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Abstract: Nuclear coactivator binding domain (NCBD) of transcriptional co-regulator CREB-
binding protein (CBP) is a well-known example of conformationally malleable proteins that can
bind to structurallyunrelated protein targets and adopt distinct folds in the respective protein
complexes. Here, we show that thefolding landscape of NCBD contains an alternative pathway,
which results in protein aggregation and self-assembly into amyloid fibers. The initial steps of
such protein misfolding are driven by intermolecular interactions of its N-terminal a-helix
bringing multiple NCBD molecules in contact. Then, these oligomers undergo slow but
progressive  interconversion into  [3-sheet containing aggregates.To reveal the
concealedaggregation potential of NCBD we used chemically synthesized D-NCBD mirror-image
form. The addition of D-NCBD promoted self-assembly into amyloid precipitates presumably
due to formation of thermodynamically more stable racemic (-sheet structures.The unexpected
aggregation of NCBD needs to be taken into consideration given multitude of protein-protein
interactions and resulting biological functions mediated by CBP.



fﬂ.hﬂmﬂ: The nuclear coactivator binding domain (NCBD) of

transcriptional co-regulator CREB-binding protein (CBP) is an
example of conformationally malleable proteins that can
bind to structurally unrelated protein targets and adopt dis-
tinct folds in the respective protein complexes. Here, we
shiow that the folding landscape of NCBD contains an alter-
nmative pathway that results in protein aggregation and self-
assembly into amyloid fibers. The initial steps of such pro-
tein misfolding are drivem by intermolecular interactions of
Lits M-terminal a-helix bringing multiple NCBD molecules into

contact. These oligomers then undengo slow but |::-r|:|-g|resr‘i'vumah-‘mI

intercomversion  into  [i-sheet-containing aggregates. To
reveal the concealed aggregation potential of MCBD we
used a chemically synthesized mirror-image c-NCBD form.
The addition of o-MCBD promoted self-assembly into amy-
loid precipitates presumably due to formation of thermody-
namically more stable racemic fi-sheet structures. The umex-
pected aggregation of NCBD needs to be taken into consid-
eration given the multitude of protein—-protein interactions
and resulting biological functions mediated by CBF.

Introduction

Protein fibrous self-assembly is involved in a variety of biologi-
cal functions including intracellular molecular transport, muscle
contraction, scaffolding and connectiom of tissues, blood clot
formation and many others." ¥ Apart from beneficial roles, pro-
tein self-assembly can be responsible for a loss of function. For
instance, an aberramt protein folding [or protein misfolding)
can result in protein aggregation into inscluble amyloid fibers
that are structurally rich in [--sheet content and implicated in a
nmumber of human diseases, including neurcdegenerative disor-
ders.® & detailed understanding of how soluble monomeric
proteins misfold and self-assemble into amyloid fibers is impor-
tant for developing new strategies for the treatment of these
diseases ™

Protein misfolding is a highly complex process™™ The mis-
folding and aggregation into amyloids can be initigted from a
fully folded pratein, for example, fi2-microglobulin®™ or trans-
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thyretin,™ or starting from intrinsically disordered sequences
such as a-synuckein'™ or amyloid-fi (AF) peptide™ Typically,
conditions that lead to destabilization of fully folded forms are
required to trigger misfolding and aggregation.™ Various
transient intermediates and oligomenic species precede the as-
sembly into amyloid fibers."™ " In neurodegenerative diseases,
the soluble oligomers were shown to possess higher toxicity
than mature amyloid fibers."*"

Presvdoushy, it was suggested that amyloid formation is not
restricted to only a particular group of proteins but instead it
cam be a general feature of almost any polypeptide under the
appropriate conditions.™ "™ This is supported by a high diversi-
ty of sequences and structural properties of proteins known to
form amyloids, amd suggests that the formation of amyloid
fibers is a self-assembly phenomenon inherently dependent an
a polypeptide backbone and to lesser extemd on side-
chains**! Various conditions are associated with protein mis-
folding and aggregation into amyloids, such as denaturimg
conditions {acdic pH, presence of chaotrops and surfactants),
presence of transition metals (e.g., Cuw'*) or orgamic sob
vents**** These factors may induce conformations in folded
or intrinsically disordered proteins that are predisposed for ag-
gregation.

Moreover, to aid experimental work several computational
approaches are available to estimate the amyloid propensity of
a given protein sequence. Short amyloidogenic sequence frag-
ments (ca. 4-6 residues bong) were proposed to act as ‘aggre-
gation hotspots” defining the comwersion into amyloids of an
entire protein or a protein domain."**! Based on this premise,
such amyloid-prone sequences can be predicted by either em-
pirical bicinformatic algorithms evaluating the physicochemical
properties of amino acids and their possible contribution to
amyloid formation or with the help of structure-based meth-
ods that use atomistic description of the polypeptide chains to
provide a structural interpretation of aggregation into [
sheets. ™ Whereas these approaches work well for short
polypeptides, their accuracy is generally not sufficient to make
a precise prediction for any arbitrary protein. The mechanisms
of amyloid self-assembly are at least as complex as for protein
folding, and experimental studies are needed to validate the
propensities of a protein to aggregate or not*!

A complementary approach that may help to explore con-
formational space and to identify conformational states that



have distinct aggregation properties and the predisposition to
self-assemble into amyloids, is to modify the chirality of paoly-
peptide.”™ |t was shown that the site-specific incorporation of
p-amino acids into Alzheimer's disease-related Afi-peptide can
drastically alter its aggregation properties, allowing locations
in the sequence that are crtical for amyloidogenicity to be
identified™ "™ Moreover, in many examples, adding mirror-
image analogues (o-enantiomers) of amyloidogenic peptides
or proteins to its native L-counterpart was reported to facilitate
formation of amyloid fibers ™™ Prabably the most striking
case was reported for Afi(1-42) peptide, wherein the addition
of the p-enamtiomer to the corresponding L-peptide accelerat-
ed the formation of amyloids and, moreover, attenuated the
cytotoxicity commonly observed for AR{1-42)." In this case, it
weas showmn that racemic amyloids acted as a sink for soluble
and most toxic oligomers. Presumably, the accelerated self-as-
sembly is driven by the formation of the Tippled” f-sheet
structuras in which - and o-polypeptides adopting extended
fi-strand conformations alternate.”** Provided that such L/o-
amyloids can be more thermodynamically stable than enantio-
merically pure - or oc-amyloids, ™" the experiments in the
presence of the c-enantiomer may serve as an additional test
fior amyloidogenicity of a given peptide/protein.

In our previous work, we investigated the mechanism of
complex formation between activation domain 1 (AD1) of tram-
scriptional co-activator ACTR (also kmown as NCoA3 or SRC-2
from p160 family]l and the nudear coactivator binding domain
(MCBD) of CREB-binding protein (CEF or p300), which were
prepared by chemical protein synthesis. ™% When the chemi-
cal synthesis of NCBD was performed by native chemical liga-
tion of two peptide segments, even in the presence of Gwm
guanidine hydrochloride, we frequently observed precipitate,
which we suspected could be composed of amyloids
(Figure 1). Given that CBP/p300 are highly important proteins
for regulating gene transcription™ and considering the diverse
roles played by amyloid structures in different biological pro-
cesses,”™" we investigated the aggregation of NCBED in detail in-
cluding in the presence of miror-image o-NCBD. Here, we
present experimental data confirming the self-assembly of
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Figure 1. Largely a-helical mokten globule WCBD (PDE ID:- 2K aggregates
and precipitates irto fibrows stnuctures that resemble amydoids (TEM image
on the right]. NCED corresponds to the [2066-2112] fragment of the

70 kDa trmsl:rmtrmal ;.n-r:gl.ttnt I:ﬂEE-hmdlng pl'ntem (B CBP and
ity poraleg E3HO prodoin mbcrackiona
that fine-tune the trm.ﬂ:rmm of warious genﬂ.Th-: objective of our study
is to defineate the molecular details of MOBD apgregation mechanism. Three
a-helical fragments as well as the N and C tesmind are labeled.

MCED into amyloid-like fibers wunder different experimental
conditions. By using various tools, we derived a possible mo-
lecular mechanism for the eadier steps of NCBD aggregation
into oligomers and their conversion into amyloids.

Results
Solubility and aggregation of NCED

MCBD was previously shown to exhibit properties of a mokten
globule, possessing elements of secondary structure but lack-
img a well-defined tertiary structure typical for folded pro-
teins.*! In its isolated form, NCBD presents a compact struc-
ture with a high content of a-helical conformation, while
showing structural adaptability by forming distinct well-de-
fined structures in complexes with other specific protein bind-
img partmers. This relatively small fragment of CBP is responsi-
ble for interactions with other relevant proteins such as tran-
scriptional co-activators from the p160 family™! or interferon
regulatory proteins,™ through the formation of stable and
well-defined tertiary structures at the interaction interface.

The o-MCBD enantiomer was preparad by chemical synthesis
analogously to -NCBD™ using commercially available o-
amino acid building blocks (see the Experimental Section). o-
MCBD folds into miror-image molten globule, as inferred from
the reciprocal circular dichroism (CDY spectra (Figure 51, see
the Supporting Information). Our motivation to use o-MCBD
along with L-MCBED was to bias the self-assembly of L-MCBD, so
that if L-MCDD is predisposed to aggregate and self-assemble
into amyloids, the addition of c-enantiomer will facilitate this
process and help explore the aggregation lamdscape of L-
NCED at various conditions.

Samples containing .- and o-MCBD or mixtures thereof at
different ratios and at two different pH values (acidic at pH 2.5
and neutral at pH 7.0) were incubated at 37°C. The soluble
fraction of NCBD in each sample was analyzed by HPLC as a
function of the L/D ratio and time of incubation after ultrafil
tration wsing centrifugal devices with membranes of 0.2 pm
porosity (Figure 2a and b). The solubility as a function of the
L/ ratic swggests a distinct aggregation behavior for the two
different conditions tested. At pH .3, analysis of L/'D mixtures
showed that lower amounts of soluble protein passed through

Wadimir Tarbeey received his PO degree in
Chemistry from the University of Chicogo
under direction of Prof. Stepihen B. M. Kent for
the work dedicated fo total chemica! spnthe-
sis and biophysical studies of WA-7 prateose.
Then, Fe performed studes in
the group of Prof Donald Hivert af ETH
Zurich working on moleculer mechanism of
misfoiding and oggregation af {2-microgio-
buiin. Since March 2004, he i o group lecder
ot the institut de Science o dingénierie Su-
prunnadiadunes ol o Assiaioon Frofcasee wl
the University of Strasbourg.




a) b)

i8] { 10

!_:n ] 'in g E: } é!i i

iw §4

§m o

L 1 h—;

Eu".ﬂl DE &E D4 BF 44 - ‘1.‘ 0 BB 04 &F 00
L-MCBD fracton Pl L-HCBD fraction

woif i

EII -] Eﬂ

- i £ o q

%m i gw g 2

R o T B v )
L-NCED fractan LAWCED fraction

=

Figure 2. a, b) Solubility curves of NCBD enantiomers incubasted at 37°C at
different L-NCBDYo-MOBD ratios in buffers 2t al pH 2% and Bl pH 700 Top
panels comespond to one wesk of incubation and bottom panels to two
weeks of incubation. The plotted data are the average of two independent
experiments [n =) where samples have been analyzed in triphicate. Stan-
dard deviations are represented by black bars. ©) TEM images of RCBD sam-
ples after two weeks of incubation at pH 25 (left column] and at pH 7.0
iright colwmn]. Scale bars = 300 nm.

0.2 urm membrane tham the single enantiomers, whersas at
nmeutral pH, single enantiomers formed aggregates that are
trapped by the membrane more readily than the different /'o-
MWCBD mixtures. These results confirrn the presence of chiral
recognition effects between L- and o-NCBD. The differences in
aggregation for mixtures of - and o-MCED can be caused by
distinct conformations of polypeptides at different pH values

and, thus, distinct modes of interaction. The solubility dia-
grams in Figure 2a and b resemble the solubility dizgrams ob-
served for crystals formed by enamtiomers of small molecules,
wiiere the situation at pH 2.5 corresponds to the solubility be-
hawior of racemates that behave as racemic compounds and,
at neutral pH. solubility curves are reminiscent of those of con-
glomeratas " In the former case, heterochiral interactions
are favored and result in mized racemic crystals from the mix-
ture of enantiomers, whereas for the latter case the preference
for homochiral assemblies enables the formation of enantio-
pure crystals from the L'o-mixture.

A pH-dependent behavior is also reflected in the monpholo-
gy of the aggregates in the samples, as shown by transmission
electran microscopy (TEM) (Figure 2c and Figures 52-59, see
the Supporting Information). At acidic pH, the - and o-NCED
single enantiomers assembled to form fibers with widths of
12113 nm, a typical width reported for other amyloids ™
When combinations of - and o-enantiomers were incubated,
fibers with larger widths of 259+30nm and composed of
bundles of several thinner fibers were frequently observed. Ag-
gregation at neutral pH yielded initially amorphous precipi-
tates, but, upon two weeks of incubation, fibrows structures
could also be detected. Morphologically, these fibers were
thinner than the longer and thicker fibers observed at pH 25.
Owvenall, lbrous sell-assembly is peomwted by e addition of
the mom-natural o-MCBD counterpart and, importantly, aggre-
gation of NMCBD generates morphologically distinct species de-
pendimg on the pH of the media.

Monitoring structural changes during NCBD aggregation by
FTIR spectroscopy

To follow the secondary structure adopted by MCBD aggre-
gates over the time, attenuated total reflection Fourier trans-
form infrared (ATR-FTIR) spectra were recorded for NCBD sam-
ples upon incubation at 37 °C at different timepoints (one, two
and four weeks) (Figure 3). This spectroscopic technique is very
reliable to observe the structural changes that accompany pro-
tein aggregation into [i-sheets characterized by amide |
stretching frequencies at around 1630 cm~ ' Moreover, it is
suitable for the amalysis of heterogemeous zamples and re-
quires small amounts of material ™ After one week of incuba-
tion, =amples containing single NCBD enantiomers (- or o)
showed a relatively sharp maximum in the amide | region fca.
16501654 cm ") at both pH 2.5 and 7.0, typically assigned to
ce-helical structures, which is not surprising given high helical
content observed for NCBD molten globule ™ MNotably, the
single enantiomers at acidic pH showed a wider peak that was
shifted towards the [i-sheets region (ca. 1635 e ") in comppari-
con with those at pH 7.0. Tha spectra of the racemic mixturas
at both pH values were dominated by the a-helix characteristic
peak, with a shoulder in the [-sheet region fca. 1626 cm'),
more pronounced at meutral pH.

Ower time, the spectra of samples at distinct pH values
ewolved differenthy. At pH 2.5, a band in the f-sheet region {ca.
1630 cm ") in the spectra of all three samples (-, o- or Lo~
MCBD) increased in intensity, being more intense tham the o-



o
=
E
w
=
R
L]
g
I
E i v
5 |4 i whe
i i i
; i i B
i i i i i
! ! !
T ‘I N Il T T :. T T II T
1710 1680 1850 1620 1500 1710 1680 1850 1620 1500

Wavenumber {cm™) Wavenumber (em”)

Figure 1. ATR-FTIR spectra of «-MNCBD, o-MCBD, and wfo-NCBD racemic mix-
ture in phosphate buffer at pH 2.5 {left) and pH 7.0 inight) after incubation
at 37 °C for one, two, and four weeks. The vertical dotted ines highlight the
frequencies of the maxima at four weeks.

helical signal for the U'o-mixture after two and four weeks of
incubation, which reflects a progressive transition from o-heli-
cal to fi-sheet structures. At neutral pH, the specira of pure
emantiomers were dominated by the a-helical signal (ca.
1655 cm ') even after four weeks, whereas the spectra of the
racemic mixture showed a major peak centered at ca.
1623 e comesponding to the [i-sheet structure, concomi-
tant with the presence of the o-helical structure. These data
confirm the presence of f-sheet secondary structure of fibrous
aggregates typical of amyloids and again point to the chiral ef-
fects in MLBL aggregation. |he o-MUBLD enamtomer acts as a
promoter of fi-sheet self-assembly and is essential for facile for-
mation of amyloid fibers, especially at meutral pH.

Insights into the early steps of NCED aggregation by native
mass specirometry

To better understand the initial stages of self-association and
aggregation of NCBD, we wsed electrospray ionization mass
spectrometry (ESl-M5) under native-like conditions. This tech-
migue enables the association/dissocation of intact proteins to
be menitored and provides structural insights into the come-
sponding protein complexes by determining their stoichiome-
try, topology and dynamics™*¥ |n our case, the - and o-
MCBD enantiomers as well as the racemic mixture were sepa-
rately analyzed at different concentrations (10, 150 and
300 pm). The native ESl mass spectra provide a charge-state
distribution of the species within a mass-owercharge [m/z)
range. By decorvolution of the charge states, the maolecular

masses of the complexes were determined, and their resulting
stoichiometry deduced. The results showed the formation of
clusters by NCBD (monomers, dimers, trimers and even tetram-
ers) at any concentration (Figure 4, Figure 510). Determination
of stoichiometry was achieved thanks to the resolution of iso-
topic profiles of all jons, which led to wunambiguous assign-
ment of the charge states. All samples present the same pat-
tern of aggregation, with a slight growth in the intensity of
multimeric species upon increasing concentration but with no
significant chamges of coexisting stoichiometries. No multimer-
ic interactions could be detected under dematuring conditions
(50 % acetonitrle, 0.1 % formic acid), which strongly supports
the conclusion that the spectra reflect the different popula-
tions of NCBD oligomers present im solution rather tham non-
specific aggregation in the gas phase.

The - and o-NCBD were synthesized as peptide-"carbaosydic
acid and peptide-"amide, respectively, with only ca. 1 Da mass
difference (see Tables 51 and 52). Given the almost identical
molecular weight of - and p-enantiomers of NCBD, native M5
is mot capable of clearly distinguishing between homo- amd
hetercchiral interactions within the o/'o-MCBD racemic mixture
and cannot give information abowt the chiral composition of
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the aggregates. We envisaged that the addition of two maore
amino acids at the C terminus of the -NCBD sequence (ie.,
GIn-Pro mative residues from the corresponding full-length CEP
sequence] will increase the molecular weight of -NCBD by ca.
200 Da and, therefore, can be usad as a tag to efficiently distin-
guish L-NCED from o-MCBD by mass. In this way, native M5
can be used to identify differemces in the aggregation patterns
between pure enantiomers and guasi-racemic mixture. We
chamically synthesized this new L-MCBD analogue (abbreviated
here as L"-MCBD) (see the Experimental Section). By native M5
amalysis of an eguimolar mitture of - and o-NCBD in addition
to the expected - and o-MCBD dimers, a third species at
10721.9=1.2 Da was observed and unambiguously confirmed
the presence of a U'Vo heterocomplex, thus demonstrating
that heterochiral interactions occcur in solution. No spedes re-
vaaling the presence of homochiral NCBD trineric or tetramer-
ic complexes were observed, suggesting that heterochiral ofi-
gomerization is favored owver homochiral multimerization at
these conditions (Figure 5). Given that each species present in
solution displays a different molecular mass, all oligomeric
states could be followed individually. Mative M5 thus appears
to be a powerful technique for momnitoring the concomitant
formation of the distinct aggregated states of NCBD.

Identifying the aggregation-prone segment in NCBD
sequence

The structure of MCED molten globule contains three helical
fragments (Figure 1) To identify which sequence fragment
of NCBD is responsible for triggering aggregation, we prepared
the three polypeptides comesponding to the three different
helices (helix-1, helix-2 and helix-3) observed in the structure
wl NCBD (PDE 1D: ZKEI"™ When each helix was arralysed sepa-
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rately by native MS, only helix-1 showed a pronounced aggre-
gation, revealimg clusters ranging from dimers to undecamers;
helix-2 was mostly observed as a monomer and helix-3 dem-
onstrated moderate aggregation propensity (Figure &1 Due to
the instrument effects, the relative abundance of free peptide
wersus peptide clusters could not be directly extracted from
the M5 spectra. Indeed, all species display distinct m/z ratios
and adopt differemt conformations, two parameters that are
kniown to affect the ion intensities. Newvertheless, qualitatively,
the M5 spectra of the three helical segments acquired under
the same E5-M5 parameters illustrate the distinct aggregation
properties of these peptides. Inspection of samples of the cor-
responding peptides incubated at pH 25 and 7.0 with TEM re-
vealed similar trend of aggregation propensities; ie., the helix-
1 segment is particularly prone to aggregate (Figure 5110

The mixtures of fullHength MCBD with every helix were also
studied (Figures 512-514). Accordimg to native M5, helix-1
again revealed its ‘sticky” behavior by forming a wariety of
mixed clusters im high abundance under equimolar incubation
conditions with NCEBD; this was not the case for helix-2 and
helix-3, for which the major observed species were individual
MCBD and helix-2 or helix-3, respectively. The association pat-
term of L-MCBD or o-NCBD with the three helices showed no
stmong chiral preferences given that the spectra for the two
enantiomers and the corresponding helices were similar. The
measured molecular masses allowed the stoichiometries of the
warious complexes coexisting in solution to be assigned and it
appearad that clusters formed by the interaction of one NCBD
with sewveral units of helices (LH,) were favored owver clusters,
implying dimerization of NCBD [L/H, . Mo higher stoichiome-
tries of the aggregated MCBD [trimers or tetramers) were de-
tected in the presence of helix-1. which dearly shows that ho-
mluvyguus NCBD rmultimers were displacved in Tavor ol betenolo-
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Figure &. Characterzation of the aggregation behavior of 2 helix-1,

b hefir-2, c} helin-3 by native ES| mass spectrometry in 100 mm AcONH,

lons showing coexisting stoichiometries from monomenc M) up to 11-mer
[Hxl are detected for helix-1 wheress less-pronounced aggregation is oh-

served with helin-2 and hedix-3.

gous NCBOvhelix-1 multimers (Figure 512). These data suggest
that helix-1 plays a critical role in the aggregation of the
WCBD zequence, promoting the self-assembly between several
NCBD units.

The computational predictors point out distinct parts in the
sequence of MCBD that are prone to aggregation (Figure 7).
Two applied comsensus  methods, MetAmyl™  and
AmylPred2 " yieldad consistent results showing the two prob-
abile "aggregation hot spots” localized in helix-2 and helix-3 of
the WCBD sequence (OWVLMIL and LMAAFI). Indeed, inspecting
samples of helix-2 and helix-3 after four weeks incubation re-
vealed amyloid-lke fibers, which is consistent with the compu-
tational prediction (see Figure 511). The apparent discrepancy
of the aggregation-prone fragments in NCED based on the ex-
perimental native MS measwrements and the computational
approaches can be explained by tha fact that thase mathods
probe different aspects of the aggregation. Mative MS provides
insights into the imitial stages of NCBD multimerization wia
helix-heli: interactions, whereas computational predictors sug-
gest which sequences are likely to be found in the core of the
amyloid fiber after o-helis-to-fi-shest transition. Thus, the two
methnrds are cnmplementary and allnw a machamistic mndel

H1

 MatAmy!
 AmylPradz

H2 (L _fm

Figure 7. Results of computational prediction of amyloidogenicity of NCBD
by wsing the consensus methods MetAmy| and AmylPredl. Two aggregation
hotspats are highlighted in red and located in helic-2 (H2) and helis-3 43)
fragments. Note: J = nodeucine (Nle), which is a nearly isostenc replacement
of methionine in the native sequence mbroduced to avoid coidation of the
thicether moiety.

to be proposed for sequential steps im MCBD aggregation
wherein the initial aggregation is driven by promiscuous con-
tacts of M-terminal helix of MCBD, followed by a structural con-
wersion involving segments located in different parts of the se-
quence.

Discussion

As discussed previoushy, amyloid formation is not restricted to
a particular group of proteins but cam occur for highly diverse
sequences under suitable conditions."** In this article, for the
first time, we characterized the misfolding and aggregation of
MCBD imto amyloid-like structures. 'We tested different pH
values and used o-NCBD to modulate and explore the protein
aggregation process. Indeed, the solubility and morphology of
the aggregates is affected by the conditions of imcubation
(e.g., pH and fraction of o-NCBD in the mixture] (Figure 2, Fig-
ure 52-59)_ According to FTIR data, NCBD experiences a-helix-
to-f-sheet conversion ower time, particularly at acidic pH
(Figure 3). Motably, the wo-racemic misxture presents a marked
preference to adopt a f-sheet structure both at acidic and
neutral pH. Interestingly, although it is a different self-assembly
process, the formation of protein crystals from the racemic
mixtures was alse shown to occur more efficiently than for in-
dividual enantiomers.*®

MNative MS data suggest that NMCBD has a high propensity to
formm aggregates even at kow concantrations (10 ps) (Figure 4,
Figure 510). The results obtained for the quasi-racemate of L
and o-MCBD as an approach to distinguish - and o-species in
the mass spectra suggest that the enantiomeric proteins
behave similarly and that the initial association of homo- and
haterochiral multimers occurs Rpidly in solution (Figure 5). In
addition, the N-terminal helix in NCBD was identified as being
a trigger for the early stages of protein aggregation (Figure &).
This helix contains the leucine-rich LXXLLXXL sequance motif
known to participate in vaniocus hydrophobic interactions medi-

ating the formation of relevant biclogical complaxes.™ ™

Taking into account all the results, we hypothesize that the
aggragation of NCBD starts from its self-assembly into a-helical
oligomers mediated through hydrophobic interactions of the
“sticky” M-terminal helical segment, as suggested by a high
tendency of amphiphiic helix-1 to multimerize. Modeling
wsing CCRuikder 20 snfrware®" chnwed that the fremation of



2-, 3- and 4-helix bundles by helix-1 segment can easily be
achieved (Figure 515) and this is likely an explanation of the re-
sults of native M5 measurements invalving heli-1 peptide.

On the other hamd, MCBD is known to adopt different struc-
tures upon binding to different binding partners. Inspection of
the available structures allowed a feasible malecular mecha-
nism of NCBD oligomerization to be deduced (Figure &)L We
compared two conformational states of MCBD extracted from
crystal structures of complexes with ACTR (PDE ID: &5009"
and IRF3 (PDE 1D: 17001 In these two structures the biggest
difference is the onentation of N-terminal helix (helix-1): in
&50C it forms tight contacts with the middle helical fragment
{helix-2), whereas in 1200 structure it is bocated in the grove
and interacts with both middle (helix-2) and C-terminal (helix-
3) helices. Apparently, the position of the middle helix in 1200
aleo coincides with fragments of other proteins that interact
with MCBD, such as helical fragment of ACTR (as in &%0C struc-
ture] or fragment of transactivation domain of p53 (FDB ID:
2L14). Notably, the structures of the latter two fragments are
very different.

NCBD being a molten globule in free state, implies confor-
mational isomerism and hetercgenmeity. Thus, we emwvisaged
that a minimal change of MCBD-650C conformation such as
ca. 180" rotation around the axis of helix-1 to expose its hy-
drophobic side to the solvent will make it predisposed to bind
to another molecule of NCBD through interactions of solvent-
exposed helic-1 and a promiscucus binding grove of a second
MCBD molecule formed by helix-2-helix-3 (Figure 8). Further-
meaore, this conformational modification and docking can be re-
peated multiple times, resulting in high-order NCBD ofigomers.

Ower time, these a-helical oligomers undergo isomerization
into more stable [-sheet structures and conwert into amyloid
fibers. Indeed, amyloid formation through a-helical intermedi-
ates is described to happen for many protoins, including tau

protein™ and a-synuclein" Thus, the results of our work can
be gualitatively described by an ‘association-conformational
conversion' model ™ According to this model, amyloidogenic
proteins first self-associate into soluble oligomers through hy-
drophobic interactions and then undergo structural conversion
into fi-sheet-rich amyloids. Mechanistically, the initial helical as-
semblies increase the bocal concentration mecessary for the
subseguent formation of intermolecular fi-sheets™ The impor-
tance of high local concentration of proteins can be further il-
lustrated by “droplets” formed due to liquid-liguid phase sepa-
ration of warious disordered proteins™ Conformational rear-
rangements within these compartments often lead to the for-
mation of [i-sheet “lumps” that propagate to ultimately yield
mare stable fibrillar aggregates with fi-sheet structure. "™

Conclusions

We discovered that the NCED sequence i5 aggregation-prone
and amyloidogenic. The predisposition of the N-terminal helic
of MCED molten globule protein to mediate intermolecular
self-assemnbly results in helical aggregates. They evolve towards
more stable fi-sheet structures that adopt fibrous amyloid-like
morphologies particularly at low pH. At physioclogically relevant
neutral pH, this effect can be highlighted in the presence of
the o-MCBD enantiomer. Thus, the use of o-MCBD helped to
reveal the existence of am alternative pathway on the folding
landscape of MCBD that is not obwvious for emantiopure o
MCBD. These results are important given the multiple studies
reported previously for this protein domain that served as a
classical example of molten globule that forms distinct folded
structures upon complexation with different protein binders®
Further research is needed to explore the potential role of
MCBD misfolding and aggregation in biclogical processes
madiated by CBP
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Figure 8. Madel of the oligomerization of NCBD. Two distinct conformations of NCBD were extracted from the crystal strsctures of RCBD with ACTR {in
orange, POB ID: 8500 and IRFY (in blue, PDB ID:A 200 Structural alignment was pedomed by using region Hi-H3 of the 650C structure as a reference with
MatchMsiker tool of USCF-Chimera software.™ Then, helix H1 was rotated o eupose the hydrophobic side to the sohwent making it aggregation prone. This
new conformation was overlasd onbo H1 helioc of NOBD from 1200 structure that is in the grove formed by H2 and H3 helices. Such a transformation effiec-
tively results in a (NCBO), dimer. This operation can be repeated again by docking a copy of aggregation-prone NCBD conformation to the free binding
grove expased in [NCBD);, keading to a trimer and subsequently ta a tetramer and higher order aligomers [the largest shown i a decameri



Experimental Section

Materlals: All solvents, chemicals, and reagents were purchased
fromn commerclal sources and used without further purfication.
Frnoc-amino aclds and resins for solid-phase peptide synthesis, the
coupling reagents NN -diisopropylcarbodiimide (DIC) and ethyl oy-
analhydroxylminolacetate (Oxyma pure), dikopropylethylamine, pl-
peridine, trisopropylsilane (TIPS) and 1.4-dithiothreitol {DTT) were
purchased from bris Biotech (Markiredwitz, Gemmany] or Sigma Al-
dirich {5t. Louls, Missour, USA)L Trifluoroacetic acid (Blograde) (TFA)
wias purchased fror Halocarbon (Peachitree Comers, Georgla, LISA)L
All other chemicals were purchased from Sigma-Aldrich. Nanosep
MF centrifugal devices with Blo-Inert membrane of 0.2 pm porosity
were provided by Pall Corporation (Anm Arbar, Michbgan, LISAL

Peptide synthesis: The -MCBD and o-MCBD peptide fragments
corresponding to the [2066-2112] fragment of CBF (CREB-binding
protein, UniProtKB-P45481 (CBP MOUSE were synthesized by
sing & Liberty Blus microwave-assisted automatic synthasizer
(CEM Corporation, WSA), following a Froc'tBu-protecting growp
sirategy, on either 0.1 or 025 mmel, as previously described ™ Far
the synthesis of L-NCBD and the different w-MCBD fragments (heli-
ces 1-3), the preloaded Frnoc-AsniTri) and Freoc-Ser{iBu) ‘Wang
resins (0.7 mmolg ' and 065 mmalg " loading, respectively) were
used, while the -MCBD and o-MHCBD polypeptides were synithe-
sleed wsineg Rink-Arnice Chematriz resin (0083 mmoly ™" loading).
Peptides were cleaved and fully deprotected by treatment with a
mibcture of TRATIPSHOMDTT (92572572525 v for 2 hours
{1 mL of mixture for 0.1 g of resin). Afterwards, the misbure was
added onto cold diethyl ether (—20°C) for predpitation, centri-
fuged, and the precipitates were dissolved In HyOWCHCN (1:0, wivl
containineg 0.1% TFA and lyophilized. Pure peptide fractions (=
98 %) were obtained after purification by HPLC (Tables 51, 52 and
Flgures 516, 5171

Measurement of protein concentration: After synthesis and purifi-
catbon, proteins were obtained as TRA salts. To caloulate concentra-
tions of the samples uscd In varlous cxperimonts (CD, TEM, solubil
ity curves), the following procedure was applied: the nitrogen con-
tent of a sample of L-NCBD was determined by elemental analysis.
This allowed to exactly caloulate the mass portion of protein in the
purified product (ca. 80%). This sample was used to calibrate the
analytcal HPLC system. The derived calibration was used to deter-
mine the concentrations of other NCBD samples.

Preparation of aggregated sarmples: --MCBD and o-NCBD samples
were dissolved at peptide concentrations of 0.5 mm (determined

by analytical HFLC). The prepared samples were incubated at
37°C, at different L-NOBDVD-NCBD ratios and under two different
conditions: 200 ma  sodium citrate buffer pH25 for 200 ms
sodium phosphate buffer pH 2.5 and 200 mis sodium phosphate
buffer pH 7.0 (with Mah,, 0.05%, w/'v]. The samples were prepared
at L-MCBDYO-MCED ratlos of 100:0, 8020, 6040, 2050, 4040,
20:80, and 0:100.

Analysis of the soluble peptides by HPLC: The soluble fraction of
MCBD for the samples prepared at different L-NCBO o-HCBD ratlos
was analyzed by HFLC after incubation for one and mwo weeks.
The incubated samples were centrifuged at 10,000 rpm for 10 min
using Manossp MF centrifugal devices with membrane of 0.2 pm
porosity (Fall Corporation). Then, 30 pl of the samples were dilut-
ed with 120 pl of milliQ water (final volurne =150 pl) and analyzed
by amalytical HFLC (in triplicate). The wvalues for the soluble fraction
of KCBD for each sample were obtaimed by Integrathion of the
HPLC traces using a calibration curve at OO 220 nm. Incubation
and analysis were repeated twice. The percentages of soluble frac-

tion for each sample were calculated based on the concentration
of HCBD obtalmed by HPLC before incubation was staried.

Computational prediction of amylold propensity: The NCBD se-
quence (PDA file: 28KY* was screened with two different consen-
sus methods available online, MetAmyl™® and AmylPred2™" The
first program computes the propensity of amylald fibrillogenesis
combining the following Individual predictors: Paflg, SALSA, Waltz
and FoldAmylold. The score, plx), represents the probability for a
fragment to form amylold fibers, and it 5 caloulated using a logis-
tic regressbom model. AmylPred2? ghves as primary output the con-
sensus prediction that represents the overdap of at least nf2 of the
different n methods selecved by the wser. The tool offers a maxi-
rmiurn of 11 algosithrms available: Aggrescan, ArmyloldMutants, Amy-
loidogenic Pattern, Average Packing Density, Beta-strand contigui-
ty. Hexapeptide Conformational Energy, MetCS5P Paflg, SecStr
Tango and Waltz

Mass spectrometry: Liquid chromatography-mass spectrometry
(LE-M5) spectra of peptides were recorded with a Thermo Sclentific
Accela UHPLEC (Hypers || GOLD column, 50 2.1 mm?, 1.9 um) inte-
grated with a Thermo Sclentific LOQ XL linear bon trap mass spec-
trommeter. The mass spectra were recorded in the positive onlza-
tlon mode. Obtained raw data were deconvoluted using MagTran
[wer. 1.03) software.

High-peformance lguid chromatography (HPLC): Analytical re-
versed-phase HPLC of all peptides were performed with a Dionex
Ultmate 3000 (Thermo Fisher) equipped with a UV detector, a
column heater set to 40°C and an autasampler. Analyzes were per-
formed with a Reprosil-XR 120 C18 column (Dr Mabsch GmbH, par-
tiche size 3 pm, pore size 120 A, dimensions 50x21 mm®) or a Ki-
netex XB C18 colurmn (Phenomenex, particle size 2.6 pm, pore size
100 A, dimensions 50x2.1 mm®) at a flow rate of 1 mLmin ' and a
gradient of 2-50% of eluent 8 (0.0B% TFA In CH,CN) in eluent A
(0.1 % TFA In H, 00 within 4 min. Preparative reversed-phase HPLC
were performed with a Shimadzu Instrument equipped with a
CBM-20A communication module, a SPD-M20A LY detector, a SIL-
10AF autosampler and a FRC-10A fraction collector. L-WCBD, o
MCED and L"-NCED peptides were purified with a Jupiter Ca
column (Phenomenex, particle size 10 um, pore size 300 A, dimen-
sions 250x21.2 mm’) at a flow rate of 10 mLmin ' and a gradient
of 20-40% of eluent B (0L08% TFA In CHCM) in eluent A (0%
TFA in HO) within 90 min. After purification, pure fractions were
identified by analytical HFLC and LC/MS, combined and lyophd-
lized. -MCBD fragrments (hellx-1, -2, and -3) were purified with a
Kinetex €4 column (Phenomenex, partiche size 5 pm, pore size
100 A, dimensions 100x21.00 mrm®] at a flow rate of 10 mLmin ™'
and a gradient of 5-30% of eluent B (0L08% TFA in CHCH) in
eluent A (0.1% TFA In H,O) within 40 min. After purification, pure
fractions were identified by analytical HPLC and LC/AMS and Iyvophi-
lized.

Circular dichrotsm (CD): A 1 mm guanz cell was used with a Jasco
1810 specropolarimeter. All samples were measured in guanz
cuvettes with a thickness of 1 mm and a volume of 350 pl The fol-
lowing parameters were set for all scans performed: scanning
spesd 100 nMMIn | over a range of wavelengths from 185 10
ZB0mr, with 1 s integrations, bandwidth of 1 nm, data pitch
0.1 nrn, temperatune 25 °C. For measurerments, proteln samples
were prepared at 50 ps concentration in the comesponding buf-
fers. Freshly prepared samples of o and o-MCBD were used to
record COY data deplcted in Figure 51. Every CO curve was obialned
by aweraging fiwve scans and subtracting the background signal
The obtained ellipticities were transformed to mean residue molar
ellipticities.



TEM analysis: TEM images werne acquired with a Philips CM12 elec-
won microscope, operating at 80 keV. TEM grds (carbon-coated
300 mesh copper EM grids) were first exposed to a Uh-ozome
cleaner for 5 minutes. The grids were then placed coated-side-
down for 60 5 onto sample drops (15 pl). The grids were then re-
trieved, washed with delonized water and stained with 2% (w/vl
uwranyl acetate for 205 Grids were air-dried and kept under
vatuurn before analysis. Awverage thickness of fibers was deter-
milmed by conckdering at least 50 individual measurernents wshng
Image) software.

FTIR spectroscopy: ATR-FTIR experiments were performed with a
Bruker Vertex 70 FTIR spectrometer equipped with a Harrick-Dia-
rnond ATH. Residual TFA was removed from the samples by 10 msa
HCI treatrent and Iyophilization (3 cycles). Each sample was lefi to
diy under alr. For each sarmple, ten spectra of 128 scans each (4000
to 700 cm ', resolution: 4 om " were recorded and averaged. All
spectra were plomed wsing OriginPro 8.5 software.

Mative mass spectrometry: All proteins were solubiized in
100 i  ammoniumn acetate (ACOMH,), pHGE and analyzed at
150 pm unless specified. MS data were acquired in the positive lon-
lzathon mode with an electrospray time-of-flight mass spectrometer
(MicrOTOF-O0l, Bruker Dalonlcs, Germany). Denaturing conditions
measurements were conducted by Inpecting proteln separately at a
concentration of 10 e in HO0CHCM (50:50) with 1% formic ackd
w check thel seguence integrity amd homogewely. - and o-nNCOBD
synthesized as peptide-"CO0H and peptide-"CIOWNH,, respectively,
were detected at 5246/9+0.5 Da and 52459+ 05 Da, which is in
good agreement with the comesponding theoretical monolsotopic
molecular masses of the monomers (5246.93 Da and 524596 Da).
Matlve mass specirometry analyses of the noncovalent complexes
Were carmied out in 100 mmM ACONH, pH s, Proeins or complexes
{150 pw) were Incubated for Smin at 37°C and were Infused at
4 pLmin~' through a KD5100 syringe pump (KD Sdentific, Hollis-
tom, MA, USAL Electrospray source and transfer parameters were
set o optimize the desolvation process while preventing dissocia-
tion of the moncovalent species. In particular, the pre-pulse tme,
which controls the delay between transfer time and TOF pulser on
o Imjecthon inte the TOF analzer was set at 36 us. The colliskon
energy in source (15010 was also carsfully controlled and mass
spectra were recorded as a function of the 150D value from O to
100 eV. All spectra are shown at 40 eV where it was checked that
no gas-phase dissockation occurred. Finally, a manual interpretation
of the M5 spectra was carmbed out to asskgn all charged states of
the lons and infer the molecular masses of coexisting populations
of species.
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