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ABSTRACT 

Understanding the conformational flexibility of the 
insulin drugs is of great importance for the treatment 
of diabetes mellitus. Once in the body, the drug must 
have a certain degree of mobility within a specified 
period of time for the manifestation of its pharma- 
cological properties. This mobility ensures conforma- 
tional states necessary for binding with the insulin 
receptor and activating specific biological processes. 
In this work we investigated conformational flexibil- 
ity of the pharmacologically important insulin ana- 
logues—insulin lispro, insulin aspart, insulin glulisine, 
and insulin glargine, using the molecular dynamics 
simulation method. This study provides new insight 
into the nature of behaviour of A- and B-chains. It 
has been found out that B-chain substitutions result 
in rapid acting, while long-lasting action can be achie- 
ved by substitutions in both chains. The results of this 
study can be used for development of new insulin- 
based antidiabetic drugs. 
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1. INTRODUCTION 

The current estimates of the World Health Organization 
indicate that more than 360 million people world-wide 
are diabetic [1]. These estimates suggest that the world is 
facing an unprecedented epidemic of diabetes mellitus, 
chiefly due to changes in the lifestyle, nutritional and 
environmental factors. Diabetes mellitus is a chronic 
disease, which occurs due to inefficient production (type 
1 diabetes) or improper utilization (type 2 diabetes) of a 
protein hormone known as insulin [2]. Insulin is a small 
globular protein containing two chains: A (21 residues) 
and B (30 residues) [3]. The A-chain contains an N-ter- 

minal α-helix, non-canonical turn, and the second helix; 
the B-chain contains an N-terminal segment, central α- 
helix, and C-terminal β-strand. There are three disulfide 
bonds in insulin molecule: two bonds between A- and 
B-chains and one bond inside A-chain. In solution at 
neutral pH and at physiological concentrations (about 1 
ng/ml) insulin exists as a monomer [4]. Monomer is an 
active form of insulin. At higher concentrations, acid or 
neutral pH (in the absence of zinc) insulin self-associates 
to form dimers and hexamers (in the presence of zinc) [5]. 

The hexamer-monomer conversion is one of the cen- 
tral aspects of insulin formulations for injection [6]. The 
hexamer is far more stable than the monomer, but only 
the monomer form is biologically active. It is known that 
for the daily keeping of the glucose balance, the human 
body needs two forms of insulin: bolus (needed after 
meals) and basal (supplies the basal level of insulin for 
the day) [7]. For these purposes two types of insulin 
analogues have been developed: those that are more 
readily absorbed from the injection site and therefore act 
faster than natural insulin injected subcutaneously (rapid- 
acting insulin analogues); and those that are released 
slowly over a period of between 8 and 24 hours (long- 
acting insulin analogues). The rapid-acting analogues are 
insulin lispro (Humalog), insulin aspart (NovoRapid), 
and insulin glulisine (Apidra) [8]. The long-acting ana- 
logues are insulin glargine (Lantus), and insulin detemir 
(Levemir) [9]. All these analogues, except for insulin 
detemir, have some pharmacologically important amino 
acid substitutions in the primary structure of insulin (Fig- 
ure 1). 

Insulin lispro has reverse penultimate lysine and pro- 
line residues on the C-terminus of the B-chain [10]. This 
modification does not alter insulin receptor binding, but 
blocks the formation of insulin dimers and hexamers. 
Insulin aspart has an insulin aspartic acid instead of 
proline at B28 [11]. This substitution prevents the forma- 
tion of hexamers. The third rapid insulin analogue is  
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Figure 1. Amino acid substitutions in insulin (orange balls—nonsubstituted sites; magenta balls—substituted sites) Substitutions: 
cyan—insulin lispro (B28, B29), green—insulin aspart (B28), red—insulin glulisine (B3, B29), magenta—insulin glargine (A21, 
addition to B30). 
 
insulin glulisine (AsnB3 → LysB3, LysB29 → GluB29) [12]. 
Insulin glargine is a long-acting insulin analogue [13]. 
Two positively charged arginine were added to the C- 
terminus of the B-chain. They shift the isoelectric point 
from 5.4 to 6.7, making this compound more soluble at a 
lightly acidic pH and less soluble at a physiological pH. 
Replacing the acid-sensitive asparagine at A21 by gly- 
cine is used to avoid deamination and dimerization. 

Traditionally, the behaviour of insulin analogues has 
been investigated using biochemical [14] and clinical 
methods [15]. However, they are rather rough and not 
able to explain mechanisms of interactions between insu- 
lin and the insulin receptor at the molecular level. 

The molecular dynamics (MD) simulation method 
provides new insights concerning the internal motions of 
the proteins [16]. With continuing advances in the meth- 
odology and the speed of computers, MD studies are 
being extended to larger systems, greater conformaitonal 
changes and longer time scales [17]. This makes it possi-
ble to investigate motions and to obtain information that 
is not accessible from experiment. 

The previous MD studies were focused on investiga- 
tion of insulin conformational flexibility [18-21]. The 
aim of our study is to investigate the conformational fle- 
xibility of the pharmacologically important insulin ana- 
logues: insulin lispro, insulin aspart, insulin glulisine, 
and insulin glargine. 

2. MATERIALS AND METHODS 

All MD simulations were carried out using the GRO- 
MACS software package (version 4.5.5) [22]. The start- 
ing structure of the human insulin was obtained in Pro- 
tein Data Bank (PDB code 1BEN). The homology mod- 
els of insulin analogues (insulin lispro, insulin aspart, 

insulin glulisine, and insulin glargine) have been con- 
structed using the MODELLER software (version 9.9) 
[23]. Obtained with the MODELLER molecules, were 
immersed in solvent using the tip4p water model. The 
solvated proteins were placed in the cubic boxes with 
periodic conditions and the system’s energy was mini- 
mized to remove steric clashes. 

To compute the forces acting on each atom in reason- 
able time, OPLS-AA (all-atom) force field was applied 
[24]. It approximates the potential energy of each atom, 
using different terms to bonded and non-bonded terms as 
follows (1): 

-bonded non bondedU E E                  (1) 

The bonded term can be split up into three terms (2): 

- -bonded bond stretch angle bend rabE E E E        (2) 

(Erab equals Erotate-along-bonds) 
All three terms can be configured using a parameter k. 

The first term is a harmonic potential representing the 
length displacement from their ideal value b0 of atomic 
pairs that are covalently bound (3): 

 2

- 0
cov -

bond stretch b
alent bonds

E k  b b

0

        (3) 

The second term accounts for the alteration of bond 
angles θ from ideal values θ0 and is also represented by a 
harmonic potential (4): 

 2

-angle bend
angles

E k                 (4) 

Lastly, the third term is assumed to be periodic and 
therefore often expressed by a cosine function and ac- 
counts for twisting a bond (5): 
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  - - 1 cosrotate along bond
torsions

E k n        (5) 

The non-bonded term is the sum of van-der-Waals and 
electrostatic interaction (6): 

- - -non bonded van der Waals electrostaticE E E          (6) 

The NVT (constant number of particles, constant vol- 
ume, and constant temperature) thermodynamic ensem- 
ble, followed by NPT (constant pressure) ensemble, was 
simulated during the 100 ps equilibration of the system. 
The temperature was held at 300 K using the V-rescale 
thermostat, and pressure using Parinello-Rahman baro- 
stat. Non-bonded interactions were cut-off beyond 10 Å. 
Long-range electrostatic interactions were handled using 
the particle mesh Ewald (PME) method with a 1 Å grid 
spacing. MD simulations were conducted during 10 and 
100 ns (10,000 and 100,000 ps). Visualization and analy- 
sis of the conformation flexibility were performed using 
the VMD software (version 1.9) [25]. 

3. RESULTS 

3.1. Root Mean Square Deviations Analysis 

The protein stability during the simulations was assessed 
by calculating the root mean square deviations (RMSD). 
Figure 2 presents the RMSD evolution of backbone at- 
oms with reference to the crystal structures of insulin 
aspart, insulin glulisine, insulin lispro, and normal insulin. 

These curves show that the molecules are generally 
well-equilibrated at about 8000 ps (8 ns). The most con- 
formationally flexible rapid-acting analogue is insulin 
aspart. The equilibration of insulin aspart and the normal 
insulin begins at 5000 ps, insulin glulisine—at 3000 ps, 
and insulin lispro—at 7000 ps. We suggest that the 
equilibration time of these analogues is different because 
of chemical modifications at B28 (Figure 1). 

Figure 3 presents the RMSD evolution of backbone 
atoms for all insulin analogues, including insulin glar- 
gine. 
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Figure 2. RMSD of backbone atoms (nm). 
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Figure 3. RMSD of backbone atoms (nm), including insulin glargine.  
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These curves show that insulin glargine is the most 

flexible analogue. Its sharp shift at 8500 ps can be ex- 
plained by existence of two positively charged arginine 
at the C-terminus of the B-chain and replacing the acid- 
sensitive asparagine by glycine at the C-terminus of the 
A-chain. 

Normal insulin has also several sharp shifts shown in 
Figure 4, however not so high. 

3.2. Root Mean Square Fluctuation Analysis 

The conformational mobility of atoms located in the 
residues was assessed by calculating the root mean 
square fluctuations (RMSF). 

Figure 5 shows per-atom RMSF for all insulin ana-  

logues. 
These curves demonstrate that insulin glargine is the 

most flexible analogue. Its curve can apparently be di- 
vided into two segments: one—for A-chain (<308 atom), 
another—for B-chain (>308 atom). The previous MD 
studies of insulin have shown that A- and B-chains are 
differently flexible. To explain this phenomenon we 
suggest that their behaviour is different because of their 
mostly independent folding. Depending on the chosen 
diabetes treatment strategy, one may need rapid- or long- 
acting insulin analogue. We suggest that to design the 
rapid-acting analogue, one should make substitutions in 
B-chain, while for achieving the long-lasting effect both 
chains should be modified. 

The plot also shows that the normal insulin has RMSF  
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Figure 4. RMSD of backbone atoms (nm) for normal insulin (without substi- 
tutions) during 100,000 ps. 
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Figure 5. Per-atom RMSF (nm). 
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at 100 atom (ThrA8), 200 atom (TyrA8) of A-chain and at 
650 atom (ArgB22) of B-chain. The curve of insulin aspart 
has peaks at N- and C-termini (308 atom AsnA21; 750 - 
788 atoms—B28 - B30), at 560 atom (TyrB16) and 700 
atom (PheB25). The curve of insulin glulisine has a rather 
high peak at 720 atom (TyrB26). The least atom fluctua- 
tions has insulin lispro. There are slight fluctuations in 
the range: 540 (LeuB15) - 620 (GluB21), and at C-terminus 
of B-chain. 

Interestingly, the curves of normal insulin and insulin 
lispro have fluctuations only in alpha-helices and in the 
interhelices, while the curves of insulin aspart and insulin 
glulisine have fluctuations in the beta-strand. We have 
found that residues B16, B25 in insulin aspart and B26 in 
insulin glulisine are functionally important for the for- 
mation of dimers and are included in the classical site of 
the binding with IR. 

Additionally, we performed the visual analysis of in- 
sulin analogues motion. The observations of high con- 
formational flexibility of insulin aspart and insulin glar- 
gine, and compactness of insulin glulisine are in agree- 
ment with the above findings. 

4. DISCUSSION 

Since the discovery of insulin, a number of advances 
have been made to allow patients to mimic the normal 
pattern of insulin release more accurately and conven- 
iently. However, insulin therapy needs to improve still 
further to allow near normalization of blood glucose with 
a low risk of hypoglycaemia and weight gain [26]. In this 
regard it is necessary to develop new pharmacologically 
effective insulin analogues with improved conforma-
tional flexibility necessary for manifestation of rapid and 
long-lasting effects. 

Conformational flexibility analysis carried out in this 
work showed that insulin aspart has the highest mobility 
among rapid-acting insulin analogues. However, insulin 
glargine was the most flexible among all investigated 
substances. Interestingly, RMSF curve for insulin glar- 
gine can apparently be divided into two segments: one— 
for A-chain, another—for B-chain. To explain this phe- 
nomenon we suggested that their behaviour is different 
because of their mostly independent folding. This sug- 
gestion is in good agreement with previously obtained 
experimental data [27]. In addition, we showed that to 
design the rapid-acting analogue, one should make sub- 
stitutions in B-chain, while for achieving the long-lasting 
effect, both chains should be modified. These results can 
be used for the design of new effective insulin-based 
drugs for the treatment of diabetes mellitus. 
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