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Introns of plant pri-miRNAs are required
for proper biogenesis and function of miRNAs
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Plant MIR genes are independent transcription units
that encode long primary miRNA precursors which usually
contain introns. In the majority of cases a miRNA/miRNA*
hairpin is found in the first exon of pri-miRNAs, but there
are also miRNA genes where a miRNA is encoded in the
second or third exon. Biogenesis of plant miRNAs requires
complex and multistep processing. The miRNA maturation
steps include: splicing of pri-miRNAs, miRNA-containing
hairpin excision, miRNA/miRNA* duplex formation, and
miRNA incorporation into the RISC complex. To answer
the question whether splicing plays an essential role in the
efficiency of mature miRNA production, we analyzed pro-
cessing of five different intron-containing A. thaliana pri-
miRNAs in several Arabidopsis SR protein mutants. The
data show that in some of the SR mutants tested the
level of miRNAs which are processed from the intron-
containing genes is significantly decreased. Next, we
asked the question whether the observed by us changes
in the level of mature miRNAs are caused by direct or
rather indirect effects. To test it we introduced three va-
riants of the MIR163 gene: a native form containing one
intron, a gene containing mutated 5N and 3N splice sites,
and an intronless MIR163 variant, into the A. thaliana

mir163-2 mutant (SALK_034556), in which the inserted
T-DNA sequence had disrupted the endogenous MIR163
gene. At least two independent lines for each transgenic
construct were analyzed for the pri-miRNA163 and
mature miR163 levels. Introduction of the wild type form
of MIR163 showed the same level of pri-miRNA 163 and
its mature form as it was observed in wild type plants. In
the case of the intronless MIR163 construct we obser-
ved the accumulation of pri-miRNA 163, while the level
of mature miRNA 163 was decreased about three times.
In the case of transgenic plants containing  the MIR163
gene with mutated both splice sites, the level of mature
miRNA 163 was again lower when compared to wild type
plants. Altogether, our results show that introns stimu-
late biogenesis of plant miRNAs derived from intron-
containing genes. We demonstrate also that the stimula-
ting effects of the intron mostly reside in the 5Nss rather
than on a genuine splicing event. Our findings are bio-
logically significant since the presence of functional
splice sites in the MIR163 gene appears mandatory for
pathogen-triggered accumulation of miR163 and proper
regulation of at least one of its targets.



Lectures60

Common sense applied to some PDB structures
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The Protein Data Bank (PDB) serves as an archive
of macromolecular structures acquired by various bio-
physical methods. Currently it contains about 90 000 ato-
mic models, majority of which were obtained by X-ray
crystallography, but ca. 10 000 by NMR and a few hun-
dred by other methods. Before submission to the PDB
each of these structures is validated by one of the dedi-
cated programs, automatically checking for correctness
of various statistical, geometrical, symmetry and other
aspects of the investigated models. The programs used
for validation (PROCHECK, WHAT_IF, MOLPROBITY
and many others) are highly sophisticated and very use-
ful, also as tools during the process of model building
and refinement. However, macromolecular crystallogra-
phy is a very interdisciplinary branch of science, inte-
grating such fields as physics (diffraction experiments),
chemistry (investigated compounds), biology (source of
samples), medicine (ultimate goal of the research), with
advanced computing (need for fast computers and elabo-
rate graphical tools) and mathematics (symmetry theory
and other sophisticated algorithms). The task of valida-
tion programs is therefore enormous, if one takes into
account how widely different all these structures are in

terms of diffraction data resolution, crystal symmetry,
chemical properties and biological function. It is not sur-
prising that among many PDB structures there are some
examples containing certain erroneously interpreted as-
pects in terms of physics, chemistry, biology, or symme-
try. Such errors may result from the wrong interpre-
tation of results provided by various computer programs
or from the lack of experience in one of the mentioned
above branches of science. Usually such misinterpreta-
tions do not invalidate the biological conclusions, but
sometimes may have serious negative consequences.
The presence of small amount of errors among so many
crystal structures in the PDB is a “statistically inevi-
table” consequence of the enormous success of macro-
molecular crystallography, where the availability of very
powerful and highly automatic programs makes it pos-
sible for investigators less experienced in the under-
lining methodology to relatively easily solve structures
of the molecules of interest. Many examples of misinter-
pretations could be avoided by critical analysis of all
available information by the knowledgeable specialist. In
that respect a common sense provided by the human
brain can be treated as a valuable validation tool.
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Downregulation of Cap Binding Protein 80 gene expression
as a strategy to engineer a drought-tolerant potato 
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Developing new strategies for crop plants to respond
to drought is crucial for their innovative breeding. Re-
cent studies have revealed that the proteins involved in
RNA processing affect the ABA (abscisic acid) signal
transduction occurring in drought-stressed plants (Fedo-
roff, 2002; Hugouvieux et al., 2001). Among these pro-
teins, the cap-binding protein 80 (CBP80, also known as
Abscisic Acid Hypersensitive 1, ABH1) gene in Arabi-
dopsis thaliana has been shown to be an important pla-
yer in the regulation of the ABA transduction pathway
and in drought tolerance. Interestingly, its inactivation
in A. thaliana leads to an ABA-hypersensitive stomatal
closing and reduced wilting during drought (Hugouvieux
et al., 2001, 2002; Kmieciak et al., 2002). In addition,
Papp et al. (2004) have shown that the loss of function
of the Arabidopsis cap-binding protein 20 (CBP20) also
confers a hypersensitivity to ABA during germination
and increased water-deficit tolerance during drought
stress. The CBP80 protein forms a dimer with the
CBP20 protein (Kierzkowski et al., 2009), producing the
CBC (Cap-Binding Complex), a complex that recognizes
and binds to the cap structure of RNA Pol II transcripts
in the nucleus. 

The CBP80  gene in the potato cultivar Desiree was
silenced using artificial microRNAs. Transgenic plants
(amiR80.2-14) displayed a higher tolerance to drought,
ABA-hypersensitive stomatal closing, an increase in leaf
stomata and trichome density, and compact cuticle struc-
tures with a lower number of microchannels. These fin-
dings were correlated with a higher tolerance to water

stress. The level of miR159 was decreased, and the le-
vels of its target mRNAs MYB33 and MYB101 increased
in the transgenic plants subjected to drought. Similar
trends were observed in an Arabidopsis cbp80 mutant.
Tunnel (field) experiment allowed us to characterize tu-
ber progeny. Tuber yield, structure, starch and reducing
sugars content analyses showed no differences between
Desiree and amiR80.2-14 transgenic potato plants. The
evolutionary conservation of CBP80, a gene that plays
a role in the response to drought, suggests that it is
a candidate for genetic manipulations that aim to obtain
improved water-deficit tolerance of crop plants.
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In many eukaryotic species DNA cytosine methyla-
tion is predominantly found in the context of the CpG
dinucleotide (Jeltsch, 2010). It is thought to be essential
in mammals and many other model animals, with the
notable exception of the fruit fly Drosophila melanogas-
ter (Jeltsch, 2010). However, cytosine methylation co-
mes at a price. Genome-wide studies have consistently
shown that CpG methylation in eukaryotes is associated
with CpG depletion (Cooper et al., 1989). As a result,
the CpG dinucleotide is found several-fold less frequent-
ly in the nuclear DNA of higher mammals, including hu-
mans, than one might expect based on the GC content
of the DNA (Fig. 1). The reasons for the link between
CpG methylation and depletion are both chemical and
biological. At the chemical level, cytosine methylation
promotes deamination and leads to thymines (Shen
et al., 1992, Shen et al., 1994). More importantly, at the
biological level, methylcytosines converted to thymines

Fig. 1. CpG/GpC ratios of nuclear and mitochondrial DNA
in different organisms

Fig. 2. Screen for CpG depletion in bacterial genomes
with controls

are difficult to identify as a damage product and difficult
to repair to cytosines through DNA repair pathways.
Both the chemical and biological arguments for the link
between CpG methylation and depletion are fundamental
and should apply to all kingdoms of life.

Hence, one can ask the question, “Is it possible to
discover novel prokaryotic CpG methyltransferases
(such as the previously found CpG specific M.SssI (Ren-
baum et al., 1990)) by searching bacterial genomes for
CpG depletion?” The suggestion has previously been
made, but was not followed up by experiments (Xia,
2003). We have carried out a more extended search for
CpG depletion and scanned all fully sequenced bacterial
genomes in the NCBI sequence collection for CpG
underrepresentation (Fig. 2). We found several drasti-
cally (i.e., approximately 10-fold) CpG-depleted bacterial
species. Although there were differences in the statisti-
cal signatures of CpG depletion when compared with
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Fig. 3. Structure of the M.MpeI DNA complex. Target recognition domain in red, S-adenosylmethionine
binding domain in green

eukaryotes (e.g., in the comparison of coding and non-co-
ding regions), bacteria with drastic CpG depletion were
next analyzed for CpG methylation. In the case of Myco-
plasma penetrans, a genome-wide study of cytosine me-
thylation using bisulfite sequencing identified global CpG
methylation and several other universally methylated
sequences. To identify the M. penetrans CpG methyl-
transferase, we picked a candidate protein on the basis
of remote amino acid sequence similarity to M.SssI.
Using bisulfite sequencing and other CpG methylation
assays (i.e., HpaII/MspI digestion), we demonstrated in
vitro that our candidate enzyme was indeed a CpG-specific
DNA methyltransferase; and hence, named it M.MpeI, in
accordance with nomenclature guidelines (Roberts et al.,
2003).

How does M.MpeI recognize its CpG target se-
quence with extraordinary specificity? To answer this
question, we crystallized M.MpeI with target DNA and
solved the structure at 2.15 Å resolution (Fig. 3). Unsur-
prisingly, we found typical features of CpG methyltrans-
ferase DNA complexes, such as a flipping of the sub-
strate cytosine and the proximity of the co-factor to the
substrate base for direct transfer of a methyl group. Very
interestingly, the DNA structure was perturbed not only
in the substrate strand but also in the complementary
strand. In this latter strand, we detected intercalation of
a phenylalanine residue between the C and G nucleotides
of the CpG site (Fig. 4). The 5N-pyrimidine purine-3N steps 

Fig. 4. Detail of the M.MpeI-DNA complex. 5-fluorocytosine
(5FC) was used instead of cytosine in the position

of the substrate base

are thought to be easier to unstack than other dinucleotide
steps (Olson et al., 1998). Hence, intercalation might con-
tribute to CpG readout. This concept is supported by the
recent structure of the eukaryotic DNA maintenance
methyltransferase Dnmt1 in complex with target DNA,
which also shows unstacking of the CpG step.

If CpG methylation damages genomes, then what is
the benefit for bacteria to retain a CpG-specific DNA
methyltransferase? We are presently unable to answer
this question, but several possibilities exist. The methyl-
transferase might be part of a CpG-specific restriction mo-
dification system. Alternatively and somewhat improbably
in light of our genome-wide methylation data, it might play
a role as an epigenetic regulator. Finally, bacterial CpG me-
thylation might involve host pathogen interactions. Alt-
hough the claim is still debated, most authors now agree
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that CpG-unmethylated DNA is far more immunogenic
than CpG-methylated DNA. Hence, CpG methylation
might help bacteria dodge the host immune system.
If so, then our findings could also have medical applica-
tions because at least some of the CpG-specific DNA
methyltransferases are found in human pathogens.

Our work on the link between CpG depletion and me-
thylation and the CpG specific methyltransferase M.MpeI
has recently been published (Wojciechowski et al., 2013).
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Plant proteins with anti-cancer properties: structural studies
of two members of β-trefoil family that combine serine
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Two related plant proteins that belong to the β-tre-
foil family, which includes Kunitz-type serine protease
inhibitors, have been investigated by X-ray crystallogra-
phy as well as by biochemiques. A potent inhibitor of
trypsin-related enzymes isolated from the seeds of En-
terolobium contortisiliquum (EcTI) inhibits the invasion
of gastric cancer cells through alterations in integrin-
dependent cell-signaling pathway, whereas a much wea-
ker inhibitor isolated from the bark of Crataeva tapia
(CrataBL) also functions as a lectin. We determined
high-resolution crystal structures of free EcTI and
in complex with bovine trypsin, in the process re-deter-
mining the amino acid sequence. The structure of the
complex confirmed the standard inhibitory mechanism
in which the reactive loop of the inhibitor is docked into
trypsin active site with the side chains of Arg64 and
Ile65 occupying the S1 and S1' pockets, respectively.
The overall conformation of the reactive loop undergoes
only minor adjustments upon binding to trypsin. A com-
parison of the EcTI-trypsin complex with the complexes
of related Kunitz inhibitors has shown that rigid body
rotation of the inhibitors by as much as 15E is required

for accurate juxtaposition of the reactive loop with the
active site while preserving its conformation. Modeling
of the putative complexes of EcTI with several serine
proteases and a comparison with equivalent models for
other Kunitz inhibitors elucidated the structural basis
for the fine differences in their specificity, providing
tools that might allow modification of their potency to-
wards the individual enzymes. We have also determined
the high-resolution crystal structures of two different
crystal forms of glycosylated CrataBL and identified
dimers of the protein forming the crystals. CrataBL
shows relatively weak inhibitory activity against trypsin
and is more potent against Factor Xa, but not active
against a number of other serine proteases. We have
shown that, as a lectin, CrataBL binds only sulfated
oligosaccharides, most likely heparin and its derivatives.
We have observed that addition of CrataBL to DU145
and PC3 cell lines leads to their apoptosis, with release
of mitochondrial cytochrome c through activation of cas-
pase-3. Further studies aimed at more complete eluci-
dation of the structural basis of the anti-cancer activity
of these proteins are in progress.
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