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Inteins (or protein introns) autocatalytically excise them-
selves through protein splicing. We challenge the long-
considered notion that inteins are merely molecular para-
sites and posit that some inteins evolved to regulate host
protein function. Here we show substrate-induced and
DNA damage-induced splicing, in which an archaeal
recombinase RadA intein splices dramatically faster and
more accurately when provided with ssDNA. This un-
precedented example of intein splicing stimulation by
the substrate of the invaded host protein provides compel-
ling support in favor of inteins acting as pause buttons to
arrest protein function until needed; then, an immediate
activity switch is triggered, representing a new form of
post-translational control.

Supplemental material is available for this article.

Received August 31, 2016; revised version accepted
December 8, 2016.

Inteins (or protein introns) are microbial intervening se-
quences that self-splice at the protein level and invade
genes at the DNA level (Mills et al. 2014; Shah and Muir
2014). Found in approximately one-quarter of bacterial
and one-half of archaeal genomes (Novikova et al. 2016),
inteins have been considered as purely selfish elements
(Naor et al. 2016). However, 70% of inteins occur in
ATP-binding proteins (Novikova et al. 2016), and splicing
can be regulated by environmental stresses (Callahan
et al. 2011; Topilina et al. 2015a,b; Reitter et al. 2016), sug-
gesting that some inteins have evolved to regulate host
protein function.
Some archaeal and bacterial recombinases, which cata-

lyze homologous recombination and contain ATPase do-
mains, harbor inteins. Such recombinases are ubiquitous
in nature, being critical inDNA repair and homologous re-
combination (Seitz et al. 2001; Lin et al. 2006; Cox 2007;
Bell and Kowalczykowski 2016). These proteins first
bind ssDNA to form nucleoprotein filaments and then di-
rect pairing with homologous dsDNA and initiate ssDNA
strand invasion into the dsDNA template in an ATP-de-
pendent manner (Seitz et al. 2001). RadA is the archaeal
homolog of Rad51 in eukaryotes and RecA in prokaryotes

(Seitz et al. 1998). TheRadA intein from the hyperthermo-
philic archaeon Pyrococcus horikoshii (Pho) provides a
striking example of conditional protein splicing, in which
increased temperature is required for the reaction to pro-
ceed (Topilina et al. 2015b).
Herewe report that thePhoRadA intein-containing pre-

cursor is triggered to splice dramatically faster and more
accurately when presented with ssDNA substrate. Addi-
tionally, RadA intein splicing is stimulated in Escherichia
coli in response to DNA damage and thus intracellular
ssDNA. Furthermore, RadA can bind to ssDNA prior to
intein splicing, promoting the novel concept that intein-
containing proteins may retain partial function. Our dis-
covery represents an unprecedented example of intein
splicing stimulation by the substrate of the invaded pro-
tein. This work also provides compelling support for
inteins acting as pause buttons to arrest protein function
until needed for an immediate activity switch, represent-
ing a new form of post-translational control.

Results and Discussion

Pho RadA splicing is triggered specifically by ssDNA
substrate

The archaeal Pho RadA intein provides an impressive ex-
ample of conditional protein splicing, in which the native
exteins have a strong influence on reaction rate (Topilina
et al. 2015b). Interactions between the intein andC-termi-
nal extein (C-extein) inhibit splicing, and either increased
temperature or solvent conditions that disrupt protein–
protein interactions are required for splicing to proceed
(Topilina et al. 2015b). Whereas temperature represents
a general environmental condition important for growth
of the hyperthermophilic Pho, we asked whether another
layer of regulation might exist in which splicing is influ-
enced by a factor directly related to RadA function.
The Pho RadA intein is within the ATPase domain, in-

serted directly into the P loop required for ATP binding
(Topilina et al. 2015b). However, ATP does not increase
the rate of splicing (Supplemental Fig. 1A). We therefore
hypothesized that an environmental signal prior to ATP
hydrolysis may serve to trigger splicing. Because RadA
must bind ssDNA in order to initiate DNA repair and
recombination and because ssDNA activates RadA
ATPase activity (Seitz et al. 1998; Komori et al. 2000b;
Galkin et al. 2006), we asked whether this physiologically
relevant substrate might influence splicing. Indeed,
M13mp18 ssDNA, a recombinase ssDNA substrate com-
monly used in vitro, increased the extent of Pho RadA
intein splicing manifold (Fig. 1A). Addition of ATP with
ssDNAdid not stimulate splicingmore than ssDNAalone
(Supplemental Fig. 1A). Our discovery that ssDNA stimu-
lates RadA intein splicing is in accordwith the notion that
inteinsmay function to limit host protein activity prior to
splicing and immediately switch onwhen the host protein
is needed by the cell. We chose to use a truncated version
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of RadA lacking the N-terminal domain (residues 1–115)
that leaves the ATPase intact, as this domain is capa-
ble of binding ssDNA and hydrolyzing ATP (Komori
et al. 2000a). Additionally, the ATPase domain preserves
all predicted interactions between the C-extein and intein
required for temperature-dependent splicing (Topilina
et al. 2015b), and pilot experiments showed that this re-
gion was dispensable for response to ssDNA (Supplemen-
tal Fig. 1B).

The stimulatory effect of ssDNA is specific, with de-
oxynucleotide triphosphates (dNTPs), dsDNA of either
the same sequence as or a different sequence than
M13mp18 ssDNA, or total cellular RNA having no mea-
surable influence on splicing (Fig. 1A; Supplemental Fig.
1C). As further confirmation that ssDNA was directly re-
sponsible for the observed increase in RadA splicing, we
tested whether the stimulation of splicing could be atten-
uated by the formation of secondary structure in the
ssDNA.Addition ofMgCl2 induces base pairing in ssDNA
and has been shown to prevent RecA binding and nucleo-
protein filament formation (Chow and Radding 1985).
MgCl2 led to a loss in splicing stimulation by ssDNA in
a manner dependent on MgCl2 concentrations similar to
those that disrupt RecA binding (Chow and Radding
1985), whereasMgCl2 in the absence of ssDNA did not in-
hibit splicing (Supplemental Fig. 1D). These results sug-
gest that increased secondary structure in the ssDNA
decreases RadA splicing, although it is possible that the
MgCl2 effects observed are due to a conformational chan-
ge in RadA itself. Nevertheless, the data demonstrate that
splicing is specifically accelerated when the precursor is
presentedwith ssDNA, the natural RadA substrate, which
signals that RadA activity is needed by the cell.

The Pho RadA precursor binds to ssDNA

To determine whether ssDNA is acting directly on RadA
to accelerate splicing, we asked whether the RadA precur-
sor (P) could bind to ssDNA prior to splicing. For this, we
used a splicing-inactivemutant of RadA in which the first
residue of the intein, a catalytic cysteine (C1), and termi-
nal asparagine, critical to intein release, are changed to al-
anines (RadA-AA), trapping RadA in the precursor form.
Using electrophoretic mobility shift assays, we found
that RadA-AA could bind to ssDNA in a concentration-
dependent manner with an apparent Kd of ∼4.5 μM (Fig.
1B; Supplemental Fig. 2). To determinewhether this inter-
action was mediated by extein or intein residues, we also
measured ssDNA binding by fully spliced RadA and by
free intein.Whereas RadA-AA binds to ssDNAwith a pro-
file similar to that of spliced RadA (apparent Kd of ∼3 μM),
free intein binding to ssDNA could not be detected (Sup-
plemental Fig. 2). This is the first report of an intein-con-
taining precursor retaining any function (DNA binding),
which challenges the paradigm that the inteins must
splice out prior to anymanifestation of host protein activ-
ity. These findings are particularly germane given that
ssDNA represents a cellular signal that RadA is needed.

We next tested the prediction that RadA splicing accel-
eration by ssDNA is specific to native exteins. For this, we
used a previously developed splicing reporter with foreign
exteins, called MIG (MBP–intein-GFP) (Topilina et al.
2015a,b). In the MIG construct, the intein with short na-
tive exteins (10 residues) is flanked on the N terminus
by maltose-binding protein (MBP) and on the C terminus
by green fluorescent protein (GFP). In agreement with our
observation that free inteins do not bind ssDNA (rather
that the native exteins are responsible), we found that
ssDNA had no influence on Pho RadA intein splicing in
the MIG extein context (Supplemental Fig. 3).

Pho RadA splicing is faster and more accurate in the
presence of ssDNA substrate

To determine the degree of Pho RadA intein splicing ac-
celeration by ssDNA, we performed time-course experi-
ments to follow the reaction kinetics, measuring the
fraction spliced after various incubation times at 63°C in
the presence or absence of ssDNA (Fig. 2A,B).We observed
an initial rate increase of >46-fold in the presence of
ssDNA. This dramatic acceleration of splicing is exagger-
ated when the RadA concentration is lowered relative to
ssDNA (to twofold to threefold greater rate increases at
one-fourth the RadA concentration), indicating a compe-
tition for ssDNA-binding sites (Supplemental Fig. 4A).

Splicing has the potential to generate irreversible off-
pathway reactions, the products of which currently have
no known function (Topilina et al. 2015a). For example,
when N-terminal cleavage occurs, the reaction produces
free N-extein and intein joined to C-extein (I-C), with
less ligated extein (LE); namely, functional RadA. In addi-
tion to stimulating rate, ssDNA also improved the accura-
cy of Pho RadA intein splicing, with more on-pathway
processing of RadA precursor to LE and less off-pathway
I-C production (Figs. 2A, 3A,B). Indeed, the accuracy of
splicing with ssDNA approaches the estimated theore-
tical limit of 1.67 new LE (Fig. 3A, dashed line), which
was calculated from the amount of precursors at the start
of the time course (see theMaterials andMethods). In con-
trast, only one out of every two to three precursors forms

Figure 1. Pho RadA intein splicing is stimulated by ssDNA, which
binds to the RadA precursor. (A) Specificity of RadA intein splicing
stimulation. Splicing reaction mixtures were incubated for 10 min
at 63°C, separated by SDS-PAGE (8%–16%), and stained with Coo-
massie, and the levels of precursor (P), ligated exteins (LEs), and intein
(I) weremeasured by densitometry. The intein appears as a dimer (×2),
consistent with previous observations (Oeemig et al. 2012; Aranko
et al. 2013). (TE) Tris-EDTA, the storage buffer for ssDNA; (ssDNA)
M13mp18 ssDNA; (dNTPs) deoxynucleotide triphosphates; (dsDNA)
double-stranded plasmid DNA; (RNA) total cellular RNA. ssDNA,
dNTPs, dsDNA, and RNA were all at 187.5 ng/µL. (Below) Bar graph
quantitation of the gel in A. (B) Splicing-inactive RadA precursor
(RadA-AA) binds to ssDNA. M13mp18 ssDNA is at 5 µM binding
sites (3 bases per RadA-binding site) (Seitz et al. 1998), and RadA-
AA is at 0, 2.5, 5, 10, or 20 µM (from left to right). Samples were incu-
bated for 60min at 63°C, separated on 1% agarose gels, and visualized
using EZ Vision dye under UV light. Data in all panels are representa-
tive of at least three experiments.
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LE without ssDNA. At the end of a 3-h splicing time
course in which >80% of the starting precursor had pro-
cessed, we observed approximately threefold more new
LE formation with ssDNA than without (Fig. 3B). Finally,
in the absence of ssDNA, there is the formation of ∼14-
fold more off-pathway I-C product, the C-terminal frag-
ment resulting from N-terminal cleavage (Fig. 3B).

Pho RadA splicing is promoted by intracellular DNA
damage in E. coli

We next sought to determine whether the effects of
ssDNA on Pho RadA intein splicing rate in vitro were ob-
servable in a cellular context. In this case, E. coli is a valu-
able proxy for Pho for in vivo splicing studies, since
substrate ssDNA is biochemically the same in all organ-
isms. Additionally, we found that acceleration of Pho
RadA intein splicing by ssDNA was robust across a wide
temperature range, including 37°C (Supplemental Fig.
4B), the optimum growth temperature of E. coli. To deter-
mine whether Pho RadA intein splicing can be influenced
by intracellular ssDNA, we treated E. coli with nalidixic
acid (Nal), a gyrase inhibitor that leads to ssDNA accumu-
lation (Kohiyama et al. 2013), or UV. Because induction of
the SOS response generates the ssDNAacted on by recom-
binases during repair (Bell and Kowalczykowski 2016), we
examined splicing in SOS+ and their isogenic SOS− strain
backgrounds (Supplemental Table 3). To this end, we used
a deletion of the recA recombinase (recA−) and a noncleav-
able variant of the lexA repressor (lexA3), both of which
render the SOS response noninducible. We observed up
to 10-fold more splicing within the first hour after Nal
treatment in the SOS+ strains compared with the SOS−

strains (Fig. 4A,B; Supplemental Fig. 5). Importantly, this
dramatic splicing response to newly produced ssDNA
was observed only in SOS+ strains in response to Nal

treatment and not in recA− or lexA3 cells. UV light expo-
sure, another means to damage DNA, activates SOS and
thus produces ssDNA in vivo, which leads to an approxi-
mately threefold increase in splicing when comparing
SOS+ with SOS− strains (Supplemental Fig. 5). There was
slightly more splicing in SOS+ strains even in the absence
of Nal (Supplemental Fig. 5) but to a much lower degree
than following Nal treatment, which is not surprising
given the constant background of DNA damage. We also
found that DNA copurifies with RadA only after Nal
treatment (Fig. 4C), strongly suggesting a direct effect on
splicing caused by RadA–DNA interaction under condi-
tions of DNA damage.

Model of Pho RadA splicing acceleration by ssDNA

Structural studies of RadA and Rad51 have identified re-
gions of the protein involved in ssDNA binding; namely,
loop 1 (L1) and L2 (Conway et al. 2004; Wu et al. 2004;
Chen et al. 2007, 2008). Our attention turned to a residue
adjacent to L2, R503, a highly conserved amino acid in
both archaeal RadA and eukaryotic Rad51 (Prasad et al.
2006) that was previously identified as contacting intein
residues (Supplemental Fig. 6A,B; Topilina et al. 2015b).
Substitution of the corresponding residue in human
Rad51 (R310) to alanine decreases affinity for ssDNA (Pra-
sad et al. 2006). We therefore tested the extent to which
Pho RadA splicing could be accelerated by ssDNA in
R503A as well as the affinity of the mutant for ssDNA.
As opposed to the 46-fold effect with wild-type RadA, we
found that the initial rate of PhoRadA-R503A intein splic-
ing was only 11-fold faster in the presence of ssDNA (Sup-
plemental Fig. 6C,D). This approximately fourfold
reduction in splicing stimulation is in close agreement
with an approximately threefold lower affinity of RadA-
R503A for ssDNA (apparent Kd of ∼9 μM) (Supplemental
Fig. 2), consistent with ssDNA binding to RadA being

Figure 2. Pho RadA intein splicing is faster in the presence of
ssDNA. (A) Time course after ssDNA addition. The experiment
was conducted as in Figure 1A with extended incubation times. In
the absence of ssDNA, the off-pathway splicing product intein–C-
extein (I-C) appears over time. (B) Kinetics of splicing. Measurements
were in the presence (filled circles) or absence (open circles) of ssDNA,
with calculations as described in the Materials and Methods. An ex-
pansion of the graph to display the first 15min of the splicing reaction
is at the right. Initial rates are increased 46-fold with ssDNA (3.54 ×
10−1 permin vs. 7.60 × 10−3 permin). Error was calculated as the stan-
dard deviation from three independent experiments.

Figure 3. Pho RadA intein splicing is more accurate in the presence
of ssDNA. (A) New LE formation with and without ssDNA. New LE
was determined as the amount of LE for each time point, minus the
amount of LE at time 0. The dashed line indicates the estimatedmax-
imum possible new LE formation from the starting amount of precur-
sors. Error was calculated as the standard deviation from three
independent experiments. For A and B, open bars are in the absence
of ssDNA and closed bars are in the presence of ssDNA. (B) The accu-
racy of splicing after 3 h in the presence and absence of ssDNA, where
total splicing exceeds 80% in both cases, and off-pathway I-C appears
without ssDNA. The bar graph of the gel shows on-pathway (I and LE)
and off-pathway (I-C) products.

Substrate-induced protein splicing
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responsible for the effect on splicing. We propose that, in
the presence of DNA damage leading to ssDNA, Pho
RadA precursor binds directly to ssDNA, which promotes
dramatically faster and more accurate protein splicing,
possibly by breaking the same intein–C-extein interac-
tions controlled by temperature (Fig. 5). Splicing leads to
ATPase activation, which is also greatly stimulated by
ssDNA (Seitz et al. 1998; Komori et al. 2000b; Galkin
et al. 2006), producing fully functional RadA for down-
stream recombination.

Two nucleophiles are required for Pho RadA splicing:
the first residue of the intein (the catalytic cysteine [C1])
and the first residue of the C-extein (a threonine [T+1])
(Mills et al. 2014). Nucleophilic attack by C1 on the pre-
ceding peptide bond to form a thioester (Fig. 5, shaded
box, encircled 1) is followed by nucleophilic attack by T
+1 on the thioester (Fig. 5, shaded box, encircled 2). Next,
the intein is released, and LEs are formed (Mills et al.
2014). Although 177 residues separate R503 from the T
+1 residue T325, these two residues are predicted to be
within 4Å in three-dimensional space in aRadAprecursor
model (Supplemental Fig. 5B; Topilina et al. 2015b). This
proximity suggests a structural connection between
ssDNA binding and splicing catalysis within the ATP-
binding P loop, where the intein resides. Not only was
R503 proposed to interact with the intein (Topilina et al.
2015b), but aPhoRadA-R503A substitution caused slower
splicing than wild type in the absence of ssDNA (Topilina
et al. 2015b), suggesting that perturbations in the ssDNA-
binding region of RadA has consequences for splicing rate.

Interestingly, T+1 plays pivotal roles in both splicing
catalysis and ATPase activity. This threonine not only is
the nucleophile required for the second step of splicing
(Mills et al. 2014) but also coordinates a catalytic Mg2+

during ATP hydrolysis (Wu et al. 2004). T+1may therefore

serve as a relay center, coordinating ssDNA binding with
splicing through proximity to R503, followed by Mg2+

binding for ATP hydrolysis (Fig. 5). Consistent with this
role for T+1 is the appearance of off-pathway I-C in the ab-
sence of ssDNA (Figs. 2A, 3B), which can result from sub-
optimal nucleophilic attack by T+1 in the second step of
splicing after initial thioester formation by C1.

Splicing activation as instantaneous post-translational
control

Although DNA damage has been shown to induce RadA
expression in most archaea (Rolfsmeier et al. 2010), in
the close Pho relative Pyrococcus furiosus, RadA is not in-
duced by several DNA-damaging agents, suggesting a
post-translational regulatory mechanism to control activ-
ity (Komori et al. 2000b). It is unknown whether Pho
shares this trait with P. furiosus, but, in any event, intein
splicing in response to ssDNA represents an immediate
mechanism to post-translationally activate RadA, provid-
ing the cell a much faster avenue than de novo transcrip-
tion and translation to produce functional RadA under
stress in response to ssDNA. Thus, the Pho RadA intein
can lock the protein in an ATPase-inactive state until
ssDNA is available, as the ATPase cannot function prior
to splicing (Topilina et al. 2015b). Whereas other in vivo
factors undoubtedly play roles in RadA binding to ssDNA,

Figure 4. DNA damage in E. coli leads to increased Pho RadA intein
splicing. (A) Splicing after DNA damage. RadA was expressed in E.
coli at 37°C in SOS+ (recA+ and lexA+) and their SOS− counterparts
(recA− and lexA3) in the presence of 200 μg/mL Nal. The precursor
(P) and LE were isolated by his tag-mediated pull-down, separated
by SDS-PAGE, and stained with Coomassie, and the amounts of pre-
cursor and LE were determined by densitometry. The precursor often
resolves as two bands when expressed at 37°C (Topilina et al. 2015b).
(B) Quantitation of splicing. Plots represent three independent exper-
iments, with error as the standard deviation. (C ) DNA copurifies with
RadA only when expressed after Nal treatment. UV spectra following
pull-down of equal amounts of RadA protein expressed in the pres-
ence (red) or absence (blue) of Nal.

Figure 5. Model for RadA splicing acceleration by ssDNA. The
intein is red with C1 highlighted, and exteins are blue and green
with T+1 (T325) and R503 highlighted, using colors as in Supplemen-
tal Figure 5B. Interactions between the intein and C-extein control
RadA splicing, as shown by thermoregulation (Topilina et al.
2015b). In the presence of substrate ssDNA, binding to the C-extein
by ssDNA is proposed to disrupt C-extein–intein interactions, pro-
moting fast, accurate splicing. Without ssDNA, splicing is slow,
with prominent off-pathway product formation. Splicing is depicted
in the shaded box, with steps 1 and 2 (circled) described in the text.
After splicing, ATP binds for hydrolysis. T+1 (arrowhead) may act
as a relay center to regulate splicing and ATPase activity in response
to ssDNA. Binding of ssDNA to the R503 region primes T+1 for nu-
cleophilic attack of the thioester bond between N-extein and intein.
Following splicing, T+1 is free to assist inMG2+-ATP binding, turning
on ATPase activity.
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as has been shown for the better-studied bacterial RecA
(Cox 2007; Bell and Kowalczykowski 2016) and eukaryot-
ic Rad51 (San Filippo et al. 2008; Krejci et al. 2012), our
work clearly demonstrates that ssDNA alone has a tre-
mendous influence on the rate and accuracy of RadA
splicing.
This work provides an unprecedented example of extein

interactions with substrate regulating protein splicing,
which is especially compelling given the relevance of
ssDNA to recombinase function and ATPase stimulation.
These observations strongly support the notion that
inteins can function as post-translational regulatory
switches. Such control could not only benefit the host
but also be advantageous to the persistence of the intein.
The regulatory potential of the domesticated inteinwould
be selected for, and the intein would be maintained,
which would have particular importance for the RadA
intein because it lacks a homing endonuclease. The
RadA intein thereby adds to the growing list of invasive
genetic elements co-opted by the host to serve useful
functions, particularly under conditions of stress—in
this case, DNA damage.
This work demonstrates a novel mechanism of recom-

binase control, adding an intriguing new example to the
rich tapestry of recombinase regulation (Seitz et al.
2001; Cox 2007; San Filippo et al. 2008; Krejci et al.
2012; Bell and Kowalczykowski 2016). DNA binding by
RadA precursors is also of significance beyond our present
study, given our discovery that host proteins may retain
some activities prior to splicing. Whether the precursor
can form higher-order structures—such as the typical
RadA non-DNA-bound heptameric rings (Shin et al.
2003) and ssDNA-bound nucleoprotein filaments (Wu
et al. 2004)—remains an open question that may be rele-
vant to the many intein-containing proteins that form
higher-order structures (Novikova et al. 2016). Regardless,
post-translational protein activation by intein splicing in
response to factors pertinent to host protein function,
such as substrates or binding partners, represents a new
and immediate means for controlling intein-containing
protein function in microorganisms.

Materials and methods

Plasmid and strain construction

N-terminal deletion (codons 1–115) plasmids pΔN-RadAi and pΔN-RadAi-
AA were constructed from plasmids pFL-RadAi and pFL-RadAi-AA (Top-
ilina et al. 2015b), respectively, by inverse PCR (primers 3557/3558). Fol-
lowing amplification, PCR products were digested with BamHI and
ligated using T4 DNA ligase. Plasmid pΔN-RadAi-R503Awas constructed
using the QuikChange Lightning site-directed mutagenesis kit (Agilent)
with primers 3674/3675. To construct pXI-INT-RadA, pFL-RadAi was
used to amplify the intein (primers 4172/4173), and pXIΔΔIhh (Hiraga
et al. 2005) was EcoRI- and HindIIII-treated and assembled with In-Fusion
HD (Clonetech). AB1157lexA3(DE3) was made by P1 transduction of the
lexA3zja::Tn10 allele fromAB1157lexA3 into AB1157(DE3). Oligonucleo-
tides (Supplemental Table 1), plasmids (Supplemental Table 2), and strains
(Supplemental Table 3) are listed.

Protein expression and purification

ΔN-RadAi, ΔN-RadAi-R503A, and ΔN-RadAi-AA were expressed from
pET45b(+) with an N-terminal his tag in BL21(DE3) or ArcticExpress
(DE3). The RadA intein was expressed from the pXI-INT-RadA with in-
framechitin-binding domain (CBD) in JM109.Cellswere grown in LBbroth
(Miller) at 37°C to ∼0.4 OD at 600 nM, temperature was reduced to 16°C,

and 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) was added,
and cells were grown for 16–20 h and centrifuged at 4000g for 20 min.
After RadA expression, pellets were resuspended in Ni2+ buffer A (20

mM Tris-HCl at pH 8.5, 500 mMNaCl, 30 mM imidazole, 10% glycerol),
lysed by sonication, and centrifuged at 20,700g for 20 min. Soluble protein
was applied to HisTrap HP resin (GE Healthcare) in Ni2+ buffer A, washed
with 20 column volumes ofNi2+ buffer A, and elutedwithNi2+ buffer B (20
mMTris-HCl at pH 8.5, 500mMNaCl, 500mM imidazole). Proteins were
concentrated to 4mg/mL and exchanged into RadA storage buffer (RSB; 20
mM Tris-HCl at pH 8.5, 200 mM NaCl, 10% glycerol) by diafiltration us-
ing a 10-kDa concentrator (Amicon) or dialysis.
After expression of CBD-RadA intein, pellets were resuspended in chi-

tin-binding buffer (CBB; 20 mM Tris-HCl at pH 8.0, 200 mM NaCl, 0.1
mM EDTA), lysed/centrifuged as for RadA above, applied to chitin resin
(New England Biolabs), washed with 15 column volumes of CBB, washed
with 5 column volumes of CBB with 400 mMNaCl, and eluted by on-col-
umn intein cleavage with 75 mM dithiothreitol in CBB for 72 h at 4°C.
Intein was concentrated/exchanged into RSB. The MIG reporter was ex-
pressed from pMIG-RadAi as described (Topilina et al. 2015b).

In vitro splicing assays

One part Pho ΔN-RadAi (86 µM in RSB) was diluted with either three parts
Tris-EDTA (TE; 10 mM Tris-HCl at pH 8.0, 1 mM EDTA) or M13mp18
ssDNA in 250 ng/µL TE (New England Biolabs). dNTPs, pKW08-Lx
dsDNA (Addgene), or M13mp18 RFI dsDNA (New England Biolabs) and
cellular RNA were added at the same concentration as ssDNA, as was
donewhen testing splicing of the PhoRadA intein inMIG.MgCl2 was add-
ed as indicated. ATP was added at 2 mM. For testing FL-RadAi response to
ssDNA, FL-RadAi in RSB was mixed with an equal volume of either TE or
M13mp18 ssDNA.
Splicing time courses were initiated by incubation at the temperatures

indicated, and samples were taken at various times, mixed with SDS load-
ing dye but not boiled, separated using 8%–16% nonreducing Mini-Prote-
an TGX SDS-PAGE gels (Bio-Rad), stained with Coomassie, scanned, and
analyzed using ImageJ (https://imagej.nih.gov/ij). Splicing was calculated
as [(LE + I/LE + I + I-C + P)tX− (LE + I/LE + I + I-C + P)t0]/[1−(LE + I/LE + I + I-
C + P)t0], where LE is ligated exteins, P is precursor, I is intein, I-C is
intein–C-extein, t0 is time zero, and tX is a time at a given point. New
LEs was calculated by (LEtX− LEt0)/LEt0, where LEtX is LEs at a given point
and LEt0 is LEs at time 0. The maximum new LEs was estimated as Pt0/
LEt0, which was 1.67 for ΔN-RadAi, and is the amount of LEs that could
be made if all precursors at t0 were converted to LEs while accounting
for the LEs present at t0.

DNA binding

ΔN-RadAi, ΔN-RadAi-AA, ΔN-RadAi-R503A, and free intein were incu-
bated with M13mp18 ssDNA for 1 h at 63°C in four parts TE with one
part RSB. An equal volume of 83% glycerol and 2× EZ Vision (Amresco)
was added and run on 1% agarose gels in 1× Tris-acetate-EDTA at the
ssDNA and protein concentrations indicated. ssDNA was visualized un-
derUV light. ApparentKd valueswere calculated using Prism7 (GraphPad),
accounting for ligand depletion.

In vivo splicing following DNA damage

BL21(DE3) and BLR(DE3) (recA−) or AB1157(DE3) and AB1157lexA3(DE3)
were used as isogenic pairs except for the recA and lexA alleles (Supple-
mental Table 3). Cells with pΔN-RadAi were grown at 37°C to ∼0.4 OD
at 600 nM and split in two for each strain. To one culture, 200 µg/mL
Nal and 0.3 mM IPTG were added. Nal was freshly prepared at 30 mg/
mL in 0.3MNaOH. To the other culture, 0.3 mM IPTG and an equivalent
volume of 0.3MNaOHwere added. Cultures were grown at 37°C, and cells
were harvested by centrifugation at the times indicated and lysed with B-
PER (Thermo) plus 12.5 U/mL DNase I. Soluble His-tagged proteins were
isolatedwithHisPurNi-NTAmagnetic beads (Thermo), washedwithNi2+

buffer A, eluted with Ni2+ buffer B, and analyzed using 12% SDS-PAGE
gels as above. Splicing was calculated as LE/(LE + P). When treated with
UV, the dose was 0.6 J/cm2. DNA copurification was analyzed using UV
spectroscopy after 2 h of Nal treatment.
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