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ABSTRACT

The 5’ cap structure is added onto RNA polymerase II transcripts soon after initiation of
transcription and modulates several post-transcriptional regulatory events involved in RNA
maturation. It is also required for stimulating translation initiation of many cytoplasmic mRNAs and
serves to protect mRNAs from degradation. These functional properties of the cap are mediated by
several cap binding proteins (CBPs) involved in nuclear and cytoplasmic gene expression steps. The
role that CBPs play in gene regulation, as well as the biophysical nature by which they recognize the
cap, is quite intricate. Differences in mechanisms of capping as well as nuances in cap recognition,
speak to the potential of targeting these processes for drug development. In this review, we focus on
recent findings concerning the cap epitranscriptome, our understanding of cap binding by different

CBPs, and explore therapeutic targeting of CBP-cap interaction.

INTRODUCTION

The cap is a unique structure positioned at the 5 end of all RNA polymerase (Pol) 11
transcripts (Fig. 1a). It is present on messenger RNAs (mRNAs), long non-coding (linc) RNAs, many
precursor mictoRNAs, and small nuclear (sn) and nucleolar (sno) RNAs. It is an essential post-
transcriptional modification and participates in several facets of RNA biology — including splicing,
polyadenylation, RNA transport, mRNA translation and stability. A previous review in this Journal
extensively covered several aspects of cap function including the molecular mechanisms of cap
binding by effector proteins, the role of the cap in splicing, mRNA export, nonsense-mediated decay
(NMD), and translation initiation (Topisirovic, Svitkin, Sonenberg, & Shatkin, 2011). As well,
comprehensive reviews on mRNA de-capping addressed the downstream processes of cap removal
and mRNA degradation (Grudzien-Nogalska & Kiledjian, 2017) and aspects of viral 5-end
maturation mechanisms (Picard-Jean et al., 2013). We refer the reader to these excellent reviews and

herein seck to provide an update on cap structure/activity relationships.

Capping Engymes: Writers that Impart Function
The three basic cellular enzymatic capping activities are: (i) an RNA 5’-triphosphatase
(RTPase) responsible for removing the 5’ y-terminal phosphate group from the first nucleotide of the

nascent RNA, (ii) a guanylyltransferase (GTase) responsible for transferring a GMP moiety onto the
5" end of the RNA, and (iif) an RNA N7-guanine methyltransferase (RNMT) responsible for



methylating the terminal guanosine - the end result being the m’GpppN structure (where N is any

nucleoside and m is a methyl group) termed Cap 0 (Fig. 1b).

RNA Guanybltransferase and 5° Phosphatase (RNGITT). In vertebrates, RNGTT has two catalytic

activities, separated into distinct triphosphatase and guanylyltransferase domains. In lower eukaryotes,
these activities can be found separated and encoded by different genes. The RTPase domain shares
homology to the cysteine phosphatase superfamily where a conserved cysteine residue within the
HCX)4R(S/T) signature motif is required for cleavage of the -y phosphate linkage of the nascent
pppN-terminus (Changela, Ho, Martins, Shuman, & Mondragon, 2001). The GTase activity on the
other hand utilizes a catalytic lysine residue to cleave the a-f3 linkage of GTP and forms a covalent
intermediate with GMP, which is then transferred to the 5” diphosphate mRNA end to yield GpppN
(Chu et al., 2011) (Fig 1b).

RINA Guanylyl-IN7 methyltransferase (RNMT). In mammals, RNMT is a separately encoded activity that

catalyzes the transfer of a methyl group from S-adenosylmethionine (SAM) to the GpppN mRNA
terminus to produce m'GpppN (Cap 0) and S-adenosylhomocysteine (SAH) (Pillutla, Yue,
Maldonado, & Shatkin, 1998; Saha, Schwer, & Shuman, 1999; Tsukamoto, Shibagaki, Niikura, &
Mizumoto, 1998) (Fig. 1b). Importin-a. interacts with RNMT to promote the specific binding of
RNMT to GpppN-termini and this increases M Tase activity 10-fold (Wen & Shatkin, 2000). A second
interacting protein, RNMT-activating miniprotein (RAM), stimulates the binding of SAM to RNMT,
enhances RNA recruitment to RNMT, and increases RNMT cap MTase activity by over four-fold
(Gonatopoulos-Pournatzis, Dunn, Bounds, & Cowling, 2011). The RNMT:RAM co-crystal complex,
together with biochemical analysis and molecular dynamics simulation, indicate that RAM serves to
stabilize components of the RNMT structure to favor substrate binding and to stimulate
methyltransferase activity (Varshney et al., 2016).

RNGTT activity is controlled by the c-MYC proto-oncogene (Lombardi, Varshney, Phillips,
& Cowling, 2016). MYC promotes recruitment of RNGTT to MYC-target genes and deregulated c-
MYC expression increases the dependency of target gene expression on RNGTT. Ectopic
overexpression of RNMT in TERT-immortalized human mammary epithelial cells enhances their

cellular transformation and inhibition of RNGTT can selectively block survival of high MYC-



expressing cells (Cowling, 2010; Lombardi et al., 2016). These findings show that RNMT activity, and
hence cap methylation, is a highly regulated process.

The majority of cytoplasmic-replicating RNA viruses encode their own capping enzymes. The
molecular and genetic organization of the enzymatic activities however can differ significantly from
host mammalian cell machinery, but in general the mechanism is as described above (Issur, Picard-
Jean, & Bisaillon, 2011). However, there are rare examples of non-canonical capping mechanism. In
alphaviruses, nsP1 methylates GTP first followed by formation of an m’GMP-nsP1 adduct. The
mRNA 5’ triphosphate residue is trimmed by nsP2 to a 5 diphosphate end, to which m’GMP is
transferred to form Cap 0 mRNAs (Ahola & Kaariainen, 1995). In vesicular stomatitis virus (VSV),
the L. protein reacts with the 5" end of the RNA (pppApApCpA...) to form a covalent complex (L
protein-pApApCpA...). A molecule of GDP is subsequently transferred to the viral 5” end to form
GpppApApCpA... (Abraham, Rhodes, & Banerjee, 1975; Ogino & Banerjee, 2007).

Cap Methyltransferases (CMTRs). In mammals, the 2-OH ribose of the first and second transcribed
nucleosides are further methylated by mRNA (nucleoside-2’-O)-methyltransferases (CMTRs) to yield
m’GpppN's (Cap 1) and m'GpppN'uN?, (Cap 2) structures (Belanger, Stepinski, Darzynkiewicz, &
Pelletier, 2010; Werner et al., 2011) (Fig. 1b). Messenger RNAs with Cap 1 and Cap 2 structures are
protected from recognition by innate immune sensor and interferon-induced factors, IFITs
(Interferon induced protein with tetracopeptide repeats). The IFIT family arose by gene duplication
and although conserved in vertebrates their exact number can vary between and within species.
Humans and most mammals encode five family members (IFIT1, IFIT1B, IFIT2, IFIT3, IFIT5),
which bind to predominantly 5ppp- and Cap 0-mRNAs to inhibit their translation by blocking
ribosome recruitment (Abbas et al., 2017; Hyde & Diamond, 2015). Differences in the 5’ end substrate
specificities between some IFITs are apparent. For example, IFIT1 and IFIT1B bind to 5 Cap 0-
blocked mRNAs with high affinity (K2, .pp ~9 — 23 nM). IFIT1 does not bind to RNA with Cap 1
structures whereas IFIT1B does, although quite weakly (Ki/2 ipp ~450 nM) (Kumar et al., 2014).

A cap-specific adenosine N6-methyltransferase, CAPAM [aka PCIF1], modifies penultimate
adenine residues, yielding m’Gpppm°A,, 5 ends (Akichika et al., 2019; Sendinc et al., 2019; Sun,
Zhang, Li, Bai, & Yi, 2019). Whereas CAPAM is not essential and there is little impact of CAPAM
knockout on cellular proliferation under normal culture conditions, its loss leads to cell growth defects
in the presence of oxidative stress, implying a function for m’Gpppm°’Awm capped mRNAs in this

response (Akichika et al., 2019). Ribosome profiling and RNA-seq comparing translational efficiency



profiles from CAPAM knockout and wt HEK293 cells revealed a slight increase in the levels of
mRNAs with m°Am in the absence of CAPAM and documented a dectease in translation of mRNAs
with m’Gpppm®Am modifications that appeared elF4E-independent (Akichika et al., 2019). In their
analysis of CAPAM function, Sendinc et al. (Sendinc et al., 2019) reported that loss of PCIF1 has no
impact on transcription or mRNA stability, but rather m°Am-containing mRNAs were translated less
efficiently than those mRNAs not normally harboring this modification. In contrast, Boulias et al.
(Boulias et al., 2019) reported that depleting PCIF1 does not significantly impact mRNA translation
but rather is associated with reduced stability of a subset of m°*Am-containing mRNAs. Loss of PCIF1
in the mouse is of minimum consequence - with no effect on viability or fertility and only reductions
in body weight noted (Pandey et al., 2020). RNA-seq analysis showed up- or down-regulation of
hundreds (in spleen and brain) to thousands (in testis) of transcripts, with pseudogenes comprising a
significant proportion of the top 100 upregulated genes. Ribosome profiling also identified a
proportion of mRNAs whose translation appeared to be selectively affected, but this appeared to be
a secondary effect of PCIF1 loss as the affected mRNAs did not have any particular preference for
the transcription start site nucleotide (Pandey et al., 2020). It may be that the disparate effects on
mRNA stability and translation noted in these different studies is a consequence of different
requirements on PCIF1 or adaptive mechanisms unique among the cells or tissues under study.

The most complex cap structure is cap 4, m'Gpppm:’AmAyCm’U,, present in Trypanosoma
and Leishmania parasites (Perry, Watkins, & Agabian, 1987). There are three distinct 2’-O-
methyltransferases required for these ribose modifications and their targeted ablation has indicated
that they are essential. Loss of Cap 3 and Cap 4 ribose methylation leads to reduced translation rates

(Zamudio, Mittra, Campbell, & Sturm, 2009).

Transcription-Dependent Capping

In addition to a direct interaction, there exists an intimate crosstalk between early transcription
factors and the capping apparatus since the cap is added co-transcriptionally to RNA Pol II transcripts
(Ho et al., 1998; McCracken et al., 1997; Yue et al., 1997). Immediately following transcription
initiation, a pause is induced upon the recruitment of the negative elongation factor (NELF) to RNA
Pol II by the DRB sensitivity-inducing factor, DSIF (Yamaguchi et al., 1999). During this period, the
capping enzymes are mustered to the Pol II C-terminal domain (CTD). It is the phosphorylation
pattern of the Pol II CTD that dictates recruitment of the capping activities (Komarnitsky, Cho, &

Buratowski, 2000; Wen & Shatkin, 1999). Specifically, TFIIH (Cdk7) and Spt5 (a subunit of DSIF)



phosphorylate Ser” within the heptad YSPTSPS repeat embedded within the CTD and this serves as
the mobilization signal for the capping activities. The capping complex in turn aids in the recruitment
of the positive transcription elongation factor (P-TEFb) (Lenasi, Peterlin, & Barboric, 2011; Mandal
et al., 2004), which phosphorylates Ser” of the Pol II CTD heptad repeat, as well as DSIF and NELF
(E. J. Cho, Kobor, Kim, Greenblatt, & Buratowski, 2001; Guiguen et al., 2007; Ivanov, Kwak, Guo,
& Gaynor, 2000; Kim & Sharp, 2001), leading to release of NELF and enabling escape from the
transcription pause.

CMTR1 is also recruited to the p-Ser” RNA Pol II CTD (Haline-Vaz, Silva, & Zanchin, 2008),
indicating that Cap 1 formation is a nuclear event. Modification of the second transcribed nucleotide
at the 2’-O ribose is undertaken by a different enzyme, CMTR2. CMTR2 is present in both the nucleus
and the cytoplasm, making it unclear in which cellular compartment Cap 2 formation occurs. A crystal
structure of the CMTRI1 catalytic domain complexed with a capped oligoribonucleotide and SAM has
revealed that the cellular enzyme interacts with the cap very differently than viral methyltransferase
homologs and this could provide the basis for the development of specific anti-viral compounds
(Smietanski et al., 2014; Werner et al., 2011). CAPAM also directly associates with the p-Ser’ Pol 11
CTD tail (Sendinc et al., 2019).

The Cap Epitranscriptome Landscape

Recent systems level mass spectrometry approaches, CapQuant and CAP-MAP, have been
developed for quantitative assessment of the cap epitranscriptome (Galloway et al., 2020; J. Wang et
al., 2019). CapQuant combines HPLC enrichment of cap nucleotides with mass spectrometry
detection approaches to enable quantitation of atto- to femto-mole levels of RNA cap structures.
CAP-MAP directly analyzes oligo d(T) selected, P1 digested mRNA, thus faithfully maintaining the
relative amounts of cap variants.

CapQuant was used to analyze the cap epitranscriptome in human acute lymphoblastic
leukemia CCRF-SB cells; where it was found that the most common 5’ structures were m’GpppGm
= m'GpppCn > m'Gpppm°An = m’GpppAn=m'Gpppm°A >> m’GpppU. (J. Wang et al., 2019).
The same set of structures were present in RNA isolated from murine kidney and liver tissues although
there were differences in relative distribution (Fig. 2). Analysis of S. cerevisiae caps confirmed the
presence of only Cap 0 structures with the abundance distribution being m’GpppA > m’GpppG >

m’GpppU = m’GpppC (Fig. 2).



CAP-MAP has been used to define cap variants containing a penultimate adenosine or
guanosine residue (those containing a cytosine or uridine were not analyzed) in murine activated T
cells, liver, heart, brain and human Hel.a cells (Galloway et al., 2020). Consistent with what was
reported with CapQuant, the most frequent variants were m'GpppGm (30-52% of the total structures
analyzed) and m’Gpppm°Am (40-60%), followed by m'GpppAm (4-10%). A small amount of Cap 0
and unmethylated GpppAm/GpppGm structures were also detected (1.6-2.3% of total), and may
represent synthesis or turnover intermediates.

Previous studies using antibody-based approaches had proposed the existence of
m’Gpppm'An and m'Gpppm'A caps with mRNAs harboring these caps being more efficiently
translated (Dominissini et al., 2016; X. Li et al., 2017). However, these structures were not detected
by CapQuant in the cells or tissues analyzed and so their existence remains to be confirmed (J. Wang
et al,, 2019).

When adenosine is the first transcribed nucleotide, methylation at the N6-position was quite
frequently detected by CapQuant, and its occurrence was equally present in Cap 0 (m'Gpppm°A) and
Cap 1 (m'Gpppm°Am) structures in mRNAs from CCRF-SB cells (J. Wang et al., 2019). However,
the Cap 0 m’Gpppm°A structure was quite rare in murine liver tissue and not detected in murine
kidney poly(A)* RNA, where the predominant structures were m’GpppGm and m’Gpppm°Am.
When cap distribution was assessed by CAP-MAP, levels of m’GpppAm appeared to be only ~1 -
3.9% of the total variant population analyzed in liver, heart and brain (Galloway et al., 2020), consistent
with a previous report indicated the distribution of A-containing caps in HEK293 cells to be 92%
m’Gpppm°An and 8% m’GpppAm, with no Cap 0 m’Gpppm°A caps present (Akichika et al., 2019).
CapQuant does not define precursor/product relationships and it may be that the m’Gpppm°A Cap
0 structures detected in CCRF-SB cells represent intermediates that accumulate due to limiting
CMTRI1 activity.

Nucleotide metabolites (nicotinamide adenine dinucleotide (NAD), flavin adenine
dinucleotide (FAD), wuridine diphosphate glucose (UDP-Glc), wuridine diphosphate N-
acetylglucosamine (UDP-GIcNAc), and 3’-dephospho-coenzyme A (dpCoA)) are all capable of
serving as initiating nucleotides for bacterial RNA polymerase i vitro (Bird et al., 2016; Julius &
Yuzenkova, 2017). An NAD-captureSeq approach was used to demonstrate the presence of NAD
caps in yeast, plant and human cells (Jiao et al., 2017; Walters et al., 2017; Y. Wang et al., 2019). In
humans, NAD caps have been reported on pre-mRNA, spliced and polyadenylated mRNAs, and small
nucleolar RNAs (snoRNAs) (Jiao et al., 2017; Walters et al., 2017). NAD-capped transcripts in



Arabidopsis have been found in polysomes, suggesting these are actively translated (Y. Wang et al.,
2019). Jiao et al. (Jiao et al., 2017) however reported that NAD capped mRNA does not support
translation but rather that the NAD moiety promotes mRNA decay (Kiledjian, 2018; Wu et al., 2019).
For the first time, CapQuant enabled quantification of the levels of metabolites caps (J. Wang et al,,
2019). The frequency of metabolic caps (NAD, FAD, UDP-Glc, UDP-GIcNAc) was extremely low
relative to canonical cap structures across all analyzed samples: CCRF-SB cells (0.3%), murine liver
(4%), murine kidney (5.4%), and yeast (1%) (J. Wang et al., 2019) (Fig. 2). No CoA cap structures were
detected. The paucity of metabolic caps in eukaryotes brings into question their role in significantly
contributing to overall gene expression, although specialized roles for specific mRNAs cannot be
excluded.

The cap structures of several small nuclear RNAs (snRNAs), snoRNAs, telomerase RNA,
some viral mRNAs and selenoprotein mRNAs are further modified by trimethylguanosine synthase 1
(TGS1), which methylates the exocyclic N2 of the m’G cap to generate m;>>'G caps (TMG:
trimethylguanosine) (Franke, Gehlen, & Ehrenhofer-Murray, 2008; Monecke, Dickmanns, & Ficner,
2009; Mouaikel, Verheggen, Bertrand, Tazi, & Bordonne, 2002; Wurth et al., 2014). m'G-capped
snRNAs are exported into the cytoplasm where they undergo modification by TGS1. In complex with
Sm core proteins, TMG-capped snRNAs are then transported back to the nucleus by snurportin, a
transporter that interacts with the TMG structure and Sm proteins, but not m’G-capped mRNAs
(Hamm, Darzynkiewicz, Tahara, & Mattaj, 1990; Huber et al., 1998). Several mRNAs also harbor
hypermethylated caps. Sindbis and Semliki Forest virus late mRNAs contain m’G, m>*'G, and ms>*'G
caps (HsuChen & Dubin, 1976; van Duijn, Kasperaitis, Ameling, & Voorma, 1986). In the case of
Semliki Forest virus, mRNAs with hypermethylated caps are not as abundantly associated with
polysomes as m’G-capped mRNA (van Duijn et al., 1986), likely a reflection of the reduced affinity
of elF4E (see below) for hypermethylated caps (W. Liu et al., 2011). During HIV infection, TMG
caps are found on unspliced and partially spliced HIV RNAs (Yedavalli & Jeang, 2010). Among cellular
mRNAs, selenoprotein mRNAs harbor TMG, and this does not appear to impair their ability to recruit

ribosomes and be translated (Wurth et al., 2014).

Cap Binding Proteins: Readers that Mediate Function from Birth to Death
CBP20. A number of cap binding protein mediate the biological effects of the cap. The first cellular
cap binding protein to interact with the capped nascent Pol IT RNA product is the nuclear cap binding

complex (nCBC). This complex consists of a 20 kDa cap-binding protein (CBP 20) and an auxiliary



partner, CBP80. nCBC plays a critical role in RNA biogenesis as it facilitates splicing, polyadenylation,
and nuclear export (Topisirovic et al., 2011). It also has been implicated in NMD, an mRNA quality
control pathway that ensures mRNAs with premature termination codons are shunted for
degradation.

In CBP20, the m’G residue is sandwiched between two tyrosines (Fig 3a). Guanine specificity
is imparted by hydrogen bonding interactions to O6, N1, and N2. Extensive additional contacts are
made with the hydroxyls of the ribose and the triphosphate bridge (not shown) explaining the high
affinity of the CBC for m’GpppG (Kq = ~13 nM) (Mazza, Ohno, Segref, Mattaj, & Cusack, 2001;
Mazza, Segref, Mattaj, & Cusack, 2002). Binding of the CBC to the cap is a co-operative, induced fit
process that requires CPB20 to undergo significant conformational changes (Mazza et al., 2001; Mazza

et al., 2002).

elF4E. eIF4E participates in translation initiation as a subunit of the heterotrimeric complex, elF4F,
in which it directly interacts with the elF4G subunit. In turn, eIF4G is complexed with the elF4A
DEAD-box RNA helicase. Structural insight from elFF4E:cap complexes demonstrate that only the
m’Gppp moiety of the cap interacts with e[F4E (Marcotrigiano, Gingras, Sonenberg, & Burley, 1997).
Binding of elF4F to the mRNA is further stabilized by elFF4G, which possesses two RNA binding
domains (Marcotrigiano et al., 2001; Yanagiya et al., 2009). There is evidence from 7z vitro RNA Bind-
n-Seq experiments that yeast eIFF4G can preferentially bind to unstructured RNA motifs enriched for
oligo-uridine content (Zinshteyn, Rojas-Duran, & Gilbert, 2017). Interaction of poly(A) binding
protein (PABP) with eIlF4G also stabilizes eIF4T at the cap and leads to circularization of the mRNA
— events that have been linked to a significant enhancement of translation (Gallie, 1991; Kahvejian,
Svitkin, Sukarieh, M'Boutchou, & Sonenberg, 2005). The role that eIF4A plays in the initiation process
has been extensively reviewed — its helicase activity is essential for ribosome recruitment to most
mRNAs (Pelletier & Sonenberg, 2019). eIFF4A is needed to resolve complex structural features, as well
as RNA-bound protein complexes that can sterically block ribosome recruitment, and this requirement
is an important feature in defining translation rates observed among cellular mRNAs (Svitkin,
Ovchinnikov, Dreyfuss, & Sonenberg, 1996; Svitkin et al., 2001).

The structural basis of elF4E:cap interaction is well understood at the atomic level. The N7-
methyl modification favors an ant-conformation and generates a positive charge that mediates cation-
7 stacking interactions with two tryptophan residues (W56 and W102 in mammalian elF4E)

(Marcotrigiano et al., 1997; Matsuo et al., 1997) (Fig 3b). Additional interactions between E103 and



N1 and N2 of the guanine base, the backbone amide of M101 and OG0, as well as between charged
amino acids and the triphosphate bridge (not shown) further stabilize the interaction. No interactions
are made with the two ribose hydroxyl groups, unlike what is observed in CBP20, which explains why
elF4E can be purified using affinity columns where m’GDP or m’GTP are linked to a solid support

matrix through the ribose moiety (Edery, Altmann, & Sonenberg, 1988).

elF'4E Homology Protein (#EHP) and 1a-Related Protein 1 (I.ARP1). The cap can also setve as an inhibitory
feature of translation. 4EHP (aka elF4E2) functions by interacting with both the cap and proteins
tethered to the coding sequence and the 3> UTR of the same mRNA. Since 4EHP does not interact
with elF4G (Joshi, Cameron, & Jagus, 2004; Rosettani, Knapp, Vismara, Rusconi, & Cameron, 2007
Zuberek et al., 2007), this leads to a circularized mRNA template onto which ribosomes are unable to
be recruited. This paradigm of cap-mediated inhibition was first described in Drosgphila to explain the
translation repression of cauda/ mRNA by bicoid (which is 3> UTR anchored and bound to 4EHP)
during early development (P. F. Cho et al., 2005). A similar repressive mechanism has been reported
for miRNA-induced silencing where 4EHP is tethered to the mRNA 3’ UTR via 4E-T which in turn
is bound to the CCR4-CNOT complex (Chapat et al., 2017). The affinity of 4EHP (in the presence
of 4E-T) for the cap is increased and efficiently blocks cap-dependent translation initiation (Chapat et
al., 2017). 4EHP has also been implicated in a ribosome-associated quality control pathway designed
to protect cells from proteotoxic stress arising from translation of aberrant mRNAs. Stalled, or
collided mRNA-bound ribosomes are detected by the GIGYF2-sensor, a protein that recruits 4EHP
to inhibit translation initiation (Hickey et al., 2020; Juszkiewicz et al., 2020). Binding of human 4EHP
to the m’G of the cap is similar to eIlF4E, with cation-m stacking interactions occurring between
tryptophan residue W124 and tyrosine residue Y78 (Marcotrigiano et al., 1997; Matsuo et al., 1997),
N1 and N2 interacting with E125, and O6 hydrogen bonds to the backbone amide of M123 (Fig 3c).

Another protein that utilizes the cap as an inhibitory mark, which mediates the profound
translational response of mRNAs harboring unique 5 terminal oligopyrimidine (TOP) sequences to
mTORCI1 is LARP1 (Fonseca, Lahr, Damgaard, Alain, & Berman, 2018; Meyuhas & Kahan, 2015;
Tcherkezian et al., 2014). The TOP signature consists of an invariant 5’ cytosine as the first transcribed
nucleotide followed by a track of 4 — 14 pyrimidines. The cap binding pocket of LARP1 is more
extensive than other CBPs and interacts not only with the m'G terminal residue but also the next four

downstream bases. Specific interaction with these bases rationalizes the polypyrimidine specificity in

binding to TOP sequences (Lahr et al., 2017). The inhibition of translation mediate by LARP1 is a
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consequence of cap sequestration, interference with elFF4E:cap binding and therefore impairment of
translation initiation. LARP1 binds to TOP mRNAs when mTORCI signalling is inhibited. When
mTORCI1 signalling is stimulated, LARP1 binds the raptor subunit of mTORCI, resulting in its
phosphorylation and release from mRNAs to enable their translation (Fonseca et al., 2015; Hong et
al., 2017, Philippe, Vasseur, Debart, & Thoreen, 2018). LARP1 interactions with the cap are the result
of cation-T stacking with two tyrosine residues (Y883 and Y922) that arise from neighbouring alpha
helices and which are not observed in the other cap binding proteins discussed here. Hydrogen
bonding between the guanine base and LARP1 is seen with N1 interacting with E886, N2 interacting
with E8806, and both the side chain and backbone carbonyl of S882 (Fig 3d).

elF4E3. elF4E3 is a CBP that, like elF4E, can also associate with elF4G (Joshi et al., 2004). In a
tethering assay, eIF4E3 can potently stimulate translation in an elF4G- and eIF4A-dependent manner
(Robert, Cencic, Cai, Schmeing, & Pelletier, 2020). These results allude to the presence of additional
elF4F complexes where elFF4E is replaced by elF4E3 as a cap binding subunit. In elF4E3, there is
only one aromatic amino acid that is appropriately positioned to stack with m’G. Accordingly, binding
of elF4E3 to m'GDP or m’GTP is 10-40 fold weaker relative to elF4E, bringing into question the
ability of eIF4E3 to compete with elF4E in translation initiation (Osborne et al., 2013). The low levels
and tissue-restricted expression (predominantly in heart, lung, and skeletal muscle) (Joshi et al., 2004)

of eIF4E3 suggest a more specialized role in translation initiation.

Decapping proteins. Removal of the cap is a critical regulatory step in gene expression that impacts on
mRNA stability (Grudzien-Nogalska & Kiledjian, 2017; Kramer & McLennan, 2019). The first
discovered, and best characterized decapping enzyme is Dcp2 (Lykke-Andersen, 2002; van Dijk et al.,
2002; Z. Wang, Jiao, Carr-Schmid, & Kiledjian, 2002). Dcp2 cleaves the cap between the a-f3
phosphate bonds to generate m’GDP and 5 monophosphate-terminated RNA (Lykke-Andersen,
2002; Z. Wang et al., 2002). Both the cap and downstream RNA sequences are required for decapping
by Dcp2 (Piccirillo, Khanna, & Kiledjian, 2003). A number of proteins which stimulate decapping
function either as general- or mRINA-specific activators; underscoring the complex regulation of this
process (Grudzien-Nogalska & Kiledjian, 2017; Kramer & McLennan, 2019). Dcp2 is developmentally
regulated, displays tissue-restricted expression, and is expected to exhibit RNA sequence/structure

discrimination based on its RNA binding activity (Grudzien-Nogalska & Kiledjian, 2017).
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There are additional decapping enzymes. The NUDIX (NUcleoside DIphosphate linked to
another moiety X) family of enzymes hydrolyze phosphodiester bonds and several have been
implicated in decapping. For example, NUDIX hydrolase (Nudt) 16 is a decapping enzyme that shows
selectivity in its repertoire of target mRNA substrates (Lu et al., 2011; Song, Li, & Kiledjian, 2010).
Dcp2 and Nudtl6 may function in different decay pathways with NMD employing Dcp2, but
turnover of ARE-containing transcripts appear more reliant on Nudtl6 (Y. Li, Song, & Kiledjian,
2011). Additional NUDIX proteins exhibit RNA decapping activity zz vitro: Nudtl7 and Nudt19

generate m'GDP and monophosphate-terminated RNA by hydrolyzing the a-f phosphate linkage of
the cap, Nudt12 and Nudt15 cleave the B-y bond of the cap to generate m’GMP and diphosphate-

terminated RNA, and Nudt2 and Nudt3 cleave both a.-f and B-y bonds with similar efficiencies (Song,
Bail, & Kiledjian, 2013). Nudt12 has been implicated in decapping NAD-capped RNAs (Wu et al,,
2019). This complexity in RNA decapping speaks to an intricate program of gene expression
regulation that is poorly understood and remains to be explored in terms of target specificity

determinants and regulation.

Cap Hydrolysis. Following removal of the cap from the 5’ end of the mRNA, the m’GpppN residue
itself can be further processed. The scavenger decapping enzyme DcpS utilizes a conserved HIT motif
to cleave the pyrophosphate linkage within the cap to release m'GMP (S. W. Liu et al., 2004).
Homozygous loss of function mutations in DcpS are associated with Al-Raqad syndrome, a rare
disorder characterized by growth retardation, craniofacial anomalies, altered skin coloration,
intellectual disability, and neuromuscular defects (Alesi et al., 2018; Ng et al., 2015). Cells from these
patients lack detectable DcpS activity (Ng et al., 2015). Whether elevated levels of intracellular cap
structures in DcpS”” cells impact on cellular homeostasis by interfering with the activity of any of the
aforementioned CBPs remains an open question.

In yeast, there are two enzymes implicated in the quality control of the capping process. Railp
releases pyrophosphate from pppN-terminated RNA (homologs from other organisms can also
release pppN and/or GpppN) which are present on transcripts not fully processed by the capping
machinery (Jiao et al., 2010; V. Y. Wang, Jiao, Kiledjian, & Tong, 2015; Xiang et al., 2009). A second
enzyme, Dxolp, removes GpppN from the 5’ ends of mRNAs when N7 methylation fails to take

place (Chang et al., 2012). In contrast, mammalian cells possess one activity implicated in quality

control — DXO (aka DOM3Z). DXO cleaves the o- bonds of pppN-terminated RNA, removes
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GpppN  residues from partially capped transcripts, and exhibits 5-3” exonucleolytic activity
(Doamekpor, Gozdek, Kwasnik, Kufel, & Tong, 2020; Jiao, Chang, Kilic, Tong, & Kiledjian, 2013).
DXO also shows deNADing activity and removes NAD caps to promote decay of the target mRNAs
(Jiao et al,, 2017). The promiscuity of DXO in binding to RNAs with different 5’ ends is explained by
the crystal structure of DXO in complex with m’GDP where there ate no stabilizing interactions made
with the m’G moiety (Jiao et al.,, 2013).

The large number of decapping and cap hydrolysis proteins allude to a complex system
established for fine-tuned regulation. Indeed, different activities have been implicated in mRNA
decapping followed by 5-3’ degradation, decapping of incomplete mRNA transcripts, and cap
turnover. Understanding the regulation of these events and defining potential cross-talk will be

important to our understanding of the mRNA decay pathway.

Cap-dependent Viral Gene Expression. Efficient viral replication is dependent on the ability of the mRNA
to access the host cellular translation apparatus. Discrimination between mRNAs with Cap 0 versus
those having Cap 1 and Cap 2 structures is used by IFITs as a measure to block viral replication (Abbas
et al., 2017; Hyde & Diamond, 2015). Consequently, viruses have evolved mechanisms to ensure that
their transcripts bypass this defense mechanism. DNA viruses and retroviruses that utilize cellular
RNA pol II for transcription of their genomes are co-transcriptionally capped in the same manner as
cellular mRNAs. On the other hand, some cytoplasmic replicating viruses encode their own capping
enzymes, whereas others (eg, picornaviruses) link a small polypeptide (VPg) to the mRNA 5’ end and
recruit ribosomes via a cis-acting internal ribosome entry site (IRES) (Jang et al., 1988; Pelletier &
Sonenberg, 1988). Caliciviruses and potyviruses also attach a viral-encoded peptide to the mRNA 5’
end but in these instances this protein directly recruits elF4E or eIlF4G for translation initiation,
functionally replacing the cap structure in the process of ribosome recruitment (Chaudhry et al., 2006;
Chung et al., 2014; Goodfellow et al., 2005). All of these are mechanisms to efficiently evade the IFIT-
based anti-viral defenses.

Several viral CBPs have been extensively characterized. The vaccinia VP39 protein functions
as a 2’-O methyl transferase to convert Cap 0 to Cap 1 (as well as in the maturation of the poly(A)
tail) (Gershon, Ahn, Garfield, & Moss, 1991; Schnietle, Gershon, & Moss, 1992). The cap binding
cleft of VP39 can accommodate not only the cap structure but also the first three transcribed
nucleotides via a series of hydrogen bond and electrostatic interactions (Hodel, Gershon, Shi, &

Quiocho, 1996), which explains the ~100-fold increase in affinity observed when capped RNA
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oligonucleotides are used as competitors of cap binding, compared to m’GTP or m'GpppG (Lockless,
Cheng, Hodel, Quiocho, & Gershon, 1998). As with eIF4E, the m’G ring stacks between two aromatic
residues (Y22 and F180) within VP39 (Fig. 3¢). Binding is further stabilized by m’G N2 interactions
with E223 and D182, and N1 with E223.

Influenza A and B also encode a CBP, PB2, which is one of three subunits of the flu RNA
polymerase complex (which also includes the PA endonuclease). This complex is involved in the “cap
snatch” mechanism whereby short capped oligonucleotides are cleaved from host nuclear transcripts

and used to prime transcription from the viral minus strands (Plotch, Bouloy, Ulmanen, & Krug,

1981). Influenza A PB2 interacts with the cap through cation-7 stacking, but in a manner distinct from
that observed for eIF4E, 4EHP, CBP20, and VP39 (Guilligay et al., 2008) (Fig 3f, ). For influenza A
PB2, m'G is stacked between F404 which is held at a 30° tilt and H357 which lies parallel to the base
(Guilligay et al., 2008) (Fig 3f). The N1 and N2 interact with E361 and O6 with K376. There are no
direct contacts made to the ribose 2’ and 3’ hydroxyl groups. The lower affinity of influenza A PB2
for cap analogs and relatively poor discrimination between m’GTP versus GTP (only a 5-fold
difference in affinities) is thought to be a consequence of the imperfect stacking with H357.
Replacement of H357 by a tryptophan residue increases cap binding affinity (Guilligay et al., 2008)
and this modification forms the basis for cap recognition by influenza B PB2 (Xie et al., 2016) (Fig
39).

Giant viruses of amoebae, initially so called because their physical size allowed them to be
visualized by light microscopy, are complex microorganisms whose genomes can encode >100’s of
proteins and mRINAs. Several members have also been found to encode components of the protein
synthesis machinery (F. Schulz et al., 2017). These include a large repertoire of tRNAs, aminoacyl
tRNA synthetases, and initiation, elongation, and release factors. Among the initiation factors,
homologs of all three eIlF4F subunits have been described. Phylogenetic analysis of eIlF4E from
different giant viruses indicate that eIF4E appears to have been independently acquired by different
giant virus family members (KKoonin & Yutin, 2019). This parallel acquisition may reflect evolutionary
pressure to optimize viral translation independent of host and/or the implementation of measures by
which host translation can be modulated during the viral life cycle. Functional studies are now required
to determine if these can bind the cap and what role they play in modulating viral and host gene

expression.

Targeting Capping and Cap Recognition for Therapeutic Purposes
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Targeting the capping process. Cap methylation of a subset of mRNA transcripts has been shown to be
stimulated by the MYC and E2F1 transcription factors (Cole & Cowling, 2009). This appears to be,
at least in part, mediated by the upregulation of SAHH (S-adenosyl homocysteine hydrolase)[aka
AHCY] (Fernandez-Sanchez, Gonatopoulos-Pournatzis, Preston, Lawlor, & Cowling, 2009).
Accumulation of SAH during the capping reaction from SAM can result in product feedback
inhibition and SAHH alleviates this by converting SAH to homocysteine and adenosine. MYC also
increases the recruitment of RNGTT to RNA Pol II to stimulate the capping reaction (LLombardi et
al., 2016). Therefore, the capping process appears to be upregulated in tumors with elevated MYC
levels and this may represent a tumor-selective vulnerability, and indeed this has been explored.
Inhibition of SAHH using an adenosine analogue, tubercidin, inhibited cap methylation and impaired
proliferation of RatlA fibroblasts ectopically expressing c-MYC, compared to control cells
(Fernandez-Sanchez et al., 2009). However, a reduction in SAHH activity can have pleiotropic effects
as it results in adenosine depletion, activation of the DNA damage response, and cell cycle arrest
(Beluzic et al., 2018), so it will be important to link SAHH inhibition and any anti-cancer effects to
impairment of cap methylation in future studies. Suppression of RNGTT or RNMT expression by
siRNA/shRNAs in murine or human cells has also been explored, but this leads to cell death, attesting
to the essential nature of these two gene products, and likely making it difficult to achieve a therapeutic

index by targeting these specific activities (Chu & Shatkin, 2008).

Impairing CBP-cap interaction. eIFAE plays a central role in dictating translation responses to changes in
MAPK and mTOR signalling. Deregulation of these pathways, as occurs in many cancers, not only
leads to an altered cellular proteome but also a dependency on elevated elFF4E levels (and hence elF4F
activity) that in some settings can be MYC-driven. There is thus much interest in targeting eIF4E (and
elF4F) for therapeutic purposes. Strategies that have been explored include suppression of elF4E
expression using antisense oligonucleotides and siRNAs, interfering with elFF4E-elF4G interaction,
blocking elFF4E:cap interaction, and inhibiting upstream mitogen-activated protein kinase (MAPK)
signal-integrating kinases (MNK) 1 and 2 (Bhat et al., 2015).

Cap analogs have been extensively used  vitro to study CBP-dependent biochemical processes
(Stepinski & Darzynkiewicz, 2014). Their use iz cellula however is hampered by their poor membrane
permeability. To overcome this limitation, Wagner and colleagues have developed 4Ei-1, an N7-benzyl
GMP tryptamine phosphoamidate pronucleotide (Ghosh et al., 2009). This pro-drug is cell permeable

and is converted to N7-benzyl GMP by endogenous histidine triad nucleotide binding proteins
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(HINTS). 4Fi-1 was shown to block epithelial-to-mesenchymal transitions in zebrafish (Ghosh et al.,
2009), sensitize lung and breast cancer cells to gemcitabine (S. Li et al., 2013) and mesothelial cells to
methotrexate (E. Z. Chen et al., 2014). Several lysine and arginine residues in eIF4E interact with the
phosphate backbone of cap analogs and this interaction network extends along the entire triphosphate
chain, explaining the rank order potency of m'GMP<m’GDP<m'GTP as elF4E inhibitors
(Marcotrigiano et al., 1997; Niedzwiecka et al., 2002; Tomoo et al., 2002). The low potency of 4Fi-1
is thus likely due to the presence of only a single phosphate in the intracellular released drug. As well,
the reliance on HINT activity for intracellular prodrug metabolism may lead to variations in inhibition
across cell types.

An under-explored opportunity for drug development lies in leveraging information on the
shape of the cap-binding pocket of CBPs. A comparison of the cap binding pocket of the seven CBPs
that utilize a shared m’G stacking mechanism for cap binding (ie, eIF4E, CBP20, 4EHP, LARP1,
vaccinia VP39, and influenza A and B PB2) shows quite different spatial geometries (Figs 4 and 5). In
CBP20, the N7 methyl group is facing towards the exterior of the protein from its binding location
and this could accommodate larger substituents (Figs. 4a, 5a). As well, there could be room for
accommodating changes to the O6 and N2 positions, but there is little space to accommodate
modifications to the 2’ and 3’ hydroxyl groups of the ribose (Figs 4a, 5a). In eIF4E, there are distinct
pockets that can accommodate larger N7 substituents (Figs 4b, 5b) and explains why compounds such
as N7-benzy GMP and 7-(p-flurobenzyl)-GMP are able to function as potent cap analogs (C. J. Brown,
McNae, Fischer, & Walkinshaw, 2007). This feature was explored by Chen et al. (X. Chen et al., 2012)
who generated and tested analogs with N7 extensions, obtaining a compound showing a ~50-fold
increase in binding affinity for eIF4E, compared to m’GMP. Unfortunately, selectivity of the
developed compound towards eIF4E versus other CBPs was not directly assessed and this compound
suffered from poor solubility - precluding its use in cells. In eIF4E and 4EHP, there is no room to
accommodate substituents to OO, unlike the scenario for vaccinia VP39 (Figs 4b, ¢ and 5b, c). The
structure of cap-bound LARP1 shows that substituents to the exocyclic N2 position are likely to
disrupt binding (Figs 4d, 5d). Cap binding to VP39 is not expected to be tolerant of N7 substituents
(Figs 4e, 5¢). The cap binding pocket of influenza A and B PB2 appears quite restrictive in not being
able to tolerate modifications at N7 or O6 (Figs 4f, g and 51, g). Exploiting the information gleaned
from structural studies of cap-bound CBPs holds promise to generate designer cap analogs selective

for a specific CBP.
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RNA aptamers hold significant potential as biologicals to overcome some of the serendipity
associated with small molecule discovery. High affinity and highly selective RN A aptamers for a variety
of molecular ligands can be generated by SELEX, an 7# vifro selection approach that entails reiterative
cycles of nucleic acid probe partitioning followed by amplification (Tuerk & Gold, 1990). This
approach has been used to generate RNA aptamers that bind to immobilized cap structures and could
selectively inhibit translation of capped mRNA reporters 7z vitro (Haller & Sarnow, 1997). However,
one drawback of this approach is the lack of specificity — the cap binding activity of all CBPs is likely

to be affected.

MNKT and MNK2. In human cells, the Mnkl and Mnk?2 kinases each give rise to two alternatively
spliced products differing at their C-termini (the longer “a” and shorter “b” isoforms). The “a” and
“b” isoforms both interact with p38MAPK, but only the “a” isoforms are capable of additionally
interacting with ERK (achieved through their unique C-termini). Ablation of both Mnk1 and Mnk?2
genes in the mouse is not deleterious to general health and demonstrated that they are the only cellular
kinases that phosphorylate elFF4E (Ueda, Watanabe-Fukunaga, Fukuyama, Nagata, & Fukunaga,
2004). The MNKSs interact with the carboxy-terminus of elF4G, which promotes phosphorylation of
elF4E on Ser®” (Pyronnet et al., 1999; Shveygert, Kaiser, Bradrick, & Gromeier, 2010). Homozygous
Eif4e>”* mice do not exhibit gross abnormalities demonstrating that elF4E phosphorylation is not
required for normal cellular homeostasis or development (Furic et al., 2010).

Surface plasmon resonance studies have shown that Ser™” phosphorylation decreases the
affinity of eIlF4E for the cap by enhancing the off-rate (Scheper et al., 2002) whereas other studies
have attributed the diminished affinity of phosphorylated elF4E for the cap to a reduced on-rate
(Slepenkov, Darzynkiewicz, & Rhoads, 20006). Thus, eIFF4E phosphorylation may decrease the time
elF4E associates with mRNA templates leading to faster recruitment of mRNAs into active
polysomes. Increased translational output of a subset of total mRNAs, some of which encode pro-
tumorigenic factors, appears to be the consequence of eIF4E S209 phosphorylation (Furic et al.,
2010).1

Several MNK inhibitors have been described and their development is driven by the possibility
that these may exhibit anti-cancer activity. CGP57380 was first reported by Novartis as an MNK
inhibitor but suffers from low potency (ECsy’s are in the uM range), off-target activity, and lack of 7z
vivo activity. Subsequently, cercosporamide was found to potently inhibit MNK1 (ECso = 116 nM) and
MNK2 (ECso=11 nM) zn vitro, with off-target activity exhibited towards Jak3 (ECs;=31 nM) (Konicek
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et al., 2011). Oral dosing of cercosporamide in mice revealed suppression of B16 melanoma
pulmonary metastasis as well as HCT116 colon cancer xenograft tumors (Konicek et al., 2011).
Recently, eF'T508 (aka Tomivosertib) was rationally designed based on structural information of the
MNK1 and MNK2 ATP binding pocket (Reich et al., 2018). eFT508 is an extremely potent and
selective inhibitor (1 -2 nM towards MNK1 and MNKZ2) and shows efficacy 7 vivo in a number of
xenograft cancer models (Reich et al., 2018). At the time of writing, this compound is currently under
evaluation in clinical trials in patients with castrate-resistant prostate cancer and in combination with

PD-1/PD-L1 inhibitors (eg, NCT03616834, NCT03690141).

tRNA and m’G.

N-7 methyl guanosine is also present in tRNAs (Tomikawa, 2018). In most instances, the
modification occurs predominantly at position 46 in the variable region and is the result of tRNA
(m'G46) methyltransferase activity. This modification is widespread in tRNAs and has been
documented in eukaryotes, eubacteria, and some archaea. Whether the m’G residue is present in other
RNA species is not known but can now be addressed by profiling approaches, such as AlkAniline-Seq
a chemical approach coupled to deep sequencing that allows detection of m’G (and m’C) in RNA
(Marchand et al., 2018). An interesting question is whether internal m’G modification compete with
5 m'G capped mRNAs in some biological processes or recruit some of the CBPs in moonlighting

functions for tRNA biology.

Caps in Synthetic Biology.

There is much interest in developing mRNA expression technologies for stem cell
reprogramming, vaccination, and therapeutic protein expression. The use of RNA for these
technologies holds several advantages over DNA that include the fact that RNA need not be delivered
to the nucleus for expression and there is little concern for insertional mutagenesis resulting from
genome integration. However, in contrast to DNA, expression is transient due to the significantly
shorter half-life of RNA. Accordingly, several structural aspects of mRNAs have been assessed to
search for improvements that could extend half-life and increase expression. One key feature that has
been extensively investigated is the nature of the cap structure and its impact on expression.

Currently, three different types of cap analogs are used in mRNA pre-clinical research: (i)
m’GpppG, (ii) anti-reverse cap analogs (ARCAs: m," °GpppG), and iii) modified ARCAs. The ability
to synthesize RNA 7z vitro was made possible by the purification of phage RNA polymerases (notably
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from SP6, T3, and T7), which proved to be a game changer for RNA structure/function studies
(Melton et al., 1984). Soon thereafter, it was shown the m’GpppG cap analog could be used as primer
in vitro to initiate transcription (Konarska, Padgett, & Sharp, 1984; Pelletier & Sonenberg, 1985).
However, during this process a proportion of the cap analog is mis-incorporated in the reverse
otientation to yield Gpppm’G-terminated RNA. To overcome this shortcoming, ARCAs were
designed in which the 3>-OH of the m’G ribose is blocked by a methyl group to prevent its use as
priming site during transcription initiation (Fig. 6a). ARCA-modified mRNAs exhibit better
translation than mRNAs harboring traditional caps (Grudzien-Nogalska et al., 2007). Improvements
on the ARCA design have included the incorporation of 5’ phosphorothiolate modifications, which
do not impact on elF4E recognition, but do confer resistance to Dcp2 decapping (Woijtczak et al.,
2018).

Additional modifications to the cap aimed at improving stability have been the use of locked
nucleic acid (LNA)-modified cap analogues (m’*YGpppG), which function similarly to ARCAs in
ensuring appropriate cap orientation during mRNA synthesis (KKore, Shanmugasundaram, Charles,
Vlassov, & Barta, 2009) (Fig. 6b). mRNAs with boranophosphate analogs (m.”* “GppsuspG; two
diasteriomers are possible) increased protein output by 1-7 — 2.2 fold when introduced into dendritic
cells, compated to m>"” °GpppG capped mRNA (Kowalska et al., 2014; Su et al., 2011). Recently
mRNAs capped with a dichloromethylene tetraphosphonate bridge were shown to be resistant to
decapping by Dcp2 with no impairment of translation efficiency zz vitro (Rydzik et al., 2017) (Fig 6c).

Numerous cap analogs have been tested as inhibitors of cap-dependent translation and an
interesting group of these contain modifications to the exocyclic amine group (Cai et al., 1999; X.
Chen et al., 2012; Jia et al., 2010). Aromatic substituents (benzyl (bz), p-methoxybenzyl, and triazole)
at N2 were found to exhibit superior inhibitory properties (Kocmik et al., 2018). The incorporation
of the benzyl and 4-methoxybenzyl features within the mRNA cap structures was also undertaken to
assess the consequences on mRNA function (Kocmik et al., 2018). Although no differences in
translational efficiency was noted in # vitro experiments (relative to m,” “GpppG capped mRNA),
when bz-modified capped mRNAs were introduced into HEK293 cells, bn’m,"” °GpppG, (p-
OCH;bn)’m," °GpppG, and bn'm,"> °GpppG-capped transcripts out performed controls by 2.4 —
3.3 fold (Kocmik et al., 2018). That the N2 modifications are tolerated can be rationalized from the
elF4E-cap structure where the exocyclic N2 is facing the solvent (Fig. 5b). Unfortunately, these cap

modifications rendered the mRNA templates more susceptible to Dcp2 decapping. It will be
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interesting to combine these N2 substituents with modifications that protect the cap against Dcp2-

mediated cleavage to see if additive effects on expression can be obtained.

Using the Cap to Probe RNA Function

As a specific cross-linkable site, strategies to modify the cap on mRNAs have been developed
as a prelude to functional studies (Nowakowska et al., 2014). A variant of the Giardia lamblia
trimethylguanosine synthase 2 (GlaTgs2) methylates the N2 position of the cap but is somewhat
promiscuous in its substrate specificity. GlaTgs2 has been used to transfer alkyne, azido, and 4-
vinylbenzene groups to the N2 guanine position (Holstein, Stummer, & Rentmeister, 2015; Muttach,
Muthmann, & Rentmeister, 2017; D. Schulz, Holstein, & Rentmeister, 2013). The derivitized guanines
can then be further modified by biorthogonal reactions to append specific functional groups. mRNAs
harboring anthranilol-caps have also been synthesized and this modification does not significantly
impact translational efficiency (Domashevskiy, Rodriguez, Gunawardana, & Goss, 2016). We await
the use of these mRNAs in biophysical and single molecule studies where they could provide a deeper

understanding into the mechanism of cap-dependent initiation.

Conclusions and Perspectives.

In this review, we have extended a previously published comprehensive treatise on the cap
and CBPs (Topisirovic et al., 2011). Our understanding of the role that the cap, and other 5’ end
modifications, play in regulating gene expression is far from complete. What is needed are approaches
that would enable the visualization of single mRINA molecules from synthesis to degradation, coupled
with the ability to directly detect binding of individual CBPs. As well, studies on viral CBPs and cap
modifying activities provide exciting opportunities for developing small molecule inhibitors that could
selectively block viral replication.

The coordination of promoter utilization and translational output is another area that remains
to be explored. Given that transcription initiation of particular genes can occur at multiple sites and
that this will lead to the production of mRNAs with different 5 caps and cap-proximal nucleotide
context, one (out of many) area that remains to be explored is whether (and if so, how) these subtle
differences in transcription initiation site utilization impact on gene expression. In yeast, transcription
start site selection has been shown to quantitatively impact on translation activity of different mRNA
isoforms encoding the same protein (Rojas-Duran & Gilbert, 2012). Along these lines, Tamarkin-Ben-

Harush et al. (Tamarkin-Ben-Harush, Vasseur, Debart, Ulitsky, & Dikstein, 2017) have investigated
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the relationship between the identity of the 5’-terminal nucleotide in mRNA and translation in MEFs
under normal and glucose starvation conditions. They found no differences in protein expression
under normal conditions, but reduced translation of mRNAs containing 5 terminal cytosines under
starvation stress. They also documented that alternative promoter usage at the Ser-tRNA synthetase
gene, resulting in transcripts differing in only 5 nucleotides, yet these showed dramatically different
responses to glucose starvation. Brown et al. (J. D. Brown et al., 2020) have shown that HIV produces
5 capped RNAs with one (“P1G), two (“*2G) or three (“*3G) terminal guanosines and that the 5’
end of the “?1G transcript adopts a dimeric complex hairpin structure that sequesters the cap from
elF4E, renders the mRNA resistant to decapping, and serves as substrate that is packaged into virions.
In contrast, the “P’G and “”’G mRNAs adopt a different conformation and their caps are recognized
by elF4E. This provides a stunning example of how subtle transcriptional choices of the first
transcribed nucleotide can influence RNA function.

The epitranscriptome diversity of the second transcribed nucleotide (Cap 2 modifications) is
currently undefined and technological advances are required to obtain a more complete picture of that
landscape. From its humble beginnings as “non-nucleoside material (NNM)” uncovered by Yasuhiro
Furuichi during his analysis of the 5’ end of cytoplasmic polyhedrosis virus (Furuichi, 2015), the cap
has provided enormous insight into mechanisms of gene expression regulation. We predict that it will
continue to do so, as single molecule and systems-level approaches to understanding regulation are

applied to study its function, and as details into the cross-talk between different CBPs emerge.
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Cap interplay with gene regulatory mechanisms associated with RNA biology.
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Figure Legends

Figure 1. RNA cap and capping mechanisms. a. The cap consists of 7-methylguanosine linked to the
first transcribed nucleoside of the mRNA through a 5’-5 inverted triphosphate bridge. The N7 methyl
residue is highlighted in magenta. The 2’-O-methyl groups of the 1" and 2™ nucleosides are highlighted
in turquoise and constitute Cap 1 and Cap 2 structures, respectively. b. Canonical capping pathway.
The canonical pathway involves the activity of an RNA triphosphatase (RTPase) required to hydrolyze
the y-phosphate from the nascent mRNA. A guanylytransferase (GTase) then transfers an GMP

molecule (via the formation of a GTase-GMP covalent intermediate) onto the 5’ terminal f3-
phosphate. In vertebrates, both the RTPase and GTase activities are present within RNGTT. This is
followed by (guanylyl-N7)-methyltransferase (RNMT) transferring a methyl group from S-adenosyl-
L-methionine to the N7 position of the terminal guanine to form a Cap 0 structure. Subsequent
(nucleoside-2’-O)-mehtyltransferases form Cap 1 (CMTRI1) and Cap 2 (CMTR2) structures. When the
penultimate nucleoside is adenosine, CAPAM will transfer a methyl residue to the N6 position of

adenine. N refers to the nitrogenous bases adenine, cytosine, guanine, and uracil.

Figure 2. Cap composition, as defined by CapQuant, in mouse tissue and yeast. The relative
abundance of different cap structures found in mouse liver and kidney, as well as § cerevisiae, are shown

as pie charts. Mean values were taken from Wang et al. (J. Wang et al., 2019).

Figure 3. Binding to the m’G moiety of the cap by various cap-binding proteins. Diagrams were
generated in PyMOL software using the following PDB accession numbers: CBP20 (1H2T), eIlF4E
(1L8B), 4EHP (2JGB), LARP1 (5V4R), VP39 (1AV0), influenza A H5N1 PB2 (4CB4), and influenza
B Lee PB2 (5EFA).

Figure 4. Surface representation of cap binding pockets of the indicated CBPs. The N7-methyl

position of the cap is denoted by a small grey nob.
Figure 5. Cut away view of cap binding pockets of the indicated CBPs. The N7-methyl position of

the cap is denoted by a small grey nob. Note that in some of the images some of the phosphate groups

are outside the depth of field shown.
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Figure 6. Structure of cap analogues that have been designed with the aim of avoiding mispriming

during transcription initiation and improving resistance to cellular decapping activities.
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