Automated Fast-Flow Synthesis of C90rf72 Dipeptide Repeat Proteins
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ABSTRACT: An expansion of the hexanucleotide (GGGGCC) repeat sequence in the chromosome 9 open frame 72 (c9orf72) is the
most common genetic mutation in amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). The mutation leads to
the production of toxic dipeptide repeat proteins (DPRs) that induce neurodegeneration. However, the fundamental
physicochemical properties of DPRs remain largely unknown due to their limited availability. Here, we synthesized the c9orf72 DPRs
poly-glycine-arginine (poly-GR), poly-proline-arginine (poly-PR), poly-glycine-proline (poly-GP), poly-proline-alanine (poly-PA), and
poly-glycine-alanine (poly-GA) using automated fast-flow peptide synthesis (AFPS) and achieved single-domain chemical synthesis
of proteins with up to 200 amino acids. Circular dichroism spectroscopy of the synthetic DPRs revealed that proline-containing poly-
PR, poly-GP, and poly-PA could adopt polyproline lI-like helical secondary structures. In addition, structural analysis by size-exclusion
chromatography indicated that longer poly-GP and poly-PA might aggregate. Furthermore, cell viability assay showed that human
neuroblastoma cells cultured with poly-GR and poly-PR with longer repeat length resulted in reduced cell viability, while poly-GP
and poly-PA did not, thereby reproducing the cytotoxic property of endogenous DPRs. This research demonstrated the potential of
AFPS to synthesize low-complexity peptides and proteins necessary for studying their pathogenic mechanisms and constructing
disease models.

Amyotrophic lateral sclerosis (ALS) and frontotemporal develop new therapies targeting DPRs. In particular, the

dementia (FTD) are refractory neurodegenerative diseases in
which ALS causes progressive muscle paralysis, and FTD causes
personality and behavioral changes.! These two diseases share
many pathologic, genetic, and clinical features, where half of
ALS patients are estimated to develop the aspects of FTD.2 The
most common genetic cause of ALS and FTD is a mutation in
the chromosome 9 open frame 72 (c9orf72) gene with the
expansion of the hexanucleotide (GGGGCC) repeat
sequence.>* The mutated sequence is further translated by
the non-canonical mechanism to produce five dipeptide repeat
proteins (DPRs): poly-glycine-arginine (poly-GR), poly-proline-
arginine (poly-PR), poly-glycine-proline (poly-GP), poly-
proline-alanine (poly-PA), and poly-glycine-alanine (poly-
GA).5%

Since the discovery of DPRs, their neurogenerative
properties have been extensively studied using DPR-
expressing disease models.”*! However, the fundamental
physicochemical properties of DPRs remain largely unknown
due to their limited availability. Although recombinant
expression has been the most powerful approach to obtaining
proteins, these techniques are limited by scale. In addition, the
expression of toxic peptides and proteins, such as highly
cationic ones, is often challenging.’*®® Therefore, a synthetic
approach to obtain such DPRs is of great importance to further
understand the pathogenic mechanisms of ALS/FTD and to

chemical synthesis of DPRs longer than 36 repeats (72 amino
acids) is crucial, as this has been described as the minimum
length to exhibit toxicity in vivo.®'! Although several groups
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Figure 1. Rapid flow synthesis of dipeptide repeat proteins. (a)
Schematic illustration of the automated fast-flow peptide
synthesizer (AFPS) used in this study. (b) Absorbance recorded
at 310 nm during the synthesis of poly-GP. (c) Normalized
peak area of Fmoc deprotections obtained during the
synthesis of five DPRs with 50 repeats (100 amino acids).
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Figure 2. Analytical RP-HPLC traces and mass spectra of (a)
(GR)so, (b) (PR)so, (c) (GP)100, and (d) (PA)100 ((GR)so and (PR)so:
ESI-TOF mass spectrometry, (GP)ioo and (PA)igo: MALDI-TOF
mass spectrometry).

have reported the chemical synthesis of DPRs, their maximum
length is limited to up to 30 repeats (60 amino acids),*-%
which is reasonable considering the general difficulty of
synthesizing peptides longer than 50 amino acids by standard
solid-phase  peptide synthesis  (SPPS).Y”  Additionally,
chemoselective ligation reactions would not be readily
applicable to the synthesis of long DPRs due to the lack of
reactive residues.’® We thus set the goal of this work to
overcome these problems and to establish the chemical
synthesis of long DPRs to investigate their properties.

Our research group has recently developed an automated
fast-flow peptide synthesis (AFPS) system that can complete a
single amide coupling reaction in 40 seconds and allow the
direct production of peptide chains up to 164 amino acids in
hours (Figure 1a).2%2? Here, we performed AFPS of DPRs on a
Rink amide resin following the previously optimized synthetic
conditions (see Supporting Information).?® As activation
reagents, we used hexafluorophosphate azabenzotriazole
tetramethyl uronium (HATU) for coupling glycine and proline,
and (7-azabenzotriazol-1-yloxy)trispyrrolidinophosphonium
hexafluorophosphate (PyAOP) for alanine and arginine with
extended coupling time. Removal of fluorenylmethylmethoxy-
carbonyl (Fmoc) groups was performed using piperidine, and
the deprotection reaction was monitored by in-line ultraviolet-
visible detection of the eluent (Figure 1b).
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Figure 3. CD spectra of (a) (GR)so, (b) (PR)so, (c) (GP)100, and (d)
(PA)100 in PBS ([DPR] = 0.1 mg mL™) upon heating from 25 °C
(blue) to 95 °C (red). Spectra were recorded at every 10 °C.

Figure 1c shows the normalized area of the deprotection
peaks during the synthesis of five DPRs with 50 repeats (100
amino acids). We found that the arginine-containing DPRs
(GR)so and (PR)so showed relatively smaller peak areas
compared to the DPRs variants without arginine (GP)so, (GA)so,
and (PA)so, indicating the low coupling efficiency of arginine
residues. This observation is consistent with our previous
machine learning study showing that arginine residues can
have reduced coupling efficiency, probably due to their bulky
aromatic 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl
(Pbf) protective groups.”? Nevertheless, AFPS followed by
purification using reverse-phase high-performance liquid
chromatography (RP-HPLC) allowed the isolation of (GR)so and
(PR)so in 2% (7.2 mg) and 1% (4.4 mg) yields, respectively,
which were still sufficient for the subsequent physicochemical
and biological studies. The purity of (GR)so, (PR)so, and their
shorter repeats was confirmed by analytical RP-HPLC and
electrospray-ionization  time-of-flight ~ (ESI-TOF)  mass
spectrometry (Figures 2a, 2b, S1, and S2). For poly-GP and
poly-PA, we were even able to synthesize and isolate (GP)100
and (PA)ie0in 3% (11.3 mg) and 5% (23.7 mg) yield, respectively.
Since poly-GP and poly-PA were poorly ionizable by ESI, we
used matrix-assisted laser desorption ionization (MALDI)-TOF
mass spectrometry and analytical RP-HPLC to confirm their
purity (Figures 2c, 2d, S3, and S4). We also attempted to
synthesize poly-GA and isolated (GA)1o and (GA)yo (Figures S5a
and S5b). However, we were unable to purify (GA)so and
(GA)100 due to their poor solubility. However, MALDI-TOF mass
spectra of crude samples clearly showed the target mass peaks,
indicating that AFPS of poly-GA itself was also successful
(Figures S5c and S5d).

With the chemically synthesized DPRs in hand, we then
performed circular dichroism (CD) spectroscopy of soluble
DPRs (poly-GR, poly-PR, poly-GP, and poly-PA) in phosphate-
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Figure 4. SEC traces of (a) poly-GPs, (b) poly-PAs, and (c) poly-
PRs at 25 °C ([DPR] = 1.0 mg mL! in PBS, eluent: PBS). The
molecular weights of the globular protein standards are (i) 670
kDa, (ii) 158 kDa, (iii) 44 kDa, (iv) 17 kDa, and (v) 1.35 kDa,
respectively. (d) Plots and their corresponding fitted curves of
the actual molecular weight of DPRs as a function of their
derived apparent molecular weight using protein standards.

buffered saline (PBS) at different temperatures to investigate
their secondary structures. Previously, the secondary
structure of poly-GA has been extensively studied and its
propensity to form fibrous aggregates through the formation
of SFsheet structures has been reported.’***2® However, the
structures of other DPRs have not been studied in detail. As
shown in Figure 3a, (GR)so exhibited featureless CD spectra
regardless of the measurement temperature, indicating its
random coil-rich structure, consistent with previous
reports.’% We then measured CD spectra of (PR)so, (GP)100,
and (PA)100 at 25 °C (Figures 3b—3d, blue curves) and observed
a negative peak at 200 nm, which has been previously
characterized as flexible or random coil configurations.1%2426
However, as we increased the temperature, the peak top
showed a red shift associated with the decrease in intensity
around 220-230 nm, with an apparent isodichroic point at 215
nm. These results demonstrated that the proline-containing
DPRs (PR)so, (GP)io, and (PA)we do not simply adopt
disordered structures but show a transition from one state to
another upon heating.?’?® We then found that the observed
thermal transition of (PR)so, (GP)igo, and (PA)io closely
resembles the denaturation profile of collagens.?® It is
noteworthy that approximately 1/3 of the constituent amino
acids of collagens are prolines or hydroxyprolines, which
contribute to their formation of polyproline II-like helical
secondary structures.?®3° Thus, it is reasonable to assume that
(PR)s0, (GP)100, and (PA)100, whose half of the constituent amino

acids are prolines, also adopt similar secondary structures. In
addition, we measured the CD spectra of proline-containing
DPRs with shorter repeat lengths and found that they
exhibited substantially the same spectral profiles (Figures S7—
S9). These results suggest that the secondary structures
formed within poly-PR, poly-GP, and poly-PA might be present
partially rather than entirely throughout the chains.

In addition to the secondary structures, previous studies
have also shown that DPRs can self-assemble into aggregates
under physiological conditions.?*?® However, a comprehensive
understanding has been lacking due to the unavailability of
DPRs with variable repeat lengths. Here, we took advantage
of AFPS, which allowed us to obtain the libraries of DPRs, and
systematically investigated their aggregation property by size
exclusion chromatography (SEC) using PBS as an eluent. As
expected, poly-GP, poly-PA, and poly-PR showed shorter
retention times as their molecular weight increased (Figures
4a—4c). However, the SEC profiles of poly-GR did not show
sharp peaks under the same analytical conditions (Figure S10a),
likely due to their strong interaction with the SEC matrix
(agarose and dextran), as indicated by the peak sharpening
under the high-salt conditions (Figure S10b). We then
evaluated the apparent molecular weight of poly-GP, poly-PA,
and poly-PR based on the retention times of globular protein
standards. As shown in Figure 4d (red), poly-PR showed a
linear correlation between the derived apparent molecular
weight and the actual molecular weight (R? = 0.97), indicating
that poly-PR exists as a monomeric protein and adopts a
globular shape. Interestingly, the apparent molecular weight
of poly-GP and poly-PA showed an exponential increase (R? =
0.99, Figure 4d purple and green). Considering that CD spectral
studies of poly-GP and poly-PA did not show any obvious
length-dependent changes (Figures S8 and S9), the observed
non-linear increase in the apparent molecular weight should
not be due to the differences in protein folding but most likely
to the enhanced aggregation property of longer DPRs through
multivalent interactions.3%32

Finally, we investigated the cytotoxicity that synthetic DPRs
might possess. Following the previously reported protocol,*
we performed the MTT cell viability assay using human
neuroblastoma cells in the presence of synthesized poly-DPRs.
We pre-dissolved synthetic DPRs with different repeat length
and concentration in cell media, added the solution of DPRs to
BE(2)-C cells and incubated for 48 h, and then quantified the
cell viability relative to untreated cells (see the Supporting
Information for calculations). As shown in Figures 5a and 5b,
poly-GR and poly-PR exhibited lower cell viability with
increasing repeat length and concentration. In contrast, poly-
GP and poly-PA did not show significant changes in cell viability
regardless of their repeat length and concentration (Figures 5¢
and 5d). This tendency is consistent with previous reports on
endogenous DPRs expressed in vivo,®° indicating that the
synthetic DPRs successfully reproduced their intrinsic
cytotoxicity.

In conclusion, we have successfully synthesized c9orf72
DPRs with up to 100 repeats (200 amino acids) using AFPS. CD
spectroscopy of synthetic DPRs revealed that poly-PR, poly-GP,
and poly-PA might adopt polyproline II-like helical secondary
structures.  Furthermore, SEC analysis of synthetic DPRs
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Figure 5. Relative viability of human neuroblastoma BE(2)-C cells 48 h after treatment with media containing (a) poly-GR, (b) poly-PR,
(c) poly-GP, and (d) poly-PA with different repeat length and concentrations. The cell viability was quantified by MTT assay as
percentage viable relative to untreated cells. Bars represent the standard deviation of the mean based on n=2 replicates.

showed that poly-GP and poly-PA form larger aggregates as
their repeat length increases. Finally, a cell viability assay using
human neuroblastoma cells demonstrated the increased
cytotoxicity of longer poly-GR and poly-PR. We believe that
this research has demonstrated the potential of AFPS to
synthesize peptides and proteins with limited availability,
which is necessary to study their pathogenic mechanisms in
detail and to construct disease models for drug discovery.
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