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In order to investigate the protein folding-unfolding process, dynamic light scattering (DLS) and atomic
force microscopy (AFM) imaging were used to study two fragments of the muscle cardiac protein B-connectin,
also known as titin. Both fragments belong to the I band of the sarcomer, and they are composed of four
domains from I5; to I3 (tetramer) and eight domains from I,; to /34 (octamer). DLS measurements provide the
size of both fragments as a function of temperature from 20 up to 86 °C, and show a thermal denaturation due
to temperature increase. AFM imaging of both fragments in the native state reveals a homogeneous and
uniform distribution of comparable structures. The DLS and AFM techniques turn out to be complementary for
size measurements of the fragments and fragment aggregates. An unexpected result is that the octamer folds
into a smaller structure than the tetramer and the unfolded octamer is also smaller than the unfolded tetramer.
This feature seems related to the significance of the hydrophobic interactions between domains of the fragment.
The longer the fragment, the more easily the hydrophobic parts of the domains interact with each other. The
fragment aggregation behavior, in particular conditions, is also revealed by both DLS and AFM as a process

that is parallel to the folding-unfolding transition.

DOI: 10.1103/PhysRevE.77.021910

L. INTRODUCTION

The conformation of the native structure of small proteins
plays a critical role in determining their biological functions.
In order to carry out its biological function properly, a pro-
tein must assume a shape, assembling into an ordered struc-
ture or folded state. The process of protein folding is driven
by several factors, and the supramolecular organization of
the polypeptide chains involves a complex molecular recog-
nition phenomenon that depends on the cooperative action of
weak noncovalent interactions.

Hydrogen bonding stabilizes the secondary structure, but
the tertiary and quaternary structures are sometimes gov-
erned by even weaker interactions. The understanding of the
role of these intermolecular interactions in protein folding
and unfolding and in formation of protein aggregation is of
interest in itself and is a challenge for modern research in
several fields, e.g., physics, chemistry, biology, etc. An ex-
ample is the development of new therapeutic strategies for
the treatment and prevention of human disease associated
with the failure of a protein to fold correctly, such as Parkin-
son’s and Alzheimer’s diseases, in which deposition of ag-
gregated proteins in a variety of organs and tissues is in-
volved. So in this paper we deal with the protein folding-
unfolding process of a muscle protein, B-connectin, from the
point of view of the physical and biological aspects.

A wealth of literature has demonstrated that vertebrate
striated muscles contain a sarcomeric filament system made
up of giant proteins, the B-connectins [1,2]. B-connectin,
also called titin, is a large filamentous protein with molecular
mass 3 MDa, length 900 nm, and diameter 4 nm [3,4], and is
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PACS number(s): 87.16.Nn, 87.64.Cc, 87.64.Dz, 87.15.N—

composed of elastic (/ band) and inelastic (A band) parts.
Despite its immense size, the secondary and tertiary struc-
tures of the molecule are relatively simple: more than 90%
consists of domains similar to immunoglobulin (Ig) and fi-
bronectin (Fn), with the structure of 3 sheets. The most in-
teresting properties of B-connectin are the elastic behavior
and the ability to act as a molecular spring. The flexibility
and extensibility of B-connectin have been studied previ-
ously using dynamic light scattering (DLS) [4], atomic force
microscopy (AFM) [5], optical tweezers [6], and transmis-
sion electron microscopy [7]. From these studies, [3-connec-
tin in solution behaves as a Gaussian coil.

Despite the abundant papers on the mechanical properties
of Ig domains from /-band B-connectin in response to pull-
ing forces [5,8—11], the supra-arrangement of domains along
the filament and their structure and dynamics remain poorly
characterized. In fact, to date, only atomic models of the
single domains from the titin 7 band, 7; [12] and I,; [13],
respectively, are available. As is characteristic of the mem-
bers of the immunoglobulin superfamily [14,15], each Ig do-
main folds into a 8 sandwich, containing eight 3 sheets, and
can be considered an ellipsoid of 4.3-nm-long axis and equal
shorter axes of 2.1 nm as reported in the Protein Data Bank
[13]. Similarly, a combination of small-angle x-ray scattering
(SAXS) and nuclear magnetic resonance measurements per-
formed on fragments [16] are limited to the study of the
arrangement of Ig domains in the / band of the 7,7/,4 pair and
I715 tetramer. The consecutive Ig domains within the pairs
L0111, 17058, and Ingl5, were studied in a complementary re-
port by thermodynamics, cross-linking, and complexation
approaches [17]. The latter study concluded that only weak
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interactions between domains occur; this was later confirmed
by work on a set of related fragments of two and three adja-
cent domains, respectively, derived from the I»;/3, region
[18], namely, the pairs Iy;1g, Irgl29, Irol30, and I3113,, and the
trimers I5ol3; and I3p/3,. Recently, in the effort to clarify the
structural interdomain arrangements, Marino ef al. [19] ex-
amined the overall conformation of a six-Ig fragment /¢5/7q.
Their results, in agreement with estimations by Improta et al.
[16], showed that this segment preferentially adopts an ex-
tended conformation in solution and exhibits a certain stiff-
ness. However, the authors remarked that it must yet be dem-
onstrated that these results are representative of the general
I-band features. In fact, they suggest it should be borne in
mind that Ig fragments in solution can exhibit a certain con-
formational heterogeneity. Extended domain pairs might be
subject to bending, twisting, and tilting, according to the
relative stiffness of the individual hinges.

In order to obtain a closer insight into the relationship
between structure and flexibility of the fragments, a com-
parative study of purified B-connectin corresponding to the
A-band part of the protein (mainly physiologically inelastic)
and a fragment from the physiologically elastic /-band part
with 100 nm contour length (the number of the domains in
the fragment can be estimated to be 25, starting at the I
domain) was carried out applying scattering techniques,
static and dynamic light scattering and small-angle neutron
scattering, as well as video particle tracking microrehology
[20]. For a comparative study of the whole -connectin and
the fragment, the techniques used provide direct information
on size, viscosity, and diffusion coefficient to estimate the
persistence length, the gyration radius, and the hydrody-
namic radius. All the results point to the flexible Gaussian
chain nature of the SB-connectin and its fragments. In addi-
tion, emphasizing the role of dynamic light scattering as a
molecular probe of the thermal denaturation of protein in
general, the authors demonstrated that S-connectin and its
I-band fragments experience a similar thermal denaturation
process, i.e., the protein unfoldes. This process involves a
change in the length and hydrodynamic size of the
[B-connectin above a threshold temperature.

The goal of this paper is to characterize the fragments of
B-connectin of the human cardiac muscle in native (folded)
and denaturated (unfolded) state. These fragments belong to
the I-band of the sarcomer and are four domains from /,; to
I3y and eight domains from Ip; to /34 that we name the tet-
ramer and octamer, respectively. Each domain is composed
of around 90 aminoacids. As far as we know, this study of a
B-connectin octamer is the first in the scientific literature.

In this work, the use of dynamical light scattering on
B-connectin fragments in solution to study the evolution of
the translational diffusion coefficient and hydrodynamic ra-
dius as a function of temperature from 20 to 86 °C makes it
possible to measure the size of the fragments in the native
state and the size variation during thermal denaturation, with
the aim of giving insight into the protein folding-unfolding
process. The longer fragment, the octamer, shows a hydro-
dynamic size smaller than that of the tetramer in folded and
unfolded states. This unexpected behavior has been inter-
preted in this paper to be of physical origin.

Atomic force microscopy has been shown to be an impor-
tant and innovative technique to characterize proteins and to

PHYSICAL REVIEW E 77, 021910 (2008)

get insight into their aggregation properties [21-23]. In this
work AFM images of both tetramers and octamers were ob-
tained to study the shape of the fragments and their distribu-
tions on the substrate. In addition, in order to highlight the
interactions among fragments, AFM imaging was also per-
formed on octamers near the protein isoelectric point (IEP)
and fragment aggregates were detected. These measurements
were useful to complete and to confirm the scenario shown
by DLS.

II. MATERIALS AND SAMPLE PREPARATION

B-connectin fragments of interest were prepared as de-
tailed in Appendix A, and were stored at 4 °C. The prepara-
tion procedure reported in Appendix A assures that proteins
in pure water are the output of the affinity chromatography
procedure. Thus, the solvent (water) viscosity values at the
different temperatures were taken from Ref. [27]. The tet-
ramer and octamer fragments have molecular weights 44 and
87 kDa, respectively.

The fragment concentration was 0.096 and 0.083 mg/ml
for tetramer and octamer solutions, respectively, in the DLS
measurements. These solutions were filtered by Millex-GV
(PVDF) Millipore filters with 0.22 um pore size in cylindri-
cal light scattering cells (2.5 cm inner diameter) previously
cleaned and treated to be dust-free.

For AFM measurements, a 20 ul drop of 0.06 mg/ml
B-connectin fragment solution was put on a freshly cleaved
mica sheet and left to absorb on the surface for 5 min. After
incubation, the treated surface was rinsed with deionized wa-
ter to remove the excess protein and then dried under a light
nitrogen flow. Furthermore, an octamer solution near the IEP
was prepared with addition of hydrochloric acid (HCI) and
deposited on the substrate for the AFM investigation.

III. METHODS
A. Dynamic light scattering

A description of the dynamic light scattering technique is
reported in Appendix B. Quasielastic light scattering (QELS)
experiments were carried out on a Brookhaven Instruments
apparatus (BI 9000AT correlator and BI 200 SM goniom-
eter). The signal was detected by an EMI 9863B/350 photo-
multiplier. The light source was a Coherent Innova 90 argon
laser, at A\=514 nm, linearly polarized in the vertical direc-
tion, with power attenuated in order to avoid sample heating
(maximum power 100 mW). The laser long-term power sta-
bility was £0.5%. Homodyne detection was recorded in the
angular range 15°-155° using decahydronaphthalene as cell
matching liquid. The scattering angle 6 was measured by the
BI goniometer with resolution of 0.01°.

To calibrate the apparatus, a solution of 94 nm size latex
spheres from SERVA, Standard Dow Latex, was used in the
angular range 15°-155°. The data analysis of the latex solu-
tion was performed by cumulant expansion stopped at the
second moment [25].

The index of refraction for both solutions at each tem-
perature investigated by light scattering was measured using
an Abbé refractometer (ATAGO 3T) with resolution of
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FIG. 1. DLS normalized experimental correlation functions at
90° for tetramer solutions.

0.0001. The index of refraction of the fragment solutions at
20 °C was 1.3335 for tetramers and 1.3339 for octamers,
very close to the measured water index of refraction at the
same temperature, 1.3330.

The samples were thermally stabilized by a thermostat
within =0.2 °C in the thermal range studied, 20-86 °C. The
sample temperature was increased step by step, ensuring that
thermal stabilization was attained. Then the sample was
cooled from 86 to 20 °C.

B. AFM imaging

AFM measurements were performed using a PicoSPM
microscope equipped with an AAC-mode controller (Mo-
lecular Imaging, Phoenix, AZ). The AFM images were ac-
quired in intermittent contact mode using a rectangular su-
persharp silicon noncontact cantilever (model SSS-NCH,
NanoWorld AG, Switzerland) with 330 kHz typical reso-
nance frequency. Scan rate was 0.2 lines/s. In particular,
AFM images of octamers near the IEP were performed in
contact mode in PBS buffer and using a rectangular silicon
contact cantilever (model CSGO1, NT-MDT & Co., Moscow,
Russia) with a spring constant of 0.03 N/m. Scanner calibra-
tion was periodically checked by means of a reference grid
(TGZ02 from MikroMash, Tallin, Estonia). All the experi-

10° 10' 10° 10° 10*
1.2preer ; . ;
1.04og, T=20°C |
5 i . T-86°C
2 :
5 0.8
. .
5 0.6 .
= -
S
o 0.4 B
N
ODN .
0.2 ]
0.0+ N . :
10’ 10' 10° 10° 10*
time (ms)

FIG. 2. DLS normalized experimental correlation functions at
90° for octamer solutions.
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FIG. 3. Particle size distribution of tetramer solution at 20 °C at
90°. In Figs. 3-8, the histogram maximum height is normalized to
100% by intensity.

ments were performed at room temperature. AFM images of
500X 500 nm? (512X 512 pixels) were processed with
standard flattening procedures.

IV. RESULTS
A. Dynamic light scattering

QELS experiments were performed on tetramers and oc-
tamers in solutions at 20 °C for several scattering angles
from 15° to 155° and, at fixed angles, as a function of tem-
perature from 20 to 86 °C. The data analysis reported in this
paper is performed on samples having concentrations of
0.096 mg/ml for tetramers and 0.083 mg/ml for octamers in
aqueous solution. However, double concentrations for both
fragments were also measured at 20 °C to exclude interac-
tions among fragments. The sizes found for the more con-
centrated samples were the same as for the less concentrated
ones; thus at these concentrations the particle interactions are
negligible.

For both tetramer and octamer solutions, the cumulant
analysis was not employed because no good residuals were
found, residuals being the differences between experimental
and fitted curves. On the contrary, good residuals <1% were
obtained by the CONTIN analysis. One or more populations
with broad size distribution were detected.
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FIG. 4. Particle size distribution of tetramer solution at 86 °C
at 90°.
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FIG. 5. Particle size distribution of octamer solutions at 20 °C
at 90°.

Figures | and 2 show the autocorrelation functions at 6
=90° for both solutions, at the temperatures of 20 and 86 °C
in identical experimental conditions. For all the curves the
measured baselines were subtracted. The decay of the auto-
correlation function moves to larger times as the temperature
increases, indicating an increase of the fragment sizes. In
Figs. 3—6 are reported some CONTIN histograms of the size
distribution related to measurements that show a single
population at #=90°, for both 20 and 86 °C. The size distri-
bution covers one order of magnitude; no smoothing was
used for the histograms. The increase of the size, due to
temperature increase, is quite important and suggests a tran-
sition from the folded to the unfolded state. In fact, the ther-
mal denaturation breaks the secondary and tertiary structures
of the fragments, and thus the filament (random coil) occu-
pies a larger spatial region. In addition, in Figs. 7 and 8,
CONTIN histograms of tetramer and octamer solutions at ¢
=20° and T=20 °C are shown to detect the possible pres-
ence of larger structures. Two populations can be observed
for both solutions. The small-size population corresponds to
fragments in the folded state (see figure insets) whereas the
other populations are aggregates, i.e., clusters, of fragments.
The latter populations are very small.

In Table I, the size distribution for measurements at two
angles, 90° and 15°, for 20, 40, 60, 80, and 86 °C is reported.
The percentage of the population (by intensity) is also re-
ported to give an insight into the fragment aggregation phe-

T=86°C
6=90°

100 N

80 N\

60

40+

Relative Intensity (%)

20+

2.0
log, d

FIG. 6. Particle size distribution of octamer solutions at 86 °C
at 90°.
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FIG. 7. Two populations, tetramers and aggregates, are shown at
20 °C and 20°. In the inset the fragment population is reported.

nomenon [28]. Of note, for both fragments, the second popu-
lation corresponding to the aggregates is observed only at
small angles, whereas at 6=90° a single population is de-
tected from 20 to 86 °C. This signifies that the sample is
mainly composed of fragments in solution and the fragments
in solution scarcely aggregate. In Table I are also reported
the size distributions and percentages of the populations at
20 °C after denaturation for both fragments. For tetramers at
6#=90° only one population can be observed from 20 to
86 °C. The maximum diameter of the histograms increases
from 15 nm at 20 °C up to 43 nm at 60 °C and increases
further up to 121 nm at 86 °C; then it remains the same at
20 °C after denaturation. At #=15°, two populations were
always observed. The smaller objects show a maximum di-
ameter of 13 nm at 20 °C that increases up to 29 nm at 60 °C
and up to 75 nm at 86 °C. At the last temperature, three
different populations were detected. Coming back to 20 °C

100+ S
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2
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FIG. 8. Two populations, octamers and aggregates, are shown at
20 °C and 20°. In the inset the fragment population is reported.
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TABLE 1. Distribution of the hydrodynamic diameters d and d,, and respective population percentages (by intensity) over total for both
fragments in solutions and aggregates of the fragments as a function of temperature.

Tetramer Octamer
T d d, d d,
(°C) 0 (nm) % (nm) % (nm) % (nm) %
20 90° 2.7-15 100 2.0-13 100
15° 4.2-13 91 68-119 9 3.6-8.3 91 158-242 9
40 90° 1.5-24 100 1.2-14 100
15° 4.1-14 90 174-609 10 2.5-11 92 44-79 8
60 90° 3.1-43 100 1.9-23 100
15° 4.4-29 93 313-808 7 3.8-9.2 56 12-28 44
80 90° 1.4-5.9 8 14-33 92
15° 12-33 93 1075-1770 7
86 90° 13-121 100 2.9-6.2 3 13-46 97
15° 24-75 46 242-526 23
15° 1686-5400 31
20° 90° 14-110 100 9.0-82 100
15° 35-144 37 595-1211 38 14-55 20 403-5800 80
15° 10200-42150 25

#Values at 20 °C after thermal denaturation.

after denaturation, the maximum d value is 144 nm, greater
than the value, 75 nm, at 86 °C. In the thermal range 20—
60 °C, aggregates of maximum diameter varying from 119 to
808 nm were detected (see Table I); this population is ~10%
of the total. At 86 and 20 °C after denaturation, three popu-
lations were observed. At 86 °C the smallest population, de-
scribed above, is compatible with the denaturation of frag-
ments, whereas a second population of fragment aggregates
of maximum diameter 526 nm is observed and a third popu-
lation of greater fragment aggregates (maximum diameter
5400 nm) was also found. The percentages of these popula-
tions are 46%, 23%, and 31% for small-, medium-, and
large-size populations, respectively. Also, for aggregates,
larger sizes were detected at 20 °C after denaturation. Of
note, once the aggregation process starts it gives larger and
larger aggregates vs time. Similar results were found for oc-
tamers (see Table I).

We now focus our attention on the fragment population.
The autocorrelation functions were detected and I' values

~
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FIG. 9. Translational diffusion coefficient of the fragment popu-
lation in the whole angular range at 20 °C.

were measured. Several measurements for each angle were
performed to calculate the angular average, I',,. The latter
was found proportional to g2 in the angular range investi-
gated. This trend was observed for all the temperatures stud-
ied. This result shows that, for both fragments, the process
studied is diffusive at each temperature, and the diffusion
coefficient D is the translational one. In Fig. 9, the calculated
translational diffusion coefficient D of both fragments is re-
ported as a function of the scattering angles. In the limit of
the experimental errors, D(6) is constant; thus it is possible
to give angular averaged values, reported in Table II for both
fragments. The error reported in Table II is the standard de-
viation o of the averages. The fragment hydrodynamic diam-
eters d have been calculated by the Stokes-Einstein equation
and are reported in Table II. In Fig. 10 D(6) is reported for
both denatured fragment populations. Because of the averag-
ing process over the whole angular range, the precision of
the D and d values for each temperature increased. In Table
II, D increases as a function of the temperature increase up to

o) " After Denaturation e Tetramer
-8 2.0x10" A o Octamer
w
N
g B
S 1.6x107- §
-
=
2
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g !
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FIG. 10. Translational diffusion coefficient of the fragment
population at 20 °C, after thermal denaturation.
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TABLE II. Index of refraction, translational diffusion coefficient, and diameter of the fragments in
solution as a function of temperature.

Tetramer Octamer
T D d D d

(°C) n (1077 cm?/s) (nm) n (1077 cm?/s) (nm)
20 1.3335 6.9+0.2 6.1+0.2 1.3339 8+0.1 5.18+0.07
30 1.3328 8+2 T7+1 1.3334 10=1 5307
40 1.3314 10.7+0.5 6.4+0.3 1.3325 15%3 47+0.8
50 1.3300 10.9+0.8 7.9+0.6 1.3305 17+3 5.0x0.8
60 1.3278 9.6+0.7 10.7+0.8 1.3284 162 6.3+0.8
70 1.3258 54+0.1 209+0.5 1.3260 8.9+0.7 14=1
80 1.3238 1.3238 6.5+03 22+1
86 1.3226 44+0.5 364 1.3225 T7x1 24+4
20° 1.3335 1.05+0.08 40+3 1.3339 1.67=0.06 252+0.9

*Values at 20 °C after thermal denaturation.

a maximum at 50 °C and decreases for a further temperature
increase, whereas d increases sharply above 50 °C.

In summary, for tetramers, the hydrodynamic diameter is
6.10.2 nm at 20 °C and increases to 36 =4 nm at 86 °C;
for octamers it is 5.18 =0.07 nm and increases to 24 =4 nm
at 86 °C. After denaturation, at 20 °C both fragments main-
tain the denatured size; thus denaturation is not reversible
over the whole thermal range. Of note, the octamer size is
smaller than the tetramer size in both native and denatured
states, whereas the octamer contour length is twice the tet-
ramer one.

B. AFM imaging

Even though fragments and their aggregates in solution
can differ from adsorbed fragments and aggregates on a sub-
strate, AFM images were very useful to confirm some DLS
results. In Fig. 11 representative AFM images of tetramers
and octamers in the native state deposited on a mica sub-
strate are shown. A homogeneous and uniform distribution of
comparable structures with a quasiellipsoidal shape can be
observed. Reproducible images were acquired on different
regions of the samples, suggesting the homogeneity of the
solution deposited. A quasiellipsoidal shape for both tetram-
ers and octamers is observed. A line profile of each feature

FIG. 11. (Color online) AFM images of (a) tetramer and (b)
octamer fragments deposited on mica substrate. Image size is 500
%X 500 nm?. Z (vertical) ranges are 4.0 (a) and 4.1 (b) nm.

was performed. In particular, the length and width, corre-
sponding, respectively, to major and minor axes, were evalu-
ated. The analysis was performed on 500X 500 nm? images.
Histograms of the length and width distributions are shown
in Figs. 12—15. The tetramers show a mean value (averaged
over 100 structures) length of 25.5+1.9 nm, and a mean
value width of 20.2*+1.7 nm, and octamers have a mean
value length of 21.3*=2.1 nm, and a mean value width of
17.9+1.9 nm. All measurements are expressed with their
standard deviations. Despite the typical broadening of lateral
size in AFM measurements due to the tip-probe geometry,
the octamers are smaller than the tetramers, in agreement
with the DLS results.

In order to highlight the mechanism of aggregation of the
fragments, AFM imaging of octamers near the IEP (the con-
dition at which proteins carry no net charge) was performed
(see Appendix A for details). When the fragments have no
charge, their aggregation is favored because the balance be-
tween repulsion and attraction fails, the repulsive interaction
component being strongly reduced. In consequence of HCI
addition, we expected a modification in the packing of the

50

40

Counts

Length (nm)

FIG. 12. Histograms of length distribution for tetramers. For
each histogram of Figs. 12-15, 17, and 18, 100 structures have been
analyzed. The numerical counts represent how many structures with
the size reported on the abscissa have been counted.
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FIG. 13. Histograms of width distribution for tetramers.

protein with respect to the native structure, and moreover an
aggregation trend. In fact, in Fig. 16(a), where a representa-
tive AFM image is shown, a carpet of homogeneous frag-
ments can be observed. These structures maintain an ellip-
soidal shape though more elongated. From the line profile
analysis, performed on a 500X 500 nm? image, the frag-
ments show a mean value length of 34.3+3.4 nm, and a
mean value width of 24.4 3.7 nm. All measurements are
expressed with their standard deviations. Histograms of the
length and width distributions are shown in Figs. 17 and 18.
These structures are bigger than the native ones (see histo-
grams of Fig. 13), suggesting an initial unfolding due to HCI
addition.

In the image, above this fragment distribution, it is also
possible to observe two different and isolated structures. A
more detailed analysis suggests that these structures are gen-
erated by successive layers of fragments. In particular, it is
possible to resolve their inner structure, composed of sub-
units whose lateral size is comparable with that of the octam-
ers underneath. Moreover, the line profiles of Figs. 16(c) and
16(d) in both structures show a step height, with respect to
the background, of about 6 nm. Whereas the resolution in the
lateral size is poor (several nanometers) due to the convolu-
tion of the tip, the vertical resolution is 1 nm, since it is not
affected by the size of the probe. Thus the step measurement
is in quantitative agreement with the octamer size at the in-
termediate state of thermal denaturation at 60 °C (see Table
I1). Furthermore, AFM images give a confirmation of the
presence of aggregates in a different condition from that of

50+

Counts

FIG. 14. Histograms of length distribution for octamers.
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the fragments in solution, i.e., on the substrate, and detect the
shape of fragments and aggregates. The profiles of Figs.
16(c) and 16(d) give lateral sizes of the aggregates of 400
and 200 nm, respectively, similar to the DLS sizes.

V. DISCUSSION

The size of both fragments was measured by DLS in the
whole thermal range and thermal denaturation was found to
be irreversible. The fragment sizes increase with tempera-
ture. The native and denatured sizes are smaller for the oc-
tamer although its contour length is twice the tetramer one.
This result will be the subject of further investigation; one
hypothesis concerns the significance of hydrophobic interac-
tions between domains of the given fragment. In addition,
AFM imaging provides information on the shape of the frag-
ments, quasiellipsoidal for native and denatured states, with
a more ellipsoidal shape for unfolded fragments. Quite inter-
estingly, fragment aggregates have also been detected by
DLS and AFM in particular conditions, i.e., at high tempera-
ture or at the protein isoelectric point, with comparable sizes
of 200-400 nm. See Table I and Figs. 14(c) and 14(d). By
AFM the important information was obtained that the aggre-
gate is composed of fragments that are close to each other.
Thus adhesion forces play the main role, the protein charge
being zero at the IEP.

In order to investigate the overall domain arrangements
and their temperature dependence in our I-band Ig fragments
(tetramers and octamers), we compare the results from the
current study, DLS and AFM imaging, with literature data. In
the frame of available models, the wormlike chain model is
most commonly applied to S-connectin filaments to describe
its conformation [4,29]. In this description, 8-connectin be-
haves as a polymer and tandem Ig domains may therefore be
pictured as a necklace of independent beads in a rather ex-
tended conformation, connected by stiff hinges. It should be
noted that the WLC model is generally used for polymers
with contour length much longer than the bond length and an
infinite number of bonds. However, for Ig fragments with a
limited number of domains like ours, this model is not suit-
able and, as reported in the literature in similar cases [19,20],
we apply the flexible Gaussian chain model of Rouse and
Zimm [30] to describe these fragments. A Gaussian coil is
modeled as a collection of beads. N Gaussian segments, each
of average length b, are connected by N+1 identical beads
[30]. The segments are assumed to provide Hookean restor-
ing forces to the beads. The contour length of the coil is
given by L=Nb, and its mean-square end-to-end distance is
given by (R?)=Nb>=Lb. The theoretical calculation for a
flexible Gaussian chain in a 6 solvent gives the expected
value of R,/Ry=8/(3\'m)=1.50 from Zimm theory [30]. We
start with the tetramer, whose Stokes radius is Ry
=3.05 nm at 20 °C in the native state (see Table II). On the
other hand, the value of the radius of gyration from SAXS
data [16] was estimated to be R,=4.54 nm. Combining these
two results, we obtain the ratio between the radius of gyra-
tion and the hydrodynamic size, R,/Ry=1.49, in agreement
with the accepted theoretical value and with modern molecu-
lar dynamics simulations [31]. Since the estimation of the
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Counts

Width (nm)
FIG. 15. Histograms of width distribution for octamers.

Stokes radius from the observed diffusion coefficient value is
model independent (coil or rod), the ratio 1.49 assures that
the present analysis can be based on Gaussian coils and pro-
vides additional proof of the flexible Gaussian nature of the
fragment. A similar calculation cannot be carried out for the
octamer because, until now, its radius of gyration has not yet
been reported in the literature. However, from our scattering
data on the octamer (Table II) we estimated a Stokes radius
of Ry=2.59 nm at 20 °C (native state). Of note, this value is
15% shorter than the tetramer Ry. Although lateral size mea-
surements with the AFM are limited by the probe geometry,
and direct quantitative comparison between AFM and DLS
numerical results is not appropriate, AFM measurements
confirm a dimensional decrease (length 16% and width 11%)
from tetramer to octamer. The smaller octamer size can be
explained by taking into account that the longer the length of
the fragment the greater can be the torsional modes of rota-

PHYSICAL REVIEW E 77, 021910 (2008)

tion and hydrophilic or hydrophobic interdomain interactions
[32,33]. Recently, the crystal structure of a three-Ig apical
fragment [34] shows a slightly bent conformation in which
domains 1 and 2 are arranged in a linear fashion but domain
3 is tilted with respect to its adjacent domain. In addition to
these linear arrays, crystal structures of four-Ig segments
from the neural cell adhesion molecule axonin-1 or TAG-1
[35] and the lipopolysacccharide-binding immune protein
hemolin [36] exhibit compact, U-shaped arrangements due to
contacts between domains 1 and 4 and 2 and 3 in the mol-
ecule. These examples illustrate the diverse means by which
multi-Ig proteins achieve specific conformations, like ours.
By comparison, it thus appears that degree of bending and
twisting of the domains with respect to each other in the
fragment of eight domains results in an overall shortening in
their size compared with the four-domain fragment.

In addition, we compare the hydrodynamic size of the
tetramer and octamer during and after thermal denaturation.
To date, in the recent report [20] cited in the introduction, Di
Cola er al. showed the heat-induced unfolding of the whole
[B-connectin and its fragment. The authors observed that the
temperature increase between 25 and 45 °C causes a gradual
unwinding with small changes in size, followed by a sharp
change over 60 °C. A similar trend, in the same thermal
range, comes from the temperature dependence of the hydro-
dynamic diameter by our DLS data for both fragments. The
increase of the hydrodynamic diameters of the fragments is
an obvious consequence of the unfolding that occurs as tem-
perature is increased. Several bonds in the fragments are first
weakened and then broken. As heating continues, some of
the hydrogen bonds that stabilize the structure will begin to
break. So the protein obtains a more flexible structure and
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FIG. 16. (Color online) (a) AFM image of octamer fragments near isoelectric point. Image size is 1.8 X 1.8 um?. Z range is 23.7 nm.
Two isolated aggregates of octamers are observable. (b) Three-dimensional zoom of image (a) on the smaller aggregate. (c), (d) Line profiles

along big (c) and small (d) aggregates showing the protein height.
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some hydrophobic groups, buried inside the compacted na-
tive structure, became exposed to solvent. The hydrophobic
group exposure increases the amount of water bound by the
protein and the hydrodynamic size. Moreover, because the
exposure of this large number of hydrophobic groups to the
solvent is energetically unstable, some denatured proteins ag-
gregate with each other, minimizing the interaction with wa-
ter. In fact, three different populations are observed at 86 °C
for both the tetramer and the octamer, one corresponding to
the denatured state and the other two to the aggregate state.
Upon cooling, any attempt to obtain the native structure
would first require that the hydrophobic bonds be broken.
This process, energetically unfavorable and highly unlikely,
prevents the return to the native state. The comparison of the
fragments’ hydrodynamic diameters between 86 and 20 °C
after denaturation is in agreement with this scenario and con-
firms, therefore, that the protein fragments cannot revert to
their original condition and the process is accordingly irre-
versible.

In order to better investigate the aggregation properties of
the protein fragments we obtained AFM images on octamers
near the isoelectric point. The pH change induced by HCI
addition alters the charge distribution on the protein surface.
As a consequence of the electrical neutralization, the hydro-
phobic packing is reduced and a slight increase of lateral size
of each fragment is observed. At the same time, the reduction
of surface charge favors fragment-fragment aggregation. As
observed in the AFM measurements, this process is carried
out by the combination of subunits, probably driven by hy-
drophobicity effects as earlier reported [22]. Moreover, this
coexistence of fragments and aggregates in the denatured
state is in agreement with the population distribution found
in the analysis of DLS data.

VI. CONCLUSION

DLS and AFM imaging methods were used to study two
fragments of [B-connectin, the tetramer /,,/5, and the octamer
17134 of the sarcomer / band. DLS provides the size of both
fragments as a function of temperature from 20 up to 86 °C.
A thermal denaturation on temperature increase is shown for
both fragments. For the tetramer the hydrodynamic diameter
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FIG. 17. Histograms of length distribution for octamers near
isoelectric point.
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of 6.1 nm at 20 °C increases up to 36 nm at 86 °C and for the
octamer the increase is from 5.18 to 24 nm in the same
thermal interval. The octamer is smaller than the tetramer in
both folded and unfolded states even though the contour
length of the octamer is twice that of the tetramer. This fea-
ture seems related to the significance of hydrophobic inter-
actions between domains of a given fragment. The longer the
fragment, the more easily the hydrophobic parts of the do-
mains interact with each other. Furthermore, fragment aggre-
gates were detected by both techniques. Of note, the aggre-
gate increase follows the temperature increase which leads,
as reported above, to a size increase due to unfolding. Thus
protein unfolding and protein aggregation are parallel pro-
cesses. By AFM the aggregates were found to be composed
of partially unfolded fragments very close to each other. In
our opinion, the adhesion forces, mainly hydrophobic, play
the main role in this aggregation, since at the isoelectric
point the protein has zero charge.
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APPENDIX A

B-connectin fragments were amplified by reverse tran-
scription and polymerase chain reaction (RTPCR) from
1 wg of human cardiac total RNA using the SuperScript
one-step RT-PCR kit (Invitrogen, Milan, Italy), according to
the manufacturer’s instructions. The PCR primers flanking
the I'713y and Iy;134 fragments were designed according to the
published human cardiac B-connectin cDNA sequence (Gen-
Bank accession number X90568) in order to obtain a COOH-
terminal Cys? tag for immobilization on solid surfaces. The
PCR products of the expected sizes 1076 base pairs (bp) for
the 1713y and 2144 bp for the I,;154 fragments were identified
by agarose gel electrophoresis and then cloned into the
Champion pET 100 Directional TOPO vector (Invitrogen,
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FIG. 18. Histograms of width distribution for octamers near
isoelectric point.
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Milan, Italy), fused with an NH,-terminal His® tag for frag-
ment purification. The identity of the cloned fragments was
verified by DNA sequencing with the use of a standard au-
tomated sequencer. Expression of the fragments was induced
in BL21(DE)3 cells by 0.1 mM isopropyl-B-D-thio-glacto-
pyranoside (IPTG) at 37 °C for 4 h. The proteins were ex-
pressed in soluble form and were purified by Ni affinity
chromatography (Novagen, Milan, Italy), according to the
protocol provided by the manufacturer. Fusion proteins were
eluted in buffer solution of 50 mM Tris-HCI, 0.5 mM NaCl,
and 80 mM ethylene diamine tetra-acetic acid with pH=8
and Debye screening length 0.41 nm. It is notable that the
pH of these protein solutions is 7.34 measured by Metrohm
glass electrode PH-207. This value is higher than pH=5.80,
the isoelectric point of the protein, calculated using the Ex-
PAsy Proteomics server [37]. The IEP is the pH at which a
protein carries no net charge.

Given the variations of the synthesis procedure, we de-
cided to check the sample before each measurement, per-
forming one test by dielectric spectroscopy to verify the re-
producibility of the specimen. In fact, the biological
procedure is long and made up of several steps. Dielectric
spectra of the buffer solution and of both fragments in solu-
tion were measured in the frequency range 0.5-50 GHz us-
ing an Agilent N5230A vector network analyzer. From the
comparison of these spectra with the water spectrum in the
same frequency range, it is possible to have a fast and accu-
rate verification of the sample reproducibility.

APPENDIX B

In the dynamic light scattering technique, the normalized
time autocorrelation function g,(g,7) of the scattered light
intensity I(q,) is measured:

(1(q,0)I(g,1))

8400 =" 1 o
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The latter can be expressed in terms of the field autocor-
relation function g,(g,?) through the Siegert equation [24]

g2(q.0) = A[1 + Blgi(q.0)?[],

where A is the g,(q,t) background and B is the coherence
factor [25]. g,(q,t) will be named the autocorrelation func-
tion in this paper. For the fragments in solution, the mea-
sured autocorrelation functions were analyzed by CONTIN, a
constrained regularization method for determining size dis-
tributions, especially suitable for samples with a broad popu-
lation or for samples with more than one population [25,26].
The buffer solution without fragments was also measured
and analyzed by the cumulant method. CONTIN did not con-
verge in this case. A diameter of 0.04 nm with polydispersity
of 2% was found; thus no particles were in the buffer solu-
tion and the signal was due to the photomultiplier dark count
autocorrelation function. This fast decay was excluded by
measurements on fragments in solution, for all the measure-
ments.

Once I' of the autocorrelation function is known, i.e., the
inverse relaxation time of the given process, the average dif-
fusion coefficient D is related to I" by

D=T/q?,

where g=(4mn/\)sin(6/2) is the scattering wave vector, n is
the index of refraction of the sample, and 6 is the scattering
angle. When D is the fragment translational diffusion coeffi-
cient, it is related to the hydrodynamic diameter d=2Ry
(where Ry is the hydrodynamic radius of the fragment)
through the Stokes-Einstein relationship:

where kpT is the thermal energy and 7 is the viscosity of the
solvent, i.e., water.
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