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Abstract

The bacterial toxin RelE is a ribosome-dependent endoribonuclease. It is part of a type 1l toxin-
antitoxin system that contributes to antibiotic resistance and biofilm formation. During amino acid
starvation RelE cleaves mMRNA in the ribosomal A-site, globally inhibiting protein translation.
RelE is structurally similar to microbial RNases that employ general acid-base catalysis to
facilitate RNA cleavage. The RelE active-site is atypical for acid-base catalysis, in that it is
enriched for positively charged residues and lacks the prototypical histidine-glutamate catalytic
pair, making the mechanism of mMRNA cleavage unclear. In this study we use a single-turnover
kinetic analysis to measure the effect of pH and phosphorothioate substitution on the rate constant
for cleavage of mMRNA by wild-type RelE and seven active-site mutants. Mutation and thio-effects
indicate a major role for stabilization of increased negative change in the transition state by
arginine 61. The wild-type RelE cleavage rate constant is pH-independent, but the reaction
catalyzed by many of the mutants is strongly pH dependent, suggestive of general acid-base
catalysis. pH-rate curves indicate that wild-type RelE operates with the pKj, of at least one
catalytic residue significantly downshifted by the local environment. Mutation of any single
active-site residue is sufficient to disrupt this microenvironment and revert the shifted pKj, back
above neutrality. pH-rate curves are consistent with K54 functioning as a general base and R81 as
a general acid. The capacity of RelE to effect a large pK, shift and facilitate a common catalytic
mechanism by uncommon means furthers our understanding of other atypical enzymatic active
sites.

The bacterial toxin RelE promotes sequence-specific cleavage of mMRNA in a ribosome-
dependent mannerl=3. RelE and other type 11 bacterial toxins share common structural
features with the RNase T1 family of endoribonucleases. All these enzymes cleave RNA
phosphodiester bonds via a 2/,3’-cyclic phosphate intermediate?—2. Although RelE cannot
cleave mRNA outside the ribosomal A-site and its low sequence homology with other
RNases creates an enzyme active site significantly different from the long-studied RNases A
and T1, it is hypothesized to employ the same catalytic mechanism?24-6.8.10-13
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Toxin-antitoxin (TA) systems play a significant role in cell resistance to antibiotic challenge
as well as biofilm formation and the bacterial stress responsel4-18. They are found widely in
both bacteria and archaea and the number of TA systems within a bacterium may be linked
to pathogenicity419. TA genetic loci typically code for two elements: a toxin, capable of
interfering with cellular function and arresting growth, and an antitoxin, which inactivates
the toxin 16:18, Type 11 TA systems are characterized by a tight protein-protein complex of
toxin and antitoxin that eliminates toxin function. The endoribonuclease RelE, which is one
of the most studied type Il TA toxins, cleaves mMRNA in the ribosomal A-site in response to
amino acid starvation and arrests cell growth12:6.20-22 Re|E shares structural features with
the RNase T1 family of microbial RNases*-6:23.24 and, like many RNases, produces a 2,3~
cyclic phosphate product upon cleavage of phosphodiester bonds®. It has been suggested that
RelE, like many other nucleases, employs general acid-base catalysis to facilitate this
reaction 613 put this has not been confirmed.

Despite the similar tertiary structure and reaction products of RelE and other RNases, a
detailed characterization of RelE’s mechanism for RNase activity has been frustrated by a
lack of sequence homology to other well-studied RNases*1011.25 Bond cleavage by many
RNases is typically enabled by a glutamate-histidine pair that acts as the general base and
general acid, respectively. This catalytic pair has been identified in many microbial RNases
including members of the RNase T1 family that are structurally similar to RelE6:26-28,
YoeB, another member of RelE type Il bacterial toxin family, also has a glutamate-histidine
pair located within its active site that correspond structurally with the catalytic pair in the
RNase T1 family29. A second member of this type Il TA family, HigB, has a conserved
histidine in its active site30. However, RelE differs from these structurally similar RNases in
its lack of conserved glutamate or histidine residues or a clear substitute for either residue
within the active site>®.

Identification of the RelE active site was confirmed by co-crystal structures of the enzyme
bound to an MRNA substrate in the ribosomal A-site in both the pre- and post- cleavage
states (Figure 1A,B)8. The crystal structures revealed a distorted mRNA configuration
relative to the typical A-site path. The mRNA backbone is displaced by as much as 8 A and
the A-site bases are splayed apart, exposing the scissile phosphate and aligning the 2’-OH
for nucleophilic attack on the adjacent phosphate®. Although distortion of base stacking and
2/-OH positioning are common structural features of metal-independent RNases®, the co-
crystal structure revealed the atypical active site of RelE that lacks the glutamine-histidine
catalytic pair and common alternatives. Instead, the active site showed a large number of
positively charged amino acids. Many of the most conserved residues of bacterial RelE
(R61, R81, Y87, K52, K54) are reasonably positioned for possible hydrogen bonding to the
2/-OH, the scissile phosphate, and the 5’-leaving group in wild-type enzyme®. However, the
active site is sufficiently perturbed by the non-hydrolyzable substrate modifications that
unambiguous assignment of enzyme-substrate hydrogen bonding interactions is difficult.
Detailed analysis of single-turnover cleavage rates and binding effects for alanine deletions
of these conserved residues confirmed their critical role in the chemical step of mMRNA
cleavage!.
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The single-turnover kinetic data collected by Griffin et al. was consistent with rate defects of
103- to 10%-fold that have been measured for deletion of acid-base side chains in other
RNases?”:31-33 This led to a revised mechanistic hypothesis for RelE cleavage. The Y87 is
proposed to form stacking interactions that position the substrate. The positively charged
microenvironment activates K52 to function as the general base, and R61 and K54 serve to
stabilize the negative charge of the transition state, while R81 protonates the leaving group
as the general acid. However, the similarity of rate effects among key mutants coupled with
the atypical identity of active site residues leaves ambiguity as to the specific role for these
residues in catalysis.

Here we extend the single-turnover kinetic analysis of the ribosome-dependent toxin RelE to
directly measure the effect of pH and phosphorothioate substitution on the rate of chemistry
for wild-type RelE and each of the active site mutants. These data are consistent with RelE’s
reliance on transition state charge stabilization and atypical amino acid residues to cleave
phosphodiester bonds by a general acid-base catalytic mechanism.

MATERIALS AND METHODS

Purification of RelE Protein

RelE wild-type and mutant protein were prepared as described previouslyl3 with one
modification: all ReIBE complexes were expressed in E. coli BL21 (DE3)pLysS chemically
competent cells. Briefly, the relBE locus from E. coli K-12 MG1655 with an N-terminal six-
His tag was expressed in E. coli BL21 (DE3)pLysS13. Internal deletions of 3-9 amino acids
starting at relB A19, described previouslyl3, were retained to reduce the high affinity
association of RelE and RelB, allowing for the subsequent purification of RelE by unfolding
from RelB on a nickel column. The relBE E. coli cultures were grown in 100 pg/mL
ampicillin and induced for 3 hours with 1 mM IPTG. Pelleted cells were lysed by sonication
in at 4 °C in lysis buffer (50 mM NaH,PO4, 300 mM NaCl, 10 mM imidazole, 5 mM 2-
mercaptoethanol, and 0.2 mg/mL lysozyme)?2. Lysate was cleared by centrifugation and
incubated with NTA-agarose resin for 1 hour at 4°C to bind the Hisgy-RelB:RelE complex.
Resin was washed in lysis buffer of increased imidazole concentration (35 mM). RelE was
selectively eluted by denaturation to disrupt contact with RelB in 9.8 M urea, 100 mM
NaH,PO,4, 10 mM Tris-HCI, 1 mM 2-mercaptoethanol (pH 8.0)22. Pure RelE fractions were
dialyzed into 8 M urea, 50 mM Bicine (pH 8.4) overnight at room temperature. RelE protein
was refolded overnight at 4 °C in 24 L of 50 mM Tris-HCI (pH 7.5), 70 mM NH4CI, 300
mM KCI, 7 mM MgCly, 1 M urea, and 1 mM dithiothreitol. Refolded protein was
concentrated on ice under argon using a 10,000 molecular weight cutoff ultrafiltration
membrane before dialysis into storage buffer (50 mM Tris-HCI pH 7.5, 70 mM NH4CL, 30
mM KCI, 7 mM MgCl,, 1 mM dithiothreitol, and 20% glycerol) at 4 °C overnight. RelE
protein aliquots were flash frozen in liquid nitrogen and stored at —80 °C. Immediately prior
to reaction, purified protein was buffer exchanged via centrifugation in a 10,000 molecular
weight cutoff spin filter to pH-adjusted MMB buffer (50 mM MES 50 mM MOPS 50 mM
Bicine, 70 mM NH4CI, 30 mM KCI, 2 mM MgCl,, 1 mM dithiothreitol, pH adjusted to 5.5,
6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0).
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Ribosome Complex Formation

E. coli 70S ribosomes were prepared as described previously3*. mRNA oligonucleotides for
fluorescence stopped flow reactions were ordered from Dharmacon with a 3’-C6 amino
linker (5"- GGCAAGGAGGUAAAAAUGUAGAAAAACAAUNG-3) and deprotected
according to manufacturer’s instructions. Alexa Fluor 488 succinimidyl ester (Dharmacon)
was dissolved in DMSO. Conjugation to the oligo was achieved by reacting 100 pg mMRNA
with 250 pg fluorophore in 75 pM NayB407 (pH 8.4) overnight at room temperature with
gentle shaking. Labeled MRNA was separated by polyacrylamide gel chromatography and
purified by ethanol precipitation. 5’-32P-labeled mMRNA was prepared as described
previously3®.

Ribosome complex (RC) was formed at 300 nM 70S ribosomes with 400 nM tRNAfMet ang
100 nM Alexa Fluor labeled MRNA in formation buffer (50 mM Tris-HCI pH 7.5, 70 mM
NH4CI, 30 mM KCI, 7 mM MgCl,, 1 mM dithiothreitol) at 37 °C for 30 minutes. RCs for
benchtop reactions contained 100 nM mRNA and trace 5’-32P mRNA in place of fluorescent
RNA. Ribosome complex was then pelleted by ultracentrifugation at 120K RPM for 1hr
(Beckman Optima Max TL, TLA120.1 rotor). Pelleted ribosome complex was resuspended
in MMB buffer to a final ribosome concentration of 120 nM. MMB buffer for resuspension
was pre-adjusted to specific pH values at half-unit increments from 5.5 — 9.0. Ribosome
complexes containing the phosphorothioate mMRNA substrates were not pelleted and remain
in formation buffer for reactions. The mMRNA containing the phosphorothioate linkage (5'-
GGCAAGGAGGUAAAAAUGUARsGAAAAACAAU-3) was prepared and 5/-32P
radiolabeled as previously described!3.

Single Turnover Kinetic Reactions

Single-turnover kinetic measurements were taken for wild-type RelE and the K52A, K54A,
and Y87F mutants using a fluorescence stopped-flow apparatus (Applied Photophysics SX.
20) at 20£0.1 °C. Reactions were initiated by mixing an equal volume of RelE (final
concentration > 4 pM) to the Alexa Fluor-containing reaction complex in MMB buffer (final
ribosome concentration of 60 nM). Fluorescence was monitored at a 90° angle to incident
light through a 515 nm long-pass colored glass filter with an excitation wavelength of 482
nm. At least three time courses were measured for each reaction trial and three trials were
performed for each pH condition. Increase in fluorescence intensity was fit to equation 1 to
determine the rate constants Keagr and Kgjow- Throughout this paper ki is referred to as Kops.
pH-rate curves for kg (not shown) show the same relationships as the ks,st reported here.
The remaining mutants (R81A, R61A, Y87A, K52A/Y87F) were measured using manual
bench top quench methods!2. Bench top reactions are exclusively composed of 5/-32P
mRNA-containing reaction complex. The reactions were also initiated by addition of equal
volume RelE and reaction complex (final concentrations >4 uM and 60 nM). Reactions were
stopped by the addition of excess chemical quench (80% formamide, 50 mM Tris-MES pH
6.5, 65 mM EDTA, 0.2 mg/ML)13. As a control for mRNA stability, reactions without
ribosomes and without RelE were measured for up to 48 hours. The extent of mMRNA
cleavage for all reactions was determined by separating RNA substrates and products by
15% denaturing PAGE and visualizing with a STORM phosphorimager (Molecular
Dynamics). Individual band intensities were quantified with ImageQuant (GE Healthcare)
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and fraction reacted was determined as the product mRNA over the sum of product mRNA
and remaining substrate mMRNA. At least three trials were conducted for each mutant at each
pH value.

Individual time courses collected by fluorescence stopped-flow and radiolabeled cleavage
were fit to the double-exponential function in equation 1:

fraction cleaved=A, (1 — eikf‘”‘t) +Agiow (1 — eikﬂﬂﬂf) +Yo ()

where Agygr and Agjow are the amplitudes of the two phases, keqst and Kgjo are the rate
constants for the two phases (sec™1), t is the reaction time in seconds, and Y is the initial
fraction reacted. Because of the slow reaction rates for some mutants and low pH values it
was not possible to fully fit ko, for all conditions. In these circumstances, reaction curves
were fit to the single exponential equation 2:

fraction cleaved=A (1 — e*kt> +Yo

where A is the amplitude, k is the rate constant of cleavage (sec™1), t is the reaction time in
seconds, and Y is the initial fraction reacted.

Simulation of pH-Rate Curves

pH-rate curves were simulated with the assumption of a single general acid and a single
general base that do not influence one another. Also, it is assumed that the enzyme is only
able to react when both the acid and the base are in their functional states and they do so at a
rate of k1. Given these assumptions, the partition function is given as equation 32:

pKa B —pH pKu B —pK pH—pKa

Q=1+10 +10 “A+10 40
where pK, A and pKj g are the pKjs of the conjugate acid and base, respectively. Equation 3
allows for the calculation of the fractions of both the acid and the base in their active states

with equations 4 and 536:

141075 P

fi=—q — @

14107 e

®)
Q
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Where fy,+ and fg- are the fractions of the general acid and the general base in the
functional state. The fraction of the enzymes in the reaction in which both the acid and the
base are found in their active state is the product of the two fractions fya+ and fg- and is
given by equation 6.

1
fHA+ [ :ész(l) (6)
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fr(y) is the fraction of the enzyme in the functional state. The value of Kqps is the product of
the functional enzyme fraction and the reaction rate given by equation 736:

kobs=f p k1 (7)

1
In order to approximate the pK, values for the RelE mutants, we substituted Q for fr(yy in
equation 7 and fit the pH-rate data to equation 8:

o kl kl

k bs=— 5 — p - .
o Q 1+10meB—pH+10pKa)B—pK

pH—pKa,,A (C)]

4410

where Kj is independent of pH and, in the context of the pH-rate curves, is equal to the
maximum Kgps.

pH Dependence of RelE Cleavage

We employed a single-turnover assay to measure the pH dependence of the RelE cleavage
reaction. The RelE enzyme was present in excess of the substrate ribosomal complex (RC)
comprised of 70S E. coli ribosomes, fluorescently labeled mRNA containing a UAG codon
in the A-site, and the initiator tRNA bound to the P-site. The cleavage rate constant for wild-
type RelE was determined by exponential fitting to the increase in fluorescence signal
observed upon release of MRNA product from the ribosome complex using a stopped flow
instrument (Figure 2). In the absence of RelE, a lack of change in fluorescence signal
indicates either no cleavage or the rate of mMRNA cleavage was below the observable limit
(Figure 2). At high RelE concentrations (>3uM), kops reaches a plateaul3. All kinetic
characterizations described below were performed at saturating enzyme concentrations (>4
HM). Using this system, we measured kqps of 390 + 120 sec™! for the wild-type RelE toxin.
The previously published rate for wild-type RelE cleavage, determined using a radiolabeled
substrate, was 380 = 25 sec™1 13, The good agreement in these values indicates that product
release is not rate limiting in our fluorescence assay and that kqps for the fluorescence assay
is a measure of kepem as it was for the radiolabeled assay?3.

We measured the rate constant for cleavage by RelE across a range of pH values from 5.5 to
9.0 and observed an essentially uniform ko, over the pH range (Figure 3A, black). One
interpretation of the pH-rate independence for the wild-type enzyme is that it employs a
general acid-base mechanism in which the pKj, of the base and the pKj of the acid are
widely separated3®. In that scenario, our data indicate that the pK, of either the RelE general
base or general acid is less than 6, while the pKj, of the other is greater than 10. A more
specific pK, determination is beyond the measureable range of the single-turnover assay as
the ribosomal-mRNA complex inactivates at pH values above 9.0 and below 5.5. Alternative
scenarios, in which kgpg is not limited by the rate of chemistry or catalysis does not depend
on titratable groups, are also consistent with a lack of pH dependence.
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pH Dependence for the Active Site Mutants

To ascertain the contribution of RelE active-site residues to a proposed acid-base catalytic
mechanism, we determined the pH-rate profiles for the Y87F, K52A, K54A, R81A, Y87A,
K52A/Y87F, and R61A mutants. Cleavage rate constants greater than 0.1 sec™! (Y87F,
K52A, K54A) were determined by monitoring an increase in fluorescence signal observed
by stopped flow as for the wild type (Figure 2). Cleavage rate constants for mutants with
major rate defects (R81A, Y87A, K52A/Y87F, and R61A) were determined by the
quantification of radiolabeled mMRNA cleavage product separated by gel shift assay, as
described previously23.

In contrast to wild-type RelE, many active-site mutants exhibited rate constants dependent
on pH (Figure 3, Table S1). The variation in rate of observed mRNA cleavage by the mutant
K52A was the most dramatic, with a log-linear pH-rate curve of slope equal to ~1 spanning
four orders of magnitude in ko (Figure 3B, orange). By contrast the pH-rate dependence of
the K54A mutant resembles the wild-type enzyme, staying essentially flat across the testable
range (Figure 3A, green). The pH-rate curves of the remaining mutants exhibit various
inflection points at which the pH-rate dependence transitions from a slope of ~1 to ~0. The
transitions in rate dependence for these mutants occur at pH 7.4 (Y87F), 8.5 (Y87A), 8.1
(R61A), and 8.7 (R81A) (Figure 3, blue, brown, purple, red). The shape of the pH-rate
curves for these four active site mutants may indicate a shifted pK, of the general acid or
general base36. However, pH-rate curves are not sufficient in themselves to conclude that
the mutant rate dependencies are not merely the result of a change in the rate-limiting step of
the cleavage reaction.

Phosphorothioate Effects for Mutant RelE Enzymes

In addition to the pH-rate curves, we examined the impact of a phosphorothioate substitution
at the mRNA scissile phosphate on the rate constant for cleavage by RelE mutants.
Substitution of a sulfur atom for either of the non-bridging phosphate oxygens of the mMRNA
substrate serves two purposes. First, observation of a “thio-effect” (calculated as the fold
loss in kqps for the phosphorothioate-substituted substrate compared to the natural substrate)
indicates that the reaction rate is at least partially limited by chemistry3’. Second, the
magnitude of the thio-effect provides information regarding the role of the non-bridging
oxygen in the reaction mechanism. Importantly for this study, the change in thio-effect upon
mutation to alanine can indicate an interaction between the amino acid side chain and the
phosphate. Small thio-effects of at least 4- to 11- fold, consistent with effects seen in non-
enzymatic reactions, are expected for reactions in which chemistry is the rate limiting step3’.
Larger effects can also indicate transition-state interactions between the enzyme and the
non-bridging phosphate oxygen38-40. Our data indicate that all RelE mutant cleavage
reactions are at least partially limited by the chemical step at pH 7.5. The thio-effect
resulting from phosphorothioate substitution for the wild-type RelE was previously
measured as 39- and 900-fold for the Rp and Sp stereoisomers, respectively3. Thio-effects
for several active-site mutants of RelE using both of these substrates range from 2.3-fold to
2800-fold (Table 1). Only R81A retained a large thio-effects for both the Rp (100-fold) and
Sp (320-fold) substitutions. Alanine mutations of K52 and K54 effectively eliminated the Rp
thio-effects (2.8-fold and 3-fold) while retaining the large Sp thio-effect (390-fold & 2800-
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fold). The R61A mutation significantly impacted both the Rp and Sp thio-effects, reducing
the Rp and Sp effects to 6.7-fold and 21-fold, respectively.

For wild-type and mutant RelE, similar thio-effects were observed at both pH 7.5 and pH
9.0 (Table S2). Large thio-effects for at least one of the stereoisomers (WT, K52A, K54A,
R81A), indicates that chemistry is rate-limiting and that the inflection points in pH-rate
curves observed for some mutants at high pH are not due to a change in rate-limiting step.
Therefore the observed pK,s can be interpreted as the effects of titratable groups on
chemistry.

DISCUSSION

The highly conserved residues surrounding the mRNA scissile phosphate, revealed by the
RelE co-crystal structure®, are atypical for acid-base catalysis and suggest the potential for
an unusual reaction mechanism. Cleavage of phosphodiester bonds is often accelerated by
four catalytic strategies: alignment of the nucleophile and leaving group, deprotonation of
the nucleophile, stabilization of the developing negative charge on the phosphate in the
transition state, and protonation of the leaving group. In the classic acid-base reaction
mechanism, the general base deprotonates the nucleophile and the general acid protonates
the leaving group®36:38, Because all of the RelE active-site residues have native pK, values
greater than 10, for RelE to function by acid-base catalysis a significant pK, shift is required
for at least one residue. Our pH-rate dependence and phosphorothioate substrate data
provide insight about how RelE performs this common enzymatic reaction within an
uncommon active site, exclusively in the context of the ribosome.

A possible reaction pathway consistent with our data for mMRNA cleavage via acid-base
catalysis by RelE is described in figure 5. The rationale of specific residues assignments to
catalytic roles is discussed in detail below. The 2/-OH of A20 is deprotonated by the general
base, K54, whose pKj is reduced by the charged K52, R81, and R61 residues. A pentavalent
intermediate is formed by inline nucleophilic attack on the phosphorus by the activated 2’-
OH. Negative charge buildup on the non-bridging oxygen in the transition state is stabilized
by a strong interaction with R61 and the positively charged active site, including K52 and
K54. R81 acts as the general acid and protonates the 5’-leaving group. The pKj of either the
general base or the general acid is lowered as much as 4 to 6 units by the positively charged
active site. All of our data are consistent with a pKj shift, but we are unable to definitively
assign whether the acid or the base is affected. These effects complement the distortion of
the MRNA substrate from its normal path through the ribosome, which orients the
nucleophile and leaving group for cleavage®.

Charge Stabilization in the Transition State

As nucleophilic attack by the 2’-OH proceeds, the negative charge on the scissile phosphate
increases. Our data support a role for the positively charged residues of the active site, and
R61 especially, in stabilizing the transition state by neutralizing this buildup of negative
charge. Furthermore, R61A’s impact on the rate constant for cleavage (108-fold) exceeds
any other mutant, indicating a paramount role for charge stabilization in the RelE cleavage
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mechanism. Stabilization of negative charge in the transition state plays a large role in the
proposed mechanism of RNase T1, Sa, and Sa2 among others28:39:41.42

One way to investigate the specific enzymatic interaction with the transition state is to study
the rate effects of phosphorothioate substitution on the cleavage reaction38:40:43_Small thio-
effects of 4- to 11- fold are observed for phosphodiesterase cleavage in solution3?, while
enzymatic effects can range from 2-fold (RNase T2)** to greater than 80,000-fold (RNase
T1)3°. Thio-effects greater than 10-fold are often attributed to either transition state
interactions with the enzyme or protonation of a non-bridging oxygen during catalysis38-40,
The observed 39-fold and 900-fold Rp and Sp thio-effects of wild-type RelE are consistent
with significant stabilization of the negatively charged transition state by RelE. Protonation
of a non-bridging oxygen, as has been proposed for RNase T1, would likely result in much
larger thio-effects for both the Rp and Sp stereoisomers38:39:45

We measured the effect of phosphorothioate-substituted mMRNA on cleavage rate constants
for the K52A, K54A, R81A, and R61A mutants to investigate the degree to which each
residue interacts with the mRNA non-bridging oxygen during the transition state. If a
favorable interaction between a RelE residue and the phosphate contributes to the wild-type
thio-effect, then the effect will be reduced when the residue is mutated to alanine.
Alternatively, a reduced thio-effect could be derived from a change in mechanism upon
phosphorothioate substitution; however, the retention of thio-effects similar to wild type for
some of the mutants indicates the mechanism is unchanged.

R61A is the only mutant we tested that exhibits thio-effects much smaller than the wild type
in both Rp and Sp cleavage rates, supporting a possible role for R61 as the residue primarily
responsible for charge stabilization in the transition state. The Sp thio-effect drops from 900-
fold to 21-fold between wild-type and R61A RelE. This smaller adverse rate effect indicates
a strong positive interaction between R61 and the Sp oxygen. The Rp thio-effect of R61A (7-
fold) is also lower than the 39-fold effect of wild type, also indicating a favorable
interaction. The absolute values of both thio-effects for R61A are similar to the range of 4-
to 11-fold observed in the uncatalyzed reaction suggesting that the chemical step remains
rate limiting3’.

The R61 residue has previously been proposed as a key component in transition state
stabilization for RelE in structural® and kinetic studies'3. The appropriate positioning of R61
for transition state stabilization was noted in the structure of pre-cleavage RelES.
Furthermore, R61 from RelE roughly aligns with R67 and R71 when superimposed on the
structure of RNase Sa2. These residues are thought to be jointly responsible for charge
stabilization?8. Kinetically, the R61A rate effect on mRNA cleavage measured at pH 7.5
(106-fold) was larger than any other mutant, indicating a major role in catalysis. In this
model, we expect the positively charged R61 guanidinium group of wild-type RelE to
neutralize a partial negative charge that builds on the non-bridging oxygen during the
transition state6,

The Y87A mutant thio-effects are also substantially reduced (8-fold and 6-fold for Rp and
Sp, respectivelyl3. However, the simultaneous loss of the phenyl ring and its proposed
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stacking interaction with A20 is likely to be responsible for the reduced thio-effect, either by
decreasing the rate constant for the mRNA conformational change or altering the RelE
active-site conformation sufficiently to disrupt the wild-type R61 charge interaction.

Large pK, Shift for the General Base or General Acid

The rate constant for wild-type RelE cleavage is independent of pH from 5.5 to 9.0 (Figure
3A, black), data that appear to be inconsistent with two previous proposals of acid-base-
catalyzed cleavage®13. However, a wide span of apparent pH-rate independence is possible
in acid-base mechanisms where the pK of the acid and the base are widely separated36.
Because the native pKgs of the conserved RelE active-site residues range from 10.1
(tyrosine) to 12.5 (arginine), a wide pKj, separation requires the downshift of at least one
residue. To evaluate whether a general acid-base mechanism could lead to the observed pH-
rate dependence of MRNA cleavage in our experiments, we simulated pH-rate curves for a
downshifted general-base pK, (model 1, Figure 4A) and a downshifted general-acid pK,
(model 2, Figure 4E). Simulated pH-rate curves are flat across the testable range in either
case. While our data cannot definitively distinguish between these two models we find
precedence in the literature that leads us to prefer model 1, a shift in the general-base pKj,
for reasons discussed in detail below.

These simulations describe the shape, but not the absolute values, of the pH-rate curve and

are not applicable to reactions that do not proceed by general acid-base catalysis. However,
the simulated pH-rate dependence of acid-base catalytic residue deletions (Figure 4B-D&F-
H) provide useful predictions for RelE active-site-mutant pH curves (Figure 3).

What in the microenvironment of the RelE active site would lead to a pK, shift of this
magnitude? Enzymes shift the pKj of critical residues primarily by charge-charge
interactions, charge-dipole interactions (such as hydrogen bonding) and desolvation
effects?’. Charge-charge interactions strive to balance the electrostatic repulsion between
groups of like charge inside the enzyme active site. Protonated groups will tend to decrease
the pKgs of adjacent resides until one is no longer protonated. As a result, the net charge of
the active site moves closer to zero. The collection of positively charged active-site residues
in RelE creates unfavorable charge-charge interactions, which are reduced by deprotonation
of the general base. pH-rate data for each mutant was indeed supportive of roles in affecting
a reduction in general-base pKy(see below). This RelE interaction is similar to the process
used by acetoacetate decarboxylase to reduce the pKj of its catalytic lysine, K116. In this
extensively studied enzyme, charge-charge interactions with the positively charged active
site, and the adjacent K115 in particular, reduce the pK, of K116 by 4.4 units*/-50,

Leaving Group Protonation

Protonation of the phosphodiester 5’-oxygen by a general acid can contribute significantly to
the reaction mechanism. The pH-rate data, with structural and mutational data for RelE and
similar RNases, support a role for R81 as the general acid responsible for leaving group
protonation. The crystal structure of ribosome bound RelE in the pre-cleavage state shows
that R81 and R61 are both positioned to potentially protonate the mMRNA 5'-leaving group®.
Furthermore, R81 aligns with the general-acid of RNase T1 (H92) when the two structures
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are superimposed?3. The large rate effect (10%-fold) of the R81A mutant indicates a role of
this residue in catalysis and is consistent with rate effects observed in the mutation of the
general acid residue of RNase A®1, While both RNase Sa2 and T1 employ histidine as the
general acid, there is precedent for general-acid activity mediated by arginine in X-family
DNA polymerases and fumarate reductase®47:52.53,

The pH-rate dependence of R81A (Figure 3A, red) is log-linear with a slope of ~1, which is
consistent with deletion of the general acid and titration of a general base with a high pKy
(Figure 4G). We have ascribed the existence of a low general-base pK, to a downshift of the
native value by the RelE active-site microenvironment. Disruption of this microenvironment
can revert the general-base pK, toward its native value of 10.4 for K54. If the general-acid
deletion also disrupts the active-site microenvironment, a log-linear mutant pH-rate curve
with slope of 1 is anticipated. We observe this positive slope pH-rate curve for R81A,
among other mutants, supportive of its role as the general acid and a key contributor to the
RelE microenvironment responsible for the large pK, shift.

An additive thio-effect, log-linear pH-rate relationship, and a major rate defect is not unique
to R81A among the mutants we tested. K52A, for example, also retains an Sp thio-effect,
shows a log-linear rate dependence on pH and a similar (103-fold) rate defect at pH 7.5. But,
unlike R81, neither K52 nor R61 align with the general-acids of RNase Sa2 and T1 in
active-site structural alignments®. Our data, then, taken in context of known structures, argue
for R81 to play the major role in leaving group protonation as the general acid.

Deprotonation

Ribonucleases typically enhance cleavage rates by abstracting a proton from the ribose 2’-
OH, activating the oxygen nucleophile for attack on the adjacent 3’-phosphate. The pH-rate
dependence data are consistent with K54 serving as the general base to activate the 2’-OH
nucleophile. In RNases Sa2 and T1, proton abstraction is facilitated by glutamic acid (E56
and E58, respectively)26:28, Among RelE residues, K52 most closely corresponds to the
general-base of Sa2 and T1 in an alignment of active sites®:13.23.28 |n previous studies, both
Y87 and K52 have been proposed as the sole RelE general-base®13. The difficulty in
assignment of the general base is due in part to distance of K52 from the 2/-OH in the pre-
cleavage crystal structure. Both K52 and K54 are slightly farther from the 2’-OH than
expected for hydrogen bonding. But this distance may be a result of the 2/-O-methyl
chemical modification or R81A mutation introduced to prevent mRNA cleavage and not
their inability to function as catalytic residues. Our pH-rate dependence data indicates that
K52 is not the sole general base and supports a role for both K52 and Y87 in effecting the
major pKj shift expected for the actual general base or general acid.

Mutation to inactivate the general base results in a rate dependence determined exclusively
by the active fraction of the general acid. If the pKj of that acid is high, then the resulting
mutant has a flat pH-rate curve (Figure 4B). This simulated pH-rate curve is a strong match
for the observed dependence of K54A alone among the tested mutants, supportive of K54’s
role as the general base.
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We also conclude that K52 is not the sole general base as the positively sloped pH-rate
curve of K52A (Figure 3B, orange) is not consistent with general acid-exclusive catalysis,
whether the general acid’s pKj is downshifted by the active site (Figure 4F) or at its native
value (Figure 4B). One possible alternative that we do not prefer, but cannot exclude, is that
K52 is one of several residues that can function as a general base. Functional compensation
by these residues could then prevent us from ever observing a pH-rate dependence wholly
dependent on the general acid (Figure 4F). In this model, the active site may rely on
contributions from K52 and Y87 to deprotonate the 2’-OH. It is even possible that the
localized positive charge of the amino acids reduces the ribose 2’-OH pK, sufficiently that
the moiety is frequently deprotonated and proton abstraction by a specific RelE residue is
not required. Examples of partial rate compensation for general base mutation has been
previously noted in RNase T1, a-sarcin, and the type 11 toxin YoeB2%:54-56,

If the pK, of the general base is downshifted by as much as 4 units, as discussed above, the
pH-rate curves for K52A, Y87A, Y87F, and R61A are all consistent with these residues
collectively lowering the apparent pK, of K54 from lysine’s usual 10.4 to less than 6. The
apparent pK, of the reaction for each mutant is informative of the relative contribution each
residue makes to lowering K54’s pK, (Figure 4D). For example, Y87F demonstrates an
apparent pK, of 7.5 for the general base, indicating a modest reversion toward the native
pKga. The general-base pK;, of the K52A mutant is greater than 9 and outside the testable
range of the cleavage assay. The total reversion of the general acid to near its native pK,
suggests a major role for K52 in maintaining the charge environment necessary to lower
K54’s pK, at least 4 units in wild-type enzyme. Each of the other active site mutants
exhibits a partial reversion of the general acid pK, somewhere between the impact of Y87F
and K52A, indicating a role for all the active site residues in maintaining the pK, downshift.

An alternative model that shifts the general-acid pKg,

An alternative explanation for the pH-rate profiles, including the pH independence of the
wild-type reaction, is described in model 2 (Figure 4E-H). The model is still consistent with
R81 and K54 playing roles in general acid-base catalysis, but in this model the pKj of the
general acid, R81, is reduced rather than the general base, K54. The positively sloped R81A
pH-rate curve is consistent with a general-acid deletion (Figure 4G). The negatively sloped
pH-rate curve anticipated from a general-base deletion (Figure 4F) is not observed because
mutation of the general-base, K54, also reverses the pKj shift of the acid due to disruption of
the active-site microenvironment. This could result in the pH dependence shown in figure
4B, which matches the observed data for K54A (Figure 3A, green). Model 2 is also
consistent with the interpretation of pH-rate curves for K52A, Y87F, Y87A, R61A and
R81A as indicative of partially restoring the native pK; of the downshifted general-acid.
Finally, both simulated models of the pH-rate dependencies are wholly consistent with our
interpretation of the phosphorothioate data indicating a major role for charge stabilization in
the transition state by R61.

While the pH-rate data does not definitively confirm one model over the other, we prefer
model 1, which invokes a reduced pK, for the general-base K54. There is greater literature
precedence for large pK, shifts for lysine than for arginine47:50:57.58  Also, the magnitude of
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the pKj shift for lysine is smaller, approximately 4 units, than the 6 units required for
arginine. pK, reductions of this magnitude have been reported previously in enzyme active
sites?’, e.g. a reduction of 6.6 units for cysteine in the cysteine protease ficin®® or 4.4 units
for lysine in acetoacetate decarboxylase®0. We are not aware of any large pKj shifts for an
arginine residue. In fact, specific studies of arginine protonation in enzymes and membranes
have indicated that it is resistant to large reductions in pK,>7:60,

RelE’s ribosome dependence

The specific microenvironment required by RelE to sufficiently lower the pK, of K54 for
efficient cleavage may be a feature of the toxin’s ribosome dependence. Other bacterial
toxins that can perhaps cleave on the ribosome, such as MgsR and MazF, are enriched for
both arginine and lysine in their active sites at the expense of the canonical acid-base
residues of glutamate and histidine®1.62, However, unlike RelE, these two toxins are not
exclusively ribosome dependent82.:63, Not only is the positive charge state of the RelE active
site conducive to shifting the pKj of its general base, but it may also support the enzymatic
charge stabilization in the transition state. The preponderance of positively charged RelE
residues may be partially responsible for reinforcing R61’s role in reducing this effect.
Bacterial toxins are highly effective inhibitors of cellular translation that must be carefully
regulated to ensure cell survival. The unusual active site of RelE and similar toxins appears
to be an additional level of regulation employed by the cell, in addition to the anti-toxin
system.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) The pre-cleavage structure of RelE (purple) and non-hydrolyzable mRNA substrate (2’-

O-methyl, gray) in the ribosomal A-site. Critical residues are shown as sticks and elements
colored blue (nitrogen), red (oxygen), and orange (sulfur). R81* is mutated to alanine in the
crystal structure (PDB entry 3KIQ). (B) Post-cleavage crystal structure of A-site bound
RelE, residues and atoms are colored in the same fashion as in A (PDB entry 4V7K). (C)
Structural alignment of post-cleavage RelE and RNase T1 (cyan, PDB entry 1RGA) key
residues for RNase T1 activity are shown as sticks, Scissile phosphate for both enzymes is
show (orange spheres). (D) Overlay of RNase T1 (cyan) (4V7K) and pre-cleavage RelE
(purple)(3KIQ), scissile phosphate is shown in orange.
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Figure 2.
Stopped flow measurement of fluorescent mMRNA cleavage by RelE. Four illustrative

reaction time courses are shown in the presence of the K52A RelE mutant each at a different
pH: 9.0, 8.0, 7.0, and 6.0. No increase in fluorescence is detected for mRNA-ribosome
complex in the absence of RelE. All reaction curves are fit to equation 1 (grey lines), and
voltage is normalized to the amplitude of the fit. The no-RelE voltage is normalized to the
pH 7.0 fit.

Biochemistry. Author manuscript; available in PMC 2015 December 02.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Dunican et al. Page 19

A
ol T e T

o wild type
-o 1
[}

& 0 K.54A
2 -1 e TV
& -2 R81A
o))

°

pH

B. 5

2 ®  wild type
‘To 1 K52A
2 0

9 -1 Y87F
2 > vs87A
e 2 /o/’/

o .3l ¢

o

-4 K52A/Y87F
S IR
5 6 7 8 9

pH

Figure 3.
pH-rate profiles for RelE and active site mutants. pH-rate profile for (A) wild-type (black),

K54A (green), R81A (red), R61A (purple) and (B) wild-type (black), Y87F (blue), K52A
(orange), Y87A (brown), K52A/Y87F (pink). Average vales of at least three independent
trials with SEM error bars are plotted for each mutant. Trends are least squares fit to
equation 8.
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Figure 4.
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Simulated pH-rate curves and acid-base active fractions. Simulated pH-rate curves (green)
and the fraction of general-acid (red) and general-base (blue) in the catalytically capable
functional states for a simulated enzyme. Model 1 (A-D) assumes a downshifted general-
base pK, and native general-acid pK,. Model 2 (E-H) assumes a downshifted general-acid

pK, and a native general-base pK,. Curves simulated according to equations 4,5,7 and
assume no influence on rate beyond acid and base protonation states.
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Possible reaction pathway for cleavage of mMRNA (black) by RelE (purple). The 2’-OH of
A20 is deprotonated by K54, its pK, reduced by the charged K52, R81, and R61 residues
(whose influence is depicted by dashed semi-circles). Negative charge buildup on the non-
bridging oxygen in the transition state is stabilized by a strong interaction with R61 (hashed
line) and the positively charged active site including K52, K54, and R61. K52 and K54 help
to stabilize the Rp oxygen negative charge and interact minimally with the Sp oxygen. R81

acts as the general acid and protonates the 5’-leaving group.

Biochemistry. Author manuscript; available in PMC 2015 December 02.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Dunican et al.

Table 1

Effects of MRNA Phosphorothioate Substitution on RelE Cleavage Rate Constants?

(¢} S (Rp) S(S)
Apparent Apparent
Thio-  interaction Thio-  interaction
effect energy effect energy
RelE k(s™) k(shP (fold)®  (kcal/mol)® k(sHP (fold)¢  (kcal/mol)®
wildtyped  3.8+02x102 9.7+0.1 39 4+2x107! 900
K52A 1.4+0.3x10t 51+0.4x1072 2.8 -15 3.7+05x10™* 390 -0.5
K54A 174£02x101 5+1x1072 3 -14 6.0+0.2x10"° 2800 -0.6
R81A 53+0.6 x10° 5.02+0.02 x107° 100 -0.6 1.6+05x107° 320 -0.6
R61A 3.1+0.8x10™* 4.62+0.07 x10™° 6.7 -10 15+02x107° 21 -2.2
ys7ad 21+02x10% 27+0.6x10™ 8 -0.9 4+1x10™ 6 -2.9

aO, unsubstituted mRNA,; S (Rp) or (Sp), sulfur substitution at the nonbridging oxygen between mRNA nucleotides 20 and 21.

b . A~ . .
Means + SEM from at least two independent determinations of the rate constant at saturating enzyme concentrations.

c . . . .
Calculated as the change in cleavage rate constant for sulfur-substituted mRNA substrates relative to that of the unsubstituted substrate.

dWild-’(ype and Y87A enzyme O and S reaction rate constants taken from Griffin, Davis and Strobel 2013.
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e . . . - . .
Apparent interaction energy (kcal/mol), calculated as RT In(WTthijo-effect / Mutantthio-effect), negative values indicate a favorable interaction.
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