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Structural principles of insulin formulation and
analog design: A century of innovation
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ABSTRACT

Background: The discovery of insulin in 1921 and its near-immediate clinical use initiated a century of innovation. Advances extended across a
broad front, from the stabilization of animal insulin formulations to the frontiers of synthetic peptide chemistry, and in turn, from the advent of
recombinant DNA manufacturing to structure-based protein analog design. In each case, a creative interplay was observed between pharma-
ceutical applications and then-emerging principles of protein science; indeed, translational objectives contributed to a growing molecular un-
derstanding of protein structure, aggregation and misfolding.

Scope of review: Pioneering crystallographic analyses—beginning with Hodgkin’s solving of the 2-Zn insulin hexamer—elucidated general
features of protein self-assembly, including zinc coordination and the allosteric transmission of conformational change. Crystallization of insulin
was exploited both as a step in manufacturing and as a means of obtaining protracted action. Forty years ago, the confluence of recombinant
human insulin with techniques for site-directed mutagenesis initiated the present era of insulin analogs. Variant or modified insulins were
developed that exhibit improved prandial or basal pharmacokinetic (PK) properties. Encouraged by clinical trials demonstrating the long-term
importance of glycemic control, regimens based on such analogs sought to resemble daily patterns of endogenous B-cell secretion more
closely, ideally with reduced risk of hypoglycemia.

Major conclusions: Next-generation insulin analog design seeks to explore new frontiers, including glucose-responsive insulins, organ-
selective analogs and biased agonists tailored to address yet-unmet clinical needs. In the coming decade, we envision ever more powerful

scientific synergies at the interface of structural biology, molecular physiology and therapeutics.
© 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The centennial of insulin’s discovery [1] represents the end of one era
and the beginning of another [2]. The past century has seen trans-
formational advances in molecular medicine at the intersection of basic
science and clinical application. As described in the present series of
articles in this special issue, investigations of insulin—extending from
its sequence and structure to its formulation and delivery—have both
heralded these advances and defined general paradigms in biophysics,
structural biology, molecular genetics, integrative metabolism and
pharmacology. In this review, we seek to highlight how these para-
digms informed advances in insulin pharmacology and, conversely,
how such applications have deepened our understanding of molecular
principles. A central thread is provided by protein crystallization: in
turn, as a vehicle for insulin’s purification [3], formulation [3,4] and

structural analysis [5]. Landmark crystal structures of 2-Zn insulin
hexamer (as determined at Oxford [6,7] and in Beijing [8—10]) stim-
ulated the design of insulin analogs and underlay successive gener-
ations of biophysical studies, including studies by NMR spectroscopy
[11—17] and cryo-EM single-particle image reconstruction [18—21]
(for review, see [22] in this issue). We envisage that in the next decade,
a continuing interplay between foundational and translational studies
will enable new therapeutic approaches and treatment technologies for
Type 1 and Type 2 diabetes mellitus (T1D and T2D) [23]. These
frontiers promise to integrate protein engineering with systems biology
and molecular physiology to address yet-unmet clinical needs [24,25].
Landmark clinical trials, such as the Diabetes Complications & Control
Trial (DCCT [26] recently reviewed [27]) and its follow-up study (EDIC
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[28]), established the principle that rigorous glycemic control can
prevent or delay microvascular complications (and perhaps macro-
vascular complications as well [29]). The goal of insulin replacement
therapy (IRT) in T1D (and in a subset of patients with T2D) is to mimic,
as closely as possible, the normal pattern of insulin secretion by the
endocrine pancreas (Figure 1A). In healthy individuals, hormonal
control of metabolism restricts excursions in blood glucose concen-
tration (BGC) despite marked variation in the timing and extent of food
intake and physical activity [30—32]. Because the time course of in-
sulin action is critical to such regulation, molecular mechanisms of
insulin self-association in a delivery device and of its disassembly in a
subcutaneous (SQ) depot constrain the pharmacokinetic (PK) proper-
ties of insulin formulations (Figure 1B). In the first 50 years after the
discovery of insulin, efforts focused on how best to formulate animal
insulins (typically porcine and bovine insulin due to the abundance of
pancreata from the food industry) [33]. These decades saw the
development of both soluble formulations (such as “regular” insulin
solutions comprising zinc hexamers), suspensions of amorphous
precipitates (semilente zinc-insulin complexes) and microcrystalline
suspensions (ultralente and neutral protamine Hagadorn; NPH) [3]. The
general stabilizing effects of zinc ions and value of protamine (a basic
DNA-binding peptide derived from sperm) were empirically discovered
[34] in advance of their structural rationalizations (below) [35]. Early
pharmaceutical development focused on long-acting products to (1)
avoid the necessity of multiple daily injections, thereby enhancing
patient convenience, and (2) mitigate the instability of insulin solutions,
especially in the absence of zinc-mediated self-assembly. In addition,
monitoring and optimization of prandial protocols were difficult in these
years because technologies for measuring a patient’'s BGC (now
routine [36,37]) were then limited. Accordingly, this review first fo-
cuses on structural determinants of insulin self-assembly [38] and its
exploitation in an innovative series of basal [39,40] and rapid-acting
products [41—43]. An overview of the respective time courses of
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NPH and present basal insulin analog formulations is provided in
Figure 1C.

1. INSULIN HEXAMER AND MODE OF ASSEMBLY

Insulin, the first protein with a known sequence [44] (for review, see
[45,46]), also played a distinguished role in the history of protein
crystallography. J.J. Abel’s crystallization of zinc-free insulin in 1926
(the second protein to be crystallized after urease [47]), extended by
Scott in 1934 to include zinc ions [48], set the stage for large-scale use
of insulin crystallization in the pharmaceutical purification of animal
insulins [49]. Additionally, x-ray diffraction studies of insulin crystals
were undertaken by D. Crowfoot Hodgkin [50], who began in 1935 as a
doctoral student at Cambridge University U.K. under the guidance of
Prof. J.D. Bernal [51]. Techniques had not yet been developed to phase
such diffraction patterns. After 35 years (and following methodological
advances by M. Perutz and J.C. Kendrew in their respective crystal-
lographic studies of hemoglobin [52] and myoglobin [53,54]), the
Hodgkin laboratory determined an intermediate-resolution structure in
1969 [6] and high-resolution structure in 1971 [7]. This structure
depicted the 2-Zn insulin hexamer, a dimer of trimers that each
contained an axial zinc ion (bound to His®'® in octahedral coordination
geometry). Designated Tg in current nomenclature, the assembly could
also be viewed as a trimer of zinc-free T, dimers (Figure 2A), a
perspective in accordance with the relative extent of these self-
association surfaces and with the stronger dimerization of insulin
monomers in zinc-free solution. The dimer interface is largely nonpolar
and contains a short antiparallel 3-sheet (residues B24—B28 and its
dimer-related mate); the two protomers in the dimer are similar in
conformation but not identical. The mode of self-assembly of insulin as
a dimer and zinc-coordinated trimer of dimers was striking for its
structural elegance, prompting Blundell and colleagues to poetic
allusion: “A thing of beauty is a joy forever,” stated a celebrated figure
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Figure 1: Physiological insulin secretion and pharmacologic principles. (A) Pattern of insulin concentrations in the blood of healthy people following meals (adapted from [260]). (B)
Insulin self-association equilibrium within SQ space. Depending on analog formulation, insulin may form zinc hexamers (blue hexagons) or multi-hexamer assemblies; these
dissociate to liberate zinc-free dimers, as well as monomers amenable to capillary absorption (red). (C) Schematic PK profiles (24 h cycle).
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Figure 2: Insulin structure and self-assembly. (A) Self-association of monomer to
dimer to hexamer. Color code: A chain, light gray ribbons; B chain, dark gray; (N) and
(C) denote N- and C-termini of peptide chains. (B) Core packing of insulin monomer.
Color code: A-chain residues (light gray), B-chain residues (dark gray). Sulfur atoms
(gold spheres) and methyl groups (gray spheres) are shown at one-third van der Waals
radius. Residues are labeled by sequence position. (C) Aromatic-rich dimer interface:
residues B24—B26 and B16 are shown. Side chains (blue) are as labeled. (D) Residues
at trimer surface are highlighted in red. Coordinates were obtained PDB entry 4INS
(porcine insulin) [5].

caption (without explicit reference to Keats) [55]. The hydrophobic core
of an insulin T-state monomer and its respective dimer and trimer
interfaces are shown in Figure 2B—D. This structure contains elements
now appreciated as features of globular proteins in general, including
the canonical secondary structures a-helix, B-sheet and PB-turn
[56,57]. The crystal structure verified the disulfide pairing scheme
originally defined by F. Sanger based on chemical methods [44], one
on the protein surface (cystine B7-A7) and two within the protomer’s
core (cystines B19-A20 and A6—A11; yellow-shaded boxes in
Figure 2B). It is of historical note that essentially the same structural
features were elucidated in the years 1971—1974 by the Peking In-
sulin Structure Group under the leadership of D.C. Liang [8,9,58], a
former trainee of Hodgkin [59].

Initial formulations of insulin in the 1920s were made in acidic solu-
tions without zinc ions, conditions associated with rapid physical and
chemical degradation [3]. Of special concern in formulation (as well as
in the course of purification from pancreata) was fibrillation,
aggregation-coupled misfolding to form B-sheet—rich polymers (am-
yloid; Figure 3A). The process of fibril formation, now regarded as a
universal property of proteins as a class of heteropolymers [60,61],
involves nucleation of misfolded “seeds” followed by rapid
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propagation. Modern fibril-diffraction and cryo-EM studies of insulin
fibrils have demonstrated close structural relationship between insulin
fibrils and pathological deposits in human amyloidogenic diseases
[62]. Beginning in the 1930s, empirical protection from fibrillation was
achieved through the addition of zinc ions and/or the basic peptide
protamine [63] to neutral solutions and microcrystalline suspensions,
as described in turn:

(i) Lente formulations. Addition of zinc ions to solutions of insulin at
pH 7.4 markedly reduces the protein’s solubility, enabling prepa-
ration of intermediate or long-acting insulin formulations of an
augmented shelf life. Amorphous zinc-insulin precipitates (semi-
lente; intermediate) and microcrystalline zinc-insulin suspensions
(ultralente; Figure 3B—D) were developed in the early 1950s by K.
Hallas-Mgller and coworkers at then—Novo Terapeutisk (now Novo
Nordisk) [64,65]. The neutral-pH ultralente formulation achieved
protracted action with once-a-day dosing. The marked pH-
dependent kinetics of insulin crystallization necessitated a two-
stage ultralente manufacturing process: initial crystals (T3Rf3 zinc
hexamers; see below) grown at pH 5.5 (Figure 3E,F) were trans-
ferred to pH 7.4 with additional zinc ions and sodium chloride [3].
The resulting Tg crystal structure of 2-Zn insulin provided a
retrospective model for ultralente insulin as a basal microcrystalline
suspension (Figure 3C,D) [66]. Semilente precipitates were ob-
tained directly at pH 7.4. Binding of the antimicrobial preservative
methylparaben was observed at dimer—dimer interfaces within the
hexamers (space-filling ligands in Figure 3C), providing further
stability. The complex phenomenology of insulin precipitation and
crystallization in the /ente series foreshadowed the discovery of the
allosteric TR transition among zinc insulin hexamers [67,68] and
current foundational interest in biophysical mechanisms by which
protein crystals nucleate and grow [61,69].

(ii) Insulin—protamine complexes. In 1936, Hagedorn formulated
the first intermediate-acting insulin formulation, designated prot-
amine insulinate [70,71]. Protamine is a basic protein with iso-
electric point >12 [72,73], and had been characterized earlier as a
DNA-precipitating agent [74,75]. Sequences of vertebrate prot-
amines are given in Figure 4A; the multiple Arg residues are
highlighted in magenta. At the bottom of Figure 4A are fish se-
quences as used in clinical formulations [76]. Whereas protamine
insulinate initially required a patient to mix an acidic solution of
insulin with a neutral solution of protamines, Scott found that the
addition of zinc ions at a low concentration led to a stable, neutral-
pH formulation called protamine zinc insulin (PZI) in the form of
amorphous or microcrystalline suspensions [34]. Absorption from
an SQ depot continued for 1—3 days. Further improvements
(including the addition of phenol or meta-cresol) were made by
Krayenbuhl and Rosenberg in 1946 [77], leading to the develop-
ment of Neutral Protamine Hagedorn (NPH) [78,79], a method of
formulation that remains in current use. Manufacture of NPH is
notable for its self-conversion of initial amorphous precipitates to
crystals. Variation in the details of crystallization and components of
the formulation were found to influence the duration of action [80].
More recently, in vitro SQ model systems have been developed to
measure dissolution of insulin formulations [81] and correlate such
data with in vivo (PK) profiles [82]. NPH suspensions are compatible
with addition of soluble zinc-insulin hexamers to provide biphasic
formulations whereby the soluble fraction provides rapid action and
the microcrystalline fraction provides intermediate action [83,84].
The ratio of these components modulates the balance of these
activities.
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precursor (T,R})

Figure 3: Insulin fibrillation and microcrystalline ultralente formulation. (A) Insulin fibrillation complicated initial acidic formulations of insulin and continues to pose a challenge at
elevated temperatures [3,253]. EM photomicrograph of insulin fibrils (scale bar 200 nm; adapted from [257]). (B) Light microscopic image of ultralente crystals (panel adapted from
[66]). (C) Cartoon representation of hexamer structure (Tg) of ultralente (PDB entry 2VKO0). Color code: A chain, light gray ribbons; B chain, dark gray ribbons; zinc ions, magenta
spheres; and water molecules, blue spheres with one-half van der Waals radii; methylparaben ligands are shown as CPK models in green (carbon) and red (oxygen). (D)
Crystallographic arrangement of hexamers in a lattice filled with water (one-third van der Waals radii). (E) Crystal structure (T5R%) of wltralente precursor (PDB entry 2VJZ). Color
code is as in panel C. (F) Crystallographic arrangement of hexamers of precursor lattice. Color code is as in panel D.

In this century, X-ray diffraction studies of NPH crystals revealed Rg
zinc insulin hexamers with bound phenolic ligands (Figure 4B) [35,85].
Electron density for protamine was diffuse or absent, even in co-
crystals in which the insulin hexamers otherwise diffracted to high
resolution. Use of Arg-rich model peptides (instead of protamine)
suggested that binding may be in part within the solvent channel of the
hexamer and in part between hexamers (possible locations of Arg
residues are shown in magenta in Figure 4B). Although such crystal-
lographic studies were motivated by potential insights pertinent to
improving NPH-like formulations (such as through the possible use of
protamine analogs or fragments), the absence of a specific mode of
protamine binding has limited such efforts. NPH formulations of insulin
continue to be useful and lower in cost than basal insulin analogs, even

though their PK profiles are shorter than basal analog formulations and
exhibit a more pronounced peak. Indeed, the latter suboptimal features
(together with the potential immunogenicity of fish protamines [86,87])
encouraged the development of basal insulin analogs.

2. BASAL INSULIN ANALOGS

Protamine-mediated precipitation and microcrystallization of insulin
(like protamine-mediated precipitation of DNA) highlights the impor-
tance of electrostatic interactions—even when non-specific to struc-
tural mechanism—in modulating stability. Offsetting positive and
negative charges, as introduced through the binding of heterologous
peptides, may also be achieved within the insulin molecule. Thus
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Figure 4: From NPH insulin to glargine as Arg-related basal analogs. (A) Protamine sequences of various species as Arg-rich peptides. Color code: conserved residues are in bold,
Arg in magenta and hydroxyamino acid (conserved at position 8) in italics [258]. (B) Crystal structure of insulin—protamine complex is shown as dihexamers (PDB entry 7INS) [85].
Possible locations of Arg residues in highly disordered protamine peptide are shown as magenta spheres. (C) Molecular model of glargine forming Arg-mediated contacts between
hexamers. Model was generated with PyMOL software using porcine insulin (PDB entry 4INS) as starting structure. (D) Array of glargine hexamers illustrating possible Arg-mediated

crystal lattice.

emerged the principle of isoelectric precipitation of basal insulin analog
formulations [78]. A property of wild-type insulin near its isoelectric
point (pl ~ 5.4), such precipitation in the SQ depot requires a shift in pl
to neutrality. This principle was first demonstrated in NovoSol Basal, a
recombinant analog containing substitution ThrBZ7—>Arg along with
trypsin-catalyzed transamidation [88,89] (and hence neutralization) of

the C-terminal carboxylate of Thr®3° [90]. With a net change of +2 in
overall charge, the analog is soluble in an acidic formulation but
insoluble at tissue pH; the insoluble SQ depot is further stabilized by
zinc ions to promote hexamer assembly and fine-tune the assembly’s
net charge. Clinical development was discontinued due to reduced
bioavailability of NovoSol Basal and local inflammatory reactions.

MOLECULAR METABOLISM 52 (2021) 101325 © 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

Review

wrT R6-hexamer

C detemir - mode of action

subcutaneous layer

| dihexamers  albumin binding, circulation

(SQ depot)

degludec dihexamer
(resorcinol Rg model)

Figure 5: Acylated insulin analogs detemir and degludec. (A) Crystal structure of the wild-type Rg hexamer (PDB entry 1ZNJ). Color code: A chain, light gray ribbons; B chain, dark
gray ribbons; phenolic ligand, orange (CPK model); zinc ions, magenta spheres. (B) Crystal structure of Rg determir hexamer (PDB entry 1XDA) [97]. (C) Schematic representation of
detemir's acyl-stabilized SQ depot and reversible albumin binding in the circulation. Color code: R-state monomer, blue oval; T-state monomer, brown circles; bound phenol,
orange circles; zinc ions, magenta circles. (D) Dihexamers in crystal structure of degludec (PDB entry 4AJX) [100]. This resorcinol-stabilized Rg-Rg structure differs from the R'3T;-
T3R'3 dihexamers (with abutting acyl-bridged T trimers; coordinates not available) present in the vial under formulation conditions.

Exploitation of isoelectric precipitation [91] achieved broad clinical
success through the development of insulin glargine (in Lantus®
[92] and Toujeo® [93]). This analog, similar in concept to Novosol
Basal, is formulated at pH 4 with zinc ions but without a buffer. The

B chain is extended by two Arg residues (Arg®®! and Arg®?) to
likewise shift the pl with +2 change in net charge. Injection of the
unbuffered formulation at pH 4 leads SQ precipitation at pH 7.4 to
form a long-lived microcrystalline depot. A-chain substitution
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Asn*?' - Gly circumvents acid-catalyzed chemical degradation of

Asn™' (which is well tolerated by the insulin receptor but immu-
nogenic) and may augment hexamer stability [94]. Arg®®' and
Arg®®2, which otherwise confer augmented mitogenicity [95], are
cleaved by endogenous SQ exopeptidases. The predominant species
absorbed into the bloodstream is hence Gly*2'-insulin. An analogy is
suggested between the multiple Arg residues of protamine
(Figure 4B) and the di-Arg element of insulin glargine (Figure 4C), in
each case altering the net charge of the assembly and enhancing
hexamer—hexamer interactions in a depot (as represented by a
crystal lattice; Figure 4D). Lantus® is the most widely used long-
acting insulin currently on the formulary. Increasing the formu-
lated strength of glargine to U-300 (monomer concentration
1.8 mM) further prolongs absorption to provide, at steady-state, a
near—peakless 24-hour profile with once-a-day dosing [96].

An unrelated mechanism of protracted action has been achieved by
chemical modification rather than mutagenesis. The first such product
(insulin detemir in soluble neutral-pH formulation Levemir®; Novo
Nordisk) contains native-like Rg zinc hexamers modified by myristic
acid (Figure 5A,B; Figure 6A) [97]. Thr¥C is absent due to its method of
recombinant manufacture. Acylation of insulin’s unique side-chain
amino group (of Lys®?%) in a zinc insulin analog hexamer both stabi-
lizes the SQ depot and mediates binding to human serum albumin; the
latter delays clearance from the bloodstream (Figure 5C) [98]. Direct
linkage of the 14-carbon acyl group impairs receptor binding; in
compensation, a U-100 formulation contains fourfold more protein
molecules per mL than do standard U-100 formulations. Although this
higher concentration may itself contribute to delayed SQ absorption,
the duration of the SQ depot is nonetheless less than 18 h, leading to
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Figure 6: Long-acting insulin conjugates. (A) Insulin detemir contains an aliphatic C-14 group (myristic acid) on Lys
complex acyl modification, hexadecanedioic acid with y-L-glutamyl spacer (blue). (C) Icodec (an ultra-basal analog) is further modified at Lys
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twice-a-day dosing, particularly in T1D. Remarkably, treatment with
Levemir causes less weight gain than do other insulins [98], perhaps
due to enhanced satiety-related hypothalamic signaling relative to the
anabolic effects of insulin in the periphery [99]. Such preferential
organ-specific signaling (if operative) would suggest a new biological
frontier of next-generation insulin analog design (below).
Optimization of the acyl modification and interposition of a spacer
element (glutamic acid) led to insulin degludec (Figure 5D; Figure 6B)
[100]. This albumin-binding analog (the active component of
Tresiba®; Novo Nordisk) provides a true and near—peakless 24-h
formulation with once-a-day dosing. The neutral-pH solution con-
tains a novel dimer of T3R'3 zinc hexamers mutually bridged by a Glu-
spaced-acyl modification at residue B29. A model is provided by the di-
hexamer unit of an Rg crystal structure (Figure 5D) [100]. Remarkably,
the analog exploits insulin’s TR transition (Figure 7A) in the SQ depot to
undergo linear multi-hexamer assembly (Figure 7B). Extensive poly-
merization is triggered by a change in hexamer conformation
(T3Rf3—>T5) associated with release of the bound phenolic ligand
[100]. This conformational change enables successive acyl-mediated
contacts in a linear array of hexamers rather than the pairwise
bridging observed in the formulated dimer of hexamers. A large-scale
switch in state of assembly is coupled to the release of phenolic li-
gands from protein binding sites. This switch is unique to insulin
degludec and represents the power of “molecular serendipity” beyond
structure-based design.

Further optimization of the acylation strategy holds the promise of
next-generation once-a-week insulins. Motivated by the success of
once-a-week GLP-1 agonists [101—103], insulin Icodec® (Novo
Nordisk) contains a longer and more complex adduct at position B29: a

linker

529 on a des-B30 scaffold. (B) Insulin degludec has a more

529 with a C-20 diacid group

connected through a 2x0EG-gGlu linker (blue) and has amino acid substitutions (Tyr®'® — His, PheB25 — His, and Tyr"'* — Glu, red) [104,106,111]. (D) Investigational basal insulin

F, fusion protein (BIF; LY3209590) comprises of an SCI fused to a human IgG, F. domain; the insulin moiety contains modifications of GIu®'®, His®%%, Gly®?’, GIyB2%, Gy

B29 and

Gly®*° fused to a human lgG; F, domain through a tandem (Gly4-Gin) peptide linker (tan) at the A-chain C terminus (A21). This fusion protein offers once-weekly dosing [120].
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Figure 7: TR transition and protracted action of degludec. A) Schematic representation of the classical TR transition among zinc insulin hexamers. Color code: T-state monomer,
brown circles; R-state monomer, blue oval; bound phenol, orange circles; zinc ions, magenta circles. B) Mechanism of protracted action of insulin degludec in Tresiba: under
pharmaceutical formulations, the analog forms as RET3-TsRY dihexamers [100], whereas SQ injection diffusion of phenol triggers a structural transformation, forming Te-mul-
tihexamers as long-lived linear polymers. Brackets indicate acyl bridges between hexamers.

20-carbon di-acid linked through a composite linker (containing 2,2’-
oxydiacetic acid and Glu; Figure 6C) [104]. Binding more tightly to
serum albumin, the analog attains a maximum concentration 16 h after
SQ injection with half-life 196 h [105,106]. Such an ultra-long PK
profile is due not only to stronger albumin binding, but also to slower
clearance by the insulin receptor: substitutions at positions B16 and
B25 (Tyr®'® — His and Phe®?® — His) weaken receptor affinity [107—
110] and also delay proteolysis [111]. The thermodynamic stability
of the Icodec monomer is augmented by A-chain substitution Tyr-
A14_, Glu. The risk of hypoglycemia with once-a-week insulin products
will require careful assessment under real-world conditions.

A general platform for delaying the clearance of peptide and protein
therapeutics is provided by macromolecular fusion [112,113]. One
such approach employs unstructured polyethylene-glycol (PEG) moi-
eties to enlarge the fusion’s hydrodynamic radius and hence delay
renal clearance. Application to insulin was investigated by the Lilly
Research Laboratories (peglispro) [114—116]; clinical development
was discontinued due to potential hepatic toxicity. A second approach
exploits fusion to the F; domain of immunoglobulins [117,118],
assisted by Fc-receptor—mediated recycling [119]. Application to
single-chain insulin (SCI) analogs has been described (Figure 6D) as
being exemplified by basal insulin F¢ (BIF®; Lilly LY3209590) [120].
Like Icodec, the insulin moiety contains paired B-chain substitutions
(Tyr®'® - Glu and Phe®? — His). Clinical testing in patients with T2D
demonstrated a half-life of 17 days with near-peakless PK/PD profile
for once-a-week dosing [120,121]. Alternative embodiments of this

strategy have been described [122], including a heterodimeric two-
chain SCI-F fusion [123].

3. PRANDIAL INSULIN ANALOGS

Even as prolonged activity was obtained by the above strategies, a
continuing challenge was posed by the goal of rapid action—that is,
comparable to that conferred by first-phase post-prandial pancreatic
secretion in individuals without diabetes [124,125]. Pharmaceutical
chemistry faces a Catch-22: the same self-assembly required to
delay chemical and physical degradation (as observed in the 1920s
in acidic solutions of insulin) delays absorption of the hormone from
the SQ depot. So intractable seemed this molecular dilemma that
alternative, more efficient routes of delivery were explored,
including portal injection [126—128] and inhaled insulin [129—132],
in each case seeking to exploit extensive peritoneal or pulmonary
absorptive surfaces. Such engineering efforts are continuing, as
exemplified by implanted intraperitoneal pumps [133,134] and
inhalation devices for insulin powders [130]. Irrespective of tech-
nology, the central therapeutic goal was avoidance of immediate
post-prandial hyperglycemia (from a delay in insulin action) and late
post-prandial hypoglycemia (from a prolonged tail of insulin action).
Recent progress in algorithm-based closed-loop systems [135—
137], integrating insulin pumps with feedback from continuous
glucose monitors (CGM), has further highlighted the need for ultra-
rapid insulin formulations [138].
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NMR solution structure
AspB10- jispro

aspart hexamer (R;)

apidra hexamer (Tg)

Figure 8: First-generation rapid-acting insulin analogs. (A) Crystal structure of lispro hexamer (Humalog and as made ultra-rapid in URLi; PDB entry 1LPH) [156]. Color code: A
chain, light gray ribbons; B chain, dark gray ribbons; phenolic ligands, orange (CPK); zinc ions, magenta spheres. (B) NMR-derived solution structure of /ispro analog containing
Asp®'® (PDB entry 2JMN) [159]. N- and C-terminal residues are respectively labeled (N) and (C). (C) Crystal structure of insulin aspart as Rg-hexamer in presence of zinc ions and
meta-cresol (Novolog and Fiasp; PDB entry 1ZEH) [157]. (D) Glulisine hexamer (Apidra; PDB entry 6GV0). Although zinc ions were not explicitly included in the crystallization buffer,
apparently trace quantities enabled occupancy of the axial sites [161]; the clinical formulation is zinc-free as a means of accelerating absorption of analog monomers and dimers.

The essential problem lay in the size of the zinc insulin hexamer, too
large for capillary absorption: its slow dissolution into zinc-free dimers
and monomers imposed an intrinsic delay. The advent of insulin site-
directed mutagenesis in 1979 [139,140] inspired efforts to circumvent
this kinetic barrier via monomeric analog formulations [141]. An
attractive candidate, pursued by Novo Nordisk, contained the substi-
tution His®'®— Asp (X10 insulin) [142,143]. Originally identified as a
mutation in proinsulin associated with a monogenic diabetes syndrome
[144,145], Asp®'° stabilizes the zinc-free insulin monomer such that
formulation is feasible in the absence of zinc ions and without further
protein self-assembly. Indeed, in the absence of His at B10, axial
coordination of zinc ions does not occur, and the negative charge of
Asp®'® at the trimer interface precludes metal-ion—independent as-
sembly. The substitution also enhanced the analog’s affinity for the
insulin receptor [142,146] (now appreciated to reflect introduction of a
favorable salt bridge at the hormone—receptor interface [18,19]).
Unfortunately, long-term rat testing of Asp®'®-insulin revealed an
excess of mammary tumors [142,143]. Such carcinogenesis was
subsequently shown to be mediated by enhanced binding to the
mitogenic Type | IGF receptor (mimicking the homologous GIu®'® in
IGF-I and IGF-Il) and by a prolonged residence time on the insulin
receptor [142]. Although the PK/PD properties of Asp®'®-insulin were

appropriately accelerated, clinical development was curtailed. Beyond
its immediate scientific interest, this experience demonstrated that the
signaling properties of insulin are modifiable, thereby foreshadowing
the goals of next-generation analog design (below).

Mitogenicities of rapid-acting insulin analogs in current clinical use are
similar to that of wild-type insulin. Based on surveys of mutations at or
near insulin’s dimer interface [3,38,147], these analogs exhibit receptor-
binding affinities indistinguishable from that of native human insulin and
are amenable to pharmaceutical formulation. First-generation products
insulin lispro (the active component of Humalog® and URLi®; Eli Lilly),
insulin aspart (Novolog® and Fiasp®; Novo Nordisk) and insulin gluli-
sine (Apidra®; Sanofi-Aventis) have proven safe and effective in multi-
injection regimens and in pump use [148—150]. These analog formu-
lations are nonetheless more susceptible to degradation above room
temperature than corresponding human insulin formulations [151].
Current efforts focus on optimization of formulations (including the active
excipients in URLi and Fiasp) to further accelerate SQ absorption [152—
154]. Ultra-rapid analog formulations promise to enhance the robust-
ness of feedback-based control algorithms in closed-loop systems
[155]. Because insulin assembly ordinarily protects the hormone from
degradation, these efforts encountered a tradeoff between more rapid
action and formulation stability.
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Crystal structures of insulin /ispro (contained paired substitutions
ProB?® — Lys and Lys®*® —Pro) and aspart (Pro®® — Asp) depicted
native-like hexamer assembly with variant dimer interfaces
(Figure 8A,C) [156,157]. Homogeneous hexamer assembly in each
case requires specific binding of phenol or related ligand meta-cresol,
classical antimicrobial agents. Unrelated to antimicrobial activity,
phenolic ligands bind within zinc insulin hexamers to trigger allosteric
reorganization: in this T— R transition, the R-state B chain forms an
extended B1—B19 a-helix (or frayed B3—B19 a-helix; Rf) [157]. The
crystal structure of insulin /ispro (Figure 8A) was determined as a T3Rf3
zinc hexamer containing three bound phenolic ligands, and aspart as
an Rg hexamer containing six bound ligands (Figure 8C). The crys-
tallographic T-state /ispro protomer is similar to the solution structure
of an isolated monomer (Figure 8B) [14,158,159]. Respective dimer
interfaces retain native-like anti-parallel B-sheets (residues B24—B28)
with only subtle structural distortions near the sites of substitution.
Initial challenges to the pharmaceutical formulation of insulins lispro
and aspart were posed by their increased susceptibility to degradation.
The dual roles of phenolic ligands, serving both as antimicrobial pre-
servatives and allosteric effectors of zinc hexamer assembly, proved
key to the development of stable pharmaceutical formulations
(Humalog and Novolog). The phenolic ligands rapidly diffuse upon SQ
injection (presumably on a millisecond time scale [15]), enabling rapid
hexamer disassembly and capillary absorption. Clinical development of
these first-generation analog formulations thus exploited the molecular
choreography of protein allostery, as first described in atomic detail by
Hodgkin and colleagues [55,67,160]. Crystal structures of these an-
alogs in turn illuminated the subtle role of a conserved proline (Pro5%)
at the native dimer interface [156].

Unlike Humalog and Novolog, Apidra® is a zinc-free formulation of an
analog that retains Pro®%: insulin glulisine (Asn®®—Lys and
Lys®?° - Glu). Net charge is decreased by one at neutral pH. Although
the analog can form zinc hexamers with native-like dimer interfaces
(Figure 8D) [161], its twin substitutions retard chemical and physical
degradation, making hexameric assembly (and hence the need for zinc
ions) unnecessary to achieve a stable pharmaceutical formulation. The
U-100—strength protein solution (0.6 mM, as in U-100 WT formula-
tions) contains an equilibrium mixture of zinc-free protein monomers
and dimers, each capable of rapid absorption. To our knowledge,
biophysical mechanisms by which paired substitutions LysB3 and
GIuB? delay fibrillation in the absence of zinc ions are not well char-
acterized. It is possible that electrostatic repulsion between distorted
monomers delays formation of amyloidogenic seeds and their exten-
sion in protofilaments.

To enable insulin delivery even faster than first-generation analog
products, an inhalable powdered form of insulin (Afrezza®) was
developed, offering ultra-rapid onset (12 min) and short duration (3 h)
[132]. Pulmonary delivery may be complicated by effects on lung
tissue and perturbed by intercurrent respiratory infections. Efforts to
obtain ultra-rapid PK parameters in an SQ analog formulation were
motivated by the advent of closed-loop systems—an insulin pump
controlled by an algorithm based on feedback from a CGM—as a
strategy to optimize time in range (TiR) [138,155,162]. A variety of
approaches have been considered (for review, see [163]). Absorption
of SQ analog formulations may be accelerated by “active excipients,”
small molecules that enhance either hexamer disassembly or local
blood flow [153]. Several reformulations of insulins aspart and lispro
have received regulatory approval: Fiasp® [164] and URLi® (in US) or
Lyumjev® (in Europe), respectively [165,166]. Clinical studies have
provided evidence that URLi is superior to Humalog with respect to
post-prandial glycemic control in patients with T2D [167] or T1D [168].

BCLIS® is an investigational ultra-rapid reformulation of /ispro con-
taining citrate and BC222, a novel oligomeric excipient [169] with PK
properties similar to Fiasp® [170]. Additional investigational strategies
to stabilize ultra-fast insulin formulations have focused on surfactants
and amphiphilic polymers to modify the monomer—air—liquid inter-
face to prevent fibrillation interfacial denaturation. Progress has been
made—for example, through high-throughput screening of synthetic
acrylamide-based host—guest copolymers [171,172].

4. NEXT-GENERATION INSULIN ANALOGS

Current frontiers of insulin analog design extend beyond pharmaco-
kinetics to consider broad categories of unmet medical needs. The
most immediate seeks molecular embodiment of a closed-loop sys-
tem, whereby the feedback provided by a CGM is instead provided by
features of the insulin analog or its macromolecular interactions. Such
glucose-responsive insulins (GRIs) thus define a major and long-
standing goal in molecular pharmacology (for recent reviews, see
[173—175]. Intrinsic (or unimolecular) GRIs envisage a modified hor-
mone whose bioavailability or activity is glucose-dependent [25]. Po-
tential technologies include sequestration of the insulin analog within a
glucose-dependent SQ depot or circulating inactive complex, released
under conditions of hyperglycemia. A wide variety of endogenous
macromolecules (such as those in interstitial spaces, endothelial cells
or components of blood) might in principle be exploitable as glucose-
responsive carrier proteins or cellular clearance systems [113]. The
following schemes exploit chemical or protein-based glucose sensing.
The simplest class of unimolecular GRIs contain chemical glucose
sensors, such as phenylboronic acid (PBA) [176—178]. Such schemes
may involve a polymer-based release system [173,174], an endoge-
nous carrier such as albumin or an endogenous lectin [179].
Diboronate-based glucose sensors have also been employed to confer
glucose-sensitive binding to albumin [180], in principle more selective
than PBA for glucose relative to other monosaccharides [181,182]. A
variety of endogenous carrier proteins (beyond albumin) offer prom-
ising technologies [113,183], including glucose transporter GLUT-1
[184—186]. In such schemes, insulin is linked to a glucose-
displaceable carrier-binding element. Although these mechanisms
are ordinarily reversible (with excursions in BGC), an interesting
elaboration involved irreversible glucose-dependent clearance: clinical
trials undertaken by Merck investigated a saccharide-modified insulin
whose baseline clearance by endogenous mannose receptors was
attenuated under hyperglycemic conditions [187]. Although partial GRI
activity was observed in animal models, efficacy was limited in human
subjects. The simplest unimolecular GRI would be self-contained and
so function without an endogenous or exogenous macromolecular
partner. This principle was recently illustrated through design of a
fructose-dependent insulin analogue [188] based on insulin’s native
hinge [189]. Opening and closing of this hinge under the control of a
monosaccharide is coupled to allosteric reorganization of the insulin
receptor [188] and hence transmembrane signalling [22].

A GRI-like therapeutic strategy has been proposed which circumvents
the need for a chemical glucose sensor. This approach exploits an
endogenous switch in hepatic physiology: insulin opposes glucagon
activity under hyperglycemic conditions, while hypoglycemia enhances
glucagon signaling, mitigating insulin’s otherwise inhibitory effect on
hepatic glucose output [190—192]. Cherrington and colleagues have
reported that concurrent injection of both hormones both provides
glycemic control and buffers hypoglycemia. Encouraging clinical re-
sults were presented at the 80th ADA meeting [193]. Related studies
by Novo Nordisk (using different insulin/glucagon ratios) provided
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evidence that such dual hormone therapy can not only mitigate risk of
hypoglycemia, but also insulin-induced weight gain [194,195].
Because such co-administration exploits a physiologic switch in the
liver, the need for chemical glucose sensors or a glucose-dependent
carrier (or clearance system) is circumvented.

Organ-specific insulins. Mouse models exhibiting organ-specific
knockout of the insulin receptor (/R) or its substrates (/RS genes)
have delineated respective physiological contributions of organ-
specific insulin signaling [196—198]. These data have deepened
long-standing concerns regarding peripheral administration of insulin
versus pancreatic secretion into portal circulation [199]. Hep-
atoselective insulin analogs have long been sought to mimic physio-
logical first-pass hepatic metabolism to overcome relative “under-
insulinization” of the liver with suboptimal suppression of hepatic
gluconeogenesis and relative “over-insulinization” of peripheral tis-
sues; these imbalances in standard SQ insulin replacement therapy
may exacerbate insulin resistance and contribute to weight gain [199].
Partial hepatic targeting was achieved by peglispro (see above), to
which is ascribed its larger hydrodynamic radius: the PEG moiety
impaired access to peripheral capillaries, relative to the more expan-
sive sinusoids of the liver [200]. It is not known whether the hep-
atoselectivity of this analog is related to risk of hepatic injury as
unexpectedly observed in clinical trials.

Brain-selective insulin analogs would be of interest, as insulin can
regulate food intake [201,202] as a neuroendocrine hormone
[203,204]. Insulin-regulated pathways have been defined in the
amygdala and hypothalamus [205]. Proof of principle has been sug-
gested by studies of insulin detemir, as its SQ administration leads to
higher brain signaling relative to human insulin [206]. Although mo-
lecular mechanisms are not well understood, it is possible that the
acylated analog exhibits enhanced transport through the blood—brain
barrier. As a class, acylated analogs (Levemir® and Tresiba®) may
thus reduce food intake and mitigate weight gain relative to non-
acetylated analogs, such as insulin glargine [207]. Binding to albu-
min (the most abundant protein in the cerebral spinal fluid) may pro-
mote CNS activity, including therapeutic benefits in Alzheimer’s
disease [99,208]. Because progressive weight gain and cognitive
impairment are of overarching concern (particularly in T2D),
augmented insulin signaling in the brain would be of broad interest.
Given that the IR glycoform mass in the brain differs from that in
peripheral tissues [209], specific receptor targeting may be obtained
unrelated to albumin binding [210].

Insulin signaling in adipose tissue underlies lipid storage and con-
tributes to overall glucose homeostasis [198]. Targeting the adipocyte,
seemingly a paradoxical goal in relation to lipotoxicity and insulin
resistance, is nonetheless of investigational interest in relation to novel
adipokines [211]. In mice, for example, palmitoleic acid inhibits lipo-
genesis and increases insulin sensitivity in liver and skeletal muscle
[212]. Branched esters of hydroxylated fatty acids can also elicit anti-
beneficial effects on glucose tolerance [213]. A putative adipocyte-
selective insulin analog might also suppress synthesis and secretion
of sphingolipid C16:0 ceramide, a mediator of insulin resistance [214]
as affected by CerS6-specific antisense oligonucleotides [215].
Biased signaling. Biased signaling (or “biased agonism”) differentially
modulates a receptor’s various signaling outputs. Such bias (due to
subtle conformational differences among receptor—ligand complexes)
has been shown in studies of G-protein—coupled receptors (GPCRs)
[216], including the B-adrenergic receptor [217,218], opioid receptor
[219] and chemokine receptor CXCR3 [220]. Biased activation of the
insulin receptor was envisioned by Brown and Goldstein as a
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mechanism to mitigate selective hepatic insulin resistance in the
pathogenesis of hepatic steatosis [221—223]. A hallmark of T2D is the
impairment of insulin signaling mediating glycemic control while
excess signaling continues to drive lipid biosynthesis [224] and
mitogenicity [225]. A liver-targeted biased agonist of the insulin re-
ceptor could therefore be transformational. The plausibility of such
analogs has been suggested by phosphoproteomic analysis of insulin
signaling [226,227]. Receptor-targeted phage display peptides, for
example, bind at or near insulin’s native receptor-binding sites but
stimulate a distinct pattern of signaling outputs [228—230]. Yeast
display technology may enable this approach to generalize to libraries
of insulin variants [231—233] as demonstrated by Chou and col-
leagues [234]. The concept of biased agonism may also be exploited to
reduce the baseline mitogenicity of insulin, of interest in relation to
epidemiological relationships between T2D and several common
cancers [235—237]. Mitogenic signaling by insulin analogs has
therefore been intensively investigated [238—240]. Insight has been
obtained from comparative studies of insulin-like growth factors (IGF-I
and IGF-1l) [241]. Insulin analogs differ in their extent of cross-binding
to the mitogenic Type 1 IGF receptor (IGF-1R) and relative affinities for
the two splicing isoforms of the insulin receptor (IR-A and IR-B).

5. CO-ADMINISTRATION OF INSULIN WITH OTHER HORMONES

Concurrent or co-administration of insulin with other peptide hormones
may be of therapeutic benefit to enhance long-term glycemic control
while reducing risk of hypoglycemia or weight gain. An example is
provided by combination therapy with insulin and a glucagon-like
peptide-1 receptor agonist (GLP-1RA) in T2D [242,243]. FDA-
approved titratable fixed-ratio combinations formulate a basal insulin
with a short-acting GLP-1RA [244—246]. Concurrent therapy with long-
acting GLP-1RAs (recently reviewed [103]) suggest therapeutic advan-
tages over short-acting GLP-1RAs [247]. Once-a-week basal insulin
analog formulations presently in development (see above) promise to
enable synchronous co-administration or various fixed-ratio combina-
tions with once-a-week GLP-1RAs. Combination of insulin analogs with
other hormones are also of interest. In T1D, for example, co-
administration with pramlintide (an amylin analog), recapitulating
endogenous B-cell co-secretion, promises to mitigate weight gain and
hypoglycemic risk via increased satiety, delayed gastric emptying and
inhibition of glucagon secretion [248,249]. Although co-administration of
pramlintide is complicated by the incompatibility of its formulation with
insulin, an investigational dual-hormone pump has been shown to in-
crease TiR and reduce hypoglycemic events [250]. A novel co-
formulation of insulin and pramlintide has also been described [172].
Co-injection of insulin and glucagon is discussed above as an approach
to mitigating hypoglycemic risk without the need for engineered glucose
sensing.

6. CONCLUDING REMARKS

The centennial of insulin’s discovery in Toronto and concurrent 50th
anniversary of its high-resolution crystal structure’s determination in
Oxford [6,7] and in Beijing [8—10] provide an opportunity to celebrate a
remarkable history of synergy between basic science and clinical
translation. Banting’s medical background (as a surgeon at the
Western front in World War I) motivated near-immediate use of the
initial insulin solutions in patients moribund in accordance with the
natural history of untreated T1D [1]. Development of insulin formula-
tions preceded and encouraged the establishment of foundational
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principles of protein science, including molecular mechanisms of self-
assembly, crystallization, degradation and fibrillation [3]. In each of
these subjects, studies of insulin aimed to define paradigms of sub-
sequent general application [2]. It is remarkable the extent to which
empirical advances in formulation chemistry anticipated, in some
cases by decades, their structural elucidation and mechanistic un-
derstanding. Celebrated examples include zinc-mediated self-as-
sembly, phenol-stabilized microcrystallization and the electrostatics of
protamine—insulin complexes [35,66,85]). This history combines
careful experimentation with serendipity, beginning in the years
immediately after the landmark events in Toronto in 1921—1922
[259]. The phenomenology of the rhombohedral transition among zinc-
insulin crystals in the 1950s ultimately led to high-resolution charac-
terization of the allosteric TR transition as a model for the long-range
transmission of conformational change in protein assemblies [56].
Such transmission, extended in recent years to the hormone—receptor
complex [18—21], underlies the mechanism of insulin signaling (for
review, see [22] in this issue).

Near-term therapeutic goals envision a transition from rapid-acting
analog formulations to ultra-rapid [152,164—166], and from “peak-
less” once-a-day basal formulations to ultra-basal with once-a-week
dosing [106,251]. Next-generation insulins seek to transcend phar-
macokinetics (however significant) in four directions. First, “smart”
insulin analogs or molecular systems promise to enhance glycemic
control by reducing the risk of hypoglycemia and the need for
stringent patient self-monitoring [252]. Second, ultra-stable insulin
products promise to circumvent the complex and costly cold chain of
insulin transport, storage and use in underdeveloped regions of the
world—a key barrier given the growing pandemic of diabetes
[253,254]. Third, organ-selective insulin analogs (such as to the liver
or brain) may address unintended side consequences of insulin
replacement therapy [255,256]. Finally, systems-level dissection of
branching post-receptor insulin signaling pathways may enable the
design of biased agonists to favor balanced homeostatic regulation.
Combinations of these molecular technologies with other hormones
(such as GLP-1 receptor agonists and amylin analogs) may vyield
therapeutic synergies. Prospects for continued innovation in insulin’s
second century are bright.
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