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Spontaneous formation of isoaspartates (isoDs) often causes
protein damage. L-Isoaspartate O-methyltransferase (PIMT)
repairs isoD residues by catalyzing the formation of an unstable
L-isoaspartyl methyl ester that spontaneously converts to an
L-aspartyl residue. PIMTs are widely distributed in all three
domains of life and have been studied most intensively in con-
nection with their role in protein repair and aging in plants and
animals. Studies of bacterial PIMTs have been limited to Esche-
richia coli, which has one PIMT. The �-proteobacterium Rho-
dopseudomonas palustris has three annotated PIMT genes, one
of which (rpa2580) has been found to be important for cellular
longevity in a growth-arrested state. However, the biochemical
activities of these three R. palustris PIMTs are unknown. Here,
we expressed and characterized all three annotated PIMT pro-
teins, finding that two of them, RPA0376 and RPA2838,
had PIMT activity, whereas RPA2580 did not. RPA0376 and
RPA2838 single- and double-deletion mutants did not differ in
longevity from WT R. palustris and did not exhibit elevated lev-
els of isoD residues in aged cells. Comparative sequence analyses
revealed that RPA2580 belongs to a separate phylogenetic group
of annotated PIMT proteins present in the �-proteobacteria.
Our results suggest that this group of proteins is not involved in
repair of protein isoD residues. In addition, the bona fide bacte-
rial PIMT enzymes may play a different or subtler role in bacte-
rial physiology than previously suggested.

We have been engaged in studies of how nonspore forming
bacteria are able to remain viable in a growth-arrested state for
long periods of time. Our model organism is the phototrophic
�-proteobacterium Rhodopseudomonas palustris, which main-
tains viability for months after entering a state of growth arrest
when incubated in light, a condition under which it can gener-
ate ATP. Among a set of genes we identified as required for
R. palustris longevity is rpa2580 (1), annotated as encoding a
possible protein L-isoaspartate O-methyltransferase (PIMT).2
L-Isoaspartate (isoD) is a �-amino acid that accumulates in aged
proteins because of spontaneous deamidation and isomeriza-

tion of aspartates and asparagines. IsoD residues introduce
kinks in protein backbones, which can lead to the loss of activity
(2–5). PIMT is an almost universally distributed enzyme that
repairs this damage by transferring a methyl group from S-ad-
enosylmethionine (SAM) to the side chain of an isoD residue.
The formed methyl ester cyclizes to L-succinimide with an
accompanying release of methanol. L-Succinimide then spon-
taneously converts to L-aspartate �25% of the time (Fig. 1)
(5–7). The repairing function of PIMT and its connection to
longevity have been well-documented in Xenopus laevis (8),
Drosophila melanogaster (9), potato tubers (10), barley seeds
(11), and other eukaryotes (12–14). However, this enzyme has
received scant attention in microbes. Escherichia coli encodes a
PIMT enzyme, named PCM, that repairs isoD damage in vitro
(15) and enhances the survival of stationary phase E. coli sub-
jected to secondary stresses such as oxidative stress or high pH
(16, 17).

It turns out that R. palustris has three genes annotated to
encode PIMT enzymes (18). Because of its importance for
R. palustris longevity (1), we decided to investigate the bio-
chemical function of RPA2580, as well as its two other PIMTs.
We found that two of the three proteins had PIMT activity in
vitro. However, neither of the two PIMT-active proteins was
important for R. palustris longevity, even though aged cells had
relatively high levels of isoD damage. The longevity protein,
RPA2580, did not have PIMT activity in our assays. Bioinfor-
matics analysis also supported the notion that RPA2580
belongs to a group that has diverged from functional PIMTs.

Results

Sequence analysis of R. palustris PIMT genes

A survey of 5149 proteobacterial genomes revealed that 2669
of them have at least one PIMT gene and many have multiple
PIMT sequences for a total of 4040 sequences (19). Three
genes, rpa0376, rpa2580, and rpa2838, are annotated to encode
PIMT proteins in R. palustris (18). To understand their diver-
gence at the amino acid level, we analyzed the sequence simi-
larity network of all the proteins containing a PIMT domain
(PFAM family PF01135) (Fig. 2A) (20). The largest network,
which includes RPA0376 and RPA2838, contains only bacterial
and archaeal PIMTs (Fig. 2A, group I). The eukaryote PIMTs
belong to a distinct phylogenetic grouping (Fig. 2A, group II). A
separate network that includes RPA2580 has �700 sequences,
all of which come from members of the �-proteobacteria (Fig.
2A, group III). PIMT proteins share a similar overall structure
across different species (Fig. 2B). The most conserved region is
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near the catalytic center, which binds the methyl donor SAM
and the methyl acceptor isoD-containing substrate (Fig. S1)
(21–23). RPA0376 and RPA2838 share conserved residues with
other PIMTs. RPA2580, however, differs at scattered locations
around these conserved areas (Fig. 3). Most significantly,
RPA2580 is missing part of the conserved pre-region I, which
contains a serine residue (position 79 in the alignment; Fig. 3)
that is critical for the catalytic activity of PIMTs (24). Instead,
RPA2580 has an sequence of mostly charged residues (Fig. 3)
that forms a loop in the deduced structure of RPA2580 near the
active site of PIMTs, possibly shielding the SAM binding pocket
(arrow in Fig. 2B). This feature is conserved in �85% of the
sequences in group III (Fig. 2A). Another unique feature of
group III PIMTs is their region I, which contains a proline
instead of an otherwise conserved glycine residue (position 107
in the alignment; Fig. 3). Among other PIMTs, this region is
highly conserved and directly interacts with SAM via hydro-
gen-bonding and hydrophobic interactions (25). Finally,
sequences in group III end with a C-terminal FXF motif right
after post-region III (position 248 in the alignment; Fig. 3). This
is in contrast to other PIMTs, which usually have an extended
and highly variable C-terminal tail.

RPA0376 and RPA2838 have PIMT activity in vitro, but
RPA2580 does not

The genes rpa0376, rpa2580, and rpa2838 were cloned,
expressed, and purified as His-tagged proteins. We then tested
their abilities to repair isoD damage in vitro. Ovalbumin, which
spontaneously accumulates isoDs over time, was used as the
methyl accepting substrate for this assay. The E. coli PIMT,
PCM, was used as a positive control (16). RPA0376 transferred
methyl groups to ovalbumin at a rate of �6 nmol/min/mg,

which is comparable with that seen by others for PIMTs (26).
RPA2838 also showed significant PIMT activity in our assays
but only at �10% the level of PCM and RPA0376. RPA2580 had
no detectable PIMT activity (Fig. 4). It should be noted that the
His-tagged form of RPA2580 used in enzyme assays comple-
mented the longevity phenotype of a RPA2580 deletion mutant
in trans (Fig. S2). Some PIMTs are also active in methylating
D-aspartates. However, we did not attempt to measure this
activity in this study.

Because much of the sequence divergence of group III PIMTs
is located around the SAM-binding site (Figs. 2B and 3), we
wondered whether RPA2580 is compromised in its ability to
interact with SAM. As expected, the bona fide PIMT enzymes
PCM and RPA0376 were able to bind SAM with micromolar Kd
values (Fig. S4). The dissociation constant of RPA0376 with
SAM was 69 � 17 �M. This is higher than the Kd of PCM (1.5 �
0.5 �M), but the difference might not be essential for its func-
tion in vivo, because the intracellular concentration of SAM is
greater than these values, at least in E. coli (27). By contrast,
RPA2580 did not bind to SAM in our assays. We tried to replace
the loop in RPA2580 with the corresponding RPA0376
sequence to restore its SAM-binding capability (56EGRDDH-
KHFLLNPI3 56EGGQTISQPI). However, when this construct
was expressed, less than 1% of protein was soluble, suggesting
that this loop is an integral part of RPA2580 folding.

Recognition of isoD-containing peptides

Not all isoD residues are the same. PIMT proteins recognize
isoD with vastly different efficiencies depending on the amino
acid sequences surrounding the damaged residue (26). When
we measured the Michaelis–Menten kinetic constants for
RPA0376 and RPA2838 using four different isoD-containing
peptides, we found that RPA0376 had the highest affinity for
KASA-isoD-LAKY (Km � 8.0 �M) and the lowest affinity for
YVS-isoD-GHG (Km � 2 mM) (Table 1). RPA2838 also had a
low affinity for YVS-isoD-GHG (Km � 3 mM), but its highest
affinity was for peptide VYP-isoD-HA (Km � 3.4 �M) (Table 1).
For comparison, human PIMT has a high affinity for VYP-
isoD-HA (Km � 0.3 �M) and an intermediate affinity for YVS-
isoD-GHG (Km � 16 �M) (26). Consistent with the ovalbumin
experiment, RPA2580 had no detectable activity with any of the
peptides tested. With regard to Vmax calculations, it should be
noted that we used 10 �M SAM in all our measurements. It is
possible that this concentration was not sufficient to saturate
the enzymes.

The effect of temperature and pH on R. palustris PIMT
activities

PIMTs tend to function best at temperatures above 40 °C
(28). We measured the temperature dependence of the isoD-
repairing activity of RPA0376 and RPA2838 with VYP-isoD-
HA. We found that RPA0376 had optimal activity over a wide
temperature range from 30 to 50 °C. PIMT activity was �50%
lower at 20 °C and 90% lower at a higher temperature of 60 °C
(Fig. 5A). RPA2838 had a very different temperature profile. Its
activity increased sharply when the temperature was increased
from 30 to 50 °C. A further increase to 60 °C resulted in a loss of
activity (Fig. 5B). We also looked at the activities of these

Figure 1. The pathway of L-isoaspartyl repair by PIMTs. L-Aspartyl and
L-asparaginyl residues can spontaneously cyclize to L-succinimides. The suc-
cinimides undergo spontaneous hydrolysis resulting in a regeneration of
L-aspartyl residues with a frequency of �25%, but this is also accompanied by
the generation of abnormal L-isoaspartyl residues with a frequency of �75%.
L-Isoaspartates introduce kinks into the backbone of proteins, which can
compromise structure and activity. The repair enzyme PIMT transfers a
methyl group from SAM to the side chain of L-isoaspartate, forming L-isoas-
partate methyl ester. The methyl ester is unstable and spontaneously con-
verts back to L-succinimide, which again hydrolyzes to form a combination of
L-aspartyl and L-isoaspartyl residues.
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enzymes at different pH levels. When the pH was lower than 6
or higher than 9, the activity of RPA0376 dropped to below 20%
of its maximum value (Fig. 5C). RPA2838 has a broader pH
optimum range with similar activities over a pH range from pH
5.4 to 9.4. However, its activity was low compared with that of
RPA0376, regardless of the pH value (Fig. 5D).

IsoD repair activity does not affect the longevity of
growth-arrested R. palustris

We used RPA0376 to measure the isoD content of protein in
lysates of R. palustris cells harvested on entry to stationary
phase and following growth arrest. When cultures entered the
stationary phase, the amount of isoD in cells was undetectable.
After 30 days of growth arrest, a significant amount of isoD
residues had accumulated (Table 2). However, a R. palustris
strain deleted of all three annotated PIMT genes (�TRI-PIMT)
did not accumulate more isoD residues compared with the WT
strain in the same conditions (Table 2). This is contrary to what
would be expected if the PIMTs were active in the repair of isoD
residues. Similar results have been reported for E. coli, in which
the deletion of its pcm gene did not lead to additional accumu-
lation of isoD residues (29). Consistent with our in vitro enzy-
matic experiments, the same assay performed with RPA2580
did not detect any isoD repair activity with all the lysates tested.

As shown previously (1), longevity was compromised in a
rpa2580 mutant (�rpa2580) (Fig. 6). We found that mutants
with deletions in either rpa0376 or rpa2838 survived just as well
as the WT after 30 days of growth arrest (Fig. 6). A double
mutant with deletions in both genes also had a WT longevity
phenotype (Fig. S3). The strain �TRI-PIMT showed compro-

mised longevity, but only at level comparable with a �rpa2580
mutant (Fig. S3).

Discussion

R. palustris encodes three proteins annotated by several
annotation algorithms as being putative protein L-isoaspartyl
methyltransferases. All three are classified as members of the
PFAM sequence family PF01135, but the sequence conserva-
tion for belonging to this PFAM category is somewhat less for
RPA2580 than for RPA0376 and RPA2838 (Fig. 3). We deter-
mined that RPA0376 and RPA2838 are bone fide PIMTs that
repair isoD residues in proteins and peptides in vitro. RPA0376
behaved similarly to the previously described E. coli PIMT,
whereas RPA2838 showed significantly lower activities and a
different optimal temperature and optimal pH profile. Despite
the clear involvement of PIMTs in protein repair and in miti-
gation of aging in a variety of eukaryotes, we could not detect a
similar role for PIMTs in the longevity of growth-arrested
R. palustris cells. The quantity of isoD residues in aged R. palus-
tris proteins was not increased by mutations in the two PIMT
genes (Table 2), and a PIMT double mutant was not compro-
mised in longevity (Fig. S3). In previous work, stationary phase
cells of an E. coli PIMT mutant were less viable than the WT
parent when subjected to secondary stresses (16, 17). However,
as with R. palustris, the amount of isoD damage detected was
not higher in an E. coli PIMT mutant subjected to stress condi-
tions (17, 29). We know from RNA-seq experiments that the
R. palustris PIMTs are expressed in growing and growth-ar-
rested cells (1). It could be that proteins with isoD damage are
still partially active. Considering there are multiple molecules

Figure 2. Sequence analysis of R. palustris PIMTs. A, sequence similarity network of all protein sequences containing the PIMT Pfam domain PF01135. Group
I, which contains RPA0376 and RPA2838, includes only bacterial and archaeal PIMTs. Group II contains only eukaryotic PIMTs. Group III containing RPA2580 has
�700 sequences, all of which come from �-proteobacteria. B, a predicted structure of RPA2580 (red) threaded onto the structure of P. furiosus PIMT (black;
Protein Data Bank code 1JG3). S-Adenosyl homoserine is shown in yellow, and the peptide VYP-isoD-HA is shown in cyan. The arrow points to the loop that is
present in the predicted structure of RPA2580 that does not align with the P. furiosus structure.
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of the same proteins in a given cell and that growth-arrested
R. palustris cells are less active, the accumulation of isoDs may
not be as detrimental to cells as we originally assumed. Another

possibility that is more consistent with our data showing that
PIMT mutants do not have increased levels of isoD is that the
primary physiological role of prokaryotic PIMTs is something

Figure 3. Sequence divergence of RPA2580 from PIMT proteins. The alignment of the following 10 PIMT proteins is shown: R2580, RPA2580 (Q6N6N4);
R0376, RPA0376 (Q6NCU3); R2838, RPA2838 (Q6N5Y0); E.col, PIMT in E. coli (P0A7A5); V.cho, PIMT in Vibrio cholera (Q9KUI8); P.fur, PIMT in P. furiosus (Q8TZR3);
P.aer, PIMT in Pyrobaculum aerophilum (Q8ZYN0); A.tha, PIMT isoform 3 in Arabidopsis thaliana (Q64J17–3); D.mel, PIMT in D. melanogaster (Q27869); and H.sap,
PIMT in Homo sapiens (P22061). Pre-region I and post-region III, which are characteristic of PIMTs, and regions I, II, and III, which are characteristic of this family
of methyltransferases, are highlighted by shaded boxes (28). RPA2580 residues divergent from those in other PIMTs are highlighted with red type. Conserved
PIMT amino acids that may not be conserved in RPA2580 are labeled as follows: asterisk, identical; colon, highly similar; period, similar.

Functional divergence of bacterial PIMTs

J. Biol. Chem. (2019) 294(8) 2854 –2861 2857



other than the repair of proteins damaged by spontaneous for-
mation of isoD residues (2, 31).

Some �-proteobacterial genes annotated as PIMTs form a
distinct phylogenetic group to which RPA2580 belongs (Fig.
2A). This group of proteins are characterized by an extended
loop at pre-region I, mostly made up of charged residues, and a
C terminus FXF motif right after post-region III (Fig. 3).
RPA2580 is important for R. palustris longevity but does
not have PIMT activity. A mutated E. coli PIMT enzyme,
PCME104A, that was unable to repair isoD damage in vitro,
increased heat shock survival better than WT PCM when both
proteins were overexpressed (32). It was suggested that heat
shock protective response was induced because of overexpres-
sion of a protein that was prone to misfolding. We cannot
exclude that RPA2580 could be playing a similar role in
R. palustris but at normal levels of expression and under con-
ditions that do not involve heat shock. The expression level of
RPA2580 in stationary phase growth-arrested cells is not higher
than its levels in growing cells.

Other possibilities are that RPA2580 is active on an alterna-
tive protein substrate or that it methylates an alternative amino
acid, such as aspartate or glutamate, on which the methyl group
donated from SAM is known to be more stable. Although
RPA2580 did not bind SAM in our experiments, it is possible
that a SAM-binding site is exposed upon interaction of
RPA2580 with a target substrate or a chaperone.

A final thought is that RPA2580 might sense isoD-containing
proteins or peptides as a sign of cellular growth arrest. The
groove in RPA2580 that interacts with an isoD residue is
exposed and largely intact in our model (Fig. 2). A recent study
showed that an E. coli PIMT mutant formed a larger percentage
of quiescent, antibiotic-resistant, persister cells than the WT.
The authors suggest that in situations where cells cannot repair
isoDs, they may respond by becoming persisters, and this may
protect cells from the consequences of protein damage (30).
This still begs the question of how isoD protein damage might
trigger persister formation. R. palustris is distinct from E. coli in
its ability to remain almost 100% viable in growth arrest for
weeks. We do not fully understand how R. palustris longevity

relates to bacterial persistence, but on the surface, they do have
a number of features in common.

Experimental procedures

Protein structure modeling and comparison

SWISS-MODEL (33) was used to predict the structure of
RPA2580. The crystal structure of Pyrococcus furiosus PIMT
(Protein Data Bank code 1JG1) (25) was used as the model for
the prediction. To analyze the sequence conservation of PIMT
structures, the sequence of RPA0376 was searched against all
the assembled bacteria genomes in IMG/M (19). The top 250
hits of the search were analyzed, and sequence conservation
was visualized using Chimera (34). The location of PIMT
ligands was visualized by superimposing P. furiosus PIMT
structures (Protein Data Bank codes 1JG1 and 1JG3) (25) on
the predicted RPA0376 structure.

Sequence analysis

Multiple sequence alignments were performed using Clustal
Omega (35) and edited using BioEdit. To analyze the PIMT
sequence similarity networks, all protein sequences containing
Pfam domain PF01135 were acquired and analyzed with
Enzyme Similarity Tool (20). We limited the length of targeted
sequences to 140 –300 amino acids to exclude proteins with
multiple domains. The resulting sequence similarity network
was visualized using Cytoscape (36).

Protein expression and purification

All genes were cloned into pET30b vector (Novagen) as a
construct with a His tag fused to the N terminus. The plasmids
were transformed into E. coli strain TunerTM (Novagen), and
cells were grown in Luria–Bertani (LB) medium until the
A600 nm reached 0.4 – 0.8. Cultures were then induced with 1
mM of iso-propyl-�-D-thiogalactopyranoside and grown at
16 °C overnight. Cell pellets were resuspended in lysis buffer (50
mM Na2HPO4–NaH2PO4, pH 7.4, 300 mM NaCl, 10 mM imid-
azole, and 10% glycerol), and the mixture was disrupted by pass-
ing through a French pressure cell. The cell extracts were clar-
ified by centrifugation at 15,000 rpm for 30 min. The proteins
were purified by binding to His-Pur (ThermoFisher) resin,
washed with the lysis buffer containing 30 mM imidazole, and
eluted with the same buffer containing 500 mM imidazole.
Imidazole was removed using Econo-Pac� 10DG (Bio-Rad)
desalting columns. The purified proteins were concentrated
to 2–20 mg ml�1 and suspended in storage buffer (25 mM

Na2HPO4–NaH2PO4, pH 7.4, 150 mM NaCl, and 50% glycerol).

Methyltransferase assays

Methyltransferase activity was measured using a vapor diffu-
sion method as described before (28). In general, each reaction
contained the methyl-donor [14C]SAM (PerkinElmer Life Sci-
ences), the methyl acceptor ovalbumin (Sigma), isoD-contain-
ing peptides or R. palustris lysates, and the protein to be tested.
The assays were performed at 30 °C and in a buffer of 50 mM

Bis-Tris-HCl, pH 6.4, unless noted otherwise. The reactions
were adjusted to a final volume of 40 �l, incubated for the
desired time, and stopped by adding 40 �l of stop buffer (1%

Figure 4. RPA0376 and RPA2838 have PIMT activity, whereas RPA2580
does not. Methyltransferase activity of R. palustris and E. coli PIMTs. Each
reaction contained 0.5 �M enzyme, 10 �M [14C]SAM as the methyl donor, and
560 �M ovalbumin as the methyl acceptor. All the reactions were performed
at 30 °C. The error bars represent the standard deviation of at least three
replications.
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SDS and 0.2 M NaOH). 60 �l of stopped reaction was immedi-
ately spotted onto a piece of prefolded filter paper. The folded
filter paper was wedged in the neck of a 20-ml scintillation vial
containing 5 ml of Safety Solve high–flash point mixture
(Research Products International). The vial was then capped
and left at room temperature for 2 h. During this time,
[14C]methyl ester was hydrolyzed and released as [14C]metha-
nol, which subsequently diffused into the counting fluor. The
filter paper was then removed, and the vial contents were
counted by liquid scintillation. For each experimental set, a
negative control was performed without the methyl acceptor.

SAM-binding assays

All the reactions were performed in a buffer of 25 mM

Na2HPO4–NaH2PO4, pH 7.4, 150 mM NaCl, and 5% glycerol. A

final concentration of 0.5 �M [14C]SAM (PerkinElmer Life Sci-
ences) was mixed with various concentrations of tested pro-
teins. The reactions of 100 �l were incubated at 30 °C for 1 h

Table 1
Michaelis–Menten kinetic constants for R. palustris PIMT proteins

RPA0376 RPA2838
Km Vmax Km Vmax

�M nmol/min/mg �M nmol/min/mg
KASA-isoD-LAKY 8.0 � 0.39 19 � 0.28 120 � 8.9 0.99 � 0.01
VYP-isoD-HA 45 � 2.1 20 � 0.32 3.4 � 0.2 1.1 � 0.03
VYR-isoD-RR 30 � 1.6 15 � 0.31 400 � 28 1.1 � 0.05
YVS-isoD-GHG 2600 � 450 13 � 1.7 3100 � 540 0.96 � 0.14

Figure 5. The effect of temperature and pH on R. palustris PIMT activities. A and B, the effect of temperature. C and D, the effect of pH. For all experiments,
each reaction contained 0.5 �M enzyme, 10 �M [14C]SAM as the methyl donor, and 50 �M VYP-isoD-HA as the methyl acceptor. The error bars represent the
standard deviation of at least three replications.

Table 2
The quantity of isoD residues in R. palustris cell lysates
WT, CGA009; �TRI-PIMT, CGA009 deleted of rpa0376, rpa2580, and rpa2838.

Day 0 Day 30
Samples WT �TRI-PIMT WT �TRI-PIMT

isoD (pmol/mg protein in lysate) �10 �10 903 � 45 692 � 9

Figure 6. R. palustris �rpa0376 and �rpa2838 mutants have WT longevity.
The PIMT deletion mutants were growntostationaryphase,andthentheir longevi-
ties were measured. The �rpa0376 and �rpa2838 mutants maintained �100% via-
bility after 20 days of growth arrest. By comparison, the �rpa2580 mutant showed
compromised longevity. Assays performed with double or triple PIMT gene dele-
tions have longevity phenotypes consistent with these observations (Fig. S3). At
least three biological replications were performed for each strain (Fig. S5).
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and then applied to ZebaTM spin desalting columns (Thermo
Scientific) to remove the unbound [14C]SAM. 80 �l of eluted
protein was counted by liquid scintillation to measure the
bound [14C]SAM. For each experimental set, a negative control
was performed without the protein. Each series of protein dilu-
tion was performed three times individually, and the data were
fitted to a one-to-one binding model to calculate the dissocia-
tion constant of SAM.

The effect of temperature on methyltransferase activity

The assays were carried out in a buffer of 50 mM Bis-Tris-
HCl, pH 6.4. All the reaction components were pre-equili-
brated at the required temperature. Each reaction contained 0.5
�M RPA0376 or RPA2838, 10 �M [14C]SAM as the methyl
group donor, and 50 �M VYP-isoD-HA as the methyl group
acceptor. For the reactions performed at 20 – 40 °C, the reac-
tion time was 10 min. For the reactions performed at 50 – 60 °C,
the reaction time was 5 min.

The effect of pH on methyltransferase activity

The assays were carried out at 30 °C. The following buffers
were used to adjust the pH of the reactions: pH 4.4 and 5.4,
citric acid and Na2HPO4; pH 6.4, Bis-Tris-HCl; pH 7.6,
NaH2PO4 and Na2HPO4; pH 8.8, Tris-HCl; and pH 9.4 and
10.3, NaHCO3 and Na2CO3. Each reaction contained 0.5 �M

RPA0376 or RPA2838, 10 �M [14C]SAM as the methyl group
donor, and 50 �M VYP-isoD-HA as the methyl group acceptor.
For RPA0376, the reaction time was 10 –20 min. For RPA2838,
the reaction time was 40 – 60 min.

PIMT assays with R. palustris cell lysates as substrate

All strains of R. palustris were grown anaerobically at 25 °C
with illumination in defined mineral medium with acetate or
succinate unless noted otherwise. The following steps were per-
formed on ice or at 4 °C. Approximately 50 ml of R. palustris
culture were collected by centrifugation at 4,000 rpm for 10
min. The cell pellets were resuspended to 2 mg/ml of 50 mM

Na2HPO4–NaH2PO4, pH 7.4, 300 mM NaCl, and 10% glycerol.
To break the cells, 0.5 ml of 0.1 mm zirconica/silica beads (Bio-
Spec Products) were added into the mixture and vigorously
shaken six times, 1 min each time with a bead beater. The
mixture was clarified by centrifugation at 15,000 rpm for 10
min. The lysates were further centrifuged at 60,000 rpm for
30 min, collected, and adjusted to a protein concentration of
0.2 mg/ml. PIMT assays were performed at 37 °C for 2 h. For
each experiment, a control of no enzyme added and a control
of no cell lysate added were performed. The readings of these
two negative controls were subtracted from the final results.

Determination of R. palustris longevity

In-frame deletions of R. palustris genes were created using
suicide vector pJQ200SK as described before (37, 38). All
strains and plasmids used are listed in Table S1. To determine
the longevity of a strain, the culture was grown to a growth-
arrested state caused by exhaustion of the carbon source, and
cell longevity was monitored by counting the colony-forming
units as described previously (1).
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