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A surfactant-induced conformational transition of bovine insulin that leads to difference spectra assigned to
changes in the environment of the tyrosine residues has been studied at pH 10, 25°C. The transition induced by
a homologous series of Cg—C,, n-alkyl suifates, below their critical micelle concentrations was studied by differ-
ence spectroscopy and the absorbance changes at 295 nm were analysed to obtain values for the Gibbs ener-
gies of the transition in water {AGS) and in a hydrophobic environment (AGY.) pertaining to saturated
protein—surfactant complexes. The average value of AGS,, which was found to be independent of n-alkyl chain
length, was 14.6 kd mol~'. The values of AGH_ were in the range ca. —40 to — 100 kJ mol-' for chain lengths from
Cg to C,,. The enthaipies of interaction of the n-alkyl sulfates were measured over the surfactant concentration

_ranges of the transition and were used to estimate an enthalpy change for the transition of 97 + 10 kJ mol-".

Monomeric insulins are small proteins {e.g. bovine insulin has
a molecular mass of 5734') and hence are structurally simpler
than many larger proteins, however, very little work has been
reported on their denaturation and associated conforma-
tional changes.>~* This is most probably a consequence of
the association and low solubility of insulin at neutral pH,
although in vitro the biological effects are attributed to the
insulin monomer which circulates in the blood at concentra-
tions of the order of 1078-10'! mol dm™3.> At neutral pH
at higher concentrations insulin self-associates to form first
dimers and then hexamers. The self-association of insulins
under various solution conditions has been studied®—® and
there have been studies on the interaction of phenolic®!? and
surfactant ligands with insulins**~'¢ _

In our previous study!® on the interaction of n-alkyl sul-
fates with bovine insulin it was shown that in both acid (pH
3.2) and alkaline (pH 10) solutions insulin binds high levels of
surfactants (2.5-3.5 g per g of insulin). We now report a study
in which conformational changes of insulin in the presence of
a homologous series of n-alkyl sulfates (C4 to C;,) have been
followed by difference spectroscopy and used to obtain Gibbs
energies of unfolding together with further microcalorimetric
data carried out under the same conditions of pH and ionic
strength as the spectroscopic measurements.

Experimental
Materials

Crystalline insulin from bovine pancreas (No. I 5500 24 LU.
per mg) was obtained from Sigma Chemical Co. The sur-
factants were obtained from the following sources: sodium
n-octyl sulfate (No. 5786 Lancaster MTM Research Chemi-
cals Ltd), sodium n-nonyl sulfate (No. 6418 Lancaster MTM
Research Chemicals Ltd), sodium n-decyl sulfate (No. 56027
Cambrian Chemicals), sodium n-undecyl sulfate (No. 6429
Lancaster MTM Research Chemicals Ltd) and sodium
n-dodecyl sulfate (specially pure) (No. 44244 BDH Chemicals
Ltd). Two buffers were used; glycine (50 mmol dm~3)-
sodium hydroxide pH 10.0, ionic strength 0.0312 and phos-
phate (50 mmol dm~3) pH 4.0, ionic strength 0.0500. The
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ionic strengths of the buffers were calculated from the glycine
second dissociation constant pK, (2) =9.7796!" and the
phosphate second dissociation constant pK, (2) = 7.21.17 At
an ionic strength of 0.03 (temperature 21-25°C) the critical
micelle concentrations (c.m.c.s) of the n-alkyl sulfates are as
follows!®: Cq, 118 mmol dm~3; Cy, 52.8 mmol dm~3; C,,,

21.1 mmol-dm~3; C,,, 948 mmol dm™3; C,,, 3.08 mmol
dm™3,

Apparatus and Methods

Difference spectra were measured with a Cary 219 UV-VIS
spectrophotometer operating in the double-beam mode with
a full scale expansion of 0.2 absorbance units and ther-
mostatted at 25°C. All the measurements were made using
insulin solutions of concentration 0.05% w/v (0.5 x 10~ kg
dm™3) in each of a pair of carefully matched quartz cuvettes
{1 cm? capacity) in the wavelength range 280-320 nm. One
cell contained surfactant in the required concentration range.
Measurements were made after insulin and surfactant had
been incubated for over 30 min after which time the differ-
ence spectra did not change.

Enthalpy measurements were made at 25°C with an LKB
10700 batch microcalorimeter which utilizes the twin-vessel
principle, each vessel being divided into two compartments.'®
The microcalorimeter was frequently calibrated electrically
during the course of the study. On the most sensitive range
used for the measurements (30 pV), the mean sensitivity of
the detectors in the heat sinks of the two vessels was
14.66 + 0.32 uyW pV ™! (i.e. +2.2%). The two detector sensiti-
vities differed by only 0.37%, which is less than the standard
deviation of the sensitivity measurements of the two detectors
i.e. the vessels were matched.

The reaction vessel was charged with (2 + 0.1) x 1072 kg
of insulin solution (concentration 0.1% w/v (1 x 1072 kg
dm™3) and (2 £ 0.1) x 1072 kg of surfactant solution of the
required concentration. The reference vessel was charged
with (2+0.1)x 1072 kg of buffer solution and
(2 £ 0.1) x 1073 kg of surfactant solution identical with that
in the reaction vessel. On mixing the surfactant solutions the
enthalpies of dilution cancel and the enthalpy of dilution of
insulin is negligible. The final insulin concentration
(0.5 x 1072 kg dm™3) was the same as that used in the spec-
troscopic experiments.
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Results

Fig. 1 shows the difference spectra in the wavelength range
280-320 nm at pH 10.0, between insulin and insulin plus the
C,, sulfate as a function of the surfactant concentration.
Addition of surfactant results in the development of an
absorption band at 295 nm, negative relative to native insulin
and characteristic of the phenolic side-chain of tyrosine.?°
The difference spectrum absorbance for the C,,, surfactant
(the strongest denaturant) was checked for reversibility.
Within experimental error (ca. 2%) the difference spectral
absorbance for a solution diluted from a high surfactant con-
centration (ca. 5 mmol dm~3) to a lower surfactant concen-
tration (ca. 2.5 mmol dm~3) was the same as that of insulin
that had not been exposed to a high surfactant concentration,
so that the conformational changes giving rise to the 295 nm
difference spectral peak are reversible within experimental
error. Similar spectra to those of Fig. 1 were obtained for all
the other alkyl sulfates (C4 to C,,). It should be noted that all
the experiments were carried out with the insulin disulfide
linkages intact. Addition of the disulfide reducing agent mer-
captoethanol at pH 10 gave rise to very much larger spectral
changes. Under these conditions the A and B chains are
separated, resulting in gross conformational changes.
Attempts were made to obtain a corresponding set of
spectra in acid solution pH 4.0. This was not possible
however because of the insolubility of the insulin-surfactant
complexes in acid solution. Limited data was obtained at
high surfactant concentrations ie. for C; (>100 mmol
dm™?), Cy (>45 mmol dm™3), C;4 (>20 mmol dm~3), C,,
(> 10 mmol dm ~3). The complexes formed with the C,, sur-
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Fig. 1 Difference spectra of bovine insulin in the presence of sodium
n-dodecyl sulfate relative to native insulin at pH 10, 25°C, The
insulin concentration was 0.5 x 1073 kg dm™2 and the sodium n-
dodecyl sulfate concentrations were: 1, 1.25; 2, 2.0; 3, 3.0; 4, 5.0 and
S, 8.0 mmol dm ™3, The spectra were recorded continuously through-
out the wavelength range,
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factant were insoluble over the entire range of composition.
The limited data at pH 4 showed that the absorbance of
insulin plus surfactant was positive relative to native insulin,
also the absorbance maxima showed a shift to shorter wave-
lengths (ca. 290 nm). Since the phenolic hydroxy group of
tyrosine will be fuily protonated at pH 4 the data suggest
that transfer of the protonated form to the more hydrophobic
environment of the complexes causes an increase in absorb-
ance in contrast to protonation at pH 10 which causes a
decrease in absorbance.

Fig. 2 and 3 show the absorbance changes for the 295 nm
difference spectral band as a function of surfactant concentra-
tion for the homologous series of surfactants at pH 10. The
data show that for all the surfactants there is a transition
region over which the absorbance changes steeply with con-
centration. As the surfactant chain length increases the tran-
sition regions becomes sharper and the total change in
absorbance becomes greater for the range Cg to C,,. The
shift in the transition region to lower concentrations follows
the decrease in the c.m.c.s of the surfactants.

The enthalpy of interactions between insulin and the
n-alkyl sulfates is shown in Fig. 4 and 5 as a function of the
surfactant concentration after mixing. The enthalpy curves
for the series Cg to C,, all show endothermic maxima which
decrease and occur at lower surfactant concentrations with
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Fig. 2 Absorbance of bovine insulin at 295 nm in the presence of
surfactants relative to native insulin at pH 10, 25°C. (O) sodium
n-octyl sulfate, (A) sodium n-nonyl sulfate, (¢) sodium n-dccyl
sulfate. The insulin concentration was 0.5 x 10~ kg dm™3.
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Fig. 3 Absorbance of bovine insulin at 295 nm in the presence of
surfactants rclative to native insulin at pH 10, 25°C. {{7]) sodium

n-undecyl sulfate, (A) sodium n-dodecyl sulfate. The insulin concen-
tration was 0.5 x 1072 kg dm ™3,
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Fig. 4 Enthalpy change in kJ (kg insulin)~! at 25°C on interaction
of surfactants with bovine insulin at pH 10, 25°C. ((J) sodium

n-octyl sulfate, (A) sodium n-nonyl sulfate, (V) sodium n-decyl
sulfate. The insulin concentration was 0.5 x 10~3 kg dm™2.
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Fig. 5 Enthalpy change in kJ (kg insulin)~! at 25°C on interaction
of surfactants with bovine insulin at pH 10, 25°C. ({J) sodium n-
undecyl sulfate, (A), sodium n-dodecyl sulfate. The insulin concentra-
tion was 0.5 x 10~3 kgdm ™3,

increasing alkyl chain length. Previous enthalpy measure-
ments for the Cg, Cy and C,, n-alkyl sulfates made at pH 10
but at considerably higher ionic strength (0.125) also gave
endothermic maxima.'® The shift of the curves to lower sur-
factant concentrations reflects the decrease of the c.m.c.s as
for the absorbance curves. It was also observed that for the
series Cq to C,, above surfactant concentrations of 50 mmol
dm~3 (Cg), 30 mmol dm~? (C,) and 20 mmol dm ™3 (C,,) the
thermograms observed on mixing surfactant with insulin
showed that two process were occurring: an initial endo-
thermic process followed by an exothermic process. Some
examples of the thermograms are shown in Fig. 6. The bipha-
sic thermograms for the C4 to C,, surfactants all show a
sharp initial endothermic peak consistent with an 'endo-
thermic effect which is rapidly compensated by an exothermic
process. Although the rate of heat flow from the mixed solu-
tions is governed by the heat conductivity of the sinks of the
microcalorimeter the occurrence of thermograms showing
endo- and exo-portions indicates that at least two processes
are taking place with opposite enthalpy signs. For higher
alkyl chain lengths (C,, and C,,) the thermograms did not
show two effects which suggests that the two processes are
occurring concomitantly so that only the net exothermic
effect is seen. It should also be noted that in these cases the
thermograms are broader, displaying a time course character-
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Fig. 6 Thermograms produced on mixing nominally equal masses
of insulin solutions (1 x 1073 kg dm~3) with surfactant solutions at
pH 10, 25°C. 1, sodium n-octyl sulfate (199.9 mmol dm~3); 2, sodium
n-nonyi sulfate (99.96 mmol dm™3); 3, sodium n-decyi sulfate (50.04
mmol dm™3); 4, sodium n-undecyl sulfate (20 mmol dm™?3); 4,
sodium n-dodecyl sulfate (14 mmol dm~3). The final concentrations
of insulin and surfactants were, nominally, half the above values. The
upper scale bar applies to curve 1 and the lower scale bar to curves
2-5.

istic of a single almost instantaneous process. The exothermic
enthalpy found for the C,, sulfate is consistent with that pre-
viously observed at higher ionic strength at pH 10.13

Discussion

The data in Fig. 1-3 suggest that on interaction with sur-
factant at pH 10 insulin undergoes a significant change in
conformation. The absorption band at 295 nm (Fig. 1) is
characteristic of phenolic groups?® associated with the four
tyrosine residues in insulin (two in both the A and B chains).
The pK, of the phenolic hydroxyl group in free tyrosine at
25°C is 10.05.2° In insulin the pK, may be changed to a
small extent but it is reasonable to suppose that the tyrosine
residues will be ca. 50% ionised. The absorbance becomes
more negative relative to native insulin with increasing sur-
factant concentrations and since the molar absorption coeffi-
cient of tyrosine increases with ionisation?® it follows that
surfactant binding causes an increase in the proportion of
protonated residues consistent with transfer to a more hydro-
phobic environment i.e. transfer to the environment charac-
teristic of n-alkyl chains. The steepness and position of the
curves in Fig. 2 and 3 in relation to the surfactant c.m.c. sug-
gests that it is associated with cooperative binding of sur-
factant and that the transition is also highly cooperative.
Studies®-® on the self-association of insulin in the pH range
2-10 assumed that insulin adopted a native conformation in
this pH range and there appears to be no evidence that this is
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not so. Furthermore at pH 10 at the concentration used here
(0.5 x 10~2 kg dm™3) the extent of dimerisation will be of the
order of 0.22%' For a first approximation, interaction
between native insulin (N) and surfactant (S) may be
expressed by the equilibrium.

N +vS=DS;, (0

where v is the average number of surfactant molecules bound
to the denatured complex (DS;). In writing eqn. (1) it is
assumed that the binding of the surfactant and the conforma-
tion changes induced by binding are reversible. The reversi-
bility of the difference spectral absorbance at 295 nm on
dilution of the surfactant from high to lower concentrations
suggests that this is a reasonable assumption. The equi-
librium constant (K) for reaction (1) can thus be written

_ DSl _ Ks
~INISY (ST

where K is the ratio of denatured complex and native mol-
ecules respectively and [S] is the equilibrium concentration
of free surfactant. Because the insulin molarity was very low
(87 mmol dm™3) in the experiments it is assumed that [S] is
negligibly different from the total surfactant concentration in
the system. Values of Ky as a function of [S] in the transition
region were calculated from the absorbance curves (A,45) in
Fig. 2 and 3 from the extent of denaturation («) taken as

K 2

_ Azes — Arzq‘)s
=75 N &)
Az9s — Algs

where 4595 and A2, are the absorbance for the native and
denatured states, respectively, and Kg= o/l —a). Two
methods were used, (1) in which A%,5 and AD,5 were taken
from the start and finish of the transition region and (2) in
which the pre- and post-transition curves, where possible
were fitted by least-squares linear plots and the transition
region was fitted by a polynomial; « and Kg were then calcu-
lated by the method described by Pace.?? Fig. 7 and 8 show
plots of In Kg as a function of surfactant concentration as
calculated by method (1); method (2) also gave very similar
plots. The linearity of In K as a function of [S] is consistent
with the relations

AG® = AG® — m[S] 4)
m
In Kg=1In K,, + FI: [S] 5)

where AG? is the value of AG® for the transition in the
absence of surfactant and m is a measure of the dependence
of AG® on surfactant concentration. Although there is some
curvature in the plot of In K vs. [S] for the C, sulfate and
possibly for the C,, sulfate at high [S], of these plots and
those of In K vs. In[S] (Fig. 9) curvature was not a consistent
feature and analysis based on linearity was considered more
appropriate than higher-order regression.
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Fig. 7 Relationship between In K and surfactant concentration for

bovine insulin at pH 10, 25°C. ([J) sodium n-octylsulfate, (A) sodium
n-nonylsulfate, (V) sodium n-decylsulfate.
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Fig. 8 Relationship between In K and surfactant concentration for

bovine insulin at pH 10, 25°C. ({J) sodium n-undecyl sulfate, (A)
sodium n-dodecyl sulfate.

An equation of the form of eqn. (4) is found for protein
denaturation by urea.?>?3 In principle the value of AG?
should be independent of the surfactant used to induce the
transition.

Table 1 lists the parameters AGS and m calculated from
eqn. (5). While m increases steeply with n-alkyl chain length
there is no systematic variation of AG? with surfactant and °
bot(l; methods of data analysis give similar average values of
AGY.

From eqn. (2) it follows that

In K =In K¢ — 7 In[S] (6)

At a surfactant concentration of 1 mol dm~3, In K = In K
and the equilibrium constant K might then be considered to

Table 1 Parameters characterising the surfactant-induced conformation changes in bovine insulin, pH 10.0, 25°C

n-alkyl m/10° m*/10°

(Sl AGY* AGo* AG ¢ AGS,* AA,GY

chain length  /mmol dm™*  J mol™! (mol dm~*)~' Jmol~' (mol dm~%)~"' /kJ mol™' /k§ mol ™! b I /kJ mol ™! /kJ mol™* /&J mol™!
C, 88.0 119.4 £+ 50 176.5 1 10.1 17.56 + 041 1465 £083 631 +0.14 533 +058 —38.16 +0.87 ~40.75 + 3.68 -5+
C, 40.0 3525 + 211 478.6 + 28.7 1410 £ 069 2070+ 1.24 664 + 158 7874£078 —5270+ 1260 —61.671%6.16 -75+8
Cio 203 691.7 + 334 5074 + 44,1 1401 £ 069 1026 £099 530+ 036 431 +047 =5169+3.50 ~41.96 + 448 ~59+7
C, 390 3232 + 157 2666 + 211 1260 £ 073 1141 +098 5391+ 0352 4.65+043 —T7475+7.06 -63.15 + 580 -81 +8
C,, 2.37 5546 + 223 6684 + 175 1317 £ 057 1720£052 3530+£018 7.734£02) —79.78 + 2.67 —-1082 4338 109120
mean 143+ 19 148 £ 4.3 579 £ 064 598 £ 1.70

* Calculated ing Ap —~ Ay is (see text). * Calculated by the method of Pace.??
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Fig. 9 Relationship between In K¢ and In[surfactant] for bovine
insulin at pH 10, 25°C. ([J), sodium n-octy! sulfate, (A) sodum
n-nonyl sulfate, (O) sodium n-decyl sulfate, (V) sodium n-undecyl
sulfate, ( x ) sodium n-dodecyl sulfate.

correspond to the transition in a surfactant-saturated
complex approximating to that in a very hydrophobic
environment with a corresponding Gibbs energy change,
AG?.. Plots of In K vs. In[S] are shown in Fig. 9. Least-
squares analysis of these plots (and a corresponding set using
the Pace method of analysis*?) gave the values of AGY, in
Table 1. AG?. and AG? can be related by the following
scheme
AG:

N D

w

A

4,G6°(N) HA.,G° (D)
Gre
th Dhc

from which it follows that
AGY. — AGY, = A, G(D) — A, G(N) @]

where A, G%(D) and A, G°(N) are the standard Gibbs ener-
gies of transfer of denatured and native insulin from water to
a hydrophobic environment. Average values of AG), — AGY,
defined as A(A,, G%), calculated by the two methods of data
analysis are shown in Table 1. Although the errors on the
values of A(A,G°% are large, partly because of the long
extrapolations to In[S] = 0 required to estimate AG,, from
the plots of In K vs. In[S] across the homologous series,
A(A,, G° becomes increasingly negative with increase in alkyl
chain length.

The binding of n-alkyl sulfates to globular proteins is in
general exothermic?* and protein unfolding is endothermic.?
For the Cg~C,, surfactants the thermograms showed an
initial endothermic process followed by an exothermic
process whereas the C,, and C,, surfactants, where the
binding energy is greater, showed only exothermic thermo-
grams. The data strongly suggest that the enthalpy change
corresponding to the conformational transition induced by
the surfactants is endothermic (Fig. 4 and 5) but the observed
enthalpies of interaction decrease with alkyl chain length as
the exothermic contributions of the interaction of the sur-
factants with cationic sites on insulin increase. While sur-
factant binding must trigger the conformational change for
the C, to C,, surfactants, the enthalpy of initial binding of
surfactant molecules is not sufficiently large to conceal the
endothermic effect whereas for the C,, and C,, surfactants it
is. The sharpness of the transition from an endothermic to an
exotheric thermogram signal for the Cq4, Cy and C,, sur-
factants (Fig. 6) suggests that even for these surfactants the
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Fig. 10 Enthalpy contributions in kJ (kg insulin)~! to the enthalpy
of interaction of n-alkyl sulfates with bovine insulin at pH, 25°C as a
function of n-alkyl chain length. ((JO) AH,,,, (A) maximum endo-
thermic effect observed (AHT), (V) A H + AH,..

initial endothermic effect is very rapidly followed by the exo-
thermicity of further binding.

Insulin has four cationic amino acid residues in the B chain
(B-5 His, B-10 His, B-22 Arg and B-29 Lys) and two N-
terminal primary amines (B-1 Phe and A-1 Gly). At pH 10
the histidyl residues (pK, ~ 6.4-7.0%%) will be deprotonated
and the primary amine groups of lysyl (pK, = 10.5) and the
N-terminal amino groups will be ca. 50% deprotonated. The
enthalpies of interaction of Cy4 to C,, n-alkyl sulfates with the
polypeptides poly (L-lysine) and poly (L-arginine) have been
measured?? and were used to estimate the enthalpy contribu-
tions arising from binding to cationic sites making the
assumption that the N-terminal amino groups behave as lysyl
side chains. To a first approximation the observed enthalpy
(AH,,) of interaction can be expressed in terms of the enth-
alpies of interaction with cationic sites (AH_,,), hydrophobic
binding of surfactant (AH,) and an enthalpy of unfolding
(A, H)

AH,, = AH_, + AH,. + A H ®)

Fig. 10 shows the maximum endothermic enthalpy
observed (AHY), AH_,, and (A, H + AH, ) plotted as a func-
tion of alkyl chain length. Extrapolation of (A, H + AH,) to
zero chain length where AH, — 0 gives a value of A, H of
169 + 1.9 J g=! (97 + 10 kJ mol ™). This estimate is in the
range of unfolding enthalpies (ca. 8-20 J g™ 1) for small globu-
lar proteins.?’ Taking AG? as 14.6 kJ mol~! (Tabie 1) and
A H as 97 kxJ mol™! gives an estimate of the entropy of
insulin unfolding of 276 J mol~! K~ !. The entropic contribu-
tion to AGY arising from the conformational change (TA, S)
at 298 K is thus 82 kJ mol ™", so that the increase in entropy
on unfolding corresponds to ca. 85% of the energy (enthalpy)
required to bring about the conformational transition. As for
the unfolding of many globular proteins?® the stability of
insulin is determined by a fine balance between the large
enthalpic and entropic changes which occur on unfolding.
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