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Abstract

The engineering of insulin analogs represents a triumph of structure-based protein design. A
framework has been provided by structures of insulin hexamers. Containing a zinc-coordinated
trimer of dimers, such structures represent a storage form of the active insulin monomer. Initial
studies focused on destabilization of subunit interfaces. Because disassembly facilitates capillary
absorption, such targeted destabilization enabled development of rapid-acting insulin analogs.
Converse efforts were undertaken to stabilize the insulin hexamer and promote higher-order self-
assembly within the subcutaneous depot toward the goal of enhanced basal glycemic control with
reduced risk of hypoglycemia. Current products either operate through isoelectric precipitation
(insulin glargine, the active component of Lantus®; Sanofi-Aventis) or employ an albumin-
binding acyl tether (insulin detemir, the active component of Levemir®; Novo-Nordisk). To
further improve pharmacokinetic properties, modified approaches are presently under
investigation. Novel strategies have recently been proposed based on subcutaneous
supramolecular assembly coupled to (a) large-scale allosteric reorganization of the insulin
hexamer (the TR transition), (b) pH-dependent binding of zinc ions to engineered His-X3-His sites
at hexamer surfaces, or (c) the long-range vision of glucose-responsive polymers for regulated
hormone release. Such designs share with wild-type insulin and current insulin products a
susceptibility to degradation above room temperature, and so their delivery, storage, and use
require the infrastructure of an affluent society. Given the global dimensions of the therapeutic
supply chain, we envisage that concurrent engineering of ultra-stable protein analog formulations
would benefit underprivileged patients in the developing world.
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Insulin and analogs

The crystal structure of the zinc insulin hexamer was a landmark in the history of structural
biology (Fig. 1).12 Elucidated by Hodgkin and colleagues in 1969, this structure provided
the first depiction of a protein homo-oligomer and continues to this day to provide a
framework for analysis of multiple biological issues, including the biosynthesis and storage
of insulin in pancreatic p-cells. Indeed, despite the small size of the insulin monomer (51
amino acids), the zinc hexamer exhibits key features of globular proteins in general: well-
defined elements of secondary structure, their tertiary organization about a hydrophobic
core, formation of specific interfaces for self-assembly, and intrinsic capacity for long-range
conformational change.3 The crystal structure of insulin has also motivated efforts to
optimize its molecular properties for use in the treatment of diabetes mellitus.4>
Modification of the insulin molecule to modulate its pharmacokinetic and pharmacodynamic
properties thus represents a pioneering triumph of rational protein design.®’ Products in
current clinical use are summarized in Table 1; these fall into two classes, rapid-acting
analog formulations intended for bolus injection before meals (1A) and basal analog
formulations intended for once-a-day injection (Table 1B). Because their pharmacokinetic
properties remain suboptimal, however, as highlighted by the 2011 strategic planning
document of the National Institute of Diabetes Digestive and Kidney Diseases® and the 2011
Meeting Report of the American Diabetes Association®, modified approaches are presently
under investigation.

The overarching therapeutic objective of insulin products, singly or in combination, is to
recapitulate the physiologic pattern of insulin secretion by pancreatic p-cells in the course of
metabolic homeostasis. The importance of tight glycemic control in Type 1 diabetes mellitus
was shown by the landmark DCCT20 and its long-term follow-up in the Epidemiology of
Diabetes Interventions & Complications Study.1! In long-established Type 2 diabetes
mellitus, however, the safety of aggressive glycemic protocols in has been called into
question by the recent Action to Control Cardiovascular Risk in Diabetes Study.12:13
Depending on individual metabolic and clinical features'#, the United Kingdom Prospective
Diabetes Study!® and ACCORD subgroup analysis nonetheless support the appropriateness
of moderate glycemic targets with avoidance of hypoglycemic episodes.18 To achieve these
clinical objectives, rapid- and basal insulin analogs have been designed based on classical
crystal structures® and general physico-chemical principles.1” In this review, we seek to
relate therapeutic objectives to the physical chemistry of insulin and general principles of
protein design.

Prandial insulin analogs

The design of insulin analogs has long provided a “molecular laboratory” for the
development and application of general principles of protein folding and assembly. Such
principles were first applied to the goal of accelerating hexamer disassembly.18.19 These
efforts were based on the premise that more rapid disassembly in the subcutaneous depot
would facilitate capillary absorption of zinc-free insulin monomers and dimers.620 Diverse
amino-acid substitutions at subunit interfaces were characterized that weakened or prevented
the formation of dimers and hexamers. Whereas mutational disruption of structure generally
represents a straightforward task, a specific subset of such substitutions was sought based on
three functional criteria: compatibility with high-affinity binding to the insulin receptor,
retention of native biological activity in vivo, and amenability to stable pharmaceutical
formulation. There are three such rapid-acting analogs in current use (Table 1B); in
chronological order of clinical introduction, these are insulin lispro (the active component of
Humalog®; Eli Lilly),2L insulin aspart (Novolog®; Novo-Nordisk),22:23 and insulin glulisine
(Apidra®; Sanofi-Aventis).2425 These products have been proven safe and effective in
multi-injection regimens’+26 and for use in continuous subcutaneous infusion devices
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(insulin pumps).2” The diversity of molecular changes conferring more rapid insulin
absorption reflects the multiple ways that the elegantly crafted structure of the wild-type
insulin hexamer may be rendered less stable with maintenance of biological activity.
Although current rapid-acting insulin analog products have met the threshold criteria for
chemical and physical stability as set by the United States Food & Drug Administration
(FDA), these formulations are in general more susceptible to physical and chemical
degradation above room temperature than are comparable wild-type formulations.

X-ray crystallographic studies of insulin lispro and aspart?8-2% have provided insight into
their respective mechanisms of rapid action and led to a deeper insight into the structural
determinants of classical dimerization.23 Hexamer assembly in each case required the
binding of phenol or the related ligand meta-cresol, commonly employed in pharmaceutical
formulations for their anti-microbial properties. Such ligands were previously found to
induce a large-scale allosteric reorganization of the zinc insulin hexamer (Figure 2)
designated the TR transition.3? Thus we see three families of structures: Tg (the original
Hodgkin structure of 1969),1:2 T3R5 (which was first observed under high-salt
conditions)31, and Rg (Which contains six bound ligands per hexamer).32 Whereas the T-
state protomer resembles the solution structure of an insulin monomer in solution,33-35 in
the R-state protomer the B-chain undergoes a change in secondary structure to form an
elongated B1-B19 a-helix; an isolated R-like conformation has not to date been observed.
Comparison of these structures provided a pioneering model for the transmission of
conformational change in protein assembly.3:32:36 The crystal structure of insulin lispro was
determined as a T3R5 zinc hexamer containing three bound phenolic ligands (Fig. 3A),28
whereas the structure of insulin aspart was determined as an Rg hexamer containing six
bound ligands (Fig. 3B).2° Comparison of their dimer contacts demonstrated retention of
native-like anti-parallel B-sheets (residues B24-B28), with only subtle structural distortions
near the sites of substitution (Fig. 3C and 3D).

The dual role of phenolic ligands as anti-microbial preservatives and allosteric effectors was
central to the stable pharmaceutical formulation of insulins lispro and aspart. Although
kinetic 1H-NMR studies have demonstrated that ligand dissociation occurs on the
millisecond time scale,37 the TR transition stabilizes zinc binding38 and profoundly retards
rates of subunit exchange between hexamers.39 On subcutaneous injection, the ligands are
presumed to diffuse from the depot and partition into cellular membranes. The unliganded
hexamers then rapidly disassembly to permit absorption into capillaries.8-20 How the
mechanisms of assembly and disassembly of the insulin analog hexamers differ from those
of wild-type insulin is not well understood. Although wild-type insulin forms monodisperse
solutions of zinc hexamers in the presence or absence of phenolic ligands, ligand binding is
required for monodisperse hexamer assembly of the analogs. Because the binding sites are
distant from the amino-acid substitutions at positions B28 and/or B29, it is not known
whether structural communication occurs between these sites or whether such ligand-
dependent assembly reflects a purely formal thermodynamic linkage. While inter-strand
hydrogen bonds in the Rg aspart hexamer are similar to those of wild-type insulin in the
same crystal form (Fig. 3D and Table 2),2° G. D. Smith and colleagues have emphasized
that the inter-strand hydrogen bonds in the T3Rf; lispro hexamer are in part distorted (Fig.
3C; bold and underlined values in Table 2) and so might contribute to accelerated
disassembly.28 Because subsequent spectroscopic studies have suggested that the actual
structure of insulin lispro in a formulation is Rg and not T3R5 (based on d-d optical
transitions in corresponding cobalt models),%C it is possible that the T3R5 crystal structure
represents an intermediate state of the subcutaneous depot on partial dissociation of the
bound phenolic ligands.
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Although the original ideas underlying the design of insulin aspart emphasized the role of
electrostatic repulsion at the dimer interface!8, further mutagenesis studies highlighted the
key role played by the absence of ProB28 and so by implication its cryptic contribution to the
wild-type interface.19 Proline is conserved at this position among vertebrate insulins but had
not previously been the focus of attention, in part because des-tripeptide[B28—B30]-insulin,
des-tetrapeptide[B27-B30]-insulin, and des-pentapeptide[B26—B30]-insulin-amide each
exhibit native activity.341:42 Comparison of the crystal structures of insulins lispro and
aspart with wild-type insulin in corresponding crystal forms demonstrated a local distortion
of the dimer interface associated with the absence of ProB28: the wild-type pyrrolidine ring
contacts GlyB23 in the opposite B-turn (Fig. 4A and 4B). Thus informed by the structures of
the analogs, this perspective highlighted for the first time the importance of the same contact
in the classical Tg hexamer (Fig. 4C). This sequence of events exemplifies the power of
mutagenesis to enhance the structural annotation of a wild-type structure even after decades
of high-resolution study.

Advances in “smart” insulin pumps — closed-loop systems in which control of the pump is
controlled by an algorithm based on feedback from a continuous glucose monitor43:44 —
have highlighted the need for insulin analogs even faster than current products (Table
1A).8:9.4546 A \wide variety of approaches are under investigation, including heating pads at
the site of injection to increase local blood flow,*”:48 co-injection of the enzyme
hyaluronidase to break down connective tissue at the site of injection,*? fabrication of
micro-needle patches,® needle-free jet injection,®! and additives to current formulations that
enhance rates of disassembly.52:53 The diversity of these approaches highlights the
perception of clinical need.8 We anticipate that further structural analysis of insulin and its
determinants of stability will also provide guidance for future design of ultra-fast analogs
synergistic with existing approaches to accelerating insulin absorption from the
subcutaneous depot.>#25 However, because insulin assembly ordinarily protects the
hormone from degradation, a tradeoff may be encountered between structural strategies for
rapid action and the stability requirements of regulatory agencies.

Basal insulin analogs

A complementary therapeutic objective in the treatment of diabetes mellitus is defined by
the pharmacokinetics of a basal insulin analog formulation.>® Whereas fast-acting analogs
are essential for the management of Type 1 diabetes mellitus and key to the operation of
insulin pumps,*3-45 basal insulin analogs enhance glycemic control in multi-injection
regimens®’ and are of overarching importance in Type 2 diabetes mellitus.®® In Type 2
patients controllable by either prandial or basal analogs alone, basal regimens are preferred
to their simplicity and reduced risk of weight gain.>® Although the global need for such
products may exceed that of rapid-acting formulations (given the emerging pandemic of the
metabolic syndrome and Type 2 diabetes mellitus), the converse goal of targeted
stabilization of the insulin hexamer poses a more subtle challenge to the protein
engineer.5%0 Indeed, evolutionary optimization of the insulin hexamer and its exquisitely
crafted self-assembly surfaces (well conserved among mammalian insulins3) renders
inapparent possible structural routes to further improvement. Although pioneering efforts in
this direction were proposed by Dodson and colleagues,3> current products have
circumvented the need for detailed molecular analysis. Insulin glargine exploits a
phenomenon that is robust to the details of molecular structure: isoelectric precipitation, a
reversible transition to insolubility that classically occurs between pH 5 and 6 under which
conditions wild-type insulin exhibits little or no net charge.62:62 Insulin glargine contains a
two-residue basic extension of the B-chain (ArgB3! and ArgB32) whose positive charges
result in a shift in the isoelectric point to neutrality. Injection of an unbuffered pH 4
formulation results in precipitation within the subcutaneous depot and hence protracted
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absorption.®3 The di-arginyl extension is disordered and in part removed by endogenous
exopeptidases. Lantus is the most widely-used long-acting insulin currently on the market.54
Related analogs containing additional basic residues N-terminal to GlyA1 have also been
described but are not in clinical use.%® Insulin detemir contains a prosthetic fatty acyl group
on LysB29, intended to mediate binding to serum albumin and hence provide a circulating
depot.56 Although this mechanism is active, the tethered moiety serendipitously also
enhances the stability of hexamers of the modified insulin.6” Levemir is often administered
twice a day as its duration of action is less prolonged than that of Lantus Thus, non-standard
modification of the insulin molecule in principle provides an opportunity to exploit chemical
tactics beyond those made possible by the 20 naturally occurring amino acids — and so
complement the structural strategies implicitly optimized by evolution.

Next-generation insulin analogs

A next-generation basal insulin analog, designated insulin degludec, is under clinical
investigation by Novo-Nordisk and a network of academic collaborators.58-71 Formulated as
neutral pH solution containing a dimer of zinc hexamers linked by a novel acyl
modification, this analog undergoes multi-hexamer assembly in the subcutaneous depot and
thereby achieves protracted action. The name “degludec” refers to three chemical features:
“de”, the absence of ThrB30 (j.e., des-B30), “glu”, side-chain addition of a glutamic acid
residue via a non-standard peptide bond between its 8-carboxylate function and the e-mino
group of LysB2°, and “dec”, referring to a dicarboxylic acid (HOOC-(CH,),-COOH) in turn
linked to the a-amino group of attached Glu. In this analog 7= 14, corresponding to thapsic
acid. Whereas insulin glargine contains two additional positive charges at neutral pH
(ArgB3l and ArgB32; see above) and is insoluble, the net formal charge of insulin degludec
differs from wild-type insulin by -2 (loss of the positive charge of LysB2° and gain of one
negative charge from the peptide-linked thapsic acid), enabling its formulation as a clear
solution at pH 7.4.

Higher-order assembly of insulin degludec is associated with a change in zinc hexamer
conformation triggered by release of the bound phenolic preservative. Remarkably,
supramolecular assembly is thus coupled to the rhombohedral TR transition as described
above (Fig. 2).31:32 The transition among Tg, T3R3, and Rg zinc hexamers is notable for
displacements in the relative positions of atoms as large as 30 A. Beyond its academic
interest as a model of conformational change36, its application to the pharmacology of
insulin degludec appears central. Whereas the vial or pen contains the Rg hexamer form,
which is advantageous for stability and resistance to degradation, the depot presumably
contains acyl-bridged stacks of Tg insulin hexamers, yielding linear polymers (Fig. 5). The
modification also permits albumin binding in the bloodstream as achieved by insulin
detemir. Because the pharmacokinetic profile of insulin degludec exceeds 24 hours, once-a-
day dosing may provide a flatter pharmacodynamic profile and reduced risk of
hypoglycemia relative to first-generation products.5%-71 Acylated insulin analogs conferring
protracted action have also been disclosed in patents awarded to the Lilly Research
Laboratories.%5:72-75 Although the physical state of proteins in a subcutaneous depot is not
amenable to atomic-level characterization, the precise molecular architectures bridged by the
acyl modification of insulin degludec may be extrapolated from analysis of crystal contacts.
To the extent that such structural features were unanticipated, the favorable pharmacokinetic
properties of this next-generation analog represent a combination of rational design and
molecular serendipity.

The mechanism of protracted action of insulin degludec elegantly exploits the
conformational repertoire of insulin hexamers. Although this repertoire (with its unusual
thermodynamic linkage to the binding of phenolic ligands) is a particular feature of
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mammalian insulins, the mechanism nonetheless provides a model for the potential role of
supramolecular chemistry in nanobiotechnology. Although nano-scale engineering efforts to
date have employed simpler models, increased fidelity may likewise be achieved by taking
advantage of the high degree of specificity conferred by complementary surfaces; a diversity
of potential products may be selectively obtained by exploiting appropriate molecular
compatibilities and combinations.”®77 This perspective focuses attention on the structure
and organization of a subcutaneous insulin depot as a biomaterial in its own right.

Zinc-mediated assembly

Whereas the mechanism of insulin degludec is mediated by a complex prosthetic
modification of the insulin molecule, an independent approach to the supramolecular “depot
engineering” exploits design features of proteins that are ubiquitous in nature. Biological
assemblies often contain hybrid inorganic-organic structures as mediated by the
coordination of metal ions, especially divalent cations such as Ca2* and Zn%* (Fig. 6B).
Examples range from association of the S100A12 protein into oligomers’8 and construction
of long cadherin-repeat chains to assembly of viral capsids (Fig. 6D).”® An example of
clinical relevance is seen in the “zinc zipper” adhesion of stapfiylococcal biofilms; this zinc-
mediated form of supramolecular assembly contributes to resistance in hospital bacterial
strains.’8:80-82 gych metal-ion-coordinated supramolecular assembly offers the important
advantage that the ligand can act as a switch to alter the oligomeric state of a peptide or
protein, thus permitting biological control through regulation of ion concentrations. This
mechanism also provides a potential tool for nano-scale engineering.

A straightforward method for introducing novel zinc-binding sites into proteins83 is by
recapitulation of zinc finger motifs.84 Zinc fingers are ancient and highly conserved zinc-
binding moieties that coordinate the Zn2* with a combination of cysteine and histidine
residues. Such binding is sensitive to pH as the cysteines function as thiolates and the
imidizole ring must be unprotonated. The first zinc finger domain to be identified contained
two cysteines (CXj 4C, where X, 4 represents intervening two or four residues) and two
histidines (HX3 4H), together defining a C,H, motif. The peptide backbone of a zinc finger
consists of a small B-hairpin domain followed by an a-helix held in place by the encaged
zinc ion (Fig. 7).84:85 Zinc fingers play a significant role in eukaryotic protein-nucleic acid
interactions. The binding of individual zinc ions is associated with an increased rate of
protein folding and in some cases dimerization.8! Zinc fingers typically form tandem arrays;
in protein-DNA complexes successive fingers recognize particular DNA subsites.86 The
widespread occurrence of zinc finger genes in eukaryotic genomes is likely a consequence
of the high structural stability of the zinc-finger domains as a combinatorial platform for
sequence-specific DNA and RNA recognition.

The physico-chemical principles of designed metal-ion-binding sites®3 may be applied to
insulin: a portion of the classical zinc finger motif was introduced by substituting histidine
residues at positions (i, i + 4) on the surface of an A chain a-helix. This scheme employed
the paired substitutions GluA4—His and ThrA8—His. In hexamers of this disubstituted
insulin, three insulin molecules have the engineered partial zinc-binding sites facing up
while three have them facing down. The half binding sites on the top face of one hexamer
align with the half sites on the bottom face of the next hexamer to recapitulate the full zinc
finger motifs; the tetrahedral coordination site may be completed by a chloride ion. One
Zn2*ion can fit into each of the three zinc-binding moieties at the hexamer-hexamer
interface, where the cation can stabilize hexamer-hexamer interactions and thus promote
supramolecular assembly. Substitutions GluA4—His and ThrA8—His thus maintain
insulin’s tertiary structure. The introduced HX3H element hinders neither binding of the
analog to the insulin receptor nor native self-assembly into a zinc-insulin hexamer (Fig. 8).
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Zinc-stapled insulin carries several potential therapeutic advantages. As in insulin glargine,
substitution by basic amino acids (in this case histidine) raises the isoelectric point; the pl is
further raised by removal of the negative charge of GluA4. Therefore, this novel
disubstituted insulin can be freely formulated as a monomer at pH 4, where protonation of
the A4 and A8 histidines also prevents coordination with either axial or bridging zinc ions.
At neutral pH, however, the insulin loses its net charge and deprotonation of the imidazole
rings unshields zinc-binding sites. The protein thus associates into zinc-coordinated
hexamers and then zinc-stapled polymers of hexamers, promoting precipitation of stable
supramolecules upon injection into the subcutaneous compartment. The crystalline deposit
formed can then act as a stable and ultra-long acting insulin reservoir. The extended
pharmacokinetics of this formulation has been demonstrated in preliminary studies in
rodents. With fine-tuning, it is expected that the pharmacokinetics of zinc-stapled insulin
will closely match the constant basal level of insulin in non-diabetic human beings. Whether
this aggroach will make possible equivalent or superior glycemic control awaits clinical
trials.

Like insulin degludec, a feature of this novel insulin analog of potential importance in
relation to insulin glargine is its more stringent receptor specificity. One of the principle
public health concerns regarding insulin glargine is its sixfold-increased affinity relative to
human insulin for the mitogenic IGF-1R. /n vitro studies on human cells have found an
almost eightfold increase in mitogenic potential.87-89 Follow-up studies in diabetic patients
found that those using insulin glargine at high doses or for many years appeared to have
increased rates of breast, colon, prostate, pancreas, and lung cancers%:91 Although the
association between use and insulin glargine and risk of cancer is controversial®2-24 (in part
due to the statistical methods employed in the original analysis)?, the A4, A8 di-substituted
insulin may address this potential concern because it discriminates 30-fold more than insulin
glargine between the IR and IGF-1R. Thus, this novel insulin may both prolong action and
(to the extent that effects of insulin analogs on carcinogenesis may be validated or
invalidated)®1:96 enhance patient safety.’8 Additional population-based studies of cancer
prevalence in long-term users of insulin products (ideally prospective and randomized) will
be required to address the issue of carcinogenicity and its potential relationship to /n vitro
properties of insulin analogs.

Supramolecular protein engineering

The molecular lessons provided by the engineering of insulin analogs promise to illuminate
broader principles. An overview of this field provides a general context. There are two
principal approaches for creating nanoscale technology. The first, design of an assembly
from the fop-down, involves the synthesis and organization of nanoscopic products using
large-scale technology, as exemplified by the manufacturing of computer chips. Top-down
design typically employs explicit rules and criteria for optimization. By contrast, bottom-up
assembly reflects the intrinsic tendency of some materials to amalgamate via complex and
yet well-organized molecular mechanisms for self-recognition. Physico-chemical
interactions that mediate molecular recognition at complementary surfaces include hydrogen
bonding, donor-acceptor interactions, van der Waals forces, and the hydrophobic effect (Fig.
6A). Bottom-up assembly of supramolecular structures in principle offers distinct
advantages over traditional top-down approaches, including heightened nano-scale control
and fidelity. Complex chemical surfaces can be regarded as building blocks to organize
hierarchical assembly, ideally in predictable ways.

Zinc stapling promises to provide a general approach to the rational design of protein
deposits as a therapeutic nanobiotechnology.®’ Engineered zinc binding sites that promote
supramolecular assembly may thus have a wide-ranging impact in protein therapeutics. A
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rapidly expanding field in medicine, protein therapeutics includes more than 130 FDA-
approved polypeptides or proteins targeted for treatment of cancer, infertility, hemophilia,
and various metabolic disorders in addition to diabetes. Protein therapeutic formulations,
however, must generally be delivered subcutaneously and face many challenges both in the
supply chain and in delivery. Several key impediments to improving protein therapeutics are
denaturing, temperature-dependent deamidation, agglomeration and amyloid formation,
enzymatic digestion, and poor pharmacokinetics. Zinc staple motifs may provide a
solution to some of these problems by stabilizing the protein. Additional research will be
needed to investigate the pharmacokinetic properties of zinc-stapled insulin formulations in
human subjects and the application of this nanobiotechnology to other protein therapeutics.

Nature is rich with biological systems that employ bottom-up self-assembly with exquisite
precision. The cell’s ability to regulate polymerization and depolymerization of cytoskeletal
microfilaments and microtubules, for example, underlies cell motility and mitosis (Fig. 6C).
The growing database of biological structures and their nanoscale organization within the
cell and extracellular matrix provides a catalog of what may in principle be achieved
through bottom-up protein engineering. The principles of supramolecular chemistry extend
beyond peptides and proteins to other classes of polymers and heteropolymers. A long-
standing vision for the treatment of diabetes mellitus has been the notion of a “smart insulin
depot” from which the hormone would be released when and only when blood glucose
concentration is high, thus mitigating the risk of hypoglycemia.?%190 As in an algorithm-
controlled closed-loop pump system, an ideal glucose-responsive depot would provide
regulated insulin release as a function of extent of hyperglycemia and so mimic the function
of pancreatic p-cells as mediated by glucokinase-coupled measurement of the ambient tissue
glucose concentration.191 The pioneering embodiment of this idea consisted of an
oligoglycoslyated insulin bound to the lectin Concanavalin A.99:100 Competition between
free glucose and bound insulin adducts resulted in displacement of the hormone. A related
mechanism employed a polymer containing Concanavalin A bound to dextran molecules;
binding of exogenous glucose molecules to the dextran induce a ge/-so/transition that in
turn enabled the encapsulated insulin to diffuse out.192 A pH-sensitive hydrogel has also
been described whose volume decreases at higher glucose concentrations: glucose oxidase
incorporated into the matrix thereupon oxidizes the entering glucose to gluconic acid,
lowering the pH of the gel and in turn causing its pH-sensitive polymers to contract and
expel its contents.103 Although to our knowledge none of these possibilities has entered
clinical trials, “smart” glucose-responsive insulin/polymer reservoirs in principle define a
new frontier of supramolecular chemistry in human therapeutics.

Concluding remarks

The discovery of insulin in 1922 was a transformational event in the development of
molecular medicine and its broad public support.14 The pioneering efforts of the late D. C.
Hodgkin to decipher the atomic-level structure of insulin and its conformational repertoire
extended over six decades and engaged an international network of laboratories,3 notably
including research teams in the People’s Republic of China during its years of isolation from
the West.105.108 Gijven this long history, it seems remarkable that this small globular protein
continues to inspire molecular innovation, motivated by clinical urgency. Unmet needs in
the pharmacology of insulin relate directly to risks faced by patients with diabetes mellitus.
Short-term risks reflect daily steering between treatment-related hypoglycemia (with its
neurocognitive and adrenergic symptoms), on the one hand, and hyperglycemic excursions
on the other. In addition to acute metabolic decompensation (diabetic ketoacidosis in Type 1
diabetes mellitus and hyperosmolar coma in Type 2), hyperglycemic excursions are
associated with omnipresent long-term risks of microvascular, macrovascular, and
neurologic complications. Next-generation insulin analogs in affluent societies seek to
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enhance the convenience and safety by which patients can navigate their daily lives to
achieve metabolic control. The design and development of ultra-rapid insulin analog
formulations and ultra-flat basal insulin analog formulations promise to enable patients to
mimic with greater precision endogenous mechanisms of hormonal regulation. The cost-
effectiveness of such technologies, a general issue of increasing societal concerni07-109 ij|
require population-based analysis of relative impact on rates of complications leading to
expensive interventions and long-term disability.110

Principles of protein dynamics and stability will come to the fore in yet another dimension
of the diabetes challenge: the emerging pandemic of diabetes mellitus in the developing
world.111 The insulin analogs discussed in this review, including those under investigation,
were designed to meet standards of stability appropriate in the develgped world. Whereas
for patients in affluent societies thermal degradation of insulin and insulin analogs is
uncommon, the majority of patients in the coming decades will be living in underprivileged
regions of the developing world. In such regions intertwined scientific, technical, and
societal challenges are posed by the cold chain of insulin delivery, storage, and use in the
absence of refrigeration or a reliable electrical grid.112-114 Given this humanitarian need and
its growing scale, we anticipate that third-generation insulin analogs must combine ultra-
stability with optimized pharmacokinetic properties. Such efforts are likely to require the
present understanding of the native state of insulin to be extended to non-native states,
including metastable partial folds and amyloid.>® Because the susceptibility of insulin
analogs to chemical and physical degradation correlates with their propensity to undergo
conformational fluctuations,15 structural studies of the rugged landscape of protein folding
and misfolding, a foundational topic in biophysics, thus promise to define a new frontier of
translational research with application to global health. At this frontier design of insulin
analogs — and their self-organization within a subcutaneous depot — will require the
integration of biochemical principles with the emergent perspective of nanotechnology. We
anticipate that such molecular technologies will enable patients in both the developed and
developing to navigate with ever-increasing safety between the Scy//a of hyperglycemia and
Charybadus of hypoglycemic episodes.
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Figure 1.

Wild-type insulin hexamer. The A chain (residues A1-A21) is shown in black and the B
chain in b/ue (residues B1-B6) or green (residues B7—B30). Two axial zinc ions (purple,
overlaid at center) are coordinated by six histidine side chains (residue B10; white). The
structure shown is the Rg hexamer form characteristic of a pharmaceutical formulation!16;
coordinates were obtained from Protein Databank entry 1EV3.
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Figure2.

Exploiting the TR transition in supramolecular protein engineering. (A) Schematic
representation of the three types of zinc insulin hexamers, designated Tg, T3R'3, and Rg.
Residues B1-B8 exhibit a change in secondary structure as shown in black. T-state
protomers are otherwise shown in red, and R-state protomers in b/ue. (B) Corresponding
ribbon representation of wild-type crystal structures. Axial zinc ions are shown in b/ue-gray.
Coordinates were obtained from Protein Databank entries 4INS, 1TRZ, and 1ZNJ,
respectively. This figure is reprinted by Wan and colleagues 117 with permission of the
authors.
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(N)

insulin lispro insulin aspart

Figure 3.

Structure of prandial insulin analogs. (A) Ribbon model of insulin /ispro (the active
component of Humalog®) as a phenol-stabilized T3Rf; zinc hexamer (PDB entry 1LPH).
The A- and B-chains of T-state protomers are shown in light and dark red, respectively; the
A- and B-chains of R-state protomers are show in light and dark blue, respectively. Axial
zinc ions are shown as purple spheres. (B) Corresponding model of insulin aspart (the active
component of Novolog®) as a phenol-stabilized Rg zinc hexamer (AspB28-insulin; PDB
entry 1ZEG). The A- and B-chains of R-state protomers are shown in light and dark blue,
respectively. (C and D) Expanded region of dimer contacts in prandial insulin analogs
versus wild-type insulin: dimer-related B-sheet (residues B24-B28) and inter-strand
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hydrogen bonds (dotted lines). (C) Insulin /ispro versus wild-type T3R'; zinc hexamer (PDB
entry 1TRZ). The A- and B-chains of wild-type insulin are shown in light and dark gray,
respectively; the color code is otherwise as in panel A. T-state of /ispro are shown in light
and dark red, and R state in light and dark blue. (D) Insulin aspart versus wild-type T3R5
zinc hexamer (PDB entry 1ZNJ). The wild-type shading is as in panel C, and color scheme
as in panel B. In panels C and D the variant and wild-type structures were aligned according
to the main-chain atoms of residues B3-B28 and A3-A20. Hydrogen-bond lengths and
angles are given in Table 2.
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Figure4.

Molecular details of B28-related dimer contact. (A) Stereo models of wild-type insulin and
insulin /ispro (in corresponding T3Rf3 hexamers): enlargement of the interface between the
C-terminal residues of one B-chain (B28-B30) and the B20-B23 B-turn of the dimer-related
B-chain. The wild-type B-chain is shown in dark gray; residues belonging to the T- or Rf-
state protomers of insulin /ispro are shown in red or blue, respectively. (B) Corresponding
alignment of wild-type insulin and insulin aspart (in corresponding Rg hexamers). The
coloring scheme is as in panel A. (C) Corresponding interface in classical wild-type Tg
hexamer (PDB entry 4INS). The site of closest contact between the dimer-related B-chains
at this site are shown in Corey-Pauling-Koltun (CPK) representation; respective residues

Ann N'Y Acad Sci. Author manuscript; available in PMC 2012 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Berenson et al.

Page 20
belong to the A- and B-chains are otherwise shown as /ightand dark gray sticks. The side

chain of PheB24 (which anchors the B-turn to the central B-chain a-helix) is also shown. The
proteins were in each case aligned as in Figure 2.
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Figure5.

Exploiting the TR transition in supramolecular protein engineering: schematic representation
of the mechanism of insulin degludec. Lef?, Insulin degludec is formulated at neutral pH as
dimers of phenol- (or meta-cresol) stabilized Rg zinc insulin hexamers (b/ug). The acyl
modification of LysB29 is shown in schematic form as a black bar (in principle 6 per
hexamer); for simplicity only two are shown. Right, On subcutaneous injection, diffusion of
the phenolic ligand into cellular membranes triggers the R —T transition, leading in turn to
linear polymerization of Tg zinc hexamers (red). Classical hexamer reorganization is thus
coupled to a change in mode of hexamer-hexamer assembly mediated in part by the B29-
linked acyl group. Panels A and B are reprinted by Wan and colleagues 117 with permission
of the authors.
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Figure6.

Supramolecular assembly. (A) Schematic representation of supramolecular assembly of
monomers, each containing complementary surfaces. Such assembly is often exploited in
biology to form diverse architectures, including multi-layered ropes (as in the collagen of
ligaments and tendons), hollow tubes (as in microtubules), and cages (as in viral assembly).
(B) Ligand-linked mechanism of supramolecular assembly. One possible realization of this
strategy is provided by metal ions. Each monomer (b/ug) presents half of a metal-ion
binding site; successive coordination by metal ions (purple) mediates polymerization. (C)
Assembly of a microtubule from tubulin monomers (this panel was kindly provided by Dr.
Danton H. O’Day, Professor of Cell and Systems Biology, University of Toronto
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Mississauga, Ontario, Canada.) (D) Southern bean mosaic virus. Presence of divalent cations
directs the swelling from /eftto right (this panel was kindly provided by Dr. Donald L.
Caspar, Professor Emeritus of Biological Sciences, Florida State University, Tallahassee
FL).
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(N)

Figure7.

Classical zinc-finger motif. The peptide backbone is shown in black (N-terminal B-hairpin
and central loop) or blue (C-terminal a-helix); the encaged zinc ion is shown in magenta.
The interior Zn2* coordination site of the CoH, motif comprises the thiolate groups of two
cysteine side chains (green) and imidazole rings of two histidine side chains (red). The
structure shown is domain 2 of Zif268;8° coordinates were obtained from Protein Databank
entry 1ZAA.
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Figure8.

Zinc-stapled insulin analogs. (A) Schematic model showing successive stacking of insulin
hexamers (gray cylinders) bridged by layers of zinc ions (purple spheres). Upper and lower
surfaces of insulin analog hexamer present three a-helix-related HX3H half-coordination
sites; each site recapitulates the C-terminal half of the classical zinc finger (see Fig. 3). (B)
Ribbon model of variant insulin monomer showing designed HX3H sites (red) at residue
positions A4 (left) and A8 (right) in the N-terminal A-chain a-helix. The A chain is
otherwise shown in black, and the B chain in green. (C) Crystal structure of variant Rg
insulin hexamer. The three novel interfacial zinc ions are shown in magenta whereas the two
classical axial zinc ions (coordinated by HisB10; p/ack) are shown in purple (overlaid in
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center). The color code is otherwise as in Figure 1 with the A chain in black and B chain in
blue (residues B1-B6) or green (residues B7-B30). In the crystal lattice successive insulin
hexamers are stacked as in panel A with intervening layers of zinc ions.”® Coordinates were
obtained from Protein Databank entry 3KQ®6.
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Table 1
Current Insulin Analogs and Modes of Action?
Analog Modification M echanism
A
Lispro (Humalog®) | ProB%— Lys IGF-I-related motif impairs dimerization
Eli Lilly and Co. LysB28— Pro
Aspart (NovoLog®) | ProB28— Asp charge repulsion at dimmer interface
Novo-Nordisk
Glulisine (Apidra®) | AsnB3 — Lys Decreased zinc-free self-association
Sanofi-Aventis LysB% — Glu
B
Glargine (Lantus®) ArgB31-ArgB32 tag Shift in pl to pH 7 leads to isoelectric precipitation on injection
Sanofi-Aventis AspA21 — Gly
Detemir (Levemir®) | modification of LysB29 by a tethered fatty acid | stabilization of hexamer and binding to serum albumin
Novo-Nordisk

a . - . . - . . . . . -
Panel A lists basal insulin analogs with protracted action whereas B describes rapid-acting analogs employed in prandial regimens and in insulin
pumps.
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