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ABSTRACT

Two ring size B-Sugar Amino Acids, BSAAs, Fmoc-RibAFU(ip)-OH and Fmoc-
GIcAPU(Me,Bn)-OH, as Lego-elements are introduced to make o/B-chimera peptides by
flow-based solid phase peptide synthesis (SPPS). Their synthesis alongside selected a-amino
acids, aAA, are fine-tuned. The recently published 50% TFA cleavage protocol of tBu
protected shorter (Ser, Asp) and larger aromatic (Tyr, Trp), with bulky side chain protected
Arg(Pbf) and GIn(Trt) residues were probed. We found that this milder condition is sufficient
to successfully remove both the 1,2-O-isopropylidene from RibAFU(ip) and tBu, Pbf and Trt
from the other aAA residues, but to preserve the 2,3-di-O-benzyl protection of
GIlcAPU(Me,Bn). Note, that O-benzyl groups can be subsequently cleaved by HF or catalytic
hydrogenation. Tuned protocols allow the efficient synthesis of 16-mer penetratin analogues
via continuous flow conditions incorporating either RibAFU(ip) or GIcCAPU(Me,Bn) BSAAs.
Both acid concentration (50%/95%) and type (TFA/HF) allow a versatile protecting group
removal and thus, to fine-tune the hydrophilicity and aromaticity of the above building blocks
in chimera constructs.
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Graphical abstract

Tuned protocols including acid concentration (50%/95%) and type (TFA/HF) allow the
efficient synthesis and protecting group removal from different Lego elements of B-Sugar
Amino Acids, to enlarge the pool of biocompatible chimera constructs made by flow

chemistry.

50% TFA




Introduction

Sugar amino acids, SAAs, feature the preferred properties of both amino acids and
carbohydrates. The range of structural options is very large for this family due to the diversity
of carbohydrates configuration and constitution. They could be grouped upon their ring size
(e.g. furanoyl, pyranoyl), type and position of the functional groups as published in
compendiums.*? As SAAs are biocompatible, often biodegradable and have tunable
hydrophilic/hydrophobic character, they offer a versatile applicability for modern synthetic
bio- and pharmaceutical chemistry. With common proteinogenic and other natural o-amino
acids, they can be suitable building blocks of chimera peptides, foldamers, glycomimetics,
peptidomimetics or nucleotidomimetics.”*? Some SAAs are present in nature as sialic acids,
neuraminic acid™ etc. or bacterial cell wall components,***> bacterial saccharides'® and
antibiotics."’

A commonly used sugar amino acid type is B-Sugar Amino Acid, BSAA, in which the
carboxyl and amino function are in B-position with respect to each other.>*®82° Among them
both five-membered ring derivatives, like D-ribo-* and D-xylofuranuronic acids®'®%
-RibAFU(ip)- and -XylAFU(ip)- and the six-membered ring derivatives, e.g. D-glucosamine
carboxylic acid are widely used as monomeric building blocks.**®2? These monomers can be
hydrophilic analogues of the corresponding ACBC? (2-aminocyclobutane-1-carboxylic acid),
ACPC* (2-aminocyclopentane-1-carboxylic acid) and ACHC? (2-aminocyclohexane-1-
carboxylic acid) monomers, which nowadays are widely used in foldamer chemistry.?®%*
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Figure 1. Furanoid and pyranoid B-sugar amino acids as hydrophilic analogues of 1,2-trans-ACPC and 1,2-
trans-ACHC, the two most common hydrophobic B-amino acid residues. The RibAFU has two a- and B-
anomeric form in equilibrium, -RibAFU(w)- and -RibAFU(B)-, after 1,2-O-isopropylidene removal. The GIcCAPU



residue has temporarily 2,3-O-benzyl and the permanent methyl glycoside protection, the latter avoiding ring

opening.

Unlike the generally used OtBu/tBu or Trt side chain protection strategy during Fmoc
chemistry polypeptide synthesis, no canonized OH protection is yet accepted for BSAAs, but
several alternatives coexist. The large pool comprises O-benzoyl,*>* O.acetyl, 833
acetonide or isopropylidene®>*#21353 derjvatives or even free, unprotected OH could be in
use*”* during solution phase peptide synthesis.*> Thus, protecting, coupling and selective
cleaving of chimeric oligomers remain a challenge. There are different methods to remove
protecting groups before and others after the total synthesis of the oligopeptides.®**

Recently, we have successfully probed two BSAAs, namely Fmoc-RibAFU(ip)-OH (1) and
Fmoc-GIcAPU(Bn,Me)-OH (2) for coupling and cleaving using various coupling reagents for
simple and short sequences. The *H-NMR fine-tuned and optimized synthesis of the H-Gly-
X-X-Gly-OH tetrapeptide, X is one of the two above mentioned BSAA, was made both with
preserving the side chain protecting 1,2-O-isopropylidene and 2,3-di-O-Bn groups.** In
addition, we have recently worked out a modified protocol to cleave the 1,2-O-isopropylidene
protecting group during the final cleavage for the model Ac-Gly-Gly-X-Gly-Gly-OH/NH,
pentapeptides.*

Here we present the comprehensive analysis of manual and flow-based SPPS of small, but
biologically relevant oligopeptides and their chimera analogues containing either the
furanoid™® (1) or pyranoid® (2) BSAAs. These building blocks have a tunable hydrophilicity
as 1,2-O-isopropylidene and 2,3-di-O-benzyl protecting groups are now selectively
removable. The recently modified 50% TFA cleavage protocol**** is probed for tBu protected
Ser and Asp residues, besides the larger aromatic (Tyr, Trp) and bulkier Arg(Pbf) and
GIn(Trt) residues. Finally, an improved flow chemistry** coupling protocol is presented here
to make o/pB-chimera of the 16-mer penetratin, a polypeptide that overcomes the plasma
membrane barrier and efficiently delivers molecular cargoes inside the cell.*> These
analogues and their ECD spectra show that these BSAAs are promising structure driven
substitutes of hydrophilic and/or aromatic residues.



Results and discussions

Oligopeptide model selection

From a chemical point of view the applicability of our recently tuned 50% TFA cleavage
protocol was probed for BSAAs (-RibAFU(ip)- and -GICAPU(Bn,Me)-) side-by-side with
tBu/OtBu or Boc protected (Ser, Asp, Tyr or Trp) and the bulkier Arg(Pbf) and GIn(Trt) cAA
residues. Biologically relevant pentapeptides were selected using ProteinBlast™ to get H-
aAAl-0AA2-BSAA-0AA3-aAA4-OH type model sequences and thus, helping and guiding
future synthetic efforts of the community making similar synthons. Standing for hydrophobic
residues such as Leu and Met, the sequences of SGLGD, GWLYG and GWMYG were
chosen. They all adopt a B-stranded secondary structure derived from integrin beta,> or
intersectin® and nebulin,®® respectively. The analogue of SGYGD, part of Fab311 heavy
chain was made by using the benzyl protected analogue -GIcCAPU(Bn,Me)- replacing the
Tyr/Y residue .*® Ser/S residues of SGSGD (taken from PfS25 antibody)®’ and GWSYG
(chain A of Dipeptidyl Peptidase IV)*® were selected and replaced by hydrophilic BSAAs. All
these selected pentapeptides show diverse secondary structural properties, as they adopt either
an o-helix, a B-strand, bridges, loops and even can be part of intrinsically disordered
structures (Table 1). More on proteins incorporating the above pentapeptides units selected
and synthesized below are summarized in STablel-3.

Table 1. Selected pentapeptides from proteins retrieved from ProteinBlast which adopt different secondary
structural elements and incorporate aAAs with acid label side chain protecting groups as tBu, Trt and Pbf during
Fmoc-SPPS.

Secondary Structure Type

a-helical B-stranded Bridges / loops Disordered

RGWGQa SGLGD | GWLYG | SGYGD | GWKYG | SGLGD | RGVQG | GWGYG
SGYGD | GWMYG GWAYG | SGSGD | RGSQG
SGSGD SGTGD | RGQQG

a) Amino acid residues at the center (highlighted red) are replaced by BSAAs, namely either by -RibAFU(ip)- or
-GIcAPU(BNn,Me)- residues.




Syntheses of model peptides

Based on the above criteria three models were constructed to test the modified coupling and
cleavage protocol for BSAAs. Both Fmoc-RibAFU(ip)-OH (1) and Fmoc-GIcAPU(Me,Bn)-
OH (2) as X residues were built into Ac-SGXGD-OH, Ac-RGXQG-OH and Ac-GWXYG-
OH model sequences, respectively. Peptides N-terminus were acetylated to avoid side
reactions during cleavage. For a-amino acids HOBU/DIC, for the sugar amino acids
PyBOP/DIEA reagents were used for coupling, in line with our previous results.** Resin
capacity measurements were carried out to calculate the efficacy of coupling. Various
cleavage cocktails were used to get fully protected (3-5) -RibAFU(ip)- containing peptides,
O-benzyl protected -GIcAPU(Me,Bn)- containing chimera (9-11) or fully unprotected
oligomers with both BSAAs (-RibAFU-: 6-8, -GIcAPU(Me)-: 12-14) (STable 4 and 5 and
Scheme 1).
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Scheme 1. Solid phase peptide synthesis of Ac-GWXY G-OH pentapeptides on 2-CI-Trt-Cl resin, where
X: -RibAFU(ip)- or -GIcAPU(Me,Bn)-. Reagents and conditions: a i) DIC (3 eqv)/HOBt (3 eqv), RT, 1 hour; ii)
Piperidine (2%), DBU (2%), DMF, (3+17) min. b i) PyBOP (3 eqv)/DIEA (6 eqv), RT, 3 hours; ii) Piperidine
(2%), DBU (2%), DMF, (3+17 or 10+40) min. ¢ Ac,O:DIEA:DMF (v/vlv, 1:1.2:3), 45 min. d
AcOH:MeOH:DCM (v/viv, 1:1:8), RT, 3 hours. e TFA (50%)/DCM (45%)/TIS (2.5%)/H,0 (2.5%), viv/, RT,
3 hours. f HF



The two BSAASs have very different side chain protecting groups, likely to influence their
coupling efficacy. As expected, due to the rigidity of the 5-membered fused-rings structure of
Fmoc-RibAFU(ip)-OH, it has a lower coupling efficacy, varying between 55 and 83%
(Table 2). Furthermore, despite of the two spacious O-benzyl protecting groups of the Fmoc-
GIcAPU(Me,Bn)-OH, this BSAA has an elevated internal flexibility with respect to the
pyranoid ring and thus, this sugar moiety shows a better coupling efficacy: 66-93%.
Interestingly, coupling of the forthcoming residue to the liberated NH,-BSAA is unaffected by
the conformational and structural properties of BSAASs as all coupling efficacies were >94%,
some are even close to 100%.

Table 2. Coupling efficacy of Fmoc-RibAFU(ip)-OH (BSAAL) and Fmoc-GIcAPU(Me,Bn)-OH (BSAA2)
during solid phase peptide synthesis of the 3 models® using 2-CI-Trt-Cl resin. (For coupling order see Scheme 1)

Model pentapeptide SGXGD RGXQG GWXYG
SPPS BSAA1 \ BSAA2 | BSAAL \ BSAA2 | pSAA1 | BSAA2
. Coupling with Fmoc-Asp(OtBu)-OH Fmoc-Gly-OH Fmoc-Gly-OH
2-CI-Trt-Cl resin - -
Resin capacity (mmol/g) 0.28 ‘ 0.23 0.38 0.56 0.56 0.56
Coupling with Fmoc-Gly-OH Fmoc-GIn(Trt)-OH Fmoc-Tyr(tBu)-OH
H-0AA;-resin Residual capacity (mmol/g) 0.27 0.23 0.33 0.51 0.41 0.40
Efficacy of coupling (%) 96 <99 87 91 73 71
" Coupling with BSAALl | BSAA2 BSAAL | PBSAA2 BSAALl | BSAA2
-0AA-0AA;-
* re;: ! Residual capacity (mmol/g) 0.17 0.19 0.18 0.34 0.34 0.37
Efficacy of coupling (%) 63 83 55 66 83 93
Coupling with Fmoc-Gly-OH Fmoc-Gly-OH Fmoc-Trp(Boc)-OH
H_ﬁi':A;:g:Z_ Residual capacity (mmol/g) 0.16 0.18 0.17 0.34 0.33 0.36
03 1~
Efficacy of coupling (%) 94 94 94 <99 97 98
Coupling with Fmoc-Ser(tBu)-OH Fmoc-Arg(Pbf)-OH Fmoc-Gly-OH
H-AAA;-PSAA- _ .
. Residual capacity (mmol/g) 0.15 0.18 0.17 0.34 0.27 0.36
aAAz-0AA;-resin
Efficacy of coupling (%) 94 <99 <99 <99 82 <99
Fmoc-oAAs-0AAs-
BSAA-aAA,- Overall efficacy (%6) 54 78 45 61 48 64
aAA;-resin

a) The N-terminus of the model pentapeptides were acetylated after removing the “last” Fmoc-group

During manual synthesis 2-CI-Trt-Cl resin was selected, because of its versatile nature with
respect to the cleaving acid type and concentration. Thus, cleaving with 50% TFA results in
the fully unprotected, -RibAFU- containing sequences, such as the Ac-Gly-Trp-RibAFU-Tyr-
Gly-OH (8) (Scheme 1). However, when using milder conditions, AcCOH:MeOH:DCM 1:1:8
(v/viv) instead of the diluted TFA, the fully protected chimera oligopeptides (3-5) are
obtained. For example, Ac-Gly-Trp(Boc)-RibAFU(ip)-Tyr(tBu)-Gly-OH (5) was used latter
on as a reference compound (Scheme 1) with respect to the fully deprotected oligopeptides
(6-8).



To preserve the O-benzyl protecting groups of -GIcCAPU(Me,Bn)- residues, the use of lower
TFA concentration was necessary with various scavengers. Due to the presence of Arg and
Trp, both sensitive residues to acid, the commonly used protocol®® was applied with TFA
concentration reduced to 50%. We found that for the -RibAFU- containing oligopeptides (6-8)
this reduced (50%) TFA content is not effective enough, neither in the DCM (35.3%)/H,0
(4.2%)/phenol crystal (4.2%)/thioanisol (4.2%)/EDT (2.1%), nor in the DCM (45%), EDT
(2.5%) and H,0 (2.5%) mixtures. The expected products were not obtained. Fortunately, the
modified mixture comprising 50% TFA in DCM (45%), H,O (2.5%) and TIS (2.5%) was
found suitable to remove the 1,2-O-isopropylidene protection from -RibAFU(ip)- residue.
Moreover, this mixture is effective enough to remove all the other side chains protecting
groups as well, namely Pbf, Trt and tBu from the aAAs, but avoids the O-benzyl deprotection
of GIcAPU(Bn,Me). Furthermore, for this pyranoid BSAA the scavengers like EDT, phenol,
thioanisol or TIS using for the various cleavage cocktails, had no effect on the purity of the
crude peptides (9-11). The benzyl protection of -GIcAPU(Me,Bn)- moiety was removed after
the final cleavage with HF, or from Ac-SGXGD-OH (9) peptide with catalytic hydrogenation
in H-Cube® reactor, using the optimized 80°C, 50 bar and 0.5 ml/min flow rate with
recirculation or in an autoclave with 10 bar H, pressure at room temperature. In this way, the
hydrophilic or fully unprotected chimera peptides (12-14) were successfully obtained (see
STable 5).

Characterization of the model peptides

Both crude and purified oligopeptides were characterized with HPLC, MS or UHPLC-MS.
Fully protected (3-5) -RibAFU(ip)- containing, O-benzyl protected (9-11, 13-14)
-GIcAPU(Me,Bn)- containing and one of the unprotected -RibAFU- containing (8)
pentapeptides were analyzed by RP-HPLC using a C18 column. As the fully unprotected
chimera, both Ac-SGXGD-OH (6, 12) and the -RibAFU- containing Ac-RGXQG-OH are
very hydrophilic (7) HILIC column was used for HPLC. All analytical data are summarized in
STable 4 for -RibAFU- and STable 5 for -GIcAPU(Me)- containing chimera peptides.

The removal of the 1,2-O-isopropylidene protecting group from -RibAFU(ip)- within the
oligopeptide resulted in the a/pB-anomeric mixture of the chimera. The Ac-GWXYG-OH was
selected to study such an anomeric mixture, as in water the o/pf-anomers are always in
equilibrium via their open-form. Therefore, they are inseparable from each other and thus,
both furanoyl anomers, unlike their open-forms are to be observed. Even though, during
HPLC chromatography the anomeric mixture gives a single peak (Figure 2a) running ‘H-
NMR on their anomeric mixture makes possible to identify the appropriate resonance
frequencies belonging either to the a- or B-anomers. Resonances assigned by 2D-NMR for
chimera Ac-Gly-Trp-RibAFU(a/)-Tyr-Gly-OH (8) show a ratio of a:/7:3 by comparing the



'H signal’s integrals of the ring H1 protons, assigned as 5.34 and 5.29 ppm, respectively
(Figure 2b, STable 6).
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Figure 2. a) The HPLC chromatogram of the pure Ac-Gly-Trp-RibAFU(a/B)-Tyr-Gly-OH (8) chimera in a C18
column. The two o/B-anomers have the same retention time (15.0 min) and thus, the anomers are in rapid
equilibrium. b) 'H-NMR spectrum of Ac-Gly-Trp-RibAFU(a/)-Tyr-Gly-OH (8) chimera showing selective
resonances of the major (a) and minor (B) anomeric moieties. The ratio of the two anomers is
7:3/a:p/major/minor determined by using the H1 ring proton resonances, 5.34 and 5.29 ppm, respectively. *H-
NMR spectrum was recorded at 700 MHz, using 0.375 mg sample dissolved in 90% H,O (270 ul) + 10% D,0O
(30 ul) + DSS/azid (3 pl) at T= 298 K.

The fully protected Ac-Gly-Trp(Boc)-RibAFU(ip)-Tyr(tBu)-Gly-OH (5) was made and used
as the reference structure for the anomeric mixture of chimera 8. Both HPLC and MS data
revealed the fully protected oligopeptide (5) as a single and pure component (SFigure 10).
2D-NMR data revealed that the *H signal of the ring H1 resonance of 5 is at 5.92 ppm
(SFigure 1 and STable 7), and it is a single component only.



Flow synthesis of the model peptides

Once both coupling and cleaving conditions for flow chemistry were optimized, all six
pentapeptides were resynthesized.** High temperature (80 °C) and high pressure (6-7 MPa),
combined with our recently fine-tuned protocols allow a fast, efficient and automated total
synthesis. Using a column selector valve all six chimera were set up at one go (SFigure 25).
For synthesis 150 mg RAM-Tentagel® resin was used, resulting in C-amidated oligopeptides:
15-20. The a-amino acids were coupled by using aAA protocol (12 min cycle time, 0.3
ml/min flow rate), while for BSAA a longer coupling protocol was developed. The latter one
request in total a 26 min long cycle time, at a reduced flow rate of 0.05ml/min, which gives an
enhanced coupling efficacy (Figure 3). Cleavage was achieved by using 50% TFA in DCM
(45%), H,O (2.5%) and TIS (2.5%) or for chimera Ac-GW-GIcAPU(Me,Bn)-YG-NH,, TIS
was changed to EDT to get a higher product purity.

time (min)
33 12
! flow rate
aAA; r (ml/min) |:| oo |
o 2026 60 65 8590 oupling manually
aAA I:| Coupling flow

D Fmoc deprotect

BSAA; | ml/min
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Figure 3. Comparison of one typical cycle of a manual (purple box) and flow (green box) peptide synthesis used
for cAAs and modified for BSAAs. Coupling (green and purple box), deprotection (blue box) and washing
(white box) steps form a complete “cycle” are depicted, all of them repeated as many times as number of the
residues are coupled to the resin. Flow rates in ml/min (blue line) and their changes are indicated as function of
the time.

Comparing the full coupling-deprotection-washing cycle of the manual synthesis with that of
the flow chemistry we witness and benefit from the spectacular reduction of the time
requested. In total, the cycle for an aAA takes 12, instead of 90 minutes, by using the aAA-
protocol developed previously.* In this case, the actual aAA coupling requires only 3.3
minutes at a 0.3 ml/min flow rate and using an excess of 3 equivalent. In addition, Fmoc-
removal is done in 1.4 minutes, using 40% piperidine in DMF. More importantly, for BSAAs
the 3 hours long coupling time is reduced to 20 minutes, when flow chemistry is applied to
make chimera. The newly improved protocol of 26 minutes long in total per BSAA operates at
a flow rate of 0.05 ml/min only. (Time for deprotection is 1.4 min at a 1 ml/min flow rate.) In
summary, the total synthesis time of the above 5-mer chimera takes as long as 10.25 hours
(615 min) when competed manually, but only slightly over then one hour (84 min) when



using flow chemistry. Thus, a significant increase in efficiency (about 10 times) is witnessed,
and the purity of the crude products is comparable or even superior (Table 3).

Table 3. The sequence and purity of the model peptides made by flow and manual synthesis

) ) Crude product purity
Primary sequence of the chimera (number of (%)?
peptide)
Manual Flow

Ac-SG-RibAFU-GD-OH/NH,’ (6/15) 48 62
Ac-RG-RibAFU-QG-OH/NH,’ (7/16) 61 36
Ac-GW-RibAFU-YG-OH/NH, (8/17) 56 50
Ac-SG-GIcAPU(Me,Bn)-GD-OH/NH, (9/18) 93 95
Ac-RG-GIcAPU(Me,Bn)-QG-OH/NH, (10/19) 80 90
Ac-GW-GIcAPU(Me,Bn)-YG-OH/NH, (11/20) 82 87
a) The purity of the crude peptides was identified based on RP or HILIC-HPLC
chromatograms

b) C-terminus is -COOH in manual and -CONH, in flow synthesis

In the case of -RibAFU- containing chimera, the purity of the crude products was similar
(peptide 8/17) or worse (peptide 7/16), if made by flow chemistry (Table 3). For Ac-GW-
RibAFU-YG-OH/NH; (8/17) oligopeptides, both manual and flow syntheses resulted in an
X-sequence mistake, detected both by HPLC and MS. For the Ac-RG-RibAFU-QG-OH/NH,
(7/16) chimera, coupling to Q was not complete during flow chemistry (61% vs 36% crude
product purity). Thus, the coupling of the —RibAFU(ip)- moiety was not efficient enough to a
large side chain/protected amino acids (like Y or Q), especially if using the “faster” flow
protocol. Lower efficacy might rise from the presence of the stretched bicyclo rigid structure
of the 1,2-O-protected ribofuranoid ring. In the case of -GIcAPU(Me,Bn)- sugar amino acid
couplings are sufficiently efficient, as here the more flexible pyranoid ring is to be used,
despite of the bulky benzyl side chain protecting groups on it.

Synthesis of the 16-mer penetratin and analogues

Penetratin (21) is a 16-mer polypeptide of high a-helical propensity even in water, a feature
enhanced in lipids, membranes and in TFE.” Several studies focused on penetratin’s
secondary structure and membrane fusion ability and thus, models incorporating BSAAs (1, 2)
influencing helical propensity is of interest. Both W6F and W14F changes were studied by
ECD in RQIKIWFQNRRMKWAKK penetratin and found no influence on helical propensity



in TFE/H,O with respect to the parent molecule.* Besides, the Q8P replacement had no effect
on penetratin internalization.®

In our analogues, both Trp6 alone, and Trp6-Phe7 aAA pair were replaced by a single
-GIcAPU(Me,Bn)- BSAA moiety within the sequence, resulting in the W6X and W6F7X
mutants, respectively. Thus, the aromatic side chain(s) of aAA(s) were replaced by the O-
benzyl group of -GICAPU(Me,Bn)- to probe the effect of BSAA substitution. Furthermore,
GIn2 and GIn8 were changed to RibAFU(ip) and RibAFU and thus, to get more hydrophilic
analogues as well as to probe their helical properties.

Table 4. Cleavage conditions and raw penetratin chimera’s purity: RibAFU(ip), RibAFU and GlcAPU(Me,Bn)
residues built in are highlighted.

Polypeptide/Chimera type _ Crude product
. Code Primary sequences
(cleavage conditions) Purity (%)*| mg®
Penetratin
21 RQIKIWFQNRRMKWKK 77 30
(50%TFA, 3 hours)
Q8RibAFU 22 ROIKIWF-RibAFU(a/B)-NRRMKWKK 18 42
(50%TFA, 3 hours) 23 RQIKIWF-RibAFU(ip)-NRRMKWKK 47
Q8RibAFU 22 ROIKIWF-RibAFU(a/B)-NRRMKWKK 43 38
(95%TFA, 3 hours) 23 RQIKIWF-RibAFU(ip)-NRRMKWKK 22
Q2RibAFU 24 R-RibAFU(0/B)-IKIWFQNRRMKWKK 44 47
(50%TFA, 3 hours) 25 R-RibAFU(ip)-IKIWFQNRRMKWKK 34
Q2RibAFU 24 R-RibAFU(0/B)-IKIWFQNRRMKWKK 61 "
(95%TFA, 3 hours) 25 R-RibAFU(ip)-IKIWFQNRRMKWKK 8
W6GIcAPU(Me,Bn) 26 | RQIKI[(GICAPU(Me,Bn)JFQNRRMKWKK 55 53
(50%TFA, 4.5 hours) RQIK[(GIcAPU(Me,Bn)JFQNRRMKWKK 45
W6GIcAPU(Me,Bn)°
26 | RQIKI[(GICAPU(Me,Bn)JFQNRRMKWKK 83 45
(50%TFA, 4.5 hours)
W6F7GIcAPU(Me,Bn) 27 RQIKI[(GIcAPU(Me,Bn)]QNRRMKWKK 54 51
(50%TFA, 4.5 hours) RQIK[(GIcAPU(Me,Bn)]JQNRRMKWKK 46
W6F7GIcAPU(Me,Bn)*
27 RQIKI[(GIcAPU(Me,Bn)]QNRRMKWKK 80 48
(50%TFA, 4.5 hours)

a) Purity of the crude polypeptide and chimera were identified by RP-HPLC chromatography

b) The penetratin analogues were synthesized in 150 mg RAM-Tentagel® resin, and these data related the non-
separated crude products with/without 1,2-O-isopropylidene protection for -RibAFU- or with/without Ile
mistake for -GIcAPU(Me,Bn)- analogues

¢) The protocol was changed after the GIcAPU(Me,Bn) coupling for all aAAs (RQIKI) to BSAA protocol




All penetratin analogues were synthesized by flow chemistry using the above mentioned
protocols, namely for aAA (12 min), except Lys13, GInl5 and BSAA for which the longer
protocol (26 min) was applied, with oxyma/DIC coupling reagents. For BSAAs the herein
modified BSAA protocol was used in all cases. Firstly, both W6X and WG6F7X
-GIcAPU(Me,Bn)- chimera were obtained at 54 and 55% raw material purity, based on
HPLC. In addition, we have identified, that Ile5 coupling to GIcCAPU(Me,Bn) is problematic,
as incomplete coupling resulted in characteristic side-products, namely lle truncated chimera,
were obtained. MS measurements confirmed that in the raw product the ratio of this truncated
variant is as high as ~40-45% (Table 3 and SFigure 22). Repeating the synthesis with a
modified protocol, we have obtained the products of higher purity (80-83%) nicely purified,
subsequently. In these cases, following the incorporation of BSAA all remaining aAAs were
coupled using the BSAA “longer” protocol (26 min).

To cleave the GIcAPU(Me,Bn) containing chimera the previously used 50% TFA/DCM with
TIS and H,O mixture was only used (see Experiments). Furthermore, both 50% and 95% TFA
ratios with TIS and H,O were probed for RibAFU including chimera, to get both the 1,2-O-
isopropylidene protected and the fully unprotected oligopeptides (Table 4). For the Q2X and
Q8X penetratin analogues crude product ratios containing RibAFU(o/pB) varied between 18
and 61%, while that of -RibAFU(ip) between 8 and 47% (Table 4 and SFigure 18, 20),
depending on the TFA ratio applied. In other words, the “cleavage cocktail’s” TFA content
permits to control the ratio of RibAFU(o/B)/RibAFU(ip) containing 16-mer penetratin
chimera. At lower TFA% the 1,2-O-isopropylidene protected chimera is mostly obtained.
Furthermore, the condition gives the best opportunity to discriminate between less hydrophilic
RibAFU(ip) and more hydrophilic RibAFU(a/B) products, as 47% RibAFU(ip) and 18% of
RibAFU(a/B)-chimera raw products were obtained (Table 4). On the other hand, 95% TFA
gives an opposite product ratio, namely 8% RibAFU(ip) and 61% of free OH containing o/B-
chimera. Therefore, if the -RibAFU- moiety is closer to the N- or C-terminus, it is easier to
remove the 1,2-O-isopropylidene protection.

In line with our previous analysis ECD spectra were measured at different TFE/H,O ratios to
get information on the secondary structure properties of our analogues, and to make sure that
the incorporation of the BSAAs did not destroy the original helical structure. For all analogues
(22-27) we found that the expected a-helical secondary structure forms more and more, as
TFE concentration increases from 0 up to 25, 50, 75 and 100 %. In the case of -RibAFU-
mutants, there were no significant difference between the 1,2-O-isopropylidene protected and
unprotected analogues. Furthermore, the bend intensities of the ECD spectra were measured
for the penetratin_Q2X and found higher than in those of penetratin_Q8X mutant at the
appropriate TFE concentrations (25-100% TFE, Figure 4). In the case of penetratin_Q2X
(24) the intensity of the negative band at 222 nm is more intense than in the case of Q8X
mutant (22). This indicates that the peptide Q2X has a higher ordered structure.
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Figure 4. ECD spectra of X=RibAFU containing penetratin analogues, at different TFE/H,O ratio. a)
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Figure 5. ECD spectra of X=GIcAPU(Me,Bn) containing penetratin analogues at
100% TFE/H,O ratio. Penetratin (21), penetratin_W6X (26) and penetratin_ W6F7X (27)
chimera peptides.

In the case of -GIcAPU(Me,Bn)- penetratin analogues, the intensity of ECD curve is almost
similar. In the case of penetratin. W6F7X the a-helical structure seems to get lower
contribution to the overall structural ensemble because of the lower intensity of the negative
band at 222 nm. Replacing two consecutive aromatic residues by one BSAA,
penetratin_ W6F7X (27), though retains the basic helical character of penetratin, CD spectrum
shows the appearance of a larger fraction of less folded structural set as well (Figure 5).

Conclusions

Two PBSAAs, namely Fmoc-RibAFU(ip)-OH and Fmoc-GIcAPU(Me,Bn)-OH were
successfully incorporated into oligo- and polypeptides using both manual and flow-based
SPPS. Short sequences containing aromatic (Y, W), large side chain protected aliphatic (R, Q)
and/or tBu or OtBu protected short and polar aliphatic (S, D) a-amino acids were used to
show that 50% TFA/H,O is acidic enough to use for the final cleavage of the polypeptide
from the resin but also to remove completely commercial a-amino acid’s side chain protecting
groups. On the other hand, 50% TFA/H,0 (with TIS) allows to control and shift product ratio
of RibAFU(a/B)/RibAFU(ip)-chimera. Moreover, 50% TFA/H,O applied for longer time
(~4.5 hours) allows to completely remove the 1,2-O-isopropylidene protection from
-RibAFU(ip)- residue, but keep intact the benzyl protection in -GIcAPU(Me,Bn)- residue,
which itself can be cleaved with HF or catalytic hydrogenation. For RibAFU (o/B)-chimera in
protic solvent the mutarotation determines the o/B-anomeric ratio of the product, easy to
identify by 2D-NMR measurements. We used the solid phase synthetic method (SPPS) for the
syntheses, because it is easy to purify due to the heterogeneous phase reaction and consists of
easily automated steps. Pentameric model chimera were synthetized by flow chemistry using
a new protocol worked out for BSAAs: cycle time: 26 min, flow rate: 0.05 ml/min. This
method drastically reduced the time to produce the models (1.5 hours instead of 10.5 hours)
and increases the coupling efficacy as raw products have the same or better purity as
determined by HPLC-MS measurements.

Penetratin analogues were synthesized to investigate the incorporation and structural effects
of BSAAs with respect to the original sequence. Chimera were produced at a good efficiency
and purity, using flow-based SPPS method and the new 50% TFA final cleavage protocol.
The ECD measurements of the analogues confirmed that BSAAs are able to maintain the
helical character of the original penetratin in TFE (-RibAFU- containing Q2X and Q8X).



Moreover, one of the -GICAPU- analogues (W6X and W6F7X) was able to form a helical
structure even at a lower TFE concentration.

In summary, as function of the concentration (50 %/95 %) and type (TFA/HF) of acid used,
makes possible the selective removal of the isopropylidene protecting group from
-RibAFU(ip)- and/or the benzyl protection from -GIcAPU(Me,Bn)- containing chimera. They
can be completed in an orthogonal manner, by either preserving or eliminating the 1,2-O-
isopropylidene and/or O-benzyl protection. In this way, one can further fine-tune the
hydrophilicity and aromaticity of the Lego type building blocks within the polypeptide chain.
These recent experimental advances, with the parent hydrophobic ACPC and ACHC BAAs
allow an unprecedented experimental possibility to fine-tune these biocompatible building
blocks.



Experimental Session

Analytical data for all compounds (Tables, HPLC chromatograms, ECD and NMR spectra)
can be found in Supporting Information, in the online version.

Materials and instrumentations

Reagents, materials and solvents were purchased from Sigma-Aldrich, Merck, Reanal, Iris
Biotech and VWR. Moisture-sensitive solvents were dried on molecular sieve (3 A).

Peptide synthesis

Model peptides were prepared manually on 2-CI-Trt-Cl resin with Fmoc-strategy. Resin was
swollen in DCM. Coupling was firstly accomplished by using Fmoc-aAA-OH (1.5 eqv. to the
nominal capacity of the resin ~1.60 mmol/g to tune down to 0.23-0.56 mmol/g, see Table 2)
dissolved in DMF, and DIEA (3.75 eqv.) added to the solution. After that, the coupling of
aAAS to resin was made by reagent pairs HOBt/DIC in DMF for 1 hour while that of BSAA
either -RibAFU(ip)- or -GIcCAPU(Me,Bn)- was accomplished by PyBOP/DIEA in DMF for 3
hours. Finally, resin was acetylated with Ac,O:DIEA:DMF (v/vlv, 1:1.2:3) for 45 mins. Resin
was washed with 3 x DMF, 3 x DCM, 1 x Et,0O and dried in vacuo after finishing coupling
and acetylation. During synthesis, the Fmoc group was removed with 2% piperidine and 2%
DBU in DMF (3+17 min) and indicated by Kaiser test. The capacity of the resin was
determined by UV-Vis measurement regarding to Fmoc chromophore amount (Fmoc-
piperidine adduct) released by using 50% piperidine in DMF.*

Deprotection methods
For fully protected -RibAFU(ip)- containing peptides

Peptides (3-5) were cleaved from 2-CI-Trt-Cl resins by a mixture of AcOH:MeOH:DCM
(vivlv, 1:1:8) for 3 hours. The resins were filtered and washed with 3 x DCM, 3 x 'PrOH and 1
x Et;,0. The filtrates were removed in vacuo. White peptide products were precipitated by
treating residues in cold Et,0.

Ac-Ser(tBu)-Gly-RibAFU(ip)-Gly-Asp(OtBu)-OH (3): RP LC-MS: 10.70 min; HRMS: m/z
calculated for CogH47N5013 [M+H]" 674.3249 found 674.3237.
Ac-Arg(Pbf)-Gly-RibAFU(ip)-GIn(Trt)-Gly-OH (4): RP LC-MS: 15.98 min, HRMS: m/z
calculated for Cs;H7;NgO14 [M+H]" 1138.4919 found 1138.4905.
Ac-Gly-Trp(Boc)-RibAFU(ip)-Tyr(tBu)-Gly-OH (5): RP LC-MS: 15.25. min; HRMS m/z
calculated for C43HsNgO13 [M+H]" 865.3984, found 865.3975.



For fully unprotected -RibAFU- (6-8) and protected -GIcAPU(Me,Bn)- (9-11) containing
peptides

For final cleavage 50% TFA in DCM (45%), TIS (2.5%) and H,O (2.5%) was applied on 2-
CI-Trt-Cl resin for 3 hours. The resins were filtered and washed with 3 x DCM. The filtrates
were concentrated in vacuo, then treated with cold Et,O to precipitate white solid peptide
products.

Ac-Ser-Gly-RibAFU-Gly-Asp-OH (6): HILIC LC-UV-MS: 14.21 min and 14.50 min (a+p
mixture), HRMS: m/z calculated for C;gH,7Ns013 [M+H]" 522.1684, found 522.1675.
Ac-Arg-Gly-RibAFU-GIn-Gly-OH (7): HILIC LC-UV-MS: 15.44 min, HRMS: m/z
calculated for CpH37NgO11 [M+H]*604.2691, found 604.2676.
Ac-Gly-Trp-RibAFU-Tyr-Gly-OH (8): RP LC-MS: 8.01 min, HRMS: m/z calculated for
Ca1H3sNeO11 [M+H]"669.2520, found 669.2491.
Ac-Ser-Gly-GIcAPU(Me,Bn)-Gly-Asp-OH (9): RP-HPLC: 18.41 min, HRMS: m/z
calculated for Ca4H43Ns014 [M+H]" 746.2833, found 746.2882.
Ac-Arg-Gly-GIcAPU(Me,Bn)-GIn-Gly-OH (10): RP-HPLC: 17.62 min, HRMS: m/z
calculated for CagHs3NgO1, [M+H]" 828.3840, found 828.3912.
Ac-Gly-Trp-GIcAPU(Me,Bn)-Tyr-Gly-OH (11): RP-HPLC: 22.11 min, HRMS: m/z
calculated for C47Hs,NsO12 [M+H]"893.3670, found 893.3726.

For O-Benzyl deprotected pentapeptides containing -GIcCAPU(Me)- residues

H-Cube®: Peptide 9 (16.5 mg) was dissolved in MeOH (12 ml) and it was reduced in H-
Cube® Mini reactor. The flow rate was set with an HPLC pump to 0.5 ml/min; the hydrogen
pressure was set to 50 bar; the temperature to 80 °C; the cartridge containing 10% Pd/C. The
resulting solution was concentrated in vacuo to give peptide 12 (12 mg).

Autoclave: Peptide 9 (20 mg) was dissolved in MeOH (20 ml) and put into an autoclave with
10% Pd/C (10 mg) and stirred in room temperature at 10 bar H, pressure during 6 hours. After
that the reaction was filtered and washed with MeOH and water, then concentrated in vacuo
resulting white solid peptide 12 (10 mg).

HF cleavage: O-benzyl protected cleaved peptide (9-11) was treated with HF gas containing
10% p-cresol scavenger for the HF volume in a range between -60°C and -80°C cooling with
methanol/dry ice or liquid nitrogen. After the peptide solved in liquid HF the mixture was
stirred at 0 °C for 1.5 hours. Then the HF was distilled from the product and the residue was
treated with cold Et,0. The mixture was filtered then the white solid was dissolved in water
and lyophilized to get fully unprotected peptides (12-14).

Ac-Ser-Gly-GIcAPU(Me)-Gly-Asp-OH (12): HILIC LC-UV-MS: 14.30 min, HRMS: m/z
calculated for CoH3;N5014 [M+H]" 566.1894, found 566,1933



Ac-Arg-Gly-GIcAPU(Me)-GIn-Gly-OH (13) RP-LC-UV-MS: 256 min, HRMS: m/z
calculated for CooH31N5O14 [M+H]" 648.2953, found 648.2955
Ac-Gly-Trp-GIcAPU(Me)-Tyr-Gly-OH (14) RP-LC-UV-MS: 6.77 min, HRMS: m/z
calculated for CooHz1NsO14 [M+H]" 713.278, found 713.2812

Flow SPPS parameters

Pentapeptides (15-20), penetratin (21) and penetratin analogues (22-27) were synthesized by
flow peptide apparatus (HPPS-4000, METALON Ltd., Hungary). Flow system consists of a
conventional Jasco LC-4000 series HPLC system, except the PU-4180 HPLC pump, modified
with an additional valve, allowing recirculation and regulation of solvent flow (e.g. cleavage
mixture). ChromNAV?2 software ensures the fully automated process. The autosampler injects
the reagent solutions from a 1 ml sample vial, placed in the sample rack. PEEK
chromatography column was used as a fixed bed reactor tube for the resin and DMF was used
as solvent. 150 mg Fmoc-Rink amide TentaGel resin (0.23 mmol/g) was used. All resins were
purchased from Iris Biotech GmbH. For final cleavage of peptides 15-21, 26-27 from RAM-
Tentagel® 50% TFA in DCM (45%), TIS (2.5%) and H,O (2.5%) was applied for 3 hours,
except Ac-GW(GIcAPU(Me,Bn))YG-NH, the scavenger TIS was replaced to EDT too.
Additionally, for polypeptides as penetratin analogues (22-25) a higher concentration of TFA
(95%) with TIS (2.5%) and H,0 (2.5%) was used to achieve effectively improved removal of
1,2-O-isopropylidene from -RibAFU(ip)- containing peptides. The cleavage was
accomplished for either 3 hours or 4.5 hours (see Table 4).

Fully unprotected pentapeptides containing -RibAFU- residues (15-17)
Ac-Ser-Gly-RibAFU-Gly-Asp-NH, (15): HILIC LC-UV-MS: 13.74 min and 14.12 min, (a+f
mixture), HRMS: m/z calculated for C1gH26Ns013 [M+H]" 521.1605, found 521.1832.
Ac-Arg-Gly-RibAFU-GIn-Gly-NH;, (16): HILIC LC-UV-MS: 1540 min, HRMS: m/z
calculated for C,H3sNgO11 [M+H]" 603.2613, found 603.2838.
Ac-Gly-Trp-RibAFU-Tyr-Gly-NH; (17): RP LC-MS: 7.71 min, HRMS: m/z calculated for
C31H3sNgO11 [M+H]" 668.2442, found [M+H]" 668.2654.

O-Benzyl protected pentapeptides containing -GIcCAPU(Me,Bn)- residues (18-20)
Ac-Ser-Gly-GIcAPU(Me,Bn)-Gly-Asp-NH, (18): RP-HPLC: 18.51 min, MS: m/z calculated
for Ca4HasNgO13 [M+H]* 745.3045, found 745.3071.
Ac-Arg-Gly-GIcAPU(Me,Bn)-GIn-Gly-NH; (19): RP-HPLC: 17.63 min, MS m/z calculated
for CsgHssN10011 [M+H]™ 827.4052, found 827.4066.
Ac-Gly-Trp-GIcAPU(Me,Bn)-Tyr-Gly-NH, (20): RP-HPLC: 21.62 min, MS m/z calculated
for C47Hs4sN701; [M+H]* 892.3881, found 892.3920.



Penetratin and penetratin analogues (21-27)

Penetratin (21): RP-HPLC: 14.99 min, HRMS: m/z calculated for Cy04H160N35019S [M+H]"
2245.3133 and [M+5H]>*450.0705, found [M+5H]>* 450.0676.

Q8RibAFU(a/p) (22): RP-HPLC: 15.0 min, HRMS: m/z calculated for CjosH168N34021S
[M+H]*2262.2922 and [M+5H]°*453.4662, found [M+5H]°* 453.4639.

Q8RibAFU(ip) (23): RP-HPLC: 15.44 min, HRMS: m/z calculated for Cio7H172N34021S
[M+H]" 2302.3235 and [M+5H]°* 461.4725, found [M+5H]*" 461.2712.

Q2RibAFU(a/p) (24): RP-HPLC: 15.13 min, HRMS: m/z calculated for CjosH168N34021S
[M+H]*2262.2922 and [M+5H]>* 453.4662, found [M+5H]°* 453.4640.

Q2RibAFU(ip) (25): RP-HPLC: 15.47 min, HRMS: m/z calculated for Cio7H172N34021S
[M+H]*2302.3235 and [M+5H]°* 461.4725, found [M+5H]>* 461.4698.

W6GIcAPU(Me,Bn) (26): RP-HPLC: 16.5 min, HRMS: m/z calculated for C114H183N34023S
[M+H]" 2428.3916 and [M+5H]"* 485.6856, found [M+5H]>* 485.6841
W6F7GlcAPU(Me,Bn) (27): RP-HPLC: 156 min, HRMS: m/z calculated for
C105H174N3302,S [M+H]" 2281.3232 and [M+5H]"* 457.2719, found [M+5H]**457.2698

RP-HPLC measurements

Products were measured by RP-HPLC on Aeris™ 3.6 um peptide XB-C18 100 A, LC
Column 250 x 4.6 mm with eluents 0.1% TFA in H,O (A) and 0.08% TFA, 95% MeCN/5%
H,0 (B), flow rate 0.9 ml/min and UV-detection at 220 and 280 nm. Gradient was as follow:
0 min: 5% B, 30 min: 95% B, 33 min: 95% B, 33.1 min: 5% B, 45 min: 5% B.

UHPLC-MS measurements

Products were analysed by UHPLC-MS, either RP- or HILIC- conditions. Dionex
3000 UHPLC was coupled to a Q Exactive Focus orbitrap mass spectrometer (Thermo
Scientific, Bremen, Germany). ESI-MS spectra were acquired in m/z 200-2000 (spray voltage:
3.5 kV; sheath gas: 46 au; aux. gas: 11 au; capillary temp: 360 °C; probe heater: 406 °C). For
RP LC-UV-MS, the measurements were carried out on a Waters Acquity BEH C18 column
(2.1x150 mm, 1.7 pm) using different eluents such as 0.1% formic acid (FA) in H,O (A) and
0.1% FA, 80% MeCN (B) for pentapeptides. Flow rate was 300 pl/min and 40 °C column
temperature. Gradient was 0 min: 2% B, 1 min: 2% B, 17 min: 100% B, 18 min: 100% B,
22min: 2% B and 22.1 min: 2% B. Oligopeptides having high hydrophilicity were
particularly measured by HILIC LC-UV-MS on Waters Acquity BEH Amide UHPLC column
(2.1x150 mm, 1.7 um) with eluents 20 mM ammonium acetate (A) and 100% MeCN (B),
flow rate 250 pl/min, UV detection at 210 and 280 nm and 40 °C column temperature.
Gradient was 0 min: 90% B, 2 min: 90% B, 22 min: 40% B, 23 min: 40% B, 24 min: 90% B
and 30 min: 90% B.



Preparative HPLC purification

The peptides were purified by a Jasco LC-2000Plus series preparative HPLC equipped with a
binary pump and a diode array detector at 220 nm. The mobile phase consisted of 0.1% TFA
in H,0 (A) and 0.1% TFA in MeCN (B) with flow rate of 3.5-5.0 ml/min. Model peptide (5,
8) were purified on Phenomenex Kinetex® C-18, 100 A, 250x10 mm, Sum column. Gradient
was applied from 20% to 80% B in 120 min for isolation of peptide 5 and from 10% to 70% B
in 60 min for that of peptide 8. Penetratin (21) and penetratin analogues (22-27) were isolated
on Phenomenex Jupiter® C-12, 10 pm Proteo 90 A, 250x10 mm column in the same
instrument. Gradient was applied from 5% to 65% B in 120 min (21-25) or 0% to 70% in 70
min (26-27). The fractions were collected and examined by RP-HPLC. Pure products were
performed by lyophilizing combined fractions.

NMR measurements

All NMR experiments were performed on Bruker Avance 111 700 MHz spectrometer equipped
with 5-mm z-gradient probe head operating at 298 K. Samples were dissolved in 90% H,0,
10% D,0 and DSS/Azid (1%) with concentration 1.85 mM for peptide 8 and 0.24 mM for
peptide 5. 2D NMR measurements (‘*H-'H COSY, *H-'H TOCSY, *H-'H ROESY and ‘H-'H
NOESY) were performed by using standard Bruker pulse programs. In TOCSY
measurements the mixing time was 80 msec. Spectra evaluation was completed with TopSpin
4.1.1 software.

ECD measurements

ECD measurements were carried out in Jasco J-810 Spectrophotometer. Five scans were
acquired with scanning speed of 50 nm/min, a cell path length of 0.1 cm, between 185 and
260 nm, at 25 °C. Concentrations of peptide samples were 0.2-0.5 mg/ml. The measurements
were executed in mixtures of TFE/water with different ratios (0%, 25%, 50%, 75%, 100%).
Spectra evaluation was completed with Spectra Manager program and Origin 2020b program.
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