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ABSTRACT OF THE DISSERTATION
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by
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The modulation of mRNA degradation is an essential determining point for
regulation of gene expression. Eukaryotic cells primarily utilize exoribonucleases and
decapping enzymes to degrade their mRNAs. The scavenger mRNA decapping enzyme,
DcpS, hydrolyzes the cap structure, which is the decay product in the 3°-5" mRNA
degradation pathway. DcpS is a member of the histidine triad (HIT) family of hydrolases
and catalyzes the cleavage of m’GpppN to release m’Gp and ppN. We have carried out a
biochemical characterization of the DcpS enzyme and demonstrated that, unlike other
HIT family members, DcpS requires both the core HIT fold at the C-terminus and a
segment of N terminus for cap binding and hydrolysis. To further examine the cellular
function of DcpS, we tested the impact of DcpS on cap-dependent translation.

Interestingly, DcpS can efficiently compete for and hydrolyze the cap structure in the
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presence of eIF4E, an essential cap-binding translation initiation factor. Furthermore, we
demonstrated that the relative cap-dependent translation was inhibited by 40% in the
DcpS knockdown cells and was partially restored by DcpS complementation. These
results strongly suggest that DcpS functions to prevent the accumulation of residual cap
structure that would otherwise trap eIF4E and interfere with cap-dependent translational
events.

Structural analysis of DcpS revealed that it is a dimeric protein with a distinct N
terminal domain and a C terminal domain, linked by a flexible hinge region, which led to
a proposed dynamic decapping model, where the N terminus flips back and forth during
the process of hydrolysis. To gain more insights into the decapping mechanism at the
subunit level, we analyzed the kinetics of DcpS decapping and demonstrated that its
decapping was negatively regulated under multiple turnover conditions, due to an
allosteric conformational change caused by the excess amount of substrate. Our data
have provided mechanistic details in terms of hydrolysis as well as the insights into the

regulation of decapping in cells.
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Introduction

Control of gene expression is a fundamental characteristic ofall organisms. Most
eukaryotes regulate gene expression at different levels, ranging from the initiation of
transcription, pre-mRNA processing, export of mature mRNA to the cytoplasm, and
translation. In many cases, the abundance of mRNA directly determines the level of
protein synthesis (Guhaniyogi and Brewer, 2001). The steady-state level of cytoplasmic
mRNAs depends on the combined rate of their synthesis in the nucleus, their transport
from the nucleus to cytoplasm, and their degradation in the cytoplasm. Thus, the mRNA
decay process is an essential determining point for regulation of gene expression. In fact,
expression of many genes is mainly controlled by regulating their mRNA decay rate
(Wilusz and Wilusz, 2004). Over the past decade, many of the enzymes involved in
mRNA decay have been identified, and the mechanism of mRNA decay regulation has

begun to be elucidated. Below, we provide a brief overview of the mRNA decay.

mRNA synthesis, maturation, and nuclear export

In eukaryotic cells, genetic instructions stored in DNA are read out by
transcription and translation. In transcription, nascent pre-mRNA is synthesized from the
coding region in the template strand of DNA by RNA polymerase II (RNAP II), which
catalyzes the polymerization of the nucleoside triphosphates in a 5'-3" direction to form a
nucleic acid chain (Conaway et al., 2000). Pre-mRNAs undergo a series of co-

transcriptional modification events, including 5" capping, splicing and 3" end



polyadenylation, to form mature mRNAs (Shatkin and Manley, 2000). These RNA
processing steps are tightly coupled to transcription elongation through the key factor
RNAP II (Bentley, 1999; Bentley, 2002; Shatkin and Manley, 2000). The largest subunit
of RNAP II possesses an unstructured C terminal tail (CTD) consisting of a long tandem
array of a repeated heptad YSPTSPS; the repetition is 26 times in yeast and 52 times in
human (Corden, 1990; Neugebauer, 2002). CTD plays important roles in multiple steps
throughout the transcription cycle, including transcription activation (Gerber et al., 1995),
initiation (Meininghaus et al., 2000), elongation(Lee and Greenleaf, 1997; Morillon et al.,
2003), and termination (Egyhazi et al., 1996; Howe, 2002; Kim et al., 2004). During pre-
mRNA processing, CTD serves as a binding platform for numerous processing factors
(Bentley, 2005), the binding of which is dependent on the phosphorylation state of CTD
(Phatnani and Greenleaf, 2006).

Capping is the modification a nascent pre-mRNA undergoes and is tightly
coupled with transcription elongation. As soon as the RNA polymerase II has produced
20-25 nucleotides of RNA, the 5" end of the new RNA is modified by addition of a cap
that consists of a modified 7-methyguanosine through a 5’-5"unusual triphosphate linkage
(Neugebauer, 2002; Shatkin and Manley, 2000). The 5" cap is a signature structure
exclusively belongs to Pol II transcribed mRNAs. It helps cells to distinguish mRNAs
from other types of RNAs transcribed from RNA polymerase I and III, which do not
contain a CTD to carry the capping enzymes. Along the life cycle of an mRNA molecule,
its 5 cap structure is associated with various cap binding proteins, which regulate the

activities of splicing, export, translation and degradation at later stages of the mature



mRNA (Cougot et al., 2004; Shatkin and Manley, 2000). The regulatory mechanisms of
these cellular activities will be discussed in detail in subsequent sections.

The capping reaction is carried out by three enzymatic activities, which are
associated with the CTD on RNAP II (Shuman, 1997; Yue et al.,, 1997). The 5’
triphosphate end of the nascent transcript is hydrolyzed to a diphosphate end by an RNA
triphosphatase; the diphosphate end is capped with GMP by an RNA guanylyltransferase;
and the 5 guanine base is methylated by an RNA methyltransferase at the N7 position
(Gu and Lima, 2005; Shatkin and Manley, 2000). The triphosphatase and
guanylyltransferase are encoded by two different genes in yeast, and the expressed
proteins form a heterodimer referred to as capping enzyme. Whereas in mammals, the
capping enzyme is a single bifunctional protein that carries out both triphosphatase and
guanylyltransferase activities (Howe, 2002; Shatkin and Manley, 2000). The capping
enzyme is associated with the CTD on RNAP II (Shuman, 1997; Yue et al., 1997). The
fact that transcripts made in vivo by Pol II with a truncated CTD had a lower capping
efficiency (McCracken et al., 1997a) further confirmed the notion that capping is coupled
to transcription by interacting with the CTD on RNAP II.

Other than the capping reaction, another important pre-mRNA processing step is
splicing. The protein coding sequence in eukaryotic mRNA is typically interrupted by
non-coding sequences known as introns. The pieces of discontinuous coding sequence
are termed exons. Both introns and exons are transcribed into pre-mRNAs, and the
introns are removed from the pre-mRNA by a dynamic macromolecular machine,
spliceosome (Sanford and Caceres, 2004). The spliceosome consists of five small

nuclear ribonucleoprotein particles (snRNPs) Ul, U2, U4, U5 and U6, and numerous



non-snRNP factors. The pre-RNA splicing process is catalyzed by the assembly of the
spliceosome on the pre-mRNA. It is initiated by the base-pairing of Ul snRNA to a
consensus sequence on the 5 splice site, the recognition of 3" splice site by a U2 snRNP
auxiliary factor (U2AF), followed by binding of U2 snRNP, and subsequent recruitment
and rearrangement of other U snRNPs and protein factors (Sanford and Caceres, 2004).
During the course of spliceosome assembly, the intron is excised and the exons are
ligated. It remains unclear whether the catalysis is carried out by snRNA, proteins or
both. There is growing evidence pointing to snRNA as the splicing ribozyme in
spliceosome. It has been reported that the secondary structure of spliceosome is similar
to the known ribozyme group II self-splicing introns (Villa et al., 2002). Moreover, both
of them require metal cofactor for their catalytic activities (Gordon et al., 2000), and the
metal ion is coordinated by U6 snRNA in the case of spliceosome (Yean et al., 2000).
Furthermore, the protein free U2:U6 snRNAs complex was able to perform a number of
catalytic reactions (Valadkhan and Manley, 2001).

Splicing can occur cotranscriptionally, immediately after the 3" splice site is
transcribed (Wetterberg et al., 2001), or it can occur posttranscriptionally (Lopez and
Seraphin, 2000; Wetterberg et al., 1996). Similar to capping, a number of splicing factors
are physically linked to the CTD in RNAP II (Kim et al., 1997; Mortillaro et al., 1996;
Vincent et al., 1996). Moreover, a truncated CTD results in inefficient splicing
(McCracken et al., 1997b), indicating the coupling of transcription and co-transcriptional
splicing.

Other than transcription, splicing is also linked to its downstream cellular events,

such as nuclear mRNA export (Luo and Reed, 1999) and nonsense-mediated decay



(NMD) (Carter et al., 1996), an mRNA surveillance pathway to rid the mRNAs harboring
a premature termination codon (PTC). During splicing, the spliceosome deposits a
protein complex, termed the exon junction complex (EJC), 20-24 nucleotides upstream of
the exon-exon junction (EJC)(Le Hir et al., 2000). The EJC is considered as a “mark”
placed onto the splice junction of an mRNA by the spliceosome (Tange et al., 2004). It
provides a binding platform for factors involved in mRNA export and NMD (Le Hir et al.,
2001). For example, the mRNA export factor TAP/p15 (Le Hir et al., 2001) and the
NMD factors UPF3a, Upf3b ,UPF2 and RNPSI1 (Chang et al., 2007).

The last processing event is the polyadenylation of the mRNA at the 3" end.
There are two major enzymatic steps in mRNA 3" end processing: the cleavage of the
mRNA, followed by addition of the polyadenosine (poly(A)) tail. Prior to the first
cleavage step, the polyadenylation signal, a conserved hexanucleotide AAUAAA, is
recognized by the cleavage/polyadenylation specificity factor (CPSF). A downstream
degenerate G/U rich sequence is recognized by the cleavage stimulation factor F (CstF)
(Colgan and Manley, 1997), both of which associate with the additional cleavage factors
CF1 and CF2. Once CPSF and CstF have bound to the pre-mRNA, with assistance of
additional factors CF1 and CF2, the cleavage is carried out at a site between the
AAUAAA and the G/U rich sequence (Colgan and Manley, 1997; Zhao et al., 1999).
Recently, the 73 kD subunit of the CPSF was identified as the putative endonuclease that
catalyzes the cleavage (Mandel et al., 2006). Following cleavage, an enzyme poly(A)
polymerase adds adenosines nucleotides at the 3" end to form a tail with 200-250
adenosines (Wahle and Keller, 1992). In mammalian cells, poly(A)-binding protein II

(PAB II) enhances the efficiency of polyadenylation and controls the length of the poly(A)



tail (Bienroth et al., 1993). As with capping and splicing processes, the CTD in RNAP II
is required in polyadenylation (Fong and Bentley, 2001; McCracken et al., 1997b). There
have been reports showing CTD has direct contacts on 3" processing factors, including
mammalian CstF p50 and yeast Ptal, Rnal4, and Pcf11 (Bentley, 2002).

As the pre-mRNA is progressing through the processing procedures, it is bound
by processing factors and a variety of RNA binding proteins. Some of these proteins
remain associated with the processed mRNA to form export-competent messenger
ribonucleoprotein particles (mRNPs) followed by export to the cytoplasm. The aberrant
mRNAs that fail to form a proper mRNP are degraded in the nucleus. mRNPs move to
the cytoplasm by passing through nuclear pore complexes(NPC), a large protein complex
located in the nuclear membrane and serves as the channel to connect the nucleoplasm
and cytoplasm (Cole and Scarcelli, 2006b). The procedure of mRNA export involves the
association of carrier to the mRNP cargo, translocation of the carrier:mRNP complex
through the nuclear pore, and release of the mRNP from the carrier into the cytoplasm
(Stewart, 2007). The mRNA export primarily utilizes a heterodimer Mex67:Mtr2
(TAP:pl5 in higher eukaryotes) heterodimer as the mRNP carrier (Stewart, 2007).
Mex67 interacts with poly(A) mRNAs and the mutation of Mex67 resulted in
accumulation of the poly(A) mRNAs in the nucleus (Reed and Hurt, 2002; Segref et al.,
1997). The translocation of the carrier:cargo complex through NPC initiates by the
interactions between Mex67:Mtr2 and NPC components FG-nucleoporins (Braun et al.,
2002; Rodriguez et al., 2004; Stewart, 2007). It has been hypothesized that the mRNPs
are pulled through the NPC by the assistance of an ATPase. A supporting finding is that

binding of an ATPase, Dbp3, to the cytoplasmic side of NPC, is required for mRNA



export (Cole and Scarcelli, 2006a; Schmitt et al., 1999). It has been reported the Dpb5 is
also responsible for release of mRNP cargo from the Mex67:Mtr2 (Lund and Guthrie,

2005) .

Nuclear mRNA turnover

In higher eukaryotes, the introns in RNAP II produced pre-mRNAs are much
longer than the exons and represent approximately 90% of nucleotides (Moore, 2002).
After splicing, the majority of the removed intron RNA is degraded by exonucleases and
recycled to the mRNA biogenesis machinery (Moore, 2002). However, the detailed
mechanism of this exonucleolytic decay remains unclear. The remaining exon containing
sequences are subjected to surveillance mechanisms to eliminate aberrant mutants or mal-
processed pre-mRNAs to ensure the quality of mRNA to be exported to the cytoplasm.

The nuclear mRNA decay mechanism has been best characterized in yeast
Saccharomyces cerevisiae. Most of the degradation activities of nuclear mRNA is
carried out by the nuclear exosome, a complex of 3'-5" exonucleases and accessory
factors (Mitchell and Tollervey, 2000b; van Hoof and Parker, 1999). The nuclear
exosome is required in vivo for the degradation of normally processed mRNA (Das et al.,
2003; Kuai et al., 2005), unspliced pre-mRNA (Bousquet-Antonelli et al., 2000), and
incompletely processed mRNA (Burkard and Butler, 2000). Despite the abundance of
the RNA substrate in vivo, the purified exosome displays weak activities in vitro.
Interestingly, the individually purified exosomal component, Rrp44p, shows highly
processive activities (Mitchell et al., 1997). These results suggest that the exosome in a

cell is relative inactive as a default state and requires extra cofactors to reach the full



activated state. Indeed, several factors have been identified that can activate the exosome
on certain types of substrates: a nuclear RNA binding protein Nrdl was identified to
recruit the exosome and facilitate degradation of target RNAs (Vasiljeva and Buratowski,
2006). In addition, a nuclear polyadenylation complex, termed TRAMP, was identified
to promote nuclear exosomal activities (LaCava et al., 2005; Wyers et al., 2005).

In addition to 3'-5" exonucleolytic decay by exosome, there is also evidence for
5’-3’exonucleolytic decay in the nucleus. Ratlp is a 5’-3" exonuclease located in the
nucleus (Fang et al., 2005; Johnson, 1997), which shares considerable homology with its
cytoplasmic counterpart Xrnl (Amberg et al., 1992). Ratl is involved in the degradation
of nuclear pre-mRNA (Bousquet-Antonelli et al., 2000), as well as the normal processed
mRNA (Das et al., 2003). It is also involved in the processing of rRNA precursors
(Geerlings et al., 2000; Henry et al., 1994), snoRNA maturation (Petfalski et al., 1998),
and mRNA trafficking, as nuclear poly (A)" RNA accumulates in intranuclear spots in
temperature sensitive ratl-1 cells at restrictive temperature (Amberg et al., 1992).

As discussed at the beginning, the 5" end of a fully processed RNAP II transcript
is modified by an m’GpppN cap structure, and further protected by the CBC cap binding
protein. A poly(A) tail is added to the 3" end and further bound by the poly (A) binding
proteins. Therefore, in order for the 3°-5" exonuclease exosome and 5°-3" ratl to gain
access to the RNA body for degradation, the 5" and 3" ends have to be deprotected.
Unlike the cytoplasmic decapping events, the nuclear decapping mechanism is largely
unknown. Two cytoplasmic decapping proteins, Dcp2 and DcpS are also present in the
nucleus (Liu et al., 2004), suggesting they are also responsible for the nuclear cap

removal. Other than Dcp2 and DcpS, a small nucleolar RNA (snoRNA)-binding protein



in Xenopus, X29, as well as its human homolog, have also been demonstrated to be able
to hydrolyze the m’GpppN and m2’2’7GpppN cap structure on U8 snoRNA and other
mRNAs in vitro (Ghosh et al., 2004). The ability of X29 to remove the cap on U8
snoRNA suggests that X29 serves as a negative regulator on U8 snoRNA. U8 snoRNP
has been demonstrated to be essential for processing of both 5.8S and 28S rRNA (Peculis
and Steitz, 1993), thus the rate of rRNA biogenesis is indirectly regulated by the
decapping of U8 snoRNA by X29. A complex of Lsm proteins, Lsmlp-7p, has been
well characterized as an activator of cytoplasmic decapping in the 5" to 3" pathway
(Boeck et al., 1998; Bouveret et al., 2000; Tharun et al., 2000). Similarly, nuclear
decapping has been demonstrated to be stimulated by the LSM2-8p complex (Kufel et al.,
2004), indicating a conserved regulating mechanism of cytoplasmic and nuclear
decapping.

Prior to the degradation of the RNA body by exonucleases, the poly(A) tail of an
mRNA has to be removed (deadenylation) prior to the degradation of the RNA body by
the 3’-5" or 5°-3" exonucleases. Although the cytoplasmic deadenylation has been well
documented (Meyer et al., 2004; Newbury, 2006), the mechanism of nuclear
deadenylation remains unclear. The identified deadenylases or deadenylase complexes
include Pan2:Pan3 and Ccr4:Pop2 in yeast and mammal, and PARN in mammals
(Garneau et al., 2007; Meyer et al., 2004). To date, although genetic data suggest that
Ccrdp and Pop2p also have nuclear roles (Collart, 2003), nuclear deadenylase activity of
these factors has not yet been demonstrated. Recently, an unconventional CCR4:Caf1
complex was found to be located in the nuclear Cajal bodies in human Hela cells,

suggesting its deadenylation role in nuclear mRNA decay (Wagner et al., 2007).
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Overall, the purpose of nuclear mRNA degradation is to rid the spliced intron, as
well as to eliminate the aberrant mRNAs that are not properly processed. As for the
degradation of normally processed mRNA in the nucleus, the exonucleases are known to
play important roles and their mechanisms are extensively studied. However, the
mechanistic details as to the regulation of decapping and deadenylation, and the

interrelationships between these processes, still remain unclear.

Cytoplasmic mRNA decay

After a series of pre-mRNA processing events, mature mRNAs are exported to
the cytoplasm and serve as substrate for the translation machinery. The abundance of the
template mRNA is a critical determinant for the amount of protein produced. Since the
abundance of cytoplasmic mRNAs is the net result of their transport from the nucleus to
the cytoplasm and their degradation in the cytoplasm, regulation of mRNA degradation
plays an important role in the gene expression process. The stability of an mRNA
molecule is determined by a variety of cis elements on the mRNA itself, together with
many trans factors. The Cis elements include elements that are common to almost all
mRNAs, the 5° 7-methyl guanosine cap structure and the 3" poly(A) tail which protect
the RNA body against the 5" and 3" exonucleases respectively. mRNAs can also possess
specific cis elements and one of the best characterized are the AU-rich elements (Chen
and Shyu, 1995; Gingerich et al., 2004). The trans factors that determine the mRNA
stability include RNA binding proteins that interact with the cis elements and enzymes
that directly catalyze the degradation of the mRNA (Garneau et al., 2007; Guhaniyogi

and Brewer, 2001; Newbury, 2006; Parker and Song, 2004). These trans factors
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constitute distinct mRNA decay pathways to regulate mRNA degradation. Over the past
decades, most of the enzymes and many factors have been identified, and the complex
mRNA degradation mechanisms are being unraveled. Major mRNA decay pathways and

the interplay between them are discussed below.

Deadenylation dependent mRNA degradation

In eukaryotes, the majority of polyadenylated mRNA undergoes degradation by
the initial removal of the poly(A) tail, termed deadenylation (Decker and Parker, 1993;
Muhlrad et al., 1995). Following removal of the poly (A) tail, the unadenylated mRNA is
degraded by either a 5'-3" pathway or a 3'-5' pathway (Coller and Parker, 2004; Garneau
et al., 2007; Liu and Kiledjian, 2006). In the 5’-3' pathway, the 5’ cap is hydrolyzed by a
decapping enzyme complex Dcpl/Dep2 and the m’ GDP product is released (Beelman et
al., 1996; Dunckley and Parker, 1999; van Dijk et al., 2002; Wang et al., 2002). The
exposed mRNA 5’ end is subsequently degraded in the 5°-3" direction by the XRN1
exonuclease (Decker and Parker, 1994; Johnson, 1997). In the 3'-5" pathway, following
deadenylation, the unprotected 3" end is further degraded by cytoplasmic exosome in a
3’-5" manner (Wang and Kiledjian, 2001). The residual cap structure is then hydrolyzed
by a scavenger decapping enzyme DcpS (Dcsl in yeast) and the products m’Gp and ppN
are released (Liu et al., 2002; Wang and Kiledjian, 2001). The detailed discussion

regarding each step in these two major decay pathways are elaborated below.

Deadenylation
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Deadenylation is the initial and generally the rate limiting step in mRNA turnover
(Decker and Parker, 1993; Muhlrad et al., 1995; Parker and Song, 2004), although it
remains unclear how and when the deadenylation is triggered (Garneau et al., 2007).
Several deadenylases or deadenylase complexes have been characterized in yeast and
mammals. In yeast S. cerevisiae, the first deadenylase identified was the poly(A)
nuclease (PAN), which consists of the Pan2p and Pan3p subunits (Boeck et al., 1996;
Brown et al., 1996). Pan2p is the catalytic subunit of the complex and its activity is Mg*"
dependent (Lowell et al., 1992; Uchida et al., 2004). Deletion of the PAN2 or PAN3
genes does not affect the viability of yeast, and the bulk poly(A) is approximately 20
nucleotides longer in the deficient strains. Consistent with this result, cell extract
deficient for Pan2p and Pan3p polyadenylated the substrate RNA to anomalously long
and heterogeneous lengths (Boeck et al., 1996; Brown and Sachs, 1998; Brown et al.,
1996), suggesting an important role of PAN in the length control of the poly(A) tail. The
major deadenylase of yeast is the Ccrdp:Notp complex, which contains CCR4p and
Pop2p nucleases, as well as the accessory proteins Notl1-Not5p, Caf4p, Cafl6p, Caf40p,
and Cafl30p (Chen et al., 2002; Coller and Parker, 2004; Tucker M, 2002; Tucker M,
2001). PAN and Ccr4-Not deadenylases are conserved in mammals (Meyer et al., 2004).
Recently, it has been shown that deadenylation in mammalian cells displays a biphasic
kinetics. Using a f-globin reporter transcript, Yamashita et al. showed Pan2:Pan3
initiated deadenylation by removing about half of the A nucleotides in a relative slow and
synchronous manner. Following this event, the second deadenylase complex Ccr4:Not
continued the deadenylation and removed the rest of the A nucleotides in an

unsynchronized processive manner (Yamashita et al., 2005).
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In addition to the Ccr4-Not complex and PAN, a third deadenylase, the poly(A)-
specific ribonuclease, PARN, is present in some higher eukaryotes, including mammals,
some insects, plants and Xenopus laevis (Korner and Wahle, 1997). PARN is involved in
the deadenylation of maternal mRNAs in Xenopus laevis oocytes during maturation
(Korner et al., 1998), and it appears to be the main deadenylase in cytoplasmic extract in
various cell lines (Gao et al., 2000; Milone et al., 2004).

There appears to be interplay between deadenylases and cap as well as poly(A)
binding protein (PABP, Pabl in yeast). First, the knockdown of Dcp2 resulted in
accumulation of mRNA with 110nt poly(A) tail, indicating Dcp2 decapping occurs at the
second phase of deadenylation by Ccr4:Not (Yamashita et al., 2005). Second, the
processivity of PARN is enhanced by the presence of a 5” cap on the mRNA (Dehlin et
al., 2000; Gao et al., 2000; Garneau et al., 2007; Martinez et al., 2001). Moreover,
Pan2:Pan3 activity has been shown to be enhanced by PABP both in yeast and mammals
(Boeck et al., 1996; Uchida et al., 2004). In contrast, the activities of both Ccr4 and
Dcp2 are inhibited by PABP (Khanna and Kiledjian, 2004; Tucker M, 2002). Yamashita
et al. proposed that PABP stimulates the Pan2:Pan3 activities and inhibits Ccr4 and Dcp2
activities at the initial stage of deadenylation. During this period of time PABP
molecules would gradually dissociate from the poly(A) tail thus allowing Ccr4 and Dcp2

to exert mRNA degradation (Miihlemann, 2005; Yamashita et al., 2005).

Decapping
Eukaryotic mRNAs possess a 5" end 7-methylguanosine cap structure, connected

to the first nucleotide of the mRNA through a non-typical 5°,5" pyrophosphate linkage
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(Furuichi et al., 1975). This 5°-5" linkage renders the mRNA resistant to the attack by 5°
exonuclease. The cap structure plays important roles at various stages throughout the life
cycle of an mRNA molecule. For example, the cap structure is required for proper pre-
mRNA splicing (Edery and Sonenberg, 1985; Inoue et al., 1989; Konarska et al., 1984).
It also facilitates mRNA transport from nucleus to cytoplasm (Dargemont and Kuhn,
1992; Hamm and Mattaj, 1990; Izaurralde and Mattaj, 1995; Izaurralde et al., 1992;
Jarmolowski et al., 1994). After transport to the cytoplasm, the 5 cap structure is
recognized and bound by the transcription initiation factor, eIF4E, which is essential for
translation initiation (Muthukrishnan et al., 1975; Sonenberg, 1988). Ultimately, when a
given mRNA molecule is subjected to the decay machinery, one of the critical steps is the
removal of the 5" cap structure. Regulation of decapping is an important process, as
hydrolysis of the cap structure is irreversible and renders the mRNA susceptible to
exonucleases, leading to definitive and rapid decay of the remaining mRNA body (Coller
and Parker, 2004; Cougot et al., 2004; Simon et al., 2006).

To date, two major decapping enzymes have been identified. One is Dcpl/Dep2
decapping complex, which is responsible for the decapping in the 5-3"decay pathway.
The other one is the scavenger decapping enzyme, DcpS, which functions in the 37-5°
decay pathway. The biochemical and structural analysis of these decapping enzymes, as

well as the regulation of their decapping mechanisms are discussed below.

Dcp2
In normal mRNA decay, deadenylation leads to removal of the 5" cap by a

decapping enzyme Dcp2, therefore exposing the mRNA body to degradation by a 5°-3"
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exonuclease (Decker and Parker, 1993; Hsu and Stevens, 1993). The substrate for Dcp2
is the capped mRNA longer than 25 nucleotides (LaGrandeur and Parker, 1998; Steiger et
al., 2003). The recognition and hydrolysis of the cap structure requires an initial
interaction with the RNA moiety on the substrate (Piccirillo et al., 2003). The hydrolysis
of the 5" cap by Dcp2 yields the products m’GDP and a monophosphate terminated RNA
(van Dijk et al., 2002; Wang et al., 2002).

In S. cerevisiae, Dcp2p and Deplp form a decapping complex, in which Dep2p is
the catalytic subunit and Dcplp serves as an enhancer for Dcp2p decapping activity
(Coller and Parker, 2004; She et al., 2006; Steiger et al., 2003). In higher eukaryotes,
there is a third adaptor component Edc4 (Hedls or Ge-1) which stimulates decapping
activity (Fenger-Gron et al., 2005; Yu et al., 2005). In addition to Dcpl and Edc4, other
Dcp2 activators have also been identified. The Lsml-7 protein complex, as well as
Patlp, Dhhlp and the Edclp, Edc2p, and Edc3p proteins, are also required for efficient
Dcp2 decapping in vivo (Coller and Parker, 2004). Also, Dcp2 can be negatively
impacted. PABP can inhibit Dcp2 activity in vitro (Khanna and Kiledjian, 2004; Wilusz
et al., 2001). The cap-binding protein eIF4E inhibits Dcp2 activity both in vitro and in
vivo (Caponigro and Parker, 1995; Khanna and Kiledjian, 2004; Ramirez et al., 2002;
Schwartz and Parker, 1999; Schwartz and Parker, 2000). More recently, a protein VCX-
A, that is implicated in x-linked nonspecific mental retardation, has also been shown to be
an inhibitor of Dcp2 (Jiao et al., 2006).

The Dcp2 proteins are members of a Nudix (nucleotide diphosphate linked to an
X moiety) hydrolase family. Nudix hydrolases contain a conserved Nudix motif, which

is a segment of 23 amino acid sequence, GXsEX;REUXEEXGU, where X stands for any
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residues and U denotes for hydrophobic residues (Koonin, 1993; Mejean et al., 1994) .
The Nudix hydrolases are widely distributed in nature in various eukaryotes and
prokaryotes, with diverse substrates including nucleoside triphosphates, nucleotide sugars,
coenzymes such as NADH, FAD, or CoA, cell signaling molecules such as dinucleoside
polyphosphates, and toxic metabolites such as ADP-ribose and toxic nucleotides
(Bessman et al., 1996). It has been proposed that many Nudix proteins fulfill a
physiological role to hydrolyze substrates that might be hazardous to cells, or to prevent
the unbalanced accumulation of the substrates that are normal metabolites (Bessman et al.,
1996). The structure of a Nudix protein, ADP-ribose pyrophosphatase reveals that Nudix
motif is located in a larger Nudix fold, which consists of two [B-sheets sandwiched
between o-helices and functions as a cation-binding and catalytic site (Gabelli et al.,
2001). Residues in the Dcp2 Nudix motif are required for catalysis, as mutations abolish
the hydrolase activity (Dunckley and Parker, 1999; van Dijk et al., 2002; Wang et al.,
2002). Similar to other Nudix proteins, Dcp2 requires cations, preferentially Mn*", as a
cofactor for its decapping activity (Piccirillo et al., 2003).

In addition to the Nudix motif, there are at least two other conserved motifs in
Dcp2 proteins (Wang et al., 2002). The first is Box A that precedes the Nudix fold and
the second is Box B that is carboxy-terminal to the Nudix fold. Biochemical analysis
revealed that the Nudix motif and the Box B were required for Dcp2 activity in vitro.
The Box A was not absolutely required for the decapping activity in vitro but was a part
of a N terminal region which was indispensable for the Dcp2 activity in vivo (Piccirillo et
al., 2003; She et al., 2006). Recently, the structure of a C terminally truncated

Schizosaccharomyces pombe Dcp2 has been resolved and it revealed a distinct N terminal
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domain consisting of helices and a C-terminal domain that contained a classic Nudix fold
(She et al., 2006). Consistent with the biochemical analysis results, the structural
analysis revealed that B box is an essential component of the o/p/a-sandwich Nudix fold
(She et al., 2006). Further biochemical analysis revealed that the N terminus, which
encompasses the Box A, served as the binding site for Dcpl (She et al., 2006), consistent

with the fact that the N terminus was indispensable for the decapping activity in vivo.

DcpS

The scavenger decapping enzyme, DcpS (Dcs1 in yeast), is the decapping enzyme
responsible for the hydrolysis of the residual capped oligo nucleotide following the 3°-5"
degradation by the exosome. DcpS activities were first identified from the Hela cell
extracts over thirty years ago (Nuss et al., 1975) , and the DcpS protein was subsequently
purified (Kumagai et al., 1992; Liu et al., 2002) and cloned (Liu et al., 2002). The major
difference between DcpS and Dcp2 is that, DcpS acts on a free cap dinucleotide
m7GpppN or capped oligo nucleotides containing less than 10 nucleotides and the
cleavage product is m’Gp. The Dcp2 substrate is capped-RNA containing at least 25
nucleotides (LaGrandeur and Parker, 1998; Steiger et al., 2003) and the cleavage product
is m’GDP. Similar to Dcp2, DepS has a distinct hydrolase motif, termed HIT (histidine
triad) motif, and therefore is characterized as a member of the HIT protein superfamily.
The members of HIT superfamily are nucleotide hydrolases and transferases, all of which
possess the conserved HUHUHUU HIT motif, where U denotes a hydrophobic amino

acid (Brenner, 2002; Brenner et al., 1999; Guranowski, 2000; Seraphin, 1992). The
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central histidine residue has been proposed to be critical for the hydrolase activity as it
serves as the nucleophile attacking the o phosphate in the substrate (Lima et al., 1997).

On the basis of sequence, substrate specificity, structure, evolution and
mechanism, HIT proteins are classified into the Hint (Histidine triad nucleotide-binding
protein) branch, the ancestral HIT protein consisting of adenosine 5’
monophosphoramide hydrolases, the Fhit (fragile histidine triad) branch, consisting of
diadenosine  polyphosphate  hydrolases, the  GalT  (Galactose-1-phosphate
uridylyltransferase) branch, consisting of specific nucleoside monophosphate transferases,
and Aprataxin, which is a DNA and RNA binding protein containing nucleotide
hydrolase activities (Brenner, 2002; Kijas et al., 2006). DcpS is classified as a novel HIT
protein branch based on a phylogenetic analysis (Kijas et al., 2006). Furthermore,
structural analysis of DcpS bound to cap substrate reveals an asymmetric open/closed
configuration (discussed in detail below), which is distinct from the structures of other
HIT proteins (Gu et al., 2004; Gu and Lima, 2005).

The structural analysis of DcpS in complex with cap substrates has provided
informative insights into its decapping mechanism. The co-crystallized DcpS enzyme
and cap substrate revealed that it is a dimeric enzyme, with a distinct domain swapped N
terminus and a C terminus linked by a flexible hinge (Gu et al., 2004). The DcpS dimer
displayed an asymmetric architecture, with a simultaneous productive closed
conformation formed at one protomer and a non-productive open conformation formed at
the other protomer, with each protomer bound by a cap substrate. Based on these
structural results Gu et al. proposed a dynamic decapping model where the N terminus of

DcpS flips back and forth for binding and hydrolysis of the cap substrate (Gu et al., 2004).
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Consistent with this model, the ligand free human and mouse DcpS exhibited a
symmetric open/open configuration (Chen et al., 2005; Han et al., 2005). The structure
data indicated the N-terminal domain in ligand-free DcpS was inherently flexible and in a
dynamic state ready for substrate binding and product release.

In summary, Dcp2 and DcpS are the decapping enzymes responsible for the 5°-3°
and 3°-5" decay pathways, respectively, with a distinct hydrolase motif in each of the
decapping enzyme. Numerous Dcp2 interacting proteins have been identified and the
regulatory mechanism has been well characterized. However, regulation of DcpS still
remains unclear. Future focus will be to identify the regulatory network of both Dcp2

and DcpS, as well as the interplay between the two regulatory decapping mechanisms.

Exoribonuclease activities

In the 5’-3" decay pathway, following decapping the mRNA body is degraded by
a 5" to 3’ exonuclease, Xrnl. Mutation within the Xrnl gene in yeast led to the
accumulation full-length mRNAs without a cap (Hsu and Stevens, 1993; Mubhlrad et al.,
1994). The enzyme was first characterized in yeast (Stevens, 1980), and the homolog
have also been characterized in mammals (Bashkirov et al., 1997), flies (Till et al., 1998),
and worms (Newbury and Woollard, 2004). The preferable substrate for Xrnl is the
RNA carrying a 5" monophosphate, and the digestion product are 5° NMPs (Stevens,
1980).

Although it has been considered to be one of the least regulated steps of mRNA
decay, there are several examples showing that the 5" to 3" exoribonuclease degradation

step is a regulated step. First, the mutation of eIF5A blocked the 5" exoribonucleolytic
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activity following decapping (Zuk and Jacobson, 1998). Second, accumulation of pAp in
cells, implicated in lithium toxicity, resulted in the inhibition of Xrnlp exoribonuclease
activity (Benard, 2004; Dichtl et al., 1997). Third, the expression of Xrnl is
developmentally controlled in flies and worms (Newbury and Woollard, 2004; Till et al.,
1998). Fourth, disruption of yeast DcpS homolog, Dcsl, repressed the decay rate of
some mRNAs by impeding the 5 exonucleolytic decay step (Liu and Kiledjian, 2005).
The exonucleolytic decay step in the 3'-5" pathway is carried out by the RNA
exosome (Jacobs et al., 1998; Mitchell et al., 1997), a 10-12 subunit complex that is
present both in the nucleus and the cytoplasm. The components of exosome were first
identified in yeast (Allmang et al., 1999b; Mitchell et al., 1997). The nuclear and
cytoplasmic exosome share 10 common components, and they differ by the presence of
Ski7 GTPase in cytoplasmic exosome, and the RNase Rrp6 as well as the putative nucleic
acid binding protein Rrp47 in the nuclear exosome (Houseley et al., 2006). Other than
wild type mRNAs, mRNAs with structural defects are also known as substrates of
exosome. mRNAs with premature translational termination codons or mRNAs that lack
the termination codon are degraded rapidly by the exosome (Frischmeyer et al., 2002;
Lejeune et al., 2003; Mitchell and Tollervey, 2003; van Hoof et al., 2002). As discussed
in the earlier paragraphs, exosome is relatively inactive as a default state and it requires
cofactors to enhance its activities. The best characterized cytoplasmic exosome
activators are the complexes formed by Ski7, Ski2, Ski3 and Ski8 proteins (Araki et al.,

2001; van Hoof et al., 2000). In addition to participating in mRNA 3" to 5° decay, the

Ski protein complexes are also involved in the degradation of mRNAs containing a
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premature termination codon or those that lack termination codon altogether (Mitchell

and Tollervey, 2003; van Hoof et al., 2002).
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Materials and Methods

Plasmid constructs

Plasmids expressing amino terminal histidine-tagged recombinant proteins for
DcpS (pET28-DcpS), Deslp (pET28-Dcesl formerly called pET28 yDcpS), and Dcs2p
(pET28-Dcs2, formerly pET28-YOR173W) have been described (Liu et al., 2002). The
pET28-Dcs1/2 encodes a chimeric protein containing amino acids 1-210 of Dcslp and
254-397 of Dcs2p. It was generated by replacing the BamH I to Pvu I fragment of
pET28-Dcs2 with the corresponding fragment of pET28-Dcsl. The pET28-Dcs2/1
plasmid encodes a chimeric protein containing amino acids 1-253 of Dcs2p and amino
acids 211-350 of Dcslp. It was generated by replacing the BamH I to Pvu I fragment of
pET28-Dcs1 with the corresponding region of pET28-Dcs2.

The plasmid pET28-Des1*™* encoding Des1p amino acids 41-350 was generated
by PCR amplification of sequences corresponding to these amino acids with a primer set
introducing a BamH I site on the 5’ end and an Xho I site at the 3’ end of the PCR product
(5'-AGTGGATCCGCTATTATCACGGCTGAAAAG-3' and
5'-CAGCCCTCGAGTTATTTAAAACCGTTCAC-3"). The PCR product was digested
with BamH I and Xho I and inserted into the same sites of pET28a (Novagen). The
plasmid pET28-Dcs1*™!, encoding Dcslp amino acids 82-250, was generated by
digesting the pET28-Dcs1 plasmid with Nhe I and EcoR I, the ends filled in with Klenow

fragment and self-ligated. The plasmid pET28-Dcs12“*®, which encodes Dcslp amino
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acids 1-284, was generated by digesting the pET28-Dcs1 plasmid with Sac II and Xho 1,
the ends filled in with T4 DNA polymerase and self-ligated.

The plasmid pET28-DcpSAN33 encoding DcpS amino acids 34-337 was
generated by PCR  amplification  using the  forward  primer, 5'-
ATTGGATCCAATGGTACCTGTGCTCCTGTC-3" and the reverse primer, 5'-
TCTCGAGTCAGCTTTGCTGAGCCTCCTG-3" and inserted into pET28a as described
for pET28-Dcs1AN40. The plasmid pET28-DcpSAN71, which encodes DcpS amino
acids 72-337, was generated by digesting pET28-hDcpS with Nde I and Stu I. The
resulting ends were filled in with Klenow fragment and self-ligated. The pET28-DcpS1—
274 plasmid encoding DcpS amino acids 1-274 was generated by PCR with the
following primers, 5-AGGATCCCGCCTCCGCGGCAGCATG-3" and 5'-TTACTC
GAGGTAGTAGGAGGGCAGGTAGTG-3' that introduce a BamH I and Xho I site,
respectively. The PCR product was cloned into the same sites of pET28a. The plasmid
pET-DcpSH277N expressing the HIT mutant protein DepS™' which substitutes an
asparagine for the active site histidine at position 277 was described (Liu et al., 2002).
All of the above pET28a-based plasmids produce a recombinant protein containing a
histidine-tag at the amino terminus.

Plasmids expressing DcpS or its truncations that lack a tag were generated by
PCR amplification of either full-length DcpS or DcpS sequences from amino acids 1-147
and 149-337 and inserted into to the pSMT3 TOPO directional vector (Mossessova and
Lima, 2000) to generate the plasmids pSMT3-hDcpS, pSMT3-hDcpS(1-147), and
pSMT3-hDcpS(149-337), respectively. The murine elF4E protein expression plasmid

pET28-elF4E was constructed by removal of the elF4E coding region with BamH I and
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Xho T from the pPROEX-melF4E plasmid (kindly provided by A.C. Gingras and N.
Sonenberg, McGill Univ.) and inserted into the same sites of pET28a. The pGEX-
mDAZL plasmid encoding the glutathione S-transferase (GST)-mDAZL fusion protein
has been described (Jiao et al., 2002).

The pcDNA3-Flag-DcpS plasmid which expresses Flag-tagged DcpS in
mammalian cells was constructed by inserting the DcpS open reading frame flanked by a
BamH I site at the 5° end and an Xho I site at the 3" end into the pcDNA3-Flag (Fenger-
Gron et al., 2005) vector. pcDNA3-Flag-DcpS** was derived from pcDNA3-Flag-DcpS
by using site-directed mutagenesis (Stratagene) to delete amino acids 10-13 in DcpS open
reading frame. The DcpS-specific ShRNA expression plasmid, pSHAG1-puro-DcpS1
was generated by inserting an annealed primer set 5' GTGCTGTAGATATCATTGGAG
AACTGCAGAAGCTTGTGCAGTTCTCCAATGATATCTACAGCACCTATTTTTT 3'
and 5' GATCAAAAAATAGGTGCTGTAGATATCATTGGAGAACTGCACAAGCTT
CTGCAGTTCTCCAATGATATCTACAGCACCG 3' into the BseR I and BamH I sites
of the pSHAGI-puro vector (Paddison et al., 2002) modified by the addition of a
puromycin selection marker to the pPSHAGI plasmid. The pSHAG] construct was kindly
provided by Dr. Gregory J. Hannon (Cold Spring Harbor Laboratory).

The Flag-tagged DcpS expression plasmid, pcDNA3-FlagDcpS-2, was
constructed by inserting DcpS open reading frame (ORF) with a Flag tag fragment at the
5’ end into the Nco I/Xho I sites of pcDNA3 vector (Invitrogen). Plasmids expressing a
series of double-tagged homo- and heterodimer proteins were generated by inserting two
tagged wild-type or mutated DcpS ORFs into the two multiple cloning regions of the

commercial  plasmid  pETDuet-1  vector (Novagen). Plasmid pETDuet-
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1HisDcpS" "FlagDepSY' was constructed by inserting the Nco I(Klenow filled)/Xho I
restriction fragment from pcDNA3-FlagDcpS-2, as well as the Nco I/Xho I (Klenow
filled) restriction fragment from pET28-DcpS (Liu et al., 2002), into the ECOR V/Xho I
sites and Nco I/EcoR I(Klenow filled) sites in pET-Duet-1, respectively. Plasmids
pETDuet-1HisDcpS™*NFlagDepS™'  and  pETDuet-1HisDcpS™ ' **FlagDepS™N''**,
which express DepS™ "M and DepS™ ™™™ respectively, were constructed in a similar
way, except with the indicated mutated sites introduced into the DcpS ORF. The
mutagenesis of DcpSH277N was described in (Liu et al., 2002). The mutagenesis of
N110A and WI175A was carried out using the QuikChange mutagenesis system
(Stratagene) with the primer sets 5’-CTC CAA TTG CAG TTC TCC GCT GAT ATA
TAC AGC ACC TAT C-3’, 5’-GAT AGG TGC TGT ATA TAT CAG CGG AGA ACT
GCA ATT GGA G-3’, and 5’-CAG AGC CTC AGC ATC CAG GCG GTG TAT AAC
ATT CTC GAC-3’, 5-GTC GAG AAT GTT ATA CAC CGC CTG GAT GCT GAG
GCT CTG-3’, respectively.

The single tagged homodimer proteins His DcpS ™™™ and Flag DcpS™e!"
used in Fig 13C contain N110A and W175A double mutations. They were expressed
from plasmids pET28-DepS™ W14 and pcDNA3 Flag DepSN'OAWIA - respectively.
These two plasmids were generated by introducing the N110A and W175A mutations
into the plasmids pET28-DcpS and pcDNA3 Flag DcpS-2 using the primer sets described

above.

Recombinant protein expression and purification
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Recombinant proteins expressed from the pET28 vectors were generated in E. coli

BL21(DE3) cells. Following transformation, a single colony was grown in LB

containing 50 pg/ml kanamycin to an optical density at 600 nm (ODggp) of 0.6 and

induced for 3 hours with 0.4 mM isopropyl-B-D-thiogalactopyranoside (IPTG) at 30°C.
The overexpressed protein was purified according to the instructions of the manufacturer
(Novagen), except that 300 mM urea was included in the binding buffer. Protein eluted
from the nickel column was dialyzed against PBS (0.14 M NaCl, 2.7 mM KCl, 1.5 mM

KH,PO4, 8.1 mM Na,HPO,4, pH 7.4) and concentrated by Centricon centrifugal filter

AC285 1-274
1 S

columns (Amicon). The Dcs and Dcp proteins were purified under denaturing
conditions with 4M urea according to the manufacturer’s instructions (Novagen) and
dialyzed against renaturing buffer (50 mM Tris-HCI, 500 mM L-arginine, 5 mM EDTA,
0.4% PEG 4000, 5 mM reduced Glutathione, 1 mM oxidized glutathione) overnight to
remove the urea. The renaturing buffer was subsequently replaced by PBS in a stepwise
manner by concentration using Centricon centrifugal filtration. The GST-mDAZL
protein was purified by glutathione beads as described (Jiao et al., 2002) except that 300
mM urea was included in the binding and wash buffer.

Recombinant proteins used in Fig 3, 4, 6, 7, 9C, 14C are kind gifts from Dr. Chris
Lima (Sloan-Kettering Institute). They were expressed from the pSMT3 vector in E. coli
BL21 (DE3) CodonPlus RIL cells (Novagen). Proteins were initially purified by metal-
affinity chromatography under native conditions and subsequently subjected to

proteolysis by Ulpl to remove the Hise-Smt3 tag (Mossessova and Lima, 2000). The

resulting proteins were further purified by gel filtration (Superdex 75, Pharmacia).
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Recombinant Flag DcpS is expressed from pcDNA3-flag DcpS in 293T cells and
purified using Anti-Flag M2 agarose beads (Sigma). 1 x 10 293T cells were transfected
with 120 pg pcDNA3-flag DcpS and incubated at 37°C, 5% CO, to allow transient
protein overexpression. Forty-eight hours posttransfection, cells were harvested and
washed with PBS and resuspended in sonication buffer (150 mM KCI, 20 mM Tris HCI
pH 7.9, 0.2 mM EDTA, 10% glycerol, 0.01% NP40) followed by sonication for 30
seconds. The cell debris were then spun down, and the supernatant was incubated with
300 pL pre-washed Anti-Flag M2 agarose beads at 4°C for 3 hours with mild shaking to
allow the Flag DcpS bind to the beads. The beads were then washed twice with 10 ml
wash buffer (300 mM KCI, 20 mM Tris HCI pH 7.9, 0.2 mM EDTA, 10% glycerol,
0.025% NP40). The bound Flag DcpS proteins were then eluted by 1 ml elution buffer
(wash buffer with 100 pg/ml Flag peptide, Sigma). The eluted proteins were
subsequently concentrated by Centricon centrifugal filter columns (Amicon).

The expression of double tagged recombinant homodimer and heterodimer
proteins was performed using the pETDuet-1 expression system. Plasmids pETDuet-1-
His-DepS/Flag-DepS, pETDuet-1-His-DepS™*""4/Flag-DepS, and pETDuet-1-His-DcpS-
WITSA /Flag-DepS™''** were used to transform BL21-CodonPlus(DE3)-RIPL competent
cells (Stratagene) according the the manufacturer’s instructions. A single colony was
picked and grown in two liters LB medium containing 100 pg/ml ampicillin and 20
ug/ml chlorenphenicol to 0.6 ODgy and induced with 0.2 mM IPTG at 30°C for 2-3
hours. The bacterial cells were then washed and resuspended in binding buffer (300 mM
urea, SmM imidazole, 500 mM NaCl, 20 mM Tris-HCI pH 7.9) and sonicated for three

times for 30 sec at 1 min intervals in ice. The cell debris was then spun down and the cell
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lysate containing the recombinant homo- or heterodimer proteins was subjected to a two-
column affinity purification procedure. The dimer protein was initially purified on a
nickel charged column for His tagged protein binding, according to the manufacturer
except 300 mM urea and 0.5% Triton X-100 was included in the binding buffer. The
bound His-tagged proteins were eluted in 1.5 ml elution buffer (500 mM imidazole,
500mM NaCl, 20 mM Tris-HCI pH 7.9) from the nickel column. The eluted proteins
were then slowly added into 15 ml Flag IP binding buffer (150 mM KCI, 20 mM Tris
HCI pH 7.9, 0.2 mM EDTA, 10% glycerol, 0.01% NP40) and incubated with 200 pl
prewashed Anti-Flag M2 agarose beads at 4°C for 3 hours with mild shaking to allow the
Flag tagged protein to bind to the beads. The bound proteins were then washed with
wash buffer and eluted as described for Flag DcpS proteins above. The eluted proteins
are His and Flag dual tagged homo- or heterodimers since they underwent both His and
Flag column procedures. They were subsequently concentrated by Centricon centrifugal
filter columns (Amicon).

The purified recombinant proteins used in Chapter I resolved in SDS-PAGE were
stained with Coomassie Blue. The proteins used in Chapter II resolved in SDS-PAGE

were stained with Sypro Ruby (Invitrogen).

Quantitation of the concentrations of recombinant proteins

The concentrations of recombinant proteins used in Chapter I were determined by
comparing the intensity of recombinant protein bands with the BSA protein bands with
known concentrations (New England Biolab) on a SDS-PAGE gel. The concentrations

of homo- and heterodimer DcpS proteins used in Chapter II were determined based on
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the measurement of their absorbance using spectrophotometry(Gill and von Hippel,
1989). The concentration of Flag-DcpS shown in Fig 11A was calculated based on the

equation below:

Azs() =€ C (Eq 1)

A280 is the absorbance of protein solution under UV light with wavelength 280
nM, € is the extinction coefficient of the protein under A280, and C represents the
concentration of protein solution. 10 pl protein solution was added into 990 pl 6M
Guanidine HCI solution and left at room temperature for 20 minutes for complete
denaturation of protein. Denatured protein was subsequently tranferred to a quartz
cuvette with a standard pathlength 10 mm, followed by A280 measurement by using a
spectrophotometer ( Bechman DU 640 spectrophotometer). The extinction coefficient €
was computed from the amino acid sequence of protein by using a EXPASY ProtParam
webtool (Gasteiger et al., 2005) provided on the website

http://ca.expasy.org/tools/protparam.html. The protein concentration was calculated from

Equation 1.

The homo-and heterodimer DcpS protein solutions shown in Fig 13B and Fig 14A
contain a co-purified protein with an approximate size 50 kD. This co-purified protein
was analyzed by mass spectrometry and its identity was confirmed as GroEL, a bacterial

chaperonin that functions in assisting folding of nascent polypeptide (Sigler et al., 1998).
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The measured A280 represents a combined absorbance from both the DcpS protein and
the co-purified GroEL. Therefore, both DcpS and GroEL were taken into account in the

calculation of DcpS concentrations using the equation below:

A280 = €5 Cs+ €g Cq (Eq 2)

A280,0141 1 the absorbance of the protein solution containing both the DcpS dimer
and GroEL. € and Cs represent the extinction coefficient and concentration of DcpS,
while €g and Cg represent the extinction coefficient and concentration of GroEL. The
concentration ratio of DcpS dimer and GroEL, Cs/Cg, was then obtained by comparing
the intensity of bands using the software ImageQuant 5. The obtained ratio was

integrated into Equation 2 and the concentration of the DcpS dimer, Cs, was calculated.

Generation of labeled RNA and cap structures

Unlabeled, uncapped RNA corresponding to the pcDNA3 polylinker spanning
from the SP6 promoter to the T7 promoter (pcP) with 16 guanosines at the 3’ end was
transcribed by SP6 RNA polymerase from a PCR-generated template using the primers
5'-CGATTTAGGTGACACTATAG-3' and 5'-CCCCccceecce
CCCCCCCGTAATACGACTCACTATAGGG-3'. Cap labeled RNA was generated with
the vaccinia virus capping enzyme utilizing a-**P GTP and S-adenosyl-methionine (SAM)
to label the first phosphate within the cap relative to the methylated guanosine
(m7G*pppG-) and the RNA gel-purified as described (Wang et al., 1999). Labeled cap

structure without the RNA body was generated by treating the cap-labeled RNA with 1
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unit Nuclease P1 (Roche) for 1.5 h at 37°C to hydrolyze the RNA body leaving the intact
cap structure as described (Wang and Kiledjian, 2001). Uniformly labeled uncapped
RNA was generated with SP6 RNA polymerase using o->*P UTP according to the

manufacturer (Promega).

In vitro decapping assays

Decapping assays shown in Fig 1B, Fig 2B and 2D, Fig 3, Fig 6, Fig 7A, Fig 8,
and Fig 9B were carried out with the indicated substrate and recombinant proteins in
IVDA buffer (10 mM Tris pH 7.5, 100 mM KOAc, 2 mM MgOAc, 2 mM DTT, 10 mM
creatine phosphate, 0.1 mM spermine) for 15 min at 37°C. For the decapping assays
shown in Figure 9B, the labeled cap structure was pre-incubated with the His-eIF4E
protein for 10 min, followed by the addition of DcpS and an additional 10-min incubation
at 37°C. Decapping reactions were terminated by extracting once with
phenol:chloroform (1:1). An aliquot of each reaction was spotted onto PEI-cellulose
TLC plates (Sigma) that were prerun in H,O and air dried, and the products were
developed with 0.45 M (NH4),SO4 at room temperature. The TLC plates were air dried
and exposed to Kodak BioMax film or Phosphoroimager for quantitation. All
quantitations were conducted with a Molecular Dynamics Phosphoroimager (Storm860)

using ImageQuant 5 software.

Quench-flow decapping assay and data analysis
Decapping assay in Fig 13C was carried out with the indicated monomer

concentrations of proteins and 200 nM unlabeled cap structure (New England Biolab)
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spiked with hot cap structure in decapping buffer (10 mM Tris pH 7.5, 100 mM KOAc, 2
mM MgOAc, 2 mM DTT) for 30 sec at room temperature. Decapping reactions were
terminated by 1.7N formic acid. An aliquot of each reaction was spotted onto PEI-
cellulose TLC plates (Sigma) that were prerun in H,O and air dried, and the products
were developed with 0.45 M (NH4)>SO;4 at room temperature. The TLC plates were air
dried and exposed to Phosphorlmager for quantitation. All quantitations were conducted
with a Molecular Dynamics Phosphorimager (Storm860) using ImageQuant 5 software.
The decapping assays in the rest of the Figures in Chapter II were carried out on a
rapid quench-flow instrument (KinTek Corp., Austin, TX) at 25°C. DcpS protein in
decapping buffer was loaded into one syringe of the quench-flow apparatus. The cold
cap substrate spiked with **P-labeled cap substrate was loaded in a second syringe. The
reactions were initiated by rapidly mixing equal volumes of solutions from both syringes.
After the mixtures of enzyme and substrate were incubated for indicated amounts of time,
the reactions were quenched by 2.3N formic acid added from a third syringe. An aliquot
of each reaction was spotted onto TLC plates, developed, dried and exposed to
Phosphorlmager and quantitated as stated in previous paragraph. The kinetics in Fig 11C,
Figl12B, Fig 13F were fit to Equation 3 using SigmaPlot 10.0 software (Systat Software,

Inc.)

Y=Y +A(1-exp(-KT)) (Eq 3)

Y is the fraction of generated product m’Gp over total substrate; Y, is the

interception representing the fraction of background m’Gp hydrolyzed from the input
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substrate in the absence of enzyme; A is the maximal decapping rate. Decapping rate is
defined as the fraction of substrate converted to products by the enzyme. K is the rate
constant, and T represents the reaction time.

The concentrations of product generated by enzymatic hydrolysis were plotted

against enzyme concentrations in Figl E. The data were fit to a hyperbola with Equation

4,

A =Y, + Ao[E]/(Kd+[E]) (Eq 4)

A is the concentration of product generated by enzymatic hydrolysis. Yy is the
interception, and Ay is the highest amount of substrate converted to product. E represents
the enzyme concentration, and Kd is the dissociation constant.

WT/HIT
S

The kinetics of Dcp under single turnover conditions in Fig 14E was fit to

Equation 5.

Y=Y +A(1-exp(-KT))+B(1-exp(-CT)) (Eq5)

Y, Yo, A, and K represent the same parameters as that of Equation 3.

Electrophoretic mobility shift assay (EMSA)
EMSAs were carried out by incubating proteins with labeled cap structure or
capped RNA in RNA binding buffer (RBB; 75 mM KCI, 10 mM Tris HCI, pH7.5, 1.5

mM MgCl,, and 0.5 mM DTT) containing 4pg heparin and 40 units RNase inhibitor
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(Promega) per reaction on ice for 15 min. The resulting protein—cap or protein—RNA
complexes were resolved on a 5.6% native polyacrylamide gel. The gel was dried and

exposed to Kodak BioMax film.

Filter binding assays

Filter binding assays were carried out with an increasing concentration of DcpS™
incubated with **P-labeled cap structure or **P cap labeled RNA similar to that described
for the EMSAs above. Following the binding reaction, the samples were filtered through
0.2 uM nitrocellulose filters (Millipore) prewashed with RBB to retain the protein—cap or
protein—RNA complexes. The filters were subsequently washed twice with 2 mL ice-
cold RBB to remove the nonspecifically bound labeled cap or capped RNA. The filters
were air dried, and the amount of bound complex was determined by a liquid scintillation
counter. The values were corrected by subtracting the background counts obtained from
negative control reactions containing only the **P-labeled substrate. The values for the
bound cap-DepS™' complex were plotted relative to DepS™' concentration, and apparent
dissociation constants were determined as the concentration of protein at which 50% of

cap was bound (Wilson and Brewer, 1999). The average of three independent

experiments is reported.

UV-crosslinking
His-eIF4E was pre-incubated with **P-labeled cap structure in IVDA buffer on ice
for 10 min, followed by addition of His-DcpS™ for an additional 10-min incubation on

ice. The samples were then covalently crosslinked by exposure to a 15 W germicidal UV
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lamp for 10 min. Following crosslinking the samples were resolved by 12.5% SDS-

PAGE and visualized by autoradiography.

Cell culture and transfections

Human HEK293T cell lines were grown in DMEM (Invitrogen) supplemented
with 10% fetal bovine serum, penicillin-streptomycin, and fungizone under 5% CO:2 at
37°C. Cells were grown in the growth media containing 100 pg/ml G418. All
transfections were carried out using Lipofectamine 2000 (Invitrogen) according to the
manufacturer instruction, except the transfection mixtures were added to the cells
prewashed with PBS and incubated at room temperature for 15 minutes, followed by
addition of the normal growth media. The HEK293T cell line stable transfectants
expressing a shRNA targeting DcpS or expressing empty pSHAGI1-puro vector were
generated by transfecting pSHAGI1-puro-DcpS1 or pSHAGI-puro empty vector,
respectively. After 48 hours of transfection, 500pg/ml G418 and 3pg/ml puromycin were
included in the cell culture for selection. Clonal cell lines were isolated by plating the
population into a 96 well plate such that only one colony grows in a single well under
puromycin selection. The colony with the most efficient DcpS protein level knockdown

was expanded and used.

Dual Luciferase Assay
293T DcpS knockdown cell line expressing the shRNA against DcpS, or 293T
control cell line expressing the shRNA vector construct were transfected with the

pcDNA3.1-IRES-RF renilla and luciferase dicistronic reporter plasmid with either
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pcDNA3-Flag-DcpS or pcDNA3-Flag vector co-transfected. Cells were harvested 36
hours posttransfection and washed with PBS and the cells were lysed in the lysis buffer
provided by the Dual Luciferase Kit (Promega). Cells were then frozen at -80°C for 10
minutes followed by thawing at 37°C. The cell debris was then spun down and the
cleared cell lysate was subsequently used in a dual luciferase assay according to the
instruction provided by the manufacturer (Promega). Luciferase activities were measured

using the GLOMAX 20/20 (Promega, Madison) luminometer.

Western analysis

Protein samples were resolved on 12.5% sodium dodecyl sulfate (SDS) gels and
transferred to nitrocellulose membrane (Bio-Rad) using a semi-dry transfer apparatus.
The endogenous DcpS and exogenous Flag DcpS were probed by a rabbit polyclonal
DcpS antiserum, and the endogenous Dcp2 was probed by an affninity purified rabbit
polyclonal anti-Dep2 antibody. The affinity purification of the Dcp2 polyclonal antibody
was carried out by using a Hitrap column (Pharmacia) conjugated with His-Dcp2
recombinant protein. The blots were then probed with goat anti-rabbit secondary
antibodies conjugated with peroxidase (Jackwon Immuno Research), and visualized by

Amersham ECL Western blotting Detection Reagents (GE Healthcare).
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Chapter I: Functional Analysis of mRNA Scavenger Decapping

Enzymes

Summary

Eukaryotic cells primarily utilize exoribonucleases and decapping enzymes to
degrade their mRNAs. Two major decapping enzymes have been identified. The hDcp2
protein catalyzes hydrolysis of the 5" cap linked to the RNA polynucleotide, whereas the
scavenger decapping enzyme, DcpS, functions on a cap structure lacking the RNA body.
DcpS is a member of the histidine triad (HIT) family of hydrolases and catalyzes the
hydrolysis of m7GpppN. HIT proteins are homodimeric and contain a conserved 100-
amino-acid HIT fold domain in each protomer, with an independent active site that is
sufficient to bind and hydrolyze the substrate. We carried out a biochemical
characterization of the DcpS enzyme and demonstrate that unlike other HIT proteins,
DcpS requires both the core HIT fold at the carboxyl-terminus and sequences at its
amino-terminus for cap binding and hydrolysis. Interestingly, DcpS can efficiently
compete for and hydrolyze the cap structure in vitro in the presence of excess ¢IF4E, a
cytoplasmic cap binding protein and also an essential translation initiation factor. This in
vitro finding implies that DcpS could function to scavenge the accumulated 3" to 5 decay
product, the cap structure, which would otherwise sequester eIF4E and in turn interfere
with the e[F4E mediated translational events. Consistent with this in vitro finding, the

knockdown of DcpS in cells reduced the relative cap-dependent translation of a reporter
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transcript by 40%, supporting the hypothesis that DcpS functions to control the global

concentration of accumulated 3°-5"decay decay product, the cap structure.
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Introduction

Turnover of mRNA is a regulated process that influences gene expression. The
major mRNA degradation pathways in eukaryotes involve exonucleolytic decay initiated
by deadenylation that is followed by either a continuation of 3" to 5" decay and
decapping, or decapping and subsequent 5 to 3" decay (Parker and Song, 2004). The
scavenger decapping enzyme, DcpS in human and Dcslp in Saccharomyces cerevisiae,
hydrolyzes the resulting cap structure following decay by the 3" to 5'decay pathway (Liu
et al., 2002). Hydrolysis of capped mRNA primarily involves the Dcp2 protein in
mammalian cells (Lykke-Andersen, 2002; van Dijk et al., 2002; Wang et al., 2002) and

the Dcplp/Dep2p enzyme complex in yeast cells (Steiger et al., 2003).

Each decapping enzyme possesses a distinct hydrolase motif that is essential for
decapping. The Dcp2 protein contains a Nucleotide Diphosphate linked to an X moiety
(Nudix) hydrolase motif (Dunckley and Parker, 1999; van Dijk et al., 2002; Wang et al.,
2002), whereas DcpS contains a histidine triad (HIT) hydrolase motif required for its de-
capping activity (Liu et al., 2002). The Nudix motif was originally identified in a class of
hydrolase proteins and shown to be critical for pyrophosphatase activity (Koonin, 1993;
Mejean et al., 1994). A Nudix motif consisting of a 23-amino-acid consensus sequence
within a larger Nudix fold (Bessman et al., 1996) was shown to be critical for Dcp2
decapping activity (Dunckley and Parker, 1999; van Dijk et al., 2002; Wang et al., 2002).
Interestingly, the human Dcp2 (hDcp2) protein is an RNA-binding protein that only

hydrolyzes the cap structure that is linked to the RNA polynucleotide, requiring both the
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RNA-binding property and the Nudix motif to recognize and hydrolyze the capped RNA
substrate (Piccirillo et al., 2003). The prerequisite for RNA binding precludes hDcp2

from functioning on cap structure and restricts its activity to capped RNA.

The HIT motif present in the DcpS decapping enzyme is characterized by three
histidine residues separated by hydrophobic amino acids (Seraphin, 1992). This motif is
located within a larger 100-amino-acid HIT fold (Brenner, 2002). Structural analysis of
several HIT proteins revealed that these proteins exist as homodimers through formation
of a 10-stranded antiparallel B-sheet. Each protomer posseses an active site and
nucleotide binding pocket containg the catalytic HIT motif, in which the three histidine
residues coordinates the pyrophosphate bond of the substrate (Brenner et al., 1997; Lima
et al., 1997; Pace et al., 1998). Unlike hDcp2, DcpS does not function on long capped
RNA, instead it functions on capped oligonucleotides shorter than 10 nucleotides (Liu et
al., 2002). This property led to the initial hypothesis that DcpS is a scavenger decapping
enzyme that hydrolyzes resulting cap dinucleotide following mRNA decay (Nuss and
Furuichi, 1977; Nuss et al., 1975; Wang and Kiledjian, 2001). This hypothesis was
subsequently confirmed with a mammalian in vitro RNA decay system where decapping
products were detected following prior deadenylation and exosome-mediated decay of the
reporter RNA (Rodgers et al., 2002). Furthermore, cap structure was shown to
accumulate in the dcs1A S. cerevisiae strain (Liu et al., 2002). DcpS activity can be
copurified with the exosome 3" to 5” exoribonuclease complex, implying a link between
decay of the mRNA body and the final decapping step (Wang and Kiledjian, 2001).
Interestingly, in S. cerevisiae there are two DcpS homologs, Dcs1p and Des2p. Although

they are highly conserved with each other and both of them share an equal level of
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identity with DcpS, only Dcslp is capable of hydrolyzing the cap structure, whereas

Dcs2p does not have a detectable decapping activity.

In this chapter we demonstrate that the sequences in the N terminus, which are
outside of the HIT fold in the C terminus, are also critical for the decapping activity of
DcpS. We also demonstrate that DcpS specifically act on cap structure, not capped RNA,
and this specificity is due the higher affinity between DcpS and the cap structure.
Furthermore, we show that DcpS can efficiently replace elF4E for access to the cap
structure in vitro. Lastly, we demonstrate that DcpS is involved in maintaining the cap-
dependent translation, consistent with the hypothesis that the high affinity between DcpS

and cap structure prevents the sequestration of e[F4E by the cap structure.

Results

Regions outside the HIT hydrolase fold are critical for decapping

The S. cerevisiae Dcslp and Dcs2p proteins share 65% identity and 90%
similarity, with the highest degree of identity observed within the C-terminal HIT
hydrolase domain of the two proteins. Despite this high degree of identity and the fact
that the HIT fold was shown in previously characterized HIT proteins to contain both
nucleotide-binding and hydrolase activities (Brenner, 2002; Brenner et al., 1999), only
Dcsl1p has detectable cap hydrolysis activity(Liu et al., 2002). To determine whether the
Dcs2p HIT motif is competent to hydrolyze a methylated cap structure and whether

regions of the protein outside the HIT motif are required for cap hydrolysis, the N-
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terminal and C-terminal segments of the two proteins were swapped. A schematic of the
two proteins is shown in Figure 1A, along with the domain-swapped proteins. One fusion
protein consisted of the N-terminal half of Dcslp linked to the C-terminal half of Dcs2p
(Dcs1/2p); the second consisted of the N-terminal half of Dcs2p fused to the C-terminal
half of Dcslp (Dcs2/1p). The capacity of each recombinant histidine-tagged protein to
hydrolyze cap structure labeled with *”P at the first phosphate relative to the methylated
guanosine (m7G*pppG) was tested, and the products were resolved by polyethylenimine
(PEI) cellulose thin-layer chromatography (TLC). Consistent with our previous findings
(Liu et al., 2002), Dcs1p was capable of hydrolyzing the cap structure whereas Dcs2p was
not (Fig 1B, lanes 2,3). However, a chimeric protein containing the N-terminus of Dcslp
and the HIT motif containing C-terminal segment of Dcs2p was capable of catalyzing cap
hydrolysis, whereas the converse protein containing the N-terminus of Dcs2p linked to
the C-terminus of Dcslp was not functional (Fig 1B, cf. lanes 4 and 5). These data
demonstrate that N-terminal domains of Dcsl proteins mediate the potential of their

decapping.

The amino terminus of Dcslp and DcpS is critical for decapping
To further refine the region within the N-terminus of Dcs1p that was essential for
decapping, a series of N-terminal truncation proteins were generated (Fig 2A). Removal

of the N-terminal 40 amino acids of Dcslp (Dcslp‘i"N40

) had a deleterious consequence on
decapping where no decapping was detected (Fig 2B, lane 3). Conversely, removal of 65
residues at the C-terminus of the protein that still retained the HIT hydrolase fold was still
capable of decapping, albeit with lower efficiency (Fig 2B, lane 5). These data further

demonstrate a requirement for the N-terminus of Dcslp in decapping and implicate the
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Figure 1. Regions outside the HIT hydrolase fold are critical for scavenger
decapping activity.

(A) Dcslp and Dcs2p are represented schematically in gray and hatch bars, respectively.
The chimeric Dcsl/2p and Dcs2/1p proteins containing the swapping portions are
indicated. The black box denotes the 6-amino-acid HIT motif. A summary of decapping
activity for each protein is shown on the right, where "+" and "-" represent the ability or
inability to catalyze cap structure hydrolysis, respectively.

(B) The presence of Dcslp N-terminus corresponds to decapping. A decapping assay
using 0.5 pmoles of each histidine-tagged recombinant protein was carried out at 37°C
for 15 min using **P-labeled cap analog where the first phosphate relative to the
methylated guanosine is labeled (m’G*pppG) as substrate. Reaction products were
resolved on PEI TLC plates. Migration of the unhydrolyzed cap substrate and m’Gp
product were shown at the left. A schematic of the **P-labeled cap analog substrate is

shown at the bottom, with the labeled phosphate denoted by *.
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Figure 2. The N-termini of Dcs1p and DcpS are critical for decapping.

(A) A schematic of Dcslp and its truncated derivatives is shown.

(B) Decapping activity obtained from each protein represented in panel A.

(C) A schematic of the human DcpS protein and its truncated derivatives is shown.

(D) The corresponding decapping activity for each protein is shown. Labeling and assay

conditions are as described in the Figure 1 legend.
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first 40 amino acids as an essential component of the Dcslp decapping activity. The
requirement of the N-terminus in decapping was also tested for the human DcpS protein.
Amino acid sequence alignment of DcpS with Dcslp indicates that DcpS contains a 33-
amino-acid extension at the N-terminus (data not shown). We first determined whether
this extended region is required for DcpS function. A schematic of the recombinant
proteins used for this set of experiments is shown in Figure 2C. Removal of the N-

AN33

terminal 33 amino acids of DcpS (DcpS ) did not have an adverse affect on decapping

(Fig 2D, lane 3). However removal of sequences up to amino acid 72 (DcpS‘i\‘N71 which

is analogous to the Dcslp’ﬂ~N40

) completely abrogated decapping activity of the truncated
protein (Fig 2D, lane 4), demonstrating the significance of the N-terminal domain for the
human DcpS decapping protein as well. As expected, a C-terminal truncation removing
the HIT motif also resulted in an enzymatically inactive protein (Fig 2D, lane 5).

Together, these data demonstrate that both the HIT motif and sequences at the N-terminus

of DcpS and Dcslp are required for the decapping activity of these proteins.

DcpS is a modular protein whose activity can be reconstituted in trans

The above data suggest that both the N-terminus and the C-terminus of DcpS are
essential for decapping. In a related study, we obtained the crystal structure of DcpS,
which revealed that the protein consisted of an N-terminal domain and a C-terminal
domain separated by a hinge region (Gu et al., 2004)(also see Discussion). To test

whether DcpS can consist of two modular domains that can form a decapping enzyme,
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two halves of the human DcpS protein separated at the hinge region were generated and
tested for decapping. Consistent with the above data, a protein containing the first 147
amino acids of DcpS, corresponding to the N-terminal domain lacking the HIT motif, was
unable to hydrolyze the **P-labeled cap structure substrate (Fig 3, lane 3). Similarly, the
C-terminal 189 amino acids of the protein containing the complete HIT hydrolase fold
were also incompetent to hydrolyze the labeled cap structure (Fig 3, lane 4).
Interestingly, reconstitution of the two halves of the protein in trans generated a
functional decapping activity (Fig 3, lane 5). We conclude that DcpS contains at least

two distinct modular domains that together generate a functional decapping enzyme.

The DcpS N-terminal domain facilitates cap binding

The inability of N-terminal truncated DcpS protein to hydrolyze the cap could be
due to either the inability to bind the cap substrate, or the inability to hydrolyze the cap
once it binds the substrate. To distinguish between these two possibilities, we used an
electrophoretic mobility shift assay (EMSA) with DcpS and **P-labeled cap structure.
The DcpS N-terminal truncation proteins, DcpS‘ﬂ'N%, which was competent to hydrolyze
the cap structure, and DcpS‘ﬁ‘Nﬂ, which was unable to hydrolyze the cap structure, were
tested for their ability to bind the cap. A mutation substituting an asparagine for the
active site histidine (DcpS™) at amino acid 277 within the HIT motif was introduced into
these constructs to render the resulting proteins inactive for hydrolysis activity (Liu et al.,
2002) and enable detection of cap binding. Full-length DepS™ and DcpSmHé‘N%, both of

which would be expected to contain decapping activity without the histidine 277
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Figure 3. DcpS is a modular protein.

Decapping assay using the N-terminal 147 amino acids of DcpS (DcpS™') or the C-
terminal 189 amino acids spanning residues 149-337 (DcpS®') individually or both
simultaneously in trans (lane 5) is shown. Five pmoles of DcpS was used in lane 2; 1pg

of each truncated protein was used in lanes 3-5. Labeling and assay conditions are as

described in the Figure 1 legend.
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substitution (Fig 2), were capable of binding the cap structure as demonstrated by the
slower migration on the **P-labeled cap structure substrate (Fig 4, lanes 2,3). Binding to

cap structure was not detected with the DcpSmH’ﬁ‘N”

protein (Fig 4, lane 4) nor with the
individual N-terminal (Fig 4, lane 5) and C-terminal (Fig 4, lane 6) domains under these

assay conditions. These results demonstrate that an intact N-terminal domain is necessary

but not sufficient for binding of DcpS to the cap structure.

Overview of DcpS structure

The co-crystallized structure of DcpS HIT mutant and cap substrates were
resolved by Gu et al and the amino acids 38-337 for protomer A and 40-337 for protomer
B were modeled. The DcpS is a dimeric protein which possesses two distinct domains,
an N terminal domain consisting of amino acids 38-145 or 40-145, and a C terminal
domain consisting of amino acids 146-337, linked by a hinge region centered near Arg
145 (Fig 5A), with each protomer bound to a distinct cap substrate. The N-terminal
domain is made up of a region containing three non-swapped anti-parallel B-strands (B1-3)
contributed by each protomer, followed by a region containing swapped a-helix (aA) and
two anti-parallel B-strands (B4-5) by the other protomer, and a subsequent region of
another non-swapped B-strand (f6) and a-helix (aB) contributed by each protomer (Fig
5B). Each C-terminal DcpS protomer is formed by five a-helices and eight -strands, six
of which form a continuous anti-parallel B-sheet (Fig 5C). The catalytic HIT motif is

located on B12.
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Figure 4. DcpS N-terminus facilitates cap binding.

An EMSA was used to test the ability of DcpS and its truncated derivatives to bind **P-
labeled cap analog. Recombinant DcpS or the truncated derivatives removing N-terminal
residues of 33 and 71 amino acids and containing the HIT motif mutant H277N (DcpS™,
DcpSmH‘i"33 , and DcpSmHml respectively) were used. Proteins with a mutant HIT motif
were used to uncouple cap binding and hydrolysis to enable detection of binding.
DcpSNT represents the DepS protein from amino acids 1-147, and DepS©' contains
amino acids 149-337. The cap structure substrate and bound DcpS-cap structure

complex are indicated by the arrows on the left, and a schematic of the substrate is shown

at the bottom, where * denotes the 32p.



50

Figure 5. Co-crystal structure of DcpS and cap substrates revealed a dimeric
structure with distinct N and C termini in an asymmetric open/closed configuration.
(A) Ribbon diagram of the DcpS co-crystal structure with m’GpppG with two protomers
colored pink and blue, respectively. N and C denote the termini of both protomers.

(B) Orthogonal view of the N-terminal domain-swapped dimer (residues 38(40)-145).

(C) Orthogonal view of the C-terminal domain dimer (residues 146-336(337), with
helices denoted by letters and strands denoted by numbers.

(D) Cartoon of the DcpS dimer in a simultaneous open/closed configuration.
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The co-crystal structure of DcpS dimer and the substrates revealed an asymmetric,
simultaneous open (blue) and closed (pink) conformations on opposite sides of the dimer
(Fig 5A, 5D). The rigidity of the dimeric N- and C-terminal domains led to the proposal
that the N terminal domain flips back and forth to generate a simultaneous open/closed
configuration of the dimer (Fig 5D). In an open conformation, there are few contacts
between the N and C termini, with the cap substrate bound to the C terminal domain,
close to the HIT catalytic center (Fig 5A, 5D). In a closed conformation, a
conformational change brings the N terminus to the C terminus, creating a substrate
binding pocket, with the cap substrate directly interacting with numerous amino acid
residues on both N and C terminal domains (Fig 5A, 5D). Consistent with these findings,
another group recently resolved the co-crystal structure of wild-type DcpS and m’GDP,

which yields a similar asymmetric configuration (Chen et al., 2005).

Important residues for DcpS binding and hydrolysis

By inspection on the resolved DcpS-cap substrate co-crystal structure, numerous
amino acid residues were observed to interact with the cap substrate. These amino acid
residues were classified into four groups. They are the amino acids that interact with (1)
the cap phosphates, (2) the methyl guanosine base (3) the second cap base. Other than
the above residues that contact the cap substrate, the fourth group of amino acids which
are involved in conformational switch were also classified (Fig 6). To determine the

relative importance of these residues regarding cap binding and hydrolysis, they were
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Figure 6. Important residues for DcpS decapping.

The important amino acids that contact the substrate or involved in conformational switch
were classified into four groups and each individual mutant was tested for decapping
activities.

(A) Amino acids that interact with cap phosphates.

(B) Amino acids that interact the methyl guanosine base.

(C) Amino acids that interact with the second cap base.

(D) Amino acids that are associated with the conformational switch between the open and

closed conformation.
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substituted by mutagenesis and individual mutant proteins were tested for decapping
activity (Fig 6). In residues classified into group 1, His277 and His279 located in the
HIT motif and are conserved among DcpS family members. H277N and H279N mutants
were both inactive in decapping assays (Fig 6A). His279 makes direct contacts to the cap
a and P phosphate. In the cases of other HIT protein family members, the central His277
is the nucleophile that attacks the o phosphate (Lima et al., 1997). The a phosphate in a
cap structure is defined as the phosphate that is most proximal to the methylated
guanosine. His268 is proximal to the o phosphate and H268N inactivated the decapping
activity (Fig 6A). His268 is not a conserved histidine in other HIT proteins, therefore the

decapping inactivation is in H268N indicates a unique role for His268 in DcpS activity.

The C-terminal domain makes similar contacts to the m’G base, ribose, and o -
phosphate in m’GpppG structure in either open or closed states (Gu et al., 2004).
Mutation of Trpl75 or Glul85 abolished decapping activities. Mutations of Pro204
(contacts m’G base) or Asp205 (contacts m'G ribose) also caused the reduction of
decapping actvitiy by 50% compared to that of wild-type (Fig6B). Also K207R resulted

in a protein with 85% activity, and K207A resulted in protein with less than 30% activity.

Several additional contacts between DcpS and the m’'G base in the closed
configuration are contributed from the N-terminal domain-swapped dimer (Gu et al.,
2004). These interactions include Van der Waals (VDW) interactions between m'G and
residues Phel108 as well as Tyr 113, and hydrogen bond interactions between Asnl10 and
Glul85 (Gu et al., 2004). NI10A or Y113A completely abolished decapping activity

(Fig 6B). In addition, residues from the N-terminal domain make VDW contacts to the
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second cap base. I61A, F63A, and K128A caused mild reduction of decapping activity,

while I83A and E85A caused more significant reduction of decapping activity (Fig 6C).

The residues between Tyr143 and Argl49 form a hinge that links the N and C
termini (Gu et al., 2004). This hinge region is extended in an open state which enables
interactions of several residues to the second cap base, and even to the N-terminal
domain (Gu et al., 2004)(Fig 5A). In the closed state, the hinge bends and brings Arg149
into contact to Aspl47, and Leul44, Argl45 into contact with Leu53 and Val52,
respectively, as well as Tyr143 close of the second cap base (Gu et al., 2004). Other
than these residues involved in the hinge, there are additional residues that are proposed
to stabilize the open or closed conformations. To determine their relative importance on
activity, several residues involved in hinge movement and stabilization of the open or
closed configurations were mutated and tested for activities. Many mutants displayed
activities higher than the wild type enzyme: RS8A, K138D, R145A, R145P, and Q146P
exhibited 125%, 250%,178%, 113%, and 142% activity compared to the wild type (Fig
6D). These results suggest that the destabilization of the closed confirmation does not
prevent closure of the N terminus, but rather facilitate the product release thus to enhance

the decapping activities (Gu et al., 2004).

DcpS specifically hydrolyzes cap structure relative to capped RNA

We previously reported that DcpS functioned on capped RNAs 10 nt or smaller

(Liu et al., 2002). However, Nhm1p, the Schizosaccharomyces pombe homolog of DcpS,
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was recently reported as a decapping enzyme capable of catalyzing hydrolysis of capped
RNA (Salehi et al., 2002). To more precisely address the specificity of DcpS for cap
structure versus capped RNA, a titration of DcpS was carried out with the two different
substrates. As shown in Figure 7A, DcpS efficiently hydrolyzed the **P-labeled cap
structure, where almost 100% of the substrate was decapped with 24 fmoles of DcpS (Fig.
7A, lane 5). Conversely, at the highest concentration of DcpS used in this assay (1200
fmoles), the capped RNA was hydrolyzed <2% (Fig 7A, lane 12). Therefore DcpS has at
least a 2500-fold higher capacity to hydrolyze the cap structure substrate relative to

capped RNA substrate.

We next determined whether a correlation existed between the inability of DcpS
to hydrolyze capped RNA and its capacity to bind capped RNA, using an EMSA. As
expected, binding of the catalytically inactive DepS™ to the **P-labeled cap structure was
detected (Fig. 7B, lanes 3-5). Surprisingly, binding to cap-labeled RNA was also
detected, although higher amounts of protein were required to detect binding (Fig. 7B,
lanes 8, 9). The binding was dependent on the cap, because DcpS did not bind uncapped
RNA with the same concentrations of protein (data not shown), and the presence of the
uncapped RNA has no effect on DcpS decapping (Fig 8). A filter binding assay with
limiting **P-labeled substrate was used in the presence of increasing concentrations of
DcpS to assess binding affinities. The dissociation constants were determined as the
concentration of protein at which 50% of the substrate was bound. DcpS bound to cap
structure with an apparent dissociation constant (Kg) of 7.5 x10™® M, whereas the apparent
Kg for capped RNA was 1.25 x 10° M (Table 1). No significant binding was detected to

uncapped RNA with a Kg>> 10"® M. These data indicate that DcpS is a cap binding
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Figure 7. DcpS catalyzes the hydrolysis of cap structure but not capped RNA.
(A) Decapping assays were carried out with the indicated amounts of His-DcpS. Left

panel: *’P-labeled cap structure was used as substrate. Right panel: *’P-labeled cap
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containing a track of 16 guanosines at the 3 end to minimize nonspecific 3" end
degradation (Wang and Kiledjian 2001) was used. The substrates are schematically
represented at the bottom; the line denoting the RNA body.

(B) EMSA of DcpS HIT mutant DepS™! binding to **P-labeled cap structure (left panel)
or **P cap-labeled RNA substrates (right panel) using the indicated amount of protein.
The glutathione S-transferase domain was used as a negative control (GST; lanes 2,7).
The input cap structure, capped RNA, and the corresponding bound complex are

indicated.
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Figure 8. RNA in trans has no effect on DcpS decapping.

Decapping assay was carried out using 240 and 48 fmol recombinant DcpS and substrate
32P-labeled cap analog, with addition of indicated amount of RNA into the reactions
containing 48 fmol DcpS. Migration of the unhydrolyzed cap substrate and m’Gp

product were shown at the left. The percentage of decapping was indicated at the bottom.
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Table 1. DcpS binding

Binding of DcpS™ to: Kd (uM)=
Cap structure (m’G*pppG) 0.075
Capped RNA (m7G*ppp-RNA) 1.2
Uncapped RNA (*ppp-RNA) >>1

a

Dissociation constant determined as the concentration of His-
DcpS™H protein at which 50% of the labeled cap analog substrate
was bound. Average of three independent experiments is indicated.
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protein that is capable of binding both cap structure and capped RNA, but is only capable

of efficiently hydrolyzing cap structure.

DcpS can efficiently compete with eI[F4E for access to the cap structure

Because DcpS is a cap binding protein, UV crosslinking analysis was used to
determine the capacity of DcpS to compete for cap binding with the major cytoplasmic
cap binding protein, e[F4E. A constant concentration of histidine-tagged eIF4E was
preincubated with **P-labeled cap structure followed by addition of an increasing titration

of catalytically inactive DcpS™!

mutant protein. Crosslinking of e[F4E under these assay
conditions (Fig. 9A, lane 1) was efficiently competed by the addition of DcpS where 50%
of elF4E was displaced from the cap structure with a 400-fold lower molar ratio of the

DcpslnH

protein (Fig. 9A, lane 3). Complete displacement of eIF4E was detected with an
80-fold lower molar concentration of DepS™ (Fig. 9A, lane 4). Addition of an unrelated
RNA-binding protein had no affect (Fig. 9A, lane 8). eIF4E was equally ineffective at
preventing hydrolysis of the cap structure by DcpS (Fig. 9B), where partial inhibition of
decapping was only detected when a 4000-fold molar excess of eIF4E was preincubated
with the cap structure (Fig. 9B, lane 5). However, consistent with the lower affinity of
DcpS for capped RNA, DcpS was less efficient at competing eIF4E binding to capped

RNA (Fig. 9C). Collectively, these data demonstrate that DcpS is able to compete

effectively with elF4E for cap structure, but not capped RNA.
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Figure 9. DcpS can displace eIF4E from the cap structure.

(A) The ability of DcpS to displace elF4E from the cap structure was tested. Forty
pmoles of histidine-tagged eIF4E was preincubated with **P-labeled cap structure on ice
for 10 min, followed by addition of the indicated amounts of histidine-tagged DcpS™ for
an additional 10 min (lanes 1-7). The reactions were subsequently UV-crosslinked and
resolved by SDS-polyacrylamide gel. The mDAZL RNA binding protein was used as a
control (lane 8). DcpS can efficiently displace eIF4E from the cap structure.

(B) elF4E is ineffective at inhibiting DcpS-mediated decapping. Indicated amounts of
His-elF4E (lanes 3-5) or control His-mDAZL (lanes 6,7) protein were preincubated with
cap structure, followed by the addition of 24 fmoles of DcpS in a decapping assay.

(C) DcpsS is inefficient at removing eIF4E from capped RNA relative to cap structure. *°P
cap-labeled RNA was preincubated with 5 pmoles of His-eIF4E for 10 min on ice, and
competed with the indicated amounts of competitor proteins. Migration of the input RNA
and bound eI[F4E-RNA complex are indicated on the left, and the RNA is denoted

schematically at the bottom.
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DcpS plays a role in maintaining cap-dependent translation

Considering DcpS is able to displace excess molar amounts of eIF4E from cap
structure in vitro, we had initially hypothesized that one potential cytoplasmic function of
DcpS was to control the global accumulation of cap structure as the 3°-5" mRNA decay
product. Otherwise, eI[F4E would be sequestered by the aberrantly high level of cap
structure thus the eI[F4E mediated translation would be impeded. To test this hypothesis,
we established a 293T stable cell line expressing an ShRNA against DcpS transcripts. As
shown in Figure 10D, lanes 1-3, the endogenous DcpS expression was reduced by more
than 95%, relative to a control stable cell line transfected with an shRNA empty
vector(lanes 4-7). Consistent to this result, the DcpS activity was reduced by 80% (data
not shown). Moreover, the DcpS knockdown cells exhibited an accumulation of the cap
structure as the 3'-5"decay product (data not shown), consistent with the reduced DcpS
activities and validate the hypothesis that cap structure accumulates in the absence of
DcpS which could in turn sequester elF4E.

To determine whether a reduction of endogenous DcpS levels would impact
elF4E-mediated cap-dependent translation, a dual luciferase assay was used to monitor
translation efficiency. A dicistronic reporter transcript that translates renilla luciferase in
a cap-dependent manner and firefly luciferase in a cap-independent manner was used to
assess the impact on the ratio of cap-dependent translation by reduced DcpS activity (Fig

10A). The dicistronic reporter construct was expressed in DcpS
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Figure 10. DcpS is involved in maintaining normal cap-dependent translation.

The ability of DcpS to affect protein translation was tested by in vivo dual luciferase
assays.

(A) A schematic showing a dicistronic luciferase plasmid encoding cap dependent renilla

and cap-independent firefly luciferase with a 5> HCV IRES.
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(B) 2 ng of the plasmid described in (A) was transfected into either shRNA vector
expressing or DcpS shRNA expressing cell lines. The cap dependent renilla luciferase
activity was normalized to that of the HCV IRES driven firefly luciferase activity to
obtain the fold change of cap-dependent translation. Relative to control cells (the first
bar), DcpS knockdown cells (the second bar) exhibited a 40% fold reduction in cap
dependent translation. L, dicitronic luciferase plasmid described in (A).

(C) The decreased translation could be restored over 50% by complementation with
exogenous wild type DcpS, or a DcpS truncation mutant that only localizes in the
cytoplasm, whereas the vector alone failed to complement. L, Cells transfected with 2pg
dicistronic luciferase plasmid described in (A); V, Cells transfected with 4ug empty
vector; S, Cells transfected with 4pg wild-type DcpS; KR, Cells transfected with 4 pg
DcpS truncation mutant that only localizes in the cytoplasm.

(B) and (C) represent the average of four independent experiments. The corresponding
standard deviations are denoted by the error bars.

(D) Western blotting analysis was carried out to confirm the knockdown of endogenous
DcpS and over-expression of exogenously expressed Flag DcpS. Endogenous Dcp2,
DcpS and exogenously expressed Flag DcpS are indicated by arrows. Note the
endogenous DcpS was knockdown by over 95% in the cells expressing DcpS
shRNA(compare lanes1-3 and lanes 4-7), whereas the Flag DcpS was over-expressed in

the cells transiently co-transfected with pcDNA3-Flag DcpS(lanes 2 and 7).
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knockdown cells and control cells and cap-dependent protein translation activity of
renilla luciferase normalized to cap-independent translation activity of firefly are
presented in Figure 10B. A 40% reduction of cap-dependent translation is detected in the
DcpS knockdown cells compared to the control cells expressing the ShRNA vector. This
result is consistent with cap structure accumulation precluding eIF4E access to capped
RNA for productive protein translation. To validate the specificity of the effect of DcpS
on translation, the DcpS knockdown cell line and the control cell line were cotransfected
with a plasmid expressing Flag-tagged DcpS, and a partial restoration was observed in
the DcpS knockdown cell line, while no difference was detected when the cells were
cotransfected with an empty vector (Figl0C). Interestingly, a 10-20% enhancement of
cap dependent translation was also observed in the control cell line co-transfected with
Flag-tagged DcpS plasmid, consistently suggesting a positive effect DcpS has on cap-
dependent translation. The expression of the cotransfected Flag-tagged DcpS is verified
by western analysis. As shown in Fig 10D, the cell lines transfected with the Flag DcpS
plasmids had significant expression level of Flag tagged DcpS (Fig 10D, lanes 2, 7).
Collectively, these in vivo data showed that a reduction of DcpS levels leads to reduction
of cap-dependent translation, which in turn support our initial hypothesis that DcpS acts
to scavenge the accumulated of cap structure that would otherwise trap elF4E and

interfere with the elF4E-mediated translation.

Discussion
We present evidence that DcpS is a unique member of the HIT hydrolase protein

family. It is a modular protein comprised of at least two distinct domains that are inactive
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individually but together reconstitute decapping activity in trans. One of these domains
contains the 100-amino-acid HIT domain, demonstrating that this element is not
sufficient for efficient substrate binding and hydrolysis activity as observed for other HIT
motif proteins. Furthermore, with the DcpS structure being resolved, we tested the
decapping activities of various mutants, whose mutated residues were predicted to be
important for substrate binding and hydrolysis based on the structure, and determined the
requirement of these residues for hydrolysis. We further demonstrate that DcpS can
efficiently compete with eIF4E for binding cap structure, consistent with a role for DcpS

in ensuring that eIF4E is not sequestered by byproducts of mRNA decay.

Our analysis of Dcslp and DcpS revealed that regions outside the HIT fold,
namely the N-terminal domains, are essential for decapping activity. This point is
underscored by the following observations. First, mutational analysis removing either the
N-terminal 40 amino acids of Dcslp or sequences C-terminal to amino acid 33 in DcpS
results in an inactive protein (Fig 2). Second, dissection of DcpS into an N-terminal
domain and a C-terminal domain maintaining an intact HIT fold region abrogated the
ability of the HIT fold to hydrolyze the cap, but interestingly, a mixture of the two
domains in trans reconstituted decapping activity (Fig 3). These data demonstrate that
the N-terminal domain coordinates the activity of these proteins. This is further
underscored by a functional decapping enzyme generated by the fusion of the N-terminal
domain of the catalytically active Dcslp to the C-terminal domain of the catalytically
inactive Dcs2p containing the HIT motif (Dcs1/2p). A Dcs2/1p fusion protein containing
the Dcs2p N-terminal domain and the Dcslp C-terminal domain was unable to catalyze

cap hydrolysis (Fig 1), demonstrating that the active state of the protein can be dictated
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by the composition of the N-terminal domain. In conjunction with biochemical studies
we were able to obtain the cocrystal structure of DcpS bound to monomethylated cap
analog in collaboration with Meigang Gu and Christopher Lima (Sloan-Kettering
Institute) (Gu et al., 2004). Consistent with the data presented herein indicating that cap
binding and hydrolysis of DcpS require the HIT fold as well as the N-terminal domain,
the structure revealed DcpS to be an asymmetric dimer containing distinct N-terminal and
C-terminal domains that are separated by a hinge region (Fig5) (Gu et al., 2004). The
structure illustrated that a productive active site is composed of amino acid residues
emanating from both the N-and C-terminal domains, several of which were critical for
cap binding and hydrolysis (Gu et al., 2004). The substitution of N terminal amino acids
that interact with the cap substrate disrupted protein activities (Fig 6), confirming that
generation of a closed decapping competent confirmation requires interactions of the N

terminus with the cap substrate.

Analyses of the N-terminal truncation of DcpS indicate that this domain primarily
functions to facilitate cap binding. A direct correlation was detected between N-terminal
truncations that were able to hydrolyze the cap structure and those that can bind the cap.
The DcpS‘ﬁ'N33 mutant, which retained decapping activity, was competent to bind the cap

structure, whereas the DcpS‘ﬁN71

mutant, which was unable to hydrolyze the cap, was also
unable to bind the cap (Fig 4). Similarly, N-terminal truncations of Dcslp that were
inactive for decapping were also unable to bind cap structure (data not shown). These

data are in agreement with the observed structure of DcpS where removal of the terminal

33 amino acids would not disrupt the N-terminal domain, whereas a larger truncation
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removing the first 71 amino acids would be expected to disrupt the overall structure of the

N-terminal domain.

The generation of a functional decapping enzyme by substitution of the Dcs2p N-
terminus with that of the Dcslp N-terminus demonstrates that Dcs2p contains a
productive HIT motif capable of hydrolyzing a pyrophosphate linkage within a cap. The
lack of cap analog hydrolysis activity with recombinant Dcs2p and endogenous Dcs2p in
yeast cells devoid of Dcslp (Liu et al., 2002) indicates that Dcs2p is not involved in
decapping the m’GpppG cap structure. Furthermore, Dcs2p also lacks the ability to
catalyze the hydrolysis of capped RNA, indicating that it does not have a Dcp2-like
decapping activity (data not shown). Interestingly, Dcs2 seems to be a modulator of Dcs1
activity.  Under conditions of stress, Dcs2 can heterodimerize with Dcsl, thus
suppressing the substrate specificity and kcat of Desl decapping (Malys and McCarthy,
2006). Surprisingly, a Dsc2 homolog is not present in mammalian cells and this

regulation appears to be restricted to yeast cells.

An interesting property of DcpS is its specificity to hydrolyze cap structure
relative to capped RNA (Liu et al., 2002; Wang and Kiledjian, 2001). DcpS
preferentially hydrolyzes cap structure at least 2500-fold more efficiently than capped
RNA (Fig 7A). Interestingly, DcpS was able to bind the cap structure of capped RNA,
although at a 17-fold lower affinity than that of cap structure (Table 1). As the addition
of uncapped RNA competitor did not interfere with DcpS-mediated hydrolysis of cap
analog (Fig 8), it is unlikely that the RNA moiety competitively inhibits DcpS activity.

Structural analysis of DcpS suggests that in addition to the lower binding affinity, the
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increased size and entropy of a longer RNA molecule might hinder closure of the enzyme

and formation of a productive decapping complex (Gu et al., 2004).

The S. pombe homolog of DcpS, Nhmlp, was recently identified as an enzyme
capable of catalyzing the decapping of intact capped RNA (Salehi et al., 2002). The
reason for the different decapping properties of Nhmlp compared to DcpS or Dcslp is
not obvious, considering the conservation of critical residues among these proteins as
determined by the structure of DcpS. On the basis of the conservation, we would predict
that Nhmlp also contains scavenger-decapping activity that will efficiently function on
cap structure. Further analyses are necessary to determine the relative decapping

efficiency of Nhmlp for cap structure versus capped RNA.

At least one function of DcpS is to hydrolyze the cap structure remaining after 3" -
5" exoribonucleolytic decay of the mRNA in both yeast cells and mammalian extract (Liu
et al., 2002; Rodgers et al., 2002; Wang and Kiledjian, 2001). A functional consequence
of this hydrolysis activity could be to eliminate the removal of a potential substrate that
can sequester the cytoplasmic elF4E cap binding protein. The ability of DcpS to
efficiently hydrolyze the cap structure in the presence of excess eIF4E is consistent with
this hypothesis. Furthermore, the lower affinity of eIF4E to m’GMP relative to cap
structure (Niedzwiecka et al., 2002; Zuberek et al., 2003) also supports such a function.
Moreover, the relative reduction of cap-dependent translation in a DcpS knockdown cell
line (Fig 10) further supports the hypothesis. Under physiological conditions, eIF4E is a
component of translation initial complex elF4F, which also contains e[F4A and elF4G

and functions to recruit ribosomes to mRNA (Gingras et al., 1999). Furthermore, our in
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vivo results indicate that, despite the fact that elF4E is associated with other protein
partners, it is still capable of binding to the cap structure therefore sequestered by the
accumulated cap structure when DcpS level is reduced. The relatively lower capacity of
DcpS to compete with eIF4E for capped RNA and its inability to hydrolyze capped RNA
appears to provide a multilevel regulatory mechanism to ensure that capped RNAs are not
prematurely hydrolyzed prior to degradation of the mRNA body. The relative lower
efficiency of DcpS to displace e[F4E from capped RNA could also serve to minimize
potential competition with elF4E for capped mRNA, thus preventing potential
interference with mRNA translation. Interesting questions remain: when during the
demise of an mRNA does elF4E dissociate from the cap and when does DcpS gain access
to the cap? Curiously, Nhmlp was initially isolated as a protein associated with the S.
pombe elF4F cap binding complex (Salehi et al., 2002). A more detailed analysis of the
affinities of eIF4E and DcpS to capped RNAs of varying lengths as well as additional
proteins that can associate with the cap including PARN (Dehlin et al., 2000; Gao et al.,
2000; Martinez et al., 2000) and the poly(A) binding protein PABP (Khanna and
Kiledjian, 2004) will begin to address the interplay between the cap and cap binding

proteins during degradation.
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Chapter II: Mechanistic and Kinetic analysis of the DcpS Scavenger

Decapping Enzyme

Summary

In eukaryotic cells, decapping is an important process in the control of mRNA
degradation. The scavenger decapping enzyme DcpS, is a major decapping enzyme that
functions to hydrolyze a cap structure lacking the RNA body. It is a member of the
histidine triad (HIT) family of hydrolases and catalyzes the cleavage of m7GpppN into
m’Gp and ppN. Previous structural analysis has revealed that Dcp$ is a dimeric protein
with an amino-terminus swapped domain. The protein dimer contains two cap
binding/hydrolysis sites and displays a symmetric structure with both binding sites in the
open conformation in the ligand-free state and an asymmetric conformation with one site
open and one site closed when ligand-bound. The structural data are suggestive of a
dynamic decapping mechanism where each protomer alternates between an open and
closed state. However, the detailed kinetics in terms of binding and hydrolysis remains
unclear. In this chapter, we analyzed the kinetic properties of DcpS enzymatic activity to
address the decapping mechanism at the subunit level. We demonstrate that the binding
step is the rate limiting step under single turnover conditions, whereas the hydrolysis step
is rate limiting under multiple turnover conditions. This alteration of the kinetics appears
to be due to an allosteric conformation change in the presence of excess substrate. The
dynamic and mutually exclusive cap hydrolysis activity of the two cap binding sites was

further confirmed with the use of mixed active and inactive heterodimers. Our data have
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provided mechanistic details in terms of hydrolysis as well as insights into the regulation

process of decapping in cells.

Introduction

The control of mRNA degradation is a critical step in the posttranscriptional
regulation of gene expression, since the steady state level of any mRNA species depends
on both the rate of mRNA synthesis and its breakdown. In eukaryotic cells, cytoplasmic
mRNA degradation predominantly proceeds through an initial deadenylation step
(Decker and Parker, 1993; Mubhlrad et al., 1995) followed by 5" to 3" or 3" to 5" decay
(Coller and Parker, 2004; Liu and Kiledjian, 2006). In the 5-3" decay pathway, the
5’cap structure is cleaved by the catalytic activity of the Dcp2 decapping enzyme to
release the m’GDP and monophosphorylated RNA (Beelman et al., 1996; Dunckley and
Parker, 1999; LaGrandeur and Parker, 1998; Piccirillo et al., 2003; Steiger et al., 2003;
van Dijk et al., 2002). The resulting uncapped monophosphorylated RNA is digested by a
5'-3" exonuclease, Xrn I (Decker and Parker, 1993; Hsu and Stevens, 1993). In the 3'-5’
pathway, subsequent to deadenylation the capped-RNA body is continuously degraded by
an exosome complex (Anderson and Parker, 1998; Wang and Kiledjian, 2001). The
resulting capped oligonucleotide m’GpppN(pN), (n<9) is hydrolyzed by a second type of
decapping enzyme, DcpS, to release the m’Gp and ppN(pN), products (Liu et al., 2002;
Wang and Kiledjian, 2001). These pathways need not be mutually exclusive and could
occur simultaneously (Murray and Schoenberg, 2007)and an interplay between the two
pathways could also exist. DcpS, which was originally characterized as the decapping

enzyme in the 3°-5" pathway, is able to hydrolyze the 5’-3" decapping product m’GDP to
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release m’Gp(Chen et al., 2005; van Dijk et al., 2003). Furthermore, disruption of yeast
DcpS homolog, Dcslp, impeded the 5° exonuclease activity(Liu and Kiledjian, 2005),
indicating the Dcslp decapping products might serve as signaling molecules for the 5°
decay pathway. DcpS is a member of the Histidine triad (HIT) hydrolase family of
proteins that contain a stretch of His-X-His-X-His-X residues, where X denotes
hydrophobic amino acid residues. HIT proteins are dimeric nucleotide binding proteins
that have hydrolase activities (Brenner, 2002; Brenner et al., 1999; Guranowski, 2000).
The central histidine residue has been proposed to be critical for the hydrolase activity as
it serves as the nucleophile attacking the cap a-phosphate in m’GpppG (Lima et al., 1997)
and is also critical for DcpS hydrolysis (Liu et al., 2002).

Structural analysis of DcpS has revealed that it is a homodimer with a symmetric
structure when in the ligand-free form (Chen et al., 2005; Han et al., 2005), or
asymmetric homodimer in the ligand-bound form (Chen et al., 2005; Gu et al., 2004).
Each DcpS protomer possesses a distinct N terminal domain and a C terminal domain
containing the HIT motif linked by a hinge region. The N-terminal domain displays a
domain swapped form by exchanging an identical a-helix and two anti-parallel B-strands
with the second protomer. The DcpS homodimer contains two cap binding pockets
which serve as the active sites for cap hydrolysis. In the ligand bound form, DcpS forms
a simultaneous closed conformation on one side and an open conformation on the other,
with a substrate bound at the C-terminal domain of each side (Figure 5) (Gu et al., 2004).
The structure suggests that the closed conformation constitutes the cap hydrolysis
productive site while the open site would be nonproductive. The N terminal domains can

either both be in the open state or one side in an open state with the second in a
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productive closed state with the hinge enabling the N-terminus to flip back and forth,
alternating on each side (Chen et al., 2005; Gu et al., 2004). The catalytic cycle was
proposed as follows: upon interacting of a cap substrate at one protomer, DcpS dimer
undergoes a conformational change from the symmetric open/open configuration to an
asymmetric open/close one, as the cap interacting protomer adopts a close form. The
subsequent hydrolysis of the cap structure leads to a second conformational change,
which weakens the binding affinity of the product m’Gp and enhances release of the
product (Chen et al., 2005).

Here, we examined the enzymatic kinetics of recombinant DcpS and demonstrate
that negative cooperativity is present during the binding and hydrolysis processes.
Furthermore, by comparing the enzymatic behaviors of wild type DcpS homodimer and
HIT mutant heterodimer, we have further confirmed the previously proposed dynamic
decapping model in which the N terminus pivots back and forth for binding and

hydrolysis (Chen et al., 2005; Gu et al., 2004).

Results
Hydrolysis of cap structure by DcpS is rate limiting at the binding step under single
turnover conditions

To gain a better understanding of the mechanism by which the DcpS scavenger
decapping enzyme functions to hydrolyze cap structure, we undertook an enzymatic
kinetic analysis of DcpS decapping. Recombinant Flag-tagged DcpS was purified and its
concentration quantitated as described in Materials and Methods. The purified protein

was resolved in SDS-PAGE and stained with Sypro-Ruby as shown in Fig 11A. In vitro
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decapping assays were performed under single turnover conditions by a rapid chemical
quench-flow apparatus to determine the rate limiting step in its kinetic pathway. An
enzyme titration of 20nM, 50nM, 100nM, and 200nM of DcpS monomer concentrations,
were used with 10nM cap structure substrate spiked with a-""p labeled cap. The label is
exclusively at the first phosphate following the methylated guanosine to enable detection
of both the cap structure substrate (m’Gp*ppG) and the decapping product (m’Gp*).
Reactions were carried out with increasing time intervals ranging from 0.1 second to two
minutes at 25°C, followed by the addition of 2.3N formic acid to quench the reaction.
The decapping rate was determined by separation of the decapping products and substrate
by polyethylenimine (PEI) cellulose thin-layer chromatography (TLC) (Fig 11B). The
decapping rate is defined as the hydrolyzed cap substrate (or the product m’Gp generated)
over the total substrate input. The decapping rate was plotted against the logarithmic
value of the reaction time (Figl1C). The curves in Fig 11C were fit to a single
exponential equation (Equation 3 in Materials and Methods). The rate constants and
maximal decapping rates (20nM-200nM) were determined from the equation and listed in
Table 2.

Examination of the different DcpS concentrations reveal interesting insights into
the rate limiting step under single turnover conditions. As shown in Figl 1D and Table 2,
the rate constants increase with increasing amounts of DcpS, indicating that the initial
enzyme-substrate binding step is rate limiting. As the enzyme concentration increases,
the probability of molecular collisions between the enzyme and substrate increases to

overcome the time-consuming slow binding step under limiting substrate conditions.
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Figure 11. Increasing amount of the DcpS increases the rate constants and the
decapping rates.

Decapping rate is defined as the fraction of generated decapping product m’Gp over total
substrate input.

(A) Purified Flag-tagged DcpS was resolved by SDS-PAGE and stained with Sypro Ruby.

The quantitation of purified Flag DcpS is stated in Materials and Methods.
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(B) A titration of monomer concentrations, 20nM, 50nM, 100nM, and 200nM DcpS were
used with 10nM cold cap structure substrate spiked with o->*p labeled cap to perform
rapid quench-flow in vitro decapping assays at 25°C and the kinetics analyzed. The
hydrolyzing products and unhydrolyzed substrates were resolved by thin-layer
chromatography (TLC) developed in 0.45 M (NH4),SO4 and exposed to Phosphorlmager
(see Materials and Methods).

(C) The decapping rate was quantitated and plotted against the logarithmic value of the
reaction time. The decapping rate is defined as the fraction of generated decapping
product m’Gp over total substrate input. The data points of each experiment were fit to a
single exponential equation (Equation 3) to obtain the rate constants.

(D) The rate constants derived from (C) were plotted against the DcpS concentrations.

(E) The product m’Gp concentrations were calculated from (C) and plotted against DcpS
concentrations. The data points were fit to a hyperbola (Equation 4) to obtain a Kd 15.5

nM.



Low substrate

High substrate

Table 2. The rate constants and maximal decapping rates under

single and multiple turnover conditions

E20 ES0 E100 E200
$10 C=0.036s"" C=0.073s"" C=0.22s C=0.41s""
R=0.516 R =0.663 R =0.765 R=0.847
$200 S400 $800 $1600
E100 C=0.045s"1 C=0.055s"" C=0.054s"1 C=0.059s""
R =0.59 R =0.5084 R=0.4810 R =0.4411

C=rate constant, R=maximal decapping rate, E=EEnzyme, S=substrate
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Conversely, if the rate limiting step is after the enzyme-substrate binding, increasing the
amount of enzyme would have no effect on the reaction rate provided the substrate is
limiting. Our data is consistent with the rate limiting step being the initial binding step.
To obtain the dissociation constant (Kd) for DcpS with the cap structure substrate,
the amount of m’Gp product produced was plotted against the respective DcpS
concentrations (20-200nM). The generated curve was fit to a hyperbolic equation
(Equation 4) and a Kd of 15.5 nM was obtained (Fig 11E). The nanomolar range of the
derived Kd value is consistent with the Kd of 75nM we previously reported (Liu et al.,

2004).

The chemistry step is the rate limiting step under high substrate conditions

The above analysis demonstrates that the binding between DcpS and cap substrate
is the rate limiting step under conditions where the enzyme is in excess over the substrate.
We next tested parameters with excess substrate and limiting enzyme concentrations. In
vitro decapping assays were performed by the rapid chemical quench-flow approach as
above except a DcpS monomer concentration of 100nM and excessive cap substrate
concentrations of 200nM, 400nM, 800nM and 1600nM were used. The reaction products
were resolved by thin-layer chromatography (Fig 12A). The decapping rate was plotted
against the logarithmic value of reaction time (Fig 12B). The curves in Fig 12B were fit
to a single exponential equation (Equation 3 in Materials and Methods) with various
coefficients for each curve. The rate constants and the maximal decapping rates were

determined from the equation coefficients and listed in Table 2. The rate constants
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(A) 100 nM monomer concentration of DcpS were used with a titration of excessive
amount of substrate 200, 400, 800, 1600 nM to perform rapid quench-flow decapping
assays as in Figl1B.

(B) The decapping rate was plotted against the logarithmic value of the reaction time.
The data points of each experiment were fit to a single exponential equation (Equation 3)
to obtain the rate constants.

(C) The rate constants derived from (B) were plotted against the DcpS concentrations.
(D) The concentrations of the decapping product m’Gp were calculated and plotted
against the reaction time. No initial bursts of first round turnover were observed from

these curves. All four curves exhibit a single prolonged exponential phase.
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derived from Equation 3 were further plotted against the substrate concentrations (200-
1600 nM) (Fig 12C). As shown in Fig 12C and Table 2, the increasing amount of cap
substrate had no effect on rate constants, indicating that the substrate binding is not rate
limiting under excess substrate conditions.

Having ruled out the substrate binding as the rate limiting step, we next
determined whether one of the steps subsequent to binding, the hydrolysis or product
release step, is rate limiting. The data was represented as the concentration of m’Gp
produced over the reaction time (Fig 12D). Representation of the data under these
parameters enables the distinction of whether the reaction proceeds through an initial
burst for the first round of substrate turnover. An initial steep slope with a subsequent
shallow slope would indicate the reaction proceeds through an initial rapid burst but the
subsequent rounds of hydrolysis are slower due to a slow release of the product. The
observed data points fit to a single exponential curve and are plotted in Figure 12D.
Examination of the data demonstrates the reaction does not proceed through an obvious
burst of product formation, indicating the product release is not a rate limiting slow step.
The above data is consistent with the chemical step of cap hydrolysis constituting the rate

limiting step under excess substrate conditions.

The accumulation of products is inhibitory to cap hydrolysis by DcpS
An interesting observation from Figure 12B is the decapping rate varies with the
concentration of substrate being used despite the fact that all reactions are under excess

substrate concentrations. A decrease of decapping rate is observed with increasing
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substrate concentration. Therefore, an increase in substrate resulted in an inhibition of
the hydrolysis, indicating the accumulation of increasing product was inhibitory.
Furthermore, the fact that the data points fit to a single exponential curve that has a
relatively prolonged exponential phase also suggests product inhibition where the
accumulation of the product was inhibitory to the hydrolysis step (Figl2D). The above
observations suggest that the accumulation of the m’Gp generated throughout multiple

turnover rounds competes for substrate binding and leads to inhibition of hydrolysis.

The lowering of the rate constants is indicative of negative cooperativity

DcpS functions as a dimer with the domain swapped N-terminal domains
separated from the C-termini by a hinge (Gu et al., 2004). Each N-terminus can pivot
between a closed or open conformation to hydrolyze the cap structure and release the
m’Gp product (Gu et al., 2004) (Chen et al., 2005). Examination of the rate constants for
100nM DcpS decapping under single turnover conditions (0.22s™) revealed it to be 4
times higher than the rate observed at multiple turnover conditions with excess substrate
(0.045s to 0.059s™) (Table 2). This is indicative of negative cooperativity under
excessive substrate conditions and suggests a possible negative feedback mechanism to

regulate DcpS mediated decapping under high substrate conditions (see Discussion).

Decapping by a DcpS heterodimer containing one inert subunit displayed decreased
negative cooperativity
To further confirm the negative cooperativity between the two active sites within

the DcpS dimer, a DcpS heterodimer containing one wild-type active site and a mutated
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second site with reduced binding ability to cap substrate was generated. @ With a
heterodimer containing only one active site and a second that was rendered relatively
inert, we would expect there to be minimal if any cooperativity with this heterodimer
since only one side of the protein can effectively interact with the cap substrate. To
generate the heterodimer with one inert site, mutants were constructed such that two
residues within one active site of the dimer critical for cap structure binding were
substituted with alanine to abolish the cap binding function. Two mutations that each
individually are essential for cap hydrolysis, asparagines 110 and tryptophan 175(Gu et
al., 2004), were used. The rationale was to maximize the disruption of cap binding by
using a double mutation. Asparagines 110 and tryptophan 175 were each substituted with
alanine (N110A and W175A respectively) at only one of the cap binding and hydrolysis
sides to minimize the cap binding at one site of the DcpS dimer. A schematic of this
heterodimer is shown in Figure 13A, and purified proteins are shown in Fig 13B. As the
N-terminus is constituted by a domain swapped dimer with contributions of cap binding
from both protomers at each active site, each mutant was made in distinct monomers.
Upon formation of a heterodimer, the N110A from the first monomer and W175A from
the second monomer assemble on the same side of the protein within the same catalytic
site. Each monomer of this heterodimer contained a distinct tag (Flag tag and His tag) for
the purpose of protein purification (see Materials and Methods).

We previously showed that a homodimer containing the N110A or WI175A
mutation at each cap binding site contained less than 5% activity of the wild type DcpS,
thus we initially set out to ascertain whether the N110A and W175A double mutant

retained any catalytically activity. To test this, a homodimer of N110A and W175A
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(A) Cartoon representations of DcpSWT/WT homodimer and DcpS Wnert heterodimer with
double tags. Note that part of the N terminus is exchanged in the DcpS dimer. With this
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domain swapping nature, Dcp was constructed in a way that two mutated residues



90

from distinct protomers actually assemble on the same binding site rendering this site
catalytically inactive (see Results). The cartoon format of the DcpS dimer was adopted
and modified from (Gu et al., 2004).

(B) Purified DcpS V"VT and DepS W™ were resolved by SDS-PAGE and stained with
Sypro Ruby. A co-purified protein GroEL was also shown. The quantitaion of the
concentrations of DcpS proteins is stated in Materials and Methods.

(C)The DcpS™™™™ homodimer has no detectable decapping activity. An in vitro
decapping assay was carried out with the indicated amount of DepS™ ™™™ homodimer
(monomer concentration, nM) and 200 nM cold cap structure spiked with hot cap
structure. The reactions were incubated for 30 sec at room temperature and terminated
by 1.6N formic acid. The hydrolyzed product m’Gp and unhydrolyzed cap structure
substrate were resolved by thin-layer chromatography (TLC) and exposed to

PhosphorImager.

SWT/ WT SWT/ Inert

(D)The rapid quench-flow decapping assays of Dcp and Dcp carried out

WT/WT
S

under single turnover conditions. 100 nM monomer concentration of Dcp and

Dc pSWT/Inert

were used with 10 nM of cold cap substrate spiked with hot cap substrate.
(E)The rapid quench-flow decapping assays of DepS™ ™! and DepS™ ™" carried out
under multiple turnover conditions. 100 nM monomer concentration of DepS™ """ and

Dc pSWT/Inert

were used with 800 nM of cold cap substrate spiked with hot cap substrate.
(F)The decapping rates in (D) and (E) were quantitated and plotted against the reaction
times. The data points for each set of experiment were fit to a single exponential

equation (Equation 3) to obtain the rate constants. As shown in the curves, the decapping

rates for both DepS™"™ " and DcpS™ """ decreased over increasing amount of substrate.
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Table 3. The rate constants and maximal decapping rates of DcpSWTWT,
DcpSWTnert and DcpVMIT under single and multiple turnover conditions

E100S10 C=0.14 s C=0.067 s C=0.52 s
R=0.79 R=0.70 R=0.18
E100S800 C=0.028 s C=0.026 s
R=0.30 R=0.13
Rate constant
change,
Low substrate 5 fold 2.5 fold
/High substrate

Table 3. The rate constants and decapping rates from experiments in Fig 13 and Fig 14
were listed in Table 3. Under multiple turnover conditions, the rate constants and
decapping rates of both DepSY V! and DepS™ /"™ decreased. The fold change of rate
constants were calculated as listed. The rate constant was reduced by 5 fold for
DepSY™T but only 2.5 fold for DepS™ ™™, The reduced fold change for DcpS™ ™"

indicates a decreased negative cooperativity under multiple turnover conditions.
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double mutant within each monomer was constructed and the expressed protein with a

dual mutation within each of the two cap binding sites (DcpS™/™"

) was generated and
tested for decapping activity. As shown in Fig 13C, the DepS™™™™ homodimer did not
contain detectable decapping activity (lanes 6-13) as opposed to 100% decapping activity
from the same concentration of wild type protein (DcpSWT/ WT lanes 2-5). The decapping
results demonstrate that the presence of both the N110A and W175A substitutions within
the same active site has the capacity to disrupt decapping to undetectable levels within
our essay system. Furthermore, these data suggest that a heterodimer that generates one
wild type active site and the other site with the N110A and W175A mutations should
contain only one active site capable of binding and decapping cap structure while the site
with the double mutation would be inactive and contains only minimal, if any, binding
ability to the cap structure.

Decapping of the double tagged DcpSWT/ WT

compared to the heterodimer with one
wild type site and one inert site (DcpS™ ™™ was next tested. Decapping assays were
carried out with DepS™ ™7 or DepS™ ™™ under single turnover conditions (50nM dimer
concentration of DcpS enzyme, 10nM cap substrate) and multiple turnover conditions
(50nM dimer concentration enzyme, 800nM cap substrate). The decapping products
were resolved by TLC (Fig 13D, E) and the decapping rate was plotted against the
reaction time (Fig 13F). The curves in Fig 13F were fit to a single exponential equation
(Equation 3). The rate constants and maximal decapping rates were determined from the

WT/WT
S , under

equation coefficients and listed in Table 3. The rate constant for Dcp
multiple turnover conditions was reduced by 5 fold compared to the single turnover

conditions (0.028 s vs. 0.14 s™), consistent with the data shown in Figl1, Figl2, and
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Table 2, suggesting the existence of negative cooperativity. Interestingly, under steady

SWT/ Tnert

state condition, the Dcp rate constant was reduced by only 2.5 fold compared to

the single turnover conditions (0.026s™" vs. 0.067s™), indicating similar to the DepS™ V'
wild type homodimer, higher substrate negatively impacts hydrolysis of the active site
but the impact is half as great. These data demonstrate negative cooperativity between
the two active sites of the DcpS enzyme. The failure of the DepS"™ ™™ heterodimer to be
completely resistant to negative cooperativity rather than partially resistant could be due

to the ability of the double mutant inert site to still have partial binding capacity (see

Discussion).

A requirement for pivoting of the N-terminus for efficient cap binding and
hydrolysis

Structural analysis of DcpS has revealed that it is a dimeric protein, with two
active sites that are created with contributions from both the N-terminal and C-terminal
domains (Gu et al., 2004). By virtue of the hinge that separates the two domains, the N-
terminus has the capacity to flip from one side to the other creating a closed complex
bound to a cap substrate on one side to initiate hydrolysis which in turn would force an
open conformation on the other side, and vice versa (Gu et al., 2004). Therefore, the
structural data does not support a simultaneous and independent activity of both active
sites but rather is consistent with a mutually exclusive activity of both sites. If this
proposed mechanism is true, both sides of the DcpS protein are not able to close at the
same time. A prediction would be that when one side is locked into the closed

confirmation, the other side would remain open and would not be able to close freely to
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cleave its bound cap. To test this hypothesis biochemically, a heterodimer with one wild
type active site and the other containing an asparagine substitution at His 277 in the HIT
motif which renders the protein inactive (Liu et al., 2002) yet still competent to bind cap,
was generated and tested in decapping assays (Fig 14B).

The DcpS H277N (DcpSHmHIT) homodimer was first characterized for its binding
property to cap ligand. Interestingly, it was able to bind the cap structure as assessed by
the detection of a bound complex by an electrophoretic mobility shift assay (Figure 14C).
Neither the wild type nor any of the other mutant proteins containing mutations in amino
acids that contact the cap, were able to stably bind the cap structure (Fig 14C). Therefore,

the HIT mutant cap binding site within the DcpS™ "'

is expected to function similarly
and trap the cap substrate without hydrolyzing it while the second site should remain
analogous to a wild type active site capable of binding and hydrolyzing the cap substrate.

Rapid quench-flow decapping assays were carried out with the DepS™ ' H!T
heterodimer under single turnover (50nM protein dimer, 10nM substrate) and multiple
turnover (50nM protein dimer, 800 nM substrate) conditions and the decapping products
were resolved by TLC (Fig 14D). The data points for single turnover experiment were fit
to a biphasic, double exponential curve (Fig 14E and Equation 3), and the kinetic values
were calculated from the equation and listed in Table 2. As shown in Fig 14D, under
single turnover conditions the DepS™ "™ protein was catalytically active, however, the
decapping amplitude only reached 20% at the first exponential phase, compared to 76%

WT/WT
S

for Dcp (compare Figl4E and Fig 11C). These data suggest that 80% of the cap
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(A) Purified DepS V"M was resolved on SDS-PAGE and stained by Sypro Ruby. A co-
purified protein GroEL was also shown.

(B) Cartoon representations of DcpS WIHIT heterodimer with double tags. The HIT site
binds cap structure but is unable to hydrolyze it.

(C) An EMSA was used to test the ability of WT DcpS and the other mutant proteins to
bind the **P-labeled cap analog. The DcpS H277N (DcpSHmHIT) is the only protein that
bound to the labeled cap analog under the given EMSA conditions.

(D) The rapid quench-flow decapping assays of DepS™ /™7 carried out under single and
multiple turnover conditions. Single turnover: 100 nM monomer concentration of
enzyme and 10 nM substrate. Multiple turnover: 100 nM monomer concentration of
enzyme and 800 nM of substrate.

(E) The decapping rates in each set of experiments were quantitated and plotted against
the reaction times. The data points of the single turnover condition were fit to a biphasic,
double exponential curve (Equation 5). The maximal decapping rate of the multiple

turnover experiment is lower than 2%.
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substrate was captured at the inactive HIT side, while only 20% was bound by the WT
side and was hydrolyzed. They further suggest that the HIT mutant-containing cap
binding site had a stronger affinity for the cap substrate and was able to bind and trap a
majority of the cap substrate. The second exponential phase might represent the fact that
substrates bound at the HIT side were slowly released and eventually hydrolyzed by the
wild type side. As expected, under multiple turnover conditions, there was a precipitous
decrease in decapping with less then 2% of decapping observed. This latter data suggests
that the HIT mutant side of all the DcpS dimers were bound and locked by the cap
substrates, therefore the WT side was forced to remain in the open confirmation and
unable to hydrolyze other cap substrates. These data confirm the proposed mechanism
that the N-termini of DcpS dimer cannot simultaneously function to hydrolyze a cap at
both binding sites with both sites in the closed confirmation. They demonstrate that only
one site can be closed while the second site is obligatorily forced into an open

confirmation.

Discussion

In this report, we present kinetic analysis of DcpS and elucidate several novel
insights into its decapping mechanism at the subunit level. Interestingly, the rate limiting
step of the decapping reaction varied depending on the substrate concentration. The
reaction was limited at the initial binding step under single turnover conditions but
shifted to the hydrolysis step under high substrate conditions (Table 2 and Table 3).

Furthermore, the DcpS decapping reaction was susceptible to product inhibition (Figures
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12B and 12D) as well as negative cooperativity (Table 2 and Table 3). Lastly, we
demonstrate that a dynamic conformational change of the N-terminal domain relative to
the C-terminal domain which closes and opens on a cap substrate is necessary for
productive decapping, as mutant heterodimers that remained locked on one side in the
closed confirmation failed to function in cap hydrolysis on the second site confirming a
mutually exclusive hydrolysis function for both sites.

The first interesting finding in this report is that the rate-limiting step changed
from the initial binding step to the subsequent hydrolysis step when higher amounts of
substrate were used (Figures 11 and 12). One possible reason is that higher substrate
concentrations induce allosteric conformational changes between the two protomers,
resulting in a slower hydrolysis step. Negative allosteric regulation of DcpS is supported
by several observations. First, the rate constant was reduced by 5 fold with wild type
DcpS homodimer under high substrate conditions, while the DcpSWT/Inm heterodimer
with one wild type active site and an inert active site, only displayed a 2.5 fold reduction
of the rate constant (Table 3). Although we expected the DcpS" ™" to be highly
resistant to negative cooperativity rather than only partially resistant, since two residues
essential for cap binding were mutated, it appears that the mutant protomer we predicted
would be inert, still retains some level of cap binding. This is not surprising considering
the extensive network of contacts from numerous amino acid residues between DcpS and
the cap structure (Gu et al., 2004).

Our data are consistent with an inherent negative cooperativity of the two active
sites within DcpS as indicated by the cap bound co-crystal structure (Chen et al., 2005;

Gu et al., 2004). A model was proposed whereby the N termini of both protomers within
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the DcpS dimer acts as a single inflexible domain that can alternate back and forth to
form a hydrolysis competent closed and open conformations, or an intermediate state of
both sites in the open confirmation (Chen et al., 2005; Gu et al., 2004). The high rigidity
of the two intertwined N terminal domains prevents them from closing at the same time.
Therefore, when an N terminus on a protomer closes for hydrolysis, the one on the other
is forced into an open position. Although the site in the open conformation is capable of
cap substrate binding (Gu et al., 2004), the affinity would be lower than that of the closed
site, since the open protomer lacks the interacting forces contributed by the N terminus to
stabilize the association of the cap substrate (Fig 15B). Therefore, the DcpS dimer
displays inherent negative cooperativity between the first and second binding of its
substrate. The fact that the hydrolysis on the second site has to wait until the one on the
first site has completed hydrolysis and converts to the open confirmation contributes to
the reduced overall chemical hydrolysis step. Our results with the DcpS W/HT
heterodimer provide experimental confirmation for the negative allosteric model where
less then 2% decapping activity was detected with high substrate (Fig 14C). Therefore,
the biochemical analysis indicates that the WT site was not able to conform to a closed
productive confirmation for hydrolysis when the HIT mutant site was bound and
“locked” by the substrate.

Taken together, our analysis of the heterodimer combined with the decapping
observed with the wild type DcpS homodimer under both low and high substrates and the
known structural properties of DcpS collectively suggests the following model of
hydrolysis: Under single turnover conditions, upon binding to the cap substrate at one

binding site, the N terminus at this site closes for substrate cleavage, followed by release
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of the m’Gp and ppN decapping product to complete a catalytic cycle (Fig 15A). Since
the amount of substrate is lower than the enzyme, only one protomer is used per cycle.
Therefore, there is no allosteric communication between the first and second protomer.
Under multiple turnover conditions, upon binding of a cap substrate at the first binding
site, the N terminus closes for substrate cleavage. The rigidity of the domain swapped
region forces the N terminus of the second protomer to stay in an open position.
Subsequently, a second cap substrate can associate with the C terminus of the second site
with weaker affinity, waiting for its turn for cleavage. After the substrate bound at the
first site is hydrolyzed, the hydrolyzed products are released and the N terminus of the
second site closes for hydrolysis. Following the cleavage at the second site, the
hydrolyzed products are released, and the ligand free DcpS returns to its symmetric
open/open form to complete a catalytic cycle (Fig 15B).

DcpS is also negatively regulated by product inhibition. A reduction of DcpS
decapping rate was observed with increasing cap substrate concentrations. Since m’Gp is
as effective a competitor of DcpS decapping as is cap structure (Liu et al., 2002), this rate
reduction can be attributed to an accumulation of the m’Gp decapping product. As the
decapping product accumulates, it can serve as a negative competitor and inhibit DcpS
decapping and provide a means to regulate its activity.

Negative allosteric regulation has also been reported in another domain swapped
protein, bovine seminal ribonuclease (BS-RNase). Similar to DcpS, BS-RNase is a
dimeric domain swapped protein with the two protomers exchanging N terminal
segments (Capasso et al., 1983; Piccoli et al.,, 1992). Interestingly, the negative

cooperativity modulates its enzymatic reaction at the rate-limiting hydrolytic step under
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Figure 15. Models of decapping mechanism under single (low substrate) and
multiple turnover (high substrate) conditions.

(A) Decapping model with low substrate displays no cooperativty between two protomers.
The ligand-free DcpS dimer exhibits a symmetric conformation. Upon binding to the
cap substrate at one binding site, the N terminus at this site closes for substrate cleavage,
followed by releasing of the decapping product m’Gp and ppN to complete a catalytic
cycle. Only one protomer is used per cycle, therefore there is no allosteric
communitcation between the first and second protomer.

(B) DcpS hydrolysis of cap substrate displays negative cooperativity under multiple
turnover conditions. Upon binding of a cap substrate at the first binding site, the N

terminus closes for substrate cleavage. The rigidity of the domain swapped region



104

forcing the N terminus of the second protomer to stay in an open position. Subsequently,
a second cap substrate is associated to the C terminus of the second site. The binding
affinity of the cap to the second site is weaker as it lacks the stabilizing contacts from the
N terminus which is in the open position. After the substrate bound at the first site is
hydrolyzed, the decapping products are released, and the N terminus of the second site
closes for hydrolysis followed by product release to complete the catalytic cycle. The

ligand free DcpS then returns to the symmetric open/open configuration.



105

high substrate concentrations (Piccoli et al., 1988; Piccoli et al., 1982), analogous to what
we observed for DcpS (Figure 12). The negative cooperativity was ascribed to the
domain swapped nature of BS-RNase, as no cooperativity was observed for its non-
swapped dimeric form or monomeric form (Piccoli et al., 1988; Piccoli et al., 1992),.

Allosteric regulation of the rate-limiting enzyme is an important mechanism to
tightly control the flux through a metabolic pathway.  This type of regulation is
widespread in oligomeric proteins and is an important mechanism to regulate enzyme
activity and receptor-ligand binding, particularly in enzymes at key branch points in
metabolic pathways and in receptors that are sensitive to small signals (Koshland, 1996;
Koshland and Hamadani, 2002). A classic example is phosphofructosekinase (PFK), a
key regulatory enzyme in glycolysis pathway. PFK is a tetrameric enzyme composed of
four identical subunits. It catalyzes the phosphorylation of fructose-1,6-bisphosphate
(F6P) to fructose-1,6-bisphosphate, the rate-limiting step in glycolytic pathway. Binding
of the substrate FO6P to PFK is highly positively cooperative, whereas binding of a later
step product in the glycolytic pathway, phosphoenolpyruvate (PEP) is negatively
cooperative (Blangy et al., 1968; Schirmer and Evans, 1990). Since PFK is the rate
limiting enzyme of the glycolytic pathway, the feedback inhibition reduces the rate of
glycolysis when the cell does not require energy and is important to finely tune the flux
of glycolysis in cells.

An interesting mechanism that regulates DcpS protein activity has been revealed
in Saccharomyces cerevisiae. This organism contains two DcpS homologs, Deslp and

Dcs2p with only Dcslp containing decapping activity (Liu et al 2002). Dcslp and



106

Dcs2p, are involved in a stress response mechanism to survive glucose deficiency (Malys
et al., 2004). Under glucose-deprived conditions, the catalytically inactive paralog,
Dcs2p, was shown to heterodimerize with catalytically active Dcslp and compromise its
substrate specificity and Kcat (Malys et al., 2004; Malys and McCarthy, 2006). The
DcpSWT/HIT human protein heterodimer is analogous to this situation with one active and
one inactive protomers and similarly led to a dramatic decrease in decapping (Figure 14).
However, there does not appear to be a Dcslp-like protein in human cells suggesting that
a heterodimer mediated inhibition is unlikely, however our data indicates that
nonhydrolyzable substrates or compounds could bind in one active site and inhibit
decapping by trapping the protein in an inactive state.

DcpS has been characterized as an mRNA decapping enzyme that is involved in
mRNA decay. Whether DcpS is involved in other cellular processes is still an open
question. An obvious metabolic pathway DcpS may impact includes nucleotide
biogenesis and catabolic pathways due to its ability to hydrolyze cap dinucleotides.
Although DcpS acts as the last step of an mRNA decay pathway to “scavenge” the 3°-5°
decay leftover cap oligonucleotide and release the decapping product m’G, previous
studies showed that the end product m’G was further hydrolyzed by an unknown enzyme
activity to release m’Guanine (Gang and Lavers, 1980). Moreover, a more recent report
showed that m’Gp is dephosphorylated by an unknown phosphatase (Wang and Kiledjian,
2001). The results from both reports indicate that m’Gp is not the actual end product of
the decay pathway. After cleaved from m’Gp, m’Guanine might be further processed,
possibly by demethylation. Although the cellular activity representing the removal of the

methyl group is unclear, it would not be surprising if a demethylase activity exists in cells.
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It is well known that the modifications of macromolecules are reversible, such as
phosphorylation, glycosylation, and acetylation, indicating the enzymatic activities that
remove these modifications coexist in cells.  Furthermore, a recent finding of
demethylase AlkB, which removes the methyl group of 1-methyladenine and 3-
methylcytosine lesions in mRNAs and tRNAs (Aas et al., 2003; Ougland et al., 2004; Yu
et al., 2006), is supportive of the possible existence of the m’Guanine demethylase. The
demethylated guanine base can be either reutilized for nucleotide biosynthesis by a
salvage reaction, or catabolized into the end product uric acid (Watts, 1983; Wyngaarden,
1976). The negative modulation of DcpS decapping under high substrate conditions may
possibly provide a regulating point to control the amount of uric acid generated, whose
rapid accumulation is harmful to human body. Thus, when there is high amount of cap
structure accumulated in cells, DcpS adopts the negative allosteric regulation strategy in
cap hydrolysis to prevent a sudden burst of downstream uric acid formation. When the
cellular cap structure drops to the low level, DcpS switches to the single turnover kinetics
without the allosteric regulation.

In addition, regulation of DcpS activity impacts earlier steps of mRNA decay, as
the disruption of yeast Dcslp (DcpS homolog) decapping activity results in inhibition of
5" to 3" exonuclease activity (Liu and Kiledjian, 2005). As shown in this report, local
increase of the substrate, as well as the decapping product would inhibit DcpS decapping,
which is analogous to the disruption of Dcsl. Thus, substrate and product inhibition of
DcpS, which is part of the last step in mRNA decay, could be a means to feedback and
regulate earlier steps in mRNA decay. Therefore, the negative cooperative nature of

DcpS activity may provide a regulatory point for crosstalk between both pathways.
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In conclusion, our data provide evidence that DcpS exhibits different enzymatic
kinetics under low and high substrate conditions. The presence of negative cooperativity
between two wild type subunits, as well as the dramatically reduced decapping activity
displayed by the DepS™ "™ heterodimer under high substrate conditions validate our
previous dynamic decapping model (Gu et al., 2004). Future studies to determine the
local concentrations of DcpS protein and cap dinucleotide will begin to test the negative

allosteric regulatory model proposed.
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