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ABSTRACT

The kinetics of the protein elongation cycle by the ribosome depends on intertwined factors. One of these factors is the electrostatic interaction of the nascent
protein with the ribosome exit tunnel. In this computational biology theoretical study, we focus on the rate of the peptide bond formation and its dependence on
the ribosome exit tunnel electrostatic potential profile. We quantitatively predict how oligopeptides of variable lengths can affect the peptide bond formation rate.
We applied the Michaelis-Menten model as previously extended to incorporate the mechano-biochemical effects of forces on the rate of reaction at the catalytic site
of the ribosome. For a given pair of carboxy-terminal amino acid substrate at the P- and an aminoacyl-tRNA at the A-sites, the relative time courses of the peptide
bond formation reaction can be reversed depending on the oligopeptide sequence embedded in the tunnel and their variable lengths from the P-site. The reversal is
predicted to occur from a shift in positions of charged amino acids upstream in the oligopeptidyl-tRNA at the P-site. The position shift must be adjusted by clever
design of the oligopeptide probes using the electrostatic potential profile along the exit tunnel axial path. These predicted quantitative results bring strong evidence
of the importance and relative contribution of the electrostatic interaction of the ribosome exit tunnel with the nascent peptide chain during elongation.

1. Introduction

For more than five decades, attempts to model protein synthesis and
mRNA translation from first principles have been pursued extensively
[1-4]. Many factors influence translation speeds across a single tran-
script (mRNA). At least seven important factors have been identified in
the literature. These include differences in cognate, near-cognate, and
non-cognate tRNA relative abundance [5-7], tRNA enzymatic modifi-
cations [8,9], amino acid residues distribution within the nascent-chain
embedded inside the ribosome exit tunnel [10-12], mRNA secondary
structure [13-15], proline residues at either A or P site of the ribosome
[16,17], steric hindrance between contiguous ribosomes translating the
same mRNA molecule [18], and the finite resource of the ribosome pool
available in the cell [19-21]. The influences of these many contributing
elements are intertwined, which complicates a full understanding of the
individual factors. A number of knowledge gaps still prevail and con-
troversies are still unresolved [10,11,16]. For instance, one study has
argued that the charged residues are the major determinants of riboso-

* Corresponding author.
E-mail address: marc.joiret@uliege.be (M. Joiret).

https://doi.org/10.1016/j.csbj.2024.05.045

mal velocity [12]. Another study described the ribosome exit tunnel as
a protein-sensitive channel with gate-latch action. Their authors argued
that side chain specific recognition in the ribosome exit tunnel plays
an active role in protein elongation regulation and translational folding
[22].

At the catalytic center of the ribosome, the enhancement of the rate
of peptide bond formation is due to a precise positioning of the two
substrates within the active site (peptidyl-tRNA at the P-site and amino-
acylated-tRNA at the A-site) and to the very specific electrostatic local
environment [23,30]. The catalytic environment results from the dy-
namic configuration occurring within the large subunit of the ribosome
that can accommodate a variety of substrates pair combination. The C-
terminal amino acid of the peptidyl-tRNA at the P-site and the amino
acid acylated on the tRNA at the A-site (aa-tRNA) can be any of the
twenty amino acids. The number of different pairs of substrates is thus
400, which shows a versatility rarely met for a classical protein en-
zyme. This variety in substrate pairs only explains part of the variance
of the peptide formation rates. The distribution of charged amino acids
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upstream of the nascent chain also affects the kinetics of the peptide
bond formation [24,25]. The peptide bond formation at the peptidyl
transferase center (PTC) is an entropically driven process achieved by
reducing the mobility of the substrates. This happens through precise
positioning of the two substrates with respect to each other. As thor-
oughly reviewed by Rodnina for prokaryotes [26], there are currently
two models for the movement of protons in the active site of the ribo-
some, both involving a single isolated water molecule, and describing
the reaction scheme of the peptide bond formation. According to the
first model, a concerted ‘eight-membered proton shuttle’ involving 2’
and 3’-OH on the tRNA ribose sugar of adenine 76 at the P-site ex-
plains the proton movement. According to the second model, a proton
wire mechanism involving 2’ — OH of the ribose in adenosine 2451 of
the 23S rRNA explains the proton movement. A solvation effect with an
isolated single water molecule, near the P-site tRNA A76 ribose sugar at
the PTC is involved in the proton shuttle model; or near the orthophos-
phate between C75 and A76 of the A-site tRNA at the PTC, in the proton
wire model [23-25,27-35]. In both models, a nucleophic attack of the
amino group of aa-tRNA from the A-site on the carbonyl carbon of the
ester bond in the peptidyl-tRNA in the P-site is key in this reaction
scheme.

Steric hindrance near the C-terminal end of the peptidyl-tRNA ham-
pers access to the nucleophilic attack of the — amino group from the
aa-tRNA at the A-site to the carbonyl carbon atom in the ester bond
with the tRNA at the P-site. During the peptidyl transfer reaction, the a-
amino group of aminoacyl-tRNA positioned in the A site of the ribosome
nucleophilically attacks the carbonyl carbon at the ester bond of the
peptidyl-tRNA in the P site. This transpeptidation results in a peptidyl-
tRNA extended by one amino acid in the A site and a deacylated tRNA
in the P site [34]. The nucleophilic attack is believed to be facilitated if
the peptidyl-group at the P-site is pulled away from the carbonyl group.
This would reduce steric hindrance and open access for the nucleophilic
attack from the aa-tRNA A-site amino group. The peptide bond forma-
tion between the two aminoacylated-tRNAs proceeds 10 million times
faster when catalyzed by the ribosome than when uncatalyzed in bulk
solution [27]. The ribosome-catalyzed peptide bond formation kinetics
has been extensively studied for decades and is known to be affected by
the particular context of the upstream amino acid sequence [25].

The theory of kinetics of catalysis relies on the transition state the-
ory that was introduced by Henry Eyring who linked the rate constant
of a chemical reaction to the Gibbs free activation energy of the transi-
tion state (TS) [37-39]. In this representation, a catalyzer accelerates a
(bio)chemical reaction through a significant reduction in the transition
Gibbs free energy barrier that the reactants have to overcome [42]. In
our previously published work [42], we hypothesized that the physical
forces transmitted mainly through the backbone of the peptidyl-tRNA
play a role in the reduction of the Gibbs free energy barrier of the tran-
sition state. The mechanical work of these physical forces affects the
activation Gibbs free energy of the transition state. The modulation
of the Gibbs free energy activation barrier changes the reaction rate
constant through Eyring’s relation [37-39]. Computing the mechanical
work requires the knowledge of the profile of the axial forces acting on
the backbone of the peptidyl-tRNA and of the displacement that results
from the peptide elongation. One of the main contributing forces act-
ing on the nascent peptide chain is due to the electrostatic interaction
arising from the negative electrostatic potential [40,41]. The negative
electrostatic potential is caused by the presence of the large number
of phosphates moieties lining the inner wall of the ribosome exit tunnel
[36] and also the inner surface cavity around the PTC, mainly composed
of rRNA. The electrostatic environment exerts forces on the 4 amino
acids that are naturally charged in physiological conditions, namely
arginine R, lysine K, glutamate E, and aspartate D. These charged amino
acids are occasionally incorporated into the peptide nascent chain as de-
termined by their DNA sequence.

Measuring the kinetics of the elongation cycle of the ribosome at
codon resolution is a difficult task. Even more experimentally difficult
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is to split the time course measurement of the cycle into its main sub-
steps: (i) tRNA accommodation and codon-anticodon proofreading at
the A site (k ~0.010ms~! in E.coli); (ii) peptide bond formation be-
tween the carboxy-terminal amino acid at the P-site and the aa-tRNA
at the A-site (k ~ 10ms~! in E.coli); (iii) ribosome translocation to the
next codon and unloaded-tRNA eviction at the E site (k ~2.5ms™! in
E.coli). The peptide bond formation is normally not the rate limiting
step in elongation. Hence, its effect on translational control is limited.
This is true in normal condition in most of the cases. However, if, by
chance, the primary sequence of the polypeptide chain upstream the
P-site entails a ‘difficult’ distribution in charged amino acid residues
embedded in the tunnel, the modulation of the peptide bond formation
rate due to the electrostatic interaction with the tunnel could turn this
step into a limiting step. Other limiting peptide bond formation well
known situations are encountered when consecutive prolines, as donor
and acceptor substrates, occupy the P-site and A-site. In practice, study-
ing the catalyzed kinetics of peptide bond formation is possible only
when peptidyl transfer is uncoupled from the very first step of elonga-
tion, i.e., accommodation of the aminoacyl-tRNA at the A site [27,28].
The reason is that the accommodation rate of aa-tRNA in the A site is
in the range 5 — 10 s~! and peptide bond formation follows instanta-
neously. Because accommodation precedes peptide bond formation, it
limits the rate of product formation since it is much slower than the
peptidyl transfer [28].

One way to circumvent the accommodation rate limiting step is to
use substrate analogs that bind to the A site rapidly and do not re-
quire accommodation. If the full length aa-tRNA is replaced by the
shorter puromycin substrate as the last acceptor substrate, the kinet-
ics of the catalytic chemical step can be monitored experimentally
by the quench flow technique and is amenable to quantitative mea-
surements [27]. These experimental measurements were conducted on
prokaryotic ribosomes by Rodnina and coworkers [24] in the elonga-
tion minimal case when the donor substrate is the minimal dipeptidyl-
tRNA, i.e. fMet — X —tRNA and the acceptor substrate is puromycin,
Pmn. X can be any of the 20 natural amino acids. The product of the
catalyzed reaction, peptidyl-puromycin, is released from the ribozyme
upon completion of the reaction. The experimental initial condition for
the puromycin concentration was 20 mM and the reaction rate constant
measurements made at 37 °C were obtained by single exponential fit-
ting [24]. The use of puromycin as the last A-site substrate acceptor
allows easier experimental measurements of the time courses of pep-
tide bond formation in a quench-flow apparatus measuring the reaction
kinetics. In our earlier works, we made use of the electrostatic local pro-
file in the immediate vicinity of the catalytic center of the ribosome to
quantitatively interpret these pioneering experimental results [24,42].
From the electrostatic potential profile, we calculated the axial electric
field and axial force acting locally on the charged amino acids. These
forces modulate the activation energy of the peptide bond formation
reaction. The modulation of the reaction rate constant and the time
course of the peptide bond formation were calculated accordingly and
compared to the experimental kinetics measurements that were made
in vitro in cell free extracts [24]. In summary, the peptide bond for-
mation median rate fold change between a charged amino acid donor
substrate and puromycin as the acceptor substrate was calculated to be
3.45 as compared to a neutral amino acid donor. The experimentally
observed values for the median time courses of peptide bond formation
with lysine or arginine as donor substrate were 7.2ms and 7.8 ms, re-
spectively, to be compared with a median time course of 27.1 ms for
neutral amino acids as donor substrate (median time course for alanine,
serine, phenylalanine and valine) [24,42]. Interestingly, when aspar-
tate is the donor substrate, the calculated fold change is ﬁ =0.29 to
be compared with an experimentally measured median time course of
91.5ms for aspartate. Overall, aspartate (negatively charged aa) is 3.45
times slower than a neutral amino acid, whereas lysine or arginine (pos-
itively charged aa) is 3.45 times faster than a neutral amino acid when
acting as donor substrate in the minimal case of a dipeptidyl-tRNA at
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the P-site with puromycin as the acceptor substrate at the A-site. The
experimental order of magnitude for the fold change on these median
time courses is qualitatively and quantitatively in good agreement with
the theoretical calculations [42].

Here, we expand our previous work to the cases considering the
electrostatic interaction on the nascent oligopeptide chain deeper in
the exit tunnel. We investigate the effects of the axial forces originating
from a much further region than the catalytic center vicinity. A longer
oligopeptide acylated to the tRNA at the P-site (much longer than a
dipeptide) would probe the electrostatic interaction deeper in the ribo-
some exit tunnel. The resulting axial forces would still be transmitted to
the carboxy-terminal end of the oligopeptidyl-tRNA through the nascent
chain backbone and affect the transition state energy barrier of the pep-
tide bond formation. The profiles of the electrostatic potential and the
electric field were determined in the full extent of the ribosome exit
tunnel in previous work by ourselves and others [36,40]. Those results
are used to compute the axial forces acting on charged amino acids
arbitrarily distributed in oligopeptides embedded in the ribosome exit
tunnel.

One of the big challenges in the field of translational control and
protein elongation is how to address the kinetics of the processes in-
volved. Our approach focused on a well identified step in the protein
elongation cycle and provides a quantitative tool to understand the im-
pact of mechanochemical factors on the peptide bond formation rate.
The interest of the incorporation of a term accounting for the effect of
mechanical forces on the ribosomal catalytic activity and on the equa-
tion describing the kinetics is that it allows quantitative estimations of
the peptide bond formation rate in different contexts. These quantita-
tive estimations can be confronted with experimental measurements in
different settings where some of the above intertwined factors may be
adjusted or not. Altogether, these quantitative kinetics approaches will
help determine the direct causal links between the factors allegedly af-
fecting, or not, the protein elongation cycle.

2. Materials and methods

This study builds on the model developed in a previous contribution
[42]. We briefly recall the key concepts below, before applying them
to the case of an elongating nascent polypeptide extending inside the
ribosome exit tunnel that is the focus of this study.

2.1. Effect of mechanical forces on chemical reaction kinetics

Applying external forces on molecules involved in catalyzed or un-

catalyzed chemical reactions affects the kinetics of the reactions. The
mechanical work of these applied mechanical forces can quantitatively
be incorporated in the calculation of the activation Gibbs free energy of
the transition state as conceptually introduced by Bell [44], Bustamante
[45] and others [46]:
AGH(F) = AGH(0) — / F.dx% )
where AGH(F) is the activation energy for the transition state in
the presence of an applied force acting on the system, AG(0) ~
+14kcal/mol = +97.2 pN-nm is here the activation energy of the deacy-
lation and peptidyl transfer for the transition state without any applied
force [25,29,45], and W = [ F - dX is the mechanical work exerted by
the force upon a test body along its curvilinear path. The mechanical
work W is algebraically positive if the force and the displacement are
parallel or negative if they are antiparallel. In the former case, AGiO(F)
is smaller than AG¥0(0), whereas it is larger in the latter case. In turn,
the modulation of the Gibbs free energy activation barrier changes the
reaction rate constant through Eyring’s relation [37-39]:

- kg-T +0(F
kF)=x- <BT> . o AGY® /iy @
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). )

where k(f*‘) is the reaction rate constant of the rate limiting step in the
presence of an applied force upon the substrate at the P-site, k(0) is
the reaction rate constant in the absence of applied force. kg, 7 and x
are Boltzmann’s constant, Planck’s constant and transmission coefficient
respectively [37-39].

AGFO(0)
kpT

[ Fdx
kT

[ Fdx

ky-T [Fax
B = k(0)- ¢ *BT

k)=« - ( 3)

2.2. Modified Michaelis-Menten kinetics

The peptide bond formation kinetics at the catalytic center of the ri-
bosome can be described by the Michaelis-Menten model where the
aminoacyl-tRNA (acceptor substrate) is the canonical substrate and
where the C-terminal amino acid of the peptidyl-tRNA (donor substrate)
behaves as an allosteric substrate [42].

peptidyl tRNA (P-site)

| substrate 1 (donor) | Ky b
- —> | ribozyme
. + \M k2 | complex @
aa tRNA (A-site) «—
| substrate 2 (acceptor) |
ribozyme | k3 N empty tRNA peptidyl(+1) tRNA
b . . 5
complex - + (P-site) (A-site) ®)
The rate of peptide bond formation, k., = %, is written as follows:
dP S
= TS ©
dt Kip+S
/ Umax
o= max @)
max S
1 + allo
Kalto
where K, = k2k+ %3 is the Michaelis constant of substrate 2, S, at the
1
A-site; S, is the C-terminal amino acid at the peptidyl-tRNA (sub-

strate 1); k,,, is the reaction rate constant between substrate 1 and
the ribozyme (PTC) at the P-site and v,,,, is the maximum rate in the
absence of allosteric effect (v,,,, = k3 - [ribozyme]). Incorporating the
right hand side Maxwell-Boltzmann factor of (3) into (6) to account for
the effect of mechanical forces in the kinetics of the ribozyme catalyzed
peptide bond formation leads to the final kinetics equation:

[ Fdx
kT

s
Kip+sS

!
Umax

ap

T 0

=e 8
where U:n +x(0) is the maximum reaction rate in the absence of external
force. In single molecule experiments, P, when proper normalized, rep-
resents the probability of the formation of the peptide bond over time

in equation (8).

2.2.1. Electrostatic potential and axial forces profile contributed by the
catalytic center cavity and by the ribosome exit tunnel

A full closed analytical expression for the electrostatic potential in-
side the ribosome exit tunnel was proposed earlier which was fitted to
the experimental data point measurements of the electrostatic potential
obtained by Deutsch and coworkers on ribosomes collected from rab-
bit reticulocytes [40,41]. More recently, an electrostatic model of the
cavity around the catalytic center considering the most simple shape
fulfilling the minimal geometrical constraints existing between the ri-
bosome peptide exit tunnel, the mRNA channel and the size of the
aminoacylated-tRNAs was developed in [42] leading to the potential
profile shown in Fig. 1. The axial force profile allows to determine the
mechanical work exerted upon a charged amino acid residue during the
peptide elongation process. The method to derive the calculation of the
axial forces acting upon any charged residue distribution from the elec-
trostatic potential profile inside the exit tunnel is developed in Joiret et
al. [36].
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Fig. 1. Electrostatic potential and axial force profiles around the ribosome PTC and the exit tunnel. (a) Electrostatic potential profile ®(z) as modeled in [36,42].
z is the coordinate along the tunnel center line: z = —7nm is the position of the PTC and z < —7nm is the region through the exit tunnel. The PTC is ~ 7nm away
from the mRNA decoding center (z = 0). The dashed blue line is the potential profile assuming a cylindrical shape at the distal end of the tunnel. Orange line is the
potential profile assuming a cone frustum (enlarged tunnel exit). Error bars: experimental data point measurements by Deutsch & coworkers [40] of the potential
inside rabbit reticulocytes’ ribosome exit tunnel. (b) Axial force profile along the z-axis. The axial force f?z =q,- f*]z, where Ez = —%, the electric field along the
z— axis, is the negative of the first derivative of the electrostatic potential ®(z) profile (shown in a). The axial force on a unit positive charge |g,| at the P-site is

f?z = —21.2pN as calculated in reference [42].

2.2.2. Elongation extended case with oligopeptides of variable lengths and
puromycin

Building on the above explained framework, here, we study the
impact of the electrostatic interaction between the nascent chain and
the ribosome exit tunnel on the peptidyl transfer kinetics at the cat-
alytic center. To do that, longer oligopeptides are required as P-site
peptidyl-tRNA substrates. The global reaction scheme for the elonga-
tion extended case is:

fMet-oligoP-X-tRNA + (Pmn) — empty tRNA + fMet-oligoP-X-Pmn 9
——— —_—— — — —
P—site A—site P—site A—site

The number of amino acid residues separating the PTC from the ribo-
some exit tunnel entry point was estimated to be 5 residues from the
P-site or 6 residues from the A-site [47]. In what follows, three differ-
ent oligopeptide lengths are used to probe the effect of the electrostatic
interaction inside the ribosome exit tunnel. The oligopeptide lengths
are chosen such that they extend inside the beginning of the ribosome
exit tunnel and almost up to the tunnel vestibule exit end:

+ a 10-mer oligopeptide extended length, with charged residues dis-
tributed specifically at position 6, 7, 8 from the C-terminal end of
the peptidyl-tRNA at the P-site;

+ a 22-mer oligopeptide extended length, with charged residues dis-
tributed specifically at position 18, 19, 20;

+ a 40-mer oligopeptide extended length, with charged residues dis-
tributed specifically at position 35, 36, 37, 38, 39 from the C-
terminal end of the peptidyl-tRNA at the P-site.

Except for these locally positioned charged residues, the other amino
acid residues are neutral in these oligopeptides.

2.2.3. Output variable uncertainty of the model estimated by differential
calculus and uncertainty propagation from the input variables

There are a number of assumptions in the electrostatic model and
several sources of uncertainties. These were extensively described and
discussed in references [36,42]. The theoretical uncertainty in the pep-
tide bond formation theoretical rate can be estimated from the differen-
tial calculus applied to the electrostatic potential model. The numerical
errors propagation is detailed in the appendix.

The experimental uncertainties in the peptide bond formation rate
k are around Ak + 1.5sec™! [24]. Given that Ar1/2 ~ %, it can be
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estimated that the experimental uncertainties in the median time course
measurements are around 1 — 3 ms.

3. Results

3.1. Axial force profiles and forces transmitted to the carboxy-terminal end
of the tRNA at the P-site

These synthetic peptide oligomers sequences were designed such
that they are experiencing qualitatively very different electrostatic
potential profiles, resulting in different axial forces. In the first
case (10-mer), the tunnel electrostatic potential profile in the z =
[-8.9, —9.4] nm spatial range will mainly contribute to the axial
force transmitted through the backbone of peptidyl-tRNA. In the sec-
ond case (22-mer), the z = [-11.95, —12.45] nm spatial range will
mainly contribute to the axial force. In the last case (40-mer), the
z =[-16.20, —17.20] nm spatial range will mainly contribute to the
axial force. In the first case, the electrostatic potential is decreasing,
whereas in the second and third cases, the potential is increasing to-
ward the tunnel exit direction. The directions of the axial forces being
exerted on positively (or negatively) charged test residues are opposite.
The qualitative effects on the kinetics of the peptidyl transfer reaction
with puromycin at the A-site are expected to be in opposite directions
as well. This is the cause of the reversing in the reaction relative time
courses.

In the first case, the 10-mer nascent oligopeptide acylated tRNA at
the P-site threads through the ribosome tunnel entry (Fig. 2 a-c). The
axial force acting upon the backbone of the peptidyl-tRNA and trans-
mitted to the tRNA at the P-site caused by three positively charged
residues within the oligopeptide is calculated using the algorithm that
was earlier exposed [36] and is i‘z —2.61 pN. The mechanical work
is estimated to be W =2.61 pN - 0.25nm = 0.65 pN - nm (force and dis-
placement are parallel).

In the second case, the 22-mer nascent oligopeptide acylated tRNA
at the P-site threads further through the ribosome tunnel entry (Fig. 3
a-c). Similarly to the previous case, the axial force acting upon the
backbone of the peptidyl-tRNA and transmitted to the tRNA at the
P-site caused by three positively charged residues within the oligopep-
tide is f‘z = 43.42pN. The mechanical work is estimated to be W =
—3.42pN-0.25nm = —0.86 pN - nm (force and displacement are antipar-
allel).
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Fig. 2. Elongation extended case: effect of force on the rate of peptide bond formation when the P-substrate is a 10-mer oligopeptidyl-tRNA (fMet-oligoP-X-tRNA).
Electrostatic force acting on X at the P site: (a) OligoP =Neutral oligo-alanine (brown sphere). (b) OligoP = Positively charged amino acid R at position 6, 7, 8 (red
sphere). (c) OligoP =Negatively charged amino acid D at position 6, 7, 8 (blue sphere). Methionine (black sphere). X=phenylalanine (green sphere). Puromycin
(magenta sphere). (d) Total axial force acting on the nascent peptide at the last amino acid residue (counted from N-terminal end) occupying the ribosomal PTC
position, as calculated from the algorithm in Joiret et al. [36]. (e) Axial force profile contributed by positively charged residues when located at indicated z-
position from the PTC. (f) Predicted normalized time courses of the Pmn (20mM) reaction with different oligopeptidyl-tRNAs: calculated theoretical normalized time
courses using Maxwell-Boltzmann factors. Neutral oligoP-Phe(O)(z;/, =43.8ms), dashed line. Positively charged amino acid C-terminal oligopeptidyl-transfer rate
(71, =37.6ms), red line. Negatively charged amino acid oligopeptidyl-transfer rate (7, , =51 ms), blue line.

In the third case, the 40-mer nascent oligopeptide acylated tRNA
at the P-site threads deeper through the ribosome tunnel down to the
vestibule exit (Fig. 4 a-c). The axial force acting upon the backbone of
the peptidyl-tRNA, caused by the five positively charged residues and
transmitted to the tRNA at the P-site is i‘z =+2.1pN. The mechanical
work is estimated to be W = —2.1pN - 0.25nm = —0.525 pN - nm (force
and displacement are antiparallel).

3.2. Peptide bond formation reaction rates with 10, 22 and 40-mer
oligopeptide and puromycin

We predict the Maxwell-Boltzmann factors and the reaction rate
constant values tabulated in Table 1. The predicted time courses of
the 10-mer oligopeptidyl-tRNA reaction with Pmn are shown in Fig. 2
(f). The red and blue lines are the time courses calculated from equa-
tion (8) for the positively and negatively charged case respectively as
compared to the neutral case (dashed line). The positively charged
amino acid C-terminal oligopeptidyl-transfer rate is k(0) X exp( f F.
dX/kpT) = neutral rate X exp(0.65/4.28) = neutral rate x 1.16 (red
line). The negatively charged amino acid oligopeptidyl-transfer rate is
k(0) x exp(—0.65/4.28) = neutral rate x 0.86 (blue line). At their spe-
cific positions from z = —8.95 nm to z = —9.45 nm the three positive
charged residues pull the oligopeptidyl-tRNA backbone toward the exit
tunnel and the peptide bond formation rate is increased as compared to
the neutral oligopeptidyl-tRNA. With three negative charged residues,
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the resulting axial force points in the opposite direction and the peptide
bond formation rate is decreased as compared to the neutral case.

3.3. Estimated theoretical uncertainty for the median time course of the
peptide bond formation reaction

The theoretical uncertainties in the output variable that are propa-
gated from the electrostatic potential model to the peptide bond forma-
tion reaction rate and the median time course theoretical calculation
are numerically estimated by differential calculus as detailed in the ap-
pendix. Numerical estimates of the uncertainties Ari% in the median
time courses of the peptide bond formation are listed in the last col-
umn of Table 1. The upper script th. in A r;'/"z means it refers to a model
dependent theoretical uncertainty.

The predicted time courses of the 22-mer oligopeptidyl-tRNA reac-
tion with Pmn are shown in Fig. 3 (f). At their specific positions from
z=-11.95nm to z = —12.45 nm the three positive charged residues
push the oligopeptidyl-tRNA backbone toward the P-site and the pep-
tide bond formation rate is decreased as compared to the neutral
oligopeptidyl-tRNA. With three negative charged residues, the result-
ing axial force points in the opposite direction and the peptide bond
formation rate is increased as compared to the neutral case. This is qual-
itatively the opposite situation as the one encountered in the previous
case with the 10-mer oligopeptide.
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Fig. 3. Elongation extended case: effect of force on the rate of peptide bond formation when the P-substrate is a 22-mer oligopeptidyl-tRNA (fMet-oligoP-X-tRNA).
Electrostatic force acting on X at the P site: (a) OligoP =Neutral oligo-alanine (brown sphere). (b) OligoP =Positively charged amino acid R at position 18, 19,

20 (red sphere). (c) OligoP =Negatively charged amino acid D at position 18, 19, 20 (blue sphere). Methionine (black sphere). X =phenylalanine (green
Puromycin (magenta sphere). (d) Total axial force acting on the nascent peptide at the last amino acid residue (counted from N-terminal end) occup

sphere).
ying the

ribosomal PTC position, as calculated from the algorithm in Joiret et al. [36]. (e) Axial force profile contributed by positively charged residues when located at
indicated z-position from the PTC. (f) Predicted normalized time courses of the Pmn (20mM) reaction with different oligopeptidyl-tRNAs: calculated theoretical
normalized time courses using Maxwell-Boltzmann factors from equations (3) and (8). Neutral oligoP-Phe(O)(z; p= 43.8 ms), dashed line. Positively charged amino

acid C-terminal oligopeptidyl-transfer rate (7, , = 53.5ms), red line. Negatively charged amino acid oligopeptidyl-transfer rate (r, ;, = 35.8 ms), blue line.

Table 1

Maxwell-Boltzmann factors exp( f F.dx /kpT) modulating the x-mer (x=10, 22, 40) oligopeptidyl transfer rate
constants k(f‘), the waiting time 7, 5 to peptide bond formation event with a probability of 0.5, and theoretical un-
certainty on 7y /,. C-terminal residue at P site is phenylalanine. Acceptor substrate at A-site is puromycin. k(0): rate
constant in the absence of force (neutral case). fMet: formyl-methionine. Circled dot: neutral; circled plus: posi-
tively charged; circled minus: negatively charged oligopeptides respectively, with specific amino acid distributions
as detailed in the text.

P-site x-mer oligopeptide Mechanical Maxwell Rate Uncertainty
with charged residues work Boltzmann constant
acting at P-site factor k(F) T AT?}'Z
(pN.nm) O] s (ms)  (ms)
10-mer fMet®—tRNA(0) 0.0 1 k(0) 43.8
fMet® —-tRNA(+3) +0.65 1.16 1.16 - k(0) 37.6 4.3
fMet© —tRNA(-3) —0.65 0.86 0.86 - k(0) 51 59
22-mer fMet©—-tRNA(0) 0.0 1 k(0) 43.8
fMet@®—-tRNA(+3) -0.86 0.81 0.81-k(0) 535 5.3
fMet© —-tRNA(-3) +0.86 1.22 1.22 - k(0) 35.8 3.6
40-mer fMet ® —tRNA(0) 0.0 1 (0) 43.8
fMet® —tRNA(+5) —0.525 0.88 0.88 - k(0) 49.5 7
fMet©—tRNA(-5)  +0.525 1.13 1.13-k(0) 387 54
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Fig. 4. Elongation extended case: effect of force on the rate of peptide bond formation when the P-substrate is a 40-mer oligopeptidyl-tRNA (fMet-oligoP-X-tRNA).
Electrostatic force acting on X at the P site: (a) OligoP = Neutral oligo-alanine (brown sphere). (b) OligoP = Positively charged amino acid R at position 35, 36, 37,
38, 39 (red sphere). (c) OligoP = Negatively charged amino acid D at position 35, 36, 37, 38, 39 (blue sphere). Methionine (black sphere). X = phenylalanine (green
sphere). Puromycin (magenta sphere). (d) Total axial force acting on the nascent peptide at the last amino acid residue (counted from N-terminal end) occupying
the ribosomal PTC position, as calculated from the algorithm in Joiret et al. [36]. (e) Axial force profile contributed by positively charged residues when located
at indicated z-position from the PTC. (f) Predicted normalized time courses of the Pmn (20mM) reaction with different oligopeptidyl-tRNAs: calculated theoretical
normalized time courses using Maxwell-Boltzmann factors from equations (3) and (8). Neutral oligoP-Phe(O)(z; p= 43.8 ms), dashed line. Positively charged amino
acid C-terminal oligopeptidyl-transfer rate (z,,, = 49.5ms), red line. Negatively charged amino acid oligopeptidyl-transfer rate (r, ;, = 38.7ms), blue line.

The predicted time courses of the 40-mer oligopeptidyl-tRNA re-
action with Pmn are shown in Fig. 4 (f). At their specific positions
from z =—16.2 nm to z = —17.20 nm the five positive charged residues
push the oligopeptidyl-tRNA backbone toward the P-site and the pep-
tide bond formation rate is decreased as compared to the neutral
oligopeptidyl-tRNA. With the five negative charged residues, the result-
ing axial force points in the opposite direction toward the exit tunnel
and the peptide bond formation rate is increased. This is also qualita-
tively the opposite situation as the one encountered in the first case with
the 10-mer oligopeptide. The interesting new predicted hypothetical re-
sult is that it should be possible to observe a reversing in the relative
time courses of the peptide bond reaction between the two donor and
acceptor amino acids at the P- and A-site with different charged amino
acid distributions upstream in the probed oligopeptides. This requires
the use of oligopeptidyl-tRNAs of different lengths at the P-site with
amino acid sequences for which the nature (+ or -) and the space dis-
tribution of charges have been carefully positioned by design.

4. Discussion

In our theoretical study, we incorporated as an additional argument
of the Maxwell-Boltzmann factor in the Eyring equation, a term ac-
counting for the effect of mechanical forces on a catalyzed reaction. The
work of external electro-mechanical forces can affect the Gibbs free en-
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ergy barrier of the transition state. A modified Michaelis-Menten model
is applied to the kinetics of the ribozyme catalyzing the peptidyl transfer
reaction in the large subunit of the ribosome. Our theoretical derivation
is quantitatively consistent with the large difference in the time courses
of the peptide bond formation that was experimentally observed in the
dipeptide minimal case [24] between neutral, positively and negatively
charged amino residues positioned at the carboxyl-terminal end of the
dipeptidyl-tRNA at the P-site. This confirms that the electrostatic inter-
action is an important contributing force affecting the transition state
barrier for the catalytic reaction taking place at the PTC.

We further predicted that the time courses of the peptide bond for-
mation between a given C-terminal amino acid residue of the peptidyl-
tRNA at the P-site with a given aminoacyl-tRNA at the A-site is de-
pendent on the distribution of upstream charged amino acid residues
within the peptidyl-tRNA embedded in the exit tunnel. Specifically, de-
pending on whether these charged amino acid residues are positive or
negative and are located in the upper tunnel, before or after the tunnel
constriction site (where the ribosomal proteins uL4 and uL22 protrude),
or in the lower tunnel near the tunnel exit point, the peptide bond for-
mation time courses are predicted to be reversed even if the C-terminal
donor residue and acceptor substrates are kept the same in the tested
oligopeptides.

We proposed an explanation on how the mechanical forces acting on
the nascent protein chain backbone quantitatively affect the rate of the
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peptidyl transfer reaction. A pulling force exerted on the nascent chain
backbone, directed from the PTC toward the exit tunnel, facilitates the
peptide bond formation. The Eyring equation (3), determining the re-
action rate constant where the Gibbs free energy transition barrier is
explicitly modulated by the mechanical work of these forces, provides
a tool to quantitatively predict the effects of the electrostatic forces on
the time course of the peptide bond formation. In our approach, the me-
chanical work results from the dot product of the axial force with the
curvilinear displacement. It is worth noticing that the mechanical work
can, equivalently, be expressed as the dot product of a local electric
dipole moment with the local electric field at the PTC, as was shown
by other authors [48]. The physical value of the dipole moment is de-
pendent on the type and charge of the amino acid being incorporated
at the PTC. Whatever its origin, be it the dot product of a force with a
displacement, or the dot product of a dipole moment with an electric
field, the mechanical work modulates the Gibbs free energy barrier for
the transition state. When the nascent chain threads through the tunnel
and elongates toward the ribosome tunnel exit, the electrostatic poten-
tial profile along the full length of the tunnel impacts on the kinetics
at the PTC. In this latter case, the mechanical work is best represented
by the dot product of an axial force acting on the nascent oligopeptide
embedded in the tunnel with the elongation displacement at the PTC.

4.1. Connections to previous studies

Free energy barriers for single positively charged amino acid like
lysine (or negatively charged like aspartate) have been calculated in
the work of Petrone et al. [22]. These authors found a significant free
energy barrier along the main axis at the exit of the ribosome tunnel.
The free energy barrier was measured in units of kT for lysine as ~
7kgT. For aspartate the barrier is smaller ~2kgT. These authors also
found that the barrier is much lower at the constriction site. Overall,
the free energy barrier profile for a single positively charged amino
acid lysine that they present in Fig. 3 (lower panel) is consistent with
the electrostatic profile that we estimated from similar structural data
of Haloarcula marismortui in our previous study [36].

The mechanical work modulating the activation energy of the pep-
tide bond formation that we estimated in our current manuscript is the
following:

- in case of a positively (or negatively) charged amino acid at the
carboxy-terminal end of the peptidyl tRNA, the mechanical work is
+5.3pN - nm, i.e. = +1.2 X kgT (at 37 Celsius degrees).

« in case of the 22-mer oligopeptide specific sequence described in
our manuscript, the mechanical work is +0.86pN - nm, i.e. = +0.2 X
kT (at 37 Celsius degrees).

These mechanical work values are smaller than the local free energy
barrier values calculated by Petrone et al. They are related to two
different phenomena with different consequences. The free energy bar-
riers calculated in Petrone et al. refer to a local intermolecular inter-
action of side chain amino acid residues (called individual chemical
probes) with the wall or a local wall binding crevice along the exit
tunnel, whereas the mechanical work values in our manuscript re-
sult from the global electrostatic interaction of charged probes in the
nascent chain with the whole ribosome tunnel wall harboring nega-
tively charged phosphates moieties. The former requires a Molecular
Dynamics (MD) calculation of the so-called Potential of Mean Force
(PMF) which includes non-bonded Van der Waals, London attraction,
Pauli repulsion (Lennard-Jones potentials), Coulomb potential (with-
out medium screening), non bonded hydrogen interaction and bonding
harmonic interactions. The latter only includes electrostatic interaction
calculated with the Yukawa-Debye-Hiickel model (with attenuation due
to medium electrostatic screening of mobile ions and solvent). The con-
sequence of the electrostatic profile along the tunnel axis results in
forces applied axially along the tunnel whereas the consequence of the
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free energy landscape as computed by MD simulations results in local
attracting or repulsive forces orthogonal to the tunnel wall inner sur-
face. Besides, the permittivity parameter values used in MD software
tools to calculate the PMF are often the values of standard solvent and
were not explicitly indicated in Petrone et al. paper. Comparing the two
should be made with cautious.

In the abstract of their paper, Charneski et al. wrote that positively
charged amino acids greatly retard ribosomes downstream from where
they are encoded, consistent with the suggestion that positively charged
residues interact with the negatively charged ribosomal exit tunnel
[12]. The authors claim that: “Within transcripts, those regions with
the highest ribosomal occupancy are those most likely to be just down-
stream of positively charged residues”. Their procedure clearly provides
evidence that the charged amino acid slow down the ribosome on tran-
scripts when the positively charged amino is engaged in the ribosome
exit tunnel at a distance ranging between 3 and 15 codons upstream
from their x = 0 reference position. It is not clear in the paper if the
x =0 reference position is the P-site or the A-site or other positional ref-
erence in the ribosome footprint range of 28 nucleotides (9-10 codons).
The Material and Methods in the paper indicate that the ribosome foot-
print fragments data they used have not been mapped around the P or
A-site or the active site of the peptidyl transferase center (PTC). Instead,
the reference x = 0 only indicates the feature position of a codon cod-
ing for a single positively charged amino acid. Charneski et al. did not
provide evidence that a positively charged amino acid at the C-terminal
end of the peptidyl-tRNA would slow down the elongation cycle and
thus increase ribosome density in ribosome profiling data. They pro-
vide evidence that positively charged amino acid already engaged in
the ribosome exit tunnel slow down the elongation cycle. They also
mentioned in their paper, that in some cases not slowing but speeding
occurred and hence a decrease in ribosome density (result not shown).

Our results are not in contradiction with Charneski et al. results
[12]. We actually have similar and overlapping conclusions. Two of
our probing oligopeptides, the 22-mer and the 40-mer oligopeptides
carry 3 and 5 positively charged amino acid at positions 18, 19, 20, or
at positions 35, 36, 37, 38, 39 away from the P-site, respectively. For
these two oligopeptide probes, we have predicted a slower rate in the
peptide bond formation and hence in the elongation cycle (and hence
an expected increased ribosome density footprint). It is only for our 10-
mer oligoprobe carrying 3 charged amino acid at position 6, 7 and 8
away from the P-site that we predict a higher rate or a speeding up
of the peptide bond formation. Even with this 10-mer, not being able
to localize where the x = 0 reference is in Charneski et al. paper, with
respect to the C-terminal amino acid at the peptidyl-tRNA (P-site), we
cannot say that we have contradicting results. Unfortunately, Charneski
et al. did not extend their analysis to negatively charged amino acids.
Charneski et al. did not address the global shape or the complete profile
of the electrostatic potential along the ribosome exit tunnel axis.

4.2. Assumptions, limitations and generalization

The electrostatic forces inside the ribosome exit tunnel are not the
only contributing forces. Indeed, when the peptide chain has reached
a certain length and its N-terminus has exited the tunnel, it is the
structure of the chain itself (captured through the hydropathy) that de-
termines its movement through the tunnel [5]. It should be added that
the entropy driving forces upon protein folding outside the tunnel or
tugging forces exerted from chaperone proteins could also contribute.
Furthermore, the secondary structures which build already in the inner
tunnel, harbor electric dipole moments interacting with the ambient
electric field in the tunnel [49,50]. The ribosome exit tunnel is also
known to be a protein-sensitive channel with gate-latch action and
where sequence or specific side chain recognition regulate elongation
[22]. These effects have not been considered in our theoretical study.
We suggest however that any force, whatever its origin, acting on the
backbone of the nascent chain will affect the rate constant of the peptide
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bond formation. If the mechanical work of these forces can be quanti-
tatively estimated, the impact on kinetics can also be quantitatively
estimated through the Maxwell-Boltzmann factor that we have incorpo-
rated in the Eyring equation and in the Michaelis-Menten equation.

The oligopeptide probes of different lengths (10, 22 and 40-mer) for
which we calculated the theoretical axial forces in this study are fully
embedded in the tunnel and cannot make a complete path through the
full length of the tunnel. Moreover, these oligopeptides are supposed
to be unstructured (harboring no secondary structures). With these fea-
tures, they are not concerned with the above limitations.

4.3. Output theoretical uncertainty calculated from the model input
uncertainties and experimental uncertainty in the median time course
measurements

The uncertainty in the calculated rates and median time course
resulting from the model is larger than the experimental uncertainty
resulting from the reaction rate experimental measurements using a
quench flow apparatus as described in reference [24]. In the three
designed pairs of oligopeptide probes with opposite charges (10-
mer, 22-mer and 40-mer), the differences between the positively
and the negatively charged probes in the median time courses are
13.4ms, 17.70 ms, 10.80 ms respectively. For two of the three oligopep-
tide probes, the effect sizes are slightly larger than the sum of the asso-
ciated theoretical uncertainties that were estimated in the last column
of Table 1: AT:l}‘z =10.20ms(=4.34+5.9),89ms(=5.3+3.6),12.4ms (=
7 + 5.4). The first two effect sizes in the difference between the median
time courses for the 12-mer pair and the 22-mer pair of oligopeptides,
are larger than the theoretical uncertainties resulting from the elec-
trostatic model and the mechano-chemically modulated model of the
peptide bond formation rate. Our main prediction is that we should ob-
serve a difference in time course measurements which is much larger
than the experimental uncertainty ~ 3 ms. Refer to Figs. 2, 3 and 4 (f)
where the expected differences are at least larger than 10.8 ms (one or-
der of magnitude larger than the experimental uncertainty). Moreover,
an important result of our contribution is that a reversal in the rela-
tive time course should be expected when comparing the 10-mer with
the 22-mer oligopeptide probes with the given specific sequences of
amino acid residues. This relative comparison has an expected effect
size which is larger than the theoretical total uncertainty propagated
in the model by the uncertainties in the input variables. The crucial
salient feature of the model depends on the bell shape (inverse bell pro-
file and presence of an electrostatic bump near the constriction site) of
the electrostatic potential.

In our previously published references [36,42], we acknowledged
the fact that the electrostatic potential exact profile can be species
dependent. This is one of the reasons why we compared ribosomal
structural x-ray crystallographic data across 5 different species. Other
studies showed that it is indeed the case that the tunnel geometries can
be different across the three domains of life [52]. However, there is a
consensus regarding similar patterns across the three life kingdoms, in
the shape of the profile along the central axis of the ribosome exit tun-
nel. Whatever the detailed profiles in the electrostatic potentials, there
appears to be a common general pattern in the potential profiles and
the qualitative predictions of our study should remain that the electro-
static interaction of the ribosome exit tunnel indeed contributes to the
modulation of the peptide bond formation rate. It is expected, however,
that the accuracy of the quantitative predictions is sensitive to the exact
potential profile and is sensitive to its uncertainty.

4.4. Synthetic oligopeptides to be used as electrostatic probes and future
perspectives

Our theoretical results applied to oligopeptides of variable lengths,
which are long enough to probe the electrostatic environment inside
the ribosome exit tunnel, should help the experimental design of real
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synthetic oligopeptides (translated from their synthetic transcripts by
ribosomes in vitro) to experimentally test the validity of our predictions.
These synthetic oligopeptides of different lengths and with charged
residues specifically positioned at appropriate distances of the carboxyl-
terminal end of the t-RNA at the P site, when puromycin is introduced
as final acceptor substrate at the A-site, could be used as electrostatic
probes of the electrostatic potential profile along the ribosome exit tun-
nel centerline.

In future studies, the Eyring equation and the modified Michaelis-
Menten equation that we used can serve as quantitative tools to improve
agent based models of protein synthesis by ribosomes such as the inho-
mogeneous totally asymmetric simple exclusion process. Specifically,
the queueing time of the ribosome for the peptide bond formation (step
2) can be made quantitatively dependent on the charged amino acid
residues distributed in the upstream nascent polypeptide, with a mobile
window range of 30-70 residues, embedded in the ribosome exit tunnel.

The use of mechano-chemical kinetic models will facilitate the inter-
pretation of optical tweezers experiments assessing the forces exerted
on protein nascent chain in the ribosome exit tunnel or forces exerted
by the ribosome on the mRNA molecule [13-15,43], as well as the in-
terpretation of single mRNA molecule translation dynamics experiments
[51].

We defer to future studies the application of the mechano-chemical
kinetics model to improve the interpretation of Ribo-Seq data, ribosome
occupancy maps of given transcripts and of the ribosome residence time
on a given codon [6] as a function of the mRNA sequence upstream or
downstream.
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Appendix A

A.1. Uncertainty numerical estimation of the theoretical peptide bond
formation rate using error propagation differential calculus

The classical error estimation of a multivariate function relies on
the differential calculus and on the Leibniz derivative chain rule. The
differential calculus provides an estimate of the maximum absolute un-
certainty or the maximum relative uncertainty made on the numerical
value of a function and is determined by the absolute uncertainties in
the input variables. Let u be a function of multiple independent vari-
ables x, y, z, -+, t.
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u= f(x,y,2z,1t) (A-1)

Suppose that the numerical values of the input variables are known with
their uncertainties A x, Ay, Az, ---, At. The numerical value of u will
result with an uncertainty Au

(A-2)

Au=f(x+Ax,y+ Ay, z+ Az, -, t + At) — f(x,,2,1).

To first order, if the input variables uncertainties are reasonably small,
the total increase in u can be approximated by the total differential of u
~ 9 af 9f 9f
——Ax+ ——Ay+ ——Az+ -+ AL
> oy YT oz EY
Taking the absolute values of the errors (uncertainties) gives the in-
equality

(A-3)

|Au|<|af| |Ax|+‘% -|Ay|+j‘;—f .|Az|+.~+(‘2—{(~|m|. (A-4)

It follows that upper limits can be estimated

A% |_‘a ‘ |A7x |+‘a ‘ |A*y|+‘?) ATzl +|a | 1A%,

(A-5)

Three classical results from this chain rule derivation are reminded

1. fu=x+y+z, then |[A*u| = |A*x| + |A*y| + |A*z].
2. fu=x-y, then |A*u| = |x| - |A*y| + |y| - |A*x].
3. Ifu= i, then |A*u| = |i| | A*x| + |y12| - |A*yl.

Applying this error calculus to the electrostatic potential profile model
for ®(z) and E_(z) that were derived in [36] (equations [3], [8], [19]
and [20]), we can calculate an estimate in the uncertainty for the theo-
retical model of the electrostatic interaction in the ribosome exit tunnel.
Namely, we can provide uncertainty estimates for the axial electric field
E_, the axial force, the mechanical work for a displacement along the
ribosome exit tunnel central path (z displacement), and finally an un-
certainty for the peptide bond reaction theoretical rate or its inverse,
the median time course of the peptide bond formation.

The numerical values adopted for the uncertainties in the input
variables resulted from complementary observational constraints. The
atomic positions mapped on the tunnel surface, built from high preci-
sion x-ray solved structures of real ribosomes, set bounded ranges in
the phenomenological constants ¢ and e. These ranges are also con-
strained by the experimental electrostatic potential measurements that
were made in the ribosome exit tunnel [40,41]. Altogether, these con-
straints jointly set the uncertainties order of magnitudes for the elec-
trostatic model input variables. A close examination of the electrostatic
profile showed in Fig. 1 suggests that different electrostatic potential
profiles could accommodate the experimental confidence interval for
the observed data points. All instances of alternative functions model-
ing the potential would have to be jointly consistent with the observed
confidence intervals. This set limits in the lower and upper bounds in
the space of values for the input variables of the electrostatic potential
model. The numerical values and the uncertainties of the input vari-
ables that were used for the output uncertainty calculation are listed in
Table 2.

Specifically, the experimental uncertainties for the potential show
confidence interval values around ~ 5mV. This corresponds to an un-
certainty of A®(z) = +2.5mV. The Yukawa-Debye Hiickel model func-
tion for the electrostatic potential ®(z) in equation (2) taking into
account the water screening effect (26) in [36] requires that

o R A

) 2
€

A
AD -Aoc+ -AR|-e ¢ (A-6)

€0€, €? 2¢p€,
This shows, for instance, that the uncertainties on ®, o, ¢, and R
are jointly constrained by the model itself, i.e., by the Yukawa-Debye-

Hiickel laws of electrostatics in dielectric media. The numerical values
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listed in Table 2 comply with these constraints. The sequence of the un-
certainty propagation is calculated as follows. The E_(z) electric field
is a function of the minimal set of input variables z,0,¢, R, L.

E,=f(z,0,6,R, L) (A-7)

The functions f are explicitly derived, for different ribosome exit tunnel
geometries, in equations (3), (8), (19), (20) in [36]. To calculate an
estimate of the uncertainty AE, on the electric field E,, we estimate
from equation (3) in [36]

- |A*R|

|A*E|‘|a ) Az |+|a | |a%e |+‘a ‘ ,I+|%

Of | A%
+|E|-|A L] (A-8)
Starting from the different geometries lead to more complicated for-
mula but the order of magnitudes for the uncertainties are similar (not
shown). The salient profile feature is the inverse bell shape of the po-
tential. The first derivatives of the terms for the E, uncertainty are:

z+ L z
| 0z | 2506 [_ (R2+(z+ L2312 (R2+ 12)3/2] (A-9)
| | =R ( 1 S ) (A-10)
ool 206 \\R1G+L? VR+2
) o | - ( 1 -— ) (A-11)
Je, 26‘ €2 \/R2+(Z+L)2 \/R2+Z2
5= (- ———)
2506 VR +(z+L? R +22
(7R2 [ 1 B 1 ]
Zeoe (R2+22)3/2  (R2+(z+ L)?)3/?
— z+L )
| | 2€o€ C(R2+(z+ LR)2 (A-12)

where, in all the above formulas, -e to take into account
the Gouy-Chapman screening length [36]. Using the numerical values
listed in Table 2, the estimated maximum absolute uncertainty in E,
is numerically equal to |A* E | ~ 170MV /cm or |A* E,| ~ 0.3pN/|e|
when z=—-1.2nm.

The axial force uncertainty is the uncertainty of the electric field
multiplied by the test charge. The uncertainty in the mechanical work
W is obtained by applying the differential calculus in the same way.

A
c=0" ¢

W=q-E,-dz (A-13)

AW =q-dz-AE,+q-Adz)- E,. (A-14)

The uncertainties on the reaction rate k(F) in the presence of an axial
force F and the median time course 7, , of the reaction are calculated
as follows.

w
k(F)=k(0)-e *8T

(A-15)
w w
AK(F) = k(0) - ¢ %57 . (?—”;) + AK(0)- ¢ FT (A-16)
B
In2
2= *(F) (A-17)
AK(F
AT1/2 =[n2 k(li)z)’ (A-18)

where k; = 15.8257! is the reference median reaction rate for neutral
oligopeptide probes and Ak = 1.50s~! is the experimental uncertainty
on experimental rate measurements, corresponding to an experimental
uncertainty in the median time course of the peptide bond formation
around ~ 3 ms, when puromycin is the A-site acceptor substrate. The
output variables theoretical uncertainties are listed in Table 3 for three
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Table 3

Numerical values and uncertainties of the electrostatic potential model and ki-

Table 2
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Numerical values and uncertainties of the electrostatic potential model input variables. The table rows
list the model input variables ¢, the surface charge density of the exit tunnel inner wall; ¢,, the dielectric
response of the medium in the tunnel lumen; R, the tunnel radius; L, the tunnel length; z, the exact
position in the tunnel where the potential and electric field are measured; @, the electrostatic potential.

input variable units values error  relative absolute
[-] error error

unit charge g=le] C 1.6021071?

surface charge density c Cc/ nm? 2.1]e| Ac 20% 0.4]e|

vacuum permittivity € F/m 8.8510712

relative permittivity (dielectric medium) e, - 78 Ae, 70% 55

tunnel radius R nm 0.5 AR 10% 0.05

tunnel length L nm 10 AL 5% 0.5

position z nm -1.2 Az 25% 0.30
z nm —4.2 Az 25% 1.05
z nm -8.7 Az 25% 2.15

Gouy-Chapman screening length & nm 0.105

charge attenuating factor (screening) e_% - 0.002

electrostatic potential Loid mV —-15 AD 17.5% 2.5

z are measured here from the exit tunnel entry port as origin. This corresponds to a shift by 8 nm from
the z origin in Fig. 1.

netics model output variables.

output variable units values uncertainty absolute
[-] uncertainty
10-mer probe z€[-8.95,-945Inm  z. =—1.2nm
electric field E, MV /cm |A*E,| 173
mechanical work w pN.nm 0.65 |A* W| 0.086
reaction rate k(F) s7!
fast @®-mer 18.35 |A* K| 2.11
slow ©-mer 13.61 |A* K| 1.56
median time course 1172 ms
fast @-mer 37.6 |A* ‘r;'/"zl 43
slow ©-mer 51 |A* ‘r:'/"zl 59
22-mer probe z€[-11.95,-12.45]nm  z ., =—4.2nm
electric field E, MV /cm |A*E,| 39
mechanical work w pN.nm 0.86 |A* W| 0.017
reaction rate k(F) s7!
slow @®-mer 12.81 |A* K| 1.27
fast ©-mer 19.30 |A* K| 1.91
median time course 1172 ms
slow @®-mer 53.5 |A* ‘r;'/"zl 53
fast ©-mer 35.8 |A* 1;'/"2| 3.6
40-mer probe z€[-16.2,-172]nm  z, =—8.7nm
electric field E, MV /cm |A*E,| 449
mechanical work w pN.nm 0.525 |A* W| 0.20
reaction rate k(F) s7!
slow @®-mer 1392 |A*K| 1.96
fast ©-mer 17.88 |A* K| 2.51
median time course 1172 ms
slow ®-mer 495 ATl 7
fast ©-mer 38.7 |A* T:l/l'z 5.4

different regions in the ribosome exit tunnel. The calculations were con-
ducted in the three regions of the tunnel spanned by the charged amino

acid residues of the three designed oligopeptide pairs of probes.
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