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Splitting the chains: ultra-basal insulin analog
uncovers a redox mechanism of hormone

clearance

Michael A. Weiss

% Check for updates

Reporting in Nature Communications, Kjeldsen
and colleagues describe a redox mechanism of
insulin clearance based on separation of A-and B
chains. Exploiting an ultra-long-acting analog
protected from classical clearance pathways, the
study highlights principles of protein stability in
pharmacology.

The high-resolution crystal structure of insulin’, a landmark in the
history of structural biology, has stimulated continuing efforts to
engineer therapeutic analogs with enhanced pharmacologic
properties’. A major focus has been rational optimization of the
pharmacokinetic (PK) properties of insulin analog formulations
(whether more rapid-acting or prolonged) to enable safer and more
effective management of glycemic control in diabetes mellitus (DM).
Understanding structural determinants of insulin stability has been
critical to these efforts, as degradation of insulin limits the shelf life of
insulin products and makes necessary a complex and costly cold chain
of global distribution”’.

A current frontier of insulin pharmacology is defined by the
design and clinical application of once-a-week analog formulations®.
Such “ultra-basal” products, which would match the schedule of once-
a-week incretin analogs, could be pertinent to treatment of both Type 1
and Type 2 DM (T1D/T2D)*. In a multidisciplinary study Kjeldsen and
colleagues have investigated one such analog, designated insulin
icodec’. Its mechanism of protracted action is based on tight binding to
serum albumin by a C,o acyl adduct’. The analog also contains three
amino-acid substitutions, two in the B chain introduced to attenuate
affinity for the insulin receptor—and hence baseline receptor-mediated
clearance®—and one in the A chain introduced to augment thermo-
dynamic stability. Because albumin binding delays both receptor-
mediated®” and renal clearance®, the present studies of insulin icodec
has uncovered a third fundamental mechanism of clearance: thiol-
mediated cleavage of insulin’s interchain disulfide bridges (cystines B7-
A7 and B19-A20 in Fig. 1) on prolonged exposure to redox buffers in
plasma, leading to circulating cyclic B chains and isomeric cyclic A
chains’. The isolated peptides are without hormonal activity. Given the
very low concentrations of these peptides in the circulation, the
reverse reaction (chain combination) is effectively infeasible. Proteo-
Iytic cleavage of the isolated chains in the bloodstream was negligible
relative to A-B cleavage.

Why has redox-mediated degradation of insulin in the blood-
stream not previously been observed? Kjeldsen and colleagues sug-
gest a straightforward kinetic mechanism: the rapid clearance of native
insulin (within 5-10 min®) simply does not allow enough time for non-

negligible cleavage of disulfide bridges by thiol reagents (such as
cysteine and glutathione) in plasma’. Rapid receptor-mediated clear-
ance of native insulin notwithstanding, the biological consequences of
hormone-receptor engagement last 2-4 h, a reflection of complex
post-receptor signaling events®. The low intrinsic thermodynamic
stability of insulin and its exquisite susceptibility of the A-B monomer
to reductive cleavage’® presumably facilitates physiological intracel-
lular degradation.

The findings of Kjeldsen and colleagues’ are of both conceptual
and translational interest. On the one hand, the uncovered thiol-
based degradation mechanism suggests that the circulating insulin
monomer is kinetically trapped in its native three-dimensional con-
formation (Fig. 1). Indeed, the slow timescale of reduction in the
bloodstream relative to ordinary mechanisms of clearance enables
the native metastable disulfide-linked A-B heterodimer (whether
injected or secreted by the endocrine pancreas) to engage target
cells. The thermodynamic ground state under the redox conditions
of plasma comprises the isolated cyclic chains. Thermodynamic
stability of the A-B heterodimer is assured within the secretory
granules of pancreatic B-cells by zinc-mediated hexamer assembly'™.
Such native self-assembly also stabilizes most conventional
pharmaceutical formulations**. Although novel in the context of
insulin chemistry, analogous physiological exploitation of kinetically
trapped heterodimeric proteins has long been posited in studies of
glycoprotein hormones (non-covalent af3 dimers of LH, FSH
and BHCG)’.

On the other hand, observation of reductive cleavage of circu-
lating insulin molecules highlights protein stability as a key design
consideration for once-a-week analogs’. Kjeldsen and colleagues have
thus analyzed potential structural mechanisms of resistance to thiol-
mediated cleavage associated with acylation (of Lys®”) and with ico-
dec’s three amino-acid substitutions (Tyr®®>His, Phe®”-His and
Tyr**>Glu). Such resistance correlated with structural stability as
probed by chemical denaturation assays (AG, or free energies of
unfolding). Subtle structural effects were characterized by X-ray
crystallography at 2.0-A resolution. The asymmetric unit contains a
novel trimer containing a canonical T, dimer (as in the original T4 [2-
Zn] hexamer characterized by Hodgkin and coworkers') and a third
distorted T protomer. Although the acyl adduct was not well defined in
the electron density, the three substitutions were visualized; each
occupies a structural environment similar to the native residue. The
investigators ascribe thermodynamic stabilization to two distinct
electrostatic features’:

(i) Phe®->His enables the variant side chain to form a hydrogen
bond to the side chain of Asn*?, which in turn appears to
strengthen a salt bridge between the side chain of Arg®” and the
C-terminal carboxylate of the A chain.
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Fig. 1| Structure of the insulin monomer. Ribbon model of the (crystallographic T
state'): B chain (30 residues; blue) and A chain (21 residues; green). The native
hormone contains two interchain disulfide bridges (cystines B7-A7 and B19-A20;
yellow boxes) and one intrachain bridge (cystine A6-A11). Whereas the B7-A7 bridge
lies on the surface of the T-state insulin monomer, the other two bridges pack
within the hydrophobic core.

(i) Tyr™* >Glu leads to alignment of Glu** and GIu*” on one surface
of the C-terminal A-chain a-helix, which is proposed to strengthen
the native electrostatic interaction between Arg®? and Glu*”.

How Tyr®*>His provides a small additional degree of stabilization
was not clear. Of the three substitutions, the stabilizing effect of Glu**
is the most profound.

A limitation of the above structural interpretations is imposed by
the acidic conditions of crystallization (pH 4.6) wherein Glu** and
Glu™’ are partially protonated. It is therefore not clear how the
observed structural relationships may relate to mechanisms of resis-
tance to thiol-mediated cleavage in the bloodstream, i.e., at pH 7.4.
Accordingly, it would be of future interest to revisit these inferences
through crystallographic or NMR studies at neutral pH. A second
limitation pertains to the investigators’ emphasis on the nativelike T,
dimer (irrespective of pH) as a model of the insulin monomer, i.e., the
species that is susceptible to thiol attack in the bloodstream. The
greater flexibility of the monomer gives rise in molecular dynamics
simulation to an ensemble of distorted conformations, including par-
tial folds with enhanced disulfide accessibility'. Such conformational
excursions (which indeed may have been captured by the crystal
structure’s third distorted-T protomer) are proposed to accelerate
insulin’s chemical degradation’.

The authors note that the stabilizing Tyr**>Glu substitution has
been widely employed in studies of insulin analogs, both basic" and
translational*. Its major thermodynamic impact may be unrelated to
subtle structural features of the native state. Among structures of
native insulin in different crystal forms, Tyr** projects from the surface
of the A chain to occupy a broad range of highly solvent-exposed
conformations. It is intriguing to suggest that the Tyr*“>Glu sub-
stitution confers a “reverse hydrophobic effect” mediated by relative
solvation in the unfolded state. This putative mechanism envisions
that Glu** mitigates a hidden thermodynamic penalty incurred by
hyper-exposure of Tyr in the native state relative to the unfolded state.

The marginal stability of insulin’s disulfide bridges on prolonged
exposure to the redox conditions of plasma, uncovered by Kjeldsen
and colleagues in studies of a once-a-week analog’, comes as a surprise

and yet is in accordance with the anomalous instability of native dis-
ulfide pairing in insulin-like growth factors (IGFs). Whereas the stability
of IGFs is augmented by specific binding proteins, the insulin mono-
mer is protected as a metastable structure within a kinetic trap.
Given that physical separation of the oxidized insulin chains in
the bloodstream effectively prevents their re-combination, next-
generation ultra-stable insulin analogs might exploit a single-
chain topology (like IGFs)". Indeed, an SCI moiety is part of an
immunoglobulin-related fusion protein in a new once-a-week
product (insulin Efsitora alpha; Eli Lilly and Co)®; this design may
mitigate the risk of redox-related degradation in vivo. Further,
given the intrinsic susceptibility of disulfide bonds in insulin (and
globular proteins in general) to thiol attack, it is possible that
their substitution by diselenide bridges may provide a further
route to optimization**. Beyond the domain of therapeutic pro-
tein engineering, the findings of Kjeldsen and colleagues also
raise the question of whether disease-related perturbations in the
redox chemistry of blood” might be associated with clinical
variability in the efficacy of a once-a-week analog. This seminal
study thus highlights continuing opportunities for conceptual
insight and translational innovation in insulin’s second century.
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