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The nascent polypeptide exit site of the ribosome is a crowded
environment where multiple ribosome-associated protein biogen-
esis factors (RPBs) compete for the nascent polypeptide to influ-
ence their localization, folding, or quality control. Here we address
how N-terminal methionine excision (NME), a ubiquitous process
crucial for the maturation of over 50% of the bacterial proteome,
occurs in a timely and selective manner in this crowded environ-
ment. In bacteria, NME is mediated by 2 essential enzymes, peptide
deformylase (PDF) and methionine aminopeptidase (MAP). We
show that the reaction of MAP on ribosome-bound nascent chains
approaches diffusion-limited rates, allowing immediate methionine
excision of optimal substrates after deformylation. Specificity is
achieved by kinetic competition of NME with translation elongation
and by regulation from other RPBs, which selectively narrow the
processing time window for suboptimal substrates. A mathematical
model derived from the data accurately predicts cotranslational
NME efficiency in the cytosol. Our results demonstrate how a
fundamental enzymatic activity is reshaped by its associated mac-
romolecular environment to optimize both efficiency and selectiv-
ity, and provides a platform to study other cotranslational protein
biogenesis pathways.
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Proper protein biogenesis is essential for the generation and
maintenance of protein homeostasis in the cell. Emerging

evidence shows that protein biogenesis begins early, while the
nascent protein is still being synthesized by the ribosome. As a
nascent polypeptide emerges from the ribosome tunnel exit, a
variety of ribosome-associated protein biogenesis factors (RPBs)
bind at overlapping docking sites near the tunnel exit and com-
pete for the nascent protein to influence its folding, localization,
maturation, and quality control (1–4). Efficient and accurate
selection of nascent proteins into their proper biogenesis pathways
is crucial, but how this is achieved in the crowded environment of
the ribosome exit site is not well understood.
N-terminal methionine excision (NME) is an essential and

ubiquitous process conserved across all kingdoms of life. NME
generates essential functional groups for some enzymes (5–7) and
introduces diverse N-termini for cellular proteins to enable their
quality control via the N-degron pathways (8–10). In eukaryotic
cells, NME also allows subsequent N-terminal modifications such
as N-acetylation, which can serve as a degron to enable protein
quality control (11, 12), and N-myristoylation, which enables lo-
calization of the protein to membrane compartments for partici-
pation in signal transduction pathways (13, 14). In bacteria and
prokaryote-derived organelles, where protein synthesis initiates
with formyl methionine, NME is carried out by 2 essential en-
zymes, peptide deformylase (PDF) and methionine aminopeptidase
(MAP). Over 90% of the proteome in bacteria is deformylated,
while ∼50% of the proteins are subject to methionine excision
(14). Classic enzymological studies of PDF and MAP, based on
short peptide substrates, provided rich information on the NME
process (15–18). Deformylation by PDF is required for methionine
excision by MAP (19). PDF displays relaxed sequence specificity

except for the initiator methionine (15, 17), whereas MAP strongly
favors substrates with small amino acid side chains at the second
position (16, 18, 20, 21). These results were corroborated by
studies in cell lysate and in vivo (20–22), providing useful tools for
the qualitative prediction of NME (16, 23, 24). Nevertheless, the
MAP reactions on peptide substrates are slow, with kcat/Km values
of ∼103–105 M−1s−1 even for optimal substrates (16), raising
questions as to how cotranslational NME could occur effectively
for ∼50% of the proteome.
NME is one of the earliest events encountered by nascent

proteins during their biogenesis and could occur cotranslationally
as soon as the nascent chain reaches 44 to 48 residues (25).
Earlier works have demonstrated the interaction between the
ribosome and the NME enzymes in bacteria and eukaryotes (3,
4, 25–28). Recent measurements showed that Escherichia coli
PDF and MAP bind the ribosome with apparent equilibrium
dissociation constants (Kd) of 1.8 μM and 2.4 μM, respectively
(25, 29). Ribosome binding of PDF is mediated by its C-terminal
helix, which docks in a groove between uL22 and bL32 near the
ribosome exit site (4, 29). The same site also mediates ribosome
binding of MAP via a positively charged loop at the periphery of
the active site (refs. 4 and 25 and SI Appendix, Fig. S1). Disruption
of the ribosome interactions of PDF or MAP led to inefficient
NME in cell extract and defective cell growth, suggesting the
importance of the ribosome interaction for enzymatic activity (25,
29). However, whether and how the ribosome influences the NME
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reactions of the nascent protein was only recently explored for
PDF (26) and remains elusive for MAP.
In addition to MAP and PDF, multiple other RPBs also en-

gage newly synthesized proteins near the ribosome exit site. In
bacteria, these include the Signal recognition particle (SRP) and
the SecA ATPase that mediate the cotranslational targeting of
membrane and secretory proteins (30–34) and trigger factor
(TF) that cotranslationally chaperones numerous cytosolic, se-
cretory, and outer membrane proteins (35–38). The binding sites
of the RPBs overlap heavily with one another on the ribosome
(refs. 1 and 2 and SI Appendix, Fig. S1). SRP binds free ribo-
somes at uL23 and uL29 near the ribosome exit site (39, 40) and,
upon the emergence of a transmembrane domain (TMD) or signal
sequence on the nascent polypeptide, further contacts bL32, uL22,
and uL24, resulting in substantial overlaps with the PDF andMAP
binding sites (4, 29, 40). The TF binding site on the ribosome
spans uL22, uL23, and uL29, which partially overlaps with those of
SRP, PDF, and MAP (4, 41). SecA also contacts the ribosome via
uL23 (31, 32), where both SRP and TF can bind. The molecular
crowding at the ribosome exit necessitates spatial and temporal
coordination between the multiple RPBs, which must compete
for not only ribosome binding but also access to the nascent
polypeptide.
Recent works began to explore the interplay between the

RPBs at the crowded ribosome exit site. Excess PDF or MAP
reduces the ribosome occupancy of one another (25). On the
contrary, a recent structural study showed that PDF and MAP
can cobind at the ribosome, with MAP relocalizing to a sec-
ondary binding site near uL23 and uL29 in the presence of PDF
(4). Pairwise cobinding has also been observed for TF and SRP
with one another and with PDF or MAP on the ribosome and
ribosome–nascent chain complex (RNC) (3, 4, 42). In addition,
TF modestly reduced NME efficiency in vivo and in vitro (25,
38), and SRP slows the deformylation of RNCs bearing a TMD
or a hydrophobic signal sequence on the nascent chain in vitro
(26). These results demonstrate the ability of RPBs to influence
the activity of one another. Finally, the PDF reaction became
slower when the nascent chain elongated from 75 to 100 amino
acids (26), and TF strongly inhibited SRP function when the
nascent polypeptide exceeded a critical length (42). These obser-
vations suggest that translation elongation could act as a compet-
ing branch that limits the action of individual RPBs. Nevertheless,
how the crowded environment at the ribosome exit site and
competition with ongoing protein synthesis impact the timing,
activity, and selectivity of nascent protein modification remains an
outstanding question.
In this work, we combined pre–steady-state kinetic measure-

ments and numerical simulations to address these questions. We
showed that the MAP reaction on ribosome-bound nascent chains
is 2 to 4 orders of magnitude faster than previously measured on
peptide substrates, allowing the NME for optimal substrates to
occur upon each encounter of MAP with the translating ribosome.
TF and SRP are critical for ensuring the specificity of nascent
protein modification by selectively narrowing the window for the
reactions of MAP on suboptimal substrates during translation.
Our experimental data allowed the construction of a computa-
tional model that accurately predicts the cotranslational NME
efficiency of model substrates under near-in vivo conditions.

Results
MAP Reaction on Ribosome-Bound Nascent Chains Is Diffusion-
Limited. To characterize the NME reactions in the context of
ribosomes, we generated and purified translation-arrested RNCs
displaying FtsQ, an inner membrane protein with a 27-residue
N-terminal extension (NTE) preceding its TMD. The unstruc-
tured NTE minimizes potential effects of nascent chain folding
on enzymatic processing, and the N-terminal sequence of FtsQ
(MSQAA) is predicted to be favored by both PDF and MAP (15,

16). A C-terminal 8-amino acid translation stall sequence, Ms-
sup1 (43), allows generation of RNCs with defined nascent chain
lengths (Fig. 1A and SI Appendix, Fig. S2A). RNCs labeled with
35S-Met were generated by in vitro translation in E. coli S30
extract in the presence of actinonin (ACT), a PDF inhibitor, to
prevent NME by endogenous PDF and MAP, and purified by
sucrose-gradient centrifugation.
We first measured methionine cleavage by MAP on RNCFtsQ

with a nascent chain length of 67 residues (Fig. 1 B–D). As
deformylation is a prerequisite for the MAP reaction, we pre-
incubated RNCFtsQ67 with PDF to ensure complete removal of
the formyl group on 35S-labeled N-terminal methionine. We then
carried out the reaction under single turnover conditions with
purified MAP in excess of RNCFtsQ67, and quantified the reaction
extent at indicated times by scintillation counting of free [35S]
methionine released from the nascent chain (44). The reaction
rate rises linearly up to 2 μM MAP with no indication of satura-
tion, giving estimated limits for Km of >>2 μMand kcat of >>34 s

−1.
The MAP concentration dependence of the observed rate con-
stants gave a kcat/Km value of (1.9 ± 0.05) × 107 M−1s−1. Mea-
surements on RNC bearing luciferase, a cytosolic protein with an
unstructured N terminus, gave a comparable kcat/Km value of (1.9 ±
0.06) × 107 M−1s−1 (SI Appendix, Fig. S2B). These rate constants
on RNC substrates are 102 to 104 fold faster than those on peptide
substrates (kcat/Km values of 103 to 105 M−1s−1) measured here (SI
Appendix, Fig. S2C) and previously (16, 18, 45). The MAP-K226E
mutation, which weakens the binding of MAP to the ribosome
(25), reduced the reaction rate of RNCFtsQ67 ∼20-fold but affected
the reaction of a tetra-peptide substrate <2-fold (SI Appendix, Fig.
S2 C and D), supporting an important contribution of the ribo-
some in enhancing the efficiency of the MAP reaction (25).
The kcat/Km value of the MAP reaction on RNC substrates

approaches the rate constants of protein associations, suggesting
that this reaction follows Briggs–Haldane kinetics whereby the
reaction is rate-limited by enzyme–substrate association (46). To
test this model, we developed a fluorescence-based assay to di-
rectly measure the binding of MAP and RNCFtsQ (Fig. 1E). To
specifically probe the interaction between MAP and the substrate,
we used mutant MAP-H79A, which reduced the rate of the chemical
step >104-fold but has only minor effects on the binding of peptide
substrates (47, 48) and the 70S ribosome (SI Appendix, Fig. S2 E–G).
A fluorescent amino acid, L-(7-hydroxycoumarin-4-yl)ethylglycine
(Cm), was incorporated at the fifth residue of the FtsQ nascent
chain via amber suppression (49). Binding of MAP-H79A led to
enhanced fluorescence intensity of RNCFtsQ

Cm. The addition of
excess ribosome reduced the fluorescence enhancement, in agreement
with the competition of ribosomes with RNC for MAP binding
(Fig. 1F). Importantly, removal of the N-terminal methionine on
the nascent chain abolished the MAP-induced fluorescence en-
hancement of the Cm dye (Fig. 1G). This demonstrates that the
fluorescence enhancement is specific to the interaction of MAP
with the uncleaved nascent chain, and suggests that the nascent
chain is released from the substrate-binding pocket of MAP
after methionine excision.
Using this fluorescence assay, we measured the observed rate

constants for MAP-RNCFtsQ67 assembly as a function of MAP-
H79A concentration. Linear fit of the concentration dependence
gave an association rate constant, kon, of (4.6 ± 0.2) × 107 M−1s−1

and an extrapolated dissociation rate constant, koff, of 41 ± 5 s−1

(Fig. 1H). The value of kon is comparable to the value of kcat/Km
measured from the enzymatic reaction, supporting the model
that the MAP reaction is rate-limited by the assembly of the
MAP–RNC complex. Independent equilibrium titrations using
the fluorescence assay gave an equilibrium dissociation constant
(Kd) of 1.3 ± 0.1 μM for the MAP–RNCFtsQ67 complex, in good
agreement with the Kd value of 0.9 ± 0.2 μM calculated from koff/
kon (Fig. 1 I and J). Considering the sub- to low-millimolar Km
values of MAP for peptide substrates (16, 45) and the apparent
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Fig. 1. MAP-mediated methionine excision of nascent chains on the ribosome is diffusion-limited. (A) Scheme of the model substrate FtsQ67 for generation of
RNC, which contains the N-terminal extension (NTE), transmembrane domain (TMD), and part of the periplasmic region (peri) followed by the Ms-sup1
translation stall sequence. The N-terminal sequence is indicated. (B) Scheme of the methionine cleavage assay to measure the rate constant of the MAP re-
action. Purified RNC with a single 35S-labeled N-terminal methionine was preincubated with PDF for 15 min, before initiation of reaction by addition of MAP.
Reactions contained 10 nM RNC, 50 nM PDF, and varying concentrations of MAP. (C) A representative time trace for cleavage of 10 nM RNCMet-FtsQ67 by 1 μM
MAP. Single exponential fit of the data (equation 1 in SI Appendix, Methods) gave a kobs value of 16.4 s−1. (D) The observed rate constants for methionine
cleavage of RNCMet-FtsQ67 were plotted as a function of effective MAP concentration. The line is a linear fit of the data, and the obtained kcat/Km value is
summarized in J. (E) Scheme of the fluorescence-based assay to measure the binding between RNCMet-FtsQ67

Cm and MAP. The FtsQ67 nascent chain was labeled
with coumarin (Cm) at the fifth residue. (F) Fluorescence emission spectra to demonstrate the enhancement of Cm fluorescence upon binding of RNCMet-FtsQ67

Cm

to MAP-H79A. Where indicated, reactions contained 8 nM deformylated RNCMet-FtsQ67
Cm, 0.5 μMMAP-H79A, and 1.4 μM 70S ribosome. (G) MAP-H79A does not

affect the fluorescence emission spectra of RNCFtsQ67
Cm after methionine excision. RNCMet-FtsQ67

Cm was pretreated with 20 nM wild-type MAP to yield
RNCFtsQ67

Cm, and fluorescence emission spectra were recorded before and after the addition of 0.5 μM MAP-H79A. (H) Observed rate constants (kobs) of RNC-
MAP association, measured using the fluorescence assay in E, was plotted as a function of MAP-H79A concentration. The reactions contained 8 nM RNCMet-FtsQ

Cm

and indicated concentrations of MAP-H79A. The line is a linear fit of the data to equation 6 in SI Appendix, Supplementary Methods, and the obtained kon and
koff values are summarized in J. (I) Equilibrium titration to measure the binding affinity of RNCMet-FtsQ

Cm for MAP-H79A. The data were fit to equation 5 in SI
Appendix, Supplementary Methods, and the obtained Kd value is summarized in J. (J) Summary of the kinetic parameters obtained from the measurements in D,
H, and I. *Calculated from Kd = koff/kon. **Kd measured from the equilibrium titration in I. All values are reported as mean ± SD with n = 2.
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Kd value of 2.4 ± 0.4 μM for MAP–ribosome binding (25), these
results indicate that MAP–RNC binding is dominated by inter-
action with the ribosome, with a modest contribution from the
nascent chain.
Collectively, the results in this section showed that the MAP

reaction for nascent proteins on the ribosome is substantially
accelerated compared to peptide substrates and is rate-limited by
the association between MAP and RNC for optimal substrates
such as RNCFtsQ67. The diffusion-controlled kinetics imply that
MAP can successfully process nascent chains on the RNC upon
every encounter and thus ensure efficient NME of nascent
proteins.

The PDF Reaction Is Rate-Limiting for NME of Optimal Substrates. To
measure PDF-mediated deformylation, the prerequisite for
methionine excision, we designed 2 independent assays that use
methionine excision as the readout. In the actinonin-quench assay,
we quenched the PDF reaction at specified times using actinonin
and released the deformylated methionine with excess MAP for
quantification (Fig. 2A). In the coupled assay, limiting PDF and
excess MAP were added simultaneously to initiate the reaction
(Fig. 2B); this assay leverages the faster kinetics of the MAP versus
the PDF reaction and was only used for RNCs bearing optimal

MAP substrates. The results from the 2 assays agreed well (Fig.
2D), and, together, the 2 assays allowed us to measure the kinetics
of the PDF reaction on a variety of substrates.
The observed methionine cleavage in the coupled PDF–MAP

reaction with formylated RNCFtsQ was >10-fold slower than the
MAP reaction with deformylated RNCFtsQ67 (Fig. 2C), suggest-
ing that deformylation is rate-limiting in the coupled reaction.
Varying the concentration of MAP from 0.5 to 2 μM did not
affect the observed reaction rates (SI Appendix, Fig. S2H), pro-
viding an independent indication that the MAP reaction is not
rate-limiting in the coupled assay. Using the coupled assay, the
kcat/Km value for deformylation of RNCFtsQ67 was measured to
be (2.0 ± 0.4) × 106 M−1s−1 (Fig. 2E), in good agreement with
previous measurements by Ranjan et al. (26). These values are
∼10-fold lower than that of the MAP reaction, indicating that
deformylation is the rate-limiting step for the overall NME of
optimal MAP substrates.

Compromised Specificity of NME with Nascent Proteins on the
Ribosome. A prominent determinant of NME efficiency is the
second residue on the nascent polypeptide (16, 18, 20–22). To
test whether and how the ribosome modulates second residue
specificity of NME, we prepared RNCFtsQ67-X2 in which Ser2 on

Fig. 2. The PDF reaction is ∼10-fold slower than the MAP reaction. (A) Scheme of the actinonin quench-based deformylation assay. The reaction was initiated
by adding PDF to RNCfMet-FtsQ67 and quenched with 40 μM actinonin at specified time points. MAP (100 nM for FtsQ-S2) was added thereafter to cleave the
deformylated N-terminal methionine, allowing the reaction to be analyzed via scintillation counting of free [35S]methionine. (B) Scheme of the coupled
deformylation assay. Indicated concentrations of PDF were added together with excess MAP (1 μM) to initiate NME of 10 nM RNCfMet-FtsQ67, and the gen-
eration of free [35S]methionine was monitored during the time course. (C) Comparison of the time courses for methionine excision of RNCfMet-FtsQ67, measured
using the coupled deformylation assay in B, with that of deformylated RNCMet-FtsQ67 by MAP. (D) Comparison of the PDF reaction time courses measured by
the coupled assay (black) and actinonin-quench assay (blue). The reactions used 10 nM RNCfMet-FtsQ67, 125 nM PDF, and 1 μM and 100 nM MAP in the coupled
and actinonin-quench assay, respectively. The data were fit to equation 1 in SI Appendix, Methods, and the obtained rate constants are indicated. (E) Ob-
served rate constants for deformylation of RNCfMet-FtsQ67 are plotted as a function of effective PDF concentration. Linear fit of the data gave a kcat/Km value of
(2.0 ± 0.4) × 106 M−1s−1. All values are shown as mean ± SD with n = 2 to 3.
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the FtsQ nascent chain is mutated to different amino acids.
Consistent with previous in vivo observations and in vitro studies
using peptide substrates (17, 22), PDF remained insensitive to the
second residue among all of the RNC substrates tested, except for
a moderate 3-fold rate reduction with RNCFtsQ67-N2 (Fig. 3A).
In contrast to PDF, proteomics studies and previous kinetic

measurements based on peptide substrates showed that the MAP
reaction depends critically on the size of the second residue (16,
22). Peptides with medium-sized side chains at the second resi-
due (T, V) define a “twilight zone” that display kcat/Km values
102 and 103 fold lower, respectively, than those of optimal sub-
strates (G, A, S, P, C), and substrates with even larger second
residues (N, K, R, etc.) react >105 fold more slowly (ref. 16 and
Fig. 3B, magenta). In contrast to the observations with peptide
substrates, the impact of second residues on the MAP reaction
was substantially smaller for RNC substrates. Compared to op-
timal substrates such as RNCFtsQ67-A2 and RNCFtsQ67-S2, the kcat/
Km value was comparable with RNCFtsQ67-T2 and reduced only
10-fold with RNCFtsQ67-V2 (Fig. 3B). RNCFtsQ67-N2, previously

considered a very weak substrate, was still processed by MAP with
a kcat/Km of ∼105 M−1s−1 (Fig. 3B).
The reduced specificity of the MAP reaction for RNCs can

be attributed to the diffusion-limited nature of this reaction. As de-
scribed in Fig. 1, the reaction of MAP with optimal substrates is rate-
limited by its association with RNC, which would mask reductions in
the rate of subsequent peptide bond hydrolysis. The slower rate of
deformylation than methionine excision is expected to further reduce
the specificity of overall NME. This is because modest rate reductions
in the MAP reaction would be masked as long as the PDF reaction
is rate-limiting, and the MAP reaction becomes rate-limiting
only for substrates with second residues larger than valine (cf.
kcat/Km values in Fig. 3B, dark bars, versus Fig. 2E). Both of these
factors are expected to severely compromise the specificity of
the NME reaction for nascent chains on the ribosome.

Nascent Chain Length and RPBs Define an Optimal Window for NME to
Restore Specificity. We reasoned that 2 factors could help restore
the specificity of cotranslational NME. First, on actively translating

Fig. 3. Compromised second residue specificity of the NME reactions on RNCs is restored by length-dependent regulation from the RPBs. (A) Observed
deformylation rate constants of RNCfMet-FtsQ67 with indicated amino acids at the second residue. Reactions were measured using the actinonin-quench assay
(Fig. 2A) and contained 0.125 μM PDF. To release the deformylated methionine, 100 and 250 nM MAP were used for FtsQ-S2/T2 and FtsQ-V2/N2, respectively.
(B) Comparison of MAP specificity toward the second residue for reactions with RNCFtsQ67-X2 (gray bars) versus tripeptide substrates (MXS, magenta bars;
replotted from Frottin et al. [16]). The kcat/Km values for RNCFtsQ67-X2 were measured as in Fig. 1D. The asterisk denotes a kcat/Km value of <0.01 M−1s−1 for the
MNS peptide. (C and D) Effects of TF and SRP on the deformylation (C) and methionine cleavage (D) of RNCs bearing FtsQ-S2 nascent chains of the indicated
lengths. Observed PDF rate constants were measured with 10 nM RNCs and 0.5 μM PDF using the coupled assay. Observed MAP rate constants were measured
with 10 nM RNCs and 1 μM MAP. (E and F) Effects of TF and SRP on methionine cleavage of RNCs bearing FtsQ-T2 nascent chains of the indicated lengths (E)
and RNCs bearing FtsQ-127 nascent chains with the indicated second residue side chains (F). Observed rate constants were measured with 10 nM RNCs, 1 μM
MAP, and 5 μM TF and 400 nM SRP where indicated. All values are shown as mean ± SD with n = 2 to 3.
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ribosomes, NME must kinetically compete with elongation of the
nascent polypeptide; this could impose a limited time window
for NME if the reactions of these enzymes are sensitive to nascent
chain length. Second, additional RPBs such as TF, SRP, and SecA
are recruited to the ribosome exit site during translation and could
modulate the reaction kinetics of the NME enzymes.
In vitro translation of stalled RNCs in cell extracts showed that

the minimum nascent chain length required for NME is ∼45
residues (SI Appendix, Fig. S3 A and B), in agreement with
previous reports (25) and with the predicted distances between
the exit site and the actives sites of PDF and MAP (∼35 and ∼30
Å, respectively; refs. 25 and 29). To define the optimal window
for NME, we performed single-turnover measurements of the
PDF and MAP reactions on purified RNCs with different na-
scent chain lengths. The kcat/Km value for the PDF reaction of
RNCFtsQ-S2 rose 20-fold when the nascent chain elongated from
45 to 67 amino acids and became 2–3 fold slower at longer na-
scent chain lengths (SI Appendix, Fig. S3C and Fig. 3C, gray bars).
The MAP reaction varied <2-fold beyond a nascent chain length
of 49 residues for an optimal substrate, RNCFtsQ-S2 (SI Appendix,
Fig. S3D and Fig. 3D, gray bars), but became more sensitive to
nascent chain length for substrates in the twilight zone, RNCFtsQ-T2
and RNCFtsQ-V2 (Fig. 3E, gray bars, and SI Appendix, Fig. S3E).
Thus, both the PDF and MAP reactions showed modest depen-
dences on nascent chain length, and, for MAP, this length de-
pendence is larger for suboptimal substrates.
To test the effect of RPBs, we measured the length-dependent

reactions of PDF and MAP in the presence of saturating con-
centrations of TF (SI Appendix, Fig. S4A) and SRP. The com-
bination of TF and SRP largely reproduced the effect of the
cytosol on the MAP reaction, and the additional presence of
SecA had minimal effects on both reactions (SI Appendix, Fig. S4
B and C). The PDF reaction was slowed ∼2-fold across all of the
tested nascent chain lengths by the combination of both factors
(Fig. 3C, orange bars). A previous work reported a much larger
inhibitory effect of SRP on the PDF reaction with membrane
proteins (26) because the TMD or signal sequence was much
closer to the N-termini of the substrates used in that study
compared to FtsQ, in which the TMD is preceded by a 27-amino
acid NTE. In contrast to PDF, the effects of RPBs on the MAP
reactions are larger and more substrate-dependent. For an op-
timal substrate (RNCFtsQ-S2), SRP and TF reduced the rate of
the MAP reaction 5-fold when the nascent chain is short (49
amino acids), but affected the reaction <2-fold at longer nascent
chain lengths (Fig. 3D). For a suboptimal substrate, RNCFtsQ-T2,
SRP and TF together slowed the MAP reaction ∼3-fold at both
short (49 residues) and intermediate (82 residues) nascent chain
lengths and ∼10-fold when the nascent chain reached 127 amino
acids (Fig. 3 E and F). The inhibitory effects of SRP and TF on
methionine excision of both short and long nascent chains were
also observed with an SRP-independent cytosolic protein, lucif-
erase (SI Appendix, Fig. S5). Finally, the inhibitory effect of TF
or SRP on long-chain RNCs was larger with an even slower MAP
substrate, FtsQ-V2 (Fig. 3F). Thus, RPBs selectively inhibit the
MAP reaction on long nascent chains for RNCs bearing
suboptimal MAP substrates.
Together, the results in this section show that the reactions of

both PDF and MAP on the RNC are sensitive to the length of
the nascent polypeptide, generating an optimal window for NME
when the nascent chain is 49 to 82 amino acids long. For the
MAP reaction, this window is largely imposed by the action of
RPBs, which selectively inhibits methionine excision on suboptimal
MAP substrates (Fig. 3 D–F) and therefore contributes to the
restoration of NME specificity.

A Kinetic Model for Cotranslational NME Emphasizes the Contribution
of RPBs to NME Specificity. To quantitatively understand how the
multiple factors that modulate the activity of NME enzymes

impact the cotranslational N-termini modification of nascent
proteins, we constructed an analytical kinetic model (Fig. 4A).
Modeling of cotranslational NME in cell lysate is enabled by
several features of this assay that simplify its mathematical de-
scription. First, ribosomes translating the reporter protein are at
much lower concentrations compared to the NME enzymes in
the lysate, rendering the reaction single-turnover and directly
comparable to the single-turnover rate constants measured using
purified RNCs. In addition, the concentration of NME enzymes
are ∼10-fold lower than their Kd values for the ribosome and
therefore subsaturating. This allows the NME reaction at a given
nascent chain length to be described by pseudo–first-order rate
constants for deformylation (kPDF) and methionine excision
(kMAP; SI Appendix, Table S1) based on the experimentally de-
termined or extrapolated kcat/Km values and enzyme concentra-
tions determined by quantitative Western blot analyses in the E.
coli lysate (SI Appendix, Fig. S6). The effect of ongoing protein
synthesis is described by an estimated rate constant of translation
elongation (ktrans). Based on differential equations constructed
from this model, we used numerical integration to simulate the
cumulative fraction of nascent proteins of n residues that suc-
cessfully undergo deformylation and methionine excision (SI
Appendix, Fig. S7 A–D). The robustness of the kinetic model was
tested by applying an error of 20% in enzyme concentrations
and reaction rate constants, which were randomly selected from
normal distributions. The resulting deviations in simulation re-
sults were ∼10% (error bars in SI Appendix, Fig. S7 A–D), con-
firming the reliability of the simulation.
We first asked how fast NME occurs during translation.

Simulation based on the kinetic model showed that NME is 90%
complete for FtsQ-S2 before ∼150 amino acids are synthesized
(SI Appendix, Fig. S7A). As expected from the ∼10-fold faster
reaction with MAP than with PDF for this substrate, methionine
excision closely followed deformylation (SI Appendix, Fig. S7A).
When the second residue is threonine and valine, methionine
excision increasingly lagged behind deformylation (SI Appendix,
Fig. S7 B and C). When the second residue is asparagine,
deformylation was 90% complete when the nascent chain reached
250 amino acids, but no significant methionine excision occurred
(SI Appendix, Fig. S7D). Notably, the MAP reaction profiles of
both FtsQ-T2 and FtsQ-V2 exhibited biphasic behavior, with a
steep rise before the nascent chain reached ∼80 residues followed
by a slow phase (SI Appendix, Fig. S7 B and C), owing to the in-
hibition of MAP reactions at longer nascent chain lengths. Thus,
the MAP reaction becomes increasingly rate-limiting for overall
NME with increasing size of the second residue.
To dissect the contributions of different factors to the effi-

ciency of cotranslational NME, we further tested whether and
how the simulation outcome is sensitive to variations in the in-
dividual parameters in the kinetic model (Fig. 4 B–E and SI
Appendix, Fig. S8). The tested parameters include the translation
rate (solid red lines) and the concentrations of MAP or PDF
(solid black and blue lines), which affect the enzymatic reaction
rates at all nascent chain lengths (Fig. 4 B–E). The sensitivity test
revealed a strong influence of translation elongation rate on
NME efficiency (Fig. 4 B–E, red lines, and SI Appendix, Fig. S8
A–D) because faster translation shortens the time window
available for the actions of PDF and MAP. This effect is sub-
stantial for all of the substrates tested and emphasizes the kinetic
rivalry between NME and nascent chain synthesis.
On the contrary, the sensitivity of cotranslational NME to

changes in enzyme concentration is substrate-dependent (Fig. 4
B–E, black and blue lines, and SI Appendix, Fig. S8 E–L). The
NME efficiency of the optimal substrate, FtsQ-S2, is significantly
affected only by reductions in PDF concentration (Fig. 4B and SI
Appendix, Fig. S8 E and I). For suboptimal substrates such as
FtsQ-T2, FtsQ-V2, and FtsQ-N2, NME efficiency can be modu-
lated by changes in both PDF and MAP levels in both directions,
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and the MAP concentration becomes more dominant in dictating
NME efficiency with increasing size of the second residue on the
nascent chain (Fig. 4 C–E and SI Appendix, Figs. S8 F–H and J–L).
These results reinforce the notion that the rate-limiting step of
cotranslational NME shifted from the PDF to the MAP reaction,
as predicted from SI Appendix, Fig. S7 A–D. As the MAP reaction
is dependent on nascent chain length, we individually varied the
MAP reaction rates for RNCs with short (45 to 56 residues),
medium (56 to 82 residues), and long (>82 residues) nascent
chains (Fig. 4 B–E, dashed lines). The simulation results showed
that tuning kMAP,long had the largest effect on NME efficiency, and
this effect is specific to FtsQ-V2 and FtsQ-N2.
Finally, we tested whether and how the RPBs, which reduce

the MAP reaction rates in a substrate-dependent manner when the
nascent chain exceeds 82 amino acids, impact the cotranslational
NME profile (Fig. 4 F and G). The simulation results showed that
the presence of RPBs moderately delayed the cotranslational
NME of FtsQ-S2, which can be attributed to the 2-fold global
effect of RPBs on the PDF reaction rate (Fig. 3C). On the con-
trary, the slow phase during the cotranslational processing of FtsQ-
T2 and FtsQ-V2 becomes more prominent in the presence of
RPBs, resulting in significantly delayed processing of FtsQ-T2 and
incomplete NME of FtsQ-V2 for nascent chains up to 300 residues
in length. These predictions are consistent with a previous study,

which observed an inhibitory effect of TF on the cotranslational
NME of barnase in cell lysate (25). By integrating the NME re-
action kinetics with translation elongation, the kinetic model
demonstrated how the presence of other RPBs improves the
specificity of NME.

Cotranslational NME in Cell Extracts Agrees with Predictions from
Kinetic Simulation. To experimentally test the predictions from
the kinetic model, we designed a cotranslational NME assay to
measure the extent of NME during active translation. We fused the
N-terminal extension and TMD of FtsQ to thioredoxin (TrxA), an
unrelated E. coli cytosolic protein (Fig. 5A). In vitro translation of
this 171-amino acid reporter protein in the E. coli S30 extract
allowed us to assess its cotranslational NME by endogenous PDF
and MAP in the presence of RPBs (Fig. 5B). The extent of NME
was monitored by SDS/PAGE and autoradiography analyses of
substrates labeled with a single [35S]methionine at the N terminus.
Substrates with Ser and Thr at the second residue showed >80%
NME (Fig. 5C). In contrast, over half of FtsQ-V2-TrxA retained
the N-terminal [35S]methionine, and FtsQ-N2-TrxA was resistant
to NME (Fig. 5C). These data agreed well with the simulation
results for the individual substrates (Fig. 5D).
Another prediction from the kinetic model is that the extent of

NME is sensitive to the length of the protein, especially at 50 to

Fig. 4. A kinetic model simulates cotranslational NME during protein synthesis. (A) A kinetic model for the cotranslational NME of a nascent protein with n
amino acids. ktrans is the translation elongation rate. The PDF and MAP rate constants at nascent chain length i (ki

PDF and ki
MAP) are the products of effective

enzyme concentration and kcat/Km values and, unless otherwise indicated, are also modulated by RPBs. The parameters used in the simulation are summarized
in SI Appendix, Table S1. (B–E) Sensitivity test of the simulation results for FtsQ-X2. Each indicated parameter was varied independently by 2−2 to 22 fold of the
value in SI Appendix, Table S1. “Average NME” denotes the mean value for the fraction of methionine-cleaved nascent chains throughout the reaction profile
before 300 residues are synthesized. (F and G) Simulated cotranslational NME profiles for RNCFtsQ with different second residue side chains in the absence (F)
and presence (G) of the regulatory effects of RPBs. Results from 100 runs are shown as mean ± SD.
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100 amino acids where NME products accumulate quickly (Fig. 4).
To test this prediction, we varied the length of the reporter
protein by truncating or removing thioredoxin (Fig. 5A). In
agreement with predictions from the simulation, the extent of
NME for substrates with Thr and Val at the second residue re-
duced with shorter protein length (Fig. 5 E and F). Finally, we
tested the prediction that NME is sensitive to translation elon-
gation rate by using fusidic acid (FA), which binds to EF-G and
attenuates translation elongation (50, 51). Increasing amount of
fusidic acid inhibited the translation of FtsQ-V2-TrxA while
giving rise to more efficient NME (Fig. 5 G and H). The increase
of overall NME from ∼50% to ∼80% was in good agreement
with the simulation results for this substrate (cf. Figs. 5H and

4D), and supports the notion that slower elongation provides a
longer time window for the reactions of PDF and MAP.
In conclusion, the results from the cotranslational NME assay

agreed well with the predictions from the computational model,
suggesting that kinetic modeling based on rate constants mea-
sured with translation-arrested RNCs provides an accurate de-
scription of cotranslational NME in the complex cytosolic
environment.

Discussion
The majority of newly synthesized proteins undergo multiple
maturation steps to ensure their proper function, localization,
and turnover. As one of the earliest modification events during

Fig. 5. Measurement of cotranslational NME in cell lysate reproduces predictions from kinetic simulations. (A) Scheme of the model substrates used in the
cotranslational NME assay. The 171-amino acid reporter protein contains full-length thioredoxin (TrxA), and the 60-amino acid reporter contains no
thioredoxin. To generate the reporter with 91 residues, 80 residues were removed from the C terminus of thioredoxin. (B) Scheme of the cotranslational NME
assay. FtsQ-X2-TrxA was translated in the S30 extract and processed by endogenous PDF and MAP during translation. (C) Representative SDS/PAGE and
autoradiography analysis of the cotranslational NME of FtsQ-X2-TrxA (171 aa) in the S30 extract, measured as depicted in B. The reactions with actinonin
(ACT, 5 μM) provide controls for the intensity of the FtsQ-X2-TrxA band without NME. (D) NME efficiency for FtsQ-X2-TrxA (171 aa) bearing different second-
site residues. The values are from quantification of the data in C and their replicates (dark colors). The simulated data are from Fig. 4G at a nascent chain
length of 171 aa (light colors). (E) Representative SDS/PAGE and autoradiograph of the cotranslational NME of shorter reporter proteins, measured as
depicted in B. The second site residues are indicated. (F) Summary of the cotranslational NME efficiency for FtsQ-T2-TrxA (dark blue) and FtsQ-V2-TrxA (dark
green) with different lengths. The values are from quantification of the data in C and E and their replicates. The simulated data (light blue and light green
bars) are from Fig. 4G at the corresponding nascent chain lengths. (G) Representative SDS/PAGE and autoradiograph of cotranslational NME of FtsQ-V2-TrxA
(171 aa) with indicated amount of fusidic acid (FA), which inhibits translation elongation. (H) Quantification of the data in G and their replicates. All values are
reported as mean ± SD with n = 3.
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protein biogenesis, NME takes place in the crowded environ-
ment of the ribosome exit site, where multiple other RPBs
compete for access to the nascent polypeptide. In this work, ki-
netic analyses demonstrate that NME is actively regulated by the
ribosome, nascent chain length, and other RPBs at the ribosome
tunnel exit. These factors, together with kinetic competition with
translation elongation, dictate the efficiency, timing, and speci-
ficity of NME. Our results shed light on how the RPBs coordinate
at the ribosome exit and demonstrate how a fundamental enzy-
matic reaction can be profoundly reshaped by its macromolecular
environment. Moreover, our work provides a useful framework to
conceptualize other cotranslational protein biogenesis events.
Our results show that the MAP reactions on RNCs are

accelerated 102 to 104 fold compared to reactions with peptide
substrates. This rate enhancement is likely due to the micromolar-
affinity MAP binding site provided by the ribosome, which is ∼102-
to 103-fold tighter than the affinity of MAP for peptides (16, 45).
This interaction increases the local concentration of MAP and
possibly preorients MAP to facilitate its access to the nascent
chain, allowing methionine excision to proceed in a diffusion-
limited manner for optimal substrates. Together with the rapid
MAP–RNC association kinetics, over 90% of the nascent protein
can be processed before ∼150 amino acids are synthesized under
physiologically relevant conditions. However, the enhanced effi-
ciency comes with a tradeoff in specificity, as any reductions in
intrinsic reactivity would be masked by other steps that are rate-
limiting, such as MAP-ribosome binding and deformylation (Fig.
6A). We found here that specificity is restored by other RPBs at
the ribosome exit site, which selectively attenuates MAP reactions
on suboptimal substrates when the nascent chain exceeds 82
amino acids. This imposes a limited time window on the NME of
suboptimal substrates during translation, thus effecting their re-
jection (Fig. 6 A and B, dashed lines). These results exemplify the
tradeoff between efficiency and specificity in biological systems,
and reveal an unexpected role of the crowded environment at the
ribosome exit in optimizing the balance between these 2 key
parameters.
The results here also illustrate multiple mechanisms by which

the RPBs coordinate in time and space at the ribosome exit site
to ensure the proper functions of one another. First, given pre-
vious observations that TF and SRP can cobind with MAP or
PDF on the ribosome (3, 25), the regulation observed here likely
occurs allosterically rather than through exclusion of NME en-
zymes from the ribosome. This regulation could involve reposi-
tioning of these enzymes on the ribosome by TF or SRP that
changes the access or orientation of the nascent chain relative to
the enzyme active site. This model is consistent with the obser-
vation that the regulatory effects of TF and SRP on the MAP
reaction are substrate-specific, whereas MAP–RNC binding is
dominated by interaction with the ribosome. Second, TF regu-
lates both NME enzymes when nascent proteins are as short as
49 amino acids. Given the enrichment of TF on nascent proteins
longer than 100 amino acids in ribosome profiling data (38), our
observation suggests that TF can begin regulating protein bio-
genesis before it stably engages with nascent polypeptides. Third,
TF and SRP regulate the MAP reaction when the nascent poly-
peptide is short (49 residues) and long (127 residues), but not at
intermediate chain lengths (67 residues). This suggests a remark-
able degree of dynamics in the interplay between RPBs, which can
adjust their relative positioning and/or accessibility to the nascent
chain during translation. Most importantly, the length- and
substrate-dependent regulation of RPBs defines an optimal time
window for NME during translation and helps enhance its
specificity, as discussed earlier. Analogous “timing” mechanisms
that enhance fidelity was also observed between SRP with TF (3,
42), and could provide a general and effective mechanism to co-
ordinate the different cotranslational biogenesis pathways.

Analogous to previous computational models that describe
cotranslational protein folding (52–54), the kinetic model de-
scribed here demonstrates how multiple parameters together
contribute to NME, including enzyme concentration, nascent

Fig. 6. Model for cotranslational NME mediated by PDF and MAP. (A) Free
energy profiles to depict the change in rate-limiting step during cotranslational
NME due to both the sequence specificity of MAP and regulation by RPBs. As
the second residue on the nascent protein becomes larger, the rate-limiting step
shifts from deformylation to methionine cleavage. The RPBs moderately slows
the PDF reaction, but significantly and selectively reduces the rates of the MAP
reaction for substrates with larger second residue side chains. (B) RPBs define an
optimal window for NME during translation. The relative abundance of indi-
vidual ribosomal species at each nascent chain length was simulated during the
cotranslational NME of FtsQ-V2 using the mathematical model and depicted
using the indicated coloring scheme. PDF and MAP can act on the nascent
proteins as soon as 45 residues are translated. PDF has an intrinsic preference for
substrates of ∼70 residues in length (second row). The optimal window for the
reaction of MAP is similar, but is imposed by the effects of RPBs (third row).
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chain length, rivalry with translation elongation, and regulation
by RPBs. Our simulation successfully predicted the NME effi-
ciency of model substrates during active translation in cell ex-
tracts, as well as regulation of NME by the rates and duration of
translation, demonstrating that the computational model derived
from measurements on translation-arrested RNCs faithfully re-
capitulates cotranslational nascent protein modification by the
NME enzymes. This model further predicts additional layers of
control over NME that await to be tested, such as changes in the
cellular level or activity of PDF during environmental changes
(55, 56), SRP-induced inhibition of deformylation on nascent
chains with TMDs or signal sequences close to the N terminus
(26), and diverse factors that regulate translation elongation,
including codon usage, translation stall sequences, and small
molecule ligands that regulate this stalling (57–59). Importantly,
quantitative kinetic measurements coupled to computational
modeling under physiologically relevant conditions provide a
powerful approach to elucidate how cotranslational protein bio-
genesis occurs in the crowded and complex cellular environment,
and may be useful for understanding other biochemical pathways.

Materials and Methods
Material. Recombinant PDF, MAP, and MAP mutants were expressed and
purified from E. coli following published procedures (16, 60). RNCs were
generated by in vitro translation in E. coli S30 extracts as described previously
(49). Detailed purification procedures for proteins and RNCs are described in SI
Appendix, Supplementary Methods.

Enzymatic Assays. Pre–steady-state kinetic measurements were carried out
under single-turnover condition using an RQF-3 Quench-flow instrument

(KinTek) in assay buffer [50 mMHepes-KOH, 150 mM KOAc, 10 mMMg(OAc)2,
and 1mMTCEP, pH 7.5] with 0.1mMCoCl2 at room temperature. Cotranslational
NME assays were performed by coupled in vitro translation of reporter
proteins in S30 extracts containing [35S]methionine at 30 °C for 30 min, and
were analyzed by SDS/PAGE and autoradiography. Details of the procedure
and data analysis are described in SI Appendix, Supplementary Methods.

Fluorescence Measurements. All fluorescent measurements were carried out
at room temperature in assay buffer containing 0.1 mM CoCl2. Emission spectra
and equilibrium titrations were measured on a Fluorolog-3 spectrofluorometer
(HORIBA). The association rate constant (kon) of the RNC–MAP complex was
measured on a SF-2004 stopped-flow apparatus (KinTek). Details of the
procedure and data analysis are described in SI Appendix, Supplementary
Methods.

Simulation of Cotranslational NME. A kinetic framework was constructed to
describe the cotranslational NME of an n-residue nascent protein under
single-turnover condition (Fig. 4A). Differential equations were constructed
based on the framework, and a MATLAB script was used to simulate the time-
dependent concentration of each species using the numerical integration
method. Details of the model are described in SI Appendix, Supplementary
Methods.

Data Availability. Materials are available on request.
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