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Peptides attached to a cysteine hydrazide ‘transporter module’ are transported selectively in either direction
between two chemically similar sites on a molecular platform, enabled by the discovery of new operating
methods for a molecular transporter that functions through ratcheting. Substrate repositioning is achieved
using a small-molecule robotic arm controlled by a protonation-mediated rotary switch and attachment/
release dynamic covalent chemistry. A polar solvent mixtures were found to favour Z to E isomerization
of the doubly-protonated switch, transporting cargo in one direction (arbitrarily defined as ‘forward’) in
up to 85% yield, while polar solvent mixtures were unexpectedly found to favour E to Z isomerization
enabling transport in the reverse (‘backward’) direction in >98% yield. Transport of the substrates
proceeded in a matter of hours (compared to 6 days even for simple cargoes with the original system)
without the peptides at any time dissociating from the machine nor exchanging with others in the bulk.
Under the new operating conditions, key intermediates of the switch are sufficiently stabilized within the
macrocycle formed between switch, arm, substrate and platform that they can be identified and
structurally characterized by 'H NMR. The size of the peptide cargo has no significant effect on the rate
or efficiency of transport in either direction. The new operating conditions allow detailed physical
organic chemistry of the ratcheted transport mechanism to be uncovered, improve efficiency, and

Received 27th October 2020
Accepted 9th December 2020

DOI: 10.1039/d0sc05906d

Open Access Article. Published on 10 December 2020. Downloaded on 3/6/2026 5:57:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

Introduction

The manipulation of matter with molecular machines has
intrigued scientists since it was proposed by Feynman over 60
years ago.' The capability of one molecule to mechanically
position another has some precedence in biology: fatty acid
synthase® and polyketide synthase® both pass tethered mole-
cules between domains located in different parts of enzyme
superstructures. In doing so the substrate is prevented from
exchanging with others in the bulk enabling the controlled
synthesis of complex natural products.*® Such physical
manipulation is reminiscent of the way robots position and
process parts on factory assembly lines. A key feature of
assembly line robots, shared by some biological molecular
machines, is the ability to deliver different outcomes in
response to different programed commands (for example, to
build different protein sequences in the case of the ribosome).

A step towards the long-term vision of using small-molecule
robots to perform useful tasks by passing building blocks and
other cargoes between machines and along polymer chains and
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enable the transport of more complex cargoes than was previously possible.

across surfaces, is to develop molecules that can pick up,
reposition and put down substrates at specific sites. Pro-
gramable DNA devices” include examples that combine
building blocks in a defined sequence'*™* or move gold nano-
particles.’® Small-molecule artificial molecular machines'’>*
have been developed that can transport macroscopic droplets
along a surface* and perform other mechanical tasks,>?* and
that can carry out sequence-specific**** and programable***°
chemical synthesis. Here we demonstrate that a molecular
‘robotic arm™** can be programed to transport cysteine-
containing peptide derivatives, rapidly and with good effi-
ciency in either direction, between two chemically similar sites
2 nm apart on a molecular platform.

Molecular robotic arm and platform
design

A programable artificial molecular machine has been developed
that is able to pick up, reposition, and set down 3-mercapto-
propanehydrazide at either one of two different sites through
judicious control of a robotic arm and ‘gripper’.** The gripper
picks up/releases the cargo by formation/breakage of a disulfide
bond, while dynamic hydrazone chemistry modulates binding
of the cargo to the platform.** Transport is achieved by selec-
tively inducing configurational (E-to-Z rotation about a C=N
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double bond) and conformational (rotation about a C-N single
bond) changes of an embedded bidirectional hydrazone-based
rotary switch*»* that steers the arm. In a three-stage opera-
tion, 3-mercaptopropanehydrazide could be transported in
either (chosen) direction between the two platform sites. The
machine-induced transport is processive: the 3-mercaptopro-
panehydrazide does not at any time fully dissociate from the
machine nor exchange with other molecules in the bulk,
ensuring that substrate transport arises solely from the change
in position of the robotic arm.

Limitations of these demonstrations included: (i) experi-
ments were only carried out with a single, simple, molecular
cargo; (ii) transport in one direction was slow, as the acid-
catalyzed hydrazone exchange takes up to six days to equili-
brate at the low concentrations of acid necessary for the
mechanism used; and (iii) some steps in the transport process
proceed in modest yield. We decided to investigate alternative
operation mechanisms for the prototypical molecular robotic
system while exploring its application for the site-to-site plat-
form transport of more complex molecular substrates, in
particular peptides.

Results and discussion

E-to-Z (backward transport) experiments with molecular
machine 1 were originally carried out using 5 equivalents of
CF;CO,H.*" Selective protonation of the pyridine nitrogen of the
hydrazone switch induced transport of 3-mercaptopropanehy-
drazide from the green site (attachment site 2; E-1) to the blue
site (attachment site 1; Z-1). Although transport was achieved in
good yield (91%), the process took six days to achieve this level
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of conversion. Consideration of the intermediates in the
transportation pathway suggested the rate-limiting step to be
acyl hydrazone exchange of the cargo between the two platform
sites, presumably the rate limited by the low concentration of
acid (5 equivalents) used. However, higher acid concentrations
favour a different switch configuration, preventing transport in
the desired direction.

In an effort to improve the efficacy of substrate transport by
the molecular machine, we studied the effect of acid concen-
tration on the process. We treated, independently, E-1 and Z-1
in C,D,Cl, (2.5 mM) with increasing amounts of CF;CO,H (10-
100 equivalents) and determined the E-1 : Z-1 ratio by "H NMR
spectroscopy once a steady state had been reached (see ESI,
Section S37).

High acid concentrations had a detrimental effect on E-1 to
Z-1 conversion, decreasing from 90% Z-1 with 5 equivalents of
CF;CO,H to 30% Z-1 with 70 equivalents. Increasing the
concentration of CF;CO,H further did not vary the E-1:2Z-1
ratio from 70 : 30. Similarly, when starting from Z-1 the same
steady state ratio of 70 : 30 E-1: Z-1 was reached with 70 (or
more) equivalents of CF;CO,H.

These results are consistent with the equilibrium between Z-
1-H;*"-right and Z-1-H;*"-left (Fig. 1; for identification and
characterization of the intermediates, see ESI, Section S$4.27).
The conversion between these intermediates occurs via rotation
about the C-N (quinoline) bond of the transient acyl hydrazides.
This type of conformational change was originally described by
Aprahamian,* in which a large excess of CF;CO,H leads to
protonation of both the pyridine and quinoline nitrogens
resulting in the doubly-protonated Z-isomer of the rotary switch
(z-1-H3*"right; Fig. 1). The 70:30 E:Z ratio of the

EtzN CF3COH
(100 eq.) |y (80eq.)

Fig. 1 Operation of a platform-bound molecular robotic arm. Mechanism of exchange between E-1 and Z-1 using (i) CFsCO,H (80 equiv.),
which causes protonation-induced configurational changes in the switch whilst simultaneously permiting hydrazide exchange at the platform
sites, followed by (ii) EtzN (100 equiv.) which neutralizes the acid and switches off hydrazide exchange dynamics, locking the substrate in place on
the platform. Z-1-Hz>*-left and Z-1-Hs>"-right are intermediates in the reaction mixture that could be identified and characterized by *H NMR
(see ESIT). Other conformations and hydrogen bond patterns may also be present.
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Table 1 The position of equilibrium of 3-mercaptopropanehydrazide
transporter £/Z-1 in various solvents, locked by the addition of EtsN to
form different ratios of E-1: Z-1¢

] Z-1-Hg%*-left .
z1 0 5 H W ez
Z-1-H3%*-righ

Entry Solvent E1:Z1 &'
1 C,D,Cl, : (CD3),S0 (2: 1) >2: 98

2 CD;CN >2: 98 37.5
3 C,D,Cl, : CD;CN (2: 1) >2: 98

4 C,D,Cl, : CD;0D (2 : 1) >2: 98

5 CD,Cl, 10: 90 8.93
6 CF,CO,D 81:19 8.55
7 C,D,Cl, 70: 30 8.42
8 cDCl, 75:25 4.81
9 C,D,Cl, : CgDsCD; (1 : 1) 81:19 4.15
10 C,D,Cl, : CeDsCD; (1 : 2) 83:17 3.59
11 C,D,Cl, : CgDsCD; (1 : 4) 85:15 3.11
12 CDCl, : CgD5CD; (1 : 1) 83:17 2.38
13 CeDsCD; 85:15 2.38

“ Reagents and conditions: (i) CF;CO,H (80 equiv.), solvent (2.5 mM),
r.t. (ii) Et;N (100 equiv.). Conversions determined by 'H NMR. ¢ is
solvent polarity.***”

intermediates in C,D,Cl, limits the extent of substrate transport
possible. However, by using the results shown in Table 1 for
C,D,Cly : C¢DsCD;3 (1 : 2), forward transport could be achieved
with an improved 83% conversion by treating Z-1 with 80
equivalents of CF;CO,H to generate 83 : 17 Z-1-H33*-right 1 Z-1-
H;*"-left (Table 1; entry 10).**

Exploring the unanticipated E/Z solvent effect: forward
transport (Z-1 to E-1)

The conversion of Z-1 to E-1 was carried out in various solvents
to fully explore the effect of the reaction medium on the equi-
librium mixture. Z-1 was treated with 80 equivalents of
CF;CO,H and the system allowed to reach a steady state. The E-
1:Z-1 ratios after neutralization and workup are shown in
Table 1. In polar solvents and solvent mixtures containing
(CD3),S0, CD;CN and CD;OD, little or no conversion to E-1 was
observed (Table 1, entries 1-4), indicating that the equilibrium
favours Z-1-H,**-left (hydrazone exchange is still dynamic under
these reaction conditions). In CD,Cl,, 10% E-1 was formed
(Table 1, entry 5). In less polar solvents such as C,D,Cl, and
CDCl;, a substantial increase in the amount of E-1 (corre-
sponding to forward transport of the substrate) was observed
(70% and 75%, respectively; Table 1, entries 7 and 8). Even lower
polarity solvents, such as C¢D5CDj3, increased the amount of E-1
formed still further: 85% in 1 : 4 C,D,Cl, : C¢DsCD; and neat
CeD5sCDj3 (Table 1, entries 11 and 13).

There is a broad overall trend between solvent dielectric
constant and the resulting steady state E-1 : Z-1 ratio (Table 1).
Isomer Z-1-H;*"-left is favoured in high polarity solvents; Z-1-
H;*"-right in low polarity media.**** It may be that polar,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hydrogen-bond-disrupting, solvents solvate Z-1-H;**-left more
effectively than Z-1-H;>"-right, shifting the equilibrium position
to favour the former despite unfavorable interactions between
the hydrazone NH and the quinolinium NH proton. In apolar,
non-hydrogen-bond-disrupting, solvents, Z-1-H;**-right is fav-
oured because of the more extensive intramolecular hydrogen
bonding network. Even in neat CF3CO,D (Table 1, entry 6),
a 81:19 E-1:Z-1 ratio is produced broadly in line with the
general trend regarding media polarity, despite the large excess
of acid present.

Backward transport (E-1 to Z-1)

We next turned our attention to improving E-1 to Z-1 conversion
(backward transport of the substrate). We hypothesized that
faster and higher conversions of E-1 to Z-1 might be possible
using 80 equivalents of CF;CO,H in polar solvents that favour
intermediate Z-1-H,**-left. The molecular machine operation
was followed by '"H NMR (see ESI Section S5t). Addition of 80
equivalents of CF;CO,H to E-1 in C,D,Cl, : CD;CN (2 : 1) led to
Z-1-H;*'-right, which converts to Z-1-H;*"-left (identified by "H
NMR) over an 8 hour period. The 'H NMR spectrum of the
product after workup showed >98% conversion to Z-1. This is
a significant improvement in speed and efficiency of operation
(>98%, 8 h) compared to the previously reported system (91%, 6
days). The findings demonstrate that the direction of cargo
transport can be controlled solely by adjusting the polarity of
the solvent while keeping other factors (e.g. acid concentration)
unchanged. Polar solvent mixtures favour E-1 to Z-1 conversion;
apolar solvent mixtures favour Z-1 to E-1 conversion.

A significant aspect of the architecture of molecular machine
1 is that binding of the substrate simultaneously to both the
gripper of the machine arm and to the platform, forms a mac-
rocycle. The results in Fig. 1 show that incorporating the
isomeric forms of the hydrazone rotary switch into such
a macrocycle has a profound effect on the chemistry of the
switch. It permits the observation of otherwise transient inter-
mediates in the switching process, which was used to modify
the machine operation protocols resulting in significantly
improved transport efficiency and dynamics.

Site-to-site transport of peptide derivatives

A potential useful feature of molecular machine 1 is that the
structure of the 3-mercaptopropanehydrazide cargo can be
elaborated upon without changing its interaction points with
the platform and the arm. This could allow this unit to be used
as a ‘transporter module’ for other small-molecules attached to
it. 3-Mercaptopropanehydrazide is the hydrazide derivative of
the amino acid cysteine, missing the amino group. Accordingly,
we explored the site-to-site transport of a series of peptidic
cysteine derivatives in both forward and backward directions to
investigate whether the modified cargo would have an effect on
the transportation process.

A series of peptides (3-5, Fig. 2, see ESI Sections 2.1,T 2.2 and
2.3 for synthesis and characterization) were prepared bearing
a cysteine hydrazide at the C-terminus. The thiol was trityl-
protected to facilitate loading of the substrate onto the

Chem. Sci., 2021, 12, 2065-2070 | 2067
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Fig. 2 Synthesis and selective site-to-site transport of peptide derivatives in either direction by a small-molecule robotic arm. Reagents and
conditions: (i) AQNOs (1.3 equiv.), CHClz : MeOH (2 : 1), r.t, 30—-60 min, then E/Z-2 (1.5 equiv.), CHClz, r.t., 3—-27 h, 63-79%. (ii) CF3CO,H (3.0
equiv.), CHClg, r.t., 16 h, 38—-64%. (iii) CFsCO,H (70 equiv.), CHClz, r.t., 16—23 h, 22-79%. (iv) CF3CO,H (80 equiv.), C;D,Cly : CgDsCD3 (1: 2), 1 t.,
2 h, E-9 66%, E-10 65%, E-11 63%. (v). CFsCO,H (80 equiv.), C;D,Cly : CDsCN (2 : 1), r.t,, 6 h, Z-9 > 98%, Z-10 > 98%, Z-11 > 98%.

molecular machine arm gripper via silver-mediated disulfide which reacts with the 2-pyridyl disulfide moiety of E/Z-2 to
formation.*>*® Deprotection of the trityl group was achieved afford E/Z-6-8 in 63-79% yield (Fig. 2, step (i)). The C-terminus
with silver nitrate, generating the silver thiolate intermediate acyl hydrazide was capped as the corresponding p-
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Fig.3 Partial *H NMR (600 MHz, 295 K, CDCls, 2.5 mM) spectra of the interconversion of £-11 and Z-11. (a) E-11 (tripeptide on the platform green
site); (b) backward transport of the tripeptide from the green site to the blue site, i.e. conversion of E-11 to Z-11 (CFsCO,H, 80 equiv., C,D,-
Cly : CD3CN (2 : 1), >98%), (c) forward transport of the tripeptide from the blue site to the green site, i.e. conversion of Z-11 to £-11 (CFsCO,H, 80
equiv., C;D,Cly : CeDsCDs (1 : 2), 63%). Proton assignments correspond to the labelling in Fig. 2. Signals marked with an asterisk (*) correspond to
the minor rotamer of the acyl hydrazone. Signals due to traces of residual solvents and organic salts are shown in grey.
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methoxyphenyl acyl hydrazone in order to facilitate cyclization
onto the platform via hydrazone exchange. Subsequent macro-
cyclization to the corresponding Z and E macrocycles was
promoted by CF;CO,H (3 and 70 equivalents respectively, Fig. 2,
steps (ii) and (iii)).

"H NMR spectroscopy (e.g. Fig. 3) shows that the machine-
substrate-platform macrocycles exist as a mixture of acyl
hydrazone rotamers (restricted rotation about the NH-CO bond
of the cargo). Generally, acyl hydrazones prefer to adopt a cis
conformation.”” However, substituents can destabilize the cis
rotamer at the expense of the trans conformer.> For the single
amino acid derivative, Z-9 (R = Piv, Fig. 2), the cis conformer is
favoured (63%), whereas with the tri-peptide, Z-11 (R = Phe-Ala-
Piv), the trans isomer dominates (90%). The larger E-9-11
macrocycles strongly favour the cis rotamer of the acyl hydra-
zone irrespective of the size of the peptide cargo: the trans
rotamer is not observed in E-9 and only a small amount is
present in E-10 and E-11 (13 and 12%, respectively).

Site-to-site transport of the peptides was carried out in the
backward direction (E to Z) using CF;CO,H (80 equiv.) in C,-
D,Cl, : CD;CN (2 :1). Conversion of E-9 to Z-9 (transport of
a single amino acid) was achieved in >98% conversion in line
with the results obtained with 3-mercaptopropanechydrazide
(Table 1, entry 3). Pleasingly, the same behavior was observed in
the backward transport of the di- and tri-peptides, both
proceeding in >98% yield. The 'H NMR spectra of the opera-
tions to form E-11 and Z-11 are shown in Fig. 3 where successful
right-to-left transport of the tripeptide (E-11 to Z-11) is evident
from the characteristic shift of the imine proton H; into the
aldehyde region (from 7.94 ppm to 10.16 ppm). The upfield shift
of the hydrazone NH proton H,, from 16.30 ppm to 13.26 ppm,
and the downfield shift of the hydrazone ester group indicate E
to Z isomerization of the rotary switch (Fig. 3a and b). Forward
transport (Z-11 to E-11) was carried out with CF;CO,H (80
equiv.) in C,D,Cl, : CgDsCDj3 (1 : 2). Conversion of Z-11 to E-11
proceeded in 63% yield with the outcome of the operation
analyzed by "H NMR spectroscopy in a similar fashion (Fig. 3c).
A decrease in forward transport compared to the 3-mercapto-
propanehydrazide cargo (Z-1 to E-1, 83%) was found for Z-9, Z-
10 and Z-11 (66%, 65% and 63% respectively). Nevertheless,
successful site-to-site transport of the series of peptide-derived
cargoes indicates that the size of the cargo does not prevent
transport, nor does the size of the peptide affect the efficiency of
transport.

Conclusions

The new operating conditions allow detailed physical organic
chemistry of the mechanism of a ratcheted molecular trans-
porter to be uncovered, its efficiency improved, and the trans-
port of more complex cargoes with an artificial molecular
machine. The findings demonstrate that site-to-site transport of
molecular substrates by a small-molecule robotic arm can
proceed within hours in either (chosen) direction with >98%
conversion in one direction and 63-85% conversion (depending
on the substrate) in the other. The direction of transport can be
reversed by changing the polarity of the medium rather than

© 2021 The Author(s). Published by the Royal Society of Chemistry
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control of the protonation level of the switch. The new operation
conditions allow key interconvertible intermediates involved in
the process to be identified and characterized. Cysteine hydra-
zide can act as a ‘transporter module’ through which to attach
and transport mono, di- and tripeptide cargoes between
different sites on a molecular scaffold within reach of the
robotic arm and gripper. The size of the peptide does not affect
the effectiveness of programable transport in either direction.
The ability to pass a substrate selectively in either direction
between chemically similar sites through a ratchet mechanism,
without the substrate ever being able to exchange with others in
the bulk, is a rare feature for a synthetic molecular machine.
The use of a cysteine transporter module for programable
repositioning is a significant step towards the vision of complex
molecular substrates being manipulated with atomic precision
between multiple sites by robotic molecular machines.>>*
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