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ABSTRACT. NanGIR1 is a catalytic element inserted in the P6 loop of a group | intron (NanGIR2) in the
small subunit rRNA precursor of the protidaegleria andersorEinvik, C., Decatur, W. A., Embley, T.

M., Vogt, V. M., and Johansen, S. (199RNA 3 710-720]. It catalyzes site-specific hydrolysis at an
internal processing site (IPS) afta G residue that immediately follows the P9 steloop. Functional

and structural analyses were initiated to compare NanGIRL1 to group | introns that carry out self-splicing.
Chemical modification and site-directed mutagenesis studies showed that NanGIR1 shares many structural
elements with other group | introns, but also contains a pseudoknot (P15), which is important for catalytic
activity. Deletion analysis revealed the boundaries of the minimum self-cleaving unit (178 nucleotides).
The rate of self-cleavage was measured as a function of mono- and divalent ion concentration, temperature,
and pH. The reaction at the IPS yieldsphosphate and'dwydroxyl termini, requires M§or Mn2+

ions, and is first-order in [OH between pH 5.0 and 8.5. The latter results suggest that the nucleophile

in the reaction is hydroxide or possibly a Ktgcoordinated hydroxide. With a second-order rate constant

of 1 x 10> min~t M1, the self-cleavage reaction of NanGIR1 is 2 orders of magnitude faster than a
similar site-specific hydrolysis reaction of the circular form of thetrahymenagroup | intron.

Group | introns interrupt the genes of ribosomal RNAs (A)
(rRNA), transfer RNAs (tRNA), and messenger RNAs
(mRNA) in a variety of organismdl{-3). The intron RNAs
fold into well-defined secondary and tertiary structures
consisting of paired segments, designated P10, as well
as single-stranded joining segments (J) and hairpin loops (L)
(Figure 1A). The catalytic core, important for splicing, is  ps
composed of P3P8 (for review, see ref 4)In vitro, many
group | intron RNAs are capable of self-splicing in the
absence of a protein componerih vivo, splicing of some
group | introns is assisted by proteir.( In the presence
of guanosine, these introns excise themselves from the
surrounding exon sequences in a two-step transesterification
reaction. In the first step, the-Splice site (55S} is cleaved
as an exogenous molecule of guanosine is added to'the 5
end of the intron. In the second step, thesglice site (35S) Tt LSU
is cleaved concomitantly with exon ligatiod)( The 3-
terminal G, which binds in the G-binding site in helix P7
for the second step of splicings,(7), is positioned by NanSSU1
interactions involving P9, P9.0, and P10. FiIGURE 1: Schematic comparison of two group | introns. Secondary

structure model for (A)TetrahymenaltLSU intron 67) and (B)
NanSSUL1 intron. GIR1 catalyzes site-specific hydrolysis at the
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an active conformation of the catalytic core and recognition
of the conserved G at thé-8nd of the intron 13, 14), but
not on the presence of an internal guide sequence (IG3p) (
This site-specific hydrolysis reaction takes on biological
significance because six naturally occurring introns, with
predicted group I-like secondary structure, hav83 hy-
drolysis as their presumptive functiod§ 17). Johansen
and Vogt (8) reported that DiSSU1, a mobile intron in the
nuclear rRNA gene dDidymium iridis contains two distinct
catalytic centers, GIR1 and GIR2n vitro, GIR1 catalyzes
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at 94°C and then amplified in 30 cycles for 1 min at 9@,

1 min at 55°C, and 2 min at 72C. The resulting DNA
was purified from a 4% NuSieve (FMC Corp.) agarose gel
using a Qiagen gel extraction kit. Oligodeoxynucleotides
containing appropriate changes were used in a similar
procedure to introduce mutations within the molecule. The
DNA was subsequently digested wiBarmHI and EcoRl,
ligated into a pUC19 plasmid, and used to transform
competent XL1-Blue cells using a Bio-Rad gene pulser (1.8
kV, 400 Q). Clones were screened using restriction endo-

site-specific hydrolysis at two internal processing sites (IPS1 huclease digestion and verified by sequencing (U.S. Bio-

and IPS2), while GIR2 catalyzes the typical group | splicing
reactions. Decatur and colleaguds$)( hypothesized that
GIR1 functions in the processing of the mRNA foDIrl,

chemicals Sequenase kits).
Transcription Reaction. For preparation of uniformly
labeled RNA, 20uL reaction mixtures contained 40 mM

the homing endonuclease encoded by the open reading framdris-HCI (pH 7.5), 15 mM MgCJ, 10 mM DTT, 2 mM

(ORF) embedded within the DiISSU1 intron.

spermine, each NTP at 1 mMy1 ug of DNA template

Phylogenetic sequence comparison and site-directed mu-digested withEarl, 50 uCi of [a'e'zf]ATP' and T7 RNA
tagenesis resulted in a preliminary secondary structure modelPolymerase and were incubated at’Z5for 2 h. The RNA

for D. iridis GIR1 (16). DirGIR1 IPS1 resembles 8SS as
defined for other group | introns, in that it is flanked on the

transcripts were purified on an 8% polyacrylamide gel. All
gels contained 29:1 acrylamide/b&M urea, and ¥ TBE

5'-side by a conserved guanosine residue. A novel 6 bp P15(1x TBE is 0.1 M Tris base, 0.083 M boric acid, and 1 mM
pseudoknot was proposed, and mutational analysis estabEDTA). Gel slices containing the labeled RNA were crushed
lished that it is important for catalysis (S. Johansen, personal@nd then soaked in TE [10 mM Tris-HCI (pH 7.5) and 1
communication). In contrast to GIR2, the downstream group MM EDTA] at 4 °C overnight. Acrylamide was removed

I intron involved in a more typical self-splicing reaction,

by filtration, and the solution was subsequently ethanol

GIR1 lacks a P1 element (containing the IGS sequence) andPrecipitated. Purified RNA was dissolved in a small volume
the conserved A residues in J4/5 (required for G addition (2050 uL) of distilled, deionized water.

and exon ligation).

Recently, GIR1 introns were identified in five species of
the protistNaegleria(17). They are all embedded within
loop 6 of a self-splicing GIR2 intron and are always
associated with an ORF (Figure 1B) encoding a protein wit
sequence hallmarks of a distinct family of homing endonu-

Self-Cleaage Reaction.RNA was preincubated at £&
for various lengths of time in 10 mM potassium cacodylate
buffer (pH 5.5), 25 mM MgGCJ, and various concentrations
of KCI, unless otherwise noted. The site-specific hydrolysis

h reaction was initiated with a pH jump by addition of 4

volumes of 47.5 mM K-HEPES (pH 7.5) containing the same

cleases19). Comparative sequence analysis predicts that concentrations of MgGland KCI as in the preincubation.

GIR1s from Naegleria (NaGIR1) have group I-relate
structures (Figure 1B) much like that of DirGIR16), and
probably function in maturation of the intronic mMRNATY).

Here, we provide the first kinetic and mechanistic analysis

of this novel catalytic element. We also determine the
approximate boundaries of the active unit of GIR1 from
Naegleria andersoniNanGIR1), examine its metal ion

cofactor requirements, and probe its secondary structure
through chemical modification and site-directed mutagenesis.
Since all GIR1 RNAs appear to have similar secondary
structures and functions, the results of this study should be

generally applicable to other members of this new family of
group | introns.

MATERIALS AND METHODS

Plasmid Construction.DNA primers were synthesized on
an Applied Biosystems 380B DNA synthesizer. PCR was
done in 100uL reaction mixtures containing 10 mM Tris-
HCI (pH 8.3), 4 mM MgC}, 50 mM KCI, each dNTP at 0.2
mM, and 2.5 units ofrag polymerase, using DNA from the

d Aliquots (2.5uL) were removed at various intervals, and

the reaction was quenched with the addition of 2 volumes
of ice cold stop solution containing 94% formamide, 0.1
TBE, 50 mM EDTA, 0.025% xylene cyanol, and 0.025%
bromophenol blue. Samples were analyzed on 8% poly-
acrylamide/urea gels. The gels were imaged and quantitated
using ImageQuant 3.0 Software and a Molecular Dynamics
Phosphorlmager.

Data Analysis. Kinetic data were first plotted as the
fraction precursor remaining versus time (for an example,
see Figure 4B). The fraction of precursor remaining was
calculated as precursor/(precurseér product 1), where
product 1 was the large hydrolysis product (i.&.t® the
IPS). Values were not corrected for the loss of the small
hydrolysis product, product 2, which was routinely run off
of the gel to facilitate quantitation of the other bands. The
curves were fit to standard nonlinear first-order decay
equations with an end point correction, (fraction of precuysor)
= (fraction of precursop.. + (fraction of precursor), x
exp(—kopd), to obtain the rate constarity,s Subsequent
analyses oKkyps Versus various factors as well as analyses of

genomic plasmid pNanG1-290 (a gift from S. Johansen). The other kinetic parameters were completed using Kaleidagraph
5'-primers encoded 8anH]I restriction endonuclease site v 3.0 (Abelbeck Software).

for cloning, a promoter for T7 RNA polymerase, and
sequences corresponding to variotsegions of GIR1. Each

Determining the Position of the Internal Processing Site
(IPS). The position of the IPS was determined using the

3'-primer encoded one of three different sequences comple-method of Zaug and colleague®d{ with minor modifica-

mentary to the 3end of NanGIR1, arkarl site to permit
termination of T7 RNA polymerase transcription, and an
EcadRl site for cloning. The DNA was denatured for 4 min

tions. Product 1, the 178-nucleotide RNA corresponding to
the sequence' Bf the IPS (intron sequence), was generated
by preincubating precursor in standard hydrolysis reaction
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mixtures and passing the reaction mixture over a G-25 spin  For each reagent, the modification lanes and the respective
column to remove the KCl and stop the reaction. Subsequentcontrol lanes were scanned and normalized to the same total
addition of the poly(A) tail, RT-PCR, and sequencing were number of counts per lane. The counts in the control lanes

done as reported earlie2@).
Product 2, the 19-nucleotide RNA & the IPS (exon

were then subtracted from those in the modification lane.
For each reagent and each of the four nucleotides, the

sequence), was isolated from standard self-cleavage reactiorstrongest modification was set as 100%, except for the DMS

by gel purification. The 5phosphate was removed by
incubating 20 pmol of RNA with 1 unit of calf intestinal
phosphatase in 15 mM Tris (pH 8.0) at 3Z for 1 h. The
RNA was phenol/chloroform extracted, ethanol precipitated,
and resuspended in,B. The sample (8 mL final volume)
was heated at 983C for 3 min in the presence of 10
polynucleotide kinase (PNK) buffer (NEB) and then iced.
After the mixture was cooled to 37C, 1 unit of PNK and

1 ul of [y-3?P]ATP were added to the reaction (&0 final
volume), and the sample was incubated at@7or 30 min.

The B-end-labeled RNA was gel purified as described above.

modification of A51 and the CMCT modification of U99,
since these nucleotides proved to be hyperactive (see Figure
6). Inthese two cases, the second-strongest hits were used
as references. Reactivities were assigned as follow20%b,
no reactivity; 20-40%, weak reactivity; ana 40%, strong
reactivity. These criteria were chosen because they agreed
with visual assessment of the band intensities and took into
account the different reactivities of the four bases with respect
to modification by the reagents.

Preliminary chemical modification trials at 4% were
carried out to examine the effect of the reaction conditions

Product 2 was sequenced by limited treatment with sequence-on the RNA. Uniformly labeled pre-NanGIR1 was treated

specific ribonuclease1).

Chemical Modification. For each reagent, 18g (150
pmol) of refolded pre-NanGIR1 RNA (197 nucleotides), in
a 200uL final sample volume, was modified at 2% in
buffer containing 25 mM MgGland 1 M KCI. DMS
(Aldrich) treatment was done in HKM buffer [80 mM
K-HEPES (pH 7.0), 800 mM KCI, and 25 mM Mg#lin
the presence of 4L of diluted DMS (2uL of DMS diluted
with 5 uL of ethanol) for 30 min and stopped by addition of
100 uL of a solution containing 0.5 MB-mercaptoethanol
and 0.75 M NaOAc (pH 5.5). CMCT (Sigma) treatment
was done in BKM buffer [80 mM potassium borate (pH 8.1),
800 mM KCI, and 25 mM MgC] in the presence of 20L
of CMCT stock (42 mg/mL in BKM buffer) for 30 min,
and 250uL of 0.5 M potassium borate (pH 6.1) was added
prior to precipitation. Kethoxal (U.S. Biochemicals) treat-
ment was done in HKM buffer in the presence of /20 of
kethoxal (37 mg/mL in 20% ethanol) for 60 min, and 410
of 0.5 M potassium borate (pH 7.0) was added prior to
precipitation. For each reaction, a control was treated in
parallel, omitting the chemical reagent. All samples were
precipitated with 3 volumes of ethanol on dry ice im-
mediately following modification. The RNA pellet was
resuspended in 500L of TE at pH 7.0 (for DMS- and
CMCT-modified samples) or 25 mM potassium borate at
pH 7.0 (for kethoxal-modified samples), desalted, and
concentrated by dialysis through a Microcon-30 microcon-
centrator (Amicon).

Primer Extension. Primer extension was performed es-
sentially as described by Zaug and CeR)(using DNA
primers Nan195177, corresponding to residues X977,
and Nanl125111, corresponding to residues 12Bl1 of
NanGIR1. 5End-labeled primer (1 pmoty1.5 x 10° cpm/
pmol) was annealed to approximately 0.5 pmol of modified
or control RNA in 6uL of AB buffer [5S0 mM Tris-HCI
(pH 8.3), 60 mM NacCl, and 10 mM DTT] by boiling for 1

min and then cooling to room temperature. Reverse tran-

scription was carried out with 1 unit of AMV reverse
transcriptase (Life Sciences) in b of RT buffer [50 mM
Tris-HCI (pH 8.3), 6 mM Mg(OAc), 60 mM NaCl, and 10
mM DTT] in the presence of each dNTP at 0.4 mM at 25
°C for 30 min. Transcription was stopped by addition of an
equal volume of formamide stop solution. Transcripts were

as described and analyzed by gel electrophoresis. Quanti-
tation of the RNA bands showed that the population of self-
cleavage products formed during the reactions varied for the
different modification reagents with 5, 71, and 5% of product
1 being formed for DMS, CMCT, and kethoxal, respectively.
Since self-cleavage during modification leads to a mixture
of RNAs and could potentially complicate data interpretation,
modification was done at 28C, a temperature at which
essentially no RNA self-cleavage is observed (data not
shown). To quantitate the degree of self-cleavage during
incubation with the reagents at 26, uniformly labeled pre-
NanGIR1 was treated the same way as it was in the
modification experiments and subsequently analyzed by
denaturing polyacrylamide gel electrophoresis. Phosphor-
Imager quantitation of the bands showed that the population
of full length precursor comprised 98% after refolding, and
97, 93, and 94% of the total RNA after DMS, CMCT, and
kethoxal modifications, respectively (data not shown).

RESULTS

Minimal Functional Pre-NanGIR1Deletion analysis was
used to identify the boundaries of the intron. Nine different
plasmids (Figure 2A) were constructed to generate pre-
NanGIR1 RNAs with 161, 169, 175, 178, 182, 189, and 199
nucleotides upstream and 10, 12, or 19 nucleotides down-
stream of the IPS (demonstration of the occurrence of a single
internal processing site is described below). To maximize
transcription by T7 RNA polymerase, all clones were
modified to begin transcription with three guanosines fol-
lowed by the pre-NanGIR1 sequence. After RNA transcrip-
tion, the unprocessed RNA was gel purified and incubated
under conditions favoring self-cleavage. The construct with
178 nucleotides preceding and 19 nucleotides following the
IPS (pre-NanGIR1t197) was the most efficient at site-
specific hydrolysis (Figure 2A). All constructs carried out
hydrolysis at the IPS except that with 161 nucleotides
upstream and 10 nucleotides downstream of the IPS, which
was inactive. Catalytic activity of the inactive construct
could be restored, albeit at a very slow rate, by extending
the region downstream of the IPS from 10 to 12 nucleotides
(data not shown). These results indicate that NanGIR1 intron
is ~178 nucleotides long and requires more than 12
nucleotides downstream of the IPS for maximum cleavage.

resolved on 12% polyacrylamide/urea gels and analyzed asConstruct pre-NanGIR1197 was used in the subsequent

described above.

determination of optimal conditions for hydrolysis. The
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Constructs Hydrolysis rate
IPS (min-1)
Y
(A) sOGo 99 1013 0.006
[ eteter 150 T ] 0009
et k7 T 1 0005
eletel 78 I ] 0027 pre-NanGIR1-197
CGG_ 178 1] 0.001
efefet ik} T 1 0.006
etete TR T 1 0.007
 eleies 161 I 1 0006
GGG 161 TT0) <0.0002
(B) Time (min)
Ml 0 10 20 30 60 190 300 390 MI

217 [

201 --m‘. -

ot d — - o _ product 1(178 nt)

180 =

. pre-NanGIR1

Ficure 2: Deletion analysis carried out to identify the minimal
active sequence for pre-NanGIR1. (A) For this experiment, gel-
purified RNA from each construct was mixed with the reaction
buffer [40 mM Tris-HCI (pH 7.5), 25 mM MgGl 1 M KClI, 2

mM spermidine, and 1 mM DTT], and hydrolysis was initiated by
incubating the reaction mixture at 4%. Self-cleavage of pre-
NanGIR1 at the IPS (arrow and line) produced product 1 (nhucle-
otides 5 to the IPS) and product 2 (nucleotidest8 the IPS).
Numbers in the box indicate the number of nucleotides either 5

3 to the IPS. The three guanosine residues at then8l of the
constructs are not native sequence but a result of introducing a T
RNA polymerase promoter. (B) A representative gel of the
hydrolysis of uniformly32P-labeled pre-NanGIR1197 used to

produce product 1 (178 nucleotides) and product 2 (19 nucleotides

routinely run off the gel to facilitate quantitation of precursor and
product 1 bands). The decrease in the total radioactivity with

increasing time is due to the nonspecific cleavage of pre-NanGIR1

during the long incubation times. M1 represefiB-end-labeled
pBR322Msp DNA markers.

RNA resulting from transcription of pre-NanGIR197 will
hereafter be referred to as pre-NanGIR1.

Determination of the Cleage Site. The hydrolysis
reaction gave products 6f180 nucleotides (Figure 2B) and

~20 nucleotides (not shown). To determine the exact site

of hydrolysis, the 3end of product 1 was sequenced as
previously described?Q). This RNA was tailed using ATP
and yeast poly(A) polymerase without any additional treat-
ment, thereby establishing that it had 'aCH. Following
PCR amplification and cloning of the cDNA, dideoxy
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Ficure 3: Cleavage site determination. Product 1 RNA was poly-
(A) tailed using the method of Zaug and colleagu2g).(cDNA
was synthesized using reverse transcriptase with a primer ending

7in 18 T residues and aRcaRl restriction site (EcodT18). PCR

with the EcodT18 primer and a primer withBanHI restriction
site, T7 promoter, and the sequence corresponding to nucleotides
19-36 of NanGIR1 produced a 210-nucleotide fragment of DNA.

"The PCR product was cloned into pUC19 as described in Materials

and Methods, and multiple clones were sequenced using dideoxy-
nucleotides; a representative example is shown here. The results
showed that the site of cleavage follows G178.

and ~30 nucleotides shorter at thé-@&nd than that of
Johansen and colleaguds’). We did detect an additional
cleavage site within product 1 in the absence of a competent
IPS, which appeared after approximgtélh of reaction (data

not shown).

Determination of the Optimal Reaction Conditionsitial
reactions with pre-NanGIR1 were carried out under the same
conditions reported for pre-DirGIR1 [40 mM Tris-HCI (pH
7.5), 25 mM MgC}, 1 M KCI, 2 mM spermidine, and 5
mM DTT at 45°C] (16). When purified pre-NanGIR1 was
incubated under these conditions for 6-v95% cleavage

sequencing of product 1 showed that the cleavage site waswas observed (Figure 2B) with a rate constdag) of 0.030

located 178 nucleotides from thé-&nd of pre-NanGIR1
following G178 (Figure 3). 5End labeling of product 2

+ 0.003 min™.
Without prior folding of the RNA, a 30 min lag phase

with [y-32P] ATP and PNK was successful only when the preceded the reaction. Standard renaturation proto2d]s (
RNA was first treated with phosphatase, indicating the 25) failed to alleviate this problem. Preincubation in a
presence of a'§phosphate group. Limited RNase digestion solution more closely resembling the cleavage buffer [10 mM
of product 2 showed that it was 19 nucleotides long with a potassium cacodylate (pH 5.5), 25 mM MgGind 1 M KCI
sequence corresponding to th'eeBd of the pre-NanGIR1  for 30 min at 45°C] followed by initiation of the reaction
transcript (data not shown). These results indicate thatby a pH jump yielded kinetic traces without a lag phase. No
hydrolysis of pre-NanGIR1n vitro occurs after G178 and  significant hydrolysis was observed during this preincubation,
generates'Sphosphate and 3iydroxyl termini. L-Arginine which was therefore employed in subsequent reactions.
amide, an inhibitor which blocks the binding of guanosine  Divalent Cation RequirementThe MgC}L requirement
at the G-binding site of other group | introns; ©f 0.7 mM was examined at several concentrations of KCI. No site-
for the Tetrahymenantron) (23), also inhibits hydrolysis at  specific hydrolysis was observed in the absence of MgCl
G178 (at=1 mM; data not shown). even in the presencé d M KCI. Reactivity increased with
Although it has been reported that pre-NanGIR1 undergoesincreasing concentrations of Mg reaching a maximum at
cleavage at this same IPS as well as at a second site withir~25 mM MgClh (Figure 4A). Similar M@" profiles were
product 2 (7), we did not see any indication of this second observed at various concentrations (250, 500, and 1000 mM)
reaction. This difference most probably stems from the of KCI (data not shown). Metal ion specificity was also
differences in the size of the constructs used; our pre-tested. CaGldid not substitute for MgGland appeared to
NanGIR1 construct isv90 nucleotides shorter at thé-é&nd promote nonspecific hydrolysis (data not shown). MnCl
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Ficure 4: Effects of metal ions on the rate of hydrolysis. (A) pH
Variation inksps as a function of MgGland MnCh concentration. g ee 5. Optimization of site-specific cleavage conditions. (A)

Pre-NanGIR1 was refolded as described; the reaction was initiated g, ; ; : ;
. ! . " d ; Eyring plot of kops as a function of temperaturé. is Planck’s
with & pH jump to 7.5 with the addition of 47.5 mM Tris-HCI (PH  ;onstant, and is the Boltzman constant. (B) Pre-NanGIR1 was

7.5), 1 M KCl, and 0-40 mM MgCk or MnCl,, and incubation i hated as described except that five different buffers were used
proceeded at 45C _for various Iengths of time. Each valuelgfs to span the pH range examined: 40 mM acetate (pH-8.5), 40
is based on analysis of710 time points. No cleavage was observed 1 \m MES (pH 5.5-6.5), 40 mM PIPES (pH 6:67.5), 40 mM
in the absence of divalent cations. (B) Kinetic analysis of cleavage 4epgg (pH 6.58.5) “and 40 mM CHES (pH 8J5100) Error is

at IPS as a function of KCI concentration. Plots showing the 55q6ciated with the low-pH points due to low reactivity of the RNA
disappearance of pre-NanGIR1 with time at KCl concentrations of 4 pH <5.0, and with the data at p#9 due to nonspecific

(x) 0 mM, (A) 200 mM, (a) 400 mM, ) 600 mM, and ) 1 M. : f the RNA. which it difficul ;
All data were fit as described in Materials and Methods. The inset gfg(;ﬁg?tll?n of the , which made it difficult to quantitate

shows the increase in the observed rate conskag) &s a function

of KCI concentration. The line is an interpolation of data points. . . .
replace the monovalent ion. Furthermore, addition of either

however, did efficiently replace Mg&l At lower concentra- compound to reaction mixtures containing various concentra-

tions (5-20 mM), MnCh was more effective than Mgeht tions of .KCI (100-1000 mM) did not affect the rate of
promoting site-specific hydrolysis, but higher concentrations hydrolysis (data not shown).
(>25 mM) resulted in decreased activity. Temperature Dependencé he hydrolysis rate constant
Monavalent Cation RequirementMonovalent salts stimu- ~ was measured between 30 and*65under conditions (25
lated both folding and reactivity of pre-NanGIR1. For MM MgCl, and 1 M KClI) that favor maximal activity at 45
efficient folding, as shown by the absence of the initial lag °C. Between 30 and 4%, a monotonic increase in activity
phase, at least 500 mM KCI was required (data not shown). was observed. An Eyring analysis of these data yielded the
The rate of site-specific cleavage was stimulated 10-fold in following activation parametersE. = 27 + 4 kcal mof™,
1 M KCI compared to the reaction in its absence (Figure AH® =26+ 4 kcal mol* K™%, andAS' = 6 + 10 eu (Figure
4B). Monovalent ion specificity was tested by substituting 5A). The entropy of activation has considerable error,
other salts for KCI. NaCl resulted in an only 5-fold increase resulting from the limited temperature range available for
in the reaction; ammonium ions had no positive effect, and this analysis, but nevertheless, it is clear thAS' is small
Li* was inhibitory (1 M LiCl resulted in a 15-fold reduction ~compared toAH*. Above 47 °C, the hydrolysis rate
in the hydrolysis rate constant). The reaction of pre- plateaued and then dropped as the temperature increased.
NanGIR1 in the presencé dM K+, Na*, or NH,* produced This behavior is consistent with unfolding of the RNA
the same products as reaction in the absence of addedertiary structure at the elevated temperatures. NanGIR1 has
monovalent ions (data not shown). a temperature profile similar to that of tmaebenaself-
At low concentrations of monovalent cations, polyamines Splicing intron, and it is not as thermostable asAzearcus
such as spermine and spermidine bind to the polyanionic intron (28).
RNA and provide structural stabilizatior2, 27). We pH DependenceThe effect of hydroxide ion concentra-
hypothesized that addition of spermine or spermidine could tion on the rate of self-cleavage was determined over a pH
eliminate or reduce the requirement for monovalent cations. range of 4.5-9.5 (Figure 5B). Use of different buffers at
However, we found that neither spermine nor spermidine, the same pH did not affect the rate of hydrolysis, indicating
at concentrations used for other introag(mM) (27), could that the observed pH effects were not buffer-specific. As



16350 Biochemistry, Vol. 36, No. 51, 1997 Jabri et al.
= o cCee L e 3
EiniE g 5GGGUUAUUUAUG-U/
= e = 10 A "Ug
= C-G:
=] ==
= NS P2 c-aGg:
£95:2: -8
20022 °'G3:2§
.LU\zo ,A%
P2 [ o onGg l%A;
‘U G" *U C%
P10 [ : U e . A acla
i S G- o A ‘
P15 [ am______" - -A38 Ps oy GnG_gg ‘G 170 30
- = —-— e -G-C A ° °
P3 [ gareee - e P10 G-C| c-G
. w ‘AAUAU—A 300G-C U—Aa
SPA [ s - £ o-cl Pe-¢
5 P5 [ esmesmumsan ......a,.... Ay U- A< G
3 :i e e g0 AYU G 180 ¢
3 P5 - s A C-G |
[ e = AT -6 ua .
Q E = gan P4 G-c ¢ P
o S — | GA oy-a P7
UEO_ e S d——— :"""“ﬁ :Bg? \ a G-C120
- Es g =1
T . A
3P4 [ . 5 o oU-A c
- - e A-U A 407G 10 % Cs
P [ &6 e *__, LA P6 AC:G AA fG:X Cc-G
A2 = =A% U Semt PI5LU A oo
AD3- == - ‘A As c-G cc P3
5’ P6a and " apA G(A; 40 C-G .U:A
pangamb - G-¢ 3 r—»——S-EISO
G-C ° B
- - -C100 P6a a-u w ! g_g P8
C100- === - U8 A 140 y—A s
u CSSIOO U— e Ue
3’ P6a T — ol LY Uyl
= Ficure 7: Sites of chemical modification superimposed on a revised

o Gl —
T secondary structure model of pre-NanGIR1. The various symbols

obviesig indicate strong 4) and weak £) DMS modification, strong@®)
and weak ©) CMCT maodification, and strongl) and weak [)
kethoxal modification. Determination of the degree of modification

—
@ i
w bt 73
is based on Phosphorimager quantitation as described in Materials

FIGURE 6: Probing the secondary structure using chemical modi- and Methods. Note that mapping of the 20 nucleotidet3he

fication. The gel shows the sites of chemical modification of pre- |ps (gray, solid bar) was not possible due to hybridization of the
NanGIR1 RNA with DMS, CMCT, and kethoxal revealed by reverse transcription primer to this site.

reverse transcription from primer Nan19577. Reverse tran- . ) .
scriptase stops or pauses one nucleotide prior to a modified base, Chemical probing was performed in the presence of 25

resulting in the modification bands being one nucleotide “ahead” mM MgCl, and 800 mM KClI, conditions under which pre-

of their corresponding sequencing bands. Control samples that were\gnGIR1 is most reactive (see above). Modification was
not exposed to the modifying reagents but otherwise treated equally o ; .

are included for each reagent (unmd). Lanes U, G, C, and A show d_one at 25 C rather than at 43C in order to_mlnlmlz_e_
dideoxy chain termination sequencing of unmodified pre-NanGIR1. Site-specific cleavage of the precursor. Chemical modifica-

tion of NanGIR1 (product 1) RNA was carried out in parallel.
The sites of modification were essentially identical with those
from pH 4 or 5 to 8.5 and then plateaus. of the precursor, suggesting that the secondary structure of
Probing the Reaction Site Requiremenis analogy to the ribozyme does not undergo substantial change after
the 3SS reaction of other group I introns, the G nucleotide cleavage, and showing that small amounts of product 1
preceding the IPS (G178) was expected to be important for present in the precursor modification reactions do not affect
reactivity and to bind in the G site in P7. Mutation of G178 the chemical modification results. The sites of chemical
to the three other nucleotides resulted in a complete loss ofmodification are superimposed on a secondary structure
activity (data not shown). model in Figure 7. The modified sites predominantly occur
Probing Secondary Structurelo obtain information about  in proposed single-stranded regions, consistent with the
the secondary structure of pre-NanGIR1, chemical modifica- model, with the exception of the P15 pseudoknot.
tion was performed with DMS, CMCT, and kethoxal. Mutational Analysis of the P15 Pseudokndiwo possible
Subsequent reverse transcription reveals the modified basestructures for the P15 pseudoknot are shown in Figure 8.
because modifications cause reverse transcriptase (RT) tdModel A, taken from Einvik and colleaguekd), is supported
pause or terminate, resulting in bands preceding theseby comparative analysis of fiv&aegleria GIR1 RNAs,
positions by one nucleotide when analyzed by denaturing although the single compensatory base pair change does not
polyacrylamide gel electrophoresd( 30) (Figure 6). The constitute phylogenetic proof. In addition, this model
chemical modification pattern of pre-NanGIR1 was deter- appears to disagree with our chemical modification results,
mined by extension of two primers that allowed all positions as heavily modified U34A38 are base paired. By shifting
to be evaluated, except for the primer binding site at the the right-hand strand downward, a new base pairing pos-
3'-terminus (Figure 7). sibility is achieved (model B) that is consistent with the

shown in Figure 5B, the reaction rate is first-order in [QH
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Ficure 8: Site-directed mutagenesis of the P15 pseudoknot. Models for the P15 pseudoknot are based on (A) phylogenetic sequence
comparison among five GIR1 RNAs from five speciedNzegleria(17) and (B) the chemical modification results presented herein. The

two models differ simply in the register of the two strands forming the P15 pseudoknot. For example, in both models, C39 and C40 are
base paired, but to different partners (G146 and G145 in model A versus G155 and G154 in model B). Using site-directed mutagenesis,
single mutations were introduced for nucleotides-82 and 145-155. The activity of each mutant was assayed as described in Materials

and Methods, and the fold decrease in activity relative to that of the wild type was determined (hnumbers in italics). Where the single
mutation resulted in a greater than 20-fold decrease in activity, a second mutation was introduced to test for rescue of activity. For clarity,
not all mutations are shown. Asterisks identify the site of the single covariation seen by phylogenetic analysis.

chemical modification, but does not account for the single G118C161 base pair and the adjacent bulged 31)(
covariation seen by phylogenetic analysis (asterisks in FigureJohansen and colleagu€s’Y have shown that mutation of
8). G118 at the G-binding site abolishes hydrolysis activity,
To test the structural models, this region of the RNA was which suggests that, although this intron has lost some
analyzed by site-directed mutagenesis (Figure 8). Most structural elements necessary for self-splicing, it has retained
single mutations on either strand of the proposed P15 the ability to bind guanosine at the active site. Pre-NanGIR1
pseudoknot resulted in-4350-fold decreases in activity lacks the base-paired region P1 which in the self-splicing
relative to that of wild-type pre-NanGIR1, suggesting that group | introns contains the internal guide sequence (IGS)
this region of the RNA is important for proper folding and/ for alignment of the 5exon @2, 33). Since pre-NanGIR1
or catalytic viability of the RNA. Specifically, mutation of is involved in hydrolytic processing and not splicing, it does
C39 or C40 resulted in a greater than 20-fold decrease innot require this structural element.

activity, which could be almost completely restored by  The IPS of pre-NanGIR1 resembles th&SS of other
compensatory mutations of G146 and G145, respectively (seegroup | introns in that it contains a conserved guanosine
model A). This restoration of activity was specific, as nucleotide (G178) immediately preceding the processing site,
constructs with compensatory mutations G154U or G155U and retains the P9 and P10 elements (Figure 7). In particular,
(model B) did not rescue. The double mutation C40A: the intron’s secondary structure is much like that of the group
G154U resulted in a 566-fold decrease in activity. These | intron from Pneumocystis cariniiwhich has its 35S
results show that C39 and C40 are base paired with Gl469uanosine immediate|y after PQLK) In theTetrahymena
and G145, respectively, thereby supporting the bottom AnabaenaandsunYintrons, the 3terminal guanosine must
portion of the duplex in model A.  Considering the chemical pind in the G-binding site for the second step of self-splicing
modification data, however, it was still not clear whether (6 7, 35 36). We hypothesize that G178 of NanGIR1 binds
the top half of the proposed helix actually formed. Therefore, at the G-binding site, thereby positioning the IPS close to
mutations in U34 and A151 were analyzed. Each single the nucleophile. In support of this proposal, mutation of
mutation almost eliminated activity, while the double muta- G178 resulted in complete loss of activity, and argininamide,
tion U34G:A151C restored activity to within 10-fold of that  which blocks the binding of exogenous guanosine to the G
of the wild type. These results support the conformation of site of other group | introns2@), also inhibited pre-NanGIR1

the P15 pseudoknot shown in model A (Figure 8A). self-cleavage. As in other group | introns, we expect that
the P9 and P10 elements help determine which guanosine
DISCUSSION will bind in the G-binding site 15). P10 of pre-NanGIR1

NanGIR1 Looks Like a Group | IntronThe structure of resembles that of the self-splicing introns in that the sequence
NanGIR1 was proposed to resemble that of a group I intron 3' of the IPS (or inTetrahymena3' of 3'SS) base pairs with
in that it contained paired elements-PB10 and a putative @ region close to the'#nd of the intron. P10 is connected
G-binding site 17) We have used chemical modification to P2 via an internal |00p, and the half of it that we were
studies to verify that pre-NanGIR1 has most of the elements able to monitor by chemical modification appears to be very
conserved in group | introns (Figure 1A9)( Specifically, ~ accessible and unstructured.
NanGIR1 can be discussed in terms of three building blocks, Pre-NanGIR1 has two features unique to the GIR1 family
P4-P5-P6, P2-P10-P15, and P8P3—-P7 (Figure 7). P7  of introns. First, P4 consists of five base pairs, as shown
contains a G-binding site judging by the presence of the through chemical modification, instead of the canonical six
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base pairs, and is connected to P5 via an 11-nucleotide bulgérapie 1: Rate Constants for Alkaline Hydrolysis of Phosphate
rather than by the more symmetric internal loop seen in other pjesters

group | intron_s (Figure 7). Deletion of this bulge_ (A¥3 _ compound TECP  ke(mintM-Y ref

U83) results in a greater than 50-fold decrease in activity R E——, e < 1l0® =1

(data not shown), which suggests that this region of NanGIR1 dmethy! phospha - 5x10% o

is involved in tertiary interactiorjs. ethylene phosphate 25 3% 10°2 51
Second, pre-NanGIR1 contains a pseudoknot (P15) that RNA _ 27 2x 102 52

is composed of the strand connecting P10 and P3, and the uridine cyclic 30 3x10% 53

strand connecting P8 and P7 (Figures 7 and®; We 2,3-phosphate 40 5100 &3

found that single mutations that _disrupt base pairing within  poiy(a) + 0.2 mM Mg+ 64 <1 54

the pseudoknot decrease the activity of NanGIR1. However, Tetrahymena 42 2x 10 37

the accessibility of the P15 pseudoknot to chemical modi- CiﬁfulfgiIZRaltion site 45 L 16 . y

i aat ; _nai ; pre-Nan X is worl

fication suggests that this base-paired region may be RNase P RNA 37 & 10 48 and 55

dynamic. Recall that chemical modification of RNA probes — _
the structure of the ground state of a molecule, whereas site- ° Table reproduced and modified from ref 3)7A"a'_'ab'i rate
directed mutagenesis, in which the activity of the RNA is E’Ttanfs determined at temperatures close toCi8re given:k =
’ - »d[OH]. 4 Corrected for fraction of hydrolysis via O bond
monitored, probes the structure of the transition state. cleavage (0.1) according to ref 56.
Therefore, differences in models generated by the two
methods may indicate a change in the conformation of that
region of the RNA upon approach to the transition state. The
results for pre-NanGIR1 suggest that the P15 pseudoknot

could consist of four base pairs in its ground state, which

may rearrange upon approach to the transition state into 1
seven-base pair pseudoknot (Figure 8). Another possibilityazzinawgizlgfge% fgrl;;*v::zev?/i?hzzgrlr(gflomﬁzsi vafl% res
is that this duplex is under strain so that the top half of P15 _ } '
is continuously pairing and unpairing. In the Tetrahymenagroup | intron, Md* ions have been
NanGIR1 Acts Like a Group | IntronPre-NanGIR1, like ~ Shown to participate in RNA folding, substrate binding, and
group | introns, can be thought to form a catalytic active catalysis 88, 39). Itis plausible that Mg" ions play similar
site since mutations far from the internal processing site (e.g."0!€s in pre-NanGIR1. The presence of divalent metal ions
within P15, and the P4/P5 bulge) significantly decrease (Mg”" or Mn®") is essential for pre-NanGIR1 activity. The
activity. This intron catalyzes site-specific hydrolysis at the failure of C&", monovalent ions, or polyamines to substitute
IPS, at a rate 0f~0.03 mir® at pH 7.5. The reaction is  Suggests that this cofactor is not simply a structural require-
efficient in that~95% of the molecules react under optimal Ment, and that the divalent ion may participate directly in
conditions (Figure 3B). It is first-order in [OH in the pH  the hydrolysis reaction. Indeed, there is strong expectation
range of 5-8.5 (Figure 5B), similar to that seen for site- Of specific divalent cation stabilization of the oxyanion
specific hydrolysis of the circular form of tiEetrahymena  l€aving group and destabilization of the ground state as found
intron (37). This pH dependence reflects a requirement for for group | intron splicing 88, 40). In addition, the M§"
hydroxide ion or for removal of a proton in the transition May coordinate the nucleophilé). The requirement for
state for the rate-limiting step, which could be the chemical Mg?" of pre-NanGIR1 catalysis is not absolute, as’Mean
or a conformational step. An attractive model is that between Substitute at an even lower concentration (Figure 4A).
pH 5 and 8.5, the observed rate reflects the chemical step ofSimilar behavior was observed in tfietranymenaroup |
the reaction, the nucleophilic attack of OHor Mg?*- intron where the rate of cleavage in the presence of WInCl
coordinated OH) directly on the phosphate bond at the IPS. S faster than that with Mg@(41, 42). This behavior may
The plateau in the rate seen at high pH could reflect a partial P& due to the relativeKas of the agua ions, Mn(i®)s*"
denaturation of the RNA due to deprotonation of uracil and (10.0) and Mg(HO)s*" (11.4) @3), since the hydroxide
guanine, nonspecific degradation by alkaline hydrolysis, or Metal ion complex will be 50-fold more prevalent at neutral
a change in the rate-limiting step. pH when Mri* replaces M§" as the cation. Thus, it does
The observed pH dependence justifies the calculation of NOt necessarily reflect a preference by the RNA for binding
a second-order rate constant for hydrolysis of the IPS one divalention over the other.
phosphodiester bond. This reaction is fast relative to the The requirement for 25 mM MggImight be necessary
nonspecific hydrolysis of RNA and 2 orders of magnitude to compete with the high monovalent concentration required
faster than site-specific hydrolysis of thetrahymenantron for proper folding or catalysis.In wuitro, pre-NanGIR1
at the circularization site, which follows thé-terminal G requires 1 M KCI for maximal reactivity (Figure 4B).In
of the intron (Table 1). The latter observation is not uivo, where high concentrations of salt are not available, pre-
surprising as the role of GIR1 is to specifically process the NanGIR1 may require a protein cofactor for efficient folding
5'-end of the mRNA for the endonuclease, whereas in the or catalysis. Several examples of a protein requirement being
circular form of theTetrahymenantron, the hydrolysis is  substituted by high concentrations of monovalents have been
considered simply a poor side reaction. Pre-NanGIR1 reported. In the fifth intron (bl5) of the gene encoding
hydrolysis is 3 orders of magnitude slower than the reaction apocytochromé in yeast mitochondria, the rate of splicing
catalyzed by RNase P RNA, which must process pre-tRNAs increased at high concentrations (1 M) of monovalent cation;
with multiple turnover (Table 1). the choice of monovalent also significantly affected the
Thermodynamic parameters of activation associated with reaction. The monovalent cation is proposed to play a role
the NanGIR1 hydrolysis show the mechanistic similarity similar to that of the protein component (CBP2) of bl5 in

between the hydrolysis reaction of pre-NanGIR1 and hy-
drolysis at the &S of typical group | introns. Values of
AH* and AS for the hydrolysis reaction of the L-2%cd
version of theTetrahymenaroup | intron have previously
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that they titrate the local anionic repulsion within the RNA,
and promote folding of the RNA into a catalytically active
conformation 44). The P RNA component of RNase P is
another system which requires high salt (usualM NH;")

Grosshans and Elaine Podell for synthesis of DNA oligomers,
Anne Gooding for the kinetic analysis of the 11-nucleotide
bulge (between P4 and P5) deletion mutant, and members
of the Cech and Uhlenbeck labs for critical reading of the

for activity (45). The protein component in RNase P plays
a role in promoting the tight binding of P RNA to the pre-
tRNA (45—48), and Beebe and colleaguet) have shown
that monovalent cations (N#, Cs', K*, or Rb") carry out
the same function. Although pre-NanGIR1 may require a
protein for proper folding or catalysis, this component has
not yet been identified.

As noted, monovalent ions have the potential to influence
the structure of the RNA, but how a specific monovalent
ion promotes the folding or unfolding of RNA is not well-
understood. A well-studied example of how' Kaffects
structure is the formationfa G quartet. This structure, a
square planar, hydrogen-bonded array of four guanine bases,
is stabilized by physiological concentrations of Kns and,
to a lesser extent by Naions. The ionic specificity is a
result of the size of the ion binding site as well as the
electronegativity of the carbonyl oxygens on the guanine base
(49). Although an examination of the primary sequence of
pre-NanGIR1 does not show any regions which we expect
to form a G quartet, it is possible that such an interaction,
or something similar, could form in the catalytically active
structure. Pre-NanGIR1 prefers Kor folding, but Na can
substitute to a lesser degree. Fof,Koth the ionic (1.52
A) and hydrated (2.76 A) radii are larger than those of Na
(1.16 and 2.32 A, respectively). Therefore, the specificity
could be related to the size of the cation binding site
regardless of the hydration sphere. The inhibition by Li
could be due to its small ionic radius, which allows this
monovalent to bring the phosphate backbone too close
together, thereby destabilizing the RNA tertiary structure
(50). Alternatively, hydrated Li (3.50 A), which is much
larger than either hydrated 'Kor Na“, may distort the
monovalent binding site(s) and thereby affect the catalytic
activity. A final possibility is that Li (or hydrated L)
may compete with Mg and thereby displace the catalyti-
cally required Mg@" ion(s). In the absence of a tertiary
structure, we cannot distinguish between the effects of ionic
radius versus hydration radius on monovalent specificity, nor
can we identify the monovalent binding site(s).

In summary, we have further defined the catalytic activity
and the secondary structure of the catalytic element, Nan-
GIR1, one of six natural examples of a novel class of introns
whose sole function is site-specific hydrolysis at an IPS.
NanGIR1 is a “stripped down” group | intron which has lost
structural features unnecessary for site-specific hydrolysis
at the 3SS, and gained a novel pseudoknot. It has evolved
to be a rather efficient catalytic element, catalyzing hydrolysis
at a rate 2 orders of magnitude faster than that of 83
cleavage of conventional group | introns. Additional kinetic
as well as tertiary structure analysis of this and other GIR1
RNAs will further elucidate the mechanistic and structural
features that account for their catalytic activity.
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