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Abstract

Living systems maintain a high fidelity in information processing through kinetic
proofreading, a mechanism to preferentially remove incorrect substrates at the cost
of energy dissipation and slower speed. Proofreading mechanisms must balance their
demand for higher speed, fewer errors, and lower dissipation, but it is unclear how
rates of individual reaction steps are evolutionary tuned to balance these needs, espe-
cially when multiple proofreading mechanisms are present. Here, using a discrete-state
stochastic model, we analyze the optimization strategies in Escherichia coli isoleucyl-
tRNA synthetase. Surprisingly, this enzyme adopts an economic proofreading strategy
and improves speed and dissipation as long as the error is tolerable. Through global
parameter sampling, we reveal a fundamental dissipation-error relation that bounds the
enzyme’s optimal performance and explains the importance of the post-transfer editing
mechanism. The proximity of native system parameters to this bound demonstrates

the importance of energy dissipation as an evolutionary force affecting fitness.
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The fitness of many organisms relies on the fidelity and reliability of information prop-
agation, epitomized by remarkable accuracy in DNA replication, mRNA transcription, and
protein translation. '™ It is well known that many biological systems adopt kinetic proofread-
ing (KPR), a mechanism that actively removes wrongly incorporated substrates, to reduce
the error beyond the equilibrium limit.®” The KPR mechanism is not only vital to cell
viability,®? but also of great interest in the field of nonequilibrium thermodynamics. 1913

Ideally, biological systems should process information rapidly while keeping error and dis-
sipation low. Theoretical studies, nonetheless, have revealed that it is impossible to optimize
the three properties (speed, error, and dissipation) simultaneously. %1% For example, copying
of a single bit of information achieves its highest accuracy in either a slow and quasiadiabiatic
regime or a fast and dissipative one, demonstrating a trade-off between speed and dissipa-
tion.!! Similar trade-offs involving the error also exist.'® Resolving these trade-offs requires
biological systems to prioritize different properties. For replication and translation, enzymes
were shown to optimize speed over error and dissipation.'*6 It is, however, unclear whether
the same preference applies to more complex proofreading systems. For example, many
enzymes exhibit multi-stage proofreading, i.e., the enzyme-substrate complex can undergo
proofreading and be reset to the initial state at more than one state. Previous studies on
multi-stage proofreading have focused on systems with discrimination between cognate and
noncognate substrates only in dissociation steps.!®'? However, experimental evidence sug-
gests that the discrimination can occur in any step.*%1720 Thus, a systematic investigation
of the speed-accuracy-dissipation relation in a biologically relevant context is still lacking.

Isoleucyl-tRNA synthetase (IleRS) in Escherichia coli is one of the best characterized
multi-stage proofreading systems. During protein synthesis, [leRS must accurately pair cog-
nate tRNA™® with the corresponding amino acid, i.e., isoleucine.?! Misincorporation has
severe physiological impacts, including increasing the DNA mutation rate.?? IleRS utilizes
multiple proofreading pathways to remove noncognate valine, an amino acid chemically sim-

ilar to isoleucine. The proofreading mechanisms can be divided into pre-transfer editing,
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which occurs within the active (synthetic) site, and post-transfer editing, which occurs at a
separate editing site.?!?3 In this work, we construct a biologically relevant model of IleRS
(see Figure 1) and extract parameters from experimental data to address three questions:
(i) how are the rates of individual reaction steps optimized to deal with the speed-error-
dissipation trade-off? (ii) is there a fundamental limit on the extent of overall optimization,
and if so, where is E. coli IleRS relative to that limit? (iii) is there an evolutionary reason
for the existence of multiple proofreading pathways?

To this end, we quantitatively study the IleRS network using a discrete-state stochas-
tic framework previously employed in the study of T7 DNA polymerase and E. coli ribo-
some. 416 The chemical steps in Figure 1 are modeled as quasi-first-order transitions between
different states with rates estimated from quantitative kinetic experiments®!92437 (see SI
for details). We define the error (1) as the ratio of the splitting probability of forming an
incorrect product to the splitting probability of forming a correct product. The speed is
quantified by inverse of the conditional mean first-passage time (MFPT, 7) to form a correct
product starting from the free enzyme state (E). The dissipation is defined as the amount of
free energy dissipated per product formed (o, in units of k5T').?® The detailed mathematical
definitions and procedures can be found in the SI.

Due to the symmetry of the reaction network, each process for the noncognate amino
acid (with rate k}) has a corresponding reaction in the cognate reaction network (with rate
k;). We relate those two reactions by defining a set of discrimination factors f; = k./k;,
where ¢ is a subscript unique to individual reactions. The discrimination factors are the
fundamental reason that differentiates the cognate reactant from the non-cognate one. We
study the interplay between three characteristic properties (speed, error, and dissipation) by
proportionally varying the rate constants (k; and k}) while keeping the discrimination factors
fi fixed. In this way, neither of the substrates receives any unfair advantage. A trade-off
between two properties occurs if a change in a given rate constant cannot simultaneously

improve both of them. Thus, the trade-offs between speed, error, and dissipation must be
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Figure 1: Chemical reaction network for the aminoacylation of tRNA® in E. coli. Abbrevi-
ations: E, isoleucyl-tRNA synthetase (IleRS); Ile, isoleucine; Val, valine. The rate constants
are labeled k; for the right pathway (isoleucine pathway) and k] for the wrong pathway
(valine pathway). The three proofreading pathways are labeled as kp1, kno, kns, and their
primed counterparts. Although the reverse reactions are not drawn for some reactions which
are kinetically driven forward, they are technically all reversible. We include them in the
simulation to maintain thermodynamic consistency.

discussed in the context a specific set of rate constant perturbations. We investigate the
effect of either tuning one rate constant (local parameter perturbation) or tuning multiple
rate constants (global parameter perturbation).

We begin our analysis with two catalytic steps: amino acid activation and transfer,
denoted by k, and ky, respectively (see Figure 1). These two processes are energetically
important since they involve covalent-bond breakage and formation, thereby channeling the
energy stored in the phosphoanhydride bonds of ATP to that in the ester bond of aa-tRNA.
The energy transferred provides the driving force for subsequent peptide bond synthesis in
the ribosome. To uncover the optimization for these steps, we analyze how the characteristic
properties change as a function of their respective rate constants (k, and ky)

The results shown in Figure 2 are somewhat unexpected. First, both speed and accuracy
can be improved simultaneously by increasing the catalytic rates of both reactions: this

result demonstrates a lack of trade-off between the two properties (Figure 2a, c).Indeed,
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Figure 2: The trade-off between MFPT (1), error (), and dissipation (o) due to variation
of the two key catalytic steps: amino acid activation coupled by ATP hydrolysis (k,, upper
panels), amino acid transfer (k4, lower panels). Catalytic rates for the non-cognate substrates
(k! and k) are varied proportionally to keep the discrimination factors fixed. The green dot
denotes the native system. The pink and magenta squares correspond to the positions of the
minimum dissipation and error, respectively. The termination of the curve at the magenta
squares is not a result of insufficient sampling range, but a limit which cannot be passed
even when the rates go to infinity.

the synthetase has a higher affinity for isoleucine over valine, which results in slightly higher
catalytic rates compared to that of valine. In other words, the discrimination factors f, and f4
are slightly smaller than 1.'° Therefore, speeding up these steps magnifies the discrimination
in these two steps and results in higher speed and accuracy for IleRS. Second, the relation
between speed and dissipation is non-monotonic (Figure 2b, d). Consequently, the MFPT—
dissipation curve can be separated into two branches: a trade-off branch where reducing
dissipation inevitably increases MFPT, and a non-trade-off branch where the two properties
can be improved simultaneously. However, for both steps, the native system (i.e., the green
dot corresponding to experimentally measured rates of these steps) resides on the trade-
off branch. The fact that the native system also resides between the minima of error and
dissipation (magenta and pink squares) indicates a trade-off between these two properties as
well. Therefore, it is the dissipation that prevents the co-optimization of speed and accuracy.

This result is analogous to prior findings for the Pol-Exo sliding in T7 DNA polymerase and
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the proofreading rate in aa-tRNA selection by E. coli ribosome. !4

Qualitatively, the trade-off mainly occurs between speed and dissipation. Due to the
low specificity in activation and transfer,'® the change in error due to the variation of these
parameters (Figure 2a, c) is actually marginal, especially compared to its variation when
the the downstream quality control steps are varied (Figure 3b, d). Nevertheless, the two
reactions take strikingly different strategies in dealing with the trade-off. The activation
step prefers to optimize the speed, while the transfer step is near minimal dissipation. The
activation step is not rate-limiting, i.e., the maximal speed achieved at k, — oo is only
4% larger than the native value. However, such increase in speed leads to a drastic (70%)
decrease in dissipation, as evident from a nearly vertical slope of the curve connecting green
dot and magenta square in Figure 2b. On the other hand, further decreasing the rate of
this step would make it rate-limiting as reducing the dissipation by 41% will increase the
MFPT by 18 fold. We hypothesize that the evolution tunes the activation reaction to be on
the cusp of being rate-limiting, i.e., to decrease dissipation while keeping the impact on the
speed marginal.

In stark contrast, the transfer step rate k4 is nearly optimized for minimal dissipation—
the green dot in Figure 2d is only 0.5% above the minimal value denoted by the pink square.
An increase in the transfer rate can reduce the MFPT by 45%, but this will lead to a 50%
increase in the dissipation. Thus, the increase of MFPT due to optimizing the dissipation
in the transfer step is considerably smaller as compared to 18-fold MFPT increase in the
activation step (Figure 2b). This finding makes optimization of dissipation in the transfer
step more plausible.

Altogether, the results on Figure 2 demonstrate distinct evolutionary optimization strate-
gies in two catalytic steps. IleRS tunes up the amino acid activation rate to guarantee fast
production of aa-tRNA and keeps the transfer rate at an intermediate level so that the
dissipation is nearly minimal. These strategies employed enable partial reconciliation be-

tween the speed-dissipation trade-off for the enzyme and allow for faster and more efficient
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formation of aa-tRNA.

Next, we focused on the optimization strategies in key quality control steps. The ability
of IleRS to preferentially hydrolyze misacylated products is largely determined by the rate
constants for post-transfer editing (kp3) and product release (k,). The two pre-transfer
editing steps exhibit behaviors similar to post-transfer editing, but they are less effective in
the ability to suppress the error.?’ Following the same methodology, we present the results
in Figure 3. In contrast to those of activation and transfer, the native rates of the quality-
control steps reside on a non-trade-off branch of the speed-dissipation curve. For these
steps, it is the error that prevents the co-optimization of speed and dissipation. Indeed,
improving the accuracy requires either decreasing k, or increasing kp3 and hence, increasing
the proofreading fluxes. Consequently, more ATP is consumed without forming aa-tRNA

and more time will be needed to successfully form a product.
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Figure 3: The trade-off between MFPT (1), error (), and dissipation (o) due to variation
of the two key quality control processes: the translocation and deacylation of aa-tRNA (kp3,
upper panels) and product release (k,, lower panels). Catalytic rates for the non-cognate
substrates (kj3 and k) are varied proportionally to keep discrimination factors fixed. The
green dot denotes the native system. The pink and magenta squares correspond to the
positions of the minimum dissipation and error, respectively. When k, — 0 or k3 — o0,
both the MFPT and dissipation diverge to infinity, while the error rate converges to a
constant.

We further explore how the system balances the need for higher accuracy and the resultant


https://doi.org/10.1101/2020.04.06.027615
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.06.027615; this version posted April 28, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

cost in terms of slower speed and higher dissipation by examining the position of the native
system on the trade-off plots. We found that, in both cases, the native system resides not
far away from the min-dissipation/min-MFPT point. For example, the MFPT of the native
system is only 2% above the minimum due to variation of kj3, and the dissipation in the
k, trade-off plot is only 9% above the minimum value. Although it is hard to claim that
either speed or dissipation is the “deal-breaker” which renders further improvement of the
accuracy unfavorable in evolution, it seems that their combined effect results in a compound
cost that decreases the organism’s overall fitness. Consequently, both k3 and k, are tuned in
a way that the MFPT and dissipation are optimized as much as possible as long as the error
rate is within a reasonable range, i.e., ~ 107%. Indeed, the fidelity of the aminoacylation
only needs to surpass the overall accuracy of protein synthesis (n = 1072 — 1074).3° Further
improvements beyond this threshold will not significantly suppress the protein synthesis error
since more mistakes will be made during aa-tRNA selection at the ribosome. Moreover, the
accuracy can be further improved through downstream error-correcting mechanisms such as
EF-Tu specificity. The need to synthesize numerous proteins continuously raises the necessity
of decreasing the cost of time and energy to deliver a single amino acid while keeping the
error rate tolerable. Collectively, these factors rationalize our finding that the proofreading
mechanism in E. coli 1leRS synthetase has evolved to adopt an “economic” error correcting
strategy which establishes a reasonable level of fidelity in a speedy and inexpensive fashion.

Our analysis of individual reactions has shown that although different steps can adopt
different optimization strategies, with most reaction steps optimize IleRS towards an energet-
ically efficiency (i.e., minimal dissipation). However, both our data and previous estimations
in the literature suggest that over 10% of the ATP hydrolyzed leads to proofreading fluxes,
which do not form any products.®® It is therefore unclear whether these futile fluxes are
inevitable and whether the local optimization strategies collectively result in the global opti-
mization of dissipation. To address this question, we perform global parameter sampling. To

this end, all of the kinetic parameters are varied under the constraints of fixed discrimination
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factors and fixed chemical potential differences for both futile and product formation cycles
(i.e., Aparp and A, respectively). The sampling can be regarded as a generalization of
the local trade-off analysis. As shown in Figure 4, we found that all sampled systems always
reside on one side of a boundary (blue dashed line) on the error-dissipation plane. Thus, this
boundary is a fundamental constraint imposed by the discrimination factors which cannot
be circumvented through any variation of the kinetic parameters. The minimum amount of
dissipation for any level of accuracy is Ay, = 9.8 kgT', which corresponds to the absence of
any proofreading. Towards the other end of the spectrum, the error rate can be suppressed
to as low as Mmin ~ 6 x 1077, but the dissipation increases as the error rate decreases and
diverges to infinity as the error approaches its minimum. Our results reaffirm the notion
that an increased amount of free energy must be dissipated to enhance biological fidelity.%1?
On the other hand, the sampling does not put any constraint on the optimal speed, since
the timescale of the system can be tuned arbitrarily by varying all the rate constants pro-
portionally. In reality, however, the kinetic rates are limited by the underlying biochemical
processes. For instance, it is hard to conceptualize how the binding rates of ATP and amino
acid to IleRS can exceed the diffusion limit.%° These biochemical constraints could reduce

the parameter space reachable for the actual system, resulting in a sub-optimal performance

compared to the theoretical bound discussed here.
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Figure 4: The scatter plot of the error-dissipation relation resulting from the variation of all
rate constants. The area to the left or under the blue dashed boundary is inaccessible under
any combinations of the rate constants. The red dot indicates the native system; the pink
square marks the theoretical minimum dissipation for the native accuracy.
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The existence of a global lower bound on dissipation for any given error underscores the
nonequilibrium nature of biological information processing. In this system, active proofread-
ing resets the system into the initial state without forming a product and therefore, results
in futile ATP hydrolysis. Such proofread fluxes can only improve the system’s accuracy if
the futile cycles are powered by free energy released from ATP hydrolysis. Thus, an increase
in proofreading frequency inevitably leads to an increase in dissipation. This trade-off is
evidenced by the global dissipation bound that decreases with error (see Figure 4). A sim-
ilar dissipation-accuracy relation was also found in a system for sensory adaptation, where
the optimal dissipation increases with adaptation accuracy and eventually diverges at per-
fect adaptation, a behavior similar to the bound found here.*! In both cases, dissipation is
associated with cyclic futile fluxes that consume free energy to drive the system away from
thermodynamic equilibrium. In contrast, the proofreading fluxes in an equilibrium proof-
reading system (i.e. without any free energy yield from ATP hydrolysis) will not reduce the
error of the system.

A close-up inspection at the lower right area of Figure 4 reveals that the native system
resides in close proximity to the error-dissipation boundary. Indeed, the dissipation can at
most be decreased by only 16% (~ 2.2 kgT) without any reduction in accuracy (i.e., from
the red dot to the pink square on the Figure 4 inset). As compared to the complete dynamic
range of error and dissipation, this is a very small margin. According to the error-dissipation
bound, the dissipation must be increased by three-fold (to 34 kgT') in order to reduce the
error rate by one order of magnitude (from 107* to 1075). This increase is a tremendous cost
considering the amount of amino acid (in this case, isoleucine) required for protein synthesis
in the F.coli cell cycle. It is therefore understandable that the synthetase has chosen an
economic strategy in quality control, as seen in the trade-off analysis of k3 and k,, instead
of promoting its accuracy to an unnecessary level.

To understand the evolutionary necessity of multi-stage proofreading in E. coli IleRS, we

use our model to assess the importance of different proofreading mechanisms. As shown in

11
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Figure 5a, removing both pre-transfer editing pathways causes a marginal increase in error
(5%, from purple bars to yellow bars), while removing the post-transfer editing pathway
increases the error drastically (by two orders of magnitude). This result is consistent with
experimental findings that post-transfer editing contributes to the majority of the editing in
E. coli T1eRS.® The pre-transfer proofreading fluxes takes up only 12% of all editing fluxes.
Notably, this estimate is smaller than the 30% derived from a previous kinetic experiment
that employed the Michaelis-Menten equation to fit the AMP formation rate.?’ This dis-
crepancy is likely because our framework takes into account a more realistic mechanism of

the reaction (as compared to Michaelis-Menten).
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Figure 5: Quantitative comparison of the importance of different proofreading pathways.
Left: Key properties for four variants of IleRS. Blue, no proofreading; orange, pre-transfer
editing only; yellow, post-transfer editing only; purple, the native system. The accuracy
is defined as —Inn. All values are normalized by taking the ratio against the native sys-
tem. Right: error-dissipation scatter plot due to global parameter variation. Dark blue,
samples without post-transfer editing; light blue, samples with wild-type network; red dot,
the native system (7. = 2.2 x 107%); green dot, mutant with only pre-transfer editing
(Mnatp = 2.0 x 1072). The black dashed line indicates the minimum error for the system
without post-transfer editing (guin = 5.5 X 10_4). The green dashed line stands for the
minimum dissipation (i, = t, = 9.8 k7))

Given the importance of post-transfer editing, it is intriguing to explore the specific
need that caused the evolution of this mechanism. To investigate this, we performed global
parameter sampling in the absence of post-transfer editing (kn3 = k3 = 0) and superimposed
the error-dissipation relation onto the native one (see Figure 5b). The addition of post-
transfer editing significantly expands the reachable area on the error-dissipation plane. It
not only allows IleRS to achieve a higher accuracy, but also makes it energetically more

efficient to maintain an accuracy level attainable by pre-transfer editing alone. For each of
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the optimized systems on the boundary of the dark blue area, there is a system in the light
blue area that can achieve the same accuracy with a much lower dissipation. Somewhat
surprisingly, the results indicate that even without post-transfer editing, the minimal error
(Nmin = 5.5 x 1074, black dashed line in Figure 5b) is just about 2.5-fold higher than in the
native system (7. = 2.2 x 1074, red dot in Figure 5b). As discussed above, this level of
accuracy could be sufficient. However, the amount of dissipation corresponding to this error
rate is astronomical. For example, to reach the error rate 3-fold higher than that of the
native system (3n,.c = 6.6 x 107%), the dissipation must be increased to at least 200 kgT .
Further decrease of the error requires more and eventually an infinite amount of dissipation
as shown by the asymptotic behavior of the boundary of the dark blue area.

Therefore, our results here provide a quantitative rationalization of the evolutionary ori-
gin of the IleRS CP1 editing domain. The low discrimination factor in pre-transfer editing
(fr1 and fre) makes it energetically costly to maintain a higher accuracy as shown by the
accessible region (the dark blue area) in Figure 5b. Since both amino acid activation and
pre-transfer editing take place within the active site, it might be improbable to improve
the pre-transfer editing specificity any further without affecting the transfer efficacy. Con-
sequently, a separate domain is recruited for post-transfer editing, which provides a more
economic way of maintaining genetic code fidelity. The existence of multiple proofreading
pathways successfully improves the overall fitness by relaxing the trade-off between error and
dissipation. Consistent with this prediction, a high degree of conservation in CP1 domains
for IleRS, ValRS, and LeuRS proteins suggests early emergence and selective pressure to
maintain post-transfer editing.*?

To summarize, our biophysical model with parameters derived from experiments leads to
valuable insights on the interplay between speed, accuracy, and dissipation for the isoleucyl-
tRNA synthetase. As a prerequisite to peptide synthesis at the ribosome, it is essential to
maintain a high speed and energetic efficiency of aa-tRNA synthesis. However, we discovered

that their co-optimization is prevented by a dissipation-speed trade-off in key catalytic steps.

13


https://doi.org/10.1101/2020.04.06.027615
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.06.027615; this version posted April 28, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Generalizing the previous viewpoint on the existence of a universal preference to improving
some properties at the cost of the others,'® we provide a new perspective that different
priorities of individual reaction steps enable partial reconciliation of the trade-offs.

Despite its potential to reduce the error significantly (by two orders of magnitude, see
Figure 4), it seems that the IleRS has adopted an “economic” strategy which improves speed
and dissipation as much as possible and maintains the error at a reasonable level. We demon-
strate the extent to which dissipation is optimized by the proximity of the native system to a
fundamental error-dissipation bound. The results are further rationalized by several biologi-
cal arguments, including the error threshold imposed by the downstream aa-tRNA selection
(n=10"% —10*) and the demand for rapid and energetically inexpensive aa-tRNA supply
for protein synthesis. Once the accuracy of aaRS surpassed that of aa-tRNA selection, evo-
lutionary forces no longer drove any enhancement of accuracy. Instead, reducing MFPT and
dissipation became the priorities for IleRS. This hypothesis could be experimentally tested
by investigating whether the dissipation can be reduced in IleRS mutants without impairing
the overall fidelity of protein translation.

Our results not only provide new understandings of the aminoacylation process, but also
construct a general framework for analyzing complicated discriminatory proofreading net-
works. We argue that the importance of one reaction pathway can never be fully appreciated
by looking at one property in isolation. Instead, one should examine the accessible region in
the space spanned by the characteristic properties such as the error-dissipation plane studied
here. From this perspective, the significance of post-transfer editing lies not in reducing the
minimum error rate, but in making it less energetically costly to maintain an error rate of
n ~ 1074 The existence of a dissipation-error lower bound (blue-dashed line, Figure 4)
indicates a minimum cost for biological error correction that is imposed by the discrimina-
tion factors. Further studies on this minimum energy cost may provide new insights to the

underlying thermodynamic principle of biological information processing.
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I. CHEMICAL NETWORK FOR THE tRNA!* AMINOACYLATION

In this section, we provide a more detailed account on our model of the mechanism of
aminoacylation by IleRS , including the derivation of the biochemical parameters in the
model. The aminoacylation mechanism can be divided into two stages [1, 2]. In the first
stage, the amino acid (aa) is activated at the active site of the synthetase by hydrolyzing
ATP to form aminoacyl-adenylates (Ile-AMP or Val-AMP), as shown by the reactions in
the green box (see Figure S1). The tRNA can subsequently bind to the complex. The
charged amino acid is then transferred to the 3’ end of the tRNA, which is represented
by the reactions in the purple box (see Figure S1). Finally, the charged aminoacyl-tRNA
dissociates from the synthetase at rate k, (or k) and is delivered to the ribosome by the
elongation factor Tu (EF-Tu). Since we are mainly concerned with the accuracy of tRNA
charging, the delivery and any subsequent process will not be included in the model.

The amino acid substrate specificity is achieved not only by the preferential binding of the

*
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S2
pre-transfer editing post-transfer editing
kn1 knao kns
ka k3 kq kp
Tle:E:ATP (2) — Tle AMP:E (4) == Tle AMP:EtRNAl® (6) —> Tle tRNAI®:E (8) —> E-Ile tRNA!® (10)
kg k_3
L//kj
E (1) o aa. activation aa. transfer
+
- ke k3 K kp
Val:E:ATP (3) =& Val-AMP:E (5) == Val-AMP:E:tRNA"® (7) — Val-tRNA!®:E (9) —> E+ValtRNA" (11)
K 4
kb ks Khs
pre-transfer editing post-transfer editing

FIG. S1. Chemical reaction network for the aminoacylation of tRNAM in E. coli. Abbreviations:
E, isoleucyl-tRNA synthetase (IleRS); Ile, isoleucine; Val, valine. The rate constants are labeled
k; for the right pathway (isoleucine pathway) and k| for the wrong pathway (valine pathway).
The three proofreading pathways are labeled as kp1, kn2, kns, and their primed counterparts. The

chemical states are numbered from 1 to 11 as indicated by the numbers in the parentheses.

cognate amino acid, but also through selective editing mechanisms [2, 3]. Although these
proofreading pathways mainly serve to reduce the production rate of misacylated tRNA,
they can also occur (albeit with lower probability) for complexes with the right amino acid.
Therefore, we construct a completely symmetric reaction network where all proofreading
mechanisms exist for both amino acids. The preference for the cognate substrate is reflected
in the higher affinity and lower editing rates. Specifically, there are two pre-transfer edit-
ing pathways (red boxes in Figure S1) and one post-transfer editing pathway (blue boxes
in Figure S1). The first pre-transfer editing (modeled by kp;) is tRNA-independent and
occurs before tRNA binding. In this reaction, the aminoacyl-adenylate (aa-AMP) is either
dissociated from the synthetase or hydrolyzed at the active site . We do not distinguish dis-
sociation from hydrolysis because the synthetase is reset to its initial state (E) after either
reaction. The second pre-transfer editing pathway (modeled by kjo) is tRNA-dependent
and hydrolyzes the aa-AMP complex before the amino acid could be transferred to tRNA,
which is already bound to the complex. Finally, the post-transfer editing pathway (mod-
eled by kp3) occurs after the transfer and results in the translocation of aminoacyl-tRNA

from the active site to the editing site and its subsequent hydrolysis (deacytlation). We are
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only concerned with the proofreading of aminoacyl-tRNA that occurs prior to its release
from the aminoacyl-tRNA synthetase. Quality control mechanisms that take place after
the aminoacyl-tRNA is released (e.g., the preferential binding of the elongation factor Tu
to the correctly acylated-tRNA[2]) constitute a different layer of specificity enhancement
and hence, are not explicitly considered in the model. The model focuses on the stochas-
tic dynamics of a single isoleucyl-tRNA synthetase and assumes constant concentrations of
other molecular species in the cellular environment such as amino acids. Although the low
activation energy for the hydrolysis of the ester bond of aa-tRNA allows for the deacylation
of misacylated products by either editing site residues or the free-hydroxyl groups of A76
2], they are not relevant in this current framework.

The above-described mechanism is illustrated on Figure S1 and serves as foundation for
our biophysical model. The rate parameters are either directly obtained or indirectly derived

from published kinetic experiments [3-18] as described below.

A. Determination of Rate Constants from the Literature

The numeric values and sources of all rate constants that are shown in Figure S1 are sum-
marized in Table S1. Most of them are directly obtained from the literature. Explanations

for a few of parameters that are indirectly derived or estimated are listed below:

e The tRNA binding steps (k3 and k3) are assumed to be diffusion-limited. Their forward
rates are estimated by the Smoluchowski equation k = 4mr DR, where D and R are the
diffusion coefficient and the radius of the molecule. There backward rate constants are

calculated as the product of the dissociation constant and the forward rate constant.

e The binding of amino acid and ATP are model as one step with the assumption
that ATP binding is diffusion-limited. The detailed procedures are given in the next

subsection.

e Product release rate is derived by using the the three slowest steps to estimate the

1
kobs

Table 4 of ref. [13].

waiting time 7 = ~ 1?14 + é + t, from which k, can be solved. ke is given by

e The product release rate for the non-cognate substrate k, is assumed to be the same

as the cognate product release rate k, based on a chemical argument. Given that
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valine and isoleucine differ only in the side chain (which is a small part of the whole
aminoacyl-tRNA complex) and that the amino acid has been transferred to the tRNA,

we argue that this difference should not affect the product release rate.

Parameter|Value (s~!) Sources
k. 6.2 x 10° [3, 5, 14, 15]
k_ 30 3, 5, 14, 15]
K 7.0 x 103 [3, 5, 14, 15]
k. 28 [3, 5, 14, 15]
kg, 40 kcar from [3]
K., 31 kcqr from [3]
k3 8.7 x 102 8, 17, 18]
k_s3 1.1 x 10? 4, 17, 18]
K 8.7 x 102 8, 17, 18]
K 4 1.1 x 102 [4, 17, 18]
ky 3.8 Figure 2 of [3]
K 2.3 Figure 2 of [3]
kn, 0.003  |Table 1 of [3]; Supp. Table 1 of [13]
Ky, 0.036  |Table 1 of [3]; Supp. Table 1 of [13]
kn, 0.0135 Table 1 of [3]
kj,, 0.128 Table 1 of [3]
khg 0.058 Table 4 of [3]
Ky, 64 Table 4 of [3]
k, 0.65 Table 4 of [13]
k;, 0.65 Table 4 of [13]

TABLE S1. Estimated first-order kinetic parameters involved in the tRNA!® aminoacylation

model.
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S5
B. Justification for Modeling Amino Acid Binding and ATP Binding as One Step

The first step of our kinetic model (Figure 1) is the charging of the amino acid. It includes
binding of both the amino acid and ATP to the enzyme followed by transfer of AMP to the
amino acid and release of the pyrophosphate PP;. Generally speaking, the amino acid and
ATP don’t have to bind sequentially. Here, we construct a one-step binding model with
effective first-order reaction rates ky and k_ under physiological conditions by exploring the
complete model in which ATP or the amino acid bind in random order.

First, we consider a sequential binding model (s; is the amino acid and s, is ATP),

kis1 koso
E E'81 E'81 +So-
k_1 k_o

Using z, y, and z to denote the concentration of the three states of the enzyme, the quasi-

steady-state approximation of E-s; reads:
(k282 + kfl)y = klslx + k,QZ. (Sl)

The net flux through this pathway is

klslm + ]C_QZ . k’lslk‘QSQlL' — k?_gk’_lz
koso +k_y kaso 4+ k_y

J = klslx — k_ly = ]{7181I — /{3_1 y (S2)

so we can view this model as a single step reaction with:

Jy = kikasisa

T kosat+k_y

E R E'81 * So
g koaky
T 7 kosatk_g

Note that the forward reaction rate is proportional to s;ss, so we can effectively write it as
the simultaneous binding of s; and s5. Since the s; and sy are completely symmetric in this
case, we can write the other pathway in which sy binds first in the same form and sum the

reaction constants together. In the end, we have

kisis2 ko
E v—ka-sl - §9 — E-aa—AMP,

: : _ k1ko ksky _ k_1k_2 k_3k_4
in which ky = —H8— 4 80— and k- = 7= + == are both dependent on the

ATP and amino acid concentrations. Mathematically, the total flux can be written in the

Michaelis-Menten form
kaeo

katk—_ -~
1 + k4sis2

(S3)

v =
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To get parameter estimations for this steps from experiments, we refer to Table 6 of ref. [3]
where the production of the aa-E-AMP complex is measured by pyrophosphate exchange
experiments. The authors fitted to a Michaelis-Menten scheme to their kinetics data with a
standard method of determining the Michaelis-Menten constant through a double reciprocal

plot ( k,eqv™! and i are plotted against each other). For our scheme, we have

kq€o ko + k_ ko + k_
=1+ =1+ )
) kys159 kys159

(54)

Note that k, and k_ are both functions of s; and ss, so the double reciprocal plot is not
exactly a straight line. Since the concentration s; was varied around K, in the experiment,

the measured Michaelis-Menten constant should be the slope of the tangent near s; = K,,,

K. — d_l (1+ ka+k_)
dsy kys1so

Effectively, we are doing a Taylor expansion of Equation S4 near s; = K,,, whose solution

mathematically written as:

(S5)

s1=Km

is
ka(koso + k1) + koik_y  KunKap |k kaso
K, = = K — . S6
k1kas2 52 " kas . ka1 (56)
Assuming that ATP (s,) binding is diffusion limiting, the binding rate is
ks = A7 Diarp| Rjare) = 1.59 x 10° M~'s ™, (S7)

where Darp is obtained from [14]; Rarp is obtained from ref. [15]. Considering the physiolog-
ical concentration of ATP, we have koso = 1.53x 105571 and k_y = Ky appks = 2.78 x 10%s71.
On the other hand, the experiment measurements are ke, = 40.2s™ and Ky = 6.9 uM for
isoleucine, and &/, = 31s™! and Kj; = 1.0 mM for valine. The concentration of ATP used

cat

was 4.0 mM. k; can be explicitly solved from Equation S6:
k1 = 5.95 x 10° M~*s™* (isoleucine) /3.2 x 10* M~ 's™*(valine). (S8)

Hence, k1s; = 1.8 x 10* s~!(isoleucine)/1.3 x 10? s7!(valine). The reverse rate constant
k_1 =k Ky = 48 s~ *(isoleucine) /28 s~ (valine).

Assuming symmetric rate constants, namely, ki+; = k44 and kio = k43, we then calculate
the value of k, and k_ under physiological concentrations and use this single step to represent

the binding and unbinding of both substrates. The pseudo-first order rate constants are:
k, = 6.2 x 10° s~ *(isoleucine) /7.0 x 10 s~*(valine) (S9)

k_ = 30 s *(isoleucine) /28 s~ (valine). (S10)
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C. Thermodynamic Constraints and the Determination of Reverse Reaction Rates

Although some of the steps are strongly driven forward, we make all reactions reversible
in the simulation for the sake of thermodynamic consistency as irreversible reactions always
lead to infinite dissipation. The rate constants for reverse reactions are determined by a set

of thermodynamic constraints that connect the ratio of the rate constants with the chemical

potential difference of the reactants and products of any reaction cycle [19]:
Kiv
ki

A,LL:ln(H ' ), (S11)

where k;, and k;_ stands for the forward and backward rate constants; Ap stands for
the chemical potential difference between the reactants and products. For futile cycles
Aparp = 29.5 kgT', and for product formation cycles Ay, = 9.8 kgT'. In this system, the

thermodynamic constraints read

kJrkakhl 295
k_k ok
k+kak3kh2 295
Fk ok sk

S12
kykokskakns 295 o)

kok_ok_sk_ sk nz
kikakskaky o
k_k_ok_sk_sk_, ‘

The same set of constraints also exist for the noncognate reactions, where the rate constants
are simply replaced by their primed counterparts. The reverse rate constants that are
omitted in Figure S1 can be determined from these relations. Their values are introduced
purely for the calculation of the dissipation and will not change the kinetic behavior of the

model.

II. COMPUTATIONAL AND ANALYTIC METHODS
A. Backward Master Equations and the Definitions of Speed and Accuracy

We quantify the speed and accuracy of the aminoacylation process using the framework
of a first-passage process [20, 21]. Specifically, the temporal evolution of the system can be

considered as Markovian jumps between discrete enzymatic states until the formation of a
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correct or incorrect product. In the tRNAM® aminoacylation network, we have 11 chemical
states, which are labeled from 1 to 11 (see Figure S1). States 10 and 11 are end states
which correspond to the formation of a correct and incorrect product, respectively. For each
state 4, we can define Fpw;(t) as the first-passage probability density such that Fr;(t)dt
(or Fy,;(t) dt) quantifies the probability of forming a correct (or incorrect) product between
t and t 4+ dt without forming any products before time ¢, assuming that the enzyme starts
at state ¢ at time ¢ = 0. In order quantify speed and accuracy, we define the splitting
probability IIz/ as the probability that the first product created is correct (incorrect),

assuming that the system starts at state 1 (the free enzyme state E) at time ¢ = 0:

M = / Fropwa(t)dt (513)
0
Naturally, accuracy is quantified by the error rate given by
Iy
. S14
which is consistent with its traditional definition as the ratio between the product forming
rates[22, 23]. The speed (i.e., inverse time) is quantified by the conditional mean first-
passage time (MFPT), which is given by the (normalized) first moment of the first-passage

probability density
1 oo
=1, /.

Now we present the mathematical formalism used to analytically determine 7 and 7.

T

tFp . (t)dt. (S15)

According to the definition, the first-passage probability densities of the end states read:

Frio(t) =9(t), Frui(t)=0,
FW710(15) . O, FW711(t) . (5(t),

(S16)

where §(t) is the Dirac 0 function. The time evolution of the first-passage probability
densities of the other states Fr/w,;(t) (i = 1,2,...,9) is governed by the backward master

equations, which read:

d = .
T Frwat) =D ki [Fryw;(t) = Frpwa()], i=1,2,....9 (S17)

j=1
where k; ; denotes the first-order rate of transition from state ¢ to state j and the initial
conditions are Frw,;(t) = 0 for i = 1,2,...,9. The transition rates k;; in the tRNA'®

aminoacylation network are compactly given by:
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0 hy Ko Kkep Koy kono K oy kong K py 00
k- 0 0 k O 0O 0 0O 0 00
K0 0 O kK 0 0 0 0 00
ki ke O 0 0 ks O O 0 00
kK, 0O K, 0 0 0 ki 0 0 00

K= (kij)Juxu= ke 0 0 ks 0O 0 0 k 0 00 (S18)
K, 0 0 0 kK, 0 0 0 kK 00
ks 00 0 0 kygy 0O 0 0 Kk O
ks 00 0 0 0 kK, 0 0 0Kk,
o0 0 0 0 0 0 k, 0 00
o 0 0 0 0 0 0 0 K,6,00

p
While Egs. S16-S18 in principle can be directly solved for Fg/w;(t), it is usually more
convenient to solve the backward master equations by performing a Laplace transforma-
tion FR/W7Z'(8) = fooo Fryw,i(t)e**dt. The transformed system obeys the following set of

equations:
11

Sﬁ‘R/Wﬂ'(S) = Z k‘@j |:FR/WJ<S) — FR/W"@(S) s = 1, 2, RN ,9 (319)

j=1
and

}:WR,lO(S) =1, Z?R,ll(s) =0 (520)
leo(S) = 0, FW711(3) =1.

Equation S19 is a set of linear algebraic equations for F r/w,i(s) that can be solved analyti-

cally. The associated splitting probabilities Il are given by

HR/W == / FR/W,I(t) dt - FR/WJ(S == 0) (821)
0
The error 7 is therefore determined as the ratio of the two splitting probabilities

My Fya(0)

o, FRJ(O) . (S22)

’]’]:

The conditional MFPT 7 is given by the normalized first moment of the first-passage prob-

1 [~ 1 (dER(s)
= — | tFp(t)dt = — — | —22

ability density:
(S23)

s=0
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The symbolic linear algebra calculations based on Eqs. S17-S23 are done in Mathematica.
The resulting expressions evaluated for the estimated parameter values are plotted in the

main text figures.

B. Forward Master Equations and the Definition of Dissipation

In the forward framework, we use P;(t) to denote the probability of the enzyme being in
chemical state i at time t. The main difference from the backward framework is that states
1, 10, and 11 should be considered to be the same state (i.e. the free enzyme). Therefore,
we only have 9 distinct enzyme states. The probabilities of the enzyme being in different

states are normalized by the following condition:
Y P(t)=1, VteR. (S24)

The time-dependent probability flux from state i to state j is given by J; ;(t) = k; ; P;(t).
The time evolution of the probabilities P;(t) is governed by the forward master equations,

which read:
dr(t) |
= kP — kiR, =129 (S25)

Note that merging states 1, 10, and 11 reduces the transition rates matrix K to a 9 x 9

matrix, which reads:

0 ko Ky ko Koy kope Kl kops+kop Kos+ KL
k- 0 0 k 0 0 0 0 0
K0 0 0 k 0 0 0 0
kmi ke O 0 0 kg O 0 0
K= (kij)oxo=| ki, 0 K, 0 0 0 K 0 0
ke 0 0 ks 0 0 0 ke 0
'y 0 0 0 K, 0 0 0 A
kns+k, 0 0 0 0 ky O 0 0
ks+k 0 0 0 0 0 K, 0 0

(526)
Setting the right hand side of Equation S25 to zero gives the steady-state probability
distributions P;®. We can calculate the steady-state probability fluxes J3% = k; ;P;° (The

)
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superscript ss will be dropped for simplicity). The steady state energy dissipation rate of
the system is given by:

J+
oo=Y (J7 = J7)In -, (S27)

where J:= are the forward/backward steady-state fluxes of the chemical reaction i[19, 24].

It can be shown that the energy dissipation can be decomposed into three parts:
00 = Jproot Aptare + JRALR + Jw Apw, (528)

where Jppo0 1S the sum of all net proofreading fluxes; Jr and Jy are the product formation
fluxes for the right and wrong product, respectively. Aparp = 29.5 kgT is the free energy
released from ATP hydrolysis into AMP and PP; under physiological concentrations of
ATP, AMP, and PP;. Augr = Ap, = 9.8 kgT is the free energy cost of forming a correctly
charged isoleucyl-tRNA, namely the difference between the free energy released from the
hydrolysis of ATP and that stored in the ester bond connecting tRNA and isoleucine. Apy,
is the corresponding energy cost for valine, which is typically different from Augr. However,
since Jy is much smaller than other fluxes, especially Jg, the difference between Apuy,
and Apg has negligible impact on the total dissipation. For the purpose of computing the
total dissipation, we can safely ignore the last term in Eq. S28. We study the normalized

dissipation rate o defined as the dissipation rate per correct product formed:

Jproof

7 ANATP + A/LR (829)
R

O J, roof
o= — =% Aparp + Apg + nApw ~
Jr Jr
The symbolic linear algebra calculations based on Eqs. S24-S29 are done in Mathematica.
The resulting expressions evaluated for estimated parameter values are plotted in the main

text figures.

REFERENCES

[1] M. Ibba and D. S6ll, Aminoacyl-tRNA synthesis, Annu. Rev. Biochem. 69, 617 (2000).

[2] J. Ling, N. Reynolds, and M. Ibba, Aminoacyl-tRNA synthesis and translational quality con-
trol, Annu. Rev. Microbiol. 63, 61 (2009).

[3] N. Cvetesic, M. Bilus, and I. Gruic-Sovulj, The tRNA A76 hydroxyl groups control partitioning
of the tRNA-dependent pre- and post-transfer editing pathways in class I tRNA synthetase,
J. Biol. Chem. 290, 13981 (2015).


https://doi.org/10.1101/2020.04.06.027615
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.06.027615; this version posted April 28, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

S12

[4] W. Freist, Isoleucyl-tRNA synthetase: An enzyme with several catalytic cycles displaying
variation in specificity and energy consumption, Angew. Chem. Int. Ed. Engl. 27, 773 (1988).

[5] A. R. Fersht, Editing mechanisms in protein synthesis. Rejection of valine by the isoleucyl-
tRNA synthetase, Biochemistry 16, 1025 (1977).

[6] B. D. Bennett, E. H. Kimball, M. Gao, R. Osterhout, S. J. Van Dien, and J. D. Rabinowitz,
Absolute metabolite concentrations and implied enzyme active site occupancy in Escherichia
coli, Nat. Chem. Biol. 5, 593 (2009).

[7] F. C. Neidhardt, J. L. Ingraham, and M. Schaechter, Physiology of the bacterial cell: A
molecular approach (Sinauer Associates, 1990).

[8] H. Dong, L. Nilsson, and C. G. Kurland, Co-variation of tRNA abundance and codon usage
in Escherichia coli at different growth rates, J. Mol. Biol. 260, 649 (1996).

9] K. A. Dittmar, M. A. Sgrensen, J. Elf, M. Ehrenberg, and T. Pan, Selective charging of tRNA
isoacceptors induced by amino-acid starvation, EMBO Rep. 6, 151 (2005).

[10] E. Kukko-Kalske, M. Lintunen, M. K. Inen, R. Lahti, and J. Heinonen, Intracellular PPi
concentration is not directly dependent on amount of inorganic pyrophosphatase in Escherichia
coli K-12 cells, J. Bacteriol. 171, 4498 (1989).

[11] P. A. Frey and A. Arabshahi, Standard free energy change for the hydrolysis of the «,3-
phosphoanhydride bridge in ATP, Biochemistry 34, 11307 (1995).

[12] A.S. Spirin, Ribosomes (Springer US, Boston, MA, 1999).

[13] M. Dulic, N. Cvetesic, J. J. Perona, and I. Gruic-Sovulj, Partitioning of tRNA-dependent
editing between pre- and post-transfer pathways in class I aminoacyl-tRNA synthetases, J.
Biol. Chem. 285, 23799 (2010).

[14] C. MacDonald, D. Yu, M. Buibas, and G. Silva, Diffusion modeling of ATP signaling suggests
a partially regenerative mechanism underlies astrocyte intercellular calcium waves, Front.
Neuroeng. 1, 1 (2008).

[15] T. S. Azarashvili, I. V. Odinokova, O. V. Krestinina, Y. L. Baburina, D. E. Grachev, V. V.
Teplova, and E. L. Holmuhamedov, Role of phosphorylation of porine proteins in regulation
of mitochondrial outer membrane under normal conditions and alcohol intoxication, Biol.
Membr. 28, 14 (2011).

[16] R. O. Potts, N. C. Ford, and M. J. Fournier, Changes in the solution structure of yeast pheny-

lalanine transfer ribonucleic acid associated with aminoacylation and magnesium binding,


https://doi.org/10.1101/2020.04.06.027615
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.06.027615; this version posted April 28, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

S13

Biochemistry 20, 1653 (1981).

[17] J. C. Biro, The concept of RNA-assisted protein folding: the role of tRNA, Theor. Biol. Med.
Modell. 9, 10 (2012).

[18] A. Plochowietz, I. Farrell, Z. Smilansky, B. S. Cooperman, and A. N. Kapanidis, In vivo
single-RNA tracking shows that most tRNA diffuses freely in live bacteria, Nucleic Acids Res.
45, 926 (2017).

[19] H. Qian, Open-system nonequilibrium steady state: Statistical thermodynamics, fluctuations,
and chemical oscillations, J. Phys. Chem. B 110, 15063 (2006).

[20] K. Banerjee, A. B. Kolomeisky, and O. A. Igoshin, Elucidating interplay of speed and accuracy
in biological error correction, Proc. Natl. Acad. Sci. U. S. A. 114, 5183 (2017).

[21] J. D. Mallory, A. B. Kolomeisky, and O. A. Igoshin, Trade-offs between error, speed, noise,
and energy dissipation in biological processes with proofreading, J. Phys. Chem. B 123, 4718
(2019).

[22] J. J. Hopfield, Kinetic proofreading: A new mechanism for reducing errors in biosynthetic
processes requiring high specificity, Proc. Natl. Acad. Sci. U. S. A. 71, 4135 (1974).

[23] M. Johansson, M. Lovmar, and M. Ehrenberg, Rate and accuracy of bacterial protein synthesis
revisited, Curr. Opin. Microbiol. 11, 141 (2008).

[24] T. L. Hill, Free energy transduction in biology (Academic Press, 1977).


https://doi.org/10.1101/2020.04.06.027615
http://creativecommons.org/licenses/by-nc-nd/4.0/

