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a  b  s  t  r  a  c  t

Two  structurally  very  different  insulin  analogues  analysed  here,  belong  to  a class  of  analogues  of which
two have  been  reported  to have  a  protracted  action  through  self-assembly  to high  molar  mass  in  subcutis.
The process  of self-association  of insulin  analogues  LysB29 (N��-carboxyheptadecanoyl)  des(B30)  human
insulin  and  LysB29 (N�-lithocholyl)  des(B30)  human  insulin  was  investigated  using  size  exclusion  chro-
matography  (SEC)  in  connection  with  multi-angle  light-scattering.  Self-assembly  to high  molar  mass  was
obtained by  exchanging  the formulation  containing  phenolic  preservatives  with  an  isotonic  eluent  during
SEC. It  was  shown  that  increasing  amounts  of  zinc  in  the  formulations  of  the  two  analogues  increased
the  size  of  the  self  assemblies  formed  during  gel  filtration.  The  addition  of  0.2  mM  phenol  to  the  elution
elf-association of insulin analogues
epot formation
ize exclusion chromatography coupled
ith multi-angle light-scattering

buffer  slowed  down  the  self-association  process  of  zinc  containing  formulations  and  shed  light  on the
initial association  process.  The  results  indicated  that a dihexamer  is a  possible  building  block  during self-
association  of  LysB29 (N��-carboxyheptadecanoyl)  des(B30)  human  insulin.  Surprisingly,  in the  absence
of  zinc  the  two  analogues  behaved  very  differently.  LysB29 (N��-carboxyheptadecanoyl)  des(B30)  human
insulin  was  in  equilibrium  between  oligomers  smaller  than  a hexamer,  whereas  LysB29 (N�-lithocholyl)

elf-as
des(B30)  human  insulin  s

. Introduction

During the last couple of decades, there has been an intense
nterest in developing new insulin pharmaceutics beneficial to dia-
etics. Diabetes is a disease with an expected epidemic increase

n the next couple of decades, especially in the developing world
1], which can have severe negative impacts for the patients. For

his reason it is of key importance to develop new and improved
nsulin molecules, which can ensure the patients a secure, effective,
nd comfortable treatment.

Abbreviations: �chI, LysB29 (N��-carboxyheptadecanoyl) des(B30) human
nsulin; licI, LysB29 (N�-lithocholyl) des(B30) human insulin; HSA, human serum
lbumin; R6, relaxed state of the insulin hexamer; T6, tense state of the insulin hex-
mer; SEC, size exclusion chromatography; MALS, multi-angle light-scattering; MM,
olar mass; MW, weight average MM;  s.c., subcutaneous; Rg, radius of gyration; RH,

ydrodynamic radius.
∗ Corresponding author at: Department of Pharmaceutics and Analytical
hemistry, Faculty of Pharmaceutical Sciences, University of Copenhagen, Univer-
itetsparken 2, DK-2100 Copenhagen-Ø, Denmark. Tel.: +45 3533 6128;
ax: +45 3533 6030.
∗∗ Corresponding author. Tel.: +45 3079 2025; fax: +45 4449 0555.

E-mail addresses: mhillerup@gmail.com, mhij@farma.ku.dk (M.H. Jensen),
vh@novonordisk.com (S. Havelund).

570-0232/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2011.05.059
sociated  and  formed  even  larger  complexes  than  in  the  presence  of  zinc.
© 2011 Elsevier B.V. All rights reserved.

The active insulin molecule in human is a short two-chained
protein of 21 and 30 amino acids (A- and B-chains, respectively)
with a molar mass (MM)  of 5.8 kDa. Insulin has a natural tendency
to self-associate into dimers and hexamers, in particular in the
presence of Zn(II) ions [2–4].

Different strategies have been used to develop new insulin
molecules with specific functions. Fast-acting insulin has been
developed to resemble the spikes in insulin levels of a healthy per-
son in connection with meals [5–7], while the long-acting insulin
analogues are designed to mimic  the basal level of insulin through
the whole day [8–11].

A more recent strategy is to attach human serum albumin
(HSA) binding side chains, e.g. through acylation. These acylated
insulin analogues were designed to obtain their protracted activ-
ity by reversible binding to HSA in the subcutaneous (s.c.) depot
and in the blood stream [12–15].  However, later studies showed
that albumin-binding was not the only reason for protraction
and that self-association consolidates the effect. An example of
this type of analogues is the clinically available insulin detemir,

LysB29 (N-tetradecanoyl) des(B30) human insulin [16–18].  Other
acylated insulin analogues were shown to self-assemble into
very large high MM complexes while remaining in solution, and
have even longer action than facilitated by HSA binding and the

dx.doi.org/10.1016/j.jchromb.2011.05.059
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:mhillerup@gmail.com
mailto:mhij@farma.ku.dk
mailto:svh@novonordisk.com
dx.doi.org/10.1016/j.jchromb.2011.05.059
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Fig. 1. Chemical structures of human insulin analogues LysB29 (Nε�-
carboxyheptadecanoyl) des(B30) human insulin (�chI) and LysB29 (Nε–lithocholyl)
des(B30) human insulin (licI). The two structures show the chemical modification
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Size-exclusion chromatography (SEC) was  used as a method for
f  the two analogues, where a carboxy-fatty acid- or a lithocholyl-side chain,
espectively, is attached at lysine B29 to human insulin lacking threonine B30.

omparatively smaller oligomers observed for insulin detemir
13,18,19]. Such high MM assemblies form a small s.c. depot, which
lowly releases insulin into the blood. In the blood, binding to HSA
urther prolongs the action also of this class of analogues. An exam-
le of a self-associating analogue forming high MM assemblies is

nsulin Degludec (IDeg) [20–23],  which has recently passed phase
I trials.

The two analogues under scrutiny in this study represent
wo types of acylated insulin analogues namely fatty di-acid
cylated insulin analogues with a terminal carboxy group
24,25] and lithocholyl acylated analogues [25,26],  LysB29 (N��-
arboxyheptadecanoyl) des(B30) human insulin (�chI) and LysB29

N�-lithocholyl) des(B30) human insulin (licI), respectively (see
ig. 1). This type of protracted insulin analogues is stabilised by
he addition of zinc ions and phenol and hence are anticipated to
e in the ‘relaxed’ (R6) hexameric state in the formulation.

In the formulation used for s.c. injection, the analogues are antic-
pated to form hexamers in the ‘relaxed’ state (R6) because of the
resence of Zn(II) and phenol, analogous to unmodified insulin.
he two Zn(II) ions bind in the central axis of the insulin hex-
mer, and phenol binds in small pockets in the dimer interfaces
f the hexamer, forming R6-stabilising interactions [27,28]. The
resence of phenol or phenolic derivatives controls in this way
he conformational state adopted by the hexamer. Consequently,
hen phenol disappears from the injection site, as a result of diffu-

ion, a conformational change transforms the hexamer to the ‘tense’
tate (T6). Large-scale association and formation of large high MM
ssociates requires the (modified) insulin to be in this T state
6
19,26]. The R and T state differ in the secondary structure of the N-
erminal part of the B-chain in the insulin monomer, where the first
ight amino acids form an �-helix or an extended conformation,
. B 879 (2011) 2945– 2951

respectively. The R6, intermediate T3R3, and T6 states were first dis-
covered in crystal structures [27,29,30] and have since been studied
thoroughly in solution [31,32].

The two analogues have previously been investigated by dif-
ferent size exclusion chromatography (SEC) systems in isotonic
elution conditions. �chI has been reported to form large aggregates
eluting in the void volume in the presence of 2 and 3 Zn(II) per six
insulin monomers (/6 Ins) on a Sephacryl S-300 HR  column using a
phosphate buffered isotonic eluent similar to the system presented
here. Aggregates are not formed in the absence of zinc. licI was anal-
ysed in another complementary SEC system using a Superose 6 HR
column and a Tris–HCl buffered isotonic eluent. In the presence of 2
and 3 Zn(II)/6 Ins, licI elutes in or close to the void volume. The SEC
results were compared to albumin binding assays and disappear-
ance half-times in pigs, showing that �chI and licI display the same
analytical profile as IDeg and LysB29 (N�-lithocholyl-�-Glu) desB30
human insulin (ligI), respectively, that both display protracted pro-
files in clamp studies in pigs [19,21]. With the addition of phenol
to a high concentration in the eluent, no high MM associates are
formed of the lithocholyl acylated analogue which elutes with an
apparent size of an insulin monomer [19,26] – indicating that no
self-association happens in the presence of phenol and zinc, where
unmodified human insulin is known to be in the R6 hexameric state.
The insulin analogue ligI shows largely the same behavior as licI,
although in the presence of phenol in the eluent it elutes as a dihex-
amer [19]. A SEC study of insulin detemir shows that this analogue
does not self-associate above a dihexamer, and owes its protracted
effect to dihexamer formation as well as HSA binding [18].

Here, an extensive analysis of the self-association properties of
two protracted insulin analogues is presented. We  investigate the
effect of the relative zinc concentration, the presence of phenol in
the SEC eluent, and the sample concentration. Chromatographic
analysis is coupled with multi-angle light scattering (MALS) mea-
surements, yielding invaluable information not available without
MALS, thereby providing results contributing significantly to the
already accumulated knowledge and in some cases changing the
current understanding of the self-associated states of the ana-
logues. The combination of these two  techniques significantly
increases our understanding of the self-association processes that
are likely to take place upon injection of the zinc- and phenol-
containing formulations of these protracted insulin analogues. This
insight may  be used to further improve these insulin analogues and
their formulation.

2. Materials and methods

2.1. Preparation and formulation of insulin analogues

The two  acylated insulin analogues, �chI and licI, were syn-
thesised and purified as previously described [24,33]. The sample
composition was  1200 �M insulin analogue, with 0, 3, or 6 Zn2+ ions
per hexamer, 10 mM Tris–HCl pH 7.4, and 32 mM  phenol, which is
similar to the standard composition for clinical use. In the following,
the samples will be named according to the insulin analogue (�chI
or licI) and the number of Zn2+ ions per six insulin molecules (e.g.
�chI 3Zn). Phenol is used both as a preservative in the formulation,
and to keep the insulin hexamers in the R state.

All chemicals were analytical grade reagents.

2.2. Size-exclusion chromatography
characterisation of the self-association of the insulin analogues. The
SEC system is designed to mimic  the events during s.c. injection
where the preservatives and components from the formulation are
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molecule, where 	 is 0.78 for a spherical molecule and >2 for a
rod-shaped molecule [38]. In effect, it provides an estimation of the
deviation of the shape from a homogenous spherical particle. In the
M.H. Jensen et al. / J. Chrom

eplaced by the interstitial fluid. Therefore, the elution buffer con-
ists of an isotonic saline solution as described by Havelund et al.
18].

SEC was carried out on an Agilent 1200 Series HPLC (Agilent
echnologies). A Superdex 200 GL 10/30 column with a separa-
ion range of 10–600 kDa (GE Healthcare) and an eluent containing
0 mM Tris–HCl, pH 7.4, 140 mM NaCl, and 0.01% NaN3 were used
or separation at room temperature. All chemicals were analytical
rade reagents, and buffers were made with Milli-Q grade water
Millipore) and filtered through a 0.2 �m filter prior to chromato-
raphic analysis. For analysis of �chI a small amount of phenol
0.2 mM)  was added to the elution buffer in order to slow down
he process and facilitate separation of different states in the
elf-association process of �chI. A sample volume of 200 �L was
njected onto the column and the separation was  performed with

 flow of 0.5 mL/min. The chromatograms are represented with the
vailable volume of the column, KD:

D = Ve − V0

Vt − V0

here Ve is the elution volume of a peak, V0 is the void volume,
nd Vt is the total volume. The retention time of Blue Dextran and
nsulin mutant B9Asp/B27Glu (monomeric insulin) [5,34] was  used
s V0 and Vt, respectively.

As MM standards blue dextran (≥2000 kDa), thyroglobulin
669 kDa), ferritin (440 kDa), human serum albumin (HSA, 67 kDa),
valbumin (43 kDa) and ribonuclease (12.6 kDa) were used. Fur-
hermore, Cobalt (III) Insulin (Co(III), hexameric insulin, 35 kDa)
35] and insulin mutant B9Asp/B27Glu (∼6 kDa) [5,34] were used
s insulin standards. The number averaged MM (MN) derived from
EC was obtained from a standard curve of the above mentioned
tandards with the exception of Blue Dextran and insulin mutant
9Asp/B27Glu, because they are outside the separation range of the
olumn.

.3. Multi-angle light scattering

MALS is a technique for the determination of the absolute molar
ass and size of macromolecules in solution. Details on MALS mea-

urements and calculations in connection with SEC are described
n Wen  et al. [36]. MALS was performed in connection with SEC
uns of the two analogues in order to obtain a weight average MM
MW) of the species being separated as well as the radius of gyra-
ion (Rg) and the hydrodynamic radius (RH) when possible. Every
ample was run at least twice to ensure consistency between differ-
nt SEC/MALS runs at the same conditions. Because of the presence
f equilibria between different oligomeric species in the samples,
eproducibility with standard deviations for the absolute MW was
ot performed. Instead, one chromatogram of each sample was
hosen to represent the system.

A static light scattering instrument with 18 photo detectors
DAWN® HELEOSTM) was connected to the HPLC, along with

 differential refractometer (Optilab® rEXTM), and one detec-
or is replaced by a dynamic light scattering (DLS) detector
WyattQELSTM). All instruments are from Wyatt Technology Inc.
he signal from UV276, refractive index (RI), DLS, and MALS was
ollected continuously.

Calculation of MW was performed with the software ASTRA®

 also from Wyatt Technology Inc using the measured MALS-
nd UV276-signal, and a refractive index increment (dn/dc)  of
.185 mL/g (a typical value for proteins) [36] and the Zimm’s equa-

ion:

∗ c

R�
= 1

MWP�
+ 2A2 (1)
. B 879 (2011) 2945– 2951 2947

where c is the concentration of the solute (g/mL), MW is the weight
averaged molecular mass, R� is the Rayleigh ratio, A2 is the second
virial coefficient, P� is the scattering function. The optical constant,
K*, can be calculated as:

K∗ = 4�2n2
0

(
dn

dc

)2

N−1
A �−4

0 (2)

where n0 is the refractive index of the solvent, dn/dc is the refractive
index increment, NA is Avogadro’s number, and �0 is the wave-
length of the light in vacuum. The MW was only determined in
the chromatographic regions where both the UV276 nm (or RI) and
MALS signal was  sufficiently high. Extinction coefficients of 1037.84
and 1070.64 g/mL/cm were used for �chI and licI, respectively, to
calculate the concentration of the analogues throughout the chro-
matographic run. The recovery of the sample was calculated from
the injected and recovered mass. The recovery of the samples was
always above 90%, except for licI 0Zn, where the recovery was 75%.

Finally, the radius of gyration, Rg, also known as the root mean
square radius, was  calculated through the scattering function, P�:

P� = 1 − q2Rg
2

3
(3)

where q is the scattering vector.

2.4. Dynamic light scattering

DLS was  used to determine the RH of the sample both online
and in batch measurements. For a more detailed review of DLS the-
ory see Pecora [37]. In connection with SEC the online DLS signal
was used to determine the RH of the sample by the Stokes–Einstein
equation which relates to spherical particles:

RH = kBT

6��D�
(4)

where kB is the Boltzmann constant, T is the temperature, � is the
solvent viscosity, and D� is the translational diffusion coefficient.
D� can be calculated from the decay rate (� = D�q2). � is calcu-
lated from the autocorrelation function which is a measure of the
intensity fluctuations of the particle in solution:

G(�) = A + Be−2�� (5)

A and B are instrumental factors, and � is the time delay. It was
not possible to calculate the RH for all the samples, as those with
MW > 1000 kDa did not give a measurable DLS signal.

For batch measurements of the samples prior to SEC, DLS was
measured on a DynaProTM Platereader from Wyatt Technology Inc.
employing the same theory as for online measurements. The sam-
ples were measured in the formulation conditions as described
above with 30 aquisitions of 10 or 30 s and were analysed using
the DYNAMICS® software.

2.5. Shape prediction from MW, Rg, and RH

Information about the shape of a particle in solution can be
obtained from a combination of the parameters MW, Rg, and RH.

The Rg/RH ratio (	) gives an indication of the shape of the
case of a rod, the 	 value depends on the length and radius of the rod.
Another shape prediction can be obtained from the log(Rg) versus
log(MW) conformation plot. A slope of 0.33, 0.5, or 1 is descriptive
of a sphere, coil, or rod [39], respectively.
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Table 1
Summary of the SEC and MALS results obtained for LysB29 (N��-
carboxyheptadecanoyl) des(B30) human insulin and LysB29 (N�-lithocholyl)
des(B30) human insulin formulated with 0, 3, and 6 Zn(II)/6 Ins. The MW of the
peaks and the MW distribution covering the peak range in Fig. 2 are shown.

Sample Peak MW (kDa) Peak-range MW distribution (kDa)

licI 0Zn 21,200 8700–132,000
licI 3Zn 130 72–370
licI 6Zn 480; 2600 130–2300

�chI 0Zn 21 9–20
�chI 3Zn 12; 3800 11–15; 3300–4300
�chI 6Zn 70b; 4100 68–75; 3000–4600

�chI 0Zn pha 22 8–23
�chI 3Zn pha 82c; 190; 280 82–570
�chI 6Zn pha 47b; 95c; 180; 360 30–590
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Eluent containing 0.2 mM phenol.
b The peak discussed in the text with a KD = 0.72 in Fig. 2b and c.
c The peak discussed in the text with a KD = 0.65 in Fig. 2c.

. Results and discussion

The self-association of two structurally different acylated ana-
ogues that are investigated here is induced in vivo by diffusion
f phenol away from the site of injection. Here, we  use SEC-based
uffer exchange to mimic  the process.

Varying the amount of zinc ions in the formulation affected the
egree of self-association of the two analogues. The self-association
ependency on zinc ions was therefore analysed with SEC–MALS
or both insulin analogues. After preliminary tests, the conditions
ith 0, 3, and 6 Zn(II)/6 Ins were chosen for further experiments.

he results are summarized in Table 1 and Fig. 2.
The RH was used to estimate the oligomerisation state of the

amples prior to higher self-assembly on the SEC column. The
imensions of human insulin in the hexameric R6-state (from
rystal structure: PDB ID 1EV3) with an oblate spheroid shape
re ∼5 nm in diameter and ∼4 nm in height [40]. The RH of hex-
meric insulin has previously been reported to be 2.8 nm [4].
inally, calculation of RH from human insulin R6-hexamer and R6-
ihexamer using the program HYDROPRO [41] resulted in 2.6 and
.4 nm,  respectively. DLS measurements of the samples, �chI 0Zn,
chI 3Zn, and �chI 6Zn, resulted in RHs of 1.6, 2.6, and 2.6 nm,

espectively, thus suggesting samples of hexameric size in the pres-
nce of zinc and a smaller oligomeric state in the sample in the
bsence of zinc. DLS measurements of licI 0Zn revealed an RH of

 nm,  licI 3Zn with a RH of 3.6 nm,  and licI 6Zn revealed a bimodal
ample with two species of 2.7 (84 mass%) and 6.2 nm (16 mass%).
hus in the presence of zinc, licI is larger than �chI whereas in the
bsence of zinc it is also expected to be smaller than a hexamer.

.1. Self-association of LysB29 (N�-lithocholyl) des(B30) human
nsulin

The chromatography of licI in formulations with 0, 3, and 6
n(II)/6 Ins revealed that this analogue formed high-MM associates
n different size ranges depending on the amount of zinc present in
he formulation (see Fig. 2a). licI 0Zn eluted in the low-MM range
f the column, licI 3Zn in the middle of the column volume (CV),
nd licI 6Zn in the void volume.

In Fig. 2a, the MALS determined MW can be seen together with
he corresponding chromatograms. The two samples, licI 3Zn and
icI 6Zn, gave rise to peaks with MW in the ranges 72–370 and
30–2300 kDa. This was comparable with the MN-range expected

rom standard SEC calibration, but MW gave a better measure of the

ass of licI 6Zn, as it elutes in the void volume of our SEC column.
or our system this means that masses above 600 kDa cannot be
stimated by a SEC standard curve.
. B 879 (2011) 2945– 2951

When examining the chromatogram of licI 0Zn (Fig. 2a), the
protein elutes in the low-MM range of the column corresponding
to a low MN; however, MW reveals significantly larger assem-
blies with a mass difference of about three orders of magnitude
(8700–132,000 kDa, see Table 1). The apparent associated state of
licI in the absence of zinc ions as determined by MALS did not cor-
respond with the elution of the sample in the low-MM range of the
column. Thus, these results strongly suggest that self-association
of licI also happens when zinc is not present. Since divalent cations
are needed for hexamer formation, it is very likely, that zinc-free
licI self-association was formed from the monomeric and dimeric
states of insulin. In these quaternary states, the hydrophobic sur-
face areas of the insulin molecule, otherwise hidden in the hexamer,
were exposed and interaction with the highly hydrophobic cholic
side chains was possible. It is therefore likely that this type of
self-association is of an entirely different nature than when zinc is
present. It is presumed that self-association happens on the column
when phenol is removed and the ion strength is increased, however,
the self-association may  continue after the column. Another reason
for the elution profile with high MW in the low-MM range could
be that licI 0Zn travels through the column as a low MM species,
smaller than an insulin hexamer (as indicated by the pre-self-
association RH), thus self-association happens in the time between
the sample leaves the column and before it reaches the MALS
detector. Both reasons are possible and they may combined be
responsible for the high MW. Furthermore, it could be seen that
a part of this sample eluted after the separation range of the col-
umn, which indicated that other effects than ordinary gel filtration
was responsible for the elution profile. This was  supported by the
relatively low recovery of the sample within the exclusion range of
the column (74%); however, when including also the tailing slope
of the peak outside the separation volume the recovery was 96%.
In fact, a part of the high-MM sample licI 0Zn, eluted later than
the insulin monomer standard from the SEC column. We  suggest
the possible explanations: Either, the sample forms hydrophobic
interactions with the column material. Or, upon removal of phe-
nol self-association may  have induced an increased viscosity of the
sample on the column due to salting out effects. Both scenarios
may be jointly responsible for disturbing a standard elution of the
sample.

Apart from the zinc dependence, the effect of initial protein con-
centration on the degree of self-association was also investigated. In
order to do so, different licI concentrations (150, 600, and 1200 �M)
were tested for all three zinc formulations (data not shown). In the
presence of zinc, the self-association of licI was  dependent on the
mass of protein loaded on the column; the self-assembly of licI
moved towards higher MM  on the SEC column with higher start
concentrations. For licI 0Zn, however, the injected mass did not
have a significant influence, and the peak eluted as described above.

3.2. Self-association of LysB29 (N��-carboxyheptadecanoyl)
des(B30) human insulin

Insulin analogue �chI was analysed in the same manner. In the
absence of zinc, �chI eluted in a peak with a MW of 9–20 kDa, i.e.
covering oligomers smaller than a hexamer and is equal to the
mass obtained from the insulin standards (see Fig. 2b). The slope
of the MALS MW determination for this peak indicates that the
peak consisted of several oligomers in equilibrium in the absence of
zinc ions. These oligomers may  be monomers, dimers, trimers, and
tetramers of �chI, but exactly which oligomers are not revealed by
these data.
In the presence of both 3 and 6 zinc ions (Fig. 2b) �chI eluted
in the void volume with extensive tailing indicating that the peak
consists of a distribution of sizes. The determination of MW of the
two formulations �chI 3Zn and �chI 6Zn showed a high MM self
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Fig. 2. SEC–MALS chromatograms of insulin analogue LysB29 (Nε-lithocholyl) des(B30) human insulin (a) and LysB29 (Nε�-carboxyheptadecanoyl) des(B30) human insulin (b
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nd  c) formulated with 0 (black), 3 (blue), and 6 Zn(II)/6 Ins (red). The eluent contain
dded to the eluent. The following standards were used (d, black): blue dextran (200
12.6  kDa), and (d, grey): HSA (67 kDa), cobalt (III) insulin (hexameric, 35 kDa), and B9
ith  Zimm’s equation is shown as a line through the chromatogram (in the same co

ssembly of ∼3000–4600 kDa. The results obtained by Havelund
t al. [25] where �chI 3Zn eluted in the void volume of the
ephacryl S-300 GL column (>1500 kDa) are in accordance with
he results presented here. In the �chI 3Zn sample, a minor peak
KD = 1, mass fraction of 13%) chromatographically corresponding
o a monomer or a dimer was observed (monomers and dimers can-
ot be distinguished on this SEC column); formation of a dimer was

urther supported by a determined MW of 12 kDa. The presence of
imers in �chI 3Zn indicates that a higher Zn(II) content is needed
o obtain full hexamer formation. Another minor peak was  found in
chI 6Zn with a calculated MW of 70 kDa (KD = 0.72; mass fraction
f 13%) corresponding to a dihexamer.

The effect of the injected mass on the column was tested, which
howed that in concentrations down to 150 �M �chI 3Zn and
chI 6Zn both eluted in the void volume (data not shown). Thus,
otential concentration effects on self-association of �chI in the
resence of zinc were not visible from these investigations. With
ecreasing mass of �chI 0Zn (equally down to 150 �M,  data not
hown), the corresponding peak moved towards lower MM (KD = 1),
ndicating that the monomer/dimer equilibrium is pushed further
owards the monomer state as a result of the lower protein con-
entration.

In all the �chI experiments formulated with zinc the protein
luted in the void volume, i.e. outside the separation range of the
olumn; however, it cannot be ruled out that potential differences
o exist but were not resolved in our experiments. Hence, comple-
entary studies are needed to further characterise the system. It
s, however, apparent from these experiments that zinc ions do not
nfluence the state and size of the high MM self-assemblies of the
wo analogues in the same way, and differences were present in
he low-MM species (see Table 1 and Fig. 2a and b).
 mM Tris–HCl, pH 7.4, 140 mM NaCl, and 0.01% NaN3 and in (c) 0.2 mM phenol was
), thyroglobulin (669 kDa), ferritin (440 kDa), ovalbumin (43 kDa) and, ribonuclease
27Glu insulin (monomeric, 6 kDa). The weight average molecular weight calculated
s the UV276 trace).

3.3. Self-association of LysB29 (N��-carboxyheptadecanoyl)
des(B30) human insulin slowed down by addition of phenol to the
eluent

The addition of low concentrations of phenol to the eluent made
it possible to slow down the self-association process and obtain
separation of differently sized species of analogue �chI. Phenol
concentrations of 0.1, 0.15, 0.2, 0.6, 2, and 6 mM were tested (data
not shown). The different concentrations changed the degree of
self-association from massive multi-hexamers eluting in the void
volume of the column (0–0.15 mM)  to oligomers of the size of a
dihexamer (0.6–6 mM)  (data not shown).

Under these elution conditions, the chromatographic profile of
�chI 0Zn was essentially the same as in the phenol-free elution
buffer; an asymmetrical peak with a MW slope of 8–23 kDa indicat-
ing oligomers smaller than a hexamer in equilibrium.

From Fig. 2c it is obvious that the addition of phenol to the
elution buffer reduces the self-association for the zinc contain-
ing samples. In the presence of 0.2 mM phenol a different elution
profile was achieved for �chI 3Zn (see Fig. 2c); however, the
monomer/dimer peak from the phenol-free system can still be
observed (KD of >1). The elution profile was more jagged, with
emerging individual peaks, indicating the formation of individual
oligomers in a more controlled manner than what was observed
for licI. The �chI 3Zn formulation eluted in a broad peak with one
pronounced peak with a KD of 0.65 (MW ∼ 82 kDa), as well as a small
monomer/dimer peak. In the latter case a weak light scattering

signal did not allow calculation of a reliable MW.

In �chI 6Zn, a more pronounced separation of the peaks is dis-
tinguishable, albeit without baseline separation. Two overlapping
low-MM peaks are seen with a KD of 0.65 and 0.72, respectively.



2 atogr. B 879 (2011) 2945– 2951

T
c
h
f
i
d

–
–
t
a
t
c
h
s
f

�
9
b
e
T
s
b
g
a
b
a
s
e
t

m
e
t
d
t
o
�

3

t
M
t
m

s
r
f
>
	
(
R
c
g
(
A
e
R
�
t
s

a

Fig. 3. Chromatograms showing Rg and RH of the sample �chI 6Zn (black). Rg and
RH, which were calculated from the SLS and DLS signal during chromatographic sep-
aration, are shown as triangles and circles, respectively. The shape factor, 	 (=Rg/RH),
is  calculated for individual points through the chromatogram. This ratio describes
how much the shape of a particle deviates from a sphere, where a sphere and a rod
have a 	-value of 0.78 and >2, respectively.

Fig. 4. A conformation plot is shown, where MW is plotted against Rg. The slope of
a  fitted curve (
) to the data can give an indication about the shape of the particle
in  solution. The slopes for a rod, coil, and a sphere are 1, 0.5, and 0.33, respectively.
Samples �chI 3Zn (red) and �chI 6Zn (blue) (0 and 0.2 mM phenol in the eluent) are
950 M.H. Jensen et al. / J. Chrom

he MW obtained for these two peaks (47 and 95 kDa) does not
orrespond to two distinct oligomeric species of insulin, such as a
examer or a dihexamer, but they indicate the existence of two  dif-

erent equilibria between different oligomeric insulin species. This
s supported by the sloping MW of the smallest peak, showing a
istribution from 30 to 50 kDa.

The peak in the �chI 6Zn sample (KD of 0.72 in Fig. 2b and c)
 found both in the absence and presence of phenol in the eluent
 had MW values of 70 and 30–50 kDa, respectively. This peak was
hus probably due to equilibrium between hexameric and dihex-
meric species of the insulin analogue in both systems. Because
he tense state is thought to be the self-association prone state, it
ould be speculated that we here observe an equilibrium between
examers and dihexamers in the R-state with no faces in the T-
tate exposed to the surroundings, which may  be the reason for no
urther self-association.

In the presence of 0.2 mM phenol, the peak observed for both
chI 3Zn and �chI 6Zn (KD of 0.65 in Fig. 2c) has MWs of 82 and
5 kDa, respectively. These MWs do not correspond with the elution
etween hexameric Co(III) Insulin and HSA of 67 kDa. The differ-
nt MWs of this peak also indicate the existence of an equilibrium.
he MW suggests an equilibrium between dihexameric species and
omething larger. The absence of the smaller peak (proposed to
e the hexamer/dihexamer equilibrium) in �chI 3Zn could sug-
est that the smallest species participating in self-association is

 dihexamer, and the peak therefore represents an equilibrium
etween dihexameric and tetra–hexameric species. Such a dihex-
meric species has previously been reported for IDeg, which also
elf-associates into multi-hexamers [21]. The oligomers of this
quilibrium would then have to be in the T-state in order to facili-
ate self-association.

These results clearly illustrate that both analogues form vast
ulti-hexameric species when formulated with zinc ions in a SEC

xperiment mimicking s.c. injection. Furthermore, it is shown that
he degree of self-association of the two analogues is different
epending on the amount of zinc present in the formulation and
he injected mass of the protein. And finally, low concentrations
f phenol slow down the otherwise fast oligomerisation process of
chI, such that smaller species can be identified.

.4. Shape prediction from Rg, RH and MW

The MALS and DLS signal was used to achieve information about
he molecular size. The relationship between Rg and RH or Rg and

W both give an indication about the shape of the species in solu-
ion. These parameters have been used for shape prediction of

icellar and colloidal systems [42–44].
Fig. 3 shows the Rg and RH calculated for �chI 6Zn in the elution

ystem containing 0.2 mM phenol. The shape factor, 	, equal to the
atio between Rg and RH provides an indication of the deviation
rom a homogenous spherical particle. That is, a 	 value of 0.78 or
2 correspond to a spherical or a rod-shaped particle, respectively.

 was calculated at specific points through the chromatogram
	�chI 6Zn = 1.7, 1.5, 1.3, and 1.3, see Fig. 3). The development of
g and RH and the 	 values calculated through the chromatogram
learly shows a change from a more spherical shape at low-MM
oing towards a more elongated rod-shaped particle at high-MM
	 values and positions in the chromatogram can be seen in Fig. 3).
ccording to the manufacturer, the lowest Rg measurable by the
quipment is 10 nm;  therefore, the 	 values calculated from an
g below this level should be taken as an indication of the shape.
chI 3Zn showed approximately the same trend in Rg and RH
hrough the chromatogram as that seen for �chI 6Zn (data not
hown).

Another method for analysing the shape of a protein is using
 plot of log(MW) versus log(Rg). The slopes (
) of a rod, coil, and
shown in the plot. The black lines represent fits to the data and the corresponding
slopes are listed in the table for each sample.

sphere are 1, 0.5, and 0.33 [39], respectively. In Fig. 4, MW is plot-
ted against Rg for �chI 3Zn and �chI 6Zn in 0.2 mM phenol. The
individual samples in each elution system are again quite simi-
lar, indicating shapes of the self-associated samples between coil
and rod. For �chI 3Zn slopes of 0.87 and 0.85 were observed in
the absence and presence of phenol, respectively. For �chI 6Zn the
slopes vary more and were found to be 0.63 (without phenol) and
0.92 (with phenol).

Both methods pointed towards an elongated shape for �chI in
the presence of 3 and 6 Zn(II)/6 Ins. A similar analysis licI would
be valuable, however, the Rg and RH values were either undeter-
minable or outside the range of the instrument to facilitate any
analysis or speculations regarding the shape of these samples.

The elongated rod-like shape furthermore explains the elution
profiles of �chI, where in a variety of concentrations and zinc
content �chI always elutes in the void volume. The exclusion of par-
ticles on a gel filtration column is highly dependent on the shape as
well as the MM.  Therefore, the particles elute according to their Rg,
which is larger for a rod compared to a sphere of the same MM;  thus

a SEC column has a much smaller separation range for rod-shaped
particles than for spherical particles. It is therefore not surprising
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hat this analogue elutes in the void volume under the conditions
ested here.

. Conclusion

The SEC–MALS based results presented in this paper shed light
n the mechanism of self-association of the two structurally differ-
nt insulin analogues, �chI and licI. It is shown for both analogues
hat the degree of self-association is affected by the amount of zinc
ons present in the pharmacological formulation.

In the case of licI, the sizes of the high MM associates are directly
ependent on the zinc concentration. Furthermore, we propose
hat licI also aggregates in the absence of zinc. This self-association
s expected to be of a very different nature, where monomers
nd dimers can be the building blocks of the large complexes.
his information was not revealed by gel filtration alone, but by
he combination of SEC and MALS. Without the MW determined
ith MALS this significant difference in mass would not have been

bserved. These observations strongly underline the importance of
sing an absolute MM method, and not only rely on ideal separation
onditions and standards; thus using orthogonal methods when
nvestigating complex self-assembling macromolecular systems is
mportant.

In contrast, self-association of �chI formulated with zinc results
n high MM self assembly. The addition of phenol in low concentra-
ions to the SEC elution system was necessary to obtain complexes
f smaller and varying sizes. In the absence of zinc, �chI was  shown
o exist in equilibrium between oligomers smaller than a hexamer,
nderlining that further self-association of this analogue is depen-
ent on the presence of divalent metal ion ligands. Lastly, based
n the observations described here, it can be speculated that the
ihexamer is the smallest building block in the self-association of
chI.

Finally, analysis of MW, Rg, and RH determined by MALS suggests
hat the self-associated samples of �chI formulated with zinc are
od-shaped. It was not possible to carry out the parallel analysis for
icI.

The results reported here show a significant difference in self-
ssociation behavior between the two types of protracted insulin
nalogues. The SEC–MALS result presented here underlines the
ubstantial complexity in high MM self-assembly of licI and �chI.
urther investigation into the processes with other techniques is
ecessary to broaden the knowledge of the two  systems represent-

ng a new generation of soluble basal insulin analogues, with long
nd peak-less pharmacokinetic profiles.
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