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Abstract

The RNA lariat debranching enzyme is the sole enzyme responsible for hydrolyzing the 

2′–5′ phosphodiester bond in RNA lariats produced by the spliceosome. Here we test the 

ability of Dbr1 to hydrolyze branched RNAs (bRNAs) which contain a 2′–5′-phosphorothioate 

linkage, a modification commonly used to resist degradation. We attempted to co-crystallize 

a phosphorothioate branched RNA (PS-bRNA) with wild-type Entamoeba histolytica Dbr1 

(EhDbr1) but observed in-crystal hydrolysis of the phosphorothioate bond. The crystal structure 

revealed EhDbr1 in a product-bound state, with the hydrolyzed 2′–5′ fragment of the PS-bRNA 

mimicking the binding mode of the native bRNA substrate. These findings suggest that product 

inhibition may contribute to the kinetic mechanism of Dbr1. We show that Dbr1 enzymes cleave 

phosphorothioate linkages at rates ~10,000-fold more slowly than native phosphate linkages. This 

new product-bound crystal structure offers atomic details which can aid inhibitor design. Dbr1 

inhibitors could be therapeutic or investigative compounds for human diseases such as HIV, ALS, 

cancer, and viral encephalitis.
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Introduction.

In eucaryotic organisms, genes are composed of protein-coding exons and intervening 

intronic sequences. The introns are removed by the spliceosome in the production of mature 

messenger RNA. Due to the chemical reactions catalyzed by the spliceosome, the excised 

introns have a lariat configuration, where the 5′ end of the intron is covalently bonded via 

a 2′–5′-phosphodiester linkage to a branchpoint-A residue ~50 nts away from the 3′ end 

of the intron 1, 2. A single enzyme is responsible for hydrolyzing the 2′–5′-linkage, the 

RNA lariat debranching enzyme Dbr1 3. Dbr1 is implicated in several biological processes, 

and loss of Dbr1 in humans can cause serious disease. Class-switch recombination of 

immunoglobulin genes requires Dbr1, HIV replication is impaired when Dbr1 in knocked-

down 4, Dbr1 loss is oncogenic 5, and Dbr1 mutations in humans impair cell-intrinsic 

innate immunity in the brainstem 6. Most cases of amyotrophic lateral sclerosis (ALS) 

are characterized by aggregates of the tar-DNA binding protein, TDP-43 7, 8. Ablation of 

the DBR1 gene can reduce the toxicity of TDP-43 in disease models 9. Considering these 

important roles in human health and disease, understanding of the molecular determinants 

of Dbr1 activity will aid efforts to design potent Dbr1 inhibitors. Such compounds could be 

used to study the biological role of Dbr1 and may have therapeutic benefits for diseases such 

as ALS or conditions where the innate immune response is problematic.

The identification of a crystallizable Dbr1 homolog from Entamoeba histolytica (EhDbr1) 

enabled structural studies of Dbr110. Subsequent work demonstrated that yeast and 

amoeba Dbr1 require Fe2+, or Fe2+/Zn2+ for efficient debranching, and described 

methods for producing highly active enzymes that co-purify with Fe2+ and Zn2+ co-

factors11{Clark, 2016 #3, 12. A number of high-resolution Dbr1 structures are now available13, 
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including structures of inactive Dbr1 variants in complex with branched RNA (bRNA) 

substrates 12.

Phosphorothiate modified nucleic acids are more resistant to hydrolysis than 

native phosphate-linked nucleic acids, and most therapeutic oligonucleotides contain 

phosphorothioate modifications 14–16. Previous studies found that phosphorothioate-

modified bRNAs were not hydrolyzed by Dbr1. Partially purified Dbr1 from HeLa cell 

extracts was unable to cleave pure Rp-2′–5′ phosphorothioate containing RNA lariats 17. A 

subsequent study demonstrated that recombinant yDbr1 had no activity against Rp branched 

tri-nucleotides, and weak activity towards Sp branched tri-nucleotides, with only a small 

fraction (~<10%) of the substrate hydrolyzed in 24 hours 18. Based on these studies, we 

hypothesized that we could obtain a structure of catalytically active EhDbr1 in complex 

with a 2′–5′ phosphorothioate linked bRNA (PS-bRNA). Surprisingly, the PS-bRNA was 

hydrolyzed in-crystal, and the hydrolyzed 5′ product was clearly visible in electron density 

maps (Figures 1-3), providing the first structure of Dbr1 in complex with a product of 

hydrolysis. We measured the rate of phosphorothioate hydrolysis by EhDBr1 and human 

Dbr1 (hDbr1, Figure 4) and found that Dbr1 enzymes hydrolyze phosphorothioates 4-orders 

of magnitudes more slowly than phosphodiesters. The new crystal structure provides new 

atomic details which will inform the design of structure-based Dbr1 inhibitors.

Materials and Methods:

Synthesis of PS-bRNA and bRNA molecules.

The sequences used for crystallization (Figure 1) were based on the metazoan consensus 

5′ splice site and branchpoint sequences 19. Solid-phase synthesis of PS-bRNAs and bRNA 

were described previously20. The sequences of the bRNAs used in crystallization are shown 

in Figures 2C,D, and those used enzymatic assays are shown in Figure 4C. The PS-bRNA 

used for co-crystallization is based on the metazoan consensus sequence (with a G instead 

of an A at the 3rd position from the 5’ termini, Figure 2B). Both the PS-bRNA and bRNA 

molecules used in the cleavage assays are based on the yeast consensus sequence (with an A 

at the 3rd position from the 5’ termini, Figure 4C, 21).

Protein expression and purification:

The EhDbr1 expression plasmid (Uniprot C4M1P9) was synthesized as a codon-optimized 

gene (Genscript), and subcloned into a modified pET 32 vector. The open reading frame 

consisted of an 8x HIS tag, followed by a tobacco etch virus protease site, and the EhDbr1 

open reading frame. The plasmid was transformed into Bl21 E. coli cells. Cells were 

cultured at 30 deg C. in 12×1L flasks using auto-induction media22. Cells were lysed in 

Ni-A buffer (50 mM Tris-HCL pH8, 500 mM NaCl, 20 mM imidazole, 1 mM TCEP) 

with sonication, clarified by centrifugation, applied to a 25 ml Ni-Sepharose FF column 

(GE Healthcare), and eluted with a shallow gradient of Ni-B buffer (=Ni-A buffer + 400 

mM imidazole). Pure fractions were pooled in a dialysis bag, mixed with 1/50 volume of 

1 mg/ml TEV protease, and dialyzed against 50 mM NaCl, 20 mM HEPES pH7, 1 mM 

EDTA, and 1 mM TCEP. After dialysis, the protein was diluted 1:5 in 10 mM sodium 

phosphate pH7, applied to a 5 ml Heparin Hi-Trap column (GE-Healthcare), and eluted with 
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a gradient of 2 M NaCl. Pure fractions were diluted 10-fold into 20 mM HEPES pH7, 1 mM 

TCEP, and concentrated to 18 mg/ml for crystallization.

For hDbr1 (Uniprot Q9UK59), the expression plasmid was synthesized as a codon-

optimized gene (DNA2.0) and contained a non-cleavable C-terminal 8x HIS tag. Lysis and 

purification were as described above, except a Q-column was used instead of a Heparin 

column (buffer A= 50 mM Tris pH 8, 50 mM NaCl, 1 mM TCEP; buffer B=A+1M NaCl), 

and there was no TEV-protease step.

Protein crystallization:

EhDbr1 (2 uL of 18 mg/ml) and crystallization solution (2 uL of 15% PEG3350, 0.4 M 

LiSO4, 0.1 M bis-tris pH 5.5) were combined in a hanging drop plate (Nextal) over 0.25 

mL of reservoir solution. After 24 hours, the drops were streak-seeded from crystals that 

appeared in drops containing higher concentrations of PEG3350 using a cat-whisker. 3–4 

days after seeding single crystals appeared that were suitable for X-ray diffraction studies. 

Crystals were moved to a soak solution containing 20% PEG3350, 0.4 M LiSO4 , 0.1 M 

bis-tris pH 5.5, 7.5% glycerol, 1 mM ZnSO4, and 3 mM PS-bRNA (See Figure 2C for 

sequence). Crystals were removed and frozen with LN2 after 40 minutes, 24, and 48 hours. 

For the co-crystallization experiment, 1 uL of protein, 1 uL of reservoir solution, and 1 uL 

of soak solution were mixed and equilibrated in a hanging drop plate, and streak-seeded 

24-hours later.

X-ray data collection, processing, and model building:

Initial diffraction data were collected in-house with a Rigaku 007 source. The best crystals 

were sent to the Advanced Light Source (40-min, 1-day, 2-day soaks), or Advanced Photon 

Source (co-crystal). Diffraction data were processed with XDS23. As the crystals were 

isomorphous with previous EhDbr1 crystals, initial maps were generated by rigid-body 

fitting with PDB 5K73 12 using PHENIX24. Based on initial maps, models were re-built 

manually in Coot25, and RNA was built using the R-crane plugin26. The data from the 

co-crystal structure and final model are deposited with the RCSB, PDB ID 8DZK. The RNA 

molecule is modeled in all 5 chains in the asymmetric unit, but the density is strongest 

in chains A, B, and D. As the 40-minute, 1-day, and 2-day soaks were lower resolution, 

and provided no additional structural insights relative to the high-resolution co-crystal 

structure, we submitted only the co-crystal structure and data to PDB. All data are available 

upon request. Figures were generated with PyMol (Schrodinger, LLC). Statistics for data 

collection and refinement are in Table S1.

Branched RNA cleavage assay:

To measure the kinetics of Dbr1 cleavage, we used 16-mer PS-bRNA and native bRNA 

molecules. The sequences for these RNA molecules are presented in Figure 4C. The PS-

bRNA used here differed from the one used in crystallization by a single G->A substitution 

in the 2′ arm. EhDbr1 (1 μM) or hDbr1 (5 μM) were combined with either bRNA (5 

μM) or PS-bRNA (5 μM) were combined in assay buffer (50 mM HEPES pH7, 100 mM 

NaCl, 1 mM TCEP) at room temperature. At the indicated timepoints, a 3 μL aliquot was 

removed, added to 12 μL of water, and frozen at −80 deg C. Timepoints were heated at 
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90 deg C for 2 minutes to inactivate Dbr1. 1 μL of the diluted reactions was analyzed 

with a Bioanalyzer using the small RNA kit (Agilent 5067–1548). The Bioanalyzer uses 

microfluidic chips to perform electrophoresis in the presence of fluorescent dyes to detect 

separated RNAs from 6–150 nts. The concentration of uncleaved bRNA was quantified with 

the instrument software (Agilent 2100 Expert), and the observed rates were estimated from 

plotting the resulting data in Prism and fitting with a linear regression (Graphpad). The 

disappearance of full-length bRNA was plotted as a function of time to estimate the rates 

of hydrolysis. Uncropped pseudo-electrophoretograms are presented in Figure S1. Although 

we were unable to test other microcapillary electrophoresis instruments (such as the Agilent 

Tapestation, or PerkinElmer GX Touch), we suspect that these instruments would be equally 

suitable.

Results and Discussion

Crystal structure of EhDbr1 and PS-bRNA-1

Our initial hypothesis was that the presence of a phosphorothioate linkage would prevent 

hydrolysis of the PS-bRNA by EhDbr1 during structure determination. This PS-bRNA 

inhibits Dbr1 with an IC50 of 220 nM 20 and we predicted that it would form a Dbr1:PS-

bRNA complex suitable for X-ray diffraction studies. All previous structures of Dbr1:bRNA 

to date used catalytically inactive EhDbr1 12, and we hypothesized that the PS-bRNA would 

remain intact when soaked into crystals of active Fe2+/Zn2+, offering a view of active-Dbr1 

in complex with a bRNA. Pre-grown EhDbr1 crystals were transferred to a solution of 

PS-bRNA and harvested after 40 min, 24 hour, or 48 hours of soaking. Complete diffraction 

data were collected for each time point. Electron density maps displayed strong density 

active site density at the 48-hour timepoint (Figure 1), however this density did not support 

a branched RNA model. We modeled the 2′–5′ hydrolysis product of the PS-bRNA and 

found good agreement with the unmodeled density. A higher-resolution co-crystal structure 

provided a clearer view of this fragment in complex with EhDbr1, confirming that the PS-

bRNA was hydrolyzed in crystal. Four of the five nucleotides from the 5′-PS-GUGUG-3′ 
fragment were clearly resolved in 3 of the 5 EhDbr1 monomers present in the asymmetric 

unit (Figure 1). This structure is the first example of Dbr1 bound to a cleaved RNA 

fragment.

The binding mode of the product mimics key features of bRNA:EhDbr1 crystal structures. 

A comparison of Dbr1 with the PS-bRNA product (PDB 8DZK, Figure 2A,C) with native 

bRNA substrate (PDB 5K7812, Figure 2 B,D) illustrates how positively charged residues 

interact with the phosphate backbone (Figure 2 A,B). The PS-bRNA product and bRNA 

substrate interact with the same RNA binding surfaces, but with different, incompatible 

binding modes (Figure 2E). In the bRNA substrate, 5K78, the 3’ terminus moves away from 

the catalytic center (towards the right side of the image), and in 8DZK the 3’ terminus is on 

the opposite side of the enzyme (towards the left side of the image), blocking the catalytic 

center. For the PS-bRNA product, the U nucleotide (second from the 5′ end of cleaved 

product), is flipped into the branchpoint-binding pocket (BBP, discussed below), and the 

adjacent G residues form a G-G stack (Figure 2A). In bRNA, the branchpoint-forming A is 

in the BBP, and adjacent C-G residues stack (Figure 2B). The PS-bRNA 5’ product occupies 
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the region on the active site where catalysis would occur, and we hypothesize that this may 

represent an inhibited-state. This binding mode would not be possible for the uncleaved 

PS-bRNA, as the 5’-UACUAACAAGU-3’ fragment would be attached to the 5’ termini 

(Figure 2E) resulting in a steric clash with the enzyme.

The active site of EhDbr1 features two metal ions, a Zn2+ and Fe2+, which bind the scissile 

2′–5′-phosphodiester linkage. The 5′ phosphorothioate group binds to both metals in the 

same position occupied by the 2′–5′-phosphate in bRNA (Figure 3A, B). The branchpoint-

binding pocket (BBP) is formed by His 16 (a Zn ligand) on the bottom, and a conserved Tyr 

(64) on the top (Figure 3A, B). In a native bRNA:EhDBr1(H91A) structure (PDB 5K78, 12, 

the branchpoint A flips ~180 degrees (relative to the other nucleobases in the bRNA) into 

the BBP (Figure 3B). The adjacent 2′G and 3′C residues in the bRNA form an aromatic 

base-stacking interaction. The PS-bRNA product, 5′ -PS-GUGUG-3′, places a U into the 

BBP, and the adjacent 5′ and 3′ G residues form the stacking interaction (Figure 2A, 3A). 

However, the U does not fully occupy the branchpoint binding pocket (Figure 3C), as the 

PS-bRNA has only 3′–5′-phosphodiester linkages, which cannot occupy the same positions 

as the native bRNA substrate (compare phosphate positions in Figures 3A, 3C).

Intron sequences begin with a 5′ GUA in yeast and a GU(G/A) in metazoa 21. The PS-

bRNA used in crystallization is based on the metazoa sequence (Figure 2C), while the 

bRNA used in 5K78 is based on the yeast sequence. The only sequence-specific hydrogen 

bonds observed in Dbr1 crystal structures are between the 5′ G, and the branchpoint A to 

which it is covalently liked though a 5’2’ phosphodiester bond. Presumably, this lack of 

extensive hydrogen bonding allows Dbr1 enzymes to recognize lariat substrates with diverse 

sequences that share a common topology conferred by the branchpoint. Interestingly, the 

5′-Gs in both structures (PS-bRNA product PDB 8DZK, and bRNA substrate PDB 5K78), 

occupy the same space and form the same guanine-NH2 Asp205, Gly210 hydrogen bonds 

(Figure 2D).

The stacking interactions in both the PS-bRNA product and bRNA appear to be favorable as 

they position partial positive and negative dipoles opposite each other. In PS-bRNA product 

G-G stack (Figure 3E, left), the carbonyl and amino group of the nucleobases are opposite 

to each other, which may allow the partial dipoles on these groups to cancel out. For the 

bRNA G-C stack (Figure 3E, right) the amino group of the C is positioned at the center of 

the 6-member aromatic ring, and carbonyl groups are opposite the cyclic amine groups.

In summary, the product mimics four key features of native bRNA binding: i) placing a 

flipped nucleotide in the branchpoint binding pocket; ii) favorable intramolecular stacking 

of nucleobases adjacent to the flipped nucleotide; iii) ionic interactions between positively 

charged protein surface and negatively charged phosphate backbone, and iv) hydrogen bonds 

between the 5′ G (of PS-bRNA-1) or 2′–5′ G (of bRNA) and residues D205 and G210 

(Figures 2, 3).

Enzymatic hydrolysis of PS-bRNA and bRNA in solution.

The crystal-soaking time course demonstrated that Dbr1 can hydrolyze PS-bRNA, but we 

could not estimate a rate of cleavage from these experiments. Although we knew the 
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PS-bRNA concentration (3 mM), it is difficult to estimate the enzyme concentration when 

crystals are transferred into a drop of substrate, and to estimate the specific activity of 

crystalline enzyme. Additionally, the crystallization conditions are non-physiological, with 

a pH of 5.5 and high concentrations of Li2SO4 and polyethylene glycol. Therefore, we 

used a bRNA cleavage assay to measure how quickly EhDbr1 and hDbr1 could hydrolyze 

PS-bRNA and bRNA under physiological conditions.

Traditionally, bRNA cleavage assays are performed with 32P-labeled samples and urea-

PAGE 18, 27, 28. However, these assays are laborious, and require a considerable investment 

of time and laboratory resources, so we developed a non-radioactive bRNA cleavage assay. 

We synthesized and purified the bRNA and PS-bRNA using solid-phase synthesis, as these 

molecules are not commercially available. Initially we tested if we could detect these bRNAs 

in urea-PAGE gels using SYBR-Gold stain, silver staining, and UV-shadowing. However, 

none of those approaches could detect the bRNAs at reasonable concentrations (~20 pmols/

lane, or 10 μL of at 5 μM bRNA solution). Next, we tested microcapillary electrophoresis 

using a Bioanalyzer instrument. The Bioanalyzer reliably detected intact 16-mer bRNAs at 

5 μM, and we used the disappearance of intact bRNA to measure Dbr1 cleavage rates. The 

11- and 5-mer products were not well resolved (Figure S1). We found that the bRNA was 

cleaved very quickly by EhDbr1, with 100% cleaved at our first timepoint (30 sec, Figure 

4A). In contrast, the PS-bRNA was cleaved very slowly, with 100% cleavage occurring 

between the 5- and 15- hour timepoints. We quantified intact substrate vs time and based 

on the slope of that curve (Figure 4B), we estimate that 100% PS-bRNA cleavage occurred 

around 7 hours for EhDbr1, and 5 hours with hDbr1. From the concentration of enzyme (1 

uM EhDbr1, 5 uM hDbr1 on account of lower hDbr1 specific activity) and substrate (5 uM), 

we calculated turnover rates of >600 hr−1 for bRNA by EhDbr1, 0.70 hr−1 for EhDbr1 and 

PS-bRNA, and 0.22 hr−1 for hDbr1 and PS-bRNA. The bRNA rate was likely faster than 

600 hr−1 (equivalent to 0.2 sec−1), as rates of 2 sec−1 and 5.6 sec−1 for EhDbr1 and yDbr1 

were measured in a continuous assay with a fluorescent substrate 11, 12. The high enzyme 

concentrations necessary to achieve cleavage of the PS-bRNA in a reasonable timeframe 

limited our ability to measure rates > 0.2 sec-1.

The PS-bRNA used in this assay is based on the yeast consensus sequence, while the 

PS-bRNA used in crystallization is based on the metazoan consensus sequence and differs 

by a single G->A substitution at the 3rd position of the 5′ arm (compare Figure 2A to 

4C, 21). We used the metazoan substrate for crystallization experiments because we had a 

larger quantity after synthesis and purification. The crystallization experiments consumed 

our entire supply of the metazoan substrate, and we switched to the yeast substrate for the 

hydrolysis assays. Unfortunately, we were unable to systematically test both metazoa and 

yeast sequences in this assay.

Conclusions.

Here we report that EhDbr1 and hDbr1 enzymes cleave phosphorothioate linked bRNA 

substrates 3–4-orders of magnitude more slowly than similar phosphate linked bRNA 

substrates. Dbr1 is a member of the metallophosphoesterase family of enzymes, a family 

of nucleases and phosphatases that use a common catalytic mechanism and share highly-
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conserved active site residues 29. Therefore, we hypothesize that like Dbr1, other MPEs may 

cleave phosphorothioate substrates.

We report a non-radioactive bRNA cleavage assay assisted by capillary electrophoresis 

analysis. Our results demonstrate that Dbr1 enzymes cleave both Rp and Sp 

phosphorothioates (Figure 4B), as our PS-bRNA was a mixture diastereomers and was 

100% cleaved. This contrasts with previous reports in which Dbr1 samples were unable 

to hydrolyze PS-bRNA 17 18. The crystal structure of EhDbr1 with the 5′-PS-GUGUG-3′ 
product (PDB 8DZK) is the first atomic structure of a Dbr1 enzyme in complex with a 

product of its hydrolysis reaction. Because the binding of product occupies the catalytic 

center and is incompatible with substrate binding (Figure 2,3), we hypothesize that the 

product of Dbr1 cleavage may be inhibitory, and that product inhibition may be relevant 

to the kinetic mechanism of Dbr1. However further experiments would be required to test 

this hypothesis. The structure we report here compliments previous structures of Dbr1 at 

different stages of catalysis 10, 12, and provide atomic details for structure-based Dbr1 

inhibitor design. For example, tri-nucleotide motifs bind the catalytic center and branchpoint 

binding pockets in both the product and bRNA crystal structures (PDB 8DZK, 5K78), 

and small molecules that mimic these structures could be potent inhibitors. Also, as we 

demonstrate that phosphorothioate linkages are not as resistant to Dbr1 hydrolysis as 

previously believed, phosphoramidate 30 or phosphonate linkages may be preferable for 

Dbr1 inhibitors. We hope these results aid the development of Dbr1 inhibitors that may 

illuminate the biological roles of Dbr1 in normal physiology and diseases such as viral 

encephalitis, cancer, and ALS 5, 6, 9, 31, 32.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
in-crystal cleavage of PS-bRNA. PS-bRNA was soaked into EhDbr1 crystals for 40 minutes, 

1 day, or 2 days. Clear density for the cleaved 5′ arm of PS-bRNA appeared after 48 hours. 

A co-crystallization experiment produced a higher-resolution structure of the PS-bRNA 

product (PDB 8DZK). The resolved cleavage product 5′PS-GUGU-3′ is illustrated on the 

left. Electron density maps contoured at 1 σ. The active site metal ions are gray spheres.
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Figure 2. 
Comparison of the cleaved PS-bRNA co-crystal structure (A, gray, PDB 8DZK, wt-Dbr1), 

with intact bRNA co-crystal structure (B, pink, PDB 5K78, catalytically inactive H91A-

Dbr1). A,B) Surface view of the entire RNA and binding surface. The surface is colored 

by electrostatic potential to illustrate positively charged regions (blue) that interact with the 

phosphate backbone of RNA. RNAs are shown as cartoons. C,D) Schematic view of the 

synthetic RNAs used in crystallization experiments. The nucleotides that are resolved in 

the crystal structures(bold) are drawn beneath the surface representation in the approximate 
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orientations. The lariat connectivity is illustrated with a dashed line E). Overlay of the 5′ 
fragments illustrates the different binding modes, colored as in A-B
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Figure 3. 
Active site interactions between PS-bRNA product (A, gray, PDB 8DZK) and bRNA (B, 

pink, PDB 5K78). A,B) EhDbr1 is shown as a ribbon, and the branchpoint binding pocket 

formed by Tyr 64 and His 16 shown as sticks. The Zn ion is a gray sphere, the Fe is orange. 

The PS-bRNA product is in A, and the co-crystal structure with native bRNA is in B. C) 

For the PS-bRNA product, the U(gray) only partially fills the BBP when compared to the 

A in bRNA (magenta). D) Hydrogen bonds between D205 and G210 and amino group of 

G observed in PS-bRNA product and bRNA structures. E) the G-G stack observed in the 5′ 
-PS-GUGUG crystal structure(left) compared to the G-C stack in the bRNA crystal structure 

(right). In both structures, the stacking interactions are such that partial dipoles of opposing 

charges are positioned opposite each other
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Figure 4. 
Kinetics of PS-bRNA and bRNA hydrolysis by EhDbr1 and hDbr1 A) Bioanalyzer gel 

image showing time course of PS-bRNA or bRNA cleavage by EhDbr1 and hDbr1 B) 

quantification of uncleaved, intact bRNA as a function of time. C) Schematic of the 

hydrolysis reactions of bRNA (left) and PS-bRNA (right), with kobs calculated from the 

plot in A.
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