Pr oof reading wit h Kinetic Par titioning

I. General Concept

Biochemica systems have evolved to spend free energy to increase fidelity, typically
by hydrolyzing ATP or GTP over and abovewha is required for thechemical
trandormationin question. Consider the general reaction scheme below:
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Theideaisthat the system seeks to convet the C intermediate to desired produd
D, while conveting the C«intermediate to reject produd R indead of conveting C«to
error produd E. Thereis probaly some discrimination at the step of conveatingB to C or
C« which will make [C] > [Cq; thegod of proofreading is to improve uponthis level of
intringc discriminaion. To theextenttha B! C or C«isreversible, therate of
produdion of D and E in the absence of any regection dependsontheoveal ne rate
condant from B to D vs. E (we will skip themath, for which see Cleland, 1975,but the
net rate condants do depend onk, and k). Thisiskinetic partitioning, theideathat for
irreversible trandormationsthe produd distribution dependson thekingics of produd
formation, notthethemodynamics. Proofreading is a particular example of kindic
patitioning, in which free energy is dissipated in the process of increasing fiddity over
what is achievable throughdiscriminaionin a nonbranched pahway. Proofreading
requires argjection pah: if theB! C or C«stepisirreversible andthereisnorejection
pah, then theratio of yieldsof D and E isindgoendent of therate condants k, and kc.

Themain ideahereisthat the existence of a rejection pathway allows the
system to take full advantage of the different in rate constants k, and k.. There may
or may notbediscrimination built in to thereection step; here we assume thereisnone
The rejection step must be irreversible, otherwise theerror rateisincreased by
convasion of R to C« short-circuiting any discriminaionfromtheA "™ B! CorC«
steps Free energy is dissipated in ensuring this irreversibility of the discrimination
step, but the actual chemical step that generates the needed free energy need not be
the rejection step: C and C«may be high-energy intermediates because of previous
steps Thisisvery genera in ATP-consuming reaction cycles. the actud hydrolysis may
or may notbetheirreversible step in thecycle.



I1. Application to Biological Information Processing

Thegenera reaction scheme abovecan be applied to replication, transcription, and
trandation.

For DNA or RNA polymerization we have:

C = correct incorporation at the primer terminus(length n)

C«= amismatch incorporated at the primer terminus (error frequency ~ 1/10°)

D = extende correct produd (length n+1)

E = extended mismatch (i.e. keeping the mistake)

R = shortened DNA primer (length n-1)

k. or k.. = nudeotideincorporation; al thefinge closure etc. is hee

ko, = extengon of complementary terminus

ke = extengon of a mismatch

ks = exonudease reaction to remove 3«terminus

Free energy is dissipated in thergection step, because the hydrolysis of aphoghodieester
to give adNMP produd isirreversible. Theexo isnot very selective because itsrate is
presumably determined by fraying of the endsof the primer-template, whichisnota
high-fiddity process.

For trandation, we have:

C = cognde tRNA boundat the A site of theribosome

C«= near-cognde tRNA patially boundat the A site

D = correct amino acid incorporated at C-terminus

E = incorrect amino acid incorporated at C-terminus

R = riboome with empty A site ready to bind anew tRNA.

k. or k.. = GTP hydrolysis by EF-Tu during insertion of tRNA

k, = accommodaion of cognae tRNA, GDP release, eventud correct peptidyl trander
ke = accommodaion, GDP release, and eventud incorporation of near-cognde tRNA

ks = GDP release and gjection of charged tRNA to allow for binding anew one

Free energy isdisspaed by GTP hydrolysisto GDP + P, intheB ! C or C«step. Even
thoughno covdent bondsare broken in thergjection step it isirreversible because theC
or C«intermediate is producd extremely slowly in the absence of free energy inpu from
GTP hydrolysis. Theribosome bumsa GTP at every step to increase fiddity.

Once thewrongamino acid is added to the C-terminus there is noway to removeit.
We areignoting all of the proofreading tha goesinto charging of tRNA with the correct
amino acid.



III. Mathematical Analysis

Theidea of kindic patitioningistha theprodud distribution between D and E depends
ontheratio of rate congdants (notthe thermodynanics) corresponding to the different
possible outcomes. For example, C can beconveated to D or to R. Theyield of D isthen
given by therate condant for the pahway leadingto D divided by the sum of rate
congdants for all processes that deplete C. Assuming therate congant for thergection
step isthesame for C or C« we have:

vidd of D= — 2 [C] and Yidd of E= —E_[cq
kp + kg kg + kg

So

YieIdofD: 1 :k_DIkE+leﬂ

Yield ofE  Errorfrequency kp kp +kp [CY

We can e tha the error frequency dgpendson boh therelative rates

of convasion of C orC«and dso on herate of thergection reaction.
Let'slook & three limiting Gases:
If kp > kp andkg > kg , theoptimal studion, we have
kg \kp * kg |B " k_EIk_DIE :k_Elﬁ
kp kp+kg [Cl kp kg [C] kg [C]
Kinetic patitioning ofthe C«intermediate between acceptance and
rejection ha improved fiddity a modest cod.
If kp > kp andk, > kg , i.e avery fast rejection pah, we have
kg kp * kg [C4. k_EIk_Rlﬁzk_Elﬁ
kp kp+kg [Cl kp kg [C] kp [C]
The error frequency dependsonly on ilative rates of convasion of C end C«
This may have very high fiddity, butat ahigh a4 in eed and/lor ATP.
If kp > ki andkg > kg , i.e. if thereisno igection pah, we have
kg \kp kg |@ " k_E|k_D|@ :@
kp kg+kg [C] kp kg [C] [C]
There has been no mprovement in fiddity.
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Theothe way to think of this processis tha the error rejection pathway sets a
molecular clock: thehdf-life of thergjectionreactionis # = (In 2)/ks, and if thisis much
less than thetime required for theforward reaction#. = (In 2)/k;, then theintermediate
will bergected. The ATPase- or GTPase-dependent molecular clock is also very generd,
viz. G-proteins



IV. Graphical Analysis

Theplot bdow shows theimprovement in error frequency (thefactor by which theerror
frequency is multiplied) dueto prodfreading, as afundion of therate condant for the
error rgjection pahway. For the purpose of thisillustration we assume tha (kg/k;) = 100
and that thergection pahway isnonselective. You can see tha for very sow regjection,
thereisnoimprovement in the error frequency. Thisis a sengble limiting case. When the
rate condant of theerror rglection pahway equdstherate congant of theincorrect
incorporation pahway, we have a 2-fold improvement in error frequency as expected; a
factor of 2 in thisbusnessisrather undewhdming. Theoptimum situaionis when the
error rgjection rate condant is roughly the geometric mean of the correct and incorrect
incorporation rate congants: we see tha the error frequency is 10-fold lower at a cos of
removing only 10% of correct incorporations When theregjection rate congant equdsthe
correct incorporation rate condant, hdf of the correct produd is destroyed, and we can
reach the maximum possible fiddity improvement (k-/ky) only with amaximally wasteful
rejection pathway.
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Thebottomline
There ain’t no such thing as a free lunch!



