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Heme is involved in microRNA processing

Michael Faller!, Michio Matsunagal, Sheng Yin?, Joseph A Loo!? & Feng Guo!

MicroRNAs (miRNAs) regulate the expression of a large number of protein-coding genes. Their primary transcripts (pri-miRNAs)
have to undergo multiple processing steps to reach the functional form. Little is known about how the processing of miRNAs is
modulated. Here we show that the RNA-binding protein DiGeorge critical region-8 (DGCR8), which is essential for the first
processing step, is a heme-binding protein. The association with heme promotes dimerization of DGCR8. The heme-bound
DGCR8 dimer seems to trimerize upon binding pri-miRNAs and is active in triggering pri-miRNA cleavage, whereas the heme-
free monomer is much less active. A heme-binding region of DGCR8 inhibits the pri-miRNA-processing activity of the monomer.
This putative autoinhibition is overcome by heme. Our finding that heme is involved in pri-miRNA processing suggests that the
gene-regulation network of miRNAs and signal-transduction pathways involving heme might be connected.

miRNAs are a class of noncoding RNAs that are about 22 nucleotides
(nt) in length!. They are involved in a variety of important biological
processes, such as developmental timing and patterning, apoptosis,
hematopoietic differentiation, cell proliferation, organ development
and tumorigenesis>®. They specifically regulate the expression of
many protein-coding genes by targeting their messenger RNAs
through pairing interactions that direct cleavage or translational
repression in a combinatorial fashion’. miRNAs are encoded in the
genomes of multicellular organisms®~1% as well as some large DNA
viruses!'!. Several hundred human miRNAs have been cloned, repre-
senting 2%—-3% of total human genes'?. It is estimated that 10%-30%
of all protein-coding genes are regulated by miRNAs'?,

In animals, pri-miRNAs can be several thousand nucleotides in
length' and undergo sequential cleavage steps in the nucleus and
cytoplasm, separated by nuclear export mediated by exportin-5
(ref. 15-17). In the first step, pri-miRNAs are cleaved into ~65-nt
hairpin-like intermediates (termed precursor miRNAs or pre-miRNAs)
by the RNase Drosha along with an RNA-binding protein, DGCR8 (its
fly and worm homologs are called Pasha)'®22. These two proteins
(known as the Microprocessor complex, because they cofractionate in
cell extracts) are necessary and sufficient for pri-miRNA processing.
Pri-miRNA processing activity can be reconstituted in vitro using
recombinant Drosha and DGCR8 (refs. 20,21). It is thought that
DGCR8 is important for recognition of pri-miRNAs and functions as
an RNA-binding partner of Drosha!®?%, In the cytoplasm, pre-miRNAs
are further cleaved by another RNase III family member, Dicer, to give
rise to a miRNA duplex** 2. One or both strands of this duplex are
incorporated into the RNA-induced silencing complex (RISC)?*3°,

To elucidate the roles of the human DGCRS protein in pri-miRNA
processing, we characterized this protein using biochemical methods.
We found that DGCRS is a heme-binding protein. The association
with a heme cofactor (a complex of iron with protoporphyrin IX)

promotes dimerization of DGCR8. The monomer and dimer of
DGCRS were found to be functionally distinct in pri-miRNA-binding
and pri-miRNA—processing assays. Our results indicate a possible
mechanism of molecular regulation during the maturation of miRNAs.
The implications for the biological functions of miRNAs and heme
are discussed.

RESULTS
DGCRS is a heme-binding protein
It has been demonstrated that the N-terminal 275 residues of DGCR8
are dispensable for pri-miRNA processing activity in vitro?!. To
investigate the functional roles of DGCR8 in pri-miRNA processing,
we overexpressed a DGCR8 construct containing residues 276—751
(called NC1) in Escherichia coli. NC1 contains a putative WW motif
(a protein module with two highly conserved tryptophan residues)
and two double-stranded RNA-binding domains (dsRBDs) (Fig. 1a).
The highly purified recombinant NC1 protein had a yellow color
(Fig. 1a), suggesting that it binds a cofactor. Three lines of evidence
established that the cofactor is heme. First, the UV-visible absorption
spectrum of NC1 had peaks at 367, 450 and 556 nm (Fig. 1b). Two
types of common cofactors absorb at these wavelengths, heme and
flavin derivatives (such as FAD). Whereas flavin derivatives fluoresce
strongly at UV and visible wavelengths, heme does not. The fluores-
cence excitation and emission spectra of NC1 showed little fluores-
cence signal between 300 and 600 nm (Supplementary Fig. 1 online).
Second, the cofactor of NC1 was extracted using an organic solvent
and characterized using HPLC, following a protocol used to char-
acterize the heme bound to a nitric oxide synthase®!. The retention
time of a compound from a reverse-phase column depends on its
chemical properties and thus contains information about its identity.
The cofactor extracted from NC1 was eluted from the reverse-phase
column at the same retention time as the heme from horse heart
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Figure 1 DGCRS8 contains a heme cofactor. (a) A truncated DGCR8 (NC1,
4.0 mg ml~1) has a yellow color, whereas NC9 (15.5 mg mi~1) does not.
Both proteins were overexpressed in E. coli and highly purified, as indicated
by SDS-PAGE. The domain structures and ranges of amino acid residues

of these proteins are indicated. Full-length human DGCR8 contains 773
residues. (b) UV-visible absorption spectrum of NC1. AU, absorbance units.
(c) Extraction and HPLC characterization of the DGCR8-bound cofactor,
using horse heart myoglobin, pure hemin and FAD as controls.

myoglobin and pure hemin, but at a later time than FAD (Fig. 1c).
After extraction, the absorbance of the cofactor at 450 nm (Ayse;
bound to protein) was greatly reduced and a large absorption signal
appeared at 398 nm, as expected for a free heme. The NC1 protein was
eluted from the column much earlier than heme, suggesting that it is
not covalently linked to the protoporphyrin of heme. Third, ESI-MS
of NC1 under denaturing conditions showed an abundant mass/
charge ratio (m/z) peak at 616, the molecular weight of free heme
(Supplementary Fig. 2 online).

Heme serves as a prosthetic group of hemoproteins, such as
hemoglobins, cytochromes and guanylate cyclases. It is involved in
important transportation, catalytic, electron transfer and signaling
activities®?. The finding that DGCRS is a heme-binding protein led to
the hypothesis that DGCR8 may be involved in the regulation of
pri-miRNA processing, in addition to acting as an RNA-binding
partner of Drosha.

Heme promotes dimerization of DGCR8

The initial evidence of a function of the heme bound to DGCR8 came
from examination of the protein’s oligomerization state using size-
exclusion chromatography (SEC). In an SEC experiment, the elution
volume of a protein can be used to estimate its molecular weight, thus
defining its oligomerization state (see Supplementary Fig. 3 online for
standard curves). As the last step of the NCI purification, the SEC
gave two major protein peaks (Fig. 2a). Both contained essentially
pure NCI, as indicated by denaturing gels. These peaks corresponded
to a monomer and dimer of NCl1, respectively. Only the NC1 dimer
contained heme, as indicated by the A,sg, whereas the monomer
bound no heme.

Does heme mediate the dimerization of DGCRS, or does the
dimerization cause an association with heme that does not affect the
monomer-dimer equilibrium? To distinguish these possibilities, we
added 6-aminolevulinic acid (6-ALA) to the E. coli culture over-
expressing NC1. 8-ALA is a heme biosynthesis intermediate that the
bacterium can use to produce heme; addition of 8-ALA has been
shown to increase the heme content in bacterial cells and to increase
the yield and activity of overexpressed heme-binding proteins®?. The
addition of 6-ALA tripled the yield of NCI in the overexpression and
purification experiments and, moreover, shifted NC1 nearly exclu-
sively to its dimeric state (Fig. 2b). This result indicates that the
association with heme promotes the dimerization of DGCRS.

Two independent approaches were used to determine the protein/
heme molar ratio in the NC1 dimer complex. First, integration of the
absorption peaks in the HPLC experiments (Fig. 1c) provided an
estimate of 2.4:1 in the pure NCI dimer sample (Supplementary
Fig. 4 online). Second, ESI-MS, which has been used to examine
noncovalently bound macromolecular complexes®*, showed a differ-
ence of ~618 Da between the heme-bound and heme-free NC1
dimers, close to the molecular weight (616 Da) of a heme cofactor
(Fig. 2¢). Thus, each NC1 dimer binds one heme.

DGCRS8 interacts with heme through Cys352

The absorption peak of DGCR8 at 450 nm is characteristic of a ferrous
heme with a cysteine as an axial ligand, best known from the
cytochrome P450 and nitric oxide synthase enzymes®*>. A region
(residues 276-498) of DGCRS that includes the putative WW motif
(residues 303-332) is required for the association with heme, because
a further truncated DGCR8 protein (NC9, residues 499-751) is
colorless (Fig. 1a) and does not have any major peak in its absorption
spectrum between 350 and 600 nm. There are two cysteine residues in
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Figure 2 Heme promotes the dimerization of DGCRS8. (a,b) Size-exclusion chromatograms in the last step of the purification of the NC1 protein are shown.
NC1 was overexpressed in E. coli without (a) and with (b) 1 mM &-ALA. Before SEC, the NC1 protein was already over 90% pure, as judged by denaturing
PAGE (data not shown). Assignment of the monomer and dimer species of NC1 was based on their elution volumes (indicated in parentheses) and a
standard curve (Supplementary Fig. 3). Open triangles mark elution volumes of standard proteins. Asterisks indicate an impurity (mostly nucleic acids) from
the bacterial extract. AU, absorbance units. Fractions around the peaks were examined using SDS-PAGE (right). Starting volume of each 0.5-ml fraction is
indicated above gel. (c) ESI mass spectrum of NC1 dimer in b confirmed the protein/heme stoichiometry of 2:1. The spectrum was acquired at pH 6.8 and

was deconvoluted to the mass domain.
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Figure 3 A conserved cysteine probably serves as an axial ligand of heme.
(a) Sequence alignments of DGCR8 homologs. (b) The C352A mutant does
not bind heme and is mostly a monomer, as indicated by the SEC in the last
step of the purification (shown as in Fig. 2a,b).

this region: Cys352 is conserved in all DGCR8 homologs; Cys430 is
conserved only in organisms that are evolutionarily close to human
(Fig. 3a). We mutated Cys352 to alanine and histidine in the context
of NCI. These mutants did not associate with heme when over-
expressed and purified using the same protocol as for NC1 (Fig. 3b
and Supplementary Fig. 5 online). In contrast, the C430A mutant was
capable of binding heme and the complex had absorption peaks (at
366, 450 and 556 nm) similar to those of the wild-type NCI
(Supplementary Fig. 5). These results suggest that Cys352 probably
serves as an axial ligand to the iron in the heme cofactor.

The heme-free C352A and C352H mutants were mostly monomeric
(Fig. 3b and Supplementary Fig. 5), further supporting the model
that heme is involved in regulating the oligomerization state of
DGCRS. On the other hand, small fractions of C352A and C352H
were present in a dimeric state, suggesting that heme is not absolutely
required for the dimerization of DGCRS. This observation led us to
pose the question, are the monomeric and dimeric forms of DGCR8
functionally distinct?

Distinct forms of DGCR8-pri-miRNA complexes

A filter-binding assay system was used to examine the interaction
between pri-miRNA and DGCRS. A fragment of pri-miR-30a contain-
ing the miRNA hairpin and its immediate flanking regions was used in
all the RNA-binding assays and most processing assays reported in this
study. The binding curves (fraction RNA bound to protein versus
DGCRS8 concentration) of the heme-bound dimer and the monomer
were highly cooperative and could not be fit with a simple model in
which one protein molecule associates with one RNA molecule
(Fig. 4a). Hill plots of these data indicate straight lines in the range
of the binding transition, with distinct slopes of 2.9 £ 0.3 for the heme-
bound dimer and 1.8 + 0.2 for the heme-free monomer (mean + s.e.m.
from three independent experiments; Fig. 4b). The slope of a curve on
a Hill plot (the Hill constant, n) represents the lower limit on the
oligomerization of the protein in a binding reaction to another
molecule. When cooperativity is high, few intermediate oligomers are

Figure 4 Dimer and monomer of NC1 form different higher-order structures
upon binding pri-miRNA. (a) Filter-binding assays demonstrated that both
forms of NC1 associate with the pri-miR-30a RNA cooperatively. The data
were best fit using a cooperative trimer model for the heme-bound NC1
dimer (squares) and a cooperative dimer model for the heme-free NC1
monomer (triangles). The x-axis represents the concentration of either NC1
dimer (squares) or monomer (triangles). (b) Hill plots of the data in a around
the binding transition. The result shown is one of three experiments. K is
defined as 10Wintercept) (¢) SEC (shown as in Fig. 2a,b) was used to
estimate the molecular weights of the NC1—pri-miR-30a complexes.
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populated and the Hill constant should be close to the number of
protein subunits oligomerized. This situation has been observed in the
tetrameric binding of the Arc repressor to its operator DNA%. The fact
that Hill plots of the NC1 proteins binding pri-miRNA are straight lines
suggests that the cooperativity is high. Indeed, the binding curves are
best fit by simple models in which three (for the heme-bound dimer) or
two (for the heme-free monomer) NC1 molecules bind the pri-miRNA
highly cooperatively (Fig. 4a). In these models, the heme-bound dimer
binds a pri-miRNA as a trimer of dimers (a hexamer overall), and the
heme-free monomer binds as a dimer. The x-intercept of the Hill plot
was used to calculate the K-value (the protein concentration at which
50% RNA is bound) as 26 + 2 nM (dimer concentration) for the heme-
bound dimer and 52 + 8 nM for the heme-free monomer.

To further characterize the NCl—pri-miR-30a RNA complexes, we
mixed NCI heme-bound dimer and heme-free monomer with pri-
miR-30a RNA at around micromolar concentrations, and SEC was
performed in a low-salt buffer, measuring the A,qo, Ajgy and Aysg
simultaneously. Despite the fact that the protein/RNA molar ratios in
both samples were the same (6:1), the chromatograms indicate that
distinct complex species eluted at very different volumes (Fig. 4c).

The SEC results (Fig. 4c) support the models described above in
four respects. First, the NC1 dimer and monomer proteins complexed
with the pri-miR-30a RNA were eluted from the sizing column in
nearly single peaks, indicating that a major complex species is formed
in each binding reaction. This observation is consistent with the
assumption of high cooperativity used to derive the model. Second,
the elution volumes of the complex peaks were used to estimate their
molecular weights on the basis of a standard curve (Supplementary
Fig. 3): 310 kDa for the NCI dimer—-RNA complex and 170 kDa for
the monomer in complex with the pri-miR-30a RNA. These values
were consistent with expectations (372 kDa for an NC1 hexamer with
one pri-miR-30a RNA; 156 kDa for an NC1 dimer with one pri-
miR-30a RNA), within experimental error.

Third, the Ayg0/Asg0 ratio (R) was used to estimate the stoichio-
metry of the protein and RNA in their complexes. The absorption
ratios of the complexes (Reomplex typically between 1.7 and 2.1)
determined from the chromatograms were distinct from those of
the RNA (Rgna, 2.36 for pri-miR-30a) and the NC1 proteins (Rprotein
0.639 for NCI dimer and 0.579 for NC1 monomer) individually and
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Figure 5 The DGCR8 dimer is active in pri-miRNAs processing in vitro. (@) Recombinant Drosha and DGCR8 were used to reconstitute processing activity
using the pri-miR-30a RNA as a substrate. (b) Cleavage assays of pri-miR-30a by Drosha in the presence of NC1 monomer and dimer proteins, respectively.
(c) Cleavage assays of pri-miR-30a (left) and pri-miR-16 (right) by Drosha in the presence of 100 nM NC1 monomer or dimer proteins or C352A mutant

monomer. M, size markers.

thus were used to calculate the molar ratio of the protein and RNA in
their complexes, [protein]/[RNA], using the following equation (see
Supplementary Methods online):

[protein] RrnA — Reomplex ERNA,260
[RNA] RRNA (Rcomplex - Rprotein) Eprotein,280

where epnaeo is the extinction coefficient of the RNA, which is
1.20 x 10° M cm™ for the pri-miR-30a RNA, and &protein 280 15 the
extinction coefficient of the protein, which is 4.72 x 10* M~ cm™ for
an NCI protomer (a monomer or half a dimer). The protein/RNA
ratios were 5.1 = 0.9 for the NCI dimer—pri-miR-30a complex and
2.4 + 0.4 for the NC1 monomer—pri-miR-30a complex.

Fourth, the Aysy in the chromatograms of the NC1 dimer—-RNA
complex (Fig. 4c) provided an independent estimate of the stoichio-
metry of the protein and RNA components. The ratios of the
absorptions of the NC1 dimer protein (typically, Ajgy/Agso is
around 1.22 and A,gg/A4so is about 1.94) were used to estimate the
contribution of the protein to the total A5 and A,g, assuming that
these ratios were not changed upon association with the pri-miRNA.
The Aygy contributed by the RNA was obtained by subtracting the
value contributed by protein from the total. The protein/RNA molar
ratio was calculated from their estimated contributions to A,gy and
Ay, respectively, as 5.4 £ 0.3. Given the stoichiometry of DGCR8 and
pri-miRNA determined experimentally, it is unlikely that each com-
plex contains more than one RNA molecule, because the molecular
weight would be much larger than the values estimated from the
elution volumes (Fig. 4c).

In conclusion, we found that the heme-bound NC1 dimer and the
heme-free monomer form distinct complexes with a pri-miRNA. Our
data are consistent with a model in which the dimer trimerizes to form
a hexamer on the pri-miRNA and the monomer forms mainly a dimer
upon association with the pri-miRNA. However, because the estimated
molecular weights of the DGCR8 monomer in complex with the pri-
miRNA, based on the SEC experiments, are slightly higher than the
calculated ones, we cannot rule out the possibility that the monomeric
DGCRS can also trimerize in complex with the pri-miRNA.

DGCRS8 contains two putative dsRBDs and is thought to be the
RNA-binding partner of Drosha!®?2. A UV cross-linking study has
recently demonstrated that DGCRS8 associates directly and specifically
with pri-miRNAs?>. We have shown here that both dimeric and
monomeric DGCR8 proteins bind pri-miRNAs with affinities between
20 and 50 nM. Moreover, different forms of DGCRS8 form distinct

higher-order structures upon binding pri-miRNAs and could there-
fore function differently in pri-miRNA processing.

Heme-bound DGCRS is active in pri-miRNA processing

To evaluate the function of heme in miRNA maturation, we over-
expressed Drosha in insect cells and reconstituted pri-miRNA proces-
sing assays in vitro using purified Drosha and NC1 (Fig. 5a). The
cleavage activity depends on the presence of both Drosha and NCI.
NCI does not contain the C-terminal 22 residues of DGCRS but is at
least as active as the minimal DGCR8 construct reported in the
literature?!, which contains residues 276-773 (Fig. 5a).

The DGCRS constructs used in the initial studies (Fig. 5a) were a
mixture of dimer and monomer. We subsequently examined the
purified NC1 dimer (heme-bound) and monomer (heme-free)
using in vitro cleavage assays. The heme-bound NCI dimer was active
in triggering pri-miRNA cleavage by Drosha at concentrations above
the RNA-binding transition; the heme-free monomeric NC1 was
much less active at all the concentrations tested (Fig. 5b). The
monomeric C352A mutant was found to be active at a lower level
than the wild-type dimer (Fig. 5c). It is possible that the C352A
mutation affects both heme binding and an autoinhibition of DGCR8
that will be discussed below. Different forms of DGCR8 were also
tested using pri-miR-16, which was used previously in reconstituted
processing assays’!. The results were similar to those obtained using
pri-miR-30a as the substrate (Fig. 5¢).

The dsRBDs are the effector domains

To evaluate the function of the conserved region required for associa-
tion with heme (residues 276-498), we constructed the NC9 protein,
which contains the two dsRBDs but not the WW motif (Fig. 1a). We
found that NC9 is monomeric in the absence of RNA (Fig. 6a). NC9
bound pri-miR-30a cooperatively, with a Hill constant (1) of 2.8 £ 0.1,
and with essentially the same affinity (K = 25 + 10 nM; Fig. 6b,c) as
the heme-bound NC1 dimer. The binding curve was best fit with a
model in which three NC9 molecules bind cooperatively to a pri-
miRNA (Fig. 6b). SEC of the NC9—pri-miR-30a complex mixed at a
3:1 molar ratio (Fig. 6d) indicated that the complex contained a major
oligomeric species, suggesting that the Hill constant is likely to be close
to the oligomerization state of NC9 in the complex. The elution
volume of this peak provided an estimated molecular weight of
111 kDa, close to those of complexes containing one RNA molecule
and two or three NC9 subunits (106 kDa or 135 kDa, respectively).
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Figure 6 The dsRBD domains (NC9) contain
the core pri-miRNA-binding and pri-miRNA-
processing activities. (a) The NC9 protein is
mostly monomeric, as indicated by the SEC in
the last step of the purification (shown as in
Fig. 2a,b). The purity of NC9 in the major peak
was shown by SDS-PAGE (Fig. 1a). (b) Filter-
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Because NC9 is relatively small (29 kDa), the NC9—pri-miR-30a
complex is predicted to be elongated. Thus, the error of the estimated
molecular weight is expected to be relatively large and it is difficult to
determine the true number of NC9 protomers present in the complex
based on the elution volume. The A,gy/A ;g ratio for the complex peak
(Fig. 6d) was 2.11. Using the formula described earlier, the molar ratio
of NC9 to pri-miR-30a was calculated to be 3.4, also consistent with a
trimeric NC9 bound to a pri-miRNA. Furthermore, NC9 was found to
be active in pri-miRNA processing assays when present at concentra-
tions higher than the binding transition indicated by the filter-binding
assays (Fig. 6e). Therefore, we conclude that the two dsRBDs of
DGCRS are the effector domains for pri-miRNA processing, the pri-
miRNA-binding and pri-miRNA—processing activities of which seem
to be similar to those of the heme-bound DGCR8 dimer.

The fact that the NCI monomer is much less active than the heme-
bound dimer in pri-miRNA processing assays suggests that the region
between residues 276 and 498 has an autoinhibitory function. The
association with heme promotes the dimerization of DGCR8 and
activates its pri-miRNA—processing activity. The presence of this
autoinhibitory mechanism strongly suggests that the DGCR8 mono-
mer is physiologically relevant. The biological activities of many
proteins, including the Src kinase’’, are regulated through their
autoinhibitory domains®®. DGCRS seems to be a previously unchar-
acterized type of autoinhibitory protein, in which autoinhibition
modulates an interaction with target RNA.

DISCUSSION

We showed that the human DGCRS8 protein interacts with heme
through a conserved residue, Cys352, which probably serves as an axial
ligand of the iron. In the absence of heme, DGCR8 is mostly
monomeric. The binding of heme promotes the dimerization of
DGCRS, forming a complex containing one heme molecule per
dimer. Both forms of DGCRS8 contact pri-miRNA with rather
similar affinities, but they form distinct higher-order structures. The
heme-bound dimer seems to bind as a cooperative trimer (of dimers)
and is fully active in the pri-miRNA cleavage assay. The heme-free
monomer probably binds as a cooperative dimer and is much less
active than the heme-bound dimer. The region important for associa-
tion with heme also has an autoinhibitory function in pri-miRNA
processing, probably preventing the trimerization of DGCRS
upon binding to pri-miRNAs. Thus, we have elucidated a possible
molecular mechanism through which heme regulates the processing
of primary miRNAs.

(35 nt)

of pri-miRNA by Drosha when present at con-
centrations higher than the binding transition.
M, size markers.

The experimental evidence presented here suggests that trimeriza-
tion of DGCR8 upon association with pri-miRNAs might be impor-
tant for triggering cleavage by Drosha. The heme-bound dimer seems
to act as a functional unit, equivalent to an NC9 monomer. Few
nucleic acid-binding proteins function in trimeric forms. The yeast
heat-shock transcription factor forms a constitutive trimer and binds
DNA elements containing arrays of a 5-base-pair recognition unit®.
Recently, it has been shown that the Drosha-DGCR8 complex
determines the cleavage site by measuring ~ 11 nt from the base of
the pri-miRNA hairpin. DGCR8 binds directly to pri-miRNAs,
suggesting that DGCR8 may function as the molecular anchor?,
The trimerization of DGCR8 we demonstrated might be the molecular
basis for this measuring mechanism.

Biogenesis of miRNAs is likely to be regulated at both transcription
and processing steps. miRNAs are synthesized by RNA polymerase
114041 which also transcribes most mRNAs and is known to be highly
regulated. Thus, it is conceivable that the transcription of miRNAs is
regulated through mechanisms similar to those that have been
elucidated for protein-coding genes. It has been shown that a large
portion of pri-miRNAs are cotranscribed with other RNA*2. Regula-
tion at the processing steps would provide a way to generate miRNA
expression patterns distinct from those of the host genes.

It is also possible for cells to reduce the global expression of
miRNAs by downregulating the processing steps. In fact, a very recent
study has demonstrated that during development and in primary
tumors, many miRNA primary transcripts are not efficient processed
by Drosha*. It is noteworthy that the expression levels of Drosha and
DGCRS are not induced concordantly with the production of mature
miRNAs. Thus, the post-transcriptional regulation of microRNAs
observed in ref. 43 may be mediated by the interaction between
heme and the DGCR3 protein.

Our findings suggest that miRNAs might be involved in the
signaling network of heme. Heme has been shown to regulate its
own biosynthesis and to stimulate the differentiation of erythroid,
adipose and neuronal cells in mammals*2. Furthermore, heme bio-
synthesis and the circadian clock are reciprocally regulated**. Indeed, a
search of the miRanda server®® indicates that many genes involved in
heme biosynthesis and the circadian clock are predicted to contain
considerably larger numbers of conserved miRNA target sites in the 3
untranslated region than are found in a typical gene. Our experimental
evidence is consistent with the model that DGCRS is a sensor for
heme. Another possible role for the heme bound to DGCRS is to
mediate a response to diatomic gas signaling molecules such as carbon
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monoxide, nitric oxide or oxygen, similarly to a class of hemoprotein
sensors found in a variety of organisms*®. We have started to test the
latter possibility using the assays described above and have not found
that carbon monoxide alters DGCRS activity (data not shown).

Our study suggests that heme is required for the activation of
DGCRS. Under conditions of heme deficiency, the pri-miRNA clea-
vage is predicted to be slowed and the abundances of mature miRNAs
should be decreased globally. In humans, defects in heme biosynthesis
cause diseases such as porphyrias. The neurological symptoms of
porphyrias include peripheral and autonomic neuropathy?’. In addi-
tion, heme deficiency has also been shown to decrease the abundance
of mitochondrial complex IV, to activate nitric oxide synthase, to
alter amyloid precursor protein and to disrupt iron and zinc homeo-
stasis in brain cells—phenotypes similar to those of dysfunctional
neurons in patients with Alzheimer disease*®*°. The underlying
mechanisms for these observations are not clear. As miRNAs have
been shown to be involved in neuron development™, it is possible that
heme deficiency causes some of these phenotypes through a decrease
in miRNA processing.

METHODS

Protein expression and purification. The complementary DNA clone of
DGCR8 was obtained from Open Biosystems. Sequence encoding residues
275-751 (NC1) was subcloned into the pET-24a vector (Novagen) between the
Ndel and EcoRI sites. NC1 was overexpressed in E. coli BL21(DE3) CodonPlus
cells (Stratagene) by addition of 1 mM IPTG. Where indicated, 3-ALA was
added to the culture at a concentration of 1 mM together with IPTG. The NC1
protein was extracted from the cells by sonication in 20 mM Tris (pH 8.0),
100 mM NaCl, 10 mM B-mercaptoethanol (B-ME) and 0.25 mM phenyl-
methanesulfonyl fluoride. NC1 was purified by two rounds of ion-exchange
chromatography using a 5-ml HiTrap SP column (Amersham), followed by an
SEC using a Superdex 200 column (Amersham). The running buffer contained
20 mM Tris (pH 8.0), 400 mM NaCl and 10 mM B-ME. The monomeric NC1
was purified further by concentration of the corresponding peak fractions from
the SEC using an Amicon Ultra-15 concentrator (Millipore), followed by an
additional SEC step. The NC9 protein was overexpressed and purified using a
similar procedure, except that only one ion-exchange purification step was
necessary and the protein solution was exchanged to a buffer containing
20 mM sodium acetate (pH 5.1), 300 mM NaCl and 1 mM DTT before the
SEC in the same buffer. The DGCR8,76 773 construct was expressed using
similar protocol to that of NCI. It contains a C-terminal Hisq tag and was
purified using affinity purification followed by an SEC.

The Drosha sequence (see Acknowledgments) was subcloned into the
pFastBac-HTb vector (Invitrogen), which was used in the overexpression
experiment in Sf9 insect cells. The Drosha protein was extracted from the
cells by sonication in 20 mM Tris (pH 8.0) and 400 mM NaCl and was purified
by SEC using a Superdex 200 column in the same buffer. The early fractions,
containing partially purified Drosha, were pooled and dialyzed against a storage
buffer containing 20 mM Tris (pH 8.0), 100 mM NaCl, 0.2 mM EDTA and 10%
(v/v) glycerol. The protein was stored at —80 °C until use.

Heme extraction and quantification using high-performance liquid chro-
matography. Protein solutions were mixed with four volumes of solvent
A, which contained acetonitrile, water and trifluoroacetic acid at the volume
ratio of 60:40:0.1. The mix was injected onto an Ultrasphere Semi-prep C18
reverse-phase column (Beckman). Elution was performed isocratically with
solvent A at a flow rate of 1 ml min~! and monitored at wavelengths of 398
and 450 nm simultaneously. The integrated peak area was obtained using

UNICORN (Amersham).

Size-exclusion chromatography. The SEC characterization of DGCRS8
was performed at room temperature under the same conditions as described
in the purification procedure. The running buffer used in SEC of the
DGCR8-RNA complexes (Fig. 4c and Fig. 6d) contained 20 mM Tris
(pH 8.0) and 80 mM NacCl.

Electrospray ionization mass spectrometry. A nanoESI-QqTOF analyzer
(QSTAR Pulsar XL, m/z range 40,000; Applied Biosystems/MDS Sciex) was
used for the ESI-MS experiments*. Borosilicate glass nanospray emitters coated
with gold and palladium to allow for spray operation at 10-50 nl min~!
were obtained from Proxeon. Before ESI-MS analyses, samples were desalted
and concentrated using Millipore Microcon centrifugal filter devices in 20 mM
ammonium acetate (pH 6.8) and 0.2 mM DTT. ESI-MS measurements of
noncovalently bound complexes are sensitive to the energy used in the atmo-
sphere-vacuum interface of the ESI mass spectrometer to desolvate the hydrated
complexes as they transition from the liquid state to the gaseous state. The
spectrum shown in Figure 2c represents a low interface potential (+140 V) that
minimizes protein-ligand dissociation. Using higher interface potentials allows
release of the heme molecule from the protein dimer, as shown by an abundant
peak at m/z = 616 (Supplementary Fig. 2).

Pri-miRNA binding and in vitro processing assays. The sequence of the pri-
miR-30a was cloned from human genomic DNA into the pUC19 vector. The
plasmid was linearized and was used as the template in transcription reactions
using T7 RNA polymerase. The transcribed RNA covers 33- and 53-nt
sequences flanking the pre-miRNA region at its 5 and 3" termini, respectively.
Two guanosine residues were added at the 5" end to improve the yield of the
transcription. The RNA was uniformly labeled with 32P.

Each binding reaction (22 pl total volume) contained 2.2 pl of DGCR8
protein solution, 1 pl annealed RNA and a buffer containing 20 mM Tris
(pH 7.5), 50 mM NaCl and 1 mM DTT. Series of DGCR8 dilutions were
prepared in 20 mM Tris (pH 8.0), 400 mM NaCl and 10 mM B-ME. The
uniformly labeled RNA (described above) was annealed in 10 mM sodium
HEPES buffer (pH 7.0) and 50 mM NaCl by heating to 65 °C for 3 min and
cooling at room temperature for 15 min. The binding reactions were filtered
through a nitrocellulose membrane and a positively charged nylon membrane
sequentially, using a spot-blot apparatus. The membranes were air-dried and
exposed to an image plate. The intensity of the spots was integrated using
Quantity One (Bio-Rad). The data were fit to curves using PRISM (GraphPad).
The equation used in the fitting with cooperative binding models is FB =
FBo[DGCR8]"/(Kq + [DGCR8]"), where FB is the fraction of RNA bound to
DGCRS, FBj is the fitted value of the maximum FB, [DGCRS8] is the molar
concentration of DGCRS8 and # is 2 for a dimer model or 3 for a trimer model
and is fixed in a fitting process.

The processing assays were performed essentially as reported®!. The reactions
contained purified Drosha (14 nM) and DGCR8 at concentrations indicated.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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