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Abstract 

Since its discovery by Banting and Best, the administration of exogenous insulin to control 
blood glucose levels has been a primary method of treatment for severe cases of diabetes 
mellitus. Several decades of insulin engineering and development has led to the clinical 
introduction of two broadly classified categories of protein therapies: prandial and basal insulins. 
Although these developments have had profound effects on disease management with respect 
to insulin-dependent diabetes, the overall strategy for development has historically been restricted 
to rational design criteria based on static pharmacodynamic profiles, profiles that are inherently 
na"ive to physiological changes in the diabetic patient. As a result, stringent patient-dependent 
regimens are the standard of care with regard to glycemic monitoring and management. When 
coupled with issues such as patient noncompliance, severe hypoglycemia, as well as the adverse 
health effects that result from chronic mismanagement of hyperglycemia, it is obvious that there 
are still major hurdles that must be overcome to properly treat the disease. 

Herein, we introduce innovative strategies aimed towards the advancement of novel 
insulin bioconjugate design and development for enhanced long-term efficacy and glucose
responsive activity. First, we develop a class of unimolecular, glucose-responsive insulin 
conjugates towards the design of a state-responsive, patient-dependent therapy. Optimization of 
this system resulted in the identification of a lead candidate, lns-PL-4FPBA, capable of (1) 
glucose-mediated changes in solubility for long-term sequestration and intelligent depot 
formation, (2) superior safety in comparison to clinically used long-acting insulins, and (3) glucose
responsive pharmacokinetic and pharmacodynamic activity in both healthy and diabetic animal 
models. 

Next, we pioneer the first design and synthesis strategy of a novel class of sugar
responsive insulin conjugates, with the ultimate goal of developing an insulin bioconjugate 
capable of sugar-mediated receptor binding interactions. In this effort, we created dynamically 
cyclized insulin conjugates that were found to exhibit enhanced chemical stability and superior 
thermal stability relative to the native protein, as well as sugar-mediated destabilization, 
suggesting the potential to exploit the insulin receptor binding mechanism. 

Lastly, we focus on improving basal activity of the insulin protein by utilizing a novel class 
of zwitterionic insulin polymer conjugates towards the generation of ultra long-acting insulin 
therapies. The resulting library is demonstrated to afford equivalent biological potency relative to 
native human insulin, augmented thermal and chemical stability capable of withstanding thermal 
aggregation for over 80 days, as well as ultra long-acting basal insulin potential. 

Thesis Supervisor: Daniel G. Anderson 
Title: Samuel A. Goldblith Associate Professor 
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Chapter 1: Background and Significance

Portions of the work presented in this chapter were published as:

N. A. Bakh, A. B. Cortinas, M. A. Weiss, R. S. Langer, D. G. Anderson, Z. Gu, S. Dutta, M. S. Strano,
Glucose-responsive insulin by molecular and physical design, Nat. Chem. 9, 937-943 (2017).
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1.1 Motivation and Current Challenges in Insulin-Based Therapy

Since its discovery by Banting and Best in 1922, the administration of exogenous

insulin to control blood glucose levels has been a primary method of treatment for severe

cases of diabetes mellitus.1- 3 Diabetes mellitus in all its forms is a global epidemic

affecting over 400 million individuals worldwide, with that number projected to grow to

more than 600 million by 2045.4 The majority of globally prevalent cases of diabetes can

be segmented into two main categories: Type I and Type I diabetes. Although the

pathology of Type I and Type II diabetes is fundamentally different and very complicated,

with Type I characterized by the severe destruction of all insulin-producing P cells in the

pancreas, and Type Il characterized by a resistance to the insulin naturally administered

in the body, both often necessitate chronic insulin therapy to manage glycemic

fluctuations experienced throughout the day. Despite the series of advancements over

the past several decades aimed at improving insulin's relatively low therapeutic index,

including the commercial introduction of a number of excipients for increased protein

stability and performance, as well as a number of engineered insulin therapies,

euglycemic control that autonomously mimics the healthy pancreas remains a challenging

objective for both current and envisioned diabetes technologies.5 8 Engineering efforts

have historically focused on modifying the primary structure of the native insulin protein

to provide more precisely-tuned pharmacodynamics, the results of which have largely

resulted in the clinical introduction of two, broadly classified categories of protein

therapies: prandial and basal insulins. Prandial insulin therapies, which primarily serve to

rapidly offset spikes in blood sugar, utilize several different principles aimed at reducing

the tendency of insulin monomers to self-associate into dimers and hexamers. These
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mechanisms include exploiting charge repulsion (insulin aspart), decreasing interfacial

hydrophobicity, removing the metal-ion binding site, interfering with hydrophobic contacts

and P-sheet formation (insulin lispro), as well as steric hindrance. 9 Conversely, basal

insulin therapies, which serve as a long-acting source of insulin supply, utilize strategies

for enhancing protraction. These mechanisms include alteration of the isoelectric point

(insulin glargine), acylation with hydrophobic residues that undergo albumin binding

(insulin detemir, insulin lithocholic acid conjugates), or the strengthening of protein

hexameric, or multi-hexameric, association (Co(1)-insulin hexamer, perfluoroalkyl chain

insulin, insulin degludec). 10- 15 More recently, efforts have aimed at diversifying rational

design principles to better address some of the challenges of current insulin therapies,

such as resolving the disproportionate bolus exposure of administered insulin to

peripheral versus hepatic tissues through engineering tissue-specific binding to the liver

(Insulin-A, Insulin-B, Insulin-327), as well as increased thermal and chemical stability for

long-term storage, administration, and efficacy (single-chain insulin). 16- 18 Although

considerable developments have been made with regard to tuning the selectivity and

pharmacodynamics of insulin, the vast majority of these engineering endeavors have

continued to focus on rational design criteria based on static pharmacodynamic profiles

that are inherently naive to physiological changes in the diabetic patient.

The goal of this Thesis is to introduce innovative strategies for the design, synthesis,

and development of novel unimolecular insulin constructs capable of enhanced basal

activity as well as glucose responsive efficacy. The concept of a glucose responsive

insulin (GRI) has been a recent objective of diabetes technology, with the major feature

of the GRI being its ability to modulate its potency, concentration, or dosing relative to a
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patient's dynamic glucose concentration, thereby approximating aspects of a normally

functioning pancreas. The prospect of a GRI, capable of dynamic, patient-dependent

activity, remains both a grand challenge and a long-standing goal of diabetes care and

possesses immense promise in improving the management of diabetes mellitus.

However, a number of challenges must be addressed and overcome before GRI

technology can become a realizable therapy that can achieve effective, widespread

clinical application, some of which will be discussed in the following sections.

1.1.1 Learning from Nature: Biomimetic GRI Formulations

The concept of mimicking natural systems in engineering design is not new.

However, the GRI as a dynamic therapeutic is meant to plug into an obviously dynamic,

complex biochemical signaling network. In this case, the target to imitate is the secretion

of insulin from pancreatic #-cells. To this end, many existing GRI concepts center around

the loading and controlled release of native insulin triggered by hyperglycemic conditions

from a host matrix. Historically, this has involved two basic types. In one, glucose binds

and directly triggers a change in insulin release through some morphology change, such

as swelling, shrinking or disruption. Enabling materials for this include concanavalin A

(ConA; a glucose-binding protein originally extracted from the jack-bean) or

phenylboronic acid (PBA)-incorporated materials. 19 The first glucose-responsive insulin

delivery system was developed in 197920, where an elevated glucose level led to

competitive binding of free glucose with binding sites of the ConA-polysaccharide matrix,

causing the dissociation of the complex and subsequent release of encapsulated sugar-

conjugated insulin. The challenge of translating ConA-mediated GRI formulation mainly

involves the host immunological responses to non-native ConA. 21 PBA is known for its
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ability to form complexes with polyol molecules such as glucose.19,22 Typically, hydrogels

made from copolymers with a hydrophilic backbone and PBA pendants can exhibit

reversible volume changes in response to changing glucose levels, leading to the

triggered release of insulin. One challenge is that the pKa of PBA (8-9) is considerably

higher than that of the physiological pH. PBA with electron-withdrawing moieties are

therefore used to activate morphology change under a neutral pH. 23 Despite this, few

studies have been demonstrated in vivo utilizing formulations integrated with PBA.

The other type often associates with glucose oxidase (GOx)-based enzymatic

reaction:

Glucose + 02 + H2 0 2 - > Gluconic Acid + H2 0 (1)

With a progressively activated manner, a hyperglycemic state promotes the decrease of

local pH level 24 ,25 , which subsequently induces swelling, shrinking, degradation or

dissociation of pH-sensitive matrices, leading to enhanced insulin release.2 -2 8 For

example, the acidic environment can enhance the solubility of lysine-modified insulin,24

trigger the collapsing or swelling of hydrogels crosslinked by polymers that can be readily

protonated 25 ,28-31, or dissociate nanoparticles assembled from pH-sensitive materials 27.

However, it remains a challenge to lower the physiological pH to levels that trigger

morphology transition within a short period of time in vivo, especially in a buffered

physiological environment. How to achieve fast response in vivo, with pharmacokinetic

profiles similar to that of the normal pancreatic A-cells, has therefore become a central

question for engineering GRI formulations.1 9 A rational design includes further

development of ultra acid-sensitive materials as well as exploration of new response

mechanisms, which could effectively improve response speed. For example, a hypoxia-
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sensitive vesicle-based GRI delivery strategy has recently been exploited, leveraging the

hypoxic condition generated during the enzymatic reaction.32 Inspired by the

responsiveness of natural vesicles (or granules) inside -cells, such synthetic vesicles

loaded with insulin can rapidly dissociate upon hyperglycemicia, compared to pH-

activated vesicles. This formulation is also compatible with loading into a microneedle-

array patch for painless administration.

In addition to increasing the rate of response, another important design criterion

for improving the performance of current GRI formulations includes engineering the

reliability of the response. To date, the glucose-responsive and repeatable pulsatile

release profiles of synthetic formulations have yet to be reliably demonstrated in vivo,

either due to irreversible disruption of formulations or depletion of insulin. A biomimetic

design, learning from the 1-cell GRI secretion system would facilitate improvement. In

healthy individuals, the rate of insulin release through 1-cells varies over a range of at

least two orders of magnitude and is prompted in two release phases by relatively small

changes in blood glucose concentration (4-8 mM) 3 3 . The mechanism involves metabolic

coupling actions associated with insulin granule vesicles. Furthermore, the potential for

inducing hypoglycemia as a result of unexpected release of a large amount of insulin

remains a critical issue. Co-delivery of glucagon as a safeguard in a bio-responsive

manner could potentially offer a solution. However, identifying an appropriate biomarker

trigger for achieving controlled release of glucagon remains elusive in addition to

glucagon's extreme instability. Finally, for formulations consisting of new materials, how

to optimize biocompatibility without systemic and long-term toxicity is always a concern.

These all require further tailoring material design and exploring innovations in discovering
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response mechanisms. Importantly, to expedite translation of GRI systems, appropriate

animal models integrated with the continuous glucose monitoring systems (CGMSs)

should be thoroughly tested to obtain detailed dynamic glucose-responsive information

for guiding optimization and clinic translation.

1.1.2 Molecular Modeling as a Tool for GRI Design

Recent work has introduced the concept of GRI molecular design and evaluation

utilizing the mathematical framework of the state machine in an effort to develop in silico

methods for identification of potential GRI constructs. 34 ,35 A state machine is an entity

capable of basic computation, and there exists a rich, mathematical framework within

which to analyze their workings.36 Treating the design and synthesis of a GRI as a state

machine allows one to leverage the advances in computation and simulation of the human

endocrine system that have come about as a part of the Artificial Pancreas effort. 3 7- 1

Reducing a GRI to a state machine allows a mathematical representation to be developed

which encompasses a number of critical parameters to GRI synthesis. These state

machines can then be interfaced with physiological compartmental models of glucose and

insulin metabolism to investigate the effect of varying GRI parameters on blood glucose

levels. Through exploring this parameter space, a goal for optimal GRI parameters could

be developed for several different GRI types, which can help guide in the synthesis of

such insulins.

A physiological compartment model of glucose and insulin metabolism developed

by Sorensen 42 and further refined by Bisker et al. 43 divides the body into various well

mixed compartments such as the brain, heart and lungs, liver, kidney, gut, adipose, and

muscle tissue. Solutes circulate through the capillary volumes and are free to diffuse to
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the interstitial volumes. The equations for a generic compartment with capillary and

interstitial volumes are as follows:

v|dk =Q (CH -CC)- &(kC -Ckl)r lC+y ,+v~j>GR(2

VV d jk = k C, -Ck, -)r, +rm,,, +VsrG s (3)
kk

where V, C, and Q stand for the volume, concentration and flowrate of each compartment,

respectively. The superscript s stands for the type of solute, the subscript k denotes the

compartment, and the subscripts c and i denote capillary or interstitial space respectively.

T is the transcapillary diffusion time, r is the reaction rate and the subscripts u and p are

the uptake and production, respectively, of the solute. rGRI is the rate of reaction for the

GRI and vs is the stoichiometric ratio for each solute. Despite the novel approach,

significant theoretical and experimental work needs to be conducted in order to validate

and specialize the aforementioned, generalized equations to be specifically applicable to

a GRI candidate in the various in vivo environments utilized by experimentalists in

preclinical development as well as in the clinic. For example, the Sorensen model has

several limitations. The parameters in the model are based on a healthy 70 kg male,

which makes it difficult to account for patient variability.42 Additionally, the model also has

difficulty capturing metabolic abnormalities, such as insulin resistance, which can occur

in some patients.42 Finally, the model cannot be extended to animals, such as rodents,

where GRIs are tested experimentally, making it difficult to predict current GRI

experimental data. Alternatively, the framework of utilizing the GRI as a state machine

can potentially be applied to other GRI approaches, such as those relying on polymeric
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release mechanisms to aid in the synthesis of a new generation of therapeutics. 27,28 ,44-46

However, the molecular modeling required to describe such polymer based GRIs is

significantly more complicated than the simple chemical reaction presented above for a

freely circulating GRI and more work needs to be done on that front. Nonetheless, by

overlaying pharmacokinetic models with mathematical GRI constructs, future research

efforts may be able to stimulate and accelerate progress in this field by using rational

targets to replace the current, broadly empirical approaches to GRI development that

resort immediately to time-consuming and costly iterative chemical synthesis as well as

extensive animal testing.

1.2 Insulin Molecules with Engineered Glucose Recognition

Recent efforts have attempted to incorporate the dynamic functionalities of a

"synthetic" pancreas within a single protein or protein complex, although this has proven

to be challenging by many metrics.47 In regard to carbohydrate recognition moieties,

certain classes of proteins have garnered much consideration in the context of integration

into multi-component, glucose-responsive systems. Those of note in addition to ConA

and GOx include other glucose-converting enzymes such as glucodehydrogenase and

hexokinases.48 Although a major advantage of these reporter proteins lies in the

selectivity and specificity offered with respect to glucose, due to the presence of

multivalent binding architectures, a major disadvantage in the context of synthesizing

glucose-responsive properties within a single peptide is the size and complexity of such

proteins. Additionally, the fact that there are currently no clinically available, intelligent,

materials-based release systems for diabetes therapy, despite almost half-a-century of
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intense research, can be a reminder of the overwhelming hurdles, both engineering and

regulatory, that have yet to be overcome.49 Conversely, the number of examples

demonstrating proof-of-principle, unimolecular, insulin-based protein systems attempting

abiotic functionality is surprisingly scarce. 8,47,50 Nevertheless, the potential for such a

unimolecular GRI, possessing patient-dependent pharmacodynamics as opposed to the

currently observed static profiles, possesses paradigm-shifting implications in the realm

of diabetes therapies.

1.2.1 Boronic Acids as a Synthetic Alternative for Glucose Recognition

An attractive alternative for the carbohydrate binding motif for unimolecular GRI

design can potentially utilize synthetic, small molecule boronic acids for sugar

recognition.1' 2 Boronic acids are Lewis acids which have been shown to form fast,

reversible covalent bonds to cis-1 ,2 or cis-1,3 diols such as glucose, and offer a diverse

framework from which to incorporate carbohydrate recognition while potentially offering a

minimal change to overall size and tertiary structure.22 ,53 -5 Despite the fact that selectivity

of boronic acids is significantly lower than its protein counterparts, several examples exist

demonstrating the successful utilization of aryl boronic acids possessing carbohydrate-

specific binding affinities in physiologically relevant ranges (2-30mM), although an

accurate efficacious range of concentrations in the context of GRIs still remains

ambiguous due to the abundance of non-glucose carbohydrates existing in both healthy

and diabetic individuals as well as mechanism-dependent kinetics.4 8,5 - 2

1.2.2 Practical Limitations for Scalable GRI Production

In the context of GRI synthesis, production of insulin and its analogues is largely

dominated by recombinant DNA (rDNA) protein expression at the commercial scale,
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providing unprecedented quantities of the diabetic therapy primarily through utilization of

either yeast or bacteria as the biomanufacturing unit.6 3,6 4 Despite the advancements in

rDNA technology, severe shortcomings present themselves from the perspective of GRI

synthesis mainly through the accessibility of unnatural diversity in design, including the

incorporation of non-native amino acids, synthetic probes, or pharmacological agents.65

Total synthesis has attempted to improve this, with the current state-of-the-art

approaching yields of 25%.66,67 Unfortunately, the majority of total synthesis schemes

involve harsh oxidation conditions during protein folding, which could prove deleterious

to redox-sensitive reagents such as boronic acids.67 -6 9 Although some developments

have aimed at ameliorating these issues, further improvements are necessary in order to

realize the full opportunity of GRI synthesis capabilities beyond the academic setting, and

will ultimately have to compete with rDNA biosynthesis in order to ascertain a viable,

commercial product. 70-72,66,73,74

1.2.3 Recent Advances in GRI Development

Despite the relatively low number of unimolecular GRI's present in the literature to-

date, compared to the highly active area of polymeric or multi-component release systems

that has occurred since the late 1970s, the examples that do exist possess enormous

potential in providing an initial framework through which to evaluate and further expand

design criteria for future constructs.8 ,50 Pioneering studies involving bioconjugation of

boronic acid to the insulin protein first demonstrated the resulting conjugate's ability to

bind to glucose in vitro, albeit under supraphysiological conditions using a model

polymeric system (Figure 1. 1a) and in vivo validation yet to be demonstrated. 75 Further

work expanding on insulin bioconjugates utilized boronate- gluconate motifs for multi-
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Figure 1. 1 Glucose responsive Insulin constructs and mechanisms-of-action. (a) Representation of
insulin bioconjugates demonstrating various designs of boronic acid-based motifs for glucose-responsive
engineering (X = electron-withdrawing groups; R represents the conjugation site to the insulin protein); (b)
Depiction of the various methods of protraction envisioned from the described glucose-responsive insulin
constructs from literature, ranging from (Strategy A) glucose-responsive monomeric insulin and its various
possible interactions with the in vivo environment, from glycoproteins present in the subcutaneous tissue
to serum-binding proteins found in the blood stream, to (Strategy B) glucose-responsive supramolecular
complexation of insulin for long-term, carbohydrate-dependent protraction.

hexamerization and revealed the formation of high molecular weight self-assemblies

capable of dose-dependent disassembly in the presence of carbohydrates in vitro,

although under special formulation and non-physiologically relevant conditions (Figure 1.

1 b). 76 Recently, the first demonstration of glycemic control in a biologically relevant

diabetic mouse model was observed for aliphatic PBA-insulin bioconjugates, capable of

glucose-responsive bioavailability that mimics the functionality of a healthy pancreas

under glycemic challenge when compared to native insulin and a clinically-used basal
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insulin (Figure 1. Ic).77 These efforts have inspired and guided innovation aimed towards

creating an abiotic, pancreas-mimicking insulin. It is envisioned that future generations

continue these engineering efforts in creating design strategies aimed at glucose-

mediated bioavailability (i.e. protraction of either the monomeric or complexed state),

potency (i.e. leveraging receptor-binding interactions in a carbohydrate-dependent

manner), or any combination of the aforementioned designs to engineer the perfect

insulin with respect to specificity, stability, reliability, and dynamic response.

1.2.4 Summary and Perspective

Overall, this section intends to (1) underline the existing paradigm in glycemic

management for treating insulin-dependent diabetes, as well as (2) highlight both the

obstacles and the recent progress of emerging concepts and novel approaches currently

spurring innovation in the field of glucose responsive insulin technology. Although the

concept of a unimolecular glucose-responsive insulin has been a recent objective of

diabetes technology, significant progress has been made over the past several years,

with momentum continuously growing. The molecular embodiments designed and

developed thus far have made large strides in progressing the field; however, despite the

significant progress, there are still numerous hurdles yet to be overcome, both

engineering and regulatory. This point is further supported and emphasized by the fact

that there are currently no clinical examples of glucose-responsive insulin technology

available today despite active research and development since the 1970s. Coupled with

the resources (e.g. infrastructure and capital) that would be necessary to drive the

development of a glucose-responsive insulin from preclinical development through

regulatory approval, as well as the immense competition faced by the many incumbent
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organizations (e.g. Sanofi, Novo Nordisk, Eli Lilly) currently developing and

commercializing non-glucose-responsive insulin therapies, the prospect of achieving the

designation and status of the "first" glucose-responsive insulin therapy to reach patients

is daunting.

Despite these obstacles, and many more, it is important to re-iterate the paradigm

shifting implications that a glucose-responsive insulin possesses, as well as the need for

its continuous improvement to advance the technology towards a clinically viable therapy.

The prospect of a state-responsive therapy in the diabetes space has immense, positive

potential for all stakeholders. It is envisioned that the use of a truly glucose-responsive

insulin therapy has the potential to improve the lives of insulin-dependent diabetics

around the world. Such a therapy could improve patient compliance and disease

management through successful targeting and achievement of glycemic goals due to its

state-responsive nature, as well as significantly decrease the direct and indirect costs

(both financial- and health-based) that results due to improper management of severe

hypoglycemia and chronic hyperglycemia. Ultimately, glucose-responsive insulin

technology possesses the potential to revolutionize and replace current standards-of-care

in insulin-treatment for diabetics around the world, and further development of the

technology is paramount towards its success and global relief of the disease.

1.3 Thesis Overview

In summary, the work presented in this Thesis aims to advance the field of glucose-

responsive insulin therapies towards the development of an autonomous glycemic

treatment for insulin-dependent diabetes. Notably, our efforts have focused on the
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innovative design, synthesis, and characterization of novel molecular embodiments for a

unimolecular insulin technology capable of enhanced basal and glucose-responsive

activity. Ultimately, our goal is to elucidate new strategies for the chemical modification

and engineering of the native insulin protein. These strategies aim to synergistically

incorporate aspects of organic, inorganic, and analytical chemistry, as well as molecular

biology and pharmacology, to integrate functional aspects of the healthy pancreas onto

the insulin protein in order to create a one-size-fits-all insulin therapy. To that effect, the

Thesis is divided into the following sections:

In Chapter 2, we utilize a rational screen-based design strategy to synthesize and

develop a novel class of unimolecular glucose-responsive insulin conjugates. The

resulting library of GRI candidates afforded several unique conjugates, each capable of

varying degrees of glucose-responsivity to the diabetic environment. Theoretically, every

synthesized candidate was afforded varying degrees of glucose-responsivity, and

therefore the potential to be pursued as an independent GRI therapeutic candidate.

However, further optimization of the library system led to the identification of one lead

GRI candidate, Ins-PL-4FPBA, capable of several desired properties envisioned to be

necessary for a clinically translatable GRI: glucose-mediated solubility, safety, and

activity. The rational-screen-based strategy we conceived here, which led to the

identification and optimization of the synergistic properties afforded for Ins-PL-4FPBA, is

envisioned to potentially accelerate preclinical development of future GRI candidates

towards the generation of a long-term, state-responsive insulin therapy.

In Chapter 3, we pioneer the first design and synthesis strategy for a novel class of

sugar-responsive insulin conjugates, with the ultimate goal of developing a state-
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responsive therapy capable of sugar-mediated receptor binding interactions. Unlike

previous iterations of GRI technologies, boronic acid motifs were incorporated with polyol

sugar analogues independently and in parallel to the same insulin protein in a site-

selective manner. In this effort, we created dynamically cyclized insulin bioconjugates

found to exhibit enhanced chemical stability (> 50%) and superior thermal stability (>

100%) relative to the native protein. Remarkably, when introduced to the sugar sorbitol,

reversion in chemical stability was observed, suggesting the reversible nature of the

boronic acid-polyol interactions and the implications it has, due to the functional similarity

in the mechanisms involved with insulin denaturation and insulin receptor activation,

towards developing a GRI capable of sugar-mediated receptor binding interactions. When

assessed in vitro, it was found that the library of conjugates demonstrated varying

degrees of native potency retention; whereas, in an in vivo diabetic mouse model,

glucose-correcting efficacy was determined to be completely retained for select

conjugates, regardless of in vitro activity.

In Chapter 4, we focus on improving basal activity of the insulin protein by utilizing

a novel class of zwitterionic insulin polymer conjugates towards the generation of ultra

long-acting insulin therapies. The resulting library is demonstrated to afford equivalent

biological potency relative to native human insulin, augmented thermal and chemical

stability capable of withstanding thermal aggregation for over 80 days, as well as ultra

long-acting basal insulin potential. Interestingly, one candidate in particular, Ins-PC,

demonstrates the capability of enhanced protraction and in vivo activity comparable to a

pegylated insulin, inspired by ultra long-acting insulin peglispro. Overall, it is envisioned

that zwitterionic functionalization of insulin could provide a potentially improved
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therapeutic strategy for the development of ultra long-acting insulin therapeutics for

diabetes management.

In Chapter 5, we conclude the Thesis by summarizing its contents and by providing

a future outlook for the field of unimolecular glucose-responsive insulin therapy.
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Chapter 2: Unimolecular Glucose-Responsive Insulin Conjugates for

Glucose-Mediated solubility, Safety, and Efficacy

The work presented in this chapter is in preparation for publication:

A. B. Cortinas, L. S. Thapa, S. D. Truong, R. S. Langer, D. G. Anderson, Unimolecular glucose-responsive
insulin conjugates for glucose-mediated solubility, safety, and efficacy. In preparation.

28



2.1 Introduction

Diabetes mellitus is a devastating disease that has steadily risen in prevalence over

the decades, currently affecting more than 400 million individuals globally and with that

number projected to increase to more than 600 million by 2045.4 Diabetes is characterized

across all forms by the common phenotype of hyperglycemia, or elevated blood glucose

levels; however, severe cases of the disease force a subset of patients to self-monitor

their blood sugar and self-administer exogenous insulin multiple times a day in an attempt

to mimic aspects of the normally functioning pancreas.78 79 While the benefits of

maintaining tight glycemic control has been shown to decrease the risk of a myriad of

health complications, enormous hurdles such as poor patient compliance, as well as the

fact that intensification of insulin therapy regimens adversely increases the risk of severe

hypoglycemia, remain to be overcome. 3

Due to insulin's relatively low and narrow therapeutic index, efforts to engineer the

protein have largely focused on modifying its primary structure as a means of attempting

to tune more precise and predictable pharmacokinetic (PK) and pharmacodynamic (PD)

profiles. 9' 84 85 The outcome of such efforts have led to the introduction of two broad

categories of insulin analogues over the past two decades that currently serve as the

state-of-the-art for diabetes patients: prandial (fast-acting) and basal (long-acting)

insulins.'8 '63'86 Prandial insulins, such as insulin aspart (Novo Nordisk), insulin lispro (Eli

Lilly), and insulin glulisine (Sanofi), provide patients with fast-acting glucose-correcting

activity through the use of various protein dimer and hexamer destabilization

mechanisms, allowing for rapid absorption and activity.84 ,87 Basal insulins, such as insulin

glargine (Sanofi), insulin detemir (Novo Nordisk), and insulin degludec (Novo Nordisk),

29



offer prolonged release that allows for delayed absorption and extended activity based

on various protraction mechanisms that include enabling subcutaneous precipitation

through the alteration of the protein's isoelectric point, enabling serum-protein binding,

and enabling multi-hexamer complexation, respectively. 1 ,88-90 Taken in combination,

prandial and basal insulin therapies offer insulin-dependent diabetics a means of

approximating the release profiles of a functional pancreas. However, despite the

numerous improvements in overall glycemic management observed for patients as a

result of the administration of one or more of the aforementioned insulin analogues, better

therapies are still needed. 91 More specifically, efforts-to-date have aimed at ameliorating

specific clinical issues such as patient variability and the inherent risks of hypoglycemia

through focusing on rational design criteria that optimizes static PK and PD profiles. 14 16-

18,89,92,93 As a result, all the aforementioned insulins are unsusceptible to responding to

physiological changes in the patient. In consideration of these issues and complications,

coupled with the steady rise over the years in the number of diabetic patients requiring

insulin medication, the need for a unimolecular glucose-responsive insulin (GRI) therapy,

possessing the potential for state-responsive behavior as opposed to dose-responsive, is

more pressing than ever. 8,35 ,94

Large strides have been made with regard to progressing the design and development

of unimolecular glucose-responsive insulins under in vitro and in vivo settings, all of which

have demonstrated the potential impact of current constructs and the possibilities for

further expanding on their frameworks. 34,35 Reported iterations to-date have incorporated

inorganic boronic acids as the sugar-sensing moiety, in large part due to their relatively

low impact on overall molecular weight and insulin tertiary structure, the ability to
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reversibly bind to saccharides in the millimolar concentration range, as well as their

diverse structural framework from which to incorporate glucose recognition and

response.48 ,5 3 Early examples introduced the application of boronic acids, either alone or

in conjunction with a saccharide motif, to provide glucose-responsive insulin behavior and

release in vitro.75,76 And although these systems demonstrated the ability for polymeric

formulation and multi-hexamer assembly under simulated saccharide stimulation, the

afforded glucose-responsive mechanisms ultimately proved to be physiologically

irrelevant with in vivo validation yet to be determined. Most recently, boronic acids were

used in conjunction with an aliphatic hydrocarbon chain to afford long-lasting, glucose-

responsive activity in vivo, the results of which demonstrated glycemic control over a

therapeutically relevant range of doses and timescales compared to clinical standards.77

Although the direct mechanism of action was ultimately not verified, the construct

improved upon earlier iterations with regard to design and efficacy, and highlighted a very

important aspect necessary for the improvement of GRI constructs, safety. Moving

forward, rational design criteria that focuses on synergistically combining aspects of

potency, efficacy, glucose-responsive mechanism-of-action, as well as safety, must be

taken into consideration for the successful development of next-generation GRI

constructs.

Herein, we develop a class of unimolecular, glucose-responsive insulin conjugates

designed to afford glucose-dependent solubility, safety, and activity towards the

generation of a long-term, state-responsive insulin therapy. Design rationale utilized a

screen-based approach whereby a small library of phenylboronic acids were incorporated

into an isoelectric-point-shifting oligopeptide, inspired by insulin glargine, composed of an

31



oligo-lysine homopolymer. Optimization of this system afforded a smart depot construct

capable of both shifting the isoelectric point of insulin for subcutaneous precipitation while

also providing a means of re-solubilization under hyperglycemic concentrations of

glucose. Evaluation of the optimized lead candidate in a normoglycemic in vivo mouse

model revealed significant reduction in risk of hypoglycemia relative to clinically used

insulins, even under supraphysiological dose conditions, as well as demonstrated

dynamic, glucose-dependent PK bioavailability and safety. In a Type 1 diabetic mouse

model, the glucose-correcting activity of the lead candidate under physiologically relevant

doses was shown to withstand repeat glucose challenges over a 10.5-h period relative to

clinically used insulins, as well as revealed a response profile matching that of the healthy

pancreas. Taken together, the described strategy is envisioned to provide an innovative

framework for the development of enhanced, and potentially clinically-relevant, glucose-

responsive insulin constructs towards the application of autonomous glycemic

management for insulin-dependent diabetes.

2.2 Design and Characterization of the Insulin Core Unit

The unimolecular glucose-responsive insulin (GRI) design (Figure 2. 1) consists of

two main components. The first component is the Insulin-DBCO core molecule (Figure 2.

1a), which serves as the biologically-active protein scaffold intended for facile

incorporation into a copper-free click chemistry synthesis scheme. Utilizing N-

hydroxysuccinimide (NHS) coupling chemistry under basic conditions, a

dibenzocyclooctyne (DBCO) group bearing a short hydrocarbon linker was chemically

conjugated to the e-amine on the B29 lysine residue of the insulin protein, as previously
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Figure 2. 1 Design of the unimolecular glucose-responsive insulin construct. (a) Reaction of the
DBCO small molecule to the e-amine on the B29 lysine residue of native human insulin for site-preferential
conjugation and synthesis of the Insulin-DBCO core molecule. (b) Generalized structure of the isoelectric-
point-shifting, glucose-responsive oligopeptide unit. (c) Generalized structure of the unimolecular,
isoelectric-point-shifted, glucose-responsive insulin bioconjugate.

described.75 77 Purification and characterization of the Insulin-DBCO core molecule was

performed to validate site-selective mono conjugation to the B29 lysine residue (Figure

A. 1). In addition, clinical control insulin detemir was synthesized and characterized in a

similar manner, with myristic acid NHS ester used as the small molecule reagent, as

previously described (Figure A. 2).77
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2.3 Rational Design of the Glucose-Responsive Oligopeptide Construct

To develop the second component of the unimolecular GRI, the glucose-responsive

oligopeptide unit (Figure 2. 1 b), a rational screen-based approach was utilized whereby

phenylboronic acids (PBAs) were screened and selected for incorporation into an

oligopeptide scaffold. The oligopeptide scaffold was synthesized utilizing solid-phase

peptide synthesis (Figure A. 3) and is comprised of three distinct regions: (1) the copper-

free click chemistry handle; (2) the isoelectric-point-shifting region; and (3) the glucose-

responsive region. For facile incorporation into a copper-free click chemistry reaction

scheme, an azido group was incorporated into the N-terminus of the oligopeptide to serve

as the reactive handle for the Insulin-DBCO core molecule. The isoelectric-point-shifting

region, inspired by insulin glargine, is comprised of four lysine residues that increases the

net charge of the insulin protein, thereby raising the isoelectric point of human insulin from

5.4 to the more physiologically relevant 7.4, as previously demonstrated.1 ,24 For the

glucose-responsive region, rational screening of a small library of PBA small molecules

(Figure 2. 2a) was conducted both individually as well as after incorporation into the

oligopeptide unit (Figure 2. 2b). Inorganic boronic acids are Lewis acids that are known

to be capable of reversible covalent interactions with cis-1,2 or cis-1,3 diols (for example

glucose) and serve as an attractive option for biomolecular incorporation of inorganic

glucose-recognition.53 ,59 Additionally, there exists a rich body of literature describing the

augmentation effects on saccharide-sensing due to the presence of electron-withdrawing

substituents proximal to the boronic acid motif, (for example the primary amines present

on the lysine residues of the oligopeptide). 48,95- 97 The basis for choosing the selected

PBAs is based on their respective pKa values being close to physiological pH, which has
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Figure 2. 2 Characterization of phenylboronic acid constructs. (a) Structures of the phenylboronic acid
small molecules selected for their pKa values being close to a physiologically relevant pH; pKa (PBA) ~
7.8, pKa (FPBA) - 7.2, pKa (OHPBA) ~ 7.2.23,5,98 (b) Structures of the oligopeptide-incorporated PBA
molecules. (c) Representative ITC data for the titration of glucose to the various PBA constructs. The top
data set profile of power versus time was integrated to yield the bottom data set profile of molar enthalpy
versus the ratio of glucose:PBA construct. (d) Thermodynamic binding constants of all PBA constructs in
complex with glucose. Mean t S.D. (n 2 3). n.s. P > 0.05, * P < 0.05 (two-tailed, unpaired t-test).

been shown to be associated with their potential binding capability to saccharides. 23,56 ,9

For these reasons, investigation of the individual PBAs along with the oligopeptide-

incorporated PBAs was carried out using isothermal titration calorimetry (Figure 2. 2c,

Figure.A. 4) to determine the baseline thermodynamic binding constants along with any

potential electron-withdrawing enhancements observed as a function of conjugation to

the oligopeptide. Binding constant measurements (Figure 2. 2d) of the individual PBA

small molecules revealed that the fluorinated PBA (FPBA) possessed a thermodynamic
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binding constant closest to the physiological regime, bordering the extreme end of the

hyperglycemic concentration range. Additionally, after incorporation into the oligopeptide

unit, there was no statistically significant enhancement of binding constants as a result of

proximal electron-withdrawing groups for any PBA except FPBA. As a result, the FPBA

small molecule was selected as the glucose-sensing component to be implemented for

further optimization of the glucose-responsive oligopeptide unit.

2.4 In Vitro Assessment of the Glucose-Responsive Insulin Conjugates

To further optimize the glucose-responsive oligopeptide unit, the effects of varying

the number of FPBA small molecules present on the oligopeptide scaffold was

investigated (Figure 2. 3a). The primary motivations for systematic examination of this

parameter was to determine whether further enhancements in binding constant were

realizable, as well as to assess the implications of those enhancements in creating an

insulin conjugate capable of glucose-mediated solubility towards the development of a

long-term, intelligent GRI depot. Incrementally increasing the total number of FPBA

molecules per oligopeptide resulted in proportional enhancements in thermodynamic

binding constants as measured by ITC (Figure 2. 3b), with the strongest binding constant

belonging to the construct containing four FPBA molecules. Incorporation of the

oligopeptide-FPBA constructs onto the Insulin-DBCO core molecule via bio-orthogonal

copper-free click chemistry allowed for the facile synthesis of a novel class of GRI

candidates to be further tested for dynamic solubility. The Insulin-DBCO core molecule
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Figure 2. 3 Oligopeptide unit optimization for glucose-mediated solubility. (a) Structures of the FPBA
constructs, incrementally increasing the total number of FPBA molecule per oligopeptide unit. (b)
Thermodynamic binding constants of all FPBA constructs in complex with glucose. All thermodynamic
binding constants are statistically different from one another. Mean t S.D. (n 2 3). Statistical differentiation
is defined as P < 0.05 (two-tailed, unpaired t-test). (c) Measurement of potential glucose-mediated changes
in solubility of insulin samples as quantified by solution transmittance. All statistical comparisons are made
within the same sample group, across all non-zero glucose conditions. Mean S.D. (n = 3). n.s. P > 0.05,
**** P < 0.0001 (two-tailed, unpaired t-test).

was reacted with each respective oligopeptide-FPBA construct via combining each

copper-free click handle in solution, with conjugation validated using ESI mass

spectrometry (Figure A. 5). To assess dynamic solubility, each GRI candidate, along with

native human insulin and isoelectric-point-shifted insulin glargine used as controls, were

monomerically formulated at insulin concentrations representative of clinical formulations

(- 1 mg/mL) at physiological pH (7.4) and at various concentrations of glucose (Figure 2.

3c). Transmittance was measured at 540 nm, a wavelength for which insulin has

negligible absorbance, to detect changes in solubility as a function of glucose

concentration. As expected, when exposed to non-physiological (0 mg/dL) and
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Figure 2. 4 In vitro cell-based functional characterization of synthesized insulin constructs. (a) In
vitro cell stimulation assay for all insulin samples, measuring dose-responsive insulin receptor activation.
Mean S.D. (n = 3). (b) Potency comparison via dose-response-derived EC50 values for all insulin
constructs relative to the native protein. Mean 95% C.A. (n = 3). n.s. P > 0.05 (sum-of-squares F test).

normoglycemic (100 mg/dL) concentrations of glucose in solution, insulin glargine and all

insulin conjugates precipitated to some degree, whereas native human insulin retained

near-complete solubility. 99100 Furthermore, increasing the glucose concentrations

towards the moderate (300 mg/dL) and severely (500 mg/dL) hyperglycemic regimes did

not have a marked effect on solubility for any clinical control or for Ins-PL, the

experimental control consisting of Insulin-DBCO conjugated to an oligopeptide unit

bearing no boronic acid motifs. Evaluation of each GRI candidate revealed only one

construct, Ins-PL-4FPBA, to be capable of both precipitation under normoglycemic

glucose concentrations as well as re-solubilization after exposure to moderately

hyperglycemic concentrations of glucose (300 mg/dL). To further assess retention of

biological potency, insulin receptor activation was measured for all insulin constructs

(Figure 2. 4). For all synthesized conjugates, relative to native human insulin, no

statistically significant loss of receptor-based potency was observed, suggesting no

adverse biological effects as a result of the overall synthesis scheme.
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2.5 In Vivo Safety Assessment of the Glucose-Responsive Insulin Conjugates

By definition, the non-diabetic normoglycemic mouse model provides an important

environment through which to judge a glucose-responsive insulin construct. Therefore, to

assess the state-responsive behavior of the optimized class of GRI conjugates, and to

determine the safety implications of their design, escalating dose response studies were

performed in healthy C57BL16 mice. A total of two therapeutically relevant doses and one

supraphysiological dose were selected to evaluate each insulin sample. Clinical dose

definitions were used for all clinically relevant controls (human insulin, 1 IU = 5.97 nmol;

insulin glargine, 1 IU = 6.00 nmol; insulin detemir, 1 IU = 24.0 nmol) while the dose

definition of human insulin was used for all synthesized GRI constructs. 101- 103 The extent

by which each sample induced a hypoglycemic response was defined as a blood glucose

concentration below 70 mg/dL. Quantification of hypoglycemia for each sample was

calculated using the hypoglycemia index, a unitless metric measured by the drop from

initial blood glucose concentration to the nadir (i.e., the lowest observed value) divided by

the initial blood glucose concentration. A variation of this metric is used clinically to help

diagnose incidence of hypoglycemia in diabetic patients. 104 As shown in Figure 2. 5a, the

therapeutically relevant doses of 3 IU/kg and 5 IU/kg illustrate the differentiating effects

of each insulin sample, with both native human insulin and insulin glargine inducing

hypoglycemia. At a dose of 3 IU/kg, insulin detemir did not induce an average drop in

blood glucose below 70 mg/dL but did border the threshold. Interestingly, at the same

dose each GRI candidate achieved varying degrees of hypoglycemia protection (GRI

sample, nadir: Ins-PL-FPBA, 82.2 mg/dL; Ins-PL-2FPBA, 86.2 mg/dL; Ins-PL-3FPBA,

100 mg/dL; Ins-PL-4FPBA, 120 mg/dL). Increasing the dose to 5 lU/kg demonstrated the
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Figure 2. 5 In vivo safety assessment of optimized GRI candidates. (a) Blood glucose changes of
healthy mice over time after subcutaneous administration of different insulin samples at clinical doses of 3
IU/kg and 5 lU/kg, and supraphysiological dose of 25 lU/kg. Mean S.D. (n a 4). (b) Risk of hypoglycemia
quantified by the hypoglycemia index, calculated from the difference between the initial blood glucose
concentration and the nadir divided by the initial blood glucose concentration. Mean S.D. (n 2 4). n.s. P>
0.05, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 (two-tailed, unpaired t-test).

same trend, with all clinical controls as well as Ins-PL-FPBA and Ins-PL-2FPBA inducing

hypoglycemia. Whereas, for, the GRI candidates containing three and four FPBA

molecules, Ins-PL-3FPBA and Ins-PL-4FPBA, hypoglycemia was not induced and Ins-

PL-4FPBA did not drop blood glucose below 100 mg/dL. These results are reflected in

the hypoglycemia index calculated for all samples at 3 lU/kg and 5 lU/kg (Figure 2. 5b).

To assess the limits of hypoglycemia protection, the supraphysiological dose of 25 lU/kg

was used. Under this condition, although all samples induced hypoglycemia (<70 mg/dL),
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it is important to note that all samples except Ins-PL-4FPBA induced clinically severe

biochemical hypoglycemia (<50 mg/dL), a parameter designated to have significant

clinical implications on cognitive impairment and mortality. 105 The level of hypoglycemia

risk reduction at this supraphysiological dose condition is also significantly differentiable

when compared to all other samples, with Ins-PL-4FPBA exhibiting the lowest risk of

hypoglycemia at 25 IU/kg. Given the extreme nature of risk reduction in hypoglycemia

across the tested doses, the Ins-PL-4FPBA candidate possesses significant potential in

providing truly glucose-responsive behavior.

2.6 In Vivo Screen and Evaluation of Glucose-Responsive Efficacy

To evaluate each GRI candidate in an in vivo diabetic environment, a streptozotocin-

induced insulin-deficient mouse model was prepared to screen each insulin conjugate

and to identify a lead candidate (Figure 2. 6).106 To distinguish between differences in

potency of all samples, clinical definitions of dose were not used as in the in vivo safety

studies. Instead, subcutaneous administration of each insulin was performed at the same

molar concentration with the therapeutically relevant molar dose chosen to be equivalent

to 5 IU/kg native human insulin (1 IU = 5.97 nmol). Within the first 3.5-h following insulin

administration, all samples corrected blood glucose to normoglycemic levels. At 3.5-h an

intraperitoneal glucose tolerance test (IPGTT) was administered with blood glucose levels

measured for another 3.5-h timeframe. Notably, native human insulin and insulin glargine

failed to correct blood glucose to within the normoglycemic range, whereas insulin detemir

demonstrated minor correction but ultimately failed to recover. Of significance, all

synthesized GRI candidates corrected blood glucose to within the normoglycemic regime

41



In Vivo Diabetic Screen
IPGTT

600

CJ

E400
0)

o300

0.0, 200 ...... .. .. ----------- --. ... ......... -- -- -- --------

0
iii10o

0
0 1 2 3 4 5 6 7 8 9 10

Time (hr)
-4- Native -0- Glargine -0- Detemir -+- Ins-PL-FPBA

-0- Ins-PL-2FPBA -- Ins-PL-3FPBA - Ins-PL-4FPBA

Figure 2. 6 In vivo diabetic screen of insulin samples. Experiment involved the administration of all
insulin samples at equimolar concentrations, and with multiple intraperitoneal glucose tolerance test
administered at 3.5-h and 7-h. Mean S.D. (n 2 3).

after the first IPGTT. To further test long-term glucose-correcting efficacy, an additional

IPGTT was administered at 7-h, after which all GRI candidates except for Ins-PL-FPBA

corrected blood glucose back to pre-test conditions. Given the stark contrast in glucose-

correcting efficacy observed for Ins-PL-4FPBA relative to clinical controls, in combination

with the significantly reduced risk of hypoglycemia observed in healthy mice for the same

dose, as well as the glucose-mediated solubility properties observed in vitro, this GRI

conjugate was identified as the lead candidate for further evaluation.

To further establish glucose-mediated efficacy, a dose escalation study was

performed for all clinical controls and for the best-performing GRI candidate, Ins-PL-

4FPBA. To better assess potential clinical relevance and translation, clinical dose
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Figure 2.7 In vivo diabetic dose escalation assessment of GRI lead candidate Ins-PL-4FPBA relative
to clinical controls. (a) Blood glucose changes of diabetic mice over time after subcutaneous
administration of different insulin samples at clinical doses of 3 IU/kg and 5 IU/kg, and supraphysiological
dose 25 IU/kg. Mean S.D. (n 2 3). (b) Responsiveness to IPGTT was calculated based on the area under
the curve from 3.5-h to 7-h, with the baseline set at the 3.5-h blood glucose concentration. All statistical
comparisons are with respect to the healthy pancreatic response. Mean S.D. (n 2 3). n.s. P > 0.05, ** P
< 0.01, *** P < 0.001, **** P < 0.0001 (two-tailed, unpaired t-test).

definitions were used for all insulin controls while the dose definition of native human

insulin was used for Ins-PL-4FPBA, as in the in vivo safety assessment.101-103 Dose

concentrations of 3 IU/kg and 5 IU/kg were chosen to be therapeutically relevant, with the

inclusion of one IPGTT was used to differentiate long-term efficacy relative to the healthy

pancreatic response. As shown in Figure 2. 7a, native human insulin and insulin glargine

began to correct blood glucose levels at 3 lU/kg and 5 IU/kg after subcutaneous

administration but failed to maintain glucose-correcting efficacy before the IPGTT. After

the IPGTT, blood glucose concentration returned to hyperglycemic conditions. For insulin

detemir, although glucose-correcting efficacy was observed both before and after
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administration of the IPGTT, blood glucose overcorrection and hypoglycemia were

observed and sustained throughout the study for both 3 IU/kg and 5 IU/kg doses. Blood

glucose overcorrection is further illustrated by comparison to the healthy pancreatic

response profile (Figure 2. 7b). For Ins-PL-4FPBA, blood glucose correction to

normoglycemia without induction of hypoglycemia was observed for doses of 3 IU/kg and

5 IU/kg, with the response profile shown to be statistically comparable to that of the

healthy pancreatic response for both doses (Figure 2. 7b). When administered with the

supraphysiological dose of 25 lU/kg, all insulin samples notably demonstrated glucose-

correcting efficacy, but with the important distinction that all clinical controls induced

sustained hypoglycemia. For Ins-PL-4FPBA, although overcorrection of blood glucose

was observed when compared to the healthy pancreatic response, hypoglycemia was not

induced and an average blood glucose concentration below 85 mg/dL was not observed

throughout the study.

To better understand and elucidate the glucose-responsive behavior of the lead GRI

candidate, Ins-PL-4FPBA, a healthy mouse model was utilized to measure glucose-

mediated PK/PD profiles following a single subcutaneous administration of 5 IU/kg over

a 7-h study, with the inclusion of one IPGTT at 3.5-h to directly measure glucose-

responsivity. Clinical dose definitions were used for all insulin controls while the dose

definition of native human insulin was used for Ins-PL-4FPBA, as in the in vivo safety

assessment. As shown in Figure 2. 8, classical insulin PK absorption and elimination was

observed as expected, with no demonstrable insulin responsivity observed as a result of

the IPGTT.6,1 07 Additionally, all clinical insulin controls induced hypoglycemia despite an

almost order-of-magnitude difference in serum concentration relative to each other, with
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Figure 2. 8 In vivo bloavailability study. The experiment involved measuring pharmacokinetic serum
insulin concentrations and pharmacodynamic blood glucose response of clinical insulin samples and the
lead GRI candidate, lns-PL-4FPBA, after subcutaneous administration at a dose of 5 lU/kg and subsequent
IPGTT. Mean S.D. (n A 3).

native human insulin and insulin glargine experiencing diminished effects after the IPGTT

and insulin detemir sustaining a hypoglycemic response both before and after the IPGTT.

Interestingly, lns-PL-4FPBA demonstrated observable absorption and apparent

clearance before the IPGTT but did not exhibit any significant glucose-depressing effects

relative to the healthy pancreatic response, despite serum concentrations being

observably higher than that of native human insulin and insulin glargine. Once the IPGTT

was administered, a glucose-responsive change in bioavailable serum insulin

concentration was observed. Directly following the IPGTT at 3.5-h, the GRI serum

concentration both increased to match the peak pre-test serum GRI concentration in

response to the glucose challenge, as well as decreased to the pre-IPGTT serum levels

observed directly preceding the glucose challenge. Overall, the GRI PK/PD profile of Ins-

PL-4FPBA mirrored the change in glucose concentration observed in the healthy in vivo

environment, demonstrating the ability to signifincatly change GRI serum concentration

and therefore bioavailability in response to a glucose challenge while also eliminating the

risk of hypoglycemia.
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2.7 Discussion and Conclusions

Clinically available insulin therapies to-date have been developed and optimized

using static PK/PD profile criteria that is intrinsically non-patient responsive. As a result,

insulin-dependent diabetics are forced to continuously monitor fluctuations in their blood

sugar profile throughout the day, a profile that can be as unique as the individual, and

manually respond to those changes through injection of various exogenous insulins.

Advances in insulin protein therapy have introduced novel long-acting therapies including

albumin-binding insulin detemir (Novo Nordisk) and isoelectric-point-shifted insulin

glargine, as well as ultra long-acting insulin degludec (Novo Nordisk) and recently

terminated insulin peglispro (Eli Lilly). 108' 109 Although the ultra long-acting insulins

potentially reduces the injection frequency of insulin from twice-daily to once-daily, the

risk of hypoglycemia and the systemic effect it has on initiating and properly maintaining

an effective therapeutic regimen remains a major concern for insulin-dependent

diabetics.'10111 Research efforts aimed at developing an intelligent, glucose-responsive

system capable of autonomous glycemic management have been largely restricted to the

academic setting, with the vast majority of these systems utilizing multi-faceted constructs

that usually depend on polymeric matrices, enzymes or large protein complexes, and

large reservoirs of the active insulin protein. Disadvantages of this multi-component

approach includes leakage, protein activity loss, as well as the increased possibility of

failure for any given component and the effect that has on the entire system, just to name

a few.1 12 ,113

To specifically address these issues, a class of unimolecular insulin conjugates were

designed for long-lasting, autonomous glycemic management. First, with inspiration from
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insulin glargine, the net charge of the designed GRI was shifted closer towards neutrality

through the introduction of an oligo-lysine homopolymer. Furthermore, the oligopeptide

contained inorganic, glucose-sensing phenylboronic acid molecules to introduce glucose-

sensing capability. Optimization of this construct resulted in the ability of the lead GRI

candidate, Ins-PL-4FPBA, to precipitate to a higher degree under physiological pH and

clinically relevant formulation concentrations relative to insulin glargine. Interestingly,

under exposure to moderate and severe diabetic concentrations of glucose in vitro,

significant re-solubilization of Ins-PL-4FPBA was observed, suggesting the ability of the

GRI to micro-precipitate and form a smart depot after subcutaneous administration as

well as re-solubilize under hyperglycemic conditions in a patient-responsive manner.

Next, after verification of in vitro receptor potency, in vivo dose-escalation studies

were performed in both normoglycemic healthy mice as well as in hyperglycemic diabetic

mice in order to assess the extent of glucose-responsive behavior. In the healthy in vivo

environment, Ins-PL-4FPBA exhibited noticeably diminished activity relative to clinical

controls as well as all other GRI candidates, as demonstrated by comparison of the

hypoglycemia index under the various dose conditions tested. Even more remarkably, at

the supraphysiological dose of 25 IU/kg, the hypoglycemia index of Ins-PL-4FPBA was

comparable to that of native insulin at the significantly lower doses of 3 IU/kg and 5 IU/kg.

When introduced into a diabetic environment, a stark contrast in glucose-correcting

efficacy was observed for Ins-PL-4FPBA under hyperglycemic conditions. Significantly

higher potency was observed for Ins-PL-4FPBA when compared to clinical controls after

exposure to repeat glucose-tolerance challenges over a 10.5-h screen. Additionally,

dose-escalation studies revealed the glucose-correcting profile of Ins-PL-4FPBA to be
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similar to that of the healthy pancreatic response for physiologically relevant doses.

Furthermore, for the supraphysiological dose, Ins-PL-4FPBA did not induce

hypoglycemia. Additional insight was provided by performing a PK/PD profile study of the

lead candidate relative to clinical insulin controls in a healthy in vivo environment. After

administration of the GRI, dynamic changes in concentration of Ins-PL-4FPBA was

observed throughout the study, with glucose-mediated serum bioavailability directly

observed after administration of an IPGTT. Interestingly, no adverse blood glucose

depression effects were observed for the GRI as seen with all clinical insulin controls.

This result is significant because it further demonstrates the direct ability of the GRI to

respond to the in vivo environment and behave in a state-responsive manner as opposed

to a dose-responsive. It is envisioned that combining the properties of glucose-mediated

solubility, enhanced safety, and glucose-responsive efficacy will allow for the

development of a GRI capable of once-daily or twice-weekly administration.

In conclusion, all the observations demonstrated that the lead GRI candidate, Ins-

PL-4FPBA, has the potential to provide an innovative framework for the development of

a truly unimolecular, glucose-responsive insulin therapy. This strategy revealed that the

rational design of various aspects of the GRI therapy such as dynamic solubility,

enhanced safety and reduced risk of hypoglycemia, as well as glucose-responsive

potency, could ensure a long-term, clinically viable and efficacious glucose-responsive

insulin for autonomous glycemic management in insulin-dependent diabetes.
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2.8 Materials and Methods

Materials. All commercially available reagents and lab supplies were purchased from

Sigma Aldrich unless otherwise specified. DBCO-C6-NHS Ester (Catalog # A102) and

azidoacetic acid (Catalog # 1081) were purchased from Click Chemistry tools. 1 -Hydroxy-

1,3-dihydro-2,1-benzoxaborole-6-carboxylic acid (OHPHA, Catalog # 102303) and 4-

Carboxy-3-fluorophenylboronic acid (FPBA, Catalog # 035568) were purchased from

Matrix Scientific. All resins, amino acid derivatives, and activator reagents used for solid-

phase peptide synthesis were purchased by Millipore Sigma. Recombinant human insulin

was purchased from Life Technologies Corporation.

Synthesis of Insulin-DBCO Core and Insulin Detemir. Recombinant human insulin

(100 mg, 17.22 pmol) was dissolved in a buffer containing 0.12 M NaHCO3 and 0.12 M

Na2CO3 (3 mL) at pH 11. The small molecule DBCO-C6-NHS ester (74.1 mg, 172.2 pmol)

was dissolved in 1 mL of anhydrous DMSO and added to the gently stirred insulin solution

in three increments (333 pL at 0 min, 20 min, and 40 min). After 60 min, 1 M CH3NH2 (1

mL) was added to the reaction mixture. The product was purified via reversed phase

preparative HPLC using a 218TP1022 C18 column (2.2 cm ID x 25 cm L, 10 pm; Vydac),

with a mobile phase gradient from 2% to 65% (vol/vol) of solvent B (0.043% trifluoroacetic

acid/acetonitrile, 20/80) with solvent A (trifluoracetic acid/water, 0.05/99.95). Fractions

were collected and lyophilized to provide a white product. The product was characterized

by deconvolution electrospray ionization using a QSTAR hybrid Q-TOF, performed at the

Koch Institute Swanson Biotechnology Center Biopolymers and Proteomics core. Whole

protein MS for C278H4ooN660796S provided a molecular mass of 6121.6 Da (calculated,

6123.00 Da). Insulin detemir was synthesized and characterized in a similar manner, with

49



myristic acid NHS ester used as the small molecule reagent, as previously described.77

Whole protein MS for C271H409N65078S6 provided a molecular mass of 6017.8 Da

(calculated, 6017.99 Da).

To confirm site-specific, mono-conjugated modification on the e-amine of the B29 lysine

residue, purified Insulin-DBCO and insulin detemir were reduced using DTT, followed by

alkylation of free thiols and subsequent protein digestion with trypsin. Proteomics analysis

was performed using a QSTAR hybrid Q-TOF with tandem MS/MS analysis, with a search

conducted for masses of the digested products with free amines at the N-terminal Al Gly,

N-terminal B1 Phe, and the e-amine B29Lys positions, as well as for the DBCO and

myristic acid small molecule-conjugated masses. All purification and characterization

were performed at the Koch Institute Swanson Biotechnology Center Biopolymers and

Proteomics core.

Synthesis of Glucose-Responsive Oligopeptide Constructs. All oligopeptides were

synthesized with a Tribute-UV automated solid phase peptide synthesizer (Protein

Technologies, Inc.) using Rink Amide MBHA Low Load polystyrene resin. Standard

Fluorenylmethyloxycarbonyl (FMOC) chemistry was used with activation reagents HATU

(P3 BioSystems) and 4-methylmorpholine (NMM) used in fivefold molar excess in

anhydrous N,N-dimethylformamide (DMF). Amino acid derivative FMOC-Lys(Boc)-OH

was used for oligopeptide backbone synthesis in combination with amino acid derivative

Fmoc-Lys(Dde)-OH used for selective orthogonal lysine protection for phenylboronic acid

derivatization. N,N'-Diisopropylcarbodiimide (DIC) and 1-Hydroxy-7-azabenzotriazole

(HOAt) were used as activation reagents for azidoacetic acid and all phenylboronic acid

molecules, with extended coupling times used specifically for azidoacetic acid and FPBA.
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Post synthesis, resin was washed in dichloromethane (DCM) and dried prior to a two-hr

cleavage with 95% trifluoracetic acid. Precipitation of all oligopeptides was carried out in

cold diethyl ether, with washing steps carried out at least three times. The oligopeptide

pellet was then isolated, aqueously reconstituted, and freeze dried. Crude oligopeptide

product was purified via reverse phase preparative HPLC using a method similar to that

of the Insulin-DBCO core and insulin detemir molecules. The product was characterized

using matrix-absorption laser desorption instrument time-of-flight (MALDI-TOF, Bruker

MicroFlex), performed at the Koch Institute Swanson Biotechnology Center Biopolymers

and Proteomics core. Masses obtained were as follows: PL, expected 612.78, actual:

613.48; PL-PBA, expected 888.88, actual, 889.50; PL-FPBA, expected 906.87, actual

907.49; PL-OHPBA, expected 900.89; actual 901.46; PL-2FPBA, expected 1200.96,

actual 1200.99; PL-3FPBA, expected 1495.05, actual 1495.80; PL-4FPBA, expected

1789.14, actual 1788.38.

Synthesis of Glucose-Responsive Insulin Conjugates utilizing Copper-Free Click

Chemistry. Insulin-DBCO (10.0 mg, 1.63 pmol) was dissolved in a buffer containing 0.12

M NaHCO3 and 0.12 M Na2CO3 (0.25 mL). For each oligopeptide construct, 0.25 mL of

Insulin-DBCO was mixed with 0.25 mL of appropriate amount of oligopeptide stock

solutions prepared in the same carbonate buffer. Ten moles excess (16.3 pmol) of each

oligopeptide construct was used in each reaction to ensure complete conjugation of

Insulin-DBCO. Directly after mixing, the reaction mixture was placed at 40C overnight

under gentle orbital shaking (50 rpm). The resulting insulin conjugates were used directly

from the reaction mixture with no further purification performed to remove unreacted,

excess oligopeptide. All products were characterized by deconvolution electrospray
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ionization using a QSTAR hybrid Q-TOF, performed at the Koch Institute Swanson

Biotechnology Center Biopolymers and Proteomics core. Masses obtained were as

follows: Ins-PL, expected 6735.78, actual 6735.2; Ins-PL-FPBA, expected 7029.87,

actual 7030.3; Ins-PL-2FPBA, expected 7323.96, actual 7288.2; Ins-PL-3FPBA,

expected 7618.05, actual 7582.4; Ins-PL-4FPBA, expected 7912.14, actual 7876.7. It is

noted that these masses are consistent with MS for PBA-modified peptides, where the

double-dehydrated mass (i.e., -36) is observed due to gas phase anhydro formation of a

boronic acid. 75

Isothermal Titration Calorimetry (ITC). Titration experiments were carried out at 310.15

K, with all samples dissolved in PBS (1X) at pH 7.4, on a VP-ITC calorimeter from

Microcal, Inc. For all phenylboronic acids, the small molecule PBAs were in the sample

cell at a concentration of 3.0 mM, and glucose was in the injection syringe at a

concentration of 600 mM. For oligopeptides bearing PBA molecules, the constructs were

in the sample cell at a concentration of 0.25-3.0 mM, with glucose in the injection syringe

at a concentration of 60-600 mM. The titration schedule consisted of consecutive

injections of 10 pL over a duration of 20-seconds, with the interval between injections set

at 240-seconds. Heats of dilution, measured by titrating glucose into the sample cell

containing only buffer, were subtracted from each data set. All solutions were degassed

prior to titration. The data were analyzed using Origin 7.0 software using the 'one-set-of-

sites' binding model, which assumes the complexes do not interact with one another. All

statistical comparisons were performed using two-tailed, unpaired t-tests (GraphPad

Prism 6.0).
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Measurement of Dynamic Solubility. Stock concentrations (816 pM) of each glucose-

responsive insulin candidate were synthesized, as described above. Subsequently, each

insulin sample was individually mixed with varying concentrations of glucose, prepared in

1 M HEPES, for final concentrations of 0 mg/mL, 1 mg/mL, 3 mg/mL, and 5 mg/mL

glucose, final concentration of 172 pM for all insulin samples, and final pH of 7.4. Samples

were plated at 30 pL per well (n = 3/group) in a black, clear-bottom 384-well plate (Thermo

Scientific Nunc) and sealed with an optically clear and thermally stable seal (VWR). The

plate was incubated at 4 0C overnight under gentle orbital shaking (50 rpm). After

incubation the plate was equilibrated to room temperature and placed into an Infinite

M1000 plate reader (Tecan Group), with absorbance readings collected at 540 nm to

measure differences in transmittance as a result of precipitation and glucose-mediated

re-solubilization. All statistical comparisons were performed using two-tailed, unpaired t-

tests (GraphPad Prism 6.0).

In Vitro Insulin Receptor Activation. C2C12 cells were purchased from the American

Type Culture Collection (ATCC) and confirmed free of mycoplasma contamination before

use. Cells were cultured in Dulbecco's modified Eagle medium (DMEM) containing L-

glutamine, 4.5 g/L D-glucose, and 110 mg/L sodium pyruvate, and supplemented with

10% FBS and 1% penicillin-streptomycin. Incubations occurred in a 5% CO2/water-

saturated incubator at 37 *C. Cells were seeded in 96-well plates at a density of 5,000

cells per well. Twenty-four hrs after plating, the cells were washed three times with 200

pL of DMEM containing L-glutamine, 4.5 g/L glucose, and 110 mg/L sodium pyruvate,

and starved for at least 4 h at 37 *C in the same serum-free conditions. After 4 h, the

media was removed, and cells were stimulated with 100 pL of insulin samples of various
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concentrations for 30 min at 37 *C. After 30 min, cells were washed three times with 100

pL of cold Tris-buffered saline (1X), followed by lysing the cells for 10 min with 100 pL of

cold Lysis Buffer (Perkin-Elmer). Levels of phosphorylated AKT 1/2/3 (Ser473) and Total

AKT 1 were determined from cell lysates using the AlphaLISA SureFire ULTRA kits

(Perkin-Elmer) according to the manufacturer's instructions. Intra-well normalized data of

phosphorylated AKT 1/2/3 (Ser473) and Total AKT 1 were analyzed using GraphPad

Prism 6.0, with dose-response curves fitted to a variable slope (four-parameter)

stimulation model to determine the EC5O of each insulin sample, and statistical

significance determined by an extra sum-of-squares F test for comparing the global fit

statistics of LogEC50 for all samples relative to the native protein.

Mouse Models. All animal studies were conducted through protocols approved by the

MIT animal care and use committee, following all institutional, state, and federal

guidelines for the use of research animals. Male C57BL/6J mice, age 8 wk, were

purchased from Jackson Laboratory and used as is for healthy mouse studies. For all

diabetic mouse studies, after acclimation, mice were fasted overnight before

intraperitoneal injection of 150 mg/kg STZ. Preparation of STZ for injection involved

dissolving the chemical at a concentration of 15 mg/mL in sodium citrate buffer (114 mM,

pH 4.5) immediately before injection. Food was withheld for 2 h post-injection, after which

mice were allowed to eat and drink ad libitum. Glucose levels were monitored by

peripheral tail vein bleeds using a portable glucose meter (Clarity Plus, Clarity

Diagnostics) daily until unfasted glucose levels were >400 mg/dL.

In Vivo Studies. For all healthy mouse studies, all mice were fasted overnight before

initiating the study. Blood glucose concentration was measured at the beginning of each
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study, and any mouse with a fasting blood glucose level > 200 mg/dL was triaged from

the study. All insulin samples were prepared at a dose concentration of 5 IU/kg according

to their respective clinical dose definition (human insulin, 1 IU = 5.97 nmol; insulin

glargine, 1 IU = 6.00 nmol; insulin detemir, 1 IU = 24.0 nmol), with the clinical dose

definition for human insulin used for all glucose-responsive insulin candidates. Mice were

then randomized and injected, with all insulin samples administered subcutaneously. For

the hypoglycemia assessment study, blood glucose concentration was measured for a

total of 6 hrs, with the hypoglycemia index quantified as the difference between the initial

and the nadir (i.e., lowest observed) blood glucose readings divided by the nadir. For the

pharmacokinetic and pharmacodynamic study, blood was collected by terminal cardiac

punctures for each timepoint, with serum isolated via centrifugation followed by

subsequent analysis and quantification of serum insulin levels using an insulin ELISA kit

(ALPCO) according to the manufacturer's instructions. Administration of the

intraperitoneal glucose tolerance test (IPGTT) at 3.5 hrs was performed with a 1 g/kg

glucose solution prepared in PBS (1X). For all diabetic mouse studies, STZ-induced

diabetic mice were fasted overnight before initiating the study. Blood glucose

concentration was measured at the beginning of the study, and any mouse with a fasting

blood glucose level < 300 mg/dL was triaged from the study. Mice were then randomized

and injected, with all insulin samples administered subcutaneously. For the potency-

based diabetic screening study, insulin samples were administered at a molar dose

equivalent of 5 IU/kg native human insulin (1 IU = 5.97 nmol). Blood glucose readings

were collected every 30 min, with multiple IPGTTs administered at 3.5 and 7 hrs. For the

IPGTT, 1 g/kg glucose was administered in PBS (1X). For the diabetic dose escalation
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study, insulin samples were prepared at dose concentrations according to their respective

clinical dose definition, with the clinical dose definition for human insulin used for all

glucose-responsive insulin candidates. Mice were then randomized and injected, with all

insulin samples administered subcutaneously. Blood glucose readings were collected

every 30 min with an IPGTT administered at 3.5 hrs. For the IPGTT, 1 g/kg glucose was

administered in PBS (1X). Responsiveness was quantified by measuring the area under

the curve with a baseline set at 3.5-hr and integrating across a 3.5-hr window following

the challenge. All statistical comparisons were performed using two-tailed, unpaired t-

tests (GraphPad Prism 6.0).
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Chapter 3: Engineering Dynamically Tethered Insulin Protein

Conjugates Towards a Glucose-Responsive Therapy

The work presented in this chapter is in preparation for publication:

A. B. Cortinas, K. B. Daniel, L. S. Thapa, F. Girma, R. S. Langer, D. G. Anderson, Engineering Dynamically
Thethered Insulin Protein Conjugates. In preparation.

57



3.1 Introduction

The concept of a unimolecular glucose-responsive insulin is attractive as a paradigm-

shifting diabetes technology, especially in regard to the numerous and diverse

possibilities in which glucose-responsive behavior can be engineered and exploited.

Embodiments of unimolecular insulins explored to-date have incorporated boronic acid

motifs onto the protein in an attempt to impart inorganic glucose-sensing ability and

sequestration through various mechanisms. Due to the promiscuity of boronic acids to

reversibly bind with cis-1,2 and cis-1,3 diols, exposure to the in vivo biological

environment exposes boronic acids to the numerous immobilized diols found on various

cellular architectures, including cell surface glycans, glycoproteins and glycosylated

proteins found in the blood, as well as glycosaminoglycans, all of which are found

throughout the body either in the healthy state or as a potential result of chronic

hyperglycemia.5 3,5 4,59 , 114 The reversible-covalent interactions that boronic acids possess

provide these GRI constructs the ability to bind and sequester to these various diols found

throughout the body, potentially increasing the half-life of the therapeutic relative to the

native protein. More importantly, this reversibility allows for elevated glucose

concentrations to compete with these interactions, providing a potential means for release

of the GRI therapy under the hyperglycemic conditions of glucose commonly experienced

in the diabetic state.

In addition to the sequestration model largely exploited in current GRI constructs,

there exists an attractive, alternative approach that potentially exploits the hinge-opening

mechanism through which insulin interacts with its receptor. Cross-species research into

this mechanism through which insulin interacts with the insulin receptor has revealed
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Crystal Structure of Human Insulin Monomer site I of human insulin receptor (PBD: 4OGA)

Figure 3. 1 Three-dimensional changes in native insulin structure during interaction with insulin
receptor. The hinge-opening mechanism is highlighted and emphasized by the -2X change in amino acid
distance between the Al glycine and B29 lysine residues of the closed, inactive state (left) and the open,
complexed state (right).

insights into a specific condition through which the protein must change its three-

dimensional structure and confirmation in a hinge-like manner to engage in insulin

receptor binding and activation." 5 Perturbations of certain amino acid residues through

covalent chemical modifications has further exposed important intramolecular

interactions required for this unfolding, requiring the N-terminus of the A chain and the C-

terminus of the B chain of insulin to be capable of displacement relative to each other

(Figure 3. 1). Additionally, there exists engineered insulin analogues that utilize sterically-

locked amino acids at locations critical for protein unfolding, forcing the engineered insulin

to be either in the closed, inactive state (Figure 3. 1 left) or in the open, complexed state

(Figure 3. 1 right). Insights provided by these insulin analogues reveal two important

findings: (1) insulin locked in the closed, inactive state exhibits significantly enhanced

stability but at the expense of a significant drop in potency and activity; (2) insulin locked

in the open, complexed state exhibit retained native potency and activity, but significantly

diminished stability.116 These findings are further supported by protein models of the
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High Glucose

Low Glucose

Locked Conformation Free Conformation
Diminished Activity Restored Activity

Figure 3. 2 Visual representation of envisioned mechanism of action for desired glucose-responsive
insulin. Glucose-responsive behavior is afforded by exploiting the ability of insulin to freely engage with
the receptor, reversibly transitioning between the "locked" conformation under hypoglycemic or
normoglycemic conditions and the "unlocked" or "free" conformation under hyperglycemic conditions.
Insulin models adapted from PDB:2JZQ.

tethered state, created by synthesizing chemically cross-linked insulin derivatives and

single-chain insulin analogs.117- 122 This information, in conjunction with additional

supporting structural data, provides a motivation for investigating the ability to create an

insulin conjugate that can reversibly lock into a non-binding (inactive yet highly stable)

state under euglycemic and hypoglycemic conditions, as well as undergo glucose-

mediated unlocking to unfold and allow for receptor engagement and stimulation under

hyperglycemic conditions (Figure 3. 2).117,119,123 Inter-chain cross-linking between these

elements at low glucose concentration might impair receptor binding but enhance

stability, whereas competitive displacement of the tether at high glucose concentrations

might restore sufficient protein flexibility to enable high-affinity receptor stimulation.

Design of such reversible, glucose-responsive tethers are envisioned to include a

glucose-sensing element in one chain of the hormone and a saccharide, or saccharide

mimic, in the other chain, which could, in principle, exploit the opening of the B-chain's N-
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or C-terminal segments relative to the critical insulin receptor binding A1-A8 X-helix. 115

This scheme would thereby intrinsically couple insulin's receptor-binding interactions with

potential saccharide-sensing while also enhancing the overall thermodynamic stability of

the engineered insulin.1 16 Although such schemes would be attractive in their simplicity

and structural elegance, a challenge to the implementation of this strategy is posed by

the non-linear relationship between insulin's receptor-binding affinity, its biological

potency in vivo, and by the precise shape of the curve relating blood-glucose

concentration to activity. 124,125

Herein, we describe, to our knowledge, the first example of a chemically

conjugated insulin protein capable of dynamic cyclization towards the generation of an

insulin therapy possessing enhanced stability and potentially glucose-responsive, hinge-

opening interactions. The design strategy involved the synthesis of a library of 24 insulin

conjugates having two unique small molecules, a phenylboronic acid (PBA) and a polyol

saccharide analogue, site-specifically conjugated to the Al glycine and B29 lysine

residues. Analysis of the synthesized library identified 14 insulin conjugates that

demonstrated enhancements in chemical stability relative to the native protein,

suggesting successful implementation of a dynamic tether through an intra-protein

stabilization interaction between the PBA and polyol. Further study of thermal aggregation

properties was carried out for a total of 10 conjugates, with all samples demonstrating an

enhanced resistance to aggregation by at least 100%. Introduction of various diols into

the chemical stability assay revealed the dynamic PBA-polyol interactions to be too strong

for glucose to impose any dynamic competition. However, the use of sorbitol, due to the

structural similarity to the polyol molecule, revealed the potential sugar-responsive, hinge-

61



opening nature of the insulin conjugate. The use of sorbitol imposed a destabilizing effect

that reverted one particular conjugate back towards its native stability, suggesting the

potential for dynamic competition of the intra-protein PBA-polyol interaction and targeted,

saccharide-induced protein unfolding. Lastly, in vitro cell-based potency and in vivo

efficacy studies of select conjugates revealed the partial retention of receptor-binding

activity as well as glucose-correcting activity. Overall, it is envisioned that the proposed

strategy, with further improvement, could provide a potentially novel therapeutic strategy

for the development of glucose responsive insulin therapeutics that exploit the receptor

binding interaction for autonomous glycemic management.

3.2 Design and Characterization of the Insulin Conjugate Library

The protein conjugate design utilized a small library of phenylboronic acid and polyol

sugar analogues as the basis for synthesizing the novel class of insulins (Figure 3. 3).

Utilizing N-hydroxysuccinimide (NHS) coupling chemistry under basic conditions, the

dynamically tethered insulin conjugates were synthesized by first conjugating one

component (i.e. either the PBA or polyol first) to the e-amine on the B29 lysine residue

followed by subsequent conjugation of the other component to the Al glycine residue of

the insulin protein, an in situ adaptation of a previously described method.75 77 Complete

synthesis of the library resulted in 24 unique conjugates. Purification and characterization

of the insulin conjugates was performed to validate whole protein conjugation as well as

site-selective modification to the B29 lysine and Al glycine residues (Figure A. 6). A

complete list and nomenclature of which PBA and polyol sugar analogues are found for

a specific conjugate is shown in Table 3. 1.
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Figure 3. 3 Strategy for synthesizing dynamically-cyclized insulin conjugates. (a) Structures of the
phenylboronic acid (PBA) and polyol sugar analogue small molecules used in the synthesis of the insulin
conjugates. (b) Primary structure of insulin conjugates with PBA conjugated to the C-terminus of the B-
chain and the polyol sugar analogue conjugated to the N-terminus of the A-chain. (c) Primary structure of
insulin conjugates having the reverse orientation, with the polyol sugar analogue conjugated to the C-
terminus of the C-terminus of the B-chain and the PBA conjugated to the N-terminus of the A-chain. A total
of 24 conjugates are envisioned using this synthesis strategy.

Table 3. 1 Complete list of conjugates and their respective small molecule conjugations

Al Glycdne Conjugation
PBA

FPBA
OHPBA
WPBA
PBA

FPBA
OHPBA
WPBA

PBA
FPBA

OHPBA
WPBA

S2
S2
S2
S2
Si
S1
Si
Si
S3
S3
S3
S3

B29 Lysine Conjugation
S2
S2
S2
S2
Si
Si
Si
Si
S3
S3
S3
S3

PBA
FPBA

OHPBA
WPBA

PBA
FPBA

OHPBA
WPBA

PBA
FPBA

OHPBA
WPBA
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Sample Name
ci
C2
C3
C4
C5
C6
C7
C8
C9
c1o
Cii
C12
C25
C26
C27
C28
C29
C30
C31
C32
C33
C34
C35
C36



3.3 Chemical and Thermal Stability of the Synthesized Conjugates

In order to determine whether any undesired effects of the synthesis conditions on

the resulting conjugate existed, circular dichroism was employed as a means of

measuring protein secondary structure conformation. As can be seen in Figure 3. 4a, two

representative conjugates demonstrate virtually no loss in the alpha helical signature

present in the native protein, indicating that the synthesis, purification, and

characterization conditions have a miniscule effect on protein secondary structure.

Furthermore, the stability of the native protein and the synthesized conjugates were

determined by titration with the denaturant Guanidine HCI to measure the resulting

change in the alpha helical signature (Figure 3. 4b), as previously described. 17,126 In

conducting the denaturation study in this manner, implied thermodynamic quantities

regarding the stability of the proteins can be determined, specifically the Gibbs Free

Energy of Unfolding. As can be seen in Figure 3. 4b, there are qualitative differences in

-s- Native Insulin b 1 a Native Insulin
-A- Conjugate 2 a Control (No Sugar Analogue)

-ConjugateB 6 U Conjugaie 10
o Conjugate C t31

~60-
E

cm W 40-

20-

0

180 190 200 210 220 230 240 250 260 270 0 1 2 3 4 5 6 7 8
Wavelength (nm) Guanidine HCI (M)

Figure 3. 4 Analytical characterization of the insulin conjugates. (a) Representative circular dichroism
structures illustrating retention of alpha-helical secondary structure post-modification. Mean SD (n = 3).
(b) Thermodynamic modeling of stability as a function of denaturant concentration using a two-state model

of all tested conjugates. Denaturation study demonstrated evidence of dynamic covalent intra-protein
interaction occurring between the boronic acid and polyol small molecules, illustrated by the shift of the
curves to the right which signify enhancements in chemical stability. Mean SD (n = 3).
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Figure 3. 5 Statistical comparison of resulting stability for the synthesized conjugates. Statistical
increases in stability of certain conjugates is observed, suggesting the presence of a dynamic covalent
interaction occurring between the boronic acid and polyol sugar analogue, despite being independently
conjugated to the insulin protein. Mean S.D. (n = 3). * P < 0.05, ** P < 0.01, *** P < 0.001 (One-way
ANOVA multiple comparisons test).

the stabilities between representative conjugates 10 and 31 compared to the native

protein and a control conjugate. The control conjugate is structurally equivalent to C3, but

is specifically lacking the respective alcohols found on the sugar analogue polyol

backbone. Albeit indirect, the results of the denaturation study demonstrate the presence

of an interaction occurring between the boronic acid and polyol small molecules, despite

the fact that both small molecules were conjugated independently of each other without

prior pre-complexation before the conjugate synthesis. This interaction is supported by

the proposed mechanisms of insulin denaturation as given in the literature, which

proposes that insulin unfolding and denaturation processes are initiated by the separation
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Figure 3. 6 Thermal aggregation study performed on a select number of insulin conjugates. (a) 100-
hour kinetic study for native insulin and 10 selected conjugates, with native insulin aggregating after 48
hours. Mean (n = 3). (b) Aggregation data specifically for Conjugates 3 and 9 (left) demonstrating a
moderate resistance to aggregation by at least 2 additional days compared to native insulin, and
aggregation data for all other conjugates (right) demonstrating enhanced stability to aggregation by at least
4 additional days, and at most 8 additional days, compared to native insulin. Mean SD (n = 3).

of the A-chain N-terminus and the B-chain C-terminus, the locations where insulin

modification was targeted for these conjugates.127,128 Statistical analysis was performed

on the resulting stability curves, comparing the Gibb's Free Energy of Unfolding, and it

was found that 14 of the conjugates were statistically more stable than the native protein

and the respective control. The resulting analysis provided additional support of a

statistically relevant basis for an intramolecular interaction occurring within the protein

complex, as shown in Figure 3. 5. A thermal stability test was also conducted to determine

whether the conjugates would resist aggregation under elevated temperature and

agitation compared to the native protein.1 29 As can be seen in Figure 3. 6 and Table 3. 2,

all conjugates resisted aggregation by at least 4 days under extreme heat and agitation,

compared to the native insulin protein that aggregated within 2 days, further

demonstrating the presence of a stabilizing, intramolecular interaction. Furthermore, in

order to demonstrate whether the intramolecular interaction between the boronic acid and
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Table 3. 2 Compiled thermodynamic and aggregation data for select conjugates. Mean 95% C.I.
(n =3).

Species AGu (kcallmol) Aggregation Lag Time (days)

Conjugate 1 -3.93 (0.59) 10

Conjugate 2 -4.78 (0.76) 10

Conjugate 30 -4.85 (0.80) 10

Conjugate 4 -5.45 (0.55) 9

Conjugate 5 -5.85 (1.8) 9

Conjugate 6 -5.29(1.1) 9

Conjugate 7 -5.17 (0.13) 9

Conjugate 11 -5.41 (1.0) 9

Conjugate 9 -4.83 (0.29) 6

Conjugate 3 -4.05 (0.15) 4

Native -2.78 (0.15) 2

polyol has the potential to be diol-responsive, glucose and sorbitol were incorporated into

the GHCI denaturation study to determine whether these diols could dynamically compete

and displace the reversible covalent bond exhibited between the conjugated PBA and

polyol and therefore decrease the observed stability of the synthesized conjugates. Such

an effect would suggest direct competition with the PBA-polyol sugar analogue

interaction, which would directly result in reverting the conjugate back towards native

stability. An observed reversion such as this would indicate the desired lock-and-key

mechanism directed towards the hinge-opening denaturation process, which is prevented

by the dynamic PBA-polyol interaction. First, as shown in Figure 3. 7a, glucose was

incorporated into the denaturation study at a relevant diabetic concentration of 500 mg/dL

of glucose with Conjugate 2 to determine if any glucose-mediated destabilization was

observed. As can be seen, there is no qualitative, and subsequently no quantitative,

difference between the resulting stability curves. A second attempt was made utilizing

sorbitol at 50 mg/mL, as can be seen in Figure 3. 7b and c. Sorbitol was chosen due to
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Figure 3.7 Chemical denaturation studies incorporating saccharides for the determination of sugar-
mediated destabilization. (a) Protein denaturation study involving Conjugate 2 both with and without 500
mg/dL glucose, demonstrating no significant qualitative or quantitative difference in the resulting implied
thermodynamic Gibbs Free Energy of Unfolding. Mean SD (n = 3). (b) Protein denaturation study of
Conjugate 2 with and without 5,000 mg/dL sorbitol as well as a reference of native insulin without sorbitol.
The resulting data demonstrates a qualitative change in stability of Conjugate 2, shifting the stability curve
towards that of the native protein. Mean SD (n = 3). (c) One-way ANOVA analysis comparing native
insulin to Conjugate 2 alone, comparing Conjugate 2 to Conjugate 2 containing 5,000 mg/dL sorbitol, as
well as comparing native insulin to Conjugate 2 containing 5,000 mg/dL sorbitol. The results ultimately
demonstrate a shift in stability of Conjugate 2 towards that of the native protein as a function of sorbitol
concentration. Mean SD (n = 3). * P < 0.05, ** P < 0.01, *** P < 0.001 (One-way ANOVA multiple
comparisons test).

the structural similarity of this polyol to the sugar analogue conjugated to the insulin

protein, therefore providing a higher likelihood of displacing the reversible, covalent PBA-

polyol interaction. As can be seen, sorbitol demonstrated a statistically significant

displacement of the resulting stability curve for Conjugate 2, reverting the more stable

conjugate's stability curve back towards native insulin as a function of diol concentration.

The following results demonstrate the potential for the synthesized conjugates to possess

diol-responsive capabilities with regard to stability and unfolding, and therefore possess

potential towards saccharide-induced receptor binding potency due to the processes

between denaturation

similarities. 116 ,127,128

and receptor binding interaction
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3.4 Tertiary Structure Evaluation via X-Ray Diffraction

In an attempt to directly visualize the tertiary structure of the synthesized conjugates,

crystallization of selected conjugates was employed in order to perform x-ray diffraction

(XRD) experiments. Crystals of Conjugate 3 were successfully grown using the hanging-

drop method and subsequently isolated and diffracted to obtain relevant structure data

(Figure 3. 8a), as previously described. 13 0- 132 The data obtained from XRD was modeled

to obtain the crystal structure information as shown in Figure 3. 8b and Table 3. 3. As can

be seen in Figure 3. 8c, there is demonstration of little to no loss in tertiary structure

compared to the native protein when structurally overlapped. Additional evidence from

the molecular structure determination revealed that the crystal packing of the monomers

in the crystal lattice resembled that of the native protein, demonstrating antiparallel

alignment of the protein conjugates monomers with respect to each other. This

antiparallel alignment signified the absence of intermolecular interactions due to the

requisite alignment between the B29 position of one monomer and the Al position of the

neighboring monomer (Figure A. 7). Due to the antiparallel nature, this provides further

evidence that the interactions observed, albeit indirectly observed in the stability assays

with and without diols, suggest the presence of an intramolecular interaction.

Unfortunately, the electron density of the small molecule conjugations was not detectable

during the acquisition of XRD data, and therefore the boronic ester complex occurring in

Conjugate 3 could not be directly visualized or modeled. Future experiments will focus on

optimizing crystal packing conditions to ensure sufficient electron density visualization is

acquired to model the boronic ester interactions.
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Figure 3. 8 Crystallization and subsequent diffraction of Conjugate 3 using XRD. (a) Protein crystals
of Conjugate 3 obtained using the hanging-drop technique. (b) Mathematical model of Conjugate 3 obtained
from XRD study. (c) Direct overlay of tertiary structures of Conjugate 3 with the native insulin monomer
(PDB: 4EY1), demonstrating retention of tertiary structure and no adverse effects as a result of modification
or purification processes.

Table 3. 3 Refinement parameters of Conjugate 3 molecular structure as determined using Phenix
software suite.

Refinement Parameters

Resolution (A)

Completeness of Range (%)

Rwork (%)
Rfre. (%)

Ramachandran Plot

B-factor (%)

Space Group

98% favored
2% Allowed
0% Outliers

10.5

1213

70

1.465

96.8

18.8
21.3

C



3.5 In Vitro Potency and In Vivo Efficacy of Conjugates

In order to assess receptor binding and activation potency of all synthesized

conjugates, an in vitro cell-based assay that measured the relative ratio of phosphorylated

AKT levels relative to total AKT levels as a result of insulin receptor stimulation was used.

All 24 synthesized conjugates were initially screened and compared to native insulin in

order to determine their relative in vitro potencies, as shown in Figure 3. 9. Representative

dose response data can be seen in Figure 3. 9a, with the resulting EC5o concentrations

shown in Figure 3. 9b as calculated with a four-parameter fit of the dose response data.

From this data, notable conjugates that exhibit the most in vitro potency retention possess

the WPBA small molecule, with no apparent correlation found for the polyol sugar

analogue. Most notably, the lead conjugate was identified to be Conjugate 4 (C4) due to

it possessing the largest EC5o concentration relative to all other conjugates tested. An in

vivo assessment of select insulin conjugates using an STZ-induced Type 1 diabetic

mouse model demonstrated retention of insulin efficacy, as shown in Figure 3. 10. Select

Conjugates 4, 9, and 10 were injected at a concentration of 5 IU/kg subcutaneously (1 IU

= 5.97 nmol). The corresponding blood glucose depression levels were measured over

Representative Dose-Response Data EC50 Concentration Screen of Conjugates

0.6-
15 -w Conjugate 4

+ Conjugate 304
.- - Conjugate 34

.0.2-

-20 -10 -9 -8 -7 -6 -6 -4 -34 ' C
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Figure 3. 9 In vitro characterization of insulin conjugates. (a) Representative dose-response data for
selected conjugates. Mean SD (n = 3). (b) Potency comparison via dose-response-derived EC5 values
for all insulin conjugates relative to the native protein using a four-parameter fit. Mean 95% C.. (n = 3).
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Figure 3. 10 In vivo diabetic study of select insulin conjugates. Experiment involved the subcutaneous
administration of insulin samples at equimolar concentrations. Mean S.D. (n = 3). n.s. P > 0.05 (two-tailed,
unpaired t-test).

the course of three hours (Figure 3. 10 left). Analysis of the area-under-the-curve for the

entire duration of the experiment revealed statistically non-significant differences in in vivo

efficacy, demonstrating equivalence in the ability to correct blood sugar in a diabetic

mouse model over this timeframe (Figure 3. 10 right).

3.6 Discussion and Conclusions

Molecular embodiments of glucose-responsive insulin systems have thus far been

largely restricted to multi-component arrangements that possess the following three

components: (1) a scaffold that encloses the entire system, most often a polymer or

polymeric complex; (2) large proteins or protein complexes that induce an environmental

or microenvironmental change in the entire system to trigger a release response; and (3)

large reservoirs of the active insulin protein. When optimized for a specific environment,

and when working in concert, the overall glucose-responsive system in its many forms
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has been demonstrated to adequately release insulin in response to changing

concentrations of glucose. However, active research utilizing this specific approach for

nearly 50 years has not yielded a clinical viable glucose-responsive insulin therapy. More

recently, advances in the field have driven these glucose-responsive systems into

unimolecular constructs that have utilized, in almost all cases, boronic acid motifs as the

inorganic sugar sensing component. The universal theme for mechanism-of-action for

these unimolecular glucose responsive insulins utilizes the boronic acid component to

exploit its promiscuity in binding to almost any saccharide found within the body to

sequester the protein until it can be competed against with hyperglycemic concentrations

of glucose, a method that has found some success thus far.77 No examples, to the best

of our knowledge, currently exist that attempt to take advantage of the hinge-opening

mechanism and change in three-dimensional conformation that the insulin protein must

undergo in order to interact with the insulin receptor, an interaction that is necessary for

both receptor binding and activation.

Herein, we develop a strategy that exploits the hinge-opening mechanism of action

necessary for insulin to not only denature, but also interact with the insulin receptor, to

create a novel class of dynamically tethered insulin protein conjugates exhibiting

enhanced thermodynamic stability. First, through utilization of a small library of

phenylboronic acids and synthesized polyol sugar analogues, a total of 24 insulin

conjugates were synthesized by independently conjugating either the PBA or polyol sugar

analogue to the C-terminus of the B chain while conjugating the other small molecule to

the N-terminus of the A chain, and vice versa, thereby exploiting the two segments on the

insulin protein that are critical for both stability and insulin receptor interactions. After
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analytical characterization and verification of retained secondary structure after

incorporation of both small molecules onto the insulin protein, an in-depth assessment of

the insulin conjugate monomers was conducted to evaluate the chemical and thermal

stabilities of the resulting modifications. Overall, 14 total conjugates were identified that

exhibited statistically significant enhancements in thermodynamic stability relative to the

native protein and a control conjugate lacking the polyol sugar as studied by a titration

experiment with chemical denaturant GHCI. This result is significant because the data

suggests not only successful implementation of both small molecules onto the protein via

chemical conjugation, but more importantly that a dynamic interaction is occurring

between both molecules on the same protein. The presence of a dynamic tether through

an intra-protein stabilization interaction between the PBA and polyol is significant because

it suggests the potential for further engineering and refining to create an insulin conjugate

capable of sugar-mediated receptor binding through exploitation of the important hinge-

opening mechanism.

Next, from the denaturation study, a total of 10 monomeric conjugates were identified

to be studied using a thermal aggregation assay whereby all tested conjugates

experienced continuous agitation and exposure to extreme temperatures (37 0C)

reminiscent to that of distribution and transportation networks in developing countries

lacking appropriate cold-chain infrastructure. As expected from the chemical

denaturation studies, all tested conjugates demonstrated significantly enhanced

resistance to thermal aggregation, with the least stable conjugate resisting aggregation

by approximately 4 days, relative to 2 days with native human insulin, and the most stable

conjugates resisting aggregation by approximately 10 days. These results are significant
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because enhancements were observed without clinical formulation with zinc or any other

excipient used to augment the native protein's stability.

To assess the sugar-responsive nature of the denaturation mechanism, and as a

result the possibility to gain insight into the conjugate's potential for sugar-mediated

receptor binding, two sugars were incorporated into the chemical denaturation study for

Conjugate 2: glucose and sorbitol. When incorporating hyperglycemic concentrations of

glucose (500 mg/dL) into the denaturation assay, no qualitative or quantitative effects

were observed with respect to the stability profile, suggesting no dynamic interaction or

competition of the dynamic tether with the sugar glucose. Next, sorbitol was incorporated

into the chemical denaturation study to better probe the dynamic system, due to the

structural similarities between sorbitol and the synthesized polyol sugar analogues

chemically conjugated onto the insulin protein. Interestingly, in the presence of the sorbitol

sugar, a significant shift in the stability profile of Conjugate 2 was observed and analyzed

to be statistically significant when compared to the stability profile of Conjugate 2 in the

absence of sorbitol. Even more remarkably, as a result of the sorbitol sugar, the stability

curve of Conjugate 2 is shown to be reverted back towards the native insulin stability,

suggesting that the observed stability enhancement is indeed reversible via simple

introduction of the sugar. This result is significant because it further supports and

demonstrates the potential of the conjugate to dynamically tether itself in the absence of

the sugar, and therefore exhibit enhanced stability, but also reversibly untether itself in

the presence of the sugar and revert to the native insulin protein stability properties. This

property will be an important consideration when further designing the next generation of

intelligent insulins capable of sugar-mediated receptor binding interactions. An attempt
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was made to visualize and model the dynamic interaction via crystallization of Conjugate

3 followed by x-ray diffraction and mathematical modeling of the resulting structure, but

the electron density was deemed too sparse to gain any insight.

Lastly, an in vitro potency screen of all conjugates followed by an in vivo efficacy

study of select conjugates were conducted to measure biological functionality. From the

in vitro screen, there was some evidence of receptor-binding potency and activation under

hyperglycemic conditions of glucose. The candidates that demonstrated the highest

retention of potency under these conditions were conjugates possessing the WPBA small

molecule, irrespective of polyol sugar analogue. It is envisioned that the positive charge

afforded by the WPBA under physiological conditions compensates for the positive

charge lost from the primary amine present on the insulin protein needed for modification.

These results demonstrate the potential for retained biological functionality with respect

to the receptor binding interactions. From the in vitro screen, a select number of insulin

conjugates were chosen to assess in vivo efficacy in a Type 1 diabetic moues model,

including the lead candidate, Conjugate 4, and two conjugates that exhibited low potency

retention, Conjugates 9 and 10. Overall, comparison of the area-under-the-curve of the

glucose-correcting profiles of all conjugates revealed no statistical differences in

biological efficacy, suggesting that all conjugates have glucose-correcting potential in the

in vivo diabetic environment.

In conclusion, all the observations demonstrated that the novel class of dynamically-

tethered insulin protein conjugates possess the potential to provide an innovative

framework for further development of an insulin-based therapy capable of enhanced

thermodynamic stability, both chemically and thermally, as well as the potential for sugar-
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responsive receptor binding interactions and potency. It is envisioned that the

demonstrated strategy will be further developed towards the generation of a clinically

viable and efficacious sugar-responsive insulin for enhanced diabetes management.

3.7 Materials and Methods

Materials. All commercially available reagents and lab supplies were purchased from

Sigma Aldrich unless otherwise specified. 1-Hydroxy-1,3-dihydro-2,1-benzoxaborole-6-

carboxylic acid (OHPHA, Catalog # 102303) and 4-Carboxy-3-fluorophenylboronic acid

(FPBA, Catalog # 035568) were purchased from Matrix Scientific. 2-

(Dimethylaminomethyl)-4-carboxyphenylboronic acid pinacol ester (WPBA, Catalog #

PN-4078) was purchased from Combi-Blocks. Recombinant human insulin was

purchased from Life Technologies Corporation. For purification and characterization of

the sugar analogues and control sugar analogue, normal and reverse phase

chromatography was performed using a CombiFlash Rf 200 automated system from

TeledyneISCO (Lincoln, NE, USA). Additionally, NMR spectra were recorded on a Varian

FT 500 MHz NMR instrument.

Synthesis of 4-(2,3,4,5,6-Pentahydroxyhexanamido)butanoic acid (Sugar Analogue

S1). Gluconic acid-a-D-lactone (0.75 g, 4.2 mmol) was dissolved in MeOH (20 mL). To

this was added 4-Aminobutanoic acid (0.43 mg, 4.2 mmol) and the reaction was held at

reflux for 18 h. The reaction mixture was then cooled to RT and the solvent was removed.

The crude product was purified by reverse phase prep HPLC eluting a gradient of 1-100%

acetonitrile in water (both contain 0.1% formic acid) to obtain the purified product in 32%

yield (0.38 g, 1.3 mmol). 1H NMR (500 MHz, DMSO-d6 ): 6 7.70 (t, J = 6.0 Hz, 1H), 3.97
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(d, J = 3.5 Hz, 1H), 3.89 (s, 1H), 3.56 (dd, Ji = 11.5 Hz, J2 = 3.0 Hz, 1H), 3.45 (m, 2H),

3.36 (dd, J1 = 11.0 Hz, J2 = 5.0 Hz, 1 H), 3.09 (q, J = 6.5 Hz, 2H), 2.19 (t, J = 7.5 Hz, 2H),

1.63 (quint, J = 7.5 Hz, 2H).

Synthesis of 6-(2,3,4,5,6-Pentahydroxyhexanamido)hexanoic acid (Sugar Analogue

S2). Gluconic acid-a-D-lactone (0.50 g, 2.8 mmol) was dissolved in MeOH (30 mL). To

this was added 6-Aminohexanoic acid (0.37 mg, 2.8 mmol) and the reaction was held at

reflux for 18 h. The reaction mixture was then cooled to RT and the solvent was removed

via rotarty evaporation. The crude product was purified by reverse phase prep HPLC

eluting a gradient of 1-100% acetonitrile in water (both contain 0.1% formic acid) to obtain

the purified product in 26% yield (0.22 g, 0.7 mmol). 1H NMR (500 MHz, DMSO-d6 ): 6

7.62 (t, J = 6.0 Hz, 1H), 5.36 (brs, 1H), 4.45 (brs, 4H), 3.96 (d, J = 3.5 Hz, 1H), 3.88 (s,

1H), 3.56 (dd, Ji = 11.0 Hz, J2 = 3.0 Hz, 1H), 3.46 (m, 2H), 3.35 (m, 2H), 3.05 (m, 2H),

2.18 (t, J = 7.0 Hz, 2H), 1.47 (quint, J= 7.5 Hz, 2H), 1.40 (quint, J = 7.5 Hz, 2H), 1.23 (m,

2 H).

Synthesis of 12-(2,3,4,5,6-Pentahydroxyhexanamido)dodecanoic acid (Sugar

Analogue S3). Gluconic acid-a-D-lactone (0.50 g, 2.8 mmol) was dissolved in MeOH (30

mL). To this was added 12-Aminododecanoic acid (0.60 mg, 2.8 mmol), followed by the

slow addition of Et3N (2.0 mL, 14.3 mmol) and the reaction was held at reflux for 18 h.

The reaction mixture was then cooled to RT and the solvent was removed via rotarty

evaporation. The resulting residue was dissolved in EtOAc (20 mL) and a precipitate

formed. The resulting solid was filtered rinsing with copious amounts of EtOAc and MeOH

(10 mL) to afford the pure product in 70% yield (0.78 g, 2.0 mmol). 1H NMR (500 MHz,

DMSO-d6 ): 6 7.60 (t, J = 6.0 Hz, 1 H), 3.96 (d, J = 4.0 Hz, 1 H), 3.88 (s, 1 H), 3.56 (dd, Ji
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= 11.5 Hz, J2 = 3.0 Hz, 1H), 3.45 (m, 2H), 3.35 (dd, J1 = 10.5 Hz, J2 = 5.5 Hz, 1H), 3.05

(m, 2H), 2.16 (t, J = 7.0 Hz, 2H), 1.46 (quint, J = 6.0 Hz, 2H), 1.39 (quint, J = 6.0 Hz, 2H),

1.23 (m, 14 H).

Synthesis of 6-Hexanamidohexanoic acid (Control Sugar Analogue). 6-

Aminohexanoic acid (0.20 g, 1.5 mmol) was dissolved partially in MeOH (15 mL). To this

was added Et3N (0.64 mL, 4.5 mmol) and the mixture was cooled to 0 OC. Hexanoyl

chloride (0.28 mL, 2.0 mmol) was slowly added over the course of 1 h. The reaction

mixture was warmed to RT and the reaction was allowed to occur for 18 h. The solvent

was then removed and the crude product was suspended in water (30 mL) and adjusted

to pH 1 with 1 M HCI. The mixture was then extracted with EtOAc (3 x 50 mL). The

organics were collected, dried over MgSO4, filtered and evaporated to afford the pure

product (0.34 g, 1.5 mmol) in >99% yield. 1H NMR (500 MHz, DMSO-d6 ): 6 6.55 (t, J =

5.5 Hz, 1H), 3.14 (q, J = 6.5 Hz, 2H), 2.25 (t, J = 7.5 Hz, 2H), 2.11 (t, J = 7.5 Hz, 2H),

1.54 (m, 4H), 1.44 (quint, J = 7.0 Hz, 2H), 2.24 (m, 6H), 0.80 (t, J = 7.0 Hz, 3H).

Synthesis of Insulin Conjugate Library. One day prior to performing the insulin

conjugation reaction, the small molecules were activated overnight. Briefly, to create

conjugates C1-C12, a 5X molar excess of the polyol sugar analogue small molecule (86.1

pmol) was activated with N,N'-dicyclohexylcarbodiimide (86.1 pmol) and N-

hydroxysuccinimide (86.1 pmol) by combining all components into the same container

and dissolving in DMSO (1 mL). The resulting mixture was allowed to stir at room

temperature overnight. In parallel, a 1oX molar excess of the phenylboronic acid small

molecule (172 pmol) was activated with N,N'-dicyclohexylcarbodiimide (172 pmol) and

N-hydroxysuccinimide (172 pmol) by combining all components into the same container
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and dissolving in DMSO (1 mL). The resulting mixture was allowed to stir at room

temperature overnight. To create conjugates C25-C36, the same procedure was used to

activate the small molecules, but instead the phenylboronic acid small molecule was

activated at a 5X molar excess and the polyol sugar analogue small molecule was

activated at a 1OX molar excess.

Immediately before initiating the reaction, recombinant human insulin (100 mg, 17.22

pmol) was dissolved in a buffer containing 0.12 M NaHCO3 and 0.12 M Na2CO3 (3 mL)

at pH 11. For synthesizing conjugates C1-C12, the reaction began by first adding the

activated polyol sugar analogue small molecule to the gently stirred insulin solution in

three increments (333 pL at 0 min, 20 min, and 40 min). At 60 min, the activated

phenylboronic acid small molecule was then added to the gently stirred insulin solution in

three increments (333 pL at 60 min, 80 min, and 100 min). After 120 min, 1 M CH3NH2 (1

mL) was added to the reaction mixture. The same procedure is followed for synthesizing

C25-C36, except the order of adding the small molecules is reversed: first add the

activated phenylboronic acid small molecule between time 0-40 min followed by addition

of the activated polyol sugar analogue small molecule between time 60-100 min, after

which 1 M CH3NH2 (1 mL) is added at time 120 min. After completion of all reaction steps

for each conjugate, the product was purified via reversed phase preparative HPLC using

a 218TP1022 C18 column (2.2 cm ID x 25 cm L, 10 pm; Vydac), with a mobile phase

gradient from 2% to 65% (vol/vol) of solvent B (0.043% trifluoroacetic acid/acetonitrile,

20/80) with solvent A (trifluoracetic acid/water, 0.05/99.95). Fractions were collected and

lyophilized to provide a white product. The product was characterized by deconvolution

electrospray ionization using a QSTAR hybrid Q-TOF, performed at the Koch Institute
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Swanson Biotechnology Center Biopolymers and Proteomics core. Masses obtained

were as follows: C1, expected 6246.85, actual 6210.2; C2, expected 6264.84, actual

6228.3; C3, expected 6258.86, actual 6240.3; C4, expected 6303.95, actual 6267.7; C5,

expected 6218.80, actual 6182.2; C6, expected 6236.79, actual 6200.2; C7, expected

6230.81, actual 6211.8; C8, expected 6275.89, actual 6239.7; C9, expected 6331.02,

actual 6294.2; C10, expected 6349.01, actual 6312.2; C11, expected 6343.03, actual

6324.3; C12, expected 6388.11, actual 6351.2; C25, expected 6246.85, actual 6210.5;

C26, expected 6264.84, actual 6228.3; C27, expected 6258.86, actual 6240.7; C28,

expected 6303.95, actual 6267.9; C29, expected 6218.80, actual 6182.4; C30, expected

6236.79, actual 6200.5; C31, expected 6230.81, actual 6212.5; C32, expected 6275.89,

actual 6324.8; C33, expected 6331.02, actual n.d.; C34, expected 6349.01, actual n.d.;

C35, expected 6343.03, actual n.d.; C36, expected 6388.11, actual 6351.98; n.d. denotes

not determined due to limitations in yield. It is noted that these masses are consistent with

MS for PBA-modified peptides, where the mono- (i.e., -18) or double- (i.e., -36)

dehydrated masses are observed due to gas phase anhydro formation of the boronic

acid.75

To confirm site-specific, di-conjugated modification on the s-amine of the B29 lysine

residue and the N-terminal primary amine of the Al glycine, purified insulin conjugates

were reduced using DTT, followed by alkylation of free thiols and subsequent protein

digestion with trypsin. Proteomics analysis was performed using a QSTAR hybrid Q-TOF

with tandem MS/MS analysis, with a search conducted for masses of the digested

products with free amines at the N-terminal A1Gly, N-terminal B1Phe, and the e-amine

B29Lys positions, as well as for the small molecule-conjugated masses. All purification
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and characterization were performed at the Koch Institute Swanson Biotechnology Center

Biopolymers and Proteomics core.

Circular Dichroism. To assess whether the protein modifications resulted in any

alteration of insulin secondary structure, near-UV circular dichroism (CD) spectroscopy

was performed with a Jasco J-1500 high-performance CD spectrometer over a

wavelength range of 205-250 nm using a transparent 0.1-cm path length quartz cuvette.

Quantifying relative protein stability of the insulin conjugates was also performed with the

same Jasco J-1500 high-performance CD spectrometer instrument following a

denaturation study involving titration of each insulin sample with the chemical denaturant

guanidine hydrochloride (GHCI). For measuring secondary structure, each insulin sample

was dissolved at a concentration of 4 mg/mL in a buffer containing 0.12 M NaHCO3 and

0.12 M Na2CO3 (pH 9.4). Each sample was then titrated to a final pH of 7.4 using minimal

HCI. Determination of relative protein stability was performed following a series of GHCI

titrations with each respective insulin sample, at intervals of denaturant concentration

spanning a range from 0.0 M GHCI to 7.5 M GHCI. For the stability study, each insulin

sample was dissolved at a concentration of 4 mg/mL in a buffer containing 0.12 M

NaHCO3 and 0.12 M Na2CO3 (pH 9.4). Each sample was diluted to a final concentration

of 0.25 mg/mL using varying mixtures of DI water and 8.OM GHCI solutions to ensure the

full range of denaturant concentration necessary for the study. All measurements were

taken at pH 7.4. Alterations in secondary structure were observed at wavelength 222 nm

at each GHCI concentration. For glucose and sorbitol incorporated denaturation studies,

appropriate amounts of each sugar were added to both the DI water and 8.0 M GHCI

solutions in order to ensure a consistent final concentration of 500 mg/dL glucose or 5,000
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mg/dL sorbitol. Thermodynamic stabilities were inferred from fitting normalized CD-

detected protein denaturation to a nonlinear least squares two-state model, as described

previously,17 and statistical significance determined by one-way ANOVA for comparing

the fit statistics of AGu for all samples relative to the native protein. All analysis was

performed using GraphPad Prism 6.0.

Thermal Aggregation Assay. Recombinant human insulin and insulin conjugates were

dissolved at a concentration of 344 pM in a buffer containing 0.12 M NaHCO3 and 0.12

M Na2CO3. Insulins were then diluted to a final concentration of 172 pM in 1X PBS and

final pH of 7.4. Samples were plated at 150 pL per well (n = 4/group) in a clear 96- well

plate (Thermo Scientific Nunc) and sealed with optically clear and thermally stable seal

(VWR). The plate was immediately placed into an Infinite M1000 plate reader (Tecan

Group) and shaken continuously at 37 C. Absorbance readings at 540 nm were collected

every 6 min for 100 h, and absorbance values were subsequently converted to

transmittance. The aggregation of insulin leads to light scattering, which results in

reduction of sample transmittance. The time for aggregation (tA) was defined as a >10%

reduction in transmittance from the initial transmittance. Following the 100-h kinetic study,

the plate was maintained under continuous agitation at 37 C, and absorbance at 540 nm

was monitored daily to approximate tA for the insulin bioconjugates.

In Vitro Insulin Receptor Activation. C2C12 cells were purchased from the American

Type Culture Collection (ATCC) and confirmed free of mycoplasma contamination before

use. Cells were cultured in Dulbecco's modified Eagle medium(DMEM) containing L-

glutamine, 4.5 g/L D-glucose, and 110 mg/L sodium pyruvate, and supplemented with

10% FBS and 1% penicillin-streptomycin. Incubations occurred in a 5% CO2/water-
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saturated incubator at 37 0C. Cells were seeded in 96-well plates at a density of 5,000

cells per well. Twenty-four hours after plating, the cells were washed three times with 200

pL of DMEM containing L-glutamine, 4.5 g/L glucose, and 110 mg/L sodium pyruvate,

and starved for at least 4 h at 37 *C in the same serum-free conditions. After 4 h, the

media was removed, and cells were stimulated with 100 pL of insulin samples of various

concentrations for 30 min at 37 *C. After 30 min, cells were washed three times with 100

pL of cold Tris-buffered saline (1X), followed by lysing the cells for 10 min with 100 pL of

cold Lysis Buffer (Perkin-Elmer). Levels of phosphorylated AKT 1/2/3 (Ser473) and Total

AKT 1 were determined from cell lysates using the AlphaLISA SureFire ULTRA kits

(Perkin-Elmer) according to the manufacturer's instructions. Intra-well normalized data of

phosphorylated AKT 1/2/3 (Ser473) and Total AKT 1 were analyzed using GraphPad

Prism 6.0, with dose-response curves fitted to a variable slope (four-parameter)

stimulation model to determine the EC5O of each insulin sample, and statistical

significance determined by an extra sum-of-squares F test for comparing the fit statistics

of LogEC50 for all samples relative to the native protein.

Diabetic mouse model. Male C57BL/6J mice, age 8 wk, were purchased from Jackson

Laboratory. After acclimation, mice were fasted overnight before intraperitoneal injection

of 150 mg/kg STZ. Preparation of STZ for injection involved dissolving the chemical at a

concentration of 15 mg/mL in sodium citrate buffer (114 mM, pH 4.5) immediately before

injection. Food was withheld for 2 h post-injection, after which mice were allowed to eat

and drink ad libitum. Glucose levels were monitored by peripheral tail vein bleeds using

a portable glucose meter (Clarity Plus, Clarity Diagnostics) daily until unfasted glucose

levels were >400 mg/dL. For the in vivo diabetic study, STZ-induced diabetic mice were
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fasted overnight before performing studies. Mice were bled at the beginning of the study,

and any mouse with a fasting blood glucose level <300 mg/dL was triaged from the study.

Mice were then randomized and injected subcutaneously with native insulin or insulin

conjugate at a dose of 5 IU/kg (1 IU = 5.97 nmol). Blood glucose readings were collected

every 30 min using a handheld glucose meter for a total of 3 hours. Responsiveness was

quantified by measuring the area-under-the-curve with a baseline at the point of initial

injection and integrating across a 3-h window following administration. All statistical

comparisons were performed using two-tailed, unpaired t-tests (GraphPad Prism 6.0).
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Chapter 4: Site-specific Conjugation of Zwitterionic Polymers to

Insulin for the Development of Ultra Long-Acting Insulin Therapies

The work presented in this chapter is in preparation for publication:

V. Yesilyurta*, A. B. Cortinas*, L. S. Thapa, S. D. Truong, R. S. Langer, D. G. Anderson, Site-specific
conjugation of zwitterionic polymers to insulin improves the bioactivity in STZ-diabetic mice. In preparation.

86



4.1 Introduction

Diabetes mellitus is a global epidemic that affects more than 400 million individuals

worldwide, with that number expected to increase by almost 50% by 2045. 4 For insulin-

dependent diabetes, the predominant standard-of-care requires patients to carefully

monitor their sugar levels by sampling their own blood multiple times per day, followed by

performing multiple self-administered insulin injections, until glycemic goals are achieved.

Despite following such a strictly regimented insulin therapy, which can be as unique as

the individual itself, a majority of patients still suffer from complications that arise from

poor adherence to therapy or from inadequate glycemic control. 133 Although several

advances have been made throughout the decades to engineer basal insulins, there

remains a pressing need for enhanced basal therapies that are safer, more efficacious,

and require far less frequent injections.9113 4

Like many other therapeutic proteins or peptides, insulin suffers from various issues

ranging from short circulation half-life, poor stability, and rare cases of immunogenicity. 135

Extensive effort and resources have been devoted to the development of new insulin

analogues with tunable pharmacokinetics (PK), which have led to the commercialization

of multiple insulin variants with fast-acting and long-acting activity for personalized

therapy. Engineered insulin analogs with an extended time-action profile have been

particularly useful as a once- or twice-daily injection formulation that attempts to mimic

the basal secretion profile of the healthy pancreas. For example, insulin detemir (Novo

Nordisk), a des-B30 myristic acid acylated insulin conjugate, is a basal insulin that binds

to hydrophobic regions of circulating serum proteins such as albumin, enabling the

enhancement of circulatory half-life to approximately 6 hours. 136 ,13 7 Insulin glargine

87



(Sanofi-Aventis), an isoelectric-point-shifted insulin analogue engineered to precipitate at

the subcutaneous injection site for delayed solubilization and absorption, has a half-life

of approximately 13 hours. 138 Most recently, insulin degludec (Novo Nordisk) was

designed to facilitate ligand-mediated multi-hexamer assembly after subcutaneous

injection for enhanced protraction of disassembly and absorption, allowing for circulation

half-life of more than 24 hours. 109

Alternative to protein engineering, bioconjugation of water soluble polymers to the

insulin protein has served as a general approach to achieving augmented protraction

mechanisms. These modifications are typically intended to enhance pharmacokinetic

(PK) profiles and improve shelf-life stability of insulin, a protein highly susceptible to

aggregation if not subjected to proper storage conditions. 13 9- 14 2 Dextran, chitosan,

trehalose glycopolymer, and polyethylene glycol (PEG) are a few examples of polymers

typically conjugated to insulin to modulate PK profiles. 14 3- 145 Among all polymers,

PEGylation is the most widely used polymer conjugation method to enhance the

circulation half-life, stability, and solubility of protein therapeutics.1 4 6,14 7  Although

numerous PEGylated therapeutic drugs have been approved by the U.S. Food and Drug

Administration, with numerous others in development, there are currently no insulin

polymer conjugates approved for clinical use. Perhaps the most recent candidate to

almost achieve that designation was insulin peglispro (Eli Lilly), an ultra long-acting insulin

derivative formed from the conjugation of a 20 kDa molecular weight linear PEG polymer

to the B28Lys e-amine of insulin lispro. 148 Although this derivative showed substantial

promise in demonstrating hepato-preferential action and single-dosing steady state PK

profiles up to 7-10 days, with an apparent half-life of 2-3 days, Eli Lilly terminated its
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development in 2015 due to unfavorable lipid and liver function tests from a FDA Phase

Ill clinical trial. 14 9- 151

Although PEGylation still remains one of the primary methods utilized to achieve

protein stabilization and enhanced blood circulation half-life, there are limitations. PEG

polymers exhibit temperature sensitive solution behavior, causing the precipitation of

polymer at its lower critical solution temperature. 112, 153 And despite PEG being a water-

soluble polymer, it also possesses amphiphilic characteristics due to its solubility in

nonpolar organic solvents such as toluene. Moreover, several recent studies have shown

that PEG conjugates may induce immunogenicity and antibody responses, which could

potentially accelerate blood clearance of PEGylated protein therapeutics. 14 7 154 These

drawbacks have led to the development of alternative biocompatible polymers for protein

conjugation, with the prospect of possessing less potential for immunogenicity.1 55 To this

end, zwitterionic materials have emerged as a new class of non-fouling biomaterials that

are super hydrophilic and prevent non-specific protein adsorption. Recently, it has been

shown that zwitterionic polymer coated nanoparticles and conjugated proteins have

enhanced blood circulation half-life and reduced immunogenicity compared to PEGylated

analogs. 1 54 ,156-160

Here, we report the systematic design, synthesis, in vitro assessment, and in vivo

functional evaluation of a small library of insulin-zwitterionic polymer conjugates,

ultimately aimed towards the generation of an ultra long-acting insulin therapy. Three

zwitterionic polymers were synthesized utilizing reversible addition-fragmentation chain

transfer (RAFT) polymerization for the ultimate designation of site-specific, bio-orthogonal

conjugation to insulin. The resulting library is demonstrated to afford equivalent biological
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potency relative to native human insulin, augmented thermal and chemical stability

capable of withstanding aggregation for over 80 days, as well as ultra long-acting basal

insulin potential, capable of enhanced protraction and in vivo activity comparable to a

pegylated insulin inspired by ultra long-acting insulin peglispro. Overall, it is envisioned

that zwitterionic functionalization of insulin could provide a potentially improved

therapeutic strategy for the development of ultra long-acting insulin therapeutics for

diabetes management.

4.2 Synthesis of Insulin Zwitterionic Polymer Conjugates

The desired insulin zwitterionic polymer conjugates were synthesized in two steps

according to methods outlined in Figure 4. 1 and Figure A. 8. Using N-hydroxysuccinimide

(NHS) coupling under basic conditions, a dibenzocyclooctyne (DBCO) group bearing a

short oligoethyleneglycol linker was reacted preferentially to the E-amine of the B29 lysine

residue (Figure 4. 1a), as previously demonstrated, to preserve functionality and

biological activity of the resulting conjugate.75-77,14 ,16 1,16 2 The resulting insulin-DBCO

conjugate (Ins-DBCO) was purified using preparative HPLC to afford Ins-DBCO

specifically modified at the B29Lys residue. Characterization was performed using whole-

protein electrospray ionization (ESI) as well as protein fragment tandem MS/MS ESI

analysis to confirm both the mono- and site-specific conjugation of the DBCO small

molecule to the insulin protein (Figure A. 9). Next, zwitterionic polymers based on

carboxybetaine (CB), sulfobetaine (SB), and phosphorylcholine (PC) functionalities were

prepared through RAFT polymerization using an azido functionalized chain transfer agent

(CTA). Performing aqueous RAFT with zwitterionic methacrylate monomers enabled us
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Figure 4. 1 Strategy for synthesizing insulin-zwItterlonic conjugates. (a) Reaction of the DBCO small
molecule to the B29 lysine residue e-amine for site-preferential conjugation and synthesis of the Ins-DBCO
core molecule. (b) Generalized scheme for preparation of zwitterionic polymers utilizing RAFT
polymerization, to be used for Ins-DBCO orthogonal conjugation. *Note: Final CB polymer was obtained
after the removal of tert-butyl ester with trifluoroacetic acid. (c) Structures of the three insulin-zwitterionic
conjugates used in this work along with the positive control, Ins-PEG, a pegylated insulin inspired by the
clinically tested ultra long-acting insulin peglispro.

to achieve quantitative conversion of monomers yielding the target molecular weights of

10 kDa for all zwitterionic homopolymers while maintaining the polydispersity (PDI) at a

reasonably low value [Mn('H NMR): 10 kDA; PDI (SEC): 1.1-1.2;

Polymerization reactions (Figure 4. 1b) took place in acetate buffer, pH 5.5, to prevent

the hydrolysis of dithioesters on the RAFT CTA. 163 The purified zwitterionic polymers were

subsequently conjugated to Ins-DBCO by simple mixing via a bio-orthogonal copper-free
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click reaction scheme to afford three insulin-zwitterionic polymer conjugates (Figure 4.

1c): Ins-PC, Ins-CB, and Ins-SB. Similarly, the Ins-PEG conjugate was also prepared

through the reaction of Ins-DBCO with commercially available, linear mPEG-azide (Mn:

10 kDa). The described reaction strategy allowed for the site-specific functionalization of

exactly one polymer chain per insulin molecule via the copper-free click chemistry

scheme. The resulting conjugations were confirmed qualitatively by native polyacrylamide

gel electrophoresis (PAGE) (Figure A. 11), and the insulin-polymer conjugates were used

directly, with no further purification performed on the reaction mixture to remove

unreacted excess polymers.

4.3 Functional Characterization In Vitro

To assess whether the insulin modification strategy ultimately altered the secondary

structure of all resulting insulin polymer conjugates, a series of in vitro assessment assays

were utilized for both qualitative and quantitative functional validation. First, near-UV

circular dichroism (CD) spectroscopy was utilized to determine post-modification

retention of alpha-helical secondary structure (Figure 4. 2a). Overall, all synthesized

conjugates demonstrated no detrimental evidence that the synthesis strategy had any

effect on the alpha-helical character of native insulin. Additionally, an in vitro cell-based

insulin receptor activation assay was performed to ensure that all insulin-polymer

conjugates maintained full receptor binding and activation potential relative to the native

protein (Figure 4. 2b and c). The dose-response studies indicate no statistically significant

changes in downstream AKT phosphorylation events, and ultimately confirm full retention

of in vitro potency.
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Figure 4. 2 in vitro functional characterization of synthesized insulin polymer conjugates. (a) Near-
UV circular dichroism comparison demonstrated no qualitative loss of alpha-helical secondary structure
relative to the native protein, observed by retention of the characteristic local minima detected at 208 nm
and 222 nm. 16 (b) In vitro cell stimulation assay for all insulin samples, measuring the ratio of
phosphorylated AKT (Ser473) relative to total AKT as a function of insulin concentration. Error bars
represent standard deviation. (c) Determination of differences in potency by comparing dose response
derived ECso values for all insulin polymer conjugates relative to the native protein. Results verified no loss
of biological activity. Error bars represent 95% confidence intervals.

4.4 In Vivo Studies of Insulin Polymer Conjugates

To assess the glucose-correcting efficacy of the prepared insulin polymer conjugates

under hyperglycemic conditions, an STZ-induced Type 1 diabetic mouse model was

used.106 All polymer-insulin conjugates reduced average blood glucose levels to

normoglycemic levels, <200 mg/dL, following a single subcutaneous injection of 5 IU/kg

native human insulin, or molar equivalent of insulin polymeric conjugates. At three hours

post-subcutaneous administration, an intraperitoneal glucose tolerance test (IPGTT) was

performed. Following the IPGTT, all insulin-zwitterionic polymer conjugates, as well as

the Ins-PEG control, demonstrated recovery of blood glucose concentrations to

normoglycemia (< 200 mg/dL). However, all other insulin controls (Native, Ins-DBCO, and

Ins-PEG 2k) did not demonstrate glucose-correcting effects and resulted in blood glucose

concentrations rising above 400 mg/dL (Figure 4. 3a). Of note, despite the linear PEG

polymer of Ins-PEG having the same molecular weight as all synthesized zwitterionic
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Figure 4. 3 In vivo diabetic functional characterization of synthesized insulin polymer conjugates.
(a) Glucose-correcting efficacy and recovery study of insulin samples injected at 5 IU/kg (29.9 nmol/kg) in
an STZ-induced diabetic mouse model, with the IPGTT administered at 3 hours post insulin administration.
After IPGTT challenge, Ins-PC, Ins-CB, Ins-SB, and Ins-PEG demonstrated normoglycemic recovery. (b)
Quantification of in vivo diabetic response study based on measuring the area-under-the-curve from 3 to 6
hours, with the baseline set at the 3-hour blood glucose value. ANOVA with Turkey multiple comparisons
post hoc test was performed for measuring statistical significance, **** P < 0.0001. (c) Clearance study, for
all samples demonstrating normoglycemic recovery from previous study, over thirteen hours, with Ins-PC
and Ins-PEG demonstrating highest potential for long-acting efficacy. Error bars for all graphs represent
standard deviation.

polymers, the degree of polymerization (DP), proportional to the hydrodynamic radius, is

~ 7-fold higher than that of CB, SB, and PC polymers. 165 Therefore, to better account for

the potential size effects of these metrics, Ins-PEG 2k, which has a DP value equivalent

to all zwitterionic polymers, was incorporated into the diabetic response study. To quantify

the IPGTT response of all insulin samples, the area-under-the-curve (AUC) was

calculated for each group (Figure 4. 3b). As corroborated in the blood glucose profiles, all

insulin-zwitterionic polymer conjugates and Ins-PEG demonstrate significantly higher

sequestration, and therefore longer-acting activity, relative to Native, Ins-DBCO, and Ins-

PEG 2k, as shown by the AUC comparison (P < 0.0001). To further probe the long-acting

potential of insulin samples demonstrating significant recovery from the IPGTT study,

insulin clearance was investigated. Following an initial subcutaneous injection of 5 lU/kg

native insulin, or the molar equivalent of Ins-PC, Ins-CB, Ins-SB, and Ins-PEG, blood

glucose concentrations were measured over a thirteen-hour window. Based on the results
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of this study, Native and Ins-CB failed to correct average blood glucose concentrations to

normoglycemic levels after 4 hours and 10 hours, respectively. Ins-SB maintained a

normoglycemic state throughout the study but observed fluctuating blood glucose levels

after eight hours. Only Ins-PC and Ins-PEG demonstrated a consistent normoglycemic

effect with little to no sign of potential failure throughout the duration of the study, with no

statistical difference between final average blood glucose concentrations at hour thirteen

between the two groups (Figure 4. 3c).

To assess the potential of the insulin-zwitterionic polymer conjugates to induce

hypoglycemia, dosing studies were performed on healthy, normoglycemic mice (Figure

4. 4). Doses of 1 IU/kg, 3 IU/kg, and 5 lU/kg of native insulin, or the molar equivalent of

insulin polymer conjugates, were chosen to be the therapeutically relevant dose range.

The extent by which insulin induced a hypoglycemic response, characterized by a blood

glucose concentration below 70 mg/dL, was evaluated for all insulin zwitterionic

conjugates, with native insulin chosen to be the negative control and Ins-PEG chosen to

be the positive control, based on the in vivo diabetic efficacy study. The hypoglycemic

response for each insulin was quantified using the hypoglycemia index, a unitless metric

measured by the drop from initial blood glucose concentration to the nadir (i.e., the lowest

observed value) divided by the initial blood glucose concentration. A variation of this

metric is used clinically to help diagnose incidence of hypoglycemia in diabetic patients.104

For healthy mice dosed at 1 IU/kg, the hypoglycemia index for Ins-SB was equivalent to

that of native insulin, whereas Ins-PC, Ins-CB, and Ins-PEG demonstrated statistically

higher incidence of hypoglycemia (P<0.05). At a dose of 3 IU/kg, Ins-SB maintained a

significantly lower level of induced hypoglycemia relative to native insulin (P<0.001) and
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Figure 4. 4 Dose escalation studies in healthy, normoglycemic mice for the evaluation of
hypoglycemia risk. All insulins were dosed at (a) 1 IU/kg, (b) 3 IU/kg, and (c) 5 lU/kg, with blood glucose
monitoring occurring over a six-hour window and hypoglycemia defined as a drop in blood glucose
concentration below 70 mg/dL. (d) Quantification of hypoglycemia index, determined from the difference
between the initial and nadir blood glucose values divided by the nadir (i.e., lowest observed concentration).
Two-tailed, unpaired t tests were performed for statistical comparison. n.s. P> 0.05, * P < 0.05, ** P < 0.01,
and *** P < 0.001 refer to comparisons to native insulin at the 3 IU/kg dose; A P < 0.05 refers to Ins-SB
compared with Ins-PEG. Error bars for all graphs represent standard deviation.

Ins-PEG (P<0.05), as well as a generally safer profile compared to all other insulin

zwitterionic conjugates. At the highest dosing concentration, 5 IU/kg, all insulin polymer

conjugates demonstrated statistically equivalent hypoglycemia incidence as compared to

native insulin. The effect seen at the highest dose demonstrates a potential concentration-

dependent plateau in therapeutic index, as seen previously, whereby possible safety

effects are overcome by the relatively high concentration of insulin present in the

biological system. 77 Altogether, the healthy mice dosing studies reveal Ins-SB to have a

similar hypoglycemic effect to native at the lowest dose (1 IU/kg), a lower risk of
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hypoglycemia incidence relative to native and Ins-PEG at 3 IU/kg, and all insulin samples

having similar hypoglycemic profiles relative to each other at the highest dose (5 IU/kg).

4.5 Chemical and Thermal Stability

To determine the potential stabilization effects of the zwitterionic polymer conjugation

to the insulin protein, chemical denaturation and thermal aggregation assays were

performed at physiological pH and temperature at near-clinically-formulated

concentrations. To assess thermodynamic stability, titration of native insulin, Ins-PC, Ins-

CB, and Ins-SB with guanidine hydrochloride was performed, with normalized changes in

alpha-helical secondary structure measured by circular dichroism at 222 nm, as

previously described. 17 Augmentation in thermodynamic stability is observed by the

rightward shift in the observed unfolding transition as a function of guanidine

concentration for all insulin zwitterionic conjugates relative to native insulin (Figure 4. 5a).

Quantitative analysis of the protein denaturation assay utilized a two-state model to

extrapolate inferred thermodynamic parameters. 17, 166 In contrast to native insulin, direct

comparison of the inferred free energy of unfolding (AGu) for all insulin zwitterionic

polymer conjugates (Figure 4. 5b) exhibited statistically robust enhancement in stability

(P<0.0001). Furthermore, comparison of the fitted slope parameter, m, correlated with

the extent of exposure of non-polar surfaces upon unfolding, reveals that the observed

increase between native insulin and the insulin zwitterionic polymer conjugates is

consistent with a greater burial of non-polar surfaces in the native state, denoting a

resistance to unfolding and ultimately to denaturation.1 7

97



100- 35-

o- e a atve 301 0- Ntv

* Ins-PC 2,5 Ins-PC
* Ins- B a 2InS-CB

o~~~2 20 2 lm -CB( ) t 0 Ti e(

Ins-SB m -I-S

40- 1' 10S

cojga0 . a Assmetofscodr stutr hne safntono irto ihc ia

0 05__ IC 1 -
0 1 2 3 4 5 0 7 t

Guanadin HCI (M)0 O 2 30 4 50 0
*0 Time (hra)

Figure 4. 5 Protein stability evaluation of native insulin and all insulin Zwitterionic polymer
conjugates. (a) Assessment of secondary structure changes as a function of titration with chemical
denaturant guanidine hydrochloride. Observed shift to the right for all insulin zwitterionic polymer conjugates

denotes resistance to unfolding transition and therefore an enhancement in thermodynamic stability. Error

bars represent standard deviation. (b) Inferred free energy of unfolding (AGu) quantified using a two-state

model demonstrated statistically robust augmentation in chemical stability (P<0.0001) of all insulin

zwitterionic polymer conjugates relative to native insulin. Furthermore, increases in the fitted slope

parameter, m, denote a greater burial of non-polar surface in the native state, consistent with higher

resistance to destabilization and denaturation. Fitted slope parameters for insulin samples are as follows

(Mean t SEM, kcal/moVM): Native, 0.43 0.02; Ins-PC, 0.64 0.04; Ins-CB, 0.58 0.04; Ins-SB, 0.61

0.02. Error bars in the graph represent 95% confidence intervals. (c) Kinetic aggregation profile of native

insulin and insulin zwitterionic polymer conjugates through measurement of changes in solution

transmittance at pH 7.4 and 370C under continuous agitation. Native insulin observed physical aggregation

after -36 hours while all insulin zwitterionic polymer conjugates did not throughout the entire 60-hour kinetic

trial. It should be noted that after the kinetic trial, all insulin samples were monitored daily for a period of 80

days, with all insulin zwitterionic polymer conjugates demonstrating no changes in transmittance. Dotted

error bars represents standard deviation.

Building upon the observations of enhanced thermodynamic stability, determination

of whether these augmentations translate to an increased resistance to thermal

aggregation was assessed by using a continuous agitation assay on all insulin zwitterionic

polymer conjugates and native insulin.129 Performed under physiological pH and

temperature, continuous agitation was employed to determine the kinetics of insulin

aggregation in a solution of 172 pM protein (1 mg/mL native insulin and molar equivalent

of all insulin zwitterionic polymer conjugates) with changes in optical transmittance

measured at 540 nm in order to detect the formation of aggregates over time. With the

aggregation time (tA) defined as a change in optical transmittance greater than 10% of

the initial absorbance value, native insulin aggregated after -36 hours while all other
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insulin zwitterionic polymer conjugates did not exhibit any aggregation throughout the

entire 60-hour kinetic study (Figure 4. 5c). After the initial kinetic study, transmittance of

the insulin samples was measured once daily until termination of the study after 80 days.

No aggregation of any of the insulin zwitterionic polymer conjugates was observed at the

80-day endpoint of the study, enhancing the stability in solution of native insulin from -36

hours to over 80 days.

4.6 Discussion and Conclusions

Long-acting insulins are a critical component of the therapeutic toolbox used by

insulin-dependent diabetics, allowing for supplementation or replacement of the stable

basal insulin concentrations required throughout the day normally provided by the healthy

pancreas. Advances in basal insulin technology has led to the advent of once- or twice-

daily long-acting insulin therapies. However, further development of basal insulins

towards an ultra long-acting protraction profile could potentially reduce the injection

frequency from once- or twice-daily to once- or twice-weekly, thereby dramatically

alleviating the burden and potential for regimen noncompliance for insulin-dependent

diabetics. This study systematically assesses the effects of zwitterionic functionalization

on the insulin protein towards an ultra long-acting insulin therapy, focusing on the in vitro

potency, in vivo efficacy and safety, as well as chemical and thermal stability of the

resulting conjugates. After validating the complete retention of secondary structure and

receptor activation-based potency for all insulin zwitterionic polymer conjugates,

functional evaluation was performed in diabetic and healthy mice. In diabetic mice, an in

vivo response study revealed the recovery potential of all zwitterionic candidates, Ins-PC,
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Ins-CB, and Ins-SB, to be comparable to that of Ins-PEG, a pegylated insulin inspired by

the clinically tested ultra long-acting insulin peglispro. And despite having a degree of

polymerization -7-fold lower than Ins-PEG, a parameter that is proportional to

hydrodynamic radius and largely responsible for the enhanced protraction effects of

insulin peglispro 92,167-169, all insulin zwitterionic polymer conjugates were shown to have

a comparable IPGTT response, successfully reducing blood glucose concentrations back

to normoglycemic levels as demonstrated by the AUC comparison. Further testing of all

insulin zwitterionic polymer conjugates in a clearance-based study revealed Ins-PC to

have the most ultra-long acting potential based on its comparable profile to Ins-PEG. All

other zwitterionic candidates demonstrated longer protraction profiles relative to native

insulin, but either failed to maintain normoglycemia (Ins-CB) or observed blood glucose

fluctuations within a normoglycemic range (Ins-SB) over the thirteen-hour study. In

healthy mice, the hypoglycemia index for Ins-SB was consistently lower relative to Ins-

PC and Ins-CB, whereas Ins-PC and Ins-CB possessed similar risk for hypoglycemia

relative to each other and to Ins-PEG. These studies point towards zwitterionic polymer

SB possessing the most potential for both long-acting efficacy and reduced risk of

hypoglycemia relative to Ins-PEG. Lastly, all zwitterionic polymer functionalities facilitated

improved protein stability and inhibited thermal aggregation, an important parameter in

the storage and deployment of insulin therapeutics around the world, especially in regions

with poor cold-chain infrastructure. Overall, this approach provides meaningful context in

that zwitterionic polymers provide a clinical opportunity for therapeutic protein

development, and could prove especially beneficial in the pursuit of clinically relevant ultra

long-acting insulin therapies.
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4.7 Materials and Methods

Materials. All commercially available reagents and lab supplies were purchased from

Sigma Aldrich, unless otherwise specified. DBCO-PEG4-NHS (Cat# A134-100) and

Azide-PEG3-Hydroxyl were purchased from Click Chemistry tools. 2-

(Methacryloyloxy)ethyl 2-(Trimethylammonio)ethyl Phosphate (Cat# M2005) was

purchased from TCI America. Azido-PEG10k (Cat# PG1-AZ-10k) and Azido-PEG2k

(Cat# PG1-AZ-2k) were purchased from Nanocs. Recombinant human insulin was

purchased from Life Technologies Corporation. Dialysis tubing of MWCO 2 kDa (Cat#

132109) was purchased from Spectrum Labs.

Synthesis of Raft Chain Transfer Agent (CTA-Azide). Azide-PEG3-Hydroxyl (4.56

mmol) and 4-Cyano-4-(thiobenzoylthio)pentanoic acid (9.13 mmol) were combined in 60

mL of anhydrous dichloromethane (DCM). EDC (9.13 mmol), HOBt (9.13 mmol) and

triethylamine (18.24 mmol) were added sequentially. After 20 hours at room temperature,

the reaction mixture was partitioned between 1 N HCI and DCM. The organic layer was

subsequently washed with H20 and then with brine before being dried with Na2SO4 The

resultant crude mixture was purified using combi flash chromatography system using 80

gram silica column (10 to 60% EtOAc/hexanes) to obtain a red viscous oil compound

(1.1g, 50% yield). 1H NMR (400 MHz, CDC3): 7.91 (d, 2H), 7.56 (t, 1H), 7.40 (t, 2H), 4.27

(t, 2H), 3.71 (t, 2H), 3.6-3.7 (m, 10H), 3.39 (t, 2H), 2.5-2.75 (m, 3H), 2.44 (m, 1H), 1.94

(s, 3H) HRMS: calculated C21H28N405S2 480.60; found 480.1728 [M'].

Synthesis of Carboxybetaine Monomer (CB). To a 250 mL round bottom flask, 2-

(dimethylamino)ethyl-methacrylate (10.7 mL, 63.61 mmol), acetonitrile (60 mL) and tert-

Butyl bromoacetate (18.8 mL, 127.22 mmol) were added at RT under N2. The reaction
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solution was heated at 50 OC for 48 h, cooled to RT, and then concentrated on rotavap to

leave viscous oil, which was solidified by adding and mixing with diethyl ether (50 mL)

followed by evaporation to have a solid, which was filtered by vacuum suction, washed

with diethyl ether thoroughly and dried to give 23 g (100%) of the product as a white solid.

1H NMR (400 MHz, CDC13): d 6.15 (s, 1H), 5.67 (s, 1H), 4.78 (s, 2H), 4.68-4.61 (m, 2H),

4.42-4.36 (m, 2H), 3.73 (s, 6H), 1.95 (s, 3H), 1.48 (s, 9H); 13C NMR (500 MHz, CD30D):

d 167.5, 165.1, 136.8, 127.5, 86.2, 64.6, 63.4, 59.2, 53.1, 28.2, 18.5; HRMS calculated

for C14H26NO4 272.1856, found 272.1857 [M'].

Synthesis of PC-Azide Polymer. CTA-Azide (46.5 mg, 0.096 mmol) and 4,4'-azobis(4-

cyanovaleric acid) (ACVA) (9 mg, 0.031 mmol) were transferred into a glass vial and

dissolved in 3.5 mL of ethanol. This solution was then transferred to a 10 mL Schlenk

flask containing 2-(Methacryloyloxy)ethyl 2-(Trimethylammonio)ethyl Phosphate (1 g,

3.39 mmol) in 2.5 mL of pH 5.5 acetate buffer (0.3M). The flask was sealed with a rubber

septum and purged with nitrogen for 20 minutes. The flask was then immersed in a

preheated oil bath at 70 0C. The reaction was terminated at 20 hours by rapid cooling and

exposure to air. The polymer was precipitated from diethyl ether, filtered, dissolved in DI

water and dialyzed against water for 24 hours using 2 kDa MWCO dialysis bag. After

lyophilization, a pink powder was obtained, and stored at -20 0C until further use

(Mn(SEC): 8.5 kDa, PDI: 1.10, DP( 1H NMR: 33).

Synthesis of SB-Azide Polymer. CTA-Azide (43 mg, 0.089 mmol) and 4,4'-azobis(4-

cyanovaleric acid) (ACVA) (8 mg, 0.029 mmol) were transferred into a glass vial and

dissolved in 3.5 mL of ethanol. This solution was then transferred to a 10 mL Schlenk

flask containing 2-(N-3-Sulfopropyl-N,N-dimethyl ammonium)ethyl methacrylate (1.0 g,
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3.58 mmol) in 3.5 mL of pH 5.5 acetate buffer (0.3M) containing 0.5 M of NaBr. The flask

was sealed with a rubber septum and purged with nitrogen for 20 minutes. The flask was

then immersed in a preheated oil bath at 65 0C. The reaction was terminated at 13 hours

by rapid cooling and exposure to air. The polymer was dissolved in DI water and dialyzed

against water for 24 hours using 2 kDa MWCO dialysis bag. After lyophilization, a pink

powder was obtained, and stored at -20 OC until further use (Mn (SEC): 9.1 kDa, PDI:

1.20, DP(1H NMR): 36).

Synthesis of CB-Azide Polymer. CTA-Azide (35 mg, 0.073 mmol) and 4,4'-azobis(4-

cyanovaleric acid) (ACVA) (7 mg, 0.024 mmol) were transferred into a glass vial and

dissolved in 3.5 mL of ethanol. This solution was then transferred to a 10 mL Schlenk

flask containing carboxybetaine monomer (CB) (1.0 g, 3.67 mmol) in 2.5 mL of pH 5.5

acetate buffer (0.3M). The flask was sealed with a rubber septum and purged with

nitrogen for 20 minutes. The flask was then immersed in a preheated oil bath at 70 OC.

The reaction was terminated at 20 hours by rapid cooling and exposure to air. The

polymer was precipitated with diethyl ether, filtered, and dried to get a pinkish solid. The

resultant polymer was stirred in trifluoroacetic acid (TFA, 25 mL) at room temperature for

2 hours to remove tert-butyl ester. TFA was evaporated under vacuum to dryness. The

resultant solid was dissolved in DI water and dialyzed against water for 24 hours using 2

kDa MWCO dialysis bag. After lyophilization, a pink powder was obtained, and stored at

-20 OC until further use (Mn (SEC): 8.7 kDa, PDI: 1.25, DP(1H NMR): 46).

Synthesis of Insulin-DBCO Core. Recombinant human insulin (100 mg, 17.22 pmol)

was dissolved in a buffer containing 0.12 M NaHCO3 and 0.12 M Na2CO3 (3 mL) at pH

11. The small molecule DBCO-PEG4-NHS ester (112 mg, 172.2 pmol) was dissolved in
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1 mL of anhydrous DMSO and added to the gently stirred insulin solution in three

increments (333 pL at 0 min, 20 min, and 40 min). After 60 min, 1 M CH3NH2 (1 mL) was

added to the reaction mixture. The product was purified via reversed phase preparative

HPLC using a 218TP1022 C18 column (2.2 cm ID x 25 cm L, 10 pm; Vydac), with a

mobile phase gradient from 2% to 65% (vol/vol) of solvent B (0.043% trifluoroacetic

acid/acetonitrile, 20/80) with solvent A (trifluoracetic acid/water, 0.05/99.95). Fractions

were collected and lyophilized to provide a white product. The product was characterized

by deconvolution electrospray ionization using a QSTAR hybrid Q-TOF, performed at the

Koch Institute Swanson Biotechnology Center Biopolymers and Proteomics core. Whole

protein MS for C287H417N67084S6 provided a molecular mass of 6341.91 Da (calculated,

6342.24 Da).

To confirm site-specific, mono-conjugated modification on the E-amine of the B29 lysine

residue, purified Insulin-DBCO was reduced using DTT, followed by alkylation of free

thiols and subsequent protein digestion with trypsin. Proteomics analysis was performed

using a QSTAR hybrid Q-TOF with tandem MS/MS analysis, with a search conducted for

masses of the digested products with free amines at the N-terminal A1Gly, N-terminal

B1 Phe, and the e-amine B29Lys positions, as well as for the DBCO small molecule-

conjugated masses. All purification and characterization were performed at the Koch

Institute Swanson Biotechnology Center Biopolymers and Proteomics core.

Synthesis of Insulin-Polymer Conjugates utilizing Copper-Free Click Chemistry.

Insulin-DBCO (2.5 mg, 0.39 pmol) was dissolved in a buffer containing 0.12 M NaHCO3

and 0.12 M Na2CO3 (0.25 mL). For each polymer conjugate, 0.25 mL of Insulin-DBCO

was mixed with 0.25 mL of appropriate amount of polymer stock solutions prepared in 1 M
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Hepes buffer, pH 7.4. Four moles excess (1.56 pmol) of each polymer was utilized in

each reaction to ensure complete conjugation of Insulin-DBCO, with a final reaction

mixture pH of 7.4. Directly after mixing, the reaction mixture was placed at 40C overnight

under gentle orbital shaking (50 rpm). The resulting insulin-polymer conjugates were

used directly from the reaction mixture with no further purification performed to remove

unreacted, excess polymer.

Instrumentation. 1H NMR spectra were recorded on Varian Inova 500 MHz NMR

spectrometer, using the residual proton resonance of the solvent as the internal standard.

Chemical shifts are reported in parts per million (ppm). High-resolution mass spectral

(HRMS) data were obtained on 7 Tesk Bruker Fourier-Transform Ion Cyclotron

Resonance Mass Spectrometer. Molecular weight and PDI values of the water soluble

zwitterionic polymers were estimated by Gel Permeation Chromatography (GPC) in

aqueous buffer containing 0.05 M sodium nitrate. Poly(ethylene glycol) standards were

used to calibrate GPC for molecular weight measurements. One guard column and three

Tosoh TSKgel GMPWxL columns were calibrated with PEG standards. Flow rate was set

to 1.0 mL/min and Viscotek refractive index detector was used for conventional

calibration. Flash chromatography was performed on a Teledyne Isco CombiFlash Rf-

200 chromatography equipped with UV-Vis and evaporative light scattering detectors

(ELSD).

Circular Dichroism. To assess whether polymer modification of native insulin to Insulin-

DBCO, Insulin-PC, Insulin-CB, Insulin-SB, and Insulin-PEG yielded alteration of insulin

secondary structure, near-UV circular dichroism (CD) spectroscopy was performed with

a Jasco J-1 500 high-performance CD spectrometer over a wavelength range of 205-250
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nm using a transparent 0.1-cm path length quartz cuvette. Quantifying relative protein

stability of the insulin conjugates was also performed with the same Jasco J-1500 high-

performance CD spectrometer instrument following a denaturation study involving

titration of each insulin sample with the chemical denaturant guanidine hydrochloride

(GHCI). For measuring secondary structure, each insulin sample was dissolved at a

concentration of 4 mg/mL in a buffer containing 0.12 M NaHCO3 and 0.12 M Na2CO3 (pH

9.4). Each sample was then diluted to a final concentration of 0.25 mg/mL using 100 mM

HEPES buffer. All measurements were taken at pH 7.4 and 37 0C. Comparison of native

insulin spectra with all conjugates demonstrated no compromising of insulin protein alpha

helical secondary structure due to chemical modification. Determination of relative protein

stability was performed following a series of GHCI titrations with each respective insulin

sample, at intervals of denaturant concentration spanning a range from 0.0 M GHCI to

7.5 M GHCI. For the stability study, each insulin sample was dissolved at a concentration

of 4 mg/mL in a buffer containing 0.12 M NaHCO3 and 0.12 M Na2CO3 (pH 9.4). Each

sample was diluted to a final concentration of 0.25 mg/mL using varying mixtures of 100

mM HEPES and 8.0M GHCI solutions to ensure the full range of denaturant concentration

necessary for the study. All measurements were taken at pH 7.4 and 37 'C. Alterations

in secondary structure were observed at wavelength 222 nm at each GHCI concentration.

Thermodynamic stabilities were inferred from fitting normalized CD-detected protein

denaturation to a nonlinear least squares two-state model, as described previously,17 and

statistical significance determined by an extra sum-of-squares F test for comparing the

global fit statistics of AGu for all samples relative to the native protein. All analysis was

performed using GraphPad Prism 6.0.
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Thermal Aggregation Assay. Recombinant human insulin and Insulin-DBCO were

dissolved at a concentration of 344 pM in a buffer containing 0.12 M NaHCO3 and 0.12

M Na2CO3. Recombinant human insulin was diluted to a final concentration of 172 pM in

1 M HEPES. Insulin-DBCO was individually mixed with each respective polymer (PC-

Azide, CB-Azide, SB-Azide, and PEG-Azide), present at a concentration of 1.38 mM in 1

M HEPES (4X molar excess). Samples were plated at 150 pL per well (n = 3/group) in a

clear 96- well plate (Thermo Scientific Nunc) and sealed with optically clear and thermally

stable seal (VWR). The plate was immediately placed into an Infinite M1000 plate reader

(Tecan Group) and shaken continuously at 37 *C. Absorbance readings at 540 nm were

collected every 6 min for 60 h, and absorbance values were subsequently converted to

transmittance. The aggregation of insulin leads to light scattering, which results in

reduction of sample transmittance. The time for aggregation (tA) was defined as a >10%

reduction in transmittance from the initial transmittance. Following the 60-h kinetic study,

the plate was maintained under continuous agitation at 37 0C, and absorbance at 540 nm

was monitored daily to approximate tA for the insulin polymer conjugates. At 80 d, with no

indication of a change in absorbance for insulin polymer conjugates, the aggregation

study was terminated.

In Vitro Insulin Receptor Activation. C2C12 cells were purchased from the American

Type Culture Collection (ATCC) and confirmed free of mycoplasma contamination before

use. Cells were cultured in Dulbecco's modified Eagle medium(DMEM) containing L-

glutamine, 4.5 g/L D-glucose, and 110 mg/L sodium pyruvate, and supplemented with

10% FBS and 1% penicillin-streptomycin. Incubations occurred in a 5% C02/water-

saturated incubator at 37 C. Cells were seeded in 96-well plates at a density of 5,000
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cells per well. Twenty-four hours after plating, the cells were washed three times with 200

pL of DMEM containing L-glutamine, 4.5 g/L glucose, and 110 mg/L sodium pyruvate,

and starved for at least 4 h at 37 0C in the same serum-free conditions. After 4 h, the

media was removed, and cells were stimulated with 100 pL of insulin samples of various

concentrations for 30 min at 37 0C. After 30 min, cells were washed three times with 100

pL of cold Tris-buffered saline (1X), followed by lysing the cells for 10 min with 100 pL of

cold Lysis Buffer (Perkin-Elmer). Levels of phosphorylated AKT 1/2/3 (Ser473) and Total

AKT 1 were determined from cell lysates using the AlphaLISA SureFire ULTRA kits

(Perkin-Elmer) according to the manufacturer's instructions. Intra-well normalized data of

phosphorylated AKT 1/2/3 (Ser473) and Total AKT 1 were analyzed using GraphPad

Prism 6.0, with dose-response curves fitted to a variable slope (four-parameter)

stimulation model to determine the EC5O of each insulin sample, and statistical

significance determined by an extra sum-of-squares F test for comparing the fit statistics

of LogEC50 for all samples relative to the native protein.

Diabetic mouse model. Male C57BL/6J mice, age 8 wk, were purchased from Jackson

Laboratory. After acclimation, mice were fasted overnight before intraperitoneal injection

of 150 mg/kg STZ. Preparation of STZ for injection involved dissolving the chemical at a

concentration of 15 mg/mL in sodium citrate buffer (114 mM, pH 4.5) immediately before

injection. Food was withheld for 2 h post-injection, after which mice were allowed to eat

ad libitum. Glucose levels were monitored by peripheral tail vein bleeds using a portable

glucose meter (Clarity Plus, Clarity Diagnostics) daily until unfasted glucose levels were

>400 mg/dL. For healthy mouse studies, age-matched healthy C57BL/6J mice were used.
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Glucose tolerance test. STZ-induced diabetic mice were fasted overnight before

performing studies. Mice were bled at the beginning of the study, and any mouse with a

fasting blood glucose level <300 mg/dL was triaged from the study. Mice were then

randomized and injected subcutaneously with native insulin or insulin polymer conjugates

at doses ranging from 1 to 5 IU/kg (1 IU = 5.97 nmol), with insulin concentration

determined by comparing analytical HPLC area under the curve (AUC) signal to a

standard curve. Blood glucose readings were collected every 15-30 min using a handheld

glucose meter (Clarity Plus, Clarity Diagnostics). A glucose tolerance test was performed

via intraperitoneal injection of 1 g/kg glucose dissolved in PBS (1X), and blood glucose

was monitored. Responsiveness was quantified by measuring the area-under-the-curve

with a baseline at the point of glucose injection and integrating across a 3-h window

following the challenge. For dosing studies in healthy mice, insulin injections were

performed via identical methods, but no glucose tolerance test was performed. The

induction of hypoglycemia was quantified as the difference between the initial and the

nadir (i.e., lowest observed) blood glucose readings divided by the nadir to determine the

hypoglycemia index.

Gel Electrophoresis. Native PAGE was carried out using Bio-Rad, PROTEAN@ TGX TM

Precast Protein Gels to confirm conjugation. Sample stock solutions of all insulin and

polymer samples to be tested were dissolved at a concentration of 5 mg/ml, using the

same buffers as described above. All samples were diluted to 0.5 mg/ml with Bio-Rad,

Native sample buffer, with 25ul of each sample to be used for loading into the appropriate

well. Gel running conditions were set to 150V for 45 minutes in Bio-Rad Tris/Glycine

buffer. After gel electrophoresis was complete, the gel was washed three times with de-
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ionized water and stained using Invitrogen SimplyBlue SafeStain. Image of the gel was

taken using Bio-Rad Imager with the ChemiDoc TM Imaging Systems.
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Chapter 5: Conclusions
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5.1 Thesis Summary

The unifying theme of this Thesis is the design, synthesis, and optimization of novel

insulin bioconjugates for the application of enhanced basal and glucose-responsive

activity. First, we conceived of a method to perform screen-based optimization of a novel

class of unimolecular GRI constructs, which ultimately led to the identification of a lead

candidate possessing a unique combination of properties: glucose-mediated solubility,

safety, and in vivo activity. We envision this synergistic combination of properties to

provide an ideal basis for further development of a truly state-responsive insulin

therapeutic. Next, we pioneered the first experimental example of an innovative library of

dynamically tethered insulin conjugates possessing enhanced chemical and thermal

stability, ultimately demonstrating the potential, with further development and

optimization, to achieve GRI constructs capable of sugar-mediated insulin receptor

interactions. Finally, we incorporate zwitterionic polymers into an ultra long-acting insulin

design strategy to create a potentially new therapeutic class of basal insulins. It is the

hope that this work will contribute to the development of unimolecular insulin technologies

and therapeutics by increasing their overall safety and efficacy, as well as in accelerating

the discovery and optimization processes of novel GRI constructs for the autonomous

glycemic management of insulin-dependent diabetes.

5.2 Future Perspectives for Unimolecular GRI Constructs

To conclude this Thesis, I describe three areas of topical interest for future work

involving unimolecular glucose-responsive insulin therapy.
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5.2.1 Intelligent Design In Silico

One of the largest bottlenecks currently experienced in drug design and evaluation,

especially within the glucose-responsive insulin technology space, is the iterative nature

of exploration. Time- and resource-consuming practices are required to design,

synthesize, and evaluate individual GRI constructs at various levels of the preclinical

development process, both in vitro and in vivo, the results of which may or may not be

directly correlative or translatable to human patients. And despite the advent of high-

throughput screening technology, the fact remains that there exists numerously diverse

mechanisms-of-action that GRI technologies can exploit, many of which have yet to be

conceived. This prospect makes designing universal screen-based approaches less

applicable and difficult to develop, especially when taking into account the mechanism-

specific kinetics and thermodynamics that would be desirable for a specific construct, as

well as the translation of those parameters to an appropriate therapeutic index. In silico

mathematical modeling possesses the potential and promise of streamlining this

exploration process, helping to identify performance parameters desired for the

successful synthesis, safety, efficacy, and translation of current and future GRI

constructs. Current examples of this goal exist today, as seen with the adaptation of the

Sorensen model as well as the work by Bisker et al.; however, a relatively large set of

obstacles that must be overcome is the experimental validation that still remains for many

of these theoretical models. 34 4 3

5.2.2 Glucose-Selective Boronic Acid Motifs

A very common inorganic strategy for incorporating sugar-sensing properties onto

the insulin protein is through the use of boronic acid motifs, due to their binding affinities
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being in the millimolar concentration range. However, this property is afforded by the

universal interaction of boronic acids to create reversible covalent bonds with cis-1,2 and

cis-1,3 diols, of which glucose is a prime example. The disadvantage of this is the fact

that many biological sugars possess the same binding motif, allowing for the possibility

for non-specific competition that could inadvertently activate a glucose-responsive insulin,

thereby creating the potential of inducing a hypoglycemia event. Two common examples

of freely-circulating diols that could pose a threat to boronic-acid-incorporated constructs

are fructose and lactic acid.48 Fructose is generally not present as a freely-circulating diol

in the bloodstream, even after a fructose-rich meal. 170 However, the binding constant of

fructose with boronic acid is significant, almost 50X higher than that of glucose, and

therefore posing a serious risk that must be taken into consideration when developing

boron ic-acid-enabled GRI constructs.5 9 Lactic acid, on the other hand, is naturally present

within the human body. The concentration of lactic acid in the bloodstream can be

amplified under various conditions, such as after intense exercise, as well as in cases of

the diabetic disease state in combination of oral antidiabetic medications such as

metformin. 171- 173 Although the binding constant of boronic acids with lactic acid is orders-

of-magnitude lower than that of fructose, the potentially higher concentration of lactic acid

could also induce undesired activation of a boronic-acid-activated GRI construct.5 3 A

strategy that has been used to improve selectivity has incorporated either bulky

hydrophobic scaffolds or di-boronic frameworks, both of which significantly decrease

water solubility.60,61 To this end, continued development of more selective boronic acid

motifs will be necessary in the advancement of GRI constructs that utilize boronic acid

motifs.
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5.2.3 Artificial Lectins

As an alternative to boronic acids, artificial lectins are complex, inorganic

constructs that utilize a macrocycle design to promote strategic hydrogen-bonding with

the various alcohols found on sugars, in particular glucose. Previous success of designing

and synthesizing artificial lectins with selectivity towards glucose has been demonstrated,

albeit under extremely non-scalable synthesis routes. 174- 176 Progress has been made to

advance this technology to produce artificial macrocycles capable of selectively binding

to glucose at physiologically-relevant ranges with more accessible and scalable strategies

possessing sufficient yields; 177 however, toxicity and overall biological safety remains to

be determined both in vitro or in vivo. No examples exist of a bioconjugation strategy

between the insulin protein and an artificial lectin to-date. Nonetheless, the successful

development of artificial lectins and macrocycles capable of physiologically relevant

binding to glucose could provide a powerful alternative to boronic acids towards the

generation of a glucose-responsive insulin construct.
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Figure A. 7 Crystal structure packing data of Conjugate 3. Overall, the data demonstrates retention of
tertiary structure as well as retained monomeric packing structure relative to the native protein, indicating
no adverse effects in monomeric interactions due to the synthesis and purification routes. Additionally, the
packing of Conjugate 3, as shown here, also supports the proposed intra-protein stability mechanism by
demonstrating no complimentary alignment of small molecule conjugates relative to the neighboring protein
(B29 position of one conjugate is not directly next to the Al position of the neighboring conjugate; which is
where PBA and polyol conjugations occurred), suggesting that dynamic interactions occur within the same
conjugate and not with neighboring conjugates. If stabilization interactions were due to nearest-neighbor
stabilization, the B29 position of one conjugate would need to be directly neighboring the Al position of
another conjugate.
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spectra of crude (a) and purified (b) PC polymer in D20 is shown. Inset: Aqueous GPC trace of PC polymer.
The monomer conversion was determined by comparing the vinyl resonance of monomer peaks in crude
reaction mixture at 5.6 and 6.10 ppm to quaternary methyl resonance of polymer at 3.20 ppm, suggesting
more than 98% conversion.
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Figure A. 11 Native polyacrylamide gel electrophoresis (PAGE) of polymer conjugation mixture after
Coomassie staining. Lane 1: Ins-CB; Lane 2: Ins-PC; Lane 3: Ins-SB; Lane 4: Ins-DBCO; Lane 5: Ins-
PEG; Lane 6: Ins-PEG 2k. Results indicate complete conjugation of Ins-DBCO and polymer, demonstrated
by the lack of residual Ins-DBCO band seen in any of the lanes apart from reference lane 4.
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