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Abstract
We have done conformational study of hNck2 SH3 domain by means of far-ultraviolet (far-UV)
circular dichroism (CD) and X-ray solution scattering (XSS). The results indicated that the
following: (1) hNck2 SH3 domain protein exhibited concentration dependent monomer–dimer
transition at neutral pH, while the secondary structure of this protein was independent of the
protein concentration. (2) The hNck2 SH3 domain also exhibited pH dependent monomer–dimer
transition. This monomer–dimer transition was accompanied with helix-β transition of the
secondary structural change. Moreover, the acid-induced conformation, which was previously
studied by Liu and Song by CD and nuclear magnetic resonance (NMR), was found to be not
compact, but the conformation of the protein at acidic pH was similar to the cold denatured state
(C-state) reported by Yamada et al. for equine β-lactoglobulin. We calculated that a structure of
the equilibrium helix-rich intermediate of the hNck2 SH3 domain by DAMMIF program.
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1. Introduction
Src homology domain 3 (SH3) is a small protein (50–70 amino acids), which is involved in
the signal transduction in the cell. SH3 domains comprise huge protein family [1]. The SH3
domains take the same protein fold topology: two small orthogonal three-stranded β-sheets
with an associated irregular two-stranded-sheet packing against each other in a sandwich
structure [2,3].
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Although no α-helices are involved in the native structure, src SH3 domain is folded through
an α-helix-rich intermediate [2–6]. The α-helix-rich intermediate was also found on the
folding pathway of Fyn SH3 domain [4]. These α-helix-rich folding intermediate is rather
common, as found in many other proteins [4–22]. The folding pathways via such α-helix-
rich intermediate have been also thoroughly investigated in many β-rich proteins such as
bovine and equine β-lactoglobulins [9,17–22].

The equilibrium α-helix-rich intermediates were also found in several proteins [5,14–16].

Particularly, a mutant of src SH3 domain, A45G, took an equilibrium α-helix-rich
intermediate at acidic pH [5]. The equilibrium intermediate has the same α-helix content and
the same Rg with the folding α-helix-rich intermediate within the experimental error [4,5].
The equilibrium α-helix-rich intermediate was also found in equine β-lactoglobulin in
various conditions; pH 1.5 and pH 4 with 4 M urea at 25 °C [14–16]. Fujiwara et al.
reported that the equilibrium intermediate at pH 4 with 4 M urea was a molten globule state,
and was the same with the kinetically-obtained intermediate [15]. Another α-helix-rich
intermediate at lower temperature (as low as −15 °C) was reported by Yamada et al. [23].
This intermediate is rich in α-helix, but no peak was observed in Kratky plot, indicating that
this state is not compact. They ascribed this state as “C-state” (cold-denatured state) [23,24].

Liu and Song recently reported that hNck2 SH3 domain protein took helix-rich intermediate
at acidic pH though it takes the native β-structure at neutral pH as is the case for src SH3
domain [2–4,25–27]. They also found a 4AlaMut mutant, L25A/W26A/L27A/L28A, that
took helix-rich conformation even at neutral pH and reported that these equilibrium
intermediates of hNck2 SH3 domain protein seems to be similar to A45G mutant of src SH3
domain at acidic pH [5,25].

We have then started studying the conformational features of hNck2 SH3 domain using CD
and XSS methods. As mentioned above, the equilibrium helix-rich intermediate at acidic pH
and the native structure at neutral pH of hNck2 SH3 domain were previously studied by
NMR [25–27]. However, the conformational features, such as the whole molecular size and
shape in solution, were yet unknown.

XSS method is a powerful technique for characterizing the structural feature in solution such
as the whole molecular size and shape. Such structural information will be useful in
structural biology, biological functions and folding research field.

In the present study, structural properties of the hNck2 SH3 domain in solution have been
investigated over a wide range of pH values in conjunction with far-UV CD and XSS
methods. As the results, we found that (1) protein concentration dependent monomer–dimer
transition occurred at neutral pH. (2) Monomer–dimer transition also occurred in a pH-
dependent manner. The equilibrium helix-rich intermediate was observed at acidic pH, as
Liu and Song found [25]. However, in contrast to Liu and Song’s speculation, the
equilibrium intermediate is not compact globule state. This indicates that the equilibrium
helix-rich intermediate at acidic pH is not molten globule state, but should be ascribed to C-
state found in the work with equine β-lactoglobulin [23,24].

From XSS results, we show proposed structures of the dimer at pH 8 and the equilibrium
helix-rich intermediate at pH 2 of the hNck2 SH3 domain calculated by DAMMIF [28] and
DAMAVER [29] programs.
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2. Materials and methods
2.1. Materials

The hNck2 SH3 domain was expressed in Escherichia coli from the plasmid pET32a [25].
The cells were cultured at 37 °C to reach an optimal density at 600 nm of ≃0.4, and then
isopropyl β-D-1-thiogalactopyranoside was added to a final concentration of 0.4 mM to
induce the expression of the recombinant protein at ≃20 °C. The recombinant protein was
purified by Chelating Sepharose Fast Flow gel (GE Healthcare). Purity of the protein was
confirmed by Tris–tricine PAGE [30].

The temperature was controlled within ±1 °C by a temperature controller ULT-80 of
NESLAB. On far UV–CD and XSS measurements, proteins were dissolved in the
corresponding solvents for a few hours prior to each measurement or right before
measurements. All solutions were filtrated with 0.45 μm filter (Millipore or IWAKI Inc).
Protein concentration was determined spectrophotometrically after each measurement with
an extinction coefficient ε280 = 27,880 M−1*cm−1 [31]. After measurements, used protein
solutions were collected, dialyzed and lyophilized except the solutions used for X-ray
irradiation. Reversibility of the protein solution was then checked, and no significant
changes were observed.

2.2. Far-UV CD measurements at equilibrium
The samples of hNck2 SH3 domain were prepared in 50 mM sodium phosphate buffer at
various pHs. The concentration of the protein was less than 1.1 mg/ml. Far-UV CD
measurements were performed at 12 °C with a spectropolarimeter specially designed by
Unisoku Inc. [4–6,13,17–22]. Cuvettes of 1 mm path-length were used for all measurements.

Resulting spectra did not show any significant time-dependent changes, indicating each state
is sufficiently equilibrated.

2.3. XSS measurements
XSS experiments were done at the beamline of Bio-SAXS in Stanford Synchrotron
Radiation Light Source (SSRL) for concentration dependence at pH 6, and at the beamline
of 6 A at Photon Factory at KEK (Tsukuba, Japan) for pH dependent measurements [32–
34].

At SSRL, XSS measurements were done, keeping the sample-to-detector-distance at ca. 1.7
m with a CCD-based X-ray detector. The X-ray wavelength of λ= 1.127 Å was used for data
collection.

At Photon Factory, XSS measurements were done, keeping the sample-to-detector-distance
at ca. 1.3 m with a CCD-based X-ray detector (Hamamatsu Photonics, C7300). The X-ray
wavelength was λ= 1.504 Å with the CCD detector [35,36]. The obtained data were
corrected for image distortion, non-uniformity of sensitivity, and the contrast reduction on
X-ray image intensifier [35,36]. Equilibrium experiments were performed using a static-
flow cell at 12 °C for preventing radiation damage of the proteins [37]. Helium gas was
flowed in and around the observation cell in order to prevent frost from forming on the
window. Measurements were repeated at least two times for confirming data reproducibility.
This procedure also confirmed each state is sufficiently equilibrated.

X-ray scattering data were obtained from protein and the corresponding buffers. The
scattering data of the buffers were subtracted from those of the protein solutions. X-ray
scattering data were analyzed by Guinier approximation, as assuming an exponential
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dependence of the scattering intensity on h2, where h = 4πsinθ/ λ and θ is half of the
scattering angle [38].

The linear Guinier region was selected to obtain a radius of gyration (Rg) and zero angle
intensity {I(0)}, where the value of Rg *h is ≤1.3. For the analysis of Guinier plots, both
single and double exponential analyses were used [20–22,39,40]. The double exponential
analysis gives us two components, a larger I(0)(L) and Rg(L), and a smaller I(0)(S) and Rg(S).
The larger I(0)(L) and Rg(L) usually give values of aggregated or oligomeric states. In
contrast, the smaller I(0)(S) and Rg(S) give values of monomeric state. In case of a mixed
solution of the monomer and aggregates or oligomers, we can get both I(0) and Rg for the
monomer by using double exponential analysis for Guinier plots, reproductively [20–
22,39,40]. When aggregated or oligomers component was included in the protein solution,
the double exponential analysis is very convenient and useful analysis method as are the
cases of previous reported by other proteins [20–22,39,40]. Bovine β-lactoglobulin was
employed for scaling scattering intensities between different setups at both synchrotrons.

Concentrations of hNck2 SH3 domain used in the XSS experiments were less than 4.0 mg/
ml.

Structural calculations were done for the scattering data at pH 2, 6 and 8 by using DAMMIF
program [28]. 10 times calculations were done for each scattering data. Obtained models
were averaged and filtered using DAMAVER program suite to obtain most probable
structure [29].

3. Results
3.1. Protein concentration dependence of hNck2 SH3 domain at pH 6

As the first step, we did far-UV CD and XSS experiments on hNck2 SH3 domain were
performed at different protein concentration at pH 6. Fig. 1(a) shows far-UV CD spectra of
hNck2 SH3 domain at various protein concentrations from 0.26 to 0.99 mg/ml at pH 6. All
far-UV CD spectra of the protein are very similar with previous report regarding the native
state at pH 6.5, reported by Liu and Song [25]. This agreement indicates that our purified
hNck2 SH3 domain took the native structure at pH 6. All far-UV CD spectra at all protein
concentrations were overlapped very well, indicating that the secondary structure of hNck2
SH3 domain is independent of protein concentration up to 0.99 mg/ml. Thus, protein
concentration does not affect the secondary structure of hNck2 SH3 domain significantly in
this concentration range.

Fig. 1(b) shows Rg dependence of the hNck2 SH3 domain at various protein concentrations.
Rg value was 15.0 Å at the protein of 0.14 mg/ml, whereas Rg was nearly constant (20.8 Å)
above 0.35 mg/ml. Rg, extrapolated to 0 mg/ml, was 20.3 Å with the assumption of linear
concentration dependence above 0.35 mg/ml (Fig. 1(b)). The Rg value at 0.14 mg/ml (15.0
Å), is in good agreement with that of the native state of src SH3 domain (14.7 Å) [4,5],
whereas the Rg values above 0.35 mg/ml. are significantly larger. As hNck2 SH3 domain
and src SH3 domain are homologous with each other in sequence (33.3%) and in tertiary
structure, we judged that hNck2 SH3 domain forms monomer at 0.14 mg/ml [2,26,27].

I(0) values were also obtained from Guinier analysis of the same experimental data, and
normalized I(0) values, I(0) / c, are plotted against the protein concentration, c. The
parameter I(0) / c is proportional to molecular weight [38]. As seen in Fig. 1(c), I(0) / c
values above 1.0 mg/ml were found to be nearly twice as big as that at 0.14 mg/ml,
suggesting that hNck2 SH3 domain structure would change from monomer to dimer.
Normalized Kratky plots of hNck2 SH3 domain at various protein concentrations are
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presented in Fig. 1(d). It is clear that all Kratky plots have a significant peak. This indicates
that hNck2 SH3 domain was compact globule state at any concentrations both at monomeric
and dimeric states.

From these protein concentration-dependent experiments by far-UV CD and XSS, it is clear
that hNck2 SH3 domain takes compact globule native β-structured monomeric and dimeric
states depending on protein concentration.

3.2. pH dependent structural change of hNck2 SH3 domain
Far-UV CD experiments of hNck2 SH3 domain were performed as a function of pH. Far-
UV CD spectra at various pHs of the hNck2 SH3 domain are shown in Fig. 2(a). Both far-
UV CD spectra at pH 1.6 and 2.2 were overlapped very well. The shape of the far-UV CD
spectra at acidic pH is also very similar to the previous report at pH 2 by Liu and Song, as is
the case at pH 6 [25]. This indicates that hNck2 SH3 domain took the equilibrium helix-rich
intermediate at pH 1.6 and 2.2, reproductively with data reported in ref. 25. We estimated
that helix fraction of the equilibrium helix-rich intermediate at acidic pH using CONTIN
program [41]. Result was that the helix fraction of the intermediate was 12%. Previously,
Liu and Song also estimated the helix fraction of the equilibrium helix-rich intermediate at
acidic pH by CONTINLL [25]. The estimated helix fraction of the intermediate was 12%
and was consistent with our estimation. These two results are in excellent agreement with
each other. In contrast, the far-UV CD spectrum at pH 0.8 was different from those at pH
1.6 and 2.2. It is considered that hNck2 SH3 domain took another denatured state phase at
very low pH.

[θ]222 values are plotted against pH in Fig. 2(b), showing a big change of [θ]222 values
between pH 2 and 4. This result is also very consistent with the previous report by Liu and
Song [25]. The native [θ]222 values (ca. 3000 [deg *cm2*dmol−1]) was kept from pH 4 to 10
(Fig. 2(b)). This suggests that hNck2 SH3 domain maintained the native conformation up to
alkaline pH. In fact, far-UV CD spectra at pH 4.0, 6.1 and 8.1 were overlapped very well
(Fig. 2(a)).

Next, XSS experiments of hNck2 SH3 domain were carried out as a function of pH. Protein
concentration of 2.9 to 3.9 mg/ml were used for data collection. At those concentrations, the
protein forms dimer at pH 6, as described above (Fig. 1(c)).

Fig. 3(a) represents plots of I(0) / c against pH. Curve fitting was performed based on the
strategy described in Discussion (Eq. (1)). The steep increase of I(0) / c between pH 2 and 4,
and the gradual decrease of I(0) / c above pH 4. As the protein forms dimer at pH 6, it took
mainly monomer at pH 2. Gradual decrease of I(0) / c above pH 4 might suggest the dimer–
monomer equilibrium shift to monomer at high pH. As the ionic strength becomes slightly
higher with pH, such gradual decrease of I(0) / c may be due to contrast decrease of protein
against solvent and not indicate structural change of the protein.

The I(0) / c at pH 0.8 is bigger. Actually, Guinier plot at pH 0.8 did not show good linear
region, suggesting various aggregates are coexisting. Together with far-UV CD
experimental results, it is suggested that hNck2 SH3 domain was another denatured state at
pH 0.8.

Rg dependence of pH is shown in Fig. 3(b). Contrary to I(0) / c, Rg values seem to show no
significant changes against pH above pH 1.4. We will discuss this apparent contradiction
between I(0) / c and Rg later in Discussion section.
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Fig. 3(c) represents the normalized Kratky plots of hNck2 SH3 domain at various pHs. As
clearly seen in the figure, there appeared no peaks at acidic pH 1.4 and 2.0, while a clear
peak above pH 2.6. This indicates that the protein was not compact globule state at pH 1.4
and 2.0, whereas the protein was compact above pH 2.6. Rg values at acidic pH were even a
little larger than those at neutral pH (except pH 0.8) (Fig. 3(b)). This also suggests that the
protein takes non-compact, helix-rich, and probably more elongated structure at acidic pH.
We will discuss on this problem in the Discussion part with DAMMIF-calculated structure
[28]. By Rg values and Kratky plots (Fig. 3(b) and (c)), it is taken into consideration that the
equilibrium helix-rich intermediate at acidic pH of hNck2 SH3 domain was not molten
globule state. At pH 0.8, Kratky plot shows a big peak at low angle region, indicating large
aggregates (data not shown).

4. Discussion
4.1. Protein concentration-dependent transition at pH 6

Far-UV CD and XSS experiments indicate that hNck2 SH3 domain takes compact globule
state at all concentrations investigated, and that judging from Rg value of 15.0 Å, the protein
remains the native β-structured monomeric state at 0.14 mg/ml. However, I(0) / c values
increased with the increase of protein concentration.

Let us analyze I(0) / c vs. c based on the two-state (M and D) model (Fig. 1(c)). With the
two-state model, the transition was analyzed by Eq. (1), in which the observed value (yobs) is
represented as a function of (x) [10]:

(1)

In the present analysis, yobs means I(0) / cobs, x means protein concentration (c), xm is the
protein concentration c at the midpoint of the transition, m represents the cooperativity of the
transition, and y1 and y2 are I(0) / c(M) and I(0) / c(D), respectively. Here, I(0) / c(M) and
I(0) / c(D) are the I(0) / c values in the pure M and D states, respectively. In general, I(0) /
c(M) and I(0) / c(D) are also dependent on c, i.e. I(0) / c(M) = I(0)/c(M1) + I(0)/c(M2) * c and
I(0)/c(D) = I(0)/c(D1) +I(0) / c(D2) * c.

The obtained thermodynamic parameters for Fig. 1(c) were that m is 2.7 ± 0.5 (mg/ml)−1

and xm is 0.47 ± 0.04 mg/ml.

4.2. Helix-β transition and M′–D′ transition upon pH change
Far-UV CD experiments revealed a pH-dependent conformational change of hNck2 SH3
domain from the equilibrium helix-rich (pH 2) intermediate to the native β-structured state
(pH 6). We, then, analyzed helix-β transition of the hNck2 SH3 domain as the two-state
model (Fig. 2(b)), like Fig. 1(c). In the case of Fig. 2(b), the helix-β transition can also be
analyzed by Eq. (1) [10]. In this case, yobs is θobs, x is pH, xm is the pH at the midpoint of
helix-β transition, m represents the cooperativity of the transition, and y1 and y2 are θH and
θN, respectively. θH and θN are [θ]222 values in the pure equilribrium helix-rich intermdiate
and the native state, respectively. In general, θH and θN are also dependent on pH, i.e. θH =
θ1 + θ2*pH and θN = θ3 + θ4*pH. The obtained thermodynamic parameters were that m is
9.7 ± 1.0 pH−1 and xm is 2.88 ± 0.04.

In the same way, the observed transition of I(0) / c, shown in Fig. 3(a), was analyzed by the
two-state (M′ and D′) model with Eq. (1) [10] (except pH 0.8 and 3.3). In this case, yobs, y1,
y2 and m are the same of Fig. 1(c) and x and xm are the same with those of pH dependent
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experiments by far-UV CD (Fig. 2(b)), respectively. That is, yobs means I(0) / cobs, x means
pH and xm denotes the pH at the midpoint of the M′–D′ transition. m represents the
cooperativity of the transition, and y1 and y2 are I(0) / c(M′) and I(0) / c(D′), respectively,
where I(0) / c(M′) and I(0) / c(D′) are the I(0) / c values in the pure M′ and D′ states,
respectively. In general, I(0) / c(M′) and I(0) / c(D′) are also dependent on pH, i.e. I(0) / c(M′)
= I(0) / c(M′1) + I(0) / c(M′2)*pH and I(0) / c(D′) = I(0) / c(D′1) + I(0) / c(D′2)*pH. The obtained
thermodynamic parameters were that m is 8.2 ± 2.0 pH−1 and xm is 2.63 ± 0.08.

When the obtained parameters of helix-β transition by pH (Fig. 2(b)) are compared with
those of the M′–D′ transition by pH (Fig. 3(a)), both cooperativities and midpoints of the
transitions are in excellent agreement within the experimantal error. This suggests that
helical conformation to the native β conformation change and M′ to D′ formation are
simultaneously occurred by pH.

4.3. Comparison of I(0) / c, Rg, volumes obtained by DAMMIF and molecular weight
calculated by SAXSMow

As described above, M state (0.14 mg/ml at pH 6) resulted in the monomer, judging from Rg
of 15.0 Å. To discuss D, M′ and D′ mentioned above in further depth, we calculated volume
by DAMMIF [28] and molecular weight by SAXSMow program [42]. Results are
summarized in Table 1 as well as I(0) / c and Rg.

Molecular weights calculated by SAXSMow depend on hMAX. From the value of bovine β-
lactoglobulin, molecular weights calculated with hMAX up to 0.2 Å −1 are less reliable. They
are also too small with hMAX = 0.4 Å −1 probably due to small signals at high angles. Thus,
we use averaged value of hMAX = 0.25 Å−1 and 0.3 Å−1 hereafter.

At pH 6, averaged I(0) / c value from at 1.04 to 2.78 mg/ml is 6.46 (Figs. 1(c) and 3(a)), 2.1
times larger than that (3.14) at 0.14 mg/ml (Fig. 3(a)), which strongly suggests the protein
forms dimer at these concentrations. If D is the pure dimeric state, its Rg can be estimated as

 (sphere) or even larger. As the averaged Rg from at 1.04 to 2.78 mg/ml
was 20.9 Å (Fig. 1(b)), this result also supports D is dimer. On the other hand, molecular
weight of D state at 3.47 mg/ml calculated by SAXSMow is 18 kDa (Table 1). As the
molecular weight of the monomer is 11.3 kDa (94 a.a. residues), this value is significantly
smaller than the pure dimer, and means D is the mixture of monomer and dimer (60%).
Then we conclude D is mainly dimer, though some arguments remain with SAXSMow
reliability.

At pH 2, when we compare I(0) / c, the value (3.18) is in excellent agreement with that at
pH 6 with 0.14 mg/ml, suggesting the protein is monomer even at high protein concentration
at pH 2. At pH 2, molecular weight calculated by SAXSMow gives 11.7 kDa, which is also
in good agreement with the monomer (11.3 kDa). Thus, we can conclude that the M′ state is
also monomer. Values of I(0) / c at pH 1.4 and pH 2 measured at Photon Factory (4.33 and
4.66) are a little higher. I(0) / c values were normalized by comparing I(0) / c of bovine β-
lactoglobulin measured at both facilities. As seen in Fig. 3(a), the normalization seems to be
modified (the values at SSRL is systematically smaller). However, the ratio of I(0) / c at pH
8 against at pH 2 is 1.6, and the volume ratio is 1.7, which leads to the conclusion that D ′
state is mainly dimer (60 to 70%).

4.4. Proposed structures of the native β-structured dimer and equilibrium helix-rich
conformation by DAMMIF analysis

To get structural image more intuitively, we calculated structures of hNck2 SH3 domain by
using DAMMIF [28] and DAMAVER [29] programs at various conditions. Structures in
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Fig. 4(a), (b) and (d) were calculated with the experimental data, and structures in Fig. 4(c)
and (e) were calculated from atomic models (scattering curves were obtained from PDB
coordinates, and then structure was calculated by DAMMIF and DAMAVER programs)
[27–29,43].

4.4.1. Structure of hNck2 SH3 domain protein at pH 8—As discussed above, hNck2
SH3 domain protein was mainly dimer at pH 8 at 3.3 mg/ml. When it is compared with Esp8
SH3 domain at pH 7, two structures are partly in agreement with each other. As Esp8 SH3
domain forms domain-swapped dimer at pH 7 [43], hNck2 SH3 domain may also partly
form the domain-swapped dimer like Esp8 SH3 domain.

4.4.2. Structure of hNck2 SH3 domain at pH 2—As described above, hNck2 SH3
domain at acidic pH formed monomer even at higher protein concentrations, different from
pH 6 (Figs. 1(c) and 3(a)). This form is not compact, judging from Kratky plot (Fig. 3(c)).
However, far-UV CD measurements showed that this state is rich in helix, ca. 12% of
residues in helix region, suggesting that the form is not in the randomly coiled state. Fig.
4(b) demonstrates the protein is elongated, of which Rg value is not so different from that of
the dimer at pH 8. Of course, if Kratky plot does not show any peak, the protein does not
take a rigid structure. It is thus indicated that DAMMIF structure in Fig. 4(b) is not the real
structure but the ensemble-averaged structure fluctuated.

We have to give one more remark on the conformation of hNck2 SH3 domain structure at
pH 2. Though we assign this state as helix-rich state, we have no direct evidences to assign
as α-helix. It could be 310 helix either. This assignment remains to be solved.

Yamada et al. reported that equine β-lactoglobulin forms α-helix-rich conformation at acidic
pH with 2 M urea at low temperatures [23]. This state is not compact, judging from Kratky
plot [23]. They called this state, as C-state (cold denatured state); at C-state, Kratky plot
does not show any peak, [θ]222 shows much lower values than the native or molten globule
states, and Rg or Rs (Stokes radius of gyration) are nearly the same with that of the unfolded
state [23].

Judging from the experimental findings in the present report, the state of hNck2 SH3 domain
at pH 2 is in accordance with the criterion of C-state, and not with molten globule state.

Kano reported that protein forms its native structure with the increase of hydrophobic
interaction (Fig. 5) [44]. It means the native structure, when it is rich in α-helix at the native
state (dot line in the figure), should have more helical fraction than the value expected by
helix–coil transition (solid line in the figure), while helical fraction is lower in the case of β-
rich protein (dash–dot–dash line in the figure). At H-state, heat denaturation occurs, and, at
C-state, cold denaturation occurs, and below C-state, C-state is accumulated. As seen
clearly, C-state has more helical fraction in the case of β-rich proteins (Fig. 5).

We have reported that bovine and equine β-lactoglobulins take α-helix-rich intermediates in
the excess amount of ethylene glycol [13,17]. These intermediates did not have any peak in
Kratky plots, and Rg values were ca. 50% larger than the native state [45]. It is known that
trifluoroethanol induces transition from the native β-rich state to the α-helix-rich
intermediate in the case of bovine β-lactoglobulin [11,12]. Here we have also investigated
such α-helix-rich intermediate by XSS method and found that the α-helix-rich intermediate
of bovine β-lactoglobulin showed a significant peak in Kratky plot, indicating this
intermediate is at molten globule state [11,12]. In contrast, src SH3 domain takes an α-helix-
rich intermediate in 15% trifluoroethanol, of which Kratky plot did not show any peak,
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demonstrating the intermediate of src SH3 domain is not molten globule state but at C-state
[46].

In summary, it is not clear that acid-induced transition and alcohol-induced transition are
more heat denatured state-like or cold denatured state-like. However, at least we can say that
denatured states do not automatically mean helices should disappear.
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HIGHLIGHTS

• hNck2 SH3 domain at neutral pH forms monomer and dimer depending on
concentrations.

• The secondary structure is independent of the concentrations.

• At acidic pH, the protein forms helix-rich monomer even at high concentration.

• The helix-rich monomer is changed to β-sheeted dimer by pH increase.

• The helix-rich monomer at acidic pH is not compact.
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Fig. 1.
Far-UV CD and XSS measurements of protein concentration dependence of hNck2 SH3
domain at pH 6. (a) Far-UV CD spectra. 0.26 mg/ml (circle), 0.37 mg/ml (triangle up), 0.69
mg/ml (square) and 0.99 mg/ml (solid line), respectively. (b) Rg dependence of hNck2 SH3
domain protein concentration. The solid line is the fitting line except 0.14 mg/ml. (c) I(0) / c
plots against hNck2 SH3 domain protein concentration. A continuous line represents the
theoretical curve based on Eq. (1) [10]. Broken lines indicate the I(0) / c(M) and I(0) / c(D)
values. (d) Normalized Kratky plots of hNck2 SH3 domain at various protein
concentrations. 0.14 mg/ml (solid line), 0.35 mg/ml (circle), 0.69 mg/ml (dash–dot–dot), 1.0
mg/ml (dot) and 3.5 mg/ml (dash), respectively.
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Fig. 2.
Far-UV CD experiments of hNck2 SH3 domain as a function of pH. Protein concentration
was between 0.9 and 1.1 mg/ml below pH 7, and between 0.5 and 0.8 mg/ml above pH 7. (a)
Far-UV CD spectra at various pH. pH 0.8 (dash), pH 1.6 (circle), pH 2.2 (triangle up), pH
2.7 (dot), pH 3.1 (dash–dot–dot), pH 4.0 (square), pH 6.1 (solid line) and pH 8.1 (triangle
down), respectively. (b) [θ]222 dependence of pH-induced helix-β transition of hNck2 SH3
domain. A continuous line represents the theoretical curve based on Eq. (1) (except pH 0.8)
[10]. Broken lines indicate the θH and θN values.
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Fig. 3.
XSS experiments of hNck2 SH3 domain as a function of pH. Protein concentration was kept
to be 2.9 to 3.9 mg/ml. At these concentrations, the protein forms dimer at pH 6, as
described in the text (Fig. 1(c)). (a) I(0) / c plots against pH. A continuous line represents the
theoretical curve based on Eq. (1) (except pH 0.8 and 3.3) [10]. Broken lines indicate the
I(0) / c(M′) and I(0) / c(D′) values. The data were taken at Photon Factory (open circle) and
SSRL (filled circle). About the data at SSRL (filled circle), the I(0) / c value at pH 2 was the
average value of that at 1.2 and 1.4 mg/ml and that at pH 6 was also the average value from
1.0 to 2.8 mg/ml. At these concentrations also, the protein forms dimer at pH 6. (b) Rg
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dependence of pH. The data were taken at Photon Factory (open circle) and SSRL (filled
circle). Rg at pH 2 and 6 at SSRL (filled circle) are the average value at 1.2 and 1.4 mg/ml
and above 0.35 mg/ml, respectively. (c) Normalized Kratky plots of hNck2 SH3 domain at
various pH. pH 1.4 (horizontal mark), pH 2.0 (dash), pH 2.6 (dot), pH 3.5 (circle), pH 4.1
(dash–dot–dot) and pH 7.1 (solid line), respectively.
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Fig. 4.
Calculated structures by DAMMIF [28] and DAMAVER [29] programs. The scale bar is 30
Å. Structures (a), (b) and (d) were calculated from experimental data and structures (c) and
(e) were calculated from atomic models: scattering profiles were obtained from PDB
coordinates and then DAMMIF calculations were done with this scattering curve. (a) hNck2
SH3 domain at pH 8 (3.3 mg/ml). Rmax was set at 70 Å. (b) hNck2 SH3 domain at pH 2
(3.2 mg/ml). Rmax was set at 65 Å. (c) dimer of Esp8 SH3 domain at pH 7. PDB code is
1I07 [41], (64 × 2 residues). (d) hNck2 SH3 domain at pH 6 (0.14 mg/ml). Rmax was set at
55 Å. (e) hNck2 SH3 domain. PDB code is 2B86 (59 residues) [27].
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Fig. 5.
Model sketch of folding/unfolding diagram of helix-rich proteins, β-rich proteins, cold
denatured state (C-state) and heat denatured state (H-state) reported by Kano [44]. Solid line
shows helix–coil transition without any tertiary structure interaction. Dot and dash–dot–dash
lines show helix–coil transition with hydrophobic interaction, which presents helix fraction
of both helix-rich proteins and β-rich proteins, respectively.
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