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Mechanism of multiple lysine methylation by the SET
domain enzyme Rubisco LSMT

Raymond C Trievel', E Megan Flynn?, Robert L Houtz? & James H Hurley!

SET domain protein methyltransferases catalyze the transfer of methyl groups from the cofactor S-adenosylmethionine (AdoMet)
to specific lysine residues of protein substrates, such as the N-terminal tails of histones H3 and H4 and the large subunit of the
Rubisco holoenzyme complex. The crystal structures of pea Rubisco large subunit methyltransferase (LSMT) in ternary complexes
with either lysine or e-N-methyllysine (Melys) and the product S-adenosylhomocysteine (AdoHcy) were determined to
resolutions of 2.65 and 2.55 A, respectively. The {-methyl group of Melys is bound to the enzyme via carbon-oxygen hydrogen
bonds that play a key role in catalysis. The methyl donor and acceptor are aligned in a linear geometry for Sy2 nucleophilic
transfer of the methyl group during catalysis. Differences in hydrogen bonding between the Melys e-amino group and Rubisco
LSMT and SET7/9 explain why Rubisco LSMT generates multiply methylated Lys, wheras SET7/9 generates only Melys.

The methylation of the €-amino group of lysine residues in proteins
regulates a number of critical biological events. These mechanisms
include the regulation of chromatin structure via methylation of spe-
cific lysines in the N-terminal tails of histones H3 and H4 throughout
eukaryotes' = and regulation of Rubisco function by methylation of
Lys14 in the N-terminal tail of the Rubisco large subunit in several
plant species®’. With one exception, all known lysine methylation of
proteins is catalyzed by specific S-adenosylmethionine—dependent
methyltransferases that contain a conserved 110-amino acid motif
known as the SET (Su(var) 3-9, Enhancer-of-zeste, Trithorax)
domain®®. Mono-, di- and tri-methylation of lysine residues can pro-
mote the recruitment of proteins containing specific methyllysine-
binding domains, such as the chromodomain!®!l, and can inhibit
alternative post-translational modifications, such as phosphorylation
and acetylation®!2. Recently, much attention has focused on differen-
tial regulation by different levels of methylation at a given lysine and
the effect the methylation level has on transcriptional regulation!®14,
Thus, the ability or inability of a SET domain enzyme to mono-, di-
and tri-methylate lysine residues is likely to be critical to its regulatory
function.

The central importance of SET domain methyltransferases in chro-
matin structure and other regulatory mechanisms has spurred intense
interest in determining the structural basis for the specificity, regula-
tion and catalytic activity of these enzymes. In recent months, the
structures of the histone methyltransferases DIM-5 from Neurospora
crassa'®, human SET7/9 (refs. 16-19), Schizosaccharomyces pombe
CLR4 (ref. 20) and a viral enzyme (VSET of Paramecium bursaria
chlorella virus 1) have been determined?!, as well as that of the
Rubisco large subunit methyltransferase (LSMT) from the garden
pea??. All of the structures reveal the presence of an all 3-sheet catalytic

core flanked by a variety of divergent N- and C-terminal extensions,
and insertions between the first and second conserved sequence motifs
in the SET domain?*-2°. These structures revealed an invariant tyro-
sine as a key catalytic residue. Four of the six structures published to
date contain either a well-ordered AdoMet substrate or AdoHcy prod-
uct cofactor bound in the AdoMet-binding site. A consensus model for
AdoMet binding has been derived on the basis of the strong agreement
between geometries observed for three distinct SET7/9 cofactor com-
plex structures'®!71% and the LSMT—AdoHcy complex?2. The cofactor
is bound in such a way that the methyl group of AdoMet projects into a
narrow, deeply buried pocket that is the putative lysine substrate-
binding cleft. Gamblin and co-workers!® have recently determined the
structure of SET7/9 bound to AdoHcy and a histone H3 MeLys4—
containing peptide. This structure is of a product—product complex
because SET7/9 only catalyzes monomethylation of Lys4 in histone H3
(refs. 18,19).

Despite the interest in understanding the structural basis for sub-
strate specificity and catalytic mechanism of the SET domain enzymes,
no structure of a ternary SET domain enzyme-substrate—cofactor
complex has been reported so far. We observed the fortuitous binding
of a HEPES buffer ion in the putative lysine-binding site of LSMT?2,
We subsequently confirmed that HEPES is a weak competitive
inhibitor of the enzyme?2. This finding suggested to us that at suffi-
ciently high concentrations, free lysine might be a substrate of the
enzyme, which may provide the basis for determining the structure of
a catalytically competent substrate bound to a SET domain enzyme. In
addition, we reasoned that if free lysine were a substrate of LSMT, free
€-N-methyllysine (MeLys) might be one as well because LSMT is capa-
ble of mono-, di- or tri-methylating Lys14 in the large subunit of
Rubisco?®?’. Indeed, we found that LSMT has enzyme activity for free
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MeLys and determined the structure of this complex as well. These
structures of substrate complexes reveal snapshots of the methyl trans-
fer reaction in a SET domain enzyme.

RESULTS

Lys and Melys are LSMT substrates

To determine if Lys and MeLys compete for binding to the same site as
Rubisco, enzyme assays were performed in the presence of increasing
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Figure 1 Lys and Melys are alternative substrates for Rubisco LSMT. (a) Plot
of the concentration of Lys and MeLys versus the reciprocal of the enzymatic
rate. The x-intercept is equal to —K;. (b) Incorporation of 3H-methy! groups
into Lys and MeLys. Radiolabeled AdoMet was incubated with LSMT and
either Lys or Melys as substrates. The methylated products were then
separated by TLC, and the bands corresponding to each Lys compound were
excised to determine the amount of 3H-methyl incorporation.

concentrations of each Lys compound to quantify the inhibition of
Rubisco methylation. Secondary replots of the reciprocal rate versus
concentration of lysine and MeLys were used to determine the K; val-
ues for Lys and MeLys, respectively (Fig. 1a). The K; values were
37 mM for Lys and 101 mM for MeLys compared with [700 mM esti-
mated for HEPES (data not shown), indicating that the binding of Lys
and MeLys to Rubisco LSMT is substantially stronger than that of
HEPES. Because we were able to observe HEPES bound to crystals of
Rubisco LSMT, we hypothesized that it would also be possible to
observed Lys and MeLys in crystalline complex. The pattern of inhibi-
tion with Lys and MeLys is competitive with respect to Rubisco; there-
fore, we conclude that they bind to the same site.

We sought to determine whether Lys and MeLys are alternative sub-
strates for Rubisco LSMT. Product analysis via thin layer chromato-
graphy (TLC) demonstrates that LSMT catalyzes the transfer of
SH-methyl from radiolabeled AdoMet to Lys to generate MelLys,
Me,Lys and Me;Lys, with MeLys having the highest level of H-methyl
incorporation (Fig. 1b). LSMT also catalyzed the methylation of MeLys
to form Me,Lys and Me;Lys. MeLys was converted to Me,Lys to a larger
extent (about two-fold) than Lys to MeLys, even though the apparent
K, for MeLys is nearly three-fold higher than that for Lys. Me,Lys was
also examined as a potential substrate and as an inhibitor in the pres-
ence of Rubisco, but virtually no activity as a substrate or inhibitor was
observed even at 300 mM (data not shown). The k_,, values for Lys
(6.2 x 107 s71) and MeLys (2.5 x 10* s71) are small compared to
Rubisco (0.047 s71)?2, which is consistent with the expectation that
Rubisco would be preferred to these non-physiological substrates. For
either random or ordered reaction mechanisms, an alternate substrate
acts as a competitive inhibitor with respect to the appearance of prod-
uct for the normal substrate?8. Therefore, the K; values derived from
the x-intercepts of these plots are equivalent to the K, for Lys or MeLys
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Figure 2 Binding of Lys in the lysine-binding pocket of LSMT. (a) Stereo view of the simulated-annealing F, — F electron density omit map of the lysine-
binding cleft calculated in the absence of Lys and water molecules. Several residues constituting the binding cleft are shown, as well as the product AdoHcy.
The map is contoured at 2.2 o. Electron density map figures were rendered in BobScript#446 and Raster3D#4. (b) Lys bound in the lysine-binding pocket of
LMST. Residues and water molecules interacting with Lys are illustrated, and hydrogen bonds are denoted with dashed green lines. Active site models were

rendered using Swiss-Pdb Viewer4” and POV-Ray (http://www.povray.org).
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Figure 3 Binding of Melys in the lysine-binding pocket of LSMT. (a) Stereo view of the simulated-annealing F, — F electron density omit map of the lysine-
binding cleft calculated in the absence of MelLys and water molecules. Several residues constituting the binding cleft are shown, as well as the product
AdoHcy. The map is contoured at 2.2 o. (b) MeLys bound in the lysine-binding pocket of LMST. Residues and water molecules interacting with MeLys are

illustrated, and hydrogen bonds are rendered as dashed green lines.

as a substrate for LSMT?8. The kinetic characterization of LSMT with
respect to Lys and MeLys demonstrates that they are the minimal
competent substrates recognized by LSMT.

Structure of the lysine complex

Crystals of the lysine—AdoHcy—-LSMT and MeLys—AdoHcy—LSMT
complexes were grown using crystallization solutions buffered with
100 mM of either Lys acetate or MeLys acetate in place of the HEPES
buffer used in the crystallization of the AdoHcy-LSMT binary com-
plex?2. The structure of the lysine~AdoHcy—LSMT ternary complex
was determined using Fourier difference analysis based on the previ-
ously determined substrate-free Rubisco LSMT structure with the
HEPES and water molecules removed. There are three molecules in the
asymmetric unit in these crystals. In one of the molecules (A), the Lys is
relatively mobile. In the other two molecules, the Lys side chain is in
well-defined electron density (Fig. 2a). The average B-factor of the
bound Lys is 58 A2, which is substantially lower than that observed for
HEPES (average B-factor 77 A?) bound in the active site.

The free lysine molecule is bound in a deep pocket composed of
residues B6—f312 of the SET domain, the C-terminal section of the
iSET region (residues 111-220) and the cSET region (residues
290-305). The Lys-binding site corresponds closely to the locus of
HEPES binding??. The carboxylate of Lys, which would correspond to
the C-terminal portion of the lysyl residue in a polypeptide chain,
interacts with the main chain amide of Ser225 and a water molecule
(S90), whereas the o-amino group hydrogen bonds to the carbonyl
oxygen of Tyr287 (Fig. 2b). The side chain is in a completely extended
conformation, with all dihedral angles in trans conformations. The
aliphatic portion of the Lys side chain interacts with the hydrophobic
residues Phe224, 11e285, Tyr287 and Tyr300. The side chain N forms
a short hydrogen bond (2.5 A) with a water molecule (S6); this water
molecule in turn hydrogen bonds with the main chain carbonyl

Figure 4 Stereochemical mechanism of methyl group transfer. (a) Model of
the lysine—AdoMet substrate complex on the basis of the LSMT
SET-Lys—AdoHcy complex. The formation of the nascent bond between the
deprotonated NC of the lysine and the Ce methyl group of AdoMet is denoted
with a dashed line, and the geometry of Sy2 reaction is shown with a black
arc. (b) Model of the MeLys—AdoMet substrate complex based on the LSMT
SET-Melys—AdoHcy complex. The figure is labeled as in a.
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groups of Asp239 and Ile241 (Fig. 2b). The water molecule is bound
tightly to the €-amino and carbonyl groups, with a B-factor of 37 A2.
These carbonyl groups, along with the carbonyls of Ser221 and
Arg222, ring the center of the active site, and we refer to them as the
‘carbonyl cage’?.

Structure of the Melys complex

The overall structure of the MeLys—AdoHcy—LSMT ternary complex is
similar to the Lys ternary complex, with an r.m.s. deviation of 0.86 A
for all protein atoms. The conformations of the residues in the active
site are essentially identical to the complex containing Lys (Fig. 3a),
and the MeLys has an average B-factor of 54 A2, which is similar to the
value for the bound Lys. The entire MeLys molecule, including the
amino acid moiety, is shifted by (1l A away from the center of the active
site. The outward shift accommodates the bulk of the methyl group
and permits the a-carboxylate to make a hydrogen bond with the side
chain of His252 (Fig. 3b). The a-carboxylate group also makes hydro-
gen bond contacts with the amide of Ser225 and a water molecule
(S18), while the a-amino group hydrogen bonds to the carbonyl

a

b 166°

AdoMet

e-N-MeLysine
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Figure 5 Comparison of hydrogen bonding in the active sites of LSMT and SET7/9. (a) Stereo view of
the superimposition of the lysine-binding clefts of LSMT (blue) and the SET7/9-histone H3
MeLys4—AdoHcy ternary complex (PDB entry 109S) (red). Hydrogen bonds between the protein and
€-amino groups, and carbon-oxygen hydrogen bonds between the invariant Tyr and methyl groups are
illustrated with dashed magenta lines. (b) Stereo view of the superimposition of the lysine-binding
clefts of LSMT (blue) and the SET7/9-AdoMet complex (PDB entry 1N6A) (green). Hydrogen bonds are

illustrated as in a.

Derewenda and colleagues®” have noted the
ability of methyl groups to serve as hydrogen
bond donors in proteins, and subsequent
analyses have revealed many instances where
carbon—oxygen hydrogen bonds are impor-
tant for protein stability and function?*-3°, In
addition, carbon—oxygen hydrogen bonds
can play important roles in enzyme catalysis,
such as in the catalytic triad of serine hydro-
lases®® and in the catalytic glutamate of acyl-
CoA dehydrogenases®’. The observed short
distances and favorable angles between the
{-methyl and neighboring oxygen atoms, the
pattern in which three oxygens interact with
the methyl in tetrahedral geometry, the lack
of hydrophobic interactions around the
methyl group and the electropositive charac-
ter of the {-methyl suggest that carbon—
oxygen hydrogen bonds coordinate the
methyl group in the carbonyl cage. The
electronegativity of the €-amino group of
MeLys gives the {-methyl group a partial pos-
itive charge, which is consistent with the acid-
ification of the hydrogens of the methyl
groups and their engagement in weak hydro-
gen bonding with the oxygens of the carbonyl
cage and the invariant Tyr287. Quantum
mechanical ~ modeling  suggests  that
carbon—oxygen hydrogen bonds in Lys
residues can be especially strong and have
interaction energies comparable to classical
hydrogen bonds because of the polarization
effect of the €-amino moiety>>.

These interactions also occur in other SET
domains, although they have not previously
been discussed as such in the literature. In the
SET7/9 ternary complex (PDB entry 109S),
there are carbon-oxygen hydrogen bonds
between the MeLys methyl group and the
hydroxyl of the invariant Tyr335 (3.4 A), the

oxygen of Tyr287. In addition, both the a-amino and carboxylate
groups make water-mediated (S61) hydrogen bonds to the carbonyl of
Ala223 and the side chain hydroxyl of Ser225. The most significant dif-
ference from the Lys complex is that the €-amino group does not make
water-mediated hydrogen bonds with the carbonyls of Asp239 and
Ile241, as observed in the Lys complex; instead, N{ makes a direct 2.5
A hydrogen bond with the carbonyl of Arg222.

DISCUSSION

Carbon-oxygen hydrogen bonds

The MeLys {-methyl moiety displaces the S6 water molecule in the
lysine complex and interacts with the same surrounding polar groups
(Fig. 5a,b). It is remarkable that this methyl group makes no hydro
phobic interactions. The methyl moiety of MeLys is positioned within
3.3 A of the invariant Tyr287 hydroxyl group and 3.6 A and 3.4 A of the
carbonyl oxygens of Asp239 and Ile241, respectively. These C---O bond
distances are shorter than typical van der Waals interactions, which are
generally >3.7 A between aliphatic carbon and oxygen atoms when the
distance is measured along the C'"H bond?’.
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carbonyl group of Gly264 (3.3A) and the
Asn265 side chain amide oxygen (3.6A)".
Furthermore, carbon-oxygen hydrogen bonds are also present
between the methyl group of AdoMet and the hydroxyl of Tyr335
(3.5A), the carbonyl of His293 (3.0 A) and the side chain amide of
Asn265 (3.14) in the 1.7-A resolution crystal structure of SET7/9
bound to AdoMet (PDB entry IN6A)!7. The latter structure shows
that carbon—oxygen hydrogen bonds coordinate the methyl group
before transfer. We propose that a major, and perhaps the primary,
function of the invariant Tyr and the carbonyl cage in the SET domain
is to form carbon—oxygen hydrogen bonds with the methyl group,
activating it for transfer.

Mechanism of methyl transfer

Both Lys and MeLys are substrates of LSMT. Here we consider the
implications for the catalytic mechanism of methyl group transfer to
both a Lys and MeLys substrate. The €-amino of the Lys points toward
the AdoHcy thioether S atom located 3.8 A away (Fig. 4a). This geo-
metry allows sufficient room to model the methyl group on AdoMet
by adding it to the structure of AdoHcy with appropriate stereochem-
istry using the known structure of AdoMet. The €-amino group of Lys

VOLUME 10 NUMBER 7 JULY 2003 NATURE STRUCTURAL BIOLOGY



I@ © 2003 Nature Publishing Group http://www.nature.com/naturestructuralbiology

points toward the AdoMet methyl group, rather than Tyr287. The
structure of Lys bound in the complex is congruent with the require-
ments for a direct in-line Sy2 nucleophilic attack. The angle between
the N¢, Cg, and S& atoms is 157° in the Lys complex, whereas the angle
is 166° between these atoms in the MeLys complex (Fig. 4a,b). Given
an experimental uncertainty of [10-20°, these bond angles correlate
well with the value of 180° expected theoretically for a linear Sy2 trans-
fer mechanism3®. The Lys complex structure presents the most direct
evidence so far that SET domain enzymes act through a direct in-line
Sn2 nucleophilic attack.

MeLys is both a substrate and product of the LSMT reaction. The
observed MeLys complex reflects features of both substrate- and
product-like complexes. The MeLys €-amino group is 4.8 A away from
the AdoHcy thioether S atom, which is 1 A farther than in the Lys com-
plex. The angle between the N, Ce and S& atoms (Fig. 4b) is 166° in
the MeLys complex, which is appropriate for methyl transfer.
However, the {-methyl group partially occludes the pathway for in-
line attack, and a small shift of this group is predicted to occur in the
reactive complex with AdoMet.

Only the deprotonated Lys substrate has a free lone pair capable of
nucleophilic attack on the AdoMet methyl group. We and other
groups had suggested that the invariant Tyr could be the base respons-
ible for deprotonating the -ammonium group prior to methyltrans-
fer'>-1722, However, a close examination of the hydrogen bonding
patterns in the active site does not support this concept. In the Lys-
bound complex, the €-amino group of the substrate Lys and Tyr287
hydroxyl are separated by >3.3 A, indicating weak or no hydrogen
bonding between the two moieties. In the MeLys complex, the
€-amino is >4.3 A from the Tyr hydroxyl and instead is tightly hydro-
gen bound to the carbonyl of Arg222. The lack of hydrogen bonding
between Lys and MeLys and Tyr287 is inconsistent with the function of
this residue in base catalysis in SET domain methyltransferases. The
absence of a general base implies that a deprotonated Lys residue is the
true substrate of SET domain enzymes. In this model, the Lys is depro-
tonated in solution before binding the enzyme. Because deprotonated
Lys is a minor species in solution at pH <10, this model would be con-
sistent with the exceptionally low turnover numbers and high pH
optima for SET domain enzymes.

Methylation multiplicity

LSMT is capable of trimethylating Lys14 of the Rubisco large subunit
and can catalyze the methylations of free Lys and MeLys. However, not
all SET domain enzymes are capable of catalyzing multiple methyla-
tions. The human histone Lys methyltransferase (HKMT) SET7/9 cat-
alyzes only the monomethylation of Lys4 in histone H3 (refs. 18,19).
We superimpose the SET7/9-MeLys peptide complex with the present
structures in order to ascertain why some SET domain enzymes are
capable of multiple methylations while others are not. The most infor-
mative comparison is between the LSMT complex with MeLys sub-
strate complex and the ternary product complex of SET7/9 bound to
AdoHcy and a histone H3 MeLys4 peptide.

A superimposition of the LSMT and SET7/9 lysine-binding clefts
reveals several structural differences that can account for the different
methylation specificities of each enzyme (Fig. 5). Many of the struc-
tural elements in the LSMT lysine-binding pocket, such as the car-
bonyl cage, 6 strand and invariant Tyr287, are conserved in SET7/9.
However, there are several significant differences between the lysine-
binding pockets. The most notable is the presence of Tyr245 and
Tyr305 in SET7/9, which hydrogen bond to the €-amino group of the
MelLys residue in the ternary complex. Phe224, His252 and Ile285
occupy comparable positions in the lysine-binding cleft of LSMT. In
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Figure 6 Space filling comparison of the lysine-binding sites of LSMT and
SET7/9. (a) Molecular surface of the lysine-binding cleft in the LSMT
SET-Lys—AdoHcy complex. The side chain of Arg 226 and the backbone
atoms of the lysine substrate were removed for clarity. (b) Molecular surface
of the lysine-binding pocket in the LSMT SET-MelLys—AdoHcy complex,
depicted as in a. (c) Molecular surface of the lysine-binding cleft in the
SET7/9 ternary complex, illustrated as in a.

SET7/9, the side chains of Tyr245, Tyr305 and Leu267 protrude farther
into the lysine-binding pocket than the comparable residues in LSMT.
This intrusion narrows the diameter of the lysine-binding pocket in
SET7/9 in comparison to LSMT (Fig. 6). As a consequence, MeLys4
binds in an all-trans extended conformation to SET7/9, whereas the
MeLys binds to LSMT in a kinked conformation.

The €-amino groups of the MeLys side chains bound in the LSMT
and SET7/9 ternary complexes have completely different hydrogen
bonding interactions. After methyltransfer occurs in SET7/9, hydro-
gen bonds between €-amino group and the hydroxyl moieties of
Tyr245 and Tyr305 orient the N and Cn) atoms of MeLys and the SO
thioether atom of AdoHcy in a nearly linear geometry of 177°. This
conformation directly blocks both the binding of AdoMet and the
accessibility of the €-amino group for a second round of methyl
transfer, as noted by Gamblin and co-workers!. The strong hydrogen
bonds with Tyr245 and Tyr305 lock the MeLys side chain X5 angle into
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a Rubisco Large Subunit N-Terminal Sequences b

Arabidopsis thaliana:

Pea (Pisum sativum) :

Tobacco (Nicotiana tabacum) :
Spinach (Spinacia oleracea):
Consensus Sequence:

Figure 7 Substrate specificity of LSMT. (a) Sequence alignment of the N-terminal residues of
the large subunits of Rubisco from several plant species. The N termini begin at Pro3, which
are Na acetylated. The consensus recognition sequence for methylation of Lys14 by LSMT is
shown in blue. (b) Modeling of the consensus sequence peptide into the protein substrate-
binding cleft in LSMT. The side chain of Arg 226 was removed to provide an unobstructed view
of the binding site. Residues that are within van der Waals contact of the peptide model labeled
on the molecular surface of LSMT. Molecular surfaces associated with residues that are

identical in LSMT sequences are colored cyan.

Ac-PQTETKASVGFK, AGVKEYKLTYY

Ac-PQTETKAKVGFK, AGVKDYKLTYY

Ac-PQTETKASVGFK, AGVKEYKLTYY

Ac-PQTETKASVGFK, AGVKDYKLTYY
VGFK, ,AGV

a trans geometry. This stabilizes the product complex in a
non-productive orientation. The structural comparison presented
here helps explain why the Y245A mutation permits SET7/9 to
catalyze the di- and trimethylation of Lys4 in histone H3 (ref. 19).

In LSMT, the €-amino group of MeLys hydrogen bonds to the car-
bonyl oxygen of Arg222, which positions it 1 A closer to the reactive
site than the €-amino of SET7/9-bound MeLys. This configuration
orients the substrate MeLys N{ and Cn atoms and the AdoHcy S&
atom into a non-linear geometry with an angle of 121° (Fig. 4b), rotat-
ing the methyl away from the line of nucleophilic attack as compared
with the nearly straight-line geometry of the SET7/9 complex. In sum-
mary, a combination of steric constriction in the SET7/9 active site as
compared with LSMT and hydrogen bonds between the €-amino
group and Tyr245 and Tyr305 prevent SET7/9 from carrying out mul-
tiple methylations. LSMT is capable of carrying out multiple Lys
methylations because its active site is less constricted and because
hydrogen-bonding groups are available to position the €-amino group
in a reactive conformation.

Methylation site specificity

The basis for the methylation site specificity in the SET domain his-
tone methyltransferases has been grounds for intense interest because
site specificity is at the heart of the ‘histone code’ Similar to most of
the characterized HKMTs, LSMT is exquisitely specific for Lys14 in the
large subunit of the Rubisco holoenzyme?®27. A sequence alignment of
several Rubisco large subunit homologs reveals a consensus sequence
VGFK,4AGV (in which K|, is the methylation site) (Fig. 7a), which is
relatively solvent exposed and lacks defined secondary structure in the
Rubisco holoenzyme3°. The Lys and MeLys a-amino and -carboxylate
groups hydrogen bond to residues in the lysine-binding cleft and
neighboring water molecules, providing a basis for modeling a con-
sensus sequence peptide into the LSMT active site (Fig. 7b).

The peptide was manually docked in an extended conformation
and makes numerous backbone interactions in the LMST protein
substrate-binding site. The N- to C-terminal direction of the peptide
is the same as in the SET7/9 complex (not shown). Three out of seven
positions in the consensus methylation sequence of Rubisco are Gly
or Ala. Consistent with the preponderance of small residues in the
substrate sequence, the peptide-binding groove contains few pockets
capable of binding a large side chain. Thus, one aspect of specificity is
the steric exclusion of residues with medium or large side chains at
these positions. The exception to this observation is Phel3, which can
bind in a deep hydrophobic pocket immediately adjacent to the
lysine-binding cleft in LSMT. LSMT binds to the large subunit with
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high affinity (K4 = (0.1 nM) and requires the presence of the both its
N- and C-terminal lobe domains to achieve this tight binding
(R.L.H., unpub. data). Structural studies of the LSMT-Rubisco
holoenzyme complex will be necessary to appreciate the interactions
that provide specificity between this SET domain methyltransferase
and its substrate.

METHODS

LSMT methyltranferase assays. Rubisco LSMT was assayed as described?? with
several modifications. Assays with Rubisco as the substrate and Lys-HCI
(Sigma) or MeLys-HCI (Bachem) as inhibitors contained 200 mM bicine, pH
8.2, and were incubated for 1 min at 30 °C. Assays for product analysis with Lys
(150 mM) or MeLys (150 mM) as substrates contained higher levels of LSMT
(33 UM) and 3H-labeled AdoMet (82 uM) and were carefully adjusted to a pH
of [B.8 with NaOH. The reactions (20 pl) were incubated for 40 min at 30 °C,
and terminated by the addition of 30 pl of water. A 5-pl sample of the reaction
was immediately spotted onto a 2-cm wide band onto a silica gel TLC plate
(20 cm x 20 cm, 250 pm thickness, 2-25 pm particle size, 60 A pore size)
(Sigma), and the remainder was stored at —80 °C. The TLC plate was developed
and visualized as reported*’. Ry values corresponding to known standards for
Lys (0.53), MeLys (0.44), Me,Lys (0.76) and MesLys (0.21) were examined for
radioactivity by removing the appropriate area with a razor blade and placing
the silica gel in a 5.0 ml vial with 30% (v/v) methanol followed by 4.5 ml of
liquid scintillation cocktail. Radioactivity was determined by liquid scintilla-
tion spectroscopy. Control reactions consisted of assays minus LSMT or assays
minus substrate. This TLC separation technique results in complete separation
of Lys and all methylated derivatives, as well as AdoMet, which remains
restricted to an area 1 cm above and including the origin (R < 0.06). All data
were graphed and analyzed using Sigma Plot version 8.0.

Crystallization and data collection. Pea LSMT (residues 46-482) was expressed
and purified as described??. LSMT ternary complex crystals were grown in
hanging drops at 25 °C with 10 mg mI~! protein in 0.95-1.10 M sodium acetate,
400 UM AdoHcy, 1 mM tris (2-carboxyethyl)phosphine hydrochloride (TCEP)
and in either 100 mM Lys or MeLys acetate buffer, pH 6.8. Crystals grew to a
size of 300400 pm in [B weeks. Drops containing the crystals were then dehy-
drated by successively transferring the cover slips over higher concentrations of
sodium acetate to a final concentration of 2.4 M. Crystals were then cryopro-
tected in 30% (v/v) glycerol and frozen in the cryo-stream for data collection.
Data set was collected at 95 K on an R-AXIS IV++ detector (Rigaku) using Cu
Ka radiation from a Rigaku RU200 generator (Rigaku) and focused with
Osmic confocal mirrors (Rigaku). Data were then indexed, reduced and scaled
using DENZO and SCALEPACK*!.

Structure solution and refinement. The crystal structure of LSMT bound to
AdoHcy and a HEPES buffer molecule (PDB entry IMLV) was used as a start-
ing model for refinement of the Lys and MeLys complexes. The HEPES and
water molecules were removed, and the Lys and MeLys structures were refined
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Table 1 Crystallographic data collection and refinement statistics

Crystallographic data

Space group 1222
Cell dimensions Lys MeLys
a(h) 131.96 130.41
b (A 156.90 153.19
c(h) 267.55 266.32
AR 1.5418 1.5418
i (B) 2.65 2.55
Number of reflections? 79,741 (7,902) 83,829 (7,768)
Completeness (%)? 98.9 (99.0) 96.5 (93.6)
<I>/<g>? 25.9 (2.51) 30.2 (2.45)
Raym (%)P 5.6 (49.4) 4.4 (48.5)
Refinement
Resolution range (A) 30.0-2.65 30.0-2.55
Number of reflections 72,448 74,004
Ryork (7%6)¢ 22.7 22.8
Riree (%)4 26.6 26.9
Luzatti coordinate error 0.38 0.41
Cross-validated Luzatti coordinate error 0.44 0.49
R.m.s. deviation
Bond length (A) 0.007 0.007
Bond angle (°) 1.2 1.3
Improper angle (°) 0.79 0.78
Dihedral angle (°) 21.5 21.3
Average B-factor (A2)
Overall 66.5 70.4
Protein 66.8 70.9
Ligands 53.8 59.9
Water 64.0 62.8
B-factor r.m.s. deviation (A2)
Bonded main chain atom 1.40 1.32
Bonded side chain atom 1.82 1.65
Residues in Ramachandran plot @-U regions (%)¢
Most favored 87.6 87.8
Additionally allowed 12.1 11.9
Generously allowed 0.3 0.3
Disallowed 0 0

2Values in parentheses are for the highest-resolution bin. PRy = X3 I1(h) — <I(h)>I /
5,31 Li(h). CR-factor = S(IF,| - KIF|) / ZIF,l. 4Ry e is the R-factor value calculated for a
test set of reflections, comprising a randomly selected 5% of the data that is not used
during refinement. ®Ramachandran plot @-W regions are defined according to the crite-
ria of Procheck?8.

against their datasets using CNS*2. After several rounds of simulated-annealing
torsion angle molecular dynamics refinement, 2F, — F. and F, — F. omit maps
revealed density for either a well-ordered Lys or MeLys in each of the three
LSMT molecules in the asymmetric unit for each respective complex. Lys and
MeLys molecules were subsequently built into the omit map density for the
respective structures using O*>. The structures were then subsequently refined
with several cycles of manual model building and molecular dynamic, posi-
tional and B-factor refinements using NCS restraints on the domains and
regions flanking the SET domain. Residues 258-266 in the A molecule were
omitted from the Lys complex structure because of their disorder in the crystal,
whereas residues 258-265 were omitted from the A molecule in the MeLys
complex. During later rounds of refinement, 644 and 652 molecules of water
were added to the Lys and MeLys complexes, respectively. The final structure of
the Lys complex has a R, of 22.7% and a Ry, of 26.6%, whereas the MeLys
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complex has R,y and Rg, of 22.8% and 26.9%, respectively. The refined
models have none of their non-glycine residues present in the disallowed
regions of the Ramachandran plot.

Coordinates. The coordinates have been deposited in the Protein Data Bank
(accession codes 10ZV (Lys) and 1P0Y (MeLys)).
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