential energy of model 1 are
shown in Fig. 4 for the two simulations. In the first com-
parison between the two simulations, we chose the strong
interactions, i.e., the covalent bonds between atoms C, N, O,
and H. Six covalent bonds as labeled in Fig. 5 were compared
in the two simulations. The statistics of the bond lengths and
the corresponding crystal structure data from 116H are given
in Table 5. First, we can see that the average bond lengths
obtained from the PBE MD simulation are in excellent agree-
ment with the corresponding crystal data. Second, the rela-
tive fluctuations of the bond lengths in the two simulations all
match well except for the C—H and the C—C bonds. Third, the
absolute fluctuations of the bond lengths in the ReaxFF sim-
ulation are slightly bigger than those in the PBE simulation,
especially for the O—C and C-N bonds. These comparisons
indicate that the PBE method is suitable for describing these
strong interactions and that the descriptions of these strong
interactions are similar with ReaxFF and PBE.

For the PBE geometry optimization, the calculated geom-
etry is just a minimum energy structure. The observed X-ray
structure is averaged over the time scale of the experiment and
might average over more than one minimum. Thus, the equi-
librium geometry from an MD simulation at the appropriate
temperature should be the appropriate structure to compare
to the X-ray structure.

Next, we compare the Mg—O coordination interactions
in the two simulations. All the six coordination bonds in
model 1 were compared. The fluctuations of the Mg—O dis-
tances are plotted in Fig. 6. As can be seen, the fluctuations
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Fig. 5 Labels of selected bonds in model 1. The maximum and mini-
mum lengths of these bonds during the ReaxFF and deMon2k PBE MD
simulations are shown in Table 5 in order to compare the description of
covalent bonds in both methods with each other

in all the six cases range from 1.9 to 2.6 A in the PBE MD
simulation, indicating that three bidentate carboxylates bind
to Mg almost all the time. The interactions between each
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carboxylate O and the Mg+ ion appear to be very strong,
making this active site model very robust in the gas phase
even at 310 K. On the ReaxFF side, however, the fluctuations
of the Mg—O distances are much larger than those in the PBE
simulation. As can be seen in Fig. 6, in the ReaxFF simula-
tion, only one bidentate carboxylate binding remains (labels
1, 2), and the other two are replaced by monodentate bind-
ing (labels 3, 4 and labels 5, 6) after some MD steps. Our
MD simulations show that the loop structure is more robust
using the PBE method than using the ReaxFF force field. In
principle, this breaking of the coordination could also occur
in the PBE simulations if it were practical to carry out longer
simulations. Such PBE MD simulations are extremely time-
consuming. From comparisons of the PBE and ReaxFF MD
trajectories, we see that the current implementation of Rea-
xFF seems to underestimate the coordination interactions.
Thus, fluctuations of Mg+ positions in the ReaxFF simula-
tion are much larger than those in the PBE simulation.
Finally, to further investigate the loop, we studied the weak
interactions involved in the loop, i.e., the hydrogen bonds, in
the two MD simulations. The lengths of possible hydrogen
bonds and the loop opening from the PBE simulation are
plotted in Fig. 7. The four hydrogen bonds (labeled 2-5 in
Fig. 7) which were observed in the optimized models 1-3 in

Table 5 Distance statistics (in A) in model 1 from the MD simulations together with the corresponding crystal structure data

Label Atoms PBE ReaxFF Crystal structure data from 116H
min~max max — min mean min~max, max — min, mean

1 0-C 1.23~1.37 0.14 1.29 1.31~1.44 0.13 1.36 1.25

2 c-C 1.42~1.62 0.20 1.52 1.48~1.61 0.13 1.53 1.53

3 C-H 1.02~1.23 0.21 1.12 1.08~1.18 0.10 1.13 n/a

4 C-N 1.37~1.56 0.19 1.46 1.45~1.63 0.18 1.52 1.46

5 N-H 0.96~1.12 0.16 1.04 1.00~1.14 0.14 1.07 n/a

6 Cc-O0 1.21~1.29 0.08 1.25 1.27~1.34 0.07 1.30 1.23

Note that the “min~max” and the “max — min” denote the absolute and relative fluctuations of a bond length, respectively
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Fig. 6 Fluctuations of the six
Mg-O distances (labels 1-6) in
dependence of the simulated
time during the MD simulations
with deMon2k PBE (left part)
and ReaxFF (right part)
methods. One frame
corresponds to a simulated time
of 5fs

DFT-level MD simulation

ReaxFF-level MD simulation
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Fig. 3 all show up in the PBE simulation. As seen in Fig. 7, the
label 3 hydrogen bond seems to be the strongest one among
them, which remains in the whole simulation. The weakest
one seems to be the label 2 hydrogen bond, which interest-
ingly is associated with the label 1 loop opening. Even more
interestingly, the label 4 and label 5 hydrogen bonds are able
to switch in the MD simulation. On the ReaxFF side, only
two hydrogen bonds (labels 4 and 5) seem to remain, and

@ Springer

the others were not present at all in the simulation (results
not shown). In addition, the ReaxFF loop opening fluctuates
much more than the PBE one. The former ranges from 5.0
to 8.7 A, while the latter ranges from 6.7 to 8.3 A. We sup-
pose that these differences are closely related with the weak
Mg-O interactions in ReaxFF.

In summary, comparing the PBE and ReaxFF MD
simulations, we learn that ReaxFF works well for covalent
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Fig. 7 Trajectories for a
characteristic distance (label 1) 65 -
describing the loop opening and ’ label 1
for the four hydrogen bonds —~
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interactions between C, N, O, H, but underestimates the
Mg-O coordination interactions compared with the PBE
method. The PBE simulation indicates that the simple model
1 itself has a strong potential to form a robust loop in the gas
phase at 310 K. However, we could not get such a robust loop
in the corresponding ReaxFF simulation. From the strong
interactions of covalent bonds to the intermediate interactions
of coordination bonds to the weak interactions of hydrogen
bonds, the differences between the two simulations strongly
imply that the structural stability of the loop mainly comes
from the Mg—O coordination interactions. These intermedi-
ate interactions then cause a good environment for the for-
mation of the hydrogen-bond network in the loop.

3.2.2 The ReaxFF MD simulation for model 4

While the current version of ReaxFF needs to be further
developed for a better description of the Mg—O interactions,
we can still use this tool to do some helpful modeling work
which may guide the reaction mechanism studies at the DFT
level. As mentioned above, model 3 is not accurate enough
to examine the catalysis. We suppose that some water mole-
cules and other residues may significantly be involved in the
nucleotide addition cycle. Unfortunately, all the yeast RNAP
II crystal structures lack the information on water molecules
close to the active site. How can we get this water and residue
information? First, we need a more detailed crystal structure
in post-translocation and we need to build a backbone model
with more residues based upon it. Second, we put the back-
bone in a cell filled with water molecules and relax the system

frame

at 310K, obtaining some equilibrium geometries. Finally, we
build models which are used for DFT-level studies based on
reasonable equilibrium geometries. In step 1, we can use the
refined crystal structure 2NVZ to build a more detailed pre-
translocation model. For step 2, the ReaxFF program can be
used to perform the necessary simulations. In addition, before
performing the last step, we can also use the ReaxFF program
to directly examine some possible reaction pathways based
on a reasonable equilibrium geometry. The obtained results
could be very useful to further guide the corresponding DFT-
level studies. While traditional force fields can handle more
atoms than ReaxFF in the case studied, they cannot provide
information on chemical bond changes like bond formation
and bond cleavage. This is the main reason that we are using
ReaxFF rather than traditional force fields in this work. Here,
we only perform the first two steps.

The initial structure of model 4 derived from 2NVZ is
given in Fig. 8a. A recent experimental study [8] stressed
that a histidine residue located in a trigger loop, which comes
close to a matched NTP as the NTP enters the active site,
may literally trigger phosphodiester bond formation. We thus
included this histidine residue 1085 into model 4. Another
nearby arginine residue 766 close to the y phosphate was
also included. Besides the two additional residues, we used
in model 4 a complete NTP substitute, the complete NAD-
FDGD motif structure, and a base—sugar primer. Using the
method mentioned in Sect. 2 we obtained several equilibrium
geometries of model 4 at 310K in a water environment.

One reasonable equilibrium geometry is illustrated in
Fig. 8b. There are some obvious differences between this
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a Crystal structure 2NVZ

His1085

Fig. 8 a A reactant-side model (post-translocation) derived from the
PDB:2NZV crystal structure; b One equilibrium structure observed in
the corresponding ReaxFF MD simulation. Arg1020 and Arg766 belong
to subunit B and other residues to subunit @. A close water molecule

geometry and the corresponding crystal structure. For exam-
ple, the two Mg?* ions in the ReaxFF geometry move towards
the RNA part in the equilibrium geometry. We suppose that
this may be partly caused by the 3’-OH group added into
model 4 which is missing in the crystal structure. We also
note that the two Asps (481 and 483) in the crystal structure
do not symmetrically coordinate the two Mgt ion, which
may be due to the missing 3’-OH group as well. To test this
assumption, we modified in the beginning of the simulation
the positions of the two Asp residues so that they symmetri-
cally coordinate the two Mg?* ions. Interestingly, this con-
formation remained throughout the simulation.

The equilibrium structure obtained in Fig. 8b is quite
similar to the corresponding X-ray structures observed for
the analogous functional states in DNA polymerases
[20,21]. Remarkably, not only the bridging configuration of
the two Mg?" ions and connecting carboxylates of two Asps
is observed in the equilibrium structure, but also the arrange-
ment of the triphosphate chain of the NTP substrate improves,
so that the oxygen of the 8 phosphate becomes coordinated
by Mg?*(II). These features are the same as those observed
in DNA polymerase structures.

The arrangement of the triphosphate chain could be a very
important process because the coordination of the 8 phos-
phate is a crucial requirement for the nucleotidyl transfer
according to the commonly accepted two-metal-ion mecha-
nism. This may also explain the large difference in efficiency
of NTP polymerization between RNA and DNA polymer-
ases. The regular rate of nucleotide addition by RNA poly-
merases is about 10-50 nucleotides per second, while that
for DNA polymerase is 500—1,000. Thus, it could be pro-
posed that in DNA polymerases the active center is initially
tuned for catalysis, while in RNA polymerases the active cen-
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ter needs some adjustment (as observed in the equilibrium
structure, Fig. 8b) to be catalytically competent.

In addition, the three residues around the NTP provide
some reasonable connections with the NTP. The histidine
residue 1085 makes a hydrogen bond with the 8 phosphate;
the arginine residue 766 links to the y phosphate through a
hydrogen bond; the arginine residue 1020 links to the y phos-
phate through a water molecule. These positively charged
residues may facilitate the phosphodiester bond formation
and also the pyrophosphate group formation. A water
molecule coordinating the Mg+ (II) ion is also found in
the simulation. This water molecule may further stabilize
the penta-coordinated intermediate by forming the favorable
six-ligand configuration. Interestingly, a water molecule
coordinated by Mg?*(II) in the Thermus thermophilus RNA
polymerase elongation complex was observed in a better
resolved X-ray structure (PDB: 205j) [22]. Therefore, we
obtained a reasonable reactant-side model which could be
used for the study of the catalytic mechanism. In a slightly
modified model, we have indeed examined some reaction
pathways in another work using the ReaxFF program. We
are now studying some small models at the DFT level to
re-examine the pathways.

4 Summary and conclusions

We studied the active site of the yeast RNAP II using both
DFT and ReaxFF modeling methods. DFT calculations pro-
vide a description at a higher level of theory compared with
the ReaxFF force-field calculations because the electronic
structure of the system is explicitly taken into account in
the DFT simulations. However, they are much more time
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consuming than the ReaxFF simulations. We focused on the
NADFDGD motif of the active site which forms a conserved
loop in most known DNA-dependent RNAPs.

We first investigated a simplified version of the NAD-
FDGD motif at the DFT-level in three cases: single-RNAP,
pre-translocation, and post-translocation. The optimized
geometries for the pre- and post-translocation cases suggest
that the motif loop has a repeating movement during the tran-
scription process. It shrinks when the RNAP is absorbing an
NTP; it expands when the RNAP is completing the addi-
tion of a nucleotide. The same change of the loop opening
between pre- and post-translocation is also shown in the cor-
responding crystal structures. We suppose that this rthythmic
movement may adjust the orientation of the first catalytic
Mg>* ion in the catalytic process, facilitating the 3'-OH
nucleophilic attack to the o phosphate of NTP.

In addition, we performed a DFT-level MD simulation for
the single RNAP active site model. The results show that
the loop together with an Mg?* ion forms a robust struc-
ture in the gas phase at 310 K. The structural stability mainly
comes from the Mg—O coordination interactions. The loop
features a triad of aspartate residues which provide six car-
boxyl oxygen atoms possibly coordinating the Mg>* ion. A
hydrogen-bond network in the loop is clearly shown in the
MD simulation, too. Those hydrogen bonds form to adjust
the interactions of the negative carboxyl oxygen atoms and
the positive Mgt ion and stabilize the system. We then
performed a similar MD simulation using the ReaxFF pro-
gram. The obtained loop structure is not as robust as the
one shown in the DFT MD simulation, indicating that the
current version of ReaxFF underestimates the Mg—O coor-
dination interactions. It is worth mentioning that the ReaxFF
Mg-parameters were derived from MgO-condensed phase
properties; we should refine these parameters to better
describe the competition between carboxylate, hydroxyl, and
water binding to Mg>+.

Our motivation for studying the RNAP active site is to
examine the catalytic mechanism of nucleotidyl transfer,
determining the enzyme basis of the features of transcrip-
tional NTP polymerization. The DFT-level model for the
post-translocational case is a reactant-side model (108 atoms)
which we used to explore reaction pathways. However, we
found that this model is too simplified for this task. What
we need is a model providing a detailed description of the
full protein, while also including the effects of water mole-
cules in the reaction. This requires over 50,000 atoms in the
model, far too many for DFT methods. Thus, we proposed a
strategy to overcome these difficulties: starting from a more
detailed active-site model (250 atoms), we use ReaxFF MD
simulations to obtain equilibrium structures for a cell filled
with water molecules. Starting with this reasonable equilib-
rium structure, we then use DFT to build a small model.

In addition, we used ReaxFF directly to efficiently study
several reaction pathways. This allows us to gain new insights
into the mechanism. In addition, it leads to results useful for
guiding subsequent DFT-level modeling studies.
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