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Abstract

In animal cells, replication-dependent histone mRNAs end with a highly conserved stem-loop 

structure followed by a 4- to 5-nucleotide single-stranded tail. This unique 3′ end distinguishes 

replication-dependent histone mRNAs from all other eukaryotic mRNAs, which end with 

a poly(A) tail produced by the canonical 3′-end processing mechanism of cleavage and 

polyadenylation. The pioneering studies of Max Birnstiel’s group demonstrated nearly 40 years 

ago that the unique 3′ end of animal replication-dependent histone mRNAs is generated by a 

distinct processing mechanism, whereby histone mRNA precursors are cleaved downstream of 

the stem-loop, but this cleavage is not followed by polyadenylation. The key role is played by 

the U7 snRNP, a complex of a ~60 nucleotide U7 snRNA and many proteins. Some of these 

proteins, including the enzymatic component CPSF73, are shared with the canonical cleavage 

and polyadenylation machinery, justifying the view that the two metazoan pre-mRNA 3′-end 

processing mechanisms have a common evolutionary origin. The studies on U7 snRNP culminated 

in the recent breakthrough of reconstituting an entirely recombinant human machinery that is 

capable of accurately cleaving histone pre-mRNAs, and determining its structure in complex 

with a pre-mRNA substrate (with 13 proteins and two RNAs) that is poised for the cleavage 

reaction. The structure uncovered an unanticipated network of interactions within the U7 snRNP 

and a remarkable mechanism of activating catalytically dormant CPSF73 for the cleavage. This 

work provides a conceptual framework for understanding other eukaryotic 3′-end processing 

machineries.
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Introduction

In eukaryotes, protein-coding genes are transcribed by RNA polymerase II (Pol II), giving 

rise to primary transcripts referred to as mRNA precursors (pre-mRNAs). A set of co

transcriptional processing/maturation steps is required to convert these nascent transcripts 

into mature and functional mRNAs, which are subsequently exported to the cytoplasm for 

their translation into proteins. Three major maturation steps are involved: modification of 

the 5′ end to generate a 7-methylguanosine (m7G) cap, splicing to remove introns and join 

exons, and 3′-end processing to form a mature 3′ end [1].

In animal cells, two independent mechanisms are used for 3′-end processing [2]. The 

canonical mechanism of cleavage coupled to polyadenylation operates on most pre-mRNAs, 

requiring a large machinery with many protein factors and yielding mRNAs containing a 

poly(A) tail at the 3′ end (Fig. 1A) [3–5]. Replication-dependent histone pre-mRNAs are 

the exception to this rule as their 3′ end is generated by the U7 snRNP, which cleaves 

histone pre-mRNAs but does not add a poly(A) tail [6, 7]. Each processing reaction 

depends on the presence of two sequence elements in its pre-mRNA substrates, with those 

for cleavage and polyadenylation consisting of a highly conserved upstream AAUAAA 

hexanucleotide or its variant and a loosely defined downstream G/U-rich sequence, with the 

cleavage/polyadenylation site located between the two elements, 10-15 nucleotides 3′ of 

the hexanucleotide. In replication-dependent histone pre-mRNAs, the upstream sequence 

element folds into a 6-base pair stem and 4-nucleotide loop (Fig. 1B). The histone 

downstream element (HDE) is more variable but contains a purine-rich core with the 

AAAGAA consensus. Cleavage occurs after the 4th (invertebrates) or 5th (vertebrates) 

nucleotide 3′ of the stem, producing mature histone mRNAs with the stem-loop followed by 

a single-stranded tail having the ACCA or ACCCA consensus sequence at the 3′ end.

Since the two machineries recognize different pre-mRNA elements and only one of them 

contains the U7 snRNP, they were initially thought to lack shared components. However, 

similarities in the chemistry of the two cleavage reactions, including preferential cleavage 

after a CA dinucleotide, generation of a hydroxyl group at the 3′ end of the upstream 

cleavage product and the resistance of the activity to EDTA suggested otherwise, raising 

the possibility that the two machineries may use the same endonuclease [8, 9]. Indeed, at 

least three subunits of the cleavage and polyadenylation machinery, CPSF73, CPSF100 and 

symplekin, were shown to participate in 3′-end processing of histone pre-mRNAs (Fig. 

1C). Among them, CPSF73 with its well-organized catalytic center formed at the interface 

of the metallo-β-lactamase and β-CASP domains [10, 11] was the primary candidate for 

the 3′ endonuclease in both machineries. However, the ultimate evidence for this function 

of CPSF73 was missing. It also remained unclear how CPSF73 finds its way to histone pre

mRNAs, which lack any sequence elements shared with the canonical mRNA precursors. 

Moreover, in the crystal structure of human CPSF73 alone, its catalytic center is in a 

closed conformation, lacking access for a single-stranded RNA substrate [11]. A similar 

observation was made in a study on the yeast ortholog of CPSF73, Ysh1 [12]. Thus, 

in both lower and higher eukaryotes CPSF73 would have to undergo a conformational 

rearrangement to become an active endonuclease.
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In this review we will describe the spectacular recent breakthroughs in deciphering structural 

and functional aspects of the U7-dependent processing machinery and discuss how these 

findings advance our understanding of 3′-end processing of mRNA precursors in general.

Components of the U7-dependent processing machinery

The two sequence elements in histone pre-mRNAs are recognized by two different 

processing factors. The upstream stem-loop tightly interacts with the stem-loop binding 

protein (SLBP) (Fig. 1C) [13, 14], also known as the hairpin binding protein. Its centrally

located RNA binding domain (Fig. 2A) is highly conserved among evolutionarily distant 

organisms and is unique to SLBP orthologs. The HDE base pairs with the 5′ end of U7 

snRNA (HDE-U7 duplex, Fig. 1B), a ~60-nucleotide RNA moiety of the U7 snRNP [15, 

16]. Because the HDE sequence is not conserved, varying significantly among histone 

genes even within the same species, many histone pre-mRNAs can only form relatively 

short duplexes with the single functional U7 snRNA expressed in most organisms. SLBP 

functions in processing by facilitating the recruitment of the U7 snRNP to the pre-mRNA 

[17, 18]. SLBP is dispensable for in vitro processing of histone pre-mRNAs with extensive 

complementarity to the U7 snRNA, suggesting that it plays an auxiliary role and is not 

essential for the cleavage reaction. Following cleavage, SLBP remains associated with the 

mature 3′ end where it is accompanied by 3′hExo, a 3′-5′ exonuclease [19]. The two 

proteins form an intimate complex with the mature 3′ end [13] and likely cooperate in 

controlling translation and degradation of histone mRNAs during the cell cycle [20, 21].

Near its central region, U7 snRNA contains a specific Sm binding site that differs in a few 

positions from the spliceosomal consensus and is also longer, encompassing 11 rather than 

9 nucleotides (Fig. 1B) [22–24]. This site promotes the assembly of an unusual Sm ring 

around the U7 snRNA in which SmB, SmD3, SmE, SmF and SmG are shared with the 

spliceososmal snRNPs. The two remaining subunits, Lsm10 and Lsm11, are specific for the 

U7 snRNP (Fig. 1C), replacing spliceosomal SmD1 and SmD2 [25–28]. Of the two unique 

subunits of the ring, Lsm11 contains an unusually long N-terminal region (Fig. 2A) that 

mediates an essential function in processing [29–31].

U7 snRNP is limiting in cells, existing at a concentration ~100-fold lower than that of 

U1 snRNP, making its purification from biological sources challenging [25]. Indeed, initial 

biochemical approaches to isolate endogenous U7 snRNP from tissue culture cells were 

unsuccessful, failing to identify additional components, likely due to their loose association 

with the particle and/or sensitivity to proteolytic degradation [25–28]. As a result, U7 

snRNA stably bound to the Sm ring (referred to as U7 Sm core here) remained for many 

years the only known components of U7 snRNP. Clearly, this simple composition was 

insufficient to explain the role of U7 snRNP in cleaving histone pre-mRNAs.

Further progress in determining the composition of U7 snRNP was facilitated by using 

mammalian and Drosophila cell lines and nuclear extracts, and a combination of various 

biochemical and genetic approaches, including in vitro processing [32, 33], UV crosslinking 

[34], complementation assays [35], yeast two-hybrid cloning [36], RNAi screens [37] and 

single-step affinity purification schemes [38, 39]. Five proteins were added to the list of 
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components of U7 snRNP in both vertebrates and invertebrates (Fig. 1C), with FLASH, 

a protein of ~2,000 amino acid residues (Fig. 2A), being the only component uniquely 

associated with 3′-end processing of histone pre-mRNAs. The four remaining proteins, 

CPSF73, CPSF100, symplekin and CstF64, were previously identified as components of 

the canonical cleavage and polyadenylation machinery, supporting the notion that the two 

3′-end processing machineries for mRNA precursors in metazoans are evolutionarily linked. 

The four subunits are stably associated with each other, forming the histone pre-mRNA 

cleavage complex (HCC, Fig. 1C) [40]. The HCC is equivalent to the mammalian cleavage 

factor (mCF) in the canonical machinery (Fig. 1A) [41, 42], although mCF lacks CstF64. 

CPSF73 was detected by UV crosslinking in the vicinity of the scissile bond in histone pre

mRNA [34], consistent with its role as the catalytic component in U7-dependent processing.

The N-terminal ~150 amino acid residues of FLASH form a coiled-coil dimer (Fig. 2A) 

[31] and interact with the essential N-terminal region of Lsm11, creating a platform that 

recruits the HCC to the U7 snRNP, thereby converting U7 Sm core to a catalytically active 

processing factor (Fig. 1C). The same region of FLASH is also required for the SLBP

mediated recruitment of U7 snRNP to histone pre-mRNA [43]. It is not known whether 

FLASH and SLBP directly interact, or SLBP makes a contact with the FLASH-Lsm11 

complex rather than FLASH alone. Previously, the recruitment of U7 snRNP by SLBP was 

attributed to a presumptive U7 snRNP component, ZFP100 [44–46]. However, this protein 

of 100 kDa and containing 18 C2H2 zinc fingers was never detected in active preparations 

of endogenous U7 snRNP and it may instead be involved in transcription of histone genes 

and only transiently bind to U7 snRNP [39]. Beside the N-terminal region, no other part 

of FLASH plays a direct role in processing, although its extreme C-terminus interacts 

with NPAT [47, 48], a universal transcriptional regulator of histone gene expression [49, 

50]. Altogether, these observations demonstrate that FLASH is critical for the assembly of 

an active U7 snRNP, its recruitment to histone pre-mRNA through SLBP, and the proper 

coordination of histone gene transcription and 3′-end processing of the resultant histone 

pre-mRNAs.

As a result of these new findings, the U7 snRNP emerged as an RNA-guided multi-subunit 

endonuclease in which U7 snRNA through its 5′ end identifies the pre-mRNA substrate; 

FLASH and Lsm11 recruit the HCC; and CPSF73 cleaves the substrate (Fig. 1C) [51]. 

What remained unknown was whether the identified subunits are sufficient to support 3′-end 

processing activity in vitro (or perhaps some essential component(s) of the machinery were 

overlooked), how they function and interact with each other in the machinery, and finally 

how CPSF73 carries out its task given that its catalytic site is normally inaccessible to RNA 

[11]. Remarkably, many of these critical questions were answered by recent structural and 

functional studies with an active histone pre-mRNA processing complex reconstituted from 

13 recombinant proteins and 2 synthetic RNAs [52, 53].

An active recombinant U7 snRNP

The reconstitution of U7 Sm core was achieved recently [52], by following the protocols 

developed for the spliceosomal snRNP cores [54–56]. In the presence of N-terminal segment 

of FLASH [31], recombinant U7 Sm core interacted with endogenous HCC from nuclear 
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extracts, yielding semi-recombinant U7 snRNP that was capable of accurately cleaving 

histone pre-mRNAs [52]. The reconstitution of a fully recombinant machinery was enabled 

by the production of HCC or mCF, originally for studies on the canonical machinery [57]. 

Importantly, a mixture containing reconstituted human U7 Sm core, human HCC and human 

FLASH (coiled-coil region) accurately and efficiently cleaved a model H2a pre-mRNA 

substrate (H2a*) in the presence SLBP, demonstrating that the reconstituted human U7 

snRNP is active and no other critical components are missing from the machinery [53]. A 

mutation in the active site of CPSF73 abolished the cleavage, convincingly showing that it 

is the endonuclease for the reaction. The relative ease of making various changes within the 

HCC and the U7 Sm core provided a previously unavailable opportunity of testing individual 

components and regions for their importance in processing. Using this approach, CstF64 

was shown to be dispensable for the activity of recombinant U7 snRNP [53], although it 

may play a role in processing in vivo [58]. CstF64 is a subunit of the cleavage stimulation 

factor (CstF) in the canonical machinery and plays an essential role in this machinery by 

recognizing the G/U-rich downstream sequence element (DSE) (Fig. 1A).

A surprising discovery from these studies is that the N-terminal domain (NTD) of symplekin 

is required for the cleavage activity [53]. Even more surprisingly, the NTD supported 

processing when added to the reaction in trans, as a separate protein that is unable to stably 

bind to the rest of the machinery [53, 59]. The NTD is known to form a stable complex with 

Ssu72 and stimulate its Pol II CTD phosphatase activity [60]. It was found that Ssu72 is an 

inhibitor of histone pre-mRNA 3′-end processing in vitro, especially when the symplekin 

NTD is provided in trans [53]. The negative regulation of U7-dependent processing by 

Ssu72 has also been shown in vivo [61], suggesting that Ssu72 is a bona fide regulator of 

histone pre-mRNA 3′-end processing.

CPSF73 is both an endonuclease and a 5′-3′ exonuclease

Endonucleolytic cleavage of histone pre-mRNA by CPSF73 generates two fragments: the 

upstream product ending with the stem-loop that corresponds to the mature histone mRNA 

and the downstream cleavage product (DCP) containing the HDE. The DCP is degraded in 
vitro by a 5′-3′ exonuclease, likely liberating U7 snRNP from the HDE for a subsequent 

round of processing [62–64]. UV crosslinking identified this exonuclease as CPSF73 [64], 

suggesting that the single catalytic center of CPSF73 supports both endonucleolytic and 

5′-3′ exonucleolytic activities, as previously demonstrated for other nucleases of the β

CASP family [8].

That the 5′-3′ exonuclease activity of the U7 snRNP is indeed provided by CPSF73 was 

directly demonstrated using recombinant U7 snRNP and a set of specifically designed 

substrates corresponding to the DCP [53, 59]. As in the case of the endonucleolytic 

cleavage, the 5′-3′ degradation of the DCP by the recombinant U7 snRNP was abolished 

by mutating two key amino acid residues of the catalytic center of CPSF73 and depended 

on both the presence of symplekin NTD and the ability of U7 snRNA to base pair with 

the substrate. The 5′-3′ exonuclease activity of CPSF73 is likely to also degrade the DCP 

of histone pre-mRNAs in vivo, ultimately resulting in transcription termination on histone 

Dominski and Tong Page 5

Biochem Soc Trans. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



genes, as proposed in the torpedo model, substituting for Xrn2 that plays the equivalent 

functions in cleavage and polyadenylation [64–68].

In addition to acting on RNA substrates, recombinant U7 snRNP through the 5′-3′ 
exonuclease of CPSF73 is capable of degrading short stretches of deoxynucleotides inserted 

into RNA substrates, although with lower efficiency. Finally, recombinant U7 snRNP also 

acts as a site-specific endonuclease on single-stranded DNA substrates. Further studies are 

required to determine whether these DNA-specific activities of CPSF73 play any role under 

in vivo conditions.

Structure of an active U7 snRNP poised for the cleavage reaction

The structure of the active reconstituted U7 snRNP together with SLBP and the H2a* 

substrate is the long-awaited breakthrough in the field, revealing for the first time the overall 

architecture of an active pre-mRNA 3′-end processing machinery [53]. Moreover, the H2a* 

substrate is captured in the active site of CPSF73, poised for the cleavage, and therefore the 

structure also provides detailed molecular insights into the endonuclease reaction.

The Sm ring and most of HCC form the core of the U7 machinery, with a stable structure 

(Fig. 2B). In comparison, the C-terminal domain (CTD) of symplekin, FLASH, SLBP, and 

the stem-loop are located in the periphery of the machinery. They are more flexible and their 

structure cannot be defined in as much detail. The coiled-coil dimer of FLASH interacts 

with the CTD of symplekin, revealing a major mechanism for how HCC is recruited to 

the U7 Sm core. FLASH additionally interacts with SLBP and possibly Lsm11 N-terminal 

extension, although SLBP is not required for cleavage of the H2a* substrate whose HDE 

has been modified to form 15 consecutive Watson-Crick base pairs with the U7 snRNA [53]. 

Residues 107-118 in the N-terminal extension of Lsm11 contact the metallo-β-lactamase 

domain of CPSF73 (Fig. 2B), showing another interaction for this extension of Lsm11. 

CstF64 is disordered, and it is not required for the cleavage reaction in vitro either [53].

HCC contacts one face of the Sm ring, while the other face accommodates the 3′-end stem

loop of the U7 snRNA (Figs. 1B, 2B). This stem-loop is also flexible in structure in this 

machinery, and it is not required for the cleavage reaction [52]. The overall structure of the 

Sm ring is similar to those of spliceosomal snRNPs, with the U7 snRNA Sm site threaded 

through the center of the ring. However, the Sm site assumes a different conformation, 

including a base pair between its C8 and G11 bases, which may play an important role in 

incorporating Lsm10 and Lsm11 into the unique U7 snRNP.

CPSF73 is in an open conformation, with the H2a* substrate captured in its active site (Fig. 

3A), providing for the first time direct insights into the catalysis by this enzyme. The scissile 

phosphate directly coordinates both zinc ions in the active site, and is in the correct position 

for nucleophilic attack by the bridging water/hydroxide ligand of the zinc ions to initiate 

the cleavage (Fig. 3B). Therefore, the machinery is poised for the cleavage reaction in the 

structure, and the reaction did not proceed in the sample used for structural studies because 

it was kept at 4 °C during preparation.

Dominski and Tong Page 6

Biochem Soc Trans. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Compared to the structure of CPSF73 alone in a closed conformation, there is a 17° rotation 

for its β-CASP domain, which creates a canyon between the metallo-β-lactamase and 

β-CASP domains that can accommodate the single-stranded pre-mRNA substrate (Figs. 

3A, 3C). This canyon does not exist in the closed conformation (Fig. 3D). This large 

conformational change that is required for CPSF73 activation is mediated by contacts with 

the N- and C-terminal extensions of Lsm10 (Fig. 3C). These extensions are much shorter 

than the N-terminal extension of Lsm11, but their removal greatly reduced processing 

activity, and in fact led to cleavage at a different site in the substrate [53]. These observations 

suggest that the interaction between Lsm10 and CPSF73 is not only required for the 

catalytic activation of CPSF73 but also for its proper positioning relative to the pre-mRNA 

substrate and other components of U7 snRNP.

The primary trigger for the activation of CPSF73 is the recognition of the HDE-U7 duplex, 

which is surrounded by symplekin NTD, CPSF100, and CPSF73 of the HCC (Fig. 3E). 

This also explains why symplekin NTD is required for the cleavage. The recognition of the 

duplex by the NTD leads to a conformational rearrangement in the HCC, as compared to the 

structure of HCC/mCF alone [57], which in turn triggers the activation of CPSF73. Ssu72 

inhibits the cleavage reaction in vitro as its binding site in the symplekin NTD directly 

overlaps with that of the duplex.

Conclusions

The structure of the reconstituted, active U7 snRNP captures it in a state poised for the 

cleavage reaction. The structural and functional observations also provide insights into how 

the U7 snRNP could be assembled from its components, U7 Sm core, FLASH and HCC, 

and how recognition of the histone pre-mRNA triggers conformational rearrangements in the 

HCC and the activation of CPSF73 for the cleavage reaction (Fig. 4). After the cleavage, the 

DCP is degraded through the 5′-3′ exonuclease activity of CPSF73. Overall, the machinery 

is highly dynamic structurally, and the recognition of the substrate allows the machinery to 

become stable (possibly transiently) and achieve the active state.

An unanticipated finding from the structural and functional studies of the active recombinant 

machinery is that the catalytic activation of CPSF73 critically depends on the recognition 

of the HDE-U7 duplex by the symplekin NTD. The formation of a duplex between the two 

RNAs is a clear indication that a genuine substrate has been recruited and symplekin acts 

as a sensor of this event, transmitting the signal to the rest of processing machinery and 

ultimately triggering the conversion of the dormant endonuclease into an active enzyme. 

This mechanism can be viewed as an important quality control step, ensuring cleavage of 

only legitimate substrates and preventing undesired activity on random RNAs that are unable 

to form stable duplexes with the U7 snRNA. Following cleavage of histone pre-mRNA, 

CPSF73 uses its 5′-3′ exonuclease activity to degrade the DCP, including the region 

that base pairs with the U7 snRNA, hence removing the duplex RNA that is critical in 

the activation mechanism. Thus, once catalytically activated as an endonuclease, CPSF73 

is likely to maintain its active state for the 5′-3′ exonuclease degradation of the DCP, 

consistent with the processive nature of this activity.
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Since the discovery of Lsm10 as one of the two U7-specific ring proteins, its role in 

3′-end processing of histone pre-mRNAs remained mysterious [26–28]. The structure of the 

active machinery demonstrates critical roles of this subunit in the activation of CPSF73 for 

processing [53], even though its N- and C-terminal extensions are much shorter than the 

N-terminal extension of Lsm11 (Fig. 2A).

When CPSF73 was UV crosslinked to the scissile bond in histone pre-mRNA during U7

dependent processing [34], the emerging view was that the U7 and canonical machineries 

use the same endonuclease for cleavage but differ in the mechanism of its recruitment 

to the substrate [69, 70]. The demonstration that symplekin NTD is required for histone 

pre-mRNA 3′-end processing and that Ssu72 inhibits this processing suggests a more 

complex picture. In the yeast canonical machinery, the roles of the two proteins are 

reversed, with the NTD of Pta1 (the yeast ortholog of symplekin) acting as an inhibitor 

of the cleavage reaction, and Ssu72 relieving the inhibitory effect of the NTD [71]. 

In addition, downregulation of Ssu72 in chicken cells reduces cellular concentration of 

polyadenylated mRNAs [61], suggesting that this aspect of cleavage and polyadenylation 

is conserved between lower and higher eukaryotes. It will be important to determine how 

higher eukaryotes control the activity of CPSF73 in the canonical machinery and determine 

exact roles of symplekin NTD and Ssu72 in this process.
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Perspectives

• 3′-end processing is a crucial step for the maturation of mRNAs. In 

metazoans, the canonical and U7 machineries share the same endonuclease, 

CPSF73, for the cleavage step of the processing. IntS11, a closely related 

homolog of CPSF73 and a component of Integrator, is the endonuclease that 

cleaves snRNA precursors and some nascent mRNAs [72–75], highlighting 

the evolutionary conservation of RNA 3′-end processing mechanisms that 

operate on RNA Pol II transcripts.

• The structure of the active histone pre-mRNA 3′-end processing machinery 

has provided the first insights into how an active machinery is organized, 

how CPSF73 is activated for cleavage, and how this endonuclease binds the 

pre-mRNA and catalyzes the cleavage reaction.

• It will be important to determine the structures of the canonical machinery 

and Integrator in the active state, showing how they are activated and 

recognize and cleave their RNA substrates. Another focus of future studies 

should be on determining how the symplekin NTD and Ssu72 act in 

opposition to each other to control the activity of the canonical and U7 

machineries during co-transcriptional 3′-end processing.
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Figure 1. Sequence elements in histone pre-mRNA required for 3′-end processing.
A. Schematic drawing of the mammalian canonical cleavage and polyadenylation 

machinery. Modified from [5]. B. Nucleotide sequence of mouse U7 snRNA and the 

3′-end region of a mouse H2a histone pre-mRNA. Base pairing between the 5′ region 

of U7 snRNA and the HDE in histone pre-mRNA forms a duplex with twelve Watson

Crick base pairs (vertical lines), two G-U base pairs (dots) and one mismatch. TMG, 

trimethylguanosine cap. The unusual sequence of the Sm binding site in U7 snRNA is 

boxed. C. Schematic drawing of human U7 snRNP. U7 snRNA (thick green line) and the 

seven subunits of the Sm ring form the U7 Sm core. The U7-specific subunits of the ring are 

emphasized in gray. A coiled-coil dimer of the N-terminal region of FLASH interacts with 

the N-terminal region of Lsm11. CPSF73, the catalytic component of the histone pre-mRNA 

cleavage complex (HCC), is emphasized in light green. The histone pre-mRNA is in orange.
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Figure 2. Overall structure of an active human histone pre-mRNA 3′-end processing machinery.
A. Domain organization of proteins in human U7 snRNP and SLBP. The domains are 

given different colors and named. FLASH is not drawn to scale. B. Overall structure of the 

reconstituted, active human U7 snRNP. The core of the U7 machinery is highlighted by a 

transparent pink background, while the other components are in the periphery. The overall 

dimensions of the machinery are also indicated. The proteins are colored as in panel A.
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Figure 3. Substrate binding and catalytic mechanism of CPSF73.
A. A canyon in the active site region of CPSF73 for binding the single-stranded pre-mRNA 

substrate (orange sticks). The molecular surface of CPSF73 is colored based on sequence 

conservation, with purple being highly conserved and dark cyan being poorly conserved 

[76]. B. Substrate binding mode and catalytic mechanism of CPSF73. The bridging water/

hydroxide initiates the nucleophilic attack, and the 3′ oxyanion leaving group is protonated 

by His396, which is activated by Glu204 (red arrows). After the reaction, the upstream 

product carries a 3′ hydroxyl group, while the downstream cleavage product has a 5′ 
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phosphate. C. Molecular surface of CPSF73 in a closed conformation. D. Molecular surface 

of CPSF73 in an open conformation. Lsm10 is also shown (green). The rotation in the 

β-CASP domain to achieve the open conformation is indicated. E. The HDE-U7 duplex is 

surrounded by symplekin NTD, CPSF100 and CPSF73.
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Figure 4. Function of human U7-dependent processing machinery.
A. Assembly of human U7 snRNP. Arrows indicate binding sites for the FLASH dimer and 

HCC on the U7 Sm core. B. Formation of a complex between FLASH dimer and Lsm11 

results in the recruitment of the HCC, with FLASH contacting symplekin, and CPSF73 

contacting Lsm10 and Lsm11. C. The duplex formed between the HDE of histone pre

mRNA and U7 snRNA is recognized by the symplekin NTD, which transmits a structural 

signal to other components of the machinery, ultimately resulting in opening of the substrate 

canyon in CPSF73 and pre-mRNA binding and cleavage. D. The mature 3′ end in histone 

mRNA remains associated with SLBP and additionally interacts with 3′hExo. The mRNP 
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complex is exported to the cytoplasm for translation. The downstream cleavage product 

(DCP) is degraded by the 5′-3′ exonuclease activity of CPSF73 to free U7 snRNP for 

another round of processing.
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