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Plantazolicin (PZN), a polyheterocyclic, Nα,Nα-dimethylarginine–
containing antibiotic, harbors remarkably speciﬁc bactericidal activity toward strains of Bacillus anthracis, the causative agent of
anthrax. Previous studies demonstrated that genetic deletion of
the S-adenosyl-L-methionine–dependent methyltransferase from
the PZN biosynthetic gene cluster results in the formation of desmethylPZN, which is devoid of antibiotic activity. Here we describe
the in vitro reconstitution, mutational analysis, and X-ray crystallographic structure of the PZN methyltransferase. Unlike all other
known small molecule methyltransferases, which act upon diverse
substrates in vitro, the PZN methyltransferase is uncharacteristically limited in substrate scope and functions only on desmethylPZN and close derivatives. The crystal structures of two
related PZN methyltransferases, solved to 1.75 Å (Bacillus amyloliquefaciens) and 2.0 Å (Bacillus pumilus), reveal a deep, narrow
cavity, putatively functioning as the binding site for desmethylPZN. The narrowness of this cavity provides a framework for
understanding the molecular basis of the extreme substrate selectivity. Analysis of a panel of point mutations to the methyltransferase from B. amyloliquefaciens allowed the identiﬁcation of
residues of structural and catalytic importance. These ﬁndings further our understanding of one set of orthologous enzymes involved
in thiazole/oxazole-modiﬁed microcin biosynthesis, a rapidly growing sector of natural products research.
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lantazolicin (PZN) is a poly-azol(in)e-containing molecule of
ribosomal origin from the plant-growth promoting bacterium, Bacillus amyloliquefaciens FZB42 (1-3). PZN exhibits selective bactericidal activity toward Bacillus anthracis (3). All of
the genes required for PZN production, immunity, and export
cluster within a 10-kb region of the FZB42 genome (Fig. 1A).
Genome mining has identiﬁed highly similar PZN biosynthetic
gene clusters in Bacillus pumilus, Clavibacter michiganensis subsp.
sepedonicus, Corynebacterium urealyticum, and Brevibacterium
linens (3). PZN is biosynthesized from a 41-residue, inactive
precursor peptide (Fig. 1A). Distinguishing chemical features of
PZN are the two contiguous poly-azol(in)e moieties, which like
all thiazole/oxazole-modiﬁed microcin (TOMM) natural products, originate from Cys and Ser/Thr residues on the C-terminal
region of the precursor peptide (4–6). During heterocycle formation, a cyclodehydratase ﬁrst converts Cys and Ser/Thr to thiazoline and (methyl)oxazoline, respectively. This ATP-dependent
transformation formally removes water from the preceding amide bond (7–10). Subsequent dehydrogenation yields the aromatic thiazole and (methyl)oxazole (11). During PZN maturation,
all 10 Cys and Ser/Thr residues within the C-terminal core region
are cyclized, yielding 9 azole heterocycles and 1 methyloxazoline
(Fig. 1B). Further modiﬁcation includes leader peptide proteolysis
and methylation to yield the ﬁnal metabolite. The PZN methyltransferase dimethylates the N terminus (Arg) and is S-adenosyl-Lmethionine (SAM)-dependent. The N-terminal methylation of
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ribosomal peptides from bacteria is exceptionally rare. With respect to natural products, the only compounds that we are aware
of that undergo N-terminal dimethylation besides PZN are the
linaridin antibiotics (e.g., cypemycin, grisemycin), the best
studied of which contain Nα,Nα-dimethylAla (12–14).
Through genetic manipulation and alteration of cultivation
conditions, PZN biosynthetic intermediates have been intercepted, permitting investigation into the details of downstream
tailoring reactions and the bioactivity of partially processed
substrates (3). After genetic deletion of the methyltransferase
from B. amyloliquefaciens, desmethylPZN was isolated in roughly
equivalent yield (1). DesmethylPZN was found to be devoid of
antibiotic activity, as was also shown for desmethylcypemycin
(12). As with PZN, the corresponding methyltransferase for cypemycin (CypM) tailoring was conﬁrmed through deletion studies
(12) and has recently been characterized in vitro (14). Although
CypM and the PZN methyltransferase catalyze similar reactions,
they do not share signiﬁcant amino acid sequence similarity outside of the predicted SAM-binding sites. In this work, we report
the in vitro reconstitution of the PZN methyltransferase, which
exhibits a striking selectivity for polyheterocyclized substrates.
We have also determined the high-resolution cocrystal structures
of the PZN methyltransferases from B. amyloliquefaciens (BamL)
and B. pumilus (BpumL), each bound to S-adenosyl-L-homocysteine
(SAH), and have carried out detailed characterization of site-speciﬁc
variants of BamL. These studies provide a molecular rationale for
the unexpected selectivity for an otherwise broadly acting superfamily of catalysts.
Results
Enzymatic Conversion of DesmethylPZN to PZN. To assess enzymatic
activity, we cloned, expressed, and puriﬁed BamL as a fusion
with maltose-binding protein (MBP). MBP-BamL was then
added to reactions containing desmethylPZN, SAM, and a
nucleosidase that converts the SAH by-product to adenine and
S-ribosyl-L-homocysteine, minimizing potential product inhibition
(Pfs) (15). Reactions were initiated by the addition of SAM,
quenched at desired time points, and analyzed by MALDI-MS
(Fig. 2). In the presence of desmethylPZN and SAM, MBP-BamL
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catalyzed the formation of PZN (m/z 1336). Omitting either
SAM or BamL resulted in no product formation. Identical
results were achieved with the BpumL methyltransferase (from
B. pumilus), another bona ﬁde producer of PZN (3) (Fig. 2).
Removal of the MBP tag from BamL led to a lower level of PZN
formation, suggesting that MBP does not interfere with methyltransferase activity (SI Appendix, Table S1). The higher level of
PZN formation with MBP was likely due to increased stability
conferred by the tag (16). Using the MALDI-MS end point assay, we further evaluated the activity of MBP-BamL by testing
the effect of pH, buffer, and a variety of other additives (SI Appendix, Table S1). Omission of Pfs from the reaction led to only
a modest decrease (∼25%) in product formation. Using isothermal titration calorimetry (ITC), we obtained a dissociation
constant between SAM and BamL of 7.5 ± 0.8 μM (SI Appendix,
Fig. S1). In accord with lack of SAH by-product inhibition,
identical ITC runs with SAH generated unusual titration curves
that could not be mathematically ﬁt to any reasonable binding
model. To conﬁrm the site of BamL dimethylation, collision-induced dissociation (CID) spectra were obtained using Fourier
transform MS. A previously characterized diagnostic fragment
ion, m/z 1277.4291 Da, was observed, indicating that the site of
methylation was on the expected N-terminal α amine (SI Appendix, Fig. S2) (3).
Despite the variety of in vitro reconstitution reactions screened
(SI Appendix, Table S1), monomethylPZN was never detected
(m/z 1322). Even at shorter time points, when consumption of
desmethylPZN was incomplete, monomethylPZN was not observed.
In an additional effort to detect this species, we performed BamL
reactions under pseudosingle turnover conditions using variable
concentrations of BamL, desmethylPZN, and SAM (SI Appendix,
Fig. S3). Under no condition was monomethylPZN (m/z 1322)
detected. However, when all reaction components were supplied
at 100 μM, we observed a minor peak consistent with hydrolyzed
(+18 Da) monomethylPZN (m/z 1340). Unfortunately, the low
signal-to-noise ratio did not allow for structural conﬁrmation.
DesmethylPZN Substrate Analogs. Because of the hydrolytic instability of PZN, we observed by MALDI-MS hydrolyzed
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Unusual Substrate Selectivity of BamL. To further explore substrate
permissiveness, we tested bradykinin and a synthetic peptide
termed “RPG” (sequence given in Fig. 3) as BamL substrates. To
a ﬁrst approximation, bradykinin and the RPG peptide mimic
desmethylPZN. Both harbor an N-terminal Arg, are similar in
size to desmethylPZN, and contain Pro where several azole
heterocycles are found in desmethylPZN (Fig. 3A). As with Pro,
azoles are ﬁve-membered, nitrogen-containing heterocycles that
serve as peptide conformational restraints. Although not a perfect match for an azole, the ability of Pro to structurally and
functionally substitute in TOMM natural products has been
documented (17). Upon treatment of bradykinin and the RPG
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Fig. 1. PZN biosynthesis. (A) The PZN biosynthetic gene cluster with singleletter codes above each ORF. The amino acid sequence of the PZN precursor
peptide (designated as A) is shown. *, leader peptide cleavage site; B, dehydrogenase; C/D, cyclodehydratase; E, putative leader peptidase; F, putative immunity protein; G/H, ABC transporters; green, site of dimethylation; I/J,
unknown function; K, transcriptional regulator; L, methyltransferase. (B) The
BamL and SAM-dependent conversion of desmethylPZN to PZN with the
N-terminal Arg residues shown in green. Note that the most C-terminal heterocycle is a methyloxazoline, which can be selectively hydrolyzed to yield Thr.

desmethylPZN (m/z 1326) and hydrolyzed PZN (m/z 1354) in all
in vitro reactions (Fig. 2 and SI Appendix, Fig. S3). These species
arise from the hydrolysis of the sole methyloxazoline ring. We
have previously reported on the lability of this heterocycle, which
reinstates the most C-terminal Thr (Fig. 1) (3). To establish
whether BamL could directly accept hydrolyzed desmethylPZN
(m/z 1326) as a substrate to produce hydrolyzed PZN (m/z 1354),
we subjected desmethylPZN to conditions that yielded quantitative conversion to hydrolyzed desmethylPZN for BamL substrate testing (SI Appendix, Materials and Methods). Analysis of
reaction products run under identical conditions showed that
BamL processed hydrolyzed desmethylPZN with efﬁciency approximately equal to that of desmethylPZN (Figs. 2 and 3 A and
B). From earlier work, we noted that another desmethylPZN
variant harboring two methyloxazolines (dihydrodesmethylPZN,
m/z 1310) was readily accessible by using oxygen-saturated cultivation (3). Because of separation difﬁculties, we tested a mixture
of m/z 1308, 1310, 1326, and 1328 (desmethylPZN analog mixture)
for processing by BamL. Analysis of reaction products by MALDIMS showed the presence of PZN (m/z 1336), dihydroPZN (m/z
1338, note isotopic ratio), hydrolyzed PZN (m/z 1354), and hydrolyzed dihydroPZN (m/z 1356, Fig. 3C). These data indicate
BamL successfully processed dihydrodesmethylPZN.

Fig. 2. Activity of puriﬁed methyltransferases. MALDI-MS was used to
monitor the conversion of desmethylPZN (m/z 1308) to PZN (m/z 1336). The
m/z 1326 and 1354 species represent hydrolyzed desmethylPZN and PZN,
respectively. Samples containing all reaction components used either the
methyltransferase from BamL or BpumL. The SAM cosubstrate and BamL
enzyme were omitted from the samples labeled −SAM and −BamL, respectively.
PznL, PZN methyltransferase (either BamL or BpumL); rxn, reaction.
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Fig. 3. Substrate tolerance of BamL. MALDI-MS was used to assess the ability of BamL to process substrates other than desmethylPZN. (A) Subset of peptides
tested as substrates with the N-terminal Arg shown in bold. Heterocyclized residues of desmethylPZN are underlined. The most C-terminal heterocycle is
reverted to Thr in hydrolyzed desmethylPZN. (B–F) Bottom spectra, unreacted peptides; top spectra, after reaction with BamL. (B) Hydrolyzed desmethylPZN
(m/z 1326). (C) DesmethylPZN analog mixture that contained desmethylPZN (m/z 1308), dihydrodesmethylPZN (m/z 1310), and the hydrolyzed forms (m/z 1326
and 1328, respectively). (D) Bradykinin (m/z 1061). (E) “RPG” peptide (m/z 1358). (F) “RAT” peptide (m/z 733).

peptide with BamL and SAM, no reaction products were
detected, even after increasing the enzyme concentration and
allowing for extended reaction times (Fig. 3 D and E). Similarly,
adrenocorticotropic hormone peptide 18–39, with an N-terminal
amino acid sequence of RPV, was not processed by BamL. Because Pro is an imperfect match for an azole, we also tested
whether BamL would process an additional synthetic peptide
“RAT” (sequence given in Fig. 3), which contained the left
segment of the native PZN precursor sequence except that the
Cys residues were replaced with Ala. Again, no reaction product
was observed, even after increasing the enzyme concentration to
near single turnover levels (Fig. 3F). Two tetrapeptides, RAAA
and RGGG, were also evaluated as BamL substrates, but no
reaction products were detected. As a ﬁnal test, BamL accepted
Arg amide (carboxylate replaced with a neutral amide) as a
substrate, albeit a very inefﬁcient one. After increased reaction
time with elevated substrate concentration, high-resolution MS
identiﬁed a mass consistent with dimethylArg amide (experimental 202.1677 Da, theoretical 202.1688 Da, error 4.5 ppm).
The very low intensity of this peak suggested that <5% of the
starting material was converted. These results suggested that
BamL does not simply recognize peptides with an N-terminal
Arg and furthermore is intolerant to substrates not containing
desmethylPZN-like (i.e., polyheterocyclic) functionality. In contrast
to the speciﬁcity exhibited by BamL, other characterized SAM-dependent methyltransferases acting on small molecules and peptides
have much broader substrate scopes. For example, the methyltransferases involved in rebeccamycin (18, 19), dehydrophos (20),
aminocoumarin (21), and CypM (14) biosynthesis methylate
a wide range of substrates.
Structure Determination of Two PZN Methyltransferases. To provide
insight into the unexpected lack of activity toward nonheterocyclized peptide substrates, we determined the crystal
structures of BamL (1.75 Å resolution) and BpumL (2.0 Å resolution), each in complex with SAH. Initial crystallographic
phases were determined at 3.2 Å resolution using SeMet-labeled
crystals of BpumL, followed by model building and reﬁnement
12956 | www.pnas.org/cgi/doi/10.1073/pnas.1306101110

against higher resolution data until convergence. Phases for
BamL were determined by molecular replacement using a partial
model of BpumL. Relevant data collection and reﬁnement statistics are given in SI Appendix, Table S2. The BamL and BpumL
structures consist of a core Rossman-fold domain composed of
seven β-strands surrounded by six α-helices, with an overall architecture similar to other methyltransferases (Fig. 4 A and B).
As expected from the 48% sequence identity between BamL and
BpumL, the structures are superimposable with an rmsd of 1.1 Å
over 256 aligned α carbons. A DALI search against the Protein
Data Bank (PDB) identiﬁes the closest structural homologs as
the bacterial Hen1 methyltransferase (PDB ID code, 3JWG;
Z-score, 16.8; rmsd, 2.5 Å over 174 aligned α carbons) and the
hypothetical bacterial YecO protein (PDB ID code, 1IM8;
Z-score, 16.7; rmsd, 2.9 Å over 194 aligned α carbons). The
conservation in structure is restricted to the core Rossman fold
domain and persists despite minimal similarities (roughly 10–13%
identity) across the primary structure.
Unlike the structures of typical small molecule methyltransferases, the architectures of BamL and BpumL are minimalistic
and lack additional secondary structure decorations. One molecule of SAH is bound across the interior of BamL with the adenine ring enclosed in a cavity deﬁned along the sides by S92,
F137, and a loop encompassing residues S112–A114 across the
top. The side chain of D91 is within interaction distance with the
2′ hydroxyl of the ribose (Fig. 4C). BamL residues R42 and H131
provide additional contacts with SAH via the homocysteine
carboxylate. Notably, the trajectory of the homocysteine moiety
of SAH is not collinear with the adenine but is deﬂected toward
the center of the polypeptide by F21 and a loop encompassing
G68–Q71. This would position the electrophilic methyl group of
SAM at the base of a long tunnel running to the surface of the
protein. The walls of this tunnel are deﬁned by a number of
hydrophobic residues including F21, Y33, T38, L132, L162,
Y182, and L183. These residues are strictly conserved between
BamL and BpumL, with the exception of L183, which is I181 in
BpumL (SI Appendix, Fig. S4). Because the depth of this tunnel
is of sufﬁcient length to accommodate the ﬁrst four to ﬁve residues
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of desmethylPZN, we presume that it deﬁnes the substratebinding pocket (SI Appendix, Fig. S5). At the base of the tunnel,
a shorter, perpendicular cavity is found. This shorter cavity is
immediately adjacent to the presumptive position of the electrophilic methyl group of SAM and is of suitable size to accommodate the N-terminal Arg side chain of (desmethyl)PZN.
Residues D34, Y182, and Q186 of BamL presumably stabilize
the N-terminal amine of the substrate (Fig. 4C). Evidence for the
role of these residues in substrate engagement is borne out by
the mutational analyses described in the following section.
Selection and Enzymatic Activity of BamL Mutants. To better understand catalysis, we aligned the amino acid sequence of BamL
with a series of well-characterized methyltransferases. With the
exception of identifying residues that comprise the SAM-binding
pocket, this exercise shed little light on what residues may be
important for BamL catalysis because of the poor conservation
across the methyltransferase superfamily (22). Fortunately, sequence alignment of the ﬁve known PZN methyltransferases
(including BpumL) identiﬁed in our earlier work (3) revealed
a manageable number of conserved residues with which to begin
the enzymological dissection of BamL (SI Appendix, Fig. S4). We
thus targeted eight residues of BamL to be replaced with Ala (SI
Appendix, Table S3). We then analyzed the structures of BamL
and BpumL cocrystalized with SAH and mutated seven additional positions hypothesized to be critical either for substrate
binding (desmethylPZN and SAM) or catalysis. At four of these
locations, the wild-type (WT) residue was replaced with Ala and
an additional alternative residue, ultimately yielding a database
of 19 mutant proteins (Table 1).
To establish if any point mutant reduced enzymatic activity or
structural instability, we ﬁrst expressed and puriﬁed all 19 mutant
BamL proteins from Escherichia coli under identical conditions
(SI Appendix, Materials and Methods). BamL W20A, F21A, D91A,
Lee et al.

and D126A underwent extensive proteolytic degradation and
were low yielding, indicating that these positions play an important role in structural stability (SI Appendix, Fig. S6). In an
effort to obtain values for the kinetic constants kcat and Km for
the mutant panel, we attempted quantitative liquid chromatography MS, coupled-enzymatic assays, and tritiated SAM assays.
Despite many attempts, a number of problems arose that limited
our ability to determine the desired kinetic parameters. As an
alternative, we used internally calibrated MALDI-MS to compare the ion intensities of the desmethylPZN starting material
with the PZN product under three reaction conditions (Table 1).
In what is referred to as reaction condition A [10 μM MBP-BamL,
10 μM Pfs (SAH nucleosidase), 50 μM desmethylPZN, and 3
mM SAM for 16 h at 37 °C], all tested mutants except for BamL
T38A, T38F, L132A, L132F, Y182F, and S190A showed impaired activity. In a more stringent test of activity, the concentrations of MBP-BamL, Pfs, and desmethylPZN were all lowered
10-fold, and the reaction time was limited to 1 h at 22 °C (referred
to as reaction condition B). Under condition B, we only observed
product formation from BamL T38A and S190A. Importantly, the
SAM concentration was intentionally kept high (3 mM) in reaction
condition B. To evaluate if a BamL point mutant affected the
ability to properly handle SAM, we examined a subset of the
mutants in reaction condition C. Here, the desmethylPZN concentration was returned to 50 μM and the SAM concentration was
reduced to 500 μM (other variables were the same as in condition
B). Upon comparison with condition B, detectable product formation was resurrected from reactions with BamL T38F, L132A,
L162A, and Y182F (Table 1). This tripartite assay allowed for
the generalized assessment of which residues were required for
proper handling of the desmethylPZN and SAM cosubstrates.
Detection of Monoalkylated PZN Analogs. Although our earlier
attempts to identify monomethylPZN as a BamL reaction
PNAS | August 6, 2013 | vol. 110 | no. 32 | 12957
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Fig. 4. Ribbon diagrams derived from the X-ray
crystal structures of (A) BamL and (B) BpumL, with
the bound SAH ligand shown in yellow ball-and-stick
representation. (C) Electron density maps calculated
using Fourier coefﬁcients (Fobs – Fcalc) with phases
derived from the reﬁned 1.75 Å resolution structure
of BamL calculated with the coordinates for SAH
omitted before one round of crystallographic reﬁnement. The map is contoured at 2.6σ (blue mesh)
and 8σ (red mesh) and the ﬁnal reﬁned coordinates
are superimposed. The coordinates for SAH and polar
active site residues that are important in catalysis are
shown as yellow (ball-and-stick).

Table 1. Relative enzymatic activity of BamL mutants
BamL
WT
W20A‡
F21A‡
D34A
T38A
T38F
R42A
D91A‡
D126A‡
L132A

Cond. A conv.
1.00 ± 0.16*
ND
ND
0.62 ± 0.08
1.00 ± 0.03
1.00 ± 0.04
0.40 ± 0.07
ND
ND
0.92 ± 0.08

Cond. B conv.
1.00 ± 0.15*
ND
ND
<0.05†
0.59 ± 0.10
<0.05†
<0.05†
ND
ND
<0.05†

Cond. C conv.
1.00 ± 0.08*
ND
ND
ND
0.37 ± 0.12
0.25 ± 0.03
<0.05†
ND
ND
0.59 ± 0.10

BamL
L132F
D161A
L162A
L162F
R164A
Y182A
Y182F
D185A
Q186A
S190A

Cond. A conv.
1.00
0.16
0.65
0.76
0.43
0.23
0.96
0.77
0.45
1.00

±
±
±
±
±
±
±
±
±
±

0.06
0.01
0.11
0.13
0.01
0.08
0.03
0.06
0.07
0.07

Cond. B conv.
†

<0.05
<0.05†
<0.05†
<0.05†
<0.05†
<0.05†
<0.05†
<0.05†
<0.05†
0.74 ± 0.32

Cond. C conv.
ND
ND
0.24 ± 0.05
ND
ND
ND
0.37 ± 0.02
ND
<0.05†
ND

Relative activity was determined by comparing the ion intensities of the starting material to product by MALDI-TOF-MS. Results
derive from two independent enzyme preparations and at least two independent reactions per prep. Values are normalized to that
obtained for WT enzyme. Cond. A: MBP-BamL (10 μM), Pfs (10 μM), desmethylPZN (50 μM), and SAM (3 mM) were added to Tris buffer
(50 mM, pH 7.8) and allowed to proceed for 16 h at 37 °C. Cond. B: MBP-BamL (1 μM), Pfs (1 μM), desmethylPZN (5 μM), and SAM (3 mM)
were added to Tris buffer (50 mM, pH 7.8) and allowed to proceed for 1 h at 22 °C. Cond. C: MBP-BamL (1 μM), Pfs (1 μM), desmethyl
PZN (50 μM), and SAM (500 μM) were added to Tris buffer (50 mM, pH 7.8) and allowed to proceed for 1 h at 22 °C. Cond., condition;
conv., fraction converted; ND, not determined.
*Error is reported as SD of the mean (n = 4).
†
The detection limit for product formation is estimated to be ∼5% of that found in the WT reaction.
‡
Several point mutants were extensively degraded during heterologous expression in E. coli (SI Appendix, Materials and Methods);
thus, their activities were ND.

intermediate were unsuccessful, we observed a strong indication
that this species was formed upon analysis of the BamL Y182F
reaction using condition A (SI Appendix, Fig. S7). After supplying WT BamL to the Y182F reaction mixture containing m/z
1308, 1322, and 1336, all species converged to m/z 1336 (PZN).
Convergence provided deﬁnitive evidence that m/z 1322 was
indeed monomethylPZN, an on-pathway reaction intermediate
as expected.
A close inspection of the SAM-binding pocket within BamL/
BpumL suggested that slightly larger alkyl substituents might be
tolerated (Fig. 4 and SI Appendix, Fig. S5). To evaluate if an
ethyl group could be transferred from a SAM analog bearing an
electrophilic ethyl group, rather than the naturally occurring
methyl substituent, we synthesized “ethyl SAM” using an established procedure (23). Enzymatic reactions were carried out as
performed previously. Analysis of the reaction product by
MALDI-MS revealed the transfer of a single ethyl group to
desmethylPZN, yielding monoethylPZN (SI Appendix, Fig. S7).
This variant is isobaric with native PZN (m/z 1336), which bears
two methyl groups. Subjecting this species to CID gave a diagnostic fragment ion of m/z 1277, which localized the ethyl
modiﬁcation to the N terminus. Intriguingly, despite increased
reaction times, addition of fresh enzyme, and the use of either
ethyl SAM or natural SAM, the corresponding dialkylated PZN
derivative was not observed. This suggests that there are insurmountable steric barriers to the formation of monomethylmonoethylPZN (m/z 1350) and diethylPZN (m/z 1364).
Discussion
In this work, we successfully reconstituted the in vitro activity of
the methyltransferase involved in PZN biosynthesis (Fig. 2). We
discovered that, in contrast to other small-molecule methyltransferases, BamL is highly speciﬁc for substrates closely related
to desmethylPZN. Indeed, a variety of peptidic substrates containing N-terminal Arg residues, with and without conformationally restrictive Pro residues included, all failed to be processed
(Fig. 3). The molecular basis for this unusual selectivity is that
the PZN-binding cleft is sufﬁciently narrow that substrates lacking
contiguous polyheterocyclic structures are simply too wide to
be accommodated (Fig. 4 and SI Appendix, Fig. S5). Heterocyclization substantially reduces the width of a peptide as the
carbonyl oxygens are removed and the β-nucleophilic side chains
12958 | www.pnas.org/cgi/doi/10.1073/pnas.1306101110

(Cys, Ser/Thr) are backbone-cyclized. Moreover, contiguously
heterocyclic peptides can more readily adopt the narrow, planar
conformations required to reach the active site (Fig. 1 and SI
Appendix, Fig. S5). We posit that the lack of activity toward the
tetrapeptide substrates bearing minimal side chains (RAAA and
RGGG) could arise from these and related features. Contrary to
RAAA/RGGG, desmethylPZN can likely pass through the tunnel “pinch point” without adopting an energetically unfavorable
conformation or having the enzyme undergo a major structural
rearrangement. DesmethylPZN is also considerably more hydrophobic than the tetrapeptides, as evidenced by reverse-phase
C18 HPLC elution (desmethylPZN, 72% MeOH; RAAA/RGGG,
<15% MeOH for both). Moreover, desmethylPZN is structurally
preorganized in a linear form; thus, the entropic penalty for
enzyme binding should be vastly lower than for the more conformationally ﬂexible tetrapeptides.
To establish if PZN methyltransferases harbor a narrow substrate-binding cleft, we solved the high-resolution crystal structures of two family members (BamL and BpumL), each in
complex with SAH (Fig. 4). Although the overall fold of BamL/
BpumL was characteristic of other known methyltransferases,
a remarkable feature was a deep tunnel (14–15 Å) running from
the surface of the protein toward the active site. Several generally conserved residues within the PZN methyltransferases deﬁne
the walls of this tunnel, and an orthogonal cleft that we propose
stabilizes the guanidinium group of PZN. Although attempts to
crystallize BamL/BpumL with (desmethyl)PZN were unsuccessful, analysis of the available structures prompted us to postulate
that the tunnel binds the ﬁve N-terminal residues of PZN (SI
Appendix, Fig. S5). To experimentally support this model, a series of bioinformatics- and structure-guided point mutations
were introduced into BamL. The resultant methyltransferase
activities were measured in a three-tiered assay, alerting us to
residues of potential importance in substrate binding, enzymatic
catalysis, and protein structural stability (Table 1). Four BamL
mutants (W20A, F21A, D91A, and D126A) were extensively
degraded during E. coli heterologous expression and their activities were not determined (Table 1 and SI Appendix, Fig. S6).
For mutants less prone to degradation, we ﬁrst used an excess of
enzyme, an elevated concentration of both substrates (SAM and
desmethylPZN), and an extended reaction time to detect any
trace of activity (condition A). The mutations tested that compose
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unsuccessful attempts to identify monomethylPZN as a reaction
intermediate with WT BamL (SI Appendix, Fig. S3), it was gratifying to observe this intermediate with BamL Y182F (SI Appendix,
Fig. S7). This result, taken together with the data in Table 1,
suggests severely impaired catalysis. It is notable that two members of the PZN methyltransferase family, from C. urealyticum and
B. linens, naturally harbor a Phe at this position (BamL Y182F)
but a Tyr at BamL F21 (SI Appendix, Fig. S4). As with position
182, residue 21 is in close proximity to D34 and the thioether
sulfur atom of SAH.
The results presented here have revealed that the enzyme
responsible for converting desmethylPZN to PZN exhibits an
unusually selective substrate scope in vitro. Given that PZN is
a highly discriminating antibiotic with known activity only toward
B. anthracis, the causative agent of anthrax, the characterization
of the responsible biosynthetic enzymes remains an important
undertaking. Our study lays a foundation for future work wherein
the rational engineering of PZN variants bearing unnatural
modiﬁcations can be produced for the purposes of establishing
structure-activity relationships.
Materials and Methods
Detailed methods are provided the SI Appendix, Materials and Methods.
Brieﬂy, these cover the experimental procedures followed for the preparation of starting materials, such as isolation of desmethylPZN, cloning, expression, and puriﬁcation of methyltransferase enzymes, and the generation
of site-directed mutants. Also given are the conditions for methyltransferase
reconstitution, MS, protein crystallization, structure determination, protein
analysis, and ITC.
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the putative PZN substrate-binding tunnel were BamL D34A,
T38A/F, L132A/F, L162A, Y182A/F, and Q186A. Of these,
D34A, L162A, and Q186A exhibited decreased activity, and
Y182A activity was severely impaired, likely because of structural
instability (Table 1 and SI Appendix, Fig. S6). Under condition B,
where the enzyme concentration, reaction time, and desmethylPZN concentration were greatly decreased, the only tunnel
mutation that gave detectable product formation was T38A. To
support that the tunnel mutants were indeed involved in PZN
binding, the desmethylPZN concentration was raised and the
SAM concentration was lowered (condition C). Product formation was reinstated for all tested mutations (i.e., T38F, L132A,
L162A, and Y182F) except for R42A and Q186A, the latter of
which is in close proximity to two structurally stabilizing positions
(W20 and F21).
Using ITC, we measured a dissociation constant of 7.5 ± 0.8
μM between BamL and SAM (SI Appendix, Fig. S1). In accord
with the crystal structures, the three-tiered enzymatic assay
supports critical roles for BamL R42 and D91 in binding SAM.
As mentioned previously, enzymatic activity was not resurrected
for R42A upon changing from condition B to condition C, indicative of an interaction with SAM (Table 1). The structure
reveals that the side chain of BamL R42 is engaged in an ionic
interaction with the carboxylate moiety of SAH. Further, the
carboxylate side chain of BamL D91 makes several contacts with
the SAH ribose hydroxyl groups, which upon mutation to Ala
yielded degraded protein.
To be effective catalysts, BamL and other PZN methyltransferases need to precisely position the SAM methyl donor
and acceptor (SI Appendix, Fig. S8). Given that amines tend to
be protonated at physiological pH, BamL might be expected to
include an active site base. Although the pKa of this group could
be dramatically perturbed in the interior of an enzyme, negating
the need for an active site base, our data suggest that BamL D34
and Y182 may be directly involved in catalysis. Although residual
activity remains with the point mutants D34A and Y182F (Table 1),
the side chains of these residues are in close proximity to each
other and the thioether sulfur of SAH (Fig. 4). Considering our
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Materials anb Methods
General methods. Unless otherwise specified, all chemicals were purchased from either Fisher Scientific or
Sigma-Aldrich. Oligonucleotides were synthesized by Integrated DNA Technologies and are listed in Table
S3. All restriction endonucleases were purchased from New England BioLabs (NEB) and dNTPs were from
Promega. PCR amplifications were performed using PfuTurbo DNA polymerase (Agilent). Chemically
competent DH5α and BL21(DE3)RIPL E. coli cells were used for routine subcloning and protein expression
according to Sambrook et al (1). DNA sequencing was performed by ACGT, Inc. The “RPG”
(RPGPGPIIPGPGPF), “RAT” (RATATTI), RAAA, and RGGG peptides were synthesized by GenScript.
Production and purification of desmethylPZN. An overnight seed culture of B. amyloliquefaciens FZB42
strain RS33 (2) was plated onto M9 minimal media agar plates (5 × 15 cm diameter dishes) containing
spectinomycin (90 µg/mL), chloramphenicol (7 µg/mL), and erythromycin (1 µg/mL). These plate cultures
were grown for 48 h at 37 °C prior to resuspending the cells in Tris-buffered saline (10 mM Tris, 150 mM
NaCl, pH 8.0). The resuspended cells were transferred to a centrifuge tube and harvested (20,000 × g, 30
min, 4 °C). The cell pellet was resuspended in MeOH (7.5% culture volume) with vortexing. After
equilibrating for 20 min at 22 °C, the agitated cells were again collected by centrifugation. The
desmethylPZN-containing supernatant was filtered using Whatman filter paper and concentrated to dryness
by rotary evaporation. The crude material was redissolved in 80% aqueous MeCN (2 mL) and passed
through a syringe-driven sterile-filtration membrane (0.2 µm PES). This sample was subjected to purification
on an Agilent 1200 series HPLC using a semi-preparative C18 column (Thermo BETASIL C18 column, 250
mm × 10 mm; pore size: 100 Å; particle size: 5 µm) at a flow rate of 4 mL/min. Solvent gradient: initial
conditions 65% MeCN (aq) with 0.1% (v/v) formic acid were maintained for 6 min, followed by a linear
gradient up to 85% MeCN (aq) with 0.1% (v/v) formic acid over 32 min. The fractions containing
desmethylPZN were monitored by UV absorbance (272 nm), collected into 20 mL borosilicate vials, and
dried by rotary evaporation. The fractions were analyzed on a Bruker Daltonics UltrafleXtreme MALDI
TOF/TOF MS (see method below), lyophilized, and stored at -80 °C until needed.
Preparation of expression vectors. Protein expression vectors used in this study were based upon a
modified pET28b vector (pET28b-MBP) containing an N-terminal maltose-binding protein (MBP) tag
followed by thrombin and TEV protease cleavage sites. The bamL gene (PZN methyltransferase, locus tag
RBAM_007500) was amplified from the genomic DNA of B. amyloliquefaciens FZB42 using primers
BamLf and BamLr (Table S3), digested with the BamHI and NotI restriction enzymes, and cloned into
similarly digested pET28b-MBP vector to generate pMBP-BamL (Table S3). The bpumL gene (locus tag
BAT_2465) was amplified from the genomic DNA of Bacillus pumilus ATCC 7061 using primers BpumLf
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and BpumLr (Table S3) and cloned into the pET28b vector to generate pET28b-BpumL (Table S3). Note
that BpumL was not MBP-tagged.
QuikChange (Agilent) was employed to introduce site-directed mutations into bamL following the
manufacturer’s protocol. The sequences of all primers used are provided in Table S3. Transformants were
selected from chemically competent DH5α cells using kanamycin (50 µg/mL); the plasmids were purified by
miniprep (Epoch Biosciences) and then sequenced using the T7 terminator primer and a custom MBP
forward primer (5' - ATGAAGCCCTGAAAGACG - 3').
Overexpression and purification of MBP-BamL/BpumL and mutant proteins. Each desired construct
verified by DNA sequencing was transformed into chemically competent BL21(DE3)RIPL cells.
Transformants were selected with kanamycin (50 µg/mL) and chloramphenicol (34 µg/mL) on LB agar
plates. Starter cultures (10 mL) were grown overnight and used at a 1:2000 dilution to inoculate into LB
containing the appropriate antibiotics. Cultures were grown at 37 °C until mid-log phase (OD600 ~0.5), at
which point protein expression was induced by the addition of IPTG (isopropyl-β-D-thiogalactopyranoside,
0.4 mM final concentration). Cultures were shaken for an additional 17 h at 22 °C and harvested by
centrifugation; the cell pellets were stored at -20 °C until purification.
For MBP-BamL and point mutant-bearing proteins, the cell pellets were resuspended in lysis buffer [50 mM
Tris pH 7.5, 500 mM NaCl, and 2.5% glycerol (v/v)] with the following protease inhibitors:
phenylmethanesulfonyl fluoride, benzamidine, leupeptin, and E64. The cells were lysed by sonication (3 ×
30 s, continuous mode, < 20 W, 4 °C), followed by centrifugation at 38,000 × g for 45 min at 4 °C. The
cleared lysates were applied to an amylose resin (NEB) pre-equilibrated with 5 column volumes of lysis
buffer (lacking the protease inhibitors), washed with 20 column volumes of lysis buffer, and eluted by
gravity flow with elution buffer [50 mM Tris pH 7.5, 150 mM NaCl, 2.5 % glycerol (v/v), and 10 mM
maltose]. The eluates were analyzed by Coomassie-stained SDS-PAGE and the appropriate fractions were
concentrated using Amicon centrifugal filters (50 kDa molecular weight cut-off, Millipore) with storage
buffer [20 mM Tris pH 7.5, 50 mM NaCl, and 10% glycerol (v/v)]. Protein concentration was quantified by
absorbance at 280 nm and Bradford analysis (Thermo Scientific). Typical protein yield was 3-5 mg/L, except
for the destabilized mutants, which were purified at levels approximately 20- to 40-fold lower. Proteins were
stored at -80 °C until use (Figure S6). Because the BpumL protein was His-tagged but not MBP-tagged, the
cleared lysate was applied to a Ni-NTA column, washed, and protein fractions were eluted by gravity flow
under a standard imidazole gradient. The fractions containing BpumL were pooled, concentrated, and stored
at -80 °C until needed.
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TEV cleavage of MBP-BamL. Purified MBP-BamL was digested with TEV protease (1 µg TEV to 12 µg
MBP-BamL) for 17 h at 4 °C. The TEV-cleaved BamL protein was applied to Ni-NTA superflow resin
(Qiagen) pre-equilibrated with 10 column volumes of His-lysis buffer (50 mM Tris-HCl pH 7.5, 300 mM
NaCl, and 15 mM imidazole) and washed with 6 column volumes of B buffer (50 mM Tris-HCl pH 7.5, 300
mM NaCl, and 30 mM imidazole). The fractions containing BamL only were pooled and concentrated using
Amicon centrifugal filters (10 kDa molecular weight cut-off, Millipore) with storage buffer. The purified
protein was quantified by the methods described above. This procedure produced highly pure (~99%)
protein, as assessed by Coomassie-stained SDS-PAGE (Figure S6).
Methyltransferase Reactions. Unless otherwise indicated, methyltransferase reactions consisted of MBPBamL (or BpumL, 10 µM), Pfs (SAH nucleosidase, 10 µM), desmethylPZN (50 µM), and SAM (3 mM).
Reactions were carried out in Tris buffer (50 mM, pH 7.8) in 20 µL volumes. Reactions were initiated by the
addition of SAM and allowed to proceed for 16 h at 37 °C. Reaction mixtures lacking SAM and/or enzyme
were carried out as controls. Reactions were quenched by the addition of 40 µL of MeCN, which caused
MBP-BamL and other buffer components to precipitate. Insoluble material was removed by centrifugation at
4 °C (16,000 × g, 20 min). The PZN-containing supernatants were decanted, transferred to microfuge tubes,
and concentrated with an Eppendorf Vacufuge Concentrator (low heat). For samples containing non-PZN
derived peptides, the reaction conditions were identical except that the peptide concentration was increased
(up to 500 µM). Reaction mixtures were desalted via C18 ZipTip (Millipore) according to the manufacturer’s
instructions and eluted directly onto the MALDI target using 4 µL of a saturated solution of sinapic acid in
50% MeCN containing 0.1% TFA.
MALDI-TOF-MS Analysis. All samples were analyzed using a Bruker Daltonics UltrafleXtreme MALDITOF/TOF MS. For desmethylPZN and its analogs, 10 µL of MeCN was added to a microfuge tube to
reconstitute lyophilized PZN products. The sample was then transferred onto the MALDI target and mixed
with a saturated solution of α-cyano-4-hydroxycinnamic acid in 75% MeCN with 0.1% TFA. The samples
were then allowed to dry under ambient conditions. All analyses were conducted using positive reflector
mode. The instrument was calibrated daily before any data acquisition using a peptide calibration kit (AB
SCIEX). To minimize erroneous readings, laser intensity was kept to a minimum and constant between all
samples. Relative activity was determined by comparing the ion intensities of the starting material to product
using the FlexAnalysis program. Although this analysis was performed in at least triplicate, we have opted to
report relative activities in a semi-quantitative nature, mainly due to heterogeneity within the crystallized
MALDI sample spots and subtle spot-to-spot variability. The relative activity scales used are reported in
table legends.
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Hydrolysis of desmethylPZN. To selectively hydrolyze the single methyloxazoline heterocycle of
desmethylPZN back to threonine, thus producing hydrolyzed desmethylPZN (m/z 1326), 0.2% (v/v) aq. HCl
was added to a solution containing HPLC-purified desmethylPZN. Conversion was completed after 16 h at
22 °C, as assessed by MALDI-TOF-MS. Samples were neutralized, lyophilized, and stored at -80 °C until
use.
Determination of optimal of methyltransferase reaction buffer. To increase the yield of the in vitro
methyltransferase reaction, various conditions and additives were supplied to reaction mixtures as described
above. In this effort, temperature (30, 37, and 45 °C), pH (6.5, 7.0, 7.2, 7.5, 7.8, 8.0, and 8.6), and buffer
(Tris, HEPES, Na2HPO4, and MOPS) were screened. Due to the relative hydrophobicity of desmethylPZN,
the effects of organic co-solvents (n-propanol and MeCN) were tested at variable concentrations (1, 5, and
10% v/v). The use of 10 mM of MgCl2 or 1 mM of DTT was also analyzed. Finally, Pfs (SAH nucleosidase)
was omitted from reactions to establish if SAH (S-adenosyl-L-homocysteine) product inhibition was
occurring (Table S1).
MS/MS analysis of reconstituted PZN by FTMS. Samples for high-resolution mass spectrometry were
resuspended in 20 µL of 80% (v/v) aq. MeCN. An Advion Nanomate 100 directly infused the sample to a
ThermoFisher Scientific LTQ-FT hybrid linear ion trap operating at 11 T (calibrated weekly). The FTMS
was operated using the following parameters: minimum target signal counts, 5000; resolution, 100,000; m/z
range detected, dependent on target m/z; isolation width (MS/MS), 5 m/z; normalized collision energy
(MS/MS), 35; activation q value (MS/MS), 0.4; activation time (MS/MS), 30 ms.
Methyltransferase pseudo-single turnover reactions. Reactions were prepared as described above except
that the desmethylPZN (25, 50, 100, and 200 µM) and SAM concentrations (50, 100, and 200 µM) were
modified. See Figure S3.
Crystallization and Structure Determination. Co-crystals of all complexes were grown by the hanging
drop vapor diffusion method under similar conditions. Typically, 1 µL of the BamL-ligand complex (10
mg/mL) was mixed with 1 µL precipitant solution containing 0.1 M NaOAc and 2.0 M (NH4)2SO4 (pH 4.6),
and the mixture drop was equilibrated over a well containing the same precipitant solution at 8 ºC. The same
procedure was followed for SeMet-incorporated BpumL, except that the precipitant solution was 0.1 M
HEPES, 0.2 M NaCl, 25% PEG3350 (pH 7.5) and the protein concentration was decreased to 6 mg/mL. Cocrystals were stepwise equilibrated with incremental concentrations of glycerol up to a final concentration of
30% prior to vitrification in liquid nitrogen.
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Initial crystallographic phases were determined from a five-fold redundant data set collected from crystals of
SeMet-substituted BpumL at the selenium absorption edge utilizing a Mar 300 CCD detector (LS-CAT,
Sector 21 ID-D, Advanced Photon Source, Argonne, IL). Subsequent high-resolution data sets for BamLSAH and BpumL-SAH were collected at Sectors ID-F and ID-G. All data were indexed and scaled using the
HKL2000 package (3). Selenium sites were identified using HySS and the heavy atom substructure was
imported to SHARP (4) for maximum likelihood refinement and phase calculation, yielding an initial figure
of merit of 0.293 to 3.2 Å resolution. Solvent flattening using DM further improved the quality of the initial
map (figure of merit = 0.665). Although the map was of marginal quality, a few α-helices could be identified
and were manually docked. Further building of this initial model, carried out using Parrot (5) and Buccaneer
(6), resulted in the addition of a few β-strands but with minimal registry of the primary sequence. However,
this partial model could be successfully used to find a molecular replacement solution for the 1.75 Å
resolution BamL data set. Automated and manual rebuilding yielded a nearly complete model. The structure
of BpumL was likewise determined by molecular replacement using this partial model, followed by model
building and refinement. Cross-validation used 5% of the data in the calculation of the free R factor (7). For
each of the structures, stereochemistry of the model was monitored throughout the course of refinement
using PROCHECK (8).
Formation of monomethylPZN by BamL-Y182F. MBP-BamL-Y182F (10 µM), Pfs (10 µM),
desmethylPZN (50 µM), and SAM (3 mM) were added to Tris buffer (50 mM, pH 7.8) in a 20 µL reaction
volume. The reaction was initiated by the addition of SAM and allowed to proceed for 1 h at 37 °C. The
reaction was quenched by the addition of 80 µL MeCN, which caused protein precipitation. The sample was
centrifuged at 22 °C (17,000 × g for 15 min). The supernatant was transferred to a clean microfuge tube and
dried by high vacuum. The sample was redissolved in 5 µL MeCN and 1 µL was analyzed by MALDI-TOFMS with 2 µL saturated solution of α-cyano-4-hydroxycinnamic acid in 75% MeCN. The remaining sample
was dried by high vacuum before the addition of MBP-BamL wild-type (10 µM), Pfs (SAH nucleosidase, 10
µM), and SAM (3 mM) in Tris buffer (50 mM, pH 7.8) in a 20 µL reaction volume. The reaction was
initiated by the addition of SAM and allowed to proceed for 16 h at 37 °C. The reaction was quenched and
prepared for MALDI-TOF-MS analysis as previously described. See Figure S7.
Methyltransferase reactions using an unnatural, ethyl derivative of SAM. “Ethyl SAM”, where the
electrophilic methyl group of SAM is replaced with an ethyl group, was prepared using an established
protocol (9). The crude material was purified by HPLC (Perkin Elmer Flexar HPLC) using a semipreparative C18 column (Thermo BETASIL C18 column, 250 mm × 10 mm; pore size: 100 Å; particle size: 5
µm). At a flow rate of 4 mL/min, initial conditions (5% MeOH) were maintained for 6 min, followed by a
linear gradient up to 95% MeOH over 25 min. The aqueous phase was 20 mM ammonium formate, pH 3.5.
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The fractions containing ethyl SAM were monitored by A260, collected into 20 mL borosilicate vials,
concentrated by rotary evaporation, and lyophilzed overnight to yield a white solid (1.67 mg, 16%); 1H NMR
(500 MHz, D2O): δ 8.34 (s, 1H), 8.24 (s, 1H), 6.11 (d, 3J=4.6 Hz, 1H), 4.91 (m, 1H), 4.35-4.45 (m, 2H), 3.91
(m, 2H), 3.69 (t, 3J=7.6 Hz, 1H), 3.55 (m, 2H), 2.98 (m, 2H), 2.63 (t, 3J=7.7 Hz, 3H), 2.02 (q, 3J=7.4 Hz,
2H); HRMS (ESI) for C16H25N6O5S, [M+H]+ 413.1601 (experimental); [M+H]+ 413.1607 (theoretical, Δ1.5
ppm). Ethyltransferase reactions were completed as described above except that ethyl SAM (3 mM) was
substituted for SAM. To test the substrate acceptance of monoethylPZN, additional ethyl SAM was
supplemented into the reaction after 16 h and removal of a sample for MALDI-MS analysis. After an
additional 4 h, reactions were quenched and analyzed as previously described. When no additional ethylation
was seen, SAM was dosed into parallel ethyltransferase reactions and analyzed following the same
procedure.

Sequence alignment. ClustalW alignment of five PZN methyltransferases was performed (10). Local
alignment with ClustalW to the respective sequences allowed identification of proposed active site residues
and conserved motifs. Percent identity and similarity were calculated based on ClustalW2 alignments. See
Figure S4.
Isothermal titration calorimetry. Calorimetry experiments were conducted at 22 ˚C on a VP-ITC titration
microcalorimeter (Microcal, Inc., Northampton, MA). The buffer solution was degassed for 10 min prior to
use. MBP-BamL was diluted to 40 µM in ITC buffer [50 mM HEPES pH 7.5, 150 mM NaCl, 2.5% (v/v)
glycerol]. The reference cell was filled with Millipore water. The sample cell (effective volume = 1.45 mL)
was filled with protein and stirred continuously at 270 rpm during the titration. The protein in the sample cell
was titrated with 36 aliquots (8 µL each) of 250 µM SAM (or SAH) in the same buffer with a 300 s
equilibration period between titrations. The heat of dilution of SAM (or SAH) into buffer was subtracted
from the titration data. Integration of the area under each peak in the graph of heat change over time was
used to determine the heat produced per injection. The MicroCal version of Origin was used to integrate,
baseline correct, and normalize raw data as described elsewhere (11).

7

Table S1. Effect of buffer components on the efficiency of the BamL methyltransferase reaction.
Protein

Pfs

Buffer (50 mM)

pH

Temp (°C)

Additive

Activity

MBP-BamL

+

Tris

7.8

30

-

+++

BamL (no MBP)

+

Tris

7.8

30

-

++

MBP-BamL

+

Tris

7.8

37

-

+++

MBP-BamL

-

Tris

7.8

37

-

++

MBP-BamL

+

Tris

7.8

37

MgCl2 (10 mM)

+++

MBP-BamL

+

Tris

7.8

37

DTT (1 mM)

+++

MBP-BamL

+

Tris

7.8

37

1% n-propanol

++

MBP-BamL

+

Tris

7.8

37

5% n-propanol

++

MBP-BamL

+

Tris

7.8

37

10% n-propanol

+

MBP-BamL

+

Tris

7.8

37

1% MeCN

+++

MBP-BamL

+

Tris

7.8

37

5% MeCN

++

MBP-BamL

+

Tris

7.8

37

10% MeCN

+

MBP-BamL

+

Tris

7.8

45

-

++

MBP-BamL

+

HEPES

8.0

37

-

++

MBP-BamL

+

Na2HPO4

7.2

37

-

+++

MBP-BamL

+

MOPS

6.5

37

-

++

MBP-BamL

+

MOPS

7.0

37

-

+++

MBP-BamL

+

MOPS

7.5

37

-

+++

MBP-BamL

+

MOPS

8.0

37

-

+++

MBP-BamL

+

MOPS

8.6

37

-

++

Activity was determined by MALDI-TOF-MS analysis through a semi-quantitative assay and compared to
results obtained with wild-type MBP-BamL in Tris pH 7.8 buffer. Activity scale (as compared to the highest
level of product formation observed): +++ denotes > 85% activity; ++ denotes 50-85% activity; + denotes
10-49% activity; - denotes < 10% activity. Percent activity was determined from the relative intensities of
peaks corresponding to starting material (desmethylPZN, m/z 1308) and product (PZN, m/z 1336) by
MALDI-TOF-MS after a 16 h reaction. Pfs, SAH nucleosidase.
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Table S2. Data collection, phasing, and refinement statistics
BamL

BpumL

4KVZ

4KWC

C2221
78.1, 80.1, 88.2
20-1.75 (1.75-1.7)
8.1 (62.7)
15.2 (2.9)
99.8 (99.2)
7.4 (6.0)

P21212
67.2, 77.9, 44.9
50-2.0 (2.07-2.0)
9.3 (44.4)
21.9 (2.2)
94.8 (68.9)
9.2 (5.4)

19.5-1.75
26,763
21.1/24.6

38.9-2.0
15,777
18.9/25.6

Number of atoms
Protein
SAH
Water

2158
26
189

2042
26
234

B-factors
Protein
SAH
Water

26.8
20.1
35.6

24.2
18.9
28.9

R.M.S. deviations
Bond lengths (Å)
Bond angles (°)

0.006
1.12

0.007
1.133

PDB Codes
Data collection
Space Group
a, b, c (Å),
Resolution (Å)1
Rsym (%)2
I/σ(I)
Completeness (%)
Redundancy
Refinement
Resolution (Å)
No. reflections
Rwork / Rfree3

1. Highest resolution shell is shown in parenthesis.
2. Rsym = Σ |(Ii - <Ii> | Σ Ii where Ii = intensity of the ith reflection and <Ii> = mean intensity.
3. R-factor = Σ(|Fobs|-k|Fcalc|)/Σ |Fobs| and R-free is the R value for a test set of reflections consisting of
a random 5% of the diffraction data not used in refinement.
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Table S3. Oligonucleotides (primers) used for cloning and site-directed mutagenesis.
#

Primer Name

Primer Sequence (5’ – 3’)

1
2

BamLf (cloning)
BamLr (cloning)

aaaaggatccatggaaattgaaacaattgtcagagagt
aaaagcggccgctcacgtataccttttgttttttataatccaac

3
4
5

BpumLf (cloning)
BpumLr (cloning)
W20Af

aagcagccgcatatgatacaagaaaaaatcaaagagcttgaa
ctagctcgagttagccagaatttttaataagccacgcatgta
ccaacagaattcaagcacaaacagcgttttctcatcctgagaaaagta

6
7

W20Ar
F21Af

tacttttctcaggatgagaaaacgctgtttgtgcttgaattctgttgg
caacagaattcaagcacaaacatgggcttctcatcctgagaaaagtaaagtg

8
9

F21Ar
D34Af

cactttacttttctcaggatgagaagcccatgtttgtgcttgaattctgttg
agtgagctttcggtatgctgagagggaaacctcat

10
11

D34Ar
T38Af

atgaggtttccctctcagcataccgaaagctcact
cggtatgatgagagggaagcctcatccattagaag

12
13

T38Ar
T38Ff

cttctaatggatgaggcttccctctcatcataccg
gctttcggtatgatgagagggaattctcatccattagaagtatttca

14
15
16

T38Fr
R42Af
R42Ar

tgaaatacttctaatggatgagaattccctctcatcataccgaaagc
tgaaatacttctaatggatgagaattccctctcatcataccgaaagc
gatgagagggaaacctcatccattgcaagtatttcaattgaaacatttctg
cagaaatgtttcaattgaaatacttgcaatggatgaggtttccctctcatc

17
18

D91Af
D91Ar

cgaactgacaggtattgcttcctctgcccaagcaa
ttgcttgggcagaggaagcaatacctgtcagttcg

19
20

D126Af
D126Ar

tatgcaatatgtgtctaagaagcaagccattatattcatacatctatgttttg
caaaacatagatgtatgaatataatggcttgcttcttagacacatattgcata

21
22

L132Af
L132Ar

tatgtgtctaagaagcaagacattatattcatacatgcatgttttggactctttaag
cttaaagagtccaaaacatgcatgtatgaatataatgtcttgcttcttagacacata

23
24

L132Ff
L132Fr

gtgtctaagaagcaagacattatattcatacatttctgttttggactctttaagaatc
gattcttaaagagtccaaaacagaaatgtatgaatataatgtcttgcttcttagaca

25
26

D161Af
D161Ar

cagatcaatcatgtatctatattgtagccttggacaggaacagtttg
c
caaactgttcctgtccaaggctacaatatagatacatgattgatctg

27
28
29

L162Af
L162Ar
L162Ff

atcatgtatctatattgtagacgcggacaggaacagtttgggagag
ctctcccaaactgttcctgtccgcgtctacaatatagatacatgat
agatcaatcatgtatctatattgtagacttcgacaggaacagtttgg

30
31

L162Fr
R164Af

ccaaactgttcctgtcgaagtctacaatatagatacatgattgatct
ctatattgtagacttggacgcgaacagtttgggagagggc

32
33

R164Ar
Y182Af

gccctctcccaaactgttcgcgtccaagtctacaatatag
gcaatctcgtgaggaagaagccgctttaaaagatcaatatcgtgct

34
35

Y182Ar
Y182Ff

agcacgatattgatcttttaaagcggcttcttcctcacgagattgc
aatctcgtgaggaagaagcctttttaaaagatcaatatcgtgc

36
37

Y182Fr
D185Af

gcacgatattgatcttttaaaaaggcttcttcctcacgagatt
tgaggaagaagcctatttaaaagctcaatatcgtgcttctttaacaa

38
39
40

D185Ar
Q186Af
Q186Ar

ttgttaaagaagcacgatattgagcttttaaataggcttcttcctca
cgtgaggaagaagcctatttaaaagatgcatatcgtgcttctttaacaatgg
ccattgttaaagaagcacgatatgcatcttttaaataggcttcttcctcacg

41
42

S190Af
S190Ar

cctatttaaaagatcaatatcgtgctgctttaacaatggaagaatttaaacag
ctgtttaaattcttccattgttaaagcagcacgatattgatcttttaaatagg
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Fig. S1. Isothermal titration calorimetry of MBP-BamL with SAM. A buffered solution of SAM (250 µM)
was titrated into a solution of MBP-BamL (40 µM) containing the same buffer. The resulting isotherm data
were fit to a single-site model, which gave a dissociation constant of 7.5 µM. Numerous attempts of titrations
with SAH gave were unsuccessful, as the shape of the isotherm curve was unusual and the data could not be
fit to a reasonable binding model.
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Fig. S2. Mass spectrometric analysis of BamL reaction. A. High-resolution, Fourier transform MS was used
to analyze MBP-BamL reaction products. First, the proteinaceous material was precipitated with MeCN and
removed via centrifugation. The supernatant was then taken to dryness, resuspended in 80% MeCN
containing 1% formic acid, and directly infused into an 11 T LTQ-FT hybrid linear ion trap using an Advion
Nanomate 100. A m/z scan showed an ion in the 1+ charge state with an observed monoisotopic m/z value
with < 2 ppm error of the calculated PZN m/z. B. After isolating the peak observed in panel A, collisioninduced dissociation fragmentation produced the given spectrum. Again, data were collected in the FTMS. C.
Predicted fragments and their calculated monoisotopic m/z for observed ions from MS/MS of the BamL
reaction product (shown in panel B) were consistent with native PZN. In particular, the peaks at 1277 and
1180 localized the two methylations to the N-terminus.
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Fig. S3. MALDI-MS of BamL reactions under pseudo-single turnover conditions. All reactions were carried
out at 37 °C for 16 h. Specific concentrations of reactants employed are given on individual spectra.
Observed in these spectra are desmethylPZN (m/z 1308), hydrolyzed desmethylPZN (m/z 1326), PZN (m/z
13

1336), and hydrolyzed PZN (m/z 1354). Under no condition was monomethylPZN (m/z 1322) observed.
However, when using MBP-BamL, SAM, and desmethylPZN all at 100 µM, a minor peak consistent with
hydrolyzed monomethylPZN (m/z 1340) was observed (panel G). Unfortunately, this species was not intense
enough for tandem MS verification. Also observed in the panel G spectrum is the sodium adduct of
hydrolyzed desmethylPZN (m/z 1348), which arises from the large amount of enzyme (100 µM MBP-BamL)
used for the reaction (also provides an explanation for the poorer signal to noise ratio). Intriguingly, when the
concentration of SAM was at or below 100 µM (panels A, B, and G), the extent of hydrolyzed
desmethylPZN dramatically increased. This suggests that BamL may catalyze the hydrolysis of
desmethylPZN when SAM is not enzyme-bound.
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Fig. S4. (previous page). Amino acid sequence alignment of the PZN methyltransferases. A. ClustalW
alignment. The specific name for each protein is based on the producing organism: BamL, Bacillus
amyloliquefaciens; BpumL, Bacillus pumilus; CurL, Corynebacterium urealyticum; BlinL, Brevibacterium
linens; CmsL, Clavibacter michiganensis subsp. sepedonicus. As predicted from alignment with a closely
related X-ray structure (Protein Data Bank entry 3E8S), the residues highlighted in yellow are predicted to
comprise the SAM-binding pocket. Other color-coding represents conserved basic (blue), acidic (red),
hydrophobic (teal), and polar (green) residues. Conserved Gly/Pro are magenta. When 4/5 sequences contain
an identical residue, they are shown in boldface. Overall, nineteen mutations, highlighted above each residue,
were selected for mutations to probe their relevance in BamL enzymatic activity. B. Similarity (blue) identity
(green) matrix from pairwise alignments of PZN methyltransferase amino acid sequences.
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Fig. S5. Dimensions and modeling of the putative substrate-binding tunnel. A. Surface-rendering of BpumL
viewed down the axis of the putative substrate-binding tunnel. The sulfur atom of SAH (yellow sphere) is
visible at the floor of the tunnel. Residues that define the walls of the tunnel are blue. B. BpumL ribbon
diagram superimposed on the surface display of residues defining the tunnel walls (blue). SAH is visible at
the floor of the tunnel and is colored by element. The shortest distance from the sulfur atom of SAH to the
protein surface is ~12 Å (15 Å if through the center of the tunnel) and 10.5 Å to the end of a perpendicularly
oriented cavity (presumably occupied by the Arg sidechain). C. A structural alignment of the residues
defining the tunnel walls (blue surface) of BamL (green sticks) and BpumL (orange sticks) demonstrates a
striking similarity between the two proteins. D. Dimensions of the BpumL tunnel. The distance between
atoms lining the tunnel walls were measured and adjusted for their respective van der Waals radii to obtain
the cavity dimensions (see panel E for orientation). The red asterisk indicates the “pinch point” (i.e. the
17

narrowest part of the tunnel as measured in the BpumL crystal structure). We postulate that such a structure
helps to define the extreme substrate selectivity of PZN methyltransferases. Dashed lines indicate the width
of potential substrates, omitting Arg for clarity (desmethylPZN, RGGG, and RAAA, see also panel F).
(Desmethyl)PZN, and a coplanar, higher energy conformation of Gly3 (where the C=O substituent of an
amide bond “eclipses” the N-H of an adjacent amide bond in a Newman projection), will fit past the pinch
point as measured from the crystal structure; however, the tunnel dimensions could be different when the
protein is in solution. Gly3, where the abovementioned substituents are in a “staggered” (lower energy)
conformation, is considerably wider due to pleating of the backbone and would presumably be less likely to
pass through the pinch point. With additional steric interactions from β-methyl groups, Ala3 would struggle
to fit regardless of conformation. The N-terminal Arg may pass the pinch point by coplanar alignment of its
side chain with the polyazole moiety, rendering the conformation (and width) similar to eclipsed Gly3. E.
Manual docking of desmethylPZN (white sticks) into the putative substrate-binding tunnel of BpumL (blue
surface). Shown also are the axis definitions that were used to measure tunnel dimensions. Rotating the view
45o clearly shows the pinch point. We predict that coplanarity is important for passing through the pinch
point, but additional flexibility not depicted by a crystal structure may alter the dimensions of this structural
filter. F. Dimensions of potential substrates (desmethyl)PZN, RGGG, and RAAA (Arg omitted). The width
of each substrate was measured (arrows) and adjusted for van der Waals radii (see also panel D). This figure
was generated using PyMol, Microsoft Excel, and Adobe Illustrator/Photoshop.
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Fig. S6. Coomassie-stained SDS-PAGE gels of MBP-BamL, TEV cleavage reaction, and mutants. Shown is
the relative purity of enzymes used for this study. Full length, maltose-binding protein (MBP)-tagged BamL
proteins (76 kDa) were purified using amylose affinity chromatography. A. Results of the TEV cleavage
reaction. His-tagged TEV protease was added to MBP-BamL (the MBP portion also being His-tagged). A
negative Ni-NTA purification was then performed, which bound TEV and MBP but allowed cleaved BamL
to pass through the column. This protein was used for crystallization. B. Relative purity of MBP-BamL sitedirected mutants (10 µg per lane loaded). These proteins were not TEV treated. During overexpression in E.
coli, a low but detectable amount of proteolysis of MBP (45 kDa) was observed for all proteins, including
wild-type (WT) BamL. As shown in Table S1, the presence of the MBP tag actually enhanced the catalytic
reaction, presumably by stabilizing the BamL fusion partner. Such effects of N-terminal MBP tags are well
19

known (12). Mutation of W20A, F21A, D91A, D126A, and Y182A led to structurally destabilized proteins,
as indicated by their greater proteolytic processing (yield was also 20- to 40-fold lower than the other
mutants). Because those residues are of structural importance, their contribution to catalysis cannot be
assessed at the present time.
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Fig. S7. Observation of monoalkylated PZN analogs. A. MALDI-TOF-MS was employed to monitor the
conversion of desmethylPZN (m/z 1308) through monomethylPZN (m/z 1322) to PZN (m/z 1336) by the
BamL mutant, Y182F. B. Addition of wild-type BamL to the reaction shown in panel A demonstrated
product convergence to PZN, thus demonstrating monomethylPZN as a discrete, on-pathway substrate. C.
Upon replacing SAM with an ethyl-bearing derivative, wild-type BamL produced monoethylPZN (m/z 1336)
but not diethylPZN (m/z 1364).
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Fig. S8. Proposed BamL mechanism. Upon binding of desmethylPZN to BamL, a catalytic base (blue)
deprotonates the positively charged amino terminus of desmethylPZN. The resultant primary amine then
attacks the electrophilic methyl group of SAM to yield SAH and a secondary amine (monomethylPZN). The
SAH byproduct must then dissociate from the BamL active site to allow binding of another molecule of
SAM. Unlike most methyltransferases, BamL does not exhibit potent inhibition by SAH (as evidenced by
significant catalytic activity in the absence of SAH nucleosidase, see Table S1). After another round of
deprotonation, this time on the amino terminus of monomethylPZN, the second methylation event occurs.
Based on our difficulties in observing monomethylPZN, even under limiting SAM, we speculate that the
second methylation reaction occurs more rapidly than the first.
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