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Nucleophilic'! aromatic substitutions (SnAr) are among the most widely used processes in the
pharmaceutical and agrochemical industries, allowing convergent assembly of complex molecules
through C-C and C-X (X = O, N, 3) bond formation. SxAr reactions are typically carried out using
forcing conditions, involving polar aprotic™ solvents, stoichiometric bases and elevated
temperatures, which do not aliow for control over reaction selectivity. Despite the importance of SyAr
chemistry, there are only a handful of selective catalytic methods reported that rely on small organic
hydrogen-bonding or phase-transfer catalysts™. Here we establish a biocatalytic approach to
stereoselective SnAr chemistry by uncovering promiscuous™ SnAr ‘activity in a designed enzyme
featuring an activated arginine. This activity was optimized over successive rounds of directed
evolution to afford an engineered biocatalyst, SyAr1.3, that is 160-fold more efficient than the parent
and promotes the coupling of electron-deficient arenes*® with carbon nucleophiles with near-perfect
stereocontrol (>99% e.e.). SnArl.3 can operate at a rate of 0.15 57, perform more than 4,000 turnovers
and can accept a broad range of electrophilic*” and nucleophilic coupling partners, including those that
allow construction of challenging 1,1-diaryl quaternary stereocentres. Biochemical, structural and
computational studies provide insights info the catalytic mechanism of SnArl.3, including the
emergence of a halide™ binding pocket shaped by key catalytic residues R124 and D125, This study
brings a landmark synthetic reaction into the realm of biocatalysis to provide an efficient and versatile

platform for catalytic SnAr chemistry.
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Figure 3. SxAr reactions and directed evolution of an enantioselective SNAr enzyme.

(a) SnAr reactions involve the coupling of aromatic electrophiles with diverse nucleophilic coupling
partners.

(b) Chemical scheme showing the target SyAr reaction between ethyl 2-cyanopropionate (1) and 2,4-
dinitrochlorobenzene (2), generating product 3 containing an all-carbon quaternary carbon centre.
The SnAr enzymes developed preferentially produce the R-isomer of 3.

(c) Bar chart showing reaction conversion (solid bars) and selectivity (patterned bars) achieved by

SnArase variants along the evolutionary trajectory. Reaction conditions: 1 (25 mM), 2 (2.5 mM),



SnAr variant (75 pM) in phosphate buffered saline (PBS) pH 8.0 with 10% {v/v) dimethyl
sulfoxide as a co-solvent, 16 h at 30 °C.

{(d) Michaelis—Menten kinetic analysis of SnAr1.0 to SnAr 1.3 show a 160-fold improvement in &obs
following evolution (0.0040 + 0.0002 min™! and 0.65 + 0.01 min™ for SnArl.0 and SnArl.3,
respectively). Assays were performed at a fixed concentration of 2 (2.5 mM) and varying
concentrations of 1 (3.5-75.0 mM).

{e) Schematic showing the trajectory from SnAr1.0 to SyArl.3. Mutations introduced are represented

as colored spheres. Three rounds of evolution afforded SyArl.3, which contains six mutations.
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[ Glucose-sensitive insulin with attenuation of hypoglycaemia] D FiH T D,

Using insulin to control diabetes” comes with the risk of introducing hypoglycaemia, namely
blood glucose values below 3.9 mM. This is due to the fact that blood glucose fluctuations are difficult
to predict owing to many factors, such as the character and timing of meals, exercise, infections and
changing individual insulin sensitivity. People with diabetes must therefore adjust their daily doses of
insulin (both basal and meal insulin) to account for these factors. However, to avoid events of low
blood glucose, which can be dangerous especially during the night, many opt for conservative insulin
doses. Compromising insulin doses due to the fear of hypoglycaemia subsequently results in
suboptimal glucose control, thereby increasing the risk of complications arising from long-term
hyperglycaemia. To facilitate improved glycaemic control without the risk of hypoglycaemia, the idea
of engineering an insulin that can modify its bioactivity in response to varying blood glucoese levels
has been pursued since the 1970s. Despite many publications and patents, to date, no mechanism has
proven to solve the issue to the extent that it can be applied to treat di‘abetés. Most papers in the field
describe polymer systems that can release insulin from subcutaneous™ depots in response to ghucose
fluctuations, but such systems are limited by delayed glucose diffusion to the subcutis, as well as a
delay in the released insulin entering the blood circulation. Moreover, such systems release insulin
irreversibly, meaning that, once the insulin is released from the depot, it is no longer glucose sensitive.
A better approach seems to be equipping insulin itself with glucose-responsive properties, so it can
respond to glucose in a reversible manner. Notably, glucose values vary over a narrow range (from
approximately 2 to 2030 mM in people with diabetes), so a rather steep change in insulin bioactivity
must be attained for the glucose-sensitive insulin to have an impact. To achieve such sensitivity to
glucose, a chemical group able to bind to glucose with maximal sensitivity in this glucose range will
be required. One system was based on oligofucose/mannose insulin conjugates that can be cleared
from the circulation in an equilibrium between glucose-sensitive binding to the mannose receptor
versus insulin binding to the insulin receptor, but this did not merit pursuing beyond phase I clinical
trials. The glucose response was found to be shallow, and high clearance at the mannose receptor led
to a very low in vivo potency, implicating the eventual need for prohibitively high insulin doses.

The concept of introducing a glucose-sensitive switch into the insulin molecule has been pursued
over many years. A switch involves dual conjugation of' a glucose-binding motif plus a binding partner
onto insulin such that, at low glucose, the switch will induce a closed less-active state, equilibrating
towards an open more-active state with higher glucose concentrations, The glucose-binding motif must
therefore have an affinity for both glucose and the binding partner within the narrow glucose range

that occurs in people with diabetes (approximately 2 to 20-30 mM). Furthermore, the two components



of the switch must be attached to insulin in a manner that ensures that, in the closed state, there is a
lower insulin bioactivity by altering the insulin conformation and/or blocking the receptor binding
surfaces of insulin. This switch idea has been pursued by using boronates ™ as glucose binders, but the
glucose sensitivity of such designs has so far been too limited for pharmacological use. The best
previous example of a carbohydrate-sensitive switch working with insulin showed sensitivity to
fructose at high concentrations (50 mM), but the compound was insensitive to glucose. A recently
identified macrocycle™ offers another option for a glucose-binding element. The macrocycle was
designed to provide a glucose-binding cavity that secures a relevant affinity for glucose as well as
selectivity over other carbohydrates and potentially interfering small molecules. Here we describe the
molecular design of NNC2215, an insulin with a glucose switch by incorporating the macrocycle at
B29Lys and introducing a glucoside residue through a short linker at B1Phe. This combination of
glucose binder, glucoside, linker and conjugation sites was found to impart glucose-sensitive
bioactivity to NNC2215, which demonstrated a 12.5-fold increase in insulin receptor binding affinity
when glucose was raised from 0 to 20 mM and a 3.2-fold increase when raised from 3 to 20 mM.
Furthermore, NNC2215 was shown to be glucose sensitive in vivo, to attenuate hypoglycaemia in pigs
and to reduce the glucose excursions during glucose tolerance tests in diabetic rats.
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