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ABSTRACT

The polyadenine (poly(A)) tail of mRNA is a homopolymer and as such is a potential H-bonding
partner for other cellular homopolymers. The secondary structure of proteins and peptides
employs the polar groups of the homopolymer backbone to bind with themselves or other
polymers to respectively form an alpha helix or a beta sheet. These same backbone polar groups
appear to be suitably positioned to bind with poly(A) but only when the backbone has rotated to
the all-cis conformation. However the all-cis conformation of peptides or proteins is rarely
encountered and so they would seem to be unlikely binding partners. Here we show that a
homopolymer of glutamine (poly(Q)) may be an exception to this rarity because its default
conformation seems to be all-cis. We found that exposure of poly(A) to increasing amounts of
poly(Q) causes a progressive loss of soluble poly(A) migrating on gel electrophoresis, indicating
binding between the two polymers. Stereochemical modelling of the likely complex has suggested
the particular polar groups that are responsible for binding of the two polymers, along with an
explanation for the all-cis conformation of poly(Q).

Keywords:
polyadenine tail, nascent peptides as target for polyadenine, neurodegenerative disease, peptide

carboxamide chain cooperativity, cis conformation of peptide backbone, mRNA

bound adenine, polyglutamine aggregates, polyglutamine binding to promoter opens double helix.

Introduction

Functions

Polyadenylation is the non-template addition of a polyadenine (poly(A)) tail to the 3’ end
of an RNA transcript, giving rise to the mature mRNA. Poly(A) is known to play a role in
the nuclear export of RNA, to act as a binding site for poly(A) binding proteins (PABP)
and to be involved in translation initiation, and its diminishing length in the cytoplasm is
linked to mRNA decay. !

Lineage

Polyadenylation is a near universal modification present in all forms of life — eukaryotes,
bacteria and archaea.™ Its presence in prokaryotes suggests its origins are ancient and
probably extend back to the mid Precambrian era (2.5-3.5 Ma). !

Evolutionary selection pressures over such a prolonged period would suggest that the
homopolymer of adenine may itself be of primary importance, whereas the well-known
poly(A) binding proteins and other functions have adapted to bind with the stable and
enduring poly(A) tail.

Purpose

What purpose then might be served by an adenine homopolymer? In this communication,
evidence is presented for credible poly(A) binding partners, their source and their
composition. Experimental data are then given indicating the formation of a complex
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between the binding partner and poly(A). Next, a functional
molecular structure is proposed based wholly on stereo-
chemical considerations. Finally, a discussion encompasses
downstream implications of poly(A) binding as a complex.

Partnering possibilities

In the case of proteins, the homopolymer backbone carries a
regular repeat of polar groups able to form H bonds with
similar groups on the same or separate chains, establishing
the secondary structure of an alpha helix or a beta sheet.*’
Nucleic acids, on the other hand, only show a regular repeat
of polar groups when formed as a homopolymer such as poly
(A). The regular repeat in poly(A) suggests that, like
proteins, it may have the capacity to interact with other
homopolymers™ — obviously other nucleic acids, including
itself, but other plausible partners for this role such as
homorepeat-containing peptides or proteins themselves.

Peptide homopolymers

Microsatellite DNA, also known as simple sequence repeats
(SSRs), are tracts of 1-6 base pairs, repeated typically 5-50
times.®! Of these simple sequences, trinucleotide repeats are
codon length, and when present in coding regions, specify
homopolymer tracts of amino acids carried within the host
protein. These amino acid repeats are found in a large
number of eukaryotic and prokaryotic proteins including
approximately 20% of human proteins,”! suggesting they
serve a normal and necessary functional role.

Mutability

Microsatellites are highly mutable,® particularly in many
cancers for which instability giving rise to expansions can be
both predictive and prognostic for the disease.'”! In non-
malignant disorders, expansions of these tracts can become
pathological when a threshold size is reached,"'®'! and
they are associated with inherited diseases, particularly
neurodegenerative states where intracellular aggregates of
the homopolymer, along with its harbouring protein,
appear. It has recently been reported that microsatellite
expansions are responsible for more than 50 human genetic
diseases.!?!

Expansion disorders

Prominent among the expansion disorders are the CAG
repeats, coding for glutamine, GCC repeats, coding for
alanine and CGG repeats, coding for glycine. There are 10
known polyglutamine expansion disorders, exemplified by
Huntington’s disease. All have a pathological length thresh-
old of ~37 repeats, '3 all are within transcription factors
(TFs) and all are neurodegenerative diseases.''*) In the case
of polyalanine there are nine known expansion disorders
with a pathological length threshold of ~20 repeats.!*>!

Of these, eight involve developmentally important transcrip-
tion factors and are responsible for causing congenital
malformations.*®’ Polyglycine expansion disorders exceed
five and have a pathological length threshold of ~50
repeats.''?! They are noteworthy because they frequently
arise by non-canonical replication from non-coding gene
regions.'”! Foremost within this group are Fragile X mental
retardation (FXMR) and Fragile X tremor with ataxia
(FXTAS).!'®!

Structure

Homopolymer interactions, if they were to occur, between
poly(A) and peptides or proteins might involve the amino
acid side-chain repeats, or equally, the peptide backbone of
a homopolymer, which alone is the common element linking
the amino acids of the repeat (or the non-repeats of a natural
protein) and which presents a recurrent pattern of polar
groups potentially able to pair with those of the nucleic acid.

The peptide bond

The peptide bond has a partial double bond character that
restricts free rotation around the bond to two torsion angles
of ~0 and 180°, causing the peptide group of six surround-
ing atoms all lie in the one plane. Peptide bonds are mostly
found in the trans configuration with a torsion angle w close
to 180°; however, a small number in the non-proline cis
conformation also occur,m'*! with w angles close to 0°.

Experimental

Polymer length is nominated in mer number when relevant,
next to each monomer abbreviation.

Peptides

The following peptides were used from the indicated sources:
poly(Q15) (Ac-GInl5), poly(QKK) (Ac-GInl5LysLys) and
poly(Q8) (Ac-Gln8Lys), purchased from GenScript Inc;
poly(Ala) (polyalaninel5) purchased from Sigma/Merck.

Polynucleotides

The following polynucleotides were used from the indicated
sources: poly(A20) (polyadenine 20) and poly(dA)-poly(dT)
(polydeoxyadenine20—polydeoxythymine20) duplex pur-
chased from Integrated DNA Technologies (IDT) and
Sigma-Aldrich.

Electrophoresis

Gels were cast in empty cassettes (Bio-Rad) in acrylamide
concentrations of 16% w/v, and run using the Bio-Rad Mini
PROTEAN Tetra Cell system.
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Electrophoretic mobility shift assay (EMSA)

Nucleic acid-protein interactions are a widespread and cru-
cial part of the many processes required for gene expression.
The EMSA is perhaps one of the most informative and
frequently used methods to identify and characterise these
interactions. Reagents and protocols for this study were
taken from Hellman and Fried,'*” with silver staining
from Tang et al.”*!]

Molecular modelling

Skeletal modelling for stereochemical work employed the
Orbit Molecular Building System:

Sufficiently accurate and rigid enough to make
satisfactory models. [L. Bragg in a 1970 foreword to a
Cochranes of Oxford manual on building molecular mod-
els with the orbit molecular building system]

Results

Polyacrylamide gel electrophoresis

EMSA has been used in the present investigation in an
attempt to detect binding between poly(A) and two (glycine
and alanine) of the three most commonly encountered
repeat amino acids that are frequently associated with
genetic expansion disorders (i.e. homopolymers of glycine,
alanine and glutamine). Each peptide of glycine and alanine
was prepared as a 0.5-mM stock in dH,O. Aliquots were
added to microtubes in amounts of 0, 2, 3, 4, 5, 6, 7, 8, 9 and
10 uL, then each was supplemented with dH,O to a final
volume of 10 pL. To each microtube was then added a 10-uL
aliquot of stock 15.0-uM poly(A) in 2x binding buffer
(20 mM of Tris-acetate pH 7.8 at 20°C, 2mM of EDTA,
10% glycerol). Each mixture was incubated for 30 min at
room temperature. Samples of 10 uL were then removed and
resolved on a 16% acrylamide gel. Binding experiments
were run at least in triplicate.

Fig. 1 shows a gel segment for the poly(Ala) binding
reaction. Following electrophoresis and staining, all poly(A)
bands, including the control, are equivalent in size and inten-
sity with no response to increasing poly(Ala) concentrations.

The second homopolymer investigated was polygluta-
mine (poly(Q)). Significantly, a clear response was observed
upon incubating with poly(A). After electrophoresis and
silver staining, a stepwise gradual loss of the poly(A) band
size and intensity occurs as seen in Fig. 2, and this accom-
panies the incremental increase of the poly(Q) content.

The inverse relationship between the poly(Q) content and
the poly(A) band size and intensity does suggest the binding
of poly(A) by poly(Q), but a second slower band attributable
to a migrating complex is not apparent. It is not uncommon
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Fig. I. Gel image of binding reaction between poly(Ala) and poly
(A), showing the same poly(A) band intensity for all reaction mixtures
containing varied poly(Ala) amounts. The peptide concentration is
represented by the grey wedge for each of the gels.

Fig. 2. Gel image of binding reaction between poly(Q) and poly(A),
showing progressive loss of band intensity proportional to the binding
mix poly(Q) content. No second slower group of bands is observed
to indicate a complex is formed.

for a complex to be excluded from the gel, usually because
its size is too large for the gel pores,’**) and in the present
study this was suspected to be the case because of the
aggregation prone nature of poly(Q). An attempt was
made to reduce aggregation by using a more soluble form
of poly(Q) that had been terminated with two lysine resi-
dues poly(Qyr). This failed to reveal a slower second band,
and it did not alter the poly(A) band loss pattern (Fig. 3).

The robustness of the binding reaction was further tested
by using poly(A) when in the form of a double helix. This
was thought to possibly isolate it from the action of poly(Q).
Poly(A) in the binding reaction was replaced with a
poly (dA)-poly(dT) duplex, the deoxy form of poly(A) also
being a feasible target in the binding assay.

Fig. 4 reveals that, unexpectedly, the poly(dA)-poly(dT)
duplex, used to contain the double helical form of poly(A),
appears to be susceptible to the same actions of increasing
amounts of poly(Q), showing a similar pattern of band loss
to poly(A). The gel also shows a very pale band that
increases with intensity along with the increase in poly(Q)
content, but then there is a sudden fall of intensity in the last
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Fig. 3. Gel image of binding reaction between poly(QKK) and
poly(A). Despite solubility enhancement the loss of band intensity is
clearly apparent and similar to that seen using poly(Q) in Fig. 2.

Fig. 4. Gel image of the binding reaction between the poly(dA)—
poly(dT) duplex and poly(Q). There is a progressive loss of poly(dA)-
poly(dT) duplex band intensity with increasing poly(Q) content.

two lanes, not thought to be a random effect because it is
repeatable. The pale band is poly(T), possibly displaced
from the duplex by poly(Q). Thymine is reportedly not
stained by silver?!1; however, we have found that some
weak staining occurs, and with excess sample it can be
observed. The smudge in the first lane is probably excess

sample.

Stereochemical modelling

Binding of poly(A) to poly(Q) is likely to have a structural
basis that can be identified at the molecular level.
Preliminary modelling with alanine di- and tripeptides
failed to reveal any suitable peptide backbone polar group
alignments with adenine able to explain the binding
between poly(A) and poly(Q). Nevertheless, it was consid-
ered important to examine all aspects of the physical geom-
etry of the peptides, and with this in mind, the orthodox
peptide bond in the trans conformation was rotated to the
cis form. Significantly, this conformation of the same pep-
tide did show polar group alignments appropriate for
H-bond formation between the dipeptide backbone and
adenine.

In the trans conformation, successive side chains are
positioned on opposite sides of the peptide backbone and
are directed away from each other, similarly for the polar
groups, which alternate between sides. In the cis conforma-
tion, successive side chains are positioned on one side of the
backbone with the same directionality, while polar groups
are positioned together in pairs, carbonyl and amine, on the
opposite side.

This assembly of side chains to the one side of the back-
bone with a cis conformation presents a unique opportunity
to explore side-chain-side-chain interactions not previously
entertained with trans conformers. In particular, aromatic or
polar side chains might be expected to interact intimately
with one another'®?! in a manner not sterically possible with
the trans peptide.

Energy barriers for w torsion

The negative gel results obtained for poly(A) exposure to
alanine peptides is not surprising because conversion of the
trans peptide into the energetically less favourable cis con-
former is governed by the amide partial double bond with a
rotational barrier of ~20 kcal mol™.1** Equally the energy
barrier from cis to trans is of the same order of magnitude at
~18 kcal mol™."** Adenine base pairing with uracil or thy-
mine has been variously estimated at 12.8-18 kcal mol .
A similar energy might be expected for adenine pairing with
the cis peptide, but this is insufficient to overcome the w
rotational barrier and flip from trans to cis. Consequently, in
the absence of suitable isomerases or other energy inputs,
poly(A) would be restricted to binding (if at all) only to pre-
existing cis-peptide chains. Possibly, this is the conformation
adopted by poly(Q).

Adenine: cis construct

Because both the peptide group and adenine base are planar,
it is possible to show a two-dimensional schematic of their
interaction in some detail (Fig. 5a, b). The atomic coordi-
nates cited are taken from Pauling™' with minor refine-
ments to adenine from Voet and Rich.[*%]

On the left side of Fig. 5a is shown the peptide backbone
in the trans conformation (w = 180°). It appears to lack any
suitable polar group pair in an appropriate position or ori-
entation to engage with adenine, confirming preliminary
findings with molecular models. On the right side (Fig. 5b)
the last peptide bond has been rotated through 180° to the
cis conformation (w = 0°) This brings about several changes
to the peptide. As mentioned above, the side chains are on
the same side of the backbone, and the polar groups are
positioned together on the opposite side now with similar
directional orientation but diverging a little from each
other.

These changes are relevant because they appear to allow
possible H-bond interactions with adenine (Fig. 5b): the

593



A. B. Bransgrove and L. A. Anderson

Australian Journal of Chemistry

carbonyl oxygen with adenine N6 amine and the peptide
amine with the adenine ring nitrogen N1. The bond to the
oxygen targets one lone pair, situated to the side, seen also
with a nucleic acid base pair. H-bond distances are set at
~2.9 A, or a little less than the sum of the van der Waals
radii, both H-bond angles appear to be close to 180° with
donor, hydrogen and acceptor all in a straight line maximis-
ing the bond strength. Importantly, like the trans isomer, the
cis peptide is planar, the base is planar and the H bonds unite
the two giving a coplanar structure (Fig. 5b). The cis peptide
appears to be complementary to adenine in the same fashion
as is the base uracil. A comparison of the cis peptide and
uracil suggests that the relevant bond lengths and angles are
broadly similar and so they might well be interchangeable.
The schematic suggests an adenine monomer can pair with
and potentially bind the cis dipeptide but it doesn’t indicate
whether the adenine polymer can bind to an all-cis peptide
polymer. This is an important consideration because succes-
sive polar groups along the two chains must be in allignment
to generate a stable interaction between the two polymers.

Interaction of poly(Q) and poly(A)

A construct of an all-cis poly(Q) was assembled indepen-
dently of poly(A). It was then used as a scaffold against
which a poly(A) chain was positioned and polar group
alignment could be assessed for potential bond formation
as described above for the monomeric adenine.

Cis polyglutamine

Modelling of a hexapeptide of glutamine in the all-cis confor-
mation revealed a helical structure, as previously pre-
dicted,””! in which adjacent side chain carboxamide groups
are close enough to permit H-bond formation. These multiple
inter-amide side chain links are able to extend the full length
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Fig. 5. Schematic showing peptide back-
bone polar group alignments with those of
adenine for trans (a) and cis (b) peptides.

of the peptide forming a second chain parallel to the cis
backbone. The second chain appears to play a significant
role in fixing and stabilising the geometry of the poly(Q)
helix, particularly because it is able to exploit the coopera-
tively augmented H-bond strength (as outlined in the
Discussion). Stereochemically, the construct indicates that
the backbone of this cis poly(Q) structure forms a regular
right hand helix ~6.4-A diameter with a pitch of ~28 A and
9-10 residues per turn. The omega torsion angle is 0°, phi and
psi torsion angles are close to —150 and +150° respectively,
placing them in the beta zone of a Ramachandran and Mitra
plot.!") The backbone polar groups NH and CO are paired
and directed radially from the exterior of the helix, and the
whole appears to be free from van der Waals contacts. The
carboxamide H-bonded chain is ~10.5A in diameter and its
added H-bond strength might play a role in constraining the
backbone as the cis isomer, as well as setting other parame-
ters of the helix. The rotamer angles positioning the donor
and acceptor groups at 2.6-2.8 A apart (implying bonding)
are: chi 1 (Ca—C) = +10°, chi 2 (Cp—Cy) = 180° and chi 3
(Cy-C8) = +65".

The complex

Single stranded poly(A) is part helical and part random
coil,’?®! with freedom of rotation around bonds of the
sugar phosphate backbone and the glycosidic bond. This
essential flexibility allows the helical configuration of poly
(A) to pair its base polar groups with those of the cis peptide
backbone recurrently and extending for the length of the
two bound chains. As such, their respective orientation is:
poly(Q) is NH — CO to poly(A) 5'— 3’. The plane of the
peptide bond in the poly(Q) helix is ~30° to the axis, which
means for coplanarity with adenine, the base must roll to the
same plane by rotation around the glycosidic bond, which is
appropriately oriented with ribose almost perpendicular to
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the base. The poly(A) helix is right handed and coaxial with
poly(Q), which it surrounds. Its diameter is 23.5 A with 9.5
residues per turn. The pitch is 28.0 A with a residue rise of
almost 3.0 A. This resembles a single strand of the A form of
DNA,"™! with a larger diameter and a shorter pitch than the
B form, also a base inclined to the axis and a central void,
which in the present proposal is occupied by the poly(Q)
helix. It differs from the A form with a lower number of
bases in a full turn (9.5 v. 11).

Fig. 6 shows a schematic projection of the complex nor-
mal to the common axis. The sugar phosphate backbone is
represented by the heavy circle. Internal to this is the base,
then the cis peptide, both represented in part as blank plates
or plaques'®® to reduce the information and aid clarity of
understanding the structure.'®"! Molecular details are indi-
cated in one quadrant. The position of the side chain car-
boxamides in an H-bonded train is shown, except for the
quadrant with molecular detail, and the coplanar base and
peptide group are represented on an oblique plane.

The stability of this complex appears to rely on the
number of inter-carboxamide H bonds that can be formed,
and these are set by the poly(Q) chain length. The ability to
form the complex was tested with poly(Q8) in the binding
mix instead of poly(Q15). The result, as seen in Fig. 7,
indicates that eight mers is not able to bind poly(A).

Discussion

This investigation began as a search for a direct physico-
chemical function for the poly(A) tails of mRNA. The
outcome is a suggestion that poly(A) can bind in a comple-
mentary manner to a backbone segment of any protein or
peptide in an all-cis conformation, with torsion angle @ = 0.

This is a somewhat radical departure from conventional
thinking, particularly because cis peptide-containing pro-
teins are extremely rare, ~0.05%,%" and this refers to
single peptides only, not repetitive all-cis tracts. This

Fig. 6.

Schematic showing relative coaxial positions and geometry of helical poly(Q10) encircled
by helical poly(A10). The glutamine side chain carboxamide groups lie between the base and the
peptide backbone. Potential H bonds between the two helices are indicated by broken lines. Viewing
is down the axis.
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scarcity, together with misconceptions about adjacent side
chain clashes™*! (only possible if phi and psi torsion
angles were not free to rotate), and the energetic cost of
~2kecal mol™ to stabilise the cis over the trans conformation,
are the three main reasons”! why the cis peptide confor-
mation has been mostly considered irrelevant.

Rarity of cis backbone

The scarcity, however, may be more apparent than real; it has
been suggested recently in a review of the Protein Data Bank
using an unambiguous assessment method that almost 5000
cis peptide bonds have been incorrectly assigned as trans.'**
If poly(Q) tracts in proteins are in the default cis conformation
but unrecognisable as such because they are within intrinsi-
cally disordered domains, or because of the aggregation prone
nature of poly(Q), then a relatively large cohort of cis peptides
may exist and be part of the above misassigned group.

Fig. 7. Gel images of binding reaction between poly(Q8) and poly
(A\). There is no loss of band intensity for the low and high amounts of

poly(Q8).

(b)

An important outcome of this study, in the context of a
main-chain cis conformation of poly(Q), has been the prob-
ability of H bonding between carboxamide groups of adja-
cent side chains which may link them together over the
length of the cis peptide. Side-chain-side-chain preferred
bonding sets them apart from main-chain polar groups and
would reduce the possibility of interaction between the two.
In support of this notion are reports emphasising selective
intrastrand side-chain-side-chain bonding.**-°!

Cooperativity energy levels

H-bonded chains of formamide closely resemble those found
in proteins (Fig. 8a). Importantly, formamide derived data
show that linear extension of an H-bonded amide chain has
a cooperative effect,l* giving an energetic enhancement
for each additional bond.

Depending on the chain length, the H-bond strength can
increase by greater than 200%,®! and in proteins this sets
the stage for a selection process giving rise to inter-side
chain amide H bonding in preference to bonding with mul-
tiple other polar groups in the vicinity. The energies of
individual bonds in a chain depend on the chain length
and position of the bond in the chain,®”’ and, although
they are encountered in natural proteins, the cis stereo-
isomer of poly(Q) does appear to enhance their formation.
Experimental data for the decamer chain of formamide!*®!
show the central H-bond strength as 12.87 kcal mol ™, which
is ~2.5x the single H bond of 4.49kcalmol™ in the
dimer."®”] Bond strength enhancement of this magnitude
would be sufficient to selectively build polycarboxamide
side chains. But its loss or considerable reduction might
disrupt carboxamide chain formation and explain the lack
of binding activity found for poly(Q8) seen in Fig. 7. But

p—y Pt

Y\ \%7/2@ \7/2“7/2“7/2@

Fig. 8.
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Schematic representation of (a) formamide and (b) cis carboxamide of poly(Q) inter-side chain linkage. Part (a) is
based on part extract of schematic, figure | in Kobko et al.l>¢!]
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even a 250% bond strength enhancement will be less than
the 20 kcal mol™ energy barrier needed to be overcome to
flip the trans amide to cis. Nevertheless, the fixed and
proximate position of the polar groups of poly(Q) (not
available to freely diffusing formamide), and chains longer
than 10 residues, could provide the added impetus to breach
that energy barrier, suggesting that cis poly(Q) might well
self assemble.

Protease sensitivity

Poly(Q) expansion disorders generate cellular aggregates
composed of the host protein and other proteins along
with the embedded poly(Q) tract. These components resist
breakdown by both the ubiquitin proteasome system and
the autophagy and lysosomal system'*®!; however, the nor-
mal protein components are processed leaving behind
poly(Q) tracts that resist degradation.”®® Proline peptides
have a high proportion of bonds as the cis isomer, and this
has served as a test system for the protease sensitivity of cis
peptides. It has been reported that exopeptidases, prolidase
and aminopeptidase P, are unable to hydrolyse the cis
isomer but instead are specific for the trans isomer of the
X-L-proline peptide bond. The cis form must isomerise to the
trans before it can be hydrolysed.'®! Prospective studies
need to determine if the trans peptide bond is a general
requirement for proteolytic activity, and if so, it might
explain why the poly(Q) peptide as a cis isomer is resistant
to, if not unaffected by, proteolysis.™>"!

Nascent peptide

Returning to the function of the poly(A) tail of mRNA
in vivo, it is of course in close proximity to the ribosome
with its protein synthesising machinery. All surrounding
proteins on or off the ribosome would be established as
secondary or tertiary structures based on a trans backbone.
With respect to a cis backbone able to bind with the poly(A)
tail, the only candidate likely to fill the role would be the
unfolded nascent peptide as it exits the ribosome tunnel.
Peptides are synthesised at the peptidyl transferase centre
(PTC) of the ribosome by successive addition of aminoacyl
tRNA residues to the c-terminus of the nascent chain. If each
new aminoacyl tRNA enters the A site of the PTC with the
same orientation, then newly synthesised peptide bonds at
the P site should all be stereochemically identical, suggest-
ing de novo origin of all cis bonds with no requirement for
energy expenditure creating the alternating bonds of the
trans isomer. Because of the 14 kcal mol™ or more energy
barrier for the cis into trans conversion, it is likely that the
cis peptide isomer once formed in the PTC would be suffi-
ciently stable to negotiate the full length of the exit tunnel.
The all-cis peptide has extended backbone torsion angles
placing it in the B zone of the Ramachandran and Mitra
plot, suggesting that it can form either a B strand or, as with

poly(Q), an extended helix (structurally not greatly dis-
similar). There are many reports describing peptide second-
ary structure within the ribosome exit tunnel, mostly of
compaction, thought to be probable alpha helices™!! but
also of B strands.'*?! It seems that helices can form when
close to the PTC but change to B structures on movement
towards the exit.'*?! Moreover, it has been suggested that all
nascent peptides, regardless of sequence, emerge from the
tunnel with the same uniform B-strand like conforma-
tion, **! which equates to extended backbone torsion angles
resembling a cis conformation. The poly(A) tail is in the
immediate vicinity of the lead ribosome (of a polysome)
with its emerging (possibly cis) nascent peptide a possible
binding partner for the poly(A) tail. Binding to the nascent
peptide backbone would very likely affect the translation
process — speeding, slowing or halting it. In addition, it
might assist in the process of peptide folding leading even-
tually to a trans conformation and disengagement from the
poly(A) tail, in turn voiding its effect on the translation
process.

Transcription factors (TFs)

Apart from the mRNA tail, other poly(A) and poly(dA) sites
exist within the cell, particularly in the genetic regulatory
regions of promoter and enhancer of most organisms at the
5’ end of the gene.'** These are short, usually a run of 4-6
bases'*®! and flanked by alternating thymine residues as
seen in the native TATA box sequence, which is one of
several distinct elements of the core promoter responsible
for assembling the transcription complex with RNA poly-
merase II. An oligomer TATATAAAA is known to adopt the
DNA A form structure,**! which interestingly is similar to
the conformation of the poly(A) of the proposed complex
with poly(Q). Promoters are targeted by TFs which, on
binding, activate the transcription process. TFs appear to
consist of a DNA binding domain (DBD) and one or more
intrinsically disordered regions (IDRs).'*®! Many TFs contain
poly(Q) tracts”! that appear to be part of the IDRs and have
been shown to stimulate transcription.'*®*! The 10 known
poly(Q) neurodegenerative disorders all have TFs carrying
expansions of their normal poly(Q) complement. However,
normal length poly(Q) tracts in a TF may be suitably posi-
tioned to bind with the multiple adenine residues present in
promoters.

The finding in this study that poly(Q) is able to bind
with poly(dA) when formed in a double helix, by displacing
poly(dT), suggests this as a possible mechanism TFs might
use to open a double helical section of the promoter. But
why would poly(A) bind to poly(Q) in preference to binding
with poly(T)? Duplex oligonucleotides are prone to separate
because of the mutual repulsion of their backbone charged
phosphate groups, often able to be masked with salt solu-
tions. In the case of poly(Q), which is electrically neutral, a
complex with poly(A) would be devoid of the repulsion
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element and so would bind more strongly than would the
two chains of a double helix.

Conclusion

Gel electrophoresis indicates poly(A) binds to poly(Q).
Stereochemical modelling suggests poly(A) is H bonding to
the all-cis conformation of the poly(Q) peptide backbone,
possibly by formation of a coaxial helix encircling the
smaller helical conformation of cis poly(Q). The complex
appears to be particularly integral to the mechanisms of
translation and transcription. Non-poly(Q) peptides, if in
the all-cis conformation, would be expected to also bind
with poly(A); nascent peptides being a possible target
group, but there may even be others — concealed among
the many reported misassigned trans peptides.

Poly(Q) peptides bind to one another with an unusual
tenacity, as exemplified by the irreversible nature of aggre-
gations seen with pathological expansions of poly(Q), this is
possibly assisted by the concentration of polar groups to one
side of a cis backbone. Future studies into the actions of
poly(A) might be of benefit for those strategies being devel-
oped to oppose intra-cellular aggregate formation or even to
assist with its breakdown.
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