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Supplemental Results and Discussion 

Quality of refined structures. The refined structures have excellent agreement with the 

observed diffraction data and the expected geometric parameters (Supplemental Tables 2 

and 3). The majority of the residues are located in the most favored region of the 

Ramachandran plot (Supplemental Tables 2 and 3). Residues Asp 40 (motif 1) and His 

158 (motif 3) are in the disallowed region of the Ramachandran plot. Both residues have 

clearly defined electron density, and the motif 1 residue is in the disallowed region in the 

other structures as well, such as L1 metallo-β-lactamase 1 and RNase Z 2. Several 

segments of CPSF-73 are disordered in these crystals (1-6, 113-121, 289-299 in the 

presence, and 1-8, 113-121, 184-188, 272-304 in the absence of zinc), as is the case in the 

structure of yeast CPSF-100 (269-275, 389-396, 423-625). The last missing segment in 

CPSF-100, covering about 200 residues, was removed by the fungal protease during 

crystallization. 

 Structural homologs of the β-CASP domain. The closest structural homolog of the β-

CASP domain is the nucleotide binding fold (NBF, Supplemental Fig. 2), with a Z score 

of 6 from Dali 3, but the sequence identity among structurally-aligned residues is less 

than 10%. NBFs are found in ATP synthase and many other proteins 4. However, there is 

a crucial difference between the β-CASP domain and the NBF. The NBF contains the 

Walker A motif for binding nucleotide phosphate groups in the loop connecting strands 

β1 and β2 (Supplemental Fig. 2) 5. In contrast, the β-CASP domain lacks the β1 strand of 

the NBF (Supplemental Fig. 2), and the CPSF-73 proteins do not contain the Walker A 

motif. Therefore, the β-CASP domain appears to be a novel example of the NBF super 

fold, but is unlikely to bind nucleotides.  

Structural comparison between CPSF-73 and CPSF-100. In the metallo-β-lactamase 

domain, residues following strand β13, including motif C, have a different conformation 
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in CPSF-100 (Fig. 1d, Supplemental Fig. 3). This places motif C too far from the 

expected positions of the zinc ions in CPSF-100 (Fig. 1d), and suggests that simply 

introducing the zinc ligands into CPSF-100 would be unlikely to confer zinc binding 

ability to this protein.  

The β-CASP domain of CPSF-100 is much larger than the corresponding domain 

of CPSF-73, covering residues 218-661. It contains an extra, anti-parallel strand (βF) in 

the central β-sheet, and its βG-βH hairpin structure is much more extensive (Fig. 2b). 

However, residues 423-625 are not observed in the structure of this domain in CPSF-100. 

The majority of these residues are charged and hydrophilic in nature (Supplemental Fig. 

4). This segment is probably highly flexible in structure and prone to proteolysis, 

consistent with its removal during crystallization 6.  

Two zinc binding sites on the surface of CPSF-73. When zinc was included in the 

crystallization solution, we observed binding of two additional zinc ions. These were on 

the surface of CPSF-73 and far from the active site (Supplemental Fig. 6), one of which 

was also in the crystal packing interface. The individual domains of the two structures of 

CPSF-73 are highly similar to each other, with rms distance of about 0.35 Å, and the zinc 

ions in the active site have the same interactions with CPSF-73. There is a small change 

in the orientation (about 7° rotation) of the β-CASP domain relative to the metallo-β-

lactamase domain in the two structures (Supplemental Fig. 6), as well as local differences 

near the binding sites of the two additional zinc ions (Supplemental Fig. 6). The structure 

of CPSF-73 in the presence of additional zinc is used in the descriptions, as more residues 

of the protein are ordered in this crystal.  

Comparison of zinc binding modes. The binding modes of the zinc ions in CPSF-73 

(Fig. 3a) are similar to that in RNase Z but distinct from those observed in canonical 

metallo-β-lactamases (Fig. 3b). The most striking difference is the fact that the zinc 
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ligand in motif 5 is located just after strand β13 in CPSF-73 (Fig. 1c) and RNase Z (Fig. 

1f), whereas it is located just after strand β12 in L1 metallo-β-lactamase (Fig. 1e). In fact, 

canonical metallo-β-lactamases do not contain strand β13, as it belongs to the segment 

from the C-terminal region of CPSF-73 (Supplemental Fig. 1a). In addition, the Asp 

residue in motif 4 plays a structural role in L1 metallo-β-lactamase and does not 

coordinate the zinc ions (Fig. 3b), whereas it bridges the interactions between the two 

zinc ions in CPSF-73 (Fig. 3a) and RNase Z. 

The β-CASP domain and access to the active site. A significant overall re-positioning 

of the β-CASP domain relative to the metallo-β-lactamase domain is unlikely, as the two 

domains share a rather extensive interface, with about 1000 Å2 buried surface area and 

having ion pair, hydrogen-bonding and van der Waals interactions (Supplemental Fig. 7). 

Moreover, a similar domain organization is seen in the structure of yeast CPSF-100 (Fig. 

1b). On the other hand, the structure shows that the βE-αG loop in the β-CASP domain, 

containing the highly conserved Gly 356-Tyr-X-X-X-Gly 361 motif, may provide a gate 

to the active site (Fig. 1a and Supplemental Fig. 7). This loop could be flexible in 

structure, as it has higher than average B values and the Tyr side chain has weak electron 

density. The two conserved Gly residues could act as hinges for this segment. A 

conformational change in this loop may be sufficient to allow access to the active site by 

the pre-mRNA substrate. 

CPSF-73 endonuclease activity. Purified CPSF-73 and a mutant derivative were 

assayed for endonuclease activity using standard 3’ processing conditions (Supplemental 

Fig. 9a). Although activity was weak, it was observed with multiple independent 

preparations, and it co-fractionated precisely with CPSF-73 during the final gel filtration 

purification step (results not shown). The cleavage observed was largely resistant to zinc-

specific chelators (results not shown), which contrasts with authentic 3’ cleavage in 

nuclear extract 7. The resistance of purified CPSF-73 likely reflects the tight binding of 
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the two Zn atoms. The sensitivity of the authentic reaction could reflect sensitivity of 

another essential factor, e.g. CPSF-30, which contains multiple zinc finger motifs. 

Alternatively, it may be possible that the active site of CPSF-73 is more accessible in the 

authentic 3’ processing complex.  

Implication for Artemis. The structure of CPSF-73 has significant implications for the 

DNA nuclease Artemis. Artemis shares weak sequence homology with CPSF-73 

(Supplemental Fig. 1b) and is expected to adopt a similar structure. However, Artemis is 

shorter by about 30 amino acids at the N-terminus as compared to CPSF-73 and CPSF-

100 (Supplemental Fig. 1b). As a consequence, Artemis lacks motif 1 of the metallo-β-

lactamase fold (Supplemental Fig. 1a), which plays an important structural role in 

stabilizing the conformation of residues in motif 2 (Supplemental Table 1 and 

Supplemental Fig. 8). Moreover, Artemis is missing the first three β-strands (β2 through 

β4) of the structure (Supplemental Fig. 1b), which are crucial for forming the 

hydrophobic core of the central β-sandwich of the metallo-β-lactamase domain (Fig. 1c). 

We note however that a sequence encoding Asp-Ser-Gly, conforming to motif 1 

(Supplemental Fig. 1b), is found just upstream of the apparent initiation codon of the 

Artemis gene. Further studies are needed to clarify the structure and function of this 

protein.  

 

Methods 

The details of the crystallographic analysis for the structure determination of CPSF-100 

will be presented elsewhere, including our serendipitous discovery that in situ proteolysis 

by a fungal protease is crucial for the crystallization of this protein 6.  

Protein expression and purification. Residues 1-460 of human CPSF-73 was sub-

cloned into the pET28a vector (Novagen) and over-expressed in E. coli at 20 °C. The 
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expression construct introduced a hexa-histidine tag at the N-terminus. The soluble 

protein was purified by nickel-agarose affinity chromatography and gel-filtration 

chromatography. The protein was concentrated to 10 mg/ml in a buffer containing 20 

mM Tris (pH 8.5), 250 mM NaCl, 5% (v/v) glycerol, and 5 mM DTT. Yeast CPSF-100 

(YDH1p, residues 1-720) was expressed and purified by nickel-agarose affinity 

chromatography, anion exchange and gel-filtration chromatography, and concentrated to 

10 mg/ml in a buffer containing 20 mM Tris (pH 8.5), 250 mM NaBr, 5% (v/v) glycerol, 

and 10 mM DTT.  

Protein crystallization. Crystals of human CPSF-73 were obtained at room temperature 

by the sitting-drop vapor diffusion method. The reservoir solution contained 100 mM 

MOPS (pH 6.5), 300 mM sodium sulfate, and 16% (w/v) PEG 3350. In an attempt to 

increase the occupancy of zinc ions, some crystals were grown from a reservoir solution 

that also contained 0.5 mM ZnCl2. The crystals were cryo-protected by the introduction 

of 25% (v/v) ethylene glycol, and frozen in liquid propane for data collection at 100 K. 

The crystals belong to space group P212121, with cell parameters of a=58.5 Å, b=83.2 Å, 

and c=104.9 Å. There is one molecule of CPSF-73 in the asymmetric unit. The 

selenomethionyl protein samples of CPSF-73 failed to crystallize.  

Crystals of yeast CPSF-100 were obtained at 4 °C by the same protocol. It was 

discovered that a solution that had been infected by a fungus was crucial for the 

crystallization of this protein, the details of which will be described elsewhere 6. The 

reservoir solution contained 20% (w/v) PEG3350 and 0.2 M ammonium citrate. The 

crystals belong to space group I222, with cell parameters of a=75.6 Å, b=122.8 Å, and 

c=126.9 Å. There is one molecule of CPSF-100 in the asymmetric unit. Two other crystal 

forms were also obtained (Supplemental Table 3). We could not produce the 

selenomethionyl sample of CPSF-100 due to lack of protein expression, in a variety of 

media and host strains.  
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Data collection and processing. X-ray diffraction data were collected on an ADSC CCD 

at the X4A beamline of Brookhaven National Laboratory. The diffraction images were 

processed and scaled with the HKL package 8. The diffraction data were collected at the 

zinc absorption peak for crystals of CPSF-73, and at the gold absorption peak for a 

KAu(CN)2 derivative of CPSF-100. The data processing statistics are summarized in 

Supplemental Tables 2 and 3. 

Structure determination and refinement. The structure of CPSF-73 was determined by 

the single-wavelength anomalous diffraction method 9, using the anomalous signal of 

zinc. The zinc sites were located with SnB 10, and the reflection phases were calculated 

with Solve/Resolve 11, which also placed about 50% of the residues. The atomic model 

was built with the program O 12, and the structure refinement was carried out with CNS 
13.  

The structure of CPSF-100 was determined by the single-isomorphous replacement 

method, supplemented with anomalous diffraction. The location of the Au atom was 

determined from isomorphous as well as anomalous difference Patterson maps, with the 

program Patsol 14. The reflections were phased with Solve/Resolve 11, and atomic model 

was built with the program O 12. The details of the crystallization and structure 

determination of CPSF-100 will be presented elsewhere 6. The statistics on the structure 

refinement are summarized in Table 1, and additional statistics can be found in 

Supplemental Tables 2 and 3.  

Pre-mRNA 3’-end cleavage assay. 5’ capped SV40 late (SVL) and adenovirus L3 pre-

mRNA substrates were prepared as described 15. To prepare 5’ end labeled SVL pre-

mRNA, unlabeled RNA substrate was treated with alkaline phosphatase followed by T4 

polynucleotide kinase and [γ-32P]ATP. To prepare 3’ end labeled SVL pre-mRNA, 

unlabeled RNA substrate was treated with T4 RNA ligase and labeled pCp. CPSF-73 was 
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pre-incubated with 5 mM CaCl2 at 37 °C for 30 min. Cleavage assays were carried out in 

reaction mixture (10 µl) containing ~1 ng labeled RNA substrates, 10 mM Hepes (pH 

7.9), 10 % (v/v) glycerol, 50 mM KCl, 0.25 mM DTT, 0.25 mM PMSF, 0.125 mM 

EDTA, 50 µM CaCl2, RNase inhibitor (2 unit), 500 ng BSA and indicated amounts of 

recombinant CPSF-73. Cleaved RNAs were isolated and fractionated on 6% urea PAGE. 

The data were analyzed by Phospho-Imager.  
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Table 1. Conserved motifs in the CPSF-73 family of proteins 

 

Motif Consensus 

Sequence 

Location in the 

structure  

Structural and functional role 

1 DXG Right after β4 Stabilize residues in motif 2—Asp residue is 

hydrogen-bonded to the main-chain amide and 

side chain hydroxyl of the (S/T) residue of motif 2. 

Gly residue is packed against the last two residues 

(DH) of motif 2.  

2 (S/T)HXHXDH β5-α2 loop Zinc ligands. The Asp residue may also help the 

ionization of the bridging water into a hydroxide. 

3 H β9-β10 loop Zinc ligand 

4 D Right after β11 Bridging ligand of the two zinc ions 

5 (C) H Right after β13 Zinc ligand 

A D/E At the end of β12 Hydrogen-bonded to the side chain of motif B and 

the main-chain amides of residues right after β11 

and β12 

B H Linker between β-

CASP and metallo-β-

lactamase domains 

Hydrogen-bonded to oxygen atom on the 

phosphate group of the scissile nucleotide and the 

side chain of motif A. General acid for catalysis 
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Table 2. Summary of crystallographic information 

 Human CPSF-73 
with 2 zinc ions 

Human CPSF-73 
with 4 zinc ions 

Yeast CPSF-100 
(Ydh1p) 

Data collection    
Space Group P212121 P212121 I222 
Cell dimensions    
      a, b, c (Å) 58.8, 82.6, 103.7 58.5, 83.2, 104.9 75.6, 122.8, 126.9 
      α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 
Resolution (Å) 2.1 (2.18–2.1) 2.1 (2.18–2.1) 2.5 (2.59–2.5) 
Rmerge (%) 4.8 (29.6) 4.9 (40.3) 8.7 (40.8) 
I/σI 23.9 (4.1) 29.5 (3.4) 24.5 (5.6) 
Completeness 97 (90) 97 (90) 94 (82) 
Redundancy 4.0 (4.1) 5.0 (4.2) 11.3 (10.4) 
Refinement    
Resolution (Å) 30–2.1 30–2.1 30–2.5 
No. reflections 29,144 55,8941 19,531 
Rwork/Rfree 23.1/27.8 22.4/25.2 21.2/29.0 
No. atoms    
      Protein 3,236 3,471 3,936 
      Ligand/ion 7 9 0 
      Water 162 247 148 
B-factors    
      Protein 45.1 46.4 51.0 
      Ligand/ion 44.7 63.9 – 
      Water 48.3 53.8 45.0 
R.m.s. deviations    
      Bond lengths (Å) 0.006 0.006 0.007 
      Bond angles (°) 1.3 1.3 1.4 

1. The Friedel pairs are included as independent reflections.  

One crystal was used for each structure.  
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Fig. 1. Primary structures of CPSF-73 and CPSF-100. (a). Domain organization 
of human CPSF-73, yeast CPSF-100, and human Artemis. The metallo-b-
lactamase domain is indicated in cyan and magenta, and the b-CASP domain 
in yellow. The conserved sequence motifs are shown and labeled. (b). Amino 
acid sequence alignment of human CPSF-73, yeast CPSF-100, and human 
Artemis. The secondary structure elements are indicated (S.S.). Residues in 
the metallo-b-lactamase domain are indicated by the bars in cyan and 
magenta, and those in the β-CASP domain in yellow. Motifs 1-4 of the 
metallo-b-lactamase fold are highlighted in red, and motifs A-C in blue. 
Residues in CPSF-100 that are located within 3 Å of their equivalents in 
CPSF-73 are shown in green. Residues in italic are missing in the atomic 
models. The gray segment in CPSF-100 is highly hydrophilic and is missing 
from the current structure.  
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Fig. 2. Schematic drawing of the structures of (a). the metallo-β-lactamase 
domain of CPSF-73. (b). the metallo-β-lactamase domain of CPSF-100. (c). 
the L1 metallo-β-lactamase. (d). RNase Z. 
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Fig. 3. Topology of the β-CASP domain and the NBF. (left). Topology diagram 

of the nucleotide binding fold (NBF). The locations of the Walker A and 

Walker B sequence motifs are indicated. (right). Topology diagram of the β-

CASP domain of CPSF-73. The equivalent β-strands in the nucleotide 

binding fold are indicated in red. 

 

 
 

Fig. 4. Comparison of the structures of human CPSF-73 and yeast CPSF-100. 

The CPSF-100 structure is shown in gray. Regions of large structural 

differences are labeled in red. The red arrows point to two loops with large 

conformational differences between the two structures. Produced with 

Ribbons 16.  
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Fig. 5. Amino acid sequence for residues 401-650 of yeast CPSF-100 (Ydh1). 

Negatively charged residues (Asp and Glu) are shown in red, positively 

charged residues (Lys and Arg) in blue, and hydrophobic residues (Ser, Thr, 

Asn, Gln, His) in magenta. 
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Fig. 6. (a). Final 2Fo–Fc electron density, at 2.1 Å resolution, for the zinc atoms 

(gray spheres), their ligands, sulfate ion, and the bridging hydroxide ion (red 

sphere) in the structure of CPSF-73. Produced with Setor 17. (b). Schematic 

drawing in stereo of the zinc binding modes in the active site of CPSF-73. 

Produced with Ribbons 16.  
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Fig. 7. Comparison of the structures of CPSF-73 grown in the presence (colored 

Cα trace, zinc ions in green) or absence (gray trace) of zinc ions in the 

crystallization solution. In the presence of zinc, two additional binding sites 

are observed, on the surface of the protein and far from the active site. 

Conformational differences are observed near these additional zinc binding 

sites between the two structures. Produced with Ribbons 16.  
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Fig. 8. (Top). Molecular surface of human CPSF-73 in the active site region. The 
sulfate group is shown as a stick model. The zinc ions are shown as gray 
spheres and labeled. Produced with Grasp 18. (Bottom). The interface 
between metallo-β-lactamase and β-CASP domains. Representative residues 
in the interface are shown and labeled. The βE-αG loop, containing Tyr357, 
may be the gate for the active site. The zinc ligands are omitted for clarity. 
Produced with Ribbons 16.  
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Fig. 9. Motif 1 (with the consensus sequence Asp-X-Gly) helps stabilize the 

conformation of residues in motif 2, as observed in the structure of CPSF-73. 

Hydrogen-bonding interactions are indicated by thin lines in magenta. 

Produced with Ribbons 16.  
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Fig. 10. (a). RNA cleavage assay of SV40 late polyadenylation site pre-mRNA. 
Standard 3’-end processing conditions were used, without preincubation with 
Ca2+. (b). RNA cleavage by CPSF-73 is concentration dependent. Cleavage 
of 5’ capped SVL pre-mRNA was performed with increasing amounts (50, 
100, 200, 500, 1000 ng) of wild-type (lanes 2-6) or mutant (1000 ng, lane 7) 
CPSF-73.  

 

 

 
 


