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ABSTRACT

High pressure circular dichroism (HP-CD) spectroscopy below
200 MPa, especially in the near-ultraviolet region, has long been
expected to probe the protein self-association phenomena.
However, its experimental difficulties have hampered obtaining
the data available for quantitative analyses. In this paper, near-
ultraviolet CD spectra measurements under various temperatures
and pressures were demonstrated on nitrilase from Rhodococcus
rhodochrous J1 (J1-NTase), which thermally self-associates from
inactive protomer to active oligomer at atmospheric pressure.
The exploration of instrumental conditions and simple raw data
correction enabled us to complete the spectra in a temperature-
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pressure plane. The quality of data was checked by multivariate
curve resolution with the alternating least squares method (MCR-
ALS), which gave model-free decomposition into component
spectra and their concentration profiles. The resultant two
components pointed out that the obtained data were self-
consistent and appeared to reflect free and bound protomers.

1. Introduction

Pressure, like temperature, is an essential variable for Gibbs free energy and dictates the
equilibrium of a chemical reaction. As for protein chemistry, pressure has been known to
perturb the protein quaternary structure without any significant effect on the tertiary
structure [1,2]. In addition, pressure-induced shifts in dissociation equilibria are related
to volumetric parameters with changes in hydration and intermolecular packing [3,4].
Since many proteins are known to regulate their biological functions by self-association
[5,6], such thermodynamic properties of oligomeric protein dissociation obtained from
high pressure experiments are very important for understanding oligomeric protein
systems. Several techniques have been developed to detect the dissociation of oligomeric
proteins under high pressure, including light scattering [7-9], fluorescence depolarization
[10,11], NMR [12], and small-angle X-ray scattering (SAXS) [13-16]. Of these, only SAXS has
the potential to detect intermediates, if any, during the dissociation process [17].
However, its interpretation is not yet straightforward [18].
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Circular dichroism (CD) spectroscopy is routinely used to characterize protein structure.
Far-ultraviolet CD spectroscopy reflects the secondary structure of proteins, while near-
ultraviolet CD spectroscopy is sensitive to the spatial arrangement and relative orientation
of aromatic side chains in proteins [19,20]. The latter may correlate with the tertiary and
quaternary structure though its application is few. Compared to other spectroscopy, such
as fluorescence or RAMAN, CD spectroscopy follows Lambert-Beer’s law, so that the spec-
trum of a mixture system is expressed as the linear combination of those constituent com-
ponents. CD spectra are, then, amenable for multivariable curve analyses to give more
detailed components’ properties. Therefore, high pressure CD (HP-CD) spectroscopy
has long been expected to track the conformational changes of proteins caused by
pressure.

The experimental setup of HP-CD spectroscopy is simple. It simply uses conventional
CD instruments with a high pressure CD cell in the place of the standard one. Neverthe-
less, a few studies, using HP-CD spectroscopy, have been reported because of the cell
window problem [21-23]. The window material of HP-CD cell necessitates optically trans-
missive and isotropic as well as mechanically tolerant upon compression. So far, amor-
phous materials, such as fused quartz or equiaxed crystals such as diamond and
Yttrium Aluminum Garnet (YAG), have been reported [21,23]. Uniaxial crystals such as
magnesium fluoride can also be used when the optical axis is precisely manufactured per-
pendicular to the window surface [22]. Among these, fused quartz is promising. It is inex-
pensive, easy to manufacture, and has high transmittance for the near-ultraviolet region.
Its pressure tolerance is not very high, but still tolerant below 200 MPa, where dissociation
of oligomeric proteins rather than collapse of secondary structure would occur [1,2]. Even
below 200 MPa, however, Young's modulus is not high enough to avoid deformation or
depolarization upon compression. To reduce its effect, especially in the edge region of the
window, a pinhole aperture was introduced [21], but the introduction of the aperture
cannot completely eliminate the deformation effect. To make matters worse, it further
loses the transmitted light intensity and lowers the signal-to-noise ratio. The cell
window problem is, then, coupled with instrumental limit. Careful inspection of the
data collection protocol is more critical for the protein solution samples compared to
the polymer sample [23] because the former signal is much weaker.

In this study, we attempted to apply HP-CD spectroscopy in the near-ultraviolet region
to the association/dissociation process of the oligomer protein, Rhodococcus rhodochrous
J1 nitrilase (J1-Ntase). Nitrilases are nitrile-hydrolytic enzymes, expressed in bacteria,
fungi, and plants, and share the common feature of forming left-handed helical assem-
blies of various lengths with dimers as protomers [24-26]. The relationship between
enzyme activity and self-association of J1-NTase is well characterized. Nagasawa et al.
[27] measured the association number of the J1-NTase under various conditions by
static light scattering, analytical ultracentrifugation, and size exclusion chromatography.
The results showed that the J1-NTase exhibits an equilibrium between an inactive
dimer and an active oligomer, which is induced by increasing temperature or concen-
tration, or by the addition of neutral salt, substrate, or glycerol, without any coenzyme
or ATP’s. In the article, we first demonstrated that the near-ultraviolet CD spectrum of
J1-NTase reflected its oligomerization state at ambient pressure. Next, based on the
result, we explored the data collection protocol of HP-CD spectroscopy. Then, multivari-
able curve analysis was applied to each temperature-pressure condition and its validity
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was checked by the continuity of the result in the temperature-pressure plane. To the best
of our knowledge, this is the first time to use near-ultraviolet HP-CD spectroscopy to
quantitatively trace the association/dissociation process of proteins.

2. Materials and methods
2.1. Sample preparation

Recombinant nitrilase from Rhodococcus rhodochrous J1 (J1-NTase) was expressed in
transformed E. coli JM109 cells, kindly gifted by Dr. T. Yoshida of Gifu University, Japan
[28], and purified according to previously described procedures [27]. Purified J1-NTase
was dissolved in 10 mM potassium phosphate buffer pH 7.5 containing 1T mM dithiothrei-
tol (DTT) at a concentration of 5 mg/mL and stored at —80°C. Just prior to use, J1-NTase
was dialyzed against 10 mM potassium phosphate buffer pH 7.5 containing 200 mM KClI
and 1T mM DTT, and diluted to 4 mg/mL. Protein concentration was measured via absorp-
tion spectroscopy at 280 nm using £2g0=1.118 mL mg~' cm™"', which was estimated from
the amino acid sequence of J1-NTase using the ProtParam tool in Swiss Institute of Bioin-
formatics (https://web.expasy.org/protparam/).

2.2. CD spectroscopy

CD spectra measurements were performed using a JASCO J-820 spectropolarimeter. For
measurement under atmospheric pressure, quartz cells with optical-path lengths of 1 and
10 mm were used, and 4 and 8 scans were accumulated in the far- and near-ultraviolet
region, respectively. Each spectrum was obtained after 15-min equilibration at each temp-
erature from 5 to 30°C.

For HP-CD spectroscopy, a high pressure optical cell, PCI-400 (Syn Corporation) was
used. A pair of 8-mm-thick quartz windows were used as the pressure-resistant optical
windows, and their apertures were reduced to 1.5 mm so that deformation due to the
applied pressure would not affect the optical isotropy. The J1-NTase sample was intro-
duced to an inner quartz cell with a 2-mm optical-path length and was settled in a
high pressure optical cell, the temperature of which was controlled at the desired temp-
erature from 15 to 30°C, and was pressurized up to desired pressure using NOVA SWISS
hand pump (550.0400-2). The pressure was measured by an electrical resistance strain
gage (AZZ03696, Tokyo Instrument Laboratory, Inc.) equipped with a digital indicator
(CSD-701B, MinebeaMitsumi Co., Ltd.), and was maintained within a precision of
+1 MPa during the equilibration and the spectral measurement. Each spectrum was
obtained by accumulating 32 scans, after 30-min equilibration at each pressure from 5
to 80 MPa.

2.3. Numerical calculation

All calculations were made by our own developed program written in Python 3.7. The
program used the SciPy linear algebra library (https://www.scipy.org/) for the singular
value decomposition (SVD) calculation. As for MCR-ALS, we imported a public pyMCR
library developed by Dr. Camp [29]. For initial values for MCR-ALS, random values
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(containing elements from 0 to 1) were set for weight fractions, and the maximum
number of optimization iterations was 1000. Since the calculation of MCR-ALS has a sto-
chastic nature, the mean and standard deviation of one hundred runs was evaluated.

3. Results and discussion
3.1. CD spectral change due to association/dissociation of J1-NTase

As described above, J1-NTase self-associates with increasing temperature under atmos-
pheric pressure. Figure 1 shows the far- and near-ultraviolet CD spectra of J1-NTase at
various temperatures from 5 to 30°C, under atmospheric pressure. The far-ultraviolet
CD spectrum showed a slight change with temperature (Figure 1(a)). According to the tra-
ditional secondary structure analysis [30], this spectral change corresponds to ca. 10%
change in a-helix and B-sheet content (data not shown), which may originate from the
packing of unstructured C-terminal proposed by Thuku et al. [31], rather than from pro-
tomer (dimer) folding. In sharp contrast to far-ultraviolet CD spectra, the near-ultraviolet
CD spectra changed markedly in the region of 275-305 nm spectrum changed from posi-
tive to negative peaks with increasing temperature, while in the region of 305-320 nm CD
spectrum retained at zero (Figure 1(b)). The presence of both changed and unchanged
regions in the near-ultraviolet spectrum is the key to the establishment of the data collec-
tion protocol of HP-CD spectroscopy.

CD spectrum around 290 nm is primarily ascribed to Trp residues. Four Trp residues per
monomer are distributed in the homology model of the J1-NTase oligomer [31], as shown
in Figure 2. Among them, especially Trp 59 is located at the protomer-protomer interface,
namely the C-interface, and approaches the Trp residues in other protomers, which may
originate the spectral change during the association/dissociation process. Hence, the
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Figure 1. CD spectra of J1-NTase at various temperatures under atmospheric pressure in the far (a)
and near (b) ultraviolet regions. In common with (a) and (b), the spectra are plotted in colors
ranging from violet (5°C) to red (30°C). The far-ultraviolet spectrum (a) decreases slightly with temp-
erature, while the near-ultraviolet one (b) decreases significantly with temperature, with positive
peaks becoming negative peaks.
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Figure 2. (Left) Negative stain electron microscopy map of the J1-NTase helical assembly (EMD-1313)
and the homology model based on it [31]. (Right) Magnified view of one of the contiguous dimers. The
top left (blue) and bottom left (green) monomers combine at the A-interface to form a protomer, as
do the top right (orange) and bottom right (red) monomers. Unstructured and intertwined C-terminal
chains are supposed to situate on the backside of the figure. The two protomers combine at the
C-interface. Trp residues which primarily contribute to the near-ultraviolet CD spectrum are rep-
resented by space-filling model. Because one of the four Trp residues in each monomer, Trp59, is
located at the C-interface, protomer-protomer binding may alter the spatial arrangement and relative
orientation of the Trp residues without major conformational changes within the protomer, resulting
in changes in the near-ultraviolet CD spectrum.

marked change in the near-ultraviolet spectra points to the temperature-induced associ-
ation of J1-NTase.

3.2. HP-CD spectra measurement of J1-NTase

In making the data collection protocol of HP-CD spectroscopy, we should consider two
problems: the low signal-to-noise ratio and the mechanical depolarization or reposition-
ing of windows upon compression.

As for the former problem, we first optimized the sample concentration for the HP-CD
cell. To compensate for the low signal-to-noise ratio, increasing sample concentration
would be effective. However, it will further lower the transmitted light. The lower the
transmitted light, the higher the high-tension (HT) voltages of the photomultiplier
(PM). The sample concentration should be maximized to keep the linearity of the spec-
trum. To optimize sample concentration, we employed a ‘no-association buffer’ of
10 mM potassium phosphate buffer pH 7.5 containing 1 mM DTT, in which J1-NTase
should be protomer (dimer) regardless of sample concentration and temperature (accord-
ing to Nagasawa et al. [27]).

Figure 3 shows the HP-CD spectra at 5 MPa and normal spectrum at 0.1 MPa (upper
panel) and the corresponding HT voltages of the PM (lower panel). HP-CD spectra from
1 to 4 mg/mL were almost the same as the normal CD spectrum. Lambert-Beer’s law,
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Figure 3. Comparison of near-ultraviolet CD spectra of J1-NTase (top) and the corresponding high-
tension (HT) voltages of the photomultiplier (PM) (bottom) obtained using a high-pressure optical
cell and those using a normal quartz cell. The spectra using a high-pressure optical cell were obtained
with sample concentrations of 4, 2, and 1 mg/mL, at 5 MPa, 25°C (red, green, and blue solid lines). The
spectra using a normal quartz cell were with 4 mg/mL, at atmospheric pressure, 25°C (dotted lines). CD
spectrum (top) does not show significant changes depending on the sample concentration or cell
used. On the other hand, the HT voltage (bottom) varies, and that with the high-pressure cell is
higher than that with the normal cell, and the higher the sample concentration. The solvent used
for sample preparation was ‘no-association buffer’, i.e. 10 mM potassium phosphate buffer pH 7.5 con-
taining 1 mM DTT, in which J1-NTase protomer does not associate. The wavelength range of 270-285
nm is screened because data correction shown in Figure 4 would be failed in this range, as discussed in
the text.

then, holds true. On the other hand, HTs of high pressure cells were much higher than
normal cells, indicating that the transmitted light darkened. This is true for increasing
sample concentration. At sample concentrations above 4 mg/mL, the spectra were
‘flattened’ (data not shown) where HT voltages were above 450V, so 450V is the
upper limit of HT voltage in this case. This upper HT voltage also depends on instrumental
conditions such as the specification of the CD instrument or the size of the aperture. If we
use a larger aperture, the transmitted light would be brighter, whereas the deformation
effects of windows would become more conspicuous in lower pressures [21].
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Figure 4. The raw spectra obtained by HP-CD spectroscopy at 5 MPa (red), 40 MPa (green), and 80
MPa (blue), 30°C, and the flow of data correction. (a) and (b) Raw CD spectra of solvent (10 mM pot-
assium phosphate buffer pH 7.5 containing 200 mM KCl and 1 mM DTT) and 4 mg/mL J1-NTase
sample. The spectra of the solvent and sample drift and shift with each pressure; 5 MPa, middle;
40 MPa, top; 80 MPa, bottom. Cancelling these modulations by simply subtracting the solvent from
the sample becomes more difficult with increasing pressure. (c) As alternative baselines to cancel
the drift and shift, regression lines were calculated for the 305-320 nm sample spectra, since the
CD spectral intensity of J1-NTase would remain zero in this range. (d) Data correction by subtraction
of the regression line resulted in CD spectra that varied with pressure; 5 MPa, the lowest negative, 40
MPa, negative; 80 MPa, positive spectra.

Next, we dealt with the latter problem, shown as spectral drift and shift. Figure 4 shows
how raw CD spectra changed upon compression and how we corrected them. Figure 4(a)
shows the raw CD spectra of the solvent. As buffer is isotropic, its CD signal, i.e. baseline
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should be zero for all wavelengths. However, one can see a drift in all spectra: a linear
dependency of CD signals against wavelength rather than zero constant. One can also
notice that a linear drift in the region of 305-320 nm can be seen in the raw spectra of
the sample (Figure 4(b,c)). We suspected that this linear drift arose from instrumental:
CD instrument generates right- and left-handed circular polarized incident light alter-
nately and records the transmitted light. The difference in the transmitted lights corre-
sponds to the CD value. When the aperture is narrowed, a drift may occur. After
subtraction of the linear drift, the spectra change in the region of 285-305 nm appeared
physically sound, which exhibited a negative to positive change upon compression
(Figure 4(d)), just opposite to the change with increasing temperature at atmospheric
pressure (Figure 1(b)), corresponding to pressure-induced dissociation. We, therefore,
assumed that the apparent spectra consist of base drift and true signal.

Besides the above spectral drift, one can also see a shift in all spectra: vertical CD value
change of spectrum. To make things worse, these spectral shifts occurred unsystemati-
cally with pressures (Figure 4(a,b)): At 40 MPa the signal shifted upward while downward
at 80 MPa. The spectral shift could be almost canceled by simply subtracting the buffer
spectrum at low pressure, i.e. 5 MPa. Even at higher pressures, the shifts had a tendency
to some extent: from 5 to 80 MPa, the direction of the drift in sample spectra coincided
with those in buffer spectra (Figure 4(a,b)). However, the subtraction did not work. The
spectral drift and shift appeared to be connected with mechanical stress applied on
window material, which normally accompanies the positional change upon compression.
Accordingly, its effect would become conspicuous, especially for small apertures, which
may result in drifting and shifting spectra.

Since the spectral drift and shift seemed difficult to control, we took regression lines in
305-320 nm as a baseline (Figure 4(c)) and the baseline-subtracted spectra were taken as
HP-CD spectra of the sample (Figure 4(d)). We should note that this baseline subtraction
can only be applicable in 285-320 nm. Below 285 nm the solvent spectra showed some
undulation (data not shown).

The proposed data collection protocol was simply applied to single data. We further
verified it by applying a series of data under various temperatures and pressures. Suc-
cessful data should show the interdependency among different conditions and consist-
ent trends in the temperature-pressure plane. Figure 5(a) shows the near-ultraviolet CD
spectra of J1-NTase under various pressures from 5 to 80 MPa, at each temperature from
15 to 30°C. In Figure 5(b), the [0] value at 290 nm, [0],40, is plotted against pressure, as an
indicator of the association state of the J1-NTase (the higher [0],90, the more dis-
sociation proceeds). Although the simple correction was applied for each raw spectrum,
the change of spectra was smooth and continuous in sequential order with varying con-
ditions. The direction of spectrum change upon compression appeared negative to
positive, that is, the associated state to the dissociated one. Besides, CD values them-
selves appeared sound: the [0],99 value at 5 MPa matched with that of a normal cell
(open symbols) (Notice that these 5 MPa data were corrected in the same manner as
high pressures). Also, at 80 MPa [0],5o values of different temperatures converged to
a similar value.

Figure 5 urged us to analyze the data quantitatively by a more sophisticated numerical
analysis, the multivariate curve resolution (MCR) method, to assess the validity of the data
collection protocol.
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3.3. Spectra decomposition by MCR

The MCR method is one of the multivariate curve resolution algorithms applied for a series
of data from a multicomponent mixed system. If spectral data are represented by a linear
combination of the spectra of constituent components, MCR decomposes a series of data
into the component spectra and its evolving concentration profiles with minimum con-
straints [32,33]. Compared to global fitting that optimizes parameters of a given
formula, MCR accordingly becomes very sensitive to the nature of original data
because of its freedom. The MCR method has been successfully applied to a variety of
evolving spectra data, including far-ultraviolet CD and absorption spectroscopy [34-36],
small-angle X-ray scattering [37], and electron energy-loss spectroscopy with positional
data [38]. It should be noted that all these data were well represented by a linear function
of evolving parameters. If non-linear terms, such as an erroneous background contri-
bution, were involved in the original data, the output of MCR would become physically
meaningless. Therefore, the inspection of MCR results from the present data may be a
good measure of the correctness of our data collection protocol.

Firstly, prior to MCR, the number of components or oligomeric states, n, should be
determined. Based on Lambert-Beer’s law, the present evolving data system can be rep-
resented as

D=cs". (1)

D (r x ¢) is the CD spectra data matrix. Each spectrum consisted of c=351 wavelength
points (285-320, 0.1 nm steps), and r=4 x 9=36 spectra were measured under
different conditions (4 temperatures: 15, 20, 25, 30°C, 9 pressures: 5, 10, 20, 30, 40, 50,
60, 70, and 80 MPa). C (r x n) and S" (n x ¢) are matrices containing compositional
changes with conditions and spectra of pure states. The elements of D and S' are
average residual molar ellipticity values, and those of C are weight fractions of each oli-
gomeric state.

Then, n, the number of oligomeric states, was estimated by the singular value
decomposition (SVD) method. The experimental data matrix can be written as

D' = U3V', 2)

where U and V are the orthogonal matrices relating to the spectrum and the concen-
tration change of each oligomeric state, respectively. £ is the rectangular diagonal
matrix, with singular values as its diagonal elements in descending order. The plot of
singular values (Supporting Materials and inset of Figure 7(a)) pointed out that the two
main oligomeric states were clearly distinguished from the noise level. The spectral fea-
tures of U and V also support that n=2 (Supporting Materials).

Next, we decomposed D using the MCR-ALS method. In the alternating least squares
(ALS) algorithm, the C and S solutions were alternately and iteratively optimized. In this
study, two constraints, ‘'non-negativity’ (the solution must not be negative) and ‘normal-
ization’ (the sum of each row must be one), were applied to C since C consists of weight
fractions of the states. We assessed the validity of the present analysis in two aspects.

Firstly, the reconstruction ability with Equation (1) was verified. The poor background
corrections often accompany non-linear terms in D, which may lead to poor reconstruc-
tion with Equation (1). All spectra reconstituted from C and S" well matched with the
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Figure 6. The reconstituted spectra obtained by MCR-ALS (solid lines) and the corresponding exper-
imental spectra (dashed lines) in Figure 5(a). The difference values between them are also shown
under each spectral box.

experimental spectra (Figure 6), pointing that our HP-CD data followed Equation (1)
ideally.

Secondly, the result of ™ and € was focused. Figure 7 shows the decomposed two
spectra from ST (Figure 7(a)), and pressure-dependent weight-fraction profiles at
various temperatures from C (Figure 7(b)), where the blue and red were attributed to
the free and bound state, respectively. The assignment appears physically reasonable:
two spectra from sT, protomer (blue) and oligomer (red) had positive and negative
values, respectively as in Figures 1(b) and Figure 3. From the oligomer weight fraction
profile (red) in C, the association proceeded with temperature at each pressure, similar
to ambient pressure [27]. The smoothness of the weight fraction profile is another impor-
tant issue to be considered. The ‘normalization’ constraint in C was applied only for each
condition and no further continuity restriction across them. In theory, the weight fraction
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Figure 7. MCR-ALS results for the CD spectral set in Figure 5(a). (a) Decomposed positive (blue) and
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Starting with the random matrix as C, 100 calculations were performed to obtain the mean spectra.
The standard deviation of the results was also calculated and plotted as error ranges, but they were
too small to visualize. Inset: Singular values of the X matrix obtained by SVD analysis (Supporting
Materials), pointing that two components are sufficient to explain the entire CD spectral data set.
(b) Weight fractions of the protomers in free and bound states were plotted against pressure as
blue squares and red circles, respectively.
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could jump around with conditions, hence, the smoothness of weight fractions along
temperature and pressure axes in C can also be a good measure for the validity of the
analysis. In Figure 7(b) the weight fractions changed very smoothly not only with pressure
but also with temperature.

Based on all of these points the author concludes that the output of MCR-ALS is robust
and physico-chemically sound.

3.4. Dissociation profile in temperature-pressure plane

The dissociation behavior of J1-NTase in the temperature-pressure plane was further dis-
cussed from the weight fractions of two states extracted by MCR-ALS of the CD spectra,
namely, the free and bound states.

Figure 8 shows the contour map of the weight fraction of the bound state as a function
of temperature and pressure. Dissociation of the J1-NTase should roughly follow a
decrease in temperature and an increase in pressure. In other words, the dissociation mid-
point temperature increased with pressure. This contour map may be comparable to the
ellipsoidal phase diagram proposed by Hawley [39] on temperature-pressure denatura-
tion of globular proteins. He showed that quantitative analysis of such a temperature-
pressure phase diagram could provide various volumetric parameters associated with
the dissociation process that reflects the intermolecular packing and the hydration.

Unfortunately, rigorous thermodynamic analysis of the dissociation process of J1-
NTase could not be performed because it requires reaction stoichiometry, ie. the
number of components and the association numbers of each component. Most spectral
data including the present study only reflect the local environment near the protomer-

Weight fraction of bound state

80 1.0
S 0.8
60
=
S 0.6
o 40
= 0.4
0
0
o
o 20 0.2
5 0.0
15 20 25 30

Temperature, T/°C

Figure 8. Contour map of the weight fraction of the bound state as a function of temperature and
pressure, read from Figure 7(b). The lower the temperature and the higher the pressure, the lower
fraction of the bound state.



140 R. ISHIGURO AND T. FUJISAWA

protomer interfacial surface and inherently contain information on neither molecular
dimensions nor the association number of oligomers. Besides, J1-NTase forms a helical
assembly by side-by-side association [31], so that multiple lengths of oligomers with
different association numbers coexist in equilibrium [40]. The fact that only two states
were extracted from MCR-ALS is consistent with the possibility that multiple components
are involved in the dissociation process. The value of this study is not diminished even if
rigorous thermodynamic quantities could not be obtained. The weight fractions of bound
and free states are prerequisites for the quantitative analysis of the self-assembly system.
It is noteworthy that MCR-ALS can handle various types of experimental data simul-
taneously, integrating other high pressure experiments that provide molecular dimen-
sions may further advance thermodynamic characterization.

4, Conclusion

This article demonstrated the use of near-ultraviolet CD spectra for probing association/
dissociation of proteins. The application of near-ultraviolet CD spectra has been barely
reported, because the interpretation of the spectra is not straightforward compared to
the far-UV region. The near-ultraviolet CD is also susceptible to not only association/dis-
sociation but also aggregation. In that sense, the present sample system, where J1-NTase
has a single Trp at the interface of protomers, was suitable for tracing protein association/
dissociation phenomena.

HP-CD spectroscopy has had difficulty in obtaining reproducible and valid spectral
data, so in most cases, a qualitative demonstration of spectral change for a few sample
conditions was dealt with. Here, the present data collection protocol was successful in
MCR analyses over the temperature-pressure plane. It should be noted that our protocol
completes within one single spectrum and does not require buffer spectra subtraction.
Besides, we disassembled HP cell to exchange samples at each temperature point. Yet,
the interdependence among different temperatures looked very sound.

To the best of our knowledge, this is the first case for quantitative HP-CD data in the
temperature-pressure plane. We would also note that the MCR can combine different
types of data with a common weight fraction matrix C. Since the CD spectrum itself
cannot directly correlate the association/dissociation phenomena, the success of MCR
analyses would lead more integrative view of the phenomena.
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