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Human cleavage and polyadenylation specificity factor
(CPSF)73 (also known as CPSF3) is the endoribonuclease that
catalyzes the cleavage reaction for the 30-end processing of pre-
mRNAs. The active site of CPSF73 is located at the interface
between a metallo-β-lactamase domain and a β-CASP domain.
Two metal ions are coordinated by conserved residues, five His
and two Asp, in the active site, and they are critical for the
nuclease reaction. The metal ions have long been thought to be
zinc ions, but their exact identity has not been examined. Here
we present evidence from inductively coupled plasma mass
spectrometry and X-ray diffraction analyses that a mixture of
metal ions, including Fe, Zn, and Mn, is present in the active
site of CPSF73. The abundance of the various metal ions is
different in samples prepared from different expression hosts.
Zinc is present at less than 20% abundance in a sample
expressed in insect cells, but the sample is active in cleaving a
pre-mRNA substrate in a reconstituted canonical 30-end pro-
cessing machinery. Zinc is present at 75% abundance in a
sample expressed in human cells, which has comparable
endonuclease activity. We also observe a mixture of metal ions
in the active site of the CPSF73 homolog INTS11, the endo-
nuclease for Integrator. Taken together, our results provide
further insights into the role of metal ions in the activity of
CPSF73 and INTS11 for RNA 30-end processing.

Eukaryotic pre-mRNAs need to undergo 30-end processing
during their maturation. The majority of pre-mRNAs are
cleaved and polyadenylated at the 30-end, which involves an
endonucleolytic cleavage followed by the addition of a poly-
adenylate (poly(A)) tail (1–5). A large machinery with many
protein factors is required for this canonical 30-end processing.
In comparison, replication-dependent histone pre-mRNAs in
animals are cleaved but not polyadenylated at the 30-end, and a
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distinct machinery, the U7 snRNP, is required for this pro-
cessing (6).

Cleavage and polyadenylation specificity factor (CPSF)73
(also known as CPSF3) is the endonuclease for the cleavage
reaction in both machineries (7–9). In the canonical machin-
ery, CPSF73 is a part of the mammalian cleavage factor (mCF)
(10, 11), which also contains CPSF100 and symplekin. mCF
and mammalian polyadenylation specificity factor (mPSF, with
CPSF160, WDR33, CPSF30, and Fip1) are the two components
of the CPSF. Cleavage stimulation factor (CstF, with CstF50,
CstF64, and CstF77), cleavage factor Im (CFIm, with CFIm25
and CFIm68 or CFIm59), CFIIm (with Clp1 and Pcf11),
poly(A) polymerase (PAP), and RBBP6 (12–14) have also been
identified for this machinery. In the U7 snRNP, CPSF73 is a
part of the histone pre-mRNA cleavage complex (HCC) (15),
which also contains CPSF100, symplekin, and CstF64. There-
fore, mCF and HCC are equivalent to each other, with the
difference being the presence of CstF64 in HCC. This CstF64
in HCC is not required for histone pre-mRNA 30-end pro-
cessing, and its function is not known.

CPSF73 belongs to the metallo-β-lactamase family of en-
zymes (16, 17), and its catalytic segment (residues 1–460)
contains a metallo-β-lactamase domain and a β-CASP
domain (9) (Fig. 1A). The active site is located at the interface
between the two domains. Two transition metal ions are
coordinated by a collection of five His and two Asp residues
in the active site (Fig. 1B). The structure of a reconstituted,
active U7 snRNP bound to a pre-mRNA substrate shows that
the two metal ions are critical for catalysis, coordinating the
scissile phosphate of the pre-mRNA and activating the water/
hydroxide that initiates the nucleophilic attack on the phos-
phorus atom in the scissile phosphate for the nuclease reac-
tion (18) (Fig. 1B). A sulfate ion observed in the crystal
structure of CPSF73 catalytic segment (9) (Fig. 1B) is a mimic
of the scissile phosphate. Mutation of a residue coordinating
the metal ion in the active site of CPSF73 abolished the
cleavage activity.

Human INTS11 is a homolog of CPSF73 and is the endo-
nuclease for the cleavage reaction of Integrator, a multi-
subunit machinery that is required for snRNA 30-end
processing and mRNA transcription attenuation (19–22).
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Figure 1. Structure and the active site of CPSF73. A, overall structure of the human CPSF73 catalytic segment with four metal ions. The metallo-β-
lactamase and β-CASP domains are shown in cyan and yellow, respectively (PDB entry 2I7V) (9). The metal ions are shown as pink spheres and labeled. A
sulfate ion coordinated to the metal ions in the active site is shown in sticks. B, coordination of the two metal ions in the active site of CPSF73. The sulfate
ion is shown as thin sticks. The bound positions of the nucleotides in the pre-mRNA substrate just before (−1) and after (+1) the cleavage site are also
shown (18). The cleavage is initiated by the bridging hydroxide attacking the scissile phosphate, and the leaving group is stabilized by conserved His396,
which in turn interacts with conserved Glu204 (red arrows). Produced with PyMOL (www.pymol.org). CPSF, cleavage and polyadenylation specificity
factor.

Metal ion content in the active sites of CPSF73 and INTS11
INTS11 is a part of the integrator cleavage module (ICM),
which also contains INTS9 and INTS4, with INTS9 being a
homolog of CPSF100.

The two metal ions in the active site of CPSF73 have long
been thought to be zinc ions. However, metallo-β-lactamases
can also use other divalent transition metal ions for catalysis,
such as Mn and Fe (23–25). To the best of our knowledge, the
exact identity of the metal ions in CPSF73 has not been
examined. Here we used inductively coupled plasma mass
spectrometry (ICP-MS) and X-ray diffraction analyses to
show that a mixture of metal ions is present in the active site
of CPSF73 and INTS11. A sample of mCF expressed in insect
cells has �65% iron and only 18% zinc in the CPSF73 active
site, but it is active in cleaving a model pre-mRNA substrate
in a reconstituted canonical 30-end processing machinery. A
sample of HCC expressed in human cells has �75% zinc and
24% iron in the CPSF73 active site, which has comparable
endonuclease activity. Electron paramagnetic resonance
(EPR) spectroscopy of a sample of the CPSF73 catalytic
segment expressed in bacteria indicates the presence of both
Fe(III) and Fe(II) oxidation states through detection of a high
spin S = 5/2 Fe(III) species, as well as an S = ½ species
2 J. Biol. Chem. (2023) 299(4) 103047
consistent with an antiferromagnetically coupled Fe(II)-
Fe(III) diiron center.
Results

Zinc absorption peak was not detected for crystals of the
catalytic segment of CPSF73

We determined the crystal structure of the catalytic segment
of human CPSF73 (residues 1–460) earlier by zinc anomalous
signal, using a crystal grown in the presence of 0.3 mM ZnCl2
(9). X-ray diffraction data were collected at the Zn absorption
peak (1.283 Å), and four metal ions were located based on the
anomalous signal. Two of the metal ions are located in the
active site of CPSF73 (M1, M2), and the other two are on the
surface (M3, M4) (Fig. 1A).

However, while crystals grown in the presence of ZnCl2 gave
clear X-ray absorption signals when they were scanned near
the Zn absorption edge, crystals grown without extra Zn
showed no such signal, even though electron density for two
metal ions was observed in the active site based on the X-ray
diffraction data. At the time, it was thought that this lack of an
absorption signal was due to the low abundance of two Zn ions
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Metal ion content in the active sites of CPSF73 and INTS11
relative to a protein of 460 amino acid residues in the crystal,
and all four sites were interpreted as zinc.

Predominantly iron in the sample of CPSF73 catalytic segment

To obtain an independent assessment of the identities of the
metal ions in the active site of CPSF73, we subjected the pu-
rified sample of human CPSF73 catalytic segment to ICP-MS
analysis. This was carried out in 2007, with the same protein
sample that was used to grow the crystals for the structure
determination (9). The abundance of all first-row transition
metal ions was examined, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn.
The results showed that iron had the highest abundance, at
�81%, while Cr and Co were below their limits of detection
(Table 1). The abundance of Zn was only �3%, which would
explain why crystals of this sample failed to show an X-ray
absorption peak for Zn. Mn was the second most abundant
metal ion, at �13%.

The ICP-MS and crystallographic data suggest that the two
metal ions in the active site of CPSF73 catalytic segment (M1
and M2, Fig. 1) are predominantly iron. The two metal ions on
the surface (M3 and M4) are most likely zinc ions, from the
0.3 mM ZnCl2 in the crystallization solution. This also dem-
onstrates that the zinc ions in the crystallization solution are
not able to replace the metal ions that are already bound in the
active site of CPSF73.

The crystal grown in the presence of 0.3 mM ZnCl2 dif-
fracted to 2.1 Å resolution (PDB entry 2I7V) (9). The anom-
alous difference electron-density map, calculated using
reflections between 15 and 3 Å resolution in the dataset
collected at the Zn peak, showed four peaks (Table 2). The two
metal ions in the active site (M1 and M2) have peak heights of
22.2 and 26.7 σ, as iron and manganese both have appreciable
anomalous signals at the zinc absorption peak (Table 2). The
metal ion with the highest peak (37.3 σ) is one of those on the
surface (M3), which gives an indication for the anomalous
signal expected from a genuine zinc ion in this experiment.
The metal ion M3 is located at a crystal packing interface, and
its binding is likely stabilized by these interactions. It has a
temperature factor of 50 Å2, comparable to those of protein
atoms in this region. The metal ion M4 is also located on the
surface but is not involved in crystal packing, and it has a high
temperature factor value (99 Å2), consistent with its lower
peak height (Table 2).

The sample of human CPSF73 catalytic segment was pre-
pared from Escherichia coli expression, and the activity of this
Table 1
Metal ion abundance in human CPSF73 and INTS11 by ICP-MS

Metal ion
abundance (%)

CPSF73 catalytic
segment expressed in bacteria

Human mCF
in insect

V 0.02 n. e.
Cr <LOD n. e.
Mn 12.8 11.3
Fe 81.1 65.3
Co <LOD n. e.
Ni 2.2 5.5
Cu 0.84 n. e.
Zn 3.1 17.8

Abbreviations: LOD, limit of detection; n.e., not examined.
sample was very low (9). Therefore, it was not clear whether
having iron in the active site of CPSF73 can support its
nuclease activity, and the presence of iron in this sample could
also be a consequence of the expression in bacteria. It is
necessary to analyze the metal ion content of a sample that is
active for RNA cleavage.

RNA cleavage activity with the canonical machinery

We succeeded in reconstituting an active U7 snRNP, using
all recombinant human proteins expressed in insect cells or
E. coli, which showed good cleavage activity toward a model
histone pre-mRNA substrate (18, 26, 27). The structure of this
machinery bound to a pre-mRNA revealed how CPSF73 as-
sumes an open conformation to bind the RNA for the cleavage
reaction and how the two metal ions in the active site are
critical for the catalysis (18).

For the canonical machinery, we observed cleavage activity
with a HeLa cell nuclear extract, using a 70-mer RNA sub-
strate encompassing the SV40 late mRNA 30-end processing
site. We found that this nuclear extract on its own had very
low cleavage activity, and supplementing with recombinant
human CFIIm increased the activity (Fig. 2A), and additional
supplementation with PAP resulted in greatly enhanced ac-
tivity (Fig. 2B). Higher concentrations of CFIIm are better for
the cleavage activity (Fig. 2A), and the Pcf11 FEGP repeats
(28) are required for the increased activity (Fig. 2C). We also
found that the 30-dATP that is typically included in 30-end
processing assays can be replaced with ATP, ADP, or ATPγS
in our experiments while AMP is much less active (Fig. 2, D
and E), and other nucleotides GTP, CTP, and UTP cannot
support the cleavage reaction (Fig. 2E). The optimal con-
centration of the nucleotide is �2 mM. ATP can be used
probably because PAP is not active under this assay condition
due to the lack of Mg2+ ions and the presence of EDTA in the
reaction buffer. Polyethylene glycol (PEG) is required while
creatine phosphate is dispensable under our assay conditions
(Fig. 2F). A time course of the cleavage reaction in the
presence of nuclear extract, 0.5 μM CFIIm, and 0.5 μM PAP
indicated that more than 80% of the substrate was cleaved in
2 h (Fig. 2, G and H).

We also succeeded in reconstituting an active canonical
machinery using all recombinant proteins expressed in insect
cells, based on the published identification of the essential role
of RBBP6 (13, 14). Using purified human mPSF, mCF (or
HCC), CstF, CFIIm, RBBP6 (1–399), and PAP (D115A active
expressed
cells

Human HCC expressed
in human cells

Human ICM expressed
in insect cells

n. e. n. e.
n. e. n. e.
1.3 41.1

23.5 31.2
n. e. n. e.
0.3 1.6

n. e. n. e.
74.8 26.1
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Table 2
Peak heights in anomalous difference electron density maps

Crystal grown in the
presence of 0.3 mM ZnCl2 Crystal grown without additional zinc

Wavelength (Å) 1.283 (Zn peak) 1.283 (Zn peak) 1.738 (Fe peak) 1.892 (Mn peak)
Dataset resolution (Å) 2.1 2.3 2.3 2.3
Zn anomalous signal (Δf0 0) 3.9 3.9 0.8 1.0
Fe anomalous signal (Δf0 0) 2.4 2.4 4.0 0.5
Mn anomalous signal (Δf0 0) 2.0 2.0 3.3 4.0
Data resolution for map (Å) 15–3 15–3 15–3 15–3
Peak heights (σ)
M1 22.2 16.8 24.7 9.2
M2 26.7 23.9 28.4 14.1
M3 37.3 – – –
M4 17.1 – – –

Metal ion content in the active sites of CPSF73 and INTS11
site mutant), we observed good cleavage activity with the
70-mer RNA substrate (Fig. 3A). Nearly 50% of the RNA
substrate was cleaved after a 2 h incubation under the con-
dition tested (Fig. 3B). Roughly 20% of the substrate was
cleaved in the first 20 min. Then, the reaction slowed down
substantially, with 60 min needed to cleave the next 20% of the
substrate. Mg2+ was included in the assay buffer for potentially
helping with ATP binding, but it is not required for the
cleavage activity (Fig. S1A). Overall, we have produced samples
of HCC/mCF from baculovirus-infected insect cells that are
active for RNA cleavage.
Substantial iron content in mCF/HCC with active human
CPSF73

We next subjected a sample of the active human mCF
expressed in insect cells to ICP-MS analysis and examined the
four metal irons that showed good abundance in the catalytic
segment, Fe, Mn, Zn, and Ni. Iron was again found to be the
most abundant, at �65% (Table 1). The abundance of zinc was
higher in this sample, �18%. Since the other proteins in mCF
(CPSF100 and symplekin) are not known to bind metal ions
(18), the ICP-MS analysis confirms that iron is the most
abundant metal ion in the active site of CPSF73 in this active
mCF sample expressed in insect cells.

We also examined by ICP-MS the metal ion content of an
active human HCC sample expressed in human cells (13).
Zinc was found to be the most abundant in this sample, at
�75% (Table 1), but there was still a substantial amount of
iron in this sample (24%). The cleavage activity of this
sample is generally comparable to that of human mCF
expressed in insect cells (Fig. S2), despite their different zinc
content.

We assessed whether the inclusion of extra metal ions in the
assay buffer could affect the cleavage activity. We tested
various concentrations of Zn(OAc)2, Fe(II)SO4, and Fe(III)Cl3
and observed essentially no change in the activity (Fig. S1, B–
D). This is consistent with the hypothesis that CPSF73 is active
with iron and/or zinc in the active site. This is also consistent
with our observations during the structure determination of
the catalytic segment of CPSF73, showing that metal ions are
bound to the active site of CPSF73 during protein expression
and are not exchangeable with metal ions in the buffers during
purification and crystallization.
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Crystallographic analysis supports the presence of iron in
CPSF73 catalytic segment

With the ICP-MS results on active CPSF73, we carried out
further crystallographic analysis on crystals of the catalytic
segment of human CPSF73. We reproduced the crystals re-
ported earlier (9), without any zinc in the crystallization so-
lution, and collected good quality X-ray diffraction data to
2.3 Å resolution at the Zn, Fe, and Mn absorption peaks at
beamline 24-ID-C at the Advanced Photon Source (Table S1).
We then used data between 15 and 3 Å resolution to calculate
anomalous difference electron density maps. Two strong peaks
were observed in the dataset collected at the Zn peak, corre-
sponding to the two metal ions in the active site (M1, M2), and
these peaks are even stronger in the dataset collected at the Fe
peak (Table 2). Importantly, zinc should have a very small
anomalous signal at the Fe peak (0.8, Table 2), and therefore,
the two stronger peaks in the anomalous difference map at the
iron peak indicate that the two metal ions are mostly iron and
not zinc, consistent with the ICP-MS analysis.

At the Mn peak, both Zn (1.0) and Fe (0.5) have small
anomalous signals, and we observed weaker peaks for the two
metal ions (Table 2), consistent with the lower abundance of
Mn in the active site. In fact, at this longer wavelength, we
observed many additional peaks that correspond to sulfur
atoms in the side chains of Cys and Met residues in CPSF73
(for example Met424, 8.0σ; Cys153, 6.9σ; Met95, 6.4σ; Met166,
6.1σ), illustrating the quality of the diffraction data. The two
metal ions outside the active site (M3, M4) were not observed
in any of the three datasets (Table 2), consistent with them
being from the 0.3 mM ZnCl2 in the crystallization solution.

The anomalous difference electron density maps also indi-
cate that Fe and Mn are present at both positions (M1 and M2)
in the active site, while the distribution of Zn could not be
clearly defined due to its low abundance. Overall, these addi-
tional X-ray diffraction analyses support the ICP-MS data,
indicating the presence of metal ions other than zinc at both
positions in the active site of CPSF73.

Oxidation states of iron in the CPSF73 catalytic segment

We next characterized the oxidation state of iron in the
CPSF73 catalytic segment by EPR spectroscopy. Samples were
prepared at an approximate concentration of 300 μM in the
same buffer as that used for other assays, with the addition of



Figure 2. Characterization of the cleavage activity of a nuclear extract supplemented with purified recombinant protein factors. A, supplementation
with human CFIIm (expressed in insect cells) increases the cleavage activity of a HeLa cell nuclear extract (from Ipracell). The 70-mer pre-mRNA substrate is
indicated with the black and white bar, and the 45-mer 50 cleavage product is indicated with the black bar. The 25-mer 30 product is not visible. An artificial
feature in the gel is indicated with #. The relative amounts of the cleavage product in the different lanes are indicated, estimated using ImageJ (56). Most of
the experiments in this figure are carried out at least two times, with similar results. B, additional supplementation with PAP greatly enhanced the activity. C,
full-length Pcf11 and a 770-C terminus construct, which contain the FEGP repeats, are active with the nuclear extract. The 1195-C construct, which lacks the
FEGP repeats, shows very weak activity. The band at the bottom of the gel is due to nonspecific degradation of the RNA substrate by the nuclear extract,
indicated with the asterisk. D, the effects of various adenine nucleotides on the cleavage activity. E, the effects of various nucleotides on the cleavage
activity, and a concentration titration with 30-dATP. F, the effects of PEG6000 and creatine phosphate (CP) on the cleavage activity. G, a time course of the
cleavage reaction in the presence of nuclear extract, CFIIm, and PAP. Some of the sample for the 60 min time point was lost during handling, but it did not
affect the percentage of substrate cleavage. H, the reaction time course converted to percentage of substrate cleavage, based on the intensity of the
substrate and product bands. PAP, poly(A) polymerase.

Metal ion content in the active sites of CPSF73 and INTS11
10% (v/v) glycerol as a cryoprotectant. The X-band (9.6 GHz)
continuous wave (CW) EPR spectrum of as-isolated CPSF73 at
10 K reveals three distinct signals (Fig. 4).

1) An axial signal centered at approximately 370 mT with g-
values of g? ¼ 1:92 and gk ¼ 1:78 which can be assigned to
an Fe(II)-Fe(III) diiron complex in which antiferromagnetic
coupling between the S = 2 Fe(II) and S = 5/2 Fe(III) ions
produces an effective S = 1/2 ground state. This EPR signal
is similar to that observed for diiron centers in the Type I
Cas3 nucleases when reduced with ascorbate (g? ¼ 1:93,
gk ¼ 1:78) (29). Quantitation of this signal by comparison
to a 300 μM CuSO4 spin standard sample indicates that this
signal corresponds to 10 μM or approximately 4% of the
CPSF73 within the sample. Addition of sodium ascorbate in
10-fold excess as a chemical reductant did not change the
intensity of this signal.

2) A relatively broad isotropic signal centered at 160 mT (g =
4.29) which can be assigned to high-spin (S = 5/2) mono-
nuclear Fe(III) with a fully rhombic (E/D ≈ 0.33) zero-field
J. Biol. Chem. (2023) 299(4) 103047 5



Figure 4. X-band CW-EPR spectrum of CPSF73 catalytic segment ac-
quired at a temperature of 10 K with effective g-values and identities
of relevant signals denoted. Acquisition parameters: microwave fre-
quency = 9.637 GHz, modulation amplitude = 0.8 mT, modulation fre-
quency = 100 KHz, conversion time = 10 ms. CPSF, cleavage and
polyadenylation specificity factor; CW, continuous wave; EPR, electron
paramagnetic resonance.

Figure 3. Endonuclease cleavage of a model pre-mRNA substrate by a
reconstituted canonical machinery. A, a time course of the cleavage re-
action, using the same 70-mer pre-mRNA substrate. The protein factors
were expressed in insect cells and indicated with #. B, the reaction time
course converted to percentage of substrate cleavage, based on the in-
tensity of the substrate and product bands.

Metal ion content in the active sites of CPSF73 and INTS11
splitting interaction between the five unpaired Fe d-elec-
trons—indicative of approximately tetrahedral (or lower)
coordination symmetry. This may arise from Fe(III) in the
bimetallic site paired with a diamagnetic metal (Zn), or
adventitiously bound or free Fe(III) in the sample buffer.

3) An extremely low-intensity signal at the low field edge of
the Fe(II)-Fe(III) dimer signal centered at approximately g =
2.05. This very likely corresponds to a small amount of
Mn(II) which, though high spin (S = 5/2), when in high
symmetry octahedral coordination environments such as
Mn(II)(H2O)6, exhibits very small zero-field splitting, and
typically is centered at g = 2.05. The fine structure of this
signal is due to the hyperfine interaction with the 100%
abundant I = 5/2 55Mn nucleus, which produces a 6-line
splitting of � 8.8 mT. Only three of these Mn hyperfine
peaks are resolved here, due to overlap with the Fe(II)-
Fe(III) signal.

Altogether, the EPR spectroscopy indicates and corrobo-
rates the presence of Fe in both Fe(II) and Fe(III) oxidation
states, as well as trace amounts of Mn(II). It should be noted
that if the majority of the bimetallic cofactor is comprised of
diiron metalation and the metals are antiferromagnetically
coupled, the Fe(II)-Fe(II) and Fe(III)-Fe(III) oxidation states
will both be diamagnetic and thus EPR-silent. This may
6 J. Biol. Chem. (2023) 299(4) 103047
explain the 4% abundance of Fe(II)-Fe(III) observed by EPR
spectroscopy.

Metal ions in INTS11 active site

Our data on the metal ions in the active site of CPSF73
prompted us to examine the metal ions in the active site of its
homolog INTS11. We subjected a sample of human ICM
expressed in insect cells to ICP-MS and found that Mn is the
most abundant, at 41%, followed by Fe (31%) and Zn (26%)
(Table 1). Therefore, the active site of INTS11 also contains a
mixture of metal ions in this sample.

Discussion

Metallo-β-lactamases comprise a large family of enzymes
and have been identified from a wide variety of living organ-
isms (30–32). Their active sites can have 1 or 2 metal ions, and
structural studies with CPSF73 and its homolog INTS11
demonstrate that they have two metal ions in the active site,
with each metal ion octahedrally coordinated by strictly
conserved residues from the enzyme, the scissile phosphate of
the RNA substrate, and a water/hydroxide (Fig. 1B). Most
metallo-β-lactamases use zinc as the metal ion for their
catalysis, and it has been thought that CPSF73 also uses zinc
for its catalysis. Prior experimental evidence for zinc in the
active site of CPSF73 includes the observation that N,N,N0,N0-
tetrakis(2-pyridylmethyl)ethylenediamine and ortho-
phenanthroline can inhibit the cleavage activity of nuclear
extracts (7). However, these compounds are not zinc specific,
and they can also chelate other heavy metals, such as Fe and
Mn. Therefore, the inhibitory activity of these compounds
cannot rule out the presence of other metal ions in the active
site of CPSF73.
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Our studies have shown that recombinant CPSF73,
expressed in E. coli, insect, or human cells, contains a sub-
stantial amount of iron as the metal ion in the active site, and
the samples purified from insect and human cells possess
nuclease activity toward pre-mRNA substrates. While our data
do not directly demonstrate whether CPSF73 with iron in the
active site is active at RNA cleavage, the good activity that we
observed in our cleavage assays with the sample from insect
cells and the high abundance of iron in CPSF73 in that sample
are strongly consistent with the hypothesis that iron can
support the catalytic activity of CPSF73, which is further
supported by the observation of the comparable activity for
CPSF73 expressed in human cells, even though it has much
higher zinc content. If CPSF73 is active only with two zinc ions
in the active site, only �3% of the sample from insect cells
would be active (0.18 × 0.18), assuming the metal ions are
distributed randomly between the two sites. In comparison,
�56% of the sample from human cells would be active (0.75 ×
0.75), but its activity is generally comparable to what we
observed with the sample from insect cells (Fig. S2), while a
�20-fold difference in activity would have been expected.

There is precedence for Fe, Mn, or other transition metal
ions being active catalytically in metallo-β-lactamases (23–25).
Plant glyoxalase II may be an especially good case for com-
parison with CPSF73 and INTS11. The protein ligands of the
two metal ions in the active site of glyoxalase II are identical to
those in CPSF73 and they, as well as a bridging water/hy-
droxide, are arranged equivalently also (33) (Fig. S3, A and B).
EPR spectroscopy studies indicate the presence of Fe(III)-
Zn(II), Fe(III)-Fe(II) and other metal ion combinations in the
active site of mitochondrial glyoxalase II, Fe(III)-Zn(II), Fe(III)-
Fe(II), and Mn(II)-Mn(II) metal centers in cytoplasmic glyox-
alase II, and these samples are active for hydrolyzing substrates
(33–35). Therefore, our observations with CPSF73 are similar
to those with glyoxalase II, offering further support to the idea
that CPSF73 can use metal ions other than zinc for catalysis. It
is also worth noting that, like these other metallo-β-lacta-
mases, CPSF73 is a hydrolase and is not expected to undergo
oxidation-reduction during the nuclease reaction. Therefore,
both Fe(III) and Fe(II) could support the catalytic activity, as
seen with glyoxalase II, with their role being to coordinate the
scissile phosphate of the substrate and activating the water/
hydroxide nucleophile (Fig. 1B).

To definitively prove whether metal ions other than Zn can
support catalysis by CPSF73, we would need to obtain an
mCF/HCC sample that is fully loaded with zinc or iron for
nuclease assays. However, our experiments at supplementing
the reaction buffer with extra Zn(II), Fe(II), and Fe(III) did not
lead to any changes in the cleavage activity (Fig. S1). The in-
clusion of Zn in the crystallization buffer did not replace the Fe
in the active site of CPSF73 catalytic segment. EDTA cannot
remove the metal ions bound in the active site of CPSF73
either. Therefore, changing the metal ion composition of
CPSF73 in mCF/HCC would require unfolding the three mCF
subunits (or four for HCC) to release the metal ions in CPSF73
and refolding them in the presence of the desired metal ion,
which is very challenging technically.
Studies with other metallo-β-lactamases suggest that metal
loading in the active site depends on the concentration of
metal ions in the media (24). We purified CPSF73 from
expression in three different sources (bacteria, insect, and
human cells) and found three different metal ion contents,
consistent with a role for the expression media and expression
host. However, the concentration of Fe (�μM) in the cytosol in
human cells is much higher than that of Zn (�0.2 μM) (36),
although zinc was found to be the more abundant metal in
HCC expressed in human cells (Table 1). We supplemented
bacterial growth media with 0.1 mM zinc during the structure
determination of the CPSF73 catalytic segment, but the two
metal ions in the active site are still mostly iron (9). The
concentrations of various free metal ions in the cell are likely
maintained at low levels, as high concentrations are toxic (36).
The loading of metal ions into the active site of metallo-β-
lactamases may also be regulated (37). A zinc metal-
lochaperone was recently identified for the zinc metal-
loprotease methionine aminopeptidase 1 (38, 39). The
mechanism how metal ions are delivered and incorporated
into the active sites of CPSF73 and INTS11 is currently not
known. The different metal ion content of CPSF73 from the
different expression hosts (Table 1) also suggests the possi-
bility that endogenous CPSF73 could have different metal
contents in different organisms.

Many nucleases use Mg2+ or Mn2+ as the metal ion for
catalysis, with one, two, or three of the metal ions in the active
site (40). Some examples include RNase H (41), Argonaute
(42), dicer, restriction endonucleases, 50 exoribonucleases, and
the decapping exonuclease DXO and related enzyme Rai1 (43,
44). As is the case with CPSF73 and INTS11, the metal ions
coordinate the scissile phosphate of the substrate and possibly
also activate the nucleophile for the hydrolysis reaction. On the
other hand, there are also many examples of nucleases that use
zinc and other transition metal ions for catalysis besides
CPSF73 and INTS11, such as AP endonuclease IV (40). Type I
Cas3 nuclease is another good example, which is active with
Fe, Co, Mn, and Ni homodimetal centers, with Fe(II)-Fe(II)
being the most active (29). The two metal ions are coordi-
nated octahedrally by 5 His and 2 Asp residues (45), bearing
substantial similarity to the active sites of CPSF73 and INTS11.

Our studies have revealed that a mixture of transition metal
ions exists in the active site of CPSF73 and that metal ions
other than zinc may be able to support its nuclease activity.
We have found that human INTS11 also contains a mixture of
metal ions in its active site. It would be interesting to examine
the metal ion content in the active site of related metallo-β-
lactamase enzymes involved in RNA metabolism, for example
RNase J and RNase Z (46–49), and possibly metallo-β-lacta-
mases in general.
Experimental procedures

Protein expression and purification

The catalytic segment of human CPSF73 was expressed in
E. coli and purified following protocols described earlier (9).
The N-terminal 6 × His-tagged CPSF73 (residues 1–460) was
J. Biol. Chem. (2023) 299(4) 103047 7
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overexpressed in E. coli BL21 (DE3) Rosetta cells at 18 �C
overnight. Harvested cell pellets were resuspended in lysis
buffer containing 20 mM Tris (pH 8.0), 300 mM NaCl, 20 mM
imidazole, 10 mM β-mercaptoethanol, and 1 × phenyl-
methylsulfonyl fluoride. The resuspended cells were lysed
through sonication, followed by centrifugation at 12,000 rpm
and 4 �C to remove debris. The cell-free lysate was incubated
with pre-equilibrated Ni-NTA beads (Qiagen) for 1 h at 4 �C.
The beads were washed at least 5 column volumes before
eluting the target protein with 20 mM Tris (pH 8.0), 300 mM
NaCl, 250 mM imidazole, and 10 mM β-mercaptoethanol.
Fractions containing CPSF73 were pooled and injected onto a
pre-equilibrated gel filtration column (HiLoad 16/60 Superdex
200 prep grade, Cytiva) with the running buffer 20 mM Tris
(pH 8.0), 250 mM NaCl, and 5 mM DTT. The purified protein
was concentrated, flash frozen in liquid nitrogen, and stored
at −80 �C.

The recombinant protein samples for nuclease assays were
expressed in insect cells unless otherwise noted. For mPSF, our
earlier samples combined components that were expressed
separately or on different vectors (50, 51). For the studies here,
full-length human CPSF160, CPSF30, and Fip1 were inserted
into the 438A vector (Addgene #55218) and WDR33 (1–572)
was inserted into the 438C vector (Addgene #55220, which
adds an N-terminal 6 × His-MBP tag followed by a TEV
cleavage site) using Gibson assembly (NEB E2611L) (52). All
four subunits were combined into one vector by three rounds
of Gibson assembly.

For mCF, two sets of expression constructs were used. Both
included full-length CPSF73 and CPSF100. One lacked the
NTD of symplekin (containing residues 538–1110), as
described earlier (51). The other contained the NTD (residues
30–1101) as well as CstF64 and is therefore the HCC (15, 18).
Both are active in the cleavage assays, confirming that the
symplekin NTD is not required for the activity of the canonical
machinery (14) while it is essential for histone pre-mRNA 30-
end processing (18, 26).

For CstF, full-length CstF64 and CstF50 were inserted into
the 438A vector and CstF77 was inserted into the 438C
vector using Gibson assembly, and the three subunits were
combined into one vector by two rounds of Gibson
assembly.

For CFIIm, Pcf11 (full-length, 770–1555, or 1195–1555)
(28) and full-length Clp1 were inserted into the pFL vector
(53) with an N-terminal 6×His tag on Pcf11. RBBP6 (1–399)
was inserted into the pFL vector with an N-terminal 6×His tag.
Full-length PAP was inserted into the pFL vector with an N-
terminal 6×His tag, and the D115A catalytically dead mutant
was generated by site-directed mutagenesis PCR. This mutant
can support the cleavage activity in the reconstituted canonical
machinery (13). For CFIm, CFIm68 and CFIm25 were inserted
into the pFL vector with an N-terminal 6×His tag on CFIm25.

All proteins were expressed in Tni insect cells (Expression
Systems) and purified following protocols described earlier
(51), except that CstF and mPSF were further purified by
amylose resin before the Superose 6 10/300 Gl column
(Cytiva).
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A sample of human HCC was also expressed in human cells
for ICP-MS analysis. HEK293T stable expression cell lines
were established as described before (13). Briefly, pools of cells
that stably expressed HCC (TwinStrep-3C-Symplekin,
CPSF100, CPSF73, CstF64) were generated using the piggybac
transposon system by initially transfecting the cells using
polyethyleneimine (54, 55). For protein expression, cultures
were adjusted to a density of 1 × 106 cells per ml in FreeStyle
293 expression medium (Gibco, Thermo Fisher Scientific).
The cells were induced with doxycycline and harvested 48 h
after induction. Pellets were lysed with a glass dounce ho-
mogenizer in buffer containing 1× Dulbecco’s phosphate
buffered saline, 2 mM DTT supplemented for lysis with
EDTA-free cOmplete protease inhibitor cocktail (Roche),
DNase I and benzonase. After clearing the lysate by centrifu-
gation, HCC was purified using a StrepTrap HP column
(Cytiva). After washing with lysis buffer and lysis buffer sup-
plemented to 300 mM NaCl, bound proteins were eluted with
5 mM desthiobiotin in lysis buffer. The elution fractions were
concentrated and further purified over a Superose 6i 10/300
gel filtration column (Cytiva) in 20 mM Hepes (pH 7.9),
150 mM NaCl, and 2 mM DTT. Fractions containing pure
protein were pooled, concentrated and flash frozen in liquid
nitrogen.
RNA cleavage assays

The model RNA substrate contains 70 nucleotides (nts),
with a 50 FAM label, and encompasses the SV40 late mRNA 30-
end processing site. The sequence of the RNA is CUUUA
UUUGUAACCAUUAUAAGCUGCAAUAAACAAGUUAAC
AACA|ACAAUUGCAUUCAUUUUAUGUUUCA, where the
AAUAAA poly(A) signal is underlined, and the cleavage site is
indicated with the vertical bar. The cleavage products include a
45 nts 50 fragment (with 50 FAM label) and a 25 nts 30 fragment
(no label). The RNA substrate is included in the cleavage re-
action at 125 nM concentration.

For the pre-mRNA cleavage assays with the HeLa cell
nuclear extract supplemented with recombinant proteins,
the nuclear extract was obtained from a commercial source
(Ipracell) (28). 10% (v/v) 2 M KCl was added to the extract
and the mixture centrifuged at 13,000 rpm for 10 min to
remove any insoluble material. Various recombinant pro-
teins were included in the assay as indicated. The reaction
buffer contained 20 mM Hepes (pH 8.0), 75 mM KCl, 4 mM
DTT, 2.5% (w/v) PEG6000, 20 mM CP, 2.5 mM ATP, 2 mM
EDTA, and RNase inhibitor. The reaction mixture was
incubated at 30 �C for 2 h. The reaction products were
separated by gel electrophoresis and imaged with a Chem-
iDoc system (Bio-Rad). For the time course, various time
points were taken, and the intensity of the bands was
determined with ImageJ (56).

For the pre-mRNA cleavage assays with the reconstituted
canonical machinery, the reaction contained purified mPSF,
mCF (or HCC), CstF, CFIIm, and PAP (D115A) at 0.25 μM
concentration and RBBP6 (1–399) at 1 μM concentration. The
reaction buffer contained 20 mM Hepes (pH 7.5), 75 mM KCl,
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4 mM DTT, 2.5% (w/v) PEG6000, 2 mMMg2+ acetate, 2.5 mM
ATP, and 10 μM ZnCl2. The mixture was incubated at 30 �C,
and various time points were taken for the time course.

ICP-MS experiments

The ICP-MS experiments on bacterially expressed human
CPSF73 catalytic segment were carried out at the University of
Missouri, Columbia, in 2007. Approximately, 50 μl of the
protein sample at 0.1 mM concentration was placed in a
precleaned polypropylene centrifuge tube for digestion with
nitric acid (Fisher Scientific, Optima grade) and 30% hydrogen
peroxide (Fluka, TraceSelect grade). The tube was sealed and
heated for 1 h in an ultrasonic bath maintained at 60 �C. The
digested solution was diluted to 10 ml, and then the internal
standards Be, Y, and Cd were added. The solution thus pre-
pared was analyzed by high-resolution ICP-MS. The VG
Axiom high-resolution ICP-MS was calibrated using two
linearity standards prepared from a commercial high-purity
multielement standards solution. The internal standards
were added to the calibration standards at the same level as in
the sample solution. The sample limit of detection was
calculated by multiplying the instrument limit of detection by
the total sample dilution factor.

The ICP-MS experiments on recombinant human mCF
expressed in insect cells, human HCC expressed in human
cells, and human ICM expressed in insect cells were carried
out at Columbia University. The sample (120 μl at 40 μM
concentration) was transferred to 15 ml metal-free tubes
(Labcon), and 200 μl concentrated nitric acid (Optima, Fisher
Scientific, ultra-trace 67–70%) was added, and the sample was
digested overnight at room temperature. An internal standard
was then added to the digest (20 μl of a solution containing
500 μg/l Ga in 2% (v/v) HNO3), and the mixture diluted to
2 ml with an aqueous solution (20× dilution). The sample was
diluted in a second step (final dilution 200×) and measured on
ICP-MS (NexION 350s): Mn and Fe (Ammonia mode), Ni and
Zn (no gas mode). The relative standard deviations for
measured Mn (n = 7), Fe (n = 7), Ni (n = 7), and Zn (n = 6) are
4, 6, 3, and 9%, respectively, for the human mCF sample, 8%,
6%, 8%, and 9% (all n = 6), respectively, for the human HCC
sample, and 1%, 1%, 0.3%, and 4% (all n = 6), respectively, for
the human ICM sample.

EPR spectroscopy

X-band (9.6 GHz) CW EPR spectra were acquired using a
Bruker EMX CW-EPR spectrometer equipped with an ER-
4116DM Dual Mode resonator operating in perpendicular
mode. Temperature control was achieved through use of an
Oxford Instruments ESR-900 liquid helium flow cryostat and
an ITC-503 temperature controller.

X-ray diffraction data collection and processing

Crystals of human CPSF73 catalytic segment were produced
following protocols described earlier (9), without any zinc in
the crystallization solution, and frozen in liquid nitrogen.
X-ray diffraction datasets were collected at 100K at the NE-
CAT 24-ID-C beamline at the Advanced Photon Source, at
the Mn, Fe and Zn absorption peak. The diffraction patterns
were recorded with a Dectris EIGER2 16M detector, and the
images were processed with XDS (57). The data processing
statistics are summarized in Table S1. Anomalous data be-
tween 15 and 3 Å resolution were used to calculate anomalous
difference electron density maps with CCP4 (58), using phase
information from the atomic model. The map contained 180,
240, and 320 grid points along the a, b, and c axes, respectively,
to ensure sufficient sampling of the peaks. The top peaks in the
difference map were identified.

Data availability

The data underlying this article will be shared on reasonable
request to the corresponding author.

Supporting information—This article contains supporting
information.
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