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ABSTRACT. There are three reaction steps in ®adenosylmethionine (AdoMet) methylation of lysine-

NH, catalyzed by a methyltransferase. They are (i) combination of entyséNHs" with AdoMet, (ii)
substrate ionization to provide enzymAeoMetLys-NH,, and (iii) methyl transfer providing enzyme
AdoHcy-Lys-N(Me)H;" and the dissociation of AdoHcy. In this study of the viral histone methyltransferase
(VSET), we find that substrate ionization of vSEYs27-NHs*", vSET-Lys27-N(Me)H.*, and vSET
Lys27-N(Me}H* takes place upon combination with AdoMet. The presence of a water channel allows
dissociation of a proton to the solvent. There is no water channel in the absence of AdoMet. That the
formation of a water channel is combined with AdoMet binding was first discovered in our investigation
of Rubisco large subunit methyltransferase. Via a quantum mechanics/molecular mechanics (QM/MM)
approach, the calculated free energy barie®{) of the first methyl transfer reaction catalyzed by vSET
[Lys27-NH, + AdoMet— Lys27-N(Me)H:* + AdoHcy] equals 22.5 4.3 kcal/mol, which is in excellent
agreement with the free energy barrier (21.7 kcal/mol) calculated from the experimental rate constant
(0.047 mirrY). The calculated\G* of the second methyl transfer reaction [AdoMetLys27-N(Me)H—
AdoHcy + Lys27-N(MepH™] at the QM/MM level is 22.6+ 3.6 kcal/mol, which is in agreement with

the value of 22.4 kcal/mol determined from the experimental rate constant (0.013)mihe third
methylation [Lys27-N(Me) + AdoMet— Lys27-N(Me}" + AdoHcy] is associated with AG* of 23.1

4 4.0 kcal/mol, which is in agreement with the value of 23.0 kcal/mol determined from the experimental
rate constant (0.005 mi#). Our computations establish that the first, second, and third methyl transfer
steps catalyzed by VSET are lineai2Seactions with the bond making beirgb0% associative.

Protein lysine methyltransferases catalyze the methylation We have described important experimental results on
of a site-specific lysine residue b§adenosylmethionine  methyltransferases by Cheng et &3) and Trievel et al.
(AdoMet)! This covalent modification regulates numerous (24) as well as one theoretical stud3g] in a previous report
genomic functions, in particular, gene expressions and the(26). In a previous publication 26) dealing with the
structure of the packaging of DNA in eukaryotes (known as mechanism of rubisco large subunit methyltransferase (LSMT),
the chromatin) 1, 2). The transfer of methyl from AdoMet it was found that the formation of a water channel occurs
to a lysine residue in the N-terminal histone tail catalyzed prior to the methylation of a lysine substrate by AdoMet.
by histone lysine methyltransferases (HKMTSs) is an impor- The nearly identical geometrical parameters at the transition
tant reaction for controlling the chromatin structudg (The state catalyzed by LSMT26) and H3-K4 SET7/9 Z5)
absence of the site-specific methyltransferase enzyme activitysuggested that they have the same mechanism, the ligRar S

is the origin of human diseases, notably candgr All but reaction.
Dotlp (known as H3-K79)5, 6) of the known HKMTSs are Viral histone lysine methyltransferase (VSET) is encoded
characterized by a conserved SET domair8], originally by viruses 19, 27) and catalyzes the transfer of three methyl

identified in threeDrosophilagenes involved in epigenetic  groups to the target lysine 27 of am0-amino acid peptide
processes, which contains approximately 130 amino acid substrate (Scheme 1). In contrast to the monomer configu-
residues. Each HKMT catalyzes all or part of the reactions ration in solution for eukaryotic protein lysine methyltrans-
shown in Scheme 19(-22). Different numbers of the ferases, VSET is dimericl8). In this study, we employ
transferred methyl groups (known as product specificity) hybrid QM/MM and MD simulations to investigate the
have different influences on chromatin structure and tran- reaction mechanism and product specificity of the enzyme

scription (L1). VSET. Our computations characterize the nature of the first,
second, and third methyl transfer steps catalyzed by VSET
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chem.ucsb.edu. Telephone: (805) 893-2044. Fax: (805) 893-2229.
1 Abbreviations: HKMT, histone lysine methyltransferase; vSET, MATERIALS AND METHODS
viral histone lysine methyltransferase; AdoM8&&denosylmethionine; The initial structure of the vSERdoMet:-Lys27 complex

AdoHcy, S-adenosyl-homocysteine; MD, molecular dynamics; QM/ ; ;
MM, quantum mechanics/molecular mechanics; SCCDFTB, self- was built from the NMR structure of the vSET enzyme with

consistent charge density functional tight binding; CPR, conjugate peak S-@denosylk-homocysteine (AdoHcy) and the methylated
refinement; TS, transition state. Lys27 (MeLys) substrate [PDB entry 2G483f]. The methyl
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group of enzyme-bound AdoMet was built on the basis of
the vSETAdoHcy-MelLys27 structure. vSET is a dimer in
the NMR structure18) with 20 conformations. Ten of them
are chosen as the multiple initial structures.

A water [TIP3P 28)] sphere with a 25 A radius was
centered at the sulfur atom of the AdoMet cofactor of each
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Table 1: Comparison of the Structures and Wiberg Bond Orders of
Bond Making and Bond Breaking at the Transition State as Well as
the Potential Energy Barrier for the Monomethylation Reaction
Catalyzed by Monomer SET7/9 Using SCCDFTB/MM and B3LYP/
6-31G*//MM Methods

SCCDFTB/ B3LYP/6-31G*//

of the 10 chosen configurations. Hydrogen atoms were added

MM MM (25)

to the structure using the HBUILD module implemented in bond length (&)
CHARMM (version 31b1)29), and CHARMM31 force field Ss(AdoMet)—C,(AdoMet)

ters30, 31 loyed. A spherical bound C,(AdoMet)N.(Lys4)
parameters30, 31) were employed. A spherical boundary ,1q angle (deg)
potential 82) for a 25 A radius was used to prevent the water Ss(AdoMet)—C,(AdoMet)—N.(Lys4)
from “evaporating” from the surface. Each complex of the Wiberg bond order

10 initial configurations, including vSERdoMet:Lys27- Sy(AdoMet)~C,(AdoMe)

2.24+0.06 2.32+0.01
2.17+£0.04 2.30+£0.01
172+ 2 173+ 1

0.59+0.0# 0.58+0.01
0.33+ 0.03 0.30+0.01

NHs*, VSET-AdoHcy-Lys27-NHs*, VSET-Lys27-NH*, Sr(pcomey ThLysd)
vSET-AdoMet:Lys27-N(Me)H", VSET-AdoHcy-Lys27-
N(Me)H,*, VSET-Lys27-N(Me)H", and vSETAdoMet:
Lys27-N(Me)H:", was minimized by the adopted basis
Newton—Rasphon (ABNR) method with the threshold of the
gradient 0.01 kcal mot A~ at the MM level. Because the

active site is solvated by water molecules, the sulfur atom

of AdoMet was constrained with a force constant of 1.0 kcal/
mol A-! during the MD simulations. Stochastic boundary
molecular dynamics (SBMD)3@) were carried out for 4.0
ns on each complex. An integration time step of 1 fs was
used, with all the bonds involving hydrogen atoms con-
strained using SHAKE34). The water channel is character-
ized by the occupancies of the water molecules in the MD
trajectory.

SBMD simulations were also carried out for 1.5 ns on
each of 10 chosen conformations of complexes VSET
AdoMet-Lys27-NH,, VSET-AdoMet-Lys27-N(Me)H, and
VSET-AdoMet:Lys27-N(Me). Each initial QM/MM struc-
ture was obtained by using ABNR energy minimizing the
final structures of the corresponding 1.5 ns MD trajectory.
QM/MM methods [QM = SCCDFTB @5, 36), self-
consistent charge density functional tight binding] and the
threshold 0.01 kcal mot A~1 of the gradient lead to an
optimized structure of the reactant. In the QM/MM calcula-
tions, the QM region included the -G#5"(Me)-CH,- part
of the AdoMet cofactor, and the side chain of the neutral
target lysine 27 (Lys27-Ng) (or neutral monomethylated
lysine or neutral dimethylated lysine) of thel0-amino acid

potential energy barrier (kcal/mol) 1351.7 14.6+1.7

aWiberg bond order analysis was carried out at the B3LYP/6-31G*
level.

acterizing the transition state. The Wiberg bond-order
analysis 88) of the bond making and breaking at the
SCCDFTB/MM determined transition states was carried out
by use of MP2/6-31G(d,p) [Gaussian39)] in the gas phase.

To validate the accuracy of the SCCDFTB/MM method,
the exact same procedure of MD and QM/MM was applied
on the methyl transfer reaction catalyzed by the monomeric
SET7/9 enzyme [PDB entry 10993)]. Comparison of
Table 1 with the B3LYP/6-31G*//MM calculations29)
indicates that SCCDFTB/MM treatment could describe the
reaction coordinate of the methyl transfer reaction well. Table
2 shows that our use of SCCDFTB/MM to determine the
position of the transition state followed by single-point
calculation of the free energy barriexG*) with the equation
AG* = AE* + AEwne + A(ZPEY — TAS (40) provides a
free energy of activation, which on average is approximately
+1.0 kcal/mol from the experimentally derived free energy
barrier.

The potential energyAE) was provided by single-point
QM/MM calculations at the MP2/6-31G(d,p)//MM level
(Gamess-US, version June 22, 2008)( In this study, the
activation enrgy barrier with single-point calculation at the
B3LYP/6-31+G(d,p) level is~4.2 kcal/mol lower than the
experimental values. The thermal enerdyEf.) could be

peptide substrate. Link atoms were introduced to saturate€xpressed asAEwer = AEgans + AEot + AEup. The

the valence of the QM boundary atoms.
Adiabatic mapping calculations at the SCCDFTB/MM
level were carried out using a two-dimensional potential

vibrational contributionsA(ZPE), AE.i,, and—TAS were
determined with a harmonic approximation at 298 K by
normal mode analysis. Because the thermal energies and

energy surface (PES). The two-dimensional reaction coor-€ntropies from the transition motiorEfn9 and rotation

dinates were the XLys27)-C,(AdoMet) and C(AdoMet)—

motion E) are linear with temperature according to their

Ss(AdoMet) distances. The transition states were obtained corresponding statistical equations, their contributions to the

using conjugate peak refinement (CPRY)(implemented

in the Trajectory Refinement and Kinematics module of
CHARMM at the SCCDFTB/MM level, and normal-mode
analysis provided only one imaginary frequency for char-

reaction barrier (or reaction energy) should be approximately

zero for an enzymatic reaction at a constant temperature.
The residues within 16 A of AdoMet in all species

[reactants, transition states, and (immediate) products] were
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Table 2: Comparison of the Experimental Free Energy Barri®@si(in kilocalories per mole) and the Calculatad:* by SCCDFTB/MM or
the Single-Point Computations Based on the Structures Determined by SCCDFTB/MM for the Nine Reactions

AGS AGS AGS — AGSF enzyme method ref
21.7 22.5 -0.8 viral histone lysine methyltransferase MP2/6+&(d,p) this study
22.6 22.4 0.2 viral histone lysine methyltransferase MP2/3(d,p) this study
23.9 22.8 1.1 rubisco large subunit methyltransferase MP246%dl,p) 26

20.5 22.0 -15 rubisco large subunit methyltransferase MP2/6-G1d,p) 26

10.3 8.3 2.0 M.Hal DNA C5 cytosine methyltransferase SCCDFTB 41

10.7 8.5 2.2 quinoprotein methanol dehydrogenase SCCDFTB 42

19.0 185 0.5 guanidinoacetate methyltransferase B3LYP#68=d,p) 43

11.3 12.7 —-1.4 chorismate mutase B3LYP/6-8G(d,p) 44

20.3 20.7 —-0.4 chorismate in water B3LYP/6-315(d,p) 44

Table 3: Solvent Water Molecules Forming the Water Channel and Average Occupancies of the Water Bridge during the MD Simulations

target lysine solvent molecules forming the water channel

Complex: vSETAdoMet-Lys27-NH;*
Lys27-NH;* Wat914 Wat899 Wat868 Watl315 Watl67  Wat495 Wat576 Wat832 Walt1040
occupancy  0.76/0.74/0.75  0.39 0.45 0.16 0.33 0.21 0.47 0.38 0.26 0.53

Complex: vSETAdoMet-Lys27-N(Me)H*
Wat2114 Wat57 Wat817  Wat792  Wat984  Wat703 Wat752  Wat1970
occupancy 0.20/0.98 0.59 0.15 0.22 0.10 0.11 0.51 0.10 0.27

Complex: vVSETAdoMet:Lys27-N(MepH™
Wat1337 Watl239 Wat399 Watl548 Wat671 Watl015 Wat1290 Wat832 Wat1327
occupancy 0.652 0.51 0.59 0.44 0.20 0.10 0.08 0.05 0.05 0.37

aThe average occupancies of the hydrogen bonding between the hydragamate (methylated) lysine and the oxygen of the solvent water.
b The solvent molecule is on the surface of a water sphere with a 25 A radius.

included in normal mode analysis to provid&N 3- 6 @ ? ®

frequencies, which were employed to calculate the zero-point Fhecs AdoMet V-
energy (ZPE), the thermal vibrational ener@y;), and the ¢ fs
entropy TAS). (N is the number of atoms within the reduced o ‘;5« i}(
regions; residues beyond that were fixed in the vibrational _ Ala6s b RN &' 4N
calculations.) "‘\f‘“‘""‘“e‘ :

A perturbation analysis similar to that in re4$ and 47 N, 217020
was performed to analyze the influence of an individual N
residue on the reaction barrier. Because the electrostatic Solv
contribution to the reaction barrier dominates that from van o .
der Waals interactions, the perturbation treatment is restricted Lys27-NH, ¢ © ) c
to the former. The electrostatic contributioAAE") of a 4 Tyr105 . Lys27-NH,

residue to the reaction barrier is defined as the difference \ \

between the poteptle}l energy barrier for a residue with MO Fure1: Structure of the ground state vS#&HoMet-Lys27-NH,
charge and that with its normal charge. Due to the extensive a) and close-up of the QM region (B) in the first methy! transfer
QM/MM calculations required, the analysis was carried out reaction vSETAdoMet-Lys27-NH, — vSET-AdoHcy-Lys27-

at the SCCDFTB/MM level. N(Me)H;".
RESULTS AND DISCUSSION HO™ at the QM/MM level [QM= both SCCDFTB and HF/

i ) 6-31+G(d,p)]. Examination of the environment around the
The First Methyl Transfer Reaction$ETAdoMet water channel shows that there is no general base candidate.

Lys27-NH — vSEFAdoHcyLys27-N(Me)H'] Free Energy Profile for the First Methyl Transfer Step
Water Channel Allows Proton Dissociation and Formation Catalyzed bywSET.The structure of the reactant is shown
of the Neutral Amine Lys27-NHThroughout the 4 ns MD  in Figure 1. In this structure, the substrate has been formed

simulations, a water channel is positioned to allow the by loss of a proton from Lys27-N#i. In the structure of
transfer of a proton from Lys27-NH to the water solvent.  the ground state (Figure 1), the(Nys27)-C,(AdoMet) and
The presence of AdoMet is required for the formation of a C,(AdoMet)—S;(AdoMet) bond lengths are 3.1 0.20 and
water channel. The water molecules forming a water channel1.80+ 0.01 A, respectively. These key geometric parameters
are listed in Table 3. The average occupancies (Table 3) ofare in agreement with those obtained by Hu et al. at the
the water bridge from hydrogen bonding analysis on the MD B3LYP/6-31G*//MM level for the methyl transfer reaction
simulations confirm the presence of a water channel. catalyzed by monomethyltransferase SET72%5)( The
Lys-NHs" is hydrogen bonded to the first water molecule calculated average potential energy barrier for the first methyl
(Wat914) of the water channel, and when a hydroxide ion transfer reactionE¥) is 21.0+ 3.7 kcal/mol. Normal mode
is positioned at the solvent end of the water channel, thereanalysis characterizes the transition state of the monomethy-
is no barrier to the transfer of a proton from Lys27-NHo lation step (TS-M) with only one imaginary frequency of
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(A) (B}

Phesd  © @ Table 4: Results of Perturbation Analysis for the Contributions
(AAE* in kilocalories per mole) of Protein Residues to the Potential
){“ Energy Barrier for the First Methylation Step
Sy 7 . .

2555008 A i oMet residue name residue number R (A) AAE?
CEFLI N S Asp 49 5.7 -3.8+16
g Arg 54 179  -22+03
N o Glu 48 95 —22+17
D Yy Arg 77 14.8 -21+03
Arg 26 11.3 -19+14
c _ Lys 23 21.0 ~1.9+1.4
- Lys 55 20.4 —-1.9+0.3
Arg r 29.4 -1.6+3.2
Lys2T N, Glu 100 14.2 -16+0.5
. ) Lys 85 19.6 -1.3+0.1
Tyr105 o Arg 88 18.1 —-1.0+0.3
FIGURE 2: Structure of the transition state (TS-M) (A) and close- Arg 86 18.9 —1.0+01
up of the QM region (B) in the first methyl transfer reaction vSET Arg 38 14.5 0.9+ 0.6
AdoMetLys-NH, — VSET-AdoHcy-Lys-N(Me)H,*. The numbers Lys 9 13.8 11£06
in parentheses are the Wiberg bond orders of th@\@Met)— Eié ggcd i;g igi gg

AdoMet) and G(AdoMet)—N.(Lys27) bonds at the TS-M. : : :

Sl ) and G( J-Nd(Lys27) Asp 107 14.9 1.8 0.6
Gly 32 19.7 1.9+0.3
321+ 100i cnT. In the TS-M (Figure 2), the GAdoMet)— Glu 79 17.9 2.0:£0.2
Ss(AdoMet) and N(Lys27)-C,(AdoMet) bond lengths are Lys 85 16.3 20+04
A . Arg 115 39.5 2.2+ 3.6
2.55+ 0.05 and 1.99+ 0.04 A, respectively, gnd the N Asp 108 125 2407
(Lys27)-C,(AdoMet)—Ss(AdoMet) bond angle is 165 5°. Lys 10 14.2 2.5t 1.4

This linear configuration at the transition state is in agreement ™ a the positive values indicate the favorable contributions that lower
with the requirement of the methylation reactiods)( The the barrier, and the negative values indicate the unfavorable contribu-
Wiberg bond orders analysis (Figure 2B) of thgllys27)— tions that increase the barridt.is the distance from the-carbon of
C(AdoMe and C(adobet) S(Adolen bonds at the 118 25 e et S WA RN W8 28 LTS
TS-M |nd|qates that the_ first methyl tranSfer, st'ep catalyzed adjacent protein subunit.The residues are from the peptide binding
by VSET is characterized as 51% associative and 49%,yth the adjacent protein subunit.

disociative because the associability of a reaction is deter-
mined by the bond orders of the bond makid@)( Hu et

al. (25) reported that the transition state of the methyl transfer
catalyzed by SET7/9 was associated with 70% dissociative o
character. Also, we analyzed the characterization of theJr 05+ 1.7 B 0.6 = 22.5 kcal/mol arid is in excellent
transition state of the first methylation catalyzed by “dimer” agreement with the free_ energy barrier (21.7 kcall mOI)
SET7/9 at the SCCDFTB/MM level. The results show that Saiculated from the experimental rate constant (0.047 fin
the transition state of the monomethylation catalyzed by (1.8)' The deviation oAG" is +4.3 kcal/mol. As compared
dimer SET7/9 is characterized as beingi7 3% dissociative with the calculated_ free energy (3090.2 kcgl/ mo ) €0

of the bonding making. As compared with the characteriza- of th_e corrv_espondmg methyl transfer reaction in aqueous
tion (67 + 3 and 70+ 1%) of the transition state catalyzed solutlon,_thls enzyme reduces the bam.er l_ay 8.4 kcal/mol
by monomer SET7/9 (Table 1), there seems to be no for the first methyl iransfer step. This |nd_|cates that the
significant difference for the characterization of the transition enzyme enhances this methyl transfer reaction-bf-fold.
states catalyzed by monomer and “dimer” SET7/9. Thus, the The first methyl transfer reaction is calculated to be
configurations of enzymes have no significant influence on exergonic overall: AG® = AE°® + A(ZPEf — TAS® +

the nature of their transition states. Both enzymatic reactionsAEvi»® = —11.5+ 3.1+ 0.2 — 0.2= —8.8 kcal/mol. The

are linear §2 displacements. The VSET reaction is charac- deviations inAG®, AE°, A(ZPEY, TAS’, and AE,,° are
terized by the @(AdoMet)-NdLysZ?) bond making being +4.5, +4.8, £0.9, :i:05, and:|:03 kcal/mol, reSpeCtlvely.
~50% dissociative. The SET7/9 reaction is characterized by The structure of the immediate product vSE@oHcy-

the Cy(AdoMet)—N.(Lys4) bond making being~70% Lys27-N(Me)H"isshowninFigure 3. TheMe;Lys27)-C,-
dissociative. In both enzymes, there are eight amino acids(AdoHcy)—Ss(AdoHcy) bond angle is 153 12°, which is
residues forming the target |ysine access channel. Threefavorable for initiation of the second methyl transfer reaction
amino acids are different between the two enzymes. This [VSET-AdoMetLys27-N(Me)H — vSET-AdoHcy-Lys27-
difference may be the reason for the smaller differences in N(Me)}H"].

the structures of the transition states. Perturbation analysis Perturbation Analysis (4647) of the Contribution from
(ref 25 and Table 4) shows that Asn265 in SET7/9 makes a the Electrostatic InteractionThe results (Table 4) of the
significant and unfavorable contribution to the monomethy- perturbation analysis (see Materials and Methods) for the
lation reaction, while the other residues in both vSET and first methyl transfer reaction step indicate that the dominant
SET7/9 have very smaller influences. and favorable effects of Lys10, Asp108, Arg21bys8>,

The average contributions @(ZPE) (0.5 & 0.9 kcal/ and Glu79 decrease the activation energy barrier compared
mol), —=TAS" (1.7 & 0.7 kcal/mol), andAE,,* (—0.6 + 0.3 with that in solution and in the gas phase model. Superscripts
kcal/mol) to the reaction barrier of the first methyl transfer a and b denote the residues from the substrate peptide and
reaction were provided by normal mode analysis. The the adjacent protein subunit, respectively. These residues

average free energy barrier to the first methyl transfer
reaction isAG* = AE* + A(ZPEY — TAS + AE* = 21.0
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Ficure 3: Structure of the immediate product vSEHoHcy-
Lys27-N(Me)H" (A) and close-up of the QM region (B) in the
first methyl transfer reaction vSEAdoMet-Lys27-NH, — vSET-
AdoHcy-Lys27-N(Me)H:+.

stabilize the transition state. The residues with unfavorable

and dominant contributions to the reaction barrier, including
Asp49, Arg54, Glu48, and Arg77, stabilize the reactant state.

Biochemistry, Vol.

Phe&

Q :lras}«. o ¢
) AdoMstj

Asp4g

(A)

Lys27-N{Me)H

46, No. 34, 2000747

(B) i
S O

cﬁk AdoMet
w

335+033A

Lys27-N{Me)H
L *

C

Ficure 4: Structure of the ground state vS#&HOoMet-Lys27-
N(Me)H (A) and close-up of the QM region (B) in the second
methyl transfer reaction vSEAdoMet-Lys27-N(Me)H— vSET-

AdoHcy-Lys27-N(Me)H.
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=
AdoMet | :

(A)

B)
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© '\\Momet
253+ 0.10A - 5;
{0.30 £ 0.10), Y
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“ Aspd9
The Second Methyl Transfer ReactialsETFAdoMet Iy EAS ¢
Lys27-N(Me)H— vSETAdoHcyLys27-N(MeyH ] ' "'(.L ; - 2032007A
(0.47 £ 0.09)
Deprotonation of Lys27-N(Me}H. The MD simulations . }
on the immediate product [vSEAdoHcy-Lys27-N(Me)H:']
of the first methyl transfer reaction fail to show the water  ysa7-nmem

channel that allowed dissociation of a proton from Lys27-
N(Me)H,* when AdoHcy is present. The MD simulations
on vVSETLys27-N(Me)H" still do not indicate the formation f °
of a water channel. It is not until AdoMet replaces the spent Ficure 5: Structure of the transition state (TS-D) (A) and close-
AdoHcy at the active site that a water channel forms and is up of the QM region (B) in the second methyl transfer reaction
present duing 4 i of MD. simulaons. The average YSETAINEt 2 MUy uSETAGRHOyst MUDH,
occupancies (Table 3) of hydrogen bonding throughout the (AdoMet)— Sé(AdE))Met) and G(AdoMet)-N e(l?/leLysZ?) bonds at
MD simulations confirm the presence of a water channel. {he TS-D.
Thus, it is the AdoMet cofactor that induces formation of
the water channel that allows deprotonation of Lys27-N(Me)- angle is 173t 5°. This linear concerted transition state is a
H.t to create the substrate for the second methyl transferrequirement of the methylation reactior9).
reaction. The average contributions &(ZPE) (1.7 &+ 1.2 kcal/
Free Energy Profile of the Second Methyl Transfer Step mol), —TAS' (3.4 + 1.8 kcal/mol), andAE,p, (—1.1+ 0.6
Catalyzed bysSET The structure of the reactant vSET  kcal/mol) to the reaction barrier of the second methyl transfer
AdoMetLys27-N(Me)H is shown in Figure 4. The N reaction were provided by normal mode analysis. The
(MeLys27)-C,(AdoMet) and G(AdoMet)—S;(AdoMet) bond calculated average free energy barrier of the second methyl
lengths in the reactant for the second methyl transfer reactiontransfer reaction iAG* = AE* + A(ZPE) — TAS + AEi*
are 3.35+ 0.33 and 1.8 0.00 A, respectively (Figure 4). = 18.7+ 1.7 + 3.4 — 1.1 = 22.6 kcal/mol, which is in
The N(MeLys27)-C,(AdoMet)—Ss(AdoMet) bond angleis  reasonable agreement with the value of 22.4 kcal/mol
1404 10°. Because of the methyl group, this ground state determined from the experimental rate constant (0.015%in
bond angle is smaller than that of the nonmethylated reactant(18). The standard error iAG* is 4-3.6 kcal/mol.
of the first methyl transfer reaction. The conformation favors ~ The second methyl transfer reaction is calculated to be
an $2 methyl transfer reaction. The calculated average exergonic overall: AG® = AE° + A(ZPEf — TAS +
potential energy barrietAE¥) equals 18.7 1.9 kcal/mol. AEp® = —17.4+ 4.4+ 3.4— 1.2= —10.8 kcal/mol. The
Normal mode analysis shows that the transition state of thedeviations inAG®, AE°, A(ZPEY, TAS’, and AE° are
dimethylation step (TS-D) has only one imaginary frequency +5.1, +4.3, £1.3, £1.2, and+0.5 kcal/mol, respectively.
of 236 4+ 102i cnt*. The Wiberg bond orders (Figure 5B) The structure of the immediate product vSBEd@oHcy-
of the N(MeLys27)-C,(AdoMet) and G(AdoMet)—S;- Lys27-N(Me}H* is shown in Figure 6. The MeLys27)-
(AdoMet) bonds at the TS-D indicate that the second methyl C,(AdoMet)—S;(AdoMet) bond angle is 158 10°.
transfer step catalyzed by VSET is characterized as 47% Perturbation Analysis (4647) of the Contributions from
associative and 53% dissociative. In the TS-D (Figure 5), the Electrostatic Interactiong.he perturbation analysis (see
the N(MeLys27)-C,(AdoMet) and C(AdoMet)—Ss(AdoMet) Materials and Methods) of the second methyl transfer step
bond lengths are 2.0% 0.07 and 2.53t 0.10 A, respec-  (Table 5) indicates that the favorable (and dominant) effects
tively. The N(MeLys27)-C,(AdoMet)—S;(AdoMet) bond of Glu79, Asp108, Asp107, Gly33and Lys88 decrease the

o Lys??-N{Me}H
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A o Ala6s ®)
\—1/"" Phe6s ' AdoHey [

346£020A

C

. [Lys27-N(Me)H,*

Lys27-N{Me)H*
o yri05

FiGure 6: Structure of the immediate product vSEToHcy-
Lys27-N(Me}H™ (A) and close-up of the QM region (B) in the
second methyl transfer reaction vSBtdoMetLys27-N(Me)H—
vSET-AdoHcy-Lys27-N(MepH™.

Table 5: Results of Perturbation Analysis for the Contributions
(AAE* in kilocalories per mole) of Protein Residues to the Potential
Energy Barrier for the Second Methylation Step

residue name residue number R (A) AAE?
Arg 26 10.7 —-3.0+13
Glu 100 14.9 —26+14
Arg 54 16.6 —2.3+0.6
Arg 7 14.7 —2.1+0.8
Lys 55 20.2 -1.7+05
Ala 66 3.0 -14+21
Arg 86 18.8 —-14+0.6
Lys 85 19.9 -1.3+03
Asp 49 3.3 -13+35
Arg 88 16.0 -12+04
Phe 68 5.8 -1.1+04
lle 67 5.3 —-1.1+04
Tyr 50 54 —11£1.2
Asp 41 19.3 0.9:0.3
Arg 38 16.9 11+1.2
Lys 9 14.3 1.1+ 0.6
Arg 86° 17.4 1.3£05
Ser 104 11.7 1304
Lys 10 14.6 1.6:0.7
Lys 85 16.3 1.9+ 0.8
Gly 33 23.9 1.9+ 05
Asp 108 17.2 2.40.9
Asp 107 16.6 2.10.9
Glu 79 15.6 2.H04

2 The positive values indicate the favorable contributions that lower
the barrier, and the negative values indicate the unfavorable contribu-
tions that increase the barridt.is the distance from the-carbon of
the residue to the center of the water sphere with a 25 A rabiilise
residues are located at the substr&fehe residues come from the
adjacent protein subunit.

activation energy, compared with that in solution and in the

gas phase model, by stabilizing the transition state. Super-
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(B}

N .
| AdoMet

g Y\, Sn . s
D €
“

357£0.32A

Tyr105 Lys27-N(Me):

< Lys27-N(Me),

Ficure 7: Structure of the ground state vS#&HOoMet-Lys27-
N(Me), (A) and close-up of the QM region (B) in the third methyl
transfer reaction vSERdoMet-Lys27-N(Me) — vSET-AdoHcy-
Lys27-N(Me)*.

product vSETAdoHcy-Lys27-N(Me}H™, shows that forma-
tion of a water channel does not take place. When AdoHcy
is released from the active site, the MD simulations on vSET
Lys27-N(Me)}H™ still do not indicate the formation of a
water channel. It is not until AdoMet replaces the spent
AdoHcy at the active site that a water channel forms and is
present during 4 ns of MD simulations. The average
occupancies (Table 3) of the water bridge confirm the
presence of a water channel. Thus, it is AdoMet that induces
formation of the water channel that allows deprotonation of
Lys27-N(Me}H™ and formation of substrate Lys27-N(Me)
for the third methyl transfer step.

Free Energy Profile of the Third Methyl Transfer Step
Catalyzed bywSET.The structure of the reactant is shown
in Figure 7. The calculated average free energh@" =
AE¥ + A(ZPEY — TAS + AE,,* = 20.2+ 0.5+ 3.0 —
0.6 = 23.1 kcal/mol, which is in reasonable agreement with
the value of 23.0 kcal/mol determined from the experimental
rate constant (0.005 mi#) (18). The standard errors iNG*,

AEF, A(ZPEY, TAS, andAE,* are+4.0,£3.9,40.6,4+1.9,
and + 0.6 kcal/mol, respectively. Normal mode analysis
shows that the transition state of the trimethylation step (TS-
T) has one and only one imaginary frequency of 34225i
cm~%. The Wiberg bond orders (Figure 8B) of the(Me;-
Lys27)-C,(AdoMet) and C(AdoMet)—Ss(AdoMet) bonds

at the TS-T indicate that the third methyl transfer step
catalyzed by VSET is characterized as being 41% associative
and 59% dissociative. In the TS-T (Figure 8), thgNie,-
Lys27)-C,(AdoMet) and G(AdoMet)—S;(AdoMet) bond
lengths are 2.08 0.12 and 2.45+ 0.17 A, respectively,
and the N(Me,Lys27)-C,(AdoMet)—S;(AdoMet) bond
angle is 173+ 3°. Thus, again the configuration of the
transition state is linear and in agreement with a concerted
linear transition state4Q).

scripts a and b denote the residues from the substrate peptide Tne thirg methyl transfer reaction is calculated to be

and the adjacent protein subunit, respectively. The unfavor-
able (and dominant) contributions of Arg2&Iul100, Arg54,

exergonic overall: AG® = AE° + A(ZPEY — TAS +
AE,ip° = —13.16+ 2.85+ 2.33— 0.62= —8.59 kcal/mol.

and Arg77 increase the activation energy; these residuesthe standard errors inG°. AE® A(ZPEY, TAS, andAE,°

stabilize the ground state.

The Third Methyl Transfer Reaction$ETAdoMet
Lys27-N(Me) — vSETAdoHcyLys27-N(Mey*]

Proton Dissociation of Lys27-N(MgJ*. The hydrogen
bonding analysis, on the MD trajectories on the immediate

are £6.09, +7.47, £0.93, £2.30, and+0.61 kcal/mol,
respectively. The structure of the product vSEdoHcy-
Lys27-N(Me)* is shown in Figure 9. The Me,Lys27)-
C,(AdoHcy)-S(AdoHcy) bond angle is 164 8°. These MD
simulations and QM/MM computations support the reaction
sequence shown in Scheme 2.
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FIGURE 8: Structure of the transition state (TS-T) (A) and close- AdoMet l H=N AdoHey | * H=N®
up of the QM region (B) in the third methyl transfer reaction vSET Lysz7 LYs27
AdoMet-Lys27-N(Me) — vSET-AdoHcy-Lys27-N(Mek". The HaC
numbers in parentheses are the Wiberg bond orders of the *73 ,CHs CH,
C,(AdoMet)—S;(AdoMet) and C(AdoMet)—N.(Me,Lys27) bonds H—®N\ + HO" H3C_‘,\]/ + H0
at the TS-T. LYS27 \LY827
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E Table 6: Results of Perturbation Analysis for the Contributions
T . | .

(AAEF in kilocalories per mole) of Protein Residues to the Potential
Energy Barrier for the Third Methylation Step

¢

residue name residue number R (A) AAE?
p, Asp 49 6.7 —4.7+2.6
Arg 77 14.8 —2.74+0.8
Lys27-N(Me);” - Lys 55 22.1 —25+1.6
‘ Tyr1os" Lys27-N(Me)s" Arg 26° 12.0 —25+1.2
1 ' Glu 100 13.3 —2.0+0.8
Ficure 9: Structure of the product vSEAdoHcy-Lys27-N(Me)j+ 2{9 gg i?g :igi 82
(A) and close-up of the QM region (B) in the third methyl transfer Alg 66 5.9 14114
reaction vSETAdoMet:Lys27-N(Me), — vSET-AdoHcy-Lys27- Lys 85 19.4 ~13104
N(Me)s". Arg 88 170  -13+04
. : I Glu 48 105 -124+11
Perturbation Analysis (4647) of the Contributions from Arg 33 198 11404
the Electrostatic Interactiond'he perturbation analysis (see Lys 10 26.2 -1.0+£0.7
Materials and Methods) for the third methyl transfer step Phe 68 4.9 —0.9+0.7
(Table 6) indicates that the favorable (and dominant) effects lle 67 38 —09+07
L Arg 86° 16.3 0.9+ 0.3
of Lys8%, Glu79, Gly33, and Asp107 decrease the activation Gly 65 92 1.0+ 09
energy compared with that in solution and in the gas phase Glu 31 15.8 1.1+04

model; these residues stabilize the transition state. SUPer-athe positive values indicate the favorable contributions that lower
scripts a and b denote the residues from the substrate peptidehe barrier, and the negative values indicate the unfavorable contribu-
and the adjacent protein subunit, respectively. The unfavor-tions that increase the barridk.is the distance from the-carbon of
able (and dominant) contributions of Asp49, Arg77, Lys55, the.residue to the center of the water sphere yvith a 25 A rabiilise
Arg26&, GIu100, and Arg54 increase the activation energy: ;%s_ldues are located at the substrafehe residues come from the
. - jacent protein subunit.

these residues stabilize the ground state.

Summarizing Perturbation Analysill three methylation ) )
steps catalyzed by VSET are linea2Seactions with~50% both the first and third methyl tran.s_fer steps, but not the
associative characterizations of the bond making. PerturbationS€cond step. 1le67 and Phe68 stabilize the ground states of
analysis indicates that Gly3&he superscript a denotes this the second and third methyl transfer steps, but not the first
residue comes from the peptide substrate), Afg@Be step.
superscript b denotes this residue is from the adjacent
subunit), Arg88, Arg86®, Glu79, Aspl07, and Aspl08 CONCLUSIONS
stabilize the transition states of all three methylation steps, This study establishes the catalytic mechanism and product
and Arg26, Asp49, Arg54, Lys55, Arg77, Arg86, Arg88, specificity of viral histone lysine methyltransferase (VSET).
and Glul00 stabilize the ground states of all three Our MD simulations indicate that the formation of a water
methylation steps. Lys9 and Lys10 stabilize the transition channel determines if methylation can occur. The water
states of the first and second methyl transfer steps, but notchannel appears only in the presence of AdoMet (VSET
the third step; Glu48 and Lys85 stabilize the ground state of Lys27-NH;t-AdoMet) and is not present in the immediate
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products [vVSETLys27-N(Me)H"+AdoHcy and vSETLys27-
N(Me),H*-AdoHcy], VSETLys27-N(Me)H", or vSET
Lys27-N(Me)}H™. Stepwise AdoMet methylation of Lys27-
NHst provides the products Lys27-N(Me)H Lys27-
N(Me).H*, and Lys27-N(Mej*. Each transfer of a methyl
from AdoMet is preceded by proton dissociation to create
the neutral amine substrate. Each deprotonation step is

preceded by formation of a water channel that allows passage 1s.

of the proton to solvent water. Our QM/MM calculated free
energy barriers for the first, second, and third methyl transfer
reactions (Scheme 1) are 22454.3, 22.6+ 3.6, and 23.1

+ 4.0 kcal/mol, respectively. They are in excellent agreement 17.

with the experimental values of 21.7, 22.4, and 23.0 kcal/
mol, respectively, determined from the rate constants (0.047
0.015, and 0.005 mir, respectively). The Wiberg bond
order analysis establishes that the first, second, and third
methyl transfer steps catalyzed by VSET are lineg? S
reactions with the bond making beingb0% associative at
the corresponding transition states.
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