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Abstract

Differential scanning calorimetry (DSC) measurements are well known to serve us heat capacity functions of
macromolecules and molar fractions of thermodynamic microstates. On the other hand, small-angle X-ray scattering
(SAXS) measurements are expected to have an advantage for determining directly spatial-conformational states of
macromolecules since we can observe ensemble-averaged scattering functions from solute macromolecules at multiple
spatial-conformational states. In the present paper we will present an approach to analyze spatial-conformational-state
transitions observed in denaturation processes of proteins by SAXS, which affords us a new aspect of thermal transition of
proteins in comparison with thermodynamic-microstate transitions observed by DSC. From the point of view of spatial-
conformational-state transition, we will clarify the thermal structural transition aspects of hen egg-white lysozyme (HEWL) at
pH 5 depending on the conformational hierarchy and concentration. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Differential scanning calorimetry (DSC) method is
usually used to determine a heat capacity function of
macromolecules which afford thermodynamic func-
tions such as calorimetric enthalpy and Gibbs free
energy. By using DSC we can also estimate molar
fractions of the thermodynamic microstates by using
the algorithms for the analysis of DSC curves [1,2].
On the other hand, as an observed scattering function
from biological macromolecules in solution reflects an
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ensemble averaged scattering function of multiple
spatial-conformations of solute macromolecules, it
can be expected that synchrotron radiation small-
angle X-ray scattering (SR-SAXS) measurements
have a great advantage for determining directly the
spatial-conformational states of macromolecules due
to high-intensity beam flux.

We have been studying the thermal denaturation of
hen egg-white lysozyme (HEWL) by using SR-SAXS
and wide-angle neutron scattering methods. In our
recent reports [3,4], we characterized the thermal
denaturation processes at pH 1.2, 3.9 and 7.0 and
showed that the changes of the tertiary and intramo-
lecular structures proceed in different ways, namely
that the former change proceeds in a two-state transi-
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tion and that the latter change proceeds in a multi-state
transition, where we carried out standard analyses of
scattering data such as calculation of radii of gyration
and distance distribution functions. In the present
paper we will present a new method which would
enable us to characterize thermal transition hierarchy
and to compare directly spatial-conformational-state
transitions observed by SAXS with thermodynamic-
microstate transitions observed by DSC in denatura-
tion processes of proteins.

2. Experimental

2.1. Sample preparation and time-resolved SAXS
measurements

Hen egg-white lysozyme purchased from Sigma
Chemical was solubilized in water solvent at pH 5
adjusted by adding HCI. The protein concentrations of
the samples served for SAXS experiments were 1.0%,
2.5% and 5.0% w/v. SAXS experiments were carried
out with a SAXS spectrometer installed at the 2.5 GeV
storage ring in the Photon Factory, Tsukuba, Japan [5].
The wavelength used was 1.49 A, and the sample-to-
detector distance was 85 cm. A sample cell contained
the sample solution was place in a cell-holder whose
temperature was controlled by a low-temperature
thermostat RC6CP from LAUDA, The temperature
of the samples was elevated from 10°C to 84°C at the
constant heating rate of 1°C/min, which was moni-
tored by a thermocouple device whose output was
recorded by a personal computer through a signal
interface. By using a computer-controlled data acqui-
sition system of the SAXS spectrometer, time-
resolved SAXS measurements were executed every
1 min with the one-shot exposure time of 55 s.

2.2. SAXS data analyses

As described in detail [3], the following standard
data analyses were carried out to experimental scat-
tering curves I(g) after correction of background. The
distance distribution function p(r) was obtained by the
Fourier transform of the scattering intensity I1(q) as:

p(r) = E/OOc rql(q)sin(rq)dq, )

™

where ¢ is the magnitude of scattering vector defined
by g = (47/\)sin(6/2) (q is the scattering angle, A the
wavelength). D, is estimated from the p(r) function
satisfying the condition p(r) =0 for r> D,x. To
estimate radius of gyration R, of solute particles,
we have employed two different methods, namely,
the Guinier’s method using In(/(¢)) vs. ¢° plot for the
small-angle data sets and the Glatter’s method using
p(r) functions as follows:

g o p)dr .
Jo ™ plr)dr
For the middle scattering angle region which is
larger than the particle size (gR, > 1) but smaller
compared to typical chemical bond distances a
(ga < 1), itis known that the scattering curves depend
on the simple power law given by

logl(g) = constant + blogg, 3)

where b is called the Porod slope [6]. The evaluation of
the Porod slope is useful in characterizing and ascer-
taining the geometric properties of random structures
and polymer chains [7,8].

3. Results and discussion

3.1. Concentration dependence of thermal
denaturation process

Fig. 1 shows the temperature dependence of SAXS
curves I(q) of the HEWL solutions at pH 5, where Fig.
la—c corresponds to the protein concentrations of 1%,
2.5% and 5% wlv, respectively. The significant
decrease of the scattering intensity below
q ~0.02 A~! results from the cut-off by the beam
stopper. The adjustment of pH only by adding HCI is
very important since the presence of repulsive inter-
particle interaction between HEWL molecules pre-
vents further aggregation caused by thermal
denaturation. The broad peak around g = 0.04-
0.08 A~! shows the presence of interparticle interac-
tion between solute particles under repulsive Coulomb
potential, whose sharpness and position depend on the
effective surface charge and concentration of the
solute particle [9]. Then the shift of the position of
the interparticle correlation peak around g = 0.04—
0.08 A~! by elevating temperature indicates that the
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Fig. 1. Time-resolved SAXS curves I(q) of the hen egg-white
lysozyme solutions at pH 5 under the constant heating rate of 1°C/
min. (a) 1% w/v, (b) 2.5% w/v, (c) 5% wl/v. The temperature was
elevated from 10°C to 84°C. The scattering curves for every 4 min
are presented.

thermal conformational change of HEWL accompa-
nies the change of the molecular surface charge, which
is most clearly seen at high concentration in Fig. Ic.
For globular particle systems in solution a repulsive
interaction between particles usually produces a broad
single peak at small g region due to Brownian motion,
and the effect of this peak on a scattering curve in the g
region above the peak position is negligible [9,10].
The effect of the repulsive interparticle interaction
between HEWL molecules on the observed scattering
curve is negligible above g =~ 0.08 A~!, which we
have shown previously [3]. A scattering curve con-

tains a different real-space structural information of
solute particles depending on g range observed. In the
present case the change of the scattering curve I(g) in
the g range of ~0.1-0.2 Al mostly reflects the
tertiary structural change in such as molecular shape
and dimension, and that in the g range of 0.2-0.4 Al
mostly reflects the intramolecular structural change in
such as structural domain correlation and polypeptide
arrangement. Compared with the changing tendencies
of the scattering curves in Fig. 1, it is evident that the
variation of I(g) in the g range of 0.2-0.4 A~ with
temperature is suppressed by increasing concentra-
tion, whereas the variation of /(¢) in the g range of 0.1—
02A s comparable for every concentration.

Fig. 2a—c shows the temperature dependence of the
Porod slope estimated from the scattering curves in

Porod Slope (-)

Porod Slope (-)

Porod Slope (-)

20 40 60 80
Temperature/(°C)

Fig. 2. Temperature dependence of the Porod slopes of the
scattering curves in Fig. la—c are as in Fig. 1.
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Fig. 3. Distance distribution functions p(r) at different pH
depending on temperature. The p(r) functions were obtained by
the Fourier transform of the scattering curves in Fig. 1a—c are as in
Fig. 1. The p(r) functions for every 4 min are presented.

Fig. la—c, respectively. With increasing the concen-
tration, the initial temperature of the change of the
Porod slope shifts to higher temperature from ca. 50°C
to 70°C, indicating that the change of the protein
surface from a smooth surface to a fractally rough
one [7,8,11,12] is suppressed by increasing the con-
centration. This agrees with the concentration depen-
dence of the changing tendency of the scattering curve
in the g range of 0.2-0.4 A~" as mentioned in Fig. 1.
Fig. 3 shows the distance distribution functions p(r)
calculated by the Fourier inversion of the scattering
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Fig. 4. Temperature dependence of the gyration radii R, deter-
mined by two different methods: (a) by the Guinier’s method, (b)
the Glatter’s method. R, values are normalized by the R, values at
10°C. O, 1% wiv; A, 2.5% wiv; [, 5% w/v.

curves in Fig. 1 using Eq. (1). The variation of the p(r)
profile depending on temperature well reflects the
tertiary structural change. We can recognize an evi-
dent concentration dependence of the changing ten-
dency of the p(r) profile. Namely, with decreasing the
protein concentration the thermal change of the ter-
tiary structure becomes to proceed rather gradually.
This changing tendency is consistent with the tem-
perature dependence of the radius of gyration R, in
Fig. 4, where the relative R, values obtained by using
the Guinier’s and Glatter’s methods are normalized by
the R, at 10°C values and shown in Fig. 4a and b,
respectively. As is well known [13], the use of the
Guinier approximation for the determination of R, is
liable to lead to inherent systematic errors and similar
difficulties caused by concentration or aggregation



M. Hirai et al. / Thermochimica Acta 344 (2000) 95-102 99

effect. The Glatter’s method is more reliable to reduce
such artifacts in the estimation of R,. In Fig. 4 both R,
values estimated by the above two methods give
mostly the same temperature and concentration
dependence. Thus the changing aspect of R, with
elevating temperature greatly depends on the protein
concentration, namely the R, at 1% w/v increases
rather gradually over the observed temperature range,
whereas the R, at 5% w/v increases significantly
around ca. 70°C. The remarkable increase of R,
indicates the expansion of the tertiary structural
dimension in the thermal denaturation process.

3.2. Temperature differential analysis of scattering
curves

To know the margin of the deviation of the scatter-
ing curve in the thermal denaturation process of
HEWL, we have used the following equation:

q2
Al q9=q
AT~ { “ (g,

q9=41

{1<q,T,)1<q.,T_,->}‘
(T;-T))

G
T+ Y8, 10T }

where AI/AT is a normalized temperature differential
value of the scattering intensity in the defined g range
from g, to g, in the temperature range from 7; to T;.
Here we set AT=T; — T; = 1°C. The third term repre-
sents the normalization by the integrated intensity in
the ¢ range from ¢q; to g,, which is important to
compare the deviations of the scattering curve in
the different ¢ ranges. Fig. 5 shows the temperature
dependence of AI/AT of various ¢ ranges, where Fig.
Sa—c corresponds to the AI/AT of the ¢ ranges of 0.1-
0.2,0.2-0.3 and 0.3-0.4 A", respectively. Clearly the
temperature differential value AI/AT becomes smaller
with increasing protein concentration and that the Al/
AT value becomes larger with selecting higher g range
used for AI/AT estimation. Thus, Fig. 5 indicates that
the increase of the protein concentration reduces the
structural fluctuation induced by the temperature ele-
vation, especially the intramolecular structural fluc-
tuation, which supports the discussion in the above
section. In comparison with Fig. Sa—c, we can recog-
nize another feature. Thus, the AI/AT of the g range of
0.1-0.2 A~! tends to increase with elevating tempera-
ture and at the high concentration of 5% w/v the AI/AT
takes a maximum value around 79°C. This indicates

T T
(@)
0.06 - 4
— °
v o
~— o o ° <]
O 6 %® o o 00 o © o
o o 0 o
o oo © Oy 00 = © o 0,
,2 004rF-% % ® 000000(9 o H° 0° & %]
o o
~ o O, © o
oo o ER
—_ o
<] uﬁi
0.02 s oma et at e
[YWYLVEN A“‘A‘A AA“A‘AA““ A b faca b Fq &
o0
peR, :tﬂﬁmaﬁcu Mﬂﬁdﬁue‘qﬁ o
0 L 1 { L
T T T
- ° ° . o 1%w/iv
~— o o oo a 2.5
lz 0.4F o °o° ooooo 02 % ° 5 -
00, oS o ©
b 0070 o o o °
~ o °oo0o o
O, o
—_ o o Lo
° o 00 P2
< o2t 00 0o ]
a4, at ° %% @
s, Aaa,00 A a4,
g E‘D‘ AAD i é!é %‘ 'akdy s
0 ! I I
T T T T
o o ° (©
— 06F o o o o . B
f
~— oo o % o
© oo o
'_ ° OO o © o
< 0.4 —o of o Oov:;0 ) B
~ - < 000000 °
b ° o °Po
b 00
., © o, o °
W A %y a 4 as ab © oy o o
0.2 i VL Y AA“A‘A ‘AA‘A“ Aaa bus O
St ‘DD“EH“ LS RS
[esszses] asa, 4 O
R e o0 et Dadjjﬂ%qﬂﬁ’cmﬁaﬁ:&
0 | 1 I

20 40 60 80
Temperature /(°C)

Fig. 5. Normalized temperature differential value AI/AT of the
scattering intensity in various g ranges as a function of temperature:
(a) 0.1-0.2 A7", (b) 0.2-0.3 A™", (c) 0.3-0.4 A=". The marks of
O, A, and [] are as in Fig. 4.

that the significant collapse of the tertiary structure
occurs in the relatively narrow temperature region.
Whereas, the AI/AT of the g ranges of 0.2-0.3 AL
The above aspect suggests that the structural fluctua-
tion induced by the elevation of temperature proceeds
in consecutive stages depending on the conforma-
tional hierarchy.

3.3. Multiplicity analysis of thermal structural
change

To analyze a multiplicity of structural transition by
SAXS, we applied the following equation to the
scattering curves in a defined ¢ range of ¢;—g, A~
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as given by:

A=Yl

q=q1 <1 q1 (q’ T)

aI(Q7 TN)

(1=a)i(g, To)
z g Y,

(q7 TU) ’
®)

where I(q,Tn), 1(q,Ty) and I(q,T) are the scattering
curves at the initial, final and intermediate tempera-
tures, respectively. Under a two-state structural transi-
tion hypothesis the factors of a and (1 —«)
correspond to the molar fractions of the initial and
final temperature states when the I(g,7) curve in
defined ¢ range is fitted by using the I(g,7n) and
I(g,Ty) curves. A represents the deviation factor in
the above fitting, namely the deviation from the two-
state structural transition hypothesis. The molar frac-
tion « can be determined by minimizing the A value.
Alternatively, this method using Eq. (5) means that the
scattering curve in a defined ¢ region at an intermedi-
ate temperature is fitted by using the two scattering
curves at the initial and final temperatures since in a
defined ¢ region we normalize each scattering curve
by the integrated scattering intensity in this g region.
Here we assumed that at equilibrium the unfolding
transition of HEWL can be described by a population
of HEWL proteins with folded (N-state) and unfolded
(U-state) stages. This assumption is evidently compar-
able with the application of the van’t Hoff equation to
scanning calorimetry analyses for the HEWL samples
prepared in the same way used for the scattering
experiments, we can also deduce an apparent value
of the molar fraction of native state to denatured state
from the measured DSC.

Fig. 6 shows the temperature dependence of the «
factor at different concentrations, where Fig. 6a—c
corresponds to the protein concentrations of 1% and
5% wiv, respectively. In Fig. 6a—c the « factors
obtained from the different ¢ ranges of 0.1-0.2,
0.2-0.3 and 0.3-0.4 A~" are also shown. In the present
analysis using Eq. (5) Ty and Ty were 10°C and 84°C.
The « factor in the g range of 0.1-0.2 Al mostly
reflects the change of the molar fraction of the tertiary
structures at the initial and final temperatures, while
the « factors in the g ranges of 0.2-0.3 and 0.3-
0.4 A" reflect the change of the molar fraction of the
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Fig. 6. Temperature dependence of the molar fraction o deter-
mined from SAXS data in various g ranges where (a) 1% w/v, (b)
2.5% wiv, (¢) 5% w/v. The marks of O, A, and [] correspond to
the « factors in ¢ ranges of 0.1-0.2, 0.2-0.3, and 0.3-0.4 A,
respectively.

intramolecular structures at the initial and final tem-
peratures. Clearly the changing tendency of the «
factor greatly depends both on the g range selected
for o estimation and on the protein concentration. The
« factor in the g range of 0.1-0.2 A, especially at
5% wi/v, changes more significantly in comparison
with the cases of the « factor in the g ranges of
0.2-0.3 and 0.3-0.4 A~'. The above g-range depen-
dence of the changing tendency of the « factor indi-
cates that the thermal structural transition process and
its multiplicity greatly depend on the conformational
hierarchy. With decreasing the protein concentration
the change of the « factor in the g range of 0.1-
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Fig. 7. Temperature dependence of the deviation factors A for the
optimized values of the molar fraction « in Fig. 6a—c corresponds
to the deviation factors A obtained from the ¢ ranges of 0.1-0.2 and
0.3-04 10\’1, respectively. The marks of O, A, and [J are as in
Fig. 5.

0.2 A~! tends to be smeared with shifting the transi-
tion midpoint from ca. 79°C to ca. 75°C which was
estimated from the temperature at o = 0.5, suggesting
the effect of the protein concentration on the thermal
structural transition process.

Fig. 7 shows the temperature dependence of the
deviation factor A for the optimized « factor in Fig. 6,
where Fig. 7a—c corresponds to the A factors of the ¢
ranges of 0.1-0.2, 0.2-0.3and 0.3-0.4 A‘l, respec-
tively. In Fig. 7a, the A factors of the ¢ range of 0.1-
0.2 A" take very small values and hold mostly con-
stant over the temperature range measured in compar-
ison with those of other g ranges in Fig. 7b and c,
suggesting that the « factor analysis based on the two-

state transition hypothesis is well applicable to
describe the tertiary structural transition kinetics.
On the other hand, when we select the higher ¢ range,
the A factors become lager and larger, indicating that
the intramolecular structural transition can not be
described by the two-state transition hypothesis but
by a multi-state transition. In addition the protein
concentration dependence of the deviation factor A
is clearly recognized, namely, with decreasing the
concentration A factor becomes to be larger, espe-
cially at 1% w/v. This suggests that the multiplicity of
the thermal structural transition is enhanced at low
concentration.

4. Conclusion

Many studies of thermal denaturation of proteins
using DSC have clarified the thermodynamic basis of
stability of the conformational states of proteins [14—
16], and that at equilibrium unfolding transitions of
single domain proteins are usually two-state where
only the fully folded and unfolded states are populated
[17,18]. Under equilibrium conditions the folding—
unfolding transition of HEWL was shown to appear a
highly co-operative two-state process [19,20]. On the
other hand hydrogen exchange experiments using 2-
dimensional NMR show that HEWL consists of the
two structural domains which differ significantly in
the folding pathway. These structural domains are
expected to be stabilized with very different kinetics
as distinct folding-domains involving parallel alter-
native pathways [21-24].

In the present SAXS study we have treated the
thermal denaturation of HEWL of the different protein
concentrations at pH 5 under a constant heating rate
which is comparably used for DSC measurements. By
developing new SAXS-data analysis methods we have
successfully elucidated other interesting aspects of the
thermal structural transition of HEWL depending on
the conformational hierarchy and concentration from
the point of view of spatial-conformational-state tran-
sition. Thus, the temperature differential analysis and
the multiplicity analysis suggest that the thermal
structural fluctuation depends on the conformational
hierarchy of HEWL, namely upon heating the struc-
tural fluctuation occurs at first in the polypeptide-
chain arrangement and next in the intramolecular
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domain correlation, and finally induces the significant
collapse of the tertiary structure with such as the
change of the radius of gyration and the surface
roughness of HEWL. Such a consecutive intramole-
cular structural fluctuation can not be described by a
first-order transition but by a higher-order transition.
These above findings well agree with our recent
reports [3,4,25]. As mentioned previously [25], a
lattice Monte Carlo simulation study of protein fold-
ing [26] characterized the folding ability of the poly-
peptide chain in terms of two intrinsic characteristic
temperatures corresponding to transitions of a col-
lapsed structure and a native conformation. This
would relate to the present evidences of the thermal
structural transition of HEWL characterized in terms
of the tertiary and intramolecular structures. With
increasing HEWL concentration the above intramo-
lecular fluctuation is suppressed to lead to the abrupt
collapse of the tertiary structure at a narrow transition
temperature in such a way of two-state transition,
suggesting the increase of the protein concentration
would stabilize the tertiary and intramolecular struc-
tural fluctuations under the presence of strong repul-
sive intramolecular interaction. In other word at high
concentration the presence of the proteins can work as
macro ions to stabilize effectively the native confor-
mation, which might be the case for native cells since
the concentration of proteins in cells is around 15—
18% wiv [27].
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