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ABSTRACT. Processive versus distributive methyl group transfer was assessed for pea Rubisco large subunit
methyltransferase, a SET domain protein lysine methyltransferase catalyzing the formation of trimeth-
yllysine-14 in the large subunit of Rubisco. Catalytically competent complexes between an immobilized
form of des(methyl) Rubisco and Rubisco large subunit methyltransferase were used to demonstrate enzyme
release that was co-incident with and dependent on formation of trimethyllysine. Catalytic rate constants
determined for formation of trimethyllysine were considerably lowed@-fold) than rate constants
determined for total radiolabel incorporation froffmethy]-S-adenosylmethionine. Double-reciprocal
velocity plots under catalytic conditions favoring monomethyllysine indicated a random or ordered reaction
mechanism, while conditions favoring trimethyllysine suggested a hybrid ping-pong mechanism. These
results were compared with double-reciprocal velocity plots and product analyses obtaiHs8Edr7/9

(a monomethyltransferase) aBACLR4 (a dimethyltransferase) and suggest a predictive ability of double-
reciprocal velocity plots for single versus multiple methyl group transfers by SET domain protein lysine
methyltransferases. A model is proposed for SET domain protein lysine methyltransferases in which initial
binding of polypeptide substrate aBeéhdenosylmethionine is random, with polypeptide binding followed

by deprotonation of the-amine of the target lysyl residue and subsequent methylation. Following methyl
group transferS-adenosylhomocysteine and monomethylated polypeptide dissociate from monomethyl-
transferases, but di- and trimethyltransferases begin a successive and catalytically obligatory deprotonation
of enzyme-bound methylated lysyl intermediates, which along with binding and release of
adenosylmethionine an&adenosylhomocysteine is manifested as a hybrid ping-pong-like reaction

mechanism.

SET' [SU(VAR)3-9, E(Z), and TRX] domain protein

of the e-amine of specific lysyl residues in target protein

lysine methyltransferases (PKMTSs) catalyze the methylation substrates and appear to be ubiquitous across all eukaryotic

phyla (1). The diversity of SET domain PKMTs is reflected

" This work was supported by Department of Energy Grant DE- by the occurrence of methylated lysyl residues in a number

FG02-92ER20075 to R.L.H. and National Institutes of Health Grant
GMO073839 to R.C.T. J.-F.C. is a Canadian Institutes of Health Research

Postdoctoral Fellow.

of essential but unrelated proteir).(Recently, this class
of protein methyltransferases has received widespread at-

* To whom correspondence should be addressed: Department oftention as being influential in the epigenetic regulation of

Horticulture, Plant Physiology/Biochemistry/Molecular Biology Pro-
gram, 401D Plant Science Bldg., University of Kentucky, Lexington,

KY 40546-0312. Telephone: (859) 257-1982. Fax: (859) 257-7874.

E-mail: rhoutz@uky.edu.

* University of Kentucky.

§ Current address: Department of Molecular and Cellular Biology,
University of California, Berkeley, CA 94720.

'Current address: Microbiology Graduate Student, University of
California, Davis, CA 95616.

Y University of Michigan Medical School.

! Abbreviations: SET, founding members of the domain SU-
(VAR)3—-9, E(2), and TRX; Rubisco, ribulose-1,5-bisphosphate car-
boxylase/oxygenasé4sSET7/9,Homo sapiensistone H3 lysine-4-
specific SET7;SpCLR4, Schizosaccharomyces pombeyptic loci
regulator 4; PKMT, protein lysine methyltransferase; AdoM8t,
adenosyl-methionine; MeLys¢-N-monomethyllysine; Mgys, e-N-
dimethyllysine; MeLys, e-N-trimethyllysine; AdoHcy S-adenosylho-
mocysteine; MALDI-TOF, matrix-assisted laser desorption ionization
time-of-flight; PELSMT, Pisum satium large subunit of Rubisco
methyltransferase; LS, large subunit; PVDF, polyvinylidene difluoride;
TLC, thin layer chromatography.

10.1021/bi6023644 CCC: $37.00

gene expression through methylation of histone lysyl resi-
dues, and the subsequent recruitment of chromatin-modifying
and remodeling protein8{-5). Site and product specificity
are both determinants in the regulation of gene expression
by histone-specific SET domain PKMT$)( Thus, these
enzymes have been described with specificity for particular
lysyl residues as well as in the number of methyl groups
transferred 7). However, all SET domain PKMTs have a
unique and conserved structural motif that contains separate
binding sites for the target protein substrate and the methyl
donor,S-adenosylmethionine (AdoMet}). The geometric
arrangement of substrate binding sites on opposite sides of
SET domain PKMTSs, connected by a narrow channel through
which methyl group transfer occurs, has been described as
being ideal for the multiple transfer of methyl groups without
dissociation of the protein substra@®.(Multiple methyla-
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tions catalyzed by SET domain PKMTs can occur by immobilized Rubisco and the dependency on catalytic
processive or distributive mechanisms. These two possibili- methylation for the release of the enzyme to determine
ties should be accompanied by different kinetic reaction whether this enzyme’s multiple methylations are processive
mechanisms and, moreover, specific stoichiometric require-or distributive in nature. Additionally, we utilized this
ments for product formation. Distributive formation of a information to conduct a double-reciprocal velocity plot
polypeptide-bound trimethyllysyl (Mgys) residue would analysis forPS.SMT, as well as two other SET domain
result in the intermediate formation and release of polypep- histone PKMTSs, under conditions which resulted in defined
tides with monomethyllysyl (MeLys) and dimethyllysyl (e product formation to elucidate the effect of multiple versus
Lys) residues as reaction products which could exceed thesingle methylation events on the appearance of kinetic
active site concentration of the methyltransferase, while reaction mechanism plots.

processive formation would restrict the stoichiometry of

MeLys and MeLys residues as reaction intermediates with  EXPERIMENTAL PROCEDURES

cumulative amounts equal to or less than the total enzyme
active site density. The kinetic reaction mechanisms would
also be expected to be entirely different for these two models.
A distributive mechanism with the release of partially

methylated products should exhibit random or ordered bi-bi ‘udaed to b ter than 95% h
reaction kinetics, albeit with some considerations accom- were judged o be greater than o NOMOgeneous as

modating the binding and release of alternative substrates,determined by SDSPAGE. Calf thymus histone H3 was

: ; : .. from Roche Diagnostics Corp. (Indianapolis, IN) and des-
i.e., partially methylated products. A processive mechanism, ; o )
however, involves the repetitive binding and release of (methyl) Rubisco purified from spinacilg). S:Adenosyl-

- -methionine (AdoMet) from Sigma was purified prior to
AdoMet and S-adenosylhomocysteine (AdoHcy) from an L-me . . 3
enzyme complex containing nonmethylated as well as use as described previous0j. [*H-methylAdoMet (~70—

methylated reaction intermediates. The closest approximationSQ C|/_mmol) was fro”ﬁ GE Healthcare (formerly Amersharl’n.
to this type of reaction mechanism is a ping-pong system in Biosciences Corp., Piscataway, NJ) and diluted to a_specmc
which the complex of the methyltransferase and each of the activity of 1—4 uCi/nmol for enzyme assays. Immobilon-P
methylated intermediates can be considered as a modified(PVDF) me_mbrane was from Millipore (Bed_ford, MA). Al
form of the enzyme. Previous reports have described both©ther chemicals and reagents were from Sigma or Bachem.
processiveg—11) and distributive {2, 13) mechanisms for Methyltransferase AssayBreviously described enzyme
SET domain PKMTs. However, an important criterion for 2ssays& 21) were optimized for linearity with time and
determining kinetic reaction mechanisms is sufficient time ©NZyme concentration. Substrate consumption was limited
for catalytic turnover and product formation during enzyme {0 =20%, and assays were optimized to support single or
assays, accompanied by quantitative product analyses. Whilénultiple turnovers based ol values determined by
this is not a concern for most enzymes, SET domain PKMTs Preliminary experiments that documented Ades or Mes-
may be an exception. First, these enzymes have extremeI)J—yS product _formatlon, respectively. In general, assays were
low kea values ranging from 0.004 to 0.1 typically ~ conducted in a total volume of 2@L except where
determined by the incorporation of radiolabel frodt{  conditions were modified to support the aforementioned
methy]AdoMet into synthetic or native polypeptide sub- OPtimization parameters wh|(_:h necessitated volumes as large
strates. Because radiolabel incorporation does not distinguist?S 100 uL. Calf thymus histone H3 was used as the
between single and multiple methyl group transfers, the Polypeptide substrate fd#sSET7/9 andSpCLR4 and puri-
currently reported values for SET domain PKMTSs, with fied spinach Rubisco foPd.SMT. Enzyme concentrations
the exception of monomethyltransferases, may or may Were 1.6uM for HSSET7/9, 1.5uM for SICLR4, and 6.4
not be representative of turnover rates for final product "M t0 3.9uM for PSLSMT.
formation. Additionally, matrix-assisted laser desorption  Association of PSLSMT with PVDF-Immobilized Des-
ionization time-of-flight (MALDI-TOF) mass spectroscopy (methyl) Rubisco and Scatchard Plot Analyse¢DF disks
is frequently used to assess product formation by the relative (0.4—0.6 cm in diameter) were saturated with des(methyl)
distribution of mass increases associated with the formation spinach Rubisco as previously describ&6) (@nd incubated
of methylated lysines over time, but this technique is usually with 500 nM PS.SMT in a final volume of 800uL, and
qualitative unless multiple internal standards are part of eachaliquots were removed with time and assayedHetSMT
guantification (4, 15). Thus, assignment of distributive activity for determination of association with immobilized
versus processive methylation using such methods may beRubisco. Similar conditions were used for determination of
ambiguous. the binding affinity betweef®sLSMT and Rubisco, except
PS.SMT is the pea Risum satum) SET domain non-  two disks in 0.8 mL were incubated for-% h at~25 °C
histone PKMT responsible for the formation of Mgs-14 with varying concentrations dP4.SMT (from 20 to 3000
in the large subunit (LS) of Rubisco and was originally NM). After equilibrium had been reached, samples were
purified to homogeneity +7000-fold) using an affinity ~ removed for determination of the amount 8&.SMT
purification technique that relied on tight and specific binding remaining in solution (free), and the amount of bound
to PVDF-immobilized des(methyl) Rubiscd). Previous =~ PSLSMT was calculated1(6). The data were plotted and
studies demonstrated that release Rs.SMT from im- analyzed.
mobilized Rubisco is a function of catalytic activity and Catalytic Release of PSLSMT from PVDF-Immobilized
subsequent methylation of bound Rubist6)( In this report, Rubisco and Product Analyse®ne PVDF disk, saturated
we utilized the tight and specific binding &#9_.SMT to with des(methyl) Rubisco and with bouRdLSMT (4.3 ug,

Enzymes, Substrates, and ChemicalSHEE7/9 (residues
1-366, 42.4 kDa)SpCLR4 (residues 192490, 34.2 kDa),
andP9_SMT (residues 38485, 51.7 kDa) were expressed
and purified as previously describet] 17, 18). All enzymes
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Ficure 1: Binding affinity betweerPd. SMT and immobilized des-
(methyl) Rubisco. PVDF disks were saturated with purified spinach
Rubisco and subsequently incubated fer6bh at~22 °C with
concentrations oPSLSMT in the 26-3000 nM range as described
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essentially does not occu2)( These conditions provided a
unique opportunity to directly assess the dissociation of
P4 .SMT from Rubisco as a function of methylation at Lys-
14. Within the context of catalytic turnover events, dissocia-
tion after MeLys, MelLys, or MelLys should result in (1) a
methylation “footprint” at Lys-14, discernible after complete
acid hydrolysis of immobilized Rubisco followed by quan-
titative analyses of incorporation oH]methyl into methy-
lated lysyl derivatives, and (2) co-incident dissociation of
P4.SMT into solution, which can be quantified by enzymatic
activity measurements. Thus, unequivocal evidence for a
processive mechanism or a distributive mechanism for methyl
group transfer should be obtained. Preliminary experiments
demonstrated complete release of bouPdSMT after
extended incubation with AdoMet, as previously reported
for purification of nativePSL.SMT (16). In the presence of
saturating levels of 3H-methy]AdoMet at 22 °C, the
immobilized P4.SMT—Rubisco complex rapidly incorpo-
rated PH]methyl groups into MeLys, Mg.ys, and MegLys

in Experimental Procedures. The data were plotted and analyzed.which were separated and individually quantified. During

The inset is a Scatchard pldityax is the total number oP.SMT
binding sites an&y the PL.SMT dissociation constant.

83.3 pmol), was inserted into a ZQ drop [elution solution
consisting of 100 mM Bicine (pH 8.0), 0.5 mg/mj-lac-
toglobulin, 2 mM MgC}, and 100uM [*H-methy]AdoMet
(~1 uCi/nmol)] placed on a square~@ cm x 2 cm) of
Parafilm M barrier film (SPI Supplies and Structures Probe

Inc., West Chester, PA). The fastidiously timed reaction was

terminated by removing the disk from the elution solution
and immediately immersing the disk in a terminating solution
[consisting of 25QuL of 100 mM Mes (pH 6.0), 150 mM
NaCl, and 1 mM AdoHcy]. P4 SMT was completely
inhibited under these conditions; therefore, the distribution
of MeLys, Melys, and MgLys as products was preserved
on the disks. Aliquots of the elution solutions (4B) were
analyzed forPSLSMT activity in assessing the release of
P4.SMT from PVDF-immobilized Rubisco by addition of
a saturating amount of Rubisce-Q.5 mg) and incubation

at 30°C for 4 min and processing as described previously

(16). Inhibition by AdoHcy was minimized by diluting the
elution 5-fold and using 10kM AdoMet in the assay.

Simultaneously, disks were washed five times each with

terminating solution (25@L). The disk from each time point
was subjected to acid hydrolysis (6 N HCI at 1°ID for 22
h) in vacuum hydrolysis tubes (Pierce Biotechnology Inc.,

Rockford, IL). After hydrolysis, the samples were evaporated

to dryness, the residue was dissolved inid50f 100 mM
bicine (pH 8.2) (three &L aliquots), Lys, MeLys, Mg.ys,

and MelLys standards were added, and the samples were,

applied to thin layer chromatography (TLC) plat@®)( R

regions corresponding to methylated lysine derivatives were
removed, and analysis of radiolabel incorporation was

conducted by liquid scintillation spectroscopy. Experiments
were conducted at 22 and°€C.

RESULTS

P4 .SMT binds tightly to PVDF-immobilized des(methyl)
forms of Rubisco (Figure 1). Th&,, for dissociation of
bound Rubisco LSMT from immobilized Rubisco is 192 h,

the initial 20 s of the reaction, MeLys was the major product
at 25 pmol, representing 30% of the total molar mass of
bound P4L.SMT (~83.3 pmol) (Figure 2, lower axes).
Roughly equal but smaller amounts of Mgs and MeLys
(~10 pmol) were observed during this same time, both of
which approximated the level of soluble dissocidsiSMT
(Figure 2, lower axes). Individual rate constants calculated
for formation of Me-, Me-, and MeLys from the unmethy-
lated substrate were 0.02, 0.0052, and 0.0046 respec-
tively. Thus, the initial formation of MeLys was nearly 4-fold
faster than subsequent methylations, and the rate constant
for formation of MeLys was only 9.2% of the reportdda

of 0.05 s! measured using total incorporation of the
radiolabel from H-methy]AdoMet (8, 21); however, after

20 s, both MeLys and Mys fell to steady state levels of
approximately 20 and 10 pmol, respectively, for the
remaining 110 s of the experiment. Therefore, under steady
state conditions, the rate constants for formation of MeLys,
Me,Lys, and MeLys must be equal, and the rate constant
for MeLys formation was reduced approximately 4-fold,
from the initial value of 0.02 & to the rate for Melys,
0.0046 s*. Only the level of MglLys continued to increase

in a linear, 1:1 fashion co-incident with an increasing
release ofPL.SMT into solution (Figure 3). The profiles
for MeLys and MelLys formation were as expected for
intermediates between lysine and the formation otl\ys,

and their combined amounts never exceeded the total
active site density dPd.SMT, characteristic of a processive
reaction mechanism. The stoichiometries were corroborated
by the observation that the total mass of soluB&SMT

plus boundPd.SMT, the latter estimated by the intermediate
steady state levels of MeLys and Mlgs at 130 s, was
approximately 84% of the starting total massRd_SMT
bound to immobilized Rubisco (83.3 pmol). Although the
initial pre-steady state reaction rates for methylated lysyl
derivatives were substantially lower than the repokgf

0.05 st for PLSMT, if these values were transformed to
reflect incorporation of the radiolabel fron¥H-methy]-
AdoMet (2x for Me,Lys and 3« for MesLys), the overall
rate constant became 0.04' $80% of 0.05 sY). Similarly,

and thus, the complex is stable; within the time frame of the under steady state conditions where the reaction rates

following studies, spontaneous dissociation RELSMT

were equal for MeLys, Mgys, and MgLys at 0.0046 s,
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FiGure 2: Rubisco LS Lys-14 methylation and catalytic-dependent dissociatid?®ddBMT into solution. After measured times under

catalytic conditions at either 4 (upper axes) or°’g2(lower axes) in the presence Hfmethy]AdoMet, PVDF disks were analyzed for

Me-, Me»-, and MelLys, and the elution solution was analyzed féd_SMT release £83.3 pmol bound at the start) as described in

Experimental Procedures.

50 mined in solution with saturating substrates and supported
the relevance of the immobilized complex for product
analyses.

In an effort to slow catalytic turnover and perhaps gain a
more defined relationship between product formation and
P4.SMT release, the experiment was repeated atC4
(Figure 2, upper axes). Preliminary experiments were used
to define appropriate times for sufficient product formation
and reliable detection. Aside from the slower rate constants
for product formation, the results were identical with those
femx+b obtained at 22C (Figure 2, triangles vs squares). After an
g';_;_'sz :I/_-(;);): initial rapid increase in the formation of MeLys, during which
Adjusted R? = 0.97 +/- 2.80 there was little release d#.SMT, the amount of MeLys
y T y declined to a steady state level of approximately 20 pmol.

0 10 Macs % “© %0 The profiles for formation of Mg.ys and MeLys were also
ass Me,Lys (pmoles) . .
] ) ] ) similar with a steady state level 6#10 pmol for MelLys
Ficure 3: Linear regression analysis of Megs formation and and a direct 1:1 relationship between formation ofsMes

P4.SMT dissociation. The mass dPL.SMT released during - S .
catalysis as described in Figure 2 plotted against the mass of@nd detection of solublBsL SMT activity (Figure 3). These

MesLys formed during that same time was fitted with a linear results again strongly suggested an intermediate type of
equation. relationship for MeLys and Mgys in the reaction from
lysine to MelLys catalyzed byPd.SMT and a processive
the linear loss of boun®d.SMT (~52% remaining at 130  mechanism in whichPLSMT did not dissociate from
s) translates to a combined rate constant for total radio- Rubisco after formation of MeLys or Meys. When the
label incorporation at 130 s of 0.0552's Therefore, molar stoichiometries betwedtd SMT release and forma-
the immobilized complex betweeRd SMT and Rubisco tion of MesLys from Figure 2 were combined, a significant
exhibited catalytic activity which approximates that deter- 1:1 linear relationship was evident (Figure 3, slope-Gf0),
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Ficure 4: Product distribution (1 min) and kinetic analyses (various time&sh8MT under conditions limiting product to MeLys (£€)

or maximizing MeLys formation (30°C). Phosphorimage analysis of silica gel TLC of acid hydrolysate (middle) from assays with either
large amounts oP4.SMT and substrate at a low temperature®@) or a limiting amount of enzyme at the optimal temperature°@G))

as described in Experimental Procedures. An image of the ninhydrin-developed TLC plate with labeling of the Lys standard and its methylated
derivatives was provided for comparison. Double-reciprocal plots for Rubisco and AdoMgt®MT under conditions which limit product

to MeLys (left half). Incorporation of the radiolabel froriH-methy]AdoMet into base-stable protein precipitates was assessed from
methyltransferase assays conducted for 1 min witlg4f enzyme at £C, which restricted product formation to MeLys-14. Turnovers

were calculated, and the double-reciprocal plots were plotted. The kinetic constants derived from the replots of the slopes from the double-
reciprocal plots were determined to be 0.002, .7 and 3.«M for AdoMet and Rubisco, respectivelit, values are within 3-fold of
previously published constants f&.SMT (8). Double-reciprocal plots for Rubisco and AdoMetRd_ SMT under conditions which
maximize MegLys product formation (right half). Activity assays were conducted with a limiting amount of enzyme (33Rel SMT)

in larger assay volumes (1Qf.) for various protracted times at 3 to increase the level of Meys formation. The kinetic constants

derived from the replots of the slopes from the double-reciprocal plots were determined to be 8,073 and 1.7«M for AdoMet and

Rubisco, respectively. These are within 2-fold of previously published constanBsf&MT (8).

1/ Rubisco (uM)

but not with Me- or MeLys (slope of~0.2 for both, data  kinetic analyses of th®sLSMT reaction mechanism, con-
not shown). ducted under conditions with less than saturating substrates,
A processive mechanism for methyl group transfer has require further increases in assay times. We compared
interesting mechanistic and kinetic implications. Mechanisti- double-reciprocal velocity plot determinations fed. SMT
cally, the intermediates formed betwedtd SMT and under catalytic conditions which supported the formation of
methylated lysyl derivatives do not dissociate during cataly- either MeLys or MelLys on the basis of the previous studies.
sis, and our observations support this model. Thus, partially Short reaction times (1 min) at 4C followed by product
methylated substrates might not faithfully mimic conforma- analyses demonstrated that MeLys was essentially the only
tions that may exist in the enzyme-bound forms of MeLys product, while reactions at 3@ for 1 min favored MelLys
and MelLys intermediates, and inferences deduced with formation (Figure 4). Double-reciprocal velocity plots of
regard to reaction mechanisms and catalytic competency mayRubisco LSMT turnover rates versus concentration of
be invalid using partially methylated substrates. Kinetically, AdoMet or Rubisco at varying concentrations of Rubisco or
the enzyme-intermediate complexes formed betw&shSMT AdoMet at 4°C resulted in the formation of a family of
and Rubisco with MeLys and Meys-14 were similar to intersecting lines (Figure 4, left half). Double-reciprocal
enzyme intermediates in a ping-pong reaction mechanismvelocity plots of enzyme activity that yield intersecting lines
with successive binding and release of AdoMet and AdoHcy. are indicative of either a random or an ordered bi-bi reaction
However, given the slow turnover for final product formation mechanism, consistent with this bisubstrate system. However,
(MesLys, 0.0046 s'; see above), an analysis of the kinetic identical analyses under conditions that strongly favor
reaction mechanism using rate constants derived from catalytic formation of MeLys (30°C, assays foe 10 min)
incorporation of radiolabel from?H-methy]AdoMet alone resulted in double-reciprocal velocity plots which were
(i.e., in the absence of product analysis) could be misleading.instead shifted to a family of parallel lines (Figure 4, right
Complete catalytic turnover and product formation, such as half). A set of parallel lines is frequently associated with a
MesLys formation, required a minimum of 217 s rather than ping-pong kinetic reaction mechanism, wherein the binding
the 20 s estimated from totaH-methy]AdoMet incorpora- of the first substrate results in the formation of an enzyme-
tion. Therefore, under saturating conditions,sMes forma- bound intermediate with product release prior to the binding
tion would necessitate a 217 s minimal assay time, whereasof the second substrate and final product formation.
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Ficure 5: Double-reciprocal plots for calf thymus histone H3 and AdoMeHeSET7/9. The kinetic constants derived from the replots
of the slopes from the double-reciprocal plots were determined to be 0:012.5 and 2&M for AdoMet and calf thymus histone H3,
respectively. These are within 5-fold of previously published constantsl$SET7/9 8).

Assessing dissociation of enzyme from an enzyme along with the distinctly alkaline pH optima for the,: of
polypeptide substrate complex for other SET domain PK- many SET domain PKMTS, includingdSMT (25), DIM-5
MTs, as demonstrated in Figures 2 and 3RsLSMT and (12), HSSUV39H1 (3), Paramecium bursariahlorella virus
Rubisco, may not be easy. We considered, however, thatl [PBCV-1 24)], andHSSET7/9 8), have prompted propos-
double-reciprocal velocity plot analyses, as well as supporting als that SET domain PKMTs may preferentially bind the
evidence provided by product distribution analyses, per- unprotonated form of the target lysyl residue. The active site
formed under identical conditions, might be an experimental of PL.SMT is devoid of ionizable residues that could act as
technigue capable of providing evidence of processive versusgeneral bases. However, increasing turnover rates with
distributive methyl group additions in other PKMTs. There- increasing pH could be a consequence of changes in the
fore, we examined the double-reciprocal velocity plots for relative distribution of protonated versus unprotonated target
HSSET7/9 andSpCLR4, histone H3 Lys-4- and Lys-9- lysyl residues as well as differences in the binding affinities
specific PKMTSs, respectively, and compared the results by SET domain PKMTs for target lysyl residues in the
predicted by the velocity plots and product distribution protonated versus unprotonated states. Therefore, we exam-
analyses (single vs multiple methylations and processive vsined the effect of pH on thk., andK, values for AdoMet
distributive methyl group transfer) with the data obtained and histone H3 byisSET7/9 (Figure 7). Although there was
for PL.SMT. a 7-fold increase ik.5 With an increase in pH from 7.5 to

The family of lines in the double-reciprocal velocity plots 9.5, similar to that reported previousl)( this was not
for HSSET7/9 using histone H3 as the polypeptide substrate accompanied by changes in enzyme affinity for AdoMet or,
under conditions supporting multiple catalytic turnovers more importantly, histone H3. At lower pH values, the
intersected near the origin (Figure 5). The only product under relative changes in protonated versus unprotonated target
the same conditions used for kinetic reaction mechanism lysyl residues would admittedly be small (assumingka p
analyses was MelLys (data not shown), correlating with of ~10); however, across the entire pH range examined in
previous studies of the product specificity of this PKMIL( these studies from 7.5 to 9.5, the relative distribution would
23). Thus, taken together, these findings confirmdsg- change by 100-fold, and at pH 9:532% of the target lysyl
SET7/9 as a monomethyltransferase with either an orderedresidue would be deprotonated. Thus, there was a distinct
or random bi-bi reaction mechanism. Similar analyses for and significant increase in enzyme efficiency H8SET7/9
SCLR4, however, demonstrated a family of parallel lines with an increase in pH, which along with the absence of
indicative of multiple methylations, which was confirmed any changes in binding affinity for histone H3 suggests that
by product analyses that showed the presence of eas there is not a preference for unprotonated versus protonated
the predominant product fro®pCLR4-catalyzed methylation  target lysyl residues and that the effect of pH on turnover
of histone H3 (Figure 6). We were unable to identify assay must be mediated within the active site [d6SET7/9 and
conditions forSpCLR4 which maintained linearity beyond  presumably other SET domain PKMTSs.
2 min. Nevertheless, the data obtained with formation of-Me
Lys clearly suggest a hybrid ping-pong like reaction mech- DISCUSSION
anism forSpCLR4. Under extended assay conditions, a small  Utilizing successive methyl group additions without dis-
amount of MgLys can be detected as a produciSgCLR4 sociation from Rubiscd?9.SMT catalyzes the trimethylation
activity (data not shown, but see also Figure 6). These resultsof lysyl residue 14 in the LS of Rubisco by a processive
suggest thatSECLR4 is a processive enzyme during the mechanism. Direct measurements of dissociatidrsaSEMT
catalytic formation of MeLys, and possibly Mg.ys as well. from immobilized Rubisco as a function of the extent of

A processive mechanism for methyl group transfer by SET MeLys, Melys, or MelLys-14 formation demonstrate that
domain PKMTs likePd.SMT necessitates removal of the Pd.SMT dissociation occurs only after formation of
proton from thec-amine of bound target lysyl residues and MesLys. Distribution analyses of modified lysyl residues
implicitly suggests a mechanism for proton abstraction within formed under pre-steady state conditions would theoretically
the active site. Residues within the active site positioned for provide evidence of turnover rates specific for MeLys ,Me
proton abstraction are unlikely to exig, (L7, 23, 24), which Lys, and MeLys, all of which were considerably lower than
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Ficure 6: Double-reciprocal plots for calf thymus histone H3 and AdoMeSpELR4. The kinetic constants derived from the replots of

the slopes from the double-reciprocal plots were determined to be 0:873Isand 15«M for AdoMet and calf thymus histone H3,

respectively. These values are within 7-fold of previously published constan&i&irR4 which used a 15-residue histone H3 substrate

peptide (8). Phosphorimage analysis of silica gel TLC of acid hydrolysat8mfLR4 assays with recombinant histone H3 as a function

of time was compared with that for assay conditions used for kinetic analyses. An image of the ninhydrin-developed TLC plate labeled

according to the position of Lys and its methylated derivatives was aligned at the right.

bl T 0.008 further supported by double-reciprocal velocity plot analyses.
—o— Ky, AdoMet L 0.007 Under assay conditions which support multiple catalytic
40 {—a— Keat turnovers and formation of Mkys, double-reciprocal veloc-
[ 0.008 ity plots indicated a hybrid ping-pong-like reaction mecha-
30 - 0.005 nism. However, identical analyses performed under condi-
tions that support only formation of MeLys-14 resulted
instead in double-reciprocal velocity plots indicative of either
an ordered or random bi-bi reaction mechanism. Similar
- 0.002 analyses oHsSET7/9 andSpCLR4 under conditions sup-
porting MeLys and MglLys product formation, respectively,
support a hybrid ping-pong-like reaction mechanism for
multiple methyl group transfers but a random or ordered
mechanism for monomethyltransferases H&SET7/9. Ping-

) _— pong reaction mechanisms usually involve the binding and
t':r'](;’,ﬁqRuES?i;grzgoﬁ%r:nng :gg&r:tnég fgr}ﬁfgﬁgﬁsoﬂ)ﬁ? é?éiﬁglfwas release of substrate and product prior to formation of an

adjusted to each of the five pH values, and saturating assays were2nzyme-bound intermediate. FBELSMT, beginning with
used to derive a MichaetisMenten equation for both substrates. formation of an enzyme-bound complex with Rubisco, the

;rhe appa:‘enl(m values from these curves were then plotted as a gyccessive binding and release of AdoMet and AdoHcy, and
unction of pH. multiple methylation events, is likely responsible for the

the overall rate constant for incorporation of radiolabel from @Ppearance of a hybrid ping-pong-like double-reciprocal
[3H-methy]AdoMet. The profile of mass changes in MeLys veIOC|ty_ plot. These results alsq drz_imancally emphasize the
and MeLys under steady state conditions remained constant,N€cessity for accurate determination of rate constants for
never cumulatively exceeding the active site density of Product formation in SET domain PKMTs catalyzing mul-
PS.SMT, confirming their role as intermediates in the tiple methylations, as reflected by the completely different
formation of MeLys and not products per se. This reportis kinetic reaction mechanism results depending on khe
the only kinetic study of a SET domain PKMT catalyzing Vvalues that are used. Although the SET domain is structurally
multiple methylations using an intact polypeptide substrate conserved, both distributive and processive mechanisms
and quantitative product analyses under pre-steady and steadave been described for SET domain PKMT enzymes
state conditions. The lack of dissociationRd_SMT from catalyzing multiple methyl group transfe@&-13). However,
Rubisco during formation of MeLys-14 and Ms/s-14 was it seems unlikely that enzymes catalyzing essentially the

I 0.004
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same reaction utilizing a highly conserved catalytic structural

motif would utilize different kinetic reaction mechanisms
for multiple methyl group additions. Much of the evidence

Dirk et al.

For PKMTs catalyzing multiple methylations, formation
of the polypeptide-bound MeLys intermediate creates a net
positive charge on the-nitrogen, which in addition to

of processive transfer of methyl groups comes from presenting an electrostatically unfavorable active site envi-
MALDI-TOF mass spectroscopy analyses of either unm- ronment for subsequent binding of AdoMet with its positively

ethylated or partially methylated synthetic polypeptide

charged sulfonium group is also catalytically incompetent

substrates and subsequent observations of relative changef®r an §2 nucleophilic transfer. The active site L. SMT,

in ion intensity for molecular mass shifts according to methyl

as well as other SET domain PKMTSs, has been examined

group additions over time. In the absence of internal for residues that could facilitate removal of a proton from
standards, quantitative relationships between enzyme activehe enzyme-bound target lysynitrogen. Although Tyr-287

site density and product formation may not be obvidlg (

in PL.SMT and the equivalent highly conserved active site

15). Detailed kinetic reaction mechanisms have been reportedTyr residue in other SET domain enzymes were originally

for two SET domain PKMTs, G9a, a murine histone H3
Lys-9 di/trimethyltransferasel(, 12), and SUV39H1, a
human histone H3 Lys-9 trimethyltransferade)( These

proposed as essential bases catalyzing proton removal,
subsequent structural studies of ternary complex®sl@MT,
Lys, and MeLys clearly exclude this possibility4). Thus,

studies reported a random bi-bi reaction mechanism for botha solvent-catalyzed deprotonation event probably follows
enzymes but a processive addition of methyl groups for G9a, dissociation of AdoHcy prior to subsequent AdoMet binding

and distributive for SUV39H1, which is evident in MALDI-

and continued methylation, and numerous water molecules,

TOF mass spectroscopy analyses as well as steady statéound in the active site of many SET domain PKMTs, could

dilution experiments. Thé reported for G9a (88 H or
0.024 s1) and SUV39H1 (12 h or 0.0033 s?) in these

well serve as proton acceptors and, thus, aid in the
repositioning of thee-nitrogen for further {2 reactions.

studies was determined using total incorporation of Formation of MgLys might be expected, however, to be

radiolabel from H-methy]AdoMet. If, as in the studies
reported here, the specifl¢, for formation of MeLys is

catalytically favored under these circumstances, sincekhe p
for Me,Lys (10.0) is more than one-half unit below that for

substantially smaller, then the assay time required for either lysine (10.6) or MeLys (10.7)29). Instead, we

formation of MeLys would be much longer than the
period of 3 (G9a) or 30 min (SUV39H1) used in these

observed that the pre-steady state rate constant for formation
of MeLys exceeded the rate constants for,Ms or Me:-

studies, and the observed kinetic reaction mechanism mayLys. In addition to deprotonation, multiple methylations also
have possibly appeared as a random or an ordered bi-binecessitate considerable realignment of #hamine for
mechanism rather than ping-pong. It is worth noting that subsequent methylations. Whether deprotonation precedes,

the PKMT, cytochromec lysine N-methyltransferase
(Ctm1p), which catalyzes trimethylation of cytochrome

follows, or is concomitant withe-amine rearrangement is
unknown, but perhaps the higher pre-steady state initial

has been extensively kinetically characterized as well asvelocities observed for MeLys formation reflect the greater
subjected to complete product analyses and quantificationnumber of catalytically competent conformations available

of MeLys, MeLys, and MegLys. The results from these
studies provided evidence that MeLys andMe were
intermediates in the formation of Meys, and the authors

for an unmethylated-amine.
The observations and data presented here lead us to favor
a model of SET domain PKMT activity which is, in the initial

concluded that there was a processive addition of methyl binding of AdoMet and polypeptide substrate, either ordered
groups and the enzyme had a hybrid ping-pong reaction or random, followed by product release and completion of

mechanism 46, 27).
The significant differences in the binding affinities of

the reaction as in the case of monomethyltransferases (Figure
8c), but with multiple methyl group transfers, a requirement

P4.SMT for Rubisco in the absence and presence of AdoMet for additional deprotonation steps, and geometremmine

(Kg = 110 nM vsK,, = 2.8 uM) suggest that there may be

communication between the polypeptide and AdoMet bind-

ing sites iINPSL.SMT. Previous studies have demonstrated
ordering of the cSET region in response to AdoMet binding
in PR-SET7 28), as well as structural ordering of the post-
SET domain in DIM5 in response to substrate bindihg)(

rearrangements involving enzyme-bound methylated lysyl
intermediates prior to repetitive binding of AdoMet and
release of AdoHcy that is manifested as a hybrid ping-pong-
like reaction mechanism (Figure 8a,b). Previous kinetic
analyses support random addition of substrates for G9a (
and independent binding of AdoMet or Rubiscd&.SMT

and participation of the C-terminal segment in substrate has also been demonstrated (résand30 and this work).

binding site formation in SET7/92@). Previous docking

Certainly for multiple methyl group transfers by SET domain

models have suggested an extensive interaction betweerPKMTSs, the reaction mechanism is not entirely a simple

P4.SMT and Rubisco, potentially involving the C-terminal
lobe region unique t®4.SMT (17). The inability of Rubisco
bearing MgLys-14 to bindP.SMT with any appreciable
affinity (16), and the observation of its dissociation as the
final product from the PLSMT—Rubisco complex as
demonstrated here, suggest that formation ogliyle may
result in extensive conformational change®# SMT which
ultimately result in release from Rubisco. A requirement for
a conformational change P9_SMT prior to product release
may also be reflected in the lag betweensMes formation
and release of immobilizeBd_SMT.

ping-pong mechanism, and it is notable there are circum-
stances for both ordered and random kinetic reaction mech-
anisms in which double-reciprocal velocity plots can be
distorted to the extent of having the appearance of a ping-
pong reaction mechanism. For example, ordered reaction
mechanisms in which the initial association constant for the
first substrate Ki,) is considerably lower than the apparent
Km can have the appearances of a ping-pong reaction
mechanism, and additionally, rapid equilibrium random
mechanisms in which the rate constant for product release
is considerably lower than the,:can also appear to be ping-
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Ficure 8: Generalized schemes of the reaction mechanism for tri- (A), di- (B), or monomethyltransferase (C) SET domain enzymes: E,
SET domain enzyme; A, AdoMet; P, AdoHcy; B, polypeptide substrat@alypeptide substrate MeLys; bolypeptide substrate Meys;

Q, polypeptide substrate with the corresponding number of methyl groups given the number of methyl groups transferred by the given SET
domain enzyme. An asterisk denotes a deprotonated form of a targeted Lys residue.

pong mechanisms3(). Indeed, the dissociation constant of of dissociation of SET domain PKMTs from their respective
P4.SMT with des(methyl) Rubisco is approximately 10-fold polypeptide substrates between successive methyl group
lower than theK.,. However, the direct assessment of transfers could have in vivo functional significance. Logi-
dissociation ofPL. SMT from Rubisco as a function of the cally, without the processivity of di- and trimethyltrans-
level of MesLys formation as in the studies presented here ferases, MeLys and Meys histone marks, for instance,
excludes a distributive reaction mechanism R&LSMT. could be easily modified to Me and/or MeLys, thus

The emerging importance of the activity of SET domain potentially inappropriately altering chromatin structure by
histone methyltransferases as significant factors in regulatingrecruiting different proteins that discriminate among varying
gene expression has spurred intense structural and biochemidegrees of lysine methylation and forming improper com-
cal interest in this class of PKMTBRI.SMT, a non-histone  plexes. Likewise, if the methyltransferases were distributive
PKMT, was the first SET domain PKMT to be sequenced enzymes and a methyllysyl binding protein were to dock to
and functionally characterize@1, 32), although the iden-  the residue prior to formation of the final product, the coding
tification of the structurally unigue SET domain and its inherent in the methylation status would be compromised.
phylogenetic association with histone PKMTs came much Product specificity changes, such as those which have been
later 33). The “methylation mark” created by histone implicated in some SET domain PKMTs which reside in
PKMTs at site-specific lysyl residues in histones carries multimeric complexes [e.g., ESET/SETDB1 and SET1/MLL
information not only according to which lysyl residue is (53, 54)], may be modulated by protein partners, and thus,
methylated but also according to the degree of methylation further deconvolution of the enzyme reaction mechanism
(11, 34, 35). This information has been described as part of remains to be elucidated upon in vitro recapitulation of in
the “histone code” which, in conjunction with other covalent vivo complexes. In this way, the reaction mechanism is co-
modifications such as phosphorylation and acetylation, incident with tight discriminatory substrate requirements and
provides an elegant mechanism for fine-tuning gene expres-ensures exquisite control of the methylation status of all lysyl
sion in response to developmental and tissue-specific signalsresidues of the histone tail, adding complexity to strict
Variability in the number of methyl groups transferred by developmental regulation of PKMT expression patterns.
histone methyltransferases is of interest both structurally and On the basis of the results reported here, we favor a
mechanistically, and structural studies have identified steric reaction mechanism for native SET domain PKMTs cata-
constraints within the active site of the SET domain as being lyzing multiple methylations which involves the processive
important for the determination of the number of methyl transfer of methyl groups to the target polypeptide substrate
groups transferredl(, 23, 24, 36). Mechanistically, multiple-  without enzyme dissociation. Additionally, we believe that
methyl group transfer by SET domain methyltransferases hasthis is reflected by hybrid ping-pong-like double-reciprocal
been proposed to occur through one of two possibilities, velocity plots which indicate the formation of enzyme
distributive or processive in regard to the dissociation, or complexes between SET domain PKMTs and polypeptide
lack thereof, of the polypeptide substrate between successivesubstrates. These studies also emphasize the importance of
methyl group additions. One of the earliest hypotheses reaction times during enzymatic activity measurements of
derived from structural identification of the SET domain was SET domain PKMTs which support formation of the final
the unique arrangement of substrate binding sites which methylated lysyl product during kinetic reaction mechanism
would allow for the successive addition of methyl groups studies.
without dISS.OCIat.IQn of the polypeptide substrae (ndeed, . REFERENCES
the recent identification of enzymes capable of removing _ )

1. Schultz, J., Milpetz, F., Bork, P., and Ponting, C. P. (1998)

methyl groups from methylated lysyl residue¥{40), as SMART, a simple modular architecture research tool: Identifica-

well as binding proteins with specificity for MeLys, Me tion of signaling domaing?roc. Natl. Acad. Sci. U.S.A. 95857
Lys, and MeLys residuesy, 7, 41-52), argues that a lack 5864.
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