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analogues, continues to be the protein of most interest to researchers. From the time of its discovery to

the development of modern insulin analogues, this important therapeutic protein has passed through
several stages and product generations. Beside the well-known link between diabetes and cancer risk,

the currently used therapeutic insulin analogues raised serious concerns due to their potential roles

in cancer initiation and/or progression. It is possible that structural variations in some of the insulin
analogues are responsible for the appearance of new oncogenic species with high binding affinity to
the insulin-like growth factor 1 (IGF1) receptor. The question we are trying to answer in this work is:
are there any specific features of the distribution of intrinsic disorder propensity within the amino acid
sequences of insulin analogues that may provide an explanation for the carcinogenicity of the altered

insulin protein?

Insulin, a 51 amino acid 5.7 kDa protein comprised of an A and B chain linked by two disulphide bridges and
produced by pancreatic islet § cells, is one of the best-known and most-studied proteins'. The pioneering work
of Stanley Cohen and Herbert Boyer, who invented the technique of DNA cloning, signaled the birth of genetic
engineering, which allowed genes to be transferred between different biological species with ease This discovery
led to the development of a realm of recombinant proteins with various therapeutic applications, such as insulin
and growth hormone. Genes encoding human insulin and growth hormone were cloned and expressed in E. coli
in 1978 and 1979 respectively®. The first licensed drug produced using recombinant DNA technology was human
insulin, which was developed by Genentech and licensed as well as marketed by Eli Lilly in 19824°. Recombinant
production of human insulin was a real breakthrough because it opened a possibility for diabetes treatment at
mass with human protein, an obvious step forward. Until this discovery, diabetic patients had been treated with
non-human insulins, which were purified from bovine or porcine pancreas using a technique established in the
early 1920s°.

More recently, insulin analogues have been engineered to enhance desired molecular properties (e.g. rapid
absorption or prolonged duration of action) without altering immunogenicity> These improvements have ena-
bled physicians to tailor treatment regimens and more closely emulate the normal insulin physiology comprising
a stable basal secretion with surges of insulin which are temporally closely due to food ingestion.

The incidence of diabetes is increasing at an alarming rate, and it has been speculated that the number of dia-
betic patients worldwide will increase to approximately 300 million by the year 2025”. Consequently, the require-
ment for insulin as a therapeutic will increase manifold (approximately to more than 16,000 kg/year), and the
current productivity of existing insulin expression systems would not be sufficient to meet future market demand.
Therefore, efficient expression systems for insulin production are urgently needed, and novel routes for insulin
administration such as oral or inhalation also have to be developed®.
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Amino acid sequences of animal insulin from different mammals are rather similar to the human insulin
sequence. For example, porcine insulin has only a single amino acid difference from the human protein, whereas
the bovine insulin differs by three amino acids. Both porcine and bovine insulins are active in humans and inter-
act with human insulin receptor with approximately the same strength as their human analogue. These two
proteins are widely used in isophane neutral protamine hagedorn (isophane NPH) formulation, which is the
stoichiometric mixture of insulin and protamine at neutral pH, to subcutaneous injection, frequently utilized
for basal insulin support in diabetes type 1 and type 2. Before biosynthesis of human insulin using DNA tech-
nology became available, bovine and porcine insulin were the first commercially available and clinically used
insulin preparations. They were not the only proteins used in the diabetes treatment, however, as the shark insulin
was widely used in Japan®. Unfortunately, in some patients, the non-human insulins have caused allergic reac-
tions mostly related to the extent of purification. Although the formation of non-neutralizing antibodies is rarely
observed with recombinant human insulin, an allergy may still occur in some patients due to the preservatives
used in insulin preparations. Currently, biosynthetic insulin is broadly distributed worldwide and largely replaced
the animal insulin*®.

Before biosynthetic human recombinant analogues were available, semisynthetic insulins were clinically used
based on the specific chemical modifications of animal insulins. For example, Novo Nordisk enzymatically con-
verted porcine insulin into semisynthetic ‘human’ insulin by removing the single amino acid that varies from
the human variety, and chemically adding the human amino acid. Chemical modifications of the amino acid
side chains at the N-terminus and/or the C-terminus were made in order to alter the absorption, distribution,
metabolism, and excretion (ADME) characteristics of the insulin analogues®. Since self-association of insulin into
large aggregates represents significant mechanical problems in insulin delivery devices and might cause com-
plications during diabetes treatment, chemical modifications of this protein were elaborated to generate insulin
analogues that can resist aggregation. Although one of these modifications, sulfated insulin (SI), has been known
for some time, clinical usage of this analogue has been limited due to the major insulin bioactivity losses that
occurred during SI production’®. However, an approach was developed in 1983 that could generate the highly
active, non-aggregating sulfated insulin, with the controlled sulfation degree varying over an eightfold range’.

Normal unmodified insulin is soluble at physiological pH. Analogues have been created that have a shifted
isoelectric point so that they are engaged in a solubility equilibrium where the majority of the protein first pre-
cipitates amorphously, and is then slowly released to the bloodstream according to zero-order kinetics, and is
eventually excreted by the kidneys. These insulin analogues are used to replace the basal level of insulin, and may
be effective over a period of up to 24 hours. One of these slow-acting insulin analogues, insulin Detemir, binds
to albumin via fatty acid chain, thereby providing slow absorption and a prolonged metabolic effect'’. However,
results from long-term usage of such analogues (e.g. more than 10 years), which are obviously required for assess-
ment of clinical benefit, are currently not available.

Unmodified human and porcine insulins tend to complex with zinc in the blood and form stable hexamers.
Insulin in the hexameric form cannot bind to its receptors. Therefore, the hexamer has to dissociate into mon-
omers for insulin to be biologically active. At physiological conditions, such dissociation is a slow process. As a
result, hexameric insulin delivered subcutaneously is not readily available for the body when insulin is needed
in larger doses, such as after a meal (although this is more a function of subcutaneously administered insulin, as
intravenously dosed insulin is distributed rapidly to the cell receptors, and therefore does not have this problem).
Zinc-complexed insulin is used for slow release of basal insulin. Basal insulin support is required throughout
the day, representing about 50% of daily insulin requirement?, whereas the insulin amount needed at mealtime
constitutes the remaining 50%. Non-hexameric insulins (monomeric insulins) were developed to be faster-acting
agents and to replace the injection of normal unmodified insulin before a meal. There are phylogenetic examples
for such monomeric insulins in animals'!.

Biological Links Between Diabetes and Cancer Risks

Carcinogenesis and malignant transformation is a complex process that can be divided into multiple steps: ini-
tiation, promotion, and progression. Factors that affect one or more steps of this pathway might be associated
with cancer incidence or mortality. Possible mechanisms for a direct link between diabetes and cancer include
hyperinsulinemia, hyperglycemia, or chronic inflammation!?>-'4. Hyperinsulinemia may be endogenous because
of insulin resistance, or exogenous due to the administered insulin or insulin secretagogues. It was also pointed
out that there is a potential link between diabetes therapies and cancer!>*°.

Furthermore, insulin and the insulin-like growth factor (IGF) axis have a number of effects on cancer cells.
Human tumors commonly over-express insulin receptors (IR) and IGF1 receptors?. Insulin receptor may be
expressed in two different isoforms, IR-A and IR-B, differing by 12 amino acids due to the alternative splicing
of exon 11?!. In malignant cells, expression of the IR-A isoform lacking exon 11 is predominant?’. This form of
the IR possesses high IGF2 affinity, which is close to that of insulin. Interaction of IR-A with insulin is known to
lead primarily to metabolic effects, whereas activation of IR-A by IGF2 results primarily in mitogenic effects?.
In general, contrary to IR-B, activation of IR-A elicits more mitogenic than metabolic effects??. Therefore, insulin
may favor cancer progression and facilitate the growth of tumors®.

When both the IR and IGF1 receptors interact with their ligands, multiple signaling pathways are activated,
which leads to phosphorylation of adaptor proteins such as the insulin receptor substrate family. These signaling
pathways may promote proliferation, protection from apoptotic stimuli, invasion, and metastasis, potentially
enhancing promotion and progression of many types of cancer?. Elevated levels of insulin have been shown to be
arisk factor for a number of cancers. This conclusion was confirmed by meta-analysis*®, which showed the excess
risks of colorectal, pancreatic, and breast cancers in patients with high insulin levels.

Apart from direct effects of insulin on cancer cells, it is possible that hyperinsulinemia could promote carcino-
genesis indirectly through the effects of insulin effects on IGF1%. High insulin levels have been shown to stimulate

SCIENTIFICREPORTS | 6:23320 | DOI: 10.1038/srep23320 2



www.nature.com/scientificreports/

IGF1 in animals, which is known to increase the risk of colorectal cancer”. As mentioned earlier, cancer cells
over-express IRs and IGF1 receptors. Insulin reduces the hepatic production of insulin-like growth-factor-binding
protein-1 (IGFBP-1)* and IGFBP-2%. This leads to the increased levels of circulating free, bioactive IGF1. In turn,
this could act as a growth stimulus in preneoplastic and neoplastic cells that express receptors of these proteins®.
It is important to note here that IGF1 has more potent mitogenic and anti-apoptotic activities than insulin®’.

People with circulating IGF1 have an increased risk of common epithelial cancers such as breast, colon, and
prostate®?-*%, Prospective studies performed by The Endogenous Hormones and Breast Cancer Collaborative
Group* have shown that women with the highest concentration of IGF1 have a 28% higher risk of developing
breast cancer than women with the lowest concentration. In breast cancer, insulin induces P450 aromatase activ-
ity and reduces sex hormones binding globulin (SHBG); these increased levels of free oestrogen in turn increase
mitogenicity'>*. A meta-analysis of 43 prospective and cross-sectional studies indicated lower levels of SHBG
and higher levels of oestrogen and testosterone amongst patients with type 2 diabetes, compared with controls,
even after adjustment for obesity*'*2. Elevated endogenous sex steroid levels are associated with a higher risk of
postmenopausal breast and endometrial cancers, and possibly other cancer types*#4,

Although hyperinsulinemia may suppress prostate carcinogenesis by reducing levels of active IGF1, a putative
risk factor for prostate cancer* some other explanations are possible. The reduction in risk of prostate cancer
has been suggested to be related to lower levels of testosterone in men with diabetes®, as higher androgens levels
are known to be associated with an increased risk of prostate cancer*”*%. Tumor cells exhibit enhanced glucose
metabolism compared to normal tissue. The altered metabolism of cancer cells characterized by high rates of glu-
cose consumption and glycolysis was described by Otto Warburg 81 years ago'>*°. Most diabetic patients present
both hyperglycemia and hyperinsulinemia. Thus, it is difficult to distinguish the specific role of hyperglycemia
in the increased cancer risks. Neoplastic cells use glucose for proliferation, and one of the central characteristics
of malignant tissues is increased metabolism of glucose towards the pentose phosphate pathway'>*. Therefore, a
higher circulating glucose concentration may foster cancer development by providing an amiable environment
for the growth of malignant cell clones. Theories of cancer energetics focus on the role of glycolysis to generate
adenosine triphosphate, which in turn fuels the high-energy requirements of tumor growth. The recent resur-
gence of interest in the Warburg hypothesis and cancer energetics emphasizes the dependence of many cancers
on glycolysis for energy, creating a high requirement for glucose, because ATP generation by glycolysis requires
far more glucose than oxidative phosphorylation.

Hypoxia is one of the hallmarks of cancer. The presence of hypoxia has been demonstrated in different types
of solid tumors. Thus, it has been hypothesized that hyperglycemia drives mitogenic activity. However, evidence
suggests that this is not the case as most cancers have highly effective upregulated, insulin-independent glucose
uptake mechanisms and therefore may not derive a further growth advantage from hyperglycemia. Beyond glu-
cotoxic generation of reactive species and DNA damage, hyperglycemia may supplement the effect of hyperinsu-
linemia®'. Glucose deprivation may induce oxidative stress and glucotoxicity. Therefore, further evidence suggests
a role for the oxidative stress-responsive genes that are sensitive to hyperglycemia and regulate the level of reactive
oxygen species (ROS)!>%2,

The metabolic abnormalities that characterize diabetes mellitus increase oxidative stress and cause permanent
pro-inflammatory conditions. This state reduces intracellular anti-oxidant capacity, predisposing susceptible cells
to malignant transformation. High concentrations of free radicals and oxidants generate a potent ROS that can
damage cell DNA, causing mutations. ROS may also react with other cellular molecules such as proteins and
lipids, forming derivative products. These products may alter intracellular homeostasis that predispose for accu-
mulation of mutations that contribute to the carcinogenesis process'>*.

Insulin Analogues Carcinogenicity

The IGF1 receptor binding has been linked to tumor development in rodents***, and these findings have led to
the discontinuation of several specific insulin analogues. Currently available insulin analogues exhibit an affinity
for the IGF1 receptor ranging between 16 and ~650% relative to native human insulin, depending on the specific
insulin analogue and cell line studied>>->’. The speed of insulin dissociation from the IR may also contribute to the
mitogenic potential of insulin analogues™.

Insulin is required for all patients with type 1 diabetes, and is also necessary for many patients with type
2 diabetes to treat hyperglycemia. Insulin and IGF1 and their receptors and their intracellular signaling path-
ways share large similarities. Likewise, the metabolic and mitogenic effects of the two hormones partially over-
lap!18, Both insulin and insulin analogues, by stimulating the insulin and IGF1 receptors, can function as growth
factors stimulating mitogenesis®. Several formulations of insulin exist: short-acting human regular insulin,
intermediate-acting human neutral protamine Hagedorn insulin, and both rapid-acting and long-acting ana-
logues of human insulin®. It was demonstrated that modification of the molecular structure of insulin could
result in increased mitogenic properties in cell lines and animal models'>%.

There have been concerns related to the mitogenic activity and the potential for carcinogenicity of one of
the insulin analogues, Glargine®. Several epidemiological studies have been performed to address these issues.
Recently, the results of the 6.5 year Origin study with Glargine have been published®*®!. Also, a series of widely
publicized epidemiologic analyses examined a possible association between insulin use and/or use of long-acting
insulin analogue Glargine and cancer!®!76263 Insulin Glargine may have a disparate impact on cancer risk
through its elevated binding to IGF1 receptors'>%+6>. There have been four large retrospective observational stud-
ies looking into a possible causal link®. The study examined the potential oncogenic effects of human insulin and
several insulin analogues, such as glargine, aspart, and lispro. The analysis found a dose-dependent increased risk
of malignancy with insulin Glargine compared to human insulin'>% and also a higher rate for breast cancer in
patients receiving insulin Glargine monotherapy relative to those on insulin glargine combined with other insulin
preparations'>®’. On the other hand, randomized clinical trial data from a 5-year trial of insulin Glargine versus
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sp|P01344|25-91 AYRPSETLCGGELVDTLQFVCGDRGFYFSRPASRVS----RRSRGIVEECCFRSCDLALL
sp|P05019]49-118 —---GPETLCGAELVDALQFVCGDRGFYFNKPTGYGSSSRRAPQTGIVDECCFRSCDLRRL
wt —--FVNQHLCGSHLVEALYLVCGERGFFYTP-------—--— K--TGIVEQCCTSICSLYQL
Glargine --FVNQHLCGSHLVEALYLVCGERGFFYTP---------- KTRRGIVEQCCTSICSLYQL
Detemir/Degludec ==FVNQHLCGSHLVEALYLVCGERGFFYTP-========= K-=-=-GIVEQCCTSICSLYQL
Glulisine --FVDQHLCGSHLVEALYLVCGERGFFYTP---------- E--TGIVEQCCTSICSLYQL
Lispro --FVNQHLCGSHLVEALYLVCGERGFFYTK---------- P--TGIVEQCCTSICSLYQL
AspBl0 --FVNQHLCGSDLVEALYLVCGERGFFYTP--—-—----— K--TGIVEQCCTSICSLYQL
Aspart --FVNQHLCGSHLVEALYLVCGERGFFYTD---------~- K--TGIVEQCCTSICSLYQL

Dokkk ko ik skkkikkk o kkk gk * kK
sp|P01344|25-91 ETYCATPAKSE--
sp|P05019]49-118 EMYCAPLKPAKSA
wt ENYCN------—--—
Glargine ENYCG--------
Detemir/Degludec ENYCN---=-=—==
Glulisine ENYCN--------
Lispro ENYCN-------—-
AspB10 ENYCN--------
Aspart ENYCN--------

L

Figure 1. Multiple sequence alignments of mature forms of human IGF1, IGF2, insulin and insulin
analogues.

neutral protamine Hagedorn insulin did not provide evidence of enhanced cancer risk in the insulin Glargine
arm!2%, Also, other observations showed no evidence of increased cancer risk in patients receiving insulin
Glargine relative to insulin-naive patients!>%7°. There was no evidence of an increased risk of cancer associated
with insulin Detemir, either!%7071,

However, it is clear that all insulin analogs must be tested for carcinogenicity, as insulin can be engaged in
cross-talk with IGF receptor pathways, which can cause abnormal cell growth and tumorigenesis. The modi-
fications to insulin always carry the risk of unintentionally enhancing IGF signaling in addition to the desired
pharmacological properties'>!5.

Some Structural Features and Disorder Propensity of Human Insulin and IGFs

Insulin and IGFs belong to the insulin superfamily, whose members are synthesized as prepro-proteins consisting
of 4 domains (pre, B, C, A). These are then processed by proteolytic removal of the pre-domain. In human insulin
(UniProt ID: P01308, 110 residues), in addition to the proteolytic removal of pre-domain (or signal peptide, res-
idues 1-24), processing involves post-translational proteolytic removal of the C-domain (or propeptide, residues
57-87), eventually generating the well-folded mature protein, in which the A and B domains (residues 90-110
and 25-54, respectively) are covalently linked by two disulfide bonds (Cys;,-Cyses and Cys,;-Cys, ). Another
disulfide bond (Cysgs-Cys, ) provides additional stability to the chain A.

The IGF precursors have additional C-terminal propeptides, which are also removed post-translationally by
specific proteolysis. Therefore, the precursor of human IGF1 (UniProt ID: P05019, 195 residues) contains a signa-
ling peptide (residues 1-21), a propeptide (residues 22-48), an IGF1 domain (residues 49-118), and a C-terminal
propeptide (or E-peptide, residues 119-195). There are three disulfide bonds in the single-chain mature IGFI,
Cy5354-CySos> Cyses-Cysig9, and Cysgs-Cys,go. The precursor of human IGF2 (UniProt ID: P01344, 180 residues)
has slightly different domain organization and contains a signaling peptide (residues 1-24), an IGF2 domain
(residues 25-91) and a C-terminal propeptide (or E-peptide, residues 92-180) that also includes a preptin domain
(residues 92-126). Similar to insulin and IGF1, the mature IGF2 possesses three disulfide bonds, Cyss;-Cys,,,
Cysys-Cysgy, and Cys,-Cys,s. In other words, the cystein residues 1, 2, 3, 4, 5, and 6 in all these proteins are
cross-linked to form an identical disulfide pattern 1-4, 2-6, and 3-5.

Figure 1 shows that, in addition to similar disulfide patterns, mature human IGFs, human insulin, and insulin
analogues have high sequence similarity. Therefore, it is not surprising that these proteins, together with other
members of the insulin superfamily, are characterized by a very similar basic fold. This conclusion is illustrated
by Fig. 2 which represents NMR solution structures of human IGF1, IGF2, and insulin and their structural align-
ment. It has been emphasized that, although the lengths of the secondary structural elements in known structures
of the members of the insulin superfamily might vary, and although the connecting loops can be highly flexible
and likely to appear as dynamic ensembles of interconverting conformations (or be absent, as in insulin), the
insulin-like fold can be divided to two (sub)domains, A and B. Single long a-helix of the (sub)domain B covers 2
shorter a-helices of the (sub)domain A.

Even simple visual analysis of Fig. 2 indicates that solution structures of human insulin and IGFs possess
rather different dynamic properties, with insulin being the least flexible and IGF1 being the most dynamic mol-
ecule. To understand the predisposition of amino acid sequences of these proteins for intrinsic disorder we ana-
lyzed the pre-propolypeptides and the mature forms of human insulin, IGF1, and IGF2 by the members of the
PONDR family, such as PONDR® VLXT’2, PONDR® VSL27?, PONDR® VL3, and PONDR® FIT”. In these
analyses, the predicted intrinsic disorder scores (PIDSs) above 0.5 are considered to correspond to the disordered
residues/regions, whereas regions with a disorder score 0.2 < PIDS < 0.5 are considered flexible. PONDR® VSL2
is one of the more accurate stand-alone disorder predictors’>’5”7, PONDR® VLXT has high sensitivity to local
sequence peculiarities associated with disorder-based interaction sites”>. PONDR® VL3 is one of the more accu-
rate evaluators of long disordered regions”, whereas PONDR-FIT, being a metapredictor combining six individ-
ual predictors (PONDR® VLXT’8, PONDR® VSL273, PONDR® V1374, FoldIndex”, [UPred®, and TopIDP) is
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Figure 2. Solution structures of human insulin (A) PDB ID: 1a7f), human IGF1 (B) PDB ID: 1bqt), and human
IGF2 (C) PDB ID: ligl). Central image (D) represents results of structural alignment of human IGF1 (yellow
structure, PDB ID: 1bqt), IGF2 (green structure; PDB ID: 1igl) and insulin (red structure, PDB ID: 1a7f).

moderately more accurate than each of the component predictors”. Results of this analysis are shown in Fig. 3.
According to this PONDR-based analysis, pre-proproteins are predicted to have significant amounts of intrinsic
disorder, with pre-pro-IGF1 expected to be the most disordered of these three proteins. Curiously, sites attacked
by proteases during the IGF1, IGF2, and insulin maturations are located either within the disordered (PIDS >0.5)
or flexible (PIDS >0.2) regions of these proteins. In fact, in pre-proinsulin, significant parts of the signal peptide
(residues 1-24) and the propeptide (or the C-domain, residues 57-87) are predicted to be disordered. One can
observe similar tendencies in the pre-prolGF1 and pre-prolGF2, where the signal peptides (residues 1-21 and
1-24) in the precursors of human IGF1 and IGF2, propeptide (residues 22-48) of the IGF1, and the C-terminal
propeptides (or E-peptides, residues 119-195 and 92-180) in the precursors of human IGF1 and IGF2 are all
predicted to be mostly disordered.

These correlations between predicted disorder and functional sites of proteins are in line with recent findings
which suggest that the functionality of many proteins depends on intrinsic disorder, that functions of such dis-
ordered proteins complement functions of ordered proteins and domains’*#2-%?, and that intrinsically disordered
proteins (IDPs) and hybrid proteins with ordered domains and functional disordered regions are very common
in any given proteome’>?4-%, Often, IDPs play crucial roles in regulation and control of various signaling path-
ways®®®”. Furthermore, structure, conformational stability and biological functions of IDPs are commonly mod-
ulated and controlled by various posttranslational modifications (PTMs), such as phosphorylation, acetylation,
lipidation, ubiquitination, sumoylation, glycosylation, proteolytic cleavage, etc., with sites of these PTMs often
located within disordered regions®*8-1°1,

Increased Intrinsic Disorder Propensity in Some Insulin Analogues as a Marker of
their Increased Mitogenicity

Genetic engineering of DNA was used to change the amino acid sequence of natural insulin to produce insulin
analogues or IR binding agonists with altered physiological properties, such as absorption, distribution, metab-
olism, and excretion characteristics of insulin'®. Figure 4 shows amino acid sequences of the insulin analogues
analyzed below. For insulin Lispro, proline at position 28 and lysine at position 29 in the B-chain of human insulin
are interchanged. For insulin Aspart, the proline at position 28 in the B-chain is replaced by aspartic acid. For
insulin Glulisine, the asparagine at position 3 and lysine at position 29 in the B-chain are replaced by lysine and
glutamic acid, respectively. For insulin Glargine, aspartic acid at position 21 in the A-chain had been replaced
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Figure 3. Per residue intrinsic disorder propensity of pre-proforms of human insulin (A) UniProt ID: P01308),
IGF1 (B) UniProt ID: P05019), and IGF2 (C) UniProt ID: P01344). Disorder predispositions were evaluated

by PONDR® VLXT (blue line)”2, PONDR® VSL2 (green line)''°, and PONDR-FIT (red line)”*. The light

pink shadow around PONDR-FIT curves represents the distribution of the statistical error of PONDR-FIT
predictions. In these plots, residues and regions with scores above 0.5 are considered as disordered.

for glycine and the B-chain contains two extra amino acids (two arginines) at positions 31 and 32. For insulin
Detemir, threonine at position 30 of the B-chain is removed and a 14-carbon fatty acid chain (myristic acid) is
added to position 29 of the B-chain. Similarly, for insulin Degludec, threonine at position 30 of the B-chain is
removed and the hexadecanedioic acid is conjugated at K (B29). Finally, AspB10 insulin has a His-Asp substitu-
tion at position 10 of the B-chain. These modifications of native insulin were needed mostly to affect the dissoci-
ation rate of zinc-bound insulin hexamers (which is a natural form of this protein that is not able to interact with
IR) to biologically active monomers. As a result, modifications used in the Glulisine, Aspart, and Lispro were
introduced to generate short-acting insulin analogues (i.e., analogues that dissociate more rapidly than the native
insulin following injection), whereas modifications used in Glargine, Detemir, and Degludec were made to pro-
duce long-acting insulin analogues (i.e., insulins with delayed absorption or a prolonged duration of action)!*2.
Table 1 lists approved generations of insulin analogues.

It was pointed out that, although substitutions at the C-terminus of the insulin B-chain (the B26-B30 region)
which were used to generate many of the insulin analogues practically do not affect insulin binding to the IR,
some of the insulin analogues with mutated residues in the B-chain are characterized by increased structural
homology with IGF1 and also have an enhanced affinity to the IGF1 receptor®>1°21%%, For example, when the pro-
line residue at position B28 is substituted with basic residues, the relative affinity of the resulting insulin analogues
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1. Native

GI VQ TSISLYQLENYN

F VNQHL GSHLVEALYLVEGERGFFYTPKT
2. Lispro

GI VQ TSIEYSL YQLENYH8N

FVNQHL GSHLVEALYLVEMGERGFFYTIKPT
3. Aspart

GI VQ TSISLYQLENYN

FVNQHL GSHLVEALYLVEGERGFFYTDKT
4. Glulisine

GI VQ TSISLYQLENYN

F V@i Q HL GSHLVEALYLVEEGERGFFYTPET
5. Glargine

GI VQ TSISLYQLENYG

FVNQHL GSHLVEALYLVEMGERGFFYTPKTRR
6. Detemir

GI VQ TsIfstyorENYRN

FVNQHL GSHLVEALYLVEEGERGFFYTZPK
7. Degludec

GI VQ TSISLYQLENYN
FVNQHL GSHLVEALYLVEEGERGFFYTZPK

8. AspB10 (X10)

GI VQ TSIESLYQLENYESN
F VNQHL GSDLVEALYLVEEGERGFFYTPKT

9. AspB10/Glargine
GI VQ TSISLYQLENYG
FVNQHL GSDLVEALYLVEEGERGFFYTPKTRR

Figure 4. Amino acid sequences of insulin analogues. Upper peptide is A-chain, lower peptide is B-chain.
Cysteines involved in the formation of disulfide bonds are shown as red, blue and green boxes. Yellow boxes
show where the modification was entered into the native recombinant human insulin to generate specific insulin
analogues.

to IGF1 receptor increases ~1.5- to 2-fold!®. Compared to human insulin, the affinity of Glargine (which has
extra arginine residues at position B31-32) for the IGF1 receptor is increased tenfold, and it can further increase
to 28-fold by the aspartic acid substitution at B10 of the Glargine'®. It was pointed out that the insulin analogues
with the substantially increased affinity for the IGF1 receptors might possess an increased potency to stimu-
late proliferation of cells!®?. Because many of the primary tumors and malignant cells are characterized by an
increased expression of IGF1 receptors, the aforementioned higher affinities of some insulin analogues to these
receptors could be of clinical importance®.

The question then arose if intrinsic disorder predisposition can be used to evaluate mitogenicity of insulin
analogues. To answer this question, we compared the peculiarities of the disorder profiles (distributions of the
per-residue intrinsic disorder propensities within the sequences of query proteins). Direct analysis of the predis-
position of insulins for intrinsic disorder is complicated by the fact that in their mature forms, insulin and its ana-
logues contain two short polypeptide chains crosslinked by disulfide bonds. These A- and B-chains are too short
for reliable evaluation of intrinsic disorder by the majority of currently available computational tools that typically
have a length threshold of 30 residues. Furthermore, it is likely that the aforementioned topological organization
of the mature insulins might overcome intrinsic predisposition of their short A- and B-chains for disorder. To
avoid these complications, we ignored the disulfide bonds, and instead of looking at short chains we examined
the artificial constructs where, for a given insulin or its analogue, the C-terminus of a B-chain was directly linked
to the N-terminus of the corresponding A-chain. In this way, we were able to see how different mutations intro-
duced in insulin analogues affect the predisposition of entire polypeptide chain for intrinsic disorder. The amino
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Table 1. Approved generations of insulin products (native, recombinant, analogues).
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Figure 5. Intrinsic disorder propensities of aligned mature human IGF1, IGF2, insulin, and insulin
analogues evaluated by PONDR® VSL2. Plot (A) is a full-scale representation of the corresponding disorder
profiles, whereas plot (B) shows the zoomed part of the plot corresponding to the central region of these
proteins.

acid sequences of these artificial constructs of human insulin and its analogues can be reliably aligned with the
sequences of human IGF1 and IGF2 (see Fig. 1).

Figure 5 compares intrinsic disorder propensities of the aligned IGF1 and IGF2 with those of insulin and its
therapeutic analogues. It is seen that nature IGF1 and IGF2 are predicted to have disordered tails and a central
IDPR. Although artificial constructs of insulins corresponding to the computationally linked B- and A-chains are
predicted to be more ordered than IGF1 and IGF2, they also are expected to have disordered tails and a central
region with increased flexibility. Figure 5 also shows that the termini of these artificial insulin constructs are not
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affected by the introduced modifications, whereas the flexibility of this central region increases in the follow-
ing order: Detemir/Degludec < AspB10 = insulin = Aspart = Lispro < Glulisin < Glargin = AspB10/Glargin.
Curiously, Glargin and its modified form, AspB10/Glargin, which are known to have the highest affinity to the
IGF1 receptor in vitro among all insulin analogues'®?, are characterized by the highest levels of intrinsic disorder/
flexibility in their central regions. This observation suggests that the analysis of disorder profiles might have some
predictive power for evaluation of the mitogenicity/carcinogenicity of insulin analogues. Therefore, the use of the
corresponding computational tools for sequence-based evaluation of intrinsic disorder predisposition is recom-
mended while developing new insulin analogues.

It is of interest to compare this utilization of intrinsic disorder knowledge with that used for the design of
engineered disordered tags!®*1%. In fact, it has been emphasized that the most commonly used tags are short
(typically being around 20 residues at maximum) disordered tails that can mediate highly specific and diverse
functions, ranging from serving as tunable affinity probes to act as covalent coupling points'*. Longer disor-
dered tails (so-called entropic bristle domains, EBDs) can be used as protein solubility enhancers!%. Such EBDs
extend away from the protein to which they are fused and sweep out large molecules, thereby allowing the target
protein to fold free from interference'®. These EBDs can be rationally designed as sequences with low levels of
sequence complexity and a high net charge, and are easily diversified by means of using distinctive amino acid
compositions and lengths!%. When elastin-like peptides (ELPs) (which are specific peptides derived from the
elastin and characterized by the ability to undergo a reversible phase transition from the structurally disordered,
highly solvated conformation below the inverse transition temperature (T,) to a new phase comprising desolvated
and aggregated polypeptides when the temperature is raised above T}) are used as tags, the means is generated for
the chromatography-free purification of target proteins'®*19>197-19°_ Here, the principle of the “inverse transition
cycling” (ITC) is utilized, where the ELP fusion protein is first rendered insoluble in aqueous solution by trigger-
ing its inverse transition. At the next stages, this aggregated ELP fusion protein is first collected by centrifugation,
and then resolubilized in buffer at a temperature below the T, to yield a soluble target protein'®’.

Methods

In this work, we evaluated the per residue intrinsic disorder predispositions of pre-proforms of human insulin
(UniProt ID: P01308), IGF1 (UniProt ID: P05019), and IGF2 (UniProt ID: P01344) by a set of predictors from the
PONDR family, such as PONDR® VLXT72, PONDR® VSL2!!%, and PONDR-FIT?>. Per-residue disorder propen-
sity of human insulin analogues was studied by PONDR® VSL2!!°, The choice of these tools is defined by their
specific peculiarities. Although PONDR® VLXT is not the most accurate predictor, this computational tool has
high sensitivity to local sequence peculiarities which are often associated with disorder-based interaction sites’,
PONDR® VSL2 is one of the most accurate stand-alone disorder predictors''?, whereas PONDR-FIT represents
a metapredictor which is moderately more accurate than each of the component predictors, is one of the most
accurate disorder predictors”.
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