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Abstract
In order to elucidate enzyme catalysis through computer simulation, a prerequisite is to reliably
compute free energy barriers for both enzyme and solution reactions. By employing on-the-fly Born-
Oppenheimer molecular dynamics simulations with the ab initio QM/MM approach and the umbrella
sampling method, we have determined free energy profiles for the methyl-transfer reaction catalyzed
by the histone lysine methyl- transferase SET7/9 and its corresponding uncatalyzed reaction in
aqueous solution, respectively. Our calculated activation free energy barrier for the enzyme catalyzed
reaction is 22.5 kcal/mol, which agrees very well with the experimental value of 20.9 kcal/mol. The
difference in potential of mean force between a corresponding pre-reaction state and the transition
state for the solution reaction is computed to be 30.9 kcal/mol. Thus our simulations indicate that the
enzyme SET7/9 plays an essential catalytic role in significantly lowering the barrier for the methyl-
transfer reaction step. For the reaction in solution, it is found that the hydrogen bond network near
the reac- tion center undergoes a significant change and there is a strong shift in electrostatic field
from the pre-reaction state to the transition state. While for the enzyme reaction, such an effect is
much smaller and the enzyme SET7/9 is found to provide a pre-organized electrostatic environment
to facilitate the methyl-transfer reaction. Meanwhile, we find that the transition state in the enzyme
reaction is a little more dissociative than that in solution.

1 Introduction
Methylation of lysine residues of histones is emerging as an essential mechanism in regulating
chromatin structure, X-chromosome inactivation and gene expression [1-4]. The enzymes
responsible for this important biological process are histone lysine methyltransferases
(HKMTs), which catalyze the transfer of methyl group(s) from the cofactor S-adenosyl-
methionine (AdoMet) to some specific lysine residues in the N-terminal histone tails [5,6].
Several lines of evidences have suggested a connection between cancer and aberrant activity
of HKMTs [7]. With one exception of Dot1 [8], all known HKMTs contain a novel structural
fold - the SET domain [5,9] which shares no sequence or structural homology with other
AdoMet-dependent methyltransferases. In view of the great impact of histone lysine
methylation and the novelty of this enzyme sub-family, it is of fundamental importance to
elucidate the origin of its catalytic power.

Among the SET-domain HKMTs [10-22], SET7/9 is one of the best characterized
experimentally [10,14,15]. This is a mono-methyltransferase which not only catalyzes the
transfer of one methyl group to the unmodified histone lysine residue H3-K4 [10,14], but also
has been found to methylate the transcription factor p53 [23] and TAF10 [24]. Like all other
SET-domain HKMTs, the cofactor AdoMet and the substrate peptide bind to opposite faces
of the SET7/9 and are connected by a narrow channel which has a hydrophobic inner wall
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[14,15]. The target lysine residue is inserted into this narrow channel to access the methyl
moiety of AdoMet. Recently, we have carried out multiple ab initio quantum mechanical/
molecular mechanical free energy (QM/MM-FE) calculations to investigate the methylation
of H3-K4 catalyzed by SET7/9 [25]. The calculations have determined its reaction mechanism:
a typical in-line SN2 nucleophilic substitution reaction with a dissociative transition state
[25]. However, mainly due to the employment of independent dynamics approximation in the
ab initio QM/MM-FE approach [26,27], the method is in practice not applicable to the study
of chemical reactions in condensed phase [28,29]. Meanwhile, although empirical valence
bond (EVB) method [30–32] and semi-empirical QM/MM approaches [33–36] have been
widely employed to simulate enzyme catalysis and provided much insights [31,32,36–40], the
requirement to calibrate parameters for each specific reaction significantly limits their
applicability and predictive power. In order to provide a deep understanding of the catalytic
activity of SET7/9, both enzyme and solution reactions should be reliably simulated and
compared on an equal footing. It is clear that more advanced and detailed theoretical
investigations need to be carried out.

Here we have performed ab initio QM/MM molecular dynamics simulations [41–47] with the
umbrella sampling method [48–50] to determine free energy profiles for histone lysine
methylation catalyzed by SET7/9 and its corresponding uncatalyzed reaction in aqueous
solution. At each time step, the forces on atoms in both QM and MM sub-systems as well as
the total energy are calculated with a pseudobond ab initio QM/MM method on the fly, and
Newton equations of motion are integrated. Our simulations have yielded activation free energy
barriers consistent with experimental results, and provided detailed theoretical understanding
of enzyme catalysis in histone lysine methylation.

2 Materials and Methods
The preparation of the enzyme-substrate complex was based on the crystal structure 1O9S
[14] and has already been described in detail in our previous paper [25]. The enzyme-substrate
complex system was solvated with a 23 Å solvent water sphere centered on the active site (the
sulfur atom of AdoMet). The whole simulation system for enzyme reaction consists of SET7/9,
the histone peptide, AdoMet and 995 water molecules, a total of 7017 atoms. To simulate the
corresponding uncatalyzed reaction in aqueous solution, the initial structure of the histone
peptide and AdoMet was same as that in the enzyme system. The reactant complex was also
solvated with a 23 Å solvent water sphere centered on the sulfur atom of AdoMet, which leads
to a solution system with 4988 atoms in total. Each prepared system was then equilibrated with
minimizations and molecular dynamics simulations.

QM/MM potential energy surface
In QM/MM calculations, the partition of the reactant complex is illustrated in Figure 1 and the
QM/MM interface has been described by a pseudobond approach [51,52]. The pseudobond
ab initio QM/MM method has been successful applied to study several enzyme systems [25,
53–57], and some of the theoretical predictions [53,[55] were subsequently confirmed by
experimental studies [58–60]. HF(6-31G*) method, which has been well known to describe
such methyl-transfer reactions very well with a reasonable computational cost [61–66], was
employed to model the reaction center (colored in blue as shown in Figure 1). In order to
minimize the computational cost, 3-21G* basis set was used for atoms colored in green, which
do not directly participate in the methyl-transfer reaction. Two boundary carbon atoms (colored
in red) were treated with improved pseudobond parameters [52]. There are 34 atoms in the
quantum subsystem with 207 basis functions (411 primitive Gaussian functions). All other
atoms in AdoMet, histone peptide and enzyme SET7/9 were described with the Amber
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molecular mechanical force field [67,68], and the TIP3P model [69] has been employed for
water molecules.

In order to test the accuracy of this small QM/MM partition and the employment of the Hartree-
Fock method with the mixed 6-31G*/3-21G basis set, we have performed single point
calculations to obtain the potential energy barrier for 11 determined reaction paths in our
previous work [25], as shown in Table 1). Comparing with 6-31G* basis set for all QM atoms,
the error introduced by using this 6-31G*/3-21G* mixed basis set is very small, only about 0.3
kcal/mol. The results in Table 1 also indicate that our current treatment can describe this
methyl-transfer reaction quite well and it overestimates the reaction barrier about 3 kcal/mol
in comparison with MP2(6-31+G*) QM/MM calculations with a large QM subsystem (66
atoms) [25].

Umbrella sampling
Since the methyl transfer reaction involves the breaking of Sδ – Cε bond and formation of Cε
– Nζ bond as show in Figure 1, we have chosen the bond length difference between Sδ – Cε
and Cε – Nζ, Rc = rSδ–Cε,– rCε–Nζ, as the reaction coordinate. In molecular dynamics
simulations with the umbrella sampling method [48–50], the ab initio QM/MM potential
energy of the system was biased with a harmonic potential, centered on successive values of
the reaction coordinate. The forces on atoms in both QM and MM sub-systems as well as the
total energy are calculated on the fly with the QM/MM method at each time step (1 fs), and
Newton equations of motion are integrated with Beeman's algorithm [70]. We have employed
42 umbrella windows with harmonic potential force constants 40 - 60 kcal·mol−1 · Å −2 to
simulate the enzyme reaction, and 39 umbrella windows for the reaction in solution. For each
MD simulation, the configurations were recorded every 10 steps (10 fs) and were collected for
20 ps for the data analysis after an equilibration period of 10 ps. The total ab initio QM/MM
MD simulation time lengths are 1.26 ns and 1.17 ns for the enzyme reaction and the solution
reaction, respectively. The probability distributions (e.g. histograms) along the reaction
coordinate were determined for each window and pieced together with the weighted histogram
analysis method (WHAM) [71–73] to calculate the potential of mean force. The starting
structure for each umbrella window was first obtained by an iterative restrained optimization
procedure [26] with ab initio QM/MM calculations, and then the MM subsystem was
equilibrated by carrying out 500 ps MD simulations with the MM force field. The resulted
snapshot was then used as the starting structure for ab initio QM/MM MD simulations.

Other Computational Details
In all our calculations, we have employed modified versions of the Gaussian03 [74] and
TINKER [75] programs. The spherical boundary condition has been applied so that atoms
outside of 20 Å of the sulfur atom of the AdoMet are fixed. A cut-off of 12 Å was used for van
der Waals interaction, and a cut-off of 18 Å was employed for electrostatic interactions among
MM atoms. There is no cut-off for electrostatic interactions between QM and MM atoms.
Berendsen thermostat method [76] has been used to control the system temperature at 300 K
with a coupling time of 0.01 ps.

Results and Discussions
Free energy reaction barriers

By employing on-the-fly Born-Oppenheimer molecular dynamics simulations with the ab
initio QM/MM approach and the umbrella sampling method, we have determined potentials
of mean force (PMF) for the histone lysine methylation reaction catalyzed by the enzyme
SET7/9 and its corresponding uncatalyzed reaction in aqueous solution, which are presented
in Figure 2. We can see that both free energy profiles converge well and the difference between
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PMF curves obtained from different time periods (10 - 20 ps versus 20 - 30 ps) is quite small.
The PMF curve of the enzyme reaction clearly has a minimum, which is a flat well with the
reaction coordinate from −1.5 to −1.9 Å. While for the solution reaction, there is no minimum
even that the reaction coordinate has been extended to −3.8 Å. In order to directly compare the
enzyme reaction with its corresponding uncatalyzed reaction, we have chosen the reaction
coordinate of −1.75 Å as a pre-reaction state. It can be seen that the PMF curve for the solution
reaction from −1.75 Å to −3.8 Å is relatively flat, with a difference of −1.5 kcal/mol. For the
enzyme reaction, the calculated activation free energy barrier is 22.5 kcal/mol with a statistical
error of 0.5 kcal/mol, which is in excellent agreement with the activation barrier of 20.9 kcal
mol−1 estimated from the experimental value of kcat [11] by the simple transition state theory

. Correspondingly, the difference in potential of mean force between
the pre-reaction state (Rc = –1.75 Å) and the transition state for the solution reaction is computed
to be 30.9 kcal/mol with a statistical error of 0.2 kcal/mol. Thus, our simulations confirm that
the enzyme SET7/9 is a very powerful catalyst, which can reduce the barrier by 8.4 kcal/mol
for the methyl-transfer reaction step. This corresponds to a reaction rate enhancement of about
one million times. It should be noted that the value of 8.4 kcal/mol here does not represent the
full catalytic power of the enzyme since the free energy cost for the formation of the pre-
reaction state has not been taken into account.

Geometries of reactants and transition states
In order to understand how the enzyme facilitates the methyl-transfer reaction, we have
analyzed several key geometry elements of the pre-reaction states (RC =∓1.75 Å and the
transition states for both enzyme and solution reactions from ab initio QM/MM MD
trajectories. For this methyl-transfer reaction, the Cε – Nζ distance and the Sδ – Cε – Nζ angle
correspond respectively to the nucleophilic attack distance and angle. From Figure 3, we can
see that the distribution of the Cε–Nζ distance and the Sδ–Cε–Nζ angle are very similar between
the enzyme reaction and the solution reaction. From the pre-reaction state to the transition state,
the Sδ – Cε – Nζ angle becomes much more linear for both reactions, which is consistent with
the in-line SN2 nucleophilic substitution mechanism [25]. At transition states, Figure(3) and
(4) indicate that although distributions of the Sδ – Cε – Nζ angle and the Sδ – CÅ distance are
very similar between two reactions, the Cε – Nζ bond distance is a little longer in the enzyme
than in the solution. Thus the transition state for this SET7/9 catalyzed methyl-transfer reaction
is even a little more dissociative than that in the corresponding reaction in solution. In previous
studies of catalytic strategy of catechol O-methyltransferase, one popular hypothesis is that the
enzymatic transition state for the methyl-transfer event is compressed compared to the
transition state of the uncatalyzed reaction in solution [77], but a recent theoretical study
indicated that it is not the case [78]. Here our theoretical results do not support this transition
state compression hypothesis in histone lysine methylation either. Overall, we can see that the
mechanism difference between the enzyme reaction and solution reaction is very small and is
not likely to be a key source of enzyme catalytic power.

Electrostatic field and hydrogen bond network in the reaction center
For this histone lysine methylation reaction in which the methyl group is transferred from the
Sδ atom of AdoMet to the Nζ atom of the lysine residue, a positive charge also migrates from
the Sδ atom to the Nζ atom. Thus a positive electrostatic field along the Sδ – Nζ direction would
deter the methyl transfer, while a negative one would facilitate the reaction. In order to examine
how the environment affects this methyl-transfer reaction, we have calculated the contribution
of enzyme and solution environment to the mean electrostatic field along the Sδ – Nζ direction
(MEF-SN) in the pre-reaction state (Rc= –1.75 Å) and the transition state, respectively. The
MEF-SN is taken as the electrostatic potential difference between Nζ and Sδ divided by the
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distance between the two atoms, (øN – øS)/rNS. The results are presented in Figure 5. It should
be noted that the MEF-SN calculated here is used as an empirical indicator for the
environmental electrostatic effect on the reaction active site rather than as an approximation
of the electrostatic field along the Sδ – Nζ direction on the transferring carbon atom. The latter
can be directly calculated without using this finite difference approximation.

From (Figure 5A), we can see that in the pre-reaction state, the contribution of the aqueous
environment to the MEF-SN is significantly more positive than that of the enzyme
environment, while there is almost no difference at the transition state. From the reactant to
the transition state, the MEF-SN for the solution reaction has a much larger shift than that in
the enzyme system. These results indicate that in comparison with the enzyme reaction, the
aqueous solution environment is much more unfavorable for the methyl-transfer reaction in
the reactant and it requires a much stronger reorganization of the electrostatic environment
during the reaction.

For the enzyme reaction, in order to elucidate the catalytic role of the SET7/9 in histone lysine
methylation, the total effect of the enzyme environment has been divided into specific
contribution of the SET7/9 and water molecules to the MEF-SN, as shown in Figure 5B. It is
clear that the contribution of the SET7/9 to the MEF-SN in the reactant is very similar to that
at the transition state and is favorable for the methyl transfer from AdoMet to lysine. This
indicates that the structure of SET7/9 provides a pre-organized electrostatic environment
[30–32] which is complementary to the transition state. This result is very similar to the
previous theoretical finding for the catechol O-methyltransferase [79,80]. Meanwhile, for the
histone methylation reaction catalyzed by SET7/9, the specific contribution of water molecules
near the active site (less than 4 Å away from either of the Sδ, Cε and Nζ atoms, colored in red)
and the rest outside water molecules (colored in blue) to MEF-SN in the reactant and in the
transition state have also been computed, as shown in Figure 5C. We can see that the
contribution of the water molecules near the active site to the MEF-SN is negative, which
indicates that it favors the methyl-transfer reaction. Actually, in most snapshots, only one water
molecules near the active site has been observed. It is the active site water observed in the
crystal structure [14] and forms three hydrogen bonds with the hydroxyl group of Tyr305 and
carbonyl oxygens of Gly292 and Ala295. Thus our results in Figure 5C here further confirm
the catalytic role of this crystal water [14, 25].

For the solution reaction, the similar analysis has also been performed as shown in Figure 5D.
We can see that from the pre-reaction state to the transition state, the contribution of the active
site water molecules to the MEF-SN has a much larger shift than that from outside water
molecules. This indicates that the reorganization of the electrostatic environment in the solution
reaction is mainly due to the water molecules near the reaction center. Indeed, from Figure 6
and 7, we can see that the hydrogen bond network near the active site in the reactant is very
different from that in the transition state, and one key difference is the solvation near the Nζ
atom of the histone lysine residue. A water molecule always forms a N…H – O hydrogen bond
with the lone pair of nitrogen in the pre-reaction state, which is very unfavorable for the methyl-
transfer reaction since the lone pair of Nζ is required to nucleophilic attack the methyl group
during the reaction. Such a hydrogen bond does not exist at the transition state, indicating that
extra energy has been paid to break this hydrogen bond during the solution reaction comparing
to the reaction catalyzed by SET7/9, in which there is no hydrogen bond formed with the Nζ
lone pair in the reactant.

Comparing to the previous study [25]
using the ab initio QM/MM-FE approach on the very same enzyme system, the present on-
the-fly ab initio QM/MM MD simulations yield very similar results regarding the enzyme
reaction mechanism and the free energy reaction barrier for the methyl-transfer reaction
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catalyzed by SET7/9. This further confirms that ab initio QM/MM-FE approach [26] is a
powerful approach to characterize enzyme reaction mechanisms [25,53,55,59,81–83].
However, the applicability of the ab initio QM/MM-FE approach is dependent on the validity
of its major assumption that the dynamics of the QM subsystem and MM subsystem is
independent of each other. This independent dynamics assumption is not appropriate for the
chemical reactions in solution, or for reactions that the coupling of the dynamics between the
reaction center and the environment is strong. It has been found that the study of the
corresponding uncatalyzed chemical reactions in aqueous solution with the ab initio QM/MM-
FE approach can yield erroneous results that the calculated free energy barrier can be even
lower than that of the corresponding enzyme reaction [29]. Thus it is not applicable to elucidate
enzyme catalysis which requires both enzyme and solution reactions to be reliably simulated
and compared on an equal footing. For the on-the-fly ab initio QM/MM MD simulation, our
results here indicate that it does not have such limitations and it can provide detailed insights
into enzyme catalysis by directly comparing the enzyme reaction with the corresponding
uncatalyzed reaction. With the further advance of computer technology and computational
methods, the on-the-fly ab initio QM/MM MD simulation can be expected to be more
affordable, and will become increasingly powerful to probe enzyme catalysis as well as to
benchmark other approximate methods [26,28,84–90] for calculating free energy reaction
barriers with ab initio QM/MM potential energy surfaces. Meanwhile, in comparison with the
on-the-fly ab initio QM/MM MD method, the ab initio QM/MM-FE approach is more
applicable to characterize enzyme reaction mechanisms since its computational cost is much
less and it can afford to employ a larger QM subsystem and a higher level of QM method.

4 Conclusions
In order to elucidate enzyme catalysis through computer simulation, a prerequisite is to reliably
compute free energy barriers for both enzyme and solution reactions. Here we have employed
the umbrella sampling method to calculate potentials of mean force (PMF) for chemical
reactions by directly performing molecular dynamics simulation with a pseudobond ab initio
QM/MM method. Our calculated activation free energy barrier for the methyl transfer reaction
catalyzed by SET7/9 is 22.5 kcal/mol, which agrees with the experimental value of 20.9 kcal/
mol very well. The difference in potential of mean force between a corresponding pre-reaction
state and the transition state for the solution reaction is computed to be 30.9 kcal/mol. Thus
the enzyme SET7/9 lowers the barrier for the methyl-transfer reaction step by 8.4 kcal/mol
compared with the uncatalyzed reaction, which corresponds to a rate enhancement of about
one million fold.

By analyzing geometries of pre-reaction states and transition states, we found that the
mechanism difference between the enzyme reaction and the solution reaction is very small and
is not likely to be a key source of enzyme catalysis. On the other hand, our computed
electrostatic field indicates that the enzyme SET7/9 provides a pre-organized electrostatic
environment to facilitate the methyl-transfer reaction, while for the reaction in solution, the
hydrogen-bond network near the reaction center undergoes a a significant change and there is
a strong shift in electrostatic field from the pre-reaction state to the transition state. Thus our
results indicate that a combination of the electrostatic pre-organization in enzyme and the
hydrogen bond network reorganization in solution is an essential contributor to the enormous
catalytic power of the histone lysine methyltransferase SET7/9.
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Figure 1.
Illustration of the division of the QM/MM system for simulating the methyl-transfer from
AdoMet to histone lysine residue H3-K4. HF(6-31G*) method was employed to model the
reaction center (colored in blue), 3-21G* basis set was used for atoms colored in green. Two
boundary carbon atoms (colored in red) were treated with improved pseudobond parameters
[52]. All other atoms belong to the MM sub-system.
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Figure 2.
Potentials of mean force (PMF) for the methyl-transfer reaction catalyzed by SET7/9 and the
corresponding uncatalyzed reaction in aqueous solution. The left side corresponds to the
reactant and the right side is for the product. For each reaction, three PMF curves from different
simulation time intervals have been plotted, which are from 10 ps to 20 ps, 20 to 30 ps, and 10
to 30 ps, respectively.
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Figure 3.
The Cϵ – Nζ distance in Å and the Sδ – Cϵ – Nζ angle in degree corresponding to reactants and
transition states of methyl transfer reactions in SET7/9 and in aqueous solution, respectively.
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Figure 4.
Normalized distributions of Cϵ – Nζ and Sδ – Cϵ bond distances corresponding to transition
states of methyl transfer reactions in enzyme SET7/9 and in aqueous solution, respectively.
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Figure 5.
The normalized distribution of the calculated mean electrostatic field along the Sδ – Nζ direction

 in the pre-reaction states (Rc = −1:75Å) and transition states. (A): The
total contribution of the enzyme environment (including SET7/9 and all water molecules in
the enzyme simulation system, colored in red) and the solvent environment (including all water
molecules in the aqueous solution simulation system, colored in blue) to the MEF-SN in
reactants and transition states. (B): For the enzyme reaction, the specific contribution of the
SET7/9 (colored in red) and water molecules (colored in blue) to the MEF-SN in the reactant
and in the transition state. (C): For the enzyme reaction, the specific contribution of water
molecules near the active site (less than 4 Å away from either of the Sδ, Cϵ and Nζ atoms,
colored in red) and the rest outside water molecules (colored in blue) to MEF-SN in the reactant
and in the transition state. (D): For the aqueous solution reaction, similar to (C), the specific
contribution of water molecules near the active site (less than 4 Å away from either of the Sδ,
Cϵ and Nζ atoms, colored in red) and the rest outside water molecules (colored in blue) to MEF-
SN in the reactant and in the transition state.
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Figure 6.
Illustration of the active site structures for the pre-reaction state (Rc = −1:75Å) and transition
state of the methyl-transfer reaction in aqueous solution, respectively. These structures are
random snapshots during the ab initio QM/MM MD simulations. The N ···H – O hydrogen
bond between a water molecule and the lone electron pair of Nζ is always formed at the reactant,
while it does not exist at the transition state.
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Figure 7.
Illustration of the solvation environment difierence between the pre-reaction state (Rc =
−1:75Å) and the transition state for the uncatalyzed reaction in aqueous solution. (A)
Normalized distribution of water molecules (oxygen atom) near the Nζ atom of the histone
lysine residue. (B) Normalized distribution of the closest hydrogen atom of water molecules
near the Nζ atom of the histone lysine residue.
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Table 1
Potential energy barriers for the methyl-transfer reaction with different methods, basis sets and QM subsystem size.
The same reactant and transition state geometries determined in our previous work [25] are used for calculations. The
MP2(6−31+G*) QM/MM results with the large QM subsystem (66 atoms) are al taken from Ref. [25].

QM subsystem
snapshots

34 atoms
HF(6-31G*/3-21G)

34 atoms
HF(6-31G*)

66 atoms
MP2(6-31+G*)

300 28.4 28.1 26.0
400 24.0 23.8 19.7
500 24.6 24.2 21.7
600 27.6 27.2 24.3
700 25.0 24.5 21.2
800 24.8 24.6 21.1
900 22.6 22.4 19.4
1000 24.0 23.6 20.8
1500 23.2 22.7 19.3
2000 22.4 22.5 21.4
2500 25.1 24.9 22.0

average 24.7±1.8 24.4±1.7 21.5±1.9
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