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1 | INTRODUCTION

Abstract

Maturases are prokaryotic enzymes that aid self-excision of introns in precursor
RNAs and have evolutionary ties to the nuclear spliccosome. Both the mitochon-
dria and chloroplast, due to their prokaryotic origin, encode a single intron maturase,
MatR for the mitochondria and MatK for the chloroplast. MatK is proposed to aid
excision of seven different chloroplast group IlIA introns that reside within precur-
sor RNAs for essential elements of chloroplast function. We have developed an in
vitro activity assay to test chloroplast group IIA intron excision. Using this assay, we
demonstrate self-excision of the group IIA intron of the second intron of rps12 and
the group IlA intron of rpl2. We further show that the addition of heterologously
expressed MatK protein increases efficiency of group IIA intron self-splicing for the
second intron of rps12 but not the group IlA intron of rpl2. These data, to our knowl-

edge, provide the first direct evidence of MatK’s maturase activity.
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(Matsuura et al., 1997). Maturases found in plant genomes seem

to have diverged from their prokaryotic relatives and tend to bind

Intron removal is an essential step of gene expression, without which
aberrant transcripts would be formed leading to nonfunctional RNA
and/or protein product. Introns can be excised using one of three
mechanisms: self-excision, maturases, or in the case of the eukary-
otic nucleus, the spliceosome, a large multi-protein and RNA com-
plex capable of binding and excising multiple introns. Maturases are
intron-encoded proteins that serve a catalytic function in intron ex-
cision and are found in some bacteria and prokaryotic-descendent
organelles such as the chloroplast and mitochondria (Matsuura,
Noah, & Lambowitz, 2001; Sultan et al., 2016; Zoschke et al., 2010).
Unlike the nuclear spliceosome, prokaryotic maturases, such as the
well-characterized LtrA maturase of Lactococcus lactis, are highly
specific to bind and catalyze self-excision of a single intron target

multiple intron targets (Sultan et al., 2016; Zoschke et al., 2010).
Maturase K is one such maturase.

Maturase K (MatK) is a plastid-encoded group Il intron mat-
urase of land plants (Liere & Link, 1995; Mohr, Perlman, &
Lambowitz, 1993; Sugita, Shinozaki, & Sugiura, 1985). It is an in-
tron-encoded protein with a relatively high mutation rate at both
nucleotide and subsequent amino acid levels (Hilu, Black, & Oza,
2014; Hilu & Liang, 1997; Young & dePamphilis, 2000). This el-
evated mutation rate is sufficient for use of the matK gene se-
qguence as a DNA barcoding region and as a molecular marker in
plant phylogenetic analyses at both shallow and deep taxonomic
levels (e.g., CBOL Plant Working Group1, 2009; Hilu, Alice, & Liang,
1999; Hilu et al., 2003, 2014; Li, Gao, Poudel, Li, & Forrest, 2011,
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Lutzoni et al., 2018). MatK has been shown to bind to seven dif-
ferent intron targets (Zoschke et al., 2010). There are three classes
of group Il introns, A, B, and C, divided by sequence and struc-
tural characteristics, including how each type recognizes exons for
splicing (Costa, Michel, & Westhof, 2000; Lambowitz & Zimmerly,
2011; Martinez-Abarca, Zekri, & Toro, 1998; Michel, Umesono, &
Ozeki, 1989; Toor, Hausner, & Zimmerly, 2001; Toor, Rajashankar,
Keating, & Pyle, 2008). All seven intron targets of MatK are clas-
sified as group IlA introns (Zoschke et al., 2010). These group IIA
introns lie within precursor RNAs for tRNAs (trnK, trnA, trnl, and
trnV) and ribosomal proteins (rpl2 and the second intron of rps12
(rps12-2)) necessary for function of the chloroplast translation ma-
chinery, as well as one subunit of ATP synthase (atpF) needed for
generation of ATP for photosynthesis (Zoschke et al., 2010). The
importance of the tRNAs and protein products from these precur-
sor RNAs for formation and function of the plastid translational
machinery implicates MatK as an essential enzyme for chloroplast
function, without which no plastid proteins could be made.

Examination of the white barley mutant, albostrians, indirectly
supports the essential role of MatK for chloroplast function and
intron excision. The albostrians mutant is a chloroplast ribosomal
mutant lacking the ability for translation of all chloroplast pro-
teins, including MatK. Nuclear protein translation and import into
the chloroplast was not impacted in the albostrians mutant; how-
ever, seven precursor RNAs containing group IIA introns lacked or
had significantly reduced intron excision in the albostrians mutant
compared with wild-type barley (Hess et al., 1994; Vogel, Bérner, &
Hess, 1999; Vogel, Hiilbschmann, Bérner, & Hess, 1997). Although
a direct knockout of MatK has never been made, the lack of group
I1A intron excision in the albostrians mutant suggested that a chlo-
roplast-encoded factor was required for group IlA intron excision,
most likely MatK (Hess et al., 1994; Vogel et al., 1997, 1999). Later
studies using RNA immunoprecipitation (RIP) and homoplastomic
HA-tagged MatK protein in tobacco resulted in the pull-down of
the same seven group IlA introns by MatK that were lacking in-
tron excision in the albostrians mutant (Zoschke et al., 2010). In
addition, a recent attempt to overexpress MatK in the chloroplast
of tobacco led to the reduction in MatK protein in homoplasto-
mic plants, correlating with a variegated phenotype in cotyledon
development, and further supporting a link between MatK ex-
pression and chloroplast function (Qu et al., 2018). Together, the
albostrians mutant and RIP studies highly support the proposed
function of MatK as a group IlA intron maturase.

MatK differs from other prokaryotic maturases in the number of
targets it binds. This could be due to loss of regions of functional do-
mains meant to restrict intron target association. MatK has lost two
of the three main functional domains found in other prokaryotic-like
maturases. The core functional domains of prokaryotic-like matu-
rases are a reverse transcriptase (RT) domain which comprises the
fingers and palm subdomains typical of a DNA polymerase, domain
X, which comprises a region analogous to the polymerase thumb do-
main, and a C-terminal DNA endonuclease domain (Blocker et al.,
2005; Joyce & Steitz, 1994; Mohr et al., 1993; Sultan et al., 2016).

MatK contains only four of the seven RT domain sequence motifs
and has completely lost the DNA endonuclease domain (Barthet
& Hilu, 2008; Mohr et al., 1993). One additional sequence motif of
the RT region is RTO, an extended motif that aids RNA binding (Cui,
Matsuura, Wang, Ma, & Lambowitz, 2004; Gu et al., 2010). The RTO
and RT sequence motifs 1-4 have been shown to not only contribute
to RNA binding but also contribute to target specificity (Gu et al.,
2010; Zhao & Pyle, 2016). Although the MatK protein contains part
of the RTO sequence motif, most of this region is missing (Barthet &
Hilu, 2008). The lack of part of RTO, as well as the missing elements
from the rest of the RT domain, may contribute to the broader range
of intron targets for the MatK maturase. MatK retains domain X, the
functional domain for maturase (RNA splicing) activity (Cui et al.,
2004; Moran et al., 1994). The retention of domain X suggests that
this enzyme is capable of facilitating the formation of the catalytic
structure necessary for group IlIA intron self-excision, the question
remains, however, whether MatK is able to excise group IIA introns
alone or requires additional protein factors for activity due to loss
of sequence domains found in other related maturases. We have ex-
plored self-excision of MatK-targeted group IlA introns as well as the
proposed enzymatic function of MatK as a group IlA intron maturase

using in vitro activity assays.

2 | MATERIALS AND METHODS
2.1 | Plant material and growth conditions

Oryza sativa japonica (rice) seeds maintained at 4°C were sterilized in
95% ethanol for 1 min, followed by 5 min in a 50% bleach and 0.05%
Tween 20 solution. Seeds were then rinsed three times with ster-
ile ultrapure water prior to planting. Seeds were planted in 1/3 AlS
(Enriched) Arabidopsis Growth Medium (Lehle Seeds) and 2/3 ver-
miculite and germinated under 100% humidity with a photoperiod of
16-hr light/8-hr dark with ~26.7 pmoles/m?/s of light.

2.2 | RNA extraction and RT-PCR of MatK open
reading frame

Approximately 100 mg of leaf tissue from 2-week-old O. sativa plants
was ground under liquid nitrogen and processed for RNA extraction
using the RNAeasy Plant Mini Kit (Qiagen) following the manufac-
turer's instructions. Extracted RNA was treated with Turbo™ DNase
(Ambion) prior to reverse transcription. DNase was removed using
the included DNase inactivation solution from the Turbo DNA-free
Kit™ (Ambion). Five micrograms of DNA-free RNA was converted to
cDNA using oligo dT(zo) primer with one microliter of SuperScript Il
Reverse Transcriptase at 200 u/ul (Invitrogen) per a reaction accord-
ing to the standard two-step manufacture protocol (Invitrogen). The
reaction was terminated by incubation at 70°C for 15 min. Remaining
RNA template was removed from the reaction by the addition of two

units of Escherichia coli RNase H and incubation at 37°C for 20 min.
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2.3 | Cloning of the MatK ORF

The O. sativa matK open reading frame (ORF) has an in-frame up-
stream initiation codon (R1) that leads to an elongated N-terminus
in comparison with the matK coding region from other related
monocots (Figure 1a,b). Translation of matK using the R1 initia-
tion codon in O. sativa produced a full-length translated protein
product of ~553 amino acids (Figure 1b). Translation from the
R1 initiation codon in closely related monocots resulted in pre-
mature stop codons due to a 1-bp deletion in the reading frame
upstream of the R2 initiation codon relative to the open read-
ing frame in O. sativa (Figure 1a,b). We included the elongated
N-terminal region generated using the R1 initiation codon in our
MatK clone in order to ensure the most complete form of the
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MatK protein was expressed in induced cultures and any lack of
function could not be attributed to lack of required protein re-
gions. The full-length reading frame for matK using the R1 ini-
tiation codon from O. sativa japonica was amplified from cDNA
using Phusion® DNA polymerase (2,000 units/ml, NEB) with the
following primers: 5° GGGGACAAGTTTGTACAAAAAAGCAGGC
TTCATGCAACACCCTGTTCTGACCA 3’ (forward primer)and 5' GG
GGACCACTTTGTACAAGAAAGCTGGGTTTTAATTAAGAG
GATTCACCAG 3’ (reverse primer) which included attB sites

for Gateway cloning (underlined portion of sequences above).

Products were amplified using the standard Phusion® PCR proto-
col (NEB) with a final concentration of 0.6 uM of each primer and
0.5 units of Phusion® polymerase per a reaction. PCR cycling con-
ditions were 98°C for 2 min, followed by 50 cycles of amplification

(b)
I 10| 1 20| 1 30| 1 40 1 Bl 1 =] 1 o] 1 80
O.S. [MOHPVLTILYYVSPFDKPRNISLSL IQVE IQMEKFEGYSEKLKFPRQYFVYPLLFQEY IYVFAHDYGLNGSELVEI IGSN
V.Sp. MQHPVLT ILHYVSSFDKPRNASSF*FK+«KYKWKNSKGIQKNRNLYNNTSSTHFFFRSIFMHLPMIMD*MIPNLWKLLVGI
2. [MQHPVLTILHYVSSFDKPRNASSF*LK*KYKWKNLKGIQKNRNLVNNTLSTHFSFRSIFMHLPMIMD*MVPNLRKLLVL I
S, [MQHPVLTILHYVSSFDKPRNASSL*FK*xKYKWKNSKGIQKNRNLVTNILSTHFSFRSIFMHSPMIMD*MVPNPWKLLVV I
Bl MOHPVLTILHYVSSFDKPRNASSL*FK*KYKWKNSKGIQKNTNLVNNTLSTHYSFRSIFMHLPMIMD*MIPNLWKLLVVI
Pp. MQHPVLTILHYVSSFDKPRKASSL*FK*KYKMEKLRVFRKT*ISSTILCLPTSLSGVYLCICP*xLWIKWF*XTCGNS*L *x
- ! 0] L 100] 1 10] 1 120 ! 130] ! 140] 1 150] 1 160)
O0.S. [NKKFSSLLVKRLMIRMYQQNFWINLVNHPNQDRLLDYNNFFYSEFYSQILSEGFAIVVEIPFSLREQSCPEEKE IPKFQN
V. sp. |TRNLVHYLNV*LFKCISRIFGLTRLIILTKIDCWITTIFFILSFILRSYLRGLRSL*KSHSRYENYLVRKKKKHQSFRIY
a TRNLVHYLNVEILFECISRIFGLTRLITLTKIDCWIVT IFILSFILKFYLRGLRSL*#KSHSRYENYLVRKKKKYQSFRIY
S, |TRNLVHYLNV*LFECISRIFGLIRLITLTKIDCWVTTIIFILSFILKFYPRGLRSL*KSHSRYENYLVRKKKKYKNFRIY
TRNLVHYLNVEILFECISRILGLTWLIILTKIDCWITKLVFILSFILRFYLRDLOSLEKSHSRYENYLVPKKKKYPSFRIY

B.l.
Pp QFE | *FTTCETFNYSNLSAEFLG*LG*SS*PRSIVVLQKLFLF*VLFSDS|*GVCDPCRNPIFATRI ILSERKRNTKISEF
M- | 170] | 180] | 130] | 200] | 210] | 220 | 230 | 240]
OS. [(RSIHS IFPFLEDKFLHLHYLAHIEIPYPIHLDILLOLLQYRIQGDVPSLHLLRFFLNYYSNWNSF ITSMETKS |FILKKE
Vsp DLFIQYFPFERIKTNFCIY I IYHIRRIKYPILS IWKFWFNSFNTGSKMFHLCIYCDSFSTTIRIGIVLLLOQENQFFFREKKKIKD
Ba. |DPLFIQYFPF*KTNSCIY I IYHI*KYPILSIWKSWFNSFNTVPKMFHLCIFCDSFSTTIRIGIVFLLQ*NPFFF*KKKIKD
LS DLFIQYFPF*KTNFCIWI IYHIZKYPILSIWKSWLNSFNIVSKTFHLCIYCDSFSTTIRIGIALLLQ*NRFFF*KKKIKD
Bl |ALFIQYFPF*KTHFCIWIIYHI*KYPILSI I WKSWFNSFNTVSKMFHLCIYCDSFSTTIQIGIVLLLAQ*NPFLF*KKKIKD
Rp TLYSFNISLFRRQIFAFGLSITYRNTLSYPFGNLGESIPYPRCSIFAFIAILSOLLFEFERFYYFNEI -HFYFEIKRKEIKT
| 250] | 260 | 270] | 280] | 230] | ap0] | a10] | 220)
O.s. [NKRLFRFLYNSYVSEYEFFLLFLRKQSSCLRLTSSGTFLERI IFSRKMETEHFGLMYPAFFRKT IWFVMDPLMHYVRYQG
gsp YFDSY I TLMYQNMNFSCCFFVNNLLAYH*HLLEPLWNESTFLGRWNILG*CTQVFFGKSYGSLWILLCIMETFDIKERQF
2. [YFDSYI|TLMYQNMNFSCCFFVNNLLAYH*HLLEPFWNESTFLGRWNILG*CTPVFFEKPYGSLWILLCIMETFDIKERLF
L& W FDSY I TLIYQNMNFSCCFFVNNLLAYH*YLLEPFWNESTFLERWNIFG*CTQAFFEKPYGSLWILLYIMETFDTKERQF
Bl [YFDSYITLIYQNMNFSCCFFVNNLLAYH*HLLEFFWNESTFRGRWNILG*CTQVFLGKPYGFLWILLCIMETFDIKERQF
Rp ISIPI*LLCIRI* IFLVVSS*T|----FLLTISIFWNFSGTNPLF*EDGTFLDNVPWFFSEKPMVLYGSSYTLCSISRKS
o) | 320] | 240] | 350] | 380] | 370] | 280] | 350] | 400]
VS- KAILASKGTLLLKKKWKCYLVRLWQYSFSFWTQPQRIHLNQLENSCFDFLGYFSSVPINSLLVRNQMETLENSFLIDTQM
.Sﬂ LHOQKELFFEIRRNGNVTLSISGNILSLFGLNREGSIBEITNEQTLASIFWGTFQVYQEIILCESRGIKC-RIHFERSIILEBMKNSIP
Ba. |LHQKEPLF*RRNGNVTLSISGNILSLFGLNREGS |*TY*QTLASIFWDTFQVYQKSLC**GI|KCWKILF+x|LE*KNSIP
L& LHQKELFF*RRNGNVTLSSSGNILSLFGLNREGSS* TN*QTLALIFWGTFQVYQKVLCWYGIKCWRIHF** |LELKNSIP
Bl LHQKELFFSTKNGNGTLSICGNIFSLFGLSREGSI*TN*QTLASILWGIFQVYQKVLC**GIKCWRIHF+* |LECQN=*IP
Rp NSCIKRHFFFEEEMEMLPYKFMAILFPFILDSAAKDPYKP|ISKLLLRFYGVPFOQCTKKYFVSKK*NAGEF | SNRYSNKKIR

FIGURE 1 Nucleotide and translated amino acid sequence using the R1 and R2 potential initial codons for the MatK maturase of Oryza
sativa as compared to related members of the Poaceae family. (a) Nucleotide sequence and (b) translated amino acid sequence of the matK
gene from six related monocots of the Poaceae as described by Soreng et al. (2017). Stop codons are highlighted. Species abbreviations:
Oryza sativa (O.s.), Valiha sp. (V.sp.), Brachyelytrum aristosum (B.a.), Lygeum spartum (L.s.), Bromus leptoclados (B.l.), Poa perrieri (P.p.). ATG
initiation codons are blocked in red. Dashes in alignment represent gaps. Stop codons (*) in translated amino acid sequence are highlighted.
Species chosen for comparison of the matK gene and protein sequence are all from species of the BOP (Bambusoideae, Oryzoideae, and
Pooideae) clade of Poaceae and represent the closest relatives of rice outside of the Oryzoideae tribe according to Soreng et al. (2017)
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(98°C for 1 min, 52°C for 1 min, 72°C for 3 min), and a final exten-
sion of 72°C for 10 min. Amplified product was purified using 30%
PEG 8000/30 mM MgCl, solution and cloned into pPDONR™221
entry vector (Invitrogen) followed by subsequent sub-cloning into
pDEST™17 expression vector (Invitrogen) behind a 6X histidine
tag. Cloned products were sequenced. The final clone used for
MatK expression was found to contain two mutations relative to
the genomic DNA sequence for matK based on GenBank acces-
sion GU592207. The first mutation at position 605 relative to the
initiation codon (G to T transversion) resulted in a silent mutation
that did not impact the reading frame or translated amino acid se-
quence of MatK in anyway. The second mutation wasa Cto T tran-
sition that resulted in a histidine conversion to a tyrosine amino
acid (Figure S1). This second mutation is the result of a conserved
RNA editing site found previously in other monocots such as bar-
ley and maize (Tillich, Schmitz-Linneweber, Herrmann, & Maier,
2001; Vogel et al., 1997).

2.4 | Heterologous expression of MatK in E. coli

The final expression clone containing the matK reading frame was
heat shock transformed into E. coli BL21 DE3 pLysS competent cells
(Promega) and protein induced using IPTG following standard trans-
formation and induction protocols using IPTG at a final concentra-
tion of 500 uM. Induced cultures were shaken at 210 rpm at 35°C
for an additional three hours before pelleting cultures at 10,000 rpm
for 10 min for 4°C. Cold temperature spins were used to prevent
protein degradation. Induction at 37°C was found to induce prote-
olysis of MatK protein in E. coli (data not shown); therefore, a lower
temperature of 35°C was used for protein induction. Pre- and post-
induction samples were assayed for MatK expression by immune
detection using one of two different anti-MatK antibodies, a com-
mercial antibody from Agrisera (AS132720) or an epitope-derived
antibody specifically designed against the MatK protein sequence in
rice (Barthet & Hilu, 2007).

2.5 | MatK isolation

Following protein induction, cell pellets were resuspended in
3 mls/g of wet weight of 1X binding buffer (50 mM NaH,PO,,
pH 8.0, 300 mM NaCl, and 5 mM imidazole), incubated with
rLysozyme™ (EMD Millipore) at a final concentration of 45 ku/g
of cell paste, and sonicated on ice using a Model 100 Sonic
Dismembrator (Fisher Scientific) at 200-300 volts six times with
10-s cooling between bursts. Benzonase® Nuclease (Merck) 25 pl/
ml of lysis (1X binding) buffer was added to protein lysate to ensure
removal of nucleic acids. Final lysate was centrifuged at 10,000x g
for 30 min at 4°C to remove cell debris. MatK protein was purified
using a fused 6X histidine tag using Ni-NTA His-Bind® SuperFlow™
Resin (EMD Millipore) according to the manufacturer's instructions

with the exception of using a 1X Ni-NTA binding buffer containing

5 mM imidazole. The final eluate (Elute 1) was run through a second
column of Ni-NTA His-Bind® SuperFlow™ Resin (EMD Millipore)
to remove any residual contaminating proteins. The flow-through
fraction (fraction 2) generated after running Elute 1 over a sec-
ond Ni-NTA column was collected, and proteins from this fraction
were resolved by SDS-PAGE followed by staining to assess the
presence of any additional protein bands. Resolved fractions were
further transferred to PVDF membrane, and MatK protein was
detected using the Agrisera anti-MatK antibody (AS132720) and/
or the anti-MatK antibody described by Barthet and Hilu (2007)
using Pierce™ ECL Western blotting substrate for luminescent de-
tection. Concentration of isolated MatK protein was determined
using Coomassie G-250 (Bio-Rad) as described by Bradford (1976)
with bovine serum albumin (BSA) as the standard. Confirmation
that isolated protein fractions contained MatK protein and iden-
tification of any background protein contaminants was achieved
using electrospray ionization (ESI). To prepare protein for ESI mass
spectrometry, protein fractions underwent alkylation, trypsin
cleavage, and guanidination using Thermo Scientific™ Pierce™ In-
Solution Tryptic Digestion and Guanidination Kit. Samples were
sent to the Mass Spectrometry Center at the University of South
Carolina for ESI processing. Proteome Discover™ software using
the SEQUEST algorithm (Thermo Scientific™) was used for ini-
tial peptide analyses followed by protein identification using the
UniProt proteome database (www.uniprot.org) and O. sativa as the
model organism.

2.6 | Preparation of RNA substrates for
activity assays

Primers were designed to amplify gene regions that surround postu-
lated MatK-target group IIA intron substrates (Table S1; Figure 2a).
Genomic DNA used as the template for PCR amplification was ex-
tracted from 2-week rice blades using the CTAB method (Doyle &
Doyle, 1990) with the modification of adding 0.1% beta-mercap-
toethanol into the CTAB buffer. Amplified products were generated
using Phusion® DNA polymerase (NEB), purified using a 30% PEG
8000/30 mM MgCl, solution, and cloned into pDONR™221 entry
vector, followed by sub-cloning into pDEST™17 using the Gateway™
method (Invitrogen). Recombinant clones were extracted from host
cells using the Wizard® Plus SV Minipreps DNA Purification System
(Promega) and sequenced. The pDEST™17 expression vector in-
cludes a T7 promoter which then was used for in vitro transcrip-
tion of RNA transcripts using the MEGAscript™ T7 Transcript Kit
(Ambion). Rps12 has three exons and two introns. The first intron
is trans-spliced (Hildebrand, Hallick, Passavant, & Bourque, 1988;
Tadini et al., 2018; Zaita, Torazawa, Shinozaki, & Sugiura, 1987), and
only the second intron has been proposed to require the MatK matu-
rase for self-excision (Zoschke et al., 2010). Only regions of exons
2 and 3 that surround the second intron of rps12, therefore, were
cloned and used to generate RNA substrate for testing MatK activity
(Figure 2a).


http://www.uniprot.org

BARTHET ET AL.

(a)
ps12-2
rps12exon3’splice For

<

rps12exon2Rev rpls12in2Rev

. . 5
> s - SI@EBlwiLey-L2

SOCIETY FOR EXPERIMENTAL BIOLOGY

rps12exon3’ splice Rev

rps12intron2 spanRev

100 200 300

Exon 2

500 600 700 800

Exon 3

rpl2 exon1-intron Rev

pl2 rpl2 exon1Rev

ml2splice For ml2intronspan F

ml2splice Rev

. B —

200 400 600
Exon 1
(b)
Spliced product

—> <«

rps12-2 Exon2 Exon3

rpl2 Exon1 Exon2

800 1K 1.2 1.4

Exon 2

Un-spliced substrate

—>

FIGURE 2 Annotation of primer locations used for cloning and amplification of RNA substrates and gPCR products. (a) Primers mapped
onto genomic DNA sequence of rps12 exons 2 to 3 including intron 2 (top) or rpl2 (bottom). Blue arrows = primers used for amplification of
RNA substrates; broken black arrows = intron-spanning primers; yellow arrows = reverse primer used to detect un-spliced product; green
arrows = primers used to detect total RNA. (b) Schematic representation of expected products from qPCR based on spliced and un-spliced
primers annotated in (a). Arrows represent relative position of primers to template needed to amplify spliced products (left) or un-spliced

products (right)

2.7 | Group llA intron self-excision and maturase
activity assay

Twenty nanomolar of group IIA intron-containing RNA substrate was
heat-denatured at 90°C for 2 min in reaction buffer modified from
Holldnder and Kiick (1999) to contain 5 mM MgCl, 40 mM Tris-HCl pH
7.5,and 0.5 M NH,CI, prior to the addition of MatK protein in order to
unfold any previous tertiary structure that may preclude protein bind-
ing. Low magnesium (5 mM MgCl,) concentration in buffers for L. lactis
was shown to induce a protective tertiary structure preventing self-
excision of the L1.LtrB group lIA intron (Matsuura et al., 2001). Since
the main goal of our study was to examine MatK maturase activity,
we chose to use a low magnesium (5 mM MgCl,) buffer to prevent
or reduce possible self-excision of targeted group IlA introns. Impact
of heat denaturing and low magnesium concentration on group lIA
intron self-excision was tested by incubating RNA in water, in reac-
tion buffer without prior heat denaturing, and after heat denaturing.
MatK activity was tested by the addition of 200 nM of isolated Ni-NTA

6X His-tagged MatK protein to reaction buffer containing heat-dena-
tured precursor RNA substrates and the reaction incubated at 26°C
for up to 60 min. Aliquots were taken of the initial reaction mixture
and assayed for production of spliced product, as well as un-spliced
substrate and total RNA, at zero (immediately after all components of
the reaction were mixed together), 15, 30, and 60 min. Several con-
trols were run for each activity assay. Controls of MatK protein alone
(just the MatK protein in buffer without any additional components)
and mock-induction alone (E. coli background protein eluted from Ni-
NTA columns in buffer without additional components) were used
to check for nucleic acid contamination that could come from the
protein isolation itself. Mock induction + RNA was a control for any
change in RNA levels due to background protein isolated from Ni-NTA
columns, and RNA alone was a control for RNA self-splicing activ-
ity. Mock-induction controls included Ni-NTA isolated protein lysate
from E. coli BL21 DE3 pLysS cells lacking MatK-pDEST™17 plasmids.
Briefly, mock-induction control cells were induced identically to cells
that included MatK-pDEST™17 plasmid with 0.5 mM IPTG at 35°C.
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Pre- and post-induction samples were taken for protein analyses. Cell
pellets were then lysed and protein purified in the exact same manner
as was done for induced MatK protein. All reactions were replicated
in triplicate. Fifty nanograms of each aliquot was reverse-transcribed
(RT) using SuperScript™ Ill Reverse Transcriptase according to the
manufacturer's instructions (Invitrogen) using a gene-specific reverse
primer for first-strand synthesis (Table S1). Samples of each activity
assay or stock RNA were assayed for genomic DNA contamination by
performing an identical reverse transcription reaction but without the

SuperScript™ Il Reverse Transcriptase (“No RT” controls).

2.8 | qPCR

Quantitative PCR was used for the assessment of efficiency of RNA
self-excision with and without the addition of MatK. Although as-
sessment by formaldehyde gel electrophoresis would have been
advantageous to directly evaluate splicing activity without concern
about RT artifacts, this could not be done due to low concentrations
of RNA used in the activity assays (20 nM or 818 ng/100 pl reaction
for rps12; 20 nM or 848 ng/100 ul reaction for rpl2) limiting visu-
alization of spliced product by agarose gel electrophoresis. For this
reason, gPCR was chosen as the method to quantitatively ascertain
splicing efficiency. gPCR has been shown previously to provide ac-
curate quantitative detection of spliced products, even more so than
densitometry of products resolved by gel electrophoresis (Yoon
et al., 2019). gPCRs were performed using SsoAdvanced™ Universal
SYBR® Green Supermix (Bio-Rad) on the Bio-Rad CFX 96 Touch™
Real-time PCR Detection System with at least two technical repli-
cates for each sample and a melting curve used to assess specificity
of product formation in the reaction. cDNA was diluted 10-fold in
DEPC-treated water with 1 ul of each diluted cDNA used for gPCR
analyses. Random samples of qPCR products from each gPCR run
were resolved on agarose gels to confirm product and ensure gPCR
data correlated with formation of resolved product and were not the
result of primer dimer or contaminants in the reaction. Products ob-
served from gPCR data and gel electrophoresis were sequenced to
confirm identity. Reaction conditions included an initial 95°C dena-
turing step for 30 s followed by 40 cycles of 95°C for 10 s, annealing
temperature (Table S1) for 30 s, and 72°C for 1 min. Plates were read
after the extension step for each cycle. The melt curve ran from 65
to 95°Cin 0.5°C increments for 0.05 s per a step.

Group IlA self-excision occurs with two trans-esterification
steps. The first step results in a free 5’ exon and an intron-3' exon
intermediate. The second step is the nucleophilic attack of the free
3’ OH of the 5’ exon to the 5’ phosphate of the 3’ exon resulting
in exon-exon (spliced product) ligation (reviewed in Smathers &
Robart, 2019). Intron-spanning primers were designed that required
exons to be ligated together, the final product of intron excision, for
at least one of the two primers in the primer pair to bind and allow
amplification (Table S1; Figure 2b). Un-spliced substrate was de-
tected using primers that bound to the 5’ exon and group lIA intron,

while total RNA was detected using primers that bound only to the

5' exon (Table S1; Figure 2b). Both spliced product and un-spliced
substrate would contain the 5’ exon. Some splicing intermediates
may not include this exon, but the exon would remain in solution

enabling a way to estimate total RNA at each time point.

2.9 | Generation of standard curves for gPCR

Standard curves used for absolute quantification of reaction prod-
ucts were generated using 10-fold dilution series of plasmids that
contained either spliced product for each substrate or un-spliced
substrate (exons surrounding the group IIA intron). To clone spliced
products, RNA was extracted from approximately 100 mg of 2-week-
old rice leaf tissue ground under liquid nitrogen and processed for
RNA extraction using the RNAeasy Plant Mini Kit (Qiagen). RNA was
used as the template to ensure that the group IIA intron was excised
from precursor RNA molecules and only spliced product remained.
Extracted RNA was treated with Turbo™ DNase (Ambion) prior to re-
verse transcription. DNase was removed using the included DNase
inactivation solution provided in the Turbo DNA-free Kit™ (Ambion).
DNA-free RNA was converted to cDNA using SuperScript™ Il
Reverse Transcriptase (Invitrogen) according to the standard two-
step manufacture protocol using an oligo dTQO) primer for first-
strand synthesis followed by RNase H digestion of residual RNA
(Invitrogen). Spliced products were then amplified using Phusion®
DNA polymerase (NEB) from cDNA template using gene-specific
primers with Gateway adapter sites (Table S1). Amplified product was
purified using a 30% PEG 8000/30 mM MgCl, solution and cloned
into pPDONR™221 entry vector using BP Clonase™ Il (Invitrogen). All
plasmids were sequenced to confirm cloning of the correct spliced
product. Quantity of plasmid with each cloned spliced substrate
was determined by absorbance at 260 nM of light in the Beckman
Coulter DU® 730 Life Science UV/Vis Spectrophotometer and then
converted based on total size of plasmid to number of target copies
per microliter.

Recombinant pDONR™221 clones containing genomic DNA of
rps12-2 and rpl2 used for in vitro transcription of precursor RNA
substrates were used to generate the standard curve of un-spliced
substrate. Relative quantity of amplified products (spliced product,
un-spliced substrate, or total RNA, respectively) was determined
using the Bio-Rad CFX Maestro™ software package with the high-
est product level based on relative fluorescent units set to 1 and all
other products shown relative to this.

2.10 | Statistical analysis

All statistical comparisons of gPCR data were performed using a
standard unpaired t test unless otherwise stated using algorithms
provided in the Bio-Rad CFX Maestro™ software package. Inter-
run calibration of plates in the Bio-Rad CFX Maestro™ software
was used to correlate data from multiple plates and increase num-

ber of experimental replicates for self-splicing assays and number
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of technical replicates for activity assays when possible to provide
more robust statistical analyses. Outliers of technical replicates

were removed from statistical analyses.

2.11 | Accession numbers

Sequence data from this article can be found in the EMBL/GenBank
data libraries under the following accession numbers: O. sativa matK
(GU592207), Valiha sp. matK (LN906794), Brachyelytrum aristosum
matK (KM974735), Lygeum spartum matK (HE573932), Bromus lepto-
clados matK (LN906668), and Poa perrieri matK (LN906764.1).

3 | RESULTS

3.1 | MatK maturase expression

Immune detection of protein fractions after nickel-NTA purification
of induced bacterial lysates that included the pDEST™17 plasmid
with the R1 matK coding region resulted in the identification of an
~65 kDa protein product (Figure 3a). An additional ~25 kDa protein
band often observed from Western blots using anti-MatK antibod-
ies was most likely the result of proteolyzed product (Figure 3a).
Lower induction temperatures were tested to avoid proteolysis of
protein but resulted in no change in amount of product produced
after IPTG induction or amount of proteolysis (Figure S2). Additional
contaminating protein bands were evident after initial elutes were
obtained from the first round of nickel purification. Such protein

contaminants are well known to be present from E. coli BL21 DE3
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pLysS lysates when using Ni-NTA columns due to having metal-bind-
ing sites or large clusters of histidine residues on the protein surface
(Bolanos-Garcia & Davies, 2006; Robichon, Luo, Causey, Benner, &
Samuelson, 2011). Eluted protein fractions were rerun through a
new nickel-histidine column to further remove these contaminants.
The subsequent eluted fraction (fraction 2) contained less protein
contaminants than the initial elution (Figure 3a). Only the second
more “pure” fraction 2 was utilized for activity assays.

The presence of residual E. coli protein contaminants in MatK Ni-
NTA fractions was not unexpected. Secondary affinity tags are often
employed to enable better target protein isolation. These second-
ary tags, however, may result in proteolysis or aggregation of tar-
get protein, as well as decreased concentration of isolated protein
due to additional purification steps (Robichon et al., 2011). An engi-
neered BL21 (DE3) strain has come out in recent years that includes
a chitin-binding domain (CBD) on some of the major E. coli protein
contaminants of Ni-NTA purification (Robichon et al., 2011). We at-
tempted to utilize this newer expression strain (NiCo21(DE3) NEB)
for expressing and isolating MatK but found MatK expression greatly
decreased in this strain compared with the pLysS strain and Ni-NTA
purification still resulted with an abundance of contaminating E. coli
proteins (data not shown). We, therefore, chose to continue our work
using the BL21 DES3 pLysS strain without the additional CBD-tagged
E. coli proteins and rely on two rounds of isolation of MatK using Ni-
NTA columns.

Confirmation of MatK as the primary protein in fraction 2 was
done using electrospray ionization mass spectrometry. The MatK
maturase had the highest identity match based on epitope matches
using the UniProt (www.uniprot.org) database with O. sativa (rice) as
the model organism (Table 1). An anti-MatK reactive protein band
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FIGURE 3 Expressed and purified MatK protein. The Oryza sativa open reading frame for MatK was cloned into pDEST™17 behind a 6X
histidine tag and induced for expression in Escherichia coli BL21 DE3 pLysS cells. (a) Fractions from Ni-NTA isolation of 6X his-tagged MatK
protein induced at 35°C with 0.5 mM IPTG. Resolution of protein bands from fractions transferred to PVDF membrane and detected using
TGX stained gel activation (left). Immune detection of proteins using an anti-MatK antibody (Agrisera) (right). (b) Proteins from fraction 2
(resulting fraction from the second round of purification through Ni-NTA column) of 6X His-tagged MatK purification compared with the
proteins of the same fraction after Ni-NTA purification from Escherichia coli BI21 DE3 pLysS cells lacking the MatK-pDEST™17 plasmid.
Proteins resolved by SDS-PAGE, transferred to PVDF, and detected using TGX stain activation (left). Immune detection of proteins using
anti-MatK antibody (Agrisera) (right). MS = PageRuler™ Plus prestained protein ladder (Thermo Fisher). Position of the ~70 kDa and ~25 kDa
protein standards are shown for mass comparison of detected protein bands
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TABLE 1 Top four proteins identified through electrospray
jonization mass spectrometry and UniProt (https://www.unipr
ot.org/) peptide analysis from Ni-NTA isolated protein fractions
after two rounds of purification

Model species Identity score Protein

Oryza sativa L. 51 Maturase K
50 Cytokinin dehydrogenase 4
41 30S ribosomal protein S12
39 Parkeol synthase

Escherichia coli 3,238 60 kDa chaperonin

(Migula 1895) 1,220 Elongation factor Tu
1,136 Triosephosphate isomerase
980 Bifunctional polymyxin

resistance protein ArnA

was strongly detected only from fractions of MatK-induced cultures
with very limited amounts of cross-reactivity to bands from mock-in-
duction fractions further supporting the expression and isolation
of the MatK maturase used in activity assays (Figure 3b). Based on
these results, we believe that the ~65 kDa protein observed from
SDS-PAGE gels and Western blots of resolved protein after Ni-NTA
purification from BL21 DE3 pLysS cells that included the matK re-
combinant expression clone was the MatK maturase.

Size discrepancy of the MatK maturase expressed in the current
study (~65 kDa) with previous assessments of MatK protein from
rice extract (~55 kDa; Barthet & Hilu, 2007) was attributed to use of
an upstream initiation codon for heterologous expression (Figure 1a)
as well as the addition of the 6X histidine tag. The upstream initia-
tion codon added 32 amino acids to the N-terminus of our heter-
ologous-expressed MatK protein. The ~65 kDa mass matched the
predicted mass for MatK based on amino acid sequence when ex-

pressed using the R1 initiation codon.

3.2 | Self-excision of the group lIA introns of
rps12-2 and rpl2 without additional protein factors

We chose to begin our investigation into determining the role of
MatK as a group IlA intron maturase using the group IlA introns of
and rps12 and rpl2 as representative models of proposed protein-
coding MatK-precursor RNA target transcripts. The protein prod-
ucts of rps12 and rpl2 are required for formation of the plastid
translation machinery implicating a vital importance for their protein
products in plastid function. We tested self-excision of in vitro tran-
scribed rps12 and rpl2 precursor RNAs that included the group IIA
intron under three different buffer conditions, water (RNA + water),
low magnesium (5mM MgCl,) buffer (no heat + buffer), and after a
2 min 90°C heat denaturing in the same low magnesium buffer (plus
heat + buffer). Even without the addition of protein, spliced product
indicative of self-splicing was observed using intron-spanning prim-
ers for rps12-2 and the group IIA intron of rpl2 under all three condi-
tions (Figure 4a,c). Spliced products from RT-qPCR of rps12-2 excision

were resolved on agarose gels and revealed the amplification of a
~200-bp product (Figure 4b). RT-PCR using 2 ul of undiluted cDNA
for rpl2 was used to confirm RT-gPCR data and resulted in amplifica-
tion of a ~300-bp product in all three conditions tested (Figure 4d).
Product sizes amplified by either RT-gPCR or RT-PCR are close to
those estimated for spliced product for each of these transcripts
(190 bp for rps12-2 and 240 bp for rpl2, respectively). Sequencing
confirmed identity of amplified products as rps12 (exons 2-3 ligated)
or rpl2, respectively (data not shown). For rps12-2, self-splicing was
significantly higher when precursor substrate was added to water
than in low magnesium buffer after the addition of heat (p = .01 for
rps12-2). Similar results were obtained for rpl2 in which the addition
of rpl2 precursor substrate to water resulted in a significant increase
in spliced product compared with both no heat + buffer and plus
heat + buffer trial (p =.0004; .0002, respectively; Figure 4c). Levels
of self-excision for rps12-2 and rpl2 in buffer after the initial heating
period stayed relatively constant with no significant change in rela-
tive quantity of spliced product produced through self-excision even
after 60 min of incubation (Figures 5a and 6a). All reactions were
assayed immediately after the addition of RNA to each buffer/water
or after incubation at 90°C for 2 min for the “plus heat + buffer” tri-
als. gPCR of negative controls (water alone and buffer alone) and
No RT reactions confirmed that product was not due to background
contamination of solutions or RNA stocks (relative quantity = 0, O,
and 0.00062, respectively). For simplicity, only results of water con-
trols are shown (Figure 4a,c). All treatments produced a significant
amount of spliced product compared with water controls (p < .01).
RT reactions are known to produce artifacts including false ligation
of exons regions from noncanonical splice sites (Houseley & Tollervey,
2010). We ran products directly from self-splicing assays undiluted on
formaldehyde gels stained with SYBR gold to analyze the legitimacy
of splicing activity directly from the self-splicing assays. However,
concentration of RNA used in the assays was extremely low and pre-
cluded visualization of product on gels (data not shown). If self-splicing
products were the result of RT artifacts, it would be assumed equal
amounts of product would be observed under all three conditions
tested. This was not the case for either substrate tested in the current
study in which self-splicing differed among conditions tested with a
much higher quantity of product observed when RNA was incubated

in water compared with the addition of RNA in buffer (Figure 4a,c).

3.3 | MatK maturase activity

MatK was found to significantly increase spliced product formation
for rps12-2 but not rpl2. MatK protein from fraction 2 after nickel-NTA
purification (Figure 3a) was added to in vitro transcribed rps12 (exons
2-3) or rpl2 precursor RNA containing the group IIA intron predicted
to require MatK for intron excision (Hess et al., 1994; Zoschke et al.,
2010). Although minimum levels of self-excision without addition of
the MatK maturase were evident in low magnesium buffer, the addi-
tion of 200 nM of MatK maturase to 20 nM rps12 RNA increased pro-

duction of spliced product relative to rps12 RNA alone controls over
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FIGURE 4 Self-splicing of the rps12-2 and rpl2 group IIA introns under three treatments: without heat (RNA + No heat + buffer), after

an initial denaturing period of 90°C for 2 min to remove secondary structure (RNA + heat +buffer), or in DEPC-treated dH,0 (RNA + water).
Activity assays were performed by adding 20 nM of rps12 (exons 2-3 including intron 2) and rpl2 in vitro transcribed precursor RNA to
buffer modified from Hollander and Kiick (1999) or water. Buffer (not shown) and water controls lacking RNA also were run to ensure
results were not from contamination. Amount of self-splicing was determined by assaying spliced product using RT-gPCR. In brief, for each
treatment, 50 ng, based on initial mass added of precursor RNA, was reverse-transcribed using SuperScript™ Il Reverse Transcriptase with
subsequent cDNA diluted 1:10 in nuclease-free water. One microliter of 1:10 diluted cDNA was used for qPCR of spliced product using
SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad) on the Bio-Rad CFX 96 Touch™ Real-time PCR Detection System. Amount of
spliced product was determined using absolute quantification based on a standard curve diluted 10-fold. Standards were generated by
cloning spliced product for rps12-2 or rpl2, respectively, in pPDONR™221. Concentration of plasmid was used to determine number of single-
stranded target copies/pl. ACq was normalized to zero. Relative quantity is shown with the highest level of expression for each substrate set
to 1.00 and all other quantities shown relative to this. (a) Relative quantity of spliced product of rps12-2. (b) Gel analysis of rps12-2 RT-qPCR
products. LD = 2-log ladder (NEB). Critical sizes of standard needed to determine product size indicated to the left. Negative control (Neg.)
for the rps12 qPCR. (c) Relative quantity of rpl2 spliced product. (d) RT-PCR analysis of rpl2 spliced product. Products were sequenced

to confirm identity (data not shown). LD = 2-log ladder (NEB). Negative control (Neg.) for the rpl2 RT-PCR. Critical sizes of standard

needed to determine product size indicated to the left. All gPCRs were run with at least two technical replicates for each sample. Error

bars = + corrected SEM as determined using the Bio-Rad CFX Maestro™ Software (n = 3 experimental replicates for all assays except rpl2
RNA + water where n = 6). (*) represent statistical significance (p < .005) of treatment versus water control
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FIGURE 5 Efficiency of rps12-2 intron excision produced with and without addition of the MatK maturase. MatK protein (200 nM)

or control mock-induced protein (200 nM) was incubated with 20 nM rps12-2 precursor RNA up to 60 min in reaction buffer at 26°C

to determine MatK activity. Controls of rps12-2 (rps12) RNA alone, MatK protein alone, or mock-induced protein alone in buffer also

were assayed under the same conditions. Amount of spliced product/residual substrate was determined using RT-gPCR. In brief, 50 ng
based on initial mass added of precursor RNA of each RNA sample was reverse-transcribed using SuperScript™ Il Reverse Transcriptase
with subsequent cDNA diluted 1:10 in nuclease-free water. One microliter of 1:10 diluted cDNA was used for gPCR of product using
SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad) on the Bio-Rad CFX 96 Touch™ Real-time PCR Detection System. Relative
quantity of (a) spliced product or (b) un-spliced substrate was determined based on a standard curve using number of target copies/ul of
cloned spliced product, or un-spliced precursor substrate, respectively, and ACq normalized to zero. The 0-min time point reflects sample
collection immediately after addition of protein to the reaction. Prior to the addition of protein, all RNA samples were heat-denatured for
2 min at 90°C. All gPCR reactions included at least two technical replicates. Error bars = +corrected SEM as determined using the Bio-Rad
CFX Maestro™ Software (n = 3 experimental replicates). *indicates statistical significance when comparing relative quantity of spliced
product formed at each time point for MatK + rps12 to rps12 RNA in buffer alone or rps12 RNA in buffer alone to mock induction +rps12.
Significant p values are given. (c, d) Left: RT-PCR products using the same 1:10 cDNA templates as used for qPCR assessment of (c) spliced
rps12-2 and (d) un-spliced rps12-2 precursor substrate resolved by gel electrophoresis. Right: Amplified products of both RT reaction and
No RT-PCR that included MatK + rps12-2 precursor RNA taken after 30 min of incubation at 26°C in activity buffer. LD: 2-log ladder (NEB),
MA: MatK protein + buffer negative control, RA: rps12-2 precursor RNA + buffer, MR: MatK protein + rps12-2 precursor RNA, BR: mock-
induction protein + rps12-2 precursor RNA, BA: mock-induction protein + buffer negative control. (e) Starting quantity of rps12-2 spliced
product and un-spliced substrate determined by absolute quantification based on standard curve of diluted plasmid DNA calculated in
single-stranded copies/ul. Significant p values are given. Error bars = +SEM

60 min, with the highest amount of spliced product (30-fold higher incubation in reaction buffer (Figure 5a). No significant difference
than self-splicing controls, p = .042, as determined using a standard was observed between spliced product levels of rps12-2 RNA alone

t test in Bio-Rad CFX Maestro™ Software) evident after 30 min of and with the addition of mock-induced E. coli protein at any time point
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supporting that increased splicing resulting from MatK was not the
result of any residual background contaminating proteins from Ni-
NTA purification. RT-PCRs using the same 1:10 dilution of cDNA as
used for gPCR of activity assays produced a band of ~200 bp using
intron-spanning primers only for activity assays that included both
rps12 (exons 2-3) precursor RNA and the MatK maturase (Figure 5c)
supporting gPCR data. No RT controls of the same RNA from activity
assays with both rps12 precursor RNA and the MatK maturase after
30 min of incubation in reaction buffer produced no product after
PCR with the same intron-spanning primers supporting that RT-PCR
results were not due to contamination (Figure 5a,c).

A complimentary pattern of un-spliced precursor rps12 (exons
2-3) substrate was found to that of spliced product (Figure 5b).
The lowest levels of un-spliced precursor RNA were detected after
30 min of incubation when MatK was added to the reaction compli-
menting the time point in which the highest levels of spliced product
were observed (Figure 5a). The highest levels of precursor substrate
were found after 15 min of incubation when MatK was added to the
reaction (an almost 10-fold greater amount of un-spliced substrate
compared with rps12 RNA alone controls, p = .029). The change in
un-spliced substrate levels for MatK + rps12 RNA dropped 40-fold
from 15 to 30 min and then rose again from 30 to 60 min with a
6.7-fold increase, though neither change was determined to be sta-
tistically significant (p = .063 and .437, respectively). A reduction in
un-spliced substrate also was observed with the mock-induced pro-
tein + rps12 RNA treatment from 15 to 30 min (7.6-fold reduction of
un-spliced substrate, p = .016) but not with RNA alone, which had
significantly more un-spliced substrate at 30 and 60 min compared
with mock-induction + RNA controls (p = .009 and .005, respec-
tively). Gel analysis of RT-PCR products using the same 1:10 dilution
of cDNA resolved a single band of the expected size (277 bp) for all
three RNA treatments at 30 min (Figure 5d). No products (spliced
or un-spliced) were detected from MatK protein + buffer alone or
mock-induced protein + buffer alone controls using either RT-qPCR
or RT-PCR (Figure 5a-d) supporting that results were not due to
background RNA or other contaminants of protein purification. The
amplification of product for all three RNA treatments (rps12 RNA
alone, MatK + rps12, mock induction + rps12) after 30 min of in-
cubation supported qPCR data and demonstrated that un-spliced
rps12-2 RNA was present at this time point for all three treatments
compared with spliced product which was only formed when MatK
was added to the reaction (Figure 5a,c). Overall, rps12 (exons 2-3)
precursor RNA levels remained unchanged during the 60-min incu-
bation period when incubated alone and only changed when MatK
or mock-induced protein was added to the reaction.

Similar results were obtained when comparing starting quan-
tity of treatments at each time point with a significant difference in
spliced product observed when MatK was added to the reaction after
30 min of incubation (p = .032 as determined using Student's t test
with equal variance) compared with rps12-2 RNA alone self-splicing
controls (Figure 5e). Mock induction + rps12-2 RNA had significantly
lower levels of spliced product compared with rps12-2 RNA alone at

15 min (p = .030). Comparison of starting quantities determined from
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standard curves of un-spliced precursor levels revealed no significant
difference in un-spliced substrate levels for MatK + rps12-2 versus
rps12-2 RNA self-splicing controls at any time point (p > .05), but just
as seen with relative quantity comparisons, significantly more un-
spliced substrate was observed for rps12-2 RNA alone compared with
mock induction + rps12-2 RNA at 60 minutest (p = .022, Figure 5e).
Unlike rps12-2, MatK activity on the group IlA intron of rpl2 was
less effective. The addition of the MatK maturase to rpl2 precursor
RNA resulted in the same levels and efficiency of spliced product
formation as produced by the catalysis of the rpl2 group IIA intron
self-excision alone (Figure 6a). Activity assays that included rpl2
precursor RNA with mock-induced protein revealed slightly higher
levels of rpl2 spliced product as that from self-splicing of the RNA
alone although not at a significant level at any time point (p = .07,
.06, .39,and .29 at 0, 15, 30, and 60 min, respectively, of incubation
compared with rpl2 self-splicing controls; Figure 6a). Control assays
with MatK alone or mock-induced protein alone both showed no ex-
terior contamination of RNA products supporting the spliced prod-
uct was the result of addition of RNA to assays not contaminants in
the buffers or protein fractions (Figure 6éa,c). No RT controls taken
from mock-induced protein plus rpl2 RNA trials after 15 min of incu-
bation in buffer did not show product supporting results are not due
to nucleic acid contamination (Figure 6a,c). Un-spliced precursor
rpl2 RNA also was assayed for comparison to spliced product lev-
els. Although a reduction in un-spliced rpl2 substrate was observed
based on qPCR at 30 min for all three treatments that included rpl2,
none of these were considered significant based on treatment or
time point using a standard unpaired t test (all p > .05; Figure 6b,d).
Assessment of starting quantity based on standard curves for rpl2
spliced product and un-spliced precursor substrate revealed a sim-
ilar pattern to relative quantity assessment (Figure 6e). However,
the immediate addition of MatK to heat-denatured rpl2 RNA (time
0 min) was determined to result in a significant increase in spliced
product based on starting quantity (p = .037 as determined using
Student's t test and assuming equal variance, Figure 6e). It is to be
noted that the total amount of possible rpl2 spliced product based
on the mass of substrate added to the reaction and spliced prod-
uct size was 9.79E + 08 single-stranded copies/ul. The addition of
mock-induced protein to rpl2 RNA produced almost this maximum
amount of spliced product after 15 min of incubation (Figure 6e).
The decrease in spliced product for both rps12-2 and rpl2 from the
maximum splicing time point (30 or 15 min, respectively) to 60 min
(Figures 5a and 6a) suggests possible RNA degradation. We attempted
to examine total cDNA levels as a reflection of total RNA from each of
these maximum high points to 60 min using primers that only bound
to the exon (Table S1; Figure 2a) in order to assess RNA degradation.
The same cDNA stocks were used to assess total cDNA levels as used
for assessment of rps12-2 and rpl2 activity assays (Figures 5 and 6). No
significant change in levels of total cDNA based on relative quantity
of cDNA was evident from these early time points to the end of the
assay time period for rpl2 (Figure S3). Total RNA was not able to be
assessed for rps12. The qPCR for rps12 using primers targeted against

exon 2 resulted in poor amplification (data not shown).
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4 | DISCUSSION

Since the discovery of an open reading frame coded within the group
IIA intron of trnK, this reading frame has been predicted to contain an
enzyme (MatK) that aids in RNA maturation by folding the intron into
the catalytically active structure needed for excision (e.g., Barthet &
Hilu, 2008; Hess et al., 1994; Neuhaus & Link, 1987; Sugita et al., 1985;

Vogel et al., 1999; Vogel et al., 1997; Zoschke et al., 2010). Although
indirect studies of chloroplast function and RNA-binding studies have
supported the presumed function of MatK (Hess et al., 1994; Liere
& Link, 1995; Vogel et al., 1997, 1999; Zoschke et al., 2010), none of
these studies directly show MatK'’s maturase activity. We have pur-
sued the question of MatK’s exact role in chloroplast group IlA intron

excision by developing an in vitro activity assay for this maturase. Our
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FIGURE 6 Efficiency of rpl2 intron excision produced with and without addition of the MatK maturase. MatK protein (200 nM) or control
mock-induced protein (200 nM) was incubated for up to 60 min at 26°C with 20 nM rpl2 precursor RNA to determine MatK activity. Controls
of rpl2 RNA alone, MatK protein alone, or mock-induced protein alone in buffer also were assayed under the same conditions. Amount of
spliced product/residual substrate was determined using RT-gPCR. In brief, 50 ng based on initial mass added of precursor RNA of each RNA
sample was reverse-transcribed using SuperScript™ Il Reverse Transcriptase with subsequent cDNA diluted 1:10 in nuclease-free water.
One microliter of 1:10 diluted cDNA was used for gPCR of product using SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad) on the
Bio-Rad CFX 96 Touch™ Real-time PCR Detection System. Relative quantity of (a) spliced product or (b) un-spliced substrate was determined
based on a standard curve using number of target copies/ul of cloned spliced product, or un-spliced precursor substrate, respectively, and
ACq normalized to zero. The 0-min time point reflects sample collection immediately after addition of protein to the reaction. Prior to the
addition of protein, all RNA samples were heat-denatured for 2 min at 90°C. All gPCR reactions included at least two technical replicates.
Error bars = +corrected SEM as determined using the Bio-Rad CFX Maestro™ Software (n = 3 experimental replicates). No significant

levels of spliced product or un-spliced substrate were detected. All comparisons resulted in p > .05. (c, d) Left: RT-PCR products using

the same 1:10 cDNA templates as used for gPCR assessment of (c) spliced rpl2 and (d) un-spliced rpl2 precursor substrate resolved by gel
electrophoresis. Right: Amplified products of both RT reaction and No RT-PCR that included mock-induced protein + rpl2 precursor RNA
taken after 15 min of incubation at 26°C in activity buffer. LD: 2-log ladder (NEB), MA: MatK protein + buffer negative control, RA: rpl2
precursor RNA + buffer, MR: MatK protein + rpl2-2 precursor RNA, BR: mock-induction protein + rpl2 precursor RNA, BA: mock-induction
protein + buffer negative control. (e) Starting quantity of rpl2 spliced product and un-spliced substrate determined by absolute quantification
based on standard curve of diluted plasmid DNA calculated in single-stranded copies/pl. Significant p values are given. Error bars = +SEM

work has revealed that the group IlA introns of both rps12-2 and rpl2
are able to self-splice in vitro and that efficiency of rps12-2 excision is
increased when MatK is added to the reaction. MatK, however, had

little if any effect on excision of the group IIA intron of rpl2.

4.1 | Excision of chloroplast group IIA introns

Group llA introns are known to self-splice in vitro under certain con-
ditions without the need for any protein factors (Hebbar, Belcher,
& Perlman, 1992; Matsuura et al., 2001). Specific buffer conditions,
such as the amount of Mg*2, may inhibit or enhance self-excision of
group Il introns in vitro. Self-excision of L1.LtrB group IIA intron from
L. lactis was shown to require levels above 5 mM MgCl, for efficient
excision (Matsuura et al., 2001; Noah & Lambowitz, 2003). Contrary
to this, 5 mM MgCl, was shown by Jarrell, Peebles, Dietrich, Romit,
and Perlman (1988) to be sufficient for in vitro autocatalysis of
group Il introns. Interestingly, our data indicate that the group IIA
introns of rps12-2 and rpl2 self-excise even in DEPC-treated sterile
water (Figure 4a-d). This would suggest that the group IIA introns
of rps12-2 and rpl2 do not require magnesium for catalysis of self-
excision. Although this is possible, it is more likely that self-splicing
observed in water was due to small amounts of magnesium that re-
mained with template RNA as residual contaminants of the original
in vitro transcription reaction even after subsequent RNA cleanup
steps. This minimal amount of magnesium would then be sufficient
for formation of the catalytically active structure needed for self-
excision of these two group IIA introns. Functional variants of the
L1.LtrB group Il intron have been generated that excise in extremely
low levels of Mg2+ (1.5 mM; Truong, Sidote, Russell, & Lambowitz,
2013). It is possible that the plastid group IlA introns of rps12-2 and
rpl2 have evolved in a similar fashion to that of the Truong et al.
(2013) mutants and only require extremely minimal levels of Mg+2
for self-excision. It is also possible that observed product from self-
splicing reactions is due to artifacts of the reverse transcription re-

action itself and is not the result of actual self-excision of the RNA

intron. RT reactions are known to result in trans-splicing events that
can lead to misinterpretation of true product from splicing reactions
(Houseley & Tollervey, 2010). Trans-splicing refers to the joining of
exons on two independently transcribed RNAs. The splicing from
the in vitro assays in our study is the result of cis-splicing events.
Further, spliced product reflective of artifact from the RT reactions
should have resulted in relatively equal amounts of product from all
three conditions tested in our study. This was not the case for ei-
ther the rps12-2 or rpl2 group llA introns, both of which had a much
higher level of self-excision in water compared with treatment in low
magnesium buffer (Figure 4a,c). Levels of spliced product, however,
were extremely low for self-excision of both substrates suggestive
of very minimal or contaminant levels of template. It is possible that
self-excision observed for rps12-2 in buffer was only the result of
background contamination as the observed extremely low product
levels did not change even after 60 min of incubation and only was
detected by amplification with qPCR reagents that are highly sen-
sitive (Figure 5a,c). Self-splicing product levels of rps12-2, however,
were significantly higher than buffer alone controls at 15, 30, and
60 min of incubation (p = 3.00E-06, 2.00E-03, and 2.00E-04, re-
spectively). Further, this would not explain the significantly higher
level of rps12-2 spliced product evident in water to buffer. Rpl2 also
was shown to self-splice more in water than in buffer and had vari-
able levels of spliced product over time (Figures 4c and 6a), sugges-

tive of active self-excision.

4.2 | Impact of the MatK maturase on group IIA
intron self-excision

The almost nonexistent amount of spliced product formed by self-
excision of rps12-2 in buffer suggests that another protein factor
must be involved in catalysis of intron excision from this precur-
sor RNA substrate. Studies of the white barley mutant albostrians
were the first studies to imply that the MatK maturase catalyzes

excision of the rps12-2 intron (Hibschmann, Hess, & Bérner, 1996).
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These original studies in barley were then supported by several
independent studies ranging from evolutionary analyses showing
co-evolutionary reduction in MatK with its target intron substrates
from the plastid genome (McNeal, Kuehl, Borre, Leebens-Mach, &
dePamphilis, 2009) to RNA-binding studies (Zoschke et al., 2010)
that show a more direct ability for MatK to bind to its proposed in-
tron targets including rps12-2. We added heterologously expressed
MatK protein to rps12 precursor RNA that spanned from exon 2
to exon 3 and included the second intron of this RNA. The in vitro
activity assay demonstrated that levels of spliced product were
greatly increased upon addition of the MatK maturase after 30 min
of incubation with a corresponding decrease in un-spliced substrate
(Figure 5a,b). These results were not achieved when background
protein from E. coli (mock-induced protein) was added to the reac-
tions (Figure 5a,b) confirming that the increase in splicing activity
of rps12-2 was the result of the addition of the MatK maturase and
not contaminants of the Ni-NTA fractions or reaction buffer. This
is the first direct evidence of MatK’s functional role as a group II1A
intron maturase.

In addition to supporting the long-proposed catalytic role of
MatK as a chloroplast group IlA maturase, we have also demon-
strated with our activity assays that MatK alone is sufficient for cat-
alyzing group lIA intron excision, at least for rps12-2. This was not the
case for rpl2. The addition of the MatK maturase to rpl2 precursor
RNA did not have any effect on the amount or timing to produce
spliced product compared with self-splicing of the RNA without ad-
ditional protein factors (Figure 6a), implying the role of MatK in cata-
lyzing intron self-excision may vary for each intron substrate.

The lack of impact of MatK enzymatic activity on formation
of rpl2-spliced product was intriguing. Studies have shown the
requirement for several nuclear-encoded protein factors to facili-
tate rpl2 group IlA intron excision. These factors include nuclear-
encoded SOT5 and WTF1 (Huang et al., 2018; Kroeger, Watkins,
Friso, Wijk, & Barkan, 2009). Importantly, although these same
studies indicated additional proteins were involved in splicing of
rps12-2, our findings imply that MatK is sufficient for rps12-2 ex-
cision but not sufficient for rpl2. Instead, additional protein fac-
tors likely are required for efficient rpl2 group IIA intron removal.
Supporting this proposition is our finding of slightly elevated lev-
els of rpl2 spliced product using protein from mock-induction trials
(Figure 6a,c). These results for rpl2 were likely due to contami-
nants isolated through Ni-NTA column purification from the E. coli
BL21 DE3 pLysS strain.

Several E. coli proteins are consistently isolated through im-
mobilized metal affinity chromatography and almost impossible
to exclude from any isolation. Native E. coli proteins that tend
to co-purify include SlyD, EF-Tu, and Hsp60 (Bolanos-Garcia &
Davies, 2006; Robichon et al.,, 2011). Of particular concern for
our study was Hspé0, a chaperone implicated in aiding excision of
the group Il intron of rpl2 in the mitochondria (Hsu, Juan, Wang,
& Jauh, 2019) and was found as a contaminant in our MatK pro-
tein isolations using Ni-NTA (Table 1). It is highly probable that E.

coli Hsp60 was responsible for the slightly elevated levels of rpl2

spliced product compared with self-excision controls in our study
(Figure 6a). Based on the work of Zoschke et al. (2010) and ear-
lier studies by Hess et al. (1994) that indicated MatK binds to the
rpl2 group llA intron and a plastid-encoded factor is required for
rpl2 group IIA intron excision, it is likely that MatK is required for
increasing efficiency of rpl2 group IlA intron removal. However,
additional proteins may be required to work with MatK to enable
efficient intron removal from rpl2, possibly in a manner akin to
the nuclear splicecosome where many protein components are re-
quired to facilitate intron removal.

A pertinent finding for both rps12-2 and rpl2 intron excision
was that the amount of spliced product for both substrates de-
creased after hitting maximum product levels (30 min for rps12-2
(MatK + rps12) and 15 min for rpl2 (mock induction + rpl2); Figures 5a
and 6a). This was surprising since it would be assumed that the
amount of product would not decrease but either plateau or increase
over time. Several factors may contribute to this decline. One very
likely possibility is that RNA is degraded during the assay resulting
in the observed decline in spliced product. Although possible, the
relative quantity of un-spliced substrate for rps12 was approximately
the same at 0 and 60 min for rps12 RNA alone and MatK + rps12
(Figure 5b). Further, total cDNA levels for rpl2 remained relatively
unchanged from 15 to 60 min for all three treatments that included
the RNA substrate (Figure S3). We propose based on our data that
the reduced level of spliced product observed in our assays after the
initial increase in splicing activity is due to alteration between the
forward and reverse splicing pathways. The complimentary increase
in un-spliced rps12 substrate from 30 to 60 min (MatK + rps2) relative
to the decrease in spliced product at these same points (Figure 5a,b)
supports this proposition. Group Il introns have been shown to re-
verse self-splice in vitro, a process that enables the excised intron to
reinsert itself within ligated exons (Augustin, Miiller, & Schweyen,
1990; Roitzsch & Pyle, 2009). Reverse splicing of rps12-2 and the
group lIA intron of rpl2 may serve as a form of autocatalytic regula-
tion for amount of mature transcript for use as a template for protein
translation. Further work needs to be done to confirm the hypoth-
esis presented here regarding reverse splicing of rps12-2 and rpl2.

5 | CONCLUSIONS AND FUTURE
PERSPECTIVES

We have provided here the first direct evidence of MatK splicing
activity using an in vitro activity assay. The fact that MatK can in-
crease splicing efficiency of at least one of its proposed substrates
without additional protein components suggests that domain X of
the MatK maturase is sufficient for catalyzing group lIA intron self-
excision in vitro. The difference in MatK activity between the two
substrates tested here implies that the importance of MatK for ca-
talysis of the structure necessary for group IIA intron self-excision
varies with each substrate. Future studies need to be done to as-
certain the differences in binding affinities or requirements for ad-

ditional catalytic components for rps12-2 and rpl2 intron excision.
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In addition, the experiments performed in the current study utilized
an upstream initiation codon for MatK expression. The existence of
two different potential initiation codons for MatK in rice may have
structural, as well as functional, implications for this maturase.
Experiments need to be performed using MatK expressed from the
R2 initiation codon to determine the significance of the upstream
region used in the current study in MatK activity. Although much
work as yet is required to completely define MatK'’s maturase ac-
tivity and the importance of this enzyme in plant physiology, the
current work provides an in vitro method for testing MatK activity
and the first direct evidence of MatK’s functional role as a group

IIA intron maturase.
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