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ABSTRACT

CSP41 is a ubiquitous chloroplast endoribonucle-
ase belonging to the short chain dehydrogenase/
reductase (SDR) superfamily. To help elucidate the
role of CSP41 in chloroplast gene regulation, the
mechanisms that determine its substrate recogni-
tion and catalytic activity were investigated. A diva-
lent metal is required for catalysis, most probably
to provide a nucleophile for cleavage 5 to the
phosphodiester bond, and may also participate in
cleavage site selection. This requirement distin-
guishes CSP41 from other Rossman fold-containing
proteins from the SDR superfamily, including
several RNA-binding proteins and endonucleases.
CSP41 is active only in the presence of MgCl, and
CaCl,. Although Mg?*- and Ca2+-activated CSP41
cleave at identical sites in the single-stranded
regions of a stem-loop-containing substrate, Mg?+-
activated CSP41 was also able to cleave within the
double-stranded region of the stem-loop. Mixed
metal experiments with Mg2* and Ca?* suggest that
CSP41 contains a single divalent metal-binding site
which is non-selective, since Mn?*, Co?* and Zn2*
compete with Mg?* for binding, although there is no
activity in their presence. Using site-directed muta-
genesis, we identified three residues, Asn71, Asp89
and Asp103, which may form the divalent metal-
binding pocket. The activation constant for Mg?*
(Ka,mg = 2.1 = 0.4 mM) is of the same order of magni-
tude as the stromal Mg2+ concentrations, which fluc-
tuate between 0.5 and 10 mM as a function of light
and of leaf development. These changes in stromal
Mg2* concentration may regulate CSP41 activity,
and thus cpRNA stability, during plant development.

INTRODUCTION

In chloroplasts, gene expression is often regulated at the
post-transcriptional level, particularly through mechanisms

influencing RNA stability. These mechanisms are regulated by
light and during leaf development. Most chloroplast mRNAs
contain an inverted repeat in their 3’ untranslated region
(UTR), which can fold into a stable stem—loop structure.
These stem-loops constitute recognition sites for nucleus-
encoded RNA-binding proteins (1-3). After removal or
disruption of the stem-loop by endonucleases, transcripts
become unstable as they enter a degradation pathway that
includes polyadenylation and subsequent 3’ to 5" exonucleo-
lytic degradation (4). In light of the importance of the initial
endonucleolytic cleavage of the stem—loop as a committed and
potentially regulatory step in this pathway, understanding the
specificities and activities of chloroplast endoribonucleases
has become of increasing importance. Several endoribo-
nuclease activities that cleave within the coding and/or
untranslated regions have been observed in plant chloroplasts.
However, the identities and specific catalytic properties of
these enzymes mostly remain to be elucidated (5-8).

The most well studied endoribonuclease in chloroplasts has
been CSP41 (9-12). CSP41 lacks known ribonuclease motifs,
but belongs to the short chain dehydrogenase/reductase (SDR)
superfamily (11). As such, CSP41 is predicted to contain an
SDR Rossman fold domain. Three other members of the
dehydrogenase family, glyceraldehyde phosphate dehydro-
genase (GAPDH), and two dehydrogenases from the archaecon
Solfolobus solfataricus, have been shown to have endoribo-
nucleolytic activity and to cleave within the secondary
structure of phage T7 R1.1 RNA (13). However, unlike
CSP41, these enzymes do not require a divalent metal for their
RNase activity (10). Two other Rossman fold-containing
proteins are the regulatory proteins CheY and mSlol. Both of
these proteins contain low affinity carboxylate cluster-type
binding sites, which have dissociation constants for Mg?* that
are close to the physiological Mg2?* concentration (14,15). In
chloroplasts, recent attention has been directed at the variation
in stromal Mg?* concentration as a function of light and of leaf
development (16,17). The results suggest that Mg?* may play
a regulatory role in the chloroplast, and probably in RNA
stability, by modulating the activity of enzymes such as
CSP41.

CSP41 was shown to cleave primarily within the stem—loop
structures of several chloroplast RNA 3’ UTR substrates
invitro (10,12). Because stem—loop structures are known to be
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important for chloroplast mRNA stability, CSP41 was
hypothesized to play a role in the initiation of RNA
degradation. In order to characterize the divalent metal-
binding site on CSP41 and divalent metal-dependent catalysis
by the SDR Rossman fold, and to begin to understand how
Mg?* activation of CSP41 may play a regulatory role in its
function in vivo, we sought to understand the mechanistic
details of RNA cleavage by this new type of endoribonuclease.

MATERIALS AND METHODS

Purification and CSP41 assay

Recombinant CSP41 was purified to >95% homogeneity from
Escherichia coli SG13009 as previously described (9). The
enzyme was assayed according to Yang and Stern (10).

Preparation of synthetic RNA substrates

Templates encoding the perD 3 UTR RNA substrates were
contained between the Sacl and EcoRYV sites of pBluescript
KS (-). Synthetic RNAs were prepared according to Stern and
Gruissem (18) after linearizing templates with HindIII
Substrates for CSP41 assays were synthesized with 2.5 uM
[0-*2P]JUTP (3000 Ci/mmol) and 25 uM cold UTP. Substrates
for footprinting were synthesized in the presence of 1 mM cold
rNTPs and end labeled with [y-3*P]JATP according to Yang
and Stern (10). Lengths of RNAs were petDA3 224 nt, and
petDA18 179 nt. Secondary structures for petDA18 and
petDA3 are based on predictions by energy minimization
using RNA Structure 3.7 (19) and experimental mapping
experiments described elsewhere (12).

Divalent metal activation

Cleavage of the petDA3 RNA substrate was measured in the
presence of 20 mM MgCl,, CaCl,, MnCl,, CoCl, or ZnCl,. To
measure the rate as a function of Mg2* concentration, CSP41
was incubated in varying concentrations of MgCl, and
aliquots were taken at 0.5 and 10 min. Each data point was
replicated and the average rate was plotted. The rate of
reaction versus Mg concentration was plotted using
Kaleidagraph (Synergy Software, Perkionen, PA) and fit to
the Michaelis—Menten equation:

v = Vinax [S}
Kame + (5]

where v is the initial rate of the CSP41-catalyzed reaction in
units per milligram of enzyme (U/mg). One unit of CSP41
activity is defined as 1 nmol petD RNA cleaved/ml/min/mg of
CSP41. The concentration of metal is represented by [S],
Ka Mg is the concentration of Mg?* giving a half-maximal rate
of petD RNA degradation. V,,,, is the maximal rate of petD
RNA degradation.

Divalent metal competition

CSP41 was assayed as described above, except that the
concentration of MgCl, was held at 2 mM. The assay was
supplemented with 20 mM CaCl,, MnCl,, CoCl, or ZnCl,.

RNA binding assays

Gel mobility shift assays were performed in a 20 pl sample
containing 20 mM HEPES pH 7.5, 10% glycerol, 5 ug of
CSP41 and varying concentrations of uniformly labeled
petDA3. The reaction was incubated at room temperature for
10 min, treated with 40 U of RNase T1 at room temperature
for 15 min, and electrophoresed in a 5% Tris—glycine native
polyacrylamide gel. The gel was then visualized on a Storm
Scanner (Molecular Dynamics). The resulting data were fit to
a hyperbolic binding isotherm:

_ I max [L]
- K+ (L]

In this equation, I is the intensity of the shifted band as
measured on the Storm Scanner, I,y is the intensity of the
shifted band at saturating ligand concentrations, [L] is the
concentration of ligand and K is the concentration of ligand
giving 50% maximum intensity of the shifted band.

Mechanism of cleavage

CSP41 was incubated in the presence of 20 mM MgCl, and
petDA3 RNA, which was either unlabeled or uniformly
labeled with [o-32P]UTP. Following the reaction, each sample
was phenol/chloroform extracted and ethanol precipitated.
The samples were then resuspended in water, treated with 1 U
of calf intestinal alkaline phosphatase for 10 min at 37°C, and
boiled to inactivate the enzyme. The samples were labeled
with 1 U of polynucleotide kinase and [y-*2P]ATP for 30 min
at 37°C. The samples were then extracted with phenol/
chloroform, ethanol precipitated, and analyzed in 5%
denaturing polyacrylamide gels.

Site-directed mutagenesis

CSP41 mutants were created using the Quickchange kit
according to the manufacturer’s instructions (Stratagene, La
Jolla, CA), using the following oligonucleotides (5" to 3’):
aagacggtctggggaGCTcctgcagacattggg (N71A), tggggaaatect-
gcaGCTattgggaatgta (D74A), aatgtagttggaggaGCTgccttt-
GCTgtggtgctagataac (E82A/D85A), tttgatgtggtgctaGCTaac-
aacgggaaagac (D89A), gataacaacgggaaaGCTcttgctactgtcage
(D94A), gtcagecctgtggtaGCTtgggcaaagagttca  (D103A),
gaacctcctcatattGCTgggGCTgctgttaaatctagt (E132A/D134A)
and tcccacgttgcagtaGCTgactacattgctaaa (146A), with mutated
codons indicated by uppercase letters. Proteins were expressed
in E.coli SG13009 and purified as described above.

RESULTS

CSP41 cleaves primarily within RNA stem—loops, such as that
of the petD 3" UTR. petD is a chloroplast gene encoding
subunit IV of the cytochrome b¢/f complex, which is essential
for photosynthesis. To establish CSP41 cleavage activity, the
enzyme was assayed in the presence of either petDA18 or
petDA3 RNA and 20 mM MgCl, (Fig. 1A and B, respect-
ively). petDA18 corresponds to the mature form of the perD
mRNA 3" UTR, whereas petDA3 corresponds to the petD
precursor RNA 3" UTR (Fig. 1C). All cleavage positions will
be referred to relative to the 5" end of the synthetic perD
transcript.
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Figure 1. (A and B) Cleavage of petDA18 (A) or petDA3 RNA (B) by
CSP41. A 0.5 pg aliquot of recombinant CSP41 was incubated with 20 fmol
petD RNA in buffer containing 20 mM MgCl,. Samples were removed at
the indicated times and analyzed in a 5% denaturing polyacrylamide gel.
(C) The spinach perD 3" UTR substrates used in this study. Numbering
begins at the 5" end of the in vitro transcript. The petD stop codon, major
cleavage sites of CSP41 and the mature perD 3’ end are indicated.
Secondary structures are based on folding predictions (RNA Structure 3.7)
and structural mapping experiments.

Following a 10 min reaction, several bands are visible. The
179 nt band in Figure 1A corresponds to the petDA18
substrate, and the primary cleavage at position 136 generates
136 and 43 nt products. In Figure 1B, the 224 nt band
corresponds to the petDA3 substrate. With petDA3, there are
two sets of cleavage products. The primary cleavage at
position 136 generates 136 and 88 nt products. A secondary
cleavage at position 115 generates 115 and 109 nt products,
which are not resolved in Figure 1B. A band of ~165 nt was
often present in the reaction products, but was also present in
controls lacking CSP41. Therefore, some or all of this is a non-
enzymatically generated fragment. The positions of CSP41
cleavage are indicated on the theoretically and experimentally
determined structures shown in Figure 1C.

Although previous work established the general properties
of the endonuclease activity of CSP41 (10), and we were
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Figure 2. CSP41 binds to perD RNA in the absence of divalent metals.
Inset: gel mobility shift assay of petDA3 binding by CSP41. Uniformly
labeled petDA3 RNA at the indicated concentrations was incubated with
5 ug of CSP41. The samples were then treated with 40 U of RNase T1 and
analyzed in a 5% native polyacrylamide gel. Reactions were performed in
duplicate. The intensity of the shifted band from the gel mobility shift assay
was plotted versus the concentration of petDA3 RNA. The error in intensity
at each data point was typically <5%. The curve represents the best fit to
equation 2 (see Materials and Methods).

aware that the enzyme was inactive in the absence of divalent
metals, the specificity of divalent metal activation had not
been formally addressed. Structure—function aspects of CSP41
cannot be understood without dissecting the divalent metal
requirement, for which two roles can be envisaged. These are
the facilitation of RNA substrate binding to the enzyme, and/
or a requirement during catalysis to aid in cleavage of the
phosphodiester backbone.

To distinguish between these possibilities, we first tested
whether divalent metals were required for binding of petDA3
RNA, as shown in Figure 2. CSP41 was incubated with
increasing amounts of RNA in the absence of divalent metals,
and the formation of a binary CSP41-petDA3 complex was
monitored by a gel mobility shift assay (inset). The intensity of
the band corresponding to the binary CSP41—petDA3 complex
increased with RNA concentration, and the quantified data
were fit to a hyperbolic binding isotherm. The hyperbolic
binding curve suggests that the RNA is binding to a specific
site on the enzyme. The data in Figure 2 yielded a dissociation
constant of 51 = 0.6 pM for the binary interaction, where the
dissociation constant is defined as the concentration of petDA3
RNA giving half-maximal saturation of the CSP41 apo-
enzyme. Thus, CSP41 has a relatively high affinity for the
petDA3 substrate, comparable with those of other site-specific
RNA-binding proteins (20,21). Measurements in the presence
of saturating Mg?* were not done, because the enzyme would
have consumed the RNA before complex formation could be
analyzed. This RNA binding is most likely to be mediated
through the SDR Rossman fold, as observed with other
enzymes containing this motif (22). In conclusion, because
Mg?* was not required for RNA binding, the divalent metal
must be required for catalysis.

Although ribonucleases can cleave on either the 5" or 3’ side
of phosphodiester bonds (23), endonucleases that require
divalent metals for catalysis generally cleave 5° to the
phosphodiester bond and generate 3’ hydroxyl-terminated
products. Because the initiating step in chloroplast mRNA
degradation is believed to be endonucleolytic cleavage within
the 3’ stem-loop structure and/or the coding region, followed
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Figure 3. CSP41 cleaves petDA3 RNA 5’ to the phosphodiester bond.
petDA3 RNA, either uniformly labeled or unlabeled, was incubated in the
presence of 0.5 pg of CSP41 and buffer containing 20 mM MgCl, for
20 min. The unlabeled reactions were then treated with or without 10 U
alkaline phosphatase as indicated. All reactions were subsequently incubated
with 10 U of polynucleotide kinase and [y-32P]JATP. The reactions were
then precipitated and analyzed in a 5% denaturing polyacrylamide gel.

by polyadenylation of the 3’ hydroxyl groups of proximal
endonucleolytic cleavage products by polynucleotide phos-
phorylase (PNPase) (4), it was essential to determine whether
CSP41 could generate 3" hydroxyl groups. If this were the
case, it could be argued that CSP41 might initiate cpRNA
degradation.

To evaluate the scission products, CSP41 was incubated
with unlabeled petDA3 RNA and 20 mM MgCl,, and then in
the presence or in the absence of alkaline phosphatase.
Alkaline phosphatase removes the 5’ phosphate groups of both
the triphosphorylated substrate and the cleavage products.
Both samples were subsequently incubated with polynucle-
otide kinase and [y-3?P]ATP. It was assumed that if the
products of the CSP41 reaction were 3’ hydroxyl- and 5’
phosphoryl-terminated, they would only be labeled after
treatment with alkaline phosphatase. For comparison, a
control reaction was run with uniformly labeled petDA3
RNA. The results, shown in Figure 3, reveal that labeling of
the cleavage products only occurred in the samples treated
with alkaline phosphatase (right lane). Therefore, CSP41
cleaves RNA 5’ to the backbone phosphoryl group, consistent
with a mechanism requiring a divalent metal and a role in
facilitating subsequent polyadenylation.

The divalent metal specificity of CSP41 was subsequently
determined, as shown in Figure 4A. CSP41 was incubated in
the presence of 20 fmol petDA18 RNA and 20 mM MgCl,,
CaCl,, MnCl,, CoCl, or ZnCl,. Cleavage at position 136 was
observed only in the presence of MgCl,. RNase III is known to
have a narrow optimum for activation by Mn?* [e.g. Li et al.
(24)]. We therefore assayed CSP41 at Mn?* concentrations
ranging from 50 uM to 1 mM, but no petDA18 cleavage
activity was observed (data not shown).

To determine whether Ca?*, Mn2*, Co?* or Zn?* could bind
to CSP41 despite their inability to activate the enzyme
catalytically, we conducted competition experiments. First,
the K4 m,, the concentration of Mg?* giving a half-maximal
rate of degradation of perD RNA, was determined, since
keeping the concentration of Mg?* near its K5 ensures that
measurements of enzyme activity will be most sensitive to the
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Figure 4. The divalent metal specificity of CSP41. (A) A 0.5 pg aliquot of
recombinant CSP41 was incubated with 20 fmol petDA18 RNA in buffer
containing 20 mM concentrations of the indicated metals. Samples were
removed after 10 min and analyzed in a 5% denaturing polyacrylamide gel.
Sizes of CSP41 cleavage products are indicated on the left. (B) A 0.5 pg
aliquot of recombinant CSP41 was incubated with 20 fmol petDA3 RNA in
buffers containing varying concentrations of MgCl, as indicated. Each data
point represents the average of duplicate measurements. The variation in the
rate at each of the indicated Mg?* concentrations was typically <10%. The
curve represents the best fit to equation 1 (see Materials and Methods).
(C) A 0.5 pg aliquot of recombinant CSP41 was incubated with 20 fmol
petDA18 RNA in buffer containing 2 mM MgCl, and 20 mM of the indi-
cated divalent metals. The control reaction (C) contained no CSP41.
Reactions were stopped after 10 min and analyzed in a 5% denaturing
polyacrylamide gel. Sites of CSP41 cleavage are indicated on the left.

competing cation. The rate of degradation of the perD RNA
was measured as a function of Mg?* concentration (Fig. 4B). It
was first determined that under these conditions, the decrease
in intensity of the full-length substrate was linear over the
course of the reaction at each metal concentration (data not
shown). Then, the data measuring activity versus concentra-
tion were fit to a hyperbolic rate response, giving Ka wmgq, 0f 2.1
* 0.4 mM. The K y, for CSP41 is similar to the Ky Of 1
mM measured for CheY, a phosphorylation-activated signal-
ing protein from E.coli (15). CheY also contains a metal-
binding Rossman fold. This is also similar to the affinity for
Mg?* of mSlol, a K* channel protein that contains a low
affinity Mg?*-binding site in its intracellular Rossman fold
(14).



The results of metal competition experiments are shown in
Figure 4C, where CSP41 was incubated in the presence of
2 mM MgCl, and 20 mM of the indicated divalent metal
competitor. As a control, the degradation of petDA18 RNA
was measured in the presence of 2 mM MgCl, alone (lane —).
The data show that cleavage at position 136 was inhibited by
the combination of 2 mM MgCl, and 20 mM MnCl,. This is
not surprising, considering that with most metal-requiring
endonucleases, Mg?* and Mn?** are interchangeable at the
divalent metal-binding site. This is true of other enzymes
catalyzing various phosphate chemistries (15); for example, in
the case of RNase III, the Kx y, and Ka v are similar (24).
petDA18 degradation was undetectable in the presence of
2 mM MgCl, and 20 mM CaCl,, 20 mM CoCl, or 20 mM
ZnCl,. These results suggest that Ca?*, Mn?*, Co** and Zn**
are either direct competitors of Mg+ for the catalytic metal-
binding site, or they bind at a second, inhibitory divalent metal
site. The latter type of inhibition has been well characterized
for E.coli RNase HI (25).

The activation of CSP41 by Mg?+ was characterized in more
detail, with the aim of determining the divalent metal
stoichiometry on the enzyme. This could help distinguish
between mechanisms that require one and two divalent metals.
A two-metal mechanism has been suggested for RNase III
(24). We performed a series of experiments in which CSP41
was assayed in the presence of either Mg?* or Ca?* alone, or
where both Mgt and Ca2* were present at subsaturating
concentrations, in order to allow simultaneous binding of both
metals. In the case of a single divalent metal-binding site, the
reaction rate in the presence of both metals would be the
weighted average of the rates in the presence of each metal
alone. This rate would depend on the relative affinity of each
metal for the binding site, as well as the turnover rate of the
enzyme. On the other hand, if two divalent metal sites were
present, the reaction rate in the presence of both divalent
metals might exceed the sum of individual rates. An example
of this response is observed when subsaturating concentrations
of Mn?* are titrated into Archaeoglobus fulgidis RNase HII in
the presence of subsaturating concentrations of MgZ+ (26).

As a reference, the petDA3 cleavage reaction was measured
in the presence of 1, 2 and 10 mM MgCl,. These experiments
were run in triplicate, and a representative gel is shown in
Figure 5A. The degradation of petDA3 by CSP41 in the
presence of 10 mM CaCl, was inhibited at both 2 and 10 mM
MgCl,, as reflected in a decrease in cleavage at positions 136
and 115. This suggests that Mg?* and Ca** compete for the
same binding site on CSP41. We found that the specificity of
the reaction was different in the presence of Ca?* and Mg?*. In
the presence of Mg2*, two primary 5 cleavage products are
present, corresponding to positions 136 and 115. However, in
the presence of Ca”*, CSP41 cleaves only at position 115. In
the presence of both Mg+ and Ca?*, cleavage at position 136
is decreased by >50% relative to the control reactions in the
presence of Mg?*+ alone (Figure 5B). We did not observe a
transient enhancement of activity at lower Ca?* concentrations
(data not shown). These results suggest that Ca?* and Mg2*
bind at a single divalent metal-binding site on CSP41.

It is interesting that Mn?**, Co** and Zn** compete with
Mg?* on CSP41, considering that none of them catalytically
activate it. We attempted to measure binding of MgCl,,
MnCl,, CoCl,, ZnCl, or CaCl, to the CSP41 apoenzyme by
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Figure 5. Mg?* and Ca®* bind to the same site on CSP41. (A) CSP41 was
incubated for 10 min in the presence of 20 fmol petDA3 RNA and divalent
metals as indicated. The reaction products were analyzed in a 5% denatur-
ing polyacrylamide gel. Sizes of CSP41 cleavage products are indicated on
the left. (B) Relative cleavage rates at position 136 under different mixed
metal conditions. Reactions were run in triplicate, the 136 nt band was
quantified on a Storm Scanner, and the values were averaged. Cleavage in
the presence of 10 mM MgCl, was adjusted to 100% as a reference.

monitoring the total intrinsic fluorescence of the enzyme as a
function of divalent metal concentration, but none of these
divalent metals caused a significant fluorescence change, even
at high metal concentrations (data not shown). This suggests
either that divalent metal binding does not cause a global
conformational change in the apoenzyme, or that the divalent
metal can only bind to the CSP41-RNA complex.

Given the divalent metal specificity and putative structural
similarity to dehydrogenases, it was of interest to determine
which residues on CSP41 were responsible for metal binding.
Previously, we showed that spinach CSP41 could be
inactivated by chemical modification of its acidic residues
(Glu/Asp) by EDAC and glycine methyl ester (12). Because
acidic residues are good candidates for divalent metal-ligating
residues, we used multiple sequence alignments of plant,
Synechocystis and Nostoc CSP41 proteins to determine which
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AtCSP41b TYGPLNYNPYEEMFFHRLKAGRPIPYPNSGIOISOLGHYKDLATAFLNYLGNE-KASREIFNISGEKYYTFDGLAKACAKAGGFPEP-~ETIYHYNPKEFDF GKKKAFPFRDAHFFASYEKAKHYLGHKPE
Synechocystis TYGPHNYNALESHFFDRLYRGRATPIPGNGAYITALGHYEDLATAHAKTIYTP-ARIGOIYNISGORYYTHNGLAOACATAAGLOPQGYKLYHYDPKDFDFGKRKAFPLROAGHFFADIOKAQDHLDHHPN
Nostoc IYGPRNYNDLESHFFDRIVRDRPLPIPYNGLHITOLGHVKDLANANSQVIGNK-QALIGQYYNISGDRYYTFDGLARACAQALGKSADDLKIYHYDPKKFDFGKRKAFPHRYOHFFASYNKAQTELNHOPQ

Spinach TYLPEDLKERYE-EYYKIGRDKKDIKFEIDDKILEALNVSVA
AtCSP41a THLPEDLKERFE-EYYKIGRDKKEIKFELDDKILEALKTPYAR
Tomato THLPEDLKERYE-EYYKIGRDKKEHKFELDDKILESLKYPVAR
Tobacco THLPEDLKERFD-EYYKIGRDKKEHKFELDDKILEALKYPYAR
A.tCSP41b FDLYEGLTDSYNLDF-GRGTFRKEADFTTDDHILSKKLYLQ
Synechocystis YGLYEGLKHSFOLDYLPSGKGEEKGDFDLDEQILAFS
Nostoc YDLISGLADAYENDYVASGRDKSEIDFSYDDEILKA
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Figure 6. Site-directed mutagenesis of conserved acidic residues of CSP41. (A) Sequence alignment of spinach (AAC49424), Arabidopsis CSP4la
(NM_116179), tomato (T52071), tobacco (AY324804), Arabidopsis CSP41b (NM_100804), Synechocystis (NP_440784) and Nostoc (NP_488871) CSP41.
The sequence is numbered according to the spinach protein, with arrowheads indicating the positions of residues mutated in this study. N indicates the
N-terminus of the mature spinach protein, and AP and AS indicate the C-termini of the CSP41AP and CSP41AS deletion proteins. (B) Relative rates of
degradation of petDA18 RNA by CSP41AS and site-directed mutants as indicated under each bar. Samples were assayed in duplicate, degradation of the 179
nt fragment was quantified on a Storm Scanner, and the values were averaged. Cleavage by CSP41AS was adjusted to 100% as a reference.

conserved acidic residues were good candidates for muta-
genesis. Figure 6A shows the alignment and highlights the
N-terminus of the mature protein (N) and the C-termini of two
previously characterized spinach deletion mutants (AP and
AS). Previous work showed that while AS cleaved pefD RNA,
AP was catalytically inactive, suggesting that the active site of
CSP41 was contained within the region between amino acids
72 and 192 of the mature protein (10). Therefore, the residues
N71, E82, D85, D89, D94, D103, E132, D134 and E146 of
CSP41AS were mutated to alanine individually, and in

combination (Fig. 6B). Although D74 was not conserved in
one sequence, we also mutated it, given its proximity to N71
and because metal-ligating residues are often adjacent.
Initially, we assayed CSP41AS and the mutant enzymes
with petDA18. The relative activities of the mutants are shown
in Figure 6B. Cleavage by N71A was undetectable under the
conditions of our experiment, representing a >100-fold
reduction in activity. The E82A/D85A, D89A, D94A,
D103A, E132A/D134A and E146A mutations had no signifi-
cant effect on activity, but the petDA18 cleavage activity of
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Figure 7. Cleavage of perD RNA by CSP41, CSP41AS and mutants. The top row represents cleavage of petDA18 (left) and petDA3 (right) in the presence of
Mg?*, and the bottom row in the presence of Ca**. CSP41 was incubated with either 20 fmol petDA18 or 20 fmol petDA3 and either 20 mM MgCl, or 20 mM
CaCl, as indicated. The enzyme used is indicated at the top of each lane. The sizes of substrates and cleavage products are indicated to the left of each gel.
(-) indicates the non-enzymatic control. The band marked with an asterisk is discussed in the text.

D74A and the E82A/D85A/D89A triple mutant was reduced
by >5-fold relative to CSP41AS. DS89A/D103A had no
detectable activity. Therefore, while single mutations at
positions E82/D85, D89 and D103 had no significant effect
on enzyme activity, concomitant mutation of these residues
did. To determine whether the decrease in petDA18 cleavage
activity was due to an increase in the K w,, and to determine
whether the divalent metal specificity had changed as a result
of the mutations, CSP41AS and the mutant enzymes were
assayed in the presence of up to 100 mM MgCl, or in the
presence of MnCl,, but no effect on activity was observed
(data not shown). These data demonstrate that N71, D74, ES2,
D85, D89, D94 and D103 are important for activity, but do not
give direct evidence that they are ligands to the divalent metal.

We compared cleavage of petDA18 and petDA3 with
various mutant enzymes, to determine whether the cleavage
specificity at positions 136 and 115 with petDA3 was retained;
the results are shown in Figure 7. Full-length (WT) CSP41 and
CSP41AS cleave petDA18 at position 136, although accumu-
lation of the 136 nt band is lower with CSP41AS. None of the
site-directed mutants cleaved petDA18, even when the assay
was repeated at higher enzyme concentrations and for longer
incubation times (data not shown). The band marked by an
asterisk in the N71A lane was not reproducible. Both WT and
CSP41AS cleaved petDA3 at positions 136 and 115. While
accumulation of the 115 nt band was similar with WT and
CSP41AS in this experiment, accumulation of the 136 nt band
was much lower with CSP41AS, similar to what was seen with
petDA18 (upper left panel). None of the site-directed mutants
cleaved petDA3 at position 136, but D74A and E82A/D85A/
D89A showed cleavage at position 115, although the rate was
much lower than for CSP41AS.

The assays were repeated in the presence of Ca**. WT
CSP41 did not cleave petDA18 in the presence of Ca2*. In
contrast, CSP41AS had significant activity as measured by
disappearance of the 179 nt precursor, although no cleavage
fragments accumulated, suggesting that the activity of
CSP41AS under these conditions was non-specific. None of
the site-directed mutants digested petDA18 in the presence
of Ca?+. As observed before, both WT and CSP41AS cleaved
petDA3 exclusively at position 115, but none of the site-
directed mutants had detectable activity. The data suggest that
the efficiency of cleavage at position 136, but not position 115,
is dependent on the C-terminal region of the protein and on the
divalent metal. Although the D74A and E§2A/D85A/D89A
mutations had a significant effect on cleavage at position 136,
these mutants still possess cleavage activity at position 115 of
petDA3, and, therefore, are still capable of binding divalent
metal and cleaving RNA. However, these mutants appear to
have an altered divalent metal specificity compared with
CSP41AS, since they were not activated by Ca?*. The reason
for this is unclear, although these proteins may have a slightly
altered structure at the active site that modifies their ability to
recognize and cleave petD RNA at position 136.

DISCUSSION

This report describes the role of divalent metal cations in the
reaction catalyzed by CSP41, a ubiquitous endoribonuclease
found in plant chloroplasts. In vitro, CSP41 cleaves petD 3’
UTR RNA substrates primarily in the stem—loop, upstream of
the stem-bulge junction, and eventually produces short
oligoribonucleotides (9,10). Although Rossman fold proteins
have been described as RNA-binding proteins and as
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endonucleases (13), this is the first endonuclease activity
described as part of this family that has a metal ion
requirement. Therefore, it was of interest to determine the
metal ion requirements of the ribonuclease activity of CSP41.

Monovalent cations neither are required for activity nor
enhance the activity of CSP41, although KCl has been shown
to be inhibitory at concentrations >100 mM in the presence of
Mg?* (10). In contrast, enzyme activity has an absolute
requirement for Mg?*. Based on our results, the divalent metal
probably participates in RNA cleavage site selection, and in
the catalytic mechanism of phosphodiester bond scission. In
general, the degradative, low molecular weight RNases cleave
RNA substrates such that 3" phosphoryl-terminated products
are generated, via the formation of a 2’,3’-cyclic intermediate,
and are active in the absence of divalent metals. In contrast,
highly specific endonucleases that participate in processing or
turnover of RNA have an absolute requirement for divalent
cations and generate 3’ hydroxyl-terminated products.
Divalent metal requirement has been observed with endo-
nucleases such as RNase III, RNase H, RNase E and human
ARD1 (an RNase E homolog) (27-30). In the case of E.coli
RNase H, the role of the divalent metal is thought to be to
stabilize the negatively charged pentacovalent intermediate
during the phosphoryl transfer reaction (30). RNase III, RNase
H, RNase E and ARD1 have been shown to require a divalent
metal for catalysis, and all cleave on the 5" side of the
phosphodiester bond. Based on the chemistry of non-
enzymatic RNA cleavage, and mechanistic studies of
RNases that are known to cleave on the 5° side of the
phosphodiester bond, the role of the divalent metal in these
enzymes is to provide a solvent water molecule for attack at
the phosphate with the 3" oxygen as the leaving group (29).
This is probably the role of the divalent metal ion in the
CSP41-catalyzed reaction.

Mn?*, Co?* and Zn?* did not activate CSP41, although they
were competitors of Mg?*. It is probable that these metals can
occupy the Mg?*-binding site on the enzyme, but are
inefficient at activating CSP41 to catalyze bond scission. In
the presence of Zn?*, binding of Mg?* to RNase III, and
therefore its RNase activity, are inhibited, although the RNase
II-Zn?** complex still binds RNA (24). RNase III contains a
single divalent metal site. Similarly, Mg2?*, Ca?*, Ba?* and
Co?* are able to occupy the same divalent metal-binding site
on E.coli RNase H, but the enzyme requires Mg?* for optimal
catalytic activity (31).

Ca”*-activated CSP41 cleaves petDA3 at position 115. With
Mg?*-activated CSP41, there is an additional cleavage at
position 136, generating a 136 nt proximal fragment and an
88 nt distal fragment (Fig. SA). Cleavage at position 136
occurs at a higher rate than cleavage at position 115. We
suggest here that the divalent metal binding plays a role in
cleavage site selection by CSP41, since Ca>- and Mg?*-
activated CSP41 have different cleavage specificities. This
type of metal-dependent cleavage specificity has been
observed with RNase III and also with the restriction
endonucleases EcoRI and HindIIl (24,32). In the case of
EcoRI and HindllI, it has been proposed that the larger ionic
radius and altered ligand affinity of Mn?* confer the ability of
the enzyme to cleave at non-canonical sequences compared
with those cleaved in the presence of MgZ*. Therefore,
Mg?+-activated CSP41 can be viewed as an enzyme with

intrinsically broadened RNA cleavage capability over that of
the Ca?*-activated enzyme. It is possible that Mg?* and Ca?*
stabilize different conformations of CSP41, allowing recogni-
tion and cleavage at different sites. With RNase III, a divalent
metal is required for both RNA cleavage and recognition of at
least one of its double-stranded RNA substrates (33).

Two pieces of evidence suggest that N71, D89 and D103 are
ligands to the divalent metal. Mutation of N71 to alanine
completely abolished activity in the presence of either Mg?* or
Ca?*. Because this side chain has no ionizable group capable
of proton transfer, and therefore cannot participate directly in
catalysis, particularly in proton transfer, this side chain may be
a ligand to the metal. Also, because only the double DS89A/
D103 A mutation abolished activity while the single DS89A and
D103A mutations had no effect, these side chains may be
metal ligands. It is possible that in the single mutants,
remaining residues in the metal-binding cluster are sufficient
to allow metal binding and catalysis. Similar results have been
seen with CheY, where mutation of either D13 or D57 of the
MgZ*-binding carboxylate cluster abolishes Mg?* binding,
whereas mutation of D12, the third member of the cluster,
does not (34). Therefore, N71, D89 and D103 may form a
divalent metal-binding site on CSP41.

CSP41 is not unique in its divalent metal requirement
among the proteins containing a Rossman fold. Two other
examples are CheY and mSlol, both of which contain a
carboxylate cluster Mg2+-binding site (15). This type of
binding site consists of a cluster of side chain carboxylates and
is often found in enzymes catalyzing phosphochemistry.
These sites have a preference for Mg?+ binding, exclude
monovalent cations, and are flexible enough to accommodate
various divalent metals (15). The magnesium-binding sites of
mSlol and CheY are similar in that they consist of three
aspartate side chains and a backbone carbonyl coordinating
the divalent metal. The positions of the metal-binding sites on
the three-dimensional structures of CheY and mSlol are very
different, however, suggesting that there is no common metal-
binding fold or motif within the active sites of metal-binding
Rossman fold proteins.

Only Mg?* activates CSP41 toward endonucleolytic cleav-
age of petDA18 RNA, the predominant form of the perD 3’
UTR in the chloroplast (35). Although Ca?* activates CSP41
to cleave petDA3, which represents the pefD pre-mRNA 3’
UTR, the perD pre-mRNA does not accumulate to significant
levels in the chloroplast, and would only be a transient
substrate prior to pre-mRNA processing. Furthermore, the
concentration of free Ca?* in the chloroplast has been reported
to be 150 nM (36), which is too low to activate CSP41
catalytically. Based on relative abundance, Mg2* is most likely
to be the physiological divalent metal activator of CSP41
(16,36). The concentration of Mg?* in the chloroplast varies
from ~0.5 mM in etiolated spinach leaves to 2-3 mM in young
light-grown seedlings and 10 mM in mature light-grown
seedlings (16,17). Given that the K4 vg, the concentration of
Mg?* giving half-maximal catalytic activity of CSP41, is
~2 mM (Fig. 4B), the in vivo concentration range gives
maximum responsiveness for CSP41 endonucleolytic activity,
consistent with Mg+ concentration regulating CSP41 activity
in vivo. Several other chloroplast enzymes, including fructose-
and sedoheptulosebisphosphatase and inorganic pyrophos-
phatase, are also regulated by Mg?+ (37,38). Taken together,



the activation of CSP41 by Mg?*, and its ability to generate 3’
hydroxyl groups for polyadenylation, suggest that this enzyme
may play a major role in regulating chloroplast RNA
degradation.
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