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ABSTRACT: Posttranslational methylation of release factors on the glutamine residue of a conserved GGQ
motif is required for efficient termination of protein synthesis. This methylation is performed bi?-an
glutamine methyltransferase called PrmC/HemK, whose crystal structure we report here at 2.2 A resolu-
tion. The electron density at the active site appears to contain a mixture of the subSteatespsyl--
methionine (AdoMet) and glutamine, and the produ&sdenosylk--homocysteine (AdoHcy) anbl®-
methylglutamine. The C-terminal domain of PrmC adopts the canonical AdoMet-dependent methyltrans-
ferase fold and shares structural similarity with the nucleohideethyltransferases in the active site,
including use of a conserved (D/N)PPY motif to select and position the glutamine substrate. Residues of
the PrmC1¥NPPY2% motif form hydrogen bonds that position the planar Gin side chain such that the
lone-pair electrons on the nitrogen nucleophile are oriented toward the methyl group of AdoMet. In the
product complex, the methyl group remains pointing toward the sulfur, consistent with eithef-an sp
hybridized, positively charged GlIn nitrogen, or a neutrésgoridized nitrogen in a strained conformation.

Due to steric overlap within the active site, proton loss and formation of the neutral planar methylamide
product are likely to occur during or after product release. These structures, therefore, represent intermediates
along the catalytic pathway of PrmC and show how the (D/N)PPY motif can be used to select a wide
variety substrates.

Posttranslational protein methylation of various amino hydrolysis at the peptidyl transferase active site. A second
acids is involved in a wide range of cellular processes, class of RFs is then required to remove the class-1 RFs and
including RNA transport and processing (arginine), chemo- begin disassembling the ribosome for a subsequent round
taxis (glutamate), phycobilisome light-harvesting of complex of translation. Prokaryotic and eukaryotic class-1 release
proteins (asparagine), protein repairigoaspartate), and factors are structurally distinct and contain subfamilies of
chromatin regulation (lysinelLl-5). Methylation can func- enzymes that are selective in their recognition of particular
tion as a reversible signal, as in the case of the bacterialstop codons9). Despite these differences, each class-1 RF
chemotaxis receptor, where glutamate residues are reversiblycontains a conserved GGQ maotif that is thought to play a
methylated to activate or attenuate an external sigf)abf role in activating or positioning the water molecule involved
as a more permanent modification that affects the activity in hydrolysis at the peptidyl transferase active sit@, (L1).
or surface hydrophobicity of a substrate. Recent biochemical - The release factor GGQ motif was initially identified as a
evidence has revealed that protein glutamine methylation is ¢y cjal component of translation termination when mutation
required to obtain efficient termination of protein translation ¢ aither glycine residue resulted in a loss of termination in
(6. 7). vitro despite continued interactions between the release

During protein synthesis, the growing polypeptide chain factors and the ribosoméZ). Peptide fragments containing
extends from the P-site tRNA on the ribosome and remainsthe GGQ motif of active RF1 and RF2 frofscherichia
covalently attached until a stop codon in the mRNA enters coli were shown to contain a methylated glutamine by mass
the A-site ). Class-1 release factors (RJrsecognize the  spectrometric analysiss( 7, 12). Methylation of theN?®-
stop codon and trigger peptide release by stimulating nitrogen of glutamine is carried out by an AdoMet-dependent

N-methyltransferase (N-MTase) encoded by a gene known

R ) ) ashemK(7, 12, 13), which was initially misidentified as a
DKOFZL%(ilI.ng was received from NIH grants GM56775 and KO1 component of the heme biosynthetic pathwayl)( The
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human, and mammalian release factors also contain the GGQtandard protocols. Initial protein purification was carried
motif, suggesting that methylation on glutamine is a universal out by affinity chromatography using Pharmacia chelating
requirement for peptide termination. It has been suggestedsepharose charged with Niand standard protocols. Frac-
that thehemKgene name should be replaced wittmC to tions were dialyzed against 20 mM Tris-HCI, 1200 mM NacCl,
reflect the role of these homologues in the greater field of and 1 mM DTT, pH 8.0, and concentrated. The His tag was
protein ribosomalmethylation, or perhaps more accurately, removed by recombinant His-tagged TEV protease, PrmC:
proteinrelease factomethylation {). For this work, we will TEV 1:50, at room temperature for 2 h. The cleaved protein
refer to the purified enzyme as PrmC. was dialyzed a second time to remove the DTT and separated
S-Adenosylt-methionine (AdoMet) is the second most from the tag and TEV by repeating the?Nchromatography.
widely used cofactor after ATP, and its methyl group is Finally, the cleaved protein was concentrated and run on a
transferred to a wide variety of substrates, including DNA, Pharmacia S75 gel filtration column equilibrated in the
RNA, small molecules, and amino acids, to generdte  dialysis buffer. PrmC eluted at a volume consistent with a
adenosyl--homocysteine (AdoHcy) and a methylated prod- monomeric state.
uct. The most prevalent architecture of the AdoMet- PrmC was crystallized at 19C in hanging drops by
dependent MTases is a mixed/f-domain containing a  mixing 2 uL of PrmC solution at 14 mg/mL with an equal
seven-strande@3-sheet that provides both the AdoMet volume of the well solution [1620% poly(ethylene glycol)
binding pocket and the base of the active sit8 (16). The (MW 3000) and 100 mM sodium citrate trihydrate, pH 5.5].
(N/D)PPY motif found at the end @84 in adenosine and  Crystals grew as flat plates. In the absence of ligand, the
cytosine N-MTases is crucial in positioning the nucleotide crystals belong to space groug2;2,2 and contain one
substrateX7). The structure of the adenosine N-MTaSag, molecule per asymmetric unit bound to AdoHcy. Enzyme
bound to DNA revealed that tHé®-adenine nitrogen donates that was preincubated with 5 mM AdoMet and glutamine
hydrogen bonds to the (D/N)PPY motif, which forms a prior to crystallization produced morphologically similar
semicircle around the substrate, essentially in the plane ofcrystals that belonged to space gr&@fy had two molecules
the nucleotide18). These interactions have been postulated per asymmetric unit, and bound a mixture of AdoMet/GIn
to position the nucleophile such that the lone-pair electrons and AdoHcy/MeGlIn in the active site. This crystal form was
are directed toward the incoming methyl grody<{19). also obtained using selenomethionine-substituted PrmC that
In an effort to understand how the (N/D)PPY motif of was produced using the methionine inhibition metha);(
PrmC facilitates methylation on thé-nitrogen of glutamine,  selenomethionine incorporation was confirmed by amino acid
as opposed to adenine, we have determined the structure oénalysis.
the Thermotoga maritim&rmC bound to a partial occupancy Data Collection and Model Refinemeifor data collec-
mixture of substrates, AdoMet and glutamine, and products, tion, both crystal forms were cryoprotected in the well
AdoHcy and a\®-methylglutamine (MeGIn); the transferred  condition made up with 20% glycerol and cooled by plunging
methyl group was refined at half-occupancy on both the into liquid nitrogen. NativeC2 data to 2.2 A and selenium
AdoMet and MeGIn molecules. We also report the 2.35 A multiple anomalous diffraction (MAD) data to 2.7 A resolu-
resolution structure of an AdoHcy-bound PrmC in a different tion were collected at the Stanford Synchrotron Radiation
crystal form. PrmC adopts the canonical AdoMet-dependent Laboratory (SSRL) beamline 9-2 (Table 1). T2 2,2 data
MTase fold and employs the NPPY motif to bind the planar set was collected to 2.35 A resolution on SSRL beamline
glutamine amide through interactions similar to those made 9-1. All data were processed and scaled using the HKL set
by N-MTases that act on nucleotide ligands. The methyl of programs (Table 1)2Q). Three pairs of selenomethionine
group in the MeGin points toward the AdoHcy and in a sites were identified and phased using the program SOLVE
direction perpendicular to the plane of the glutamine side- (23). In addition, the sulfur atoms of the bound AdoMets
chain amide, consistent with a charged3-bpbridized gave the next-highest anomalous difference peaks and were
nitrogen or a strained neutral %pybidized nitrogen. It used for phasing, suggesting that some selenomethionine had
appears that steric hindrance ensures that the planar MeGlrbeen converted into AdoMet during bacterial production and
product can be obtained only after product release from thethat not all of the bound AdoMet/AdoHcy came from the
active site. The structure also reveals that PrmC exhibits aprecrystallization incubation. The phases were refined by
negatively charged substrate binding cleft that is comple- solvent flattening, and a preliminary polyalanine trace was
mentary to the positively charged loops of the release factorsobtained using the program RESOLVE. Further model
that contain the GGQ motif. building and refinement were performed with the programs
“O” (25) and REFMACS 26).
EXPERIMENTAL PROCEDURES The final model in theC2 space group contains residues
Expression, Purification, and Crystallizatiomhe prmC/ 12—282 of molecule A and residues 182 and 56-281 of
hemKgene was amplified frorit. maritimagenomic DNA molecule B. Each monomer contains an AdoMet/AdoHcy
using two primers: forward, '8SCAACGTGGAGGTG- mixture where the catalytic methyl is modeled at half-
GAGCTCAC-3, and reverse, '56GAGAAGTTAGACT- occupancy. In addition, a MeGlIn product has been modeled
GATACTC-3. The clone was ligated into pGEM-Easy into the active site, with the methyl group refined at half-
(Promega) and was shown to have a sequence identical withoccupancy. The active site of molecule B has electron density
that of Genbank accession number NP_228298. The geneconsistent with the density in molecule A, but due to weak
was cleaved withNcd—Puwull, and subcloned into pHIS-  data only the tips of the side chains were refined. The
.Parrallel3 20) cleaved withNcd—Stu. The vector con- dictionary library for the MeGIn was created by the sketcher
tained an N-terminal His tag and a TEV protease cleavage program within the CCP4 suite of program27). The
site. Bacterial cultures were grown and induced using structure of theP2,2,2 crystal form was determined by
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Table 1. Crystallographic Statistics

data collection statistics high res Se-peak Se-remote Se-inflect. P2,2:2
space group c2 c2 c2 Cc2 P2:2,2
a(Ah) 141.5 141.3 141.8 141.8 63.8
b (A) 59.1 58.7 59.1 59.1 59.0
c(A) 85.6 84.5 85.2 85.2 82.9
S (deg) 109.2 109.0 109.4 109.4
wavelength (A) 1.033 0.97884 0.95369 0.97900 0.97
resolution (A} 20-2.2 (2.28-2.2) 20-2.7 (2.8-2.7) 20-2.7 (2.8-2.7) 20-2.7 (2.8-2.7) 20-2.35(2.43-2.35)
no. of observed reflections 176 619 63 308 63775 64 390 100 547
no. of unique reflections 32 346 18 102 18 098 18 207 24 661
% completeness 94.7 (66.5) 97.3 (89.0) 97.9 (92.7) 99.1 (95.5) 97.7 (79.4)
R-mergé® 5.0 (35.1) 6.1(19.0) 5.9 (18.6) 7.2 (24.6) 3.9 (40.4)
1ol 26.3(2) 9.8 (3.3) 10.3(3.3) 12.3(3.6) 20.0 (2.3)
mosaicity (deg) 0.95 1.35 1.29 1.24 0.5
R-factor 19.2 23.8
Riree 25.4 30.0
rmsd (bond lengths) (A) 0.020 0.026
rmsd (bond angles) (deg) 18 2.6

aNumbers in parentheses are for the high-resolution®dfamerge= S|1|/3 1, wherel is the intensity of an individual measurement arisl the
average intensity from multiple observatioA®R-factor = 3 ||Fond — K|Fcad|/Y |Fobd. ¢ Riee €quals theR-factor against 5% of the data removed
prior to refinement.

A B

Ficure 1: Structure of PrmC. (A) Stereodiagram of the enzyme with the N-terminal helical domain colored magefHaaitipin subdomain
colored yellow, and the catalytic domain colored with blue helices and green strands. The bound AdoMet (yellow) and methylglutamine
(cyan) delineate the active site. In the three independently determined PrmC molecujes;-tie loop (shown in black) adopts two
alternate conformations (both shown) and is not visible in the third. [Figures 1A, 2B, 3, 4, anD 6%&re prepared using the program
Pymol @0).] (B) Topology diagram.
molecular replacement using tG2 PrmC model and refined  R-factors of 19.2% Rree = 25.4%) and 23.9% Riee =
independently. The final refined model contains residues 13 30.0%), respectively, with reasonable geometry (Table 1).
205, 212-282, and an AdoHcy molecule that was retained The structures of the three crystallographically independent
throughout purification. Both structures have been submitted molecules are essentially identical, with rms deviations
to the Protein Data Bank (PDB) with accession codes 1NV8 between 0.31 and 0.52 A over albQarbons.
and INV9 for theC2 and P2,2,2 data, respectively. See  pymc assembles into two major domains: an N-terminal
Table 1 for data collection and refinement statistics. domain consisting of foun-helices is connected to the larger
RESULTS Adol\'/le_t binding domain through a smdthairpin (Figure '
1). Similar to other AdoMet-dependent MTases, the catalytic
Structure of PrmCThe crystal structure of. maritima domain is comprised of a seven-stranded miykgheet
PrmC was determined by MAD phasing using seleno- flanked by sixo-helices. This domain is most similar to the
methionine-substituted protein. Data were collected to 2.2 structures oMethanococcus jannaschiij0882 (PDB code
A resolution from aC2 crystal containing two molecules 1DUS), Mycobacterium tuberculosisv2118c (PDB code
per asymmetric unit, and to 2.35 A resolution fror@22,2 119G), the catechol O-MTase (PDB code 1VID), and the
crystal containing a single molecule in the asymmetric unit. glycine O-MTase (PDB code 1XVA). These four structures
The C2 and P2;2,2 structures have been refined to final share only 16-21% sequence identity with PrmC, although
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Ficure 2: Conservation of PrmC. (A) Sequence alignment of PrmC/HemK ffomaritima E. coli, and human, colored according to the
conservation in sequence between these and 15 additional PrmC/HemK family members, indkigdéagia meningitidi$1C58, Aquifex

aeolicus Buchnerasp. APS Chlamydia trachomatjBacillus haloduransXylella fastidiosaHaemophilus influenza®ickettsia prowazekii

Bacillus subtilis Mycobacterium tuberculosi®einococcus radioduran$ynechocystiBCC6803Bacillus haloduransHelicobacter pylori

(strain 26695), anéorphyromonas gingalis. The highlighted conservation ranges from 90% identical between all 14 sequences, in blue,
down to 70% identical, in light green. THe maritimanumbering and secondary structure are shown above the sequence. (B) The surface
of PrmC colored by sequence conservation and in the same orientation as in Figure 1A. The bound AdoMet molecule is colored in yellow
at the bottom of the active site cleft (no GIn or MeGlIn is shown in this figure).

theZ-scores for structural similarity, as defined by the DALI Both hydroxyl groups of the ribose ring form hydrogen-
structural comparison servel8), range from 11 to 18, where  bonding interactions with the conserved side chain of
a Z score greater than 2 indicates significant structural Asp151, and the methionine moiety interacts with Asn197,
similarity. Despite their similarity, the PrmC anhile. Gly129, and two water molecules. The nonpolar side chain
jannaschiimj0882 enzyme families probably have distinct of Phel100 packs behind the sulfur atom of AdoMet and may
substrates, and mj0882 has been putatively labeled as arfunction to destabilize the charged ligand, thereby enhancing
RNA:(guanine-N) MTase @9). The majority of the similar-  the rate of methylation.

ity to other MTases is contained within the AdoMet binding  Eyolutionarily conserved residues (Figure 2) are concen-
domain, and an alignment of 14 members of the PrmC/HemK {rated at the active site cleft, which is a deep and narrow

family revealed 15 invariant residues (Figure 2). The funnel (10 A diameter opening 8 A deep) that leads to

maritimaPrmC sequence shares 31% identity (51% similar- the reactive donor methyl, which is barely visible at the
ity) with the extensively studiece. coli enzyme. The  pottom of the pocket (yellow in Figure 2B). One side of
N-terminal domain of PrmC does not exhibit statistically this funnel is lined with the hydrophobic residues Tyr200,
significant similarity with any other MTase. It is located /31201, Leu219, and Phe100, while the other side is lined
above the active site (Figure 1) and, as shown for the variableith charged residues Arg103, Glu105, Glu246, Glu249,
auxiliary domains of other MTases§ 30), may contribute  ang Arg273. Additional negatively charged amino acids

to binding of the protein substrate. lace the surface of PrmC surrounding the active site and
AdoMet Binding within the Acte Site.All three crystal- generate an overall electronegative surface (Figure 6E). The

lographically independent PrmC structures presented herebottom of the active site is formed by the conserved NPPY

contain some form of AdoMet or AdoHcy. THe2 crystal motif, positioned at the end ¢f4, and centered on a sharp

form apparently contains an approximately 50:50 mixture kink on the polypeptide chain. Recognition of this motif
of AdoMet and AdoHcy bound to both molecules in the within PrmC prompted an earlier incorrect designation as
asymmetric unit (Figure 3), while the2,2,2 crystal form an adenosine methyltransferase, because this motif is a
contains only AdoHcy. In all cases, the methyl donor is hallmark of the active site of the adenosine and cytosine
bound above thg-sheet near the hallmark nucleotide binding N-MTases 17, 31). Indeed, the NPPY motif in PrmC adopts
sequence, GXGxG, at the C-terminal engbaf As in other a conformation very similar to that ifiad, and in both cares
MTases, the AdoMet adenine ring packs against the hydro-these residues are crucial for substrate recognition and
phobic side chains of lle128, Vall52, Phel80, and Phe228.selectivity.



5596 Biochemistry, Vol. 42, No. 19, 2003 Schubert et al.

A B

Ficure 3: Electron density surrounding the active sites of @2ecrystal form. (A) The final model containing a mixture of two catalytic
intermediates GIn and MeGIn(cyan) is shown bound to the active site residues (green) near the AdoMet/AdoHcy cofactorRyetlow).
F. map calculated during refinement prior to addition of the Gln/MeGlIn residue to the maedslgBw). F, — F. map (¥, red) calculated
following refinement of MeGIn (Me occupancy 0) and AdoMet (Me occupancy 0.5) supports the presence of a methyl group on the
GIn nitrogen. Conversely, df, — F. map (3, blue) following refinement of MeGIn (Me occupaney0.5) and AdoMet (Me occupancy
= 0) supports the refinement of partial occupancy of the AdoMet methyl group.KB)Z (1o, blue) electron density reflects the quality
of data and refinement.

A B

Adenine

AdoMet

Ficure 4: Active site of PrmC and comparison T@ad. (A) Stereoview of the PrmC active site. Hydrogen-bonding interactions between

the GIn/MeGlIn (cyan) and the enzyme are shown as dashed lines, with distances in angstroms noted. The distance between the GIn nitrogen
nucleophile and the methyl donor on AdoMet is 3.3 A. (B) Structure of the adenosine N-NM&askbound to AdoMet and adenosine. A
substrate-boundad model was generated by alignment of tliag AdoMet-bound structure (PDB code 2ADMX1) with the Tad
adenosine-bound structure (PDB code 1G38) [using residues immediately surrounding the active site and the (D/N)PPY motif, residues
46-50 and 104-108]. The donor methyl group is 3.0 A from thé-Nitrogen in this model.

A Combination of Substrates and Products Are Bound to  Hydrogen-bonding interactions and positioning of the
the Active Site.The C2 crystal form, which was grown in ~ MeGIn with respect to the NPPY motif explain the enzyme
the presence of 5 mM AdoMet and glutamine, contains specificity. TheN°>-nitrogen nucleophile of the GIn side chain
electron density in the active site that was initially interpreted is positioned within hydrogen-bonding distance of the
as being due to a GIn side chain. Following preliminary carbonyl oxygen of Pro198 and the side-chain oxygen of
refinement, residual density (Figure 3) suggested that the Asn197 (Figure 4A), while the GIn side-chain oxygen accepts
methyl group was partially present on both the AdoMet and a hydrogen bond from the main-chain amide of Tyr200. The
the GIn nitrogen atom, indicative of partial turnover of rest of the Gin residue does not make specific contacts with
substrates to products. Refinement proceeded smoothly andhe enzyme, although the aromatic ring of Tyr200 packs
gave flat difference density maps when the model was treatedagainst the side-chain methylene groups. The hydrogen bonds
as a mixture of substrates and products, with the methyl to the NPPY moitif lie within the plane of the 3pybridized
group of the MeGlIn ligand, and the AdoMet methyl group, nitrogen nucleophile, and the lone-pair electrons from the
modeled with half-occupancy. nitrogen would project perpendicular to that plane, pointing
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Ficure 5: Proposed catalytic mechanism of (D/N)PPY-containing N-MTases. (A) The planar substrate is positioned by the conserved
(D/N)PPY motif such that the lone pairs of the nucleophilic nitrogen point toward the incoming methyl group and the charged sulfonium
ion. (B,C) Hydrogen bonds from the (D/N)PPY motif may help to position the lone-pair orbital. The reaction proceeds with inversion of
symmetry surrounding the methyl group in a typical8ype reaction to yield a charged3dpybridized nitrogen center. (D) The final

neutral product is obtained after proton loss to solvent. (E) Equivalent binding geometry is observed for the adenosine NaqTase,
which presumably utilizes a similar catalytic mechanism.
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Ficure 6: PrmC is reactive against the glutamine of the GGQ motif of peptide release factors. (A,B) The tertiary structure of RF2 (PDB
code 1QGE) and eRF1 (PDB code 1DT9), with the GGQ motif highlighted in ball-and-stick representation and boxed. (C,D) The surface
of the RF2 and eRF1 surface loops containing the GGQ motif and other nearby residues, colored by atom type: red, oxygen; blue, nitrogen;
and white, carbon. (E) A surface representation of PrmC colored by electrostatic potential, indicating the strong negative charge of the
active site 22, —11, 0,+11, 22 eV).

toward the incoming methyl group (Figure 5A). methylated intermediate prior to the final step of deproto-
Transfer of the methyl from the AdoMet sulfur to the GIn  nation. This MeGlr species would contain anspybridized
nitrogen is thought to follow a classicy® mechanism in nitrogen and retain the two hydrogen bonds to Asn1970D1
which the symmetry of the methyl group is inverted (Figure and Pro1980 seen in the substrate complex (Figure 5C).
5B). This is consistent with the substrate and product Alternately, the MeGIn species may have lost a proton to
complex structures seen here, which respectively showsolution and may contain a neutraPdpybridized nitrogen,
S—C—N angles of 156 and 162, similar to the linear albeit in a strained conformatior3%). We suggest that the
geometry of 180. The short 3.3 A distance seen between planar conformation is prohibited by steric overlap of the
the GIn nitrogen and the AdoMet methyl in the substrate methyl group with Asn197 and Pro198, and that the final
complex, and the 3.6 A separation of the product complex step of deprotonation could occur during or following product
MeGIn™ methyl and the AdoMet sulfur, are also consistent release. This model is also consistent with the apparent
with a direct mechanism of methyl transfer. absence of a suitable general base or solvent molecule
The methyl group on the MeGIn product points toward adjacent to the bound MeGin in the crystal structure.
the AdoMet/AdoHcy sulfur, in a direction perpendicular to Comparison with Other Methyltransferaseéske PrmC,
that expected for an $ghybridized nitrogen. It seems Tad binds the sp-hybridized NH group of its substrate
possible, therefore, that the bound product is actually a (adenine) by hydrogen bonds with the (D/N)PPY motif that
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lie in the plane of the substrate (Figures 4B and 5E). In derscore the remarkable flexibility of the MTases, which

contrast, many AdoMet-dependent MTases do not contain possess a highly conserved AdoMet binding domain but have
the (D/N)PPY motif and have evolved alternate methods of otherwise diverged greatly to bind widely disparate substrates
substrate binding, nucleophilic activation, and proton abstrac-and have developed several different mechanisms to activate

tion. The cytidine &MTase, Hhal, generates a covalent
intermediate between a cysteine residue and the nucleotide’s
C®-carbon to activate theX®osition for nucleophilic attack
on AdoMet @3, 34). In the catechol O-MTase, a Mgion
coordinates the substrate’s hydroxyl groups and activates the
hydroxyl nucleophile, and a lysine residue has been impli-
cated in proton abstractiol3%, 36). The active site of the
glutamate O-MTase, CheR, contains an arginine residue, and
conversely, the active site of the arginine N-MTase, PRMT,
contains multiple glutamate residue87( 38). Charge
complementarity is therefore predicted to facilitate binding
and positioning of substrate in these MTases, and proton
abstraction is thought to require a nearby tyrosine (CheR)
or histidine residue (PRMT)3§).

Interaction of PrmGwith the Peptide Release Factors. The
structures of eukaryotic eRF1 and prokaryotic RF2 (both
class-1 RFs) share little similarity aside from the GGQ motif
(Figure 6A,B), which is positioned within a surface lodj|
39). In both cases, the GIn residue is packed against the
surface of the protein (Figure 6C,D), indicating that some
conformational change, perhaps involving the flexible glycine
residues, will be required in order to bind into the PrmC 11,
active site cleft. It has been observed that the region flanking
the GGQ motif of both eRF1 and RF2 contains several basic
residues, such as Arg, Lys, and His (Figure 6C,D0) (A
role for electrostatic interactions in substrate binding is
therefore suggested by the negative potential surrounding the 13.
PrmC active site, which is due to both conserved acidic 14.
residues within the active site and several less conserved
acidic residues on the surface of the enzyme (Figure 6E). 15

This hypothesis is supported by the predicted charge
distribution on the surface of the. coli ribosomal protein
L3 GIn MTase YfcB/PrmB ), which shares 32% sequence
identity with E. coli PrmC including the NPPY motif. A
simple molecular modeling experiment, in which the residues
surrounding the PrmC active site were replaced with the 1g
corresponding PrmB residues, generates a model that is
essentially identical to PrmC at the active site. The model 19.
reveals a substantial change in the electrostatic surface of
the active site due to the replacement of three glutamates
with nonacidic residues, Glu249-Asn, Glul04-Pro, and
Glul07-Gly. This corresponds well with the lack of basic
residues surrounding the site of glutamine methylation in 22,
L3 (7).

2

4.

6.

8.

9.

16.

17.

23.

CONCLUSION
24.

In summary, the structure of PrmC describes a new family
of AdoMet-dependent enzymes that methylate Gin residues.
This family was initially described as putative adenosine
N-MTases due to the possession of a (D/N)PPY motif that
we have now shown can bind the planar amide side chain
of GIn, and presumably Asn, as well as the DNA nucleotides
adenine and cytidine. We propose that all N-MTases
containing the (D/N)PPY motif effect catalysis by precisely
orienting the substrate for methyl transfer and promote
product release by preventing the bound product from
adopting the ground-state conformation. These results un-

N

5.

26.

28.

29.

30.

31.

substrate for methyl transfer from AdoMet.
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