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Abstract

Human DiGeorge Critical Region 8 (DGCR8) is an essential microRNA (miRNA) processing factor that is activated via direct
interaction with Fe(III) heme. In order for DGCR8 to bind heme, it must dimerize using a dimerization domain embedded
within its heme-binding domain (HBD). We previously reported a crystal structure of the dimerization domain from human
DGCR8, which demonstrated how dimerization results in the formation of a surface important for association with heme.
Here, in an attempt to crystallize the HBD, we search for DGCR8 homologues and show that DGCR8 from Patiria miniata (bat
star) also binds heme. The extinction coefficients (e) of DGCR8-heme complexes are determined; these values are useful for
biochemical analyses and allow us to estimate the heme occupancy of DGCR8 proteins. Additionally, we present the crystal
structure of the Xenopus laevis dimerization domain. The structure is very similar to that of human DGCR8. Our results
indicate that dimerization and heme binding are evolutionarily conserved properties of DGCR8 homologues not only in
vertebrates, but also in at least some invertebrates.
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Introduction

microRNAs (miRNAs) are a class of ,22 nucleotide (nt) non-

coding RNAs that negatively regulate gene expression by destabiliz-

ing target mRNAs or inhibiting their translation [1,2]. Mature

miRNAs originate from primary transcripts (pri-miRNAs) that may

be transcribedas introns ofmRNAsor as independent transcripts [3].

In the first step of miRNA processing, a pri-miRNA is cleaved in the

nucleus toproduceanintermediatecalled theprecursormiRNA(pre-

miRNA), by a protein complex called the Microprocessor, which is

minimally composed of the ribonuclease III enzyme Drosha, and the

RNA-binding partner DGCR8 [4,5,6,7,8]. pre-miRNAs are export-

ed to the cytoplasm where they undergo additional cleavages by

another ribonuclease III enzyme Dicer to produce miRNA duplexes.

miRNA duplexes are then incorporated into the miRNA-induced

silencing complex (miRISC) and unwound into the mature single-

stranded form. DGCR8, the focus of this study, is required for pri-

miRNA processing both in vitro and in vivo [6,8,9,10]. The DGCR8

gene is heterozygously deleted along with about 30 other genes in

DiGeorge syndrome patients [11]. Dgcr8+/2 mouse models indicat-

ed pri-miRNA processing defects in the brain and neurological

defects and symptoms similar to those observed in DiGeorge

syndrome [12,13,14].

In addition to the well accepted role of recognizing pri-miRNAs

[15,16,17,18], we found that a truncated form of human DGCR8

called NC1 (residues 276–751) binds Fe(III) heme when overex-

pressed in E. coli and is fully active in reconstituted pri-miRNA

processing assays [16,19]. ApoNC1 dimer is activated for pri-

miRNA processing in vitro by Fe(III) (ferric) heme, but not by Fe(II)

(ferrous) heme [20]. These observations demonstrated the

functional importance of heme binding to DGCR8, especially

the redox state of the heme iron, in miRNA processing. Human

DGCR8 is composed of an N-terminal region that is required for

nuclear localization, a central heme-binding domain (HBD,

residues 276–498), two double-stranded RNA-binding domains

(dsRBDs, residues 500–700) and a C-terminal tail (CTT, residues

701–751) (Figure 1A). Recombinant human HBD binds Fe(III)

heme and displays an electronic absorption spectrum similar to

that of Fe(III) heme-bound NC1 [21]. The HBD is a dimer and

each HBD dimer binds one heme molecule. The HBD

coordinates the heme Fe(III) using two thiol/thiolate groups from

the highly-conserved Cys352 residues contributed by both

subunits (Figure 1B) [19].

We previously identified a conserved N-terminal region of

human HBD as a dimerization (sub)domain (residues 276–353),

and determined a crystal structure of the human DGCR8

dimerization domain [21]. This structure revealed an expansive

dimerization interface mediated mainly by hydrophobic interac-

tions. The structure contains a WW motif, which is comprised of

three anti-parallel b-strands [21]. Most previously characterized
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WW motifs are monomeric and mediate protein-protein inter-

actions by associating with proline-rich peptide segments [22,23].

The WW motif of DGCR8 is structurally similar to other known

WW motifs [21]. However, the WW motif in DGCR8 is unlikely

to bind proline-containing peptides because the surface typically

used for peptide binding is occluded in the structure. Instead, the

DGCR8 WW motif forms a structural platform for dimerization

and aids heme binding [21]. Dimerization occurs in part through

formation of a b-sheet between the WW motif and a fourth

strand in the C-terminal neighboring region (residues 332–352)

of the partner subunit. This ‘‘domain swapped’’ conformation

allows proper spatial positioning of residues required for heme

binding, thus resulting in a heme-binding surface [21]. The

structure of the human DGCR8 dimerization domain provides

structural evidence to explain why dimerization of DGCR8 is

required for heme binding.

Our previous studies have been mostly focusing on the human

DGCR8 protein. Here we explore heme binding properties of

DGCR8 homologues, partially in pursuit to crystallize the HBD.

We show that the bat star (P. miniata) DGCR8 binds Fe(III) heme.

We present the crystal structure of the frog (X. laevis) DGCR8

dimerization domain. These results suggest that dimerization and

heme binding are evolutionarily conserved features of the DGCR8

family of miRNA processing factors.

Results

Heme Binding is Conserved in a Starfish DGCR8
In our pursuit to crystallize the DGCR8 HBD, we searched for

homologues within other organisms. DGCR8, along with its

partner nuclease Drosha, was only found in animals. We noticed

that while the sequences of mammalian DGCR8 HBDs are highly

similar to each other (for example, the mouse sequence is 96%

identical to the human), those from frog (Xenopus laevis) and bat star

(Patiria miniata), an echinoderm invertebrate [24], have diverged

from human (Figure 1C). The bat star HBD sequence shares lower

identity (41%) to human than that of frog HBD (80%).

Interestingly, the residues known to be critical for heme binding

in human, Cys352 [16], Trp329 [21] (Figure 1C, red stars), are

conserved in all three species. These observations suggest that the

bat star and frog DGCR8 may use a similar mechanism to bind

heme as the human.

To experimentally test heme binding and to seek new

opportunities for crystallization, we cloned, expressed in E. coli,

and purified the bat star and frog HBD-His6 (all HBD

constructs this paper refers to contain a non-cleavable C-

terminal His6 tag; they are abbreviated as HBD). The frog

HBD has been shown to bind Fe(III) heme [19]. Here we

report that, the purified bat star HBD displays an electronic

absorption spectrum with peaks at 367, 450 and 556 nm,

similar to those of human HBD, indicating that it also binds

Fe(III) heme (Figure 2A). In size exclusion chromatography

(SEC) analyses, the bat star HBD (26 kDa per subunit) eluted at

13.8 mL, which is similar to that of the human HBD dimer

(54 kDa) but is 2.6 mL earlier than that of a monomeric human

DGCR8 protein (residues 499–751, called NC9, 29 kDa). This

observation indicates that the Fe(III) bat star HBD is a dimer

(Figure 2B). These results suggest that heme binding and

dimerization are conserved at least among DGCR8 homologues

from mammals, amphibians and starfish.

Determination of the Extinction Coefficients and Heme
Contents of Fe(III) Heme-DGCR8 Complexes

To increase the chance of obtaining crystals and to facilitate

biochemical analysis of heme-DGCR8 complexes, we need to

estimate the heme occupancy of purified complexes. Overexpres-

sion of heme proteins in bacteria induces heme deficiency and

often results in the presence of both holo- and apo-proteins. Even

though we add d-aminolevulinic acid (d-ALA), a heme biosynthesis

Figure 1. Domain structure of DGCR8 and sequence alignment of the heme-binding domains. (A) Domain structure of human DGCR8
and schematics of the NC1 and HBD constructs used in this study. (B) Schematic of how the DGCR8 HBD binds Fe(III) heme. (C) Sequence alignment
of bat star, frog and human HBDs. Identical residues are shaded in black. Residues that are identical only between two species are shaded in gray. Red
stars denote residues in human HBD known to be important for heme binding. Secondary structure assignments derived from the crystal structure of
frog dimerization domain are shown below the sequences, with b-strands as green arrows and loops as bars.
doi:10.1371/journal.pone.0039688.g001

Figure 2. The bat star DGCR8 HBD binds heme as a dimer. (A)
Electronic absorption spectrum of bat star HBD. Peak wavelengths and
the corresponding extinction coefficients are labeled. (B) Size exclusion
chromatogram of the bat star HBD, obtained from the last step of the
purification procedure. The elution volumes of the dimeric human HBD
(54 kDa) and the monomeric human NC9 (29 kDa) proteins are
indicated as triangles. Inset, a sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) image of the 13.8-mL peak fraction of
bat star HBD.
doi:10.1371/journal.pone.0039688.g002
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intermediate and the product of the rating-limiting step in heme

biosynthesis pathway, the A450 nm/A280 nm ratio (the RZ value) of

recombinant DGCR8 proteins as calculated from electronic

absorption spectra often varies from preparation to preparation.

Until the current study, it has not been clear to what extent these

proteins were occupied by heme.

To answer this question, we determined the extinction

coefficients of various DGCR8-heme complexes, which in turn

allowed us to estimate their heme occupancy using electronic

absorption spectroscopy. For each DGCR8-heme complex, we

recorded the electronic absorption spectrum, determined the

heme concentration using the pyridine hemochromogen method

[25], and measured the protein concentration using the

Bicinchoninic Acid (BCA) protein assay [26]. The pyridine

hemochrome, formed after extraction of heme from the

complexes and reduction of the heme iron, has a sharp and

intense absorption peak at 557 nm that obeys Beer’s law over a

wide concentration range, allowing the concentration of heme

in the complex to be determined accurately [25]. The heme

concentration of a bat star HBD preparation was determined to

be 7.3 mM, and the extinction coefficient of the Fe(III) heme in

this protein at 450 nm (e450,heme) was determined to be

70 mM21 cm21 (Figure 2A and Table 1). The BCA method

measures cuprous (Cu1+) ion produced in the reaction of

proteins with alkaline Cu2+ (called the biuret reaction) and has

relatively low protein-to-protein variation [26]. The concentra-

tion of the same bat star HBD dimer protein described above

was estimated to be 7 mM. Thus the molar ratio of protein to

heme, or heme occupancy, was close to 100%. With the

confidence in the homogeneity of this complex, we further

estimated the extinction coefficient of the dimeric Fe(III) heme-

bound HBD at 280 nm (e280,holo) to be 91 mM21cm21

(Figure 2A). This value is higher than that of the dimeric

apoHBD (e280,apo = 48 mM21cm21) as calculated from the

amino acid sequence [27], consistent with the expectation that

the extinction coefficient of the HBD complex at 280 nm is

contributed by both the protein and heme moieties. We

encounter situations where apoHBD is present in the bat star

HBD samples and the A450/A280 ratio is lower than e450/

e280,holo (0.77). In these cases, the heme occupancy (Oheme) may

be calculated using the following equation:

Oheme~
e280,apo|

A450
A280

e450{ e280,holo{e280,apo

� �
|

A450
A280

Using the pyridine hemochromogen method, we determined

the e450 values of the human HBD and NC1 proteins and the e451

of the frog HBD to be 74, 74 and 72 mM21cm21, respectively

(Table 1). The essentially identical e450/451 values suggest that the

chemical environments of the Fe(III) heme are very similar in the

HBDs from human, frog and bat star, and regardless whether the

dsRBDs and CTT are present. The e450 of the human NC1 is

higher than the value we previously reported (58 mM21cm21)

[16]. However, the latter was determined via organic solvent

extraction of heme, followed by quantification using reverse-phase

high pressure liquid chromatography (HPLC). This procedure

may have underestimated the extinction coefficient value if the

heme extraction was incomplete.

The BCA assays estimated that the heme occupancy of the

human HBD, NC1 and frog HBD preparations used in these

experiments were less than 100%, thus their e280,holo could not

yet be confidently determined. We note that the absence of

imidazole and thiol-containing reducing reagents in the storage

buffer of bat star HBD may have contributed to the higher

heme content. Further investigation will be needed to confirm

this possibility.

Structure Determination of the Frog DGCR8 Dimerization
Domain

In initial crystallization screens, the frog HBD protein

appeared as red phase separation. An additive screen was

performed under the condition producing this phase separation.

Single crystals were obtained from the addition of tribasic

sodium citrate. These crystals lacked any color, suggesting that

heme was not bound to the protein. Nevertheless, they

diffracted X-ray to 1.9 Å resolution and a complete data set

was collected (Table 2). The structure was solved using

molecular replacement with the human dimerization domain

structure as the search model. In the 2Fo2Fc map, clear and

continuous electron density was observed from Pro300 to

Cys354; the electron densities of the main chain and side

chain of Leu355 were present but were disconnected when

contoured at 1s level (the N- and C-terminal ends of the

electron density are shown in Figures 3A, 3B). We did not

detect electron density for the first 22 N-terminal residues

(#278–299) and the 142 residues at the C-terminus (#356–

497). The latter region is comprised of the central loop and the

C-terminal region of the frog HBD. Crystallographic refinement

was performed using a model containing DGCR8 residues 300–

355 and water molecules, and resulted in final R and Rfree

factors of 0.2068 and 0.2280, respectively (Table 2).

To determine if the missing electron density was due to lack

of ordered structures in the crystal or degradation of the HBD

protein over the prolonged period of crystallization, we dissolved

crystals and analyzed the protein using matrix-assisted laser

desorption ionization time of flight (MALDI-TOF) mass

spectrometry. The resulting mass spectra did not reveal any

full-length frog HBD at the expected molecular mass of

26,469 Da, as we have successfully achieved for the same

protein using the same instrument and a similar procedure in a

previous study [19]. Instead, we observed two main ions with

m/z of 4,445 and 6,820, respectively (Figure 4). These ions

Table 1. Extinction coefficients for homologous HBDs.

e366/367 (mM21 cm21) e450/451 (mM21 cm21) e556 (mM21 cm21)

Human HBD 6061 (366 nm) 7461 (450 nm) 14.260.3

Frog HBD 6263 (366 nm) 7263 (451 nm) 14.060.6

Bat star HBD 5963 (367 nm) 7064 (450 nm) 12.960.6

Human NC1 6262 (366 nm) 7462 (450 nm) 14.160.4

doi:10.1371/journal.pone.0039688.t001
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correspond to protein segments with molecular masses of

4,444 Da and 6,819 Da. The molecular mass of the residues

observed in the continuous electron density of the crystal

structure is 6,371 Da, which is close to the mass of the ion

observed at m/z of 6,820. Inclusion of neighboring Arg299,

His356, and Tyr357 into the calculation produces a fragment

with a molecular mass of 6,828 Da, which is very close to the

mass observed via mass spectrometry. Thus, our crystals

contained the dimerization domain generated through degrada-

tion of the HBD. Some neighboring residues likely existed in

the polypeptide chain in the crystals, but adopted flexible

conformation. We have not been able to identify the protein

fragment corresponding to the 4,445 m/z peak, either in the

electron density or via additional biochemical analyses due to

the limited amount of material. It is possible that this peak

represents a degradation product from the dimerization domain

or from another region of the HBD. In the mass spectrum, the

intensity of the 4,445 m/z peak is higher than that of the

6,820 m/z peak (Figure 4). However, because ionization

efficiency often negatively correlates with molecular mass, the

4444-Da species is not necessarily more abundant than the

6819-Da species in the crystals.

Structural Conservation of Dimerization and Heme
Binding

The frog dimerization domain crystal contains a single

polypeptide chain in the asymmetric unit. The chain forms a

dimer via a crystallographic twofold symmetry (Figure 3C). The

subunits in each dimer are held together by an extensive interface

mainly mediated by hydrophobic interactions. The WW motif

folds into three b-strands (b1–b3). After strand b3, the polypeptide

chain extends through a hinge loop into a fourth b-strand (b4) that

interacts with the WW motif of the partner subunit, forming a

continuous b-sheet and resulting in an apparently domain-

swapped dimer. All DGCR8 residues known to be important for

heme binding, including Pro351 [19], Cys352 [16] and Trp329

[21], cluster on a common surface (shown in red in Figure 3C).

With a modest conformational change, this surface could form a

pocket to accommodates the Fe(III) heme and allow the two

Cys352 side chains to coordinate the heme iron from both sides of

the heme plane.

The dimerization domain structure of frog DGCR8 is very

similar to that of human DGCR8 with some differences at the N-

and C-termini. Superimposition of the Ca atoms of the two

structures (Figure 3D) results in a low overall root mean square

deviation of 0.38 Å. This is not surprising given that only three

residues out of a total of 55 amino acids are different between the

human and frog dimerization domain sequences (Figure 1C).

Pro300 and Pro301 at the N-terminus of the frog structure are

shifted by about 7 Å and 3 Å, respectively (Figure 3D). The

human DGCR8 dimerization domain was crystallized in the

presence of the N-terminal 22 amino acids (residues 276–297)

[21]. Even though these residues are disordered, with no electron

density observed, they may have contributed to the structural

differences at the N-terminus. In the structural superimposition,

the side chain of frog Cys354 points toward a direction distinct

from that of human Cys352, as supported by a relatively weak but

substantial electron density (Figure 3B). This observation suggests

that the conformation of this axial ligand of Fe(III) heme is flexible,

due to absence of heme and/or close proximity to the C-terminus.

Overall, the high degree of sequence and structural conservation

suggests that frog DGCR8 uses the same mechanism of

dimerization to aid heme binding as identified in human DGCR8

[19,21].

Discussion

Here we explore the heme binding and dimerization properties

of DGCR8 homologues. We show that both frog and bat star

homologues bind Fe(III) heme in the same manner as human

DGCR8. The structure of the dimerization domain of frog

DGCR8 is nearly identical to that of human DGCR8.

Among the known domains of DGCR8, the WW motif-

containing dimerization domain is a defining feature of the

DGCR8 family proteins. The sequences of over 40 DGCR8

homologues are available in the UniProt Knowledgebase (Uni-

ProtKB) and National Center for Biotechnology Information

(NCBI) databases. All of them can be uniquely identified when

only the dimerization domain sequences are used in the search. In

contrast, the two dsRBDs arranged in tandem (dsRBD1 and

dsRBD2) are found in many RNA-binding proteins that function

either in other steps of miRNA biogenesis, such as the HIV trans-

activator RNA (TAR)-binding protein (TRBP) and the protein

kinase R (PKR)-activating protein (PACT) [28,29], or in pathways

Table 2. Crystallographic statistics of the structure of the frog
DGCR8 dimerization domain.

Data collection Native

Space group P43212

Cell dimensions

a, b, c (Å) 39.89, 39.89, 82.13

a, b, c (u) 90, 90, 90

Resolution (Å) 80–1.9 (1.97–1.9)

Observed reflections 64,720

Unique reflections 5,640

Wavelength (Å) 1.54

Rsym 0.1 (0.459)

I/s(I) 21.23 (3.38)

Completeness (%) 99.1 (99.6)

Redundancy 11.5 (6.6)

Refinement

Resolution (Å) 35.9–1.9

No. of reflections used 5,593

Rwork 0.2068

Rfree 0.2280

Average B factor (Å 2)

protein/water 34.773/37.255

Root mean square deviation

bond length (Å)/angles (u) 0.007/1.081

Content of asymmetric unit

No. of protein molecules 1

No. of protein

Residues/atoms 56/454

No. of solvent atoms 33

Ramachandran statistics

Allowed/generous/disallowed (%) 100/0/0

Rsym =ghklgi |Ii(hkl)2,I(hkl). |/ghkl gIi(hkl). Rwork =g|Fo–Fc|/gFo.
Rfree =g|Fo2Fc|/gFo, calculated using a random set containing 10% reflections
that were not included in refinement.
doi:10.1371/journal.pone.0039688.t002
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not known to be directly related to miRNA processing (such as

Staufen) [30]. Our studies show that both sequence and structure

of the dimerization domain are highly conserved ([21] and herein).

The dimerization domain is an integral part of the heme-

binding domain in human DGCR8; it aligns residues important

for heme-binding in proper spatial positions (Figure 3C) [21]. We

are interested to investigate if heme binding is also a conserved

feature of DGCR8. Beyond the dimerization domain, the central

loop region (containing at least residues 377–410 in human

DGCR8) is dispensable for heme binding and is poorly conserved

(Figure 1C). We recently showed that a function of the central loop

is to present a site for cleavage of DGCR8 by caspases, which

results in inhibition of its pri-miRNA processing activity [31]. The

C-terminal region of the HBD (residues 411–498 in humans) is

required for heme binding [21] and is modestly conserved. It is not

clear yet how the C-terminal region contributes to association with

Figure 3. Crystal structure of the frog DGCR8 dimerization domain. (A–B) 2Fo-Fc electron density maps, contoured at 1s level, of the N- and
C-terminal regions of the frog dimerization domain, respectively. (C) Wall-eyed stereo diagram of the crystal structure of frog dimerization domain.
The dimer subunits are colored green and blue. Secondary structures from the green subunit are denoted with a prime. The crystallographic two-fold
axis relating the two subunits is indicated by the arrow. Residues known to be important for heme binding are highlighted in red. (D)
Superimposition of human (orange) and frog (blue) dimerization domain Ca traces shown in stereo.
doi:10.1371/journal.pone.0039688.g003

Dimerization & Heme Binding Are Conserved in DGCR8

PLoS ONE | www.plosone.org 6 July 2012 | Volume 7 | Issue 7 | e39688



heme. Furthermore, DGCR8 is the only known heme protein that

uses two cysteine side chains as coaxial ligands for binding Fe(III)

heme [19]. The axial ligand Cys352 and its immediate neighbor-

ing residue Pro351 are completely conserved. Trp329, which is

also important for human DGCR8 to bind Fe(III) heme, is

conserved in mammals, birds, lizards, amphibians, fish and

starfish, but not in insects and worms. The relationship between

conservation of Trp329 and heme binding will be addressed in a

separate study. Overall, our study supports the Fe(III) heme-

mediated activation of pri-miRNA processing as a common

mechanism not only among vertebrates, but also in at least some

invertebrates.

Materials and Methods

Plasmid Construction
The coding sequence of bat star DGCR8 HBD (residues 180–

392), was amplified from a partial cDNA (NCBI Accession

number GQ397480) using PCR and was cloned into pET-24a+

(Novagen), between the NdeI and XhoI sites. The coding

sequence of the plasmid was verified via sequencing.

Protein Expression and Purification
The human, frog and bat star HBD-His6 proteins were

expressed in E. coli strain BL21-CodonPlus (DE3)-RIPL (Strata-

gene, a part of Agilent Technologies) and purified using Ni-affinity

chromatography followed by size exclusion chromatography,

similar to the procedure previously used for human HBD-His6

[21]. A heme biosynthesis intermediate d-aminolevulinic acid (MP

Biomedicals) was added to a final concentration of 1 mM at the

time of induction. In Ni2+ affinity chromatography, both the lysis

and wash buffers contained 500 mM NaCl, 10 mM imidazole,

and 20 mM Tris pH 8.0; the elution buffer contained the same

components except 200 mM imidazole. The SEC buffer con-

tained 400 mM NaCl, 20 mM Tris pH 8.0, and 1 mM dithio-

threitol (DTT). In the purification of bat star HBD-His6, the

protein was immediately buffer-exchanged into 400 mM NaCl

and 20 mM Tris pH 8.0 after affinity chromatography, prior to

storage at 4uC overnight and the SEC purification step in the

following day. The buffer exchange used here and below was

achieved using Amicon Ultracel centrifugal concentrators with

Molecular Weight Cutoff’s of 10 or 30 kDa (EMD Millipore,

Billerica, MA).

The human NC1 protein was expressed and purified as

previously described [16].

Pyridine Hemochromogen Assay and Determination of
Extinction Coefficients and Heme Occupancy

Reducing reagents were removed from the purified NC1 and

HBD proteins via buffer exchange to avoid interference with the

BCA assay. Same protein stock solutions were then used in both

pyridine hemochromogen and BCA assays. Pyridine hemochro-

mogen assays were performed as described [25]. Briefly, 500 mL of

a stock solution containing 0.2 M NaOH and 40% pyridine and

3 mL of 0.1 M potassium ferricyanide were mixed with 500 mL of

protein solution in a cuvette. The oxidized absorption spectrum

was recorded between 500 and 600 nm using a Cary 300

spectrophotometer (Varian, Palo Alto, CA), with the spectral

bandwidth set to 0.5 nm and in single beam mode. A few crystals

of sodium dithionite were added to the solution, mixed well, and

the reduced spectrum was recorded. Heme concentration was

determined using Beer’s law (A = eC). The A557 was the absorbance

at 557 nm from the reduced spectrum, and the e557 is

34.53 mM21cm21. After the heme concentration (C) was deter-

mined, the extinction coefficients (e) of the DGCR8-Fe(III) heme

complex were calculated, again using Beer’s law, from the

electronic absorption spectra of the native protein at the

wavelengths where only heme absorbed.

Protein concentrations were determined using the Micro BCA

Protein Assay kit (Thermo Fisher Scientific, Rockford, IL)

following to the manufacturer’s protocol. Heme occupancy is

defined as the molar ratio of heme and dimeric proteins in the

complexes.

Crystallization
In an effort to crystallize the frog HBD in a thiol-oxidized state,

this protein was treated with 10 mM oxidized glutathione (GSSG)

at pH 8.0 for 20 min. GSSG was removed via buffer exchange

into a low-salt buffer containing 200 mM NaCl, 20 mM Tris

pH 8.0, and 5 mM DTT. Crystallization trials were set up using a

Mosquito robot (TTP LabTech, Cambridge, MA) and hanging

drop vapor diffusion method. Frog HBD at ,10 mg/mL

was mixed in a 1:1 (v/v) ratio with a well solution containing

20% (w/v) polyethylene glycol (PEG)-1000, 0.1 M imidazole

pH 8.0, and 0.2 M calcium acetate, with 1 M tribasic sodium

citrate added to the drop to 10% of final drop volume. Crystals

were grown at 18uC in 4 months. Single crystals were soaked in a

cryo-protection solution, containing all the components of the well

solution and 20% glycerol, for 5 min at 18uC, mounted with

CrystalCap HT Cryoloops (Hampton Research), and flash-frozen

in liquid nitrogen prior to data collection.

Data Collection, Structure Determination, Refinement
and Analysis

Diffraction images were collected using a Rigaku R-AXIS-IV++
imaging plate detector and Cu Ka X-ray radiation from a Rigaku

FRE+ rotating anode generator with confocal optics. Data were

processed using HKL2000 [32]. Initial phases were calculated via

molecular replacement using the program PHASER [33,34] with

the human dimerization domain structure (PDB code 3LE4) as the

search model. An initial model was built using ARP/wARP [35],

followed by manual model building using COOT [36] and

refinement using REFMAC [37] and PHENIX [38]. Structural

superposition was performed using the program MAPS [39].

Coordinates and structure factor amplitudes have been deposited

in the RCSB Protein Data Bank with accession code 4E5R.

Figure 4. MALDI-TOF mass spectrometry analysis of crystals
obtained from frog DGCR8 HBD. Ions with a ‘‘+1’’ charge state are
labeled with their corresponding m/z values. The ion with m/z of 6820.0
roughly corresponds to the dimerization domain observed in the crystal
structure.
doi:10.1371/journal.pone.0039688.g004
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Mass Spectrometry
Crystals were dissolved in a buffer containing 400 mM NaCl,

20 mM Tris pH 8.0, and 1 mM DTT. The solution was

desalted using Omix C18 tips (Agilent Technologies, Santa

Clara, CA) according to the manufacturer’s protocol. Sinapinic

acid dissolved in 70% acetonitrile and 0.1% trifluoroacetic acid

was used as the matrix and was mixed with the desalted protein

solution in a 1:1 (v/v) ratio. Data were obtained on a Voyager

DE STR MALDI-TOF mass spectrometer (Applied Biosystems,

Foster City, CA), set in the linear mode and with m/z range of

2,000–30,000. Data were plotted using Prism (version 4.0,

GraphPad, La Jolla, CA).

Acknowledgments

We thank V. Hinman for providing the cDNA clone of bat star DGCR8, J.

Burstyn and A. Smith for advice regarding measurement of extinction

coefficients and heme occupancy of DGCR8 complexes, and D. Cascio in

the UCLA-DOE X-ray Crystallography Core Facility for technical

supports.

Author Contributions

Conceived and designed the experiments: RS AL IB FG. Performed the

experiments: RS AL IB BDS. Analyzed the data: RS AL IB FG.

Contributed reagents/materials/analysis tools: RS AL IB BDS. Wrote the

paper: RS IB FG.

References

1. Fabian MR, Sonenberg N, Filipowicz W (2010) Regulation of mRNA
translation and stability by microRNAs. Annual review of biochemistry 79:

351–379.

2. Guo H, Ingolia NT, Weissman JS, Bartel DP (2010) Mammalian microRNAs
predominantly act to decrease target mRNA levels. Nature 466: 835–840.

3. Kim VN, Han J, Siomi MC (2009) Biogenesis of small RNAs in animals. Nat
Rev Mol Cell Biol 10: 126–139.

4. Lee Y, Ahn C, Han J, Choi H, Kim J, et al. (2003) The nuclear RNase III
Drosha initiates microRNA processing. Nature 425: 415–419.

5. Denli AM, Tops BB, Plasterk RH, Ketting RF, Hannon GJ (2004) Processing of

primary microRNAs by the Microprocessor complex. Nature 432: 231–235.
6. Han J, Lee Y, Yeom KH, Kim YK, Jin H, et al. (2004) The Drosha-DGCR8

complex in primary microRNA processing. Genes Dev 18: 3016–3027.
7. Landthaler M, Yalcin A, Tuschl T (2004) The human DiGeorge syndrome

critical region gene 8 and its D. melanogaster homolog are required for miRNA

biogenesis. Curr Biol 14: 2162–2167.
8. Gregory RI, Yan KP, Amuthan G, Chendrimada T, Doratotaj B, et al. (2004)

The Microprocessor complex mediates the genesis of microRNAs. Nature 432:
235–240.

9. Wang Y, Medvid R, Melton C, Jaenisch R, Blelloch R (2007) DGCR8 is

essential for microRNA biogenesis and silencing of embryonic stem cell self-
renewal. Nat Genet 39: 380–385.

10. Yi R, Pasolli HA, Landthaler M, Hafner M, Ojo T, et al. (2009) DGCR8-
dependent microRNA biogenesis is essential for skin development. Proc Natl

Acad Sci U S A 106: 498–502.
11. Shiohama A, Sasaki T, Noda S, Minoshima S, Shimizu N (2003) Molecular

cloning and expression analysis of a novel gene DGCR8 located in the DiGeorge

syndrome chromosomal region. Biochem Biophys Res Commun 304: 184–190.
12. Stark KL, Xu B, Bagchi A, Lai WS, Liu H, et al. (2008) Altered brain

microRNA biogenesis contributes to phenotypic deficits in a 22q11-deletion
mouse model. Nat Genet 40: 751–760.

13. Fenelon K, Mukai J, Xu B, Hsu PK, Drew LJ, et al. (2011) Deficiency of Dgcr8,

a gene disrupted by the 22q11.2 microdeletion, results in altered short-term
plasticity in the prefrontal cortex. Proc Natl Acad Sci USA 108: 4447–4452.

14. Schofield CM, Hsu R, Barker AJ, Gertz CC, Blelloch R, et al. (2011)
Monoallelic deletion of the microRNA biogenesis gene Dgcr8 produces deficits

in the development of excitatory synaptic transmission in the prefrontal cortex.
Neural Dev 6: 11.

15. Han J, Lee Y, Yeom KH, Nam JW, Heo I, et al. (2006) Molecular basis for the

recognition of primary microRNAs by the Drosha-DGCR8 complex. Cell 125:
887–901.

16. Faller M, Matsunaga M, Yin S, Loo JA, Guo F (2007) Heme is involved in
microRNA processing. Nat Struct Mol Biol 14: 23–29.

17. Sohn SY, Bae WJ, Kim JJ, Yeom KH, Kim VN, et al. (2007) Crystal structure of

human DGCR8 core. Nat Struct Mol Biol 14: 847–853.
18. Faller M, Toso D, Matsunaga M, Atanasov I, Senturia R, et al. (2010) DGCR8

recognizes primary transcripts of microRNAs through highly cooperative
binding and formation of higher-order structures. RNA 16: 1570–1583.

19. Barr I, Smith AT, Senturia R, Chen Y, Scheidemantle BD, et al. (2011)
DiGeorge Critical Region 8 (DGCR8) is a double-cysteine-ligated heme protein.

J Biol Chem 286: 16716–16725.

20. Barr I, Smith AT, Chen Y, Senturia R, Burstyn JN, et al. (2012) Ferric, not

ferrous, heme activates RNA-binding protein DGCR8 for primary microRNA

processing. Proc Natl Acad Sci USA 109: 1919–1924.

21. Senturia R, Faller M, Yin S, Loo JA, Cascio D, et al. (2010) Structure of the

dimerization domain of DiGeorge Critical Region 8. Protein Sci 19: 1354–1365.

22. Ilsley JL, Sudol M, Winder SJ (2002) The WW domain: linking cell signalling to
the membrane cytoskeleton. Cell Signal 14: 183–189.

23. Sudol M (2005) The WW domain. In: Cesareni G, Gimona M, Sudol M, Yaffe

M, editors. Modular protein domains. Weinheim, Germany: Wiley-VCH. 59–
72.

24. Yankura KA, Martik ML, Jennings CK, Hinman VF (2010) Uncoupling of

complex regulatory patterning during evolution of larval development in
echinoderms. BMC Biol 8: 143.

25. Berry EA, Trumpower BL (1987) Simultaneous determination of hemes a, b,

and c from pyridine hemochrome spectra. Anal Biochem 161: 1–15.

26. Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, et al. (1985)

Measurement of protein using bicinchoninic acid. Anal Biochem 150: 76–85.

27. Pace CN, Vajdos F, Fee L, Grimsley G, Gray T (1995) How to measure and
predict the molar absorption coefficient of a protein. Protein Sci 4: 2411–2423.

28. Lee Y, Hur I, Park SY, Kim YK, Suh MR, et al. (2006) The role of PACT in the

RNA silencing pathway. EMBO J 25: 522–532.

29. Kok KH, Ng MH, Ching YP, Jin DY (2007) Human TRBP and PACT directly

interact with each other and associate with dicer to facilitate the production of

small interfering RNA. J Biol Chem 282: 17649–17657.

30. Lunde BM, Moore C, Varani G (2007) RNA-binding proteins: modular design

for efficient function. Nat Rev Mol Cell Biol 8: 479–490.

31. Gong M, Chen Y, Senturia R, Ulgherait M, Faller M, et al. (2012) Caspases
cleave and inhibit the microRNA processing protein DiGeorge Critical Region

8. Protein Sci 21: 797–808.

32. Otwinowski Z, Minor W (1997) Processing of X-ray Diffraction Data Collected
in Oscillation Mode. Methods Enzymol 276: 307–326.

33. McCoy AJ (2007) Solving structures of protein complexes by molecular

replacement with Phaser. Acta Crystallogr D Biol Crystallogr 63: 32–41.

34. McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, et al.

(2007) Phaser crystallographic software. J Appl Crystallogr 40: 658–674.

35. Langer G, Cohen SX, Lamzin VS, Perrakis A (2008) Automated macromolec-
ular model building for X-ray crystallography using ARP/wARP version 7. Nat

Protoc 3: 1171–1179.

36. Emsley P, Lohkamp B, Scott WG, Cowtan K (2010) Features and development
of Coot. Acta Crystallogr D Biol Crystallogr 66: 486–501.

37. Murshudov GN, Vagin AA, Dodson EJ (1997) Refinement of macromolecular

structures by the maximum-likelihood method. Acta Crystallogr D Biol Crystal-
logr 53: 240–255.

38. Adams PD, Grosse-Kunstleve RW, Hung LW, Ioerger TR, McCoy AJ, et al.

(2002) PHENIX: building new software for automated crystallographic structure
determination. Acta Crystallogr D Biol Crystallogr 58: 1948–1954.

39. Zhang Z, Lindstam M, Unge J, Peterson C, Lu G (2003) Potential for dramatic

improvement in sequence alignment against structures of remote homologous
proteins by extracting structural information from multiple structure alignment.

J Mol Biol 332: 127–142.

Dimerization & Heme Binding Are Conserved in DGCR8

PLoS ONE | www.plosone.org 8 July 2012 | Volume 7 | Issue 7 | e39688


