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N-formyl methionine (fMet)-containing proteins are pro-
duced in bacteria, eukaryotic organelles mitochondria and
plastids, and even in cytosol. However, Na-terminally for-
mylated proteins have been poorly characterized because of the
lack of appropriate tools to detect fMet independently of
downstream proximal sequences. Using a fMet-Gly-Ser-Gly-
Cys peptide as an antigen, we generated a pan-fMet-specific
rabbit polyclonal antibody called anti-fMet. The raised anti-
fMet recognized universally and sequence context—
independently Nt-formylated proteins in bacterial, yeast, and
human cells as determined by a peptide spot array, dot blotting,
and immunoblotting. We anticipate that the anti-fMet anti-
body will be broadly used to enable an understanding of the
poorly explored functions and mechanisms of Nt-formylated
proteins in various organisms.

Na-terminal (Nt-) formylation of cellular proteins is a pre-
translational modification that occurs before protein synthesis in
ribosomes. Specifically, methionyl-tRNA formyltransferase
(EMT) transfers a formyl moiety from 10-formyltetrahydrofolate
to the free a-amino group of initiator Met-tRNAi. N-formyl
methionine (fMet)-tRNAI is recruited to yield Nt-formylated
polypeptides by bacterial and bacterial-type ribosomes (1-7).
The resulting formyl group of the Nt-fMet-containing poly-
peptide is cotranslationally removed by ribosome-associated
peptide deformylase (PDF) (8-12). Crucially, the production of
Nt-formylated proteins had been previously hypothesized to be
confined to bacteria and bacteria-originated eukaryotic organ-
elles mitochondria and plastids. In contrast to this general hy-
pothesis, our previous study revealed that fMet-mediated protein
synthesis occurs even in the cytosol of the budding yeast
Saccharomyces cerevisiae, a simple eukaryotic organism (13, 14).
Cytosolic Nt-formylated proteins increase the adaptability of
yeast cells to undernutrition and cold stress. Nt-formylated pro-
teins are removed by a eukaryotic fMet/N-degron pathway that
recognizes Nt-fMet of proteins as a specific degradation signal,

* For correspondence: Cheol-Sang Hwang, hwangcs@korea.ac.kr.

SASBMB

termed fMet/N-degron (Fig. S1) (13). It is noteworthy that fMet/
N-degrons also occur in bacteria, but the bacterial recognition
components of fMet/N-degrons remain to be identified (15).

In addition to these fundamental roles in protein synthesis
and degradation, bacterial and mitochondrial Nt-formylated
proteins are sources of N-formyl peptides that elicit immune
responses via formyl peptide receptor—mediated signaling
pathways (16—18). Nt-formylation on mitochondrial DNA-
encoded proteins substantially contributes to the steady-state
level and organization of oxidative phosphorylation com-
plexes (19, 20). Furthermore, multiple age-associated diseases,
including cardiovascular disorders, have a positive correlation
to blood fMet levels through an as-yet-unknown pathway(s)
(21). Consequently, Nt-formylation greatly expands the func-
tional and mechanistic complexities of the cellular proteome
(12, 13, 22) and plays pivotal roles in a vast range of physio-
logical and pathological processes. However, the lack of
appropriate tools to simultaneously detect diverse Nt-
formylated proteins independent of mass spectrometry has
hampered our understanding of the extent, dynamics, and
functions of Nt-formylation in native proteomes.

Some antibodies against specific fMet-containing peptides
have been developed to detect several Nt-formylated proteins
or Nt-formylated peptides (13, 23). Nonetheless, their appli-
cations are restricted to only a few proteins with fMet-
containing peptides that are the same or very similar to the
antigen fMet-peptides. The use of pan-specific antibodies al-
lows the characterization of proteins with desired chemical
modifications (24—26). However, to the best of our knowledge,
a pan-specific antibody against fMet has not been reported.

Results
Generation of a pan-fMet-specific antibody

The lack of adequate tools to simultaneously detect fMet-
containing proteins led us to develop pan-fMet—specific anti-
bodies. In attempts to raise the fMet-specific antibodies, we
employed the synthetic fMet-Gly-Ser-Gly-Cys (fMGSGC)
peptide as an antigen (Fig. 1A). Notably, the fMGSGC peptide
includes the tripeptide Gly-Ser-Gly as a linker which has good
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Figure 1. Schematic representation of the development of a pan-fMet-specific antibody. A, synthetic fMGSGC-peptide antigen for generation of a pan-
fMet-specific (anti-fMet) antibody. The fMGSGC antigen contains Nt-formylated fMet, a flexible GSG linker, a thiol-based conjugatable Cys, and a KLH carrier
protein. B, scheme for anti-fMet generation. Anti-fMet antibodies were induced by immunization of rabbits with the fMGSGC antigen, followed by antisera
preparation, negative selection-based removal of nonspecific antisera, and subsequent protein A-affinity chromatography. fMet, N-formyl methionine;
fMGSGC, fMet-Gly-Ser-Gly-Cys; GSG, Gly-Ser-Gly; KLH, keyhole limpet hemocyanin.

flexibility (27) and lower immunogenicity than other peptide
linkers owing to its shorter side chains (28). The C-terminal
Cys of IMGSGC was used for thiol-based conjugation of the
peptide to the keyhole limpet hemocyanin carrier protein
(Fig. 1A).

Rabbit polyclonal antisera against the fMGSGC peptide
were produced as described in previous studies (13, 29).
Nonspecific antibodies were negatively selected from the
antisera using affinity chromatography gels that were conju-
gated with extracts from human HeLa cervical cancer cells
overexpressing Escherichia coli PDF (EcPDF) or fintlA S. cer-
evisiae cells lacking Fmt1 formyltransferase. ECPDF expression
or fmtl deletion was introduced to maximally remove
endogenously Nt-formylated proteins in human or yeast cells,
respectively. The flowthrough fractions of sera following
negative selection were concentrated by protein A—based af-
finity chromatography to yield anti-fMet™ and anti-fMet*
(superscripts denote the origin of the cell extracts used for
negative selection. Hs, Homo sapiens; Sc, S. cerevisiae)
(Fig. 1B).

Specificity of anti-fMet antibody in vitro

To determine the specificity and sequence-context inde-
pendence of the raised anti-fMet'”, we first employed SPOT
peptide arrays (30). In this assay, XZ-D2>'' peptides
included X (M, Nt-unmodified Met; fM, Nt-formylated Met;
AcM, Nt-acetylated Met), Z (any 20 amino acids), and
D2 (lle-Ala-Ile-Gly-Thr-Tyr-GIn-Glu-Lys: TAIGTYQEK,
identical residues at position 3 to 11 of the previously
characterized Chlamydomonas reinhardtii chloroplast D2
protein) (13, 15). The XZ-D2*™!! peptides were C-terminally
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attached to a SPOT membrane at the same concentration
and tested for binding to anti-fMet'™ (Fig. 24). The SPOT
assay indicated that anti-fMet'™ bound preferentially to Nt-
formylated fMZ-D2*>7'! peptides but not noticeably to Nt-
unmodified MZ-D2*'' or Nt-acetylated AcMZ-D2>~'
peptides (Fig. 24).

To confirm the broad specificity of anti-fMet'™ to fMet-
containing peptides independent of the fMet-proximal
sequence context, we also performed dot blot assays using a
set of peptides. For these assays, X-Pind*™*' or X-Yjl068c*~**
peptides consisted of X (M, fM, or AcM) and identical residues
at position 2 to 11 of the previously characterized yeast Nt-
formylated RNA-binding protein Pin4 (Glu-Thr-Ser-Ser-Phe-
Gln-Asn-Gly-Ser-Lys: ETSSFQNGSK) or the yeast esterase
protein Yjl068c (Lys-Val-Val-Lys-Glu-Phe-Ser-Gly-Ser-Lys:
LVVKEFSGSK), respectively (13). In line with the results of the
above SPOT assay, these dot blot analyses with X-Pin4*~'! and
X-Yjl068c*™'! indicated that anti-fMet’” preferentially bound
to Nt-formylated fMet-containing peptides but not to Nt-
unmodified Met-containing peptides or Nt-acetylated
AcMet-containing peptides (Fig. 2, B and C).

To investigate the preferential binding of anti-fMet’™ to Nt-
formylated proteins over their unformylated counterparts, we
also purified the previously characterized C-terminally
glutathione-S-transferase (GST)-tagged MD-D2*''-GST and
the C-terminally HA-His6-tagged RNA polymerase II medi-
ator complex protein Pgdlja pise from E. coli in the presence
or absence of PDF inhibitor actinonin (13). Indeed, treatment
with actinonin produced Nt-formylated fMD-D2°* ''-GST and
fPgd1ya niss s determined by immunoblotting with the anti-
fMet'™ antibody (Fig. 3, A and B).
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Figure 2. Broad binding specificity of anti-fMet for various Nt-formylated peptides. A, immunoblotting with the anti-fMet™ antibody purified through
negative selection with Hela cell lysates and SPOT peptide arrays with 11-residue peptides XZ-IAIGTYQEK (Xz-D2>": X represents Met, fMet, or AcMet, Z is
one of 20 amino acids, and D23~""is derived from the 3-11 residues of C. reinhardtii D2 protein). B, dot immunoblotting with the anti-fMet/™ antibody versus
decremental amounts of the unmodified METSSENGSK peptide (11 Nt-residues of S. cerevisiae Pin4) and either its Nt-formylated or Nt-acetylated coun-
terpart. C, same as (B), but with the MKVVKEFSGSK peptide (11 Nt-residues of S. cerevisiae Yjl068c). See also main text and Experimental procedures. A-C
images are representative of two independent experiments. fMet, N-formyl methionine.

To further corroborate the specificity of anti-fMet™, we
next performed an in vitro deformylation assay using purified
wildtype EcPDFyy;6 or catalytically inactive EcPDFE344 with
substitution of Glu134 with Ala and its substrate fMD-D2>~"'-
GST or fPgdlya nise- As expected, the levels of Nt-formylated
fMD-D2*M-GST and fPgd1pa 1iss Were markedly decreased
in the presence of EcPDFyy;, but not of EcPDFE3# (Fig. 3, C
and D). The incomplete deformylation of substrate proteins
observed here might result from the oxygen-mediated inacti-
vation of purified EcPDFy;6 (31) or from the structural inac-
cessibility of their fMet by purified EcPDFyy;46 since the binding
of EcPDF to the ribosome is required for the efficient defor-
mylation of the fMet-containing nascent polypeptides (10).

The specificity of anti-fMet ™ was also verified by observing
noticeable quenching of immunoblotting signals by
Nt-formylated fMet amino acid but not by Nt-unmodified free
Met or Nt-acetylated AcMet amino acid (Fig. 3E). The
observed incomplete quenching by fMet amino acid indicated
that anti-fMet™ might have a higher binding affinity to the
fMet present in proteins than fMet amino acid. Further,
immunoblotting with anti-fMet™ and serially diluted fMD-
D23'-GST or fPgd 1, 1ise revealed that the detection limit of
anti-fMet™ for those proteins was ~6.4 ng or ~1.6 ng,
respectively (Fig. 3, F and G). Taken together, we raised anti-
fMet'® that recognized, specifically and sensitively, fMet-
containing proteins independent of the fMet-proximal
sequence contexts in vitro.

Detection of Nt-formylated native proteins in E. coli using
anti-fMet'™

Nearly all nascent polypeptides in bacteria contain pre-
translationally generated Nt-fMet residues that can be
cotranslationally deformylated by ribosome-associated PDFs
(10, 22). To directly verify the PDF-mediated deformylation of
nascent proteins, actinonin-susceptible AarcAB E. coli cells
(32) were cultured in the absence or presence of actinonin for
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0, 1, and 3 h at 37 °C, followed by preparation of cell extracts
and immunoblotting with anti-fMet™ (Fig. 44). As expected,
actinonin treatment greatly increased both the species and
amounts of Nt-formylated proteins in AarcAB E. coli cells,
validating the utility of anti-fMet™ to monitor the expression
of fMet-bearing proteins in bacteria (Fig. 44).

Detection of Nt-formylated native proteins in S. cerevisiae
using anti-fMet*

By immunoblotting with anti-MD-D2™¢" that specifically
recognized Nt-formylated fMD-D2, we previously showed that
overexpression of S. cerevisiae Fmt1**" (ScFmt1*%" lacking
mitochondrion-targeting signal peptide) dramatically increases
the levels of Nt-formylated fMD-D2> ''-GST in the cytosol of
yeast S. cerevisiae cells (13). Similarly, immunoblotting with
anti-fMet* revealed that overexpression of ScFmt14F strongly
upregulated a wide range of Nt-formylated native proteins in
yeast fint1A cells (Fig. 4B). This effect was almost abolished by
co-expression of wildtype EcPDF but not catalytically inactive
EcPDF*'3** (Fig. 4B). These results allowed the use of anti-
fMet* to detect Nt-formylated native proteins in yeast cells.

Detection of Nt-formylated native proteins in human cell lines
using anti-fMet*

The production of multiple Nt-formylated proteins by
cytosolic ribosomes has been demonstrated in S. cerevisiae
(13), but its occurrence in mammals and other multicellular
eukaryotes has not been explored. Therefore, we co-expressed
C-terminally triple flag-tagged EcEFMTj3; together with either
wildtype EcPDF3; or catalytically inactive EcPDFE* in the
cytosol of HeLa cells. Anti-fMet™-based immunoblotting
revealed that overexpression of EcFMTj3 dramatically upre-
gulated Nt-formylated native proteins in HeLa, which was
almost abolished by co-expression of EcPDF3, but not
ECPDF;?B‘LA (Fig. 4C). Thus, we concluded that cytosolic
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Figure 3. Broad binding specificity of anti-fMet for various Nt-formylated proteins. A, immunoblotting with anti-fMet” and 0.2 ug MD-D23"'-GST
purified from E. coli cells with or without 2 ug/ml actinonin treatment. B, same as (A), but with 0.2 ug PEgd1HA_Hi56. G, immunoblotting with anti-fMet™ and
1 uM fMD-D27"'-GST that was preincubated with either 1 uM of EcPDF ;56 or catalytically inactive EcPDFEI*. D, same as (C), but with fPgd1y4a iss instead of
fMD-D237"'-GST. E, immunoblotting with anti-fMet™ and purified unformylated MD-D2-GST (0.2 pg) or Nt-formylated fMD-D2-GST (0.2 pg) in the presence
of 10 mM Met, fMet, or AcMet amino acids. The bottom immunoblot with anti-GST indicates equal amounts of loaded proteins. F, immunoblotting with anti-

fMet™ and serially diluted MD-D2-GST or Nt-formylated fMD-D2-GST. G, same as (F), but with Pgd1yaiss Or Nt-formylated fPgd1ya pise. A—F images are

representative of two independent experiments. EcPDF, Escherichia coli peptide deformylase; fMet, N-formyl methionine; Nt-, Na-terminal.

ribosomes in human cells can produce Nt-formylated native
proteins as observed in yeast cells (13).

Because the levels of Nt-formylated proteins in yeast cells
are drastically influenced by environmental and intrinsic
stressors (13), we hypothesized that pathophysiological per-
turbations might modulate the expression patterns of Nt-
formylated proteins in human cells. To test this hypothesis,
we measured Nt-formylated proteins by anti-fMet™-based
immunoblotting in a set of human cell lines, including
HEK293 (embryonic kidney), HeLa (cervical carcinoma),
MHCC97H (hepatocellular carcinoma), SW480 and HT29
(colorectal carcinoma), T24 and TCC (bladder carcinoma),
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and MDA231 and T47D (breast carcinoma) (Fig. 54). Among
them, strong upregulation of Nt-formylated proteins was
observed in SW480 colon cancer cells, although each cell line
exhibited different patterns with respect to the kinds of Nt-
formylated proteins and their expression levels (Fig. 5A).
Moreover, the treatment of PDF inhibitor actinonin dramati-
cally increased the levels of Nt-formylated native proteins in
SW480 cells, further verifying their retention of deformylatable
fMet (Fig. 5B). Notably, these results also suggested that the
detected fMet-containing proteins were most likely a mixture
of mitochondrial DNA-encoded native proteins synthesized by
mitochondrial ribosomes and nuclear DNA-encoded native
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Figure 4. Detection of Nt-formylated native proteins in E. coli, S. cerevisiae, and HeLa cells. A, immunoblotting with anti-fMet™ and extracts of AarcAB
E. coli cells that were incubated in the either presence or absence of actinonin (2 ug/ml) for 0, 1, and 3 h. The bottom gel with Coomassie brilliant blue
staining indicates equal amounts of loaded samples. B, immunoblotting with anti-fMet* purified by negative selection with extracts of fmt1A S. cerevisiae
cells that expressed SCFmt‘Iﬁg” together with ECPDF or EcPDFE'**A. C, immunoblotting with anti-fMet™ and extracts (~ug) of Hela cells that expressed
EcFMT5¢ together with either EcPDF3¢ or EcPDF.ffB“A. A-C images are representative of two independent experiments. EcPDF, Escherichia coli peptide
deformylase; fMet, N-formyl methionine; FMT, methionyl-tRNA formyltransferase; Nt-, No-terminal.

proteins synthesized by cytosol ribosomes, considering that
the human mitochondrial genome encodes only 13 proteins
(33). Moreover, immunoblotting with anti-fMet following
subcellular fractionation indicated that Nt-formylated proteins
were present in both the cytosolic and mitochondrial fractions
of SW480 cells (Fig. 5C).

Next, we employed an integrated Nt-peptide enrichment
method followed by liquid chromatography—tandem mass
spectrometry (LC—-MS/MS) (34) to further probe the cytosolic
production of Nt-formylated proteins in SW480 cells. The
resulting Nt-proteome analysis identified the following Nt-
formylated proteins: unconventional myosin MYO18A, tRNA
splicing nuclease subunit TSEN54, non-POU domain octamer
binding NONO, spectrin a chain SPTANI, proteasome regu-
latory subunit PSMD?2, Ser/Arg-rich splicing factor SRSF3, and
tumor protein TPD52L2 (Figs. 5D and S2). Because those
Nt-formylated proteins are nuclear DNA encoded and are
therefore synthesized by cytosolic ribosomes, we concluded
that Nt-formylated proteins can be endogenously produced
even in the cytosol of human cells.

Discussion

In this study, we successfully generated a pan-fMet—specific
polyclonal antibody that recognizes fMet-containing proteins
from bacteria to humans universally and sequence or context
independently (Figs. 1-5). To the best of our knowledge, anti-
fMet is the first pan-specific antibody that allows the moni-
toring of fMet-bearing proteomes. Anti-fMet may be an
invaluable resource to functionally and mechanistically eluci-
date poorly understood Nt-formylated proteins in various or-
ganisms. For example, bacterial Nt-formylated proteins are the
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product of an incomplete deformylation process and are
frequently produced in E. coli, Bacillus subtilis, Staphylococcus
aureus, and Streptococcus pneumoniae (12, 16, 22). In partic-
ular, ~5% of E. coli proteins, most of which are membrane
proteins, contain the formyl moiety at their N-terminus (22).
Therefore, anti-fMet may be very useful to determine their
incomplete deformylation processes and functions linked to
protein misfolding, membrane defects, and metabolic changes
(35, 36).

fMet-containing proteins were previously shown to be
produced by cytosolic ribosomes of the simple eukaryotic yeast
S. cerevisiae (13). However, their production in multicellular
organisms has remained unexplored until this study (Figs. 4C
and 5). Thus, the observation of various Nt-formylated pro-
teins in human cells suggests that cytosolic synthesis of Nt-
formylated proteins is universal and conserved across
eukaryotic species.

The various expression patterns of Nt-formylated proteins
in cancer cell lines (Fig. 5A) may represent the previously
unexplored regulation of fMet-bearing protein synthesis and
their degradation by a putative mammalian fMet/N-degron
pathway that remains to be identified. In particular, cytosolic
production of Nt-formylated proteins may be influenced by
the levels of cytosolic 10-formyltetrahydrofolate (required for
Nt-formylation), mitochondrial methionyl-tRNA formyl
transferase, and peptide deformylase under various stress
conditions.

The current anti-fMet polyclonal antibody is available only as
a finite supply. Nonetheless, the successful strategy for the first
generation of a pan-fMet-specific antibody used in this study
can be applied to the development of pan-fMet monoclonal
antibodies and structure-based engineered nanobodies. The
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D Identified Nt-formylated proteins from SW480 colon cancer cells

Gene Identified Nt-formylated peptide Protein

MYO18A  fMFNLMKKDKDKDGGRKEKKEKKEKKER Unconventional myosin-XVllla

TSEN54 fMEPEPEPAAVEVPAGR tRNA-splicing nuclease subunit Sen54

NONO fMQSNKTFNLEKQNHTPR Non-POU domain octamer binding protein
SPTAN1 fMDPSGVKVLETAEDIQER Spectrin alpha, non-erythrocytic 1

PSMD2 fMEEGGRDKAPVQPQQSPAAAPGGTDEKPSGKER  26S proteasome non-ATPase regulatory subunit 2
SRSF3 fMHRDSCPLDCKVYVGNLGNNGNKTELER Ser/Arg-rich splicing factor 3

TPD52L2 fMDSAGQDINLNSPNKGLLSDSMTDVPVDTGVAAR  Tumor protein D54

Figure 5. Detection of endogenous Nt-formylated native proteins in various human cell lines. A, immunoblotting with anti-fMet™ and extracts (15 ug)
of HEK293 (embryonic kidney), Hela (cervical carcinoma), MHCC97H (hepatocellular carcinoma), SW480 and HT29 (colorectal carcinoma), T24 and TCC
(bladder carcinoma), and MDA231 and T47D (breast carcinoma) cells. A images are representative of three independent experiments. B, immunoblotting
with anti-fMet"™ and extracts (15 pg) of SW480 cells that were incubated in either the absence or presence of actinonin (10 ug/ml) for 3 h before cell lysis.
Immunoblot with anti-tubulin was used as a loading control. C, subcellular fractions of SW480 cells, followed by immunoblotting with anti-fMet™, anti-
TOM20, and anti-tubulin. TOM20 and tubulin were used as cell compartment-specific markers for the mitochondrial and cytosolic fractions, respec-
tively. B and C images are both representative of two independent experiments. D, identified fMet-containing protein from SW480 cells using Nt-peptide
enrichment and subsequent LC-MS/MS. See also main text and Fig. S2. fMet, N-formyl methionine; Nt-, Na-terminal.

development of pan-fMet antibodies will greatly expand the
resources to study Nt-formylated proteins that remain to be
explored in terms of their physiological and pathological roles.

Experimental procedures
Reagents and antibodies

Methionine (64319), N-formyl methionine (F3377), N-acetyl
methionine (01310), Sulfo-SMCC (M6035), and protease in-
hibitor cocktail tablets (04693132001) were purchased from
Sigma-Aldrich. Affi-Gel 10/15 resins (1536099/1536051), 4 to
20% Mini-PROTEAN TGX Precast Protein Gels (4561096), and
Clarity Western ECL substrate (170-5061) were purchased
from Bio-Rad. Pierce RIPA buffer (89900), RPMI-1640
(11875093), and Opti-MEM (31985070) were purchased from
Thermo Fisher Scientific. Dulbecco’s modified Eagle’s medium
(DMEM) (SH30243.01), McCoy’s 5a medium (SH30200.01),
and fetal bovine serum (FBS) (SH30919.03) were purchased
from Cytiva. Glutathione Sepharose 4B (17-0756-05) was
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purchased from GE Healthcare. A polypropylene column
(34964), Ni-NTA agarose (30230), and Qproteome mitochon-
dria isolation kit (37612) were purchased from Qiagen. ProA
agarose (101005) was purchased from Amicogen, and actinonin
(HY-113952) was purchased from MedChemExpress.

Commercial primary antibodies used in this study: anti-flag
M2 monoclonal (F3165, 1:2000), anti-ha monoclonal (H9658,
1:2000), and anti-a-tubulin monoclonal (T5168, 1:2000) were
purchased from Sigma-Aldrich. Anti-his-tag monoclonal (SC-
8036, 1:1000), anti-GST monoclonal (SC-374171, 1:2000), and
anti-TOM20 monoclonal (SC-17764, 1:500) were purchased
from SCBT. HRP-conjugated secondary antibodies: goat anti-
rabbit IgG (170-6515, 1:5000) and anti-mouse 1gG (170-6516,
1:10,000) were purchased from Bio-Rad.

E. coli and yeast strains, and human cell lines

E. coli and S. cerevisiae strains and human cell lines used in
this study are listed in Table 1.
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Table 1
E. coli, S. cerevisiae, and human cells used in this study
Names Genotypes or descriptions Source Catalog #

BL21(DE3) A T7 expression E. coli strain Lab collection N/A
AG100a AacrAB BL21(DE3) (40) N/A
CHY3222  fintlA:KanMX6 in BY4741 Lab collection N/A
HEK293 Human embryonic kidney ATCC CRL-1573
HeLa Human cervical carcinoma ATCC CCL-2
MHCC97H  Human hepatocellular carcinoma Lab collection N/A
SW480 Human colorectal carcinoma KCLB 10228
HT29 Human colorectal carcinoma ATCC HTB-38
T24 Human bladder carcinoma ATCC HTB-4
TCC Human bladder carcinoma ATCC HTB-5
MDA231 Human breast carcinoma ATCC HTB-26
T47D Human breast carcinoma ATCC HTB-133

Plasmid construction

The plasmids and primers used in this study are listed in
Tables 2 and 3. To construct pCH2222, the DNA encoding
Pgdly, was PCR-amplified from pCH3401 using primer pair
OCH1825/0CH3473, digested with Ndel/Xhol, and then
ligated into Ndel/Xhol-cut pET23a(+). For the construction of
pCH2248, the DNA encoding EcPDF was PCR-amplified from
pCH5109 using primer pair OCH2374/OCH2395, digested
with Ndel/Xhol and then ligated into Ndel/Xhol-cut
pET23a(+). To create pCH2249, the DNA encoding EcPD-
FF13*A was PCR-amplified from pCH5110 using a primer pair,
OCH2374/0OCH2395, digested with Ndel/Xhol, and then
inserted into Ndel/Xhol-cut pET23a(+).

To construct pCH2758, a pair of primers OCH2800/
OCH2801 encoding the HA epitope tag was annealed and then
inserted into BamHI/Spel-digested pCH3351. To construct
pCH3391, the DNA fragment carrying Papp;-EcPDF-T rgp;
was retrieved from Notl/Sall-cut pCH5109 and then ligated
into Notl/Sall-cut pRS315. To construct pCH3392, the DNA
fragment carrying Paprs-EcPDFE3*AT 1pp; was  retrieved
from Notl/Sall-digested pCH5110 and then inserted into NotI/
Sall-digested pRS315.

For the construction of pCH5537, EcFMT DNA was
amplified by PCR from pCH3323 using primer pair OCH3490/
5573, and 3xFLAG DNA was generated by overlapping PCR
using primer pair OCH5576/5577. ECFMT and 3xFLAG PCR
products were used as templates for overlapping extension
PCR with primer pair OCH3490/OCH5577. The resulting
PCR product was digested with Kpnl/Xhol and then ligated
into Kpnl/Xhol-digested pcDNA3(+). To construct pCH5540,
EcPDF DNA was amplified by PCR from pCH5109 using
primer pair OCH5574/5575. Then, EcPDF and 3xFLAG PCR
products were used as templates for overlapping extension
PCR with primer pair OCH5574/OCH5577. The resulting
PCR product was digested with Kpnl/Xhol and then ligated
into Kpnl/Xhol-digested OGS411. To construct pCH5541,
EcPDF*"*** DNA was amplified by PCR from pCH5110 using
primer pair OCH5574/5575. EcPDF*3** and 3xFLAG DNAs
were used as templates for overlapping extension PCR with
primer pair OCH5574/OCH5577. The resulting PCR product
was digested with Kpnl/Xhol and then ligated into Kpnl/Xhol-
digested OGS411. All final plasmid constructs were confirmed
by DNA sequencing.
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Preparation of yeast cell extracts for Affi-Gel 10/15
chromatography

FmtlA S. cerevisiae (fmtlA:kanMX6 in BY4741) cells were
grown at 30 °C to Agypo = ~1.0 in 600 ml YPD (1% yeast
extract, 2% peptone, and 2% glucose) medium and then cen-
trifugated at 2000g for 15 min at 4 °C. After washing twice in
ice-cold phosphate-buffered saline (PBS) (137 mM NaCl,
2.7 mM KCl, 10 mM Na,HPO,, and 1.8 mM KH,PO,), the
pellets were resuspended in 15 ml lysis buffer A (20 mM
Hepes, pH 7.5, 150 mM NaCl, 0.5 mM Na-EDTA, 1% Triton
X-100, 1 mM DTT, 1 mM PMSF, 10% glycerol, and 1x pro-
tease inhibitor cocktail) and disrupted with a Mini-Beadbeater-
24 (BioSpec Products); this was done four times for 15 s each
with a 1 min interval on ice. After centrifugation at 12,000¢ for
15 min at 4 °C, the supernatants were dialyzed against the
conjugation buffer (20 mM Hepes, pH 7.6, 100 mM NaCl,
0.5 mM EDTA, 10% glycerol, 0.1 mM PMSF, 1 mM DTT, and
0.1% NP-40) at 4 °C for 4 h, followed by re-dialysis against
fresh conjugation buffer for 2 h. After centrifugation of the
samples at 12,000¢ for 10 min at 4 °C, the supernatants were
stored for conjugation to Affi-Gel 10/15 resins as described
below.

Preparation of Hela cell extracts for Affi-Gel 10/15
chromatography

HeLa cells were seeded at 3 x 10° cells per plate in 40 x
10 cm cell culture plates (SPL Life Sciences) in DMEM

Table 2
Plasmids used in this study

Plasmids Description Source
pET23a(+) Bacterial expression vector Lab collection
with a T7 promoter
pRS315 CEN-based yeast vector with a Lab collection
LEU?2 marker
pRS316 CEN-based yeast vector with a Lab collection
URA3 marker
pcDNA3(+) Mammalian expression vector Lab collection
with a CMV promoter
0GS411 Mammalian expression vector Sigma-Aldrich
with dual CMV promoters
pCH2218 MD-D2>-GST in (13)
pET23a(+)
pCH2222 Pgdlya miss in pET23a(+) This study
pCH2248 EcPDFyy6 in pET23a(+) This study
pCH2249 EcPDFEI* iy pET23a(+) This study
pCH2758 Prpr3z-ScEMT1(27-401) .- This study
Tcycr in pRS316
pCH3323 Ppri-EcEMT-Tcyc; in (13)
pRS316
pCH3351 Prpr3-ScFMT1(27-401)- (13)
yeGFP-Tcyc; in pRS316
pCH3391 Pupri-EcPDE-T rgg; in This study
pRS315 ]
pCH3392 Papps-EcPDFES*A T 1y in This study
pRS315
pCH3402 Pcupr-Pgdlya,-Tapw: and (13)
Papri-Tcycr in pRS314
pCH5109 Ppri-EcPDF-T 7zf; in (13)
pRS314
pCH5110 Pupri-EcPDEF*A T 1y in (13)
pRS314
pCH5537 Pcary-EcFMT3¢ in pcDNA3(+) This study
pCH5540 Pcprvi-EcPDF3¢ and Peyyy in This study
0GS411
pCH5541 Pcaryi-EcPDF* and Poyys This study
in 0GS411
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Table 3
Primers used in this study

Names Primer sequences

OCH1825 5 -AATCTCGAGAGCGTAATCTGGAACATC-3'

OCH239%4 5 -AATCATATGTCAGTTTTGCAAGTGTTACAT-3'

OCH2395 5-AATCTCGAGAGCCCGGGCTTTCAGACG-3

OCH2800 5-GATCCTACCCATACGACGTCCCA-
GATTACGCCTAAA-3’

OCH2801 5'-CTAGTTTAGGCGTAATCTGGGACGTCGTATGGG-
TAG-3'

OCH3473 5-ATACATATGGACTCGATTATACCGGCAGGCGTC-3'

OCH3490 5-ATAGGTACCATGTCAGAATCACTACGTATT-3’

OCH5573 5 -TGGTCTTTGTAGTCGAATTCGACCA-
GACGGTTGCCCGG-3'

OCH5574 5 -AATGGTACCATGTCAGTTTTGCAAGTG-3’

OCH5575 5-TGGTCTTTGTAGTCGAATTCAGCCCGGGCTTTCA-
GACG-3'

OCH5576 5-AATTCGACTACAAAGACCATGACGGTGATTA-
TAAAGATCATGACATCGACTA-3

OCH5577 5-AATCTCGAGTCACTTGTCATCGTCATCCTTG-

TAGTCGATGTCATGATCTTTA-3

supplemented with 10% FBS. After 24 h of culture (70%
confluence), the HeLa cells were transfected with pCH5540
expressing E. coli PDF using polyethylenimine. At 36 h after
transfection, the cells were washed with ice-cold PBS and
collected by a cell scraper (SPL Life Sciences). The harvested
cells were resuspended in 15 ml lysis buffer B (50 mM Tris
HCl, pH 7.6, 150 mM NaCl, 1% NP-40, 1 mM DTT, and
1x proteasome inhibitor cocktail) and incubated on ice for
30 min. After sonication (60 repeats of a 1 s pulse and 1 s rest
with a 30% amplitude on ice), the cell lysates were centrifuged
at 12,000¢ for 10 min at 4 °C. The supernatants were dialyzed
against the conjugation buffer as described above to prepare
HeLa cell lysates.

Affi-Gel 10/15 resins derivatized with yeast or human cell
extracts

Equal volumes of Affi-Gel 10 (1 ml) and Affi-Gel 15 (1 ml)
were mixed and then loaded into a polypropylene column. The
resins were washed with 10 ml PBS, incubated with 7.5 ml of
the above yeast or HeLa lysate (>20 mg per column) at 4 °C
for ~16 h with gentle rotating, and then the unconjugated
sample was drained from the column. After washing with 5 ml
PBS, 10 ml blocking buffer (1 M Tris HCI, pH 7.6) was applied
on the resins, and the column was rotated at 4 °C for 2 h. After
draining the blocking buffer, the column was washed with
10 ml washing buffer (1 M NacCl) and then with 10 ml PBS. For
long-term storage, the resins were soaked with 2 ml storage
buffer [PBS with 0.05% NaN; (w/v)].

Generation of anti-fMet'™ and anti-fMet*¢

The Nt-formylated synthetic peptide fMGSGC was conju-
gated to the keyhole limpet hemocyanin carrier via its C-ter-
minal Cys. Sulfo-SMCC (Sigma-Aldrich) was used as a
conjugation linker between the peptide and the carrier. Rabbit
polyclonal antisera against the antigen peptide were produced
via primary antigen injection at week 0, boosting at week 4, 6,
and 8, and final heart puncture at week 9. The antisera pro-
duction was conducted by AbClon. Anti-fMet antisera specific
for Nt-formylated proteins were negatively selected by
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incubating 2 ml of the raised sera with Affi-Gel 10/15 resins
derivatized with total proteins extracted from fintlIA S. cer-
evisiae or EcCPDF-expressing HeLa cells. To maximally remove
nonspecific antisera against Nt-unformylated proteins, the
negative selection procedures were repeated five or three times
with the fimtlA yeast or PDF-expressing HelLa cell extracts,
respectively.

The flowthroughs of antisera were incubated with 0.5 ml
ProA-Sepharose (Amicogen) at 4 °C for 4 h with gentle
rotation. Then, the bound antibodies were washed with 10 ml
PBS and eluted with 0.25 ml elution buffer (0.3 M glycine, pH
3.0). The resulting antibodies were immediately neutralized by
adding 60 ul of 1 M Tris HCI (pH 7.6). After repeating the
elution—neutralization steps three times, the collected anti-
bodies were dialyzed against storage buffer at 4 °C for ~16 h
and again at 4 °C for ~4 h after exchanging the storage buffer.
The final products were named anti-fMet™™ or anti-fMet>“ in
accordance with the negative selection extracts.

SPOT binding assay with anti-fMet'**

A set of synthetic XZ-D2*>'! peptides (X = Met, fMet,
AcMet; Z = any 20 amino acids) was employed for this assay.
The designed peptides were C-terminally linked to a cellulose-
PEG membrane as dots. Except for varying residues at posi-
tions 1 and 2, 3 to 11 residues of SPOT-arrayed peptides were
identical to the Nt-sequence of the previously characterized
D2 protein (see main text). The peptides were synthesized by
JPT. The SPOT membrane was soaked in methanol for 5 min,
washed three times with PBS-T [PBS with 0.1% Tween 20 (w/
v)] for 5 min and then blocked with Super block T20 (Thermo
Fisher Scientific) at 4 °C for ~16 h. Anti-fMet antibody was
diluted in Super block T20 (final concentration of 2 pg/ml).
The membrane was incubated with anti-fMet™ at 4 °C for
~16 h and then washed three times with PBS-T for 5 min
each. After 2-h incubation with an HRP-conjugated goat anti-
rabbit secondary antibody (1:5000 diluted in Super block T20)
at RT, the membrane was washed three times with PBS-T for
5 min each. Signals were developed with ECL substrates in
chemiluminescence mode using GE Amersham Imager AI680.

Dot blot with anti-fMet'

The indicated peptides were synthesized by Peptron. The
indicated amounts of peptides were serially diluted in distilled
water and dotted on a nitrocellulose (NC) membrane with a
0.2 nm pore size. After drying at RT, the NC membrane was
blocked for 1 h with blocking solution (5% dry skim milk in
PBS-T). After brief washing with PBS-T twice, the NC mem-
brane was incubated with the anti-fMet'™ antibody (final
concentration of 2 pg/ml) in PBS-T at 4 °C for ~16 h. After
washing three times with PBS-T for 5 min each, the membrane
was incubated with a secondary goat anti-rabbit IgG antibody
(1:5000 diluted in PBS-T) for 1 h at RT. After washing three
times with PBS-T, the membranes were soaked in ECL sub-
strate solution and then developed in chemiluminescence
mode using the GE Amersham Imager AI680.
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Purification of MD-D2*"""-GST, fMD-D2*>~""-GST, Pgd 14 niss,
fPgd1a-riss ECPDFpiss, and EcPDFE}3

AGI100a (AarcAB) E. coli cells were transformed with plas-
mids expressing the indicated fusion proteins. Then, a 10 ml
overnight culture of the transformed cells was inoculated into
500 ml LB medium containing 100 pg/ml ampicillin. The cells
were grown at 37 °C to Aggp = ~0.6. Expression of the indi-
cated fusions was induced in E. coli cells by addition of IPTG
(0.5 mM final concentration) and subsequent culture at 30 °C
for 4 h. To express Nt-formylated fMD-D2*''-GST or
fPgd1ya Hise» actinonin (final concentration of 2 pg/ml) was
treated together with 0.5 mM IPTG.

Purification of MD-D2*"''-GST and fMD-D2* "'-GST was
performed using Glutathione Sepharose resin (GE Healthcare)
as described previously (13). To purify Pgdlya miss and
fPgd1pa niser cell pellets were lysed in lysis buffer C (300 mM
NaCl, 20 mM imidazole, and 50 mM Tris HCI, pH 7.6) con-
taining 0.5 mg/ml lysozyme, 1 mM PMSF, and 0.5 mM DTT.
After incubation on ice for 20 min, the cells were disrupted by
sonication (60 times for a 1 s pulse and 1 s rest with a 30%
amplitude). After centrifugation at 12,000¢ for 20 min at 4 °C,
clear cell lysates were obtained and bound to 0.5 ml Ni-NTA
agarose at 4 °C for 4 h. Protein-bound Ni-NTA resin was
washed with lysis buffer C with 0.5 mM DTT and then with
Ni-NTA washing buffer (300 mM NaCl, 50 mM imidazole,
and 50 mM Tris HCl, pH 7.6). The proteins were eluted by
applying 0.5 ml Ni-NTA elution buffer (300 mM NaCl,
500 mM imidazole, and 50 mM Tris HCI, pH 7.6) three times,
followed by overnight dialysis against dialysis buffer (10%
glycerol, 150 mM NaCl, 10 mM B-mercaptoethanol, and
50 mM Tris HCI, pH 7.6). EcPDFy;s and EcPDFIE}S%‘LA were
purified from BL21 E. coli cells carrying pCH2248 or pCH2249
in accordance with the purification procedures for Pgd1 mise
as described above.

In vitro protein deformylase assay

1 uM fMD-D2311-GST or fPgdlia Hiss Was preincubated
with EcPDFyyie6 or EcPDFEI2* in deformylase reaction buffer
(50 mM Hepes pH 7.6, 500 mM KCI, and 1 mM DTT). After
incubation at 30 °C for 1 h, the reaction mixtures were sub-
jected to immunoblotting with anti-fMet”,

Amino acid competition assay

0.2 pg MD-D2*>""-GST or fMD-D2> "'-GST was subjected
to immunoblotting with anti-fMet'”. Specifically, we added
10 mM of fMet, Met, or AcMet amino acid to PBS-T solution
containing anti-fMet™ (final concentration of 2 ug/ml) before
immunoblotting with anti-fMet'”.

Immunoblotting of E. coli, S. cerevisiae, and human cell
extracts with anti-fMet™ or anti-fMet>

AGI100a E. coli cells (10 ml) were cultured in LB medium to
Aeoo = ~0.6 and then treated with 1 pl of ethanal (EtOH) only
(mock) or actinonin (20 mg/ml in EtOH). At certain time
points, 1.5 ml cells were harvested by centrifuging at 12,000g
for 2 min at 4 °C. The resulting cell pellets were lysed with lysis
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buffer D (2% SDS with 1x protease inhibitor cocktail), followed
by brief sonication and centrifugation at 12,000g for 10 min at
4 °C. After collecting the supernatants, the protein concen-
tration was determined using a BCA protein assay. Then, the
collected supernatants were diluted to 2 pg/yl in lysis buffer D,
mixed with 4x SDS sample buffer at a 3:1 ratio, and heated at
70 °C for 10 min. Then, 7 pl of each sample was subjected to
immunoblotting with anti-fMet™ and Coomassie brilliant blue
staining. Immunoblots were developed with ECL substrate in
chemiluminescence mode using the GE Amersham Imager
Al680.

To prepare yeast samples, CHY3222 (fintlA in BY4741) cells
were, using the LiAc/SS carrier DNA/PEG method (37),
cotransformed with a pair of the following plasmids: pRS316/
pRS315, pCH2758/pRS315, pCH2758/CH3391, or pCH2758/
pCH3392. Each transformant was inoculated and grown in
synthetic complete medium (SC-Leu/-Ura) (0.17% vyeast ni-
trogen base without amino acids, 0.5% ammonium sulfate, 2%
glucose, and 0.6% complete supplement mixture without
leucine and uracil) at 30 °C. When grown to Aggo = ~1, the
yeast cells equivalent to 1.2 ml of cell suspension at Agpp = 1
were harvested by centrifugation at 12,000g for 1 min. The cell
pellets were resuspended in 1 ml of 0.2 N NaOH and incu-
bated on ice for 20 min. After centrifugation at 12,000g at 4 °C
for 1 min, the pelleted cells were resuspended in 50 pl HU
buffer (8 M urea, 5% SDS, 1 mM Na-EDTA, 0.1 M DTT, 0.01%
bromophenol blue, 0.2 M Tris HCI, pH 6.8, and 1x protease
inhibitor cocktail). After heating at 70 °C for 10 min, the
samples were centrifuged for 5 min at 12,000g. The superna-
tants were collected and subjected to immunoblotting with
anti-fMet>, anti-HA, and anti-tubulin.

To prepare extracts of HeLa cells, HeLa cells were seeded on
12-well culture plates (2 x 10° cells per well), grown to 70%
confluence, and cotransfected with a set of plasmid pairs
(0.35 pg each), pcDNA3/OGS411, pCH5537/0GS411,
pCH5537/pCH5540, or pCH5537/pCH5541, using 2.5 ul
polyethylenimine solution (1 mg/ml). Cells were harvested
after transfection of 36 h in 2x SDS sample buffer. Samples
were sonicated briefly, heated at 70 °C for 10 min, and then
subjected to immunoblotting with anti-fMet’”, anti-flag, or
anti-tubulin.

To prepare extracts from human cell lines, each cell line was
cultured in the appropriate medium: HEK293, HeLa,
MHCC97H, HT29, and MDA231 in DMEM + 10% FBS,
SW480, TCC, and T47D in RPMI-1640 + 10% FBS and T24 in
McCoy’s 5a medium + 10% FBS. Cells were harvested by
trypsinization. Cell pellets were resuspended in RIPA buffer
containing a protease inhibitor cocktail and 20 pg/ml actino-
nin. After incubation on ice for 20 min, cell lysates were
sonicated briefly and centrifuged at 12,000¢ for 10 min at 4 °C.
The collected supernatants were diluted to 2 pg/pl in RIPA
buffer, mixed with 4x SDS sample buffer at a 3:1 ratio, and
heated at 70 °C for 10 min. Then, 10 pl of each sample was
subjected to immunoblotting with anti-fMet'™ and anti-
tubulin.

For actinonin treatment, SW480 cells were grown to 70%
confluency in 2 ml of RPMI + 10% EBS, treated with 1 pl of
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EtOH only (mock) or actinonin (20 mg/ml in EtOH), and
incubated for 3 h before cell lysis. Subcellular fractionation of
SW480 cells was performed using Qproteome mitochondria
isolation kit (Qiagen). Then, 10 pg of whole cell lysates and
2.5 pg of the mitochondrial and cytosolic fractions were sub-
jected to immunoblotting with anti-fMet”, anti-TOM20, and
anti-tubulin.

Nt-peptide analyses

SW480 cells were first lysed in lysis buffer E [0.2 M EPPS pH
8.0, 6 M guanidine, 10 mM TCEP, 40 mM 2-chloroacetamide,
and 1x Halt Protease Inhibitor (Thermo Fisher Scientific)]. Nt-
peptides were enriched from 100 pg protein via the integrated
Nt-peptide enrichment method and then analyzed using LC-
MS/MS as previously described (34). Raw spectral files were
converted with MSconvert (38), and a database search was
performed with MS-GF+ program (39) against the UniProt
human reference proteome database (release 2018_07) and the
additional common contaminant database cRAP (https://www.
thegpm.org/crap/). With respect to modifications, carbami-
domethyl (+56.021464 Da) on Cys and D3-acetyl
(+45.029395 Da) on Lys were set as fixed, and oxidation
(+15.994915 Da) on Met, acetyl (+42.010565 Da), formyl
(+27.994915 Da), pyroglutamation (-18.010565 Da), and
dimethyl (+28.031300 Da) on peptide N terminus and
dimethyl on Arg and Asn were set as variable. Identifications
were filtered with a 1% false discovery rate.

Data availability

The mass spectrometry proteomics data reported here were
deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXD039053 and
DOI 10.6019/PXD039053. The raw proteomics data were also
deposited in K-BDS (Korea BioData Station, https://kbds.re.kr)
with the accession ID PRJKA230528. All data are available in
the main text and the supporting information. Further details
are also available upon reasonable request.
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