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The exoribonuclease Rrp6p is critical for RNA decay in the nucleus.
While Rrp6p acts on a large range of diverse substrates, it does not
indiscriminately degrade all RNAs. How Rrp6p accomplishes this
task is not understood. Here, we measure Rrp6p-RNA binding and
degradation kinetics in vitro at single-nucleotide resolution and
find an intrinsic substrate selectivity that enables Rrp6p to discrim-
inate against specific RNAs. RNA length and the four 3’-terminal
nucleotides contribute most to substrate selectivity and collec-
tively enable Rrp6p to discriminate between different RNAs by
several orders of magnitude. The most pronounced discrimination
is seen against RNAs ending with CCA-3’. These RNAs correspond
to 3’ termini of uncharged tRNAs, which are not targeted by Rrp6p
in cells. The data show that in contrast to many other proteins that
use substrate selectivity to preferentially interact with specific
RNAs, Rrp6p utilizes its selectivity to discriminate against specific
RNAs. This ability allows Rrp6p to target diverse substrates while
avoiding a subset of RNAs.

RNA | kinetics | specificity

he 3'-5" exoribonuclease Rrp6p is important for quality

control of virtually all RNA types in the nucleus (1-3) and for
the 3’ processing of snoRNAs and rRNA (4, 5). Rrp6p is con-
served in eukaryotes (5). The enzyme is part of the nuclear
exosome, where it binds to the 9-subunit exosome core ring on
the opposite site from another exoribonuclease, Rrp44p (6-10).
Rrp6p is thought to be critical for initial RNA binding and po-
sitioning of the RNA substrates for processing by the exosome
(7,9, 11, 12). The enzyme also interacts with components of the
TRAMP complex, which appends short adenylate tails to RNAs
that are targeted for degradation by the exosome (13, 14).
Transcriptome-wide and cellular localization studies further
suggest functions of Rrp6p independent of the exosome (15, 16).
In addition, it has been proposed that yeast Rrp6p functions
outside the exosome during the control of poly(A)-tail length of
certain mRNAs through interactions with Nab2p and during
snoRNA processing and degradation of prematurely terminated
Pol-1I transcripts through interactions with Nab3p of the Nrd1-
Nab3-Senl (NNS) complex (4, 17-19).

Yeast Rrp6p contains 733 amino acids, arranged in at least 4
distinct functional domains (20-22). The N-terminal PMC2NT do-
main interacts with exosome-associated factors (13, 14). The EXO
domain harbors the active site of the DEDD-family exoribonuclease
and, together with the adjacent HRDC domain, forms the catalytic
module (20, 23). The C-terminal domain binds RNA and interacts
with the exosome (24). Several high-resolution structures of Rrp6p
with and without exosome components have provided a detailed
picture of its architecture, RNA interacting regions, and positioning
of the RNA for nucleolytic cleavage (6, 7, 9, 10, 20), during which
Rrpbp releases nucleoside 5’-monophosphates (25).

To perform its biological roles, Rrp6p targets a large range of
substrates, but it does not indiscriminately degrade all RNAs.
How Rrp6p accomplishes this task is not known. Substrate se-
lection by Rrp6p is likely affected by other protein factors,
analogous to the Ccr4-Not recruitment by Puf3 (26). However,
biochemical data have also shown differing Rrp6p activities to-
ward different RNAs (11, 23, 25). The mechanistic basis for
these activity variations is not known. Varying activities toward
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different substrates indicate inherent substrate specificity and
thus preferential action on a subset of substrates (27). This,
however, seems to be at odds with the required function of
Rrp6p on a broad range of diverse RNAs. How does Rrp6p le-
verage discrimination between different RNAs for a function
that requires action on many diverse substrates, but not on all
RNAs? Answering this question is important for understanding
the molecular basis for nuclear RNA metabolism, given the
central roles of Rrp6p in the nucleus. Answering this question is
also important for understanding the function of other enzymes
that act on many substrates, but not on all RNAs, including other
nucleases, nontemplated polymerases, and helicases (27).

Here, we systematically investigate how Rrp6p discriminates
between RNA substrates. To accomplish this goal, we developed
a quantitative approach to determine Rrp6p—RNA binding and
degradation kinetics in vitro at single-nucleotide resolution. The
data obtained with this approach indicate that Rrp6p recognizes,
degrades, and distinguishes RNAs in an unexpectedly complex
fashion. We detect marked substrate selectivity at the substrate
binding and, to a smaller extent, at the degradation steps. In
addition, we find that Rrp6p interacts with RNA not only in a
productive, but also in a nonproductive binding mode. Both
binding modes are impacted by RNA length and sequence. Most
notably, the results show that Rrp6p discriminates against RNAs
ending in CCA-3’, which occur at the 3’ termini of uncharged
tRNAs, a class of abundant RNAs that Rrp6p does not degrade
in the cell (28). Our data identify CCA-3’ as an antideterminant
for Rrp6p and reveal an unappreciated role of substrate selec-
tivity for a protein that interacts with RNA. In contrast to other
proteins, which use substrate selectivity to preferentially interact
with certain RNAs, Rrp6p utilizes selectivity to discriminate
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against specific RNAs. This ability allows Rrp6p to target diverse
substrates while avoiding a subset of RNAs.

Results

Rrp6p Activity at Single-Nucleotide Resolution. To systematically
define how Rrp6p activity differs between RNA substrates, we
set out to quantitatively determine Rrp6p—-RNA binding and
degradation kinetics in vitro at single-nucleotide resolution. We
first measured degradation of an RNA with 36 adenylates (Asg)
under pre-steady-state conditions and determined observed
degradation rate constants (kops) at single-nucleotide resolution
(Fig. 1 A-C). The rate constants decreased with the progressive
shortening of the substrate (Fig. 1C). This observation indicated
scaling of Rrp6p activity with RNA length.

We next performed pulse-chase experiments to determine the
processivity of Rrp6p on the Ajg substrate (Fig. 1D and SI Ap-
pendix, Fig. S1). The processivity is determined by the ratio of
the rate constant for the degradation step and for dissociation at
each nucleotide and correlates with the number of steps the
enzyme takes on average per binding event (29, 30). On RNAs
with more than 25 nt, Rrp6p proceeded for roughly 3 degra-
dation steps before dissociating from the substrate (Fig. 1E).
For RNAs with fewer than 12 nt, Rrp6p is more than 10 times
as likely to dissociate than to cleave the terminal nucleotide
(Fig. 1E). The data show that Rrp6p is not a strictly distributive
enzyme, but able to degrade several nucleotides per binding event
for RNAs with more than 25 nt. However, the processivity de-
creased with progressive shortening of the substrate, providing
more evidence that RNA length impacted Rrp6p activity.

Building on the data from the pre—steady-state and the pulse-chase
experiments, we next set out to establish a basic kinetic framework
that described the nuclease reaction at single-nucleotide resolu-
tion in terms of enzyme—-RNA binding and degradation steps. To
assemble the framework, we measured reaction timecourses at
varying enzyme and substrate concentrations. For reactions with
[Rrp6p] > 350 nM, we noted an accumulation of RNA species
with 16 to 19 nt (Fig. 24), consistent with previous observations
(12). The accumulation of 16- to 19-nt RNA species increased with
rising Rrp6p concentrations and was seen under all tested reaction
conditions, including variations in substrate concentrations, re-
action temperature, pH, monovalent salt, and Mg®* concentra-
tions (SI Appendix, Fig. S2). The accumulation of the RNA
species was not caused by catalysis of nucleotide addition by
Rrp6p (SI Appendix, Fig. S3). Based on this observation and on the
increase of the accumulation with the Rrp6p concentration, we

incorporated a nonproductive binding step for each nucleotide into
the kinetic framework (Fig. 2B). Nonproductive binding of Rrp6p
to RNA is consistent with crystal structures of Rrp6p, which have
shown 2 RNA-binding modes, one of which is not compatible with
cleavage (9).

We computed rate and equilibrium constants for the kinetic
scheme using a pipeline of explicit and global datafits that
combined data from timecourses measured with enzyme and
substrate excess and from pulse-chase reactions (SI Appendix,
Fig. S4A4). For the Ajq substrate, we utilized more than 2,800
datapoints to compute for each nucleotide equilibrium constants
for productive (K;,") and nonproductive binding (K;,") of
Rrp6p to the RNA and a rate constant for the cleavage step (k).
The kinetic parameters faithfully describe the experimental data
over the entire range of reaction conditions, from pre-steady
state to quasi-steady state (R = 0.95, Fig. 2C).

We detected no significant impact of the RNA length on the
cleavage rate constant (k") (Fig. 2 D, Top). In contrast, pro-
ductive binding affinity of Rrp6p (K;,,*) decreased markedly for
RNA species with fewer than 20 nt (Fig. 2 D, Middle). Substrates
with 36 and 24 As showed virtually identical affinity profiles (Fig.
2D), indicating that the length dependence of Rrp6p affinity is
largely unaffected by the initial length of the substrate. The
nonproductive RNA affinity of Rrp6p (Ki,""™) increased
sharply between 23 and 12 nt, compared to the productive Rrp6p
affinity (Fig. 2 D, Bottom and SI Appendix, Fig. S2B). For RNA
species with 16 nt, nonproductive affinity of Rrp6 was roughly 2
orders of magnitude larger than the productive affinity (Fig. 2 D,
Bottom). The increase in nonproductive affinity was also largely
independent of the length of the initial substrate and explains the
accumulation of intermediates with 16 to 19 nt (Fig. 2D). Col-
lectively, analysis of Rrp6p activity on poly(A) substrates with the
kinetic framework reveals RNA length-dependent productive
and nonproductive Rrp6p binding modes and a cleavage rate
constant that is largely unaffected by substrate length.

Sequence Impacts Rrp6p Activity. We next examined how substrate
sequence impacted the kinetic parameters for homopolymeric U
and C substrates (Fig. 34). Homopolymeric G substrates were
not tested because of their propensity to form G-quadruplex
structures (31). Under pre-steady-state conditions, Rrp6p ac-
tivity on Uss and Css homopolymers scaled with RNA length
(Fig. 34 and SI Appendix, Fig. S5 A and B), as seen for Ase (Fig.
1B). At identical conditions, degradation of Uss and Cs was
markedly slower than for As¢ (Figs. 1B and 34 and SI Appendix,
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Fig. 1.

Degradation of A3s by Rrp6p at single-nucleotide resolution. (A) Reaction scheme for a pre-steady-state reaction. (B) Representative PAGE for a

reaction of Rrp6p (220 nM) with Aze (1 nM). Aliquots were removed at 0.083, 0.16, 0.33, 0.5, 0.66, 0.83, 1, 2, 3, 4, 5, 6, 8, 10, and 15 min. (C) Observed rate
constants (kops) at single-nucleotide resolution for the reaction shown in B. Datapoints represent an average of 3 independent measurements. Error bars show
one SD. (D) Reaction scheme for a pulse-chase reaction. (E) Processivity of Rrp6p at single-nucleotide resolution, measured for the A3 substrate. The average
number of steps (right axis) was calculated according to P = (N — 1)sN~' (P, processivity; N, number of steps) (29). Datapoints represent an average of 3

independent measurements. Error bars show one SD.
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Fig. 2. Kinetic framework for RNA degradation by Rrp6p. (A) Representative degradation reaction of Az¢ (1 nM) at 870 nM Rrp6p. (B) Basic kinetic model for
the degradation reaction by Rrp6p. E, Rrp6p; A, substrate or degradation intermediate with n nucleotides; K1,,", apparent dissociation constant for pro-
ductive binding for each substrate/intermediate; K;,,"*, apparent dissociation constant for nonproductive binding for each substrate/intermediate; k",
degradation rate constant for each nucleotide; [EA,], productive enzyme-substrate/intermediate complex; [EA,]*, nonproductive enzyme-substrate/
intermediate complex. (C) Correlation between experimental values (fractions of reaction intermediates: A./> (Ase...A4)) for reactions with Az and values
calculated with the kinetic scheme. (D) Kinetic parameters for the degradation of Az (solid circles) and A,4 (open circles) for individual nucleotides (Top,
degradation rate constant (ks); Middle, apparent dissociation constant for productive binding (K;,,7); Bottom, ratio between apparent productive and
nonproductive dissociation constants (P/NP)). Data show results of the global data fit (S/ Appendix, Fig. S4). Error bars mark the SEs of the global fit.

Fig. S5 A and B). Analysis of the degradation reactions of Usg
and Cs¢ with our kinetic framework indicated that degradation
rate constants (kf) for Uz and Cs6 did not significantly change
with the RNA length (Fig. 3 B, Top), as observed for Ase.
However, the rate constants for Uss and Cs4 were lower than for
Ajsg (Fig. 3B). Productive substrate affinities (Kl/zp) for Usg and
Cs decreased for RNAs with fewer than 20 nt, similarly but not
identically to the scaling of K;," seen for Ass (Fig. 3 B, Middle).
K /2p values for Uss were lower than for C; and Asg over the
entire range of substrate lengths (Fig. 3B). Nonproductive af-
finities for Us¢ were significantly higher than for Azq and Csg
(Fig. 3 B, Bottom and SI Appendix, Figs. S6 and S2B). It is possible
that the weaker base stacking in poly(U), compared to other se-
quences, contributes to the high affinities for poly(U) substrates.
Collectively, the data indicated that RNA sequence impacts
Rrp6p activity and thus provided direct evidence of substrate se-
lectivity of Rrp6p. In addition, the data showed that RNA length
impacts Rrp6p binding, regardless of sequence, while cleavage
rate constants do not scale with RNA length.

To elucidate RNA features that govern the substrate selectivity
of Rrp6p, we determined the kinetic parameters for degradation
reactions of a series of substrates with increasing sequence com-
plexity. We started by characterizing 36-nt substrates with fused C
and A homopolymers (5'-Cy6A10-3", 5'-Az6Cy0-3"; Fig. 44). We
observed a clear difference in the observed degradation rates for
the respective A and C regions (Fig. 44 and SI Appendix, Fig. S5 C
and D). As seen for the homopolymers, regions composed of A
were degraded faster than regions composed of C (Fig. 44 and SI
Appendix, Fig. S5 C and D). Kinetic parameters for the respective
3’ regions of the substrates were similar to the parameters for the
corresponding homopolymers. RNA-length dependences of
functional and nonproductive affinities were also similar to those
seen for the corresponding homopolymers (Figs. 3B and 44 and
SI Appendix, Fig. STA). These observations indicated that the
RNA sequences in the 3’-terminal region of the progressively
shortening substrates affected the degradation activity. This notion
was further supported by the kinetic parameters for the regions 3’
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of the C/A and A/C border, which differed from those for homo-
polymeric substrates (Fig. 44).

We next examined a 36-nt substrate with mixed sequence (Fig.
4B). Compared to homopolymeric and dipolymeric substrates
(Figs. 2-4) we observed significantly larger fluctuations in
cleavage rate constants and processivities and in productive and
nonproductive substrate affinities (Fig. 4B and SI Appendix, Figs.
S5E and S7B). These data were also consistent with an impact of
the 3'-terminal substrate region that Rrp6p encounters as it
degrades the substrate. To directly test this notion, we measured
degradation of a 41-nt substrate containing four 3'-A4C-5’
repeats fused to a mixed-sequence RNA (Fig. 4C and SI Ap-
pendix, Fig. S5F). For the repeat region of the RNA, we observed
little change in the cleavage rate constants (Fig. 4C), as seen for
homo- and dipolymeric substrates (Figs. 2, 3, and 44). However,
we detected 4 similar phases for productive and nonproductive
affinities for the repeat region (Fig. 4C and SI Appendix, Fig.
S7C). This observation indicated a clear impact of the 3'-
terminal substrate region that Rrp6p encounters as it degrades
the substrate. In addition, the 4 phases coincide with the four
5-nt repeats in the substrate, suggesting that Rrp6p recognized 5 or
fewer nucleotides of the 3’-terminal sequence.

The kinetic data for substrates with varying sequences in-
dicated a multilayered influence of several substrate features on
the substrate selectivity of Rrp6p. The sequence of the 3’-terminal
region exerts a pronounced impact on productive and nonproductive
binding and, to a lesser, but notable extent on the cleavage rate
constant. In addition, the length of the RNA and possibly se-
quence distant from the 3’ end impacted Rrp6p binding.

Rrp6p Recognizes Four 3’-Terminal Nucleotides. To decipher the
rules of sequence selectivity by Rrp6p, it was next critical to
dissect the layers of substrate features that impact Rrp6p activity.
To accomplish this goal, it was important 1) to determine how
many nucleotides in the progressively shortening RNA were
critical for the impact on Rrp6p activity, 2) to deconvolute ef-
fects of the 3’ termini of the progressively shortening substrates
from effects caused by upstream RNA, and 3) to delineate rules

Axhemi et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1913236117

A B Ag* Usp©® Cyo
U3G C36 103 36 36 36
£ 102 %
sortssititiis
;Ei mm@éﬂg@owwzpwé&éw—
10
Coe- 102
U = ¢
16 \53; 10 »
o b @0&0
& 1 foooo00ppreatdOX?
§< eesrpdtiities ,,.\m?
0.1
U Co 103
) o 102 00000000000 g,se
et S <10 008,
0 14 32 0 1 4 32 Q ..%??9‘ 1t
Time (min) Time (min) TPy
0.1

32 24 16 8
Length (nt) (3 > 5')

Fig. 3. Degradation of Uss and Cze. (A) Representative degradation reaction of Usg (1 nM; Rrp6p, 110 nM) and Cze (1 nM; Rrp6p, 110 nM). (B) Kinetic pa-
rameters for the degradation of Usg (solid circles) and Cz¢ (open circles) for individual nucleotides (Top, degradation rate constant (k¢); Middle, apparent
dissociation constant for productive binding (K1,27); Bottom, ratio between apparent productive and nonproductive dissociation constants (P/NP)). Data show
results of the global data fit (S/ Appendix, Fig. S4). Error bars mark the SEs of the global fit. The corresponding data for Az (Fig. 2D) are shown for comparison.

according to which 3’-terminal sequences and upstream RNA
affected activity.

As noted, the phasing of kinetic parameters for the substrate
with 5-nt repeats suggested that Rrp6p recognized 5 or fewer 3'-
terminal nucleotides (Fig. 4C). To determine the exact number
of 3’-terminal nucleotides that critically affected Rrp6p function,
we performed competition experiments with 3-nt and 4-nt oli-
gonucleotides (Fig. 5 4 and B). At identical concentrations, a
3-nt RNA (A;) impacted the degradation of Azs markedly less
than a 4-nt RNA (Ay) (Fig. 5 B and C). The affinity for A, de-
termined from the competition experiments was highly similar to
the extrapolated affinity (K;,") for the 4-nt fragment in the
degradation reaction of Azs (Fig. 5D). In contrast, the affinity for
Az determined from competition experiments was markedly
lower than the extrapolated affinity (K;,") for the 3-nt fragment
in the degradation reaction of Azs (Fig. 5D). We therefore hy-
pothesized that Rrp6p recognized 4 nt in the 3’ terminus.

To test this hypothesis, we performed competition experi-
ments with a 3-nt and 4-nt RNA of another sequence (Fig. 5 E
and F). The 3-nt RNA (5'GAC) impacted the degradation of Az
markedly less than the corresponding 4-nt RNA (5'AGAC) (Fig.
5 F-H), mirroring the data obtained for A; and A, (Fig. 5 B-D).
Rrp6p bound 5'-AGAC with higher affinity than A, (Fig. 5 D
and H), further indicating that 4 nt were sufficient to affect se-
quence selectivity. Collectively, the data indicated a minimal
functional binding-site size of Rrp6p with 4 nt. This functional
binding-site size is remarkably consistent with crystal structures
of Rrp6p, which also show a RNA-binding site with 4 ordered
nucleotides (7).

Separation of 3’-Terminal from Upstream RNA Effects on Rrp6p
Affinity. Having determined that 4-nt RNA were sufficient to
influence Rrp6p activity, it was next important to separate the
impact of the 3’ termini from the upstream effects of RNA. To
accomplish this goal, we converted productive RNA affinities
(Ky2") into free energies (AG*"). For each substrate length, we
considered the overall binding energy as the sum of the binding
energies contributed by the 3’ quadruplet and the upstream
RNA. For Az, which contained exclusively A quadruplets whose
binding energy we had directly measured (Fig. 5D and SI Ap-
pendix, Fig. S8), we obtained binding energy terms for upstream
RNA that decreased with the number of nucleotides in the
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RNA (Fig. 5I). For substrates with more than 23 nt, upstream RNA
contributed ~30% of the binding energy. The upstream RNA
contribution decreased to near zero for RNAs with fewer than
7 nt (Fig. 5I). Since the substrate contained only A, we con-
clude that RNA length has a notable impact on the effects of
upstream RNA.

We next calculated contribution of upstream RNA to the
binding energies for Uss and Csg, following the approach de-
scribed for Asg (ST Appendix, Fig. S9 A and B). Affinities for the
minimal Uy and C, quadruplets differed from A4 (SI Appendix,
Fig. S9 A and B). The contribution of upstream RNA to the
binding energies differed slightly with sequence, but the overall
scaling of this contribution with the number of nucleotides was
remarkably similar to Az (Fig. 5I). This trend was also seen for
substrates with fused homopolymeric A and C regions and sub-
strates containing sequence repeats (SI Appendix, Fig. SOD).

To calculate the upstream RNA contribution to the free
binding energy for substrates with more complex sequences, we
used the free binding energies for quadruplets determined from
homopolymeric substrates to deconvolute upstream RNA and
quadruplet contributions to overall free binding energies (SI
Appendix, Fig. S9 C and D). Again, we observed that contribu-
tions of upstream RNA length to the free binding energies dif-
fered somewhat with sequence, while the overall scaling of this
length contribution with the number of nucleotides was similar to
the scaling seen with homo- and dipolymeric sequences (Fig. 5/
and K). The data for these diverse substrates collectively indicate
that contribution of upstream RNA to the free binding energy
increases from nearly zero for substrates with fewer than 7 nt to
30% to 35% for substrates with more than ~23 nt. The substrate
sequence moderately impacts the effect of upstream RNA on
binding energies, accounting for roughly 30% of the variation in
free binding energy contributed by upstream RNA (Fig. 5). RNA
length contributes the major part of binding energy provided by
upstream RNA. For nonproductive binding, upstream RNA af-
fected binding energies for substrates with complex sequences
similarly to the patterns seen for productive binding (SI Appen-
dix, Fig. S10 A and B). However, for U and A homopolymers
RNA length impacted binding energies differently (SI Appendix,
Fig. S10), reflected by the accumulation of RNA species with 16
to 19 nt for poly(A) substrates (Fig. 2). Contacts between
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and 5-AC10-3’ (1 nM; Rrp6p, 110 nM). (A, Lower) kinetic parameters for t
individual nucleotides (Upper plot, degradation rate constant (ks); Lower plot,

he degradation of 5'-Cy6A19-3’ (solid circles) and 5'-A,¢Cq0-3’ (open circles) for
apparent dissociation constant for productive binding (K;,,"). Data show results

of the global data fits, and error bars mark the SEs of the global fits. Shading indicates the transition between A and C sequence blocks. (B, Upper) Rep-

resentative degradation reactions of a 36-mer RNA (Rsg,1 nM; Rrp6p, 110 nM)

with mixed sequence (indicated on the right). (B, Lower) Kinetic parameters for

the degradation of Rzg, as in A. (C, Upper) Representative degradation reactions of a 41-mer RNA (R41,1 nM; Rrp6p, 110 nM) with mixed sequence, including
four 3'-A4C-5’ repeats (sequence indicated on the right). (C, Lower) Kinetic parameters for the degradation of R4, as in A. Shading indicates the 3’-A;C-5

repeats.

upstream RNA and Rrp6p, presumably through one or more
domains outside the exonuclease domain, are likely responsible
for the impact of upstream RNA on both productive and non-
productive affinities of Rrp6p.

Rrp6p Discriminates Against CCA-3’ Ends. The deconvolution of con-
tributions of upstream RNA and 3’-terminal quadruplets to substrate
binding indicated a range of contributions of different quadruplets to
binding energy (Fig. 6 A, Top). Our experiments provided free
binding-energy contributions for 61 different quadruplets, which we
used to calculate an affinity distribution for productive binding with
Ay as a reference point with [AAGgjnding (A4) = 0 kJ-molfl]. The
range in free binding energy between weakest and tightest binding
quadruplets (AAG® = 12 kJ-mol ™, Fig. 64) corresponds to a range
in affinities of more than 2 orders of magnitude.

We detected sequence signatures for the weakest- and
strongest-bound quadruplets (Fig. 6 A, Bottom). These signa-
tures suggested rules for the sequence selectivity of Rrp6p. To
define these rules, we calculated a position weight matrix (PWM)
from the free energies for the 61 quadruplets measured with our
substrates (Fig. 68B). A PWM considers nucleotide contributions
at each position independent of each other (32, 33). More complex
binding models were not examined, because experimental data of
only 61 of 256 possible quadruplets precluded the use of binding
models with more variables than a PWM (34). Nevertheless, the
PWM accurately described the experimental data (R = 0.72, Fig.
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6C). The PWM indicated that the sequence of the fourth nucleo-
tide from the 3’ end did not significantly impact the affinity of
Rrp6p, indicating a nonspecific contribution of this nucleotide po-
sition to the binding energy. While the fourth nucleotide is im-
portant, its sequence is not critical.

Our analysis revealed that Rrp6p bound weakest to quadru-
plets ending in CCA-3’. This is the 3’ sequence of uncharged
tRNAs (35), an abundant class of nuclear RNAs that Rrp6p
does not degrade. Our data suggested that Rrp6p discriminates
against binding to the 3’ ends of uncharged tRNAs. This feature
appears biologically relevant, because indiscriminate degrada-
tion of uncharged tRNAs would likely impact multiple processes
of RNA metabolism in an uncontrolled manner (36). Our data
indicate that CCA-3’ acts as an antideterminant for Rrp6p.
CCA-3’ is also an antideterminant for 3'tRNAse, a tRNA-
specific endonuclease (37), suggesting that multiple nucleases
avoid CCA-3'.

It was next important to experimentally validate the PWM. To
this end, we substituted the 3’ quadruplet of the Ajq substrate
with a UCCA-3" and GGAC-3’ segment, one of the weakest and
tightest binding quadruplets, respectively. At subsaturating enzyme
concentrations, Rrp6p degraded the A3,-UCCA-3’ substrate sig-
nificantly slower than the A3;-GGAC substrate, and also markedly
slower than the Aj;¢ substrate (Fig. 6 D-G). Discrimination occurs
primarily at the binding step, consistent with the PWM (SI Ap-
pendix, Fig. S11). The data directly show the discrimination against
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CCA-3’ termini and thus experimentally validate the PWM. We
also detected Rrp6p substrate selectivity for quadruplets at the

substrate length (Figs. 2-4). We could therefore directly calcu-
late PWMs for 3'-terminal quadruplets (Fig. 6]). Energy differ-

nonproductive binding step (SI Appendix, Fig. S12). These selec-
tivity patterns moderately correlated with those seen for produc-
tive binding (R = 0.53; SI Appendix, Fig. S12) and also show
discrimination against CCA-3’ termini.

Moderate Substrate Selectivity at the Cleavage Step. We next
quantified substrate selectivity during the cleavage step, which
was largely unaffected by upstream RNA and did not scale with

Axhemi et al.

ences between slowest and fastest cleaved quadruplets (AAG® =
6 kJ-mol™, Fig. 6H) correspond to a difference in cleavage rate
constants of roughly one order of magnitude. While we detected
no sequence signature for fast-cleaving quadruplets, we noted
an overrepresentation of 3’ U for slow-cleaving quadruplets
(Fig. 6I). The PWM revealed that only the 3’-terminal nucle-
otide impacts substrate selectivity at the cleavage step. The
penultimate nucleotide contributed less and the third and
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fourth nucleotides showed virtually no contribution, consistent with
the notion that cleavage occurs between the terminal nucleotides.

A Quantitative Model for Substrate Selectivity of Rrp6p. Collectively,
our kinetic data revealed a complex mode for substrate selec-
tivity by Rrp6p (Fig. 7). We detected substrate selectivity at the
cleavage step and for productive and nonproductive binding.
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Selectivity at the cleavage step is mainly determined by the
3’-terminal nucleotide, predominantly by discrimination against
3’-U. Productive and nonproductive binding by Rrp6p is determined
by upstream RNA and the 3'-terminal quadruplet sequence that
Rrp6p encounters at each step, as it degrades the RNA 3’ to 5'.
From a free energy point, substrate binding impacts selectivity
to a larger degree than the cleavage step (Fig. 6 4 and H). Selectivity
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for productive and nonproductive binding correlates moderately
(SI Appendix, Fig. S12C). There is little correlation between the
selectivity seen for productive binding and cleavage step (Fig. 6J).
The most striking pattern is the discrimination against quadruplets
ending in CCA-3’. Given that CCA-3’ ends are present on an
abundant class of RNAs that Rrp6p does not degrade, this ob-
servation raises the possibility that the substrate selectivity of
Rrp6p has evolved to prevent uncontrolled degradation of
uncharged tRNAs.

Discussion

A High-Resolution Kinetic Approach for Exonuclease Activity. To
systematically analyze substrate selectivity of Rrp6p, we developed
and applied an approach to kinetically characterize the exonuclease
Rrp6p at single-nucleotide resolution. The approach accesses critical
biochemical parameters of nuclease reactions that have remained
beyond the scope of current approaches, which monitor only
changes in starting substrate and final products. The experiments
require only widely available molecular biology equipment and no
advanced computational skills are needed for data analysis. Both
experimental approach and framework for data analysis can readily
be applied to other exonucleases and complexes containing these
enzymes.

For Rrp6p, the high-resolution kinetic approach illuminated
the activity of the nuclease at unprecedented detail and thereby
revealed a use of substrate selectivity that has not been widely
appreciated for proteins that interact with RNA. Similar high-
resolution, biochemical analyses might reveal unexpected features
for other nucleases and thereby help to illuminate aspects of RNA
metabolism that are beyond the scope of other approaches.

Processivity and Nonproductive Substrate Binding by Rrp6p. We
detected several additional biochemical features of Rrp6p. First,
processivity of Rrp6p is more nuanced than the traditional view
of the enzyme as largely distributive (20, 23, 25). Our data show
that processivity scales with RNA length and is impacted by 3'-
terminal quadruplets (Fig. 1E and SI Appendix, Fig. S5). For
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RNA (Asq) with more than 25 nt, the processivity (P ~ 0.65) is
equivalent to the degradation of roughly 3 nt per binding event.
For RNAs with fewer than 12 nt (P < 0.1) Rrp6p requires more
than 10 binding events to degrade a single nucleotide (Fig. 1E).
The processivity of Rrp6p for longer RNAs is lower than for
nucleases considered highly processive, such as Rrp44p, which
can degrade more than 10 nt per binding event (25, 38-40).
Nevertheless, the ability to degrade multiple nucleotides without
dissociating from the RNA might be significant for Rrp6p’s bi-
ological function, perhaps for roles outside the exosome (4, 17).

Our biochemical framework further revealed a previously
undetected, nonproductive substrate-binding mode of Rrp6p. In
this mode, Rrp6p binds RNA without cleaving the terminal nu-
cleotide. Nonproductive RNA binding has a large impact on the
biochemical behavior of Rrp6p. For a given RNA substrate,
nonproductive affinity is generally higher than productive affinity.
Like the productive RNA affinity of Rrp6p, the nonproductive
RNA affinity scales with RNA length and sequence. The impact
of RNA length and sequence correlates moderately between
productive and nonproductive binding modes (Fig. 5K and SI
Appendix, Figs. S10B and S12C). For substrates with adenylate
tracts of more than 20 nt, the nonproductive binding leads to
accumulation of species with 16 to 18 nt (Fig. 2D).

A recent crystal structure of the exosome with Rrp6p and
poly(U) shows the RNA bound to only the HRDC domain of
Rrp6 and not positioned for substrate cleavage on the nuclease
domain (9). This configuration might represent nonproductively
bound RNA. Our data also show an impact of the 3’-terminal
nucleotides on nonproductive affinity (SI Appendix, Fig. S12 A
and B). The HRDC domain in the crystal structure contacts the
RNA not bound at the active site (9). Analogously, nonproductive
RNA binding might involve sites in and perhaps beyond the
HRDC domain. The scaling of the nonproductive affinity with
RNA length, up to ~25 nt, raises the possibility that contacts
between RNA and Rrp6p extend beyond the HRDC domain.
Consistent with this notion, a segment of the C-terminal domain,
the “lasso,” associates with RNA and possibly contributes to
nonproductive binding (12).

What might be the biological role of nonproductive RNA
binding by Rrp6p? It has been proposed that an important role
of Rrp6p in the exosome is to guide the RNA substrate through
the central channel toward the exonuclease Rrp44p (7, 9, 10).
This function would not be possible if Rrp6p degrades the RNA
upon each encounter. A binding mode that does not result in
RNA degradation is therefore essential. Our data provide direct,
functional evidence for such a binding mode. It remains to be
tested whether and how nonproductive substrate binding by
Rrp6p is modulated in the exosome.

Substrate Selectivity and Discrimination Against CCA-3’ Termini. A
striking insight from our study is the degree of substrate selectivity
by Rrp6p, which results in the discrimination against RNAs with
CCA-3’ termini. The data show that substrate selectivity is con-
ferred predominantly at the RNA-binding step, which is impacted
by RNA length, upstream sequence, and the 3’-terminal quadruplet
(Fig. 7). Affinities between shortest (4 nt) and longest substrates
vary by a factor of roughly 100 and affinities between weakest- and
tightest-bound 3’-terminal quadruplet by a factor of more than 100
(Fig. 7). In combination, upstream RNA and the 3’-terminal qua-
druplet can confer discrimination between different substrates by a
factor of >10". This degree of selectivity places Rrp6p in the vicinity
of RNA-interacting proteins that are considered highly specific (27,
41). Although Rrp6p is unlikely to encounter substrates with fewer
than 10 nt in the cell, longer RNAs are presumably bound to other
proteins, which can restrict access for Rrp6p. The enzyme most
likely senses these RNPs as short RNAs, and our insights for short
RNAs might thus be directly relevant for biological settings.
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The impact of the 3’-terminal quadruplet on productive substrate
binding is consistent with crystal structures of Rrp6p, which show
4 nt bound to the nuclease domain (7). Our data indicate that 4 nt
are required for stable functional substrate association (Fig. 5 A-H).
However, the sequence of only three 3'-terminal nucleobases im-
pacts substrate binding (Fig. 6B). Although Rrp6p functionally
binds to 4 nt, it senses the sequence of only a 3’ triplet.

In this context, it is notable that Rrp6p discriminates against
RNAs with terminal CCA-3". The finding raises the possibility that
Rrp6p has evolved to selectively avoid the 3’ ends of uncharged
tRNAs, which are abundant in the nucleus (36). While the nuclear
exosome with Rrp6p degrades improperly processed tRNA pre-
cursors (42), once the CCA is added, even improperly processed
tRNAs are protected from nuclear degradation (43). The selective
discrimination of Rrp6p against CCA-3’ termini conceivably pre-
cludes uncontrolled degradation of uncharged tRNAs by the en-
zyme and thus prevents undesirable, global alterations of tRNA
levels and protein synthesis (44). Moreover, CCA-3’ termini are
abundant, given the tRNA levels in the nucleus (36). Selective
avoidance of abundant termini prevents sequestration of Rrp6p and
thereby ensures availability of the enzyme for its intended functions.
CCA-3’ can be seen as an antideterminant for Rrp6p. Interestingly,
CCA-3' has also been identified as antideterminant for 3'-tRNAase
(37), suggesting that prevention of degradation of CCA-3’ of un-
charged tRNAs is biologically important.

Our findings highlight a previously unappreciated role of
substrate selectivity for a protein that interacts with RNA. Sub-
strate selectivity is traditionally viewed as a means for proteins to
interact preferentially, or specifically, with a subset of RNA
variants (27). To accomplish this, the proteins “utilize” the high-
affinity segment of their affinity distribution toward all possible
substrate variants (27). In contrast, Rrp6p utilizes the low-
affinity range of the affinity distribution to discriminate against
CCA-3’ (Fig. 64). Biological use of the low-affinity end of the
affinity distribution is an efficient way to define antideterminants
for enzyme activities or protein binding. It is possible that anti-
determinants reported for RNAsellI (45) also coincide with the
low-affinity end of the sequence distribution. The substrate se-
lectivity allows Rrp6p to act on many diverse, but not on all
RNA:s. Proteins with biological tasks similar to Rrp6p might also
employ intrinsic substrate selectivity to discriminate against
RNA subsets or even against very specific RNAs.

Materials and Methods

Protein Expression and Purification. Yeast Rrp6p was expressed in Escherichia
coli BL21 (DE3) CodonPlus (CP)-RIL (Stratagene) and purified as described (46).
Rrp6p concentration was determined by averaging results from Bradford assay
measurements and Coomassie staining using BSA as a standard (47).

Table 1. Substrates used in this study

Substrate name

RNA Substrates. RNA substrates were purchased from Sigma and Dharmacon.
RNA substrates were 5’ radiolabeled with [y*2P] ATP and T4 polynucleotide
kinase (NEB) and purified with denaturing PAGE (48). RNA concentration
was quantified by scintillation counting.

Substrate sequences are shown in Table 1.

Pre-Steady-State and Quasi-Steady-State Nuclease Reactions. Degradation
reactions were performed in 30 pL at 30 °C in a temperature-controlled
aluminum block in buffer containing 40 mM Mops, pH 6.5, 100 mM Nadl,
0.5 mM MgCl,, 5% glycerol, 0.01% Nonidet P-40, 2 mM DTT. To minimize
the impact of condensation on the tube lids, reactions that took less than
30 min were spun down in a minicentrifuge every 3 min. Reactions that
took more than 30 min were performed by immersing the tubes in a
temperature-controlled water bath. Prior to the reaction, Rrp6p at concen-
trations indicated was preincubated for 5 min in the reaction buffer.

Pre-steady-state reactions were started by addition of 5'-radiolabeled
RNA substrate to a final concentration of [RNA*] = 1 nM. Quasi-steady-
state reactions were performed under identical conditions with excess sub-
strate over Rrp6p (combining radiolabeled RNA at [RNA*] = 1 nM with ap-
propriate excess of identical, unlabeled RNA). Aliquots were removed from
the reaction at times indicated. The reaction was stopped by addition to an
equal volume of stop buffer (80% formamide, 0.1% xylene cyanol, 0.1%
bromophenol blue). Samples were stored on ice for same-day PAGE analysis
or at —20 °C for analysis at a later date.

Samples were applied to denaturing polyacrylamide sequencing gels
(40 cm x 33 cm x 0.4 mm) (20% acrylamide:bis-acrylamide at 29:1, 7 M urea,
1x TBE). The gels were run on a Model S2 Sequencing Gel Apparatus (Life
Technologies) with a Bio-Rad PowerPac 3000. Prior to loading, samples were
heated to 95 °C for 5 min and the gels were prerun in 1x TBE for 1 h at a
constant 40 W until the gel felt warm to the touch. Samples were loaded
and gels were run at a constant 40 W for ~4 h. Glass plates were removed
and gels were dried and exposed overnight to a Phosphorimager cassette
(43 cm x 35 cm; Amersham Biosciences). Individual bands were visualized on
a Typhoon 9400 Phosphorlmager (Amersham Biosciences) and quantified
using the SAFA software (49). For a typical reaction with a 36-nt substrate
and 15 timepoints, we quantified species with more than 3 nt and obtained
~495 datapoints.

Pulse-Chase Nuclease Reactions. Pulse-chase reactions were performed under
conditions identical to those described for pre-steady-state reactions in a
reaction volume of 20 pL. Reactions were initiated as described above and
allowed to proceed for a defined period of time (t;). At this time, an excess
of cold scavenger RNA (Usg, in reaction buffer) was added to a final con-
centration of 10 pM. Control reactions confirmed complete prevention of
Rrp6p rebinding at these scavenger concentrations used (S/ Appendix, Fig.
S1). After incubation for the indicated time t,, aliquots were removed and
added to stop buffer. Samples were applied to and separated on denaturing
PAGE as described above. Individual bands were visualized on a Typhoon 9400
Phosphorimager (Amersham Biosciences) and quantified using the SAFA software.

Calculation of Kinetic Parameters. Kinetic parameters were obtained by global
datafit of pre-steady-state, quasi-steady-state, and pulse-chase experiments,
according to the strategy outlined in S/ Appendix, Fig. S4A. Initial parame-
ters for the global fit were observed rate constants (k) for each degradation

Substrate sequence

Asg 5’ AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 3
Use LYOIVIVISLUIVINIUIVIVIN1VIVIN)OIVIVIU1VIVIVIULV]VINIUIVIVIUIGIVIVIUIVIVIv CX
Cse Hdddddddddddddddddddddddadddddaddaaae
AxCio 5'AAAAAAAAAAAAAAAAAAAAAAAAAACCCCCCCCCC
Ca6A10 5'CCCCCCCCCCCCCCCCCCCCCCCCCCAAAAAAAAAASY

Raa 5'GUACCCACACUACACAUAGCCACC3’

Rse 5'AGCACCGUAAAGACGCAAUCAUGCAGGGUCUGUCAG3’
AU3¢ 5'UVAUUUAUUAUUUAUUUAUUUAUUAUUUAUUUAUUA3’
Ra1 5'GCGUCUUUACGGUGCUUAAAACAAAACAAAACAAAACAAAASY
Asz,-UCCA-3’ 5’ AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAUCCAS’
A3,-GGAC-3’ 5’AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGGACS’
Triplet oligos 5'AAA3’ or 5’GAC3’

Quadruplet oligos

5'AAAA3’ or 5’AGAC3’

990 | www.pnas.org/cgi/doi/10.1073/pnas.1913236117

Axhemi et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913236117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1913236117

step at various Rrp6p concentrations, obtained from pre-steady-state reac-
tions, and processivity values (P) for each degradation step, obtained from
pulse-chase reactions.

Values for kqps Were determined with the GFIT software (50), which cal-
culates rate constants for a series of irreversible, pseudo-first-order reac-
tions. Starting values for the first 3 to 4 degradation products were
determined by direct fitting of degradation timecourses to

Ao (f) =e kit

— i=1...n, [1]
T i+1
I1 (kp_kf)

p=1.p#j

i+1 e‘klt
Ai(t) =TTk

i
J=1

-

where Ap ... A; are substrate species (A, corresponds to Ass for a 36-nt
substrate). The derivation of Eg. 1 has been described in detail in a pre-
vious paper (51).

Values for kops for each degradation step were plotted versus Rrp6p
concentration and fitted to a binding isotherm to determine ko at Rrp6p
saturation (Kops™):

-1
Kobs = (kX [Rrp6p]) x (K{P + [Rrp6p]) - [2]

For a subset of substrates (e.g., Ase), the reaction was too fast for accurate
measurements of kops values at saturating Rrp6p concentrations at 30 °C. To
nevertheless obtain these values, we performed reactions at lower tem-
peratures (15, 20, and 25 °C) and extrapolated the kops™?* at 30 °C using the
Eyring-Polanyi equation (52, 53).

Processivity values for individual steps were determined as described from the
distribution of substrate species before and after pulse chase (51), according to

Ao(t1 +12)
Pi=1-
! Ao(t1)
A.
Pia=1— i’_(1t1+t2) . i=1..n, 3l
Ai(t)+ X Ai(t) T1 Po
j=0 p=j+1

where A, to A; are relative concentrations of substrate species and P; to P;, 4
are processivities of individual steps (P, corresponds to the processivity of the
degradation of the first nucleotide, e.g., Asg — Ass). Eq. 1 was implemented
into a computer routine using the Mathematica 6 platform (51). Experi-
mental replicates for all analytical functions (S/ Appendix, Table S1) were
fitted separately and are reported as mean + SD.

Global data fitting was performed using Kintek Global Kinetic Explorer,
version 6.1 (54, 55). Data were fitted to the kinetic model in Fig. 2C. Values
for kobs™?, K'1/2, and P;, which corresponds to the ratio between cleavage
and dissociation rate constant for each step (29), were transformed into
initial parameters for association (ko,"), dissociation (k.¢"), and forward (ks)
rate constants for the global data fit. Initial parameters for nonproductive
binding (kon"* and ko) were found using the Dynamic Simulation feature
of the KINTEK software, using experimentally determined parameters for
the respective productive reaction steps. The global data fit was performed
multiple times for alternating combinations of fixed and floated variables
until an overall fit with the lowest possible y? value was reached (for ex-
amples, see SI Appendix, Fig. S4). The overall quality of the obtained fit was
further assessed by plotting the experimental datasets for distributions of
substrate species vs. corresponding data calculated with the obtained fit
parameters (S/ Appendix, Fig. S4 C-E). FitSpace analysis was performed to
determine the lower and upper boundaries for each kinetic parameter (55)
(S/ Appendix, Fig. S4 F and G). For a typical substrate, roughly 2,200
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individual datapoints were used to calculate ~90 kinetic parameters. Given
error bars in the plots show the SEM for the respective datapoint for the
global fit. Replicates for a given set of experiments are listed (S/ Appendix,
Table S1). Uncertainty values were calculated for each kinetic parameter by
performing a FitSpace Analysis (55). Examples are given for Azg (S/ Appendix,
Fig. S4F) and Rsg (S/ Appendix, Fig. S4G).

Competitive Inhibition Experiments. Inhibition studies (Fig. 5) were performed
under conditions identical to those described for pre-steady-state reactions.
Competitive inhibitors (3- or 4-nt oligos, final concentrations 0, 10, 25, 50, 75,
150, and 300 uM) were added with the substrate (Ase, final concentration
1 nM) to a reaction mix containing 220 nM Rrp6p. Timepoints were collected
over 30 min. Apparent K; values were calculated by performing a global
datafit to the kinetic model described above, augmented with a competitive
inhibition step for each substrate species with a single K; value. Only the K;
value was allowed to float in the fit; the other parameters were fixed with
the values obtained in the global datafit described above.

Deconvolution of the Impact of Upstream RNA and 3’-Terminal Quadruplet to
Free Binding Energy. To define the impact of upstream RNA and the
3’-terminal quadruplet on the binding of Rrp6p, we calculated contributions
from upstream RNA (AGypstream) and from the 3’-terminal quadruplet
(AGquadrupl) to overall free binding energy (AGroral), according to

AGrotaL = AGquadrupl- + AGupstream- [4]

Overall free binding energy is related to the measured dissociation constants
(K1) according to

AGrotaL =—RT In(Ky2). [5]

For homopolymers, free energy (AGroral) for each nucleotide was plotted
and values for the respective 3’-terminal quadruplet were subtracted,
yielding the remaining contribution of the upstream RNA (Fig. 5/ and S/
Appendix, Fig. S9 A and B). For substrates with repetitive sequences, free
energy (AGroral) values were plotted vs. nucleotide. The curves were fitted
with polynomial terms (S/ Appendix, Fig. S9 C and D). Values of AGgquadrupl.
that were known for a given quadruplet were subtracted, yielding the
AGypstream cONtributions at the corresponding RNA length. Assuming a
smooth function of AGypstream Vs. RNA length, values for AGypsiream for all
RNA lengths of the substrates were obtained. Values for AGquadrupi. for the
quadruplets in the respective substrates were calculated according to Eq. 4.
For substrates with more complex sequences, AGypstream and AGquadrupl.
were obtained according to the strategy used for the substrates with re-
petitive sequences, using values of AGquadrupl. fOr quadruplet variants de-
termined from homopolymeric substrates and substrates with repetitive
sequences. This analysis with the substrates used provided AGquadrupi. Values
for 61 different quadruplet variants (Fig. 6A).

PWMs were calculated as previously described (32, 33, 56), as linear re-
gression against the AGquadrupi. Values. A at each position was used as a
reference (linear coefficient: 0).

Data Availability. All data are available upon request from the corresponding
author.
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